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CHAPTER I
" INTRODUCTION

The most fundamental properties of soil in the practice
of soil mechanics and foundation engineéring are probably
the ability of the soil to resist shear and the character-
istics which it exhibits when undergoing deformation under
applied loads. These properties are important in the de-
sign of foundation structures, sloping embankments, and
highway subgrades.

The basic equation that governs the shear strength of
the soil was first proposed by C. A, Coulomb, and is
expressed:

Z’¥c+0‘tan.¢ (1)

where 7

is the shearing resistance, c represents the co-
hesion, § denotes the normal stress on the shearing plane,
and ¢ is usually called the angle of internal friction.

In the presence of water whiCh carries a part of the
applied pressure, it has been established By Terzaghi (1)
that the applied normal stress O must be corrected for the
pressure in the pore water such that,the effective stress

§ = 0 - u. (2)

in which u represents the pore pressure.



It becomes obvious from the Coulomb equation that the

shear strength of the soil is related to two components,
the cohesion and the angle of internal friction. Unfor-
tunately, however, these two components of the shear
strength of the soil are not constants for a given type

of soil but are so greatly influenced by numerous environ-
mental conditions that investigation of the fundamental
nature of the cohesion and friction is of vital importance
in understanding the strength and stress-deformation char-
acteristics of soil.

The conventional viewpoint generally adopted by
engineers supposes that a clay owes most of its strength
to cohesfion and little to internal friction, and that the
reverse is true in the case of sand.

A very nearly isotropic material such as metal de-
rives its strength from strong bonds between the atoms of
which it consists. A closely kazit network or array cof
atoms in the metal establishes strong bonds due to the
electrostatic forces operating between them. Under ap-
plied stress the atoms normally will be displaced rela-
tive to each other by the resulting shearing deformations.
During this process resistarnce is ertlireleyy due ito the'”
bonds of the atoms, not to the physical interference be-
tween individual atoms undergoing displacement.

In the case of soil, however, interest is centered on

the interaction of discrete, crystalline particles, each



of which consists of an orderly array of strongly bonded
atoms and molecules. The physico-chemical forces operating
between these discrete particles are similar in nature to
those bonding the molecules of the crystals, but are gener-
ally much weaker. Thus, in soils, resistance to shear under
normal stress results not only from the bonds in the double
layer between the particles, but also from the interference
of the particles with respect to each other. One of these
two components may have negligible effects, depending on

the gradation, mineralogical composition, or various envir-
onmental conditions. Therefore, it is reasonable to assume
that there are essentially two different sources of energy
being simultaneously activated during deformations: the
cohesion due to the physico-chemical forces, and the re-
sistance due to interference between the individual particles
as influenced by dilatancy and the normal stress acting on
the shearing planes. Finally, these two factors are, to a
great extent, believed to be dependent upon the geometrical
orientation of the particles as the soil mass is being
sheared.

The purpose of this dissertation is, therefore, to at-
tempt to clarify the relationships between the structure (or
the geometric orientation of the soil grains) and the two
components of the shear strength of the soil.

A special technique convenient to evaluate magnitudes

of the cohesion and the angles of internal friction at all



desired ranges of strain has been developed by Schmertmann
and Osterberg (2). This procedure, called the cohesion-
friction-strain (or CFS) triaxial compression test, has been
adopted for this study, and necessary modifications of the
equipment and test procedures worked out.

The triaxial specimens were prepared from the Permian
Red Clay which has been anisotropically and isotropically
consolidated or compacted with a kneading tamper.

The formulation of theories based on the physico-
chemical viewpoints and the rate processes, presentation of
the experimental data and comparison of theories with the

experimental results follow in the subsequent chapters,



CHAPTER 11 p
SHEAR STRENGTH AND STRUCTURE OF SOILS
Mechanics of Interparticle Forces

The crystalline structure of clay particles is such
that the particles usually occur in nature as tiny plate-
lets, either flat or curled, or as small needle-like
crystals. It is a generally accepted theory that these
particles possess negative charges on their laterél sur-
-faces, and that the edges of the particles are positively
charged. A surface electrical charge is common for almost
all matérials naturally occurring as cOlloidél size parti-
cles., Because of this surface charge, a swarm of jions of
opposite charge is attracted toward the surface. These
ions along with the dipolar water molecules take up posi- .
tions in the space adjacent to the surface, forming the
diffuse part of the double layer.

Verwey and Overbeck (5) attribute attraction between
particles to Van der Waals-London forces. London (5)

- (1930) explained on the basis of wave mechanics that uni-
versal attractive forces act between all atoms, molecules,

ions, etc. They are the result of the mutual influence of



the electronic motion between the atoms. The charge fluc-
tuations in one atom induce a temporary dipole in the
second atom, and vice versa, resulting in a mutual attrac-
tion. It has been shown (5) that the force of this
attraction between atoms is proportional to d_7, where g
is the distance betweeh two atoms. The attraction between
two flat plates then consists of the summation of the at-
tractive forces for all atomic pairs formed by two -atoms
belonging to different particles. Equations developed
through this summation process have shown (5) that the re~
‘pulsive force due to ionic diffusion tendencies dissipates
much more slowly with increasing distance between particles
than does the force between two atoms. The resUlfing

‘Van der Waals force of attraction may be shown to be ap-
proximately proportional to 473,

It is well known that the electrostatic attractive
force between. two charges of opposite sign varies as d“z.
For the case of attraction between a particie surfaCe'and
a particle edge, each comtaining many charges, the attract—
ive force will dissipate much more slowly with distance
than do the Van der Waals forces. Once flocculation has
set. in, however, and particles are arranged in an edge-to-
face orientation, the electrostatic edge-to-~face attractive
fbrces will not increase appreciably as the clay is con~-
sclidated. This is because initially the edges are about

as close to the faces as they can get, The effect of



volume decreases after flocculation is gradually to shift
the particles into a more efficient packing. When this
occurs, the spacing and the arrangément'becomes more favor-
able for attraction by Van der Waals forces and other
attractiqns, such as cation linkages, water dipole linkages
and hydrogen bonding.

Rutledge (12) (1948) and Leonards (12) (1955) demon-
strated that, other things being equal, tﬁe closér the
average particle spacing, the greater the shear strength.
In the closer particle spacing the attractive force is
greater, If two clay particles are spaced some distance
apart; the effect of a reduction in spacing on the shear
strength would depend on whether the net increase in the
electric potential is positive or negative. For a given
average particle spacing (givén void ratio) it may be
concluded that the more nearly parallel the adjaqent par-
ticles are, the weaker the soil, due to the fact that
attractive forces dissipate with powers of the distance
between them., This may be illustrated by observing that when
one particle is tilted with respect to another, thé gain
in attractive force between the near halves more than

offsets the loss of force between the far halves.
Activating Force under Applied Loads

The shear strength of the soil may be mathematically

correlated with the physico-chemical forces operating be-



tween the particles. It is assumed (7) that an activation
energy is required to displace the particles from their
equilibrium positions to new positions. Sources of this
energy are the externally applied loads and the thermal
energy present in the material. The displacement progresses
at a rate determined by the frequency with which particles
may acquire sufficient energy to overcome the energy bar-
‘riers between equilibrium positions. To explain the
energy-displacement relation, the theory of rate processes

(7) is used, and Fig. 1 was reproduced from Ref. 7 (p. 482).

shearing force f

without
shearing force

with shearing
force

Energy

initia
dex. T~ B L

! [

T ‘
2 final state

Direction of Displacement

Fig. 1 = Potential Energy Barrier with and without
Shearing Force

The shearing force, f, is applied to the system in which

E represents energy (commonly termed the activation energy)



that must bevsupﬁlied to cause rupture or sliding along an
interparticle coﬁtact.from an initialiposition of equi-
librium9 A; in the direction of the shearing force. The
energy necessary to cause the displacement from A to A’

is £ % where A represents the distance between two succes-
sive equilibrium positions. -In this process the force, f,
has lowered thé potential,barrier by an amount f~&=in the

9

&

direction of the force and raised'it an amount f~%:in a
direction opposite to the force.

In order to determine the frequency of activation for
movement to the right, an introductidn of the Maxwell-
Boltzman equation (7) is necessary. It states that the
probability of an energy state equal to or greater thﬁn E,

denoted by P(E), assumes the form

A

P(E) = (const) exp (%%) | (3)
where ' |
K = Boltzman constant
T = Absolute temperature
KT = Average thermal energy of the interparticle

contact zone atoms

The quantity exp (%% represents, at any instant,
either the probability of any one interparticle bond being
activatedbfor rupture or the fraction of the total number
of bonds that would provide sufficieht»energy to surmount
the energy barrier fdr rupture. The work of Glasstone,

Laidler and Eyring (7) indicates that the constant in Eq. 3

may be taken as unity.
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It may also be shown (7) that the mean frequency of
thermal oscillations at normal temperature is
%g ~ 6 x 1012 sec™?!

where h is Planck's constant.

‘Thus the frequency of activation, 2/ , per second is

KT E -
V= 220 —

ho ©XP ( KT) | (4)
Referring then to Fig. 1, the frequency of aetivation

for movement to the .right becomes

. E - o
e L—W&) (5)

and to the left

£2 |
E o+ & e ’
vy B exP [""“‘"““"{ e )] - (6)

The net frequency of displacements to the right is therefore

KT (E - ﬂ E + g
YRy T Yy TR P T - %P

, KT | =E
Ry T V@ TR {e"p ("KT) EXP

or

or

-2KT

7® T v h °FP (%% sinh (%T) (7

Cn the basis of Eq. 7, which represents the frequency

of rupture of a single bond, Mitchell related the defor-
mation rate under a triaxial state of stress to:the
frequency of bond'ruthres per unit length along a chain

of particles.
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Denoting
Ty §E'= total and effective major principal stress,
respectively;
0g: o3 = total and effective minor principal stress,
respectively;

€ = axial compressive strain;

Mo
]

axial compressive strain rate;

~

A = component, in the axial direction, of displace-
ment due to a single bond rupture\(avenage
value) ;

S = a structural factor equal to the number of
interparticle contacts per:unit area of cross
section; and

s = a structural factor équal to the number of
interparficle contacts per unit 1¢ngth alohg
a chain of particles in the axial direction;

‘and assuming, on the.average, thaf a displécement ﬁfoccurs

in the axial direction each time a bond ruptures, the total

displaceﬁent‘per unit time per unit length or the rate of

axial strain, &, becomes

€= g2 - :
57 (Vg V«(L)) (8)
 Substituting Eq. 7 in Eq. 8,
: ., KT E . £ |
= 28 . g exp (_'?T) sinh (EKT) (9

It appears reasonable to assume that the mean value of

f is proportional to the deviator stress and inversely pro-
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portional to the number of interparticle contacts per unit
of area on which the deviator stress acts.

Therefore,

01 ~ 03 .
f = const = ' (10)
Since the maximum displacement occurs along a plane on
which the shearing stress is almost equal to the maximum

01~ G3

shearing stress, which is , the constant in'Eq.

10 may be taken as 3. Eq. 10 thus becomes

£= 2 ,';m.s'dwg 1D

Let us assume that the lowest typical value of deviator
stress which would cause avsignificantddeformation may be
approximately .5 Kg/ sq cm or about .5 x’106 dynes/%qféml,
At a given void ratio, the number of particles per unit
volume of soil should decrease with about the third power of
the mean particle diameter. The number of contacts should
be approximately in proportion to the number of particles.
For pure montmorillonites, the number.of particles per gram
approximates (8) between 4.5 % 1072 and 55 x-1013° There-
fore, 50 x 1013 particles per gram of clay will be assumed
for the probable maximum value of S, producing the probable
minimum value of f, Under stresses normally encounfefed it
is unlikely that such a material would have a void ratio
much less than 2.0, At this void ratio oné cubic centi-
meter of soil would contain .33 cu cm or .89 grams of clay
(assuming the specific gravity to be 2.70). Use of these

assumptions indicates that there would be about 45 x 1013
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clay particles per cubic centimeter.
Assuming the particles to be uniformly distributed
throughout the volume, the number contacting any unit area

would be the two-thirds power of the number of particles

per unit volume, or 5.9 x 1090 If each clay particle de-

velops four stress carrying contacts with adjacent

particles, then the average number of interparticle con-

tacts per unit area, S, becomes approximately 25 x»lOg.

Therefore f may be calculatedvas follows:

01~ 93 _ .5 x10°

fg
28 2(25 x 109)

The surfaces of silicate minerals are composed of oxy-
gen atoms, and the distance beitween successive equilibrium
positions separated by an energy barrier, A , would be ap-
proximately 2.8 § if it is assumed that a bond ruptures or
slips following the displacement of one oxygen atom whose
diameter is 2.8 ﬁ), The distance between successive inter-
atomicvvalleys is also 2.8 &),

Values of K and T are

K = 1.38 x 10~16 dyne-cm per °K

T = 300 °K (27°0)
thus
£1_ (1 x 107°)(2.8 x 107%)
2KT (2) (1.38 x 10"1%) (300)
fA

The value of 1 Gi is probably a lowest possible value,

= 3.36

Therefore,
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I\

£ 1 fl? 41 1 £
sinh S5 5-[}xp (EKT - exp 2KT) = 5 €XP (5py

Since exp (%%%ﬂcannot exceed exp o036 - 0.035, it may be

neglected. Under practical conditions %%% could be far

greater than 3.36, but never less. Therefore,

s . KT -E 1 fA

If the mear interparticle contaét.normal force is P,
.the dilatancy coatribution is assumed to be proportional to
P. Denoting

Eo, = Physico-chemical component of bond energy,

D

I

Energy required for dilation éxpressed as dis-
tance displaced under the action of a.unit
interparticle normal force,
the mean activation energy that is required to cause con-
tact failure may be expressed as
E =E , +PD o a3
For any plane through the soil the average inter-
particle contact normal force, P, is equal to the: normal
effective stress divided by théynumber of contacts per unit
area. Unfortunately, however, the normal Sffesses vary for
planes of different orientation. It will be assumed that
vthe average interparticle contact normal force.is given by

the mean effective stress, which is

O—1+2 6:—3
3

for: the triaxialticondition°

Thus P becomes
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5t 25 |
P e 1 3 (14)
38 '

Substituting Eq. 13 in Eq. 12 gives

. . KT - (Eo + P D
€=5 “ﬁ"expg (OKT )exp(?zf%f (15)

- If logarithms are taken of both sides of Eq. 15,

. KT\ Eo _ PD , £]
lng 1”‘(53"?{“) XT -~ ®T ' 2KT (16)
Solution of Eq. 16 for f gives

. 2KT ) 2E 2KT ( + KT 2PD

Fom e L0 L £ T A paninibun

£ 7 1n & + S = 1o [SA [ ¢ (17)
Substituting for f and P from Egqs. 11 and 14 yields

(18)

4SKT 4SEo _ 48KT , [ KT

= . 4
O-l— 0‘—3 = “-——f 1n € + T - —"——-—;L 11]( h

- (G r2m)p

The following substitutions are used for simplification:

B = 1n (59\: %E) ~ constant

D
2=z

The final form for the shearing resistance then becomes
(19)
oo 6’ - ( ° . ot pmad
= 91793 .2 ¢ (5 4 kmine - k1sls 2(Fp * 2 0‘3)§
2 A o , 3

Inspection of Eq. 19 indicates that the shearing re-
sistance consists of two major parts. The evaluation of

each item is given below.

