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Foreword

This RECORD will be of intereat to those englneers involved in the loca-
tion, design, construction, and economic use of stabilized soils in roadway
construction. The magnitude of soilg stabilization under way and its in-
creasing importance in an effort to conserve our natural resources make
this a valuable contribution to the "state of the art. "

Robnett and Thompson outline the pertinent aspects of the development
of stabilization recommendations for surficial soils within their state. The
criteria developed should be applicable to any state. These are especially
important in areas where natural aggregates are becoming scarce and it is
highly desirable to utlize the locally available materials. MecDonald dis-
cusses the results of field tests of stabllizing materials that were used In
an attempt to modify the scil so as to prevent {or minimize) differential
swell.. Uppal, Chadda, and Dhawan describe field studies of pulverization
of the heavy "black cotton' soil found in India for ugse with lime as a stabil-
ized base material.

Lightsey, Arman, and Callihan investigated the changes in character-
istics of cement-stabilized soils brought about by the addition of excess
compactlon moisture. Very importantly, the study showed that loss in
strength and durability due to a delay in compacton can be gignificantly re-
duced in many instances by the addition of excess moisture. Plaster and
Noble present the results of their efforts in trying to learn more about the
reactions occurring in portland cement-soil mixtures. They used investi-
gatlve technigques that included X-ray diffraction, misroscopic analyses,
and chemical analyses. Moore, Kennedy, and Hudson report a study of the
factors affecting the tensile characteristice of cement-treated materials.
A regression equation that predicts values of indirect tensile strength
within the factor space defined by the experiment is presented. Wang and
Kremmydas describe the use of sodium chloride to reduce shrinkage in a
maontmorillonitic soil-cement. The relations to coarseness of the salt and
the amount used are described. One of the benefits attributed to this ad-
dition is that a more stable clay basal spacing is obtained. Further re-
search ie indicated to determine the range of applicability to soil types
other than those tested.

Shen and Li develop the widely held concept that effective soil stabili-
zation is often related to amount and character of the fines, They propose
a fine-grain fraction/lime ratio (FGF/L} as an indicatlve parameter for
estimating the stabilizing effect of llme additions. Marks and Haliburton
added sodium chloride to 2 high-volume-change Oklahoma soils and studied
the effect on plasticity, compaction, and strength properties. They also
added sodium chloride to the same soils treated with lime. Indications are
that the compacted density increased, optimum moisture decreased, and
workability and moisture-retention were enhanced; sirength gains were
also noted. Barenberg in a study of remolded field samples of lime-
cement-fly ash-aggregate mixtures concludes that these mixes are not sub-
ject to significant leaching or lime migration during relatively short
periods of time. He further concludes that, although this mix may be placed
late in the season with an excellent chance of a favorable reaction the next
spring, it may be necessary to take unusual precautions such as adding ad-
ditional lime, cement, and fly ash to the top layer or to remove any loos-
ened material the next spring before continuing with the next layer. Glenn
continues studies of the reaction products of bentonite-lime-water mixes,
studying some samples that had been allowed to react in the presence of
water for 3 years at 23 C. Differential thermal and thermogravimetric
analyses were used in the study and generally confirm the resultas of X-ray
diffractlon methods.
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Concepts for Developing Stabilization
Recommendations for the Soils of an Area

Q. L. ROBNETT and M. R. THOMPSON,
Department of Civil Engineering, University of Illinois

oTHERE IS AN INCREASING DEMAND for quality paving materials at all levels of
the highway system (local, atate, and federal). These quality materials must econom-
ically provide desirable strength and durability characteristics. In certain areas of
Illinois ag well as in many other areas of the United States, gquality natural materiala
meeting thege requirements are not locally available and must be transported a large
distance at considerable cost, Tt 1s apparent that, from the economic standpoint, it is
desirable to utilize locally available materials to the greatest extent possible. In many
instances, quality paving materials can be obtained by appropriately modifying or sta-
bilizing local and on-site materialg.

Although considerable work has been done in the field of material beneficiation (mod-
ification and stabilization), suitable criteria are not generally available for determining
which procedures or techniques can feasibly be used with a particular material in order
to achieve maximum benefits at minilmum cost. Thie ia particularly true with natural
goils or unprocessed granular materials.

This paper ouilines the pertinent aspectg of a research project that was aimed at de-
veloping stabilization recommendations for the surficial soils of Illinois.

RESEARCH OBJECTIVE

The general objective of the investigation was concerned with maximum utilization
of local and on-gite materials in pavement consiruction. Specific objectives were as
follows:

1. Develop, for typical Illinois surficial deposits, guidelines and criteria necessary
to determine the applicability of current materials beneficiation techniques; and

2. Develop, for specific Illinois surficial soils and materials, feaaibility recom-
mendations that will provide for effective and economical utilization of various stabiliza-
tion techniques and promote maximum utilization of local materials.

Thig investigation was limited to a study of the applicability and utilization of the
more common beneficiation techniques (lime, cement, bituinen, and lime-fly agh) and
the exploration of a limited number of new techniques (combination stabilization and
blending).

DEVELOPMENT OF TENTATIVE STABILIZATION GUIDELINES AND CRITERIA

Effective and economical application of various stabilization techniques can be ob-
talned only if the capabilities and limitations of stabilizing agents are well established
and understood. A literature review (1) was conducted to establish the type and nature
of the stabilization reactions afforded by the various stabilizers and to establish a socil's
or an aggregate's chemical and physical characteristics that affect the ability of a par-
ticular stabilizing agent to properly modify or stabilize the soil or the aggregate.

Two broad categories of gtabilizing agents exist with respect to the stabilization
mechanisms effected when the agent is mixed with water and = soil or aggregate. "Ac-
tive" stabilizing agents, a prime example of which is lime, cause chemical reactions

Paper sponsored by Division A, Department of Soils, Gealogy and Foundations; and Committee on Compaction.

1






TABLE 1
SUMMARY OF CHAHACTERISTICE OF BOIT. BAMPLES

Percenl
Sarnple Localion TNegeriplion AMASHO LL FI T
Clay
Wisconsin luam till  Champaipn County  Calearsows logo LIl of
Wisconsin age A-4{6) 23 T 1%
IMinoian till Bangamon County Calvareous oam Lill of
Illinoian age Astifs) 25 11 14
Fayelte B Henry County Prolile developed in
rgleareous silt loam A-T-6(12) &7 94 34
Fayelte C ilenry County Peorian loess A-4(8) 32 1n 21
Plainficld sand Case Counly Oulwagh deposit in
Ilbinois River buttum A=d{0] NP 2
Hamburg sandy Caes Coundy Caleargous loess from
lagm 1linesis Fiver bluff A-4(8) 26 b ]
Dickinson D Whilewside Counly Prallle developed in A-2-4(0) 20 2 [
BPickinuon C Whitoside County sandy outwash materizl  4-2-4(0) NP 4
Alvin B Lawreance Counly Profile developed in A-414) 20 1 15
Alvin C Lawrence County } sandy oulwarh material A-4(d) NT* 14
Sandy Loany till McHenry County Culvareous saody loam
till of Wisconsin age A-1-bit) NP 4
Dil-rup gravels MrLean County Piljt—rm: nla(il}lﬁ}s I'That A-1-b{0) NP 4
Lureau Couoly g‘:al:‘lue 'ir‘n:;ncil'ilcn::iins A-1-b(0) NP <3
Ava B Williameon County  Highly weathered
Ioesa A-B(10) 29 15 26

parent material will be encountered in pavement construction only in moderately deep
cut sections and in material that is excavated from borrow pits. Thus, a very large
percentage of the surficial materials encountered in highway construction in Illinois
consists of weathered material that ig fine grained in texture.

Development of Sampling Program

The literature study (1) indicated that highly plastic, fine-grained soils can be most
effectively and econemically stabilized with lime. Cement can be used to stabilize these
fine-grained materials, but, normally, the content required by current criteria (PCA)
ig quite high. Fine-grained soils throughout the state have been extensively sampled
and tested in connection with lime stabilization research activities at the University of
Illinois (11_). Consequently, the sgampling program did not include fine-grained materials.

With this background information and close coordinalion with Department of Agron-
omy, University of Illingis, personnel, a limited sampling program was developed in
which representative Illinois parent materials (loess, Illinoian age drift, and Wisconsin
age drift) and selected typical B-horizons were sampled. A general description and
clagsification of the 14 coarse, medium, and moderately fine-textured goil samples are
given in Table 1.

Laboratory Testing Program

A laboratory testing program was conducted to determine the strength and durability
responge of the 14 representative soils to treatment with various stabilization tech-
nigues. The techniques considered included conventional stabilization procedures {ce-
ment, bitumen, and lime-fly ash), blending technigues, and comhination procedures
{(lime-cement and lime-bitumen). A discussion of the laboratory procedures and a sum-
mary of the data are pregented elsewhere (2).

Based on the resulis of the laboratory program and the results of aother research at
the University of Illinois, both published (5) and unpublighed, the tentative stabilization
guidelines and criteria were reviewed, revised, and expanded to reflect the more speci-
fic characteristics of Illinois surficial soils and materials.

APPROACH USED TO APPLY STABILIZATION GUIDELINES AND
CRITERIA TQ ILLINOIS S8QILS AND MATERIALS

In order to systematically apply the stabilization guidelines and criteria to the de-
velopment of stabilization feasibility recommendations, it was necessary to identify and
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classify so0ila of similar characteristics pertinent to soil stabilization and to collect
necessary chemical and physical soil data.

A requirement of any classification syatem is that it be meaningful to the uger. A
number of classification procedures were examined to determine their relative merita.
Of the currently available procedures, it was concluded that the pedological aystem
provided the best method of goil classification for soil stabilization purposes. The po-
tential of this system of classification in cement-goil stabilization has been demon-
strated by Hicks (12}, Leadabrand et al. (7), and Handy and Davidson (11).

Pedological Soil Classification System

The pedological classification gystem is based on the premise that a soil's structure,
form, and properties are controlled by the extent of chemical and physical weathering
to which a deposit has been subjected. A number of important environmental factors,
often termed goil-forming factora, have been found to control the soil that is formed.
The § soil-forming factors are type of parent material, relief, native vegetation, cli-
mate, and age or length of exposure. '

Weathering of a parent material brought about by the various chemical and physical
forces of the environment is most effective at the surface. The relative degree of
weathering decreares with increasing depth from the gurface in a manner such that
various layers or horizons reflecting different stages of alteration are developed in the
parent material. The horizons normally become thicker and more pronounced ag s0il
development progresses. A vertical cross section that slices through the various
horizong or layers is referred to as a soil profile. A typical soil profile is schemat-
ically shown in Figure 2 (6).

The concept of a soll profile and the variation of chemical and phydieal sail prop-
erties in the profile are very imporiant {0 the development of stabilization recommen-
dations. Soil properties such as texture, clay content, plasticity, pH, organic carbon
content, and degree of oxidation vary in a given profile depending on the horizon. The
A-horizon experiences maximum eluviation or leaching as a result of the relatively high
degree of weathering. For this reason, the A-horizon normally containg relatively
gmall amounts of soluble constituents and clay-sized particles. Normally, however,
the organic matter content is rather high in the A-horizon because of the influence of
local vegetation.

The B-horizon is the layer where luvialivn ur deposilion of the inalerial leached
from the A-harizon occurs. Therefore, the B-horizon normally contains a much higher
clay content and displays higher plasticity than the A-horizon; however, generally the
organic matter content of the B-horizon is8 much lower. The C-horizon consists of rel-
atively unaltered parent material and does not reflect the influence of the various chem-
ical and physical weathering forces of the environment.

In some inatancea the C-horizon ig not extremely thick and is underlain by a dis-
tinctly different parent malerial, well within the depth in which highway construction
operationg may occur. The nomenclature of this underlying layer of material variea
from agency to agency.

As the degree of physical and chemical weathering changes as a result of various
combinations of the goil-forming factors, profiles of differing characteristics result.
The subtle differences that oceur, however, are of great gignificance in the determina-
tion of stabilizer feasibility recommendations.

Identification and Classification of Soils in the Pedological Syatem

A number of profile features are used by pedologista to describe a soil profile:

1. Number, thickness, and relative arrangement of horizons in the profile;

2. Organic matter content, usually reflected by the color of the horizon;

Drainage class, as influenced by slope, permeability, and position of water table;
Texture and structure of horizons;

Chemical and mineralogical composition;

. Concretions and other apecial formations;

o L2



Loose leaves and organic debris,

-
ﬁno largely undecomposed,
Organic debris partially decom-
AU posed or matted,

A dark=colored horizon with a
A high content of organic matter .
mixed with mineral matter

Harizons of A light=cclored harizon of maximum
“eluviation < A eluviaticn, Prominent in podzolic
2 soils; faintly developed or absent
in chernozemic soils,
I?Eesg;g:tic soil A Transitional to B, but more like
: 3 A than B, Sometimes absent.
developed by - }
soit-forming 8 Transitional to B, but more like
processes,} ] B than A, Somatimes absent.
|_Hor izons of 4 Maximum accumulation of silicate
illuviation 8 clay minerals or of iron and
2z organic matter; maximum develop~

ment of blocky or prismatic
structure; or both,

4} 33 Transitional to C,

The weathered Horizon G for intensely gleyed

parent material G | tayers, as in hydromorphic soils,

-
-
o .
ca_, Horizons L., and Lo are layers
r C of accumulated ecalcium carbonate
s = and calcium sulphate found in
L a some sQT1s,

Any stratum underneath the soil
such as hard rock or layers of
clay or sand that are not parent
material but which may have signi-
ficance to the overlying scil,

Figure 2. A typical pedologic soil profile showing the major horizons.

7. Vegetation; and
8. Geology of the parent material.

Soils that have profiles similar with regard to all of these characteristics are grouped
together and form a scil type. All soil typea with profiles having the same characteris-
tics except for the texture of the surface horizon belong to the same soil series. Soils
are further grouped into soil-association areas. A soil-agsociation area is defined as a
group of soils occurring together in a characteristic pattern (6). As mapped in Illinoia
on a statewide basis, a piven soil association usually includes soil types and series de-
veloped from similar parent materials under similar vegetation conditions for approxi-
mately the same length of time (6}.

