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ABSTRACT

FAILURE CONDITIONS OF A SATURATED
REMOULDED CLAY

by Abraham Kwan-Yuen Loh

An experimental study of the failure conditions under various
states of applied stress has been made on a saturated remoulded clay.
The purpose of the study was to examine the behavior of a clay under
different stress states and the effect of stress changes on the shear
strength.

In standard triaxial tests, the states of uniaxial or biaxial com-
pression, superimposed on a hydrostatic stress state were examined.
The effect of the intermediate principal stress on the yielding of clays
was studied by using a hollow cylindrical sample, subjected to com-
pression under various intermediate stress states. All tests were of
the consolidated-undrained type. A Glacial Lake clay from Sault Ste.
Marie, Michigan was used for the experiment.:s.

It is shown that the Mohr effective stress failure envelopes are
independent of the loading paths for each type éf test, and that the
intermediate principal stress has only a minor effect on the strength
parameters of the clay. Itis also shown that the stress-strain and
pore-pressure change characteristics are dependent on the stress

paths for each type of test.



Abraham Kwan-Yuen Loh

On the assumption that the material is isotropic and homogeneous,
the test results have been used to compute a failure surface in the
effective principal stress space. Results are compared with the
generalized Coulomb's criterion. Good agreement is obtained, in
spite of some minor deviations, Much experimental work remains to
be carried out before the correctness of Coulomb's criterion can be

established.
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NOTATION

vertical intercept of a line drawn through top points of Mohr's
circles
pore-pressure coefficient at failure
cohesion
apparent cohesion in terms of effective stress
effective cohesion depending on the water content at failure only
arbitrary constant
deviator stress = o . -0 .
major minor
coordinate of apex of Coulomb's failure surface in principal stress
space
ratio of external radius to internal radius (Rb/Ri)

proportionality factor

flow coefficient = tan2(45o +¢/2)

1—(6' +co

+&)1—
30 T T3 X

C
internal pressure

external pressure

radius of element

radial distance on octahedral plane of principal stress space to failure
surface in compression

radial distance on octahedral plane of principal stress space to failure

surface in extension



x1

R, internal radius
1
R external radius
o
s shearing resistance
u pore-pressure
w water content

Au pore-pressure change
€ axial strain
n angle between space diagonal and abscissa-axis in a stress-plane

for axially-symmetrical stresses

¢ angle of internal friction

) angle of shearing resistance in terms of effective stress

¢e effective cohesion, depending on the water content at failure only
Yy slope angle of a line drawn through top points of Mohr's circles
g normal compressive stress

o effective normal compressive stress

o‘C consolidation pressure

0'1, g 2 o 3 axial, circumferential and radial stresses respectively

o, 0, O effective, axial, circumferential and radial stresses respectively

' "2 3
O'i, 0"2, crg principal stresses
o"l', a '2' , o“:); stress space coordinates of projection onto an octahedral plane
T shear stress

) angle of inclination of shear plane



1. INTRODUCTION

The shear strength of clays is commonly defined by the
Coulomb-Mohr failure criterion. The correctness of the Coulomb-
Mohr criterion for a clay under various stress states has not been
thoroughly investigated. It is, ther‘efore, desirable to obtain exper-
imental data on the failure conditions under various states of applied
stress.

BISHOP and ELDIN (1953) and KIRKPATRICK (1957) found good
agreement between values of the effective angles of shearing resis-
tance of sand obtained from compression and extension tests, under
drained conditions. KIRKPATRICK, in addition, studied the effect
of the intermediate principal stress on the yielding of sands by using
thick-walled cylindrical samples. He found that the values of the
effective angle of shearing resistance so obtained were only slightly
higher than those obtained from the conventional compression and
extension tests, He also obtained an experimental failure surface in
principal stress space which shows good agreement with the Coulomb-
Mohr theory.

In contrast, HABIB (1953) and HAYTHORNTHWAITE (1960a)
found that the values of the effective angle of shearing resistance of
sand obtained in extension tests were considerably smaller than those

obtained in compression tests, under drained conditions.



HAYTHORNTHWAITE (1960b) also studied the yield conditions of a
remoulded silt by subjecting hollow cylindrical samples to combined
torsion and compression, under drained conditions. He obtained an
experimental failure surface in principal stress space which shows
substantial departure from the Coulomb-Mohr theory.

HENKEL (1959, 1960) and PARRY (1960) reported good agreement
between values of the effective angle of shearing resistance obtained
from compression and extension tests on normally-consolidated
remoulded clays, under both drained and undrained conditions. Exper-
imental information on the condition of failure for clays under inter-
mediate stress states is not available.

In view of the conflicting evidence presented by the afore-
mentioned investigators and the need for experimental data on the
condition of failure for clays under various intermediate stress states,
a series of consolidated-undrained triaxial tests has been carried out
on a saturated remoulded clay. The general objectives were: to
examine the behavior of clays under different stress states; to study
the effect of the intermediate principal stress on the shear strength of
clays; and to obtain an experimental failure surface in principal
stress space, in order that the experimental evidence can be compared

with the Coulomb-Mohr predictions.



2. THEORETICAL CONSIDERATIONS

2.1. Shearing Resistance of a Cohesive Soil

The shearing resistance of a cohesive soil, in general, has been

defined by Coulomb as follows:

s =c +0 tan ¢ (1)
where s is the shearing resistance
c is the cohesion
o is the normal compressive stress
¢ is the angle of internal friction

The parameters c and ¢ in the preceding equation are assumed to be
constant and are independent of the state of stress preceding failure.
The rational use of Coulomb's Law requires an understanding of the
many complex factors affecting the shear strength of clays. It is of
utmost importance to realize that ¢ and ¢ are not constant soil proper-
ties but are merely empirical coefficients, which may vary for a
given soil depending on a number of variables (stress history, drainage
conditions, water content or void ratio, structure, speed of shear and
others). In the conventional triaxial test, the values of c and ¢
obtained depend on the stress history of the soil as well as the applied
stress conditions.

Terzaghi (1936) concluded that the stress conditions for failure
in soils as well as the volume changes, depend solely on the intensity

of effective stresses. The stress conditions for failure in soils therefore



depend exclusively on the effective stress which is given by

c =0 -u (2)
where () is the total stress
o is the effective stress
and u is the pore-pressure,

In terms of effective stresses, Coulomb's failure criterion for the

shearing resistance of a saturated clay may be expressed by the

following:
s =c + ¢ tan $ (3)
where s denotes the shearing resistance
c denotes the apparent cohesion
v denotes the effective normal stress on the failure
plane considered
and $ denotes the angle of shearing resistance.

Hvorslev (1937, 1960) expressed the shear strength of a

cohesive soil in terms of the fundamental soil properties as follows:

s=ce+<}tan¢e (4)
where s is the shearing resistance
o is the effective cohesion, depending on the water
content at failure only.
T is the effective normal stress on the failure plane
and ¢ is the effective angle of friction.



The effective angle of friction ¢e is a property of the material,
whereas the angle of shearing resistance $ is merely the rate of increase
of overall shear strength with pressure. In the case of a saturated
normally-consolidated clay, for instance, the shear strength, in terms

of effective stresses, may be expressed as follows:
s =0 tan ¢

The apparent cohesion cis equal to zero. The term ¢ tan <'1-> in-
cludes both the effective cohesion and the effective friction and may be

expressed in terms of Hvorslev's parameters as follows:
¢ tan b = c + - tan .
$=c, ¢,

2. 2. Mohr's Theory of Rupture

The state of stress at a point may be represented graphically by
a plot known as the Mohr diagram. This diagram is of the utmost
value in the study of stress conditions. Mohr's rupture theory may be
expressed by the statement that there exists for a material a boundary
called Mohr Envelope such that a Mohr circle within the envelope
represents a stable condition, whereas a circle tangent to the envelope
represents failure on the plane denoted by the point of tangency. The
Mohr envelope or line of rupture is a property of the material, whereas
the Mohr circle depends only on the stresses caused by the loading, and

it is independent of what the material may be.



The hypothesis formulated by Mohr, demonstrated in Fig. 1

can be summarized as follows:

1. The line of rupture is independent of the means by which it is
obtained.

2. The line of rupture is independent of the intermediate principal
stress.

3. The angle between the line of rupture and a vertical is equal to

the angle between planes of rupture in the material at failure.