2 e _
(L =z S (_Eo + KT 1ne - KT B)

For counstant conditions of A, S, E,s K, T, € and B, the
above expression assumes a copstant value and may be con-

sidered as analogous to the term c¢ inm the Coulomb equation.
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Since the variation in cohesion appears to depend on the num-
erous explicit factors of the above expression, the contri-
bution of these factors to the cohesion should be analyzed by
suitable evaluation of each. term.

(a) %;m the cohesive-resistance is inversely propor-
tional to the disténce;between.successiVe interparticle equi-
1ibrium positioﬁs.

(b) S - the main contributor appears to be the soil
structure'és represented by the number of interparticle con-
tacts per unit cross-sectional area.

(¢c) Eg - the cohesive resistance is proportional to the
physico-chemical forces.

(d) KTlné - this term becomes negative when the axial
rate of strain is less than 1 cm per cm per second. As the
strain rate increasesiKTin; “becomes-less negative, leading
to increased resistancé; For a constant rate of strain,
however, an increase in. temperature causes a decrease in
resistanee because of the ‘generally negative character of
1n; o

{(e) -KTB -~ this term represents a temperature depend-
ent modification or correction to terms (¢) and (d). It

is obvious that  the cohesive resistance decreases as the

temperature rises.,
. F t2F
@ A2 2

This term appears similar to T tan ¢ in the Coulomb

equation. It represents the effective stress dependent or
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frictional contribution to shearing resistance. This quan-
tity is inversely proportiomal to A, the distance between
successive interparticle equilibrium positions. The in-
fluence on the dilatancy compoment D, together with A,
would suggest some effects of structure on the frictional
resistance. It should be noted that the frictional resist-
ance 1is independent of the strain rate (9) and temperature,
except for possible temperature  influence on. the friction
coefficient &.

If it is assumed that the shear stress is applied at
constant . temperature, structure and strain rate, and since

. 1253
the mean normal effective stress, 3 , is not

appreciably different from the effective stress on the

failure plane, Eq. 19.may be rewritten as

~ - 6‘ !
-1 %3 _c. 5 tan'd | (20)
2 m
where
¢ =28 (E, + KTlne - KT B)
Gy * 2 0y
Sm 3

tan ¢ .= P
Eq. 20 is practically the same as Eq. 1
Z=C+ o tan ¢ v (1)
which is the Coulomb equation.
In summary, it is reasbned that .the activating forces
under applied loads as analyzed by the rate process theory

consist of cohesive and frictional resistance. The acti-
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vatingjforcés depend on:

(1) 8, the soil structure as represented by the number
of interparticle contacts per unit-crossasectiqnal area,
- (2) Eo, the physico-chemical contribution to bbnd energy,
or the true cohesion expreséed-as an energy, in dyne -~ cm,
o (3) vé, the axial strain rate initriaxialilcompress=
ioh, (4) D, the‘ehergy required for dilation, expressed as
distance displﬁced under the action of a-unit,interparticle
normal force, (5) A, the distance betwéen successive in-
terparticle equilibrium positions, (6) 2’ , the axial com-
‘ponent of displacement due to a singIe bond rupture;
(7);8,,number of interparticle contacts per unit length
along a chain of particles in the axial direction, (8) K,
.Boltzman comstant, (9) T, temperature, and (10) h, Planck's.
constant. |

It is further reasoned that, for a given soil, all
variables with the excéptions of strain rate and tempera-
ture, are influenced by the geometrical configuration of
the soil particles,vhence"the:soil structure or fabric.
The orientation of the individual.particlgs’(parallel or
‘random) and the denseness of their packing would, thére—
fore;,exert decisive influences on the shearing resist-
ance of the soil. With the: present étate of knowledge, a
satisfactory numerical calculation of each term in Eq. 19
is difficult, if not impossible. The two major components,

c and ¢ , of the shear strength of the soil as character-
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ized in Eq. 20 (the Coulomb equation) can, however, be
experimentally determined not only at failure but also at
all desired ranges of strain. A correlation of the struec-
ture of the soil with activating forces under applied loads
"based on Eg. 20 constitutes the main part of the research
‘which comprises this dissertation. The results are present-
ed in Chapters III and IV,

The effects of chemical additives on the cohesive and
. frictional resistance are beyond the scope of this disser-

tation.



CHAPTER III
EXPERIMENTAL PROCEDURES AND DATA

Principles of Cohesion-Friction-Strain Tests

The CFS tests employed in this research are based on
~the validity of the Mohr-Coulomb failure criteria and were
first demonstrated by Schmertmann and Osterberg (2).

The CFS teéts may be accomplished using either one or
two soil specimens. In either case, by adjustment of the
pore pressure, a set of two stress-strain curves is obtained,
oﬁe represenfing a preassigned high value of the major ef-
fective principal stress and the other representing a pre-
assigned low value. The minor total principal stress and -the
rate of axial strain are held constant throughbut the test.

In each of the tests conducted during this study the spec-
imen was consoclidated in a triaxial cell underﬁabhydrostatic
pressure of 5 Kg/sél,ém° prior to application of a deviator
stress. For the first 8 hr. period of the consolidation a
back pressure of .5. Kg/sq.cm. was applied through. a burette -
connected to the sﬁecimen through porous stones at the top
. and bottom to insure a high degree of saturation. (hopefully,
100%) ... The.baek pressure Was.then removedyandwthebhydro—--
static pressure allowed to remain for the .rest.of the period

of consolidation. Approximately 24 hours were considered

20
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adequate: for 100% comsolidation. After this time no rise of
~the water level in the burette was observed, which would
indicate: that the excess pore pressure.inside the specimen
had dissipated. Except for a few cases, the one specimen
test procedure was adopted for the entire research program,
and the major effective principal stress high curve and low
curve were obtained simultaneously by a curve hopping tech-
nique (2).

To insure an initial.uniform distribution of the pore
pressure in the one specimen test employing the curve hop-
ping technique, a pore pressure of 1 Kg/sq.cm. was applied
for about an hour prior to application of the deviator
stress. An axial load was them applied at a constant . rate
of strain of such low magnitude that only a negligible rise
of pore pressure due to the strain occurs within the drain-
ed specimen. At low strains the deviator stress increased
&ery rapidly. As the strain developed, the pore pressuré
was increased to maintain a major effective prinéipal
stress of 4 Kg/sq.cm. Guidance for the control of Eiwas
provided by the equation

6? = G% 03 T W
'Qhere éﬁ represents the major effective principal stress,
gﬁ indicates the deviator stress, and G% is the minor
total principal stress. The continuous adjustment. of the
pore pressure to maintain a constant value of 53, in

accordance with the preceding equation assures that the
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locus of all points of the deviator stress represents the
ad_high curve. When the 6:1 low curve was obtained in the
Singlé specimen test, theipore pressure was increased after
the strain reached about 0.5%. The increase was that re-
quired to reduce (Ea.to 3 Kg/sq.cm., the preassigned low
value, As soon as pore pressure‘equilibrium is reached, the
locus of all points of the deviator stress coincides with
_the Efl low curve. After sufficient points were obtained to
establish a portion of the 5& low curve, the pore pressure
was then decreased by 1 Kg/sq.cm. so that‘the deviator stress
again would represent the 6:1 high curve. | |
At each . stage of the test, after the establishment of

pore pressure equilibrium corresponding to either  the 6:1
high or low curve, the pore pressuré'WaS continuously adjust-
ed to produce a portion of one of the two curves of the pre-
assigned éFl values., Thus, byihopping back and forth between
the two curves coinciding with the 6ﬁ'high and. 1low con-
ditions, it was possible to*obtéinvenough-boints on both
curves to permit the relationship between deviator stress

and éxial strain to be plotted for both conditiomns, Wheh,
the strain reached approximétely 12%, the test was discon-
tinued énd computations ‘were carried out to determiné.the
values of the cohesion and the angle of intermal friction

at all desired ranges of strain, A deséription of the pro-
cedural details of the wdrk9 including preparation  of

specimens, description of the equipment, ﬁlacement.of
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Specimens, andutheumathematical solutions of thé test results

are given in the following sections.
Preparation of Specimens

‘The soil used in this research was Permian‘Red Clay,
pulverized and screened through a #So‘sieVe. The grain size
distribution is shown in‘Fig, 3. The liquid 1limit is 40.5
and the plastic 1limit 15, giving é plasticity index of 25.5.
The specific gravity of the Permian Red Clay is 2,72.

Since the correlation of the orientation of the soil
particles with the strength characteristics of the specimens
. had to be establiéhed, the specimens were prepared in such
ways as to produce various fashions of particlelarrangements.
In this manner it was possible to0 provide specimens having
quite different initial orientations of the particles com-
prising the soil stfucture°

.In this research the specimens consisted of three major
categories df soilbparticle—arrangement corresponding - to
three different methods of sample preparation., The three
methods used were anisotropic consolidétion, isctropic con-

"solidation, and kneading compaction.

(1) Group I - Specimens‘Anisotropically Consolidated

A quahtity of dry soil weighing 1400 grams was thor-
oughly mixed with 910 grams of distilled water. The slurry
(water cdntent 65%) was poured into a Proctor ﬁold (with .

collar) having an inside diameter of 4" and a height of 7".
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A vacuum of 12" mercury or .37 Kg/sq.cm. was applied to
accelerate iﬁitial drainage of water through the bottom por-
ous stone over a period of two days. The Proctor mold was
then placed in the consolidation loading machine as shown in
Plate 1. Loads were applied through a wooden block {(weighing
0.47 Kg) bearing on the top porous stone. Approximately 100%
consolidation was attained for each increment of load prior
to application of the next increment. The incremental mag-
nitudeS’shown in Table I were selected to produce the de-
sired final water contents of 20% for Group I specimens, 15%
for Group II specimens, and 10% for Group III specimens.

At the end of the final increment of loading, the con-
solidated specimens were extruded by use of a hydraulic jack.
From each Proctor mold sample blocks were removed from which
triaxial test cylinders 2.816 in height and 1.375" in
diameter were prepared using a trimming lathe. Four of these
were cut parallel to the diregtion of drainage, and two of
them perpendicular to this direction. Enough Proctor molds
‘were used so that at least. three nearly identical specimens
were prepared, as identified im Table II. All specimens were
wrapped with aluminum foil and coated with micro-crystalline
wax to prevent moisture loss during storage in-theihumid

room,
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(2) Group.II - Specimens Isotropically Consolidated

The soil-water mixtures were prepared in the same way as
for the specimens-anisotrOpically consolidated. The slurry
was placed. in a rubber membrane 0.0085" thick, made of liq-
uid latex. The membrane was manufactured using a glass
‘bottle 3% in diameter and 10" in height as a dipping man-
drel. The open end of the rubber membrane containing the
slurry was then fitted and secured to-é draihed pedestal 4"
in diameter, which rested at the bottom of a triaxial cell
8" in diameter and 13" high. A photograph of the arrange-
ment is shown in Plate' 2, Drainage was provided through a
drilled hole leading from a porous stone recessed in the
pedestal. Compressed air was infrdduced inside the triaxial
cell, acting on the surface of the water which nearly filled
. the cell., The rubber membrane containing the specimen slurry
was held upright by supportihg-rods. Pressures of 4 Kg/sq.cmn.,
5 Kg/sq.cm., and 7 Kg/sq.cm. were variously applied in an
effort to produce water contents of about 20%,-15%, and 10%
at the end of the consolidation periéd.f However, uhder the
highest pfessure‘and longest duration of pressure applica-
tion the lowest water content obtained was 13.9%. The water
content of each sample was roughly judged by the amount of
water collected in a container connected to:the drainage
tube. The number of specimens and the methods of trimming
were- the same as for the specimens anisotropically consol-

idated, except that.the-specimens-cutlperpendicular to the
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direction of drainage were 2.79" long instead of 2.8i6",
Specimen identification and stbrage were the same as for
Group I except. that. the prefix IS was used instead of AN in

the specimen number,

- (3) Group III - Compacted Speéfméﬁsii S

The Harvard miniaturercompactioﬁ apparatus ‘was .employed
to produce- the specimens of Group III. Thefﬁolding water
contents used were 20%, 15%, and 10%. The compaction mold
was 2.816" in height and 1.375" in diameter. Compaction was
performed by placing:the soil in three layers, each of which
‘was subjected to 25 blows of a " diameter plunger which was
‘spring—loaded'to produce a 20 pound load. The>éxtruded
specimens were wrapped and stored in‘the same way as were
those of Grqupszl and II, The Group III specimens were iden-
-tified by the Prefix HC, and thé codes for specimens cut

parallel or perpendicular to the direction of drainage were -

omitted.
Description of Equipment

| The.equipmentjused for the cohesion-friction-strain
triaxial tests consisted of two parts, the unconfined com-
‘pression:test machine and the triaxial compression cell., A
Karol-Warner Model KW550 unconfined coﬁpression machine, of
500 pounds capacity, was modified to accommodate a triaxial

cell 4" in diameter dnd 8.2" in height between thevloading
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table and the proving ring. A separate strain gage was used
instead of the autdmatic recording device. The loading table
was powered by a Karol-Warner Model DV2 electric vgriable
speed drive (1/6 hp A.C. motor). Because of loss of power
at low motor speeds, a gear‘reductor with a ratio of 900:1
was connected between the motor and the main.geaf train of
the ﬁnconfined compfession machine. With.this'arrangemegt
a constant rate of strain of about .0061 mm per minute could
be maintained during the compression of the specimens. For
thié rate of strain the motor was operated at approximately
- 550 rpm. The force exerted by the motor with this angular
velocity was believed to be sufficient to overcome disadvan-
tages.dueﬂfo deformation of the proving ring as the specimen
was compressed during 1oading. This belief was substantiated
- by frequent spot checks for the rate of strain.thrbughout
the compression period. The rate of'strain was found to be
uniform at all ranges of stréin when the 900:1.rafio'gear :
reductor was used. Oh.the other hand, when a gear'reducth
of 5031 .ratioa was.tried, the rate of strain was found to vary
slightly, being lower at small strains than at large strains.
Two triaxial cells were employed in these tests, oné
being used for the 24 hour consolidation under hydrostétic
pressure, while the other was being used for the axial
.loading phase of the CFS test. A phdtographvof the combined
apparatus is>shoWn iﬁ Plate 3, and a schematic diagram of

the setup. is given in Fig. 4,
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Placement of Specimens

The specimen ready to be tested was removed from the
waxed aluminum foil. In order to facilitate drainage, a
maximum of three wicks of saturated wool threads were in-
stalled longitudinally through the cylindrical specimen by
using a high-carbon steel needle 3/32" in diameter. Four
pieces of filter paper about %" in width were also placed
1ongitudina11y on the'surface of the specimen to expedite
drainage. The cylinder was then enclosed in a rubber mem-
“brane approximate1y10.0065" in thickness to prevent contact
of the specimen with the water in the triaxial compression
cell, The ends of the rubber membrane were fitted to the
cap and pedestal of the triaxial cell, and secured with
elastic bands. The pore pressure was applied by admitting
compressed air to a burette containing water. The water - in
- the burette formed a continuous system with the pore water
of the specimen, béing linked by drainage lines 1eading from
porous stones in the cap and pedestal at either end of the

specimen.
Mathematical Solutions

The two curves representing the high and low wvalues of
51.were'drawn by connecting those points on the stress-
"strain plots which corresponded to an equilibrium condition

of the pore pressure. These two curves were used in calcu-
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lating the values of cohesion and the angles of internal
friction at all desired ranges of strain. The known values
from the tests include‘the magnitudes of the deviator stress‘
on both the 53 high and low curves at any desired strain \
( O 41 and Gy respectively), and the major effective prin-
cipal stresses at;higher and lower ranges ( 5:1(ﬁ) and E§1(L)
respectively). .

