Lehigh University
Lehigh Preserve

Fritz Laboratory Reports Civil and Environmental Engineering

1957

Mechanical bheavior of chemically treated soils -

aging of stabilized granular soils, July 1957

R. L. Schiffman

Y.J. Shieh

Follow this and additional works at: http://preserve.lehigh.edu/engr-civil-environmental-fritz-lab-
reports

Recommended Citation

Schiffman, R. L. and Shieh, Y. J., "Mechanical bheavior of chemically treated soils - aging of stabilized granular soils, July 1957" (1957).
Fritz Laboratory Reports. Paper 1710.
http://preserve.lehigh.edu/engr-civil-environmental-fritz-lab-reports /1710

This Technical Report is brought to you for free and open access by the Civil and Environmental Engineering at Lehigh Preserve. It has been accepted
for inclusion in Fritz Laboratory Reports by an authorized administrator of Lehigh Preserve. For more information, please contact

preserve@lehigh.edu.


http://preserve.lehigh.edu?utm_source=preserve.lehigh.edu%2Fengr-civil-environmental-fritz-lab-reports%2F1710&utm_medium=PDF&utm_campaign=PDFCoverPages
http://preserve.lehigh.edu/engr-civil-environmental-fritz-lab-reports?utm_source=preserve.lehigh.edu%2Fengr-civil-environmental-fritz-lab-reports%2F1710&utm_medium=PDF&utm_campaign=PDFCoverPages
http://preserve.lehigh.edu/engr-civil-environmental?utm_source=preserve.lehigh.edu%2Fengr-civil-environmental-fritz-lab-reports%2F1710&utm_medium=PDF&utm_campaign=PDFCoverPages
http://preserve.lehigh.edu/engr-civil-environmental-fritz-lab-reports?utm_source=preserve.lehigh.edu%2Fengr-civil-environmental-fritz-lab-reports%2F1710&utm_medium=PDF&utm_campaign=PDFCoverPages
http://preserve.lehigh.edu/engr-civil-environmental-fritz-lab-reports?utm_source=preserve.lehigh.edu%2Fengr-civil-environmental-fritz-lab-reports%2F1710&utm_medium=PDF&utm_campaign=PDFCoverPages
http://preserve.lehigh.edu/engr-civil-environmental-fritz-lab-reports/1710?utm_source=preserve.lehigh.edu%2Fengr-civil-environmental-fritz-lab-reports%2F1710&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:preserve@lehigh.edu

SOIL STABILIZATION

Report No.:. 4

FRITZ ENGINEERING
LABORATORY LIBRARY

MECHANICAL BEHAVIOR OF CHEMICALLY TREATED SOILS

AGING OF. STABILIZED GRANULAR SOILS

BY

Robert L?.Schiffman and Ying-Jer Shieh

LEHIGH UNIVERSITY _
Fritz Laboratory Report SM-258.4

July 1957



TABLE OF CONTENTS

INTRODUCTION. o e osvoooosvsosoescasosaassoassssassoaosoasosoancs
1. .Aging and Cycling Effects in .Stabilized.Soil..cccoeces

2. Statistical Methods of AnalysiS..ce.veeerecooroecoanes

RESEARCH PROGRAM. . 4 oo vvsooconoecosnsnsonosncassoscannsnsasnoss
1. Experimental DesSighecece.’soooneeeeocecooosoaoonoosones
2. Material PropertieS.c..cecuecsececocoacocosesosoancosssos

3. Test ‘Procedure....cococercoooeccsoecscossssssnsscansans

EXPERIMENTAL RESULTS s o« « s s e o oo s aeoonsososososensonseesosanoss

1. Volume ChangesS...v.ocececcocoocaossscsoccossssooassasnsos
2. Density Changes.coecececocosecoscscocaocasaoesacansoas

3. Unconfined Strength Response...cce.vecescocsscccoocacse

INTERPRETATION OF TEST RESULTS..cccococescoonosaccossosonososcsos
. 1. Chemical Stability and Gel Time..ccecoeocccocoossccsoe
2, Effects of Aging,..,,..o,..co.oog..,o.,,o.onoq,o.o;...

,301Effect:of.Wet-Dry-Cycles.on..,,ﬁ,.,.,.a,;eanaoacy.,.u.

_ICONCLUSIONSU.L:-‘oooeo_bu;ooo.o.ooo.oo..ooo..ocoono.o_oogooooooooo-o
- ACKNOWLEDGMENTS . - c ¢ casvoccocososccsosoecnsssosscosoasasnsooscaoas

CREFERENCES .+ « « o« o v o eoesonoeconssoncesscasoaosoncsonssonoososnss

17
17
24

.28

30
30
30

30

43
43
44

.53

56

.58

59



TABLES AND FIGURES

TABLES

1. Notation for'Djoo,uoa.oooaoano,...,,.oo,.,.eo.,.,o,.oa.o...n}
2. Notation foerp,,..ooo.,.an.,.ocoo..a.ooo, ...... bocesscesoces
3. .Grain-size ‘Distribution of S0il Biioieisososvsoonssosscsosoos
FIGURES

1... Schematic Representation 6f.‘fChemica1”‘Bondigg“.,.,..,.,.,.”n°°°
2. . Schematic Representation of Breaking of :Chemical Bonds.;,...u
3. _Effegt‘of Polymer Drying...cccoccoesecascocococcsscoocasanoas
b, FactofialﬂExperimental_Designo.,.,,o,o..oa...uo..c..,,...u.,.
5. _Factorial,DesignAoquet-Dry_Ekperimentno,,,,fnao,,o,.,auo....
6. Micro-Photographs ofﬁSoil'B.?.,.oooqooooo...o,.nn.,o.ouo;ooo.
7. Crain:SizeﬂDistribqtion_of.ExperimentalnSoilo,,ooc.og.oooo.o,
8. Pilot Surface Area Samples....cooocoosoesooooosocccacssossonso
9. .Der_lsi_tyilDecay"'asi'a“fFunctionﬁdf”"'VblumeésurfaceVRelations° .....
10. 'TypicalgDensity~Change e eaaeee e e aoseneosbeeaoonaon
11, Typical Density Decay.cceoecoeoossocensssossonsoonsoossncosssa

12.

13.
14.
15.
16.
17.
18.
19.

20,

Unconfined,Compression;Stress-Strain Curves at :Various -Curing

StAEeS .. ccrasoccacecnsoassosscoscaceasosscosanooesasoanosessa

Effect of Air Curing on Unconfined Compression Strength......

Po—

“Unconfined;CompressioniStrength“Response‘pﬁE to Wet-Dry Cycles-

Shrinkage Effects.....ccvvunnieiccnusniiecuoeiocoranonssasnnns
Microphotograph of :Stabilized Soil in»Final]State'offshrinkage

Microphotograph of Stabilized Soil During Shrinkage...........