Mohr's representation of the stress condition for failure is
extremely useful in solving problems in soil mechanics in that Coulomb's
criterion can be readily expressed by means of the Mohr's diagram.
In Fig. 2 is shown Mohr's graphical representation of the principal
stress components acting on a soil element. Assuming that the Mohr
failure envelope is the straight line s =c + ¢ tan ¢, the geometrical
relationship in Mohr's diagram yields equations (5), (6), (7) and (8) in
the following paragraph.

The Mohr's diagram shown in Fig. 2 shows that the normal and

shear stresses on any plane can be expressed as

T o
2 1+ 3 1
= 3] : 0 = 2 _ .
=0, cos +0'3 sin — + 2(0'1 0'3) cos 26 (5)
71793
T =(0‘1-0’3) sin © cose=—2—sm 20 (6)



Mohr's envelope for Coulomb's failure criterion is
s =c + 0 tan ¢,
Hence,

g -

1" %3 = 2c cos ¢ + (crl+ 03) sin ¢ (7)

which can be written as

o tan® (45° + ¢/2) + 2¢ tan (45° + ¢/2)

927%
=0'3N¢+ 2cVN¢ (8)
where N, = tan’ (45° + ¢/2).

2. 3. Yield Surface in Principal Stress Space

Coulomb's failure criterion can be generalized to extend its
validity to three-dimensional representation of stress conditions in
stress fields (Drucker, 1953; Shield, 1955). This interpretation of
Coulomb's criterion leads to a yield surface for three-dimensional
stress fields (Hill, 1950).

In principal stress space, the yield surface is a right hexagonal
pyramid equally inclined to the O'i. 6'2, o' axes, with its apex on the line

3

cri=0"2=0"3. The hexagon is irregular since the yield stress in tension
differs from that in compression (Shield, 1955). The yield surface in

principal stress space is shown in Fig. 3, bounded by 6 planes, the

equations of which are as follows:



1 = j
0'1 (43 N +2c-\l

0"3= g!'N +2C-J—_¢
! = iN¢+2cm

O'i=o"2N¢+2c{ITI; > (9)
0':'5= '2N¢+2C.J_1\§
o N +2c.J— J

tan’ (45° + ¢/2)

Q
]

where as before N

¢

The apex of the yield surface is determined by the equation

1 = I = 1 =
0'1 0'2 63 k
where Zcm
k =————— =-ccotd (10)
1-N¢

Fig. 4A shows the right section of the yield surface by the
octahedral plane cri + 0"2 + 0"3 = 0. Right sections by other planes

0"1 + 0"2 to '3= constant are similar in shape but are of varying

size, depending on the distance along the space diagonal at which

they are taken. It is shown in the following paragraphs that the ratio
Rc =0C : Re = OE in Fig. 4A is independent of ¢, when this parameter
c is a constant.

Fig. 4B shows the stress system and the stress-plane that can

be investigated in the standard triaxial test. Fig. 4C shows the Mohr



effective stress failure envelopes and the effective stress-plane for
axially-symmetrical stresses. The right section of the yield surface
by the octahedral plane FBADG, whose equation is 5’1 + 5'2 + c-r3 =0, is
similar in shape to the one shown in Fig. 4A. The space diagonal in
Fig. 4C defines the isotropic stress condition where 5’1 = 5‘2 = 5'3. If
the all-round stress at point A is o the stresses at points B (compres-

sion) and D (extension) can be obtained as follows:

At point B (compression), RC = AB,

and Rc = (0'1 - 0'3) '\/273.

At point D (extension), Re = AD,

0'1 g -Re cosn=0'a-Re‘\/273

a

q
It

3 0'a+'\/172 Re smn=o*a+Re \/176
and R =(o, - o) /2/3
e 3 1 ’

On the right section by the plane 5’1 + 5‘2 + 5'3 = 0 through the

origin O (Fig. 4C), c = 0. We have then in a compression test

'1 =R_ 1/273, &3 = -RC'\/ 1/6, Rc = (&1 - &3) -\/273

and in an extension test
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= -Re \/2/3, &3 = 4R _ \/1/6, R_= (&3 - &1) \/2/3

where 5'1, 5'3 arethe effective stress components
R is the radial distance in compression
c
on the plane o, + 0. +0, =0
P 1% 7%
and R is the radial distance in extension on
e

the plane o + o, + o3 = 0.

Using equation (7), we obtain

_2c cos ¢V6_
Rc " 3 -sin¢ (11)

_2ccos Vb

e 3 +sin¢

R (12)

On dividing, we have

Rc - 3 +sin ¢ (13)
Re 3 -sin¢

It is to be noted that this ratio R(:/Re is independent of c,
when c is a constant.

It can be seen from equation (13) or from equation (7) that
when ¢ = 0, Coulomb's criterion becomes Tresca's yield condition
(maximum shear stress at yield equal to a constant, Hill, 1950)
where Rc/Re =1. The corresponding right section by the plane
o! +0! +0' =0is then a regular hexagon with the yield stress in

1 2 3

tension equal to that in compression.
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To study the validity of Coulomb's criterion in three-dimensional
stress fields, the experimental stress points at failure can be projected
onto a chosen octahedral plane. These points may then be compared
with Coulomb's failure surface. The projection of any stress point at
failure on this octahedral plane is equal to the point where the straight
line joining the stress point and the apex ci = 0"2 = 0"3 =k of Coulomb's
yield surface intersects the octahedral plane. Any straight line joining
a stress point in stress space and the apex of Coulomb's yield surface

can be expressed by the following:

- a" - a" - "
17%1 2772 37 %3
crl-k o‘z-k 03-k

(14)

where crl, crz, 0'3 are the experimental failure stresses and o‘i, 0"2', 0":;

are the stress space coordinates of the projection of the experimental

point onto the plane

1" 1" "=
o) + ol + ol C (15)
From (14) we have
-0'1(0'2-k)+0'2(0'1-k)+k(o‘2-0'1) =0 (16)
i _ " - - =
0'1(03 k) + 0'3(0'1 k) +k(0'3 0'1) 0 (17)

By solving simultaneously (15), (16) and (17) we obtain

s -k(20’1- 0'2- 0'3) + C(G‘l-k) (18)
1 0'1 +0'2 + 0'3 - 3k

Similarly, we also obtain
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e -k(Zo‘Z- 0, - crl) + C(O’z- k) 18)
2 0'1 + 0'2 + 0'3 - 3k

-k(20'3- o - (rz) + C(03- k)

o) = (18)
3 o-1 + 0'2 + 0'3 - 3k

In the case of a normally-consolidated clay, in terms of
effective stresses, ¢ = 0 and the apex of Coulomb's yield surface
is at the origin. For points on the Coulomb's surface, we have then
from (9) and (18)

in a compression test

CN, )
o-ll :—i
1 N, +2
$
? (19)
o = g" —_-._C
2 3 N, +2
¢ J
and in an extension test
o' = C I A
1 2N, +
¢
on ) (20)
2773 TN +1
2 +
)

for a normally-consolidated clay.
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Equations (19) and (20) yield

C(N¢-1)
Re tlopnogh M=z M
¢
C(N¢-1)
Re =log-oprM= ZN, 1M

for a normally-consolidated clay, where M is a proportionality factor.

On dividing, we have as before (13)

R 34sing

Re 3 - sin ¢
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3. EXPERIMENTAL PROGRAM

3.1, Materials Used

The clay used in the testing program was obtained from Sault
Ste. Marie, Michigan. Details of the geotechnical properties of the
Glacial Lake clay in its natural state have been published (Wu, 1958).

The index properties are given in Table 1 below.

Table 1. Index properties of Michigan clay

L. L. P L. P, I, Clay fraction Activity
%o % %o %
55 23 32 60 0.53

3. 2. Sample Preparation

Bulk samples of air-dried clay were thoroughly remoulded and
mixed with distilled water to a consistency corresponding to a water
content of 40-45%. Hollow cylindrical samples were prepared by
injecting the remoulded clay into a mould provided by the formers,
described in Chapter 4 ""Apparatus, ' by means of a jack. Cylindrical
samples for the standard triaxial cell were prepared by the conventional
procedure described by Bishop and Henkel (1957).

