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ABSTRACT 38
A STUDY OF THE EFFECTS OF ENVIRONMENTAL CHANGES

ON THE STRESS-STRAIN PROPERTIES OF KAOLINITE

by
ANWAR E. Z. WI33A

Submitted to the Department of Civil and Sanitary Engineering
on May 20, 1961 in partial fulfillment of the requirements
for the degree of Master of Science.

The results of a series of triaxial compression tests on
an artificially sedimented Sodium Kaolinite have been pre-
sented and it has been shown that a comprehensive mechanistic
picture of the behavior of the clay can be obtained by consid-
ering structure to be a combination of fabric and interparticle
bonds. These bonds may include a brittle "cementing" effect
produced by aging after consolidation. The cementing effect is
apparently destroyed if the soil is consolidated further after
aging.

The triaxial compression tests also show that if the
environment is changed after consolidation, without an altera-
tion in the fabric (produced by the diffusion of NaCl into the
pore-water), then:

1) The environmental change has no effect on the undrained
strength of the soil at maximum deviator stress.

2) The change of environment does alter the undrained
strength at the maximum principal stress ratio. In
Kaolinite NaCl reduces the undrained strength.

3) At any one void ratio the effects of aging (cementation)
after consolidation do not show up in the shear strengths
at maximum deviator stress nor at maximum obliquity.

4) The drained friction angle at maximum deviator stress is
a property of the "structure" prior to shear and is not
affected by the environment during shear. The more the
cementing during aging the lower the friction angle will
be.

5) The drained angle of friction at maximum principal effec-
tive stress ratio is governed by the environment -during
shear and is not affected by the cementation that existed
prior to shear. In the case of Kaolinite, NaCl reduced
the drained friction angle at the maximum principal
stress ratio.

Finally it is shown that Sedimentation Tests and Atterberg
Limits (especially the liquid limit) are helpful in predicting
the effect of a change in environment on the strength param-
eters at maximum principal effective stress ratio.

Thesis Supervisor: T. William Lambe

Professor of Soil EngineeringTi"LtlIe :
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= Major principal effective stress

= Minor principal total stress

= Minor principal effective stress

= Deviator stress

= shear stress

= Average principal effective stress



NOMNCLATURE (Continued)

Principal effective stress ratio or
obliquity

consolidation pressure (p)
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I. INTRODUCTION

The work presented in this thesis is part of a pro-

gram initiated at the Massachusetts Institute of Technol-

ogy by Professor T. William Lambe to investigate the effect 4

environment on the shear strength of clays.

Three clays are being used in this investigation, a

montmorillonitic clay (Vicksburg Buckshot clay), an illitic

clay (Boston Blue clay), and a pure Kaolinite obtained from

the Georgia Kaolin Company.

Originally this thesis was to cover the effects of

salt flocculation (NaCl) and dispersion (NaOH) on the shear

strength of Kaolinite. However, only the effect of salt

has been completed to date due to experimental difficulties

which have been encountered in diffusing NaOH through the

consolidated samples. The author expects to have the ef-

fects of NaOH by the end of 1961.

In the last two decades a considerable amount of

research has been conducted on Kaolinite. Thiessen (24)

in 1942 showed by means of electron photomicrographs that

negatively charged gold colloid particles were absorbed

only along the edge of the kaolin plates. This.strong evi-

dence of positive charge edges did not influence the

* Numbers in ( ) refer to references listed at the end of
this thesis.



majority of soil researchers until Schofield and Samson

(21) published their paper in 1954. The existence of pos-

itive charge edges is now generally accepted. Martin (17),

substantiated by Cashen (7), has proved the negative charge

on the faces of Kaolin particles must be due to isomorphous

substitution since there still exists a cation. exchange

capacity at pH 3. To the author's knowledge no work has

been done to explain the positive charge on the edges, but

it is very likely a surface effect which is polarizable.

The crystal structure of Kaolinite, and of the other

common clay minerals, is well described by Grim (10) in

Clay Mineralogy, 1953.

Brindley (5), Grim (10), Kahn (12), and many others

have determined particle size and shape for the clay min-

erals and there is good agreement between the various in-

vestigators.

From a consideration of particle size, shape, sur-

face charge density, and the relative stacking of the par-

ticles it can be shown that Kaolinite behavior may be con-

siderably governed by its positively charged edges so that

any observed effects of environments on illite or mont-

morillonite will not necessarily be the same for Kaolinite.

For example, Bjerrum and Rosenqvist (3) have shown that

for an illitic clay, salt will increase the undrained

strength, and work presented here shows the reverse to be

true for Kaolinite.

40'



During the last ten years, Lambe (14)(15) has demon-

strated the importance of structure and mineralogical com-

posite in the behavior of inorganic soils. Lambets latest

paper (16), titled "A Mechanistic Picture of Shear Strength

in Clay," has been a considerable help in developing the

mechanistic model used in this thesis.

The main work presented is an attempt to show the

effect of salt and aging on the strength of Kaolinite hav-

ing initially the same structure" and orientation. Identi-

cal samples were triA4xially consolidated and the environ-

ment then changed by means of diffusion in order to mini-

mize any change in particle orientation prior to shearing.

Pore-pressure measurements were taken during shear so as

to obtain both the undrained and drained strength envel-

opes. The Hvorslev strength parameters (11) were also ob-

tained for the Kaolinite samples before any change of en-

vironment.

Sediment Densities, Atterberg Limits, and Shrinkage

Limits supplemented the main tests in the h-'e of better

explaining the triaxial test results.

* By structure is meant both orientation (fabric) and
linkage (bond) between particles.



II. PREPARATION OF THE CLAY SLURRY

The untreated material coad in thene test$ Is an

ultra fine, acid-washed, dry powdered, Kaolinite obtained

from the Georgia Kaolin Company with the trade name of

Hydrite-UF. The manufacturer's (8) particle size distri-

bution is given in Figure 1, and the untreated Kaolin has

a pH of 4.2 to 5.2 in a 20% aqueous slurry. The liquid

limit of the clay is 95%, plastic limit 39%, and plasticity

limet 57%. The specific gravity is 2.62.

The Kaolinite used for the triaxial tests was sodium

homoionized by mixing in a lN NaCl solution at a clay-fluid

ratio of 45. The salt was then extracted by successive

washing with demineralized water until the salt concentra-

tion was 0.005N and pH 6.7 ± 0.2. Experimental details

are given in Appendix A.

This method of treatment was considered sufficient

for homoionization even though most of the amorphous sur-

face alumina was not removed. It is possible to remove

this alumina by successive washing of the clay with a 1N

NaCl pH 3 as shown; by Figure 2. This was not done because

such a type of homoionized Kaolinite would, within a period

of weeks, produce fresh amorphous alumina.

The liquid limit of the salt-washed slurry was 105%
and plasticity index 58%. The Atterberg limits of the



treated clay did not change with time, nor, as will be seen

later, did the shear strength.

Figure 3 shows that the amount of alumina extracted

in three washings was greater for both the oven-dried and

wet treated soil than for the untreated soil. This does

not necessarily mean that the treated soil ended up with

more extractable alumina; it merely shows that the alumina

was more easily extractable. Further tests are at the

moment being carried out to determine the effect of aging

on the extractable alumina for both treated and untreated

Kaolinite.

The treated slurry at a water content of 550% was

then sedimented through 10 cm of 0.005N NaCl into the

large consolidometer described in Appendix B and slowly

consolidated to approximately 1.5 Kg/cm2 .

The consolidated soil was then extruded, cut into

blocks, and stored in a water-repellant oil until used.

This method of storage has proved satisfactory since no

detectable change in water content occurred during the

period of storage which, for some blocks of soil, was well

over a year.

Eighteen 1.4" diameter triaxial samples were ob-

tained from the batch consolidated in the large consoli-

dometer. The variation in water content, throughout the

batch, was small due to the low wall friction of the



consolidometer (the consolidometer has teflon-coated

walls).

A new method for producing single, 1.14" diameter,

saturated triaxial samples is described in Appendix B.

This method is being used to produce triaxial samples sedi-

mented in various environments. The method is advantageous

when only a few samples with a given pore fluid are needed.
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III. SEDIMENTATION -DENSITIES

3.1 Discussion of the Validity of Sedimentation Test
Results in Explaining Environmental Effects on the

Shear Strength of Consolidated Sedimented Clays

Bolger (4) has done some work on the rheology of

kaolin suspensions and explains his findings by means of a

model. The model he proposes is of use in trying to evalu-.

ate the engineering significance of final sediment densi-

ties obtained from sedimentation tests and, therefore, is

presented here.

