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CHAPTER I
INTRODUCTION -
General

The coﬁditions and properties of the soil that support the struc-
tures designed today present a problem that requires a great amount of
study. The phase of the study to be considered in this manuscript will
be swelling and consolidation characteristics of the Permian clay.

Deform;t{on due to consolidation is often the principal factoer coﬁm
trolling the design éf a structure. Settlement of most soils is accom-
panied by volume ehange of the soil, Unequal settlement under the struc-
ture introduces a movement of the foundation material which causes addi-
tional momenis or stresses -im: the structure which could stress the mem-
bérs to the»peint~of failure unless consideration of'their ma@hiiude has
been given in.the design, |

Sufficiéniﬁinfor&ationShouldfbeuebtained?about‘the.soils native.to
the'constructicn”site& and unless the information is reasonably accurate
to. the exteﬁt of obtaining the‘data‘ﬂeéessary,for the prediction of the
behavior of.-the soil, the precision in the design of the structure is to
no avail;v For a iong period of timev~it_has been the practice to obtain
.this stablewfqundatioﬁ by several means other than the use of the soil
as it exists im nature. Procedures such as driving piling, or cdntinum
ing the footing to a depth sufficient to embed in rock, héve‘been expen=
sive constrﬁction;methods which, at times, have been almost prohibitive

in cost., To-eliminate the use of unnecessarilycexpensive ‘fomndations



would permit the construction of more structures with a given expenditure
of money,

The problem of investigation of the soil to make certain of the soil
conditions would entail the investigation of the following factors:

1. Bearing capacity of the soil with respect to failure and set=

tlement,

2. Amount of settlement of the footing.

3. The possibility of plastic flow,

4. Lateral resistance of soil,

9, Possibility of scour,

The énterpretation used to obtain the necessary information con=—
cerning a so0il for a certain structure is based on several simplifying
assumptions, Therefore, the accuracy of the predictions of soil be-
havior is possibly inaccurate to a degree, The purpose of these and
similar tests is to provide data for more accurate prediction of the
behavior of soil.

The properties of the soil can change within a very short dis-
tance, It is important to get good undisturbed samples at the site
of the construction, These samples should be taken at various depths,
and should represent the undisturbed conditions of the strata,

The theories and the mathematics of the characteristics and the
mechanics of s$o0ils have been developed and proven, and this thesis
will not include these developments except for the purpose of clari-
fication in some individual problems. The interpretation of the in-
formation obtained from tests on soil samples will be the prime ob-

jective of this thesis,



The purpése}qf this investigation is to increase the knowledge of
the physical préperties of the permian red clays, which are common to
large areas in Oklahoma.

A complete analysis of the properties of the permian clays is beyond
the scope of this thesis,fMore specifically, the aim of this thesis is
the study of the consolidation and swelling characteristics of the per-

mian clay,



CHAPTER IT

THEORIES RELATIVE TO CONSOLIDATION AND

SETTLEMENT OF SOIL

Most of the structures built rest upon the soil, and the loads im-
poSed are the cause of settlement, Failure of structures: may gccufv?pri@
marily, in two ways. The first may be introduced by'a'load that may pro-
duce shearing stress that exceeds the allowable shearing strength of the
soil, The settlement would occur by;virtﬁe of the_Soil’shearing later-
ally and at some angle with the horizomntal. ‘The second type of settle=-
ment could occur with the reduction of thé volume of the soil mass re-
sulting from the load placed upon it. This type ofvsettlement is known
as consolidation. ‘The study of the first type of failure is beyond the
scope of'this thesis, The second type is our aim in this study.

The consplidation which occurs with the reduction of soil volume,

- due to water leaving the soil voids, is genérally known as the primary
consolidation. The total volume of the soil is composed of a volume of
solids and of a volume of veids, the voids being filled with air and wa-
ter., The water is forced ﬁnder pressure to leave the voids, and the re=-
sulting action is settlement. The ratio of the voids content to solid
content is known as the void ratio of ihe matt_—:rialo

The secondary consolidation occurs when the water has left the voids,
and the pressure on the water has beenbtransferred to the solid structure

of the soil. This consolidation is of secondary importance since it



occurs in a long period of time and is not significant to the life of
the structure considered, with the exception of organic soils 1ike peat
and muck.