The remoulded clay samples were normally-consolidated under
all-round pressures of 3 or 4 kg. /cm.2 before the shear tests were

carried out. Filter paper side drains were used to accelerate the
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consolidation process. Volume changes were measured throughout
the consolidation process. Water contents were measured before

consolidation and after completion of the shear tests.

3.3. The Shear Tests

Consolidated-undrained triaxial tests were performed on the
remoulded clay. Descriptions of the stress changes applied to the
samples are given below, together with the abbreviations used to

describe the tests:

UCl 01 > GZ = 0'3 = constant. Axial stress increased,
radial stress constant.
UC2 o, >0, =0, 0, = constant. Axial stress constant,
1 2 31 .
radial stress decreased.
Ull 0’2 > 0'1 > 0'3 Axial stress increased first,

followed by increasing all
three, the axial, radial and
circumferential stresses.

Ul2 o, >0, >0, o0.,0. =constant. All stresses increased first;
1 2 3 23 ) . .
radial and circumferential
stresses then maintained
constant, followed by axial
stress increase,

UI3 0'2 > crl > 0'3, Gl = constant. Axial stress increased first;
and then maintained con-
stant, followed by increasing

radial and circumferential

stresses.

UEl Ul < 0'2 = 0'3 = constant. Axial stress decreased, radial
stress constant.

UE2 crl < 0'2 = 03, 0'1 constant. Radial stress increased, axial

stress constant.



16

Ty Ty cr3 represent the axial, circumferential and radial stresses
respectively.

UE]l, UE2 and UC2 tests were carried our on the standard tri-
axial cell, whereas UC1, UIl, UI2 and Ul3 tests were carried out on
the hollow-cylinder triaxial cell.

Pore-pressures were measured in all the tests. UCI1, Ull,

UlI2 and UI3 tests were carried out with controlled stress increments,
allowing 10 minutes for equilibrium to be attained for each increment.
Usually, thirty to thirty-five increments were required to reach failure
UCZ2, UEl and UE2 tests were carried out at controlled rate of strain
of 2-3% per hour. The specimens usually reached failure in about 5
hours after the initial loading.

Area corrections have been applied in the evaluation of all test
data (Bishop and Henkel, 1957). Corrections for membrane and filter
strip restraint have not been applied to the results. All tests were
run against a back pressure of 1 to 1. 5 kg. /cm.z, maintained for at
least 10 hours before testing, in order to eliminate the possibility of
developing negative pore-pressures, and to force into solution any free
or entrapped air, which may exist in the sample or in the testing
apparatus.

In the evaluation of the test results, the elastic theory of thick-

walled cylinders has been used. According to this theory (Timoshenko,

1940), plane sections perpendicular to the longitudinal axis are assumed
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to remain plane and consequently the longitudinal strain is independent
of the radius. It can be shown that for a thick-walled cylinder sub-
jected to internal and external pressures, the radial and circumferential

stresses can be expressed as follows:

2 2
p.- K'p (p.-p) R
i o i "o o
7, = 5 + 5 (21)
K -1 r K -1
2
pP. - sz (p.- p) R
i i o o
37T 2 ST 2 T2 (22)
K -1 r K -1
where 0'2 is the normal circumferential stress
0'3 is the normal radial stress
r is the radius of the elment
Ri is the internal radius
Ro is the external radius
P, is the internal pressure
po is the external pressure
K = R /R..
o 1
and the conventional positive sign convention for tension is adopted.
From (21) and (22), we have
atr = R
° 2
2 - K +1
. P, P )
2
2 K -1
(23)
63 - -po
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and at r = R
2 2

p(K +1) - 2K p

__1 o

2 2
K -1 (24)
737 7R
Assuming a linear stress distribution across the cylinder wall for
both °, and 0'3, from (23) and (24), the average circumferential and
radial stresses can be expressed as follows:
2av i Z(KZ 1) o i
(25)
“3av (pi * po)/2

Equation (25) was used to calculate the stresses.
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4, APPARATUS

UE]l, UE2 and UC2 tests were carried out on the standard tri-
axial cell, whereas UCl, UIl, Ul2 and UlI3 tests were carried out on
the hollow cylinder triaxial cell described below. Details of the
hollow cylinder triaxial cell are shown in Fig. 5.

The construction of the apparatus was mainly governed by the
necessity to have a complete pressure seal between the bore and the
outside chamber. An air release valve at Y and rubber O-rings at P
in the sample end-piece F and at Q in the base adaptor S have been
provided for this purpose.

The principal features to be noted are:

The Removable Top Cap and Pressure Cylinder

A transparent plexiglass cylinder M, fitted between rubber
gaskets and held against the top cap C and the base J by 4 steel tie
bars, is used., The top cap is provided with an oil filler valve at B

and an air release valve at D.

The Loading Ram

A 1/2'" diameter stainless steel ram is used. It is fitted inside
the bronze bushing in the top cap C in order to minimize friction and

leakage.
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The Base and the Base Adaptor

The base J is provided with connections for the outside chamber
fluid pressure at L, the bore chamber fluid pressure at K, and for
pore-pressure measurements at W and drainage at H in the Pedestal X.

The base adaptor S was made removable to allow for the seal of
the inner membrane at Q. It is held tight against the pedestal X by a

tightening bolt and nut at R, provided with a rubber O-ring at T.

The Sealing Cap and the Sample End-piece

Seal between the bore and the outside of the sample G is provided
by the air release valve Y in the sealing cap O and the rubber O-ring at
P in the sample end-piece F. The sealing cap O is screwed onto the
threaded sample end-piece F and the outside membrane is sealed off

by O-rings at U and V.

Rubber Membranes

The sample G is enclosed between two rubber membranes,
forming a hollow cylinder of 3 inches in inside diameter, 4 inches in
outside diameter snd 5 inches in height. The membranes are 0. 013"
thick, supplied by Testlab Corporation in Chicago, Illinois.

The outside and the bore chamber pressures are each controlled
by a Norwegian Constant Pressure Cell (Andresen and Simons, 1960).
The pressure difference between the outside and the bore chambers is

measured by a mercury manometer. Pore-pressures are measured
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by connecting the sample to a manometer and a Bourdon pressure

gauge, through a Null Indicator (Andresen and Simons, 1960).

The Formers for Preparing Hollow Cylindrical Specimens

Hollow cylindrical specimens were prepared by using a mould
formed by an inner plexiglass former and an outer split aluminum
jacket shown in Fig. 6. The remoulded clay was placed in a 6"
hollow steel cylinder and injected into the mould, by means of a jack
connected to the steel cylinder. The sample end-piece was then
placed on the sample after the trimming of the top of the sample had
been carried out. The inside membrane was secured to the sample
end-piece by a rubber band. The inner former was then withdrawn
and the sealing cap was screwed tight onto the threaded sample end-
piece. The outer former was removed and the sample was ready for
testing after placing O-rings on the outside membrane at U and V
(Fig. 5).

The clay specimen, prepared in this way, is likely to be slightly
over-consolidated due to the injecting pressure, but it is believed that
the magnitude of the over-consolidation pressure would be of insigni-
ficant importance. It was found that if the consistency of the clay was
such that its water content was below about 40%, difficulties were

encountered during the injection process.
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5. RESULTS

Applied stresses and pore-pressures were recorded for each
test against axial strain. Complete details of each test are shown in
Figs. 7-13 and in Tables 11-17 in Appendix 2, 'Data, ' together with
sample calculations for each type of test. In this paper failure is

defined as the peak point on the deviator stress-strain curve.

5.1. Deviator Stress

Values of maximum deviator stress (designated as D) are shown
plotted against axial strain in Figs. 7-13. For comparison, typical
test results from each type of test have been plotted on the same
diagram in Fig. 14.

In all cases, with the exception of the UEl and UEZ2 tests, the
deviator stress increases rapidly with strain in the beginning of the
test, and remains virtually constant at failure. In the case of the
UE] and UE2 tests, similar behavior of the deviator stress is observed,
except that the deviator stress decreases after a maximum has been
reached.

The average maximum deviator stress, expressed in terms of
the consolidation pressure o for each type of test is summarized in

Table 2 below.