The geometry of the Mohr circle at any strain is shown

in Fig. 2:

qi (H)
Fig. 2 -~ Geometry of Mohr Circle at Any Strain
Let Aoy = Ty - Ogn
and 4Gy T Ti1m T S

then, from the geometry, the ang1e of internal fricfion - at

any strain is



4'%(031"'03J

. -]
¢= Sin H =S;n
< z (05, + (3, )-a

= Sl'n—" I -é-AGZ —
z (04, +a5,) - (@ — 4G;)
- s
zA6 g - 2 404 _
-7 AGq +4aG;

= Sin”!
" F(a,—03,) T4

30

(21)

or
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The cohesion c¢ at any strain using the J; high curve
can be calculated as follows
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If the 5& low curve is used, the expression for the

cohesion at any strain becomes

AT1 Tg2 = O
= 1 Qa2 1(L) AGy (23)
2 Jas1 (471" Acsa)

An illustration of the use of test data in computing ¢
and ¢ for different magnitudes of strain is given in

Table III, for specimen No. AN-H-1-1,
Presentation of Data

In most of the laboratory tests the one specimen curve
hopping technique was utilized on specimens prepared as pre-
viously described. Additional tests wérelperformed in which
the longitudinal drainage conditions were varied‘by omitting
both the wicks and the external filter strips. The tech-
nique was varied to include some tests in which no pore
pressure was applied during the axial 1oading, and some for
which the preliminary consolidation period was extended well
into the range of secondary compressioh; As a check on
results obtained using the curve'hoppihg techhique, other
tests were made using two nearly identical specimens to pro-
vide thé high and low curve data independently.

The basic.data for all specimens, including rate of
strain used, number of drains, water content,»dfy density,
void ratio and degree of saturation, are presented ih Tables

1y, V, and VI..
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Computed values of ¢ and ¢ at selected strains are
given in Tables VII, VIII and IX, along with summaries of
certain other properties of the specimens.

The step-by-step procedure for recording the data of the
one specimen test for specimen No. AN-H-1-1 is shown in Table
X as an illustration.

The stress-strain curves for all specimens are presented
in Figures 5 through 42,

Calculations similar to those shown in Table III were
carried out for all specimens, and the values of cohesion and
the angles of internal friction plotted against the strain.
These results are given in Figures 43 through 57,

‘The values of cohesion and the angles of internal fric--
tion were averaged for identical samples and plotted against
.the water content. These relationships are shown in Figures
58 through 66.

Similar plots were prepared in which the abscissal
water content was replaced by the dry density. The results

are presented in Figures 67 through 75.



CHAPTER IV
DISCUSSION OF RESULTS
Summary of Experimental Data

An inspection of the cohesion and friction versus strain
~plots presented in Figures 43 through 57 reveals that all
specimens attain peak values of cohesion at about 1 - 2%
.strain, and that a decrease of cohesion after 1 - 2% strain
is accompanied by an increase of the friction angle.

Wide variations in values of the cohesion and friction
angles corresponding to a given strain were produced by dif-
ferent water contents and by different dry densities or void
ratios. These variations are graphically-illustrated in
Figures 58 through 75.

For anisotropically consolidated specimens -of low water
content the cohesion is high at‘loﬁ strain, but is dras-
tically reduced at high strain (see Figures 58 through 60).
As the water content increases, the cohesion gradually
decreases at. low strain, but ihcreéSés at high strain. At
an intermediate strain of about 5% the variations of
cohesion are negligible for all water contents ranging from

about 12% to 22%.

33
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For compacted specimens (Figures 64 to 66) the highest
cohesion and friction occur at water contents of about 13%,
although for a given strain there is little variation in c
and ¢ over a range of water contents from 10% to 16%.

Since anisotropically or isotropically consolidated
saturated specimens have dry de?sities inversely propor-
tional to the water contents, the cohesion-dry density
curves. or the friction angle-dry density curves (Figures 67
to 72) are essentially of the same character as the cohesion-
water content curves or the friction angle-water content
curves. However, in the case of the compacted specimen (Fig-
ures 73 to 75) because of the intermediate water contents at
which the maximum dry density results, the curves based on
dry density bear no resemblance to those based on water
content.

The anisotropically consolidated specimens which were
oriented with their axes perpendicular to the direction of
drainage produced higher cbhesion and lower friction
angles than those whose axes were oriented parallel to the
direction of drainage. This effect was more pronounced at
higher strains with specimens of higher water contents
or 1lower dry densities. The isotropically consolidated
specimens do not show such differences to any significant

degree.
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Evaluation of Cohesive and Frictional Forces

(1) Cohesive Forces

Since the electrostatic forcesvdecrease with the square
of distance and the Van der Waals forces with about the third
power of thevdiétance between particles, the bond energy
which is responsible for cohesipn is governed chiefiy by the
points of nearest proximity of partiéles rather than by the
average spacing. 1t should be expected, then, that denser
‘packing of the soil particles would result in greater cohesive
forces; and that for a given density the greater cohesion
would be associated with a random orientation of the particles.
Experimental evidehce obtained during this investigation sup-
ports the theoretical predictions given above as follows:

{1) Compacted specimens exhibited their greatest co-

hesion at water contents slightly less than optimum.

If it were not for the effect of the more randbm

orientation at lower water contents, the maximum co-

hesion would be expected to correspond with the

optimum, where the density is greatest.

(2) Both isotropically and anisotfopically consoli~

dated specimens have more cohesion at the lower

water contents (higher densities), illustrating the

effect of denseness of packing.

(3) The anisotropically consolidated specimens tested

with their axes perpendicular to the direction of
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drainage (or direction of applied load) during consol-
idation exhibited higher cohesion than did those whose
axes were oriented parallel to the direction of con-
solidation loading. }This_is believed to reflect . the
fact that some parallelism of particle arrangement
tends to develop along planes perpendicular to the con-
solidating load, resulting in a closer particle spacing
perpendicular to planes which are more nearly parallel
with the failure surfaces of specimens sheared with
their axes oriented along these planes.

(4) The isotropically consolidated specimens indicate
little effect on the cohesion of axis orientation with
respect to direction of drainage during consolidation.
Since the particle orientation is random in these
specimens, the cohesion is apparently an isotropic
property. This is in contrast with its apparent ani-
sotropy in anisotropically consolidated specimens.

The above factors are associated with denseness of

" packing, orientation of the particles, and the edge-to-

-planar’shrface attraction. It.is reasonable to assume that

it would not take much strain to activate the bond energy

due to the edge-to-planar surface attraction forces, and

that the resulting cohesive resistance would he greatef at

‘low water contents for which the particle spacings are com-

paratively small.

As the strain develops, the cohesive forces are rap-
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idly reduced for specimens of initially low water content.
For specimens of high water content the decrease in cohesion
with increasing strain is not nearly so pronounced. This is
probably due to the fact that the initial cohesion is lower,
due to the increased particle spacing, than that of low water
content specimens; and that the edge-to~-planar surface con-
tacts may be partly restored as deformation takes place.

A difference in orientation of particles between iso-
tropically and anisotropically consolidatéd specimens exists,
such that the greater degree of orientation or more paral-
lelism is  produced in anisotropically consolidated specimens.
It is postulated that, even at high water contents, a ran-
dom orientation of the particles may persist when the
specimen is subjected to the isotropical consolidation.
Drainage of the water, of course, would not appreciably
affect. the degree of ofientation, but would.result in a
closer packing of the particles with a random orientation
'still maintained. This is probably the reason that the iso-
tropically consolidated specimens do not exhibit variations
~of cohesion and the friction angles with changes in the
water contents as appreciably as do anisotropically consol-

idated specimens.

(2) Frictional Forces
The frictional forces are activated by physical con-
tacts of grains and depend upon the effects of dilatancy

and the normal stress acting on the shearing planes. It
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seems. likely that ‘such forces cannot be very effective until
the bond energy has been exhausted or reduced during the
initial ranges of the strain. Individual particles must be
displaced over relatively great distances in order to bring
about any significant. increases in the number of physical
contacts of the particles. These conditions can be achieved
more favorably at low water contents and at greater densi-
ties,. and this fact has been demonstrated by the experimental
data. Whenever the bond energy is predominant (for whatever
reason) the frictional forces are retarded. An inspection
of Fig. 58 - Friction-Water Content, and Fig., 67 - Friction-
Dry Density, indicates that at low water contents and low
strains the cohesion is predominant. The particles are pre-
vented from moving into contact and, therefore, the friction-
al forces are small. An increase of water at this low strain
would cause a reduction of the bond energy, thus creating
‘-more favorable conditions for the particles to move under
applied load. However; significant frictional resistance
will not develop until activated by sufficient?strain.‘ A
further increase of water gradually reduces the cohesion
-except for the case of the specimens consolidated anisotro—
pically. At the present time no reason can be advanced for
the apparently anomalous behavior of these latter specimens.
There is no compensating increase in frictional re~
sistance corresponding to the general decrease in cohesion

at high water contents. Within those ranges of strain
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. where frictional resistance is substantial the effect of ad-
ditional water is to reduce the friction angle, Since these
higher water contehts are associated with lower dry densi-
ties, the reduction of the friction angle is probably

explained by the lesser energy of dilation.

Validity of Curve Hopping Technique
- The locus of points representing the magnitudes of the
deviator stresé9 Gy is controlled by changes in the rate
of strain‘é, pore'pressure'u;, permeability k, minor total
principal stress 659 and major effective principal stress

—

g 1+ This relation is expressed generally as
O"'dV: f-(és Wy ky 0-3’ 0:1) (24)
With the rate of strain, permeability, and minor total

-principal stress held constant, a partial differentiation

of Eq. 24 with respect to time gives

20%  3f dU _ OFf OF _
ot T ow ot 24 Ot

) (25)

Eq. 25 expresses the stress paths without the limit-
ations of maximum and minimum vaiues of the preassigned
major effective principal stresses as the specimen under-
goes deformations with constant rate of strain, permea-

" bility, and minor total principal stress.

In order that changes of the deviator stress with

respect.to strain, &, may be specified along with the pore

pressure and the major effective principal Stress,_the
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quantities, gi— %‘:, and g

&

|

can be related with some

S

values P, Q, R, and S indicating functions of all variables
of €, W, 6}, and JJ. A,consideration of all these ..
values would lead to the following quasi-linear partial

differential equation:

904

P(e,u, g, 53)%% T Qle, u, G ,d) Fu |
tR (&, u, o, )g—i=566 w, 3, 03) »(2:4)?

. It should be noted that any or all of P, Q, R, and S
are functions of the dependent variable U in addition to
the independent variables &, (t , and o] . For this reason
e1ther an increase or decrease in pore pressure must be
restricted to maintain Eﬁ within the limited ranges of the
preassigned effective major principal stresses in order that
the influence of the quasi—linearity‘may be kept minimum,

The magnitudes of the two values of G; , high and low,
should be selected so that the deformation of the specimen
will attain a reasonable magnitude within a practicable time
of testing. Since adjustment of the pore pressure is fhe
operation used for manipulation between.the high and low
values of Eﬁ , the difference between the two preassigned
g, values must be set at some fraction of &3 .

In this research O3 was 5 Kg/sq.cm,, Gy 4 Kg/sq.cm,, and
Sy 3 Kg/sq.cm., providing the difference between Jgpand J(L)

equal to 1.Kg/sq.cm., which is 20% of Oz . For 'satisfactory
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results the pore pressure changes must bé restricted to a
Iimited range, operating along relatively small seéments of
the rebound and recompression branches. This precaution
assures that the time dependentzstress~paths will remain

- more closely linear, with anybgross change of structure
reasonably minimized.

With ﬂﬁsvrequirement met, thé additional expefiments
conducted to evaluate further the“validity of the curve-
hopping technique consisted of:

(1) two specimen tests | ‘

(2) tests with external 1ongitudiﬁa1 filter strips, but

without, drainage threads |

(3) tests without both filter strips and drainage

threads

(4) tests,without applicatioﬁ of pore pressure

(5) tests with consolidatiohfhaving been advanced well

into the secondary stage.

Evaluatiohs of these spécial tests are_giVen in the
following sections:

(1) Two specimen tests

The two grpups‘of specimens-ﬁsed for theée tests are
' AN-L-1-2 and AN-L-1-3 (anisotropically consolidated, low
water content, parallel to drainage), and IS-H-2-2 and

IS-H-2-3 (isotropically consolidated, high water, perpen-
dicular to drainage). Test results,are shown in Fighres

45 and 52.
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Two specimen tests for AN-L-1 resulted in slightly in-
creased values of cohesion and decreased values of the
friction angles for all ranges of strain as compared with
those obtained by one specimen teéts. However, in view of
the magnitudes of deviations of these properties for any
two supposedly identical specimens, it is considered that
the results of the two specimen tests for AN-L-1 have suf-
ficiently validated the results of one specimeh tests
dealing with specimens of similar low water contents (about
13%) .

In the case of IS~H-2, the two specimen test results
are in very close agreement with the results of one speci-
men tests, probably due to the favorable conditions avail-
able for more rapid distribution of the pore pressure changes
throughout the pore spaces of the specimens.