The void ratio of the soil, which is used to compute the consolida-
tion, is the ratio of the void content to the solid content of the soil,
Consider a volume of soil, which is composed of voids and solids, under
an area, A, - 1f the tbtal depth of. the volume is represented byv
the letter Hj, then the total volume will be HjA. 'The solid depth is ex~-
preséed by letter Hg, then the solid volume is HSA°

" Yhen: Vg = volume of solid content
Vy = volume of void content
Then: e =V, /Vg (Equation 1)

V, = A - H)

Wheres Hy = Hg = void depth
Vs = Allg
Where: Hy = depth of solid

Then substituting in equation 1:

i = H . .
o - AW~ Hy  H) - H 2,2; -1 (Equation 2)

AHS ‘ HS S

The coefficient of consolidation :tam be obtained from the plot of
the void ratio against -pressure. . The influence of time upon the de-
velopment of compression strains, which is not indicated by the void ra-
tio - pressure curve, is an important factor to the study of settlement.
When the soil is subjected to a load, the water is forced under pressure
to leave the voids in the soil in a direction providing the least amount
of resistance. The direction and the number of directions of flow are sig-

nificant in determining time for comsolidation.: The seil setiles at a rate



proportional to the rate at which the water leaves the voids, and this
rate is a function of the coefficient of permeability;

The settlement is.computed frém‘the void ratio of the soil, before
and after loading. The formula for the settlement, &h, is derived from

the illustration in Figure 1.

Voips

7 h,hgy .
) 7R 7%

Fig. 1. Settlement of Sbil Column

hiA =V + Vo and hoA = Vo + VS
Vit V VotV
. ¥l s L 2 s
Then: hy = T and hy = A
&h =hy = hy (Equation 3)
Then substituting h1 and h, in Equation 3:
ah = Vol * Vs nAvaw Vs = Yul z Vy2 (Equation 4)
s d Vyp = eV
When: T €] an vl = e1Vs
s
v
Ve = ey and Vg2 = e5l



Then substituting in Equation 4:
eV ; eoVy Vg ¢l - ©2) i ]
ah = ""’§*Kz“f'“ = 3 - (Equation 5)

And: A= Vvl + l&
hy
Then substituting for A in Equation 33

ah="1Ys €1zed) -
Vo1 Vs

(Equation 6)

Then divide Equation 6 by Vs:

- h.]' (el il 62)

vvl
Vg +1

ah (Equation 7)

S . Vol ; .
ubstitute ey =g in Equation. 7: .
' : 8 ‘

hl (el = 62)

h =
b e] +1

(Equation 8)

The void ratio values of the initial and final loading condition of the
soil, el and 89, are obtained from the void ratio - pressure curve drawn
from the experimental data, The imitial void ratio and final void ratio
are found from the change in height of the sample after complete consoli-
dation under a given pressure change,

The time for a percent of the total consdlidation to occur is com-
puted with the use of the variable factors, N and coefficient of consoli~
dation C . and the solid depth of the strata,h.. The timeifor the consoli-
dation (1) to occur is obtained from the equation,

| h2 N
t = 3:27‘6; (Equation 9)

Wheres ¢t

time in years

(1) Indicates the reference number, see page 58.



Cy = coefficient of consolidation (cm., per min,) experimentally de~
termined

hg = solid height of the soil

N = factor depending on distribution of the consolidating pressure

and particularly on the existence of multi-dimensional con-
solidation,
The value of N (2) for any particular percentaée of consolidatibn de-
pends on two factors pertaining to the installation for which a settle-
ment analysis is being made. The first of these factors iz the number
Qf drainage faces of the compressible layer. The second factor upon which
N depends is the character of the distribution of the consolidating pres-
sure throughout the vertical height of the clay layer relative tb the di-
rection of outflow of the pore water during consolidation. In this the-
$is we assumed that the consolidating pressure is essentially the same
at the top and the bottom of the clay layer and the pressure distribution

is found to be rectangular in characier (Fig. 2}

4
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Fig. 2, Distribution of Consolidating Pressure

The coefficient of consolidation, va is found for each of the ex-

perimentally applied loads, and the average value of the coefficient of



the consolidation, which is approximately equal for all loads, is used
to obtain the time of settlement.

The dry weight of the samplewas measured after completion of the ex-
periments and after the sample has been oven dried. The specific gravityof
the soil was determined by estimation from previous tests, and the area

was determined by the size of the ring of the consolidating unit.

The coefficient of conselidation is obtained from the following equa-
tiong:

1) Square Root Fitting Method:

12
c_ = 0.8400 (Equation 10)

v tgo
2} Log Fitting Methods

_0.19712
v tgg : , (Equation 11)

The coefficient of consolidation, obtained from the experiments con-
ducted on the soil sample, is used to determine the time of settlement

of the structure.