Table 2. Deviator stress at failure

Test Df/crc Df/Df, UCl
UCl 0.82 1. 00
uc?2 0.72 0. 88
UIl 0.91 1. 11
Ul2 0. 83 1. 01
UI3 0.99 1. 21
UE1 0. 62 0.76
UE2 0.52 0. 64

It is interesting to note that the so-called ''undrained shear
strength" Df/Z varies with the type of test and appears to be depen-
dent upon the loading path. It can be seen that the difference in
undrained shear strength, expressed in terms of the consolidation
pressure, obtained from the various types of tests, is quite remark-
able. The only close agreement is cited between the UC1 and UI2
tests, The differences can only be explained by the fact that the
pore-pressure behaves differently in each type of test. It appears
that a Tresca-type condition, D = constant, cannot be used és a

failure criterion.

5. 2. Pore-pressure

Values of pore-pressure change (designated as Au) are shown

plotted against axial strain in Figs. 7-13. For comparison, typical

23
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test results from each type of test have been plotted on the same
diagram in Figs. 15A and 15B.

The UC1, UIl and UI2 tests show an initial rapid rate of pore-
pressure increase, reducing to a negligible rate of change at failure.
The UC2 test shows a small initial rapid increase, followed by a rapid
decrease in pore-pressure. The rate of decrease then becomes
negligible during the remainder of the test. The decrease continues
after failure has been reached. The UEIl and UE2 tests show a small
initial rapid pore-pressure decrease, followed by an increase in pore-
pressure which is considerably less than that for the UC1, UIl and
UI2 tests at failure. The rate of pore-pressure change at failure is
again negligible. The UI3 test shows an initial rapid rate of pore-
pressure increase, reducing to a negligible rate of change at failure.

The average pore-pressure at failure, expressed in terms of
the consolidation pressure o and the pore-pressure parameter Af
(Skempton, 1954) for each type of test is summarized in Table 3 below.

It can be seen from Table 3 that Af is dependent on the stress

path for each type of test and varies with the type of test.
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Table 3. Pore-pressure at failure

(Au) (Au)
Test f A = f
o f D
c f
UCl +0, 64 +0. 78
ucCz2 -0. 33 -0. 46
Ull +0. 63 +0. 69
Ul2 +0. 63 +0. 76
Ul3 +0. 40 +0. 41
UEl +0. 08 +0. 13
UE2 +0. 77 +1. 48

5. 3. Effective Principal Stresses

Values of the effective principal stresses (designated as 5’1, 0'2, 5'3)
are shown plotted against axial strain in Figs. 7-13.

In the UC1 and UC2 tests, the axial stress is the major principal
stress while both the intermediate and minor principal stresses are
equal to the radial stress. In the UEl and UEZ2 tests, however, the
axial stress becomes the minor principal stress while both the major
and intermediate principal stresses are now equal to the radial stress.

In all the remaining tests, where the intermediate principal stress
is different from the major and the minor principal stresses the radial
stress 5'3 is always the minor principal stress. Whether the axial or

circumferential stress is the major or the intermediate principal stress

depends on the method of applying the stresses. In the Ull and UI3 tests,
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a change of the circumferential stress &2 from the intermediate to the

major principal stress takes place during the test. In the UIZ2 test,

however, a change of the circumferential stress I from the major to
the intermediate principal stress takes place during the test.

In all cases, all the three principal stresses remain virtually
constant at failure.

The average effective principal stresses at failure, expressed in

terms of the consolidation pressure o and the effective principal stress

ratio are summarized in Table 4 below.

Table 4. Effective principal stresses at failure

Test  Gfe Gft. afe GTUON FRe
UcCl 1. 16 0. 34 0. 34 1. 49 3. 47
ucCz2 1.12 0. 36 0. 36 1. 49 3. 11
UIl 1.12 1, 31 0. 40 1.71 3.32
Ul2 1. 15 0.61 0. 33 1.48 3.54
UlI3 0. 88 1.43 0. 44 1.87 3.25
UEl 0. 26 0. 88 0. 88 1.14 3. 39
UE2 0.43 0.94 0.94 1. 37 2.18

It is interesting to note from Table 4, that with the exception of
the UE2 test, the effective principal stress ratio at failure changes
very little with the type of test. For a normally-consolidated clay,
Coulomb's criterion, in terms of effective stresses, can be expressed

as



90
1

oan
Z

where as before

2 o -
N. =tan" (45 + ¢/2)
$
and (;i,ﬁ:], denote the effective major and minor principal stresses
respectively., The fact that (;i/&j = constant as shown implies that
Coulomb's criterion is valid for clays under various intermediate

stress states.

5. 4. Axial Strain at Failure

Although the axial strain at failure cannot be defined with great
accuracy, it appears that within experimental error, the axial strain
at failure varies with the stress path for each type of test. The
average axial strain at failure for each type of test is summarized in

Table 5 below.

Table 5. Axial strain at failure

Test Axial strain at failure %

UCl 0'1> 02 =0'3 = constant 13. 4
ucz2 ) > 0, T05 0 = constant 14. 6
Ull (rz>0'1>0'3 2.7
Ul2 o > o > Ty 0,50, = constant 7.4
UI3 , > 0'1 > T 0'1 = constant 1.3
UEl 0'1 <0'2 =0, = constant 10. 7
UE2 01 < 0'2 = 0'3, crl = constant 7.0

27
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The interesting feature to be noted is the wide range of axial
strains at failure, varying from 1. 3% to 14. 6%. The wide range of
variation of axial strains is to be expected since the axial strains are
not the major principal strains in some of the tests. In the UCI,
UC2 and Ul2 tests where the axial stress ) is the major principal
stress at failure, a variation of 7. 4% to 14. 6% is noted. Although a
comparison of axial strains would be inconsistent for the other tests
where the axial stress T is not the major principal stress at failure,
variation between UIl and Ul3 tests, UEl and UE2 tests is also
observed. The results obtained appear to be in agreement with the

formulations by Levy-Mises (Hill, 1950) that the principal axes of

stress and strain coincide.

5.5 Failure Conditions

Details pertinent to the condition at failure for each type of test
have been summarized and are shown in Table 6. The subscript {
has been used to designate the principal stresses, pore-pressures,
maximum deviator stress, axial strain or water content at failure,
The mode of failure, observed from visual inspection of the specimen
after failure, of each type of test has been described and is also given
in Table 6.

Table 7 summarizes the stress conditions at failure for the
various types of tests. For ease of comparison the stresses at failure

have been expressed in terms of the consolidation pressure.
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The test results for the stress conditions at failure obtained for
Michigan clay in this investigation have been compared with those
obtained on Weald clay by Parry (1960) and are presented in Table 8.
Although the nature of Michigan clay is expected to be different from
Weald clay, it is interesting to note that the trend is remarkably
similar. It is to be noted that for both clays, the undrained shear
strength Df/Z and the pore-pressure change characteristics are
dependent on the stress paths for each type of test and vary with the
type of test, and that, for all practical purposes, the effective principal
stress ratio at failure is independent of the stress path, irrespective of

the type of test.

5. 6. Mohr Failure Envelopes

The Mohr effective stress failure envelopes and the corresponding
loading paths for different types of tests are shown in Figs. 16A and 16B.
Instead of plotting the Mohr failure circles, the top point of each failure
circle has been plotted. If a and ¢ are the vertical intercept and the

slope angle for the straight line through such points, it can be shown that
sin <f> = tan Y, and ¢ = a/cos &)

Fig. 17A shows the Mohr effective stress failure envelope obtained from
UCl, UC2 and UE] tests. Fig. 17B shows the Mohr effective stress

failure envelope obtained from Ull, UI2 and UI3 tests.



It can be seen that the values of ¢ from the different types of
tests do not differ by more than 1°. A value of 33° is obtained from
Ull, UI2 and UI3 tests where the intermediate principal stress is
different from the major and the minor principal stresses, whereas
a value of 32o is obtained from UC]l, UC2 and UEIl tests where the
intermediate principal stress is equal to either the major or the minor
principal stresses. In a stress system where the intermediate
principal stress is different from the major and the minor principal
stresses, the Coulomb-Mohr theory underestimates the shear strength
of a clay. The error, however, is slight and has very little practical
significance.

The effective strength parameters obtained from the different

types of tests are summarized in Table 9.