In the two specimen tests, the deviator stress paths
are operated on only one pfeassigned value of the major
-effectiﬁe stress. vThis, of coﬁfse, would imply that errors
originating from quasilinearity of fthe stress paths‘are much
smaller than in fhe case of the one specimen tests. If the
pore pressures are continuously adjusted to maintain E;l
constant, all error due to quasilinearity Would.disappear.

- {2) Tests with external longitudinal filter strips, but

without drainage threads

These tests were performed on specimens, AN-L-2 (ani-

sotropically consolidated, low water, perpendicular to
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drainage), and IS-L-2 (isotfopically consolidated, low water,
perpendicular to drainage). See Figures 48 and 54,

It was found to be possible to use the curve hopping
technique on specimens withoUt drainage wicks, even for the
denser, low water.content‘(abouf 13%) specimens. However,
the results obtained areinot‘at'all dependable. Without
the drainage wicks the valués of cohesion are extremely
‘high and the friction angles unreasonably low as compared
with tests in which wicks were used. This, of course, in-
dicates that the pore pressure would never reach equi-
libriuﬁ :kfor the rate of strain employed) within sbil

specimens of such low permeability as those tested.

(3) Tests withoﬁt filter strips and drainage threads

Specimen No, IS-H-1 (isotropically consolidated, high
water content, parallel to drainage) was used in this test,
for which the results are given in Fig. 49.

The results of this‘test'demonstrate that the Permiah
Red Clay passing a #50 sieve is sufficiently permeable for
the curve hopping technique to be employed without the use
of either filter paper or drainage threads, provided that
the denéity is about as low as that corresponding to a
water content of 21%.

At large strain, the values of cohesion and the angle -
of internal friction were slightly larger and smaller, re-
spectively, than those values obtained from tests employing

both the filter paper and drainage threads. In general,



the differences are not great enough to be of serious,
practical concern.

{(4) Tests without application of pore pressure

‘The triaxial test was performed with the same axial
rate of strain as in the CFS tests, approximately .006
mm/min. In order to determine whefher or not any appre-
ciable pore pressure would develpp for such low rates of .
strain, specimen No, IS-M-2-3 (isotropically consolidated,
medium water, perpendicular to drainage) was tested, The

results are shown in Fig. 28, Attempts were made to meas-

ure the pore pressure by observing the rise of water 1eve1_

.in the capillary tube inside the burette and equalizing
the pressure below and above the water 1evel. Such at-
tempts, even if umnsuccessful, indicated that the magnitude
of the pore pressure which develops under the stated rate

of strain is negligible. when drainage threads are used.

(5) Tests with consolidation having been advanced well

into the secondary stage

Any effect on the results of the CFS test due to the

consolidation period having been extended beyond 24 hours

would be related to the effects of secondary consolidation.

If such effects exist, they would probably be present
even if 100% primary consolidation had not been quite at-
tained during a 24 hour period.

Specimen No. IS-H-1 (isotropically consolidated, high

water content, parallel to drainage) was used to determine

1
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the influence)if any, of the secondary consolidation. The
result of this tést is shown in Fig. 43. Slightly higher
values of cohesion and lower values of friction were ob-
tained at large strain (about the same effects observed

in the tests without the drainage threads), . suggesting
that slight hardening due to further consolidation simu-
lated the condition of lower permeability. Again, the
effects are too small to be of practical importénce,'in
routine testing, though.the differences do emphasize the
necessity for consistent procedures in research investi-

gations.



CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS
Conclusions

1. General

Effects of water contents, dry density, void ratio,
anisotropic consolidation, isotropic consoliéation, and
kneading compaction of the Permian Red Clay on the cohesive
-and frictional resistance have been investigated. Effects
of these factors are closely related to the geometrical con-
figurations of the soil particles. A summary of knowledge
as evidenced both theoretically and experimentally-concérn-
ing the cohesive and frictional resistance correlated to the
various-environmental conditions leads to a coanfirmation of
the results of other investigators (2)(3)(4) (14), but also
establishes new concepts previously unknown to the writér;in
view of all publications available to this date. The sum-
marized conclusions are given in the following subsections.

a. Relation between the Cohesion and the Friction

Angles

‘During shearing deformations-the cohesive and: fric-
tional resistance develop independently. In general,

the cohesion attains a peak value at low strain, about

46
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1 - 2%, whereas the angle of internal friction increases
steadily as the strain develops. These results support
the theoretical approach based on the rate process,
which leads to an equation analogous to the Cotitomb
equation. The equation contains the two components of
shearing resistance, cohesion and friction, expressed
. in fundamental and rather complex forms.  According  to
this equation the cohesive force, derived mainly from
bond energy, should be strongest at the points of short-
est distance between the particles,. thus requiring very
small strain for activation. The activation of the
frictional force, on the other hand, is associated with
particle interference, which would develop progressiyely
with increasing ranges of strain. Other things being
‘equal, the degree of such i%terference is proportional
to the magnitude of the normal stress on the shearing
plang énd to dilatancy. Hence, the greaterithe normal
stress and dilatancy, the more vigorous the interfer-
ence of particles and cousequently the greater the
~frictional resistance.
b. Sbecimens anisotropically consolidated
(1) Cohesion

(a) If the soil is anisotropically consoli-

dated, it is believed that the soil particles

tend to be oriented perpendicular to the

direction of the consolidation pressure or

the drainage. This tendency would be accen-
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tuated as the magnitudé of the consolidation
pressure increases, producing a correspond-
ingly lower'waterrcontent. Inversely, it may
be reasoned that the degree of orientation
must be small for smaller vertical consolida-
tion pressure and for greater water contents.
These conclusions seem to be verified by the
experimental data (Fig. 58 through 60) ob-
tained during this investigation. It has been
shown that the specimens oriented perpendicu-
lar to the direction of drainage possess
~higher values of cohesion than do those
oriented parallel to that direection.

(b) At low water contents and low strain the
soil particles of specimens oriented both
perpendicular and parallel to drainage are
predominated by edge-to-planar surface at-
traction due to the extremely reduced par-
ticle spacings. It is, therefore, reasonable
to expect fhe cohesive resistanée under these
conditions to be-very high, As the water con-
tents increase, however, the edge-to-face
attraction becomes rapidly reduced— a con-
dition which was clearly evidenced by a
decrease in the cohesion. An increase in the

water content of the Permian Clay beyond about
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16% produced little additional effect on co-
hesion. It may be reasoned that the cohesion
is a predominant factor only at very small
particle spacings, and that once these small
interparticle distances are exceeded, then the
cohesion remains almost constant with further
increase in water content (possibly up to
about 20%).

(c) As the strain develops, the cohesion at
low water content decreases sharply, almost
disappearing at 10% strain for specimens whose
water content is about 13%. The cohesion at
10% strain increases with an increase in water
content, whereas at the 1% strain the opposite
effect is produced. This may possibly be
explained in terms of differences in particle
orientation at low and high strains in the two
cases. For example, it may be hypothesized
that the more or less random orientation which
exists at low water contents may be altered
during strain to one in which parallelism to
the multitudinous shear surfaces predominafes.
On the other hand, because of the greater
interparticle distances associated with higher
water conténts, the drag along shear surfaces

would probably be less efficient in reorienting.
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the particles than would be the éase for low

water contents. The phenomenon can also,

perhaps, be explained by the difference in

dilatancy in the two cases.
(2) Friction Angles

The effects of dilatancy and the magnitude of
the normal stress on the friction angles (as ex-
pressed in the second term of Eq. 19) were experi-
mentally demonstrated. For higher strains and
lower water contents the effects of both normal
stress on the shearing planes and structural dila-
tancy are greatér. The greatest magnitudes of
frictional resistance were exhibited under - these’
conditions. The angles of internal friction
decreased with an increase of water content, since
the effect of dilatancy is reduced, The friction
angles are small at low strainS'because,:regardless
of the magnitude of the normal stress, these angles
depend principally upon particle interference and
the usual dilatancy which accompany larger dis-
placements. The low frictional resistance is also
associated with the low normal stresses on the
shearing planes at small strains.

Because there is a fixed relationship between
the water content and dry density of saturated

soils, the dependency of cohesion and friction
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angle on dry density is essentially of the same

-.character as their depeﬁdency on water content.
c. ©Specimens Isotropically Consolidated

The basic difference in the particle orientation
between the specimens anisotropically consolidated and
those isotropically consolidated is that a random
orientation is thought to be predominant for all water
contents and densities if the soil is consolidated
isotropically. This supposition. has been verified by
the results presented in Figures 61 through 63, and
Figures 70 through 72, in which the cohesion and the
angles of internal friction are shown not to vary ap-
preciably with change of the water content or dry
density. Because the cohesion and friction angles
vary mainly with strain alome it appears that such
results must be attributed to negligible changes in
initial particle orientation over the range of water
contents investigated.
d. Specimens Compacted by Kneading Action

The behaviQr of the compacted specimens as compar-
ed with those anisotropically or isotropically consoli-
dated serves to explain more decisively the role of
the structure of the soil in determining its shear
strength and stress-deformation characteristics., With
the maximum dry density occurring at water contents of

about 16 - 17%, and because the water contents bear no
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fixed relationship to the dry densities, the fact that
the highest yalues of the cohesion and friction angle do
not necessarily occur at the lowest water contents or the
greatest densities is of paramount importance. - The co-
hesion is greatest for water confents appreciably,belbw
- the optimum. It seems probable that.for'this‘"dry side"
condition a random structure combined with a reasonably
high.density is produced, thus increasing the intrinsié
. -forces 6r the physico-chemical forces to their maximum
possible»magnitude. For reasonS'aireédy mentioned,

this trend becomes pronounced only after the strain has
exceeded about 1%. The frictional resistance at 1%
strain is greatest at about the optimum water content
(maximum dry density); but at larger strains, where the
‘frictional forces have been more fully developed, the
maximum values occur at lower water contents.

Compacted specimens presumably have a random ori-
entation. of particles at low water contents and a
relatively parallel orientation at high water contents.
Thus the maximum shearing résistance is not produced at
~the maximum dry density, but at water contents slightly
less than the optimum where particle orientation is
more nearly random,

It is believed to have been convincingiy demon—
strated that the cohesive and frictional resistance

(shearing resistance) of the soil depends greatly on
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the structure of the soil. - Structure, in turn, is
closely associated with the terms in the expression
analogous to the Coulomb equation

Z=%S(E°+I<Tlné—l<'r5)+ ﬁ;i@i (19)
or 7= C* G,tan ¢ (20)
e. Coulomb EQuation by Rate Processes

The cohesive resistance depends also on the strain
rate and temperature. The greater thé rate of strain
and the lower the temperature, the greater the cohesive
resistance.

The frictional resistance increases. as the influence
of the dilatancy associated with lower void ratios be-
comes greater, For large strains, where particle inter-
ference during displacement has achieved its maximum,
the normal stress exerts its greatest influence.

It is finally concluded that the theory developed by
rate processes has been thoroughly analyzed and its val-

idity properly demonstrated by experimental evidence.

Practical Applicatiocns in Engineering

The primary importance of this research is in its con-~

tribution to an understanding of those theoretical aspects of

s0il behavior associated with the cohesive and frictional

resistance and the geometrical configuration of the soil

grains, Given a type of soil under various environmental

conditions, the design of earth structures depends largely on

the shear strength and the stress~deformation characteristics
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of the soil. In thé conventional practice of civil engin-
eering, the values of cohesion and the angles of internal
friction used in design are based on the failure con-
citions of laboratory test specimens.

Because of the fact that the cohesion and the angle of
internal friction vary independently according to the magni-
tude of strain, the values of these two strength components
at failure are not necessarily their maximum values. A
superposition of the c¢ and ¢ components of shearing resistance
corresponding to a given normal stress would produce a curve
representing the- shear strength versus strain, from which one
may obtain the magnitude of strain at which the maximum shear
strength occurs. Such data have not been presented in this
‘dissertation, since the designation of the working range of
the normal stress in design is an arbitrary métter, con-
sideration of which,falls outside the scope of this study.

It seems worthwhile, however, to consider the load-
carrying capacity of foundation soils and the stability of
the sloping embankments in‘respect to the manner in which
natural and imposed variations of the soil affect those
numerous factors upon which the strength parameters ¢ and ¢
depend. The laboratory test results, based on specimens
having controlled particle arrangements, may approximately
represent soil behavior under some of the field conditions
imposed by methods of deposit, stress history, and (perhaps)

leaching action. Under natural conditions most soils are



55

“anisotropically consolidated under vertical stresses which are
greater than those acting horizontally. However, the ratio
of these stresses varies; under some- conditions the ratio may
approach unity, corresponding to the hydrostatic state of
stress which produces isotropic consolidation, Layers of
soil . compacted with a roller would have properties resembling
those obtained in the laboratory by kneading compaction.

It follows, therefore, that the results of the laboratory
experiments may be applicable under various corresponding
field conditions. With this fact in mind, the design values
of ¢ and ¢ can be selected with reference to the nature and
magnitude of the pre-shear consolidation stress, and in ac-.
cordance with the strain anticipated under working loads.
Because the variations of the values of c¢c and ¢ with strain
may be appreciable, detailed agreement between laboratory
and field should include type ofvsoil, water content, dry
density or void ratio, nature of consolidation.pressures,
and mode c¢f compaction, all of which influence the rela-
tionship of ¢ and ¢ with strain. TFor field loading condi-
tions (which usually involve a substantial factor of safety)
it seems more reasonable to use the values of c and ¢ cor-
‘responding to strain conditions considerably less severe
than those which producé failure. ~Since, for low strains,
the cohesion is relatively higher and the friction angle re-
latively smaller, the Coulomb equation would probably yield

a higher value of Z because of the decimal character of the
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term tan ¢ . The precise influence of the use of this pro-
cedure would, of course, depend upon the relative magnitudes

of cohesion and the normal stresses on the slip surfaces.
Recommendations

The experiments performed in this research made use of
cohesion~-friction-strain triaxial tests employing a curve
hopping technique, and during which the rate of strain and
the temperature were held constant. It would appear to be
advantageous to include variations of the strain rate and
temperature in order to ascertain the effects of these var-
iables on the cohesive resistance. It is further recommended
that the magnhitudes of the minor total principal stress and
the preassigned values of the high and low limits of the major
effective principal stress be varied in order to establish
definite ranges of validity associated with the quasi-linear
character of the data produced by the curve hopping technique.

