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TREFACE

The engineer is not & scientist, He must not merely determine and
retain facts, see, visumlize, formulate, and compute, but must use
Judgement and circumspection; he must estimate, weigh, decide. Mathe-
matics is only one of his tools, no more important than experience,
experimentation, and imagination, Farticularly is this true for the
foundations engineer who deals with materials and forces which are ne-
ver quite uniform, and which are as universally imgportant as they are
unique, Much is unknown about them, and exyerimentation remains the
main tool in gaining more knowledge and understanding of their beha-
vior, It is emrloyed in this thesis to gain some information on a yar-
ticular soil in a jparticular area, and jossibly to aid in the effort
of overcoming the difficulties that this soil presents,

The author wishes to exyress his gratitude to several jeorle who
gave invaluable aid in this effort, Frofessor R, E, Means gave the re-
search project its basic direction and scoye, and his counsel sustain-
ed it through many difficulties, Almost daily conversations with Fro-
fessor J. V, Farcher gave the author much of whatever understanding
of the problem he has and helyed in overcoming & variety of jractical
rroblems, Also ayrreciated is the cooyeration of Mr, Hsu-Hwa Yie, who
laid some imyortant groundwork in the problem of intrusion, using
compacted clays, Furthermore thanks are due Dr, C. A. Dunn, executive
director of the Engineering Research and Exyeriment Station, who made
available the funds and equipment needed for this research project.
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CHAF¥TER I
INTRODUCTION
General

While it is trus, and important to remember, that the soil on
which a building or other structure is to be erected must be consi-
dered as a construction material no less than steel, concrete, or
other materials in the structure yroyer, these considerations are
often quite different from those applied to the design and analysis
of the surerstructure., Factors that are not usually considered design
criteria for steel or concrete, but should be so considered for soils,
especially clays, are volume decrease during extended periods of time
due to increased load (i.e, consolidation) and due to drying (i, e.
shrinkage), the reverse process of volume increase (i.e, swelling),
the change iIn strength dus to climatic and weather conditions, and
other properties inherent in the heterogeneous neture of e material
composed of sclid matter, water, and e&ir in widely varying composi-
tion and structure, While a great many, if not all, of these factors
have & bezaring on this investigation, this research is primarily con-
cerned with shrinkage, which shall here be defined as decrease in
volume due to evaporation of water from the soil, and swelling, which
shall be defined as the process of volume increase due to water en-

tering the soil by gravity, capillary force, or'adsor;tion.



furpose of Investigation

Another facet that distinguishes manufactured materials, such as
steel or concrete, from natural ones, such as timber or soil, is the
fact that the former can, within limite,be yroduced to suit the user's
requirements, while the latter must be used as nature provides them,
Since the characteristics of soils, jparticularly cohesive soils, depend
not only on their composition, but to a large degree on the manner of
their derosition or formation, they vary widely according to geographi-
cal location, It is therefore not surprising that national and inter-
national coordination and cooperation in the investigation of the soil
of a particular reglon falls far short of tvhe effort put forth in the
development of more universally used engineering materials,

The soil found in Oklahoma and northern Texas is dominated by &
red Yermian clay that may almost be considered unique, and the proper-
ties of which present a problem shared by only a few localities in the
world, This clay, for reasons discussed later, is quite stiff and of
high shear strength, so that consideration of bearing cayacity in the
design of foundations becomes routine and of subordinate importance.
Due to its history and climatic conditions, however, the clay is cap-
able of swelling against considerable loads when moisture is avail-
able during extended periods of time, This property presents a
serious problem to architects and engineers. Many failures creating
extensive and costly damage, a number of them in buildings on the
campus of this university, are attributed to this cause, Widespread
disagreement and doubt still exist as to the precise causes of this

yhenomenon, the forces and deflections involved, and the best means



of combatting them, The schools of Architecture and Civil Engineering
have for years been engaged in the search for causes of and solutions
to this yroblem, This investigation may be considered a part of this
sustained effort to put into the hands of Oklahoma engineers and ar-

chitects better tools for the design of foundations,

Scope of Investigation.

In yractically all cases buildings in Oklahoma are erected on
clay layers of only partial saturation, This fairly dry state of the
soil is caused by reypeated and rrolonged evajoration of water from
the surface in & semi-arid climate, Since after construction the buil-
ding will largely yrevent evaporation from continuing, the clay will
absorb additional moisture, even during dry jeriods, and retain it
thereafter, The clay will, therefore, tend to swell, and unless pro-
yer precautions have been taken, the resulting pressure against the
foundation elements will cause heaving damage,

One method, aimed at prevention of such damage, that has been
proposed by builders during recent years, entails the rlacing of a
layer of gravel several inches thick below the sole of the founda-
tion and immediately above the clay. The theory, on which this prac-
tice is based, is that the clay, when swelling, will penetrate or
intrude inte the voids of the essentially incompressible gravel ra-
ther than 1lift the foundation. This method is rather untested, it
has been adversely criticized, and is the subject of wide disagree-
ment as to its aprlicability.

The puryose of this investigation, then, is to determine the



practicability of this method by studying two distinct asypects of the
behavior of this soil:
a, The amount of swelling of laterally confined undisturbed Fermian
red clay against certain imjosed pressures,
b, The amount of intrusion of the same clay into layers of various
tyres of gravel with resyect to time and to increasing pressure,
The writer hopes to determine by theoretical co&siderntlon whether
the reduction or yrevention of heaving by the ﬁse of gravel beds is
an impossibility or & method that may be used successfully under cer-
tain conditions. He further hojes to yrovide, by means of laboratory
investigation, a starting yoint for .further research in this direction
by theoretical deduction, by laboratory testing, and by experience in

the field.
Frevious Investigations

Investigation of coniolidation and swelling characteristics of
Fermian red clays has been in yprogress at Oklahoma State University
for a number of years, Research has been conducted on both undisturb-
ed and remolded samyles of this clay, and has been apylied to the de-
sign of building foundations in this region,

In 1950, R, B, Means, W. H, Hall, and J, V., Farcher published a
bulletin describing design criteria for foundations on Fermian clay
(5)*. This subject waslater extended in another bulletin by R.E.Means
to include exyloration methods (4).

Specific investigations closely related to the subject under con-

* Numbers in jarentheses refer to bibliograyhy at end of text,



sideration are covered in several Master's Theses, compiled and submit-
ted at Oklahoma State University, Of interest are William H., Hall's in-
vestigations of Yermian desiccated clays (2), swelling tests on remol-
ded clay by ¥, J. Theorhanides (10), and swelling tests on undisturbed
samrles of this clay by A, M, Midani (6).

Also of interest is a report by Hsu-Hwa Yie, in which he describes
intrusion tests on remolded Fermian clay (12). The research for this re-
port was conducted by Mr. Yie simultansously with the author's investi-

getions of undisturbed samples reported on in this thesis,
Recent Related Research

Since, as previously pointed out, exyensive clays are prevalent in
a number of locations around the globe, & review of some research con-

ducted elsewhere in this direction will be of interest here,

a. Apraratus for Measuring Swelling Fressure.

At the Israel Institute of Technology, I. Alpan has developed &n
apraratus for measuring swelling rressures of compacted soil syecimens
in a rather novel manner (1).

A sample of soil, compactzd inteo a swell pressure cell mounted on
2 triaxial machine adapted for the purrose, was allowed to take ur mois-
ture through a porous suction plate, The amount of water taken up was
controlled by applying a regulated partial vacuum to the water supply.
The samyle was then allowed to swell aghinst a proving ring at various
degrees of saturation.