5.7. Yield Surface

Fig. 18 shows the experimental stress points representing

failure projected onto the plane o' + o' + 0"3' =1. Coulomb's criterion,

1 2

based on the effective strength parameters of c =0and ¢ = 32°

obtained from compression and extension tests on the standard triaxial
cell, is shown as dotted lines in the same figure.

The representation of experimental stress points projected onto
the plane ¢'' + ¢ + ¢ =11is readily obtained by using equation (18) as

1 2 3

follows:

30



Forc =0, k =0 and with C =1 equation (18) becomes

The projected effective principal stress space coordinates of the

experimental stress points from each type of test are shown in

Table 10.
The representation of Coulomb's criterion projected onto the

plane o"i + o"é + cr'3' =1is readily obtained by using equation (19) and (20)

as follows:

for ¢ =0 and ¢ = 32° N, = 3.25.

With C =1, we have in a compression test

U,,:CNqa: 3.25 ¢,
1 N. +2 2+3.25 U
¢
C 1
" = "n = = = 0.
°27%3 "N +2 3.25+2 191
¢
and in an extension test
C 1
" = = =
71 2N, +1 Zxd.25¢1 0-134
CN
o & _ 3.25
1" o= ! = = = 0. 434
2 7 %3 2N, +1 2% 32571 0.43

It can be seen that the experimental data are in good agreement

with Coulomb's prediction. The test data also show minor departure

31



from Coulomb's criterion. Since only a limited number of triaxial
tests have been carried out in the present investigation, a considerably
greater volume of experimental evidence is needed before any strong

assertions can be made,.
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6. CONCLUSIONS

The conclusions summarized below reflect the findings of this
investigation and are limited to the soil used, the methods of sample

preparation and the testing procedure employed:

1. The undrained shear strength of a clay is dependent on the
loading path for each type of test and varies with the type of test. The
variation may be explained by the different pore-pressure behavior

under different applied stress changes.

2. The pore-pressure change characteristics are dependent on

the loading path for each type of test and vary with the type of test.

3. The effective principal stress ratio at failure, for all
practical purposes, is independent of the loading path, irrespective

of the type of test.

4. The axial strain at failure appears to vary with the loading
path for each type of test. Test results appear to be in agreement with

the concept that the principal axes of stress and strain are coincident.

5. The Mohr effective stress failure envelopes are independent
of the loading paths for each type of test. In a stress systermn where
the intermediate principal stress is different from the major and the
minor principal stresses, the Coulomb-Mohr theory underestimates

the shear strength of a clay.

33
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6. The validity of Coulomb's criterion in three-dimensional
stress fields has been studied. Test results show that the experi-
mental failure surface is, in general, in good agreement with Coulomb's

prediction, although minor deviations are noted.

7. In this investigation, it has been tacitly assumed that the
elastic theory is valid in the calculation of stresses at failure. The
fact that the behavior of clays is not truly elastic has not been con-
sidered. In the evaluation of the stresses and strains at failure, an
error or inaccuracy is likely to be introduced by assuming that the
material is fully elastic. It is believed that the elasto-plastic and/or
the plastic solution would be more satisfactory in the understanding

of the behavior of clays.

8. So far it has not been possible to relate the stresses with
the strains measured in the various types of tests. For a complete
understanding of the deformation behavior of clays, it appears neces-
sary that stress and strain should be related. In the future, it is
hoped to extend the range of tests to include stress states such as
torsion, combined torsion and compression, in order that some of

the limitations on the validity of the test data can be eliminated.
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Table 9. Summary of effective strength parameters from consolidated

undrained triaxial tests on Michigan clay
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Test c $

(o]

UC1, UC2 0 32
UEI 0 32°
UIll 0 33°
Ul 2 0 32°
UI3 0 33°
UCl, UC2, UEI 0 32°
(o]

UIl, UI2, UI3 0 33
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Al. TESTING PROCEDURE

1. Sample Preparation

Bulk samples of clay were thoroughly remoulded and mixed with
distilled water and left in the moist room for a few days before use. The
remoulded clay was prepared at a water content of 40-45%. Hollow
cylindrical samples were prepared by injecting the clay into a mould
formed by two formers, described previously under "APPARATUS. "
Solid cylindrical samples in the standard triaxial cell were prepared by
the conventional procedure described by Bishop & Henkel (1957). 1.4" in
diameter and 3" in height specimens were used in the UC2 tests whereas
1. 4" in diameter and 2. 5" in height specimens were used in the UEl and

UE2 tests.

2. Consolidation

The remoulded clay sample was normally-consolidated under an
all-around pressure of 3 or 4 kg./cm.2 The consolidation process was
accelerated by using filter paper stripe side drains on solid cylindrical
samples, and by using a continuous jacket of filter paper side drains on
the inside of hollow cylindrical samples. It was found that 24-30 hours
were required for 95-100% consolidation. After consolidation, a back
pressure of 1 to 1.5 kg. /cm.2 was applied to the sample through the
basal porous stone, in order to eliminate the possibility of developing

negative pore-pressures and to dissolve any free or entrapped air which
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may exist in the sample or in the testing apparatus. The back pressure
was maintained for at least 10 hours before the shear test was carried
out. The all-around pressure in the cell was raised the same amount

simultaneously.

3. Standard Triaxial Tests

UC2, UEI]l and UE2 tests were carried out in the standard triaxial
cell at controlled rate of strain of 2-3% per hour (0.04 - 0.06 in. per
hour).

In the UC2 and UE2 tests, the cell pressure was adjusted so that
the axial stress was kept constant and equal to the initial cell pressure

(0—3)0 by the following equation

= (o) N6 1
737 0'3o-a l-ar/a

where
T, is the cell pressure at any time during the test
N is the proving ring factor expressed in load per division
6 is the proving ring deflection in div. from zero load
a_ is the area of the ram
and a is the area of the sample at any time.

The weight of the ram has been neglected in all the calculations. In

order to determine rapidly the value of 0., required to keep the axial

3

stress ) constant at any stage, a series of curves relating all the
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variables was prepared before starting the test.

Some modifications on the triaxial cell are necessary for
carrying out the UE]l and UE2 tests. The loading cap is provided
with a threaded hole at the center, while the loading ram is provided
with a bayonet catch at the top and threads at the bottom. The bored
threaded hole in the loading cap was used as a guide during the con-
solidation process. When the extension test is to be started, the
ram is screwed into the loading cap and pushed through a slotted plate
mounted onto the proving ring, and engaged by rotating the ram through
90 degrees.

All the tests were carried out beyond the point of failure. The
mode of failure was noted in all the tests. Water contents were

measured after completion of the tests.

4. Hollow Cylinder Triaxial Tests

UIl, UIZ2 and UI3 tests were carried out in the hollow cylinder
triaxial cell with controlled stress increments. The cell was placed
on a balance scale provided with an adjustable yoke, controlled by a
hand wheel. Dead loads were applied to the sample by balancing the
yoke against the loading ram. Axial dead loads of 2.5 and 5. 0 kilograms
were applied to the specimens normally-consolidated under all-around
pressures of 3 and 4 kg. /cm.2 respectively. A period of 10 minutes

was allowed for equilibrium to be attained for each increment. The
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pressure difference between the bore and the outside chambers, meas-
ured by a mercury manometer, was applied at the rate of 0.05 kg./cm.2
every 10 minutes.

In the UI2 tests, the bore chamber pressure was maintained
constant by a Norwegian constant pressure cell while the outside
chamber pressure was increased by a lever-screw until the desired
amount of pressure difference was reached. The outside chamber
pressure was then maintained constant by a Norwegian constant pres-
sure cell throughout the test. The specimen was then axially-loaded
by increments to failure.

In the UIl tests, the specimen was first axially-loaded by incre-
ments, followed by increasing the outside chamber pressure until
failure has been reached, while maintaining both the axial load and the
bore chamber pressure constant.

