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CHAPTER I 

INTRODUCTION 

The most fundamental properties of soil in the practice 

of soil mechanics and foundation engineering are probably 

the ability of the soil to resist shear and the character­

istics which it exhibits when undergoing deformat~on under 

appl.ied loads. These properties are important in the de­

sign o:f 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: 

't= c + e;tancp (1) 

where Z 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 whic~ carries a part of the 

applied pressure, it has been established by Terzaghi (1) 

that the applied normal stress er must.be corrected for the 

pressure in the pore water such that the effective stress 

er = o-- - u (2) 

in which u represents the pore pressure. 

1 



It becomes obvious from t he Coulomb equa t ion that t he 

s hear strengt h of the s oi l is related t o t wo compone nts , 

t he ~ohes ion and t he angle of i nt ernal friction . Unfor­

tunat ely, however~ t hese t wo compone nts of t he shear 

stre ngth of t he s oil are not constants for a given type 

of s oil bu t ar e so greatly i nf luenced by numerous e nviron­

mental condi t ions that investigation of the fundamental 

nature of the cohesion and friction is of vi t al importance 

in understanding the strength and str ess-deformation char­

~ct eris t ics of s oil. 

The conventional viewpoint generally adopted by 

engineers supposes that a clay owes most of its strength 

t o cohes ion a nd lit t le t o i nternal fric t ion, and that the 

reverse is true i n the case of sand. 

A very nearly isotropic material such as me t al de­

rives· i ts stre ngt h from strong bonds between t he atoms of 

which i t consists. A clos ely knit ne t work or array of 

a t oms .in t he me t a l es t ablis hes strong bonds due t o t he 

electros t a t ic forces operating be t ween. t hem. Under ap­

plied stress the a t oms normally will be displaced rela­

tive t o each ot her by t he resulting shearing de f ormations. 

During this process. r esistance is' e :r."tirel~i. ~ue to: .t he\.--. 

bonds of t he a t oms, no t t o t he physical i nterference be­

t ween i ndividual ato~s undergoing displ ac ement . 

In t he case of soil, however, i nterest is centered on 

t he i nte r act ion of dis cre t e , crys t alline particles, each 

2 
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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 crystale, but are gener­

ally much weaker. Thus, in soils, resistance to shear under 

n ormal 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 s hearing planes. Finally, these two factors are, to a 

great extent, believed to be dependent upon the geometrical 

orientation of t he 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 a ngles of internal friction at all 
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desired ranges of strain has been developed by Schmertmann 

and O:sterberg (2). This procedure, called the cohesion­

friction-strain (or CFS) triaxial compression test, pas 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 II 

SHEA.R STRENGTH AND STRUCTURE OF SOILS 

Mechanics of lnterparticle Fo;t"ces 

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 lateral su~-

faces, and that the edges of the particles are positively 

chargedo A surface electrical charge is common.for almoEit 

all materials naturally occurring as colloidal s:i,.ze parti­

cles. Because of this surface charge, a swarm of ions 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·l:\ttraction between 

particles to Van der Waals-London forces. London (5) 

(1930) explained on the basis of wave mechanics that un:i­

versal attractive forces act between all atoms, fuolecules, 

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

5 



the electronic motion between the a.toms. The charge flue ... 

tua.tions in one a.tom induce a temporary dipole in the 

secon.d·atom, and vice versa, resulting in a mutual a.ttrac-

tion. It ha.s been shown (5). that the force of this 

-7 attraction between. a.toms is proportional to d , where d 

is the distance between two atoms. The a.ttra.ction between 

two. fla.t pla.tes then. consists of the summation of the at­

tractive forces for all atomic pairs formed by two·~toms 

belonging to different particles. Equations developed 

through this summation process ha.ve 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 resulting 

Van der Wa.als force of attraction may be Shown to be ap-

proximately proportional to 

It is well known that the electrostatic attractive 

force between two charges of opposite sign varies as d-2 

For the case of ~ttraction between a particle s~rfate and 

a. particle e.dge, each co:p.taining many charges, the attract­

. iv·e force will dissipate much more slowly with distance 

than do tne Van. der Waals forces. Once flocculation has 

set.in, however, ::ind particles are arranged in an edge-to-

face orientation, the electrostatic edge--to-face attractive 

forces will not increase apl)reciably as the clay is con­

solidated. This is because initially the edges are about 

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

6 



volume decreases. after flocculation is gradually to shift 

: the particles into a more efficient packing. When .. thi~ 

occurs, the spacing and the arrangement becomes more favor­

able for attraction by Van der Waals forces and other 

attractions, such as cation linkages, water dipole linkages 

and hydrogen.bonding. 

Rutledge (12) (1948) and Leonards (12) (1955) demon-

strated that, other thirtgs being equal, the closer the 

average particle spacing 1 the greater the shear·strength. 

7 

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 (given void ratio) it may be 

concluded that.the more nearly parallel the adjacent 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, the 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-
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tween the particles. It is assumed (7) that an activation 

energy is required to displace the particles from their 

equilibrium positions to new position~. Sources of this 

energy a.re 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 rat.e processes 

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

shearing force f 

initia. state 

' \ 
\ 

\ 

\ 
\ 
\ 
\ 
\ 
\ 

without 
shearing force 

with shearing 
force· 

final state 

Direction of Displacement 

Fig. 1 ~ Potential Energy Barrier with and without 
Shea.ring Force 

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

E represents energy (commonly termed the activation energy) 



that must be supplied to cause rupture or sliding alon.g an 

interparticle contact.from an initial position of equi­

librium, A, in the direction. of the shE:aring .force. The 

energy necessary to cause the displacemen·t from A to A' 

is f ! where ::t represents the distance betwee-n two succe$­

sive eq.~1librium positions,., ·, In this process the force, .f, 

has lowered the potential barrier by an amount f} in the 

direction of the force and raised it a.n ·amount f f · in a 

direction opposite t6 the force. 

In order to determine the frequericy of activation for 

movement to the right, an introduction of the Maxwell-

Boltzman equation (7) is necessary. It states that the 

probability of an energy state equal to or greater tha:p E, 

denoted by p(E), assumes the form 

9 

P(E) :;;;; (con.st) exp ( -KET) (3) 

where 

K - Boltzman constant 

T = Absolute temperature 

l(T = 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 

activated for rupture or the fraction of the total number 

of bonds that would provide sufficieilt energy to surmount 

the energy barrier for rupture. The work of·Glasstone, 

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

may be taken· as. unity. 



It may also be shown (7) that the mean frequency of 

thermal oscillations at normal temperature is 

KT 6 x 1012 sec- 1 
h 

where h is Planck I s constant O • 

Thus the frequency of activation, v , per second is 

v = ~T exp (- :T ) 

10 

(4) 

Referring then to Figo 1 9 the frequency of activation 

for movement to the .right becomes 

V(R) 
KT [4 KT~JJ -h exp (5) 

and to the left 

KT f + ~~lJ 
V(L) = -· exp h KT . 

(6) 

The net f:irequency of displacements to the right is therefore 

or 

or 

V(R) - V(L) 

KT 
V(R) - V(L) = h 

_2KT 
Zl(R) - V(L) - h 

( j- ( E - ¥1 . r: l E + fl. }· l exp t"· KT j- exp t KT j 

(-E) exp KT sinh ( ~~T) (7) 

On the basis of Eqo 7, which represents the frequency 

of rupture of a single bond, Mitchell related the defor-

ma.tion rate under a tria.xia.l state of stress to·the 

frequency of bond ruptures per unit length a.long a cha.in 

of particles. 



Denoting 

-c;,11 u-1 = total and effective major prin.cipal stress, 

respectively; 

o-3 , o-3 - total an.d effective min.or principal stress, 

respectively; 

c = axial compressive strain; 
. 
E. = ·axial compressive strain rate; 

11 

x = comp on.en t, in. the axial direction, of displace-

men.t due to a single bond rupture,. (aver.a.g~. 

value); 

S = a structural factor equal to the number of 

interparticle con.tact~ per unit area of cross 

section.; an.d 

s = a structural factor equal to the number of 

interparticle contacts per unit length along 

a chain of particles in. the axial .direction; 

and assuming, on the average, that a displ.acement X occurs 

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

displacement per unit time per unit length or the rate of 

axial strain, 
.. 

becomes E, 
. 

s iL ( v'(R) v'(L)) E.== - (8) 

Substituting Eq. 7 in. Eq. s, 
' 'f 

. 2s :;t_ KT E .... exp h (- ~) sin.h (f~) 2KT (9) 

It appears reason.able to assume that the mean value of 

f is proportional to the deviator stress and inversely pro-



portional to then.umber of interparticle contacts per unit 

of area on which the deviator stress acts. 