Mr, Aljan, by this arrangement, meant to overcome two features of



conventional tests conducted to this end that he considered objection-
able: (a) full, uncontrolled saturation as comjared to moisture varia-
tions below full saturation in nature, and (b) the necessity to employ
various compaction energies to obtain a range of initial conditions,
thereby altering the structural arrangement of soil particles,

The tests indicated that further exyerimentation of this nature
is warranted, The writer believes that swelling tests of this kind,
allowing variations of moisture content below full saturation to be
controlled, would indeed be a valuable surylement to the research yro-

gram of exyansive clays in the Southwest,

b, Determination of Effective Shrinkage.

kxyeriments to measure the shrinkage rather than the swelling for-
ces of clayey soils were carried out by R. M, Falit and S, S, Joshi in
India (7).

Their test apraratus consisted of a rubber tube filled with water
which was surrounded by & compaécted soil sample inside a mould, The
rubber tube, through & stoyprer in one end, was connected to a syringe,
which in turn was fitted with a yiston and filled with mercury. The
riston rested against a yroving ring.

As the syecimen dries in an asyyaratus of this type, it shrinks
toward the center, and the resulting yressure is transmitted through
water, mercury, and riston to the yroving ring, where it is recorded,

Only three such tests were recorded, but two results could be sta-
ted in general terms:

(1) Only a very small part of the shrinkage yressure of a soil is exer-

ted on any adjacent structure, most of it serving to compact the soil,



Shrinkage, then, is much less & critical factor in foundation design

than swelling.

(2) When the soil cracks while drying, the ypressure exerted by it on

the structure will rapidly be reduced to zero.



CHAFTER II
ORIGIN AND FROFERTI&S OF MATERIAL

The writer believes that a clear understanding of the origin and
mein physical yroperties of the Pefmian red clay is mandatory, dbut he
alsc realizes that much hes been published on this material and that
a detalled description here would result in unwarranted duplication,
Therefore this discussion will be confined to & brief and generel de-
scription of those jroperties that have & direct bearing on this re-
rearch project, References will be given %o &id those readers inter-

ested in obtaining more syecific and comprehensive information,
Geologic Origin

A considerable portion of Oklahoma and the Southwest is coversd
by beds of Termian red clay, These originated in e salt weter sea, which
covgred this general region during the Fermian period, and into which
deyxosits of soil were carried from the mountains by torrential rains of
short duration, Later, towards the end of the Fermian yeriod, the sea
dried up three times, leaving each time deposits of gypsum and salt with
layers of clay and sandstone,

These deposits were later covered with an overburden of several
hundred feet from the Mesozoic and Cenozoic eras, This overburden has
vanished by erosion since that time. The elay layers were, of course,
heavily consolidated under this great overburdexiB but the precise value

of this preconsolidation pressure has not yet been reliably determined.



A comrrehensive description of Fermian soils in the Oklahoma area

has been yresented by R, &, Means (&),
Structure of Seil

The Permian red beds in Oklahoma consist largely of red and yellow
clays (4), the subject of this investigation. These layers vary greatly
in thickness, reeching depths of as much as‘loo feet in some locations,
Obviously no very reliable foundation design is possible without some
subsurface investigation at the building site,

The nature of these clays is exylained by the nature of their for-
mation end their further history, After the soil had been carried to the
ses by repid rein weters, during which process the flow was too fast to
permit segregation of the soil yparticles by grain size, the salt water
caused the clay particles to flocculate and settle out together with any
sand or silt particles interspersed with them, A clayey soil of floccu-
lent structure was thus formed, which generally constitutes the Fermian
red beds, Due to variance in the rapidity of the flow of water, however,
clay, sand, and silt were deposited together in varying prorortions, so
that the composition of the seil varies greatly according to location ,
Some clays contain but little sand or silt, and these are usually bad-
ly fissured., The clay tested for this thesis is of the latter type. It
is emphasized that no claim is made that the results of these tests ap-
ply to any other clay, Careful determination of the clay at any parti-
cular building site is desirable and is imperative for important struc-
tures.

It is remarked here that due to leteral confinement, both in the
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swelling and intrusion tests described herein and under field condi-
tions, the fact that the clay is fissured is of little or no signifi-
cance, excert as it affects the rate of reaction.

Because of the great overconsolidation under the heavy overbur-
den pressure imposed on the deposits after the Fermian period and due
to many cycles of drying and wetting to which the clay has been sub-
jected in a semi-arid climate, the cley is very stiff and capable of

suryorting substantial loads.
Consolidation

It follows from the preceding that these desiccated Fermian clays
mey be said to have two preconsolidation pressures, one due to shrink-
age forces and the other due to yrrevious overburden. Over the years
many consclidation tests wers run in the Soil Mechanics Laboratory of
Oklahoma Stete University with the purypose of determining these 7pre-
consolidation rressures,

In "Soil Investigation for Building Foundations" (4), R.E.Means
reports the results of one such test on a sample of undisturbed Fer-
mien red clay, which in essence were borne out by & considerable num-
ber of other tests, It was found that yressures of 3.5 to 4,5 tons
ter square foot were required to recomrress samples to ths void ratio
to which they had been reduced by shrinkage. This velue then may be
considered the jreconsolidation jressure due to shrinkage, It was
found to coincide very nearly in meny cases with the yreconsclidation
jressure &s determined by the Cesagrande method from the void ratio -

- log pressure curve,
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On the other hand, the preconsolidation pressure due to yrevious
overburden was judged to lie between 20 and 30 tons yer square foot,
corresyonding to apjyroximately YOO to 600 feet of overburden, which
roughly agrees with the estimate of geologists, However, the test ap-
raratus available for consolidation is limited to a load of little |
more than 1500 kg, so that the use of consolidation rings sufficient-
ly large to offset the effect of friction along the walls limits the
aprlied pressure to the order of 20 tons per square foot. At pressures
of this megnitude the e - log p curve is not sufficiently straight to
allow the employment of A, Casagrande's method for determination of
the preconsolidation yressure,

Other values derived from the test referenced above and cited here
for completeness are:

Coefficient of Fermeability k : 0.286 x 1079 cm/sec,

Comyression Index C, : 0.156,

Swelling Index Cg : 0.0bl,
and a rebound of b2 per cent of the total deformation after the pres -

Sure-was.released from“38 ‘to' 0.15 tons 1er square foot.
Shear Strength

Due to the fact that the clay dealt with here jossesses great
shear strength because of the aforementioned hsavy jreconsolidation
loads, little attention has been devoted to shear tests of this clay
in the jest. W. H, Hall (2) rejorts that he attempted triaxial tests,
but thet he encountered difriculties of such megnitude in the prera-
ration of samples, and that as a result his data were sc erratic,

that reporting them seemed futile.



In problems involving intrusion, however, shear strength does
assume imyortance, since in this case the clay is intended to fail
locally in shear, A few triaxial compression tests were therefors
conducted, the results being reported later in this thesis, Since
only one clay was tested, however, and since furthermore the samp-
les for comyression and intrusion tests were taken from different
locations (Stillwater and Oklahoma City, resgyectively), any attempt
here to relate shear strength and intrusion values would be insig-
nificant and worthless, It is hoped that the values recorded will
be of some assistance in future research directed toward establish-

ing some such relationshiy.

12



CHAFTER III
THEORETICAL CONSIDERATIONS
Shrinkage and Swelling of Clay

Since the solid particles comprising clay are vefy minute (smaller
than 0.002 mm according to the MIT classification system), the voids,
which must be thought of as intercennected passageways or pores, are
corresypondingly small in diameter, although their size varies., When &
mass of clay, fully saturated and possessing free water on the surface,

starts drying out, by evaporation

.of water from the surface, the
surface of the water starts rece-
ding into these passageways whichy
now act as cayillary tubes. As the
water further recedes into smaller
pore syaces the tension in the wa-
ter increases as the radii of the
yores decrease, This, of course,

is due to the fact that smaller

rores permit smaller menisci, and

Figure 1.

that the carillary tension in the
Capillary Fore in Clay

water is inversely proportional
to the radius of the menisci, the latter being equal to the radius of
‘the largest pore in the system. The tensile stress in the ypore water

produces the same effect as externally aprlied compressive pressure.

