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PREFACE

The 1dea for this investigation originated with
Olaf Stokstad of ths Michigan State Highway Department
who suggested that certain subgrade soils in the State of
¥ichigan gave satisfactoxry results in gtandard tests con-
agted in the ladoratory dut failed to yield a corres=
ponding degree of performancs in the field. A research
projedt was programmed by the Research laboratory
Pivision of the NMishigan State Highway Department to
study the problem, and Roy leonard started the investi-
gation of the influense of soil fines in gravel stabile
isation in 1954, The project was assigned in 1957 to
the n'itez? who eontimed the study, eoncentrating on the
possibility that the fines of some subgrade soils combine
with nasural crganic ¢olloids to produce, in the soil
propertiss, changes that are not revealed by the usual
standard ladorstory tests.

The writer is indebted to Ire G. Ce Blomquist
for Ais untiring sssistance and guidance, to0 Ir. Es A«
Fimney, Director of Research Laboratory Division of the

Mishigan State Righway mmmt. Lor permission to use



the data on the Highway Research projest for thig thesis,
%0 ¥r, Re¢ Co Hainfort of the Soils and Pavement Evalu=
ation it of the Research laboratory Divieion, whose
ocompetent direction of the Highway Research project has
bveen s source of inspiratione

| ‘The writer also wishes to exuress her appreci-
ation to ¥r, E. As Dahlman, Highway Department Soil
Enginser for the Kalamezoo Dlstriet, for his assistance
in looating and odtaining soil samples, and to the stafl
of the Soils and Pavement Evaluation Unit of the Research
Iaberatory Division for their help in cbtaining samples
and omxrying out the tests in the ladoratary.
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JOSETTE M. PORTIGO ABSIRACT

Experiments were sarried out to investigate the
dnfluence that natural soil organic matter in the subw
&grade would have on the plasticity, shrinkage, swelling,
moisture absorption properties and compresaive strength
of the subdbgrade soil. The investigation also covered
the variation .tn'atrength properties ¢aused by certain
oations saturating the base exschange eapasity of the clay
and e0lloid portion of the soil.

The soil samples used were’ homoionie goils pre-
pared from Warsaw soil by leaching portions of the eoil
with some suitadble electrolyte containing one of the
cations chosen, namsly hydrogen, alumimum, ferric, and
caloium ions, Two kinds of organie material were used to
simulate the natural soil organic matter. Lignin was
used to represent organie matter in equilidbrium with soil
migrobial astivity, BHumic acid, extracted in the lab-
oratery froam muck, was used to represent organic material
in the process of desomposition.

The solutions ocontaining the cations were in con=
eentrations caleulated to saturate the base exchange cape
asity of the soil with the catiens. ILignin and humie
aeid were added at 1£ and 24 of the dry weight of the
homoionie »o0il sample initially and, when trends were
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indisated, the organie materials added were increased to
3% and 4%,

The results of the investigation are as follows:

1, The adsorption of 1% lignin on elays and cole
1eids saturased with alumirum or ferrie ions improved the
plasticity, ahrinkage, swelling, moisture adsorpiion, and
wnoonfinsd campression properties of the soil,

2, Saturation of the base exchange capacity of
the soil with ferrie ions moderately improved the gen~
eral strength eharacteristios of the soil, |

3s 2% or greater of lignin or umie aoid in soil,
espeeially ia *hydrogen” ani “calcimm® soils, resalted
in Adecroase in strength of the soila

4. 3ome of the lignin and humia aoid samples
sxhidbited zood plasticity and ahrinkege properties dut
displayed high swelling and low compresaive strength.

o The following conalusions have been drawm

1« Lignin, adsorbed on the surface of alay and
solloids, can be effeetive in inhiditing moisture ad-
sorption, yrovided lignin is iwued in amounts not ex-
sseding that which is necessary to provide steric hine
dranse te water dipoles. The benefisial effect of lignin
in moisture control of the cohesive soil tested could be
enhanced by alumimm or ferrie ions saturating the base
exohange sapacity of the eoil.
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- 2¢ Fatural organi¢ matter in the soil, if present
in the relatively undecomposable form of the structure of
1ignin, can be benefisial if it is adsorbed on the sure
face of the elay and colloid portion of the soil in suf-
ficlent emounts to inhibdbit adaorption of water dipoles,
This beneficial effect of natural lignin could be en=
hanoed by alumimum or ferrio ions saturating the base
exchange capacity of the eoile

3+ The determination of plasticity and shrinkage
constants alone 18 not a sufficient eriterion for evalue
ating cohegive moils for subgrade uses A cohesive soil
i3 controlled by physicoechemical phenomena to such an
extent that it becomes necessary to sonduct other tests
deteraining moisture relations affeeted by the active
surface of the ¢lay and ¢olloid portion,
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INTRODUCTION

A roadway consists of two principal components:
the pavement, which may be either rigid or flexible, and
the foundation which consists of the dase, which is di-
rectly under the pavement, and the subgrade on which
both pavement and dase rest, A subdbase detween base and
sadgrade may sometimes de necessary.

| Very few people are aware of the importance, even

existence, of the sudgrade, To the average motorist, a
roadway is mostly what he can see - pavement, shoulder,
 and ether sxternal features, Even to a road engineer of
forty years ago, & strong pavement was the ultimate goal
of highway senstrucstion. A4s a result, all symptcas of
road deterioration such as eraeks, boils, corrugations,
pumping, and rutting were, for a long time, attriduted

t0 pavement deficiencies. Thieker and better pavementsa
| on some roads showed greatly improved performanee duts on
others, partisularly after 1920, failures contimed %o
osgur regardless of the high quality ef the pavement and
regardless of the most efficient pavement construction
methods,

Sabgrade research started in the Mited States
abeut 1925, By 1930, there were sufficient relations

-t






established between general roadway failure and subgrade
factors. Burton and Benkelman! studied 107 slabs in 534
miles of pavement in niohigd and found that more than
half of the failures were due to differential expansion
and settlement of the subgrade. In 1934, La.ngz'showed
that frost hun, capillary moisture conditions, and sur-
faece donuﬁn - all attridbuted to subgrade soils -~ were
among the direct oauses for failure of bituminous surfa-
ces. BSweet and Woods? in 1946 established definite cor=
relation between maporacking and soil texture and drain-
age position in 41 miles of ﬁvmént in Indiana. In the
same year in Minnesota, Swanberg and Hansent traced alli-
gator eracking and rutting to yielding of the subgrade.
After a survey of the causes of pumping in Indi-
ana, Voeods and Btvoys reported that of the three con-
disions necessary for pumping, two oonditions had to do

v, R, Burton and A. C. nonkoma. '!hc Relation
of Certain Frost Fhenomena to the Sudgrad &

Research Board Proceedings, X (1930). PP

21. C. lang, "Practical Applications of Road Soil
Ssience in con-truohon of Flexible mrracus' Highway

Research PBoard Proceedings, XIV (Part II, 1934).

3Rarold 8. Sweet and X. B. Woods, “"Maporacking in
Conorete Pavements as Influencsd dy Soil Textures,”

Highway Research Board Proceedings, XXVI (1946).

43, H. Swanberg and C. C., Hanser, "Development of
& Procedure for the Design of Flexible Bases,” ibid.

K. B. Woods and ¥. . Havey, "Pumping of Subgrade
through Faving Joints and Crecks," ARBA Technical Bul-

desin Fo, 103 (1946).






with the subgrade, namely, type of soil and presence of
fvee water. Im 1949, Bleck! found that among the causes
of rigid pavement failures, those related to soil char-
asteristics were responsidble for waviness, dblow-ups,
faulting, longitudinal and *D* eéracking.

Studies of sudgrade~-related pavement fallures,
some of which have Just been mentioned, indicate one or
more of the following eonditions $o have existed under
the falled seotions:

1s Presence in the subgrade of soil material with
high moisture capasity, resulting in saturation and loss
of sohesion, )

2., High percentage of silt and very fine sand, a
sondition favorable to the fermation at low teamperatures
of ise lenses which causs frost heaves and doils.

3, Excessive volume changes (swelling or shrink-
age) which may de bBrought adout by large wariations in
moisture coatemt or by the presence of matérials which are
sompreasidls or dscomposadle dy scil mioroorganisms.
Swelling may alse ooour in cut sedtions after removal of
earth surcharge.

It would sesn logisal that the preventiom and
santrel of subgrade failures should de contingent on the
eonditions Just stated and that whatever method is chosen

- e

1, 1. Bleck, "Favements and Influences Affecting

or_Dete Their Performanes,” Highway Research Board
m Fo. 20 (1929 s De 21,
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%0 stadilize the road ded ghould, in effect, eliminate the
susceptibility of the soil dody to excessive water intake
and volume changs.

The presence of organio material 1n the so0ll com-
plicates the prodlem of subgrade stabilization. Organiec
matter is generally bdelieved to be compressible and easi-
1y deeomposed by soil miocroorganisms., Organic matier is
also believed to have a strong capacity for absording
water., However, aside from the knowmn facts about the
destructive effect of organic matter on Portland cement,
1ittle is xnowm adbout the effects that varying propore
tions of organic materiasl in the soil have oa the
strength of the road ded. Ais a matter of fast, the wri-
tor has experienced 4ifficulty finding in the literature
cases of roadway deterioration that ean be attributed
directly to the presence of organic material in the sudb-
grade., This does not indioate, by any means, that or-
ganic matter is or is net harmful to the sudgrade. Thers
eould be any mumber of reasons for this dearth of infor-
mation, and the following are suggestedts

Y. Organic 801l has always deen considered
*unsuitable material® and is removed from the road ded
Guring eonstruetion.

2., If the organie matter is found to be less than
24 of the total soil, it is generally eonsidered harm-
less. Any deterieration of the subgrade that may take

plase afterwards, which may or may not dbe caused by
e






the organic material present, is usually attriduted to
other 80il faotors in the soil body. o

3. There i at present no testing method that can
quiekly and efficiently determine the nature of the ore
ganis mattor in the s0il and its degree of decomposition.

It 4s the purpose of this thesis to find ous what

erganic matter does $0 a sudbgrade soil, Stated in full,
ths thesis rrodlem is as follows: To determine the vari-
ations in the strengtih properties of a ochesive subgrade
scil as & funotien of organic matter in acamdbination with
certain saturating eations. |

The following terms shall be defined:

¥, Bubgrade is "the material in excavation
(outs), embankments (£ills) and exdankment foundations
immediately delow the first layer of subbase, dase eor
pavensat and to such depth an may affect the strustural
luip."

2. Qohwive subzrade soil is a subgrade soil

cemtaining more tham 15 per sens olay.?

J. Organic matter is decayed and partly decayed
vegetable and animal material.?

4. Strength properties are those #0il charaster-
isties which are used as oriteris in evuuune the

p——— A —

TRobert H. Tittle, "Salvaging 014 Pavements i)

Resurfaoing, " Highwey Research Board Pulletin 47 (194
2p. L. D. Wooltortom, % %icngi:% %ﬁ.o of
w londons Edward ’ ’ PPpe
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suitability of subgrade or £ill material. Among these
properties ares compressive strength, ahrinking and
swelling characteristics, resistance to adsorption of
moisture deyond that required for maximum compaction.

S« Saturating eation is the eation introduced to
#011 in wush comcentration as has been caleulated to
sscupy all of the base .oxeha.nse positions in the e¢lay
or other eolloidal component of the moil. -

» Homoionic goil is soil with oaly ome kind of
exehangeable sation saturating its exehange positions.

The following are the premises, so to speak, in
the Aissussion: | -

1+ The clay and colloid eontent o:t thn soil is
capable of going into base exchange and adsorption ectiv-
ities; doth of whish are surfase phenomena largely influ-
ensing such properties of the soil u:oohnaiong Plasti-
eity, nm'tuu. volune m. peréolasion, AN
water-holding ewny.

2. A echesive s0il ocontains 03.-.7 and o0olloidal
materiale in suffiocient amounts to have surface phenomena
influsnsce the properties of the total moil dody.

3+ Water molecules ars dipoles and are attracted
Wy ioms through polarisatien and orientation in the clay
aineral either oa the broken bonds or dDetween oxygen

i i AT i e

10. A, ROgantogler, "Report of Suboomnittee on
Subgrade Studies,” : H R LY
VII (1927), pe 97e







planes.! |

4. The amount of water the colloids and clay take
up while swelling under optimum eonditions varies with
the kind of adsorbed ions saturating the exchangs
positions.?

5. The prineiples of base exchange and adsorption
permit the alteration of the surface character of soil
60110ids by chemical means such that the water-attracting
eharaster of the mineral surface may be changed into
water-repellent ‘propertiu.z

6+ 8011 organie matter has been shown to have
a base exohange eapasity.3r4

T. Clay has a protective effeot on organie
matter, It has deen knowa to inhibit peptization of
protuu."’

8. Organie matter can be used to f£1ll up exchange
positions snd adsorption points on the elay which would

tv. 2, Kelley, H., Jenny and 8. M. Brown, “The
Rydrstion of Minerals and Soil conua: in Rm‘hcn to
Crystal Structure,” Soil Science, XLI (1936).

27, 7. Vinterkorn, "Sarface Chemical PFactors
Influencing the Engineering Properties of 8Soils,"

Highway Research Board Proceedings, XVI (1936).

3w. R. MoGeorge,
Qrganic Matter in Soils.

4w, Sherman Gillam, "A Study on the Chemiecal
Eature of Humie Aoid," Soil Science, XLIX (1940).

5%L. ®. Ensminger and J. E. Gieseking, “"Resistance
of Clay-Adsorbed Proteins to Proteolytic Hydrolysis,"

801l Science, LIII (1942), pp. 205-209.
e




otherwise dbe ocoupied dy water molecules or by easily
hydrated cations.!

9. 0f the organie materials found in the soil,
lignin has dbeen proved to be the most resistant to
mierobial decomposition.2

10. Organie material in the soil in excess of that
adsorded by the alay and solloids can, in itgelf, become
an agent for adsorbing water molecules and hence increase
the possidility of swelling.

On the basis of the premises stated, the follow-
ing proposition is considereds

Yariations in the strength properties of a
echesive sudgrade may dbe produced dy varying the ex-
changeadble bases and the organio matter content. Thus
there is a certain percentage of organic matter in
comdination with a definite saturating casion whioh
gives optimunm strength properties to the sudbgrade, Above
or below this percentage, or in combination with other
inorganic cations, the organie natter mtiodnoed' will
produoe detrimental results in the sudgrade sfruoturo.

-

2. E« Grim, ¥W. H. Allaway, and F. L. Cuthbert,
*Reaction of Different Clay Minerals with Organie
Cations,” Jo the Ameri e
(1947).

28elman A. Waksman and Imri J, Hutohings

*Decomposition of Lignin by Mioroorganisms,*® &ﬁ Seience
ILIXI (1936), pp. 119=130,
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CHAPTER I
THEORETICAL CONSIDERATIONS AND REVIEW
OF THE LITERATURE

Roles of Subgrade So0il Components

Gravel and Coarse Sand
All soil particles having a diameter of 2 milli~

meters or more and retained on the No, 10 U.S. Standard
Sieve are classified as gravel., Coarse sand is the
portiocn passing the No. 10 sisve and retained on the No.
40 sieve. FYor the subgrade to provide adequate supporte
ing power, there should be sufficient points of contact
between the particles of gravel and coarss sand to ocreate
the necessary iaternal friotion. If there is too little
gravel and coarse sand in proportion to the clay and
eolleids, the coarse particles will be suspended, so to
speak, in the oclay and ocontact between the points will
be lost. The loss in intermal frietion means a loss in

supporting power.,

oil Yines

The fines constitute that portion of the soil
passing the Fo. 40 sieve and include all particles with
an approximate 4ismeter smaller than 0,420 millineter.

The clay minerals, inorganie and organie colloids, fine
Nt A



sand and silt are classified among the fines,

In the sams mannexr that the gravel and goarse
sand provide the internal frioction in the subgrade soil,
the fines provide the cohesion. The soil-moisture re-
lationships whick are such important considerations in
the subgrade are all determined in the fines. The
Revised Public Roads or the Highway Research Board System
of subgrade soil alassification! uses percentage of fines
as the initial criterion. The categories are narrowed
down by peroentage of soil passing the No. 200 sieve,?

35 per oent being the dividing line between what may be
eonsidered generally good and gensrally fair to poor
subgrade materials. The liquid limit, plasticity index,
and finally the group index, all three eriteria being
associated with goil fines, are ussd in the final steps
of ths elassification. | |

The importance of a better understanding of the
role of seil fines is appreciated if one recalls that
thore is a contimuing dattle being waged against exces-
sive change in moisture and volume in the sudgrade. The
seat of this trouble is in the fines, particularly so in
the portion passing the No. 200 sieve. These are the
¢lays and the inorganic and organic eolloids. Ironically

e .

t¥. 6. Spangler, So ines: (Scrantont
Intexrnational Book Company, s DPe 178.

27he maximwa particle diameter is 0.074 mm.

~10=



the olue to the solution of the soil-moisture~volume
problem is also in the understanding of the physico=
cshemioal phenomena observed to ocour in this portion of
the soil..