Finally, the writer feels that tests performed on a
variety of soil types would serve to bring out additional
information concerning the nature of the shear strength and
stress-deformation characteristics of soils insofar as these
are related to soil mineralogy and to the widely extended
environmental conditions encountered in the practice of

.engineering.
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TABLE I

LOAD INCREMENTS, ANISOTROPIC CONSOLIDATION

. Group

Group I (30%)| Group 11 (15%) 111 (Tog)

3 Kg KSC Kg KSC Kg KSC

1 12,47 | .15 | 12.47 | .15 12.47| .15
2 36.47 .45 | 36.47 .45 36.47 | .45
3  84.47 | 1.04 | 84.47 | 1.04 | 84.47| 1.04
4 180.47 | 2.28 | 180.47 | 2.28 | 180.47 | 2.28
5 | 372.47 | 4.60 | 372.47| 4.60
6 564.47 | 6.96 | 564.47 | 6.96
7 746.47| 9.21
8 1536.47 | 18.95

* Final water contents
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TABLE II

- SUMMARY OF SPECIMENS,'ANISOTROPICALLY CONSOLIDATED

7Y _.3

Specimen
Identification Description of Specimen
AN=-H-~1-1 Anisotropically consolidated, high
water content, parallel to drainage,
"9 . 1"
12 _3 1"
AN-M-1-1 Anisotropically consolidated, med-
j ium water content,parallel»to drainage,
13 _2 1
9t _3 1t
AN-L~-1-1 Anisotropically consolidated, low water
content, parallel to drainage,
1t m2 "
9 -3 i
AN-H-2-1 Anisotropically consolidated, high water
content9perpendicu1ar to drainage,
79 _2 12
13 _3 \A
AN=M=-2~1 Anisotropically consolidated, medium
water content,perpendicular to drainage,
ik -2 1
1t _3 1"
AN-L-2-1 Anisotropically consolidated, low water
content5perpendicu1ar to drainage,
1¢ _ﬂ2 1t

11
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TABLE IXII

COMPUTATION SHEET FOR CFS TRIAXIAL TEST, AN-H-1-1

Strain % \ \ 4
1 2 3 4 5 6 7 8 9 10 11 | 12
04, 2,09 | 2.27| 2.35| 2.37| 2.41| 2.44 2.43| 2.49 2,40/ 2.38] 2.35] 2.31
R 1.82 |1.93{1.99 |1.99| 2.02| 2,00 1.99| 1.96 1.931.90| 1.86] 1.80
Ad4 0.27 |{0.34|0.37]0.38| 0.41| 0.42| 0.44| 0.46| 0.47/0.48| 0.49]| 0.51
2AT — LT 1,73 |1.67 | 1.64 |1.62| 1.59| 1.58] 1.56| 1.54 1.53]1.52| 1.51| 1.49
Ao .156 |.204 | .219 | .234| ,258| .270| .282] .299 .307| ,314| .322| .342
2A0-4%
-1 A
$=Sin A" __ g 95 l11.50 [i2.51 |13.58/14.50{15.68|16.39|17.40|17.88 18.30 |18.80 |20.0
24G,-404
AGGa, - (W A% |1.01| .91 .86 | .85| .77| .725 .67| .58 | .52 | .46| .39| .27
2/ 4T, (4T, - 6G) 1,7191.690 | 1.61 | 1.60} 1.56| 1.52|1.48 B1.47 {1.456 [1.442| 1.43| 1.4
C= AOTOEF'W’")A@ .580 | .537 | .531 | .530| .493| .476| .450 | .395 | .358 | 3.18| .274/.193
2/Ac; (A5 —Adg ~

19



TABLE

v

SPECIMEN DATA, ANISOTROPfCALLY CONSOLIDATED

2 2 a = ;
@ o~ o= _f-:( E g
SE-TN I8 Bl R > e
ﬁi © -52 o0 A~ o) ﬁ@
] G QL O+ 0 K o lul | 3
BE © o @ %5 oS ok | &
[7»] B w0 o = 0 A o~ o n
T | .o0602 | 3 | 2.81 | 23.2 | 109.5 | .550 | 100
AN-H-1 | 2 | .00606 | 3| 2.81 | 23.5 | 104.0 | .625 | 100
- 3 | .00603 | 3| 2.81 | 22.9 | 105.8 | .605 | 100
1| .00611 | 3| 2.81 | 23.7 | 112.2 | .510 | 100
AN-H-2 | 2 | .00600 | 3| 2.81 ! 22.6 | 113.0 | .500 | 100
3 - - - - - - -
1 | .o061 3| 2.81 1} 16.5 | 125.7 | .342 | 100
AN-M-1 | 2 | .00608 | 3| 2.81 | 16.2 | 126.5 | .337 | 100
3| - - - - - - -
1| .00610 | 3| 2.81 | 16.5 | 125.5 | .344 | 100
AN-M-2 | 2 | .00612 | 3| 2.81 | 16.1 | 125.2 | .345 | 100
3 - o - - — s -
1| .00608 | 2| 2.81 | 13.6 | 135.8 | .242 | 100
AN-L-2 | 2 | .00605 | 2 | 2.81 | 13.8 | 132.0 | .282 | 100
3| .00610 | 2| 2.81 | 13.5 | 136.2 | .242 | 100
: 1| .00609 | 2| 2.81 | 13.3 | 134.0 | .260 | 100
AN-L-2 | 2 | .00608 | 2 | 2.81 | 12.8 | 135.1 | ..250 | 100
3| .00617 | o | 2.81 | 12.6 | 132.8 | .275 | 100
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SPECIMEN DATA, ISOTROPICALLY CONSOLIDATED

"TABLE V

63

H

3 2 3 g 2 -
"l 5 ED | =] B 2
o 8 o] B o O p
-\ = - O T W o} S
® 5 B O o0+ o O ol =
~ 8 o] Q - + g S o 42 +
2 0 g O - 0 ® 3
w0 i n o =0 [ >N w0
-1 .00612 3 2.81 22.6 115.5 .471 i 100
"28-H-1 2 .00602 3 2.81 21.1 116.1 .460 { 100
3 .00619 0 2.81 21.3 116,4 .458 100
1 ..00602 | 3. 2.79 21.4 115.2 471 100
IS-H~-2 2 .00605 3} 2.79 22,1 116.0 . 462 100
3 .00608 . 3 2.79 21.8 115.8 .465 100
1 .00613 3 2.81 16.8 125,22 .351 100
IS~-M-1 2 .00602 3 2.81 16.7 123.2 .375 100
3 - - - - - - -
1 ..00610 3 2,79 16.5 126.0 . 345 100
IS-M=2 2 .00608 3 2,79 15.8 128.5 . 320 100
3 . 00607 3 2.79 16.3 127.5 . 330 100
1 ..0060 2 2,81 14.7 129.0 310 100
IS~<L-1 2 .00602 2 7.81 14.2 130.2 . 300 100
3 - - - - - - -
1 .00605 2 2,79 13.9 128.5 . 320 100
IS~-1~2 2 .00603 2 [ 2,79 | 14.4 129.1 | .311 100
3 .00609 0 2.79 14,5 129.5 .311 100
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TABLE VI

SPECIMEN DATA, HARVARD MOLD-COMPACTED

o) 7) — — =
+ < o B + =
@R~ o o N ol 0o
~ 4 I = 1)} -~
- IS Q +2 g~ 42
== ke g ¥ (=] O By ® o~
gl g H Q0 A7) o R
s g o O o 0+ o o s BN
- B 0 o -H L g By - 4 L
49 N~ o0 ] 0 ~ o8 )
n H* n S =0 a =¥ 0
1 .00609 3 2.816 19.4 116.5 . 455 100
HC-H 2 .00612 3 2.816 19.1 116.0 .461 | 100
3 .00613 3 2.816 20.2 115.8 .465 100
‘ 1 .00610 3 2.816 15.6 120.0 . 415 100
HC-M 2 ,0062 3 2.816 15.4 121.1 .399 100
3 .00607 3 2.816 15.1 '120.9 .401 100
1 .00608 3 2.816 10.2 114.1 . 480 57,8
HC-L 2 .00599 3 2,816 10.6 113.5 . 495 58. 8
3 .00610 3 2.816 10.0 113.9 . 490 56.0




TABLE VII

SUMMARY OF C AND ¢ AT SELECTED STRAINS, ANISOTROPICALLY
' CONSOLIDATED SPECIMENS

I . 1% 5% 10% C8BEsion ) Tesk
y ®£C $ | *C P *C P *C | el
1723.2 109,57 .550 ] .58 9,91 .49 14.5]1 .32 ] 18.3 .581 1 -
AN-H-1} 2 }23.5 } 104,01} .625 | ,59] 9.8} .46} 15.2 | .31 ]| 17.9 .59 1 -
' 3¢ 22.9 - 105.8} .605} .56} 9.9 .47] 14.91 .31 | 18.0 L0911 -
1}23.7 112,24 .510} .66 7.8} .62} 11.2} .53 | 14.0 .66] 1 -
AN-H-2 | 2 | 22.6 | 113.0 .500} .67} 7.6} .62} 10.8} .52 | 13.9 . -
3 - R - - - - - - - -1 -
1|16.5|125.7 .342} .53110.5} .40} 15.5} .32 | 16.0 .53]1 11}116.5
AN-M-1 12 | 16.2 | 126.,5] .337}{ .54} 9.5 .48 | 15.2 | .36 | 16.1 «D541 1 116.1
3] - - i B B e - | - -1 -1 -
1{116.5]125.,5) .344} ,60{ 7.2} .55} 13.5] .46 | 16.5 60l 11 -
AN-M=2 } 2 }16,1}125.2 ] .345} .61 9.0] .55} 13.0{ .41 | 15.5 .61] 1 -
3| - - - | - - - - 1 - - -1 -1 -
1}113.6}135.8; .242 ;i .85| 4.5| .35} 17.0} .12 |1 29.0 851 1 -
AN-1-1| 2 13,8 | 132.0| .282} .84| 4.2| .62 | 15.9| .17 | 26.6 | .84| 1| -
F|13.5 | 136,21 .242
14{13.3 j134.0§ .260% .91} 5.5 .66} 15.3 ) .02 |1 30.4| .91} 1 -
AN=L~2 2b 12,8 { 135.1} .250} .95 5.2} .621] 19.1 0 31.2 L9511 1 -
3% 12.6 | 132.8% .275} .92 4.9 .93/ 10.3}1 6.0 {17.2 |1.00} 3 -
a - 2 specimen test
b - no drainage threads
. @ =~ 3=day preconsolidation
% - in units of Kg/sq.cm.
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TABLE VIII

SUMMARY OF C AND ¢ AT SELECTED STRAINS, ISOTROPICALLY
CONSOLIDATED SPECIMENS o

- ary e 1% 5% " 10% PSAEsion| F¢88tion

) Ke ¢ . ke 4; *c ¢ *c &
T 139 61 115.5 ] .471 |.49 | 5.5| .57 11.4| .45 14.0] 57| 2
IS-H-1 |2421.1] 116.1] .460 |.51 | 6.0] .57 9.0| .49 13.5/ .60| 2
3b121.3)| 116.41] .458 |.51 | 6.2 .64| 9.9] .55| 13.9 .55| 5
1121.41115.2) .471 {.48 | 5.5} .50 10.5| .45} 13.0] .50 2

Is-u-2 | 22]22.1 ] 116.0 | .462
alar sl 1108l “aes |-40 | 5.3] .55| 11.2| .50 12.5 .55| 5
1 {16.8] 125.2| .351 |.62 | 5.3] .49| 13.8| .43} 15.2| .62] 1
1S-M-112 |16.7]| 123.2 1 .375 |.62 | 4.0| .55| 12.5| .48} 15.5] .e2| 1
3| - - - - - ~ - - - - | -
11{16.5| 126.0! .345 |.63 | 7.5{ .53| 13.6| .45| 16.0] .64|L5
1s-M-2 | 2 {15.8| 128.5] .32 |.67 | 5.8] .60} 12.8| .50} 15.0| .67| 1
3c¢|16.3| 127.5| .330 | - - - - - - - |-
1114.7]129.0} .312 |.60 | 6.0] .58 ] 13.0| .43 15.1] .69| 2
IS-1-1| 2 | 14.2 | 130.2 | .300 |.65 | 6.2 .59| 13.9] .45} 17.8| .66 2
3| - - - - | - - - - - - | -
1 113.9]| 128.5| .32 |.67 | 5.8] .60| 12.8} .50 15.0] .67] 1
IS-L-2 | 2 |14.4]129.1| .311 |.62 | 7.5| .59| 13.0| .40 | 18.0 .62] 1
3bl14.5| 129.5 | .310 |.84 | 3.0| .82 | 11.7| .76 | 11.9] .85| 2

a - 2 specimen test

b_- no drainage threads

bl- no drainage threads, no filter paper
-~ Zero pore pressure

- in units of Kg/sq.cm.

* 0
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TABLE IX

SUMMARY OF C AND ¢ AT SELECTED STRAINS, HARVARD MOLD-
COMPACTED SPECIMENS

w dry e 1% - 5% ' 10% 88%%51on '?%ggtlon
xe ¢ | *c P *C P . ¥C | @
1§19.44 116.5{ .455} .42} 2.8} .40 ] 11.2}| .22 ] 16.5 .46} 2
HC-H| 2 19.11 116.0 | .461 | .42} 3.2} .34 | 12.8} .26} 15.4 .44] 2
3120.2¢ 115.8] .465 | .46 2.1} .39 11.5} .25} 15.2, .46} 1
1 15.6| 120.0) .415}| .56} 6.0} .56} 13.1} .41} 17.2f .62] 2
HC-M}{ .21 15.4) 121.1§ .399 | .52 6.1} .61 | 11.0} .40} 14.28 .65} 3
1 3115.1}1 120.9} .401} .61} 6.1 .62} 13,0 .46 17.4 .65} 2
1] 10.2{ 114.1{ .480 | .62{ 4.5} .52} 11.0| .42 |118.1 .62} 1
HC-L | 2{ 10.6| 113.5| .495} .56]| 3.5} .48} 12,11 .42 } 17.0] .58} 2
31 10,0 113.94) .490 ]| .58 3.6 .60} 12.0] .47 | 16.3] .62} 2

% - in units of Kg/sq.cm.