13
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Figure 1 shows successive positions of a meniscus receding into a pore,
Ayprarently, for a given arréngement of soil yarticles, increase in
pore water tension ceases when the menisci have reached the smallest
pore syace in the soil mdss, The clay jarticles, however, being acted
on by tensile forces, will tend to move closer together, thereby de-
creasing the radii of the jore spaces end, as a result, increasing the
tension in the water further, This frocess wili rerceat itself a number
of times, but can not continue indefinitely. As the particles move
closer together, they tend to form & structurally stronger system, un-
til this system can withstand the correspondipg maximum tension in the

pore water, At this yoint the decreases in volume, which, of course, ac-

- ~
P

comlaﬂies the 1rocess described above, will cease, The water content &t

this fg}nt was defined by Atterberg as the shrinkage limit of the soil.

Due to the small size of the pérticles, the menisci need only recede a

very short distance from the surface to achieve this condition, so that

“the soil may be considered saturated at the shrinkage limit, Further

decrease in moisture content does not, according to this theory, result

Shrinkage

Swelling

Vet Dry . Vet
Sample Sample Sample

Figure 2,

Successive Shrinkage and Swelling of Clay Sample.
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in further shrinkage,

When free water is now made available to the clay mass, it can be
observed that the latter tends to aprroach its original volume by
swelling, but does not necessarily reach it (fig. é), The question a-
rises as to what causes this increase in volume: . 'and what deter-
mines its magnitude,

It was previously theorized that the individual soil jerticles
rearrange themselves in some menner during shrinkage in order %o with-
stand the added tension in the water, If this rearrangement is, wholly
or yartially, effected by grains slipying yast one another, then it is
quite wnlikely thet this relative movement will be reversed by filling
the pore sypaces with water; the stress in the water is merely neutra-
lized, not reversed, by changing from tension to zero stress rather
than compression (the hydrostatic pressure is negligible)., This slip-
ting action then, if present, results in yermanent or inelastic defor-
mation,

On the other hand, the clay yparticles may rearrange their structure
by internal deformation rathe&r than relative movement, i.e. the par-
ticles, of flaky shaye, may bend or twist. Since clay is largely com-
posed of minerals, such as kaolinite and montmorillenite, which pos-‘=
sess almost jerfectly elastic behavior somewhat like mica flakes, this
tyre of deformation will be recovered when the pressure that induced it
is removed, Therefore, when pore water pressure reverts to zero, the
clay particles assume their original jpositions, lending elastic beha-
vior to the soil mass as a whole. Swelling takes yplace,

Finally, electromagnetic forces may contribute to elastic revound



1b

when water is made available, Electric chérgeﬁa usually negative, are
concentrated along the surfaces of most of the scale-like jarticles
comprising clay, Water molecules, being bipolar, are strongly attrac-
ted to these yarticles and orient themselves on their surfaces. This
electromagnetic orientation lends the water much greater viscosity
than normal, Immediately adjacent to the surface of the particle,
where the water molecules are pertectly oriented, the water approaches
the solid state, and this layer is often referred to as adsorbed wa-
ter (3). At some greater distance from the particle, the orientation
becomes lese yperfect and hence the water less viscous until it finaif
ly reaches normal viscosaity. gggm;gyer between the adsorbesd water and
the normally viscous or free water may be called the double layer. The
latter is usually much thicker than the layer of adsorbed water and
varies in thickness for different minerals., T. William Lambe gives the

following dimensions for two of the more common minerals (3):

Montmorillonite Kaolinite

 Length of particle 1000 & 10000 A
Thi ckness of particle 10 & 1000 A
Adsorbed water 10 & 10 &
Double layer 200 & 4oo &

It is evident that the adsorbed and double layer water accounts for a
substantial yportion of the total volume of the clay sample, and is
carable of causing considerable shrinkage when it is removed by rress-
ure or evaporation. Conversely, when water becomes available to a dry
clay, its great electromagnetic attraction to the mineral yarticles

will sureiy cause swelling, even against fairly large imposed yressure.
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Of course, all the free water around a particle must be removed by
either consolidation or desiccation before any of the more viscous
wgter can be extruded, but some question exists in the author's mind
whether all the free water in an entire sample would necessarily have
to be evaporated before any of the tightly held water can be removed.
If this is necessary, then shrinkage and swelling by this yrocess be-
come jossible only after desiccation has reached a joint far beyond
the shrinkage limit; if not, then shrinkage by removal of adsorbed
water will commence as soon as & sample of soil has been dried out

to the shrinkage limit. At any rate, it becomes evident that if the
electromagnetic forces come into play, not all shrinkage ceases at
the so-called shrinkage limit, but volume decrease could possibly con-
tinue until the entire clay structure is suprorted by mineral - to -

mineral contact, At this point, which might be referred to as the ab-

(a) Undisturbed (b) Remolded

Figure 3.

Undisturbed and Remolded Clay in Mineral-to-Mineral Contact.
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solute shrinkage 1limit, the moisture content will be very low, but un-
doubtedly higher for undistubed than for remolded clay (see fig. 3).

Summarizing, it eprears reasonable that shrinkage of clay will
occur due to (a) slippage of perticles past one another, (b) deforma-
tion of elastic mineral flékes, and (c) squeezing out and evaporation
of double layer and possibly adsorbed water, The first of these yroces-
ses is irreversible and undoubtedly ceases after & number of drying
and swelling cycles, since the particles will eventually form a struc-
ture of maximum strength., This view is supported by the fact that no
rermanent downward movement of points on the surface of élay beds has
been observed. The other two actions are reversible and can corresypond-
ingly be considered to be jerfectly elastic.

Thus swelling action derends on the mineral composition of a jar-
ticular soil, the structure of the soil, and the amount of water avail-
able.

Since this is not a treatise on the behavior of particles, but ra-
ther an investigation of the action_of a particular type of clay, it
will be attempted to find an answer to the following questions by
laboratory testing methods:

What effect do repeated cycles of drying and wetting have on a
non-desiccated clay of this type?

Against what imposed pressures is a desiccated clay capable of
swelling and by what amount?

What applied pressure is necessary to recompress the clay to its
shrinkage volume after flooding?