In the UI3 tests, the axial stress was applied first and kept con-
stant by taking weights off the scale when the outside chamber pressure

was increased by the following

axial dead load decrease = (po- pi) % (4)2(2. 54)2
= 81 -
81(p_-p;)
The bore chamber pressure was kept constant throughout the test.
The tests were stopped as soon as failure was reached. The mode

of failure was noted in all the tests. Water contents were measured

after completion of the tests.
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A2, DATA

Table 11A
, (W, =42 5%
Test: UCI o= 3kg. /cm. {Wf = 29. 3%

;z 5 . X D=(s-5) (5+5,)/2 Au
0. 000 2. 87 2. 87 . 87 0.00 . 87 .00
0. 185 3.33 2.74 .74 0. 59 .04 .13
0. 304 3.46 2.70 .70 0.76 .08 .17
0. 490 3. 84 2. 49 . 49 1. 35 .17 . 38
0. 85 3.93 2. 16 .16 1.77 . 05 .71
1. 00 3.90 2. 05 . 05 1. 85 .98 .82
1. 46 3. 89 1. 89 . 89 2. 00 . 89 .98
2. 28 3.80 1. 65 . 65 2.15 .73 .22
3.02 3.72 1.50 .50 2.22 .61 .37
4, 05 3.63 1. 35 . 35 2.28 . 49 .52
5. 24 3.58 1. 25 . 25 2.33 .42 .62
6. 55 3.53 1. 15 .15 2. 38 . 34 .12
7.90 3. 47 1. 05 . 05 2.42 . 26 .82
9.55 3.51 1. 05 .05 2. 46 . 28 .82
10. 75 3.52 1.03 .03 2. 49 . 28 . 84
13. 30 3.53 1.03 .03 2.50 .28 . 84




Table 11B

> W, =41%
Test: UCI crc=4 kg./cm. {wf = 28.2%

;z 5 5, 7 D=(c-7,) (5+5,)/2 Au
0.00 3.96 3.96 3.96 0. 00 3.96 0. 00
0.50 4.79 3.55 3.55 1. 24 4. 17 0. 41
0. 86 5. 28 3.06 3.06 2.22 4,17 0.90
1.13 5.14 2. 68 2. 68 2. 46 3.91 1. 28
1.54 5.08 2. 38 2. 38 2.70 3.73 1.58
2.00 5.05 2. 20 2. 20 2. 85 3.63 1.76
2. 85 4.96 1.98 1.98 2.98 3. 47 1.98
3.95 4,78 1.76 1.76 3.02 3. 27 2. 20
5.07 4. 65 1.57 1.57 3.08 3.11 2. 39
6. 30 4.58 1. 46 1, 46 3.12 3.02 2.50
7.45 4,53 1. 38 1. 38 3.15 2.96 2.58
8.70 4,54 1. 36 1. 36 3.18 2.95 2. 60
10. 42 4.51 1, 31 1. 31 3. 20 2.91 2. 65

13, 40 4. 54 1. 31 1.31 3.23 2.93 2. 65
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Table 12

5 w. = 41.5%
Test: UC2 0'C=3 kg. /cm. {Wf = 27. 6%

;z 3 5 s D=(3-7,) (5+5,)/2 Au
0. 00 2.57 .57 2.57 0. 00 2.57 0. 00
0. 109 2.94 .43 2.43 0.51 2. 69 0. 09
0.292 2.94 .93 1.93 1. 05 2. 44 -0.01
0.802 3.12 .72 1.72 1. 40 2.42 -0.23
1, 385 3.17 . 59 1.59 1.58 2. 38 -0. 30
1.82 3.15 .55 1.55 1. 60 2. 35 -0. 30
2. 55 3.13 .43 1.43 1.70 2. 28 -0. 30
3. 28 3,11 . 35 1. 35 1.76 2.23 -0. 30
4. 00 3.11 .31 1. 31 1. 80 2.21 -0. 31
5.10 3.09 .22 1. 22 1.87 2.16 -0. 35
6. 20 3.14 .21 1.21 1.95 2.18 -0.42
7. 30 3.18 .11 1. 11 2.07 2.15 -0.54
8. 39 3.27 .09 1.09 2.18 2.18 -0. 64
9.12 3.29 .11 1.11 2.18 2. 20 -0. 69
10. 20 3.33 .14 1. 14 2. 19 2. 24 -0.77
12. 40 3. 36 .11 1. 11 2. 25 2. 24 -0. 86
13. 10 3. 34 .08 1.08 2. 26 2.21 -0. 89
13. 85 3.38 . 10 1. 10 2.28 2. 25 -0.95
14, 60 3.37 .08 1.08 2. 30 2.23 -0.98




Table 13A

’ Wi =41.05%
Test: UIl o‘l=3 kg. /cm. w, = 29. 53,
N 5 5 D= (¢ 5 Au
z 1 0-2 0-3 - - o-ma.x min
% (o -0
max min 2
0. 00 .73 .73 2.73 0. 00 2.73 0. 00
0.109 .31 .78 2. 34 0.97 2.8% 0. 43
0. 217 .47 . 39 2,06 1.41 2. 77 0. 81
0. 391 .42 .57 1. 80 1. 77 2. 69 1.12
1. 39 .17 . 46 1. 30 2. 16 2. 39 1.62
1. 825 .96 .27 1. 10 2. 17 2.19 1.82
2. 06 .91 . 26 1. 05 2.21 2. 16 1. 87
2. 24 . 85 .21 1. 00 2. 21 2. 11 1.92
2. 41 .83 .19 0.98 2.21 2. 09 1,94
2.5+ .98 71 1. 05 2. 66 2. 38 1.97
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Table 13B

2 W, = 45.50%

Test: UIl o =4 kg. /cm. {Wf - 28. 6%

€z &1 &2 &3 - D ~ (&maxﬂ;mm) Au

% (Umax- min) 2
0. 00 3.83 3.83 3.83 0. 00 3.83 0. 00
0. 202 3.99 3.81 3.81 0.18 3.90 0.02
0. 302 4. 45 3.74 3.74 0.71 4.10 0. 09
0. 470 4.97 3.56 3.56 1. 41 4. 27 0. 27
0. 582 5.33 4. 63 3. 25 2. 12 4. 29 0.76
0. 761 5.32 5. 09 2.74 2.58 4.03 1. 34
0.940 5. 30 5.31 2. 49 2.82 3.90 1. 64
1.12 5. 24 5. 38 2. 33 3.05 3.79 1.83
1.50 5.08 5. 36 2. 07 3.29 3.58 2. 11
2.02 5.01 5.42 1.90 3.52 3. 46 2. 31

2.91 4.99 5.54 1.79 3,75 3. 39 2. 44







Table 14A
> wi = 41, 4%
Test: Ul2 crc= 3 kg. /cm. {Wf = 29. 5%
€ o - - = o - A
%Z c‘—1 UZ 03 (& D__ s (Gm ax * o-rnin) v
max min) 2
0. 00 2.63 2.63 2.63 0. 00 .63 0. 00
0. 00 2. 67 2.78 2. 57 0.21 . 68 0. 09
0.096 2.83 3. 30 2.31 0.99 . 81 0. 45
0.214 3.15 3.21 2.22 0.99 .72 0. 54
0. 30 3. 40 3.14 2.15 1. 25 .78 0.61
0. 45 3.70 2.96 1.97 1.73 . 84 0.79
0. 60 3.78 2. 80 1.81 1.97 . 80 0.95
0.90 3.83 2. 64 1. 65 2.18 .74 1. 11
1. 30 3.89 2.53 1.54 2. 35 .72 1. 22
1. 67 3. 85 2.43 1. 44 2,41 . 65 1. 32
2.78 3.76 2. 28 1.29 2. 47 .53 1. 47
4,70 3.58 2.08 1. 09 2. 49 . 34 1. 67
7.05 3. 49 1.98 0.99 2.50 . 24 1. 77
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Table 14B
> w, = 42, 5%
Test: UI2 ch= 4 kg. /cm. {Wf = 28. 7%
€ - - ~ - -
%z % ) 3 7 D_(‘-r . )("max min) &Y
max mi 2
0. 00 3.86 . 86 . 86 0. 00 3. 86 0.00
0. 077 3,88 4, 48 .32 1. 16 3.90 0. 67
0.273 4.01 4. 45 . 29 1. 16 3.87 0.70
0. 48 4. 43 4. 20 . 04 1. 39 3.74 0.95
0.70 4. 80 .90 .74 2.06 3.77 1. 25
0.985 4. 88 . 65 . 49 2. 39 3. 69 1.50
1. 16 4.90 .51 .35 2.55 3.63 1. 64
1. 59 4. 84 . 30 .14 2.70 3. 49 1. 85
2.71 4,62 2.95 .79 2.83 3,22 2. 20
4.15 4.51 2.72 .56 2.95 3.04 2.43
6.70 4, 43 2.57 .41 3.02 2.92 2.58
7. 00 4.55 2.54 . 36 3.19 2.96 2,61
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Table 15A
> w. = 46%
Test: UI3 .= 3 kg. /cm. {Wf = 30%
€ - _ - -
z 1 o, Ty P Df& )(Umax“rmin Au
% max min 2
0.00 . 86 2. 86 2. 86 0.00 2. 86 0. 00
0. 41 . 00 2.83 2.83 0. 17 2.92 0.03
0. 481 . 28 .78 2.78 0.50 3.03 0.08
0.542 .41 2.75 2.75 0. 66 3.08 0.11
0. 650 . 65 2. 66 2. 66 0.99 3.16 0. 20
0. 866 . 87 2.55 2.55 1.32 3.21 0. 31
0.910 .79 2. 55 2.33 1. 46 3.06 0. 56
1. 00 . 26 . 50 1.95 1.55 2.73 1. 09
1. 06 .91 . 89 1. 67 2.22 2.78 .44
1.08 .76 .99 1.58 2. 41 2.79 . 59
1.28 .51 4, 48 1. 37 3.11 2.93 . 84
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Table 15B
w, =42.8%
Test: UIL3 ¢ =4kg /cm.l { o
c W= 28. 1%