_Concentric Drying Phenomena. o ..o oocoocoscoosoaoeomoonossoceoss

Two-Phase Material Problem.....,cccococcocnocncsooooonsoosess

Two-Phase Failure...ccocoeenoecoronocsansossassscosooncnosonos U

......

! ™

ii

PAGE

.22
22

24

11
23
25
26
28

32

33-38

39

40
41
42

.46

48
.50
51

52



A, INTRODUCTIdN
Since June 1, 1956, Lehigh University has been engaged in a study
of the mechanical behavior of chemically treated,soil; This investigation .-
is being sponsored by the American_Cyanamid_Company for the specific pur-
pose of studying the effect of American Cyanamid Stabilizer AM-955 on

various mechanical properties of granular soils.

For reasons ofISCientific convenience, the totalAStddy.was
divided into two broad groupings. The first of these groups was a study
of the mechanical .behavior of granular soil stabilized with.AM-éSS inxthe
freshly stgbilized_state. :This study was reported in its entirety pre-
viously (1).

The second study, reported-herein, is a study of fhe.effects of
;agingtand wetting and drying cycles on the maximum strength of granular

soils stabilized with AM-955.

The broad objectives of this study are two;jfold. 1In .the first
instance, this investigation is intended to determine the effects of aging
.and wet=dpy cycling on strenéth.and_to.define the conditions, if any,]that
cause alterations in strength. The second objective of.thié,{tudy is to
ascértain quantitative information, in terms of definable concepts of soil
‘behavior, such that, within the scope of -this $fudy,,this information will

be of practical use in the solution of engineering problems.

This study is a pilot .study, apd,aé such, is limited in.broadness.
It is the intent of this investigation to chart future experimental design

which will .enable an optimum in&estigation,to be carried out.



1. .AGI§G~AND_CYCLING1EFFECTS IN'STABILIZEDJSOIL

: Of the three.possible actions a stabilizer may have on a soil,
;AM-955‘§ action is a combination to two types of;chemical_gtabilizétion
.In the first place, the polymerized gellwhich fills the voids between
particles, place deformation constraints on particle movement. This is
the action of an inert void filler. The second type of action that is
exhibited is the action of cementation of polymer. to the surface of the
grain. This action forms a physical and chemical bonding 1link between

grains 4nd,introduées force restraints into the grain structural system.

The effect of aging upon strength of the chemically stabilized
soil «ds. largely dependent on the alterations in the bonding that produce
force réstraints° The force system that holds the soil particles together
is a three-dimensional network of forces, in which the chemical. forms a

3)
forue matrix within_the_soil( .

}Thg‘magnitudE"of these bonding forces is a function of the
chemical properties~df?the_polymey arid-the physical -configuration of . the
grains with“;espect to each other. As a first apprqximationvfo}the be~-
havior in terms of aging,‘it;will-bé.considered.that‘the-fdrce restraints
on the system W;ll.be due completely to the .chemical bonds within the
polymer. ;This_systemmwill‘be,cﬁlled the chemical system, while other
,syStemé, discussed later, will be referred to as the physical,éystem{

The chemical system is schematically represented in Figure 1.

(2)



FIGURE 1

SCHEMATIC REPRESENTATION OF CHEMICAL BONDIN:

The chemical system shown in Figure 1, relies completely
| ,

for its .strength on the chemical bornding of particles, and thus on the
strength of the individual bonds, agd_the.configuration.ofvfhelbond-net-
work. . :The strength of the individual bond is a function of .the type

of molecule formed and thus the-strquthvof intermolecular bonds. AM-955
in its polymgrized_state, consists mostly of free .water held in a bonded
form, The fact that this poiymer can form a chemical .1ink between particles
mugst, according to Winterkorn, héve its causal .roots in»thg'behaviorvof
the water;moieéule itself. .Wﬁen_thg free water is reméved,by evaporation,
the nature of the chemical bond is Fhus altered and thus the strength of

the individual bonds change. .A similar alteration will .occur when water

is subsequently replaced into.the system. The reasons for this change
H

v
H



and the magnitudes of the change, are beyond the scope of this study and

are best studied in the physio-chemical sense.

Certain phenomenological facts are known, however, and gross
deductions can be inferred, from these facts. If an AM-955 gel.is'per-
mitted.to dry in the laboratory it shrinks in volume and becomes harder.
The shrinking process is uneven and causes cracks in the gel. .Uponﬁrég
wetting of the gel, there is a.éoftening and an expansion. The cracks,
.however, do not heal.. From this action the gross action of the chemical
system can be inferred. With drying, the bond network tends to shorten.
'The shortening of the bond network is restrained by the configuration of
the grains which do not desire to move from their position of stable
.éqﬁilibrium° Thus the net effect of the drying process is to create ex-
‘tensional strains in the bond. The linkage will break if the shrinkage
forces are greater than the bond strength. With the re-introduction .of
water into the system, those bonds which are not broken will be relaxed,
‘but the broken bonds will not heal., A schematic representation of this

action is presented in Figure 2.

FIGURE .2
SCHEMATIC REPRESENTATION

OF BREAKING OF CHEMICAL BONDS



The configuration of the bond network will affect the behavior

only in so far as it alters the geometric force system.

The above discussion presumed that during the drying process,
the soil grains remained in a state of equilibrium and thus did not
mové; -The general consideration would be one in which the grains were
relatively free to move. In this situation, with drying, there will
exist a balance between the shrinking of the bonds and the movement of
particles enforced by the chemically induced contraction forces. Thus
it is conceivable that the drying process can initiate a volume change.
in the massr"The‘stébilityvofﬁpap;ic}esTWith,reéﬁéét:to*v@lUmeu:'
change alterations, due to changes in the chemical system, will be
dependent on several factors. In the first case the uniformity of the
stabilization within the soil mass will determine if a given particle
is acted upon by a balanced or unbalanced bonding force system., 1If a
balance system is present the bonding forces will be extensional. 1If,
however, the force system is unbalanced the tendency will be to displace
the particles.. The uniformity will also establish the effects of con-
figuration of bond linkage. The strength of the chemical bonds in a
soil-chemical matrix will be a function of their length.. The longer
the bond, the lower the strength. Thus the distance between particles
will affect the strength of the chemical system, with the higher relative

densities having higher strengths.

This discussion of a chemical system had as a basic implication,
that the chemical bonds within the polymer were equal or of less strength
than the chemical-physical bonds between the polymer and the soil grains.
Although the relative magnitudes of.this hypothesis have not been studied,

the fact itself has been.



‘The polymer without :soil binder is in such a weak state that it will
visibly deform undér the action?gf its own body forces (gravity).  The
addition of soil binder eétablishes forces internal to the soil-chemical
- mass which counteract the body force effect. The only forces which are
additionally present to act counter to the gravity effect are the soil~

/

chemical bonds.

The physical system of forces internal to the soil mass are
basically the.capillary‘forces.of attraction. For a given_particle
configuration in the freshly gelled state, and under the assumption
that all the voids are filled with chemical, there will be no physical
forces on,thg system other than the initial body forces.  As the gel
ages. und;r‘condit;ons conductive to .evaporation, the gel will shrink,
ahd -assuming that the particles are not moveable Qith,relationAto each
other, a capillary meniscus will form between particles as sh§wn in

Figure 3.