With the answers to thess questions known, & more accurate estimate
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can be made as to the swelling action of Yermian clay against the
foundation of a building, and means of preventing differential hea-
ving can be develoyed. This is the ultimate goal of this investiga-

tion,
Foundations on Fermian Clay

During recent years & number of methods and criteria for the
design of foundations on Fermian red beds aimed at overcoming or
combatting differential heaving have been developed and employed
with varying, but often good, success. Some of these are listed in
the following,

1. Independent footings of the syreed or bell-bottom type are
1laced well below the surface near the water table or, at any rate,
at @ depth where periodic drying of the clay seems impossibvle to
occur, This is an excellent method of preventing heeving, but with
the water table often &t a derth of 50 feet or more, the cost of
drilling or digging is quite high, Thus the exypense for a founda-
tion of %this tyre, especially in the case of light buildings, often
becomes prohibitively large in proportion to the total building
cost,

2. Footings are so designed in size and location that their
sole pressure counteracts any tentency to differential heaving.When
one considers that the sole pressure is limited by the safe bearing
rressure and that pressure decreases rapidly with depth, while the
swelling ypressure fails to do so significantly, it becomes evident

that this method contains many shortcomings and difficulties, and



that its aryplication is definitely limited. In this as well as the fre-
ceding method, prorer rrecautions must be taken to yprevent the piers
from being lifted by shear action of the clay along its surface., This
may be achieved by either providing a void space between pier and clay
~or serarating them by some material of very low shear strength,

3. A& third method takes adventage of the fact (known from experi-
ence) that clay generally does not dry out-under & building once it is
saturated, since floor slabs form an effective barrier against evapora-
tion, A dike is erected around the construction site of a proyosed buil-
ding and the enclosed area flooded with water, which is maintained un-
til the underlying clay hes been fully satureted. At that time the foun-
dation may be constructed without fear of heaving, The clay being highly
imyermeable, however, many years are required before all swelling will
cease, Certainly a flooding yperiod of a year or more is needed for even
a fairly successful application of this method, The inherent economic
drawbacks are obvious:

4, Finally, an idea has been advanced which would also msake
use of the experience that clay swells only once after a building has
been erected on it, while it would avoid the loss incurred by letting
a site go unused for years while flooded. The footings, and possibly
other foundation elements, are cast not immediately on the clay, but
rather on & bed of gravel several inches thick, It is desired that
when the clay subsequently swells, it will intrude into the voids of
the essentially incompressible gravel rather than 1ift the structure,
The clay, of course, has two alternatives to this action., It can ei-

ther, when sufficiently stiff, refuse to penetrate into the voids by
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a sufficient amount, or it can, when sufficiently weak, intrude into
the gravel when the building is being erected without waiting for any
swelling action to take place. This method of intrusion, though quite
untried, has th. advanvaege of smull cosv if and where its application
is possible, and therefore deserves investigation, It is the subject
of this initial research rroject, and its theorestical asyects will be
discussed Turther in the next section.

First, however, some remarks on basement floor systems will be
desirable, without which this chapter would not be complete. System
3 is the only one that allows the use of conventional concrste slabs
cast on ground without special precautions, since the pré—saturated
ground will exert no swelling pressure against them. In systems 1 and
2 slabs of this type would certainly crack, end have in fact done so
innumerable times, when the underlying clay begins to swell. A float-
ing slab independent of beams &nd columns would be a better solution,
but would also present a numoer of architectural disadvantages and
difficulties, & third possibility entails the wuse of a structural
slab or joist system separated from the ground by an air syace seve-
ral inches high, & report and design gulide on the most feasible of
such systems (in the opinion of the writer) is at present being com-
piled by Frofessor Dean Irby and the writer, System 4, the subject
of this thesis, also demands void spaces under slabs, since the ypres-
sure necessary to force intrusion of clay into gravel will generally

be too great to be resisted by a slab, &s will be shown later,
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Intrusien

As stated yreviously, the protection afforded by an underlying gra-
vel sheet against heaving of & footing or foundetion element of any
kind necessitates the entering of clay into the void spaces of the gra-
vel when swelling occurs, This action is here defined as intrusion.
There exists the possibility of meking use of intrusion in two distinct-
ly different ways, although without exyperimental data no information
on the effectiveness of either is available. Firstly, any swelling ef-
fect may be counteracted by intrusion if swelling takes place at the
same rete with respect toc time as does intrusion, Secondly, differen-
tial heaving may be combatted if, due to the stiffness of the super=
structure, lifting of one particular feoting would result in increased
rressure under that footing of such magnitude that an equal amount of
intrusion would take place. These two possibilities will be discussed
and investigated in turn.

The expected rate of swelling of the clay under a proposed buil-
ding can be reoughly estimated when swelling tests have been conducted,
subsurface investigations carried out, the amount of available water
estimated, and aprroypriate calculations made, The problem remains to
£ind the conditions under which a rate of intrusion equal to the rate
of swelling can be achieved, Without need for experimentation sevsral
effects of the various variables involved can confidently be sstimated
in general, qualitative terms,

Increased pressure will result in increased intrusion, but not
necessarily in an increased rate of intrusion. The pressure can be

varied only by redesign of the foundation.
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Since clay becomes weaker with the addition of water, the supply
of moisture will more effectively contribute to imtrusion when enter-
ing the clay from the gravel sheet rather than from some depth by
capillary action.

The type of gravel used may well be the single most important
varieble in the design, Experience suggests that for easy intrusion
the gravel should have a high void ratio, large pore openings, few
flat surfaces, smooth surfaces, and resistance to crushing, For max-
imum intrusion, then, the gravel should be poorly graded, wvery coarse,
wellrounded, smooth, and strong.

So many factors, varying from case to case and largely unknown,
enter into the behavior of clay and gravel that any detailed or quan-
titative theorizing on this subject seems a thankless and futile task,
sxcept as it may be uséd to interprete exyerimental data. Some such
data will be reported in the next chagpter,

In summary, the rate of intrusion should be set equal to the rate
of swelling and may be adjusted by proper selection of contact pres-
sure, type of gravel, and, possibly, supply of moisture.

The other method, based on increase in pressure, contains no pda—
8ibility of cancelling out heaving unless it 1s combined with the pro-
cedure described above, It has aé its aim the compensation for differ-
ential swelling only, which may occur due to different pressures under
the various footings, due to varying thickness of the clay bed under
the building, or due to different rates of moisture supyly and evapora-
tion., The yrincirple is applicadle under two distinct conditions. On

the one hand, differential heaving of the various footings may occur.
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Increased Footing Load due to Heaving Deformation.

FYarticularly interior footings may be subjected to a more rapid rate
of heaving than the exterior ones., On the other hand, exterior foot-
ings often experience greater heaving on the inside than on the out-
gside. The reason, of course, is that in both cases surface evapora-
tion from the area immediately surrounding the building influences
heaving of exterior foundation elements by tending to keep the mois-
ture content of the clay under them lower than that of the interior
clay where no evayporation can take rlace.

In both cases the flexural rigidity of the superstructure,
mainly of the girders in the first case and of the column in the
second, will cause increased stress to be exerted on the element
where the most heaving is taking place, If gravél has been placed
under this slement, increased intrusion will no doubt take place due
to the increased pressure, and ideally the amount of heaving will be

completely compensated for by an equal amount of intrusion,
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To make this possible, the increased pressure exerted by the
superstructure due to a certain displacement of a particular foot-
ing must be known, as well as the increase in yressure required to
cause additional intrusion by the same amount as the displacement.
The former information will be available frem the structural analy-
sis of the building by any of the methods in common use, but the
latter value will have to be determined experimentally from intru-
sion tests of the pressure-deformation type as discussed in the
following chagpter.

In any of the above methods, care must be taken to select a

gravel bed thick enough to accomodate the increased volume of clay
due to total or differential swelling, as the case may be. The
thickness of gravel i, the void retio of the gravel e, and the

expected amount of heaving h will have the following relationship

(fig. 9):
o

Voids h

m
/,/ﬁoiidé// 2
//7// )

1
7 t = h(l-e)

Figure 5.

Gravel Layer and Heaving Relationship.