Advantages of Using the Pedological Classification System

The pedologic system of 90il classification offers a number of advantages in soil sta-
bilization work. First, the bagis of the pedological system is very pertinent because
various chemical and physical soil properties are used as the classification criteria.
Second, in mogt areas of the United States, extensive work has been done concerning









TABLE 2
FROPERTIES OF MAJOR,

Domi-
Number and Name Area No. of nent
of Major of Stated Arres Blope

Soil Serien {percant)

Dep
Dreln- Boil Prollle and Sile Fro
3 Degeription? Surfz

(par- ag! fin.

cent;)

1%1 Catlin {a) 1.15 377,100 3-7  W-MW About 1 ft of silt loam on 0-
2 ft of gilty clay loam 12
underlain by gilt loam
grading to celcareous 42-4
loam glacial till, Well
dralned, nearly level to
strongly eloping aolls
formed from about 3 o
5 It of loess over cal-
vareoue loam glacial
Lilt,

56 Dana {b) 0.16 51,500 3-7 MW  About 1ftod slltloam on -1
2% o3 0 of eilty clay 14-5
loam underlain by non-
calcareous clay lagm
glacialtiil thathecomes
caleareous below 4 ft, 50-61
Moderataly wall
dralned, nearly level
soile furmed from 2 lo
4 A of loess over
glecial till

152 Drummer 8,04 1,961,100 ©0-1 P About 1% ft of silty clay 0-1
{a and b) loum on sbout 1% 1t of
sllty clay loam and 18-3
underlaln by silt loam,
loam, or sandy loam J6-6
giarial dvit, Poorky
drained, lovel soils un
loess (44 to 60 in,
Lhick) covered HI1
plaing and moraines
or slream terraces and
outwash plaine. Sea-
sonal water tableg at
or near lhe surface.

154 Flanagan {a) 3.31 1,088,700 1-8 Imp.  About 1 fi of 2lt loam on  0-1.
2 Lo 2 ft o ellty clay 14-4.
logm and underlain by
loam to silt loam Ll 44-61
Bomcwhat poorly
dralned ievel o slop~
ing aclls on loess {40
to 60 in, Lhick} cuvered
till plaine and moraines.
Seasongl water teblea
ghove J It.

481 Raub {b) 0.14 45,800 1-3  Imp. Aboul 1 to 1% ft of allt 0-14
loam on 2 ft of silty 14-5¢
clay loamon 1o 2 A
of clay loam upderlain
by ealcareous lgam
glactel U]l Somewhal  50-60
poorly drained, nearly
level to gemly sloping
Boils formed in about
1%4 to 3 A af laess on
glacial ti} plaine, Sea-
sonal walar tahlea are
wlihin 3 11 of the sur-
faca,

55 Bldell {b) 4,07 23,700 B-12 W About 1 It of silt loam on 0-14
1 tu 1% N of slll clay 14-60
Tuam en 1% Lo 2 1L of
clay logm underlain by
leam glacial 1, Well
dralned, genlly aloplng 50-60
to moderately atecp
Eolio formod in d tu
3 ft of loess on glacial
till plaina and mo-
raines.

2From refaranca 10 “Dala ropptied by Doparrment of Agronomy, Universlty of 1linor.
rom rehoroney 3, I2nta from waginset Ny publfedtions, unpublished restarch in Reparanent of Clvll Enginear

Mote: Parant materlsl—{s) Lowsa 3 to B ft thick on calcareous losm ta silty clay loam till or (b) loass 1 193 M thlck en ¢



BOILE IN BOIL ASBOCIATION B

Snil Classliication Percent
—_— Fassing
UBDA Hiev

Tex- AASHCP

horal Nu. 4 Mo, 200

Clay
Fraction

< S
percent)

Liquid
Limitd
(per-

cent}

Plastleity
Indoxd

{perc IT.I'I[).

Matural
Soil
psb

Organic Carbon
Content, Average
Depths of
CeoeurrenceC {in.)

<3 1-2 >1

Per- Per- Per-
cent cent cent

1t }oam  A-6 or A-T 100 85-100
Ity clay A-8 or A-T 100  §5-100
loam

it loam A-4or A-8 DE-100 §5-75
ta loam

it lvam  A-Bor A-7 100 §5-100
Aty clay A-6or A-T 100  80-90
loam to

clay

loam

cgm to  A-4 or A-6 956-100 55-65
silt

loarn

by elay A-T §5-100 §5-100
loam
Ity clay A-7 or A-6 06-100 B85-100
loam

Wt A-2, A-4,  90-100 30-75
logmi, or A-§

luam,

or

sandy

loam

1t loam A-8 ur A-7 100 85-100
1ty clay A-§ or A-T 100 $6-100
loam

Jam, A-for A-4 95-100 55-95
ilt

LR,

ir

alliy

tlay

loam

it loam A-6 or A-7 100 35-05
lty clay A-6 ar A-T 100 85-95
wam to

:lay

loam

sam to A-4 or A-6 100 §0-T0
it

iDam

't loam A-6 or A-T 100 95-100
Lty clay A-B or A-T 100 B0-90
oam Lo

ay

oam

am to  A-4 or A-G 100  55-85
1ilk

gam

15-25
30-49

15-25

16-26
30-40

15-28

30-40
30-40

10-25

16-26
35-45

15-25

15-25
35-45

16-25

15-25
30-40

16-25

30-60
36-58

30-55

10-55
35-55

26-50

36-65
0-55

NE-50

30-60
42-60

30-55

35-60

30-56
J6-65

25-50

10-35
16-30

11-24

10-25
15-35

11-20

15-33
12-34
NP-30

15-29
16-36

11-30

11-20

10-2g
15-35

11-20

6,6-7.3
6.6-7.3
4.6-7.3

0-16 18-22 22-60

0-16 1-22 22-460

0-16 16-24 24-60

0-12 12-20 20-60

0-12 12-20 20-80

0-16 16-22 22-60

iversity of [Ninols, and various othar sail reports.
m il inencalcarsous = 3%,
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improve strength and durability} of the material in the A-, B-, and C-horizons of each
major soil series.

Stabilization recommendations for a particular material carry either a 1, 2, or 3
rating. A 1l-rating indicates that the stabilizing agent should quite suitably and adequately
provide stabilization if proper construction practice is used. A 2-rating indicates a
questionable rating because the stabilizing agent may provide adequate stabilization but,
in certain cases, adequate stabilization cannot be obtained. A 3-rating indicates that,
in most cases, the particular stabilizing agent will not provide the degree of stabiliza-
tion desired,

Discussion of Stabilization Recommendations

Experience with oiled earth roads in Illinois has indicated that, in some cases, pe-
riadic treatment of organic A-horizon materials with cutback bituminous materials may
provide a satisfactory pavement surface layer for low traffic volume roads. Stabiliza-
tion of this nature was assumed to be in the realm of subgrade modification applications.
A 2-rating was assigned as the bituminous recommendation for all A-horizon materials
except those that are the very high clay content and high plasticity A-7 materials, such
as the A-horizon of the Drummer soils. Treatment of these fine-grained materials, in
most cases, will not provide a satisfactory surface layer, and, thus, a 3-rating was
assigned.

Both cement and lime can be used iu subgrade modification applications with the finer
textured A-6 and A-7 materials of the B- and C-horizons. However, most data indicate
that lime i8 more effective and efficient than cement. Consequently, lime has been as-
signed a 1-rating and cement a 2-rating. It is noted, however, for A-4and low-plasticity
A-8 C-horizon materials, that cement also has been given a 1-rating.

Cement can be used to obtain increased strength and durahbility with fine-grained A-6
and A-7 materials and, thus, a 1-rating has been assigned to these materials (B-horizon
material of all major soils in this association). It should be realized, however, that the
cement content required to obtain adequate durability for these fine-grained, plastic
materiala (PCA criteria) may be quite high, on the order of 9 to 16 percent (by soil dry
weight}.

Lime treatment of "reactive' fine-grained soils will effect substantial strength in-
creases. A 1-rating has been assigned as the stabilization recommendation for lime
where the soil properties indicate that reactive soils will be encountered. Many 8oils
may display slight-to-moderate strength increases on treatment with lime, and, under
certain service conditions, the lower strength lime-treated soils may be satislactory.
Thus, for those fine-grained materials that display limited reactivity, a 2-feasibility
rating has been assigned with the supposition that, under certain service conditions,
this can be changed to a 1-rating.

Stabilization recommendations have been presented concerning the applicability of
combination precedures {lime-cement and lime-bitumen). A foctnote reference is
placed in Table 3 where it was felt that this procedure might be used. A 1l-rating was
not asaigned because the rating is based on very limited data and a brief literature
survey.

SUMMARY AND CONCLUSIONS

Stabilization recommendations for the major scils and materials occurring in Illinois
have beeu developed (9). The general procedures and concepts used in the development
of the stabilization recommendations and a typical example of the recommendations are
presented in this paper.

In developing these stabilization recommendations, the pedological soil classification
system was used to identify and classify soils of similar characteristics relative to soil
stabilization. The soil association area concept was used to combine pedologic s0il
series into groups with similar characteristics and to facililate presentation of pertinent
data and feasibility recommendations.

Extensive soil data necessary to properly apply the stabilization guidelines and cri-
teria were obtained from the Department of Agronomy, University of Illinois, the Soil



12

Conservation Service, the University of Illinocis Engineering Experiment Station publica-
tions, and various other sources of published and unpublished data. )

Although stabilization recommendations were presented only for major soils within
each soil association area, by utilizing the guidelines and criteria that were developed
for the suils of Illinois and by appropriate consideration of stabilization technology, sta-
bilization feasibility recommendations can be readily determined for other soils.

The information that can be obtained from a report containing stabilization recom-
mendations of this type is meant to facilitate the selection of a stabilizing agent or agents
and to promote maximum use of local materials in various highway consatruction applica-
tiona. However, additional factors muat be considered in order to obtain quality stabi-
lized materials meeting job requirements. Appropriate mixture design procedures must
he used to satisfy job requirements for particular applications. Economic considera-
tions, in many cases, may be very important and will often be used in the final selection
of a stabilizing agent. Finally, proper construction techniques and control must be used
to ensure that a guality product is obtained in the field.

It has been demonstrated that, by using the extensive soil information that ig avail-
able from various sources, stabilization recommendations for large areas, such as the
state of Illinois, can be developed with a minimum amount of sampling and testing. The
concepte demonstrated in thig paper can be used to develop stabilization recommenda-
tions for areas of other sizes such as residential areas, cities, counties, and reglons.
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prior to running it through a jaw crusher. The seil is further pulverized in revelving
barrels in which rubber covered steel rollers have been placed. These rubber covered
oteol npllers are very effective in reducing the hard shale to a very fine grain size.
7pe of pulverization facilitated the mixing of lime, oil, phosphoric acid, ferric
te, and PDC and allowed a reduced curing period. The particle size distribution
Pierre ghale is shown in Figure 2.
lechanical analysis of the soil was determined using the standard AASHO T-88-57
1. Hydrometer tests and the standard Atterberg AASHO T-89-60 and T-90-61
limit and plastic limit tests were made. A sufficient amount of soil was prepared
if the original samples to run standard AASHO T-99 densities, standard CBR
unconfined compression tests, and volume-change tests for both the raw samples
: treated soil samples.
»e sure that the amount of material was the same for each goil type specimen
}, with the various percentages of additives, a predetermined maximum density
ed. Although nearly all of the tests made prior to construction showed that
1 goils had a decided increase in unconfined compressive strengths, we were not
extract these gmall undisturbed cores during post-construction testing to com-
ith the original laboratory results. Consequently, we had no data for this item
). This test was replaced with a modified laboratory CBR by extracting 6-in.
er cores and testing them under the same conditions as the laboratory molded

effects of compactive effort are ghown in Figure 3, using the modified AASHO

| and the standard AASHO method. The Pierre shale is quite sensitive to com-

+ efforts. It can be seen that there is a 17.5 Ib/cu ft weight differential and a cor-
ding moisture differential of 10 percentage points when modified AASHO T-189
as compared to standard AASHO T-99. Figures 4 and 5 show that expansive

res of raw goil are affected by both compactive effort and moisture content.
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Figure 3. Effect of compactive effort on density of South Dakota
shale.
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Phosphoric Acidplus Ferric Sulphate— cuTt
The average plasticity indexof the treated
s0il during the 4-year study is approxi- [
mately 44.0 as compared with an approxi-
mate average plastic index of untreated 4
soil of 53.0. The modified lahoratory CBR
values have dropped to almost the value of 3
theuntreated soil. However, the modified
field CBR shows there is a slight retention 2
of atrength when compared with the un-
treated soil (Fig. 34). ]

The overall average comparison of ser-
viceabilily index for cuts and fills for all
of the treated soils is shown in Figure 35.

1968 1965 1968

CHANAI

SIPHOS. ACID
FER .

SUL

CONCLUSIONS 5 FoeE T 550
More than 5,200 laboratory and field 4
tests wererun onthe treated and untreated
goils during the course of thia study. More 3f
than 95,000 elevation readings of the road
surface were taken. 2
It is important to understand that, al-

though all of the 8oils within the test road 1
area have an AASHO classification of
A-T-6(20), the physical characteristics, in ||
Egg?;‘datc})lilégug 1;?181?’ ;ﬁy pff;;?i; irc::'e::,f Figure 35. Serviceability index, all treated materials.
shrinkage, and volume change vary in the
same degree of magnitude. These varia-
able conditions can and do take place within a distance of 20 fi. These variations are
the cause of variable test values obtained in some of the fest sections by virtue of the
fact that the percentage of additives was not adequate to completely astabilize the ex-
tremely high liquid limit goil.

Our interpretation of the data is thereiore baged on the average conditions in regard
to the ability of the various stabilizing agents to accomplish the objectives as set forth
in the foregoing portion of this report. These conclusions are as follows:

1. All of the stabilizing agents have aliered the physical characteristics of the high
liquid limit soil to some degree. The field condition tests indicate that lime has a more
permanent effect in altering these characteristics than the other combination additives
used in this test road.

2. The serviceasbility index ratings, as determined by the applied formula used in
this report, indicate that all of the stabilized sections, except the acid, are better than
the standard design sections. The average 51 ratings show that lime-treated gections
have the best ratings followed very closely by the PDC and lime plus RC-1 stabilization.
The phosphoric acid plus ferric sulphate rating is slightly below that of the untreated
soil.

3. The sections having lime or lime combinations show a logs of CBR strength when
compared with the initial laboratory CBR during the second and third year with a re-
covery of some bearing strength during the fourth year. The sections with lime only
have the best CBR value after a 4-year, in-service period, with the lime plus RC-1 be-
ing second and the PDC formula being third best. CBR values of the phosphoric acid
are about the same as the untreated soils.

4, The recovery of bearing in the lime-treated soils appears to confirm the findings
of Dr. Marshall Thompson, University of Illinois, in regard to the autogenous healing
theory of lime-treated soils. Dr. Thompson's laboratory tests show that lime-{reated
gaila t;md to recover bearing strength after gufiering a loss of bearing due to frost ac-
tion {1).
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5. A review of the serviceability index indicates that the use of additives capable of
maintaining a permanent change in the physical characteriatics of the treated soil tend
to be more effective in reducing surface warping than the use of nonexpansive regular
material over the expansive soils.