CHAPTER IIIX

GENERAL DISCUSSION OF PHYSICAL PROPERTIES

OF THE PERMIAN RED BEDS
Geology of the Permian Clay

The clays under consideration in this report are very stiff over
consolidated red or reddish yellow clays in conjunction with the so=-
called Red Beds of Oklahoma and Texas. These beds of red and yellow
 sandstones and clays deposited during the Permian period of geologic his-
tory make up formations that are up to several hundred feet in thickness,
coﬁsisting for the most part of intermingled layers of clays and sand-
stones, Occasional thin layers of disintegrated volcanic ash are found.
The eastern edge of the outcrop of these Permian formations occurs along
a north and south line some twenty or thirty miles east of Oklahoma City.
East of this line, deposits of the Permian period are missing, the sur-
féce being covered with the older Pennsylvanian and Mississippian depos-
its., West of this line, the Red Bed deposits occur on the surface, be-
coming thicker toward the west until negr the west edge of Oklahoma they
disappear béneath the surface and are covered'by the younger deposits of
the Mesozoic era and later periods. .The upper portion of the Permian
- formations which are left in the weéiern part of the state include ex-
tensive deposits of salt and gypsum. This western edge of the outcrop

is roughly indicated by the location of the gypsum industry at Southard

10
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in Blaine County, Oklahoma, and Sweetwater in Nolan County, Texas.
During the period of deposition the afea covered by these Red Beds

was the bottom'of an inland sea surrounded by relatively high Mountains,
Freshets pouring down from these mountains carried sand along with silt
and colloidal clay particles which were deposited together forming floc=-
-éulent marine clays. Most marine clays having a flocculent structure
ébnsist of very fine silt grains and flocks of colloidal size particles.
A gbod many deposits of the clays under consideration are composed of
sand and colloidal clay. Sometimes boulders of sandstone consisting of
quartz sand grains cemented with reddish colored chert are formed in the
clay deposits. These boulders vary in size up to several feet in diame-
ter. The climate of the region during this period was arid. In normal
seasons some of the streams seem to have dried up before reaching the
sea, depositing their burdens as alluvialfans in theé desert between the
mountains and the sea. Such deposits were made over a large portion of
the area as the sea dried up, During the Permian period the sea almost
dried up three times, depositing three layers of gypsum. Because the de-
posits are complex and variable, the structure and composition of the

clays is also quite variable and complex.
Physical Properties

The physicai properties of these clays are affected by the mineral
content. Those minerals such as mica, which is flat and scalelike in
shape, give to the clay its plasticity° Most of the scalelike minerals
are elastic, Clays composed of these minerals, therefore, are highly
compressible and are capable of considerable elastic rebound. The min-

eral bentonite, which is formed by the disintegration of volcanic ash,
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is present to some extent in most of the clays in this area, Since ben-
tonite takes up a great deal of water, about 400% at the liquid limit,
40% at the plastic limit and 16% at the shrinkage limit, clays containing
considerable bentonite will exhibit the same property to a considerable
extent, Such clays will in general shrink and swell a great deal as
water is evaporated and absorbed,

Special consideration will be given to the Permian clays in this
thesis because they cover a considerable portion of Oklahoma and the
southwest and because a great deal of damage to buildings has resulted
from the use of foundations not suited to soil conditions in these de-
posits and the climatic conditions that exist in this area. Une should
keep in mind that, in general, it is the climatic condition that causes
similar damage to buildings on other clays than the Permian. But a very
large portion of the buildings in Oklahoma are in the area covered by

these Permian deposits,



CHAPTER IV
LABORATORY PROCEDURE AND DATA OBTAINED

Before the solution can be ascertained for a soil problem, the prop-
erties of the soil in question must be obtained from laboratory tests or
other procedures. The properties of soils in general cannot be deter-
mined with as great a degree of accuracy as those of most other con-
struction materials, and even though the properties were known for one
sample of soil beneath an area, the properties of the entire soil af-
fected would be only vaguely known, since materials may vary over a very
wide range in a very small area. Experience, imagination and judgment
are of considerably greater importance, and mathematical analysis is of
less importance, in the design of earth structures than it is in the de~-
sign of structures of most other materials. However, the information of
the properties obtained from the tests provides sufficiently accurate

data for the solution of the problem,

Consolidation Test

As a saturated soil is subjected to an increment of load, the load
is carried by the water present in the pores of the soil, since the water
is considered incompressible with relation to the soil structure. The
water is forced from the soil, and the load is gradually transferred to
the soil structure. The reduction of the volume of the sample is equal

to the volume of water that has left the sample. This reduction in the

13
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volume of the sample is known as consolidation, With the application of
calculated loads on a sample of definite area, the consolidation of the
s0il is measured,

In many instances the settlement of a structure is due to presence
of one or more layers of soft clay located between layers of sand or stiff-
er clay. In the laboratory this condition is simulated most closely by
confined compression or consolidation test.