CHAFTER 1V
LABOEATORY RESEARCH
General

Laboratory investigations reported here were conducted in the
S0il Mechanics Laboratory of the Oklahoma State University. Their
primary pupose was the determination of ypressures and volume chan-
ges involved in swelling of desiccated Fermian clay and in intru-
sion of this same clay into various types of gravel. This purpose
gstemmed from the quite yractical desire of obtaining quantitative
as well as quelitative information on the practicability and per-
tinent design criteria of the method of combatting heaving by in-
trusion as discussed in the preceding chapters, Some indications
of a more: theoretical nature may @also be gleaned from the test re-
"sults, yarticularly from those concerned with swelling and shrink-
age of clay., The intrusion tests, on the other hand, were of a very
exploratory nature, being the first experiments of this type to e
conducted to the knowledge of the author, and admittedly lacked in
refinement, Many more tests of a similar nature will have to be con-
ducted before it will be possible to develop & reliable theory of
this process, It is hoped that the tests described here will aid in

future exyerimentation of this kind,

26
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Samples

All samples of clay tested were obtained from locatiens in Okla-
homa City and Stillwater, Oklahoma, They represent the reddish brown
clay typical of this region, a clay that is heavily fissured and con-
tains small rock fragments of up to about 3 mm average diameter, dis-
tributed throughout its mess, These two facts, combined with the great
stiffness of the clay, make the ypreraration of samples exceedingly
difficult. The samples tssted represent the author's best efforts in
this direction, but it is pointed out that some disturbance along the
boundary surfaces is cheracteristic of all of them, To what degree
these disturbances are reflected in the test results is unknown, dut
due to the dimensions of the samples used, the errors introduced are
not believed to decrease the overall accuracy seriously.

Rough samples were taken menually from excavations by cutting a

groove all around a block of clay, The stiffness of the clay makes

Rough Sample

Trimming Knife

Ring

» Rotary Table

Figure b,

Sample Preparatioh by Turntable.
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this method necessary if the best possible samples are to be obtained.

Two methods were employed in the preyaration of specimens for con-
golidation tests,

In the turntable method, the consolidation ring is placed on a ro-
tary lathe, and the clay sample, roughly cut to size, ie set on the
ring. With the aid of a steel blade, featuring a curved cutting edge.
and an offset for guidance along the ring, the sample is trimmed to fit
the ring. After complete penetration, the sample is trimmed off flush
with the ring by means of a straight edge (fig. 6).

Using the sharpened ring method, a consolidation ring with a
sharpened cutting edge is placed on the rough clay sample, By alter-
nately carefully trimming the specimen with an ordinary paring knife’
to apyroximately the size of the diameter of the cutting edge and
exerting slight pressure on the sample, the latter is gradwlly dri-
ven into the ring, It is then trimmed off flush as before,

The preraration of comyression samples for triaxial tests was
rerformed in much this same manner, with a tube of smaller diameter
than the ring and much greater height, The completed specimens were
extracted from the sampler with & piston, and placed into a’rubber

membrane for testing,
Shrinkage and Swelling Tests

Shrinkage and swelling tests were conducted by placing samples
of about 2 cm height and 10 cm diameter into a consolidation machine.
In this machine two decimal beams are employed in series, so that a

lever arm ratic of 100 ¢ 1 is achieved. A movable fulcrum allows ad-
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Jjustment for deformation. The sample in its ring is yplaced between two
rorous stones of slightly smaller diameter than the specimen, This
floating-ring type container ellows compression of the sample from
both sides, thereby minimizing the effects of friction along the walls,
The arraratus is placed into a bowl in order to supply an unlimited
amount of water to the sample for saturation, and load is applied
through a head to the top stone. A dial is placed against the head
to allow measurement of deflection,

Three series of tests of this tyyre, designated A, D, and G, were
concluded, another had to be abandoned because of excessive loss of
s0il from the consclidation ring. Series A consisted of six consoli~
dation tests after each sample was allowed to dry out and then swell
under pressures varying from O to 5 tonfeq., ft, Series D consisted
of four samples subjected to a number of drying and swelling cycles
under pressures varying from 1.2 to 4.8 tons/sq.ft, Series G was
another consolidation test, but using the four samples of series D
after allowing them to swell under their original loads. A descrip-
tion of these tests and the presentation of their results follows.‘

Series A. The samples were taken from a basement excavation on
Ridge Road, Stillwater, Oklahoma, at a depth of § feet below grade.
One sample (A-1) was prepared with a sharpened ring which was sub-
sequently used for testing, and the remaining five samples (A-2, A-3,
A-L4, A-5, A-b6) by tﬁe use of the turntable. The samples were flaced
into the consoclidation machine at their nstural water content and
dried out under the slight load of 0.025 tons/sq.ft. After about
three weeks all shrinkage had ceased and pressure was applied as

shown:
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Sample A-1 - 0 tons/sq.ft.
R
A-3 - 2 "

Al ; 3 "
A-5 - i} L
A-b - 5 "

The samples defamed further under these loads by some small a-
mounts, After one day, water was added to allow swelling. However,
all but sample A-1 decremsed further in height, It was noted that
the entering water had succeeded in slaking & certain amount of soil
from the shrinkage cracks that had formed between the samples and -
their rings, in all cases but A-1l, The soil, deposited &t the bottom
of the bowl, was later carefully collected, dried, and weighed, Mak-
ing the assumption that the weight of this residue was related to
the dry weight of the entire sample as the deformation due to its
loss to the height of the sample, a correction was comguted and ayp-
plied to the readings. The result showed that A-2 also swelled, and
that the consolidation of th® remaining samples amounted to. much
less than indicated,

¥ow, at intervals of three days, the pressure on each sample was
approximately doubled up to a maximum of about 20 tons/sq.ft., the
capacity of the machines, It was then reduced successively by three
fourths down to the swelling pressure indicated above and finally to
0.025 tons/sq.ft. Readings for each load taken one day (1440 minutes)
after each load was applied, at which time primary consolidation had

ceased, were used to compute veoid ratio, except that at the final,
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smallest pressure a reading’was also taken after about two weeks of
swelling against this pressure, These values wefe used to plot an e -
log p curve for each sample (figs. 7 to 12 ). O, and Cg by definition
represent the slopes of the virgin and swelling branches of these cur-
ves, plotted to a semilegarithmic scale,

It is seen from the curves that in the case of séﬁmles A-1 and
A-2, the only ones that swelled at all, the pressure required to re-
compress the specimens to their shrinkage volumes was aprroximately

2, e value that is much lower than corresponding data found

1.5 kgfcm
by A, M, Mideni (b) and others for similar clay. The other samples,
flooded under pressures exceeding 1.5 kg:/cm2 failed to swell ai all,
a fact that seems to bear out this rather surprising result. Further-
more, the ypreconsolidation pressure of A-1 as determined by the Casa-
grande method is only about 0.3b kg:/cm2 or [20 lbe,/sq.ft., a far dif-
ferent value, and one that is strikingly similar to the pressuré in-
duced by the overburden of about 5 feet at the site, which would
amount to roughly /00 1lbs./sq.ft. ZFinally, the site from which the
sample was taken is located near the bed of an intermittent stream,
so that the combination of all these factors strongly suggests the
possibility, almost certainty, that this clay has not been desiccated
innumerable times and may be a fairly recently deposited, normally con-
solidated clay. The fact that all the e - log p curves of this series
are very nearly straight in their terminal ranges supyorts this con-
clusion,

Series D, The clay for this test was taken from a depth of 8

feet below grade at Shartel & 38th Streets, Oklahoma City, Oklahoma.
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Four samples were prepared by the sharyened ring method and allowed to
dry out under a drying oven, at a temperature of about SOOC. When tho-
roughly dry, they had shrunk sufficiently to produce cracks of apyroxi-
mately 1 mm width betwesn soil and rings. Such a space, when left oyen,
will lead to slaking of soil when water is added, as was shown in series
A, and will, moreover, lead to unrealistic results, as such cracks in
nature are usually filled by silt, thus providing lateral confinement,
Rings of the exact diameter of the dry samples not being aveilable,
rings of the same size as the cutting ring were chosen, and the shrink-
age voids filled with wax. To protect the soil from the soft wax and its
certainly undesirable influence on permeability and possibly other pro—h
terties of the soil, it was first covered with aluminum foil, A& layer

of wax was then applied around the perimeter of the semgple, whareﬁpon
the latter was inserted into a slightly warm ring. The temperature of
the consolidation ring must be high enough to allow e&sy renetration,
yet not so high as to permit the wax to melt and flow out of the crack.
After the wax had hardenedg‘the circular portions of foil covering the

top and the bottom of the sample were removed, and the sample placed

into the consolidation machine, Fressures were aprlied as follows:

Sample D-1 - 1.2 tons/sq.ft.
D-2 - 2.4 "
D-3 - 3.6 "
D-4 - u.8 ]

When water was added, all samples failed to swell, even though
no soil leaked out, As would be expected, sample D-1 consolidated by

the least amount of all, and D-4 by the greatest, Sample D-3, however,
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showed a value falling between those of samples D-1 and D-2, which
might rossibly be exylained by an unsuccessful attempt to fill the
shrinkage crack of D-2. Since D=2, however, seems to follow the over-
all pattern more closely than D-3, it appears more likely that some
factor contributing to the heterogeneity of the material, such rock
fragments, is responsibie for the discregency.