6. As noted earlier in the report, the cost per mile was computed from the actual
bid price for various stabilizing material. The prices are no doubt higher than they
would normally be if larpge quantities of the materials were being purchased.

The fact that there are less cracks per mile in some of the treated sectious, as com-
pared with the untreated goil, indicates that the future long-range maintenance will be
less. If the serviceability index differential between the lime and lime combination s0ils
and the untreated soil continues at its present ratio, it appears that the future mainte-
nance work in thege sections will be delayed for a greater period of time than in the un-
treated sections.

7. In view of the fact that the stabilized subgrade maintains a higher stability and
bearing capacity throughout the year, we are able to design thinner surfacing compo-
nents, which allows us to conserve our dwindling gravel supply.

We believe that one of the big benefits derived from this study is the development of
the high-speed roughometer, which is now being used as an aid in determining mainte-
nance needs. We ure in the process of developing and maintaining a yearly service-
ability index rating on all Interstate, primary, and secondary routes. Thege data will
be used to determine more precisely what the actual conditions of Ll ruad surfaces are
and furwigh the Maintenance Division with more realistic data on which to determine
the type and amount of maintenance necessary for any given project. A report outlining
the development, operation, and application of thig roughometer will he wriiten and
published.
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Field Studies on the Pulverization of
Black Cotton Soil for the Construction of
Stabilized Soil Road Bases

H. L. UPPAL, L. R. CHADDA, and P. K. DHAWAN, Central Road Research Institute,
New Delhi, India

Stabilization of black cotton soil with lime hag been found effective in improving
the engineering properties of the soil. Consequently, this has led tc the increas-
ing use of lime-stabilized black cotton soil in subbases or hases of road pave-
ment. A properly pulverized scil is, however, a prerequisite for successful
stabilization of goil. This paper describes a number of methods that have been
tried inthe field to achieve an economical and effective pulverization method. Tt
has been shown that an acceptable degree of pulverization can be attained when
the goil is handled mechanically at a parlicular moisture range by using agri-
cultural machinery.

sEXPANSIVE SOILS (1) occur in different parts of the world, Onesuch soil, commonly
termed black cotton soil, has similar characteristics and forms one of the major soil
groups (2) of India, covering an area of about 500,000 km?® (Fig. 1}. The soil is pre-
dominantly montmorillonite (3, 4) having high ba.se exchange capacity, It is character-
ized by high swelling on wetting and excessive shrinkage on drying. When swelling is
restricted, it results in the development of swell pressure (ﬁ) On account of these
peculiar properlies, the black cotton soil presents serious problems in the construc-
tion of roads. Even at places where the conditions for the development of swell pres-
sure do not exist, the roads still fail because of poor supporting power of the subgrade
in wet condition.

It has been obgerved thai the waviness at the road surface is mostly due to the work-
ing up of the soft subgrade soil into the crevices of the stone soling, thereby dislodging
the soling stone from its original position. The sinking of the stone soling inte the soft
subgrade is a continuous process, and no amount of strengthening of the existing pave-
ment at the surface would remedy this defect. It is, therefore, very necessary that a
compacted layer of nonexpansive material having low voids be provided to prevent the
movement of subgrade s0il into the crevices of the stone goling. Such materials that
could be considered suitable are light-textured soils, sands, or gravelly soils. In
India, sandy soils or sands are not generally found in black cotton soil areas. At
places, however, granular material mixed with soil fines, locally called moorum,
occurs and a compacted layer of this laid over the subgrade before placing the stone
soling has led to satisfactory results.

There are, however, still very large areas where none of these materials occurs
and the only alternative is to improve the existing goil for uge as a subbase between
the subgrade and the stone soling. Omne of the kmown effective methods (4 5) to im-
prove the engineering properties of black cotton goil is the stabilization with lime. To
achieve these requirements, it is necessary that the soil, which is generally in the
form of hard clods, be brought to a reasonable degree of fineness to facilitate uniform
mixing of lime with soil.

Paper sponsared by Committee on Lime and Lime-Fly Ash Stabilization.
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Figure 1. Black soil region of India.

Whereas light-textured soils are generally in a friable stale when removed from the
fields, it is not so in the case of expansive black cotton soil, which is very soft and
sticky in the wet condition but very hard in the dry state.

OBJECT OF THE STUDY

The object of the present study, therefore, is to evolve a technique for an effec-
tive and econcmic pulverization of black cotton soil, which is a prerequisite for the
uniform mixing of soil with lime and the subsequent development of strength.

Before taking up the field study, it was considered necessary to define the degree
of fineness of soil. According to unpublished literature from the British Road Research
Laboratory, the degree of fineness, which ig also commanly termed as degree of pul-
verization, is determined from the formula

W, - Wa
Wit W 100
where
W, = total weight of the sample,
W» = weight of the sample retained on %,-in. sieve, and
W3 = weight of the sample passing ¥s-in. sieve and retained on No. 8 sieve (British

standard sieve or B.S8.8.) 2mm size.

It will appear from this formula that the fineness is not only controlled by the per-
centage of material passing the %s-in. sieve but also by the fraction smaller than 2 mm.
For stabilization of light-textured soils with cement, about a 65 percent degree of

pulverization (6), according to this formula, is considered suitable; but for hard clods
of black cotton soil, such a high degree of pulverization may not be a practical possibility
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TABLE 1

EFFECT OF DEGREE OF PULVERIZATION OF S0IL ON THE 30AKED
CPH WHEN TREATED WITH 3 PERCENT COMMERCIAL
HYDRATED LIME {(PURITY 40 PERCENT) AND
COMPACTED TO 1,5 gm/ce DENBITY

Parcent Passing

CBR Molsture
Samyle Ar . No, 8 Soaked Abgorption
1-in. e=in, )
. Sieve (pereent) (percent)
Bieve Bieve (B.8.8.)
1 1000 0.0 4.0 2.4 27.5
2 100.0 50.0 15.0 14.2 26.3
3 100.0 100.0 30.0 14.3 26.9
4 100.0 100.0 100.0 14,7 25,3

Mote: Soil cheracteristics aro liquid limit = 75,3 percent; plasticity index = 34.7 parcent; and fraction
voarser than No. 200 sicve (U5, sieve) = 5.0 porcent.

(7), 8). 1t was, therefore, considered necessary to relax the limits of fraction finer
than 2 mm from the calculations. Before finally accepting the modification, it was
essential to know how the clods of black cotton soil pulverized to particles of varying
sizes will affect the resultant strength in saturated condition when the s0il is stabilized
with lime. Toward this objeclive, a preliminary laboratory study was carried out with
s0il samples having varying clod sizes. To achieve a limited increase in strength,
trials were made using a low concentration of lime,

In the laboratory trials, the soil having a varying degree of finenegs was compacted
at oplimum moisture with 3 percent commercial lime of known purity. After curing
the treated apecimens for 10days, these were tested for soaked CBR. The results ob-
talned are given in Table 1.

It will be observed from the data given in Table 1 that if the soil to start with con-
siste of at least 50 percent passing the %s-in. sieve then the strength attained is practi-
cally the same, irrespective of the fraction pasging the No. 8 sieve (B.S.8.). It may
be due to the fact that the process of mixing lime with goil and subsequent compaction
may have resulted in further improving the degree of pulverizabion.

PULVERIZATION BY MANUAL LABOR

It is a common experience that during the rainy season the hlack cotton soil is sticky
and difficult to handle. The field trialg on the pulverization of so0il by manual labor
were, therefore, restricted to the dry season; details are given in the following.

Crowbar and Pickax

The field trials for the pulverization of black cotton soil were carried out on Berasia-
Sironj Road near Bhopal (central India) in 1964, After removing the top vegetation, the
dry s0il crust for a depth of about 8 in. was loosened with crowbars. The s0il thus ob-
tained was comprised mostly of 5~to6-in. clods. These were broken with pickaxes or
rammers but the output was very poor, which raised the cost to 20 rupees per 100 cu ft
for getting soil of acceptable degree of pulverization, i.e., about 100 percent passing
the 1-in. sieve and about 50 percent passing the ¥:-in. sieve. With a view to economiz-
ing on cost, an attempt was made to use a country plow drawn by 2 bullock, instead of
digging manually, but this did not work well on account of the soil being dry and hard.

Wetting and Drying of Seil Clods

It has been observed that, when black cotton s0il shrinks in the process of drying,
high stresses are produced that lead to the disintegrabtion of soil at the surface, Ad-
vantage was taken of this phenomenon in the pulverization of the scil. In actual prac-
tice, the soil dug from the fields was stacked and water was sprinkled on the ¢lods. In
the process of drying, the shrinkage of the soil took place and led to its disinfegration




32

at the surface. The process was frequently repeated to get more and more of the soil
fines. It gave satisfactory resulls as almost 50 percent of the material passing the
%s-in. sieve could be obtained. This process would, however, require water-within
economic reach. Besides being slow, such operations will cost about 12 to 15 rupees
per 100 cu ft.

PULVERIZATION BY MECHANICAI MEANS
Power Roller

The soil in the dry condition was dug from the adjoining fields, and clods were broken
with pickaxes so as to reduce them to a size not bigger than 2 in, The scil cleds were
spreadover a hard subgrade, and a power roller passed over them a number of times
with frequent raldng of the crushed material. It was found that about 8 passes of the
roller and frequent raking of the rolled s0il resulted in grading as follows:

Sieve No. Percent Passing
1% in. 100.0
1in. 83.0
% in. 80.0
%e in, 60.0

The cost of soil pulverized according to this method worked out {o 10 to 12 rupees
per 100 cu ft,

Heavy Apricultural Machinery

In the abgence of a specially degigned plant for the purpose, agricultural machinery
available in the country was used. Field trials were, therefore, carried out with the
following heavy agricultural machinery normally used for plowing the field and break-
ing clods (Fig. 2):

1. International Caterpillar tractor, 110 hp;

2. Moldhoard plow consisting of 4 plowshares that can plow to about 15 in. in depth;

3. Disc plow congisting of 5 discs 28 in. in diameter with a working width of 10 ft:

and
4. Offset notched disc harrow consisting of 18 discs 22 in. in diameter arranged in

2 gangs with a working width of 10 ft.

A field trial was initlated at Sehore (central India} by using this machinery in April
1964 when the ground surface was hard and badly cracked because of a hot, dry sum-
mer. To start with, the moldboard plow with a working width of 6 ft was used. This
could plow up to a depth of about 15 in., giving clods of varying sizes with a maximum
of about 8 in. After the moldboard plow was used, the disc plow was operated on the
excavated soii, This reduced the size of the hig clods to about 4 in. in the process of
slicing. The soil was [urther subjected to the action of the offset notched disc harrow
to improve pulverization. It was observed that, even with 6 passes of the disc harrow,
there were still many clods 4 in. in size that resisted pulverization and were therefore
removed manually, The sieve analygis of the resultant soil is as follows:

Steve No. Percent Passing
1% in, 100.0
lin, 81.4
¥ in. 87.8
15 in. 33.5

During this operation, it was obgerved that those clods that were dry and conse-
quently hard resisted breaking up, whereas slightly wet clods could be pulverized
easily. It was, therefore, inferred that the pulverization of black cotton soil with
heavy agricultural machinery requlred the goil to exist within a certain range of
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TABLE 2 TABLE 3
PERCENTAGE OF MOISTURE IN BLACK COTTON S0TIL SIEVE ANALYEIS OF BLACK COTTON S50IL
PULVERIZED IN THE MOIST STATE
Depth, in. Bite 1 Site 2 Site 3 WITH AGRICULTURAL MACHINERY
1 14,7 15.1 14.8 Sieve No, Percent Pagsing
6 19.8 19.5 19.8 (B.8.8.} 2 Passes 4 Pagses 6 Passcs
12 20.4 19.9 20.3 -
18 20.5 216 018 1% in. 100.0 100.0 100.0
o4 205 22.0 21,9 1 in. 82.6 83.3 80.65
Y 0. 70.6 69.9 79.0
Ve in. 44.8 40.8 55.8
No. B 28.1 34,3 38.6
It was observed that, after the soil had No. 36 5.2 8.8 8.2

been dug out with the moldboard plow, the
disc plow could conveniently cut down the
big clods to a smaller size at this mois-
ture. The operation was also smoother as compared to pulverization of the dry
goil. The soil thus pulverized was further subjected to the action of the offset notched
disc harrow, with a view to determining the minimum number of passes needed to
achieve the required degree of pulverization, The soil was tested for sieve analysis
after 2, 4, and 6 passes. The results are given in Table 3.

It will appear from the data given in Table 3 that the acceptable limits of pulveriza-
tion, i.e., 50 percent passing the %e~in. sieve, could be achieved with 6 passes of the
offget harrow. It will be observed further that insofar as the upper limits are con-
cerned the conditions are just gatisfied. It will be found more cconomical to accept
dboui 2 1§ percent fracition coarser thun 1 in. than to make addilional passes of ihe
offset disc harrow to pulverize it further. It will also be noticed that with this type of
machinery the moisture for effective degree of pulyerization ranges between 15 and 20
percent. The cost of pulverization as worked out by this machinery is 1 rupee per
100 cu ft as given in Table 4.

Light Agricultural Machinery

As heavy agricultural machinery is not easily available at most of the sites, further
field trials were carried out using light agricultural machinery, which is readily pro-
curable. The trials were made at Sidhantam in Andhra Pradesh (south India) where the
construction of 5% miles of the right approach road to Vasista Bridge, forming a part
of the National Highway, was undertaken.

The light machinery consisted of the following:

1. Tractor, 50 hp;

2. Moldboard plow consisting of 3 plowshares;

3. Disc harrow consisting of 20 saucer-shaped discs 10 in. in diameter; and

4, Offset disc harrow consisting of 10 discs 20 in. in diameter arranged in twogangs.

The operation with this machinery was carried out, as in the case of heavy agricul-
tural machinery, at varying moisture contents, It was found that effective pulveriza-
tion could be economically achieved when the moisture content of the soil ranges between
10 and 22 percent, as against 15 and 20 percent in the case of the heavy machinery. It
was further observed that it required about 6 passes of the dlsc harrow and about 10
passes of the offset harrow to achieve an acceptable degree of pulverization.

The cost of pulverization worked out to 2 rupees per 100 cu ft of loose soil as given
in Table 5.

The higher cost of pulverization with light agricultural machinery as compared to
heavy machinery resulted from the fact that the moldboard plow fitted with a light trac~
tor could not plow more than 8 in. deep.