During consolidation tests the specimen is completely confined by
a metal ring, Fig, 3. The load is transmitted to the upper and lower
faces of the specimen through two porous disks that permit water to flow
into or out of the clay., The deformation is measured by means of a dial
gageo

The following apparatus are used in the preparation of the sample
and the test:

1) Consolidation unit

2) Timiné equipment

3) " Device for providing water to sample

4) Specimen trimming equipment

a) Rotary lathe
b) Knives and lathe tool
¢} Steel ring to hold sample (floating ring type)

5) Balances, sensitive to 0.01 and G.1 grams,

6) Scale

7) Gages

8) Evaporating dish

9) Drying oven

10) BDesicecator
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The samples were obtained from the following two places:

1) From the east side of the nmew Telephone Building (Stillwater)
at a depth éleo feet below the surface. A sufficiently large sample
was cut to insure an undisturbed condition for the sample to be tested.
The soil sample was a dark red, sandy jointed clay (clay A).

2) From the foundation of the Ciwvil Engineering Laboratory at Okla-
homa State University, The soil sample was areddish brown sandy jointed
clay, and was taken at a depth 4 feet below the surface of a concrete
floor slab which had been in existence for about 20 years, (Clay B).

The following procedures were used in cutting the samplez

1) The sample was trimmed to the approximate desired Siie while
care was taken to prevent'any distﬁrbanée such as cracks in the sample,
The sample was trimmed to a diameter slightly larger than the base of
the rotary lathe.

2) The sample was placed on the rotary lathe and trimmed to the de-
sired diameter, The so0il settled into the steel ring placed on the
lathe when the proper diameter was attained.

3) The sample was trimmed flush with the top and the bottom of the
ring container,

The sample area and depth were known from the predetermined size of
the ring, The loading program was fixed aceording to the three ring
sizes which were used for the éxperimento

The system of loading was as follows:

1} The small ring sizes of diameter (4.03 cm.) were loaded in the
following sequence: O, 84, 96, 192, 384, 192, 96, O, kg.

0, 72, 96, 192, 334, 192, 96, 0, kg.

2) The medium ring sizes (of 6.45 cm.) were loaded as follows:



16

0, 0, 6, 12, 24, 48, 384, 96, 24, 0 kg,
0,18,48, 96,192,334, 768,192, 48, O kg.
0,36,48, 96,192,384, 768,192, 48, 0 kg.
0.54,96,192,384,768, 192, %96, O kg,
0,72,96,192,384, 768, 384, 96, O kg,
3} The large ring sizes (of 10,13 cm.) were loaded as follows:
0, 240, 384, 768, 1536, 768, 240, 0 kg.
0, 288, 384, 768, 1536, 768, 288, 0 kg.

Ve gen.

Fig, 3. Floating Ring Containey

The sample was next weighed, and the weight recorded as tare plus
soil wet at the baginning of test. The sample was next placed on the
consolidation unit and the following procedures were used:

1) The sample was placed between the two §orou5 siones, (Fig. 3),
making sure that both the porous stones were properly centered on the
samplevguxfaces and that the sample was centered under the loading de-
vice, The floating ring type was used for this test,

2)  The loading uwnit was adjusted and lowsred until it just made
contact with the porous Stones, and consequently with the sample itself,

3) The bar holder for the vertical dial was screwed into pesition
and the gage set to register deformation of the sample, Volume changes
during the test were registered by a vertical=deflection (Ames Dial).

4) The sample was left in the consolidating wnit for several days
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until it had dried, to determine the woid ratio of the soil mass which
assumes its lowest value at shrinkage limit, The dial reading was re-
corded every day, until there was no further reduction in volume. The
total volume reduction corresponds to the volume of the water evaporat—
ed during the shrinkage process up to the shrinkage limit. After the
sample dried out the initial load was carefully applied. Readings were
recorded immediately after releasing the load, and when there was no vol-
ume change indicated by the dial reading, the sample was flooded and
and readings of wvertical deflection were taken for the time increments
of 0, %, 1, 2, 4, 8, 15, 30, 60 minntes etc., Thus the thickness of the
sample could be determined at every elapsed time at which a reading was
taken,

5 The load increments were added at intervals of sixty-four
hours.

6&) Upon completion of the test, the sample was removed from the
consolidation umit and weighed; then it was placed in a drying oven where
the moisture was removed, and the dry weight of sample was obtained.

7}  After removing the sample from the consolidating unit, the ma=-
chine calibration was determined using the same seﬁﬁp without the sam=
ple, and using the same porous stones as used in test in the machine,
in order to determine the deformatien of the machine and other parts for

the same loads in the same order as used in test.
Time = Dial Reading Curves

Time - Dial reading curve was drawn for each of the load increments.
(See Figures 5, 6, 7, 8, 9, 10, 11, and 12.) The curve was drawn on

semi=-logarithmic paper with the deformation reading plotted against the
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time in minutes on the logarithmic scale., Tangent lines were construct-
ed from each of the straight portions of the curve, (3) and the inter-
section of the tangent lines taken as the point of 100 percent consoli-
dation. The zero peint was located by extending the curve as a segment
of a parabgla0 and mathematically computing the zero reading., The 50
percent consolidation point was obtained as the halfway point between
the zero reading and the 100 percent'readinga The time for the 50 per-
cent settlement to oceur in the sample was then read from the scale.