The samples were then dried out in the machine under load and

showed further shrinkage, which ceased after about two weeks, When
flooded, swelling was observed for all samyples, but by an amount
substantially less than the shrinkage. The samples ware next subjec-
ted td several alternate drying and flooding cycles, e&ch period
lasting until no further shrinkage or swelling could be observed,
For all samples, the amount of swelling continued to fall short of
the shrinkage in each cycle, but the differentisl grew successively
smaller, until swelling and shrinking approached equality after the
fourth cycle.

Curves for swelling and shrinkage were plotted as unit deforma-
tion versus cycles for each sample (figs, 13 to 16), For yuryoses of
these grayhs, positive swelling values indicate volume increase, and
rositive shrinkage values indicate volume decrease, This sign conven-
tion is consistent with the meanings commonly given the words swelling
and shrinkage, The assymptotes of these curves are streight, horizon-
tal lines, Their ordinates indicate the &mount of unit heaving h/H,of
which laterally confined clay of this type is carable against the in-

dicated applied pressures, The values determined are;



Iressure p Unit heaving h/H

1.2 tons/sq.ft. 0.0084 emfcm - 0.101 in/ft
2.4 0 0.0060 " -o0.072
3.6 " 0.0055 * - 0,066
4.8 " 0.00%3 " - 0,063

When these values are plotted es pressure versus unit heaving,
it is interesting to note thet the strain values aprear to approach
8 constant (aprroximetely 0.0055 cm/cm) at pressures exceeding five
tons/sq.ft., That is to say that this desiccated clay at higher ypres-
sures will shrink or swell by the constant amount of about 1/1b inch
ter foot of thickness, regardless of what the exact amount of apjlied
yressure is. Since it seems unreasonable to believe that this state-
ment holds true in an unlimited range, the wfiter feels that similar
tests uesing ypressures ugward of 5 tons/sq.ft, would prove very inter-- .
esting and are necessary before the final word on this subject cﬁn e
said,

The fact that this clay initially failed to swell end changed its
rrorerti®s during reyeated drying cycles, indicates that originally it
may not have been desiccated, The sample having been taken from near
the water table, this assumption is very likely correct.

Series E. The four samrles of this series were obtained from the
same location in Oklahoma City as those for series D and were prepared
in an identical manner., Instead of ovendrying the speciﬁens, however,
they were dried in the machine, at room temrerature, and under the fol-

lowing jressures:
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Samplg B-1 - 1.2 tons/sq.ft.
B-2 - 2.4 "
-3 - 3.6 "
E-Y4 - 4.8 "

When shrinkage had ceased, the samples were taken out of the ma-
chines in order to fill the shriﬁkage cracks around the perimeters. It
was noted, however, that in contrast to the oven-dried specimens the
cracks that hed formed were so narrow as to make filling them seem im-
possible, They were nevertheless returned to the machine and flooded
under load, As exyected, heavy slaking of clay was observed during the
first as well as two succeeding cycles, Hence, the data obtained were
rendered almost valueless and the test was abandoned, Two observations,
however, are significant,

Firstly, the shrinkage values obtained, not effected by slaking,
bear a close resemblance to their counterrarts of series D, thus sub-
stantiating the results of those tests., The significant data obtained
from the two series are listed in table 1.

Secondly, the difference in the nature or amount of shrinkage bet-
ween series D and B poses a question, which might be answered in one or
both of two waysL Visual inspection revealed cracks in series D several
times as wide as those in series E, while no information is available
on the vertical shrinkage values of series D,

It is possible that temperature has an influence of no small sig-
nificance on the amount of shrinkage, greater changes in volume being
tossible at higher temperatures. This would indicate that at any given

temperature only & certein corresyonding amount of double layer water



TABLE I

UNIT DEFORMATION DUs TO CYCLIC DRYIKG

Iressure Cycle Seriegs D Series D Series B

No. Swelling Shrinking Shrinking
(kg/ cm®) (cm/ cm) (cm/ em): (cm/ cm)

0 .0150

1 -.0135 .0190 ,0170
1.2 2 .0059 .0129 .0130

3 .0070 0115

b .008L ,0109

5 .0084

0 .0163

1 -.0295 .0182 L0176
2.4 2 .0038 .0106 .0119

3 .0052 .0091 .

1 .0059 .008k

5 .0060

0 .0170

1 -.0243 L0172 ,0161
3.6 2 L0034 .0089 .0097

3 .00%0 .0070

4 .0052 .0054

5 L0054

0 ..0170

1 -.0539 .0222 L0174
4,8 2 .0029 L0117 .0097

3 .0049 .0096b

i .0052 .0082

5 .0053
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can be driven off, so that the shrinkage yotential rises with temyera-
ture,

But the ayrlied pressure was also different in the two cases, It
might be concluded that an externally ayrlied yressure in one ‘direc-
tlon tends to aid shrinkage in the same dirsction by forcing out dou~
ble layer water from beneath individual soil particles when these are
forced closef together, No significant difference in the width of
cracks between the various samples of series E was discoversd by visu-~
al inspection of the samples, however, sd thet this theory cen not be
substantiated, |

It is possible, of course, that both factors entered into the be-
havior of the clay, with the first one very likely having had greater
influence.

-Series F. The four samples of series D were used for this series
after comyletion of the former; the individual specimens correspond
ih their numbers of designation. '

After fhe lést drying and swelling cycle of series D, all ypres-
sure was removed from the samyles excert the minute amount of 0.025
tons/sq.ft.;, and the clay was permitted to swell under this reduced .

- load for one day. Drying was then initiated, and when shrinkage
had ceased after two weekse the original pressures of 1,2, 2.4, 3.6,
and 4.8 tons/sq.ff. were reayrlied. After another day the samples
were flooded, which rroved to cause swelling of F-1, no volume
change of F-E,‘and consolidation of the remaining two samples. At
intervals of one day, i.e. LLUO miﬁutes, the loads were increaged

up to the maximum pressure of 19.2 tons/sq.ft. and then gradually
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5
reduced to zero, The void ratio - pressure curves were plotted to the
customary semi-logarithmic scale and included here as figures 18 to 21,

Since flooding of sample F-2 under 2.4 tons/sq,ft. led to neither
swelling or consoclidation, this value suggests itself as the preconsoli-
dation 1oad due to desiccation, A horizontal line through the dry void
ratio of curve F-1 under 1,2 kgﬁcmgvcuta the & - log p curve of that
sample at 2,2 tons/sq.ft,, and similar values would be arrived at if
corresyonding lines were drawn to intersect with the extensions of the
upyer rortions of the e - log p curves of samples F-3 and F-4, It is
therefore concluded that the preconsoiidatioﬁ rressure due to desicca-
tion of this clay amounts to some value slightly higher than 2 tons/
sé.ft. This figure is higher than thet determined in series A, but
much smaller than the preconsolidation yressure of 3.5 to 4,5 tons/
8q.ft, which has reyjeatedly been found for tyyical desiccated clays of
this region., Since clays in nature h;ve dried out meny more times than
the number of drying cycles to which these specimena.were subjected in
the laboratory, it appears that additional drying cycles will further
increase the preconsclidation load due to desiccation.