The Bolger Model

The model is based on the premise that in a floccu-

lated clay suspension the basic "flow units " in sedimenta-

tion are not the primary particles but ar-e, rather small

clusters of particles-(plus enclosed water) which are

called floes (Figure 4b). In a dispersed suspension, how-

over, the primary particle is the. basic unit. In sedi-

ments, the shape of these flocs are most likely spherical

so as to resist surface forces during agitation. The in-

ternal orientation of primary particles within a floc will

depend on the forces between the individual particles. The

size of floc will depend not only on the interparticle

forces but also on the method and duration of agitation,

and on the clay-liquid ratio during mixing, i.e. the.size

of floe will increase as the clay concentration increases
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or as the shear due to mixing decreases. At low shear

rates the flocs tend to group into clusters of flocs called

aggregates. The aggregates may join together to form ex-

tended networks which extend to the walls of the container

during sedimentation and give the suspension its plastic

and structural properties (Figure 4a). Comparatively few

"floC-floc" bonds hold the aggregates together, and these

aggregates are weak compared to the flocs and may grow by

collisions or be broken down by surface shear during grav-

ity settling.

His model explains the different stages of sedimen-

tation, but only the final sediment density model shall be

explained here. This model consists of two layers (Fig-

ure 4c):

1) An upper layer of loosely packed floes (which is

of no interest in soil mechanics).

2) A lower layer of closely packed floes produced by

the weight of the overlaying, loosely packed flocs.

The density of this lower layer is uniform since

the individual flocs are fairly strong compared to

the weight of overburden.

In all practical soil engineering problems the weight of

overburden is much larger than in sedimentation tests.

This might suggest that sedimentation tests are not repre-

sentative of the actual particle orientation. Olsen (18)
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uses a similar floc model, utilizing the concept of clus-

ters to explain hydraulic flow through saturated clays at

consolidation pressures up to 1/2 T/ft2.

The author finds that Olsen's "cluster" and Bolger's

"floc" are the same except that consolidation causes a dis-

tortion of the "floe" accompanied by a small amount .of vol-

ume decrease. This distortion will cause some reorienta-

tion of the individual particles within the floc. Aniso-

tropic consolidation (which occurs in nature) will cause

more distortion, i.e. a higher degree of floc surface par-

allelism, than would isotropic consolidation. The sketch

in Figure 5c shows the author's idea of the effect of con-

solidation. The outer disturbed surfaces will cause a

continuous matrix, around the flocs, having a more oriented-

fabric.

In conclusion it may be said that final sediment

density is a useful means of qualitatively comparing the

effects of environment on the fabric of consolidated sedi-

mented clays (even though in 'the case of flocculated clays

there is some distortion during consolidation) provided

the following factors are considered and taken into ac-

count in such tests:

1) The fundamental unit controlling the final sediment

density is the floc which is produced during ini-

tial mixing.
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2) The individual floc density is determined by the

interparticle forces. The average floc size does

not only depend on the interparticle forces but

also on the method of mixing of the slurry and its

clay liquid ratio. Therefore in comparing results

the clay liquid ratio and method of mixing should

be kept constant.

3) The time of mixing should be sufficient to produce

a stable average floc size.

4) The geometry of the sedimentation containers

should be kept constant, i.e. both the initial

slurry height and the diameter of container should

not vary.

5) The final sediment height should be large so as to

minimize the effect of its loose upper layer in

computing average densities.

6) For laboratory comparisons relatively low clay-

liquid ratios should be ,used (2% by weight).
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3.2 Effect of Salinity on the Sediment Density of Kaolin

The results of Sedimentation Tests* show that

Kaolinite had the lowest final sediment density in salt-

free water and that the sediment density increased slightly

with increased salinity (Figure 6), i.e. a reduction in de-

gree of flocculation with increased salinity. The observed

effect was small but it is believed that if the clay in

these tests had been sodium homoionized, like the clay used

in making the triaxial test samples, the change in density

with salinity would have been more pronounced. The reasons

for this belief are twofold:

1) It was observed that in distilled water the Al-

Kaolinite had a lower sediment density than the

Na-Kaolinite, i.e. it was less flocculated. The

sediment density of Na-Kaolinite in water was

0.06 gm/cc compared to 0.10 gm/cc for the untreated

Al-Kaolinite. Even though the two test procedures

were by no means identical this large difference

cannot be due solely to differences in test pro-

cedure. The main reason is that Al-Kaolin has

Al ions adsorbed in the negatively charged parti-

cle t s face with a larger neutralizing effect than

Na in the Na-Kaolin.

* General procedure is given in Appendix D.



Green (9) shows that Ca-Kaolin has a lower

sediment density than Na-Kaolin which agrees with

2) The addition of NaCl to the Al-Kaolin would mainly

reduce the positive charge on the edges of the

particle by means of the Cl ion but have little

effect on the negative faces, since the adsorbed

Aluminum has already reduced the effective charge

spacing. In the case of Na-Kaolin, however, the

addition of NaCl will reduce both the negative and

positive charges on the clay particles, thus having

a larger effect than on Al-Kaolin. It should be

noted that the charge on the negative faces is due

to isomorphous substitution, but the positive

charge on the edges is due to dissociation and is

a surface effect that can be polarized.

The conclusions from these tests are:

1) Kaolinite is more flocculated in water than in

sodium chloride.

2) The degree of flocculation decreases with increas-

ing salinity.



SALINITY (NORMALITY OF NaW)

FIGURE 6 EFFECT OF NaCI ON THE FINAL SEDIMENT DENSITY OF UNTREATED
KAOLIN AT 20* C
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IV. THE ATTERBERG LIMITS

4.1 Prcedure

Plastic limits, liquid limits, and shrinkage limits

were run on the untreated Kaolinite remoulded in aqueous

solutions of NaCl and NaOH of various concentrations. The

procedure followed is described in Chapter 3 of "Soil Test-

ing for Engineers" (13).

In running the liquid limits, no drying of the soil

was allowed since this would have changed the salt concen-

tration. A fresh mixture of clay and solution was used for

each fluid content. The mixtures were equilibrated for four

days in sealed glass jars before running the liquid limits.

For the plastic limits, the soil was either dried

from the liquid limit or dry soil was mixed with the soil

at the liquid limit, until the plastic limit was reached.

It was found that the plastic limit was not sensitive to

changes in salt concentration which occur upon drying from

the liquid limit to the plastic limit provided the plastic

limit is defined as the percentage of pore fluid volume in

cc to the weight of dry soil in grams (i.e. "fluid content").

A method for correcting the water content obtained

from oven drying to the "fluid content" (with NaCl as the

pore fluid) is given in Appendix A. A similar method was

used for NaOH.



20

Shrinkage limits were run on soil pats made up at

the liquid limit and on the triaxial samples after testing.

All samples were allowed to dry very slowly to avoid eraak-

ing.

4.2 Liquid and Plastic Limits

The results are plotted on a Casagrande type Plas-

ticity Chart (Figure 7). There is considerable scatter in

the results on such a plot; however, only the l.ON and 0.5N

NaOH mixtures and the untreated Kaolin lay slightly above

the A-line in the region for clays of high plasticity. The

NaCl, treated clay, and low concentration NaOH samples were

close to the A-line in the region of inorganic silts of

high plasticity. The plastic limit for all the NaCl lay

between 37% and 41% while the liquid limits varied consid-

erably. The average liquid limit for l.ON NaCl was 72% and

87% for 0.005N NaCl. The limits of the treated clay showed

no variation with aging as is seen by the following table:

Elapsed Time
After Treatment Liquid Plastic Plasticity

(0.005N NaCl Limit Limit Index
pH 6.7)

2 Months 105% 47% 58%
10 Months 106% 50% 56%
16 Months 106% 49% 57%

The effect of NaOH on the liquid limit and the plas-

tic limit is shown in Figure D-1 of Appendix D.



It should be noted that the limits as presented here

have been corrected for the effects of the various pore

fluids and computed on the basis of the equivalent welgnte

of dry, salt-free soil. Graphs are given in Figure C-1

to simplify the calculations involved in correcting for

NaCl solutions.

4.3 Shrinkage Limits

The results of shrinkage limits are tabulated below,

after being corrected for the weight of salt in the dried

samples. No correction was made for the volume of salt be-

cause salt crystals could not be seen under a powerful

microscope and therefore were assumed to have a negligible

effect on the shrinkage of the soil.
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EFFECT OF ENVIRON4ENT ON THE SHRINKAGE LIMITS

0F TBE REMOULD= PA TS.