The value of ten was used to determine the coefficient of permeability

of that load increment, and this is shown in the following equation:

2
Tés:\yw av H

k , . . o oo .
(for certain unit load) = (L ¢ e_) tc §Equat10n 129

in which:
k = coefficient of permeability

T = Time factor = (.2} for u = S50%

7
Y w = unit weight of water

. cren s ke
a, = coefficient of compressibility = z:;

H = half of height of sample

= average void ratio during load increment

@D
i

av

i

tzg Time for 50% settlement to ogcur

e = Log P Curve

The void ratio-pressure curve is a plot of the load increment
against the void ratio computed for each of the loads after 100% con-
solidation (see Figs. 14 to 28).

The initial void ratios were computed from Equation 2s

h, = h

@ = mé’g“ﬁﬁ . (Equation 2)
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Wheres
hl = height of ring = Height of sample at start of test

W

S ps . .
s —EE;’ = Helght‘of solid (Equation 13)

o

h

B

The pressures were computed from load increments P divided by the
area of the sample. Changes in void ratie, be, were determined from

change in height of the sample, ah, as follows:
Yy
hg
Discussion of procedure

se = (Equation 14)

Side Friction: Part of the load applied to a consolidation specimen is
transferred to the container wall by friction between the wall and the
specimen (Figure 4) illustrates the friction effect in both the fixed-

ring and the floating-ring containers.

4~

{2 Fenmen fo s boss,

Fa

FIE,'JC,TIIQM PEA. UNIT M)@;@MW,

Fig. 4. Side Friction

In order to obtain the best results from a laboratory test, the
magnitude of applied load shonld be increased in such a way that the
average force within tae Specimeh is of desired amount. However, this
is not an easy thing to do because of the difficulty of determining the

proper friction value.
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Side friction is normally negle@ted in routine consolidation test-
ing because of its minor effects and because of the difficulty of de~-
termining its magnitude. It has been suggested that an increase to the
applied load by 10% =~ 20% would probably compensate for friction in this

clay.

General Discussions: The duration for each load should be the same for

an accurate void-ratio - pressure curve. If it is not uniform, secondary
consolidation effects are more pronounced. For the clay under investi-
gation each loading increment was allowed to act for approximately sixty=
four hours., If any one increment were allowed to run for a longer time,
a larger value for the difference in voids ratios would be obtained, re-
sulting in irregularities in the e-~log p curve. However, if each in=-
crement were allowed to stand for a longer interval, for example one
week, then the resulting virgin curve would be merely displaced verti-
cally downward without appreciable change of slope. The values of void-
ratio change and compressibility coefficient are, therefore, independ-
ent of the time allowed for each loading increment, so long as time in-
tervals are‘equalo

Test procedure provided for a consolidation time for every load in=-
cremeht of sixty-four hours, This period of time was established for
this clay because compression or swelling of the sample was observed
to be negligible beyond this point, .Ihisp however, was not the tase at
the end of each test when the sample Was unloaded., Swelling was occur-
ring slowly and would continue for a few days.

The results of laboratory tests depend on the size of the specimen

(3) used, A series of tests on five widely different clays in which
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both 4.25 in. diameter by 1.25 in. thickness and 2.75 in. diameter by
0.85 in. specimens were used indicated that the pressure-void ratio
curve was essentially independent of size, but the rate of compression
was greatly dependent on size because:
1) Side friction is legs for the smaller specimen than for the
big specimen,
2) The smaller specimen size is usually more disturbed than the
larger one,
Higher coefficients of consolidation were obtained on the larger
specimens. A ratio of specimen diameter to thickness of about three to
four is recommended. Diameters greater than 2 1/2 to 2 3/4 inches are

desirableo
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CHAPTER V
ANALYSIS OF TEST RESULTS

The results are plotted in the form of a curve representing the
final void ratio corresponding to each increment of pressure as a func-
tion of the total pressuve, It is convenient to plot the pressure to a
logarithmic scale, The diagram is them known as an e~log P curve (see
Figures 14 to .23)

) The engineer is intevested in the e-log P relationship for the clay
in the field, not in the laboratory. Ihef@forev he requires some pro-
cedure for interpolating from the results of the laboratory tests to |
those vepresentative of conditions in the field., This could be achieved
by good judgment amd practical experience. The design of ordihary #Qilm
supporting or soil-supported Sﬁruétures is necessarily based on Simplg
imperical rules, but these rules can be used safely only by the engineer
whe has a background of experience,

Since personal experience is necessarily somewhat limited, the engi-
neer is compelled to rely at least to some extent om the records pf~thé
experiences of others., If these records contain adequaie descriptions
of the soil conditi@nsﬂ they constitute valuable information. OthérwiseU
‘they may actually be misleading.