Therefore, 

12 

01 - 0-3 
f,... con.st 8 (10) 

Since the maximum displacement occurs along a plane on 

which the·shearing stress·is almost.equal to·the maximum 
Cf 1 - 6"3 · 

shearing stress, which is 2 · , the constant in. Eq. 

10 may be taken as!. 

f = 
01 ~ 03 

2.S 

Eq. 10 thus b~comes 

(11) 

Let us assume that the lowest typical value of deviator 

stress which would cause a signif.icant .deformation may· be 

I 6 /. ' ' approximately .5 Kg .sq cm or about .5 x·10 dynes1sq .. em .. 

At a given void ratiol' 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 
13 13 approximates (8) between 4.5 x 10 and 55 x 10 •. 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 off. Under-stresses normally encountered it 

is unlikely that.such a material would have a void ratio 

much less than 2.0. At this void ratio one 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 ind,icat_es that there would be about 45 x 1013 



13 

clay particles per cubic centimeter. 

Assuming the ~articles to be uni£ormly distributed 

throughout·the volume, the number contacting any unit area 

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

per unit volume 11 or 5.9 x 109 . If each clay particle de-

velops four stress carrying contacts with ac:ijacent 

particles, then: the average number of in.terparticle con.­

tacts per unit area, S, becomes approximately 25 x 109 . 

Therefore f m.ay be calculated a.s follows: 

The surfaces of silicate minerals are composed of oxy-

gen. atoms, and the distance between successive equilibrium 

posi tion.s separated by an energy barrier, ).. , would be ap­
o 

proximately 2.8 A if it is assumed that a bond ruptures or 

slips following the displacement of one·oxygen. atom whose 
0 

diameter is 2.8 A. The distance between successive inter-

atomic valleys is also 2. 8 R . 
Values of Kand Tare 

-16 o K = 1.38 ~ 10 dyne-cm per K 

T = 300 °K (27°C) 

thus 

-5) 1 -8) (1 x 10 \2.8 x 10 = 
(2) (1.38 x 10-16) (300) 

3.36 

The value of {~T is probably a lowest possible value. 

Therefore, 



. h f l. . _ 1 [ ( f A... ) r-:U.. )\l ..__ 1 ( f iL ) 
sin 2KT - 2 Lxp 2KT - exp 2KT LJ - 2 exp 2KT 

Si~ce exp ( 2~}cann.ot exceed exp-3 •36 = 0.035_,, it may be 

neglected. Under practical condi tion.s :~ could be far 

greater than 3.36, but never less. Therefore, 

14 

• . . 1 KT (-E ) ( f ;{. ) E = sA'..h exp KT exp 2KT (12) 

If the mean interparticle contact normal force is P, 

.the dilatancy contribution is assumed to be proportional to 

P. Denoting 

E0 = Physico-chemical component of bond energy, 

D = Energy required for dilation expressed as dis-

tance displaced und~r the action of a unit 

interparticle normal force, 

the mean activation energy tha:.t is required to cause con-

tact.failure may be expressed as 

E ·== E +PD 
0 

For any plane through the soil the average inter-

particle contact normal force, P, is equal to the normal 
' 

(13) 

effective stress divided by the number of contacts per unit 

area. Unfortunately, however, the normal-stresses vary for 

planes of different orientation. It will be assumed.that 

the- average interparticle contact normal force is given by 

the mean effective stress, which is 

cf1 + 2 0-3 

3 

Thus P·becomes 

;~ 

for the triaxial condition. 



P·= 
0-1 + 2 cf-3 

3S 

Substituting Eq. 13 in Eq. 12 gives 

e _ , 1' KT E·· {Eo + p n)l - s~ li exp KT ]exp 

,,'' _,.. ... 

( ~:T} 
· If logarithms are taken of both sides of Eq. 15, 

ln~ = ln (sx .~T) -~ -~ + ~*T 
Solution of Eq. 16 for f gives 

f = 2fT ln 6 + 2fo - 2~T ln { 5X ~ )+ 2fD 
Substituting for f and P from Eqs. 11 and 14 yields 
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(14) 

(15) 

(16) 

(17) 

(18) 
= 4S!T ln € + 4SEo _ 4SKT. l ( X KT}+ _!_ ( '- - ) D 

01- Cf3 /'- -r A.. n s h 3;L OT -t, 2 era 
. . 

The following substitutions a.re used for simplification: 

B = ln ( S X {T) ::::::.constant 

§? = l 
The fin.al form for the shearing resistan.ce' then becomes 

(19) 
, 01 - 03 2 ( • ) 2 (- + 2 ) Z. = 2 = A. S E0 + KTlne - KTB + 0-1 3 . er 3 i 

Inspection of Eq. 19 indicates that the shearing re-

sistance consists of two major parts. The evaluation. of 

each item is given below. 

(1) 2 
;:L s {E + KT lnE - KT B) ·o 

For constant conditions of ;t, S, E0 , K, T, E and B, the 

above expression assumes a con.stan.t value and may be con-

side.red as analogous to the term c in.the Coulomb equation.. 
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Since the variation. in. cohesion appears to depend on. then.um-

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) { - the cohes~ve resistance is inversely propor­

tional to the distance between successive interparticle equi-

librium positions. 

Cb) S - the ma.in contributor appears to be· the-soil 

structure -as represented by the number of interpa.rticle con,-

tacts per unit cross-sectional a.reao 

(c) E0 - the cohesive resistance is proportional to the 

physico-che~ical forces • . 
(d) KTlnE - this term becomes negative-when the axial 

rate of strain is less than 1 cm per cm per second. As the 
.. 

strain. rate increases KTil.nE:; becomes- Less· neg~.tive, . leading 

to in.creased resistance. For a constant rate of strain, 

however, an increase in. temperature causes a. decrease in 

resista.n.ce·beca.use of the•generally negative-character of 

lnE.. 

(e) -KTB - this term represents a temperature depend­

· ent modification. or correction to terms (c) and (d). It 

is obvious that the cohesive resistance decreases as the 

temperature-rises. 

ff-1 + 2 cf 3 f 
3 

This term appears similar· to cr tan. q, in.. the Coulomb 

equation.. It represents the effective-stress dependent or 



17 

friction.al contribution to shearing resistan.ee. This·quan.­

ti ty is inversely proportional to ~ , the dista.nee between 

successive interpa.rticle equilibrium positions. The in.-

fluence on. the dila.ta.ncy component D, togetner with ;t_, 

would suggest some effects of structure on. the friction.al 

resistance. It should be noted that the friction.a.I resist-

an.ce is independent of the strain. rate (9) a.nd temperature, 

. except for possible tempera.ture·influen.ce·on.the friction 

coefficient ~·. 

If it.is assumed that.the shear stress is applied at 

constant.temperature, structure·a.nd strain rate, a.n.d since 
<f1 + 2 0-3 

the mean normal effective· stress, 3 is not 

appreciably different. from the effective·· stress on· the 

failure plane, Eq. 19 may be-rewritten as 

where 

Z= 0-1 - <r-3 
2 

=C+ a=, m t a.n. ' 4' 

C = ~ (E0 + KTln~ = KT B) 

B-1 + 2 Cf"3 
<rm 3 

tan <p = ~ 

Eq. 20 is practically the·sa.me as Eq. 1 

Z: = c + er t a.n. rp 

which.is the Coulomb equation. 