L9
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TABLE X
COHESION-FRICTION-STRAIN TRIAXIAL TEST

Sample & Test No. AN-H-1-1 Sheet No. 1
03 _5 o, (M) __4 o, (L)__3 Strain Rate 0.00612 mm/min
— Strain Load Deviator | Strain Pore
Date |Time % dial dial2 stress pressure
_;934' Kg (sg,cgﬂ._ (in) (in) (107) Kng‘g.gm (%) ‘ Lxg(sg‘ _cm.
4~-12 11504 Set up for conslplidation|under hydrostatic| -
S pressune of 5.0 Kg/sq.cn e o
| .| Back pressure of 0.5 Kg/$sq.cm. applied, . 3. then_.__
_— equal o 5 - 0.5 = 4.5 Kg/sq.cn.. . .
| . J2304 | _Back piessure removed
4-13 11410 | Set up |for CFS ltest
Pore pressure. 1} Kg/sq/cm| applied
.. 1526 4 0 0 , 0 0 . 1.00
... |j533 .. " .1..0012 © .45 . 20 .0428 | . 1.20 i
... 1550 o .0042 1.15 .52 L1580 } 1,52 .
| heo3 | v .0063 1.80 .825 .225 1.825 .
. 1622 ' - .0100 . 2.77 . 14268 .357 .1 2.268
e 11630 " .0117 3.18 1.455 . 427 2.455 .
| pes2 | v | o012 | 3.90. .. 1.78 | .591 2.78
1654 .| .} 3.78
- [L706 .3 .0199. 3,90 ..} 1.779 L7111 L 3.779
L7300 T .0250.. ].3.96. | .1.80 .893 3.80
1745 | " ... ].0286 | 4.01 | 1,822  |1.02 :3.822
- f755 " .0310 4,05 1.840 |1.105 3.84
. . [L756 2.84
.- .. L1904 4 . 0470 .50 2.252 1.68 -3.252-
v 93310 Y. ]1..0540 .5303 2.262 1.93 3.262.
. 951 ] .0580 . ..010.. 2.295 . |2.07 .. | 3,295
. g012 "o .0652 LHSL3 .. . 2.320.. 2,26 3.320
... RO16 | . _ U B 4,32
___p033 | 3 _|.0685 . 429 1.928 (2,44 3.928
e . BO49 | " 1 .0725 | . .434 1.944 2.59 3.944
... Rlo8 .} ...V . 0772 . 436 1.95 2.76 3.95
| p126 e ] 22,95
_w___42l44 .4 . 1..0856_ 1 . _.447 3 1.992 3.06 2.992
2202 e 40904 1 .483 .. 2.17 . 13.23 . 3.17 !
_ 2226 "L 1..0961 1 .517 . 2,298 3.43 0 3.298 é
| k314! vt _.1080. 1} .. 538 | 2.375 |3.86__13.375
| . .. P342 "o .1149 . .839 | 2.38 4,10 3.38
e P345 b ) 4.38.




Sémple & Test No.

Oq 5 _c;l (H) 4_ _51 (L) 3 Strain Rate 0 00612 mm/min

TABLE

X (Cont.)

COHESION-FRICTION-STRAIN TRIAXIAL TEST

1

Sheet NQ.

2

—- Strain Load Deviator | Strain Pore
Date |Time oy dial dial ) stress pressure
4-15 | 0001 3 1190 | . 4.40..1.1.94 . | 4.25. | 3.94 .
—_ 0018 " .1235 4.50 . j.1.982 . ] 4.41. 3.982
. 10105} "o .1359 . 4,57 ..2.02. 4,82 4.020 .
0139 " 1..1448 | _4.580.1.2.02 ..h.15 ..4.020....
-— 10756} .. 4 .2365 5.85. . 1.2.469._ ..8.45 3.469. .
_._.}.0814}] . .". .  _1..2408 .5.60 2.352 8.60 3.352
— 0843 " .2475 5.70 2,39 8.85 .3.390 .
.. 40921 ".....] .-2561 5.72 | 2,39 9.15 | 3.39_ . .
e -~ 1 0953 " .2636 5.75 . 2.396 9.40 . 3.396
1008 3 .2672 4,70 1.96 9.50 3.96
1020 M .2700. . 4.68 | 1.95 9.63 3.95
- 1052 " L2771 4.56 | 1.892 1.9.89 3.892
1118, _...". . ... |..2835 4.60 . 1.902 ... .{10.11 3.902
_ 1235 . " . .3015 4.49 1.842 10.78 . 3.842 .
11237 N 2,842
1303 4 3080...1..4.79. | 1. 96§ 411.00. | 2.968. .
_.— 11319 o .3120 5.14 | 2.10 11.14 310 .
| 11330}__._.." 3141 5.30 2.165. .{11.21 3..165
—f1353} .U 3200 5,50 2.20 |11.41 3.20
{1425y " .. }1.3272...1..5.61..}.2.282. _..111.68 . 1. 3.282. .
_.}bl447y ¥ __}1.3322 | 5.65...}1.2.30.. ...{11.88 3.30
1501} .. . 1.8359 | ..5.70...1.2.309 111,991 3.309
- 11514} " . 3390 5.70 2.30 12.10 3.30 .
L - 11526]. 3 .3420 4,78 1,93 12.21 3.93
e ... }1D47. 0" .3445 4.68 1.89 12,30 3.89 - -
I -
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Isotropic

PLATE 1I
Consolicdation Apvaratus
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PLATE IIIX
Mocifiec CFS Test Equipment
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1.S80il1 Specimen ~T, 5.Pore Pressure
2.Porous Stone © Gauge

3.Burette 6.Lateral Pressure
4.Capillary Tube Gauge

7.Regulator
8.Gear Train

-, ‘
|

Pressure
N

Pressure

jo :i: l - B ]
L

9.Gear Reductor 12.Piston Rod 15.Strain Gauge
10.Motor 13.Proving Ring .
11.Speed Control 14.Proving Ring Dial .

Fig. 4 - MODIFIED CFS TEST EQUIPMENT, Schematic Diagram



75

1 T
! : ;
” : _
1
1
!
! -
: - 1
3 1 Jé
; T :
; =
bty t }
| L T T i
[T V4T 1 T
Hr T 1 L
i . 1.
: : 1
: e s 7
. 1
. t ;
" re ;
Ol ¥
Hl 1 1
- : T
T T
bl N 3
T T 1
R 1t
1 11 r
1
: +
foa u! L
«V.rrvl.
T
[ - R )
T :
! +
:
i
i
1. 3
i}
-l
Crbe T
! rmt)
T
1
L 1
- y
19
13 Y
4
- ¥
;
}
o k
7
R RS
H
it
I
+ +
" : Ht
T3 1 T
T 1 T
i 4 L
W I W N N -~ O O
. . - L] . . . - -
NN NN N Ny o~

Strain (%)

AN-H-1-1

5 -~ STRESS-STRAIN, CFS TEST,

Fig.



76

“ T L - TTIT T TT
e : M .“ IBEAAE. L i Q
¥ T T T 1 L ﬂﬂ—
c B teh o
e
T 2
N
n3 1 i
AR b
i o
\=H o
=
i .r.xmwxuu
\ I RncEcas
HH . L
A b o
A ) s AL SRR
_ﬂw : i ",1
h] e L
P ; o
b :
Frr T HH :
-t AR !
== ‘I%w i ; 8
T T ]
) 50 = 50 ing = |
; ) T : ! f .
Ly T
=3 = ;
: s)coias)i S
e
L'l
:
! i
Ay
x
L] L
EEhN ]
3T ]
LY A¥ :
X,
T w e N Tt A ! T
1 1 i T S | T T T
} ! T T IRA RS AR AR : s
0 M W IN K MAN ~ O D 0> WIN ¥ M NN O D> O N N
. . L] ® * ° L -~ » . L] » - - 2 - - L] » L) @ - - . L] . "
N N AN N NN NN A A A A oA 0 00 00 00
(cwo -bs/3Y) ssoxlg JI03BTAI(Q

12

10

X%

AN-H-1-2

Strain

Fig. 6 - STRESS-STRAIN, CFS TEST,



77

- T 7T — T T
t in % T T 1 =3 s rs Sy T .
f : HH ; B AT BEES e,
T 1 = T 1 / I s . B AL TR T
M Sk Ak R Rt ,
? T T i !
T T H S T —H :
; L e S i Sl ARSSE SEEng - ! T
: ; IR b N T - s
T “, T I n X7 _w_ T : T
' e i T : A
T T T TN T T I 7 "
. A A A * ' 1 ;
HH Ho S EREmman
o ma - - : : \
T St X e : ; t
: ., :
t T A + ] ;
7 ? - + t
ng - == - o ’ : > :
: i H i : u
! i T 1 T ]
: A T (i
T T R i G ]
r T a5 ! ’
Y L H-14 & :
) s " ! :
T R e an T
I It A 1 ,vﬂ‘ ﬁk _P...—_r
. :
! X ; = <8 i
; . : ; e : o
T - R AR R 1 ) " T pas;
1 i | T T 1 3% i [ BT
He ' i R - - :
. ’ i ) T "o
I i T -y b e
L T T v i i )
T T e T =2 . INNLED IR
L ! ; T ?
T RN ; 7 : - et
i T R by W T ] i ar
; T e Mg ! ¥ i
£ i it e 5 H i}
T : S : M : .
T i wmq. ] e t T
T : TN : .
t cHeNERSRARSELNE ; :
: 1 1 + ; T i i3 T
t T R : =
I : H T | =
1 T T i T t 1 =
1 1 ; ; t :
; : 7 - S =7 =
t + i _ T T N +
: i : ; ! T T
I Frt : i : I ; :
T +HE ; ! ; =
T ) T e ' T ™
T T P Y T : i iry 1 Tl I
rr 1 i ! ju ! o QO i RO oy R NLe TN AN AN SR RRAY
I [RESEE ' I T Vo L ;
+ : H — gt e e R S
iy - s e o A A AN A i T T
; = P R R P i
+ v | RS EREN) T R T b T + T
g AR A R 2 S5 SRS Y i s :
: - ¥ T . o . P2 EWEA A= . o tmpr ]
i: t 1 s ; TN - o o R t
i R Ewa ;i nwa : T A T
Y ' ! - 5 : = : ; :
) : a : e
S T O I i 3 M
7 T : e maE :
t : : ; HH o
| T t ) i ™ T )
! ! ; an L
” T } : T
i [ T I b T T
T ns e T T ;
: £\ i W T T o T
n} —H T T L = !
s N3 ; : 7 t - 1
i T i T I O AP N O SO M
o T T T P T o T
X ] I . H d
T it =4 T R A
t 1 T i R a T i Hh
T Nt 1 T H
I )N T il i
i A% 1 I I
- T
= T
. 2 s
H T
i 1 2
T - ! :
L ; : } ; :
T 3 i o o1 T i
i B H I T ¥
] " A s , ; SRR
1 = g . : : t
{ 1 T 1 LN NN J) L Py T
1 - B L INNRRREEES Ao, T

- o D
NN~

87654321ﬂ09876
- - H - A A A H O O O O

(‘wo*bs/3y) sssa3g I03vIAS(Q

11 12

10

Strain (%)

AN-H~1-3

7 - STRESS-STRAIN, CFS TEST,

Fig.



78

L ; Ly Lt L .
ﬁw f e " .
! 3 =
- ﬁ Aot 1 o :
= f R 5 s _
T ¥ S O 2 -6 R
(S > T - . . : :
= M Y
¥ . X T RN e
i T : X T :
T o T T s v
: b :
T ELRE
T 1
T 1
ot
petrtT
\ e
fi =
] [
ra T
f o
"
¥
T I
L &
y L
‘ e
Yo
T e} = A4S
3 [ )
= ety
Toehr
= T D 7
i I T T
F. ¥ I
£ T t
% %
TE L T
Ko 1 g ; T J
T Aﬂ " T T =TT
3\ - X T T NN
i : 1 :
i : : 4T T
1 T J
s 1 T : R A
+ n . BN T
! : e e S s )
{ ) t T 7 ; 3
Y TIrps ) T : T
T " + - 1 H
: » < ; T
T 1 {1 L] I I T M
\ % : at - : ;
: : VR N £33 T Fad -
T oty
T : T t - : T
T T 1 L T T T
1 : T T
T L I} T T
: ) : T "
T L : 1 i 1 ; t
i by 1 +
L T I
I H Ll 1
. ] t :
K SN T : !
; 1 T
[ 4 -
: f 3
141 1 i T
. f
T
i i
f
T
I
R o
it R =y
T1 T 7
s s i
6 5 4 3 2 1 0 9 8 7 6 5 4 3 2 — 0 9 8 7 o] ST\ A
. . . .
2 2 2 2 2 2 2 1 1 1 1 1 1 1 1 —~ 1 0 0 0 (=] o O O

(*wo bs/8y)) ssS8I}1g JI01BIAS(Q

11 12

10

7

6
Strain (%)

5

AN-H-2-1

CFS TEST,

Fig. 8 ~ STRESS_STRAIN,



79

juSSARE

T

puank

b
it
t

us fusua b

= Sy
NN NN NN - AAHMAMNHAHOO GO O c o o ©

(*wo-bs/8)y) ssax3g J03EBTASQ

Strain (%)

AN-H-2-2

9 - STRESS-STRAIN, CFS TEST,

Fig.



80

b

/83) ssexlg JolwTAa(Q

T T T T T T T T ITITTIrTTT A 0 S 2 Y W 11T
1 T T T T T T & T Pk P 7Y U T Il
¥ i LRy i ! T T 1 T 3T L1} 2 % \Ewﬁ I W1 1 14 H
! A T ! B e Sy AR ) i w3 HH-H A
- T ! : A 1+ — !
- - T : i - , Tt - - T
! Pt T } tt =
; Q : =1 HH=
- T + o S
T T T ) : 1}
T T I ir 1 )
! ;
T : 1
4_ : i
I} I
g e T 1
) | 1
y i L T 1
I 1 T f
Rauts ; H eyl
i ) b
! o > o +
T 1 T L & 5 s
i i w31 y e
amer 145 Ra CEps
T v i __k [4k I
) : ; y : i
i : T A + H
Hr T +f r= i
; ! 4 H
N.._m; e >
; ..ﬂ ;
HHE i ]
bk 8! - I
ind - 4 T
i I H
e 1 : ! 3
HEH ; ;
o T T : e &
i 1 T 1 B
i T T 1
g f
I " i e
1 e A I T
1 1] - It T
: ;
EE i : i t
i 1 i L
i f } !
. I H
I t T
f i i
f: - [ St i i SR R
T + + u 1t + T
T T R P
/ I RS2 uwite 5] ) =% ML s | !
h i T
: T }
7 [ ] i
L ; : 1
s ;. 1 X Y SRS i H T
- - 1 ﬂvl ol .,»
¥ 1 r T
1 I :
il I
W ] ! 7
D i T <
Lu. :
] . T
| Iy !
i m : i
SR T Tmll
*
.+ll.\.
-
tE
;
T L H
] I 1
. I T T
oy * o ”
= - T
11 g PR -0 o = i : i b W !
T N W1 NS AR IHM., perd T T
L 11 _w ,H¢ LI NEN l “_ N L “ i » I
I oW i 1T Il LD 1 IWES BRSNS N . T i
o8] O N T M N - O WY MmN~
. . . . . . . . . . . . . S . N .
— ~ -~ - ~ - A O O O O 0 O O O ©

11

10

7

6
Strain (%)

5

AN-M-1-1

10 - STRESS-STRAIN, CFS TEST,

Fig.