Environment

0.005N NaCl

1.ON NaCl

0.lN NaOH

1.ON NaOH

Shrinkage Limit

46 ± 0.5%

44 i10%
37 i 0.5%
36 ±,0.6%

SHRINKAGE LIMITS OF THE INDISTURBED TRIAXIAL SAMPLES

Shrinkage Limit
Environment

0.005N NaC1
no aging

0.005N NaCl
(water diffusion)

0.7N NaCl
(salt diffusion)

Sample Sample Sample
Top Middle Bottom

45.2 ± 0.2% 44.9 ± 0.1% 45.3 ± 0.1%

46.5 ± 0.5% 46.0 ± 0.5% 46.0 ± 0.2%

45± 1% 43 ± 1% 45 ± 1%

EFFECT OF CONSOLIDATION PRESSURE ON THE SHRINKAGE LIMITS

Shrinkage Limitr

0.005N NaCl 1.ON NaCl 0.005N NaCl 1.ON NaC1
Diffusion Diffusion

46 + 0.5% 44 + 1.0%

Triaxial Samrples 01
3.19 kg/cm 45-1 0 1%

Triaxial Samples 0.3%
a=6.35 kg/cn? 2.4.1 03

.C

45.8 + 0.5% 42.8+1.0%

46.5 + 0.5% 43.1+1.0%

* Average values for the whole triaxial sample.

Remoulded Pats
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4.4 Discussion of the Effects of Environment on the

Atterberg Limits of Kaolinite

A. Caagrande (6) has done a 0onalderable amount of

work on the use of the Atterberg limits and indices in the

investigations of plastic characteristics of any given

clay. Taylor (23) gives a very good physical picture of

the significance of the various limits and indices from

which the following conclusions have been drawn for any

given soil:

1) The higher the liquid limit the more flocculated

is the soil.

2) The more flocculated the structure the higher the

shrinkage limit.

Summarizing the results it can be concluded that:

1) The treated soil was the most flocculated and the

degree of flocculation did not change with aging

after homoionization.

2) The degree of flocculation decreased as the pore

fluid salinity increased.

3) The particle orientation in the triaxial samples

was not considerably altered during diffusion.

4) The plastic limit is not sensitive to variations

in the pore-fluid salinity and decreases only

under extreme dispersing conditions.
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5) The shrinkage limit is not sensitive to consolida-

tion pressure.

It is of interest to note that the shrinkage limit

of the ends of the triaxial samples was usually higher

than in the center. The reduction in shrinkage limit in

the center is very likely due to the reduction in degree

of flocculation in the failure zone which occurs at large

strains. Also, the final water-content was lower in the

center. The higher water-content at the ends is due to the

end restraints on the samples during consolidation in the

triaxial cells and the flow of water into the ends of the

samples from the porous stones while they are being dis-

mantled.
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V. TE TRIAXIAL COMPRESSION TESTS

.5.1 Piecdured

These tests may be divided into two groups:

1) Short-term tests which consisted of running tri-

axial tests on the soil immediately after triaxial

consolidation.

2) Long-term tests or diffusion tests in which the tri-

axially consolidated samples were submitted to dif-

fusion for periods of three months prior to shear-

ing.

The blocks of clay which had been stored in oil were

gently wiped and trimmed, in a humid room, to a 1.4" diam-

eter cylinder 3.15" long, with a thin wire saw as describod

by Lambe (13), page 115.

Three representative water contents were taken from

the trimmings. The samples were then weighed and their

circumferences measured with a thin strip of paper. The

average circumference of the samples was 4.42" with a max-

imum variation of +0.04"?. The maximum variation in weight

of the samples was ±0.8%. The initial void ratio varied

from 2.09 to 2.17.

The trimmed samples were then placed in triaxial

cells which had been completely deaired and whose drainage
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lines had been filled with deaired 0.005N NaC1 aqueous

solution. The samples were capped with two 150 KV porous

discs 1.4" diameter and 0.2" thick which were saturated

with the dilute salt solution by boiling under vacuum for

at least half an hour. Saturated discs of filter paper

were placed between the sample and stones to prevent the

erosion of clay into them. In all tests both top and bot-

tom stones were used, even though top drainage was allowed

only with the diffusion samples. This was done in order

to keep the friction on the ends of the samples the same

and to get good final water content comparisons, since the

fluid in the stones is sucked into the ends of the sample

while it is being dismantled at the end of the test.

Eight 1/4" thick saturated filter strips" were

equally spaced down the sides of the samples. The func-

tion of the filter strips was to accelerate consolidation,

diffusion, and pore-pressure response during shearing -

Bishop and Henkel (2).

Each sample was enclosed by rolling up, from the

base, two rubber prophylactics with a film of silicon

grease between them. The membranes were sealed to the

base and top cap by means of neoprene 0-rings. Rolling

the membranes up from the bottom minimized the amount of

air entrapped between the membranes and the sample.

Whatman's No. 54 filter paper was used which does not
soften in water.
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For short-term tests, no top drainage was allowed

and the top loading caps had 3/41' long collars which were

guided by the loading pistons to prevent the samples from

tilting during consolidation and shear. A stainless-steel

ball was placed between the top cap and loading piston to

assure good seating between them during shear. Weep-holes

were drilled through the collar walls of the top caps to

prevent the development of pressure in the collars while

the load piston was being inserted.

The top caps for the diffusion samples were also of

the guided type but had a 3 mm O.D., 1 mm I.D. flexible

polyethylene drainage tube connected through them to the

top porous stone. The seal between the drainage line and

top stone was a small 0-ring and plug as shown in Figure

C-l. The tube was spiralled down to the top drainage con-

nection in the base of the cell so as to minimize its force

on the cap during scompression of the sample. (The poly-

ethylene tubing was softened in boiling water, coiled, and

then allowed to cool in the desired shape.)

The cells were then closed and filled to 1/4" from

the top with freshly deaired water. The top 1/4" was

filled with a 'light oil so as to decrease leakage around

the loading piston during consolidation. For the long-term

tests, it was.felt that not sufficient oil could be safely

stored in the cells without running the risk of getting oil



on the membranes (which are quickly attacked by petroleum

oils). To overcome this, the cell pressures were applied

through a vent in the top of the cells in such a way that

any leakage of oil was automatically replaced by oil ex-

ternally stored under the cell pressure, in lucite con-

tainers (see Figure 8).

A coll pressure of 2.11 kg/cm2 was then applied to

all samples, and the samples were left to consolidate for

two days. The pressure was then raised to 3.17 kg/cm2 and

the samples allowed to consolidate again. The samples

which werc to be tested at 6.35 kg/cm2 were consolidated

to this pressure after primary consolidation at 3.17 kg/cm2

was complete. The overconsolidated samples were rebounded

from 6.35 kg/cm 2 to the desired overconsolidation ratio,

in several increments of decreasing pressure.

Burette readings of sample volume changes were taken

throughout the period of consolidation (and rebound, in the

- case of the overconsolidated samples). The above tech-

niques were common to both the short-term and diffusion

tests; however, thereafter the tests differed as follows:

a) The Short-Term Tests (Tests Nos. 5 to 10 in Table I)

The short-term samples were then ready for triaxial

testing. A well deaired mercury null indicator for

* The two types were used and are described in References
1 and 2.

29
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measuring pore pressures was connected under water to the

bottom drainage line of the cell to make sure no air got

trapped In the linies while the oonnection was being mgae

The pore.pressure response of the sample was then deter-

mined, i.e. the pore-pressure measured by the null indi-

cator five minutes after the cell pressure was raised by

0.7 kg/cm2 . If the system is saturated then the pore

measured should be equal to the increment of cell pressure,

and 100% response is obtained. In other words, the Skempton

B-Factor (22) was determined after 5 minutes for uao = 0.7

kg/cm2 . In most of these tests the B-Factor so determined

was about 0.90 which was not satisfactory so 2 kg/cm 2 back-

pressure was applied to the system in order to dissolve the

air entrapped in the system. This was done by increasing

simultaneously the cell pressure and the pore-pressure by

2 kg/cm2 . The samples were then allowed to equilibrate for

24 hours under these conditions, after which time the

B-Factor was found to range between 0.97 and 1.0. There-

fore, no further back-pressuring was required.

The cells were placed in load frames, and the sam-

ples submitted to triaxial compression with pore-pressure

measurements, as described in Bishop and Henkel, Part III

(2). The tests were strain controlled using a sensitive

proving ring (sensitivity 0.18 in./kg). The rate o feed

of the load frame was 1% strain in 4 hours which gave 10%
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strain in about 50 hours. It should be noted that a feed

of 1% in four hours is not the actual straining rate of the

sample since the proving ring is very flexible. The aciual

rate of strain was about seven hours for the first 1% and

gradually increased as the rate of the proving ring deflec-

tion decreased. If the deviatorAstarted to drop, the rate

of straining was more than 1% in four hours.

The method of loading, using a flexible proving ring

and a constant rate of feed, has considerable merit when

running tests with pore-pressure measurements. At the be-

ginning of a test, the pore-pressure is increasing rapidly

with strain, and, therefore, the slower the rate of strain

the more accurate are the pore-pressures which are measured

at the base of the sample. As the sample approaches fail-

ure, however, there is very little change in pore-pressure

with strain, and the increase in strain rate does not im-

pair the pore-pressure measurements.

Failure was defined as the condition when the prin-

cipal effective stress ratio had reached a constant value.