FIGURE 3

EFFECT OF POLYMER DRYING




The physical forces acting on the particles, for.a_situation
pictured in Figure 3, are capillary forces. ‘Thé magnitude of these
forces is inversely proportional to . the radius (R) . Thus aé the gel
shrinks, the radius becomes -smaller and the ﬁéysical.restraint forces
‘ Bécome.=1arger. If the particles are not fixed in -space, the shrinkage
action may .create an unbalanced force system which will translate the
particlés toward each other, creating a volume .change. The magnitude of
.the physical capillary forces are determinable by the constant of pro-
portionality of the gel or using its accepted_;erm, the surface tension.
,The surface tension is a chemical phgnomenon,ana‘depends on .the chemical
structure of the gel. After a period df drying, if the mass of soil is
.rgsaturated;; the additional water will be ﬁartially absorbed by the gel
and the remainder will be in the ungelled structure. The effect will be
‘to reduce the internal capillary forces, but not to dissipate them, since
the soil is now in a state where there are three constituents; soil,
polymerized gel; and water; And the polymerized gel will continue to exert

.small capillary forces on the system.

Volume changes due to physical force systems, will occur during
.drying only when the capillary forées on given particlés are ‘unbalanced,
resulting in_a net force in a given direction. The effect of relative
density on the physical forces of drying is such as to alter the m%gnitude
of these forces. At ‘the higher density states the particles will .be
.éloser together initially, thus permitting a smaller capillary radius, and

higher forces.

It is certain that the chemical and physical force systems are
in effect at all but .the earliest age of the stabilized soil. The relative
magnitudes of these systems will depend on the age of the stabilized soil

and the aging history of the soil. This investigation will attempt to



measure these effects, based on the conditions of aging and conditions,

'whereby the soil mass is alternately dried out and then re-wet.

2.*‘STAIISTICAL METHODS OF ANALYSIS

The.étddy undertaken for this report did not involve a rigid
_statisticél analysis. This study is a pilof study and has as one of
its purposes the establishment of variants in terms of a future statis-

tically defined study.

Statistical .design and analysis of experiméental procedures
can .be broken down into two categories. The first-oflthese categories
presumes that there is a definite relation between two or more variables,
'established.by physical laws, and the statistics will be used to define
this relationship. In this instance, the problem is statistically un-
defined and regression procedures are called fof. .The .study of freshly
stabilized granular séils used this procedure(l). If the study ié to |
measure the effgcts of certain controlled factors upon avméasurable
characteristic of the material,in_question; then the problem is considered
to be statistically defined. This discussion will be limited to.é general

treatment of statistically defined problems.

1f the problem is theoretically defined‘as one in which the
stationary responée is desired, methods of sequential analysis can be used.
wAs-an»example,;consider<twowvariants-(x) and (v), and it is desired to
détermine . the %alue of (x) for which (y) is a maximum. In a procedure
of sequential analysis, the analysis follows a step-by-step procedutre in
which the results of prior experiments?are used to determine the future
éxperiment_so In .this example, a few series ofmexperiments;df (y) at

various values of (x) will determine the gradient of (y) with respect to



{x). Combining this finite difference procedure-with an-extrapolation
method, thevgubSequent»values—of {x) can be-pestulated for the next
AXPeriment.a Using this procedure,<tﬁere is no limit.toethe'nu;ber of
rvafiants that can-be considered. The biggest problem in sequentia;
analysis is the uncertainty when there-are- local statiomary points,
~and>on1y one of many is -desired. -In these.cases -an-exact knewledge of
the théoretical relationship between the variables is necessary to. |

détermine the regions of the-stationary values desired.

A factorial exper;ment is one.which is designed such that
each level of any factor is tested in every pombination of levels of the
remaining - factors being considered (5), Thus in a factorial deéign it
is necessary first to determine what characteristic is being measured,
and then the factors involved in this characteristic, and thirdly, the
signific¢ant levels of the factors involved. This part .of the design
requires a previéus knowledge of the phenomenon being studied and,the
factors involﬁed. What is unknown is the specific influence of these
factors on the phenomenon. The factors involved in the experiment are
divided into two classes. The fixed factors are those in which the
experimenter selects the levels of inVestigation prior to testing. .In
such a situation the generality of the experiment ie limited to the levels
being investigated. Random factors are those in which the levels of the
factor are selected from a random population? In this case, the experi-
mentel results cen_be generalized to a larger set of levels than actually
appear in the.exﬁerimental design. Randomness in this .case is specifi-
cally defined as the situation in which each level of the generalized set

‘had an equal chance to become one of the levels used in the design.,
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;The above faﬁtors are also referred to as controlled variables,
in. that, their existence and-num@rical value are determined prior to the
a&tual experiment. If any gi&en experiment were repeated, identically, the
p;obability.of identical results is very small. This is due to the .experi-
menfal error, . and the sources of this error are called uncontrolled variables.
"TﬁétdéSignAof.the experiment to be complete, must include a measure of the
effect 9f the uncontrolled variables. .Unless a highly simplified assumption
is made of the total response, it .will be nécessary to make xepeated mea$uré-
- ments of the total response for each combinations of the controlled variab}es.
This repiicaﬁion,of_experiments will provide the measure of the effect ‘of
the . uncontrolled variables. In the design of the.experiment,_this re-
_ pliﬁafibn is made in two ways. Within each factor a limited number of re-
plications - are made, which is the basic replication. Constancy of certain

 variab1es will provide additional measures of replication.

As ;n exampie of a factorial design, assume that the mechanical
response of a given material (R) is dependent on three attributes (A), (B),
and (C)° _Within each attribute there are 3, 2, and 4 levels of action,
respectively. Theée are the controlled variables. In order to measure the
effect of the uncontrblled variabldé,,the experiment will be replicated

3 times. .A block diagram of this experiment is presented in Figure 4.
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FACTORIAL EXPERIMENTAL DESIGN

‘Each.blocklin,Figure 4 represents an individual experiment.

Thus, in this exampie,_?Z experiments will be sufficient to analyze the

problem. The replication is truly expressed in.the stages. The combi~

nation of attributes (A) and (C) are repeated on two stages, two (B)

values, and three tests from each (B) for a total of 6 replications.

The last specification in the design concerns the manner of

the replications. The manner of replication must be made such that each

experiment is an independent event drawn from a normal population.

The analysis of an experimental design is based on the concepts

of énalysis of variance. If tests being made are sampled from several

different populations, the techniques of analysis of variance can be used



to detect and estimate fixed relations. Fundamentaliy, anAanalysis of
variance procedure measures the probabilities of the variations between
the individual means of several attributes being drawn from a random
population(é), ‘Thué the statistical tests of an analysis of variance
will determine if the various attfibutes are truly variables, or arise
from random chance, and in addition, this analysis will result in quanti-

tative measurements not only of significance of individual variables,

but will lead to relations between variables,

The mathematical assumptions inherent in this analysis are as
follows:
(1) The value of each observation is drawn from a random

population distrubuted about a true mean (p)°

(2) The value of each observation can be considered to be

drawn from a total population of variance (62).