Minerals |

The clay minerals are found, along with soil col-
loids, in the soil portion that remains in suspension af-
ter 24 hours in hydrometer analysis. The olay minsrals
are distinct chemiecal ooﬁpound- capable of entering into
chemical reactions. They range in size from 2 to 5
mierons and despite their small sise, or because of it,
provide the lattice structures and tremendous surface
area for the adsorption of ions, water and organioc mol-
ecules, and for the exchange of eations and anions.

The clay aminerals are dbuilt up from two dbasie
structural units or "dbuilding blocks®, One of these
urits 1s she silica tetrahedron - a silicon atom sur-
rounded by four closely-packed oxygen atoms such that
the silicen is equidistant from all four oxygens or hy-
droxyls. On & sheet, these tetrahedra are arranged so
that their bases are in the same plane. Grim! sets the
thieckness of the silicon tetrahedron at 4.93 Angstrom
units, The other "bmilding bdloek®™ is the aluminmum

Yealph 8. Grinm, eralogy (New York:
NeGraw-Hill Book Company, Py .
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octahedron « an aluminum atom surrounded by six closely-
packed oxygen atoms or hydroxyls in an octahedral ar-
rangement. The aluminum atom is equidistant from all six
oxygens or hydroxyls. The alumimum ootahedron is, ac-
eording to Grim,! 5,05 Angstrom units thick.

orim,! Baver,? Marshall,? Pauling,4 Searle ana
Grimshaw,’ and Wooltorton® have all studied olay min-
erals thoroughly and have written valuadble information
on the olay structure and properties. The known clay
minerals may de grouped as follows:

1. The kaolin group, consisting of kaolinite,
dickite, naerite, and halloysite.

2. The montmorillonite group, consisting of
mentmorillonite, dbeidellite, and nontronite.

3. The hydrated mica or the illite group,
inoluding the chlorites and vermiculites.

TRalph E. Grim, Clay Mineralogy (New Yorks
MoGraw-Hill Book Company, Py

®
21, D, Baver, %&g (34 ed, New York:
John Wiley & Sons, Imc., .

3c. E. ¥arshall, The Colloid Chemi of the
Silicate Xinerals (New Yorks Academid rress i%." s 1949).
‘L. Pauling, "The Structure of the Chlorites,"”
ceed of the National Acad of Seiences, XVI

o Pe .

5A« B. Searle and R. W. Grimshaw, The Chemist
sics of Cl (34 ed, New York: Intersoience Flﬁo
y g .’ L Y ) L]

62. L. D. Woeltorton, The Scientific Basis of
Road Desizn (Londons Edward Arnold Publishers Ltd.,1954).
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4. The impure mixed=layer clay group.

The kaolin ¢lays are characterized dy a 1:1 lat-
tice (oni silicon tetrahedral layer to one aluminum ocota«
hedral layer). The members of the group above differ
oerly in the stasking of the units. The sgheets are com-
pact 80 that no ions or molecules can get between thenm,
hence there is very little isomorphous substitution or
substitution within the lattice, The external dasal sur-
faces are relatively inert dut show adsorption proper-
ties. Ionic reactions and exchange properties are found
on the unsatisfied valences at the edges of the parti-
oles. Xaolin c¢clays have slight hydration and adsorptive
properties, low dase exthange capacity and low cation
adsorption. The principal member of the group is kaolin-
ite, the structure of which was first suggested .by Linus
Pauling,?

The montaorillonite clays are characterized dy a
211 1attice ( 2 silicon tetrahedra and 1 alumimum oota-
hedron in bdetween) whioch expands and contracts with the
ancunt of watsr present. All the tips of the tetrahedral
shees point toward the center of the unit., High hy-
dration nna high cation adsorption are indicated. There
is oconsidersble lattice substitution (magnesium for
aluminum, alumimum for silicon, etc.) so that the lattice

-

“Iims Peuling, op. eit.
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charge is always dalanced. Water and other polar mole-
eoules can enter between the layers, resulting in lattice
expansion, Exchangeable ions ocour between the silicate
layers along with more water and other polar molecules.
Montmorillonite is the principal member of this group;

It eontains some calcium ions, and some of its nluminuxi'
tona are replaced by magnesium which in turn may be re-
placed by potassium or sodium. Beidellite is character~
ised by considerabdle substitution of aluminum for silioon
and by low magnesium content. Kontronite results fronm
complete sudbatitution of aluminum dby iron, and hence is
sonetimes referred to as a ailicate of iron.

The ¢lay minerals in the illite group are c¢har-
soterized by a 211 lattice with the units relatively
ﬁ.xd in position and hence non~expanding. The silioa
layers carry charges due to the substitution of aluminmum
for silicon in the silica sheets. DPotassium atoms are
embedded between the alumino-silicate layers to dalance
this charge defigciency and to act as agents of cement-
atien. These dalancing cations are, however, not
exchangeable. |

The only thing that need bde said for the fourth
group of elay minerals is that, although their ococurrence
is rather widespread, they are randon interstratification
oL olay units and henoe do not have constant properties.
Mixed layers of montmorillonite and illite are common,

b=



These mixed-layer ¢lays probadly explain the numerocus
varisties of clay minerals Ihioh cannot seenm to belong to
any of tl;o three main groups montioned above, since their
properties, like most mixtures, are very variable.

organic Colloids
Organic matter as it may be found in the soil is

defined by Wakeman! as a ™mixture of dark-colored amorph-
ous organic compounds formed in the soil as a result of
decomposition of organic matter of plant and animal or=
igin by mieroorganisms, under aerobic or anaerobic con-
ditions} it consists largely of substances whiech are
resistant to further decomposition (largely lignins and
modified lignin complexes), of substances in the process
of decomposition (hemicelluloses, some eéelluloses, and
proteins), of substances resulting from decomposition
(organic acids, dases, etc.) and of microbial-synthesized
mbstances (largely organic nitrogenous eomplexes and
hemicelluloses)." |

The products of decomposition of organie matter
are usually leached away by ground water so that after a
time only the most resistant of them, the lignins and
lignin complexes, and some proteins are left in the ‘aou.
there is growing opinion among workers with the moil that

1s. A. Wakswan, "Chemical Nature of Seil Organie
Matter,” Transactions, 24 Commission, International ~
Sooliety o en 8, voiume A, P. 172,
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these lignins and proteins, if found in soils containing
sufficient clay, may actually be deneficial for highway
use.

Fhysico—-chemical FProperties in Soil

Introduction
The olay and eo0lloid portion of the soil is often

referred %0 as the "active® portion. The adsorption of
water molecules, adsorption of ions, exchange of ions,
and other physice-chemical phenomena ocour on the tre-
mendously large surface area afforded by the elay and
eolleids by virtue of their particle size. It is common
knowledge, although slightly inoredible, that if a erys~
talline oudbie s0lid one inch on the side is dbroken up
into tiny cubes 3} mierons on the side, the surface area
is ochanged from 6 square inches to 362 square feet (or
roughly the floor area of an 18 f£i. by 20 f£t. room) and
the total length of the broken edges is 13,300 miles or
about halfway arcund the earth at the equator.

Parker and Pate! have pointed ous that adsorption
of water by soil is due almost entirely to the soil col-
loids and that a relation exists between the silica-ses~
quioxide ratie of clay and its plasticity and moisture

9. W. Parker and W. W. Pate* "Base Exchange in
0

801l Colloids and the Availadbility of Exchangeable

Caleium in Different Soils," Jo f the Ameriocan

Boolety of Agrononigts, XVIIX !55555'» SR
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equivalent. Hogentogler! reported that the soil parti-
cles with eolloidal properties largely determine the
physical properties of the soil. Hogentogler enumer-
ated the soil phenomena directly dependent upon the
amount and activity of the solloids as follows: hygros-
eopic moisture attraction, adhesion, heat of wetting,
freesing-point depression, water-holding capacity, oap~
illary movement, percolation, plastieity, soil strueture,
and shrinkage.
' Zom_Adsorption and Exchange

It has been mentioned that the clay minerals are
npcui ‘of adsorbing ions and pbhﬁ molecules within the
errnl lattice or on the olemo-nagstinly charged Bure
face and oxohn.ngo these ions or polar molecules for those
present in an electrolyte surrounding the olw mineral.
mordi theories have béca presented to explain the mech~
anism of exchange that takes place between the clay or
bYoetween a ¢olloid with a known base exchange capasity and
the free ions in an electrolyte. Among the earlier ones
proposed is the kinetic theory of ion exchange by Hans
Jenny and is given here as presented by C. E. Marshall.?

B

10. A+ Hogentogler, "Report of Sudbcommittes on
ge

Subgrade Studies,® Highway Research Board Proceedings,
YII (1927)s pe 97

2¢, E. Marshall, The Colloid Chemi of the
ioate s (New !orE: Acadenic Iress % sy

ers, e DPPe 125=127.



Jenny's Kinetic Theory of Ion Exechange., Each ion
is regarded as having a certain mean osceillation volume,

The theory covers four principles, namelys: simple ex~
shange, oomplomentary ion prinoiple, surface diffusion,
and oontaot exchange. For simple exschange, exchange is
less when the oseillation volume of the added ion exceeds
that of the ionm on the olay, and more in the opposite
oase. Exchange eompletion is approached for high eleo-
trolysie concentration,

The complementary ion prineiple concerns two re-
plaseadle ions on the clay as affeeted dy osoillation
volume. The release of one of the ions on the clay is
greater in proportion as the oscillation volume of the
other ion on tho ¢lay is smaller,

surface diftuuion conceras overlapping of oscil-
lnxian volumnes npon a given surfece. This part of the
theory has boon cubstantiatod in seolite and salt exper-
iments dut not in clay. Contact exchange is exchange of
ions Yetween adjasent colloidal particles due to overlap-
ping of osoillation volumes. This prinoiple fines appli-
eation im ion 4iffusion from the soil to ﬁhp roots of
plansis. |

The following ie how Jenny and Reitemeier! visual-
ize the mechanism of ion exchange on the olay surfsoes

YH. Jenny and R. P, Reitemeier, "lonic Exohange
in Relation to the Stability of Colloii Systems, "

Journal of gluoaa. Chemistry, XXXIX (19350 £ps 493-604.
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Colloidal particles are plate-shaped
gtals which hold on their surfaces adsorbed
cations. %0 heat motion and Brownian

m the d ions are not at rest but
oseillate, and at times are at a considerable
distance the wall. If it so happens that
on account of Brownian movement a cation of an
added electrolyte slips between the ms:uve
wall and the po-it:.n oscillation :um‘.
electrolyte cation will become "adsorbed"
the surface ion remains in the solution as an
ion, The more 1oon1; an ion is held,
{:0 greater is the average distance of oscil-
tion and the greater is the possibility of
npl.umnt or, vice versa, the more tenacious-
e ion sticks to the surface the less readi-
H will be released by the cations of an
ectrolyte added to the colloidal system. The
e of oscillation corresponds
u.roct to the ave: thickness of the olcc-
trie dcnblc layer, on the basis of the tg.
ture outlined, one would conclude at once t
nﬁu - zeta potentials contain easily
ons.

Hauser's Concept.-E. A. Hauser! assumes that
“erystals of colloidal dimensions differ from larger
siged orystals by having a composition at variance with
the stoichiometric one." From this initial assumption,
Hauser continuess

ssosthe surface oW- must con=
litt to a large cally unsaturated
wnnli combined building elements, These
must exhibit a tent of unsaturation,
II‘ th:l.- 1- sati by adsorption of compen=—

thn environment.
-1# m are not available, or if the oonoim
er i sent in concentration
of the building units will jake
in time, until stoichiometric equilibrium
reached n‘ a system of minimum free energy
is obtained....Only one constituent (of an

1E, A. Hauser (Massachu~
petts: Massachusetts € 0. Press, 1954).
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electrolyte) is really adsorbed, whereas the
others remain in solution. 8Since the electriecal
neutrn.uty of the system as a whole must be
maintained, another ion must be substituted.
This ion em either be given off by the adsor-
bent in exchange for one taken on, or it must
be obtained by secondary reaction in the dis-
persion me

¥ooltorton's Hypothetical Clay Salt.'-Wooltorton
compares the electro-negatively charged clay micelle
(with a silica-sesquioxide ratio greater than 2) to a
negatively charged anion forming a mucleus surrounded by
an atmosphere of positively charged cations in varying
degrees of freedom. Wooltorton contimes:

These cations rorn in the aggre,
complex cation of the th-tiul of‘u ld.t....
The Helmholtz doudble layer conception is useful
in explaining certain na but is never-

first fundamental g rty of the col-
loihl soil complex is n- ability to dissociate
eertain ioms. TFor eleciro-megative colloidal
01-:- the dlmoutud ions are cations which
:ut Bog o0 i 1 the anroentty 3
mater: e s e aggregate, to
doctrnq:'{ and is thus lmmd ?
u:l.i anion....As described by nnq.
Brown, orystalline minerals are composed of
atoms at regularly ed distances and falling

wven »23?3 tions such as
8 and oondutom. and for any given
conditions of unsatisfied aluminum charges, as
in certain g

yin part, upon the space available
the bases may be absorbed or adsorbed, due

15 Tt e B e
Road Design (London: Edward ) .
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40 the existence of unsatisfied charges, must
be placed water.

~ The less securely the replaceable cations de
held, i.e. the less their surface energy of ad-
sorption, the greater will be the induced os-
motic energy available for adsorption. The core
relation ourve for a powdered, low-energy sodium
cluilwould thus be expected to exhibit a greater
swelling and a higher plastic index for a given
base-exchange capacity than would a calcium
modification,

Effect of Replaceable Ions

Regardless of which of the mumerous theories
eomes ¢losest to explaining what actually happens oa the
elay surface, there is general agreement that most clay
minsrals 4o adsorb, absord, and exchange ions and polar
molecules. Thexre is also general agreement that these
exchangeable, or replaceable, ions affect t0 some meas~
urable degree the moisture-related properties of the
elay. As a matter of fact they also affect the proper-
$ies of the soil of which the olay may only be a very
small portion. The eonelusione which have deen reached
regaxrding these effects may be a 1ittle too general, and
ens will notice some peints of disagreement here and
there: It is possible that, since there is a tremendous
range of variability in clay minerals, not to speak of
the greater range of variability ia native soils in the
different experiments carried out on clays and soils,
sone uruﬁlo. or variables may not have been held down.
This fact alone makes the degree of soncurrence among the

different workers on soil properties even more amazing.
-2 j~






gggg of Replaceable Jons on Flocculation
Tn 1926, Baver? found that subatitution of sodium

for caleiun, 'magnosiun, or other bases resulted in a new
6olloid highly dispersable in water. He also found that
oaloium had a flocculating effect on the soils with high
poreonﬁge of olay, while hydx?ogematuratod 80il was
less floeculated than the original soil. Sodinm and
potassium have a decided deflocculating action, In
slaking, the presence of hydrogen ions inoreased the rate
of disintegration, while sodium and potassium decreassd
the disintegration rate. '

Yooltorton? econfirms the flocoulating effect of
free and replaceadle calcium on ¢lay by attributing the
phenomenon to the favorable influence of e¢alcium on the
growth of vegetation and organie matter which are ad-
sorbed on the elay binding soil particles into aggregates
and becoming water resistant on dshydration,

H. Jew3 mentions the high floooulating powers
of ealoium and magnegiun, and the dispersive action of
potassium and sodium on clay and hurus colloids.

S

oxviams 1508 Bveiiad Seoperiiee of sofieys Jebteal of
o the perties o ]
the American Society of Agronomists, XX (1958).

z’o L. D. Wooltorton, OP. elt.

tors of 8o rmation (New York:
omp ’ Cep .
22 '

IO

3n, Je
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oot tterburg Factor

The e¢ffeot on the Atterburg factora of eoil con~
sistency is equivalent to the effect on shear resistance.
Divalent ions tend to increass the plasticity index by
either raising the liquid 1limit or lowering the plastic
limit, Aocording to Baver,! the sodium ion lowers both
limits but inoreases the plasticity index. However, it
has been roported by Belocher, McAlpin and Woodn, that
sodium soils give the maximum liquid limit values. Win-
sexkornd found that the potassium ion tends to lower the
plasticity index and that calcjum, magnesium, and sodium
4dons tend to inorease the plasticity index.

oot on

Paver'! shows that for Putnam elay (beidellite)
swelling varies with the nature of the adsorbed cations
in the order givens Iiy Na > Ca > Ba.> K > K.
Yor Montmorillonite clay (bentonite) the ordser of swell-
ing is as follows: Nay Ii.> X > Ca = Be > H.
The ultimate moisture uptake and fhe volume éhange in
oudie centimeters per gran of monoionie cia.y has been

-

1. D. Baver, Soil Fhysies (New Yorks John mey
& Sons, Inc., 1956).

ZD. Je Dtlcher. Ge We Mcnpin and K. B. Woods,
mm Practices in Stabiliszation,™ Purdue Conference
*

5. 7. winterkorn, "Surface Chemiecal Pactors
Influencing the Engineering Properties of Soils," Highway

Repearch Board Proceedings, IVI (1936),
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found by winterkorn! to decrease in the general order of
¥ > Ca > H. Sideri? gtates that the substitution of a
eation by another that raises the eharge of the ocolloid
particles increases the swelling, The cations are ranked
ascording to influence on swelling in this ordert Fa > K
> Ca > Ng ) He Orim3 reports that Ii and X favor

great swelling while Ca, Mz, AL, Pe{ic), and X tend to
Teduce swelling. R o

(113 om | ; -
vinterko;'nﬁ studying the influence of mi-faoef

M.tea_l propert'i,u‘a.s expreseed by seven different ex-
changeahle eations 'on compressive strength found that Al,
To, and H modifications always gave best results, Mg, Ca,
and X lodifiosfionl &ave intermediate results olose to
those of natural soil, a.nd Na modifications gave the
worst results. | "

Iate nt io ,
The properties of elay-water systems such as

| H. ?. winterkorn, 'Muoi']ptibn Thenomena in

Relation to Soi) SBtadbilisation,® Highway Research Board
Proseedings, XV (1935). -

' 2p, I. sideri, "Soil Swellings I. The Swelling of
S04l in water Considered in Connection with the Problen
of BSoil Strueture,” Soil Soience, XLI (1936).