As a result of conducting a number of trials, it was found that, with the light ma-
chinery, it was possible to pulverize only about 8,000 cu ft of the soil in 8 hours as
against 40,000 cu ft with heavy machinery during the same period. Although heavy
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TABLE 5

COST ANALYSIS OF PULVERIZATION OF BLACK
COTTON SDIL WITH LIGHT AGRICULTURAL

MACHINERY MACHINERY
Jitem Amount Item Ampunt
Cubic fect of soil pulverized in 8 hours 40,000 Cuble feet of soll pulverized in 8 hours 6,000
Hire charges of the machinery at 45 Hire charges of lhe machinery for
rupees per hour 360.00 8 houra, rupeea 120,00
Labor charges, rupees 20.00 Labor charges, rupeea 20.00
Miseellaneous charges such as for tools Miscellaneous cherges such as for tools
and repaire, rupees 20.00 and repairs, rupees 20.00
Tolal rupees 400.00 Total rupces 160,00
Cost (in rupess) of pulverizing 100 ¢u £t Cost {in rupees) of pulverizing 100 cu
_ 100 » 400 1.08 - 160 x 100 2.00
40,000 : 8,000 :
machinery is more economical touse, it isnot readily available in the market. There-

fore, even though the cost of pulverization with light agricultural machinery is slightly
more, it is still preferred on account of its easy procurement either from the market
or on hire from the agriculturists. The additional cost of pulverization is not likely to
have any significant effect on the overall cost of road construction.
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Changes in the Characteristics of
Cement-Stabilized Soils by Addition of

Excess Compaction Moisture

GEORGE R. LIGHTSEY, ARA ARMAN, and CLAYTON D. CALLIHAN,
Louisiana State University

The compaction moisture of cement-stabilized socils is usually specified as
the optimum moisture content to obtain maximum density as determined by
the standard Proctor test. Previous invesgtigations have shown that m some
instances maximum density may not correspond to maximum strength, I
compaction of the soil-cement mix is delayed, the relationship bhetween
compaction moisture and the strength and density of the socil-cement also
changes. This study investipates the relationship between compaction
moisture content and the strength, density, and durahility of cement-
atabilized goils in which comoaction is delayed after mixing to correspond
to typical highway consatruction practices. Four types of soil suitable for
cement stabilization wore investigated. The compaction moisture content
was varied from 4 percent below to 4 percent above the optimum moisture
coutent obtaincd by standard Proctor tests with no delay betwcen mixing
and compaction. At each of the moisture contents, and at the optimum ce-
ment content, specimens were compacted 0, 2, 4, and & hours after mixing
with no intermittent mixing. Specimens were prepared for unconiined com-
pressive strength and durability tests. The results of this investigation
show that the loss in strength and durability of soil-cement resgulting from
a delay in compaction can be significantly reduced in many instances by the
addition of excess compaction moisture. The svils mosl beneflited alter a
delay in compaction by excess moisture were the silty loams and sandy
loams. Strength mcreases of 40 to 50 percent were achieved with these
soils by the addition of 2 to 4 percent excess moisture when compaction
was delayed. Cement-stabilized silty clay loams and silts compacted after
delays showed little improvement in strenpgth and durability with excess
caompaction moisture. Without delay in compaction, only the silty clay
loams were significantly improved in strength and durability by the addition
of excess compaction moisture. A study of the data has indicated that the
amount of excess moisture required for maximum strength and durability
depended on the soil type and the detention time between mixing and com-
paction. In granular soils the addition of excess moisture improved the
strength and durability after delays in compaction. This improvement re-
gulted from the improved lubrication of the goil aggregates and subsequent
increase in dry density. With fine-grained soils excess moisture improved
the properties of soil-cement mixes compacted without delay by increasing
the amount of cement hydration.

«THE STANDARD PROCTOR METHOD is recommended to determine the compaction
moisture requirements for soils stabilized with cement. Several investigators have
found that this moisture content does not necessarily produce maximum density and

Paper sponsared by Committes an Soil-Portland Cement Stabilization.
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maximum strength and durability. Felt (1) reported as early as 1955 that for maxi-
mum effectiveness portland cement and sand mixtures should be compacted slightly be-
low the optimum compaction moisture content for maximum density and that silty and
clayey soils stabilized with cement should be compacted 1 to 2 percent above the opti-
mui.

Davidson et al. (2) also reported that the moisture contents for maximum strength
are generally on the dry side of the optimum for predominantly sandy soils, and above
the optimum moisture content for soils rich in clay, They postulated that the variation
bebween optimum moisture content for maximum density and maximum strength was re-
lated to the particle sizes in the soil. They proposed that soils having a large surface
area absorb much of the added water for lubrication so that insufficient water is avail-
able for hydration of the cement.

In the field, the time between the mixing of the soil and cement and the compaction
of the soil-cement mixture is normally from 2 to 4 hours. Investigators studying the
effects of delaying the compaction of soil-cement mixtures have reported large losses
in the compressive strength, density, and durability if the delay m compaction exceeds
2 hours (3, 4, 5). They also found that the moisture content to obtain maximum den-
sity changes with delay in compaction. Data taken by West while working with sandy
soils showed that after delay in compaction the moisture~density curves tended to change
from the usual convex parabela to a concave parabola with the largest reduction in den-
gity occurring near the optimum moisture content.

The purpose of this study was to investigate the relationship between moldimg water
content and the strength, density, and durability of cement-stabilized soils both with
and without delay in compaction.

TESTING PROCEDURE

Ten natural soilg considered suitable for cement stabilization were selected from
various locations in Louisiana. The properties of these soils are given in Table 1.
Each soil was stabilized with the optimuin amount of cement as determined by the cri-
teria developed by the Portland Cement Association based on freeze-thaw and wet-dry
tegts. Standard Proctor test ASTM D 558-57 was used to determine the optimum
moisture content of the soil-cement mixiure. Specimens were molded at the optimum
moisture content and at 2 and 4 percent above and below the optimum.

Samples were not compacted at moisture contents higher than 4 percent above the
optimum. Soils at higher moisture contents were not workable because they were above
the plastic limit. Samples were molded according to ASTM D 1632-63 for unconfined
compression tests and according to ASTM D 559-57 for wet-dry durability {ests.

TABLE 1
SO0IL PROPERTIES

Campositinnd
Liguid  Plasticily {percent}
Limit © Index®

Sail AASHO Oplitnum Percent

Ident!lication Group

a . b —_
Cement Moisture bend St Clay

silty loam L~1 A4 10 17.0 27 8 28 60 12
silty loam L-2 A-4 10 17.0 28 8 ki ki 14
Bilty loam L-3 A-§ 12 15.5 41 11 3z 51 17
Silty clay loam

L-4 A-4 10 17.5 28 g 26 53 21
Silty clay loam

L-a A-6 12 17.0 31 19 19 £2 19
Silty clay loam

L-8 A-6 12 200 38 14 28 51 1
Handy loam L-7  A-2-4 7 15.0 25 7 m 16 13
Bandy oam L-8  A-2-4 7 10.5 .18 1 67 21 12
Silt L-8 A-4 10 17.5 28 6 5 80 15
Silt L-10 A-6 12 19.0 a6 11 0 87 13

3 Avcarding to criteria established by the Portland Cament Association.
b Standard Proctor test, ASTM D EE8-67.
€ Aaterberg limits, ASTM D 423-61T and ASTM D 4245,

Graln size analysls by ASTM D 422-82.
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In order to study the effects of moisture content on the strength, density, and dura-
bility after a delay in compaction, samples were molded approximately 12 minutes after
mixing had begun and at 2, 4, and 6 hours after initial mixing. All specimens prepared
for strength studies were cured for 7 days In a 100 percent humidity chamber and then
immersed in water for 4 hours prior to comnpression testing. Samples prepared for
durability studies were tasted aconrding to ASTM D 599-57. All tests were run in irip-
licate, and over 1,200 samples were molded and tested during the course of this inves-
tigation.

At various detention times and moisture contents, portions of selected soil-cement
mixtures were freeze-dried to prevent further hydration of the cement. Electron and
optical microscopic studies and hydrometer and sieve analysis were conducted on the
dried samples to study changes in particle shape and size. Isopropyl alcohol was used
in the hydrometer and sieve analysis to prevent further cement hydration during the
course of the experiment,

Chemical analysis and X-ray diffraction studies were also conducted to compare the
extent of cement hydration at various moisture contents and detention times. The chem-
ical analysis consisted of a spectrophotometric determination of the amounts of acid-
soluble silica formed by the hydration of portland cement. Following the procedure de-
veloped by Ruff and Ho (6), the acid-soluble silica formed as the cement hydrate was
extracted with 0.2N HCl during a half hour of vigorous shaking. The soil particles
were removed from the liquid by centrifuging at 30, 000 rpm for 5 minutes. Ammonium
molybdate was then added to the solution and the absorption measured at 400 mu with a
Beckman DU specfrophotometer.

The extent of cement hydration in soil-cement mixes at various moisture contents
was also measured by X-ray diffraction. Powder specimens were X-rayed from 2 deg
2 theta to 40 deg 2 theta in a Philips Norelco diffractrometer using copper radiation.
The reflections at 2.77and 4.93 i where chosen for study., The strong reflectionat 2,77 §

Fraparation of Soil__]

|

| Classillveation of Soil — AASID Groups ‘

|

DeLermInation of Uptimum Moisture
and Cement Content

|

Mixing of Soil-Cement-Water B minl

wlth Counter—Current Bach Mixer

Cumpaction of specimens at O,

2, and 4% above and below the
optimum compaction molsture
content, and at 0, 2, 4, and
4 hr. delay bolween mixing
and campaciive Cur el Lgeed
compressive strepgth and

durability tesis

Freeze = Drying

Extent of cement hydratiom by

chemival and x-ray diffraciion

analysis

Changes in particle aize and
shape from electron and optical

microscopic siudies and bydro-

meter and sleve analyair

Figure 1. Flow diagram ot experimental procedures.



is characterigtic of unhydrated cement
containing tricalcium silicate and should
decrease as the cement is hydrated. The
diffraction line at 4.93 & results from
the presence of the calcium hydraxide
formed during the hydration reaction.
The quartz peak of the goils at 2.45 &
was used as the internal standard.

The testing procedures are shown by
the flow diagram in Figure 1.

DISCUSSION OF RESULTS

Silty Loam

The soils identified as L-1, L-2, and
L-3 are classgified as silty loam. The
effects of percentage of compaction mois-
ture on the strength, density, and dur-
ability of these soils stabilized with opti-
mum cement content and compacted after
detention times of 0, 2, 4, and 6 hours
are shown in Fipure 2.

With no delay in compaction, these
soils developed maximum compressive
strength .and durability . at the optimum
moisture content. However, a delay
in compaction drastically changed the
moisture-strength, -density, and -dura-
bility relationships. The compressive
strength of samples compacted at the op-
timum moisture content, obtained with
no delay, was reduced 40 to 60 percent
after a 2-hour delay in compaction and
60 to 70 percent after a 6-hour delay.
Increasing the percentage of compaction
moisture 4 percent above the optimum
reduced the loss of strength after a 2-
hour delay to only 15 percent for silty
loam L-2. There was also considerable
improvement in strength of s0il L-2
compacted after delays of 4 and 6 hours.
Increasing the compaction moisture con-
tent above optimum improved the
strength of seils L-1 and L-3 only a
small amount.

The moisture content producing max-
imum density was increased more than
4 percent after a delay in compaction for
soils L-1 and L-2 and decreased 2 to 3
percent for soil L-3.

The durability of the soil-cement
mixes compacted after a delay showed
tangible improvement with eXcess com-
paction moisture.

Silty Cla

The effects of compaction moigture on
the behavior of the silty clay loams L-4,
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L-5, and L-6 are shown in Figure 3. The silty clay loams developed maximum strength
at higher than optimum moisture content even for samples compacted without delay. With
delay in compaction, the strength generally increased and then decreased as the molding
water content was imcreased above the optimum.

After a delay in compaction, the density consistently decreased with increasing mois-
ture content.

Silty clay loams compacted without delay showed improved durability at moisture
contents higher than the optimum. The durability of samples compacted after a delay
was poor regardless of the molding moisture content.

Sandy Loam

The sandy loam s0ils L-7 and L.-8 had varied results ag shown in Figure 4. The
strength of soil L-8 at optimum moisture content was reduced over 50 percent by adelay
in compaction of 2 hours or more. Varying the percentage of compaction meisture did
not improve the strength a significant amount. On the other hand, increasing the per-
centage of molding water 2 percent above the optimum reduced the loss of gtrength after
a 2-hour delay of soil L.-7 from 23 to 3 percent.

The moisture-density curves of the sandy loam soils were concave after a delay in
compaction instead of the normal convex shape. Maximum densities were obtained
akove the optimum moisture content with no delay.

With no delay in compaction, maximum durability was achieved at optimum water
content. The durability of samples compacted after a delay was greatly improved by
the addition af excesa compaction moisiure.

sult

The variations of strength, density, and durahility with moisture content for silts
T.-9 and T.-10 are shown in Figure 5. The optimum moistnre content for maximum
strength and density did not change significantly with a delay in compaction.

These 2 goile differed appreciably in durability after delay in compaction. In gen-
eral, the durability improved with increasing compaction moisture. Scil L-9 proved to
be a very durable material for soil-cement stabilization even after delays in compaction
of up to § hours. BSoil L-10, although giving higher initial strength at 1-hour delay, had
lower durability than L-9 at all moisture contents.

General

The results obtaimed for the 10 soils show that, when compactian of the soil-cement
mix is delayed, maximum strength and durability in most instances are not obtamed at
the optimum moisture content for maximum density as determined with no delay but
developed at moisture contents above the optimum. Even with no delay in compaction,
the silty clay loama developed maximum strength and durability at higher than optimum
moisture contents. A study of the data indicates that the increase in strength and dura-
bility with excess compaction moigture is due to a combination of increased dry density
and improved cement hydration.

The reaction of cement with soil in the scil-cement matrix is very vigerous and is a
function of time and moisture content. If compaction is delayed after mixing, cemen-
tation of the loose scil grains into larger aggregates takes place. This conglomeration
effect increases the resistance of the soil to compaction so that the density obtained at
a given moisture content and compactive effort is reduced.

As mentinoned earlier, delay in compaction alan tends to increase the moisture re-
quired to obtain maximum density. The necessary increase in compaction moisture
with delay in compaction seems unusual becauge large soil particleg normally require
less water for lubrication than small particles. However, consideration of the shape
of the goil aggregates explains why more moisture is required for lubrication. Figure
6 shows the configuration of the soil aggregates as seen with an optical microscope.
The exiremely irregular shapes of the aggregates increase the resistance to compaction
by mechanical interlocking. U suificient water is added to form a continous film around
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Figure 8. Effect of delay in compaction on the size and shape of soil particles.

the aggregates to prevent excessive interlocking, the resistance to compaction will be
lower and the dry density will be increased. A schematic representation of this effect
is shown in Figure 7.