(3) The observation values are independently distributed in

a multivariable normal distribution.

The implications of the above assumptions lead to a mathematical
model, updn'whidh the analysis is based. This model is generally a linear

model which assumes that the measured response is a linear combination of

=12

its sources of variation. A typical model based on the example of Figure 4

is as follows:

Y =utag + A+ B FC

N + (AB)._ + (AC) .
. iipq Jp )Jq

q
(1)

+ (BC)  + (ABC) . +c..
(BC)pq + (ABC) 4 0 * €iipq



p=1,2 b
q=1,2 c
B = Overall mean effect of all variables uPon-Yiqu

Yiqu,=.ReSponse of the ith replication of the jpq' th .factor
ai-é.Effect of the ith replicate
Aj = Effect of the jth level of factor a

B,= Effect of the pth level of factor b

.qu=:Effect of the qth level of factor c

-13

(AB)jp = Effect of the interaction of the jth level .of
l factor a, with the pth level of factor b
(Ac)jq = Effect of the interaction of the jth-leygl of factor a;
with the qth level of factor c.
(BC)pq_=.Effectvof the interaction of the pth level of factor b,
with the qth level of factor c
(ABC)jpé = Effect of the interaction between the jth level of
factor a, the pth level of factorvb, and the qth
level of factor c
€ =.Effect of the experimental unit in. the ith replicate

ijpq
' to which the (jpq) th treatment combination has been

randomly assigned

The assumptions-made on the attributes are that the (e,, q)
: ‘ ' ijp

terms.. are normally and independently distributed. Since the analysis is

based on deviations from a mean effect, then, in order to construct the

model in equation 1 the following must hold.
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b -C
- C, =0 (2a
S a3 e
= 1 P = 1 , q':= 1 '
b
::EE (4B) =0 (2b)
ip
p=1
N od )
z-.~(—AC-)_ =0 (2¢)
iq .
q=1
- ::g; (BC) =0 (2d)
‘ pq
q=1 B
b
(2e)

C '
(ABC) = EE (ABC) =0
jprq jrq
q=1

p=1

The analysis will test an organized system of hypotheses,

. such as:

H : There are

different

H.: There are

different

H,.: There are

different

no differences among the true effects of the

levels of factor a, i.e., A, = 0;

i

no differences among the true effects of the

levels of factor b, i.e., B_=0; p=1 ... b

P

no differences among the true effects of -the

levels of factor ¢, i.e., ¢ =0; q =1... ¢

j=1...a.

-14
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H_: There is no interaction between the two factors a and b,
i.e., (AB)jp =0; j=1...a; p=1...Db

H : There is no interaction between the two factors b and

-

C., 1.4, (BC)pq =0; j=1...a, gq=1...¢

Hg: There is no interaction between the three factors a, b,

and ¢, i.e., (ABC) =0; j=1...a p=1... b;

jpq

The above six statistical hypotheses are tested by making an
F-test. Each factor forms an F-value which is the ratio of the mean
square . of the effect over the mean square of the experimental error.
This F-value is compared with an F-distribution, for a predetermined
level of confidence. The comparison of these values not only tests the
lhypothesesf (H,) through (HS)’ but a comparison of magnitudes between
tests will indicate significaqce of effects, both qualitatively and

quantitatively.

Mathematically, it is a simple procedure to extend the fgec-
torial design and analysis of variance to include as many levels and
replications of as many attributes as required. The computational pro-
cedpres necessary for more than three factors, become so large that
specialltechniques become necessary. One very useful procedure is to.use
a sub-factorial design. A sub-factorial design will break down a parent
désign' of (n) attributes into groups of designs in which no single design
of a group has more than three attributes. As an example, consider a de-
sign in which there are six: attributes; (A), (B), (C), (D), (E), and (F).
The mathematical model for this design; including interactions, would

contain 63 effects to measure. Instead of handling a single, six-para-’



meter model which is highly complex, it would be computationally much
easier to workvwith_many two- or three-parameter models, by .combining

variables.

=16



‘B. ‘RESEARCH-PROGRAM :

The research program fér this study was designed to study some
of -the effects of aging of granular soils, when stabilized with'Amefican
Cyanamid Stabilizer AM-955. The study was partially qualitative, in that,
it was designed to uncover the mechanisms at work within the stabilized soil
mass, and in particular the mechanics of aging of :stabilized soils which
are treated with addition polymers. The quantitative portion of the study
was designed to give specific information about the effects of aging on

the unconfined strength of the soil.

1. EXPERIMENTAL DESIGN
The design of the experimental program was based on a theoretical
hypothesis, and statistically it was based on a factorial arrangement of

-variables.,

The theoretical hypothesis of thig particular atﬁdy-ﬁas specifi-
cally as follows: |

(1) The change of volume of a given‘stabilized_soil in a given
state of relative density as a function of time, is affected by the ther:
modynamic parameters of temperature, and relatiye humidity, and the relation

of the exposed surface area to the volume of the stabilized soil.

(2) The change of density of a given stabilized soil in a given
state of relative density as a function of time, is affected by the ther-
modynamic parameters of temperature and relative humidity, andvthe‘relation

.of:. the exposed surface area to the volume of the stabilized soil.

(3) The change of unconfined compressive strength of a given
stabilized soil in a given state of relative density as a function of
time, is dependent on the rate of drying and the relation between the dry N

and wet phases of the stabilized mass.



(4) The change of volume of a given stabilized soil in a given
relative density state as a function of wetting and drying .cycles, is
dependent on .the number of ¢ycles and the length of time taken for a

given phase of each cycle.

(5) The change of density of a given stabilized soil in a given
relative density state as a function of wetting and drying cycles, is
dependent on the number of cycles and the length of time taken for a

given phase of each cycle.

(6) The.change of unconfined compression strength of a given
stabilized soil in a given state of relative density as a function of
wetting and drying cycles, is depéndent on the number of cycles and the

length of time taken for.a given phase of each cycle.

.The experiment will test three basic phenomena; the unconfined
compression_stfength, the vdlume, and the density of the stabilized
samples. The tesponse will be measured as a function of the freshly

gelled state.