3. E. Grim, "Modexrn Concepts of Clay mmra.l}-‘."
Journal of Geology, L (1942), ppe 225-275.

48,7, Vinterkorn, Homo-Tonie Soil Study, May 31,
24
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plastioity are affeated by the bond between particles,
amount of water between particles, and the nature of
water adsorded on the olay ‘surface. Grim"z asserte that
the exchangeable ions determine the bond beiween parti-
eles thereby restricting the amount of water that can
oome between the particles, The nature of the ixcixamge-
able ioas mnnencn the cha.racter of the configuration
of water noleoulu. that is, the manner in which the
sation with its hydration envelope fits geometrically
into the éonfiguration. There is a suggestion that small
dons tend to tighten the water net, while large ions tend
t0 disrupt the water net, Thus, Grim suggests furtler,
the oaloium ion tends to develop four very well oriented
layers of water, Sodium favors the development of very
thiek layers. Fotassium, hydrogen, aluminum and ferriec
fons form tight bonds between the particles and hence
have very small potential for growth of thick oriented
water layers. |

ect on tion or oscopiei
Woolterton) describes hygrosecopioity as "that

1R, Es Grim, *"Ion Exchanga in Relation to Some

| Properties of Soll-Water Systems," ASTM Special Publie
estion Nos. 142 (1952), :

2R, E. Grim, "Organization of Water on Clay Mine
eral Surfaces uul Itl Implications foxr the Propertiea of

-Yater ege
1.zrt Slay-mter T 85 (’9 'gs%gz%§=§3__e£2._§2924.ﬂ2_2ésk

3r. 1. D. Wooltorton, ops eit.
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moisturs which is adsorbed from the atmosphere and held
by moleoular forces ¢lose up to the surface of the part-
4610..0..I% consists of a £ilm of water molecules s’crongiy
associated with the exchangeable sations and the surface
of the soil micelles. It is held close to the surface by
very powerful compressive forces which are considered to
tend to redmce micellar swelling., These high compressive
stresses result in an increase in the density of the
water and impart o the film the properties of a solid...
the thickness, secording to Mattson, (is) not greater
than 4 to 5 mioromicrons and corresponds to the range of
moleoular attrastion.”

Baver! presents data to show that at relative
humidity of 99.8 per cent, hygroscopiocity increases
atoording to1 I1 > Na > H > Ba 2> Ca > Kj at relative
homidity of T4.9 per cent the order 1sy H > Ca > 11 >
M D> Pa D> K. Data is also presented to show that hy-
groscopicity inoreases with total exchange capacity of
the eolloidas, although Baver warns that the relation
whish astually involves relative sstivity of ions and
sclloidal surface, number of ions present, ete. is not a
sinple one.

S80il«0rganie Matter Relationships
In his experiments with Loess Pampeano soils,

- - e

L. D. Daver, op. eit.
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Winterkorn' found that this loess containing 6.45 per
cent organic matter was very favorable for waterproofing
80 long as further bacterial action was prevented. Anal-
ysis of the organic matter in Loess Pampeano showed a
high percentage of lignins and proteins. Earlier, in
1940, Catton? had successfully hardened with soil cement
a peaty soil having a very low density and very high or-
ganic content.

The presence of easily-decomposable proteins
along with strongly resistant lignins in the same soil
above needs some explanatiom. Lignin has been shown by
waksman and Hutohings3 to be highly resistant to attack
by fungi, bacteria and invertebrate animals living in
soils, peat bogs, and composts. They assert that certain
groups among the higher fungi are capable of destroying
lignin in the fresh or partly decomposed plant tissue but
on¢e in the purified state, lignin becomes completely re-
sistant to attack even by these microorganisms. Protein,
on the other hand, is readily decomposed by many

2. 7. winterkorn, "Physico-Chemical Properties
ils, " Pro¢ ngs of the Second International Con-

2yiles D, cntton. 'Runroh on the ical Rel-
ations of Soil and Soil C t Mixtures,"” ege!
M.M“_‘ge- XX (1940), pe 8215
-kb-.:i‘u Imri Je mtahincl.t
y eroorganisms," Soil Science
'ﬁ 1936). pp. 1 2 ’
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misroorganisms under most conditions. However, it is
belioved that protein is protected from decomposition
both by the lignin and clay portion of the soil. Stabil-
imation of protein by the more resistant lignin hasg been
proposed by Waksman, An experiment by Waksman and Iyer
sited by de Sigmond! showed that lignin exercises a de-
pressive effeat on the decomposition of proteins in pure
and mixed cultures of miocroorganisms, indicating an in-
teraction between lignin and protein molecules,

| Many other workers, however, attridute this proe
tective action to the presence of elay, Ensminger and
Gieseking? quote Waksman as stating that clay colloids
form eompounds with humus eolloids, thus preventing its
rapid decomposition,. Ensminger and (Gieseking performed:
an experiment with eolloids to which pepsin and panorea~
tin were added. They soncluded that the adsorption of
albvumen and hasmoglobin by base exchange clays interfered
with enxyzatis hydrolysis of these proteins in doth aecid
pepsin and alkaline panoreatin suspensions, and that the
degres of interference was influenced by the exchange
sapacity of the clay. .

TAlexius As J. de 3igmond, The Prinoiples of Soil
ence. Trans. Ae B, Yo).hng. ed, U ¥, Se ont
Py & Cosy 1938). o : '

21, E. Enmminger and J+ E+ Gieseking, "Resistance

of Clay-Adsorbed Proteins to Proveolytic Hydrolysis,*
Soi) Sotence, LIII (1942), pp. 204~209. S
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Reduotion of Base Exchange Capacity
The clay~protein relationship apparently benefits

both protein and elay. While the protein seeks "refuge"
in the clay etruoture from the reach of enzymes, it
covers up exchange positions in the olay lattice and on
the clay surface. It may also, as suggested by Hen-
G.r:!.okl'. orient itself between the silica-alumina gheects
t0 keep the interplanar spacing a constant. Consequently,
with most of the exchange poaitiéns inaccegsidble, the
sdsorption capasity of the olay for water and for easily
hydrated cations is reduced. )

This reduction of base exchange capacity has been
found to be effected not only by proteins dut by various
large organie cations as well. Ssith? reacted bensonite
with a solution of free nicotine in water and reported
that bentonite eaters into base exshange with a definite
chemieal squivalent of organic base where saturation can
be reached. The studies of Meyersd indiocate that there
is a physico-chemical union between the organic and the

18, B. Hendricks, "Base Exchange of the Olay Min=
eral Montmorillonite for Organiec Cations and Its Depend=-
ence upon Adsorption due to Van der Waals PForces,"
igz_;_néior Fhysioal Chemistry, XLV (1941), pp. 65-81,

2g, R, Snith, "Base Exchange Reactions of Benton-
ite and mlts of Organic Bases,” Jo £ the rican
Ghemioal Soolety, LVI (1934), p. THETe o —cee-Americsn

3H. E. Meyers, "Physico-Chemieal Reactions Be-

tween Organic and Inorganic Soil Colloids as Related to
Aggregate Formation," Soil Soience, XLIV (1937), pe 331.
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inorgania ecolloids. Working with alfalfa and clay cole
loids, he found that, regardless of the type of organie
and inorganic materials combined, a reduction in exchangs
ocapagity of the system resulted from the nixi.ng., Clese-
nng1 ropoit_ed that complex organic cations were strongly
adsorbed within the variable interplanar (001) spacings
of mtugrulonite, resulting 1n J».q.r.gerv interplanar
spacings. !heu cations were found to be exchanged by
eations o? approximately the same size but were not ex-
WA by»byd'.rogen, which is usually very effeotive in
replacing amall cations. Gieseking also found that mont-
norillonite saturated with large subatituted ammonium
iens 4id not show the water adsorption, swelling, and
dispersion characteristios of caleium, sodiun, or hydro=
gen montmorillonite, nor 4id the new interplanar (001)
-mmn vary with the water content of the system.
Jordsa? reported that organis ions ocould be used to re-
duce the water-adsording propertiss of montmerillonite}
‘the largexr the ilom, the greater the reduction of water-
adsorbing ecapacity. He showed that the degree of swelle
-ing depends upon &t least three factors, namely, the
extennt of ‘tht surfage coating of the eclay particles by

17, E. Gleseking, "The Mechanism of Cation Ex~
in the Montmorillonite-Beidellite~Nontronite Type
of Cley Minerals," Soil Soiende, XLVII (1939), ppe t=11.

25, w. Jordan, "Organophiliec Bentonites Bwelling
in Organie Liquids,* Journal of 8io and Colloi

Ohgﬂtg ¢ LIIX (‘94 9 PDe - .
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the organic¢ matter, jhe degree of saturation of the base
exchange capacity of the clay by organic eations, and the
nature of the solvating liquid.

Orientation of Organic Colloids on the Clay
As is the case with any surface phenomenon in the

study of soil, there are a few different theories and
concepts regarding the manner in which organic colloids
are held on or by the clay.

sideri? desoribes the humms-clay cohesion as
followst

ﬂn eohesion bomm the individual particles

of a non-homo, eate consisting of
eolloidal 1elu t pmielu of a great-
er size be e the orientation of

the moleocules of the J.gyu- of adsorption only in
the limited case of the closest contact between
the coarse mineral elements. In most cases the
orientation of the molecules of the layers of
the cementing substances extends to a certain
uyth. tlurc to become disorganized and to be
the smectic elements of the
m ase of the stability of bond
iho decrease of the solubility of the clays
cannot be explained only by the influence of the
adsorbed of humus and by the decrease of
moisture mi d\u to a definite orientation,

as is recognize 'or instance, in regard to the
molecules of tat%y acids. In -ou we are deal-
ing with a large accumulation of humus in an ir-

reversible state and with the ence o! thn
variable forms o! the ‘.-:35::
It is ed,
can be -t.no ﬁn is, n.oxuuo
ous aggregates ¢ ged of

water)
parts which are read. soluble in water.
solution of -oun-ctlgmcr it has been dried

1D, I. Sideri, "On the Pormation of Struoture in
Soil: II. Synthesis o§ upontn' On the Bonds mitina
01.5(19 s’i Sand and Clay with Humus," Soil Science, XLII
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of a tenacious cement, A or

is aggregates, obtained

from a Na-clay and Na~humate material

readily under the influence of water.
quire e resistance

B0t only 3o wasers Bt also vo-alhelieny

Hendricks! believes that organie oolloids are
held to the surface of silicate layers of the clay min-
eral not only by the coulomb forces betweenm the ions dut
also by van der Waals attraction of the molecules to the
surface. The values of the interplanar spacing depend
upon the structure of the organic ion and the manner in
which it is adsorbed upon the silicate surface, large
organic ions are held more firmly by clay than are
inorganio ions, including hydrogen. Their presence mark-
-nyummuw-amvotuqmmu
destroys the lattice swelling in water,

Meyers? explains the reduction of exehange eap-
. aeity in his polar adsorpiion theory!

m‘” Pﬂm + The w
are: polar n‘-'t:cnlm e of .
iged, Since they are only -:ushtg.i ed
complex d&:.?cu o g:ro it
m would be positive. volloids,







their surface the positive end of a polar compound.
adsorption should result in a close pack-
ing of the organic colloid particles on the sur-
face of the polarizing substances., Such adsorp-
tion would result in a reduction in the exchange
capaeity, not because of the chemical union but
because of steric hindrance to the passage of
from the ends and sides of the ox col=-
oids resulting from close contact either with
polnrhﬂt‘-rmo or with other polariged
organic colloids., The ullorﬁ::n not only
would be a factor in reducing the
“mtw of the organic colloid but it would

With an terie compound such as al
gm:“n “10&1 'Sion wrP:;niu,y exist
sitive ences o e compound
um negative valences of the colloidal or=
ganie acid. In addition m“m-n prol be

be
R
exchangeable ions located on the side
) the organic colloids, thus lowering the ex-
change capacity of the system.
) Cations as Additives in Soil Stabilis: n
Numerous pilot studies have been carried out to
test the use of large organie cations by dase exchange,
or of organic colloids by adsorption, in improving the
properties of highway base courses and subgrades. The
specific uses for which these cations and colloids are
tested may be grouped as follows:
1+ To inorease the effectiveness of currently
known and used waterproofing and bonding materials (such
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a8 asphalt, bituminous mixturea, and Portland cement) by
nedifying the surface properties of the soil or agsregate
partiales.

2. As & mterproofing agent in iteself, to change
the water-attracting properties of soil partiocles to
wmtex-repelling properties.

The results of quite a few of these studies have
beea enocouraging as may be inferxed from the research
sonduoted dy:

1. Mainfort, MeAlpin, and Winterkorn' on salts
of abletic acidj |

2. winterkoirm and chpnz on rosinous materials)

3+ winterkora3 on aniline-furfuralp

4. Grossi and Woolaey“ on fatty quaternary
smmonivun salts}

R, Ce Mainfort, G, ¥ menu and H, P, Wintere
korn, A bomto sm f th ' 1 g Effact«—

%, 7, vinterkorn and G. V. MoAlpin, Soil Stabi~
o8 by the Use of Rosin, Technioal %%o:::ae;ng?zoic
‘a 7, oy B > ’ . ‘

31! Y. ¥Winterkorn, A
iging Effectiveness o
‘x&M“'&W

"'G’.ﬁt!! : QI

47rank X. Grossi and John L. Woolsey, "Effeot of
Tatty Mtcrnuv Ammonium Salts on Fhysical f’ropertiu of

Gertain,* Jadustris) ant mssnesring Chomistry, XLViZ
1955) .
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S+ Meunier, Williamson and Hopkins'! on calcium
aorylate;

6. Davidson and Davidson?s31415 et a1 on fatty
acid amine acetate, quaternary ammonium chloride, aniline
furfural, polyacids and lignin with large organic
cations.

of Colloids Require

An important aspect of soil-organic matter rel-
ationship is the amount of organic colloids that can be
used to effect the inhibition of water absorption., This
amount is determined for organic cations not only by the
base exchange capacity of the soil but also by the equiv-
alent weight and structure of the cation employed.

lyincent C. Meunier, Gordon J. Williamson, and
Robert P. Hopkins, 'Sou-n%er Relationship in Calecium

Acryl.to Stabilized Soil," Industrial and Engineering
Chemistry, XLVII (1955).

zbonald T« Davideon and John E. Glab, "An Organic
cnpmd as Stabilizing Agent for Two Soil-Aggregate Mix-
tures, Highway Research Board Proceedings, XLIX (1949).

3James H. Hoover and D. 7. Davidson

‘:L‘:‘”l ""Hn_lﬂ“"
3 : on,

-nnua“h" '}’;},."' ‘:’1 tg. no and D, 7. Dsvidson,
gation o 88 m
Besearch Board Proceedings, XXXVI (1957). i

5R. L. Nicholls and D. T. nnvuun. -rowu- and
unl with lLarge Organic Cations for Soil Stabili~
satiea," Kigiwy Assesreh Jesrd Proseedings, IXIVII
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It was pointed out previously that for the
organie cation t0 reduce the water uptake of the soil, it
shomld provide steri¢ hindrance to water dipoles. DIue to
van der Waal's atiraction, larger cations are generally
4iffieult, or imposaible, to replace by smaller organie
eations or by inorganie cations.! Jordan? states that the
darger the organis cation, the greater its effeotiveness
in reducing the water-adsorbing capacity of the treated
seil.

It is interesting to conjeocture what happqna
when sterio hindrance at all points on the active sur-
fase 18 effected and an excess of organio matter is
present, The writer imagines that the following would
happen. Assuning that more organic matter than necessary
is applied, the polar organic molecules would neverthee
less orowd on the clay surface and ef£fact sterie hine
drance to water dipolss and exchangeable dases. However,
the excess organie colloids would then be exposed to pos~
sible eomdination with water d&ipolea., Thus, the excess
orgamie matter would apparently inerease the “watare
loving® tendencies of the soile Actually it would not
be the olay or the soil surface that would take up the

ot —— — dontat

‘8. B. Hendricks, "Base Exchange of the Clay Min-
exral Yontmorillonite for Organic Cations and Its Depend=
ence on Adsorption due to der waals Forces," Journal
hemistry, XLV (1941), ppe 65-81.