The extent of soil particle aggregation with detention time was measured by a hydro-
meter and sieve analysis of the soil-cement mixture. Typical data for a silty clay loam
are shown in Figure 8. These data indicate that considerable aggregation does occur



43

TABLE 2

EFFECT OF PERCENTAGE OF COMPACTION
MOISTURE ON THE EXTENT OF CEMENT
HYDRATION IN SILTY CLAY LOAMS

X-Ray Dilfraction of 8pecimens Cured for 7 Days

Cumpaction Tricaleipm Calcium Quart
Moisture Silicate Hydroxide, | "E‘; a5 i
{(percent)  Line (27T A} Line (4.93 A} e .
10 15.9 3.2 100
12 7.0 3.0 100
14 6.0 4.0 100
18 1.0 2.0 100
18 8.0 7.0 100
Chemical Analysis of Acid-Soluble Silica
Compackon Acid-Snluble Silica (/100 g soil)
?’I‘]is t“r:‘; 8-Hour 1-Day 7-Day
Figurs 7. Hypothesis of reduction in mechanical percen Curlng Curlng Curing
interlocking at high moisture contents. 100 0.68 0.66 ot
12.5 — 1.03 1.08
15.0 0.74 1.02 1,07
. . . 7.5 0.74 1.06 1.05
with a delay in compaction. A 6-hour de- 200 — 111 0.98
lay in compaction reduced the weight of :gg - filgls ?gg
particles less than 100 microns by 23 : : '
percent.

The increase in strength and durabil-
ity at higher than optimum moisture con-
tents after delay in compaction of the silty loam and the sandy loam soils can be atirib-
uted to the increase in dry density. The danger of direcily relating the dry density and

the strength and durability is readily apparent in Figure 4 (c and d). After a delay in
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2. The rate and direction of change in moisture content, which gives maximum
strength and durability after a delay in compaction, are often not the same as the rate
and direction of change of the moisture content required for maximum density.

3. The amount of excess compaction meisture required for maximum strength and
durability depends-on the soil type and the detention time between mixing and compac-
ticn. Two to 4 percent excess compaction moisture significantly improves the strength
and durability if (a} the detention time is greater than 2 hours and the soils is gramular
and {(b) the detention time is less than 2 hours and the soil isfine-grained.

4. After delays in compaction, the strength and durability of silty loams and sandy
loams are significantly improved at moisture contents 2 to 4 percent above the optimum
determined at 0-hour delay. The change in moeisture content for maximum strenpgth and
durability with delay in compaction is due to aggregation and mechanical interlocking of
soil particles. The addition of excess moisture lubricates the soil aggregafes and in-
creases the density, strength, and durability.

5. The moisture content giving maximum strength and durability with silty clay
loams is 4 percent above the optimum with no delay in compaction, and 0 to 2 percent
above the optirnum with delay in compaction. The increase in strength at moisture con-
tents up to 4 percent above optimum when compaction is not delayed appears to be due
to more ¢fficient cement hydration.

6. The moisture-density relationships for silts change little with delay in compac-
tion. However, improvement in the durability of silts is achieved at moisture contents
9 to 4 percent above the moisture content for maximum density with no delay in compac-
tion. Little improvement in the strength is obtained at higher moisture contents.

7. Tt is recommended that, if delays in compaction of 2 to 6 hours are expected, the
compaction moisture of cement-sgtabilized silty loams, silty clay loamns, sandy loams,
and silts should be 2 to 4 percent above the amount required for maximum density as
determined by Proctor test performed with 0-hour delay. The compaction moisture
content of silty clay loams should be 3 to 4 percent above the optimum moigture content
even if no delay in compaction is expected.

8. The use of additional moistur e does not completely counteract the detrimental
effects of delay in compaction; however, it will significantly improve the properties of
compacted soil-cement mixtures with very little extra cost. Additional studies are be-
ing conducted to determine methods of completely overcoming the deficiencies in s0il-
cement ag a result of delay in compaction. Until methade of elimiating the adverse
effects of delayed compaction are perfected, time restrictions between mixing and com-
paction should he strietly enforced.
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Reactions and Strength Development in
Portland Cement-Soil Mixtures
RODGER W. PLASTER and DAVID F. NOBLE, Virginia Highway Research Council

The ultimate goal of this study was to gain insight into the reactions
cccurring in portland cement-goil mixtures. Soils of the Frederick,
Iredell, and Lloyd series commonly found in Virginia were investi-
gated. The effect of their chemical, mineralogical, and engineering
properties and soil weathering stage on suchprocesses as the deteri-
aoration of the secil constituents, the production and consumption of
calcium hydroxide, and strength development of the mixtures is dis-
cussed. Investigative techniques used included X-ray diffraction and
micrescopic analyses, and chemical analyses of water {(for Ca)and
HCI {for 8i, Al, and Fe} leachates of the mixtures. The Frederick
soil constitutents did not appreciably react with the cement, although
gome of the clays in the soil were slightly deteriorated after cement
treatment. The clays and probably other constituents in the B- and
C-horizons of the Iredell and Lloyd svils suffered deterioration after
cement treatment, as indicated by the release of large amounts of
silica and alumina and by the diminution of mineral X-ray peaks.
When the major clay mineral in the soils was considered, the soils
guffered deterioration after cement treatment from greatest to least
in the follnwing order: montmorillonitic soils, kaolinitic soils, illitic
goils. The instability of the C-horizon Iredell socil constituents in a
cement system appeared related to mineralogy. The minerals were
not greatly weathered and were susceptible to the harsh conditions of
an alkaline environment. The greatest guantities of calcium hydroxide
were consumed with kaocolinite as the dominant clay mineral. It ap-
pears that reaction of calcium hydroxide with the soil constituents was
directly proportional, and the development of strength was inversely
proportional, to the magnitude of the clay-size fraction.

#THIS RESEARCH is an outgrowth of a previocus study conducted by David F. Noble in
1967 on the reactions occurring in mixtures of portland cement and relatively pure

clays. It was decided to extend the work of Nobhle to the consideration of clays in their
natural environment of soils. As an ultimate goal it was hoped to gain insight into the

reactiong ocenrring in portland cement-g0il mixturas by studying the reaction products
of the mixtures; the rates of reaction of the mixtures; the deterioration or lack of de-
terioration of clay minerals in the mixtures; and the development of strength in the

mixtures.

MATERIALS INVESTIGATED
Cement

Chemical and physical analyses of the type I cement used in this study are given in
Table 1.

Paper sponsored by Committee on Cement Stabilization.
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TABLE 1

CHEMICAL AND PHYSICAL ANALYSES OF
CEMENT UTILIZED

TABLE 2
SOIL SAMPLE DESIGNATIONS

. Deplh .
8eil N Soil
Ilem Armount Item Amount Series Bample Sm}-}%ed Horizen
Oxide Analysis, Compounds,
pereent percent Frederick F-1 Oto 1.0 A
8iCr, 21.20 c8 52.0 F-2 1.9 1o 3.8 B
F-4 5.6to 7.5 c
ALD, 590 | CS 21.8
i F-H 13.1 to 15.0 o)
Fes 2.34 | C,A 11.68 Fo12 205 to 295 ¢
Cal 64.44 | C.AF 7,11 N -b Lo s
MpgO 2.83 Casd0, 3,71 Ircdell I-1 0.7 to 1.3 A
BO., 2.18 I-3 1.3to 2.0 B
Imn. ioss 0,68 Fineness I-5 3.3 o 4.0 C
g?ozo g';g Percent passing Llayd L-1 0.5 to 2.2 B,
Na 0 equiv D‘ﬁﬂ No. 325 mesh 1.8 L-3 4.3 io 6.4 B,
Frie Ca0 100 Blaine, cm7gm 3,348 L-5 8.5 to 10.6 C
k L-9 16.9 to 19.0 c

Mote: Cement and analyses caurtesy of Standard Lime and Cement Division
of Martin Mariatta.

Soils

The 3 types of goil chosen for this study were (a) a limestone-derived silty clay of
the Frederick soil series that is characterized by its yellowish-red to brownish-red
color and fine-grain size (10); (b) a basic intrusive residuum of the Iredell soil series
that is characterized by the shallow profile, dark color, poor internal drainage, and
extremely plastic clay-pan horizon of the soil (14); and (c) a resilient micaceous soil
of the Lloyd series that is characterized by its thick, heavy-textured subsoil, good
drainage, high mica content, and deeply weathered profile (4). These types were chosen
hecause they are resgidual, and thereby allow some correlation between parent material
and derived soil.

The soils were sampled from fresh road cuts or sampling pits. Twelve specimens,
each representative of a specific varied horizon of the soils, were selected for detailed
study, although the entire profile of the soils was originally sampled. The properties
of these selected samples are given in Tables 2 through 6. The properties were deter-
mined using standard soils, mineralogical, and chemical laboratory techniques.

TABLL 3

MINERALOGY OF THE S0IL3

Sand
Fraction?

Clay
Fraction?

Finc-grained quarlz, limonite,
ferrugineous quartz aggregates

Like F-1

Like F-1 excepl for a few chert
fragments

Like F-4 ~

Like F-4 cxcept for a slight increase
in ferrugineocus material

Quartz, limonite, chlorite, tale,
hornhlende, feldspar, bintite,
ferrugineous guartz aggregates

Biotite, chlorite, quartz, limonite,
hornblende, feldspar, epidote

Chlorite, hiotite, hornblende, fold-
gpar, gquartz, many gabbroic
fragments

Mica, quartz, feldspar, limonite
Mica, limonite, guartz, feldspar
Mica, limonite, quartz

Guartz, mica, feldspar, several
gneigs fragments

Quartz, illite, mixed layer elay, kaollalte,
montmorillonite, goethite

Mixed layer clay, quartz, illite, kaolinile

Mite, quartz, mixed layer clay, kaolinile

Quariz, illite, kaclinite, mixed layer clay
Quartz, illite, kaclipite, mixed layer clay,
montmaorillonite, goethite

Yermiculite, quartz, illite, chlorite,
kanlinite

Nlite, vermiculite, guartz, ¢hlorile,
kaolinite

Monlmorillonite, illite, vermiculite,
guartz, chlorite, kaolinite

Kaolinite, illile, mixed layer clay, guartz

Like L-1

Kaclinite, illite, gquarts, mixed layer clay,
montmorillonite

Kaclinite, illite, mixced layer clay, gquarte,
mentmorillonite

Aninerats listed in order of decreasing abundance.

biingrals listad in order of decreasing X -ray ntansity



TABLE 4
CHEMICAL ANALYSES OF THE SOILE, FERCENT

Sample S0,  ALD, Fe0, CaO MgO Nap KO & Total
F-1 74.50 12.07 5.27 0.14 2.10 1.74 1.95 4,28 102.05
F-2 BE .00 15.43 6.68 (.26 1.85 0.1d 1.96 0,70 100,04
F-4 69.33 14.38 6.38 ¢.00 2.06 1.01 2.01 5.48 100.65
F-8 67.50 14.47 5.98 0.10 2.31 1.55 2.43 5.63 99.97
F-12 T2.00 12.98 5.80 4.08 1.76 1.88 2.56 4.98 102.02
I-1 54,40 10.40 23.89 1.43 0.04 2,60 .67 6.685 95.94
I-2 48.92 21.33 14,93 1.88 1.34 2.06 0.68 8.31 101.45
I-5 45.89 17.07 10.87 7.90 10,04 1.61 1.55 3.64 98.42
L-1 38.38 30.55 18.33 0.28 .00 0.34 1.53 11.75 100,14
L-3 43,67 25,22 18,44 0.00 0.789 0.58 2.41 10.03 101.14
L-5 42.03 23.453 18.44 0.14 1.28 1.16 3.48 8.65 98.63
L-4 60.43 13.08 6,36 0.22 .00 2.13 5.30 6.41 98.12
TABLE 5
GRAIN SIZE ANALYSES OF THE 30ILS
Percentapge by Size Ranges in Microns
Bample 2 000-
> 2,000 '420 420-62 62-31 A1-18 16-8 H-4 4-2 2-1 =1
F-1 .23 0.48 i 11.58 12.33 12,62 9.54 7.64 5.82 36.44
¥-2 0.95 1.47 4.67 6.27 7.48 10,62 4.89 4,05 6.35 45,24
F-4 0.87 1.02 4.26 B.68 10,43 8.93 7.42 7.38 5.18 45,84
F-H 0.68 1.08 4.60 10,35 8.11 10.51 10,15 13.28 7.97 32.31
F-12 0.82 1.96 3.2z 9.90 7.96 10.25 10,15 10.15 6,78 33,01
I-1 23.58 24 Bl 8.94 4,15 3.07 7.8% 5.61 448 3.02 13.74
1-2 2.71 T.01 6.78 3.60 2.26 4.97 3.29 3.37 4,51 f1.50
I-5§ 13.70 28,71 32.61 7.26 2.52 2.72 1.50 1.19 0.80 7.98
-1 0.42 0.89 19.03 4,53 4,71 5.30 4.06 2.47 3.02 55.57
L-3 0.57 0.1 43.50 5,66 8.15 6.90 5.12 2.89 1.66 24,44
L-5 0.28 1,80 53.03 10.03 10,84 6,44 221 2.4y 1.8 8,66
L-9 1.43 7.35 45,71 17.35 8.54 7.27 3.52 1.87 1.21 5.65
TABLE 6
FNATNEFRTNG DROAPRERTIRR OF THE AAIT.R
P . . Oplirmnum
L:Equ}d Plg.st}c Flaaticity Moishire Maximm_n Dry Englnecring
Sample Limit Limit Index Denaity
fporcent) {percent) fperceont) Content (b/eu it) Classification
{percent)
F-1 38 23 15 21.0 102.4 —
F-2 47 30 17 248 97.3 A-7-5(12)
F-4 46 28 18 28,3 8.1 —
F-8 43 27 16 24,4 98.4 A-T-5 (11)
F-12 42 26 16 23.7 99.1 —
I-1 32 22 10 15.5 121.8 -
I-2 84 32 b2 29.5 91.0 A-T7-5 (40)
1-b EE] 24 11 14.1 144.2 A=t (Y]
L-1 51 - ] 2f.8 95,2 A-5 {10}
L-3 - - U 27.5 92.4 —
L-5 - — 0 26.9 82.9 -
L-9 - — o 21.6 96.8 A-4 (0)
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EXPERIMENTAL PROCEDURES
Leachates Made With H,O and HCI

A more complete description of the procedures than that which follows is presented
by Plaster (13).

As a means of inveatigating the chemistry of soil-cement reactions, the minus No,
230 sieve fraction of the soils was dry mixed with 40 percent portland cement by weight.
These mixtures were then combined with distilled water at a solids-to-liquid ratio of 1
to 1 {by weight} and stored in plastic vials at room temperature for curing periods of
2, 21, and 56 days.