PR N | '
o, () =% (B (3)
: o
- Vi .
Ve (B) = £ (= (4)
v ‘
o
,{
% () =1 E -
f Yo (5)
where
O¢ (t) = Effect of treatment on unconfined compression strength
~gt:= Unconfinéd compression strength after specified
treatment
.60 = Unconfined compression strength in freshly gelled state
Vf (t) = Effect of treatment-on_Changq in volume
V_ = Volume of laboratory sample after treatment
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n

Volume of laboratory sample prior to treatment

+h
~
T
~
it

Effect of treatment on density

g
1

= Density of laboratory,sample after treatment

Densiéy,of laboratory sample in freshly gelled state

=~
W

Two distinct types of experiments were performed.in this study.
The first type of,exp@riment,measured the effects of drying on the sta-
bilized soil, while the second experiment;measured.the.effects of cycles

of_wetting,and.dryingi

.Statistically, the effects_ofvdrying were measured as a re~
gnession.experiment(l), in which all experiments were replicated three
times over the full range of drying., 1In this phase of the study, the
intention was to determine the trend of behaviorf The analysis made
was statistically incomplete, in that, an inferred curve was not fitted
to the data by én_organized_statistical procedure. As will be seen, the
results of this study are not linear, but exponential, and .the time and
personnei‘limitations of the stud& preVented a complete analysis of the

data,

.The study of wetting and drying was designed as a factorial
experiment, and completed as such. Again) due to the personnel and time
limitations of .the study, the analysis of variamce procedure was not
undertaken. The résults,,howeQer, are inﬂsuch,form-that this analysis

can be made in the future.

The formulation of both phases of this investigation required
‘the organization of the controlling factors. These factors are listed

below in terms of the fixed factors which are set at prédetermined levels

prior to experimentation, and the uncontrolled variables which require

-19



replication of experiment.

The fixed factors in this experiment and their individual.levels

" of investigation are listed below.

(1) The soil conditions were held to a single level of
formulation, in which one soil was investigated at a single relative
density state. Thus, in terms of the .controlling soil variables, the

following were held at one level of investigation. .

(a) Mean grain size held to 0.41 mm

(b) . Range of grain sizes held .to 3 sieve sizes

(c) .Relative density of the soiliheld.to,the dense.state.

(d) . Grain shape held to subrounded

(e) . Shape of grain size distribution curve held to symmetrical

or S-shaped

(2) .The concentration of the .chemical monomer in the stabilized
.soil was kept at a single level of formulation, in which .the amount of
monomer was kept at 7% by weight. The catalyst system level was kept at

0.7% of each catalyst.

(3) The gel concentration on .a dry weight basis was kept at the
single level of formulation of 100% saturation, in the freshly gelled

' state.

. (4) The thermodynamic conditions of drying are held to the .single
" level of formulation, namely, the room temperature at Fritz Laboratory.
The average température:was 75°F, and the average relative humidity was

52%.

(5) The wetting and drying cycle levels set .by the drying time.
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The samples were driéd for a predetermined time and then soaked until the
- weight gain reached é_stable state., The following levels of drying were
formulated.

(a) Thirty days drying - 15 days soaked

(b) Fifteen days drying - 15 days soaked

(¢) Ten days drying - 10 days soaked

(d) Five days drying - 5 days soaked

(e) Three days drying = 3 days socaked

(f) One day drying - 1 day soaked

(6) The number of wetting and drying cycles was formulated on

three levels.

Thus the factorial design of the wet-dry experiment is set.
The attributes to be investigated are the drying time which is investigated on

seven levels, and the number of cycles which are investigated on 3 leVels.‘

In order to randomize the uncontrolled variables, all tests

were replicated .three times.

Thus this test is a two-factor experiment which, in terms of

-strength, will follow the following mathematical model.

=u+a, +D, +C_+ (DC), + ¢ (
(Of)ijp uT oy 5+ ( C)Jp Cijp (6)
i=1;2,3
j=1,2,3,4,5,6,7
p=1,2,3
where:

{cf)ijp =.Unconfined compression strength ratio of the -ith replicate

! ' S



of the jth drying. time and the pth cycle

oy = Effect of tﬁe ith replicate
Dj = Effect of.the jth level of drying
Cp = Effect of the pth.le§e1 of wet-dry cycleé
(DC).jp = Effect of the interaction of the jth drying level with
the pth cycle level
€ijp = Effect of the experimental unit in the ith replicate to

which the (jp)th treatment combination has been randomly

assigned

In terms of the complete experiment, the translation of sub-
scripts has been changed for purposes of ease of notation. This trans-
lation is indicated in Tables 1 and 2,

TABLE 1
NOTATION FOR Dj

Drying Levei

e

30 days dry

0

15 days soaked
15 days dry - 15 days soaked
10 days dry - 10 days scaked
days dry = 5 days soaked
days dry - 3 days soaked
day dry - 1 day soaked
days dry - O days soaked

HNWPRUOoOYN
O W
[

TABLE 2
NOTATION FOR CP

P Number of :Cycles

1 1 cycle of dry-wet
2 cycles of dry-wet
3 cycles of dry-wet

w N

Thus the complete factorial experiment can be represented in

Figure 5.



C1

C2

C3
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D1 Dy D3 D4 D5 Dg D7
— | (o£)111
L
- (0£)142
-
h (Of)253
D = Length of Dry-Wet Period
C = Number of Wet-Dry Cycles
0f = Unconfined Compression Strength Response

FIGURE 5

FACTORIAL DESIGN OF WET-DRY
EXPERIMENT
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A series oprilot volume density tests were also performed.
iThesé tésts wéré perfo£med.£o asqertain.the.relation between the exposed.
area of drying and the volume of the sample on the drying‘phenomenaol The
same soil was used as in the other expeéeriments, But~due-to the difficulties

of specimen formation, the soil was formed in the loose state.

For all experiments, a maximum of three mechanical tests were
made.

(1).Strain controlled, unconfined compréssion_strength, at a
constant strain rate of 0.05-in/min.

(2) Volume measurements with .time

(3) Time-dependent weight changes

Thé'experimental program outlined above was carried on in  the

:Soil Mechanics Laboratory of Lehigh University.

2. MATERIAL PROPERTIES

The soil used in this study was a combination of two soils
obtained from local suppliers. These soils were river deposits composed

mostly of silicates.

The soil used in .this study was soil B, used in previous

(1)

studies . .S0il B has an.S-shaped grain size distribution curve and

components as shown in Table 3.

_ TABLE -3
GRAIN—SIZE DISTRIBUTION OF SOIL B
Sieve No. .Sieve Proportion (%)
16 .
’ 25
30
50
50
25

100



A grain-size distribution curve of this soil is presented

in Figure 7.

Micrographs of the dry soil are presented in Figure 6.

Scale: 1" = 2,27 mm.

FIGURE 6

MICRO-PHOTOGRAPHS OF SOIL B
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The_éhemical stabilizer used in this study is a product .of
‘American Cyanamid Company, and is .commercially known as AM-955. . AM-955
is a mixture of two acrylonitrile derivatives, these being 95% acrylamide
and 5% N,N'-methlenebisacrylamide. This mixture, when dissolved in water
in_small concentrations, and treated with a redox catalyst, polymerizes
to convert. the whole solution into a continuous rigid, water-insensitive
gel.

|
NHC-CH -

CH

2" ' =
CH, = CHC’ + CH + H,0 (7)
L N
NH NHC-CH -

|

0

CH

Redox
Catalyst

Highly cross-linked Polymer gel

Acrylamide is a reactive vinyi monomer of theoretical molecular

weight 71.08, and apparent density 1.122 gm/cc. at .30°C.