The samples were then unloaded and dismantled. They

were weighed, any failure planes noted, and all dimensions

measured. The samples were then sliced into six equal

discs, and their water contents determined. These water

content samples were allowed to dry gradually at room temp-

erature before finally drying in an oven at 110*0 to prevent



32

cracking. The samples were then used to obtain shrinkage

limits as described by Lambe (13), page 25.

Tih vhatosraph Xn Fteure 9b ShOWs one of these sam-

ples being tested triaxially with pore pressure measure-

ments.

b) The Long-Term Diffusion Tests (Tests Nos. 1 to 4 in
Table I)

After consolidation, the long-term test samples were

subjected to diffusion by means of a small seepage head of

two metres of water. This was done to keep a fresh solution

flowing through the stones and filter strips, thus acceler-

ating diffusion into the samples. Two samples were diffused

with 1N NaCl and two with 0.005N NaCl for a period of about

three months. The diffusion arrangement is shown in Figure

8. The deaired solution flowed in through the bottom

drainage line and out through the top drainage for the pur-

pose of getting rid of any entrapped air. Burettes were

arranged in such a manner so as to be able to measure the

flow in and out of the samples. In all samples, the flow

"lint" was about 10% greater than the flow "out". The reason

for this apparent discrepancy was that the flow "in" was

measured by means of a burette placed at the beginning of

the diffusion line, which was 4 metres of thin walled nylon
tubing, and sufficent flow was occurring through the walls

of these nylon tubes to account for the difference. About
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one and one-half void volumes flowed through the samples

during diffusion which is flow of a little under 1 cc per

After three months had elapsed, diffusion was

stopped and the samples were allowed to equilibrate for a

week with only the top drainage line open. The two water

diffusion samples (0.005N NaCl) were then tested in exactly

the same manner described for the short-term tests, except

that no back pressure was required since they were com-

pletely saturated.

The testing of the two salt samples was unavoidably

delayed for two months. Both drainage valves were there-

fore closed to stop any further secondary consolidation.

Before testing at the end of the two months, large excess

pore-pressures were found to exist in both samples. The

excess pore-pressures were allowed to dissipate before

testing, and a corresponding flow out of the samples of

0.6 cc was observed. The samples were then tested in the

same manner as the others except that the.null indicators

were filled with lN NaCl. It is not known whether the

excess pore-pressures were due to secondary consolidation

or diffusion of cell water through the membranes. Te.sts

are now being run to determine the reasons for this excess

pore-pressure by eliminating any possible flow through the

membranes using a mercury jacket which is described in



Appendix C. The photographs in Figure 10 show the mercury

jacket in use.

The final Salt tXonn tions of the 01td

samplos were determined from the oven-dried samples by

means of a conductivity bridge (R.C. type). The results

were erratic throughout the depth of the samples and were

very likely due to movement of salt during the period of

drying. However, the average salinity of the pore fluid

was 0.7N and varied between 0.6N and 0.8N throughout the

samples (see Appendix A).

Aluminum determinations were also run on the oven-

dried samples, and the results are shown by the shaded

area in Figure 3. A colorimetric method was used and is

described in Appondix A.

It is worth mentioning that in the case of the unsuc-

cessful NaOH samples, the flow of solution up the filter

strips stopped after about a week. This is very likely due

to the clogging up of the filter strips with dispersed clay.

The triaxial test results are given in Table I and

the stress-strain curves in Figures 11 through 14.
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FIGURE 9 a

PHOTOGRAPH OF THE TRIAXIAL
SAMPLES DURING DIFFUSION

FIGURE 9 b
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TEST WITH PORE PRESSURE
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FIGURE 10a

CLOSE UP VIEW OF MERCURY
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FIGURE 10b

DIFFUSION SAMPLES WITH
MERCURY JACKETS
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TABLE I - SUMMARY OF TRIAXIAL COMPRESSION TEST RESULTS

SaNple Description

1 Salt Diffusion

2 Salt Diffusion

3 Water Diffusion

4 Water Diffusion
5 No Diffusion

no aging

6 No Diffusion
no aging

7 No Diffusion
aged

8 No Diffusion
aged

9 No Diffusion
overconsolidated

10 No Diffusion
overconsolidated

Time Elapsed
After

Homoionization
Before
Shearing

Time Elapsed
After Triaxial
Consolidation

Before
Shearing

10 months 5 1/2 months(a)

10 months 5 1/2 months(a)
7 months

6 1/2 months

4. months

3 months

2 1/2 months

5 months

12 months

12 months

12 months

12 months

Initial
Void
Ratio

2.17
2.16

Maximum
Past

Pressure
kg/cm8

6.32

3.16
2.16 6.35

2.15 3.19

2.17 6.35

2.16 3.19

2.12 6.35

2.09 3.19

2.11 6.35

2.15 6.35

Consolidation
Pressure
Prior to
Shearing
kg/cm'

6.28

3.04

5.97
3.14
6.35

3.19

5.96

2.96

0.39

1.10

Final
Void
Ratio

ef

Initial
Modulus of
Elasticity

kg/cm

1.64 1500

1.84
1.60

1.80
1.62

1 .86

1.64

1.86

1.76

Conditions at Maximum Deviator Stress

Deviator
Strain Stress

% (0.-a)
kg/cma

0.39 3.49
550 0.40 1.75

1000 0.90 3.57
300(b) 0.95 2.05

1350 3.09 3.45

oo 3.05 1.79

750 6.oo 2.92

420 6.03 1.65

175 6.20 1.54

1.705 325 6.00 2.07

Excess
Pore-Pressure

Apa
kg/cm'

2.59

1.54

3.00
1.42

3.86

2.20

4.23

2.20

-0.10

0.20

Principal
Effective
Stress Ratio

1.95

2.16

2.12

2.19

2.35

2.80

2.68

3.17

4.21

3.30

Skempton
A-Factor

0.74
2.37

0.84
0.69

1.12

1.23

1.45

1.33

-0.06

0.10

Conditions at Maximum Principal Zffective Stress Ratio

Deviator
Strain Stress

% (a,-ga)

kg/cma

6.8 2.40

8.3 0.93

7.75 3.10
4.1(c) 1.74
8.3 3.38

7.6 1.68

9.4 2.84

7.2 1.58

10.0(d) 1.43

11.0(d) 1.86

Excess
Pore-Pressure

hp
kg/cm8

4.85
2.62

4.59
2.16

4.64

2.52

4.50

2.26

-0.18

0.17

Principal Skempton
Effective A-Factor
Stress Ratio

2.68

3.26
2.95
2.78
3.00

3.54

2.95

3.26

3.51

3.00

2.02

2.81

1.48
1.24

1.37

1.50

1.58

1.43

-0.13

0.92

N.B. All samples above are from the
homoionised January 1960.

same batch of soil

a) No volume change was allowed for 2 months before shear-
ing during which period pore-pressures developed in
samples and were allowed to dissipate immdiately prior
to shearing. Sample No. 1 ad 2.95 kg/cm excess pore-
pressure which required 0.45 cc volume decrease for
dissipation of pressure. Sample No. 2 had 1.85 kg/cma
requiring 0.60 cc of dissipation.

b) Unreliable due to seating effects (see stress-strain
curve).

c) This sample did not reach maximum (e/ is) and strain
is corrected for seating effect.

d) For overconsolidated samples (i/ F) has no signifi-
cance and the constant final obliquity conditions have
been given.
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5.2 Discussion of the Triaxial Compression Test Results

5.2.1 Limitations in the Use of Void Ratios in Explaining

Strength Data

The void ratio (e) is defined as the ratio of the

volume of voids (which is the volume of fluid only in the

case of saturated soils) to the volume of dry soil. It is

by no means a fundamental property of soils since the void

ratio depends on the environmental and stress histories of

the soil. Strength will be a unique function of void

ratio only if these conditions are identical.

According to a hypothesis put forward by Hvorslev

(11) the shearing strength T'f of a saturated clay may be

expressed as:

T ff c + tan

where c = true cohesion and is a function of water
e

content (or void raio) only.

a- the effective normal stress on the failure

plane at failure.

e the true angle on internal function.

It has also been shown by Hvorslev that the true cohesion

at any water content, w, is directly proportional to the

equivalent consolidation pressure, e , and in a triaxial

test it is taken as the all-round consolidation pressure

which produces this particular water content, w, in a nor-

mally consolidated sample.



RMwP

44

Figure 15 is a dimensionless plot to determine the

Hvorslev strength parameters. The equivalent consolidation

pressures a. used are those for the virgin compression

curve shown in Figure 16.

To obtain Hvorslevts "True" angle of internal fric-

tion and "True" cohesion from such a plot, it is necessary

to convert the angle and intercept obtained from this plot

by using the following equations given by Bishop and

Henkel (2):

sin
tan 6 sin 1- s in 0,,

and
c cos 0

a e e e
e T(l - sin 0 )

where tan 6

a

and

c
e

= the slope of the line in Figure 15.