In order to determine what chemical interplay had occurred between the scil and ce-
ment, it was decided that a series of leaches made with distilled water and acid golu-
tions might provide some insight into the reactions. Aifter the distilled water leach, the
pH was taken and the suspended material then removed by centrifugation. The distilled
water leachate was set aside for calcium oxide analysig. Another sample of the goil-
cement was leached with 200 ml of 1.0 N HC1. The acid leachate was set aside for anal-
yses of silica, alumina, and iron oxide.

Calcium oxide was determined by titration with EDTA as described by Davis (6}.

Silica, alumina, and iron oxide were determined by absorpiion specirophotometry (§).

X-Ray Studies

Randomly oriented powder specimens were X-rayed through an arc from 2 deg 2 theta
to at least 45 deg 2 theta.

Micrascopic Investigations

Because a study of the fabric and physical bond of scil-cement was considered of
value, thin secfions were made of representative specimens prepared as previously de-
scribed. The curing periods were varied because of the convenient time for making the
thin sections. The curing periods of the thin-section specimens were as follows:

Sampie Curing Period {days)

F-2 125
F-8 150
I-1 97
I-2 97
1-5
L-1
L-9

97
95
95

Thin discs were cut from the centers of the vials and impregnated under vacuum with
Permount, a synthetic resin mixed with 40 percent toluene. After the discs wereground
down to approximately 30 microns, the thin sections were studiedunder the petrographic
microscope.

Strength Studies

In an effort to relate unconfined compressive strength gain to soil-cement reactions,
6 Harvard-size specimens of each soil sample and 6 more containing 10 percent portland
cement were molded at optimmm moisture content and maximum density. After curing
for 7 days in a moisture room at 23 C, the specimens were tested in a Soiltest Versa-
tester, Model 30M, stress-strain apparatus.

RESULTS AND DISCUSSION
Leachings of Calcium Oxide Made With Distilled Water

Water leaches, as stated earlier, were conducted at 2- and 56-day curing periods
in order to determine the amount of easily soluble calcium in the various soil-cement
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Figure 1. Percentage of potential Ca{OH), leached from the Frederick soil-cement
specimens.

mixtures. The mixtures, as shown by X-ray analysis, were either noncarbonated or
only very slightly carbonated.

Calcium in hydrating cement is easily leached from only one source—calcium hy-
droxide, either crystalline or noncrystalline (11). It was therefore hoped that the
quantity of calcium leached might serve as a measure of the amount of calcium hydrox-
ide in the soil-cement specimens. This measure, in turn, when compared with other
data, might serve ag a guide to the extent of hydration of the samples and might offer
gome insight into any reactions cccurring between the soil and portland cement.

Throughout the following discussion calcium data, given as a measure of caleium
hydroxide production, are often referredtoas apercentage of potential calcium hydroxide.
This percentage of potential calcium hydroxide is based on calcium hydroxide being 25
percent of fully hydrated cement (3). The reader is reminded, however, that at neither
the 2- nor 56-day curing periods would the cement be fully hydrated (5). Therefore,
percentages of potential caleium hydroxide will always be less than 100 percent.

Frederick Soil-Cement Specimens—Although there were A-, B-, and C-horizons
present in the Frederick soil sampled, physical and chemical properties did not vary
greatly down the soil profile. Therefore, it was not surprising that, as is shown in
Figure 1, the amount of potential calcium hydroxide leached from the 5 different sam-
ples was remarkably similar for the same curing periods.

The amounts of caleium leached by water after each curing period seem to indicate
thai cement hydration and the formation of caleium hydroxide were proceeding at a nor-
mal rate (15). The increase in amount of calcium leached from the 2-day curing period
to the 56-day curing period indicates that calecium hydroxide was being produced at a
rate greater than its consumption. Thus it is implied that no significant reaction has
occurred between the soil constituents and the cement and that the soil materiala have
not restricted the hydration of the cement.

The data given in Table 7 attempt to show the correlation of the difference in percent-
age of potential calcium hydroxide leached by water from the 2-day and 56-day cured
specimens to the mineralogy and magnitude of the clay-size fraction. As the data given
in Table 3 show, the gross mineralogical composgition of the Frederick clay-size fraction
was relatively constant, although traces of montmarillonite and goethite were in F-1 and
F-12. However, the relative quantities of the minerals varied glightly. With quartz and
illite the dominant clay-size minerals in F-8, the greatest increase in leached caleium
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hydroxide occurred. The principal varia~ TABLE 7
tionin¥F-1land F-12as compared with F-8 LEACHED Ca{OH}, AND CLAY SIZE DATA
was t_he presence of montmor.ﬂlomte, and ercen  Dilference in
the difference in leached calcium hydrox- Clay af Leached
ide decreased. Without montmorillonite o . Clay Size Material oo lOn)
but with the relative abundance of quartz Mineralogy Passing minus
. . Ho. 230

decreased and the total clay-size fraction Steve Maysi
increased, ag in F-2 and F-4, the calcium peren
hydroxide leached further decreased. It F-4 Q I, K, ML 45.0 +38
is apparent that even extremely fine- m 9 L ML, K, M, G 13.2 18

: L ! F-i2 @ L K, ML, M, G 19.5 +21
grained quartz neither impeded the forma- F-2 ML, @, I, X 55.5 +13
mation nor contributed to the consumption  F¢ I @ ML K 55.4 +10
of calcium hydroxide. However, with a {‘i‘ %"(Ij LaChK i:‘g 'g
slign?fi’ca.nt increase inthe _rela.tively inac- I-2 L'V, Q Ch K 79.5 o
tive :_1111te as well ag the muced-lay:er cl'ay, L-9 X, 1, ML, Q M 17.2 .2
or withthe appearance of montmorillonite, L-5 X, I, @ ML, M 20.0 -6
either the production of calcium hydroxide 7} Py 3 -2 et
is hindered or some calcium hydroxide is  —— i —

d Listed in order of increasing clay percentage.

consumed. B = quertz; | = illite; K = kaolinite; ML = mixed layar: M = montroril-

The pH data on the Frederick soil- lonite: G = gaethite; ¥ = vermiculite: and Ch = chlorite
cement specimens do not seemto indicate
anything in particular other than that there
was little disparity in pH among the samples. The highest pH value was 11.61 (F-2, 56-
day cure) and the lowest pH value was 11.12 (F-8, 2-day cure). These data again point
up the uniformity of the Frederick samples in their reaction with cement.

There was a direct relationship hetween the pH of the Frederick soil-cement speci-
mens and the amount of calcium leached. Thus, it appears that the amount of caleium
hydroxide present in the specimens determines the alkalinity of the goil-cement system.

Iredell Soil-Cement Specimens—The Iredell soil, unlike the Frederick, displays a
great deal of variation in properties with profile depth. As a regult, samples from dif-
ferent horizona of the soil reacted somewhat differently to cement treatment.

The leached A-horizon of the Iredell soil (sample 1-1), as shown in Figure 2, yielded
approximately 10 percent more calcium than the B- and C-horizons of the goil, and
there was a slight increase from the 2-day to the 56-day cure in calcium leached. The
specimens containing s0il from the B- and C-horizons not only yielded leas of the po-
tential calcium hydroxide at both curing periods but also showed decreases from the
2-day to the 56-day cure in the amount of calcium leached. The factors influencing this

61
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Figure 2. Percentage of potential Cal[OH:l2 teached from the lredell
soil-cement specimens.
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digparity between the leached A-horizon and the B~ and C-horizons concerning reactions
to cement treatment will be discussed in the section on acid leaches.

The calcium value for the 2-day cure of the Iredell leached A-horizon soil-cement
gpecimen very closely resembles those of the Frederick specimen, although all 3Iredell
gpecimens yielded much less calcium than the Frederick at 56 days. Apparently, in the
leached horizon specimen of the Iredell, calcium hydroxide production was slowed after
2 days of curing, or calcium hydroxide was consumed in some manner other than in nor-
mal cement hydration processeg. One possibility is that reaction of the cement with
goil materials may have occurred, causing deletion of calciumn hydroxide.

Calcium data on the specimens containing soil from the B-horizon (I-2) and the C-
horizon (I-5) are remarkably similar, as is shown in Figure 2. This similarity is sur-
prising because sample 1-2 was a clay-pan soil and sample I-5 was a sandy saprolite.
The data on both samples indicate that the presence of soil constituents either restricted
the production of calcium hydroxide or caused rapid consumption of calcium hydraxide.
Because the C-horizon of the Tredell soil 18 coarse-grained, it would not be expected
that this soil would react to cement treatment in the same manner as the clayey B-
horizon. It should be remembered, however, that only material passing the No. 230
sieve was used in the leachate studies. Of the minus No. 230 material, appraximately
35 percent of the C-horizon 80il was clay sized (< 2 microns). This high percentage of
clay, in combination with other factors such as mineralogy, may account for the similar
behavior of the B- and C-horizon soil-cement samples.

Data on pH'8 of the Iredell specimens were lower than thoge of the Frederick speci-
mens. The values ranged from 10.21 (I-2, 56-day cure) to 11,30 {I-1, b6-day cure}.
Like the Frederick samples, the pH values roughly paralleled the amounts of calcium
leached.

Lloyd Soil-Cement Specimens—Calcium data on the specimens containing Lloyd soil
were neither consistently similar as in the Frederick specimens nor predictably dis-
similar as in the Iredell specimens. As shown in Figure J the amount of potential cal-
cium hydroxide leached varied widely in soil-cement specimens containing soil from
different depths in the Lloyd profile.

One relationship of the specimens is immediately obvious in Figure 3—lesgs calcium
hydroxide was leached from the specimens cured for 56 days than those cured for 2
days. This relationship indicates that calcium hydroxide was originially tormed and

0 -

LIV o -
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8
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‘ 2 Day Cuxc 56 Duy Cure

Figure 3. Percentage of potential CalOH}, leached from the Lloyd soil-
cement specimens.
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then was consumed in some manner. Thig consumption process was more pronounced
in some specimens, especially the clay-rich ones, than in others (Table 7). The clay-
gize mineral suites of the Frederick and Lloyd specimens are so similar that they per-
mit evaluation of the effect of kaolinite on the difference in quantity of leached calcium
hydroxide with curing time {Table 7). Very small quantities of kaolinite were present
in the Frederick specimens, and the difference in quantity of leached caleium hydroxide
increased with curing time, i.e., calcium hydroxide accumulated. Kaolinite is the
dominant clay in the Lloyd specimens, and the negative difference in quantity of calcium
hydroxide leached became -greater as the clay content increased. Thus the rate of cal-
ciutn hydroxide consumption must have exceeded the rate of production, and did soto a
greater extent with kaolinite than with any other clay mineral present.

If the typical B-horizon (L--1) and C-horizon {L-9) samples of the Lloyd soil are con-
sidered, 2 vastly different sets of calcium leachate data are available. (The Lloyd
A-horizon, or leached horizon, has been eroded.) Approximately 52 percent of the po-
tential calcium hydroxide was leached from soil-cement specimen L-1 after 2 days of
curing, but only 21 percent of the potential was leached after 56 days of curing. From
specimen L-8, however, only 21 percent of the potential was leached at 2 days and 1B
percent at 56 days. This difference in the calcium leachate data indicates a difference
in behavior of the B- and C-horizon soils when treated with portland cement. Aspointed
out earlier, neither sample appeared to hydrate at a normal rate, and therefore each
has reacted with the cement in some manner. Large amounts of caleium hydroxide
formed early in the B-horizon gpecimens indicating quick, almost accelerated, hydration
of the cement. With further curing the calcium hydroxide appears to have been con-
sumed and the caleium converted to a less leachable form, thus explaining the low 56-
day leachate values. In the case of the C-horizon specimens, amall amounts of the po-
tential calcium hydroxide were leached after 2 days of curing and even smaller amounts
at 56 days. This situation lends itaelf to either or both of 2 explanations: (a) Soil con-
gtituents may have prevented the initial formation of large guantities of calcium hydrox-
ide; or (b) calcium hydroxide may have been produced in quantity but was rapidly con-
sumed and the calecium tied up in less leachable componds.

The pH values of the Lloyd specimens varied widely, ranging from a low of 9.48
{(specimen L-1, 56-day cure) to a high of 11.30 (specimen L-5, 56-day cure). Although
a general trend prevailed, the pH did not always decrease or increase correlative to a
decrease or increase in calcium leached from the 2-day to the 56-day cure. Soil prop-
erties must have affected the pH of the soil-cement gystems in some manner; unfortu-
nately, thege properties and subsequently their effects could not be determined,

Leachings of Silica, Alumina, and Ferric Oxide Made With
Hydrochloric Acid

The soil and soil-cement specimens were leached with 1.0 N HC1 in order to deter-
mine the solubility of silica, alumina, and ferric oxide in the soils before and after ce-
ment treatment. Tt was thought that, if these componds were more or less acid soluble
after cement treatment, some knowledge of the reactions occurring in the specimens
might be derived. Whenever possible, information obtained from the water leachate
and X-ray studies was correlated with the acid leachate results.

In the following discussion frequent reference is made to the calculated values given
in Table B. These values represent the amount of silica, alumina, or ferric oxide ex-
pected to be leached from each of the soil-cement specimens, assuming a normal rate
of cement hydration and congidering the dilution effect of the water of hydration. The
values are the sum of the ppm of silica, alumina, or ferric oxide leached from the
amount of soil in a soil-cement specimen plus the ppm of silica, alumina, or ferric
oxide that it is theoretically possible fo leach from the amount of cement in a soil-
cement specimen, provided the cement is 50 percent hydrated. If normal type I port-
land cement hydration rates are congidered, the specimens cured for 2 days would be
approximately 50 percent hydrated, those cured for 21 days would be about 75 percent
hydrated, and those cured for 56 days would be better than 80 percent hydrated (5). It
is congidered, therefore, that the assumption of 50 percent hydration of the cement in
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TABLE 8
ACID LEACHINGS OF OXIDES FROM SOIL AND CALCULATED VALUES

Caleulated . Caleulated
Sample Oxide Snzil ﬁr;l}' Valued Sample Quide S(alpglr;ly Vetued
PP {ppm) ippm)

F-1 BiO, 5.4 193.4 L-1 AlD, 9.9 61,4
F-2 8i0, 3.2 191.2 L-3 ALD, 7.2 55.2
F-4 310, 4.8 142.8 L-5 A0, 7.2 59.2
F-4 810, 3.5 1691.5 L-9 ALD, 8.8 60.8
F-12 Bl 1.6 188.6 F-1 Fe0, 0.8 213
I-1 810, 3.2 191.2 F-2 Fey 0, 4.8 25.3
I-2 10, 7.2 195.2 F-4 Fe.D, .8 21.3
I-5 810, 9.3 197.3 r-8 Fe0, 4.8 25.3
L-1 80, 8.4 1944 | F-12 Fe s 1.0 2.5
L-3 8i0, 5.1 193.1 I-1 Fef, 2.4 24.9
L-5 BiO, 4.8 192.8 I-2 Fe 0, 5.1 25.6
L-9 BiC, 4.0 192.0 I-5 Fe O, 2.9 23.4
F-1 AL, 8.2 60.2 L-1 Fe )y 0.0 20.5
F-2 AlLD, 13.1 85.1 L-3 Fe 0O, 1.3 21.8
F-4 Al 13.6 65.6 L-& Feo, 2.7 23.2
F-8 A1, 13,1 65.1 L-9 FeO, 2,1 22.6
F-12 ALO, 10.4 62.4

I-1 AL, 9.1 B1.1

I-2 A1,0O, 13.9 65.9

I-& ALQ, 8.8 60.8

hpm possible from cement (50 pereent hydrated) plus pprm leached from soil sample only.

the gpecimens is not unwarranted and for the last 2 curing periods is, in fact, a con-
gservative eatimate.