What causes this increase? Quite possibly eamch successive drying
cycle urges the soil yarticles into denser and stronger structure, H.
B. Seed (9) conducted repeated load tests on remolded clays and found
increased resistance to deformation with an increased number of load-
ing cycles, The céuses to which he attributes these effects are in-
crease in density, thixotroric action, or both., The problem at hand
is quite different, but obvicusly the causes for increase in strength

due to reyeated loading and due to rereated drying are related.
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Another question that arises is this: Why will a clay sample that
has achieved equal and constant volume change due to drying and wet-
ting after a sufficient number df cycles under a certain load show a
different deformation due to flooding under the: same .load after the
rressure has been relieved and reapplied? The test results show that
this is the case, and that the new amount of swelling becomes zero at
the yreconsolidation yressure due to desiccation (which is thus deter-
mined) and increasingly more negative (consolidation) under even hea-
vier pressures, It is @lso shown that the void ratlo during reyeated
drying and wetting under a given yressure is generally lower than that
obtained after this yressure has been relieved and then reapylied after
swWelling and shrinking have teken yplace under zero load,

The answer is probably, that when the load is removed, +the soil
particles will partially, but not entirely, relinquish their new dense
structure,and rereated cycles will again be necessary to give the clay
its former high strength and density.It is surmised that this process,
too,is limited in that & constant condition would yrobably be aprroach-
ed after a sufficient number of cycles.

The practical meaning of these yhenomena is that if the clay under
a foundation were able to dry and swell reriodically,as is not normally
the case, not only would ways of combatting heaving become more diffi-
cult, but the heaving action itself would be more serious, because the
volume change of the clay would be greater, as well as ypossible against

heavier loads,
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Intrusion Tests

It was now attempted to determine some values that relate to the
ability of Fermian clay to intrude into cohesionless materials. The
various variables considered for these tests were time, pressure,
tyre of gravel, and availability of moisture. The author failed, how-
ever, in finding a practical way of testing the influence of the lat-
ter, the high impermeability of the clay meking the control of water
suprly exceedingly difficult, Several series of tests were conducted
examining the influence of the remaining three factors and are de-~
scribed below. |

Series G, These were extended tests designed to measure the in-
trusion of clay into cohesionless material with respect to time. The
four clay samples involved were those previously used for the repeated
drying tests of series B, DFor simplicity, steel balls rather than
gravel were placed on the saturated samprles in two layers. The diame-
ter of the balls of samples G-1 and G-2 was 1.10 cm,., and that of the
balls of G-3 and G-U4 was 1,58 cm. Loasds were applied to the steel
balls through porous stones resting on them, as shown in figure 22,

with average pressures being exerted on the clay samples as shown:

Sample G-1 - 1.2 tons/sq.ft,
-2 - 2.4 w
G-3 - 3.6 "

G-l - 4,8
Bach ayraratus was immersed in water, and the deflections measured
until all movement had ceased. Deflections were plotted versus time

for each sample, and the graphs included here as figures 23 to 26.
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It is seen that the initial deformations, measured after a few
seconds, are resyonsible for the major portion of the total deforma-
tions, with the succeeding deformations amounting generally to less
than 1 mm, & very slight amount when compared to heaving of several
inches, which is common. Even the total intrusion apyears to be of
1ittle hely in compensating for swelling, and the primary, initial
gset must be disregarded, since it occurs much faster than swelling
and would probably take yplace during construction or whenever water
is made available to the toy layer of clay. The secondary part, how-
ever, seems to apyroach roughly the shape of a tyrical swelling
curve. If secondary intrusion, therefore, can be caused to be lafge
enough to be comparable to heaving deformations, an effective method

of stabilizing a foundation is possible., Yossibly this can be
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Figure 22.

Intrusion Test Apparatus.
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achieved by selecting much larger gravel for similar tesfs, which
would more reasonably be performed in the field rather than in the
laboratory,

Series H, These tests were designed to obtain some information
on the relationship between pressure and initial intrusion for sev-
eral tyres and sizes of gravel. The four samples previously used
in series D and F were used., While their histories were not identi-
cal, their maximum preconsolidation loads were, and all had been
allowed to swell under zero load for several days. Various types of
gravel, as described below, having the void ratios indicated, were
tlaced on the samples in thicknesses of about Y4 cm,

Sample Void Ratio  Type of Gravel

E-1 0.78 Steel balls (1,10 cm diameter)
H-2 1,15 Steel balls (1.58 cm diameter)
HB-3 1.00 Subrounded gravel

B4 1,13 Angular gravel

Both types of gravel were of a size comparable to the steel balls,
yassing a 3/U4 inch sieve and being retained by a 1/2 inch sieve.
The test apparatus was substantially the same as that of series G,
but while free water was available at the surface of the clay,
immersion was not deemed necessary.

By means of a consolidation machine, pressure was aryplied in
increments of 1.2 tons/sq.ft. in each case, at intervals of one
minute, It was previously reported that after that time the largest
rart of the total intrusion under a given yressure, especially a

high pressure, has usually been accomplished, Meking the simpli-
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fying, but somewhat erroneous, assumption that the gravel was incom-
rressible in each case, and after correcting for machine deformations,
the results of these tests are reported here in the form of stress -
strain curves. During test H-3 it was noted that at a pressure of
14,4 tons/sq.ft, the subrounded gravel began to sliy, as evidenced

by sudden, erratic increases in deformation, and the test was there-
fore discontinued at this toint. The four pressure - intrusion curves
are shown in figures 27 to 30.

These grayphs allow & number of observations:

1. The curves are steepest in the lower yressure range, i.,e, the
intrusion for a given yressure differential is largest for those,
smeller, pressures that are dealt with in foundations work,

2. As exypected, samples H-1l and H-2 show that larger sized co-
hesionless material results in larger intrusion values,

3. No large difference seems to exist between the behavior of
different shapes of gravel., However, the smaller void ratio of sample
H-3 probably mére than offsets the adventage of the rounded particles
over the angular gravel of samyle H-U4,

i, The curves of the two samples using natural gfavels aprear to
offset under heavier pressures, indicating slippage and crushing, Had
this not oceurred, the curves would probably have more nearly followed
the imaginary, dotted line,

5. It was possible to compare one sample, H-UY, to a test conduc- -
ted by Mr., Yie (12) on compacted clay of nearly:the .same water con-
tent using the same size and tyre of gravel, His pressure - intrusion

curve shows a less pronounced change of curvature, but the intrusion
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values are of the same order,

Future tests can yrobably be improved by confining them to lower
rressures, and by inéreasing the time interval between locading incre-
ments., Both chenges would serve to render the tests more realistic or

yractical,
Shear Strength

As stated in the chapter dealing with theoretical considerations,
a variety of the properties of undisturbed claey influence its intru-
sive capabilities with respect to gravel, Foremost among these is
shear strength, and while it is nbt rossible to relate shear strength
to inftrusion in this thesis, three triaxial tests were conducted and
designated as series B, It is hoped ithat the few values found will be

i
of helyr in future investigations,

The high shear strength of this clay also affects & foundation
on pier or pile footings, whether gravel shests are used or not, by
causing frictional heaving if adequate precautions are not taken,This
yroblem will also be briefly discussed in this section. |

Series B, The three‘samples were taken from 5 feet below grade
at Ridge Road, Stillwater, Oklahoma, and were prepared as described
sarlier, It will be recalled thet this clay was also used for test
series A, The samples were consolidated under different pressures Py
in triaxiel testing machines, After one day loads were applied at the
rates indicated until failure occurred at the vertical rressure p.