Sent Mta;iy'ft Joﬁan. ';gttnnen .or the moperg;;ﬁt
onite eaction Amines, " Mineralogy,
(1949), Ppe. 538-603, 5 ’
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mter dbut the excess organic additives, However, the

genexal effect on the system 18 the same, that 1s,
increased potential for water uptake for a given weight
of 04l and organic matter, |

The discussion up to this point has deen dealing
mostly with added organic matter. The question comes ups
What adout the organic matter whioh is already present
in tke soil?

Most soils contain organie matiter in varying
degrees, The organis matter eontained is usually a
aixture, However, the eomponents are 8efinite chemical
sompounds in themselves, re@ardleil of whather they are
in the process of :tcfm‘aion, of deoompogition. ‘ocr have
reached equilibrium with respeet to soil misroblological
astivity. A considerabdble yi-oporuon coculd exist aa dis-
sociated cations or as polar moclecules, and, therefors, .
eould be expeoted to behave like any pure gompound of
the sane composition applied to the goil. Sincs the eonw
tention has been that organie colloids applied to the
poil are effeotive in reducing *he eapacity of the soil
for adsorption of water, it follows that organie colloids,
already existing in the soil, and of the same chemiscal
eomposition as that which would be applied, would be sime-
1larly effective in reducing such water-adsorption cap=
asity, contingent on two important consideration: (a) the
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smount of natural organie matter in the soil should very
asarly equal tha$ amount whieh, by polar adsorption,
would result in close packing of the organie colloids on
the clay surface, thus covering up exchangeable bases
and restricting the adsorption of water dipoles, and

(d) the soil-water relationships created dy the satue
rating or predominant replaceable inorganic cations

ia the soil should bde clearly understood and properly
evaluated with respect to the total picture.



CHAPTER I1I
EXPERIMENTAL PROCEDURES

General FProcedure

Several samples of a cohesive soil, elassified in
the Kichigan State Highway Department 50il Engineering
Manual as Warsaw soil, were obtained at dorings along the
right~of-way on M-43 bdetweea the e¢ity of Kalamasoo and
Rishland, Kalamagoo County, Michigan. The samples, taken
from part of the B horison but mostly from the C horison,
were a yellowish drown to reddish brown ccherent gritty
loam.

The following data about the s0il were cbtained
in preliminary experimentss

' t» Particle size distridution

2. Specifio gravity of soil grains

3+ Base sxchange eapaeity

4. Clay mineral ocontent (qualitative) by X-Ray

diffraction and dy infra-red speetroscopy
S« Flastie limi¢, shrinkage limi%, and liquiad
limis

T™he following tests were performed on the homo-
doniec s0il modifications and homolonic soil-organio
mtser mbiut:loz;u

~39~



1+ Plastic limit, liquid limit, and shrinkage

linit

2. nconfined eompression strength

3. ¥oisture absorption in capillarity, immersion,

freege-thaw, wetting and drying oycles

4. Volume change

In the experiments of this thesis, an attempt has
been made to simulate the natural organiec matter in the
s0il with the use of lignin and humiec acid, 'Thin has
been found necessary as it is physiocally impossible to
obtain, even in a large area, samples of soil belonging
40 the same series and oclassification and containing
naturally occurring organiec matter at different set
peroentages, as 1%, 2%, eto.

Lignin has been chosen to represent the organie
matter in equiliorium with soil miecrobiologisal asctivity,
that is, assumed to0 remain in the soil without further
decomposition. Humic asid has beea chosen $0 represent
organic matter at any stage of decomposition. Inorganie
eations nrl introdueced into the soil by lyuo exchange and
it is assuxed that these sations are present in the soil
defore the organis collcids enter the mystem.

Preparation of Homeionic Soils

Materials .
600 1b Warsaw soil passing the No. 4 sieve;
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0.2 normal hydrechloris acid solution} solutions of alum-
inum ehloride, oaloium chloride, ferric shloridej die-
tilled water, - large jars and ceramic vats to hold the
samples, Vacuum filtration system for washing the chem=

isally=treated samples.

Procedure

'sho procedure nnd b: H, 7» Winterkora'! was
m;ma. Eanntnny. u consists of leaching tho soil
with an ohatrolru eontaining the desired ution in such
conoentration as is calculated to saturate the bm ox=
ehange eapacity, the value of which was obtained in &
preliminary experiment, An umtion has to de made
that the precess ronitl in base saturation.

"Hychwngen"‘z s0il was prepared by soaking 100 1b of
raw soil for & few days in a solution of 0.2 normal hy-
Grnnorin acid, then washing the truted son on & Buch-
ner Mnol utﬂ. tho wash water is tutoa free of ohlo-
uao-. |

'cnam- *ferric®, and "alumnimn® »11- wero
prepared by soaking the raw soil in the oomlpemung
ehioride solutions and then leashing out sthe free ehlo~
ride ions with distilled water.

T™he ¢hloride-Lfree homoionie samples were then

RSN ’ NS

?mu Y. Winterkorn, "Fhysico-Chemical Se

Nesting,~ Eigway Researoh foard rosessings, X (1940)
Pe
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allowed to 4ry in air, the lumps broken up with a rubber-
tipped mallet, and fractions of the required grain size
were separated and weighed out for the necessary tests.

Preparation of Soll~(Organie liatter Combinations

Each conmbination was prepared from the raw soil
and from the homoliomie moil by adding a given weight of
the shosen organio material as a percentage of the dry
weight of the inorganic soil, The percentage of elay in
the s0il, and the identification of the clay minerals in
the e0lloid fractions were used as guides in approxime-
ting the amount of lignin or humic acid to de applied to
the soil samples, 3Below are the 45 differeant combina~ |
tions prepareds

Raw so0il, no additive

Raw soil plus &%, 14, 24, 3%, 4% lignin

Raw soil plus 1%, 2%, 3% Immis soid

"Hydrogea® soil, no additive |

*Hydrogen® soil plus #%, 1%, 2%, 3%, 4% ligain

*Hydrogen® soil plus 1%, 2%, 3% humie acid

*Alumizum® soil, no additive

*Alunimun® soil plus %, 1%, 2%, 3%, 4% lignin

*Aluminum® soil plus 1%, 2%, 3% humic aeid

*Ferrie® soll, no additive

*Perric® soil plus #%, 1%, 2%, 3%, 4% lignin

"Perrie” soil plus 1%, 2%, 3% mnie aeid

"Caleium® soil, no additive
{2






*Calcium® soil plus £%, 1%, 2%, 3%, 4% lignin
"Caleiun® soil plus 1%, 2%, 3% humic acid

Preparation of Rumie Acid

Naterials
10 1b mmok, 2 1b sodium pyrophosphate orystals
(NagPa07¢10 Hz0), dilute hydrechlorie aeid solution.

Eroeegure

The method used was that suggested in a study by
Je M, Bremner.! A 200-gram portion of muck was placed in
s deaker, treated with one liter of 0.25 molar solution
of hydrochloric acid, and allowed to stand overaight.
The muek was then washed on a Buchner funnel with dis~-
$illed water, Two liters of a tenth molar solution of
sodium pyrophosphate were added to the washed muck., The
mixture was shaken intermittently for several hours,
allowed to stand overnight, and the dlack supernatant
liquid was siphoned off and passed through filter paper.
The filtrate was acidified with hydrochloric aoid, there-
by reprecipitating the humic acid. The precipitate was
washed with alightly acidified distilled water. The
washed presipitate was put aside, oare being takea that
1% was kept in & moist condition until meeded.

‘:. M. Bremner, "Studics on Soil Organic Matter:
1. The Chemical Nature of Soil Orgamic mttcrszdgg_rgg;

of Agrioultural Soience, XXXIX (1949), pp. 18
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Testing Procedures

Heshanioa) Analyeis
The standard method desorided in AASHO Desig-

mations T 88-541 was used. This soil test consists of a
sieve analysis for the portion of the goil that is ree-
tained on the No, 10 U.S. Standard Sieve and a hydrometer
snalysis for the portion passing the No. 10 sieve. Since
all eationie modifications and soil-organis matter oom=
dinations were made from the portion passing the Fo. 4
sisve, the sisve analysis was done only on the raw soil,
The hydrometer analysis, however, was carried out for all
eatienie soils.

i¢ Ors (]

The speeific gravity of the #0il was measured by
msans of a pyencaeter according to the standard moéhod
desorided in AASHO Designationt T 100-54.2 Since this
speeifie gravity was to be used to caloulate hydrometer
analysis data, only that portion passing the No. 10
sieve was tested. |

This test was necoasayy to deternine the amount

- o PAr
280C 3T gh'? o:ncmu
(Wm. ocQQ ‘955)! PP. ‘ *

21v14., p. 287,
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and eonsentration of acid and salts necessary to effeot a
saturation, or near saturation, of the base exchange oap-
asity of ths soil, 7The literature presents quite a few
knowm and aceepted methods of determining base exchange
mﬁy. The one adopted here is that of (Clson and
Bray's, published in 1938.% A brief sumary is here
givens Woigh 5 grams of moil and place it in a 400 oe.
beaker. Add 40 ml. 15% hydrogen peroxide, cover the
bum wtth & watch glass and Place on a steanm dath, Di=-
gost tor ;pproxmtely one hour, remove the watoh glass
and oonpletely evaporate the liquid. KNow place the sanme
ple in & 250 ml. beaker and add 50 ml. mormal, neutral
amoniua agetate, Stir the solution ocoasionally for a
Balf hours Pour into s ssall Buchner fumnel, pour more
acutrel anmonium asetate and filter by sustion until a
volume of 500 mls of leachate is prodused., Discard the
deachate. Wash the soil on the same filter with 300 ml.
abselute mothanol which has been neutralised with axmonie
wR hydroxide, Discard the washings. Now leach the soil
in the filter with 300 ml. of 0.10 normal hydroehlorie
atid, eseiving the leachate in a clean Erlenmeyer flask,
fransfer the leachate to an 800 ml, Kjeldahl flask and
add 5 grams sodium hydroxide into the flask. Distil)

the ammonia into a 500 ml. Erlemnneyer flask containing

1. c. Ollon and R, H, Bray, *The Deternination
of the Organis Dage gaoi%y of Soils," Soi}
Science, XLV (1938), ppe 483-49
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50 ml. of tenth normal hydrochloris acid., The excess acid
is dask~titrated with 0,10 normal sodium hydroxide using
an indieator. The base exchange capacity is twice the
muder of milliliters of 0,10 normal acid used,

I:-3ay Diffrsotion Analyeis -

' this test was performed using the I-Ray Dife
fragtion mwam‘of the So0il Faysios laboratory, Soll
Selence Depertuent of Nichigan State University., The
parposs of the test was to identify the elay and colloid
pertion of the soil in order to de able to make an intcle
1igent imterpretation of the results of the other tesis.

Re e 0
This is sn additional test for identification of
the clay and eolloid portion of the soil sample. The
test was carried ocut im the infra-red spestrophotometer

of the Niehigan State Highway Department Research labe
mtﬁl‘,.

The homoionie soil medifications and the soil~
‘rgmnie mattor comdinations were tested for plastic limit,
1iquiq 11ait, and shrinkage limit acoording to standerd

Bothods and using the apparutus and materials speeified

in tne AASHO Standard Spceuicauonl.' The plasticily
e ———————————————

'wo«. PPe 270-280,
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index and the shrinkage ratio are calculated from the
results of the tests.,
Quelling Tewy

The method used is an adaptation of the standard
pethod for the determination of volume change of soils,
£irgt proposed by W. K. Taylor' of the Bureau of Fublie
Roads and listed in AASHO Standard Specifications? s
AASHO Desigmatioms T 116-54« The apparatus used in the
experiment was devised from a Solltest eonsolidcmeter
body o which was added a perforated pistom. A micro-
meter gage measures the upward movement of the piston as
1% i pushed up by the swelling soil whioh is kept in a
state of saturation through the duration of each test,
the saxple actually used in this test is, after com~
pastion %o mear-Proetor, 2% inches ia diameter and 1 inch
in thickness., This is a xuch smaller sample than that in
the AASHO Designatica which is 4 inches in diameter and
1.5625 ineh in thisknesss

" The Uasonfined Compression Tests and the
veathering Test Series

The unconfined sompression tests and weathsring

pr———

e 1Procedures for Testing Soils, Sponsored by ASTX

‘m;““ Amerioan Sooi t;r: Testing Jateninta (mm;.
¢t Amsrican Society for eriala

19503, pp. 13t=135, L

© 2)A8M0,. 209 81%ss PPe 290-294.
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sests wers performed on previously compacted soil cylin-
ders, Compaction to standard density at optimum moisture
was obtainsd by static loading in a steel mold., Loading
was done on a Tinius—-Olsen hydrsulic press. The com-
pested soil oylinders measure 1.3437 inch in diameter and
2,687 inohes in height. These dimensions give a height-
to-dismeter ratio of 231 and a volume of 1/453.59 of &
sudbie foot, When the moist or dry weight of the soil
eylinder is ebtained in grams, the value obtained is the
nmerisal equivalent of wet or dry density in pounds per
sudbiec foot.

Twenty-four soil eylinders were prepared for sach
of the homoionis soils or soil-organieo matter combi-
aaticns, Twelve of these were nishﬂ and left in the
open for 7 days. The other twelve wers also weighed dut
were stored in an air-tight eontainer to maintain the
201ding moisture for 7 days. After the Teday euring
peried, 3 of the air-dried samples and 3 of the moist~
sured gaxples were weighed and tested for unconfined eom—
Pression sirength.

The remaining 9 samples of air-dried soil and 9
¢f moigtwsured soil were them nrlaced on a 2~insh layer of
Saturated standard Ottawa ssnd for snother 7 days to

S1low the cylinders to take up water by capillary sstlion.
The pan sontaining the sand was coversd to prevent evap-
‘Tatlon, and constant water level was maintained at the
'op o tne sand layer by means of an over-flow cutlet.
wi8e



WVater was allowed te drop into the pan to replenish that
saken up by capillarity. To maintain the level of the
sand im the pan, a piece of cheeseoloth was 1ald over the
sand layer and several layers of paper towsls wers placed
on top of the cheesecloth, With this procedurs, none of
the sand grains could get on the soil samples and the |
japer towels oould be peeled off as they get soiled.

' he mamples were taken off the capillary pad for
weighing at reasonable intervals, during the 7-day period.
In the meantime, the increasing moisture contents were
carefully observed and plotted. Nost ‘of the samples Od~
‘ained thei:t"mimm" moisture uptake within 7 days. Howe
sver, some sanples were ll.év in the initial stage of
noisture absorption and were still absorbing moisture by
the end of the Tth day on the capillary pad. TFor such
samples, the capillary absorption period was extended to
14 days to allow the time-moisture eontent ourve to
level off. A% the end of the T= or 14-day capillery ab-
soxrption period, thres of the samples originally cured
2y airedrying and three eriginally moist-cured were
woighea and tested for unconfined compression strengths.

The remaining 6 samples corresponding to sach
Rethod of curing were then weighed and placed in & frees-
. gnis began 4 oyoles of freezing amd thawing. The
Samp) eg were stored in the freeser for approximately 16
houxrm ond placed om the capillary-absorption pad for
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for approximately 8 hours, for thawing. The samples were
weighed bdefore they were put back into the freegzer. Ome
freesing and one thawing made up one eycle,

 After four oycles of freeging and thawing, 3 sam-
ples corresponding to each method of ouring were weighed
and tested toi" unconfined sompression strength. Iy this
tine the samples have been eénsiderably weakened, so that
seme of the testing was done on & Soiltest Unoonfined
Compression Kachine, lodel U-130.

The remaining 3 samples oorresponding to each
nethod of ouring were then weighed and dried in an oven
a$ & temperature of 60 degrees Centigrade (140 degrees
Pahrenheit) to eonstant weight., The samples were then
taken out of the oven and each one was carefully lowered
into a pan of water kepts at room temperature. Great care
was taken g0 that no turbulence oococurred while the sanm-
ples were deing immersed., The pan was located on a
‘stromg, stable surface where the laboratory traffie was
80t likely %o dump against it. Sinee the worst con-
ditions were being simulated, it was decided to lower the
Samples into the water while still hot. A few of the
Samples were allowed to coo) off before immersion and the

Pelative rates of disintegration were cbserved and
Focoxded for future reference.