According to informatiom obtained from e-log P curves, sample A=l
swelled from the shrimkage limit under a load 1.47 tons per sq. ft. From

a void ratio of 0,3686 to 0.3974, This corresponds to an increase of

30
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.224 in per ft, (see Fig. 23), Sample B~1 was allewed to air dry like
the rest of the samples to a water content below the shrinkage limit
prior to its preparation for testing. A confined compression test was
made on the material. The semi-log plot of the relationship existing
between the pressure and void ratio is $hown in Figures 14 to 28,

The e=log P plot for Sample B-1 (Fig, 14) is typical in most re-
spects to all samples.

A study of void ratio-pressure curves for clay B (see Figures 14
to 22) indicate that the swelling decreases with the increase of ther
pressure, Finally, under higher loads, no swelling will take place,’and
settlgment will take.place as indicated in Figures 14 to 17, This is
due toithe increase of water content ip the clay under the loaded area
due to softeming of the clay, The direction and magnitude of movements of
this clay will depend upon the load applied.

From the study of 6 tests of clay A, it may be seen . that 3 giveh in-
crement of pressure produces a smaller change in void ratio along the
précompression branch of the curve (see Fig., 23) than the same change in
pressure would cause when applied along the virgin portion of the emiog"
P curve, This holds true also for c¢lay B. Theref@féU additiowral 10éds
less than the preéomgﬁlidatiom pressure on overconsolidated clays will
cause relatively little settlement, |

The e-log P curves for both clays indicate that'these-soils were
preconsolidated clays, and clay B differs from clay A probably by being
redeposited in a recent'geological era.  This' is why the preconsolida-
tion load is found to be smaller,comparatively, for @lay B than for.
clay A.

In order to determine the approximate preconsolidation load two



32

methods were applied:
1) The graphical construction method by A, Casagrande (7).
2) By extending the dry void ratio line to the void ratio pressure
curve (6).

In this thesis we shall discuss the second method for determining the
preconsolidation load, The pressure determined by this method is assumed
to be the pre@onsolidatien pressure due to dessication,

This method says: If a line is drawn from the void ratio of the clay

below the shrinkage limit, to the e=log P curve, the intersection

®dry)
should indicate the pressure Pg required to compress the soil to the same
void ratio as the tension in capillary water at the shrinkage limit. The
dry clay loaded to a pressure equal to Ps (pressure at intersection of
e(dry) with‘ewlog P curve) will neither swell when the clay is saturated

nbr decrease in volume due to load. Pressures greater than Pg will produce
settlememt when the soil becomes saturated, pressures smaller than Ps will
allow swelling of the clay,

To check this assumption and to get a relationship between pressure and
amount of swelling, a series of 7 tesis were rup in the Soil Mechanics Lab-
oratory at the Oklahoma State University (6) during 1956 on a sample of
brown clay from 6 feet belgw the surface at Blackwell, Oklghoma. This soil
will identify in this report as sample C. This sample had dried out after
several years in a casing of cheese cloth and paraffin. Consolidation tests
were run on this sampleo Each of the specimens was subjected to a different
pressure, flooded and allowed to swell, and loaded in increments as a con=.
solidation test up to about 24 tons per sq. ft. Also another itwo series
totaling 15 tests were run in 1957-1958 by the author of this thesis and the
results of these are shown in Table I. The relationship between pressure

and swelling for sample C is shown in Fi'Qo 13,
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Fig, 13, Relationship Between Pressure and Swelling

At first glance one is led to discount the reliability of the tests
because of the wide variation in the value of Ps for different specimens
of the sémple of clay. When pressure is plotted against swelling and
lines drawn through points indicating swelling of the specimens with the
same P; as done in Fig. 13, it can be seen that the lines extended inter-
sect the line of zero swelling at spproximately the indicated Pg. This
suggests that possibly the method of determining the shrinkage pressure
as indicated in e=log P curve is fairly reiiable and that the swelling

is inversely proportional to the applied pressure.
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Table I indicates the results of methods one and two for determin-

ing the approximate consolidation loads for soils A and B. The values

(1) (2)

of_Ps and Ps are ¢iose to each other for clay A and B, as shown in

Table I. When pressure P

1)
Ps

1 is-plotted against ae in order to determine
(as shown in Figures 29 and 30) for these samples, The curves did
not pass through the corresponding points which were determined from the
e~log P curves, and did not indicate a linear relationship but the evi-
dence of these tests was inconclusive, This might have occurred because
of several things.

1) Because of the disturbance of the sample during the test pro-
cedure one could see (Table I) that sample A-3 was consolidat-
ed under Pl = 4,41 tonswftomgo while sample A-6 swelled under
Pl = 4,62 LbnSmftomzo Although clay B was not disturbed as
much as sample A, both samples were disturbed,

2) There were not enough values taken to derive swelling character-
istics for both clays at smaller increments of loading, which
enable us te justify an exact determination for this relation-
ship. Thus, Figures 29 and 30 lack enough points to present
this relationship properly.