The data shown in Figures 4 through 12 are the ppm of silica, alumina, or iron oxide
acid leached from the soil-cement gpecimens in excess of the calculated values.

It will be shown in the following discugsions that all the soil~cement specimens
leached more than the expected calculated values. This situation may be explained in
2 ways: (a) The cement in the specimen may not be 50 percent hydrated, thus resulting
in greater than expected leachates of silica, alumina, and iron oxide because of the ab-
sence of predicted water of hydration; or (b) some of the clays in the soil may have
slightly deteriorated releasing small quantitics of silica, alumina, and iron oxide.

Frederick Soil-Cement Specimens—Acid leaches of the Frederick specimens again
polnted up the uniformity of soil properties down the profile. Figures 4, 5, and 6 show
that even at different curing periods all 5 soil-cement specimens leached almost the
oamc amounts of gilica, alumina, and ferric axide.

Comparigon of the leachate data of the Frederic specimens shows that in all instances
the specimens leached practically the expected amounts of gilica, alumina, and iron
oxide. Because the leachate data were neither noticeably lower nor higher than the ex-
pected values, it must be concluded that the cement in the specimens hydrated at a nor-
mal rate and that there was little or no soil-cement reaction with its attendant deteriora-

tion of the clays.
HnWPVPT': 2 _‘r‘elg_tir’mn.hipg of tha lineg man indicots como alicht ranctionm of the andl
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with the cement: {(a) Most of the curves show increased leachate values after 56 daye of
curing, thus indicating that limited deterioration of the soil components may have oc-
curred with time; and (b) the specimens containing soil from the leached horizon (sample
F-1) always leached less than the specimens made with soil from the zone of clay ac-
cumulation {sample F-2), thus implying that the clay zone in the Frederick is more sus-
ceptible to cement attack than the other horizons in the soil.

The reason for the very slight reaction of the soil constituents with the cement appears
related to mineralogy. The major clay in the Fredericksoilisillite. Inprevious studies
concerned with this project (11), it was noted that of the relatively pure clays investigated
the one showing least deterioration when mixed with cement was illite. It appears, there-
fore, thatthe apparent lack of soil-cement reactions inthe Frederick specimens may be




related to the fact that the soil contains
large amounts of the more stable clay,
illite, instead of less stable minerals,
Iredell Soil-Cement Specimens —As was
the case with the water leaches, the vari-
ous horizons of the Iredell also yielded
different acid leachate results. Figures
7, 8, and 9 show that when mixed with ce-
ment the leached horizon specimens (I-1)
released much smaller quantities of silica,
alumina, and iron oxide than did the B-
and C-horizon specimens (I-2 and I-5).
The specimens made with soil from the
Tredell leached zone (I-1), like all of the
Frederick specimens, appear to have hy-
drated at a normal or almost normal rate
with little scil-cement chemical interac-
tion oceurring. The amounts of silica,
alumina, andiron oxideleached were only
slightly higher thanthe expected calculated
values. The apparent lack of chemical re-
actions appears related to weathering and
the resultant mineralogy. The Bsevere
leaching of the Iredell A-horizon has de-
veloped a relatively stable mineralogical
guite, with vermiculite, quartz, and illite
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reapectively the principal clay-size min-
erals. If theIredell A-horizon i58 in equi-
librium with weathering conditions near the
land surface, and if the cement environ-
ment is analogous to a weathering environ-
ment, albeit rigorous, then it follows that
further breakdown andreaction of the goil
with cement would not be expected.

The B-horizon soil-cement specimens
{1I-2), as shown in Figures 7, 8, and 9,
leached much more silica, alumina, and
iron oxide than theleached horizon speci-
mena {I-1). When compared with the ex-
pected calculated values, the B-horizon
goil-cement specimens leached an average
of 89.1 ppm more ailica, 28.5 ppm more
alumina, and 22.9 ppm more iron oxide.
Furthermore, the excess amounts leached
increased with the length of the curing
period. These excess amounts of silica,
alumina, andiron oxide cannot be explained
by slowed curing of the cement. In such a
case lesser amounts of water of hydration
would cguse the calculated values to be
higher, but not greatly higher. The excess
amounts can be explained only by cement
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Figure B. Excess alumina acid leached from Iredell
sofl-cement specimens.
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attack and breakdown of the clays in the soil. The reactions possibly could have oc-
curred with amorphous materials, but the end result is the same—cement reaction has
caused these s0il materials to deteriorate and become more acid leachable.

A relationship between the water leachate {calcium) data and the acid leachate (silica,
alumina, and iron oxide) data exists for specimen I-1 and other specimens described
later in which deterioration of the goil constituents appears to have occurred. The cal-
cium data were always low, and the silica and alumina data were always high; in some
instances the iron oxide data were also high. This relationship suggests that the clays
have deteriorated and that contemporaneous combination of the silica, alumina, and
iron oxide with calcium hydroxide has resulted in the formation of relatively insoluble
hydrated caleium silicates, aluminates, and ferrites.

The C-horizon soil-cement specimens (I-5) of the Iredell, like the B-horizon speci-
mens, yielded acid leachate values much larger than expected. Also, asinthe B-horizon
specimens, the values increase with the curing time. Again it appears that soil-cement
reactions have caused silica, alumina, and iron in the goil to become more acid leach-
able. It would be interesting to postulate which soil constituents were involved. As was
noted earlier, although the C-horizon of the Iredell is a saprolite, the soil fraction used
in the leachate studies contained appreciable clay. This clay is largely montmorillonite,
which has been shown to deteriorate rapidly in a cement environment {9, 11). This de-
tericration would result in high silica and alumina (and possibly iron) concentrations
when the specimens were leached with acid. Also, in contrast to the leached zone of
the Iredell, the C-horizon has not undergone as severe weathering. The lower subagoil
is protected from downward seeping waters by an overlying impermeable clay zone.
The minerals in the C-harizon are not in equilibrium with surface conditions and would
be extremely susceptible to weathering. The harsh alkaline conditions of a cement en-
vironment might very easily cause deterioration of these minerals, again resulting in
high silica, alumina, and iron leachate values.

A final comment on the C-horizan specimens concerns the very high iron leachate
values, which increase with continued curing. Iron is abundant in the Iredell soil and
near the land surface has been oxidized into limonitic concretions. This oxidized iron
is not readily soluble, especially in an alkaline environment {7), and the low iron leach-
ate values of specimen I-1 would be expected. Lower in the soil profile, however, the
iron has not been oxidized and in the stagnant, poorly drained environment of the C-
horizaon it probably is pregent in the more soluble ferrous state {8). It appears, there-
fore, that the ferrous iron originally dissolved in the apecimens reacted with the ce-
ment and was precipitated as acid soluble compounds. More of the ferrous iron was
dissolved, reacted, and precipitated. This continuing process would explain the in-
creasingly high iron leachate values found for the C-horizon specimens. In order to
confirm thig hypothesis, however, further work needs ta be done on the hydration of
cement in a ferrous iron-rich solution.

Lloyd Soil-Cement Specimens—In the section on water leaches it was noted that the
different Lloyd specimens leached varied amounts of calcium. Figures 10, 11, and 12
show that the specimens also had varied acid leachate results. Also, it was stated that
the amount of caleium leached from the specimens by water decreased from the 2- to
the 56-day cure. With the exception of the silica data for specimen L-5, a reverse
trend is noted for the acid leachate results, The amount of gilica, alumina, and iron
oxide leached increased with the curing time. Figures 10, 11, and 12 show that much
more than the expected amounts were leached from all of the specimens. Thig inverse
relationship between the water and acid leachate data seems to indicate, as was men-
tioned earlier, that caleium hydroxide formed in the specimens and then was consumed
in reactions with scil constituents. Thus, the amount of caleium leached would de-
crease with the usage of calcium hydroxide, and the amount of silica, alumina, and iron
oxide leached would increase with the formation of acid soluble reaction products.

Il the specimens containing pure B-horizon soil (L.-1) and those containing pure C-
horizon soil (L.-9)} are considered, it will be noted that they have similar leachate data.
The I,-1 and L-9 curves shown in Figures 10, 11, and 12 roughly parallel each other,
illustrating this similarity. The large amounts of silica and alumina leached from both
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sets of specimens after cement treatment
indicate that the soil constituents have
deteriorated in the cement environment.
The very large amounts of aluminaleached
seem to indicate breakdown of the abun-
dant kaolinite in the soil. In comparigon
with the Frederick and Iredell specimens,
it appears that kaolinite i3 much more
gusceptible to cement attack thanillite and
practically as gusceptible to cement attack
as montmorillonite. This same ranking
of pure clay minerals was found by Noble
{11). The very high silica and alumina
leachate data of specimen L-1 are easily
explained because the soil used contained
over 70 percent clay. The large amounts
leached fromthe L.-9 specimens, however,
are more difficult to explain because the
soil fraction used contained less than 15
percent clay. Deterioration of the clay
may have contributed some of the excess
silica andalumina, but breakdown of some
of the primary minerals in the soil must
alsohave taken place. Probably the easily
weathered feldspar in the C-horizon was
broken down by the cement.

160 —
140 |
120 R

100+

p.m.

aot L1~

60L/ -
L-3~,

4071

ALUMINA,

0 10 20 a0 40 50 60
CURING TIME IN DAYS

Figure 11. Excess alumina acid leached from Lloyd
soil-cerment specimens.

160

140}t ]

120

100

p-p-m.

80

60

SILICA,

40

20

CURING TIME IN DAYS

Excess silica acid leached from Lloyd soil-
cement specimens.

Figure 10.

80

70

60+ -

p.p.m.
L
o

I
o

IRON OXIDE,
L
=]

| L-5
N S —
-
““1-9
o i F —_ —
o] 10 20 30 40 RO &0

CURING TIME IN DAYS

Figure 12. Excess iron oxide acid leached from Lloyd
soil-carment specimens.



59

X-Ray Investigations

Unfortunately the slides prepared for this part of the study were X-rayed at different
times by different technicians using different diffractometer settings and possibly dif-
ferent diffractometer alignments. It was not possible, therefore, to immediately dis-
tinguish changes in relative X-ray intensities of the soil-cement constituents. Intensities
could be approximated, however, by using quartz occnrring in the soils as an internal
standard; i.e., it was agsumed that, in the presence of reactive clay minerals, the
guartz was nonreactive and did not change in X-ray intensity in any of the slides of the
same sample. In the following discourse, therefore, any reference to intensity changes
is based on the use of such a quartz standard.

Also it should be pointed out that primary attention was focused on any changes in
crystallinity of the clays in the soils, hecause these minerals were thought the ones
most likely to react with cement.

Frederick Soil-Cement Specimens—In the X-ray studies the uniformity of the Fred-
erick soil was again evident, There was little difference in the X-ray data of soil-
cement specimena prepared with soil from different profile depths. Consequently, all
of the Frederick specimens are treated collectively in this discussion.

Illite, the major clay mineral of the s0il, was present in both the 2- and 56-day
cured specimens, although its peak intensities were slightly diminished, Mixed layer
clay was evident in all of the specimens, but the basal d-spacings were more disordered
than in the untreated soil, indicating at least some lattice disruption. Kaolinite, the
third most abundant clay mineral in the soil, was noticeably diminished or absent in all
of the specimens. Basal kaolinite peaks were recognizable, but considerably reduced
in intensity in specimens F-2, ¥-8, and F-12 at 2 days, and were ahgent at 56 days.
The same peaks were ahsent at both 2 and 56 days in specimens F-1 and F-4.

Although the masking effect of fine-grained cement hydration products may have af-
fected the X-ray reflections of the clay minerals, the data appear to indicate something
moare. The slight peak intensity diminution of illite, the lattice disruption of mixed
layer clay, and the disappearance of kaolinite peaks are interpreted as evidence of ce-
ment attack of the clays. This evidence may account for the minor amount of soil de-
terioration that was postulated in the discusgion of the leachate studies.

Several cement hydration products were developed in the Frederick as well as the
Iredell and Lloyd soil-cement specimens. Identification of these compounds was ham-
pered, however, because of their poor crystallinity and the interference offered by
X-ray reflections of soil minerals. As a result, attention was focused on the better
crystallized compounds of calcium hydroxide and calcium monosulfoaluminate. Calcium
silicate hydrates of the tobermorite variety may have developed in all of the specimens,
but the definitive peaks of tocbermorite were, in all cases, shadowed by the peaks of
other constituents,

Calcium hydroxide was evident in all of the Frederick specimens after 2 days of cur-
ing and at 56 days showed even greater development. Because calcium hydroxide is a
major product of the hydration of cement, it seems that the presence of the Frederick
soil constituents has not greatly inhibited cement hydration. Instead it appears that hy-
dration has proceeded at a steady, if not increasing, rate. Calcium monosulfoaluminate
was developed in all of the specimens except F-1 at the 2-day cure. It was present,
however, in F-1 at 56 days and the 9 i X- -ray peak was increased in intensity at 56
days in specimens F-8 and F-12,

Iredell Soil-Cement Specimens—=Soil-cement specimens made with material from
different horizons of the Iredell soil had contrasting X-ray data.