ez Gl 2 %3 - D:- ( max o-rnin Au
% (o-max- o-rnin) 2
0. 00 3. 65 3. 65 3.65 0. 00 3. 65 0. 00
0. 044 3.96 3.62 3.62 0. 34 3.79 0.03
0. 088 4. 11 3. 60 3.60 0.51 3. 86 0. 05
0.132 4. 26 3.58 3.58 0. 68 3.92 0. 07
0. 198 4,41 3.55 3.55 0. 86 3.98 0.10
0. 220 4,54 3.52 3.52 1.02 4,03 0.13
0. 308 4.79 3.43 3.43 1. 36 4,11 0. 22
0. 396 4. 99 3. 29 3.29 1.70 4,14 0. 36
0. 460 5.09 3,22 3.22 1. 87 4. 16 0. 43
0. 527 5.17 3.13 3.13 2. 04 4,15 0.52
0.615 5. 27 3.06 3.06 2. 21 4,17 0. 59
0.79 5.18 2. 80 2. 80 2. 38 3.99 0. 85
0. 855 4, 84 3. 24 2. 54 2. 45 3.69 1. 19
0.91 4,14 4,62 2,04 2.58 3.33 1. 89
0. 945 4. 04 4,78 1.96 2.82 3,37 1. 99
1. 05 3.92 4.92 1. 87 3.05 3. 40 2. 11
1. 14 3.82 5.08 1.79 3. 29 3. 44 2. 21
1. 25 3.74 5. 26 1.74 3.52 3.50 2. 29
1. 30 3.69 5. 46 1.71 3,75 3.59 2. 34
1.71 3. 64 5. 41 1. 66 3.75 3.54 2. 39

73




Table 16A
w. = 41, 8%
Test: UEl o =3 kg. /cm.2 { ! _
c W, = 27.02%
‘2 c 5 5 D=(5,-¢) (a+5)/2  Au
% 1 2 3 31 1 3

0. 00 2. 85 2. 85 2. 85 0. 00 2. 85 0. 00
0. 218 2.15 3.03 3.03 0. 88 2. 59 -0.18
0. 436 1.96 2.98 2.98 1.02 2. 47 -0.13
0. 655 1.82 2. 88 2. 88 1. 06 2. 35 -0.03
0. 874 1.70 2. 80 2. 80 1. 10 2. 25 +0. 05
1, 31 1.54 2. 68 2.68 1. 14 2,11 +0. 17
2.18 1. 37 2.58 2.58 1. 21 1.98 +0. 27
3.06 1. 20 2.48 2. 48 1. 28 1. 84 +0. 37
3.93 1.12 2. 46 2. 46 1. 34 1.79 +0. 39
4. 36 1. 05 2.43 2.43 1. 38 1.74 +0. 42
5. 24 0.90 2. 39 2. 39 1. 49 1. 65 +0. 46
6. 10 0. 88 2. 42 2.42 1.54 1. 65 +0. 43
7. 42 0.79 2. 48 2.48 1. 69 1. 64 +0. 37
8. 30 0.74 2. 48 2.48 1.74 1.61 +0. 37
9.17 0.72 2. 48 2,48 1.76 1. 60 +0. 37
10. 05 0.74 2.53 2.53 1.79 1. 64 +0. 32
10.90 0.75 2.58 2.58 1.83 1. 67 +0. 27
11. 80 0.78 2.58 2.58 1. 80 1. 68 +0. 27
12. 67 0.79 2.59 2.59 1. 80 1. 69 +0. 26
14, 40 0. 86 2. 60 2. 60 1.74 1.73 +0. 25
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Table 16B

5 w, 42%
Test: UEL o =4 kg. /cm. {Wf - 26.1%

;z o 5, 7, D=(s,-G) (o+7,)/2 Au
0. 00 . 81 3. 81 3. 81 . 00 . 81 0. 00
0. 218 . 86 4,05 4,05 .19 . 46 -0. 24
0. 435 .61 3.98 3.98 .37 . 30 -0.17
0. 870 .31 3. 81 3. 81 .50 . 06 0. 00
1. 31 .10 3. 68 3. 68 .58 . 89 +0. 13
2. 39 . 80 3.50 3.50 .70 . 65 +0. 31
3. 48 .61 3. 43 3.43 . 82 .52 +0. 38
4,00 .55 3. 42 3,42 . 87 . 49 +0. 39
5.22 . 34 3. 40 3. 40 . 06 . 37 +0. 41
6. 30 .19 3. 43 3.43 . 24 .31 +0. 38
7.82 .08 3. 48 3. 48 . 40 . 28 +0. 33
8. 80 .07 3.52 3.52 . 45 . 30 +0. 29
10. 43 .07 3. 60 3. 60 .53 .34 +0. 21
11. 30 . 06 3. 62 3.62 .56 . 34 +0. 19
12. 20 .08 3. 62 3.62 . 54 . 35 +0. 19
13. 05 .14 3,62 3. 62 .48 . 38 +0. 19

14. 80 . 26 3.62 3.62 .36 .42 +0. 19




Table 17

, (W, = 42.1%
Test: UE2 0'C = 4 kg. /cm. {Wf = 26. 1%
;oz 5 5, o D=(0,-6) (o,+5,)/2 Au
0. 00 3. 84 84 3.84 0. 00 3.84 .00
0. 19 4.43 . 24 5.24 0. 81 4, 84 .40
0.58 3.94 . 36 5. 36 1. 39 4, 67 .93
1. 16 3. 35 .91 4.91 1.56 4,13 .58
1.55 2.98 .58 4,58 1. 60 3,78 .91
2.71 2. 39 .09 4, 09 1.70 3.24 .50
4, 25 1. 84 . 69 3. 69 1. 85 2,77 .00
5.81 1.68 . 66 3.66 1.98 2. 67 .08
6. 65 1.62 . 66 3. 66 2. 04 2. 64 .08
6.98 1.70 .76 3.76 2. 06 2.73 .08
7. 35 1.72 .76 3.76 2. 04 2.74 .08
8.15 1. 68 .61 3.61 1.93 2. 65 .13
9.70 1.73 .66 3.66 1.93 2.70 .08
12. 00 1.79 .53 3.53 1.74 2. 66 .01
13. 60 1. 80 . 38 3. 38 1.58 2. 59 .01




A3, SAMPLE CALCULATIONS

1. UCI Test: ¢ =3kg./cm. 2
E— c
Before consolidation:
Length of sample = 5"

Area of sample = 35. 4 sq. cm.

Volume of sample = 450 c. c.
After consolidation:

Volume of sample = 341, 8 c.c.