The samples were left in the water for 8 hours.
Thowe that 414 not disintegrate were taken out and dried

in the oven at 60 dogrees Centigrade to constant weight.
«50~



The oven-adried weights were recorded, and the samples
were immersed in the water again. The initial oven=
drying and the immeresion constituted the first cycle.
The soil samples were taken through four drying and
wetting oycles. If any soil cylinders were left after
four oycles, they were tested for unconfined compression
strengthe
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CHAPTER IIX
RESULTS OP TESTS

Preliminary Tests

Yee (1} gsis and sgificati

The results of the mechanical analysis of the raw
or untreated warsaw soil are given in Table 2, The pare
ticle sige distridution plotted from mechanical analysis
data is shown in Fig. 1. The soil is classified on the
basis of mechanical analysis data. ‘

ZTexture) classification.-Aecording o the AASHO
¢lassification, the 801l sample contains 10.2 per cent
gravel, 16;0 per eent eoarse sand, 18.6 per eent fine
sand, 21 per cent silt and 34.2 per ecent ¢lay and col-
loids. The raw s0il is slassified texturally as a clay
soil.

Bevised BPR or FRS system of elsssification.-This
system, an mneationed in Chapter I, makes use of liquid
1imit, plasticity index,; and group index as additional
eriteria to grain sime in the elassification of soils,
8inge the raw soil contains 80.3, 73.8, and 55.2 per cent
of its total weight pasasing the Fos., 10, 40, and 200
sieves respectively, the soil is first tentatively
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olasgified as an A~4, A~5, A-6, or A-~7 soil. The liquid
1limit value of 28.0 and the plastieity index of 12.9
given in Table 3 further ¢lassify the soil as an A-6
soil, The group index of 5.2 confirms the A-6 ¢lassie
fieation. The soil is finally ladbeled an A~6(5.2), a

slayey soil which is generslly rated as poor subgrade
material,

Exe Capaci

The values for base exchange capacity odbtained
for three different fractions of the natural or raw soil
are given in Tadle 1.

TABLE 1
BASE EXCHANGE CAPACITY OF WARSAW SOIL

A — e e

Base Exchange Capacity
Sample in milliequivalents per
100 grams of sample

o P o

A+ Treated with hydrogen peroxide

1+ Passing ¥o. 20 sieve 4.35

2+ Passing Nos 40 sieve 6.25

3. Passiag Fo. 140 sieve 8.60
B, No% $reated with hydrogen peroxide

1. Passing No. 20 sieve 4,90

2. Puung Fo. 40 sieve T.3%

3. Passing No.140 sieve 10.80

AR U SR o RN
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It will be noted that the sample used contains
somé organie matter as shown by the loss in base exchange
eapacity after treatment with hydrogen peroxide. The
hydrogen peroxide was used as an oxidiszing agent to des-
troy any organic matter present in the soil samples. It
is also muggested that the ammonium mocetate nethod'used
in this test is expected to yield lower base exchangs
eapacity values than another method in whioh sodium
acetate is used,

Speeific Cravity
The spesific gravity of the soll grains in the

porsion passing the No., 10 sieve is 2.64.

Jdentification of Clay and Colloid Fractions
X-Ray diffraction patterns obtained of the clay

and eolloid fractions indicated the following ¢omponents
to_» presenty 1illite, kaolinite, interstratified vermi-
muﬁ. and ‘ohl'orit‘e-.‘and'quarts.

Infra~red absorption spectra indicated illite,
kaolinite, and quarts,

The results of the standard tests follow,

Flastic Limit Tests
The results of the plastie limit tests are givea
in Tadle 3} and are shown in Figs. 2 and 3.

Effect of Ions on g;uﬁic’ Iimit
Both the aluminum and ferrie ions indicated a

54~



tendency to increase the value of the plastic limitg,
while the caleium and hydrogen ions demonstrated a ten=
dency to deorease the value of the plastie limit, The
ions are ranked according to their effect on plastie
1imis as followss Pe(ie) > Al > Raw soil > Ca > H,

ect of Cr ¢ Matter on Plastie Limit

Raw_goil.~The plastiec limit increased with the
addition of 1% and 2% lignin, and decreased with the ad-
dision of )% and 4% lignin, The plastic limit also inw
ereased with the addition of 1%, 3%, and 2% humic acid in
that order,

*Hydrogzen® soi},~The plastic limit increased with
the addition of 1%, 2%, 3%, and 4% lignin, Additions of
14, 2€, and 3¢ lmie acid increased the plastioc limit to
a greater extent than did 1% lignin but to a less extent
than 414 2%, 3%, and 4% lignin,

"Aluminum® soil.~The change in the plastio limit
resulting from the addition of 1%, 3%, and 4% lignin was
negligible, The addition of 2% lignin inereased the
plastic limit slightly. Aaddition of 1%, 2%, and 3% hunmio
acid inoreased the plastie limit $o wvalues greater than
those obtained for any of the lignin oombimations.

*Forric® moil.~All plastis limits resulting fronm
the additien of 1%, 2%, 3%, and 4% lignin were lower than
the plastie limit of non-additive "ferrie® soil, All
plastie limits resulting from the addition of 1%, 2%, and
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34 humic acid were higher than that of non-additive
*ferric™ soil.

"Caloium® soil.~The addition of 1ignin generally
inoreased plastie limit., The decrease in plastio limit
due to the addition of 2% lignin was so slight as to be
asgligible, The addition of humie acid similarly in-
exreassd plastic limit,

Liquid Limit Tests
The results of the liquid limit tests are given
in Table 3} and are shown in Pigs. 4 and 5.

L a it

Yery little change in liquid limit values was
caused by a change in the saturating cation. Raw soil
and "calcium® soil had the same liquid limit, Both
"hydrogen® soil and "alumimumz" soil had slightly higher
1iquid lizits and "ferric® soil had alightly lower
liquid limit. %The ions are ranked asoording to their
influence on liquid limit as follows: Al > H > Ca =
Raw soil > Te.

() £ exr _on 4 ]

Raw soil.~The liquid limit decreased very slight-
1y on addition of 14 and 2% lignin, and inereased very
alightly on additiom of 3% lignin, Omly the addition of
4% lignin registered a significant deerease in liquid
limit. 1% humic acid decreased liquid limit, but 24 and
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3% humio acid inoreased the liquid limit considerably.

"Hydrogen® soil.-0nly the addition of 1% lignin
saused a lowering of 1liquid limit. 2% to 47 lignin and
14 to 34 humio acid all raised the liquid limit,.

*Alumirum® goil.~The addition of 1% to 3% lignin
lowered the liquid limit, 4% lignin raised the liquid
linit very siightly. 1% and 2% humio acid caused very
alight decrease in liquid limit, and 3% a very slight
inorease. The effects appear to de negligible.

*Ferric® soil,~The effects here were more perw
ceptible than in the case of “aluminum® soils 1% and 2%
1lignin lowered, while 3% and 4% lignin raised the liquid
limit. A1l humio acid additions raised the 1iquid limis.

*Caleium® soil.-¥Vith the exception of 2% lignin
which lowered the liquid limit, all other additions in
lignin and humio acid raised the liquid limit,

Effects on Flastieity Index

The plastieity index is indicative of the
noisture=-gcontent range over which the socil is plastie
and is related to the eochesive properties of the soil,
The plasticity index is obtained as the 8ifference de-
tween the liquid limit and tha plastic limit of the soil,
The somputed values of plastieity index are given in
Table 3 and are showa in Figs. 6 and 7.

e 4 ] ie

The ferrie ion lowered the plasticity index while
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the hydrogen, aluminum, and calcium ions raised the plas-
ti0ity index, The ions are ranked in the order of their
effeot on plastieity index as follows: H > Ca > Al >
Raw soll > PFe(ic).

Effesct of Organie Yatter on Plasficig Index

© Paw soil.~1%, 24, end 4% lignin and 1% hunie ae1d
lowered the plastieity index. 3% lignin and 2% and 37
mmic acid ralsed the plasticity indexs

"Hydrogen® soil.-All additione of lignin and
humie acid lowered the plasticity index.

"Alunimum® goil.~All additions of lignin and
humie acid, with the exception of 4% lignin, lowered the
plasticity index. The effeas of 4% lignin is, in fact,
so slight as to be negligidle.

. 16* 801l .~All additions of lignin and dumic
acid raised the plastiocity index. |

*Caleinm® goil.~¥ith the exception of 1% and 2%
lignin wvhich cansed a very slight lowering of plastisity
index, the addition of ligsnin and humig acid generally
raised the plasticity index.

Shrinkage Limit Tests
The results of the shrinkage limit tests are
given in Tadble 4 and are shown in Pigs. 8 and 9,

A of :,,:, R Shrinkace L
Only the ferrisc ion inereased the valus of the
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ahrinksge limit, The lons arc ranked in the order of
their effect on shrinkege limit as followss Pe(io) >
Paw soil > A > ca > H,

Effeect of Oz@xfxic Fatter on thrinkare Limit

Raw aég.-m edditions of lignin lowered, and
all additions of humio acid raised, the shrinkage li.ﬁit.

*Hydrogen® soil,=All additions of lignin and
Mumie aoid, with the excoption of 1% 1ignin, raised the
shrinkage limit, 1% lignin indicated no effeet on
m.

"Alunimm® s0il.~All edditions of lignin and
humic acid raised the shrinkage limit,

"Ferrie® soil.~1% and 2% 1lignin lowered the
shrinkage limit, 3% lignin raised it, and 4% lignin
indicated no effeet, All humie acid additions raised
the shrinkage limit,

"Calodunm® soil.~1%, 27, and 47 lignin lowered the
shrinkage limit, while 3£ lignin and all humic acid ad-
ditions raised the shrinkage limit.

Ratlo of Shrinkage Limit to Liquid Limit

The ratios, computed from shrinkage limit (sL)
and 1iquid limit (LL) values, multiplied by 100, are
€iven in Tadble 4 and are shown in Figse 10 and $1. The
Patio has been muggested as a measure of the tendenoy of
the moil to shrink. The larger the ratio, the smaller is
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the tendency of the soil to surink.?

Effect of Jons on the SLiLL Ratio
Only the ferrie ion increased the SLiLL ratio.

The ions are ranked according to their effect on the
SLi1LL ratio as followsy Fe ) Raw s0il > Ca > A1 D H,

Effeot of Organic Matter on the SIsLY Ratie

Raw s0il«~All additions of lignin and humic acid,
exoept 4% 1ignin and 14 humie acid, decreased the SLiLl
ratio. -

*Hydrogen® soil.--All additions of lignin and
hunie a0id increased the SLiLL ratio.

*Aluminwm® soil.-All additions of lignin and
humigs acid considerably increased the SLilL ratio.

‘ *Ferric® soili~1%4, 24, and 4% licnin decreased
the SLiLL ratio, while 3% lignin and all humic acid ad-
ditions inoreased the ratio,

"Calelum® goil.~All additions of lignin and
‘humie seid, except 1% humic acid, deareased the SLiLL
ratio.

Swelling Tests
The results of the swelling tests ars given in
Tadlea 5 and 6 and are shown in Pigs. 14 to 25, Table 5

P -

s

¥D. P, Davidson, *Exploratory Evaluation of Some
Organie Cations as Soil Stabiliszing Agents," Highway

Research Board Proceedings, XXIX (1949).
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gives the actual swelling obtained for each soil sample
soampacted to a certain decnsity and &t a certain moisture
sontent. Table 6 gives the comparative swelling eomputed
for each of the homoionic soil-organio matter combination
if 1t were compasted to the density and at the moisture
eontent of the sorresponding non-additive homoionic soil.
The variations in the swelling curves in Figs. 16 to 25
eculd, therefors, indieate variations caused by different
psroentages of organie matter added to the soill., Table 6
s sugcested Yy the results of the experiments sonducted
¥y Russell, Worsham, and Andrewas?’ whe stated thas for

two samples sompasted at the same Ary density, the volume
shange of the sample with the lower moisture content is
proportionally grester, For twe sanples eompacted at the
ssme noisture sonteas, the volume ghange of the sample
sompacted at the greater dry density is proportionally
greator.

Effest of lons Swe

The hydrogen, aluminum, and ferrie ions reduced
swelling, while the ecaloium ion inoreased swelling. The
‘dons are ranked ascording 3o sheir effect on swelling as
follows: Ca > Raw soil > H) AL > Te.

e

fH. W. Russell, W. B. Worsham, and R. K. Andrews,
*mfluense of Initial Moisture and Density on the Volume
and Strength Characteristies of Two Typiocal

Change
Dlinois Soils," Eighway Research Joard Proceedings,
XXVI(1936). ,
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mt of Organie Natter on mggg

Raw 80il.=1% 1lignin and 3%\humic acid both de-
sreased swelling, 2% end 34 lignin and 1% and 2% hunic
asid inoreased swelling. | |

"Bydrogen® soil.~All lignin and humie acid ad-
ditions inoreased swelling. The increase in swelling due
to 1% 1ignin was very slight compared to all the others
for this homoionis soile = .

"Alunimmm® oil ~All lignin additions up to 3f
reduced mwelling, especially 2% lignin which demenstrated
enly half s muoh swelling as the non-additive "aluminum®
soil. 1% humic aocid increased swelling, btut 2% and 3%
danie a0id reduced swelling, | | ,

- *Perrie® soil,~1% lignin and all humie acid
additions reduced swelling. 2% and 34 lignin increased
swelling, .
_sCaleiwm® goil.-1% lignin reduced swelling, but
all other additions of lignin and lmmis acid increased
swelling.

Weathering Test
The results of moisture adsorption dy capill&rity
and during freesing~thawing cyocles are given in Tadle 7,
and shown in Figs. 26 to 29, The results of unconfined
sompression tests on samples representing different
stages iil the weathering test are given in Table 8.. The
results of the wetting and drying test are summariged
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in the latter part of this section.

" The moisture absorption was reduced in each of the
hemoionio moil used. Noisture eoatents of the homoioﬁic
sanples at nearly all recorded stages of the test wers in
the orders Rawsoil > H > AL > Fe > Ca. The untreate
ed, or raw, soil reached a maximm moisture content of
20,3% on the Tth day on the capillary adbeoxrption pad.

The average moisture content for the homoionie soils at
the end of the same period was 17.5%. All samples at-
tained about 80£ of their total moisture adsorbed within
24 hours after they were placed on the capillary pad. As
& matter of fast, the untreated scil, "hydrogen" soil,
"sluminum™ soil, and "ferris”® soil absorded 804 of their
total moisture within 9 hours after the start of the
eapillary abdsorption test.

Hoisture abdsorption was reduced in all homoionie
soils tested exveps "caloiwm® soil. MNoisture contents at
sorresponding stages of the $est were ia the erders Raw
soil > Ca > Te(ie) > H > Al. The absorption surve
for "saleizmm® soil plotted very slose to that of the raw
8011, doth reashing a moisture content olose to 15.5% at
the end of 7 days on the eapillary absorption pad.
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"Aluninmun® goil gave the lowest moisture absorption in
this teat. At the end of 7 days® exposure on the capw
{llary sbsorption pad, the "elumimm® soll samples bare-
1y exceeded in moisture content the optimum moisture at
standard donsity obtained on oorpastion of “aluminum®
saxplos by the Harvard Xiniature eompaction apparatus,

Effect of Orgenic Yatter on Yoisture Adbsorption
i r=-pried Sanples DY CapLLIATILY

Raw 801l .~The addition of lignin and humic scid
rednced considerably the moisgture absorption. In the
f4~day period on the capillary absorption pad, none of
the lignin sanmples regained the moisture lost during the
air-4rying process. ¥hile the 1% humiec acid addition
lowsred the moisture absorption in eapillarity, the water
uptaks for this sanple after 7 days on the eapillary
absorption pad exceedsd its optimum moisture at molding.
"Hydrogen®™ @0il.~The addition of 1ignin and
humis acid redused the moisture adaorption. As in the
oase of the raw soil, none of the lignin samples re-
gainsd, in the t4-day period on the capillary moisture
adsorption pad, ths moisture loss during air-drying. 14
unis aoid reduced the moisture adsorption, However, the
T-day exposure on the capillary pad raised the moisture
content of the 1¥ hurio acid sample %0 thas above the
optimm moisture at molding.
TaAlwnimum® poil «~The addition of lignin reduced

aoisture absorption: Kons of the samples regained, after
wb i
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14 days on the capillary pad, the moisture lost during
the air-drying. However, 1% humio acid increased moiste
ure absorption alter the first day on the eapillary pad,

"Ferric* s80il.~The addition of lignin reduced
moisture adbsorption, none of the samples regaining, in
44 days on the eapillary pad, the moisture lost during
alr-drying. The curve for 1% humie acid plotted lower
than the mon-edditive “ferric® moil during the first 6
Rours on the capillary pad, but regained molisture to ex-
¢eed the non-additive "ferrie® scil moisture gontent at
T &xys on the pad,

'c_;‘d_eium" 801l «~The addition of lignin reduced
moisture abaorpti,_on. None of the pamples regained, in
4 days on the eapillary pad, the moisture lost during
alr-drying., The 1% humio aeid curve plotted lower than
the nom+additive *caloium™ soil at the stars of the
tapillary absorption test, dut exceeded the moisture
gontent of the latter by the 7th day on the eapillary

lhmtiﬂl pade

Rax goll .~The addition of 1% and 2% lignim pro-
duned no signifiocant ohangn in moisture absorption. The
sddition of 34 lignin and 1% humie acid inoreased moiste
ure absorption.