81

L I3 T N T Tt
; T T T ]
Fa T T o
t s y 5N 8-
) 1 T T
i s oy
. I : v o KWL wS o
-+ t T T g Tt
. - T " S ——
: ; : e T )
n ; i 1 T R BEE Al : e :
TH i T : 1 I T 1 17 7 I
* T T T = S ;3 —+ e
H f - s 1 17 | RS a e T
; I I t T : () T [aSa
u: : 1 A - o [
LT T N ; S
- A ms s Ea : mditysuuuy
; - o e g ms
t t 1 Fi- 1 o g - :
I ! : HH T
t e . R o i
3 : 1 auesl EEaaR”.
i i tr [ REE e}
Hm : Hp L e Lo
H ST HES & 4
; T T T I A
- T o 1 R
[ T t = R s : -]
T o T ! e 4 T o]
; ! % & Hr
t : * i it} : i | o
i L If 14 T T 1 [ 1T
T ; + T —+ SR R
I I 3 b T
4 N I TosT UL
I T mm X t T b
1 [ ! T T op e
t T T T
i : i T :
: ; n e :
T t + + i i T
,%q T ' t :ﬂ. N,,_,_, + t
IaRamSaRN i : f fia e mai| :
' - - - T N S )
1 i i i : [ (R . 1
( 1 e : : i ] i
I 1 Faman ; ! ;
1 H L I o
e [ t Wi
yis% 3 R T
T ol S o e
Il = o -
S T i T T
! n 7 R REPY & .
= it f ! Qb O
i H : T i EE L N t
i bRT SR o) o :
' i I RN ? g ;
. H End BB : | -
T H L2l 53 a8 Lo
- - : LSa S =, =
I Moo o e W ! ;
1 L " i s e b :
T T N T i T 1
g o T v s n
ft i - :
ol Emmny T T !
i ; f T . ; H
H - I L I )
= e ’ s
) mam : . Tk t H 1
1 T T T T T I T
! T RSN & T i T et
T g T : - -
S ; T T -
i : : EERRRES
i H T I i T3
+ i T
H -
Pt
THE ;
T 4 ;
- | SN BE1
i ot
: ; : ! : T
1 L o, i N T
Tt i - o B REET
fyw; : = i :
Tt T ) i t T + f T
1 i T j T 1 L
0 v m - o O

TN N
L N e 4

.
AN NN

<o O

ol o~

w I~ © N
= o~ o - - O

("ud*bs/8y) ssaIlg JI03BTAS(Q

11 12

10

CFS TEST,

AN-M-1--2

11 - STRESS~STRAIN,

Fig.



82

12

11

10

7

AN-M-2-1

6

Strain (%)

5

CFS TEST,

12 - STRESS-STRAIN,

T T 1 - T T T T T
+ 1 1T i S T T T - T T
T T MR T TP it =] oy
T 803 1 Tt ,. T3 LI | DY T B T i
. : B g i \ i i 33 I
T O P S o Y :
m T | " AT o0 1
T LT ! i
Il L - . - -
T y putan d
i _ e ana Fa s : ; =
T _“ H o T " [
: T " T - =
~t - T
T iy T 4 ] :
t T T I T i
T T W T g T
i NS EanE A
i N VE i . | ;
L ua I t > = t
H X T NP AR 7~ e
Wi A4 LI s
y 7 I i T Y i ; =
; 1 T N &) ! v i i 1T
) ; ..—\,1 1! ’W 1A 1 .wlL[v
. o =1
I L1 T [
T 1 N 18 § I L i iy Eun
i W LY I (RN ALY
Il P! I Y
T T ot T "3
1 o + T t £ et
T T . i TN i T i o
- 7 T TR T -,frmim.ll.u.
i imm EEREEN ARt ; SN an e i .
1 : hin 4 SRl AR
T 1 L 813 4 ! rHans
; ! X i L0
I f T i 31
I _ ] T T t L
2l § T i i
- T e =7 S
/ ; i HE Ernas haase
! m(_, 1y T T
T : T ; = H
T P ; s puna
s { H T n T H +
(M 1 1 g et : t Tt
T { i 7T T ) H k2 +
T )8 T T i) At T t
: * + v efetr
tt ; e T
i T T I
ISRV T T [ i b Lot e
T T o T ¢ - +
T [ [ ¥ T 1 ke % TTT
1 g T ¥ T + N RN BN
T H I I 1 i i i 1N il IR
T - n - T =
> v — - T I R
I ™ 4 T + I r T D1 T s 1
= ¢ T I i : ] ; : I
v T T T T it N il M +o b L
t 3 H i 1 ki - : - :
1 RS SN ; T : P T T B
, i 1 | H : R RARNy 7
l 1 . 0 Y + 1 RSRER
: ; S R T : ya T T LT
T gl il T H T T L R It i
i - 7 fum t ; T3
0 T H : T T ul
i i t T . T
T T T T T ]
X T T 1 T ]
Ay ¥ ; ! " 1 .
s s aanua: .
¢ I i T t —
T i 11 T T T R ;
+
! > + : i ! + ]
" X t T t
: Tt ¢ p
7 1 § f T
X T T T | T
X, T T
' T T 1 * T
i T h + ! :
i N B i -+ }
™ T I T 1 :
t : + t + :
S H i 1 T T
h ' . T i T
I . : T t :
T i i i
Tt ; ;
T T
: T
T T :
s ! e N
[ N 1] 1 N LT
. Tt v m e

210987654321

W > O 0w ¥ MmN~ O O
~ ~ ~ © © O O © © O O O

NN NN NN NN N -
, (*wo *bs/8y) sSsaalg JI03BTAS(Q

Fig.



83

7
b }
L]
m ; ;
7
t 1 : !
T
;
; T
T
T
| s
R
SN 1
gt if \W
- I R
(1 T "
15 £
Bmare f o
| L -
1
T i ~
4
ol

IS = e SR

Lt

2.3

2.2 [
2.1

<
o~
(

+

"

)]
.

—~

™
-
S

ud *bs/3y) ssaaxj

AN-M-2-2

13 - STRESS-STRAIN, CFS TEST,

Fig.



84

(*wo *bs/3y) ss8I3}g J0}BIAS(Q

m* : T it T T
1 I 11 H
t - Y
: "
T T s
T T +
{ - § - i
S e
T i3 Fil fE A
T ! 1 :
T L - b P
F i s SN
; . [ :
i S T
T i .
: p
T
1 T X
t h
)| i
] T
T
AA
1
1t SR i
PR S T
! T ;
1 MY e
; 1 i} u f
T 11 T T T
1 T 7 1 T
i ot - S
T o T
18 j I I L
1 " i ; MR NTIE
et T T f
! ) T : e
T T T 1 LA M
I ) v ]
H 1 T ,"_ T T [}
t 1 - ! ’
" i i e
7 i fr g A T O
i : 1 AN ) e
i - o o T -
1 1 i i + 1+
1 T T T I3 T T
; iy ! !
1 T T T
. et I ) T i
T : I
t T ST :
11 ; B A t :
= T N SmE N 1 :
i M L 7 s} T 1
H i T. T
Y1 7 : = !
i + f 7 T ma
T 1 T - Iy H 1 T 1T
, A : ; - - R
= T P S s 1T i O ) t 1 FH
1 t . n 1 HH+H o !
! -] = 5 CERENES:
I : T o S Tt
1 1 T I T
T ! 1 3 i ; L
[ T vy nuw =" :
. H 1 L) T ™
+ t T : T ?
o T e ;
+ 1 1 Ml L i) T
|- H i T ] ;
e { % JE Y 1 T
: iy % : — T :
e ST X : - : i ; RE=
o Yy ; ; ! e  EamrnSsmusSESESENESS
I
. - : . T
AN ] 7 T LT T I
T ! 7 f ; -
T ,ﬁ i o
+ 4 T T
g t 1 ; ; :
_HEpY .= £ 3 t
SR , : : h
: P e h ;
et L o : i
t et o A ; :
i 4 T Tt ® : !
1 i Tt S WS 15 WS i3 i T ===
98765432109876543210987654321
. . . . . . . . . . . . . . . . . . . . . . . . . o . . a
aa NN NN NN~ -A- A A A A A A O O O O 0 O O O O

12

11

10

7

6
Strain (%)

5

14 ~ STRESS-STRAIN, CFS TEST, AN-L-1-1

Fig.



85

o a e i s T 1
s 8 ¢ SRR ! e
1 W T ] 1
} T t :
3 ; L T I
i 1 ) ; [ e e EE i nal
1 1 NEREEY saaLY ]
: ya ma ' i o !
-3 - 4 : e —
: : - !
f : e f e}
} : : T *
+ T T
i e T ; i
] T T 1 11 T
+ T [ I 12
HH L :
T+ + 1 i
+ 1T H
i T
i i i
1 i 1
It L
: : t
: : i
e i " . T
i T i T
T t Fn
;i + -
i t
—FF .
+ = T
e i -
EENSGN (EwEE e & o R I
AN SraNN T *
A REUAY SEBRN A I
H I | e [
5 4. i
T v J T T
i H e 1
H 1 | ¢
wa | : 11
1 1 Y + 1t i : P -
I T N T Il H | T Fi
: i ; i f a T
L . i H ) =k
] i o . T ; i
3 ! : I I
u” v L ,,# ” N
. = . — - :
f s : ma b +
: + t TS )
M + : e
i aae! t ARE AR ;
T : - : ym :
Fr i i H
I T : T 7 T O
T T T t
: : - e
g m 1 [N N ; o g —t -
t ghmm T T BT SRR A
\: ; 7 - P : ; :
-t H : e | R ) EN o B o 7 W
AN = AL s o
At S s S mE P 8 ERAB R g
Al . It H r T AT e . Fid = 7
w3 -+ n HE s IS A PMEE S A W) SL= 5
ﬂ - : jn > : d i
3 T : = T : -
fr 2 i ; i :
X b 3 i - T T
+ H A T T
tE W - ;
o t t I
n : T
X - . T
hY I Wi T i
- - 1 i
PR T - !
b M T
P T : : 1
TN H H L i T
a0 ; : : : +
b t ; i : T
sy o : ; : h :
oy ! i }
oo it
. ImEN
N }
i : ' =
L T IN 4
: + [EEnE 1
T e I T n T - " -
i j + il X, T T i T
i ; T e " t L ;
1 NN AR N NN |0 RN R Ry o s -
; S e SN A AaAEn Sa . o : A EasaEeNRR e,
©o M N -~ O WO L YN NSO O WO N M
. . . i . . . . . . . 5 B . . i . . . .
- A A O O O O © O O

AN N o~ o e e e e

(‘wd - bs/8y) ssoals

JI01BTAS(Q

12

11

10

7

6
Strain (%)

5

2 Specimen Test

AN-L-1-2,3,

15 - STRESS-~STRAIN, CFS TEST,

Fig.



86

T TS T : TTTT ; :
s e T T i T 1 T T T T i T T o m
0 ISR T T ; T T T -+ L 1
;.ﬁ T T T " T T T S L
T T ; e s ; 1
; b X :
I T T . ’ . T
Y =+ : T N AR oY B :
M\ LN A ot heh & 1 ? L
) J it z .
ol T A T T T i : : T 4
T PRLIT 21 T N FL T T DR
T 7.1 H T T T T
: o i
I f T :
I ¥ ] T
I i T
: o o
- i
2
t
f ,,Wrm.m
+ T
i T D
i 2
; &
! P1Y
Lo}
g
Moy
;
1 i PRI «©
W» T
it
i
T : [
I
T ; e
+ .
i - 4 T
: 1 i 7
i oy I :
i T 1 :
o : e
. ! n O
et o
i I
A
T ot
s S =
W Tk g w0
r ] i
t 115 i
: I . :
r o
| 1 _ R
B i Foed- H T
T : i -
+ 1 ! v T T
I : : T it ne
t k. T - - g
T 2 T T T ! st B p]
+ +- i T
i : ¥ Thpre L
i 1 Iy S i L
+ Y ; i : o
: t ' T
I + - A= s
E-Y T
i ; T
T e T
1 T T
s T
P T T
! Y T
! {
T
i
T
T
T ey
t R , I L
Fi i t v —H 1
M ] T i T ;' +

N ¥ N N A O & >0 N F N~ O D D O

NN NN NN A A A A A A A A~ O O 0 O

0.5
0.4

("wo - bs/8y) ssox31g JI03BTAS(Q

Strain (%)

AN-L-2-1

16 - STRESS-STRAIN, CFS TEST,

Fig.



87

HH i

‘1‘4;,,‘!4; i

<

{:'—”’ ..'. SR

Yo

ok

3 Bumn-Auknguunpnyiin Sqadnkannt

F

i e

LT
AT

S

EJisss

et L]

jEnpRs” ANy

P

17 - STRESS-STRAIN, CFS TEST, AN-L-2-2

R
1

— ot e

W >~ W 1V PO AN~ O O
— A ~ ~ ~ O

("wo - bs/8y) ssoalg J0lBTIAS(Q

0.3
Fig.



88

T
ve
T
SEREyaGEEE
t
t
+
r
RETuY Su ey
1 p
sssuy
’i
b
+ I
o P
syn ¥,
a b
T
3
g
.\Wl..l +
e
e

T

3T

t

I
1

T
1

]
1
pus

T

(‘wo*bs/8y) ssoxlg aoleIAdQ

Strain (%)

18 - STRESS-STRAIN, CFS TEST, AN-L-2-3, No Drainage Threads

Fig.



89

2.8
2.7
2.6

(*wd -bs/8y) ssaalg JIo03leTAd(Q

7

6

5

Strain (%)

IS~-H-1-1

19 -~ STRESS-STRAIN, CFS TEST,

Fig.



90

- e
gt T
T =
: ..,A, H“
p s I s nay
: : = .
: T :
: T Th ”
IO f o :
v o = :
T T e -
T i T +
t + b o
] ; o -
: 51 e SeanqEmenn :
i o b3 us na
&~
©
10
TN r W
T " 411 m
: 4 4
= .
: ;
; P
: R
876543 109876543210987654321
e & o = e s s e s s e e e . . . . .
222222 221111111111000000000

(‘wo*bs/3y) SS913§ J0}BIAS(Q

Strain (%)

IS-H-1-2

Fig. 20 - STRESS- STRAIN, CFS TEST,



91

~ O 0 ¥ NN H o O o~ ©on I

. . e . - . . . . . . . .

N - - H A H O OO O O O

("wo - bs/3y) sS8I3g JOREBTAS(Q

6 7
in (%)

5
Stra

Threads,

ainage

21 - STRESS-STRAIN, CFS TEST, IS8-H-1-3, No Dr
No Filter Paper

Fig.