N,N' -methlenebiscarylamide is a_reactive,_bifunétional.monomer
which undergoes reactions which are typical.of vinyl or amide groups. Its
theoretical molecular weight is 154.17, and its apparent .density is 1.235

'

gm/cc. at 30°Cu

The redox catalyst system may be a combination,of many chemicals.
In this study, the catalyst system consisted of equal quantities of am-
monium persulfate as a reducing agent, and sodium thiosulfate as an oxid-

izing agent.
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AM-955 in monomer form, is a colorless liquid which has a
specific gravity of 1.005 gm/cc. The viscosity of the monomer is prac-
tically identical with water. In this state it was observed to have a

small amount of white precipitate.

The gelation time of AM-955 depends on the quantity of catalyst
system present. For 0.7% of each component of the system, and distilled
water, the gelation time was approximately ten minutes. The specific

gravity of the gel was 1.036.

3. TEST PROCEDURE

The procedure used to mix the solution, mold the specimens,
trim and handle the molded specimens, as well as the strength testing
procedures, were identically the same, as in the study of freshly stab-

(1)

ilized granular soil ‘

Pilot tests of various size specimens, were performed on samples
initially formed in the loose state. For this series, only volume and
weight tests were made. The volume change measurements were performed
in two different ways. The first method, in which calipers were used,
proved superior to the method of mercury displacement. A photograph

of the samples used is shown in Figure 8.

FIGURE 8
PILOT SURFACE AREA SAMPLES




Once the samples for the aging and wet-dry experiment were
formed and trimmed, they were set on racks to dryi Each sample was
. measured daily for weight and volume .change. At the end of the
.specified drying period, the samples were immersed in water . to soak.
Again, daily weight and volﬁme-measurements were made, and when the
weight change ‘had stabilized, the .cycle was considered .to be.eﬁdedo
At the end of the_wef-dry.cycling each sample was tested to failure

in unconfined compression.
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/G. EXPERIMENTAL RESULTS

The results of the .experimental program reported here imclude
the volume and demsity change with .aging, the volume andvdénsity.changes
with . alternate wetting and drying, and the uhconfined'compression strength

response .with aging and aLternatelwetting,andvdrying.

1. VOLUME CHANGES .

. At .each stage ‘in the testing program where alterétions of the
.sample:were:considered,_a_measurement-of volume was made. It was found
that .the gross volume change of ail samples was of such a minor nature
as to be considered to betwellﬂwithin_the experimental error of measurement, -

and thus no volume .change was measured.

‘2, . DENSITY CHANGES

Measurements of density changes were made'on,ali samples in
vafious stages of aging. These observations were made on samples formed .
in the loése state in which .a variable was the relation between the ex-
posed surface and the volume, The density decay curves of these samples

are presented in Figure 9.

.Density change observations were recorded during the wetting
and drying cycles. Typical density .changes for each drying variate are

presented in Figures 10a thru 10f.

The :change in density for those samples in the dense state which

were aged_without.wet-dry.cycleé arevpresented in Figure 11.

3. UNCONFINED STRENGTH RESPONSE
The relationships governing the strength of the stabilized soil
was divided into two catagories. The first catagory was tbe-relatiohship

between age and unconfined compression strength. Figure 12 presents some

k .



typical stress-strain curves for the curing process.  Figure 13 presents

the relationship showing the strength gain with curing.

The second category deals with .the strength response of the
wetting.and.drying;cyc],es° In this experiment the response of interest
was the relation of unconfined compression strength after treatment .to
the strength prior to treatment. These relations are presented in tab-
ular factorial form in Figure 14. _These.experiments were performed iun
the dense state with relative densities ranging from 84% to 101%. In
order to average out the mipor effects of relative dénsity, the base
initial strength was taken as the average of a series of -tests run .on

samples in the freshly gelled state.
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DRYING PERIOD (Days)

NUMBER OF WET-DRY CYCLES

o 1 3 5 10 15 30
1.00 0.92 0.74 0.58 0.59 0.53 0.51
1.00 0.85 0.74 0.62 0.51 0.50 0.54
1.00 0.86 0.76 0.63 0.47 0.50 0.52
1.00 0.79 0.69 0.57 0356 0.53 0.45 -
1.00 0.77 0.67 0.60 0.50 || 0.56 0.45
1.00 . 0.63 0.67 0.60 0.53 0.57 || 0.50
1.00 0.77 0.45 0.45 0.57 || 0.57
1.00 0.73 0.58 0.49 0.59 0.56
1.00 0.75 0.49 0.45 0.57 0.56

Gf = Ot/co .
Unconfined Compression Strength after treatment
Unconfined Compression Strength before treatment

Ot

FIGURE 14

UNCONFINED COMPRESSION STRENGTH
RESPONSE DUE TO WET-DRY CYCLES
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D. INTERPRETATION .OF ‘TEST RESULTS

The reéults of this experimental program can be interpretated
in.terms of the total response with regard to.the variates involved,
.Although the program of wet-dry experiments was planned so that a de-
tailed statistical analysis .could be made, limitations of time and
personnel were such that this type of analysis could not be made. Thus
the interpretations are limited to those interactions which can be de-

duced from the test results in a qualitative manner.

1. CHEMICAL_STABILITYlAND,GEL TIME

Certain stability phenomena was observed in the .course of
this investigation.  Since the results reported in.preﬁlous sections
are iﬂ.the form of ratios these phenomena.afe not apparent, nor are they
applicable to the reported results of this report. In the early stages
of this investigation two facts became known. The first of these Wés
that -the absolute strength of the freshly stabilized soil at .the per-
centage being used was less than the strengths ascertained in previous
Work(l). This characteristic was studied intensively in a corollary
investigation on .the relation,betwéen_strength.and.pefcent~of monoﬁer,
It was found that for percentages of AM-955 of 10 or greater the un-
confined compression strengths were linear relatioﬁs with the chemical
percentage. This linearity also extended to the results attained in.
Report Now,3(1), and confirmed the results of-Karol(7>, it was con-
cluded after a careful series of experiments in which many variables
were .eliminated that .the source 6f this apparent difference in exper-
imental results lay.in.the stability of the .chemical which .had been in
the laboratorybg period of more than nine months.  Simnce higher per-
centages offAM-955 at an”advance& age resulted in strengths consistgnt

with the previously recorded lower percentages, it was concluded that
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 the effects were within .the caytalyst system. There is abundant infor-
mation to show that .the strength is not related to the.catalyst;.system3
and thus only ome remaining interpretation is possible. It was reported '
by Karol(7) that with concentrations greater than 47 .the gel properties
will bave_consistent_reproduceable properties. If the catalyst system
deteriorates Qith.age it is likely to affect; chemically, the polymeri-
zation system, and quite possibly the reported percentage may have to be
increased, or modified, as a function of age of catalyst. It should be
emphasized-th;t'the above interpretation is tentative and is subject ko

experimental justification.