= the intercept of the line in Figure 15.

= Hvorslev true angle of internal friction.

= Hvorslev true cohesion and is a function

of void ratio only.

= equivalent consolidation pressure.

Substituting in the above equations, the Hvorslev

shear strength parameters for the plain samples are:

C
= 0.035 and 0 = 22.60

No values have been obtained for the diffusion sam-

ples since insufficient tests were run.
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Figure 16 gives the e-log p curves for all the sam-

plez tested. The virgin curve for the plain samples was

obtained from the burette reading at the end of primary

consolidation. The points shown in this figure represent

conditions at failure. This accounts for the scatter from

the virgin compression line.

The diffusion sample's e-log p lines were drawn

parallel to the virgin compression line. It is worth

noticing that the salt samples had less secondary consoli.-

dation than the water diffusion samples, but not sufficient

tests were run to draw definite conclusions.

Figure 17 gives a plot of void ratio versus maximum

shear stress and shear stress at maximum principal effec-

tive stress ratio for all the samples triaxially tested.

These differ slightly in their stress history as follows:

1) Little or no secondary consolidation occurred with

the plain water samples prior to shearing.

2) Secondary consolidation occurred for two months in

-the aged water samples during diffusion.

3) For the salt. samples, no drainage was permitted

for two months after diffusion during which time

large positive pore.-pressures developed in the

samples. These pore-pressures were dissipated

prior to shearing.
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Due to the limited number of tests the best strength

lines have been drawn parallel to the virgin compression

e-1og p line as suggested by Rutilege (20) and therefore do

not pass through all points.

There seems to be a unique relationship between void

ratio and maximum shear stress for all the normally con-

solidated samples. The scatter in data can easily be due

to slight variations in stress history.

On the other hand at maximum effective stress ratio

for any given void ratio, the plain water sample is strong-

est, followed by the aged water. The weakest is the salt

diffused sample.

5.2.2 The Undrained Shear Strength

If the undrained shear strength is defined as the

shear stress at maximum deviator stress (Figure 18) as is

usually the case, then all samples have the same strength:

Su = 0.12 kg/cm2 + Uc tan 14.5*

where Su is the undrained shear strength on the failure

plane in kg/cm2

= the consolidation pressure in kg/cm
2

The intercept of 0.12 kg/cma is believed to be

solely due to the restraints imposed by the rubber mem-

branes and filter strips on the samples. If this is the

case, then
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J"

S = ec tan 14.50

Note all strength plots are for maximum shear stress,

2( - Cr), and the shear stress on the failure plane is

obtained by the simple relation:

tan 6 = sin

where tan 9 = the slope of the line given in these plots.

= the friction angle for shear on the failure

plane.

If the undrained shear strength is defined by maxi-

.mum obliquity (Figure 19), then the salt diffusion samples

are considerably weaker.

For the plain and diffusion water samples:

Su = 0.15 kg/cm2 + a. tan 14*

For the salt -diffusion samples:

SU = 0.15 kg/cm 2 + ac tan 100

Again, if the intercept is due to membrane and filter

strips (note it is slightly higher here than at maximum

deviator stress since larger deformations have occurred),

then for all the water samples:

S = tan 140

and for all salt diffusion samples:

S = a tan 10*



The undrained shear strength at maximum obliquity is

of no practical importance but shows that salt reduces the

undrained strength only after considerable shearing has

occurred.
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5.2.3 The Triaxial Stress-Strain Characteristics

A Mechanistic Picture to Explain the Triaxial Test

In Fundamentals of Soil Mechanics (pages 342-343)

Taylor (23) states that due -to the nonuniform stress and

strain conditions in triaxial tests progressive failure

occurs. "Therefore bulging occurs at the center of the

sample and this in itself proves that conditions are not

uniform." In fact, these nonuniform stress and-strain

conditions also exist in most cases of consolidation and

shear, taking place in the field as well as in the labora-

tory.

The stress-strain characteristics of fine-grained

soils'cad be explained with the use of a simple mechanis-

tic picture in which progressive action is considered as a

continual "breaking" and "making" of interparticle con-

tracts (bonds).

The net effect of the breaking and making of bonds

will determine the amount of load carried by the soil

structure. (Structure refers toi the interparticle bond

strength as well as the relative particle orientation or

fabric.)

In a triaxial test, the portion of the total load

carried by the structure will show up as the deviator

stress, while the pore-pressure is a measure of the pore

fluid contribution to the total load.



It is important to note that the strength of the

bonds which are broken and made during shear depends on the

ambient environmental conditions, but the original bonds

existing prior to shear exhibit characteristics dictated

by the environment during consolidation and by the stress

history of the soil. These original bonds usually include

a "cementing" component of strength which has been produced

by aging. This "cementing" effect gives the soil its

brittle structure and is very sensitive to disturbance of

the soil fabric. For example, a soil consolidated aniso-

tropically will lose its initial brittle structure if re-

consolidated isotropically, but the "cementing" will re-

build with time.

The bond strength may, therefore, be divided into

two separate components: 1) Fabric which is controlled

solely by interparticle electrical forces, 2) A cementing

component which has a complex reversible nature.

5.2.4 Pore-Pressures During Shear

In 1954 Skempton (22) proposed the following equa-

tion for the pore-pressure change during undrained shear:

Au = B(AaO + A(Aal - Aa3)]

This expression can be seen to be a function of changes in

principal major and minor total stresses and where A and B

are pore-pressure coefficients.



He showed that the coefficient B is very close to 1

for saturated soil and for all practical purposes, may be

taken as unity.

In all the triaxial tests presented here, B was

essentially l.0(B = prior to shearing and therefore is

the pore-pressure response which was never less than 0.97

as previously mentioned).

The triaxial tests were run at constant cell pres-

sure; therefore, aa = 0, and the Skempton equation becomes:

Au = A(Aa 1 - Aca)

or the A-Factor equals the change in pore-pressure divided

by the corresponding change in deviator stress. Thus, the

A-Factor is a measure of the amount of deviator stress

carried as excess pore-pressure and is a measure of struc-

tural collapse.

The excess pore-pressure (Au) and A-Factor as a

function of strain are plotted in Figures 11 through 1 4.
The effect of environment can be clearly seen in Figures

20 and 21.

The excess pore-pressures at failure ( 3  max.)

for any one consolidation pressure are not very different -

the salt diffusion samples having the highest. There seems

to be very little difference between the water samples,

with the water diffusion samples possibly being slightly

higher.

Mm



The A-Factors, on the other hand, which are also a

function of deviator stress, ranged between 2.4 and 3.0

for the salt samples and was 1.5 ror the plane and water

diffusion samoles.

Summing up, this means that there is a greater struc-

tural collapse during shear in the case of the salt diffu-

sion samples than for the water samples in which aging has

a negligible effect.

5.2.5 Initial Modulus of Elasticity (E)

The initial modulus of elasticity is defined here as

the initial slope of the stress-strain curves. If all sam-

ples had initially the same structure and fabric, then

their initial moduli of elasticity should have been the

same. (By fabric is meant the relative orientation of the

particles, while structure includes the linkage between

particles.)

Samples having the same fabric would not have the

same modulus of elasticity if the bond between particles,

i.e. structure, is different. The bond strength increases

with consolidation pressure and with degree of "cementing"

due to aging. Disturbances such as reconsolidation (espe-

cially from an anisotropic state to an isotropic state)

will cause considerable breakdown of the cementation which

had developed during aging (the cementing will rebuild

with time).

_- _Liw __ , , , - __- -14-ft



Peck and Uyanik (19) show how sensitive the modulus

of elasticity is to disturbance and give this as the rea-

son Tor the poor prediction of initial Settlemonts in

structures in which the modulus of elasticity obtained

from laboratory samples is used in the computations.

The values of E for the triaxial tests are given in

Table I.

For the higher consolidation pressure, E varied be-

tween 1500 kg/cm 2 and 750 kg/cm2 . For the lower consoli-

dation pressure, it varied'between 550 kg/cm 2 and 400
kg/cm2 . In the overconsolidation sample, E decreased as

the overconsolidation ratio increased.

No conclusion can be drawn from the initial moduli

of elasticity, since slight disturbances due to seating

and reconsolidation caused variations of as much as a fac-

tor of 2 in the values of E. The modulus of elasticity

did, however, increase with consolidation pressure for all

normally consolidated samples and decreased as the over-

consolidation ratio increased.
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5.2.6 The Deviator Stress

During the early stages of straining in a triaxial

compression test, the deviator stress increases very rap-

idly since hardly any progressive action is taking place at

these low strains. The original clay structure is carrying

the deviator load with little Treaking" and "making" of

bonds. As the strain increases more progressive action

takes place accompanied by more and more "breaking" and

f"making" of bonds, until a time is reached when no original

bonds remain. Only the new bonds which have developed will

carry the deviator load. The strength of the newly formed

bonds are governed by the environment existing during

shear.