*HErdrogen® soil.«Al) additions of lignin and
humie 2044 increased moisture absorption. The organie
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matter additions arc ranked according to their influence
en moisture absorption, for the T-day period on the capw
illary moisture ebsorption pad, as followe: 3% lignin >
1% mmio acld > 2% lignin > 14 lignin > “hydrogen® soil.

*ALunimm™ ;_gg_.-m additions of lignin and
hmie ecid increased moisture adsorptions The oréa.nio
matter additions are ranked aceording to their effect on
moisture ebsorption, for the 7-day psriod on the capile-
1ary molsture gbso&ption rad, as followss 3% lignin >
1% humié acid > 2% lignin > 1% lignin > *aluminum®
soil,

" io® soile-All additions of lignin and lumic
atid increased molisturs adsorption, The organie matter
sdditions are ranked acgcording to their effect on moist=
ure absorpiion, for the 7=-day period on the capillary
pad, as followsy 1{ humic aoid D> 3% lignin > 2% 1lignin
: > 14 1ignin > *ferrio" soil..

*Calodum® soil.~The addition of lignin and lumie
asid produced no .muioént change in the moisture adbe
sorption during the first three days on the oapillary .
moisture sbaorption pads However, 1% humic acid produced
significant increase on the Tth day on the e¢apillary ab-

sorption pad.

No data was obtained for raw soil, “hydrogen®
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soil, "aluminum" soil, and "ferric® soil. All of these
sauples broke sapart before they could bs placed in the
freezer for the first half of a cycle of freezing and
thawing, Only the “caleiun”™ soil "survived® the capille
lary absorption test.

The ions, exeept ealcium, recorded lower moigt-
ure contents during the four cyeles: The moisture cont-
ent for "caleium" goil plotted very elose to that of raw
soils The increase in moisture eontent through the four
aycles is greatest in raw soil. The ions are ranked ac—
eording to their influence on increase in moisture con-
tent as follows: Raw soil > H D> Ca > Al D> Fe,

Except for “calcium™ goil, no data was obtained
in this portion of the test as there were no samples of
the raw soil, "hydrogen" soil, "slumimum® goil, and
*ferrie® soil to take through the freesing and thawing
test. TFor “caleium® soil, the moisture contents of
ssaples containing 1% humie acid had higher moisture
sentents for each of the four eyeles than non-additive
“ealeiun® soil, However, the astual moisture taken up
through four eyeles was greatest for 14 humic acid and
1% lignin, Samples sontaining 2% lignin indicated
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slight loss of moisture, The uptake for non-additive
®*oaloiun™ soil was negligible,

0 € €s_quxr cezing and 1 nz

The eomparisons here will be expressed in terms of
the 4ifference in moisture contents of a sample at the
start of the first cyole and at the end of the fourth
¢ycle of freezing and thawing.

Raw_soil .~The organic matier additives are
ranked according to their effest on moisture uptake
through four cycles of freezing and thawing as followsi
1% lignin > raw soil > 2% lignin > 3% lignin. The
hunie acid sample broke apart on the seoond oyole,

*Hydrogen® soil.-The 1% lignin sample took up
three tizes as much moisture as the non-additive "hydro-
gen® 80il, while the 27 lignin sample lost & slight
aaount of moisture, No data was available for 3% lignin
and 14 humic acid,

*Aunimm® soil.~The 1% lignin sample took up
three times as much moisture as non-additive "alumirmn®
s0il, The 24 lignin sample lost a negligible amount of
moisture, There was no data for 3% lignin and 14 hunmic
acid.

*Ferric® soil.-The 1% lignin sample indicated a
alighs loss in moisture content, while the 24 lignin

sanple demonstrated a slight moisture uptake, The 1%
58w



huni¢ acid sample took up as much moisture as the non-
additive "ferris® poil, but collapsed during the third
eycls. There was no data for 3% lignin.

- "Caleium® moil.~The sample eontaining 1% humie
2014 absorbed more moisture than the non-additive
"ealciun” soil. 1% and 2% lignin samples doth lost
moisture during the four eycles of freeging and thawing,.

Besalts of fho. mgtm&m‘ Test

This is the most severe test in the weathering
series adopted for this set of sanples, However, very
few of the samples survived the leas severe treatments
of eapillary moisture abaorption and alternate freezing
and shawing. Furthermore, many of the samples that wers
started on the first cycle of wetting-and~drying failed
before the condlusion of the test. In smumary, the
results are as followss '

Raw poil.~1% and 2% lignin samples retained abdout
704£ of their solids after four cyesles of wetting and
drying. |

drogen® soil.~Non-additive “hydrogen® soil
ocompletely fell apart within the first hour of initial
sumersion in water: 1% and 24 lignin combinations re-
tained adbout 80% of their solids after four somplete
oyoles. |

"Alunimm® #0i) .~Non-additive "alunimnm® soil
disintegrated &uring the firat immersion in water. 14 and
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24 lignin oombinations retained ebout G074 of their solids
after four e¢yclas.

*Perrice” soil.~Only the 2#% lignin sample held up
through the end of four cycles, retaining about 95% of
their solids,

*Caleiun® goil.~Only the 1% lignin sample help
up throngh the four ¢ycles, retaining about 50#4 of their
solids,

'~ Fo humie soid samples were taken through the
wotting-drying test.

Uneonfined Compresaion Test
The remlts of unoonfined ecmpression tests on
the homolionic soils and soil-organie¢ matter combinations
are given in Table 8. Since this test was conducted in

Oonnution with the weathering tests, ¢ompresaive strength
data are grouped as follows: w:tng strength, strength
after eapillary adbsorpiion, strength after freeszing-and-
thawing, strength after wetting-and~drying,

Jons eaused & general reduction of curing

strength. The ions are ranked according to their effect
on ouring' sonpressive strength as followss Raw soil > Ca
D% D> H D Al.

With the exception of ealoium, whioch oaused an
«T0w






almest megligible inorease in sirength, the ions general-
1y redueed curing strength, The ions are ranked accord-
ing to their effect on curing strength as follows: Ca >
Raw s0il > Fe(ic) = H > Al, Very low strengths were
obtained for all samples, the highest being 37.0 psi for
*ealociun" #0il, and the lowest being 15.8 psi for
*aluminum”™ soil.

Effect of Organioc Matter on Curing Strength gur-m-ieaz

Raw 80il.~1% and 2% lignin reduced compressive
strength} 3% lignin increased compressive strength,
Shough alightly. Ko data was available for humic acid.

*Hydrogen® soil.~All lignin combinations more
than doudled the compressive strength of non-additive
*hydrogen™ soil in the order: 2% lignin > 14 1ignin >
34 lignin > "hydrogen" soil. 1% humic acid gave 3 times
as much strength as non-additive "hydrogea™ soil.

*Alunipun® s0il.~All lignin eombinations in-
ereased oompressive strength, in the order: 3% lignin >
1€ lignia > 24 lignin > “"sluninun® soil. 1% humic acid
€ave the greatest inorease in compressive strength,

*Forric" soil.=All 1ignin combinations produced
an increass in compressive strength, in the orders 3%
lignin > 1% 1ignin > 24 lignin > *"PFerrie® soil,

"Caleium® goil.=3% lignin inoreased compressive
. strength, dbut 1% and 2% lignin decreassed compressive
| strength. The lignin additives are ranked according to
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their effeot on compressive strength as follows: 3% lig-
‘atn > "ealeium® soil D> 1% lignin > 2% lignin, Humie
asid at 1% produced the greatest inerease in compressive

The moist-cured samples of all lignin additions
$ook very low compressive lcads ranging from 18 psi for
3% 1ignin in "aluminum® soil to 45.5 psi for 2% lignin
ia "hydrogen® #0il, “"Alumirum® soil with 9% ligznim took
a sompressive load of 63,5 pai and "hydrogen" -ou‘ with
14 1lignin took a compressive loﬁd of 134.8 pai, These
eompressive loads are low ecmpared to those of the air-
dried samples. The lignin additioens for "hydrogen®,
"aluminun®, and *ferrie” soils all preduced greater
compressive strengths than the corresponding non-addi-
$ive soils. Ko data was available for humie asid
sanples.

Raw_goil.~1% lignin alightly inereased oompress~
ive strength while 24 and 3% lignim decreased compressive
streagth,

"Rydrogen® soil.~1% lignin produced 6 times as
moh sompressive strength as non-eadditive "hydrogen®
soil, 24 lignin produced twice as much emmpressive
strength, and 34 ligain produced slightly higher compress-
ive strength,
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*Aluminum® goil.-All lignin combinations produced
greater compressive strengths than the non-additive
“alunirun® goil in the following orders 1€ lignin D 2%
lignin > 34 lignin > "aluminum™ soil,

*Porric® soil.~The lignin additions are ranked in
the order of their effect on compressive stirength as
follows: 3% lignin > 24 lignin > 1% lignin > "ferrie®
soil.

“Caleium® soil.~1% and 2% lignin slightly increased
sompressive strength, while 3% lignin slightly deoreased
compressive strength,

The raw s0il and non-additive homoionie soils for
both atr-drisd and moist-cured sets all had gero come
pressive strengths,

The values of ocompressive strength of Mcd
saaples after oapillary moisture absorption were within
the range 0.0 psi to 28,0 psi, representing great losses
of compressive strength caused by T to 14 days' exposure
R $he ¢apillary moisture pad. Within this low range,
the compressive strengths of 2% lignin samples for all
homoionio soils were greater than those of the 14 lignin
samples.
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The values of the compressive strength of moist~-
oured samples, after capillary moisture absorption, were
within the range 0.0 psi to 31.4 psi. These values rep-
resent only a alight losa of compressive strength caused
by 7 to 14 days' exposure on ths capillary absorption
pad, 2% 1ignin iampla- of raw soil, "hydrogon" soil,

*aluminum® soil, and "caleium® soil had greater compress—
ive strengths than the corresponding lignin samples,
*Perric”® s0il had lower compressive strength with 24
lignin than with 1% lignin,

Zero compressive strength was reocorded for all
air-dried and moiaf-cured sanples exceps two. "Aluminum"
soil with 1% lignin had compressive strengths of 9.5 psi
and 8.0 psi for the air-dried and moist-cured samples
respectively, at the end of four oycles of freezing and
thawing. "Caleium” soil with 1% lignin had compressive
strengths of 6.2 psi and 4.8 psi for air-dried and moist-
sured samples respectively.
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CHAPTER IV
CORCLUSION

Table 9 gives the relative wvalues of the
strength properties of soil-organic matter combinations
with respect to the prdpertiei of the eorresponding
non-additive homoionie soil, ‘the values for which are
expressed as unity,

Table 10 gives the relative values of the
strongth properties of all soils tested with respeet to
the properties of the raw, or untreated, soil, the wvalues
for which are expressed as unity.

Evaluation of the data in Tables 9 and 10 will
e based on the following criterias

1. A soi) treatment, whether it conmists of sat-
uration with a certain cation by eation exchange, or ad-
sorption of polar molecules on the eolloidal surface, or
both, is bdenefieial if such treatment results in (a)

- degrease in the walues of ligquid limit, plasticlity index,
shrinkage ratio, volume of swell, moisture absorption,
and (b) inorease in the wvalues of shrinkage limit, ratio
of shrinkage limis to ligquid limit, and compreasive
strength,
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2. A 8011 treatment as desoribed adove is not
bdeneficial, and may even be detrimental, if it results in
(s) imerease in the values of liquid limit, plasticity
inéex, shrinkage ratio, volume of swell, moisture adb-
sorption, and (b) deorease in the values of shrinkage
limit, ratio of shrinkage limit to liquid limit, and
compressive strength.

The influence of the saturating cations and
erganic matier additives on the soil will de pummarized
undexr three main groups, namely: {a) Influence on plas~
$ioity and shrinkage propertiesj (b) Influence on swelle
ing, moisture abdbsorption in weathering, and unconfined
compressionj and (e) Over-all influense,

Influenge of Organic Matter on Homoionic Soils

Zonfiuence on Faw Soi)

Plastieity and ghrinkage,~Exoept for causing a
slight and insignificant increase in plastic limit, 1%

humi¢ acid produeed the greatest improvement in plasti-
eity and shrinkage properties of raw soil., 44 lignin

was a4 vlose second with a slight deorease in shrinkage
limit. 1% and 274 lignin had intermediate effeots, but
increased the tendency of the soil to shrink. 3% lignin
and 2% and 3% hunic a0id produced more detrimental effeots
than bvensficial ones,

Swelling, moisture, and strength.-0nly 1% lignin
7
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rodaced improvement of any significance. 2% to 4%
lignin and the humie acid combinationa all increased
swelling. An exception is 3% humic acid which reduced
swelling. However, no information on moisture absorption
and eompressive strength was available for 3% hunmio acid.,

Oover-all influence.-1%4 lignin moderately improved
the general strength properties of raw soil.

Influence on "Hydrogen® Soil

Flasticity and shrinkaze,«{1% lignin was the only
treatnent that resulted in a lower liquid limit than that

of the standard, raw soil. However, the general rige in
plastio lixnit resulted in low values of plastieity index
for all samples, 1% lignin produced the greatest im-
provemsat. The rest of the ligsnin and humie acid samples
prodused about equal bdbenefiocial effects on "hydrogen®
soil. '

mol and he=All 0f the
1ignin samples increased compressive strength for both
nethods of euring and decreased moisture absorption for
the air«dried samples. GOreater decrease in swelling was
noted with increase of lignin,
’ ~ Over-all influence.~1% lignin appeared to be the
bost treatment for "hydrogsen™ soil.

enoe " " So

Plastioity end shrinkage.-All lignin and humie
~77~
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aeid additions, except 4% lignin, produced about the sanme
degres of improvenment in aluminum eoil,

Swelling, moisture, end strength.-2% lignin had
the most deneficial effects, with 1% and 34 lignin close
bahind,

Over-all influence.~1% lignin appeared to be the
most benefieial sdditive, followed by 2% and 3% lignin,
24 and 3% humic aeid appeared promising but there were no
other dats availsble,

Iafiuvence on "Ferrie® Soil

iei ~1% and 2% lignin produced
alight improvemen® in the properties of "ferrie® soil.
The humie seid samples reduced shrinkage tendencies, dut
Taised all values of plastic limit, liquid limit, and
plastieity index.

Swelling, moisture, end stremsth,-1% lignin

demonsirated the most improvemsnt, 2% and 3% lignin de-

exeassd moisture absorption but inoreased swelling.
Over-al]l influenoce.~1# lignin appesred to give

*ferris™ soil the most improvemsn$ in strength properties.

Influence on *“Caleium® Soil
Flastioity end shrinkage.-Fone of the lignin and

humioc acid samples improved the properties of caleium
s0il, Although 2% lignin 414 bdetter than the rest of the
organie matter additions, the lignin at all four percent-

ages increased the tendency of the "ecaleiun" soil to
«T8=






shrink,

Bwelling, moisture, snd strength.=1%4 lignin
improved the properties of "caleium® soils 2% and 3%
1ignin reduced moisture abasorption and inereased com-
presgive strength but produced too much swelling.

Over-ell influence.=1% lignin just moderately
improved the strength properties of “calcium" moil.

Influence of Cations and Organie Matter on Raw Soil

tiel 4 Shrinkace Pro ie

There were quite & few homoionie soil~organic
matter comdinations with indieations of improving the
gharseteristics of the soils Three samples gave exoel-
lens shrinkage reduction effeetss (a) Raw soil plus 14
dumie aeid, (b) "Aluminuam® soil plus 1% lignin, (¢) None
additive “forrie® soil., Flastic limits for these samples
were below 10,

Two sanples displayed excellent shrinkage redud-
tion properties, but slightly lowered the shrinkage limit
values: (a) Raw #oil plus 4% lignin, (b) "Perrie® soil
Plus 1% 1ignin,

Two samples demonstrated satisfactory improve=-
ment of plastieity values but indicated a tendency to
inerease mhrinkage alightly: (a) Raw soil plus 1% lig-
ain, (d) *Perriec® soil plus 24 lignin,

Six samples displayed excellsnt improvemeat of
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shrinksge properties but produced poor plasticity oon=
stantss (a) *"Alumirum® soil plus 1%, 24, 3% humio moid,
() "Ferric*® soil plus 1%, 2%, 3% humic acid.

Y TonissaTvs Srenat
‘The redustion in swelling wam best demonstrated

in raw soil plus 1% 1ignin and in *caloium” soil plus

14 lignin.' Swelling was moderately reduced in raw soil

Plus 3$ 1lignin, "hydrogen® soil plus 1% lignin, "alun~

imm® soll plui 14 and 24 lignin, "ferric" soil plus

1% 1ignin, and non-additive “ealoium® soil.

gver-all Infiuence |
"Ferric® soil may be considered the best homo=

ioni¢ soil as regarda over-all influence on plasticity,
shrinkage, swelling, moisture absorption and unsconfined
camprouioﬁ strength,

The following may de considered the dest homow
ionie soil-crganis matter combinaticns as regards overw
all influence on plasticity, shrinkage, muing. moiatui'e
abaorptien. and unconﬁnod oomprusion strmgtht

(a) Raw nou plus 1% lignin

(b) *Alumimnm® eoil plus 1% lignin

{e) "PFerric"® moil plus 1';"0 lignin

The :tollowmg homoionie soil=organic metter eone
binations may be considered detrimental., They &isplayed
poor plasticity properties and demonstrated great
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tendency to swell and absord moisture:
(a) "Perric® soil plus 3¢ lignin
(v) "Hydrogen® soil plus 2% lignin
- (e) "Hydrozen™ soil plus 3% lignin
(a) vBydrogen® soil plus 1%, 2¢, 34 humic acil
(e) Raw soil plus 3¢ lignin

Sumnary of Conclusions

On the basis of the evaluation jJust made, the
ta;loving points are gsummarizeds |

'{e The addition of 47 lignin improved the plas—
tieity, shrinkage, swelling, moisture absorption, and
ungonfined eompression properties of raw soil, "aluu=
imun*® goil, and "ferric® soil.