(20) 

(1) 

:In summary, it is reasoned 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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vating·forc~s depend on: 

(l)· S,. the soil structure as represented by the number 

of interparticle contacts· p~ unit c-ross-sectional area, 

(2) Eo,. the physico-chemical contribution. to bon.d energy,. 

or the true·cohesion expressed as an.energy, in dyne - cm, .. 
_. ··(~) E, the axial ,s·.train. f.a :te, i:n;:;:br f.ai :x:d: a.L:.ic;;:,o m:pr e:s·.,s;-;:.. 

ion, (4) D, the energy required. for dilation., expressed as 

distance displaced under the action of a unit.interparticle 

normal force,. (5) it , the dis ta.nee betw(;)en. su-ccessi ve in­

terparticle eq1,1ilibrium positions, (6) X ·, the axial com-

·ponent of di~placemen.t due to a single bond rupture, 
. ' 

(7):S,.n.umber of interparticle con.tacts·per unit length 

along a chain. of partkles in. the axial direction., (8} K, 

B.ol tzman constant,. (9) · T, temperature, and (10) h, Planck's-

constant. 

It is fufther reasoned that, for a given soil, all 

variables·with the exceptions of strain rate and tempera-

ture,. are influenced by the ·geometrical configuration·of 

the soil particles,. hence'tbe,soil structure·or fabric. 

The· orientation. of the· :individual particles (para.llel · or 

·random) and.the denseness of their·packing would, there-

fore, :exert decisive influences on. the shearing·resist-

a.nee of the soil. With tbe: present sta:.te 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-



ized in. Eq. 20 (the Coulomb equation)' can, however, be 

experimentally determined not.only at failure but a.lso a.t 

all desired ra.nges of stra.in.. A correlation.of the struc-
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. ture of the soil with a.cti va.ting · forces under applied loads 

based on Eq. 20 constitutes the main part of the research 

which.comprises this dissertation. The results are present­

ed in Chapters III an.d 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 Schnertmann and Osterberg (2). 

The CFS tests.may be accomp-lished using either one or 

two soil specimeni;. In either case,. by adjustment .. of the 

pore-pressure, a set of two stress-strain curves is obtained, 

one re?resenting 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 coristant throughout the test. 

In each of the tests conducted during, this s.tudy the spec­

imen was consolidated in a triaxial cell U'D-de·r ,a hyd,rosta-tic 

pressure of 5 Kg/s~.cm. prior to application,of ~~deviator 

stress. For the first 8 hr. period of the consol,idation a 

back pressure of o5 .. Kg/s.q. cm. was applied through. a burette· · 

connected to the specimen through porous s.toneis,. .at the top 

.and bottom to insure a high degree of .. s.atur,a.tion. {hopefully, 

100%) ..... Th.e .. b.a.ek pressure was . then remove.d, ,.a..nd . the,;;, hyd.ro- · 

s.t.atic pressure .. all.owed· to r.emain for the, .r.es,t. o.f .. the .peri.od. 

of consolidation. Approximately 24 hours were considered 

20 
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adequate•for 100% consolidation. 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 then 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 

tery rapidly. As the strain developed, the pore pressure 

was increased to maintain a major effective principal 

stress of 4 Kg/sq.cm. Guidance for the control of (TJ_:was 

provided by the equation 

a, = aid + cr'3 - u. 
-·where <1j represents the major effective principal stress, 

crci indicates the deviator stress, and (l""3 is the minor 

total.principal stress. The continuous adjustment of the 

pore pressure to maintain a constant value of ij, in 

accordance with the preceding equation assures that th~ 
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locus of all points of the deviator stress represents the 

O' l high curve. when the r::;- l . low curve was obtained in the 

single specimen test, the pore pressure was increased after 

the strain reached about 0.5%. The increase was that re­

quired to· reduce cr-1 . 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 st~ess coincides-with 

the ~l low curve. After sufficient points were obtained to 

establish a portion of the &1 low curve, the pore pressure 

was then decreased by 1 Kg/sq.cm. so that the devi~tor stress 

again would represen.t . the (T 1 high ·.curve. 

At each . stage of the test, after the· ,establishment. of 

pore pressure-equilibrium corresponding to either-the cf1 

high or low curve, the pore pressure·was continuously adjust­

ed to produce-a portion of one Of th~ two curves 0£ the pre­

assigned a=,1 values. Thus, by hopping back and forth' between 

the two-curves coinciding·with·the o-1 high and. low con­

ditions, it was possible to obtain.eriou,gh points on both 

curves to permit the relationship between~eviator stress 

and axial strain to b~ plotted for both conditions. When, 

the strain reached approximately 12%, the test was discon-

tinued and computations·were carried out to determine the 

values of the cohesion and the angle of internal friction 

at all desired ranges of strain. A description of the-pro-

cedural det~ils of the work, including preparation of 

specimens, description-of the-equipment, placement of 
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.... spec.i.men.s, .an.cL.the m.a thematical solu tJ..ons of thE? test results 

are given in the following sections. 

Prep.aration of Specimens 

The soil used 1n this research was Permian Red Clay, 

pulverized and screened through a #50 sieve. The grain size 

distribution iS shown in Fig~ 3. The liquid limit is 40.5 

and the plastic limit 15, giving a 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 established, the specimenswereprepared in such 

ways as.to produce various fashions·of particle-arrangements. 

In this manner it was possible to provide·specimens·having 

quite different initial orientations of the particles com­

prising the soil structure. 

In this resea~ch the specimens consisted of three major 

categories of soil particle -a.rrangement corresponding· to 

. three.different methods of sample prep~ration. The three 

methods used were-anisotropic consolidation, isotropic con-

. solidation, and kneading compaction. 

(1) Group I.- Specimens An.isotropically Consolid.ated 

A quantity of dry soil weighing 1400 grams was thor­

oughly mixed with 910 grams of distilled water. The slurry 

(water con.tent 65%) was poured into a Proctor mold (with 

.collar) having an in.side -diameter of 4n and a height of 7". 
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A vacuum of 12" mercury or .37 Kg/sq.cm. was applied to 

accelerate initial 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. Lo.ads ·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·! 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. 81611 in height. and L 375" in 

diameter were·prepared using a trimming·lathe. Four of these 

were cut parallel to the direction of drainage, and two of 

them perpendicular to this direction. Enough Proctor mold~ 

· were used so that at least .. three· nearly identical specimens 

were prepared, as identified in Table II.. All specimens were 

wrapped with aluminum foil and coated with micro-crystalline 
' 

·wax to prevent moisture loss during storage in·the humid 

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 con.solidated. The slurry 

was placed in a rubber membrane 0.0085" thick, ma.de of liq­

·uid latex. The membrane was manufactured using a glass 

bottle 3!99 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 a dra.ined 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 intro'duced inside-the triaxial 

cell, acting on the surface of the water which ll,early filled 

. the cell. The rubber membrane containing the specimen slurry 

was held upright by supporting rods. Pressures of· 4 Kg/sq. cm., 

5 Kg/sq.cm~ and 7 Kg/sq.cm. were variously applied in an 

effort to produce water contents of a.bout 20%, 15%, and 10% 

at the end of t'he consolidation period •. - However, under the 

highest-pressure· and longest-duration.of pressure· applica­

tion.the lowest water content obtained was 13.9%. Tne water 

content of each sample was roughly judged by the amount of 

. water colle_cted in a con.ta.in.er connected to•· the drainage 

.tube. The number of specimensand the methods of trimming 

were-. the same -as-· for the specimens an.isotropically con.sol­

idated, except that thespecimen.s·cut.perpendicular to the 
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direction of drainage were 2. 79" long .· instead of 2. 816''. 

Specimen iden.tif ication an.d storage were the same as for 

Group I except. that; the prefix · IS wa.s used instead of AN in. 

the specimen. number. 

(3) Group· III - Cqmpacted Speciltletis ::.: .·: .. 

The Harvard miniature-compaction. appa.ratus"was,employed 

to produce-.thespecimen.s·of Group III. The molding water 

contents used were'20%, 15%, a.n.d 10%. The compaction.mold 

was 2.816 11 in. height and 1.375" in. diameter.· Compaction was 

performed by placin.g·the soil in. three-layers, each of which 

. wa.s subjected to 2·5 blows·· of a. i" diameter plunger which was 

spring-loaded· to produce -a 20 pound load. The extruded 

specimens were-wrapped ~n.d stored in.the same way as were 

those of Otoups: I and II. The Group III specimens were iden-
,., ! 

tified by the Prefix HC, and the codes·for specimens cut 

parallel or· perpendicular· to· the direction of dr·aina.ge were 

omitted. 