.In this particular investigation one departure was madé,from
the previous investigation(l)° In the study of freshly stabilized_soils
the vast bulk of the soil used was obtained prior to the .experimental
program, In this in?estigation the soil was obtained from a single local
supplier, in small increments during the investigation. ,Sufficient»éhecks
were made of .each new batch of soil to assure that there were no strength
differentials occurring from the soil. The time of gellation did flucuate
with soil differences, with times as fast as two minutes and as slow as
thirty minutes. The time of polymerization was noticed to be slower. for
the coarser soil. On this basis it is tentatively believed that the con-
stituency of the finer fractions of a soil, and in_particulaf-the small
amounts of chemically active minerals, will have a profound effect on the

reaction time of the .chemical system.

2. FEFFECTS OF AGING
The first apparent_factor about curing of granular soils that
are stabilized with.AM-955, is the fact that these soils do not -undergo

any change in.volume either in the loose or the dense state. The lack




of volume<chénge with agirg is contrary to .results obtained by other
-investigators(s)° Other investigations imply that while there may not
be any volume .change in the dense state, the drying of the gel will |
certainly impose a change of volume in the loose state due to the in-
ternal capillary forces. .This condition will be trﬁe if these forces,
when'summed-over a basic surface, are unbalanced. 1If, however, the
forces are balanced with.a zero resultant,,then.it-dogs not necessarily
follow,that-a‘change in volume must exist. . A change-in.volume must -be
associated with a particle movement, and ‘in order to move ‘'soil .grains
there must be an unbalanced force system on the grain structure. Thé
results reported by the :Cyanamid group in which volume changes were
noticed, were, to the hest of the authors knowledge, based on experiments
in which soil was randomly poured en mass into the ungelled chemical.
fhis method of sample preparation leads to partial saturation in which
random éir pockets of varying size are internal to the sample. These
air poﬁkets will inevitably. lead an unbalanced force .system and thus a
volume change. The samples in this study were préepared very carefully
and‘as.sﬁch the saturation was between 94 and .100 percent,‘ Thus in
drying there was an average over all net system of balanced forces and

thus no subsequent volume .change.

The net major effect of drying is basically not to alter ‘the
volume, but is one in which the uﬂitﬂweight-is altered .to a peint in
ultimate drying where it -approaches the dry density of the soil. As the
gel ages . .in a thermodynamic system,conduci?e to drying, the chemical
bonds in the polymer will break at a point;forming a macroscopic crack
in the gel. The bond.b;eak willABe extensional and due to the stretch-

ing of these bonds as free.water is driven from the system. Once a
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crack is formed a .new .evaporation sgrface-is created and the crack will
propagate much like a tension crack in metals(g)° This crack will pro-
pagate-internal to the gel system, since the surface tension, namely the
chemic§i~physical.bonds between the chemical and the soil particles, will
hold .the gel to.the particle, The end result will be a systeém of éir

voids in the soil .and a capillary. force system holding the soil grains.

The drying phénomena .is schematically shown in Figure 15.

%

a) Freshly b)  Initial ¢) Final
Stabilized Soil Shrinkage .Shrinkage
FIGURE 15

KSHRINKAGEQEFEECTSA

Micro-photographs of the shrinkage phenomena.are presented

in Figures 16 and 17.
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Scale: 1" = 0.625 mm.

FIGURE 16

MICROPHOTOGRAPH OF STABILIZED SOIL

IN FINAL STATE OF SHRINKAGE.
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Scale: 1" =0.229 mm.

FIGURE 17

MICROPHOTOGRAPH OF STABILIZED SOIL
DURING SHRINKAGE




The strength of the stabilized soil, as shown in Figure 13,
will be greatly enhanced by the capillary forces that are set up and

will .be of the order of ten times the freshly stabilized .strength.

A comparison of Figures 9 and 11 with Figure 13, show.that
as the density decreases, th‘e-s‘trengt_h.'will.increase° . This is due to
the loss of free water, creating air voids and a capillary force syétem.
The change in density itself is thus the macroscopically controlling
mechanism for strength increase., The density flucuation is a .thermo-
dynamic phenomenon which is controlled by the amount :of surface exposed
to evaporation pressure. As would be expected, the drying proceeds in-
ward starting at the boundary surface. The drying process can be broken
down into two separate and distinct systems. The first;system is that
of elemental &rying in which a small unit of stabilized soil dries;
_fofms air voids and creates new surfaces of ‘évaporation in .which a
thermodynamic unbalanced moisture vapor pressure exists. The mass dry-
ing phenomena is the process by which, over a finite‘period of time,
whole volumes are of a relatively constant density but differ from ad-
jacent finite volumes. In.laboratgry.cylinders the:dryingfnatuxally
follows a cylinderical law in which the drying is inward-in_COncentric»
rings. .After any given peyiod of timé the dry outer ring may be peeled
away from .the inner wet portion. This difference between elemental and
mass drying is probably due to the differénmce in the rates of drying in
these two masses. .As indicated by Figﬁre 9, the -density change is de-
pendent.onutheAaireexposed surface. -As the voids in the'oﬁter—ring
" increase, the rate of drying will increase. :§ince drying works inward,
the outer mass will always be drying .at a,faster rate than the inner
portions. Thu§,;by the -time the air voids have penetrated .the ocuter

mass, to initiate a.drying'prqcess,‘the outer portion will have reached
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a state of equilibrium. A photograph of the concentric drying

phenomena is shown in Figure 18.

Two Three Eight Nine
Days Days Days Days

FIGURE 18

CONCENTRIC DRYING PHENOMENA

The rate of increase of unconfined compressive strength as
shown in Figure 13, is a function of the strain mechanism and the rate
of drying. The material during any phase of drying is a two-phase
material consisting of a hard outer shell and a soft core. These two
materials are joined in such a manner as to require complete continuity
of radial and tangential stresses and vertiéal and radial displacements
along the cylinderical boundary between materials. The test conditions
require that the entire system be under a uniform displacement. The

formulation of the strain problem is shown in Figure 19.
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| 'FIGURE 19

TWO-PHASE MATERTAL . PROBLEM

In terms of a one dimensional simplification, the :stress picture
results from a condition of equality of strain across the entire cross-
section, Since the outer material is hard, the resulting stresses will
be larger than in the soft innef_coreo . At a given level of strain the
outer ring will fail and the .softer inner material will be in a pre-
failure state. ,The-outer.failure.willvbevin_the usual manner. Once the
outer skin has ruptured, the tendency will be for the bond between the
two phases to be broken and for the inmer portion"td,remain in compres-
sion, However, sinée the outer. skin does not completely remove itself,
the net effect is to impose lateral strain restraints on .the soil, in-
creasing its strength‘andvaltéring the character of the failure surface.
-A photograph of the failuxe of a partially dried specimen is shown .in

Figure 20.