The pertinent date and the resulting Mohr circles are presented in

figure 31,
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The very prevalent fissures in the c}ay, the rock impurities, the
different rates of loading, or @ll these and other factors caused con-
siderable inconsisteéncy in the shear strengths indicated, so that a
strength lire can be only guessed at,

Fier tests, It has frequently been noted that clay not merely
lifts & pier by swelling against the sole of the footing, but also
bonds to the concrste and raises the foundation by virtue of high shear
strength, sometimes to the extent thatarurture crack arrears between
tier and footing;

A ypreliminary test to measure such swelling, which.Aof course,
would defeat the purpose of gravel sheets or any other method of com-
batting heaving if left unchecked, was conducted in the 0.S.U, Soil
Mechanics Laboratory under the supervision of J.V, Farcher, Fermian
red clay with low moisture content was compacted into & cylindrical
bowl of 23 cm diameter and & cm height. A hole, 2 cm in diameter, wasg
drilled into the center of the clay and filled with Yortland cement
raste, Water was made available to the clay through a tube connected
to the bottom of the bowl, which contained & layer of sand under the
clay, and the movement of the miniature concrete pier was observed on
an extenaiémeter resting against its top. Steady heaving was noted
which finally ceased after three moﬁths. At this time a total heaving
deformation of 0.268 cm had taken place., When the water supply was
shut off, shrinkage occurred, with the pier being lowered., At the
time of this writing, six monthes after the beginning of the test, the
pier has not reached its original pesition, nor has ite movement wzfﬁﬁf

ceased,
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A corresponding test using full-scale rlers is in the early jre-
reration stage at the time of this writing. To be conducted by J, V.
Farcher and D, W. Irby with the assistance of J, E. Catlin and the
writer and under the guidance and counsel of R, &. Means, this test
is to be conducted in three rarts and will‘feature some refinements;
Three piers are to be cast in pre-drilled holes, two of them with
flared footinga, the other without. The fofmer are to be serarated
from their footings by a layer of sand or équivﬁlent material with

a reinforcing bar forming the only conﬁection. One of these two piers
is to be cast in a cylindrical tube made of foamy material having &
very low shear strength, the other in contaét with the clay. The third
yier, without footing, is alsc t0 be cest in contact wifh the ground,
Klectric strain gages are to be mounted on ﬁhe reinforcing bars of the
first two yierse in order to measure shemr heaving force, while the
amount of heaving of the third rier is to be read by means of a level,

It is thus hoyed to gain some information @as to the force re-
quired to restrain & pier when water becomes availabdble to the surs-n’irn-~
rounding desiccated clay, to the amount ofﬁ;ossible heaving, and to
the effectiveness of tubes of low shear strength material seyarating
vier and clay. It will be attempted to use plaster-of-raris blocks
to measure the moisture content of the clay during the test,

Due to the low yermeability of the clay, these tests will de
very lengthy, and publication of the results of this investigation

will not be yossible before 1960 or 1961,



CHAFTER V
SUMMARY AND CONCLUSIONS
Regults of Research

If the basic question to be answered herein was whether it is
possible to meke use of the carability of clay to intrude into the
void spaces of a cohesionless mateérial in combatting heaving of
foundations, the answer must be & qualified yes., The pressure - in-
trusion tests have shown that with the clay and gravel used, a cer-
tain rigidity of 2 building may well be able to overcome a small
amount of differential heaving. While'differential heaving is gene-
rally much smaller than the amount of total heaving, it may never-
theless often be necessary to increase the amount of intrusion. As
was shown, this may well be done by selecting, for instence, & gra-
vel of larger size.

Selection of a much coarser gravel will absolutely be necessary
under normal conditions if it is desired to prevent heaving of a
foundation altogether, a8 was demonstrated with time -~ intrusion
tests, The amount of secondary intrusion, which alons can be con-
gsidered to be of aid, was so small in every one of these tests as
to make it valueless for practical purposes,

The question originaily posed, however, requires more than an
affirmative or negative answer. As to swelling, it was shown that
under conditions where moisture is taken up by the clay only cnce

after apylication of load, as must be the case if intrusion is to
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be effective, heaving is gensrally much less severe then in cases
where the soil is allowed to swell and shrink reyeatedly under an
essentially constant pressure. Care must therefore be teken %o seal
the scil underlying @ proyosed structure from the surface, and thus
to yrevent jeriodic shrinking.

Intrusion tésts showed, on the other hand, that the amount of
intrusion of a natural clay of this tyye very much deperds on the
tYpeg shete, and size of gravel used, as well as on the imposed
yressure, More intrusion is caused by high rreesure then low, by
roorly graded gravel than well graded one, by smooth surfaces than
rough onss, by largé gsizes of gravel than small ones. It is be-
lieved that these variables will make it possible for the engineer
tovselect‘suitable conditions and to achieve a satisfactory foun-
dation on Fermian clay in many cases, First, howevsr, & good deal
more inquiry into the behavior of clay and gravel will be neces-~

sary.
Shortcomings of Tests

The tests related here were unsatisfactory in a good many ways.
The assumption that thoroughly desicqated clays were being dealt
with led to a selection of pressures for the swelling-consolidation
testé of both tyres of clay which proved somewhat too large, making
a number of tests less vaeluable than they could have been.

The selection of the size of gravel used for the intrusion tests
wag dictated by the equiyment available for testing. It is evident

thet tests on much coarser gravels would have surrlemented the infor-
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mation gained quite considerably,

The error caused by slaking of soil, when the dry clay samgples
were flooded, was later adjusted for, Subsequent tests were conducted
on dry samples whose shrinkage cracks had‘been filled with wax. Some

such method of filling cracks should be applied to all future tests

of this nature,
Future 'Tests

At the end of the research program more questions are on the
author's mind than were there at the beginning. Some of these may
rrove to be rewarding subjects for future investigations. Among them
are:

@, How is repeated loading related to repeated drying of Fermian
clay?

b. What are the constant heaving values of these clays under
jressures considerably higher ﬁhan 5 tons/sg.ft.?

¢, How is shrinkege related to temperature?

d. What is the numerical relationship between size of gravel and
intrusion?

e, How is shear strength related to intrusion?

f, Can simplifying empirical fdrmulae be found relating intru-
sion and the variocus variebles that govern it?

g. How does moisture supyly affect intrusion of éaturated and

dry clays?
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AFFENDIX

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

reypresenting yroperties and having dimensions as indicated:

Symbol

wf

frorerty

Area

Compression index
Swelling index
Diameter

Void ratio

Original void ratio
Final void ratio
Specific gravity
Height

Total heaving

Total intrusion
Coefficient of permeability
Total lead

Unit pressure
Freconsolidation pressure
Degree of saturation
Shear strength

a) Time

b) Thickness of gravel
Water content

Final water content
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Dimensions
cmen ft2
Dimensionless
Dimensionlesse

cm, in.
Dimensionless
Dimensionless
Dimensionless
Dimensionless

cm, in,, ft.

cm, in,

cm, in,

cm/ sec,

kg, lbs., tons
kgf em?, tons/ft.2
kg/cm2D tons/ft.2
Ter cent

kgjcme. tons/ft.2

min,, days

.em, in,

Fer cent

Fer cent
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