Description of Equipment 

The equipmen.t ·used for· the cohesion-friction-strain 

. triaxia.l. tests·. consisted of two pa.rts, the un.con.fi.ned .com-

· press ion.•- test. ma.chine and the triaxia.l compression.. cell. A 

Karol-Warn.er Model KW550 unconfined compression.ma~hin.e, of 

500 poun.ds·capacity, .was-modified to accommodate a triaxial 

cell 4" in diameter and 8.2" .in height between the loading 
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table and _the proving ring. A separate- strain gage was used 

instead of the automatic recording device. The loading table 

was powered by a Karol-Warn.er Model DV2 electric v)iriable 

speed drive (1/6 hp A .. C. motor). Because o=e loss of power 

at low motor speeds, a gear·reductor with a ratio of 900:1 

was c.onnected between the motor an:d the main gear train of 
·i 

the unconfined compression machine. With_ this' a.rran.geme'ht 

a constant· rate -of strain. of -about .• 0061 mm per minute could 

be-maintained during the compression of the specimens. For 

this 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. due to deformation. of the proving ring as the specimen 

was compressed during loading. This belief was substantiated 

. by frequent spot checks for the rate of strain.throughout 

the co uipression. period. The rate of strain was found to be 

uniform at all ranges of strain when. the 900:1.ratio gear 

reductor was used. On the other hand, when. a gear reductor 

of 50:1 ratio was tried, the rate of·strain was found to vary 

slightly, being lower at small strains than at large strains. 

Two triaxJal cells were-employed in these tests, one 

being_ us·ed for the 24 hour consolidation. under hydrostatic 

pressure, while. the other was ·being ·used for.- the axial 

loading phase of the CFS test. A photograph of the combined 

apparatus is shown in Plate 3, and a schematic· diagram of 

the s~tup.is given in. Fig. 4. 



Placement of Specimens 

The specimen ready·to be tested was removed from the 

waxed aluminum foil. In order to facilitate drain.age, 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 we.re also placed 

longitudinally on the-surface of the specimen to expedite 

drainage. The cylinder was then·enclosed in. a rubber mem ... 

-brane approximately 0.006511 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 a;n.d pedestal of the tria.xial. cell, and secured with 

elastic·bands. The pore-pressure-was applied by admitting 

compressed air to a burette containing water. The water-in. 

theburette formed a con.tinuous·system with the pore water 

of the specimen., being linked by drain.age lines leading from 

porous stones in. the cap and pedestal a.t either end of the 

specimen.. 

Mathematical Solutions 

The two curves representing the-high and low values of 

(f1 were-drawn. by connecting·those-poin.ts on.the stress-

-strain plots which. corresponded to an·. equil.ibrh1m condition 

of the·pore·press~re. 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 cr1 high and low curves at any desired strain 

( er dl and C>d2 respectively), and the major effective prin­

cipal stresses at. higher and lower ranges ( a\ (H) and o 1 (L) 

respectively). 

The geometry of the Mohr circle at any strain is shown 

in Figo .. 2: 

c 

Fig. 2 - Geometry of Mohr Circle at Any Strain. 

Let crd2 

and Acri cr1 (H) - cr1 (L) 

then., from the geometry, the angle of in.ternal.frictio~ at 

any strain is 
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.s . -1 tt\Ocl 
= ,n ...L.( . ) -

2 <fd7.. - aJ, +~QI 

or 

-The cohesion cat any strain using the Oj high.curve 

can be calculated as follows: 

or 

K' 
(.;:;:.. (05 qi -

<rd, _ ( Oi (H) - ~ 1) s.-vi <t, 
'2. . 

If the angular·functions are derived fro:n Eq. 21 

·= Zt\cr,<Ja, -A<I;j -CQ, -co;-(H)i)O(;t-t(M,AO"d 

2 J ( Z Aa:=1 - .60-4 "') z. - ( .6cr~) 2. 

C. _ · .d6, <Teti - 0, (H) .0 (kf 

- z I A(J, { ~°' - A 0-&t ) 

(22) 



If the cr1 low curve is used, the expression for the 

cohesion at any strain becomes 
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c·= 
A Cil C-d2 - 0-1 (L) .L.l <:rd 

(23) 

2 j A cr-1 ( A <r l - A ,S- d) 

An illustration of the use of test data in computing c 

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 were performed 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 loading, and some for 

which the preliminary consolidation period was extended well 

into the range of secondary compression. As a check on 

results obtained using the curve hopping technique, other 

tests were made using two nearly identical specimens to pro-

vide the high and low curve data independently. 

The basic.data for all specimens, including-rate of 

strain used, number of drains, water content, dry density, 

void ratio and degree of saturation, are presented in Tables 

IV, V, and VI •. 



Computed values of c and ¢> at selected strains are 

given in·Tables VII, VIII and IX, along with summaries o:f 

certain other properties of the specimens. 
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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 specimen.a are presented 

in Figures 5 through 42. 

Calculations similar to those shown in. Table Ill were 

carried out for all specimens, and the values of cohesion and 

the angles-of internal friction plotted against the strain. 

These·results a.re·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 abscissa;L 

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.l - 2% 

strain, and that a decrease of cohe~ion 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 giveh 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.low 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 increases at high strain. At 

an intermediate strain of about 5%.the variations of· 

cohesion are negligible for all water contents ranging from 

about_l2%-to 22%. 
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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 inc 

and cf> over a range of water contents from 10% .· to 16%. 

Since anisotropically or isotropically consolidated 

saturated spec:i,.mens have dry de~si ties in.versely propor-
1,, 

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 anisotrQpically consolidated specimens which were 

oriented with their axes perpendicular to the direction of 

drainage produced higher cohesion and lower friction 

angles than those whose axes were oriented parallel to the 

direction of drainage. This effect was mpre pronounced at 

higher strains with specimens of b,igher water contents 

or lower dry den.si ties . The isotropically consolidated 

.specimens do not show such differences to any sign.ificant 

degree. 
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-Evaluation of Cohesive and Frictional Forces 

(1) Cohesive Forces. 

Since the electrostatic forces decrease with the square 

. of distance and the Van der Wa•ls forces with about the third 

power of the distance between particles, the bond energy 

whi6h is responsible for coh~sion is governed chiefly by the 

points·of nearest proximity of particles rather than by the 

average spacing. It sho1,1ld 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. 

Experiment;:1.l evidence 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. random 

orien.tation 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 anisotropically consoli­

dated specimens have more cohesion at the lower 

water·contents (higher densities), illustrating the -

effect.of denseness of packing. 

(3)· The anisotropica.lly consolidated specimens tested 

witb their axes perpendicular to the direction of 
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drainage {or direction.of applied load) during consol-

idation exhibited higher cohesion tha~ did those whose 

axes were oriented parallel to the direction of con-

solidation loading. This.is believed to reflect.the 

fact that some pa.ral,lelism 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 durin~ consolidation. 

Since tbe 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 conso,lidated specimens. 

The above factors a.re associated with depseness of 

packing, orientation of the paiticles, and the edge-to-

· planar surface attraction. It .. is reasonable to assume that 

.it would notta.ke much strain to activate the bond energy 

due to the edge-to~planar surface. attra~tion forces, and 
I 

that.the resulting cohesive resistance would be greater 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 con.tent. 

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 in.creased 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 an.isotropically consolidated specimens exists, 

such.that -the greater degree of orientation or more paral-

lelis~.is produced in anisotropica1ly consolidated specimens. 

It is postulated that, even at high wat~r contents, a ran­

dom orientation of the particles may persist when the 

specimen is subjected to the isotropical consolidation. 

Drainage of the water, of cours-e, would not appreciably 

affectthe degree of orientation, but wou,ld result.in a 

closer packing of the particles with a random orientation 

still maintained. This is probably the reason that .. the iso­

tropically consolidated specimen.s do not exhibit variations 

of cohesion and the friction angles with changes in the 

water contents as appreciably as do an.isotropically consol­

idated specimens. 