The deviat.or stress and excess pore-pressure will

reach a relatively constant value when the rate of "break-

ing" of these newly formed bonds is equal to the rate of

"mraking." On further straining there may be a reorientation

of particles in the shear zone which would account for a

further lowering of the deviator stress. This will occur-

only at large strains. Figure 22, which was obtained by

Quigley (25), shows this effect, by means of X-Ray diffrac-

tion, on one of the overconsolidated samples which had a

clearly visible failure plane and had been strained to 10%

with the deviator stress flattening off at about 6% strain.

The zone of shear was about 3 mm thick; however, the visi-

bly apparent thickness was 2 mm. There was considerable.
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particle orientation produced in the shear zone as shown

by a large increase in intensity of the (001), 7 .2A

Kaolinlte, peak. There was also some increase in inten-

sity of the (hko), 4.35A peak, but this is very likely

due to an increase in Kaolinite density within the failure

zone during drying, since the X-Rays were run on the oven-

dried sample.

In the case of the normally consolidated plain

water samples, the initial bonds which existed prior to

shear are similar to the final bonds which have been pro-

duced during shearing. The deviator stress reaches a con-

stant value as soon as the rate of "making" and "breaking"

of bonds has reached a constant value.

The initial bonds in the water diffusion samples

include the "cementing" action due to aging which is de-

stroyed once the bond is broken. The new bonds which are

formed are weaker than the original bonds and are the same

as the ones for the plain water samples. This explains

the peak in the deviator stress curve which occurs at a

low strain (1.0%) after which time there is not a suffi-

cient number of old bonds to carry the load, and load falls

off until it is completely carried by the newly formed

bonds which are the same as those that exist in the plain

water samples. The deviator stress, therefore, reaches

the same value as for the plan water samples as can be seen

in Figures 20 and 21.



The process is similar in the salt diffusion samples

to that in the water diffusion samples, but superimposed

on the effect of initially cemented bonds is the errect or

the NaCl on the bonds being formed during shear. This

tends to further reduce the bond strength, and when all

the original bonds have been broken in the failure zone,

the new bonds, which are making and breaking, are consid-

erably weaker than those produced in the water samples.

This is confirmed by the deviator stress reaching a lower

constant value for the salt diffusion sample than for the

wacr samples (Figures 20 and 21). The reduction in bond

strength, with NaCl as the environment, is confirmed by

the results of both sedimentation tests and Atterberg

limits.

5.2.7 The Effective Stress Envelopes

The effective stress envelopes at maximum deviator

stress are shown in Figure 23. This plot shows mainly the

effect of cementation due to aging on the soil structure

at maximum deviator stress (i.e. where the initial struc-

ture is still predominant). The plain water samples have

the highest friction angle (7 = 24.5*) since most of the

friction has been mobilized by the time the maximum devi-

ator stress has occurred (C = 6%). On the other hand, in

the diffusion samples, the cemented bonds are still pre-

dominant and therefore less friction has been mobilized.
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The friction angles for the water diffusion and salt dif-

fusion samples are 19.5 and 16.5*, respectively. The

lower friction angle for the salt diffusion samples is be-

lieved to be due to a larger cementing action that oc-

curred, because they were aged for a longer period of time.

It can be seen from Figure 24 that any cementation

which occurred prior to triaxial consolidation is com-

pletely destroyed after this consolidation, since Samples

Nos. 5 and 6 were isotropically consolidated and tested 5

months after homoionization and Samples Nos. 7 and 8 after

12 months.

Figure 25 shows that the effect of initial cementa-

tion is completely destroyed by the time the water diffu-

sion samples have reached their maximum principal effective

stress ratio. At this stage they share the same effective

stress envelope as the plain water samples which have not

been aged (' = 274).

Figure 26 demonstrates the effect of salt in reduc-

ing the shear.strength of Kaolinite at the maximum princi-

pal effective stress ratio. 'In the salt samples, the new

bonds are governed by the existing environment of NaCl.

This environment weakens the bond strength as is- shown by

the result of the Atterberg limits and sediment densities.

The friction angle 7 is 24* compared to = 27* for the

water environment.

Finally the drained envelope of the overconsoli-

d a4ted samples is shown in Figure 27.
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5.2.8 Summary of Strength Parameters for Normally

Consolidated Samples

Assuming the cohesion intercepts are aue to Mem-

brane and filter strip restrains, then in all cases:

c 0 and c= 0u

a) Undrained shear parameters:

At maximum deviator stress

For all samples S = c tan 140

At maximum principal effective stress ratio

For all water samples S c tan 14*
U c

For salt diffusion samples S = a- tan 100u c

b) Drained shear strength parameters:

At maximum deviator stress

For plain water samples Tf = f tan 24.50

For aged water samples T tan 19.50

For salt diffusion samples Tf = tan 16.5*

At maximum principal effective 'stress ratio

For all water samples T a tan 270

For salt diffusion samples T = Fff tan 24 0
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VI. SUMMARY AND CONCLUSIONS

6.1 Agls-rtor to Isotropic Consolidation in the
Triaxial Cell

6.1.1 Samples which had been stored for different periods

of time prior to isotropic consolidation in the triaxial

cell had the same stress-strain characteristics and shared

the same strength envelope (Figure 24).

6.1.2 This shows that any differences in structural brit-

tleness ("cementing") which may have odcurred during aging

are completely destroyed by further consolidation. There-

fore, the "cementing" effect which is produced by aging

must be very sensitive to the small changes in the soil

fabric caused by consolidation.

6.2 Aging After Triaxial Isotropic Consolidation

6.2.1 The effect of aging after isotropic consolidation

in the triaxial cell was to produce a stronger and more

brittle initial structure, as can be seen from Figures

20 and 21. The maximum deviator stresses were higher

than for the corresponding samples which were not aged

(Article 6.1.1) and occurred at much lower strains. How-

ever, for the same void ratio all samples had the same

strength at maximum deviator stress. The aged samples

did share the same drained strength envelope as the

* As obtained from undrained compression tests with pore-
pressure measurements.
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plain water samples at maximum obliquity (Figure 25) but

had a lower drained friction angle at maximum deviator

stress (Figure 23). The undrained strength envelope* at

maximum deviator stress and maximum obliquity was unique

for both the aged and plain water samples (Figures 18 and

19).

6.2.2 From the above the following deductions may be

drawn:

1.' The lower drained friction at maximum deviator

stress for the aged samples suggests a more rigid structure

since there is more strength per bond.

2. The primary particle has not changed due to

aging since at maximum obliquity the aged samples have the

samedrained and undrained envelopes as the plain water

samples.

3. The more rigid structure produced by aging must,

therefore, be due to a "cementing" effect. which is very

likely physical in nature .

4. The ncementingf effect must be very brittle and

easily destroyed by small changes in fabric since it shows

up only at low strains (at the maximum deviator stress) and

is completely'destroyed at large strains which accompany

conditions of maximum obliquity.

* The undrained strength envelope is from plots of Su
versusa



5. Article 6.1.1 supports this hypothesis on the

nature of the "cementingt effect since fabric disturbance

must occur during consolidation as well as shear.

6.3 Increase of Pore-Fluid Salinity After Triaxial

Consolidation

6.3.1 The stress-strain characteristics of the salt dif-

fusion samples showed a more brittle and less stable struc-

ture than the aged water samples. The deviator stress at

maximum principal effective stress ratio was lower than for

the corresponding aged water sample. At maximum deviator

stress the salt samples shared the same undrained strength

envelope as all the water samples (Figure 18) but they had

a lower drained friction angle (Figure 23). The Skempton

A-Factor was much higher for the salt samples at failure

(ad amax). The drained and undrained angles of friction

at maximum principal effective stress ratio were lower for

the salt samples than for all the water samples (which had

the same angles of friction).

The sedimentation tests and Atterberg limits showed

that salt in the pore-fluid decreased.the electrical at-

traction between Kaolin particles causing a less floccu-

lated fabric.

The aging period after consolidation was longer for

the salt samples than for the aged water samples which



could contribute to the lower drained friction angle at

maximum deviator stress (Article 6.2).

6.3.2 The conclusions from the above are:

1. At low strains (i.e. at maximum deviator stress)

pore-fluid salinity changes apparently have no effect on

the drained and undrained friction angles since there has

been only a small change in fabric.

2. Change of pore-fluid salinity after consolida-

tion affects only the drained and undrained shear strength

at large strains (i.e. at maximum obliquity) when the ini-

tial structure in the failure zone has been completely de-

stroyed.

3. The strength at maximum obliquity will depend on

the soil fabric in the shear zone. The more flocculated

the fabric at maximum obliquity the stronger the sample.