24 Saturation of thd base exchange capacity of
the clay and c¢o0lloid portion of the eoil with "ferrie"
ions moderately improved the general strength properties
of the soil. o .

34 2% lignin added to "hydrogen® soil, and 3%
lignin added to "hydrogen", "ferric”, and raw #oil re-
salted in a decrease ia the strength of the respective
Romoicnis soils.

4, The presence of caleium and hydrogen ions,
along with their regpective lignin and humie acid com=
binations 414 not prove beneficial,

5. Nost of the samples treated with humie acid
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indicated improvement of shrinkage properties but failed
to improve the other strength properties of the soil,

6. A foew of the samples oontaining organic mate
ter had plasticity index values less than 10 and exhib-
ited good plasticity and shrinkage properties dbut dise
played high swelling and low compressive gtrength.

The following conclusions may be drawns

i+ Lignin, adsorded on the surface of olay and
solloids, oan be effective in inhibiting moisture ad-
sorption provided lignin is applied in amounts not ex-
eseding that which is necessary to provide sterie hine
drance to water dipoles. The deneficial effect of lisznin
in moisture control of the cchesive soil tested is en=
hanced by alumimum or ferric ions saturating the dase
exchange ¢apacity of the elay and eolloid portion of the
soil,

2+ Ratural organic matter in the soil, if preseat
in the relatively undecomposable form of the structure of
lignin, can be bemeficial if it is adsorded on the sure
face of the ¢lay and oolloid pbrtion of the esoil in suf-
fioient amounts to inhibit adsorption of water dipoles.
This deneficial effect of natural lignin eould do en-
hansed by alumimam or ferriae ions saturating the base
exchange capacity of the soil.

3. The determination of plastieity and shrinkage
sonstants alone is not a sufficient eriterion for
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evaluating cohesive soils for subgrade use, A cohesive
soil is controlled by physico-chamical phenomena to such
an extent that it is necessary to conduct other tests
determining moisture relations affected dy the active
surface of olay and ecolloids,

Future Research |

Fature research is recommended along thq follow=
ing liness |

Y. Determining the actual percentage between zero
perxr cqnt and one per cent, or between one per eent and |
two per oent, at which lignin in raw soil, "ferrio" so0il,
or "alumirmn® :oil produees optimum properties.

2. Determining the actual phencmena that take
place on the surface of clay and colloids when lignin
is applied to a ferric ion~ or aluminum ion-gaturated
soll. . - '

3« Exploring the poseidilities of a nuclear
method of determining dase exchange sapacity.,

4. Working ocut a quick, accurate procedure for
deternining the amount of natural organie matter in the
soil and its state of decomposition.
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TABLE 2
MECHARICAL ANALYSIS OF UNTREATED S0IL

U.8. Standard Particle Size Cumulative

Sieve Rumber in mm. % Passing
S8ieve Analysis

1" - 1% 100,0
A A '100,0

/4 98.7

3/8" 9647
No. 4 4.8 94.2
Foe. 10 1.98 89.8
Fo. - 20 0.833 8643
No. 40 0.417 73.8
Fo. 60 0.246 64,0
Fo. 140 0,104 5646
FKo. 200 0.074 5542

Hydrometer Analysis

0.032 54.6
0.020 52.4
0.012 43.9
0,009 40.2
0.0061 3645
0.,0032 29.4
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TABLE 3

EFFECT OF ORGANIC MATTER ON LIQUID LIMIT?, PLASTIC LIMIT,
ANRD PLASTICITY INDEX OF HOMOIORIC MODIFICATIORS

st i e mamew
Raw soil 28.0 15.1 12.9
1% Ligain 27.5 15.6 11.9
2% Lignin 27.8 16.0  11.8
3% Lignin 28.5 4.5 14.0
4% Lignin 24.0 12.3 11.7
14 Bumie aoid 24.7 153 G4
24 Humio acid 40,4 17.4 23.0
3% Mumie acid 30,6 16.0 14.6
"Hydrogen® soil 29.2 10.5 18.7
1£ Ligain 27.9 12.6 151
2% Ligain 31.7 16.4 15.3
34 Iignin 32.6 16.6 16.0
4% Ligain 33.4 16.6 16.8
1% Rumie acid 31.6 15.7 15.9
24 Humie meid 30.9 1641 14.8
3% Bumie aeid 317 15.9 15.8
*Alumizum® s0il 30.8 16.8 14.0
1% Lignin 26,2 16.9 9.3
2% ligain 29.8 17.5 12.3
3% Lignin 28.0 16.9 1.1
4% Lignin 3.2 16.6 14.6
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TABLE 3-Continued,

e Rl T P
"Aluminum® soil
1< Rumie acid 29,4 19.5 9.9
2% Humio acid 30,0 18.8 1.2
34 Bumic acid 32,0 19.8 2.2
*Fexrrie® soil 27.0 17.3 9.7
1£ Lignin 25.4 4.4 10.0
24 Lignin 25.8 16.0 9.8
3% Lignin 23.3 16.5 12.8
4% Lignin 314 16.2 15.2
1% Bumic acid 28.8 7.7 111
24 Ramio acid 30.3 19.5 10.8
3% Humie acid 30.4 19.4 11.0
“Caloiua® soil 28,0 13.8 14.2
1% lignin 29.2 15.3 13.9
2% Ligrin 27.1 135 13.6
34 Lignin 4.4 17.5 16.9
4% Ligain 30.5 14.3 16.2
14 Bumic acid 33.7 15.6 18.1
2% Bumio acid 33.4 15,0 18.4
34 Mumie acid 30.7 16.2 14.5






TABLE 4

EFFECT OF ORGANIC MATTTR ON THE SHRINKAGD FACTORS
OF HONOIONIC HODITICATIONS

Shrinkace ST  Shrinkage

Sample 7 Limis Ratio ¥y, Ratio
Raw soil 1.7 . 41.8 1.87
1% Lignin 10.7 . 38.9 1.80
2% Lignin 10.4 . 37.4 1.72
3% Lignin 10.3 . 36.1 1.68
4% Lignin 11.5 . 47.9 1.75
14 Humie acid 13.3 . 53.9 1.82
24 Bumic acid 3.8 3.2 1.82
3£ Bumie acid 12.5 . 40,9 1.88
*Hydrogen® soil 9.9 35.4 1.88
14 Lignin 9.9 35.7 1.81
2% Lignin 12.2 38.5 1.75
3% Lignin 1.7 . 35.9 1.56
4% Lignin 12,3 . 36.8 1.63
1% Humie acid 13.4 42,5 1.89
24 Humie acid 14.5 47.0 1.83
3£ Rumiec acid 13.9 . 43.9 . 1.85
"Aumimn® soil 11.6 37.7 . 1.84
1% Lignin 12.4 47.4 1.81
2% lignin 122.8 43.0 1.64
3< Lignin 133 48,0 1.49
4% Lignin 13.1 | 42,0 1.72
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TABLE 4-Continued,

Sample TIORT  mtto §f  Tangal®
*Aluninun® soil
1% Humio acid 16.3 5545 1.70
2% Humic acid 13.7 45.7 1,81
3% Mumic soid 15.5 48,5 1.79
*Perric® soil 12.6 46.7 1.83
1% Lignin 10.9 43.0 1.82
24 Lignin 10.7 41,5 1.76
3% Lignin 13.8 47.8 1,62
4% Lignia 12.6 40,9 1.75
14 Humic aocid 14.9 5%.8 1.82
24 Humic moid 155 5142 1.95
34 Fumio acid 16.0 52.7 1.80
"Caleium® soil 10.8 38.6 1.91
1% Lignin 9.7 33.2 1.83
2% Lignin 9.5 35.0 1,75
3% Lignin 12.4 36.1 1.57
4% Lignin 10.3 33.8 1.57
1% Bumie acid 13.3 40.0 1.86
24 Rumic aeid 12,7 38.0 1.86

34 mumic acid 11.5 37.5 1.90
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TABLE 5

SWZLLING DUE TO WATER SATURATION OF SANPLES COMPACTED
AT OPTIMUM MOISTURE AND OPTIMUM DENSITY

Iry Initial
saagle N
1b/cu £t in. %

Raw goil 119.1 13.5 +0058
14 Lignin 117.8 4.4 40015
24 Lignin 116.0 13.8 +0037
3% Lignin 117.0 13.5 «0060
1% Humic acid 119.4 14.5 0129
2% Humic acid 117.9 14.3 0115
34 Rumic acid 116.4 13.9 #0037

*"Hydrogen® soil 125.0 115 0135
1% Lignin 123.0 11.8 'e00TT
24 Lignin 120.7 11.4 «0112
3% Lignin 117.0 113 40138
14 Humic acid 122.7 1.3 40212
24 Humic acid 121.4 11,5 40185
3% HBumic acid 118.0 11.3 «0206

"Alumimm® soil 122.0 11.3 40172
14 Lignin 121.0 1143 +0074
24 Lignin 118.0 12.3 .0044
3% Lignin 121.0 115 «0078
1% Humic acid 121.4 10.8 0188
2% Bumic acid 120,5 114 «0145
37 Humic acid 118.0 11.1 «0148

i
i
i
i
i
i



TABLT 5-ontimued,

une Change in cubic centimeter per gram of dry soil

12 hours 24 hours 36 hours 43 hours 72 hours HMaximum

-

+0074 +0075 : o - #0076
»0029 »0033 «0036 : «0037
«0074 »0089 »0105 <0116 «0126 «0136
«0123 0147 +0166 «0185 +0209 »0236

0144 0147 «0150 «0152 0154
+0140 0146 +0149 .0152 «0155
+0048 +0051 +0054 +0054 +0054
«0163 +0169 «0170 +0170 +0170
«0149 «0168 .0183 «0188 «0197 «Q197
0250 «0289 , Disoontinued
+0350 «0445 , | Discontinued
»0241 «0251 «0253 +0254 +0254
«0209 0222 +0226 «0228 20228
«0228 +0236 0237
«0194 0198 . «0198
«0106 0119 +0155 0184 «0184
«0077 +0087 «00385 +0037 0102 = ,0107
0145 «0175 «0179 «0188
+0201 +0205 «0206 «0206 +0206
«0162 +0167 «0168 +0169 «0169
+0163 «0169 0172 +0172
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TABLE 5~Continued.

. Iry Initial Yol=-
mapie e —

. 1b/cu £t in -3 hours

"Ferrio™ soil 125,6 11,4 «0108
1% Lignin 125.4 11.8 .0043
2% Lignin 122,5 1.7 <0042
3% Lignin 121.1 11.5 «0079
14 Humie acid 120.5% 1.4 «0097
24 Humic acid 122.4 11.8 «011%
34 Humic acid 120,8 12.1 «0116
"Caloium® soil 119,0 14.0 «0048
1% Lignin 116.3 14.0 +0010
2% lLignin 17.5 13.4 «0036
34 Ligain 114.1 14,2 +«0057

14 Humie acid 119.0 14.4 -0088
2% Humioc acid 115.3 14.4 +0088
3% Humie scid 115.0 13,8 +016%
Raw s0il® 123.2 13.8 0177
*Hydrogen" soil® 123.2 13.8 0156
"Alunimn® soil® 123.0 12.6 +0114
"Perric® soil® 123.3 12.9 «0095
"Calcium®™ soil® 125.2 13.0 . . 0193

8Thege samples were molded to a dry density as
slose &8 possible to 123.0 1b/cu £t and an imitial
moisture content of 13.0 per cent.



TABLE 5-Continued.

- ume Change in oudbic centimeter per gram of dry soil

12 hours 24 hours 36 hours 48 hours 72 hours Maximum

0141 +0150 +0155 0157 0162 - ,0163

0101 0118 0130 .0134 0134
0136 0176 +0207 0211 | .0211
0226 0290 0344 0361 .0361
0112 0118 0118 - 0118
+0133 .0139 .0142 0144 0144
0129 «0135 ' 0135
+00T1 ,0077 <0081 .0082 »0082
0040 0049 0055 40057 .0057
0095 0117 0133 +0140 0142
0127 0151 +0173 0183 0186
0124 0129 0130 0136 +0136
0105 +0108 0108 0114 0114
0177 0183 0183
+0198 +0202 +0204 »0206 0215
0182 0186 +0188 +0189 +0191
0134 <0140 0144 0145 <0145
0106 20112 0113 0115 0115
0266  ,0273 0274




TABLE 6

EFFECT OF ORGANIC MATTER ON THE SWELLIRG OF COMPACTED
SAMPLES TESTED IN WATER=-SATURATED CONDITION

Iry Initial Vol-
sonpe cenaliy  mleme L
1b/cu £t in ¢ 3 hours
Raw soil - 18,9 13,5 ,0058
1% Lignin | ,0014
2% lignin 0035
3% Lignin 00059
1% Humio acid 0122
2% Humic acid 0108
34 Mic acid +0035 |
"Hydrogen® s01il 124,0 11.5 +»0136
1% Lignin ,0074
24 Lignin ,0110
3% Lignin 0139
1% Rumic acid 0214 |
2% Humic acid 01814
3% Runic moid .0200
"Aluminun" soil 122,6 13 0171
1% Lignin «0070
2% Lignin | »0039
3% Lignin «0075
1% Humic acid «0195
24 Humie acid 0141

37 Humic acid <0145



TABLE 6-Continued.

une Change in oubic centimeter per gram of dry soil

-y

32 hours 24 howrs 36 hours 48 hours 72 hours JMaximum

0074 ,0075 o +0076
0027 0031 .0033 40034
0071 0085 0100 +0111 0120 «0130
0121 L0145 v0163 0182 0206 40232
0136 0139 L0142 0143 0145
0131 0137 0140 40143 0146
+0046 0048 0051 +0051 .0051
0164 0170 0174 0171 0171
0144 0162 0177 .0182 +0190 0190
0246 .0384 Discontimied
40353 0450 Discontimued
40243 ,0253 .0255 0256 .0256
20205 L0217 0221 +0223 ,0223
0222 0229 .0230
0193 «0197 0197
0104 0117 0153 0181 0181
0068 L0077  ,0084  .0086  .0090 0094
+0140 «0169 0173 0182
+0209 +0213 0214 0214 0214
0157 0162 0163 0164 0164
.0160 0166 0169 0169






TABLE 6-Continued.

a Dr{ Initial Vol=-
ensity moisture
Sample n content —

i
1b/cu £ in « 3 hours

"Ferric"” soil 125,0 11.5 +0110
14 Lignin «0042
2% Lignin «0040
3% Lignin «0076
1% Hunio acid «0094
2% Humic acid «0106
34 Humio acid «0106

"Calcium" so0il 118.5 14.0 +0048
1% Lignin +0010
24 Lignin 0037
3% Lignin +0054
14 NMumie acid «0086
2% Humic aeid «0083
34 Humiec acid +0158

Raw soil® 123.0 13.0 0176

*Hydrogen® soil 0147

"Alvminum® soil +0118

*Perric® soil +0096

“Calcium® soil 20196

@This soil and the homoionic modifications fol~-
lowing it were molded to a Adry density as close as
possible to 123.0 1b/ou £t and an initial moisture
content of 13.0 per cent. - -



TABLE 6-Continued,

ume Change in cubic centimeter per gram of dry soil

12 hours 24 hours 36 hours 48 hours 72 hours Maximum

0144 <0153 <0158 <0160 +0165 «0166

.0099 0115 0127 0131 0134
0131 L0169 0199  .0203 0203
0218  ,0280  ,0332 0349 0349
0109 015 L0115 0115
0127 L0132 ,0135  .0137 40137
+0118 0124 0124
Q0071 L0077 L0081 0082 0082
0039 0048 0054 L0056 40056
+0098 0121 0138 0145 0147
40120 0143 0164 0174 0177
«0121 40126 0127 0133 0133
.0099 0102 0102 0108 ,0108
0174  .0180 | +0180
+0196 +0200 +0202 0204 0213
0172 L0175 40176 0178 +0180
,0138 0144 0149 0150 .0150
0107 L0113 0114 0116 +0116

20270 40278 | 40279
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TABLE 7

EFFECT OF ORGANIC MATTER ON MOISTURE ABSORPTION
IN WEATHERING TESTS

Moist-
Moisture Dry Noisture
sanple con:gnt de::it: c:gg::t Cap~-
molding  molding ouring
Jhr 6 hr
Cured by
Raw soil 14.1 118.9 2.8 18.6 19.3
1% Lignin 13.1 118.4 2.1 3.6 4.1
24 Lignin 15.0 114.9 2.6 3.9 4.2
3% Lignin 15.9 115.0 0.0
14 Humic aeid 14.9 117.9 0.0 10.2
*"Hydrogen® soil 10.% 127.4 1.4 4.1 4.7
1%£ Lignin 13.4 119.5 2.1 3.1 3.6
2% lLignin 4.1 117.2 2.2 3.0 3.3
3% Lignin 17.0 117.0 0.0
14 Humic acid 13.5 120.4 0.7 11.0
"Aluninum® soil  11.3 122.6 1.4 13.5 139
1% Lignin 147 115.4 2.2 3.5 3.9
24 Lignin 15.1  114.3 1.4 2.6 3.2
3# Lignin 16,1 114.0 0.5 2.5
14 Humio acid 13.7 119.7 0.4 11.6
"Perric® soil 10.3 126.4 3.4 13.2 13.6

1% Lignin 14.4 115.13 2,8 4,1 4.4



TABLE T7-Continued.

ure Content in per cent of 4ry welght of sample

1llary Absorption

?reeza4mhaw Cyocles

9hr 14 3da 74da 14da| v 2 3 4
drying in air
19.6 20,0 20.3 |
44 6.1 B0 9u4 105 1T 130 143 15,5
44 5.8 T.8 10,5 1244 13.2  13.0 12,9  12.6
7.0 144 | |
16.2 17.0 18.2 18.8 19.2 19.2
153 15,5 8.3
40 5.6 7.9 9.5 10.6 116 131 15,2 16.1
36 49 6.8 8.4 9.3 8.8 10.2 10,3 9.6
5e1 BRI | |
6.0 15.7 17.0
142 15.4 7.7 |
43 5.1 Tel B4 9u4 10,3 110 1LI 139
3.7 5.3 7.2 10,6 12,3 13.3 3.4 4.2
41 12.3
15.5 18.3 19.9
14,5 14,9 17,1
46 6.0 T.8 9.7 1M1 12,0 12,7 144 15.6









TABLE 7-QOontimued.