(2) Frictional Forces 

The frictional :forces are ;:i.ctiv'1ted by physical con­

tacts of grains and depend upon the effects o• dilatancy 

and the normal stress acting on the shearing planes. It 
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seems Tikely th.at such forces cannot be· ve-ry 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. in.creases in the number of physical 

contacts of the particles. These conditions can be achieved 

more favorably a.t low·water contents and at greater densi­

ties,. and this fa.ct has been demonstrated by the experimental 

data. When.ever the 1:;>ond 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 tha.t at low water contents and low 

strains the cohesion. is predominant. The particles are pre­

vented from moving int(') contact and, therefore, the friction­

al forces are small. An increase of water at this.low strain 

would cause a.reduct-ion of the bond energy, thus creating 

more favorable conditions for the particles to move under 

applied load. However; significant frictional resistance 

~ill 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 



39 

,where frictional resistance is substantial the effect of ad-

ditional water is to reduce the friction angle. · ~ince these 

higher water contents 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 stress, ud, is controlled by changes in the rate 

of strain ~, pore pressure u , permeability k, minor total 

principal stress <5:3, and major effective prin.cipa.l stress 

cr1 • This relation is expressed generally as 

crd = f(~, u, k, 0-3, (T'"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 

0 (25) 

Eq. 25 expresses the stress paths without th,e limit-

ation.s of maximum and minimum values of the preassigned 

I 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 t·he deviator stress with 

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

pressure and the major effective principal stress, .the 
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qua.nti ties, ~ , au:,, and a er, can. be related with some 

values P, Q,.. R, an.d S indicating functions of all variables 

of. , , · u. , 07 , and· Cf;f .. , A" consideration of all these 

1fa.lues would lead to: the fol·lowing quasi-linear partial 

differential equation.: 

( - ) So;( + Q ( - . ) d<la p e' u.., Oj' Od E- c' u.., d'j ' ·Cld' m 
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(24) · 

It should be noted. that any or all of P, Q, R, and S 

are functions·of the dependent variable OJ in addit;i.on to 

the independent variables e , Ll , and <f, • For this reason 

either an increase or decrease in. pore pressure must be 

· restricted to maintain a-; 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 magn.i tudes of the two values of Oj. , 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 the 

operation used for manipulation between the high and low 

values of 0, , the difference between the two preassigned 

-Oj values must be set at some fraction of o:; • 
In. this research ~ was 5 Kg/sq. cm~, 0:-(H) 4. Kg/sq·.·cin •. ,·. and 

aj{t..) 3 Kg/sq. cm. , providin.g 'the difference . .between 076.i),and Oi(L.) 

equal' to l .Kg/sq • .cril., which is 20% of . "3 . For ··satisfactory 
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results the por-e pressure changes must be restricted to a 

limited range, opera.ting along relatively small segments of 

the rebound and re compression br.an.ches. This precaution 

assures that the time dependent stress -paths wi).1-remain 

more closely linear, w_i th any gross change of structure 

reasonably minimized. 

With this requirement met, the additional experiments 

conducted to evaluate further the-validity of the curve-

hopping technique consisted of: 

(1) two specimen tests 

(2) tests with external longitudin.a). filter strips, but 

without! drainage threads 

.(~) tests without both filter strips-and drain.age 

threads 

(4) tests without application of pore-pressure 

(5) tests with con.solic;Jation. having been advanced well 

into the secondary stage •. 

Evaluations of these special tests are given in.the 

following sections: 

(1) Two specimen. tests 

The'two groups-of specimens-used for these tests are 
' ' 

AN-L-1-i 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"".' 
. I 

dicular to drain.age). Test result~ .are shown in FigU:res 

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. a.s compared with 

those obtained by one specimen. tests. However, in view of 

the magnitudes of deviations of .thes~ properties for any 

two supposedly identical specimens, it is considered that 

the results of the two specimen tests for.AN-L-1 have $Uf­

ficiently validated the results of one specimen·tests 

dealing with specimen.s·of similar low water contents (aboµt 

13%). 

In·the ca$e 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·con.ditions 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 preassigned value of the major 

·effective stress. This, of course, would imply that errors 

originating from quasi-linearity of the stress paths are much 

smaller than. in the ca.se · of the one specimen. tests. lf the 

pore pressures are con.tin.uom;ly adjusted to maintain a-1 

constant, all error due to quasi linearity would. d:i,.sappear. 

·(2) Tests with external longitudinal filte1; strips, but 

without drainage threads 

These test$ · were perf<;>rmed on specimens_, AN~L-2 (an.i­

sotropically consol.idated, low water, perpendictllar to 
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drainage), and IS-L-2 (isotropically 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 tbe 

denser, low water content (about 13%) specimens. However, 

the results obtained are not. at all dependable. Without 

the drainage wicks·the values ofcohesion are extremely 

·high and the fr:i,ction angles unreasonably low as compared 

with tests in. which wicks were used. Tl;lis, of course, in­

dicates that the pore pressure ·would never reach equi­

librium: (for the rate of strain employed) within soil 

specimens·of such low permeability as those tested. 

(3) Tests without 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 th,e Permian 

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 density 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 wa.s performed with the same axial 

rate of strain as in·the CFS tests, approximately .006 

mm/min. In. order to determine whether or not any appre­

ciable pore pressure would develop for such low rates o:f 

strain, specimen No. IS-M-2-3 (isotropically consolidated, 

medium water, perpendicular to drainage) was testedf The 

results a.re shown in Fig. 28. Attempts were ma.de to meas­

ure the pore pressure by observing the ri~e of water level 

in the capillary tube in.side the burette and equalizing 

the pressure below and above the water level. Such at­

tempts, even if unsuccessful, indicated that the magnitude 

of the pore pressure which develops under the stated rate 

of strain is negligible.when. drainage threads a.re 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 
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the· influence, if any, of· the· secondary consolidation. The 

result of this test is shown in Fig. 43. Slightly higher 

values of cohesion and lower values of friction were ob­

tain.ed at large strain. (a.bout the· same effects opserved 

in the tests without the drainage threads),rsuggesting 

that slight hardening due to further consolidation. simu­

lated the condition. of lower·permeability. Again, the 

effects are too small to be of practical importance, · in 

routine testing, though·, the differences do emphasize the 

necessity for consistent· procedures in research in.vesti-

. ga.tion.s. 
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CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

1. General 

Effects of water contents, dry density, void ratio, 

anisotropic consolidation, isotropic consolidation, 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·geo:111etrical con­

figurations of the soil particles. A summary pf knowledge 

as. evidenced both theoretically and experimentally· concern­

ing the cohesive and frictional resistance correlated to the 

various-environmental conditions·leads to a confirmation of 

the results of other investigators (2)(3)(4)(14), but also 

establishes new concepts previously tinknown to the writer~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 Fri<;!tion 

Angles 

· During;: shea:tiag · deformatioits::the. coqesiv~ · and..,:.'.fric­

. tion.a.l 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-~pproach based on the·rate process, 

which.leads to an equation analogous to the Couitomb 

equation. The equation contains the two components of 

shearing resistance, cohesion and friction, expressed 

in fundameD:tal 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 progressi~ely 

. with increasing ranges of strain. Other things being 

·equal, the degree of such. infe:r;-ference is proportional 

to the magnitude of the normal stress on the shearing 

plan~·and to dilatancy. Jlence, the greater the normal 

stress·an.d dilatancy,·the more vigorous the interfer­

ence of particles and consequently the greater the 

· frictional resistance. 

b. Specimens an.isotropically consolidated 

(1) Cohesion 

Ca) 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 magnitude of the consolidation 

pressure increases, producing a correspond­

ingly lower water content. 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 investi~ation. 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 direction. 

(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 the cohesive resistance under these 

conditions to bevery 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 predominates. 

On the other hand, because of the greater 

interparticle distances associated with higher 

water contents, the drag along shear surfaces 

would probably be less -efficient in reorienting __ 



the particles than would be the case for low 

water contents. The phenomenon. can also, 

perhaps, be e;xplain.ed by the difference in 

dilatancy in the two cases. 