4. The fabric in the failure zone will be governed

by the pore-fluid during shear. The effect of pore-fluid

on fabric can be qualitatively obtained from sedimentation

tests or liquid limits.

5. The larger the change in fabric during shear,

the larger is the A-Factor at failure (U./ F max.).

6. In Kaolinite an increase in the pore-fluid salin-

ity causes a decrease in the interparticle electrical
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attraction, with a corresponding decrease in degree of

flocculation. Therefore, salt decreases the undrained

shear strength, and increases the A-Factor at maximum

obliquity.



77

TABLE II - SUMMARY OF TRIAXIAL TEST RESULTS (Normalized)

Plain
Water

Samples

170±40

Aged
Water

Samples
(Diffusion)

170±?

Salt
Diffusion

Samples
(Aged)

210±30

\c ) initial

3.16±0.20 2. 86±O 10 . 2.97±0.30

max.

(k) max*

aa max.
II

~3 max.

0.76±0.03

0.54*0-02

1.47±0.10

0.73±0. 05

0. 620. 30

1.35±0- 10

0.82±0.40

0-5710.01

2-40±0.40
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VII. RECOMMENDATIONS FOR FUTURE WORK

The results presented in this thesis lead the author

to feel that further work along the following lines is needed

to clarify the effects of environment on the shear behaviour

of clays:

1. Reliable measurements of the pore-pressures pro-

duced during aging if secondary consolidation is not per-

mitted. The mercury jacket described in Appendix C would be

useful in preventing membrane leakage.

2. An investigation of the effects of various sedi-

mentation environments on the stress-strain properties of

Kaolin.

3. The development of a simple method for determining

abric.

4. A study of the effects of viscosity and dielectric

of the pore-fluid on the shear strength of clays. The study

should be carried out in a manner similar to that used in

this thesis in obtaining the effects of salinity of the

pore-fluid on the shear behaviour of Kaolin.
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APPENDIX A

PREPARATION OF TIE NA KAOLINITE

A-1 Procedure, for the Preparation of the Slurry Used

in the Large Consolidometer

The dry untreated Kaolinite was placed in 20- and

30-litre pyrex washing jars (six of the former and three of

the latte-r). 450 gms of dry soil was placed in each of the

20-litre jars and 675 gms in each of the 30-litre jars.

A 1N NaCl solution was made using +106 ohms demineralized

water. The solution was added to each of the washing jars

up to about 10 cm from the top. A high-speed disperser

was used to break up the soil lumps and thoroughly mix the

slurry. This took about an hour of stirring.

The slurry was then allowed to settle for one day

after which time it was possible to syphon off 2/3 of the

washing solution free of clay. The jars were 'then refilled

with +106 ohms of water pH 7.0±0.2 and stirred again with

the disperser for half an hour. This was repeated five

times. The slurry was then washed with a 0.005N NaCl solu-

tion pH 6.7+0.2.

A-2 pH Measurements

The supernatant pH was measured by a Beckman Zero-

matic pH meter, using glass electrodes with a recommended

range of pH 0 to 11 and -54C to 80*C. The pH meter was
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calibrated using two standard buffer solutions (pH 7 and

10).

A-3 Salt Determinations

The salt content in the supernatant was obtained

using a conductivity bridge, Type R.C., using platinum

electrodes. The conductivity cell was calibrated using a

standard 0.02N KCl solution. To determine the salinity of

the pore fluid from the oven-dried samples (as in the case

of salt diffusion samples), it was necessary to powder the

clay by filling the dried pieces snd mixing 1 gm of the

powder in 20 cc of +106 ohms of demineralized water for at

least 2 days on a mechanical shaker. The slurry was then

centrifuged and the conductivity of the supernatant mea-

sured.

A-4 Aluminum Determinations

The extracting solution used in all Al. determina-

tions was 1N NaCl pH 3 obtained with HC1. To compare re-

sults the amount of extracting solution must be kept the

same. For example in Figure 3 the results were obtained

by using 1 gm of dry soil or the equivalent of wet soil and

100 cc of 1N NaCl pH 3. The slurry was mechanically shaken

for 24 hours and then centrifuged. 70 cc of the superna-

tant was removed and stored in small polyethylene bottles

for Al. determinations. 70 cc of fresh extracting solution
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was added and shaken for another 24 hours. This was re-

peated for each extraction.

The Aluminum contents of each extraction were de-

termined colorimetrically using a Fisher Electrophotometer

as follows:

1) Reagents - Standard Solutions

A. Standard Al solution, stock.
Dissolve 0.1544 gm of A12 (So0) 18 H20 in 100
ml water in a 1-litre volumetric flask. Bring to
volume with NH, Ac solution.

B. Ammonium Acetate solution (pH 4.8).
(a) Add 700 ml H20 to a litre volumetric flask.

(b) Add 118 ml acetic acid conc.; mix well.

(c) Add 70 ml NH0H conc.; mix well.

(d) When cool, dilute to volume.

(e) Check PH; should be 4.8 1 0.1.

C. Aluminon Reagent, 0.2%.
Dissolve 0.20 gm Aluminon in 100 ml water. Store
in brown glass bottle.

D. Hydroxylamine Hydrochloride solution, 5.0%.

2) Procedure

A. Solution for standard curve, range 0 to 5 Al.
(1) Add 4 ml standard Al solution to 50 ml volu-

metric flask. Dilute to volume with Ammonium
Acetate solution. 1 ml 1 Al.

(2) To test tubes add: (a) 0, 1, 2, 3, 4, 5 ml of
diluted Al solution; (b) NH4Ac to bring total

volume of each tube to 5 ml; (c) i ml water to
each tube. If unknown solutions are in a salt
solution then replace the 1 ml water above
with 1 ml of proper extracting solution
(lN NaCl pH 3). Similarly, if the concentra-
tion is low and a larger aliquot of unknown is



should be the same.

used, then increase the volume of water or ex-
tracting solution by the same amount.

B. Unknown solutions in test tubes.

(1) Aliquot of unknown, a 1- to 3-ml aliquot may
be used directly with proper adjustment of
standards as indicated above. For high Al con-
centrations, the unknown should be diluted with
the proper extracting solution before an aliquot
is taken for analysis. A one- to ten-dilution
embraces the usually encountered concentration
range.

(2) Add 5 ml NH Ac solution to each unknown.

C. Color development.

(1) To standards unknownsadd 4 drops of Hydroxyl-
amine. Mix well.

(2) Aluminon reagent.
Dilute 10 ml of Aluminon reagent to 25 ml with
water in a volumetric flask. Add exactly 0.50
ml of diluted Aluminon reagent to each tube.
A 10-ml burette works well. Mix well.

(3) Allow to stand 24 hours in dark for full color
development. The intensity of color develop-
ment is very sensitive to temperature and time.
Read ootical density using a 525-mu filter.

3) Remarks

Unknown solutions must be perfectly clear prior to

analysis for Al. If after color development any of the

unknown solutions are cloudy, the Al concentration is too

high and a new solution must be prepared using a smaller

aliquot. The total volume of all standards unknowns
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A-5 Method of Correcting Void Ratio and Fluid Content

Fluid Content = equivalent weight of water to give
same volume of solution divided by
weight of soil

.o. Void Ratio = specific gravity of soil x fluid content

Fluid Content = (100 +A . x 100
S(100 -AwYx10

G (100 +A) w
Void Ratio e = S(100 - A-w)

where w = water content (not as percentage)

A = weight of NaCl as % weight of water obtained
from Graph A-1 where N is gms of NaCl per
100 cc of solution

S = specific gravity of solution for correspond-
ing value of A obtained from Graph A-2.

e.g. Sample No. 1

w = 60.2%

N = 0.7N 0.7 x 5.85= 409

.. A= 410

and S = 1.0265

2.62 (1.041) 60.2

e 1.0265 x (100 - x 60.2100

2.62 x 1.041 x 60.2 1.6
1.0265 x (100 - 2.47) 
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APPENDIX B

B-1 APPARATUS AND PROCEDURE FOR THE PRODUCTION

OF LARGE BATCHES OF SATURATED CLAY

Procedure for Sedimentation and Initial Consolidation

(Figure B-2)

1. The top cap and piston of the consolidometer are re-
moved and a deaired solution of the required sedi-
mentation environment is poured into the bottom of
the consolidometer.

2. The lucite cylinder with funnel as shown in Figure B-2
is placed on top of the consolidometer with a rubber
sleeve at the interface covered with silicon grease
to produce a vacuum seal.

3. With Valves A and B closed a vacuum is applied
through Valve C.

4. When the bottom stone and environment solution is
completely deaired, the slurry is fed into the funnel
and Valve B is regulated to give a flow into the con-
solidometer of not more than 100 cc per minute.

5. Valve B is closed once the vacuum chamber is filled.
A vacuum is applied at Valve A. The vacuum at C is
gradually reduced (but always maintained with a vac-
uum to hold the vacuum seal until the level of the
slurry is in the consolidometer.