Noist-
Moistare Iry  MNeisture '
content density oeontent Cap-
Sample at at after
mnolding molding ouring 3nr 6N
24 Lignin 15.6 114.3 1.8 2,8 3.2
3% Lignin 16.2 117.0 0.0
14 Bamio acid 14,1 119.3 1.5 11.6
“Caleium” soil 15.2 118.0 2,2 7.9 10,4
1% Lignin 13.6 118.4 2.1 2.9 3.4
2% Ligain 4.8 115.7 2.0 3.1 3.5
3% Lignin 14.5 116.0 0.0
1% Rumie soid 15.9 119.1 1.7 0.1
Neist-
Baw soil 13.6 119,1 14.5 14.6  14.)
14 Ligain 13.1 120.0 4T 148 145
24 Lignia 14,7 115.9 15.8 4T 1444
3% Lignin 1549 115.0 15.6
14 Bumic acid 14.9 117.9 11.6 11.7
*Rydrogen® soil . 10,1 127.4 11.5 1.6  11.5
14 Lignin 14.0 117.9 4.6 14,5 14,3
2% Lignin 4.2 117.0 14.5 13.9 13.6
3% Ligain 17.0 117.0 12.8 |
1% Ramic acid 13.5 120.4 12,4 12,9



TABLE 7T=Continued,

ure Content in per cent of Ary weight of sample

Freege~Thaw Cycles

9 Bhr 1aa 3&'7@

3.5 4.8 6.8 8.8 9.3 9.9 9.7 10.2
3“ 6.8

11¢7 151 16,3 16,7 17aY 1742 172 1743 175
3B Sed  Te6 903 10,7 12.1 134 T2 W47

366 50 Te5 Gad 1162 1163 et 10,9 1043

43 8.6
10.8 18.0 17.8 8.8 19,5 20.5
oured
4.2 4.3 15.3 189 19,5 20,3 1949
4¢3 141 1443 14,9 14,9 16,1 19,2 21,3 20,0
143 14,2 15,0 15,9 16,7 17,6 19,2 20,5
15.7 16,5
12.7 16.3 16,2 17,9 18,7 16.7
114 11,5 12,0 13:9 147  15.1 4.8
140 14,0 1.2 14,7 14,6  15.6 19,5 22.0 23.2
133 13.1 134 155 13,3 13,7 13,0 116
1642 19,6
13.7 15.4 16.5
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TABLE 7=Continued.

Moist-
Moisture Dry Moisture ‘
content density conten% Cap=-
Sample molgzng nogging c{?ﬁﬁﬁ '
3hr 6 hr
*Aluninum® soil 9.7  129,2 9,4 9.9 9.9
1% Lignin 1344 116.2 13.1 13.8  13.5
24 Lignin 15.6  114.0 15,5  15.4 15.2
3% Lignin 1641 114.0 21.0 ‘21,0
1% Humic acid 13.7 119,17  13.6 14.6
"Ferric® soil 10.3 125.9 11.3 12,3  12.4
1% Lignin 14.6 116,2 15,5 15.2 14,9
2% Iignin 1.4 14.8 15.6 15.4  15.3

3% Lignin 16.2 117.0 16.2
14 Fumio aeid 14.% 119.5 11.8 12.4. 12,7
ncaleium® soil 14,8 198.5  14.5 14.3 14.2

1% Lignin 14.2 117.6 14.4 14.6 14.6
24 Ligmin 14.9 115.2 15.6 1541 14,9
3% Lignin 14.5 116,0 1545

14 Bumio acid 15.0 119,% 12,1 . 13,0




TABLE 7-Continued.

ure Content in per cent of dry weight of sample

illary Absorption

Freegze~-Thaw Cycles

9hr 148 3da Tdaa t4da| 9 2 3 ‘
9.9 1041 10,3 ) 114 12,1 12,8 12,3
13.5 133 13.6 14,3 150 17,2 18,8 20,1 2949
15.1 4.9 15.) 16.5 16,0 16,2 16,2 16.2
21.0 23.6 23.6
15.2 17.0 18.2
12.4 12,7 12,8 144 144 15.0 14,8
14.8 14.5 15.4 16,5 16,7 16,5 16,5 15.6
15.2 15,1 15.6 174 18.0 18.6 18.4 19,2
15.4 16.2
_ 5.2 17.4 18,6  19.6  19.7
4.1 14,2 T 15.5 1641 17.6 17.8 18.2 18.2
14.2 1.3 1T 15.2 15.6 15,7 15.2  15.1
4.7 145 15.1 15.9  16.0 15.8 15.8 15.1
15.5
4.3 1647 6.6 166  19.7 20,5
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TABL: 8

UNCONFINED COMPRESSION STRUNGTHS IN PSI OF HOLOIONIC
'SOILS AND LIGNIN COMBINATIONS

after after after
Capes moist-~ Freezee
. gample Curing ure absorpe. thaw
o . e
ad® mo ad mo ‘ad me
Raw soil 528 35.1 0 0 o 0
14 Iignin 462 37.3 1.0 1.3 0 0
2% Lignin 331 0.0 17.7 31.4 0 0
3% Lignin 550  31.0 o "o o o0
*Hydrogen® soil 233 22,2 0 0 0o o0
1% Limin 544 134,8 0 (o} o} 0
2% Iignin 588 45,5 2.1 2.0 0 0
3% Lignin 520 27,0 0o 0 o o©
"Aluminum® soil 220 15.8 0 0 0o o
14 Lignin 526 63.5 17.0 5,0 9.5 8.0
2% Lignin 369 38.2 20,5 27.0 0 0
3¢ Lignin 608 18.0 20.4 12,6 0 0]
*Parric® soil 244 22,2 o o0 0 o©
14 Lignina 410 36.0 18.5 28.8 0 0
2; ILignin 339 29.6 28,0 20,0 (o) 0
3% Lignin 460  57.0 0 0 0 o0
*Caleium® soil 392 37.0 [ 0 0o 0
1% Lignin 386 41.5 2.0 3.0 6.2 4.8
24 Lignin 370 gg.O 15.9 29.5 0
3 Ligain 492 2 (4] 0 0 v}

854 stands for air-dried, ma for moist-gured, samples.
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TABLE 9

COMPARISON AND EVALUATION OF INFLUENCE OF ORGANIC
MATTER ON SOIL PROPERTIES BASED ON EOMOIOKIC
SOIL DATA EXPRESSED AS URITY

Liquid TFlastic TFlasti~ Shrink- Ratio
Sample , city age '
. Limit Iimit  Index Limi¥ SILsIL

Raw soil 1,00 1.00 .00 1.00 1,00
1% Lignin 98 1,03 .92 91 493
24 Lignin 99 1.06 .91 89 .89
3% Lignin 1.02 .96  1.08 88 .86
4% ILignin 86 .81 91 98 114
14 Humic acid .88 1.01 T3 1.14 1.29

24 Bumic acid 1.44 1.15 1.78 1.18 +82
3% Humic acid 1,09 1.06 1.3 1.17 098
"Hydrogen® soil 1.00 1.00 1.00 1.00 1.00

1% Lignin «95 1.20 81 1.00 1.0¢
2% Lignin 1.08 1.56 82 1.23 1.08
3% Lignin .12 1.58 «85 1.18 1.01
4% Lignin 1.14 1.58 «90 1.24 1.04
14 Humio acid 1.08 1.49 85 1.35 1.20
24 Humic acid 1.06 1.53 «79 1.47 1.33
3% Humie acid 1.08 1.51 84 1.41 1.24
*Aluminum® goil 1.00 1.00 1.00 1.00 1.00
1% Lignin «85 1.00 «66 1.09 1.26

2% Lignin 97 1.04 '088 1.12 1.4




TABLE 9-Continued,

Shrink- Swelle | Capillary moisture Unconfined oome

age ab gorption pression strength

ratic  img ad®  me ad ‘mo

1.00  1.00 .00 1,00  1.00  1.00
96 W49 16 %00 88 1.06
92 179 62 1,03 63 .85
30 3410 71 92 1.04 .88
94

97 2.02 «96 254

297 2,04

100 o74

1.00  4.00 1,00 1,00 1,00 .00
496 4.16 88 1.54 2,33 6,07
93 1.70 ST 103 2,52 2405
83  2.62 64 1430 2,23  t.22
87

1.00  1.49 93  1.09

9T 14

98 .39

.00  1.00 1.00  1.00 1.00  1.00
.98 093 T4 165 2.39 44
.89 54 80 1,29 1.68 2,42

A4 stands for airedried, me for moist-cured, samples.
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TABLE 9-Continued.

Liquid Prlastie Plasti~ 8Shrink- Ratio
Sample : city age L
Limit¢ Limit Index Limit_ SL:LL

3% Lignin 91 1.00 9 1T 127
42 Lignin 1,01 .99 104 L15 t.
1% Bumic seid .95 1,16 T 1,43 1.47
24 Humic acid 97 1.12 480 .20 1.2
3% Munio mod 1,04 1,18 .87 136 1,29
"Perric® soil  1.00  1.00 1,00 1,00  1.00
1% Lignin W94 .83 1,03 86 .92
24 Lignin 495 .92 1.0% 85 .89
3% Lenin 1,08 .95 .32 1.09  1.02
4% Lignin 1.6 .93 157 100 .86

1% Bumic aoid 1.07 102 .14 1.8 .19
24 humio acid 1.12 1.12 1.1 1.23 1.10
3% Humio a0id 1413 1,92 1,13 127 .13
nCaloiun® #oil 1,00 4,00  1.00  1.00 1,00

1% Lignin 1.04 111 .98 90 .86
2% Lignin 97 498 .96 88 .99
3% Lignin 123 127 199 1915 .9}
4% Tignin 1,09 1.04  1.14 95 .88

14 Humic acid 1.20 1.13 1.27 1.23 1.04
24 Humie acid ¥.19 1.09 1.30 147 «98
3% Rumioc acid 1,10 117 1.02 1.06 l97




TABLE 9-Continued,

ghrink- Swell= | Capillary moisture Unconfined comw

r:‘%g.o tng :gaorpt 1:1; | pre :gion lt:;gngth
81 «95 o1 1,84 2,76  1.14
.93 ) ,

92 1.04 1,12 1.42
+98 85 |
+97 87 |

1.00  1.00 1.00 1,00 1.00 1,00
+99 82 91 tett 1.68  1.62
096 1.29 60  1.28 139 133
88 2.2¢ 40 1,08 1.89 2,57
.95
99 72 1.24 131

1.06 88 '

.98 .83 | |

1,00 .00 1.00 1,00 1.00 1,00
96 LT0 .84 +86 98 f.12
91 173 .59 .83 94 89
82 2,27 .49 .85 1.25 »T6
82
W97 1.66 .17 1,13
97 139 |
W99 2.24




TABLE 10

COMPARISON AND EVALUATION OF TOTAL SOIL PROPERTIES
BASED ON RAW SOIL DATA EXPRESSED AS URITY

WSREERY

Iiquid Flastie Flasti- Shrink- Ratio
Sample city age
Limit Limit Index Limis 8LsLL

Raw soil 1.00 1.00 1.00 1.00 1.00
1% Lignin .98  $.03 .92 91 +93
2% Lignin 99 1.06 .91 .89 .89
3% Lignin 1.02 96 1.08 +88 .86
4% Lignin .86 81 91 98 114
1% Munic acid .88 1,01 I3 fetd 1429

24 Humic 8014 144 1415 178 1.18 82
39‘ Bumic acid 1.09 1.06 1.13 Y17 098

"Hydrogen"” soil 1.04 «T0 1.45 85 8%
1% Lignin 99 B4 19T 85 .85
2% Lignin 113 109 1.8 1.04 .92
3% Lignin 1,16 1,10 1.24 100 .86

4% Lignin 1.19 1.10 1.30 1.05 .88
1% Humic acid 1.13 1.04 1.23 .14 1,02
2% Humic acid 1,10 1,07 1.15 t.24  t.12
34 Humic acid 1.13 1.05 1.22 1.19 1.05
"Alumimum® soil 1,10 .11 1.08 «99 »90
1% Lignin «93 1.12 72 1.06 .13
2% Iignin 1.06 1.16 «95 1.09 1.03




97
(97
1.00
1.00

o97

«94

+83

87
1.01

K

93

98

97

»98

1q°°
«49

1.7

3.%0

2.02

: "QO‘

K1
2.24
2.60
3,80
5,85

3.34

3.00
3.1
2.60
2,42
1.41

+90
«T9
AT
+58

84

ey

«T0

1.00
1400
1.03
492

94

«T6
117

B

+97
«83
+64

1,06
81

1.00
‘88
.63

1.04

44
1.0)
1.11

99

42
1.00
«70

1.00
1,06
485
88

+63
3.84

' 1039
oTT

45

1,98
1.09

.

854 stands for air-dried, and me for moist-oured,

sanples,
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TABLE 10-Continued.

, Liquid Flastic PFlasti~ Shrink- Ratio
Sample city age
| TLimit Limit Index  Limit SLi1IL

34 Lignin - 1,00 .12 .86 114 1.15
4% Iignin 141 1,10 113 1.12 $.00
1% Bmic seid 1,05 .29 JT7 139 1,33
27 Mumic meid 1.07  1.24 87 11T 1,09
3% Humio aecid 1.4 131 «94 1.32 116
"Ferrie® soil .96 1415 .75 1,08 1.12
1% Iignin W90 495 7 93 1.03
24 Lignin 92 1,06 .76 9% .99
3 Menin 105 1,09 .93 1B 1.4
4% Lignin 1.2 107  1.18 1.08 .96
1% Hunie a0id 1.03 1,17 W86 1.27 .24
2% Humio acid 1.08  1.29 83 132 .22
3% Munic seid 1.08 1,28 .85  1.37  1.26
nCaleium® 801l 1,00 492 1,10 92 .92
1% Lignin 1.04 1,01  1.08 83 .19
24 Lignin 9T W83 1,05 81 .84
3% Lignin .23 1,16 131 1,06 .86
4% Iignin 1.09 .95 1,25 88 81

1% Humie acid 1.20 1.03 1.40 1.13 +96
2¢ Humie acid 1,08 «99 1.42 1.08 «91

3% Humic acid 1,10 1.07 1412 +98 «90




TARIE 10-Continued,

ShrinkQ 8Swell~ | Capillary moisture Unconfined com=
a.g9 absorption pression strength
ratio ing - ad me ! ad mo
B0 2.48 61 196 115 51
$92
91 2,71 98 .0
ST 2,22
«96 2.26 . .
.98 2.4 84 «T5 «46 «63
+97 1.75 77 «83 «78 1.03
+94 2.78 50 «96 +64 +84
87 4.75 «33 «80 «67 1.62
«94
37 135 1.C4 299

1.04 1.90
«96 1.78 ‘

14,02 1.08 +86 «21 75 105
.98 o5 72 «T9 T3 1.18
095 1.87 »51 »80 «TO0 94
34 2.44 +42 1.01 93 »80
84
«99 1.79 1.01 1,03
+99 1450

1,02 2.41
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