(2) Friction. Angles 
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Tbe effects of dilatancy and the magnitude of 

the normal stress on the friction. angles (as e~­

pressed in. the second term of Eq. 19)·~ere experi­

mentally demonstrated. For higher strains and 

lower water contents the effects of both normal 

stress on the shearing planes and structural dila~ 

tan.cy are greater. 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 ~t low strains because, regardless 

of the magnitude-of the normal stress, these angles 

depend principally upon particle interference and 

the usual dilatancy which accompa.ny larger dis­

placements. The low.frictional resistance is also 

associated with the low normal stresses on the 

shearing plan.es 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. 



angle on dry density is essentially of the same 

character as their dependency on. water con.tent. 

c. Specimens Isotropica.lly Consolidated 

The basic difference in. the particle orientation 

between. the specimens an.isotropically consolidated and 

those isotropically consolidated is that a randQm 

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. wbich the cohesion. and. the 

angles of internal friction are shown. not to vary ap­

preciably with change of the water con.tent or dry 

den.si ty. B.ecause the cohesion. and friction angles 

·vary mainly with strain alorre·it.appeai:'s that such 

results must be attributed to negligible changes in. 

initial particle orientation over the·ran.ge of water 

contents investigated. 

d. Specimen.s·Compacted by Kneading Action 
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The behavior of the compacted specimens as compar­

ed with those an.isotropically 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 con.tents bear no 
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fixed relationship to the dry densities, the fa.ct that 

the highest values of the cohesion a.n.d frictio:n. angle do 

not neces$arily occur at the lowest wa.ter·con.tents or the 

greatest densities is of para.mount importance. The co­

hesion.is greatest for water contents appreciably below 

. the optimum. It . seems probable tha:.t . for· this "dry side" 

con.di tion a. random structure· combined with· a reason.ably 

high.density is produced, thus increasing the intrinsic 

forces or the physico-chemical forces to their maximum 

possible ma.gni tude. For re a.sons already mentioned, 

this trend becomes pronounced only after·the strain has 

exceeded about 1%. The frictional resistance at 1% 

strain. is greatest at a.bout the optimum water content 

(maximum dry density); but at larger strains, where the 

·friction.al forces have been more fully developed, the 

maximum values occur at lower water contents. 

Compacted specimens presumably have a.random ori­

entatioh of particles .at low water contents and a. 

relatively parallel orientation at.high water·contents. 

Thus the maximum shearing resistance 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 convincingly demon ... 

strated that the cohesive and frictional .resistance 

(shearing resistance) of the soil.depends greatly on 



the structure of the soil. · Structure, in turn, is 

closely associated with the terms in the expression 

analogous to the Coulomb equa.tion 
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Z' = ;_ S (Eo 1- "T In 6 - }(Tt3) + 2 Cd7~gdi) ~ (19) 

or (20) 

e. Coulomb Equation by Rate Processes 

The cohesive-resistan.ce·depends also on the strain 

rate and temperature. The grea.ter the rate of strain 

and the lower the temperature, the greater the cohesive 

resistance. 

The frictional resistance in.creases 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-

idi ty properly demonstrated by experimental evidence. 

2. Practical Applications in Engineering 

The primary importance of this research.is in it~ con-

tribution to an understanding of those theoretical aspects of 

soil behavior associated with the cohesive and frictional 

resistance and the geometrical configuration of the soil 

grains. Given.a type of soil under·various·environmental 

~ndi tions, the design of e-arth structures depends largely on 

the shear strength and the stress-deformation characteristics 



of the soil. In the convention.al practice of civil en.gin.­

eerin.g, the values of cohesion and the angles of internal 

friction used in design a.re based on the failure con.­

citions of laboratory test specimens. 
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Because of the fa.ct that the cohesion. and the angle o:( 

internal friction vary in.dependently according to the magni­

tude of strain, the values of these two strength components 

at.failure are n.ot necessarily their maximum values. A 

superposition. of the c a.n.d q, 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.matter, con­

sideration of which falls outside the scope of this study. 

It seems worthwhile, however, to con.sider 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 para.meters c and <p 

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 a.re 
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an.isotropically consolidated under vertical stresEieS which are 

greater than those acting·horizontally. However, the ratio 

of these stresses varies; un.der some-conditions the ratio may 

approach unity, correspon.ding·to the hydrostatic state of 

stress wbich.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 fesults of the laboratory 

experiments may be-applicable under various corresponding 

field conditions. With this fa.ct in mind, the design values 

of c 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 and q, with. strain 

may be appreciable, detailed agreement between laboratory 

and field should include type of soil, water content, dry 

density or void ratio, nature of consolida.tionrpressures, 

and mode of compaction., all of which influence the rela­

tionship of c and <f> with strain.. For field loading· condi­

tions (which usually involve· a substantial factor of sa.fety) 

it seems more reasonable to use the values of c and cp cor­

respon.d ing to strain conditions considerably less severe 

than. those-which produce 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 o:f the 
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term tan. cf> • 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. 

necommen.dations 

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 

advantag~ous to in.elude variations of the strain. rate and 

temperature in order to ascertain the effects.· of these var­

iables on the cohesive·resistan.ce. It is further recommended 

that the magnitudes 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 addi tiona.l 

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 I (~0%) Group II (!5%) . Group III (!0%) 

- 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 



60 

TABLE II 

SUMMARY OF SPECIMENS, ANISOTROPICALLY CONSOLIDATED 

Specimen. 
Identification 

AN-H-1-1 

ii . -2 
-3 II 

AN-M-1-1 

" -2 
Ii -3 

AN-L-1-1 

ii -2 
II -3 

AN-H-2-1 

-2 
Vi -3 

·AN-M-2-1 

II -2 
" -3 

· AN-L-2-1 

-2 
-3 

Descriotion. of Soecimen. 

Anisotropidally consolidated, high 
water conten.t,parallel to drainage, 

" 
" 

An.isotropically consolidated, med-
ium water content,parallel to drain.age, 

" 
" 

Anisotropically consolidated, low water 
contentJ parallel. to drainage. 

" 
" 

An.isotropically consolidated,high water 
con.tent., perpendicular to drain.age. 

" 
" 

An.isotropically consolidated, medlum 
water content., perpendicular· to drainage. 

" 
" 

An.isotropically consolidated, low water 
con.tent perpendicular to drainage, 

' YI 



TABLE III 

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

~ 
. 

\ 
1 2 3 4 5 6 7 8 9 

Od.1 2. 4J ·' 
2.09 2.27 2.35 2.37 2.41 2. 43 2. 4!2. 2. 40 

Cld2. 1.82 1.93 1.99 1.99 2.02 2.00 1.99 1.96 . L93 

AOd ,. 0.27 0.34 0 .37 , 0.38 0.41 o. 42 0.44 0.46 0.47 

2Ao; - L:l(JJ · 1.73 1.67 1.64 1.62 1.59 1.58 1.56 l.5A 1.53 

ACJ;J 
.. .156 .204 .219 .234 .258 .270 · ..• 282 .299 .307 

2Aar-AO:, 

. -I .ll(B 
'P = 51 ri 2Adj-A<Ja 9.96 11.50 12. 51 13.58 14· .• 50 15.68 16.39 17.40 17 .88 

,_ 

~Oj()d1 - ~(H) AOal 1.01 .• 91 .• 86 .85 .77 .725 .67 • 58 .52 

2 I Acr, (~~ - llaa) 1.719 L.690 1.61 1.60 1.56 1.52 1.48 H.47 1.'156 

&1o;~,-Oj(H)&,J .580 .537 .531 .• 530 .493 •. 476 .450 .395 .358 
', C = 2/A'crj(Aq;-Aaa 

I 

\ 

10 1.1 

2.38 2.35 

1.90 1.86 

0.48 0.49 

1.52 1.51 

.314 .322 

18.30 18.80 

• 46 .39 

l.442 1. 43 

3.18 .274 

12 

2.31 

1.80 

0.51 

1.49 

.342 

20.0 

.27 

1.4 

.193 

~ 
I-' 
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TABLE IV 

SPECIMEN DATA, ANISOTROPICALLY CONSOLIDATED 

' Cl.l 00 ,-... --j.J s:::; i::: iSQ. s:::; 
ell,-... •r-l •r-l ......... 0 
S-t i::: ell i::: ......... ·r-l 

•r-l S-t Cl.l +,) >, +,) -.. s:::; s "O s +) s:::; +,) ~~ •r-l '-.,, •r-l ,.d S-t Cl.l ·r-l ,-... 0 S-t ~ ell s ~ C) b.O Cl.l +,) 00 r:.. "O •r-l ::i 
S-t s 0 Cl.l ·r-l ,j-) s:::; ~ s:::; IZl ·!"'( +,) +,) 

+,) '-" Pt Cl.l ell O S-t Cl.l Cl.t O ell ~ 
' 00 :it: rt.2 ,.d a=: C) A "O'-' > S-t rt.2 

. 