92

11

10

7

IS-H-2-1

6
Strain (%)

5

CFS TEST,

’

22 - STRESS-STRAIN

T = T T 1
1) xA T IS B EA
: s mm 1 -~ : FrrE R =u
T i H T I XL 1L
: = 1 t LV
: . -
: t M G i 4 (S MWL T
f e N t
sty LIREPom R
! J iy b ¥
4 R : #
w el Wy
Tl : { :
e,
t :
o ) ;i
i :
; e i
T W | 1
T I b
= i A
T : :
— I !
: e L
; . :
: P t
s 1
=t
ﬁ et
=t + -
5 : ! :
i X HET
i i
: ] A +
7 ; ; ;
}
! i T 7
T :
e : ﬂwﬂ ;
t i i 0
L H lam | I
Y n NP f
: 7 = N
i nnan T > 3H
+ : ; T iimaY Q0 ;
I, 5 T ] ; e
e : : ST
e t : : L
1 T t 1
A T / i
i e v T X
o\ ! i =
13 A <
y vt T
o s 1 o ; : ;
i U . e :
- by 1 i *
: . 8} % =
ot i e =Y -H r e
Eyus: L g 1 et } e ) {11
X p :
" : T - :
it : o s - t ;
-t Y Ea R i
- \j L
v g s
e I T : I rimRs) (_u@‘
;
: L\
: : 7 !
i \ XA I ;
: w :
" Ry e
¥ X 5
T \ 1.
i ot
1 L
mmu|
I
\ -
X + Pl b
1 o l/
N
;
;
T 1
T T
S T
K a
o R i T
T 1 IBNNEEN N 5 8 L
t i T = - 1
it “ 4 e LI I A A 0 I3 L 11
W I O N ¥ O AN A O & o> W W IHF O NN AH OO D> WINn ¥ MmN~
. . . . . . . ° . . . . . . . . . . . . . . . . . . . .
N A N N AN N NN NAHA A A A A A A OO O O O 0 O O O O

(‘wo*bs/3y) sss8Ilg J03eBIAS(Q

Fig.



93

N N oA A A A - H O

(*wo*bs/8y) ss8a1g JojeIAA(Q

1 } L
T 1 ¥ [} T
- 1= -+
I 4 ¥ ¥ )
_A
i i S &
Wmn - nr SN
il e
n g fl
t :
: o f !
1 :
1 =
1 -
aus ) } y=u
T n m T LA i
; + + i b 1
i i - ] 1 it !
1 ¥ 1 1)
- t 1 L
Tt . T Iy &)
[ 1
+ i 1
" - ] T
il t i 1 :
Hif) T
t
! : H it : =l e
T ] n | ] 1\ W1 i 4
¥ T 1 “__ 1 FEAM i
T + i} T T i by AX)
i\ H LT i L H T3 b - 1
: t =t f + T PR P
; i ; m : 1 : +
v " S 4 T € ==yt
o= - > . t !
sl ; T Lk X : ) it
- : - I H i + : &
: 4 ; T fan T
T T 1 ¥ ; = + T
1 i ¢ T PR IR T N T
" i v} i = T
: ; : ; : : !
[oEas 2 saam ! ; aaus : pas.s R j
i + Y [ T + T + Ty Al NN ERRNE n
RSN , 1o i [ T T T S q ] T
; ] B : i 1 e . : .
: 1 P : , 3 ) =i
[ [T PR T T i P n + - T 1t
- [kt o - = ; [ 7 T o o e : } T
. o ; b P DO N1 yiss " ;i - i Tl Fsnd
= = r 1 *
RO 1 W T Tind T 3 0’4 S L9 I ewu : :
h 1Y T T CRIAR U i 1 1T N T _,,
Enma O % T Cumus an R R = + t
o : ; T ¢ AR : Ban ; i
: o1 , : Y R T : i :
- T t - i b S
e L ; = : T : [ B ;
It L i . H 1 Il I )
T LTS 1 193} b} L % L
T ) : e = b s
X = i I 7 T
iy 1 X I 7 # i I il
! | LR i . !
; ; i ra mt - L ;
T : — — Y T -
- e - ' ;
: : = e - : :
it + 1 : =N : -
o Y T t !
L 1?4 : I H +
[acHR S, . N 1 T H T T
SN X I T T T
1 : ;
1 : T
= 1 +
! : ! pobss
. i 1
124 ! !
N ! ' 1
Jn 4 T ] g
1 T ] i pisusa
+ : " }
i ; ;
; t : : +
+ % T
; R , !
e T I} T T
N, o T Y b
1 I 1) L T + +
i Y T o + + T i
I Ty i T 11 Tt i 1N
- . o s ol LIS O 101 S i ¥
N O O 00N YN~ O O W S
. . . 3 . N . .

11 12

10

7

6
Strain (%)

5

Fig. 23 - STRESS-STRAIN, CFS TEST,

2 Specimen Test

’

3

IS-H-2-2,



94

12

11

10

IS-M-1-1

Strain (%)

2.8

T T B
Hnll.l IR N Vi _“
T .Hr OO AR T T IO T N
)i
1 \
I
T
“ F =
,AV i
L
% 1
~ i
i
i ay
5 —
1Y
: A
i t e
) ; N =
A | V RS 1 £
I 4 oS
1 ! = ?
1 t
i L} L
b 7 T = = ERTE
1 L 1
) o T
Py bl L 1] 1NY 6)
¥ , :
!
s 1Y
S
™ s u; ;
AR T
X I
X
T
L
Y T
] e
ﬂ : e maaes 17 R
W 10 H NN H OGOV TN A OO WO HEm
N N N NN NN N A HAHE A A A A - A - O OO0 OO0 QO O

("wd*bs/3y) sSs8aI}g JI031BTAS(Q

Fig. 24 - STRESS-STRAIN, CFS TEST,



95

c=e

REKSAS

Friett

5

SRR

sy

s

.

o

i
I
A
i

T

Tt

8765432109876543210987654321
o o

222222222111111111@000000000

© . . . e ° . . . ° Y 0} ° ° e

(w2 -bs/3)) ssaIlg JI03BTAI(Q

°

12

13

7

6
Strain (%)

5

IS-M-1-2

Fig. 25 - STRESS-STRAIN, CFS TEST,



96

12

1 LN A SuE e T T 1 T b T H
LT I I L T I Las 1 T T 1 JIEY
t | S i T T t T T T M T
1T PRESS BN IR ANl T T T H H T t
— . H 1 1 i i
T y T + e -
t T i T i e o8 i T T
T T t t L 2 e £ T T
A : | L T A i I ot -
o : : - = —
I . ¢ © ] T T : : LS ML,V i o GRS
! H 1 1. T I
; o 1 : R SR
: ; g : ! , enssan
i’ 18 S T T : s
: HF e e ! : e
* : o - t
T t i i 1 by
] ! : i 4
- ~7 p)
7 t o Une
i W : T ! t : + L rt
L o | : e =
! L !
M T - 1 v 1 7
IR § | Il 1 13 ik
191§ ; i H -
j - 1 _4 \V T v T
L : =,
- : : X N
r f + S AR
) i I I
: i : =
o ; i - ;
[maw t t e ;
o : T :
1 L s s T
T T I 1 T
: t { T
i i
“ : T T T
14 1 1 T T i ¥
s I R SRR RN
1 I i ok - :
- T ; s
T T + T
: R
I ¥ I Ly P i
: - i 1 &
: i } o
T : T
T + ; o
: ; ;
s : —
T s - ! mut
; i g T i
! ol i i H
S el L L £+ :
. : y=xaumunn (9]
I 7 ey I T 1
oy o T T
i 1 - Yo
1L ; T it
1 P yovar
i ! L 3 .
I : ; o
i t + ; > T
: g ry : T s <t
: T S R L : T
: r.w; = g T ;
o : : ot T T i
: .~ ! i I
. r :
T it i 1 T T L
; PR W ] ; :
; g } i : ;
oL I8 ; : : i ™
Ceb HH : - t
Lo : : : : L
. T H T T
i z 7 : -
n L .
A | £ i i T T
; 1 i ; i i T
[ VL taquas i t T ; T i
; = AL ; : e It W
i i : i : ;
; AT \ i : o
H i
" M H T t 1
: + : - : +- :
i b T f 3 T T T T
Lt ” 1 1 I H i T —
] S T e ; i~ P b 1 - tt —
T T e s T T i o 1T T
il o I ! £ Am T T i - : H o ;
: i 17 T ] i _ i T 1 i} T i
f 1 T i ; s T : !
T 1 i " i
T i i i RRaddrel : = ! - F5
N ; ; = T
T t P A A == - , !
T ! " H [ el T i -t -
1 B4 I N b J N W e )Y H 1 R MR i ol L» I . 0

2.5
2.4
2.3

2.1

2.0k

WO N NN~ O O ®
—~ ~ 4 A 4 A =~ 4 ~<~ 4 O O

(rwo*bs/3y) ss8I1g I03BTAS(Q

I~
Q

o
=}

0.5

0.4

0.31x
0.2

0.1

Strain (%)

IS-M-2-1

Fig. 26 - STRESS~-STRAIN, CFS TEST,



97

11

10

6 7

Strain (%)

5

1S-M-2-2

r]\ ,

S

1
’]

TE

CFS

STRATN,

N
3

<

i

TRESS-

S

7 T SN SN SR rm ma
| T e YR o W
i 1 17 < % =i ra !
i i R o) 37 i 4 oy W)
7 1 L s o 1 IS
T ; = Ve BN 4. AL o 1 I
f LA Ny NIURCL e ] i
¥ (23 R A ot f s Y
¥ .
i o L L v
i m Hey :
T ; o t
T iy } 5
t + t
t T T :
T at f 1 i
i 1 5 1
: v - =
1 1 i A [
i t g i
t : d
. T
1
t : 1
i T
Iy N :
B
R g ;
I
[ s
i T
T
T
T
T
i
it
T H
11
TIT
i T i
tortr et
L
t )
; ol i
o
T — ;
i Tt "
it T ;
i
T :
i i} i
TR : :
L o
: T S
i : ; ot
: ; T : ;
o 1 : T
" ; : i
- 3
T 1 T : t
- " g X ’ >
. ¥ : -
f < t : .
T : i t t ,,
n i s by -
b i T i : :
T 11 H ; 3.0 i I H)
T i i 7 i i I T
) 1) . - .
i} i t Tt : o T T T
i L ] ! S
] == EESE [T I i w, i T i
: T T i - .
Hr T T S A T . po : P ; :
= ; B e R e P e S
i o T i -
e i " WIS WS o LW B N R ! N B -

W MY I NN H O WO NN A O O WY,

N N A NN NN~ A A A A - SO 00 00 O 0

0.2 g

(‘wo bs/3Y) $S0138 J01BTA(Q

. 27

Fig



98

(-

wo *bs/3y) ssaxlg Joileras(Q

in (%)

Stra

Zero Pore Pressure

i

-3

IS-M-2

- STRESS~STRAIN, CFS TEST,

28

Fig.



29

11

10

T
IS-L-1-1

6
Strain (%)

5

- s
1 1 T
: o
Fofy e :
1 1 Tt
i 1 8
i
t T
I =
1 t I T e i
ymnay 1 1 T
T T 1 1
T 1 1 3
T ._ IS w35
3 T 1 T 1T FErt 1 L
1 : TH t T T 18 T wuy
1 : T
I TH W i 1 T BT
t o {0 o T Tt
T ISasRIRE NG HES) 1 !
T t + - 1
an L + HHH T Y2
T 1 . 1 T T 1
1
T e 5B -t 1 waa
1 s 1 e
T T e a ! an
SmsuEsAw -. 754 Pnass FebhAFos T { 2]
1 - M i B : : + Lo
.8t amw e feas paE) I " :
+ 4 : + cbm
i ' EH ST 1 T
T 3
1 EgEY AWy
T x
a; t ;
: T i
mewm Eama . t
FTET ..— 1 I 1
T HE T T i
F : =5 + - ] ;
1 ““_wu—lj_ T ! 1 o T T 1
e D I T it i 1 1 s ] ]
s 1 L ' it 1 80 i X - - i’
saus t = 1 =y ; PO '
g ] s aug o I
~|_.“. amzs ...T]u ias - : ¥ 7 ¥ o : S :
EENES A BHERE 2w 1 sumaz s i 1 ¥ 18 i vad T
EESSSREASE NNANEEKEY | ABEK ] s it 1 - .
Hitp e e =ad penna Bud dx sy I t CEEEE i i mma
I GRESNDL ghun) + 58 g & e ez o THy T T
e : ‘
+ SEh t0agd hatsiatet ioslbal - - e rarey IEaEY e ks Seat TEen POERe SEneY
L "_ E inad o “ _-_ Em Gl s =
I T e i.* maw I T s €15 ) I
i T R (B T . 4% Sxxaa b I 3 sxaua s o
g 1 BN P : ]
it . ) ] -
'
e T : mﬂ&ﬁﬂ TRt f
1 1 T 5 UH N
H ; R 1 o
11 I ng semas s
T ﬂ 1 wn I T T T
1 T T T
CTEH i T o
N MU R +
- -
Tk T 1 T T
EHH T 1 8 I I .=
i § T 1 T 1 ) " 3 1
r maed
T 1 P . L 18 3
' i T m N T I TH
fapsninoa: HHHHTHT H 1 7 1
- s o b - 1 EEEE
i - COFF = : iy pa : + HHH
JA.' I T 1 I 1 T T I I
i, T TErT T NG pEGui g mmu i pEw 13
iaam 2 1y T I {We N N 8 A}
: 81 : T s n HH T T T THEeT T
T T 3. vu el B4 TN A 1 Tt t t
I 1 RAE o TR TaK NS 5 1 I T e T 23 u§ Y e paT izus Ea:
I = el - + HE - 1
T T Tt T T T . - T 1
§ 8 o— ST BRBNA ke w4 Gpaus SERD wSEY SREAY uak) HH T W '
1 :; : iy oo o R S
~ : H o
T + @ E R RN 6 e
! L 4 '3 1 1 T S EEN She = 2 gmnm Tt
T T T T : T {8 A e ¥
' 1 LS T = I " Iun SRR I 12 T.“I# _w__ ¥ 3
: 1 I HH L Am S . ima e ] LT
8 nl 6 po 4 0 a o ou 8 L 6 ) 4 qu N ~ o ou

[ 2]
- L] - -
oa 2 nﬁ 2 2 n4 2 na 2 1‘_1 1 1;.1 1 1;.1 1 1;,U o

0.5
0.4
0.3
0.2
0.1

("wd*bs/8y) ssaalg J03EeTAI(Q

Fig. 29 - STRESS-STRAIN, CFS TEST,
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Fig. 30 - STRESS-STRAIN, CFS TEST,
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