3) Clay A was subjected to a heavy overburden pressure, and had
been subjected to many cycles of wetting and drying., Clay B
had not been subjected to as heévy an overburden pressure as
sample A,

From the results of the observation of e-log P curves, the consoli-

dation load of clay A is found to be approximately 4.5 to 5.0 tons~ft,” 2

and for clay B is approximately 2.0 = 2,9 tons-ft,~2

9

%

The value of k was found to be about 1 x 107 This compared favor-



ably with previous results obtained for this soil. The value of k indi-
cates that this soil is as impervious as other high plastic clays.

For each loading increment, the values of coefficient of consoli-
dation Cy and the primary compression ratio, ¢, are computed using the
log fitting method. The coefficient of swelling ¢, was also computed

and tabulated in Table II.
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TABLE I

RESULTS FOR PRESSURE AND SWELLING RELATIONSHIP

- (1) ) Deter-  Computed

Test €dry ep Ae Pl Ps Ps mined Ce
No. ¢
: ¢

A-1 0.3686 0.3974 +0.0288 1.47 6.0 4,86 0,082 0.0815
A~ 2 0.3767 0.4340 40,0573 2,94 21,0 N.D. 0,068 0. 063
A-3 0.3413 0.3176 =0,0237 4.41 N.D. 12.5 0.046 0.037
A-4 0.3426 0.2882 =0,0544 5,84 N.D. N.D. 0.053 0. 0396
A-235 0.4086 0,3385  -0.0701 7.35 N.D. N.D. 0.072 0.0722
A-6 03078 0,3310 +0,0232 4,62 11.0 6.5 0.083 0,039
B =1 0.7104 0,8033 +0.0929 0 0,74 0.5 0,268 0.238
B -2 0.6449 0.7038 +0.0579 0.55 2.40 1.3 0.1895 0,232
B -3 0.7885 0,7939 40,0054 1.10 1.50 2 0.190 0.184
B-4 0.6200 0.6246 +0,0046 1.65 1.50 2.6 0.157 0.210
B-35 0.7589 0.7576 =0.0013 2,2 2.2 N.D 0.253 0.274 ~
B=26 0.6360 0.6194 -0,0166 2.98 2.9 N.D. 0.212 0.243
B=7 0,5631 0.5509 =«0.0122 3.58 N.D. N.D. 0.208 0.202
B =28 0.5144 0,4300 <=0.0844 5,64 N.D. N.D. 0.236 0.232
B-~9 0.5239 0.4463 -=0.0776 6.58 N.D. N.D. 0.282 0.258
C-1 0,5335 0.7290 +0,1955 0,093 5.0 N.D. 0.231 0.232
C -2 0.5330 0,7118 +0.17688 0,184 12.0 N.D. 0.204 0.221
C-3 0.5000 0.6867 40,1367 0,373 7.2 N.D. 0.210 0.208
C-4 0.6180 0,7902 +0.1722 0.741 9.2 N.D, 0.266 0.265
C-3 0.5530 0.6544 +0.1014 1,470 N.D. N.D N.D. N.D.
C-6 0.5560 0,5925 +0.0365 3.820 5.2 N.D N.D. N.D.-

. Py is initial pressure in kg. cm‘_,m2 or tons Ft. >,
er is void ratio after swelling or consolidating under Py,
Ps(l) is pressure at intersection of edry with e=log P curve,
Ps(2) is pressure which is found by Casagrande method obtaimred from
e=log P curve,
cc determined is slope of e=log P curve,

c.-computed is value from c, = .94 (en = .3).



TABLE 'II

RESULTS OF THE CONSOLIDATION TEST

Natural Coefficient of = Coefficient “Compression Coefficient of Coefficient of
‘Szmple Void=Ratio Compressibility of Swelling Index Consolidation Permeability
No. C ey : a, Cq e Cy k