1· • 006\1.2 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 .0061 3 2.81 16.5 125.7 .342 100 

AN-M-1 2 .00608 3 2.81 16.2 126.5 .337 100 
3 - - - - - - -
l .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 - - - - - - -
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 10'0 
AN-L-2 2 .00608 2 2.81 12.8 135.1 .• 250 100 

3 .00617 0 2.81 12.6 132.8 .275 100 
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·TABLE V 

SPECIMEN DATA, ISOTROPICALLY CONSOLIDATED 

Cl) fJl ,-.. ,-.. :>.. .µ i::: i::: ~ +> i::: 
t1$,,-... •.-! ·.-! '-" ·.-! 0 
~ i:i Cl:S s:i '-' fJl ·.-! 

·.-! ~ Cl) +> i::: ,-.. +> i::: s 'O s +> i::: Cl) f.1:.1 t1$ .,-1-....._ ·.-! ..c: ~ Cl) 'O 00 0 ~ 
t1$ s <:i-1 C..) bJJ Cl) +> Ill 'O •.-! ~ 
~ s 0 Cl)·.-! +> i:: :>..'-' •.-! .µ +> +>- p.. Cl) t1$ 0 ~ O t1$ t1$ 
rtl 11:: 00 ..c: a= C..) t:l >~ 00 

1 .00612 3 2.81 22.6 115.5 • 471 100 
2S-H-l 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 16.8 125.2 .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-L-2 2 .00603 2 2.79 14.4 129.1 .• 311 100 
3 .00609 0 2.79 14.5 129.5 .311 100 

I 
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TABLE VI 

SPECIMEN DATA, HARVARD MOLD-COMPACTED 

Cl) 
~ - - ;>. 

+> = ~· +> = cd- •M 'M - •M 0 
J..c S:: cd =- Ul ·M 

·M J..c Cl) +> =- +> = a 'O a +> i:: Cl) j;l:.i cd ........ 

'"' •M .d J..c Cl) 'Or/2 0 J..c !i) 

cu a ti-I t) b.O Cl) +> 11. 'O 'M ;j ~ 
J..c a 0 Cl) ·M +> i:: I>,'-" ·M +> +> 
-+,)'-". c:i. Cl) cd O J..c O cd ··~ 
rn lt: rn, ..c:: ii=: t) Q > J..c rn 

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 



AN-H-1 

--~-
AN-H-2 

AN-M-1 

AN-M-2 

AN-L-1 

AN-L-2 

TABLE VII 

SUMMARY OF C AND q:> AT SELECTED STRAINS, ANISOTROPICALLY 
CONSOLIDATED SPECIMENS 

w dry e 1% 
*C 

1 23.2 109.5 .550 .58 
2 23.5 104 .• 0 .625 ,59 
3c 22.9 . 105.8 • 605 . • 56 

' 
1 23.7 112.2 .510 .66 
2 22.6 113 .'O • 500 .67 
3 -- - - -
1 16.5 125.7 .342 .53 
2 16.2 126.5 .337 .54 
3 - = - -
1 16.5 125.5 .344 • 60 
2 16.1 125.2 .345 · • 61 
3 - - = -

~ 13. 6 135.8 .242 .85 
13.8 132.0 .282 .84 

1- 13.5 136.2 .242 

1 13.3 134.0 .260 .91 

~b 
12.8 135.1 .250 .95 

3 12.6 132~8 .275 • 92 

a - 2 specimen test 
b - no drainage threads 

, c · - 3 .... day precon$olidation 
* - in. units of ~g/sq.cm. 

<.p 
9.9 
9,8 
9.9· 

7.8 
7.p 
-

10. 5 
9.5 
-

7.2 
9.0 
-

4.5 
4.2 

5.5 
5.2 
4;. 9 

5% 10% Peftk. co es1on 
*C cp *C <P *c t!::-
.49 14. 5 .32 18.3 .58 1 
.46 15.2 .31 17.9 .59 1 
.47 14.9 .31 18.0 • {>9 1 

.62 1L2 • 53 14.0 .66 1 

.62 10.8 .52 13.9 
- - - - - -

• 40 15.5 .32 16.0 • 53 1 
• 48 15.2 .36 16.1 .54 1 
- - - - - -

:• 55 . 13. 5 .46 16.5 .60 1 
.55 . 13.0 • 41 15.5 .61 1 
- - - - - ·-

.55 17.0 .12 29.0 .85 1 

.62 15.9 .17 26.6 .84 1 

.66 15.3 .02 30.4. • 91 1 

. 62 19.1 0 31.2 . 95 l 
• 93 10.3 6.0 17.2 LOO 3 

'tFf~tion 
q, E-
- -
- = 

- -
- -
- -
- -

.16.5 8 
16.1 10 
- ·-
- -
- -
- -
- -
- -

- -
- -
- -

0) 
C.11 



IS-H-1 

IS-ff...;.2 

IS-M-1 

IS--M-2 

IS-L-1 

IS-L-2 

TABLE VIII 

SUMMARY OF C AND <p AT SELECTED STRAINS, ISOTROPICALLY 
CONSOLIDATED SPECIMENS 

w dry e 1% 5% 
*c C!p . *c (/:> 

1 22.6 115.5 . 471 .49 5.5 .. 57 11. 4 

~lj 
2Ll 116.1 .460 .51 6.0 .57 9.0 
21.3 116.4 • 458 • 51 6.2 .64 9.9 

1 21.4 115.2 . 471 • 48 5.5 .50 10.5 
2a 22.1 116.0 • 462 • 40 5.3 .55 11.2 3a 21.8 115.8 • 465 

1 16.8 125.2 .351 • 62 · 5.3 0 49 13.8 
2 16.7 123.2 .375 0 62 4.0 .55 12.5 
3 - - - - - - -
1 16.5 126.0 .-345 0 6.3 7.5 .53 13.6 
2 15.8 128.5 .32 .67 5.8 .60 12.8 
3C 16.3 127.5 .330 - - - -
1 14. 7 129.0 .312 .60 6.0 • 58 13.0 
2 14.2 130.2 .300 ; .65 6.2 .59 13.9 
3 - - - - - - -
1 13.9 128.5 •. 32 .67 . 5. 8 • 60 12.8 
2 14.4 129.1 .311 • 62 7.5 .59 13.0 
3b 14. 5. 129.5 .310 .84 3.0 .82 11. 7 . 

a - 2 specimen test 
b - no drainage threads 
bl- no drainage threads, no filter paper 
c - zero pore pressure 
* - in units of Kg/sq.cm. 

10% ~3Rk · .., .es1on 
*c <P *c €: 
. 45 1-4. 0 ~57 2 
.49 13.5 • 60 2 
.55 13.9 .55 5 

• 45 13.0 ~ 50 2 

.50 12.5 .55 5 

•· 43 15.2 • 62 1 
• 48 15.5 .62 1 
- - - -

.45 16.0 .64 L5 
• 50 15.0 .67 1 
- - - -

• 43 15.1 .69 2 
.. 45 17.8 .66 2 
- - - -

.50 15.0 .67 1 
• 40 18.0 .62 1 

.• 76 11.9 .85 2 

· iff~tion 

- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -

0) 
0) 



HC-H 

HC-M 

HC..;.L 

w 

1 19.4 
2 19.1 
3 20.2 

1 15.6 
2 15.4 
3 15.1 

1 10.2 
2 10.6 
3 10.0 

TABLE IX 

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

dry e 1% 5% 10% . ~-t~sion ·i¥l~tfori-
*c cp. *c q') *c ct> ; *c 41 

116.5 . 455 . 42 2.8 . 40 11.2 .22 16. !: . i46 2 - -
116.0 • 4,61 . 42 3.2 . 34 12.8 .26 15.1 .44 2 - -
115.8 .465 . 46 2.1, .. 39 11. 5 .25 15.2 . 46 1 ·- ·-. 