3
Length of sample =5 7\/341,8/450 = 4, 6"

2/3
Area of sample = (341. 8/450) / x 35.4 =29.5 sq. cm.
Axial compression = 0. 046" €Z% = 0'4026 x 100 =1, 0%

Axial load = 55 kg.

4 kg. /cm. 2

Cell pressure T,

2
1.95 kg. /cm.

55 (4. 6-0. 046)

Pore-pressure u

Devi g -0 =
eviator stress D 0'1 0'3 29.5 % 4.6

2

= 1. 85 kg. /cm.

¢, =0, +D =4.0 +1.85=5.85kg./cm.2
- 2
o =0, -u =5,85 - 1,95 = 3.90 kg. /cm.
T, =0 -u=4.00—1.95=2.05kg./cm.2

7



2

2. UC2 Test: o. = 3 kg./cm.

Before consolidation
2

L = 3" A =10 cm. V =76 c.c.
After consolidation

L =2,75" A =8.44 sq. cm. V =58 c.c.

. . 0.11

Axial compression = 0. 11" €Z% T 100 = 4. 0%

Load dial 6 = 95 div.

Cell pressure o, 2.43 kg. /cm,

I

2
Pore-pressure u = 1,12 kg. /cm.

Proving ring factor N = 0. 33 1b. /div.

. (2.75 - 0.11)
= - = . 454
D§v1ator stress D 0-1 03 95 x 0. 33 x 0. 4545 2.75 x 8. 44

2
= 1. 8 kg. /cm.

2
0'1=0'3+D=2.43+1.8=4.23kg./cm.
&l =0, -u =4.23 - 1.12=3.llkg./cm.2
<}3=cr3-u=.2.43-1.12=1.311<g./<;m.2
- - 2

o, =0, =1.31 kg. /cm.
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2
3. UIl Test: o= 3 kg. /cm.

Before consolidation

L =5" A =35.4 sq. cm.

After consolidation

L =4, 6" A =30 sq. cm.

R =2" R, =1.585"
o i

Axial compression = 0. 018"

Axial load = 22.5 kg.

2
Outside chamber P, = 4.4 kg. /cm.

2
Bore chamber pi = 4,0 kg. /cm.

Pore-pressure u = 2. 4 kg. /cm.,

A(rl due to axial load =

A
1

2

22.5 (4.6 - 0.018)
30x 4. 6

L

2
- == 4 . 4 . - .
due to (po pi) 4( x 2.54) (4.4 - 4.0)

Total Acrl due to axial load and (po- pi)

q
1]

q
1"

- 4.6 - 0.018
30 x 4.6

1. 82 kg. /cm. 2

A
p, T80,

o - u=5.82- 2.40=3.4t21<g.,/cm.2
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=4.0+1.82:5.82kg,/cm.2

V =450 c. c.
V =350 c.c.
K=R /R, =1,26

o' i

0.018

= 1 = 0. 391
€Z 76 X 00 =0.391%
(4.6 - 0.018)

20 x 4.6

)[22.5+%(4x2.54)2(4.4-4.0)]



Equation (25)

2
+

cr2=[4+3XI'262 1(4.4-4.0)]=5.97kg./c:m.2

2(1l.26 -1)
- :(4.0+4.4) =4.20kg./cm.2
3 2
- 2
02:02-u=5.97 - 2.40 =3.57 kg. /cm.
- 2
0'3=tr3-u=4.20- 2.40 = 1. 80 kg. /cm.

I

2
D =¢_-o0, =3.57-1.80 =1.77 kg. /cm.

2 3

4, UI2 Test: o= 3 kg. /cm. 2

Before consolidation

L =5" A =35.4 sq. cm. V =450 c.c.
After consolidation

L =4, 68" A =31 sq. cm. V =358.8c.c.

Ro = 2" Ri =1,57" K = Ro/Ri =1,272
Axial compression = 0. 061" € = 1. 3%

Axial load = 57.5 kg.
Outside chamber p_ = 4. 25 kg. /cm. 2
Bore chamber P, = 4.0 kg. /cm. 2

Pore-pressure u = 2. 59 kg. /cm.

. _57.5(4.68 - 0.061)
Ao‘l due to axial load = 2 68 x 31

4. 68 - 0.061

(4x2.54)2(4.25-4.0)( 1 6% 31 )

NE

A - =
o due to (po pi)
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Total Ag _ due to axial load ¢ (po~ pi)

(o2

g

1

1

1

_|4.68 - 0.061
- 4, 6 x 31

2 2
) [57. 5 +%(4x 2.54) (4. 25 - 4. 0)] = 2.48 kg. /cm.
2
=p, +A80 4.0 +2.48 = 6. 48 kg. /cm.

=g, -u=6.48 - 2.59 = 3. 89 kg. /em.

Equation (25):

2
0'2=[4+3XI'272 t 1 (4.25—4.0)]=5.12kg./cm.2
2(1.2727-1)
4, 4, 2

o, = (20225 4 13 kg fom.

3 2

- 2

0'2=0'2-u=5.12—2.59=2.53kg./cm.

- 2

0'3=0'3—u=4.13—2.59=1.54kg./cm.
2

D =o-0, =3.89 - 1.54 = 2, 35 kg. /cm,

5. Ul3 Test: c. = 3 kg. /cm. 2

Before consolidation

L =5" A =35.4 sq. cm. V =450 c.c.

After consolidation

L =4.61" A =30 sq. cm. V =352c.c.

R =2" Ri =1,59" K

o Ro/Ri =1.26

Axial compression = 0. 046" € = 1. 0%
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Axial load = 45 kg.

Outside chamber P, =4,35kg. /cm. 2
2

Bore chamber P, = 4,0 kg. /cm.

Pore-pressure u 2. 23 kg. /cm.

- 4
Ag _ due to axial load = 45 (4. 61 - 0. 046) =1.49 kg. /cm. 2

1 30 x 4. 61

Ao-1 remains constant throughout the test.

o, =P, +A0, =4.0+1.49 :5.49kg./cm.2

1 1

&1 =0 -u=5.49 - 2.23=3.26kg./cm.2

Equation (25):

2
1. 1
2x1.26 *1 (4 35.4.0)] =5 73 ke Jem.

o, =[4+
2 2 (1. 26% - 1)
4 + 4,
0'3 =('—+"2—':i5') = 4. 18 kg. /cm. 2

c. =0 -u=5.73-2.23=3.50kg./cm.2

o, =0, -u=4,18-2,23 1.95kg./cm.2

3 3
2
D =¢,-0,=3.50 - 1.95 = 1. 55 kg. /cm.
2

6. UEIl Test: o= 3 kg. /cm.
Before consolidation

L =215" A =10 sq. cm. V =63.5c.c.
After consolidation

L =2,29" A =8, 37" V =48.6 c.c.



Axial extension = 0.07" ez = 3.06%
Load dial 6 = 69 div.

4,5 kg. /cm. 2

1

Cell pressure v,

2
2.02 kg. /cm,

Pore-pressure u

Proving ring factor N = 0. 33 1b. /div.

Deviator stress D 37}

1. 28 kg. /cm. 2

) =0'3-D=4.5- 1.28=3.22kg./cm.2

1 1

q

-u = 3.22- 2.02=1.2kg./cm.2

¢, =0, =0 -u=4.5-2.02=2.48kg./cm.2

2 3 3

7. UEZ2 Test

Before consolidation
L =2.28" A =10 sq. cm.
After consolidation
L =2,58" A =9,22 sq. cm.
Axial compression = 0. 11 € = 4, 25%

Load dial 6 = 109 div.

Cell pressure ¢ 7. 85 kg. /cm. 2

3

Pore-pressure u = 4. 16 kg. /cm. 2

Proving ring factor N = 0. 33 lb. /div.

o.-0, =69 x 0.33 x 0.4545
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(2.29 - 0.07)
2.29 x 8. 37

V=71l1c.c.

V =60.3c.c.






. B _ (2.58- 0.11)
Deviator stress D = o, - crl =109 x 0. 33 x 0. 4545 2. 58%9. 2 58%9. 22
2
= 1. 85 kg. /cm.
2
o, =0, -D=7,85-1.85=6.00 kg. /cm.

G =¢. -u=6.00-4 16 =1,84kg. fcm. °

- B _ 2
- 3—0'3-u—7.85—4.16—3.69kg./cm.



P