FIGURE 20

TWO-PHASE FAILURE

The relationship between time of curing and strength increase
of the soil as shown in Figure 13, indicates that at an early age the
strength actually drops off. This is an apparent phenomena and is not
truly indicative of the inherent soil strength. The stresses computed
are based on the overall sample diameter. At an early age the outer
skin is so thin. that it is of little consequence in restraining the
sample laterally. 1In actuality, the true area is less than the nominal
area for these early stages of drying, and thus the indicated early re-

sult is lower than the initial strength.

The strength-time relation in Figure 13, for ages after 15 days
is in question, due to the lack of control tests run on these samples,
For this reason the drying experiment is being repeated. The results of
this repeat experiment will be reported at a later date in a supplementary

report,
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3. EFFECT OF WET-DRY CYCLES

The results of the wet~dry experiment as shown in Figure 14,
‘indicate the trend of strength reduction due to alternate wetting and
drying. The results in Figure 14 are based on an average initial
strengthwin_which.the effects of relative density are "averaged .out. -
If the soil is d?igd_for a short ‘period and .then rewet, there is a
finite reduction in strength and this reduction increases with the
increase in length of drying and is further influenced by cycling until
a stable reduction is aqhieved. The maxiﬁum reduction in strength is

approximately one-half of the freshly stabilized strength.

 There are two .basic influences to consider. The first of
these is the influence of the drying period on the strength after wet-
ting, while the second is the influence of wet-dry cycles on the strength
for short drying peridds° .When the sample -dries, the chemical bonds are
stretched and broken. Considering only the effects of chemical bonding
{eliminating.capillary strésses), the loﬁger the drying process, the
potentially weakgr the -sample will become. - Thus, on rewetting when the
capillary5stresses are .relieved the poiymer;will.have'1ost;mucﬁ.of.its
strength, It is thefefore logical .that the rewet .strength should be
inversely proportional to the length of drying up to a point where com-
plete'equilibrium is achieved in the extensional rupture of chemical
‘bonds. .When this point of equilibrium is achieved, all the bonds that
are likely to,ruptufe will‘have'ruptured,,and there will be no effect
of cycles of wetting and drying. Prior to this point, however, the
éreater the number -the cycles, the lower .the strength again up to a
equilibrium number of cycles. The influence of cycling is similar to .a
' fatigﬁe process, in which bonds are.strainea and then relieved alternately

until they-reach,a‘éondition of failure. The equilibrium position is ome



in which the weaker bonds are broken.and the cycling will not influence
the stronger bonds, as in a fatigue limit. The relative effects of the
drying period is of greater importance than the effect of cycles of wet

and dry, simply due to the magnitudes of the effects involved.

. A minor study was made of the effects of relative density on
wet-dry cycles strength.  In the laboratory work it was impossible to
attain the same relative density for each sample. It was possible, based

¢

on this work and previous work , .to .develop a statistically mean re-

lation between the strength decrease and the relative density over the

‘limited range of relative densities used. It was qualatively found that

the strength ratio decreased with an increase in relative density. . After
the strength equilibrium point has been achieved, the rewet strength .ap-
peared to.be independent of the relative density. Thus the :strength of

the denser samples would show a greater decrease -than the less dense

samples. .An increase in density of a soil will portend a decrease in .the

capillary radius during a given drying stage. This means that.the cap-
illary forces will be higher and the stresses in the gel will be greater
than before. _Thus more bonds will fail and the strength of .the gel will

tend to reduce. This reduction is balanced by the increase in strength

due to an increase in relative density .which will result in @a-net rewet

-strength .that is independent of relative density.

.The typical density change curves of Figﬁre 10a thruvlof,.in—'
dicate a single general trend, namely that at the density at-the end of
drying is reduced as the number of previous cycles increases. This re-
duction is greater than the réduced increase due tovﬁetting which indi-
cates that .after the initial drying the.range of flucuation of density

is increasing. This fact is nothing more than the measure of the free



water held in the gel and the soil voids after the initial drying: . After
the first drying period the wetting fills the voids formed and a relative-
ly small amount of water is.absorbed.by the gel. The subsequent drying
drives out .the vqid,water and along with it more of the gelvwater<thag
had been previously e\;aporéted° .With rewetting again the voids were fill-

ed and the weight gain increased.

. In terms of pilgt experimentation, with a single:soil, it would
seem that an extension of this work“would.be most valuable in terms of
relative density. The.experimént that-wa; undertaken used a two parameter
model, the attributes being, length of cycle and number of cycles. The
useful extension would be to add .an .attribute of relative density, in
which this variable was tested on two 1¢vels,,namely,thq loose and the

-dense state.
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E. CONCLUSIONS

The conclusions that.can be draﬁnlconcerning this study of the
mechanidal.behavior of a granular soil when treated with AM-955, and
.subsequently aged .and rewet .are:

(1) The age and storage.conditions of the raw_éatalyst'system
will influence the stabilify of the polymerized gel for percentages of

~AM-955 less than ten.

(2) The presence of trace quantities of common soil_mineials

other than silica will profoundly influence the time of gellation.

(3) There will be no noticeable volume .change in fully saturated

solls subject . to axially symetrical evaporation surfaces.

(4)jDrying of sdil,stabilized.with»AM;955‘yi11 prduée an in-

crease in strength whiéh.will_be'9 or more times the freshly gelied.strengtho

(5) The increase in strength due to drying will .be due to the im-

position of capillary forces.

(6):Drying of stabilized soil will proceed in layers with the
rate of drying,vérying.between outer  and inner layers, the outer layers

drying at the fastest rate.

(7) The.rate of drying will be dependent.on the surface area
available to evaporation at a given instant and the vapor pressure-
differential across a free boundary. The rate of drying is invgrsely

proportional to .the surface area .available.

(8) Drying follows an exponential decay law in which the volume

and;shrface area influence the frequency of the exponential.
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(9) Failure of partially dried stabilized soil by straining
will initiate in the dry portion at small strains and propagate to the
wet area of the soil as modified by the constraiuning effects of the dry

area.

(10) Extended time of drying and cycles of wetting and drying
will reduce the wet strength as much.as 1/2 of the strength of the

ffeshly stabilized soil for soils in the dense .state.

(11) To a point of strength equilibrium, the rewet strength is

inversely proportional to.the length of drying.

(12) For short . drying periods the rewet strength is inversely

proportional to the number of cycles of wetting and drying.

(13) For long drying periods the rewet strength is independent

o0f the number of wetting and drying cycles.

(14) .Successive .equal wetting and drying cycles will result .in
greater density reductions at the end of the drying period as the number .

of cycles increases.

(15) The effect of length of drying on strength reduction is

relatively greater than the effect of number of ‘wet-dry cycles.

(16) In the dense state the ‘equilibrium strength of. the rewet

soil is independent of the relative densitj°

(17) In the dense state the ratio of the rewet strength tb,the

initial strength is reduced with increases in relative demsity.
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