120.0 .415 .56 6.0 .56 13.1 .41 17 . .2 . 62 2 - -
121.1 .399 . 52 6.1 .61 11.0 . 40 14. 2 .65 3 - -
120.9 .401 . 61 6.1 .62 13.0 . .46 17.4 , ·,65 . 2. -- . --

"· 

114.1 . 480 .62 4.5 .52 11.0 . 42 18 .. 1 .62 1 - -
113. 5 .495 .56 3.5 . 48 12.1 . 42 .17.0 .58 2 - -
113.9 .490 .58 3.6 .60 12.0 .47 16.3 .62 2 - -

* - in units of Kg/sq.cm. 

0) 
~ 
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TABLE X 

COHESION- FRICTION-STRAIN TRIAXIAL TEST 

Sample & Test No. AN-H-1-1 Sheet No. 1 ~--~----------~ ~----------~ 
a 3 __ ...,5 _____ a 1 (H) 4 _ a 1 (L) _ .... 3 ____ Strain Rate _Q_J2Qfil2 mm/min 

Strain Load Deviator Strain Pore 
pressure Date Time dial dial stress 

(in) (in) (102 ) (~) 
cm. 

--4--1-2- 1504 Set up for cons lidation 
pressuJe of 5 .. Kg/~.cm 

. _ Back p e.ssu:re_o --0~-5-Kg/ q._._cm ___ ap.p ied, 
equal o 5 - o. • 4.5 K /sq.cm.. 

___ 2304 ... Back p moved 

4'.':...l;i l4J.JL __ ,Set up for CFS test 

Pore p 1 Kg/sq/cm 

.. I 4 0 0 
H .0012 . 45 
" .0042 1.15 
" .0063 1.80 
" .• OlOD. 2.7'1 --....------------· 

" .0117 3.18 
H --. 0.162-- - -3,90-·- -- ·-----.---·-~--

-·~·------~--

-. 019-9 3,90 
.0250_ .. 3. 96 

1 ~- • Q2JHt ... 4 .. 01 . . -· ····--······ 

" .0310 4.05 

4 ,0470 . 50 
n .0540 .503 
VI .0580 .510_ 

" • 0652 .513 ... 

applied 

0 
.20 
. 52 
.825 

:L.268 
·' 

1.455 
1. 78 

.l. 779 
1.80 

... L822 .. 
1.840 

2.252 
2 .262 
2.295 
2.320 

1.928 
1.944 
1. 95 

. 1. 992 
2.17 
2. 298 
2.375 
2.38 

I 
0 

.0428 

.150 

.225 

.357 

. 427 

.591 

! 
1.00 I 

. 711 

. 893 
1.02 

1.105 

1. 68 
1.93 
2.07 . 
2,26 

. 1.20 
1. 52 
1.825 
2.268 
2.455. 
2,78 
3.78 
3.779 
3.80 
3.822 
3.84 
2.84 
3.252-
3.262 

. 3, 295 
3.320 
4.32 

2.44 3.928 
2.59 3.944 
2.76 3.95 

.... -- _2.95 

I .. ~:~~ ;:~;2 
3. 43 . 3. 298 

. 3.86 _ 3.375 

I 
! 
I 

,, 
~ 
;; 

I 
4.10 3.38 l 

. 4.3.8 ---·· J 



TABLE X {Cont.) 

COHESION- FRICTION-STRAIN TRIAXIAL TEST 

Sample & Test No. ___;;1;,__ _______ Sheet No. ---=2:..· -----

69 

a 1 (H) _ __,4~- a 1 {L) _ _.3;,,___ Strain Rate n 006] 2 in:ai/min 

Strain Load Deviator: Strain 
Date Time a 1 dial dial stress 

1964 v,dsn,,.... (in) (in) (102) iY,../.,.,. ,._ (%) .. 

Pore 
pressure 

~ 0001 3 .1190.... 4.40 ....... 1.94 --4,25 .. . .3~94 .... 
3 .. 982 
4.020 

0018 II o 1235 4, 50 . - 1.982 .. -- ... 4, 41.. 
0105 . " o 1359.. .4o 57 , .. 2 .. 02. 4. 82 

1--- _ Qla9 -------·"--·---- _ _._1.4~~- ____ 4 ... SBJL. ___ .2...J)..2.. _____ ... 5 ... 15 .A. 020.. ....... . 
0756. - 4 . .2365 5 •. 85. ...2,. __ 469 ___ .. 8.45 

----- .. 081.4 ·-- ___ 11 --- .• 2..408 5.60 2.352 8.60 
3. 469 .. 
3.352 

I-----· 

0843 " .2475 5.70 2.39 8,85 . 3.390. 
.. 3 .... 3 .. 9 .. ___ 09g]. ----'~------ _ .25.61 5.72 .. 2, .. ~.9- _ 9,15 

0953 " .2636 5.75. 2,396 9.40 3.396 
0954 ··-- •-•-• ••••• n•••---··-•••• .... ····---····-- . ---·-- _____ ,, ---4.-3-96-----
1008 3 .2672 4.70 1. 96 9. 50 3.96 
1020 " .• 2700 4.68 1.95 9.63 3.95 
1052 II .2771 4.56 1.892 ... 9. 89 3. 892 
.1.118 II .283.5 4.60 1.902 ----··,-···'" .. 10.11 3. 902 
1235 II .3015 4.49 1.842 10. 78 3.8.42 ... 
1237 2.842 
,~n~ _4_ ______ 30 .. 8(L .... _____ 4_7_9 .l..,96,8 .... 11~00-- ....... 2 .•. ,9.68-
1319 VI ,3120 5,14 2.10 ll,ll4 .3, .. 10--

,____ 133.0 .. -------" ".f141.__ ____ __fj_4-3.Q_ ___ 2.1-65 .. 11.21 3 ... 165 
,_______ .. _l..3.5.3 .. ---- !..'..__ .--32-0-0 5, 50 2 . 20 1.1. 41 3 . 20 
,___ 1425 ..... 11 .. -- --- .•. 3.2.'12--- ----.5~-6..1--- -- --2--.282-- -11.-6$ - - 3-,-282 -

14.47.. ------'-~------ __ .3.32.2__ ____ -- 5.465______ 2 .. 30 -- ....... 11. 88 .3 • .30 
.. 150.1 _________ !!_ _____ ... ~3-3.5.9___ _ _____ .5_.70 ...... -- ...2......309 11. 99... 3 • .309 

1514 II ,3390 5,70 2,30 12,10 3,30 · 
1526 3 .3420 4.78 1,93 12.21 3.93. 

------- 1547 " .3445 4.68 1.89 1,2.30 -3,8-9-----
-- --- -- ~--··-

............... __ -·-····-·· 

"--·--- - ~--····-··--··- ·······-···· .. ·--· _ .. .,. .... 

t----~- .~ -.:...~ ~--······------- ·····- . 

------ _... - ......... ----1------· ---------

~---1---,-"T""-·-1---~-¥-• ----····-·····-

1------- .. --- . --1-------t------L-----.•'"•·--··-·••• '--•••••"·-•·-· •• ··-· •••,-•n •• •""" 

1---.- - 1-------- .. ········-··· -------------!-- ------· -,··-··-···· ..... ---- -·· __ __._ _____ ._ _____________ ---··----·----------·, . ---·-··· ··-- -------···---- ----·--·-·- --



1PLf.TE I 
Anisotr opic Consolidation Appara t us 
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PI,LTE II 
Isotropic Consolida t i on Appar~tus 



1 ,.,, 
tt, 

PLATE III 
Mocl ified CFS Test Equipment 
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Fig. 21 - STRESS-STRAIN, CFS TEST, IS-H-1-3, No Drainage Threads, 
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Fig. 56 - C AND ,:P VERSUS STRAIN - HC-M 
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Fig. 57 - C AND q:> VERSUS STRAIN - HC-L 
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