6. Valve A closed and the vacuum released at C, and
the lucite cylinder removed.

7. The top cap, piston and consolidometer are assembled,
and the top cap bolted to the main holding rods.

Procedure for Final Consolidation (Figure B-3)

1. With the air-release valve open deaired vacuum oil
is fed into the top of the consolidometer by means
of Valve D. When the space above the piston is
filled with oil the air-release valve is closed.

2. The oil-nitrogen interchange is filled with oil and
connected to Valve D.
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3. A nitrogen tank with a pressure regulator is con-
nected to the top of the oil-nitrogen interchange
and with all valves open except the drainage valves
and the air-release valve which are kept closed,
the pressure is adjusted to one atmosphere by
means of the regulator.

4. Top and bottom drainage valves are now -open and con-
solidation proceeds.

5. The pressure is gradually increased to final desired
consolidation pressure.

6. If at any time during consolidation it is desired to
refill the interchange with oil, Valve D is closed,
the nitrogen tank closed and the pressure in the
interchange released by opening the oil port. Oil
is now poured in through the oil port with the help
of a funnel. The oil port is then closed and the
pressure re-applied. Valve D is then re-opened.

7. Consolidation is continued until the piston becomes
stationary for 48 hours. This is determined by means
of the Ames dial which is in contact with the piston
rod.

8.- All valves are now closed and the oil pressure in
the consolidometer released through the air-release
valve.

Procedure for Extrusion (Figure B-4)

1. The main holding rods are unbolted and the extrusion
rods bolted to the top cap.

2. The consolidometer is inverted and placed on the
wooden extrusion stand.

3. The pressure in the oil is now gradually increased
until the sample and bottom of the consolidometer
start moving. The extrusion is controlled by
Valve D.

4. Once the sample is completely extruded Valve D is-
closed and the top of the consolidometer gently re-
moved.

5. The sample is now cut into small blocks, from which
the triaxial samples shall be trimmed.

6. The blocks are completely immersed in water-repellant
oil until used.



APPARATUS AND PROCEDURE FOR THE PRODUCTION OF
BATCHES OF SATURATED CLAY
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90APPARATUS AND PROCEDURE FOR THE PRODUCTION OF LARGE
BATCHES OF SATURATED CLAY (cont'd)
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FIGURE B-3 FINAL CONSOLIDATION LAYOUT

APPARATUS AND PROCEDURE FOR THE PRODUCTION
BATCHES OF SATURATED CLAY (cont'd)

Unbolted main
holding rods-

OF LARGE

Consolidometer bottom

--- Final soil sample

Inverted
consolidometer

Bolted extrusion rods

Oil

Valve D

To oil-nitrogen
interchange

Wooden extrusion sand

EXTRUSION LAYOUT

-I-

APPARATUS AND PROCEDURE FOR THE PRODUCTION OF LARGE
BATCHES OF SATURATED CLAY (cont'd)
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B-2 A NEW METHOD FOR PRODUCING SINGLE ISOTROPICALLY

CONSOLIDATED SATURATED 1.4" TRIAXIAL SAMPLES

The main features in the new consolidometer (Figure

B-5) are:

1. The top drainage cap which consists of a rubber stop-
per with a hole through it. A 1-3" diameter porous
stone is stuck to the bottom of the stopper with rub-
ber cement. The top drainage line is a piece of
polyethylene tubing stuck' into the hole in the stop-
per.

2. The bottom drainage cap is a male and female lutihe
collar with matching taper sealing the membrane by
using four 1/4"-20 screws with a recessed porous
stone in the male section. The drainage line is
spiralled and connected to a central hole in the male
section of the hole by a 5/10" brass screw.

3. The screw-on lucite cylinder top is sealed by a rub-
ber gasket.

4. A rubber membrane which is made by immersin a 1 1/2"
diameter 8" long test tube in rubber latex Vultex
1-V-10 supplied by General Latex & Chemical Company,
Cambridge, Mass. ). The membrane wall thickness is
0.02" and is obtained after six immersions in the
latex; each coat is allowed to dry before the next
application. Before the last coat has completely
dried, four 1/4"' wide cotton-elastic strips 5" long
are placed down the sides of the membrane and stuck
to the still wet latex. These cotton-elastic strips
act as filter strips during consolidation.

Procedure

1. One end of the rubber membrane is clamped between
the bottom cap and its collar. The other end is
rolled over the shoulder of the screw-on lucite cham-
ber top which has already been tightened to the lu-
cite chamber with a rubber gasket forming the seal.

2. The water in the lucite chamber is sucked into the
exchanger by means of a vacuum pump until the rubber
membrane fills up the chamber as shown in Figure B-5.
Valve A is then closed.
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3. A couple of inches of the pore-fluid is poured into
the extended membrane and the bottom drainage line
closed.

4. The slurry which ias already ueen aeaivea to 0y"
phoned into the membrane below the fluid level.

5. With the extended membrane full of slurry the top
cap is pulled on and held in place by two 1/4 " rods
and a cross-bar.

6. The drainage lines are opened and the vacuum in the
lucite chamber released.

7- The pressure in the chamber is gradually raised to
the required consolidation pressure by means of a
nitrogen tank.

8. After consolidation is complete Valve A is closed
and the lucite chamber top is unscrewed. The top

- and bottom drainage caps are removed and the mem-
brane peeled off the sample. The sample is then
trimmed or stored in oil.



A NEW METHOD FOR PRODUCING SINGLE ISOTROPICALLY CONSOLIDATED
SATURATED .4" TRIAXIAL SAMPLES
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APPENDIX C

A NEW INNER MERCURY JACKET FOR THE
STANDARD T Q4LL

An assembled 1.4" triaxial sample with the mercury

jacket is shown in Figure C-1.

The main advantages of this apparatus are:

1. No alterations to the standard triaxial cell are
needed when using the Hg jacket.

2. The mercury surrounding the sample eliminates any
diffusion of air through the rubber membrane.

3. Small volume changes can be measured without cali-
brating the cell since there are no pressure gradi-
ents across the walls of the inner Hg. jacket.

The main features of the mercury jacket are:

1. A thin-walled jacket with coarse female threads at
the bottom. The top of the jacket has a neck 2 cm
long, 0.667" I.D. and is graduated in millimeters.
With the 1/2" diameter loading ram in position this
gives 0.1 cc volume change per millimeter.

2. A lucite jacket-base collar with an 0-ring on the
inside, forming a seal between the collar and the
cell pedestal. The outside has amale thread and
is milled square to take a wrench.

3. A top drainage line at least 12" in length which is
spiralled inside the mercury chamber. The line
must be of sufficient length so as to have the top
cap outside the jacket while assembling the sample.

4. A seal between the jacket and collar, provided by
screwing the latter into the jacket which is not
allowed to rotate.

5. An external lucite container with mercury under the
cell pressure. To refill the jacket, the container
is inverted and mercury is gravity fed into the
jacket.



STANDARD TRIAXIAL -- '-LUCITE JACKET BASE COLLAR
CELL BASE OUTSIDE MILLED SQUARE FOR A WRENCH

FIGURE C-1 STANDARD TRIAXIAL CELL WITH NEW INNER MERCURY JACKET FOR
MEASURING SMALL VOLUME CHANGES DURING SECONDARY
CONSOLIDATION AND DIFFUSION



APPENDIX D

MISCELLANEOUS TEST RESULTS

RESULTS OF SEDIMENTATION TESTS NOT MENTIONED IN THE TEXT

NaC1
Normality

0

0.001

0.003
0.010

0.030
0.100

0.300
1.000

500C

pH

10.13
10.01

10.11

7.70
9.22

9.70

'd gm/cc

0.57

0.33
0.22

0.09

0.08

0.08

27 0

pH 'Yd gm/cc

7.48 0.39

7.82 0.23

7.20 0.09

7.40 0.09

7.20 0.09

9.90 0.10

9.22 0.10

40C

pH 'yd gm/cc

7.82 0.40
9.33 0.39
9.61 0.28

7.40 0.11

9.78 0.11

9.90 0.11

8.43 0.12

9.75 0.11

The above tests were run with untreated soil in 100-

cc graduates. Two grams of the untreated Kaolinite wass,

used with 2 cc of 0.1N NaOH. The volumes were then brought

up to 100 cc with the various NaCl solutions. The slurries

were mixed in a Waring Blender at the temperatures stated.

During the first four months of sedimentation the tempera-

tures were kept constant at those of mixing. By this time

the sediments had reached constant density. The samples

were then stored at room temperature for eight months dur-

ing-which time no appreciable change in volume occurred.

The pH was measured at the end of one year. No explanation

can be given at this time f or the variation in pH.
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APPENDIX E

NORMALIZED STRESS-STRAIN RELATIONSHIPS FOR

THE TRIAXIAL TESTS
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