A-1 0.4510 0.554 x 10‘2 0.078 0.082 0.64 x 1075 0.312 x 1070
A=-2 0,3980 0,208 x 10~ 0,024 0,068 0.44 x 10~3 0.665 x 10~
A=-3 0.3510 0.083 x 1070 0, 005 0,046 0.37 x 1073 0,324 x 1079
A-4 0.3480 0,193 x 1079 0.017 0,053 0.23 x 103 0,353 x 10~
A-5 0,4340 0,230 x 10-% 0,025 0.072 0.33 x 1073 0.445 x 10~?
A-b 0,3640 0.374 % 10™ 0,012 0.083 0.56 x 1073 0.840 x 10~9
B -1 0,7400 0.272 x 1074 0,042 0.268 0.60 x 1074 0.110.x 1077
B -2 0.7340 0.953 x 10~ 0. 098 0.1895 0.32 x 1074 0,202 x 10~?
B-3 0.8260 0.105 x 104 0,033 0.190 0.59 x 1074 0.376_x 10~
B -4 0. 6900 0,101 x 10™° 0,013 0.157 0.13 x 1073 0,905 x 10~?
B=~5 0,8100 0.102 x 10~4 0,037 0.253 0.76 x 1074 0.47 % 10°9
B=-6 0,7510 0.220 x 104 0,042 : 0,212 0.64 x 1073 0.90 x 109
B -7 0,6740 0,157 x 103 0,053 0,208 0.74 x 1073 0.348 x 10~Y
B-¢ 0.7360 0,106 x 10~4 0,020 0,236 0,57 x 10~3 0.480 x 10~7
B -9 0.7780 0,113 x 104 0,048 0.282 0.58 x 10-3 0,480 x 10~?

VS



CHAPTER VI
SUMMARY AND CONCLUSIONS

The experiment was conducted on samples of Permian clay from the
vicinity of Stillwater, Oklahoma. The prime purpose of this investi-
gation was to determine the pressure which would prevent swelling of
the dry clay as it absorbs water and to determine the relationship be=
tween amount of swelling and pressure against which the swelling takes
place.

Swelling and consolidation could be eliminated when the applied
pressure on the soil is equal to the consolidation load due to desiec~
cation, Because of the wide variations,in the physical properties of
the Permian clay, no claim is made that the results herein reported
are representative of the Permian clay. The research performed re~
quires more extensive research to follow.

The following results were noted:

1) Clay A would not swell against a load of 4% to 5.0 tons per
sq. foot, and clay B would not swell against pressures of 2 to 2% tons
per squ footu but’both clays will lift lighter loads to a distance in-
versely proportional to the pressures.

2) The amount of swelling from the shrinkage limit under differ-
ent loadings was measured for several samples and values were shown in
Table I, but these values were not enough to determine a reliable re-

lationship between pressure and swelling in order to determine the
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preconsolidation load for this clay as shown in Figures 29 and 30, - Also
the disturbance of the sample during the test procedure might have an
effect upon the results of this relationship. This explains why the
curve, in Figures 29 and 30 did not pass through the corresponding points

which were determined in Table I.
Summary

Successful buildings which will not be damaged by the action of
the clay can be built economically in this region by obtaining good in-
formation about this soil from people with sufficient experience in’
this field. As Professor Means put it, "It is the exercise of common
sense based on a general knowledge of properties‘of the clay and its
action in this climate which is of greater importance than attempts to
design for future laboratory determined values of the physical proper-
ties;” This does not mean that laboratory determined values of the
physical properties are useless, but that they should be used intelli-
gently, keeping in mind that such values are determined for only a very
small sample of the soi17 ‘Although they may be fairly accurate for this
small sample, the over=all characteristics of the soil under footings
may be‘quite different. Careful observations of existing structures in
the neighborhood and intelligent interpretation is probably of greater
importance than laboratory_'tests° 'It should be kept in mind that the
damaging action of the clay is caused by climatic conditions. The same
clay, with exactiy the same physica1 properties, will react under a
load entirely differently below the water table than above, where it

is subjected to change in water content.
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Future Investigations .

For future investigations more research should be conduéted iﬁ
this field, because of the necessity of obtaining a better understand-
ing of the physical properties of Permian clay deposits.

In determining a safe supporting pressure, the preconsolidation
load should be known, and the method of intersection of edry with e=log
P curve in determining the apprpximatg maximum swelling pressure should
be studied carefully“,because the author feels that there was not enough
information ahead of time in order to determine the reliability of this
-method, In future investigations one should start, with different load-
ing procedures and with smaller initial loads, to obtain more informa-
tion about the swelling property of this soil, »

No special care was provided for preventing air bubbles, Thié
should be taken into consideration in the futﬁre by flooding the saﬁple

half way, so that entrapped air bubbles will be released.
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APPENDIX

The following letter symbols were adopted for use in this thesis:

Symbol

Property

Area

Coefficieht of compressibility
Compression index [ibomputed = (OSA)(en-°317
Swelling index

Coefficient of consolidation
Natural void ratio

Void ratio after swelling under Py
Specific gravity

Height, or thickness

Coefficient of permeability

Total foréefor load, pressure
Degree of saturation

a) Temperature

‘b) Time factor

Time

Weight

Water content
Unit weight

Displacement or deformation

59

Dimension
cmo2
cm2 gm“"’1
Dimensionless
Dimensionless
cm2 Sec™1
Dimensionless
Dimensionless
Dimensionless
cm,

cm, sec™!

kg. P
Dimensionless
Degrees
Dimensionless
Sec.

gm
Dimensionless
gm. cm, =3 ,

cm,
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