The most abundant clay in the leached horizon (specimen I-1) is vermiculite. After
2 days of curing this mineral persisted, but with reduced X-ray intensity. The same
Bituation prevailed at 56 days. The minor clay constituents of the soil, illite and chlo-
rite, were also slightly reduced in intengity at 2 and 56 days. The X-ray peaks of all
3 clays were more disordered after cement treatment than in the untreated samples,
indicating some deterioration of the clays. X-ray peaks of calcium hydroxide were
easgily recognized and of about equal intensity in both the 2- and 56-day cured I-1 speci-
mens. Development of the compound appeared about the same as that in the Frederick
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specimens, again demonstrating the similarity of reaction of the Iredell leached zone
and the Frederick specimens, If calecium hydroxide production is again used as an in-
dex, the soil of the leached horizon showed more enhanced cement hydration than the 2
horizons lower in the Iredell profile.

The high clay content of the Iredell B-horizon showed a great effect on cement hydra-
tion. Alsc the X-ray diffractograms indicated that the clays had been substantially ai-
fected by the cement.

Tllite, vermiculite, and chlorite were evident in the B-horizon specimens after 2days
of curing, but after 56 days only vermiculite was readily identified. Calcium hydroxide
was not detectable at 2 days and appeared with only trace intensities at 56 days. These
data might appear to indicate that only small amounts of calcium hydroxide formed. The
diffractogram absence of calcium hydroxide, however, may not mean that it was never
formed, but it may have been produced and then reacted with silica and alumina in the
clay minerals, It is also possible that noncrystalline caleium hydroxide formed, which
would not be detected by X-rays. Leachate data, however, will not support thig latter
hypothesis because only small amounts of ealcium were leached from the specimens.

The C-horizon of the Iredell contained very little quartz. As a result, no standard
was available for semiguantitative estimation of peak intensities. Nevertheless, it was
obvicus that montmorillonite, the major clay mineral of the C-horizon, was affected by
the cement environment. The original 14.5 i peak of the mineral appeared aiter cement
treatment as a broad, disordered band of peaks ranging up to 17 1. The increased
d-spacing and resultant lattice expansion may indicate that cement attack was taking
place between the mineral layers, or the expansion may simply have been due to the ab-
sorption of interlayer water. The low intensity illite peak at 10 L originally present in
the s0il samples appeared unaffected alter cement treatment, again illustrating the sta-
bility of illite in a cement environment.

Calcium hydroxide was developed in the C-horizon scil-cement specimens, but not
nearly as well as in the leached zone specimens. It appeared about equally developed
in both the 2- and 56-day curce. Calcium monosulfoaluminate was well developed in
both the 2- and 56-day cures.

Lloyd Soil-Cement Specimens—X-ray data of the Lloyd specimens indicated that de-
terioration of some of the mineral constituents had occurred. Also, all 4 specimens
showed some development of calcium hydroxide, but the rompound appeared much less
developed than in the Frederick specimens. The following is a discussion of the B-
horizon {L.-1) and C-horizon (L.-9) soil-cement specimens.

In the B-horizon specimens kaolinite waa considerably reduced in X-ray intensily,
but the peaks were still eagily discerned. The other major clay minerals in the B-
hurizow, wmixed layer clay and illite, displayed very disordercd X ray pcake in diffracto-
grams of the goil alone, and it was extremely difficult to determine if any changes had
taken place after cement treatment. Calcium hydroxide digplayed low intensity peaks
after 2 days of curing and even lower cnes after 56 days. The low peaks at b6 days are
understandable because only small amaunts of calcium were leached from specimen L-1
at that time. But the low peaks at 2 days were not expecled because very large amounts
of calcium were leached. It is possible that at 2 days large amounts of calcium hydrox-
ide were nregent, but the compound had not erystallized and was largely in an amorphous
state. It ig also possible that the caleium hydroxide was entirely crystalline, but the
abundant clays in specimen L-1 were absorbed onto the surface of the crystals. Thus,
many of the X-ray reflections of the caleium hydroxide might be masked. Calcium
monosulfoaluminate was slightly developed in the L-1 specimens 4l 2 days, but at 58
days it was absent. '

X-ray diffractograms of the C-horizon specimens (L.-9) were practically identical at
the 2- and 56-day curing periocds. Kaolinite peaks were greatly diminished in intensity,
indicating deterioration of the clay. Illite was not reduced in intensity. Mixed layer
clay was slightly diminished. Feldspar peaks were reduced in intensity, perhaps indi-
cating that this mineral had reacted with the cement, as was postulated in the gections
on leachates. Small amounts of calcium hydroxide were detected in the L-Y9 specimens,
and ealcium monosulfoaluminate was well developed.
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Microscopic Studies

Petrographic investigationsg of thin sections showed the gross structure and general
compogition of the soil-cement gpecimens. Most of the constituents were extremely
fine grained and, as a result, detailed studles of the soil-cement relationships could
not be conducted.

In the Frederick sections some of the clay was flocculated, but generally clay, quartz,
and cement products were diffusely distributed. Some of the quariz graing were coated
with clay. A few patches of calcite were present and calcium hydroxide was developed.

Clay, quartz, biotite, calcium hydroxide, and a small amount of calcite were identi-
fied in the leached horizon section (I-1)of the Iredell specimeng. The constituents were
coarser grained than in the Frederick section, and the clay was highly flocculated. In
geveral instances cementation of 2 mica shards by calcium hydroxide and other cement
products had taken place. The cement products were often seen penetrating into the
clay flocs.

The s0il and cement constituents in the Iredell B-horizon section (I-2) were extremely
fine grained. The clay was well flocculated into irregular masses, often including sev-
eral quartz grains. In general, the cement surrounded the clay floca, but in a few cases
cement was present within the floca. Calcium hydroxide was not identified.

Calcium hydroxide was not identified in the C-horizon specimens (I-5) of the Iredell.
Hornblende, biotite, and chlorite were present. Very little of the clay was flocculated,
but it was intimately mixed with the cement matrix. In one instance cement was noted
eating into the edges of a biotite flake.

The clay was well flocculated in the B-horizon soil-cement section {L.-1) of the Lloyd
gpecimens. Illitic material appeared more abundant than X-ray studies had indicated.
In some cases clay had coated quartz grains and surrounded patches of cement. The
matrix was a mixture of clay, quartz, and cement. Calcium hydroxide was not
identified.

Again calcium hydroxide was not identified in the C-horizon soil-cement gection (L-9)
of the Lloyd specimena. Very little clay was present in the slide, but quartz, feldspar,
and mica were abundant. Many of the smaller aoil particles were cemented together in
isclated patches, and larger quartz and feldspar grains were often coated with cement.

Strength Development Studieg

The results of the unconfined compressive strength tegts are given in Table 9. The
following observations were made;

1. Unconfined compreagive strengths increased at least fourfold for the specimens
after cement treatment, and in several instances increases were greater than twentyfold;
2. In general, the B-horizon gpeci-
mens had lower strengths than the C-horizon

gpecimens after cement treatment;

TABLE 8 ‘ :
SEVEN-DAY UNCONFINED COMPRESSIVE STRENGTHS .3'. Spe(_:lmen 1-1, the oln].y highly leached
OF HARVARD-SIZE SOIL AND SOIL-CEMENT goil investigated, had a high strength after
SPECIMENS cement treatment;
Strongth (pei) 4. Comparisonswith thegrainsizedis-
Bample tributions of the soils appear to indicate
No Cemant 10 Percent Cement  4hat the amount of clay in the soils was
F-1 52.9 329.1 more important in determining short-term
5 n2 gg‘ég soil-cement strength gainthan was the type
F-H 8.4 196.5 of clay; and
F-12 47.4 s21.2 5. No easily recognized relationship
I-1 19.6 461.3 existed between the leachate and X-ray
b o R data of the soil-cement specimens and the
-1 3.6 800.1 development of strength. The strength
L-3 51.5 266.0 gain of the apecimens did not appear
Lt 2.2 i related to chemical reactions of the soil

and cement.
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CONCLUSIONS
The fellowing are socme of the more important conclusions obtained from this study.

1. The Frederick soil constituents did not react appreciably with the cement, al-
though some of the clays in the soil were slightly deteriorated after cement treatment.

2. As shown in the Frederick specimens, guartz neither impeded the production of
nor contributed to the consumption of calcium hydroxide.

3. The clays and probably other constituents in the B- and C-horizons of the Iredell
and Lloyd soils suffered deterioration after cement treatment, as indicated by the re-
lease of large amounts of silica and alumina and by the diminution of mineral X-ray
peaks.

4. When the major clay mineral in the soils was considered, the soils appeared to
suffer deterioration after cement treatment from greatest to least in the following order:
montmorillonitic 8oils, kaolinitic soils, illitic soils.

5. The greatest quantities of calcium hydroxide were consumed with kaolinite as the
dominant clay size mineral.

6. It appeared that reaction of calcium hydroxide with the s0il constituents was pro-
portional to the magnitude of the clay size fraction.

7. It appeared that amorphous calcium hydroxide was present in at least two of the
specimens investigated.

8. The instability of the C-horizon Iredell 8o0il constituents in a cement system ap-
peared related to mineralogy. The minerals in the soil were not greatly weathered and
were susceptible to the harsh conditions of an alkaline environment.

9. Iron in at least two of the Iredell specimens was highly reactive with or easily
dissolved hy the cement or both. This situation appeared related to the probable fer-
rous state of the iron.

10. The amount of clay in the soil-cement specimens appeared more important than
the type of clay in determining short-term strength development.
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Factors Affecting the Tensile Strength
of Cement-Treated Materials

RAYMOND K. MOORE, THOMAS W. KENNEDY, and W. RONALD HUDSON,
Center for Hiphway Research, University of Texas at Austin

Recent theoretical and analytical advances concerned with pavement
failures due to excessive tensile stresses or straing or both within the
soil-pavement system have placed added emnphasis on the investigation
of tensile properties of highway construction materials. This study
evaluates the factors and interactions affecting the tensile character-
istics of cement-treated materials. Nine factors were investigated:
cement content, molding water content, aggregate gradation, curing
time, curing temperature, type of aggregate, type of curing, type of
compaction, and compactive effort. The first five were investigated at
3 levels and the last four at 2 levels in a statistically designed frac-
tional factorial experiment. The parameter considered as a primary
indicator of the tensile properties of cement-{reated materials was the
indirect tensile strength. An analysis of variance was used to deter-
mine the significance of all main factors, 2-factor interactions, and 3-
factor interactions in the experiment. The highly significant effects
{a = 0.005) that are also of practical significance to the engineer are
discussed in this paper, and tables of all additional factors and inter-
actions significant at alpha levels of 1 and 5 percent are shown. A re-
gression equation thaf predicts values of indirect tensile strength within
the factor space defined by the experiinent is presented.

sTHE INTEREST in the tensile properties of highway construction materials is rapidly
expanding. The development and refinement of layered system analyses (1, 2) have
focused attention on the tensile and elastic properties of the materials used in the struc-
tural layers of a pavement system. A current failure hypothesis for highway pavements
postulates that tensile eracking propagates froin the bottom of a layer to the top. Anal-
yses baged on this hypothesis have verified its applicability but have been somewhat
handicapped because information concerning the tensile properties of highway construc-
tion materials is practically nonexistent.

Historically, compressive testing techniques have been used to evaluate these mate-
rials, and as a result there is a great deal of information concerning their compressive
strength but little information concerning their tensile strength. This paper summarizes
one phage of an overall research effort to evaluate the tensile properties of stabilized
subbase materials for use in the design of rigid pavements. The primary objectives of
the investigation were to determine the factora that have an effect on the tensile strength
of cement-treated materials, to determine the nature of the effect, and to develop a pre-
liminary estimate of the tensile strengths that can be developed by treating a material
with portland cement.

Paper sponsored by Committee on Soil-Portland Cement Stabilization and presented at the 49th Annual Meeting.
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THE INDIRECT TENSILE TEST

The indirect tensile test was chosen as
a means of evaluating the tensile charac-
teristics of stabilized materials. Bas-
ically, this test involves the loading of a
circular element with compressive loads
acting along 2 opposile generators, as
shownin Fipure l. This loading configura-
tion produces a relatively uniform tensile
stress distritmtion perpendicular te and
along aportion of the diametral plane con-
taining the applied load. Hudsocn and Ken-
nedy (3) reported that, when the applied
tensile stress exceeds the tensile strength
of the stabilized materials, failureusually
occurs by splitting along the load plane.

The equipment used in this study con-
sisted of a closed loop electrohydraulic
system and a loading head. Theloadirame
was a modified, commercially available
shoe die with upper and lower platens con-
straimed toremain parallel duringtesting.
The vertical deformation of the specimen
was measured by a dc linear variable-
differential transducer that also controlled
the rate of load application. Test data
were recorded in the form of a load-
deformation relationship on an X-Y plotter, Additional information concerning the
equipment and testing techniques can be found elsewhere (3, 4).

//— Looding  Elrip

/— Speciman

Figure 1. The indirect tensile test.

STATISTICAL DESIGN

Statistical methods were used extensively in the experimental design and analysis in
order to obtam maximum information from a reasonable number of tests. Previous ef=-
forts concerned with evaluating the strength characteristics of cement-treated materials
generally have limited the number of factors investigated at one time to two or three
while attempting to hold constant any additional factors that were thought to affect the
material. Such experiments, although providing a great deal of information on the fac-
tors investigated, do not allow the interaction effects of those factors being mvestigated
with those held constant to be evaluated. {An interaction is the failure of 2 or more fac-
tors toact independently of each other; i. e., the rate of change of a variable with respect
to one factor is dependent on the level of magnitude of one or more additional factors.)
Thus it was felt that as many factors as possible should be imcluded in a given experi-
ment in order that mteraction effects as well as main effects could be evaluated.

A detailed review of literature primarily involving compressive tests resulted in a
list of factors that affect the strength of cement-treated materials. From this list, 9
factors cangidered to be important and of practical significance to the designer were
selected. Each of these factors was included in the experiment at 2 or more represen-
tative levels (Table 1),

The use of full factorial experiment designs would have allowed all main effects and
their interactions to be evaluated and analyzed. In this case, however, a complete fac-
torial experiment could not easily be conducted because with 5 factors at 3 levels and
4 factors at 2 levels 3,888 specimens would have been required. Therefore, a one-
fourth fractional factorial utilizing all factors at 2 levels was selected. By adopting
this approach certain information was lost through confounding, a process "by which
unimportant comparisons are deliberately confused for the purpose of assessing the
more important comparisons with greater precision. Confounding is required in facto-
rial experiments in which the number of observaticns capable of being carried out under
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strictly comparable conditions is less than
the number required for the whole design"
(5). In this design all main effects and 2-
way interactions can be evaluated, but only
selected 3-factor interactions are not con-
founded and can be analyzed.

Molding water content, curing time,
aggregate gradation, curing temperature,
and cement content alsohad midpoint lev-
els (Table 1), They were included in the
experiment for use in the development of
a predictive equation for indirect tensile
strength through the use of regression
techniques. In addition, B duplicate speci-
mens were scattered randoinly throughout
the fractional factorial block to secure an
estimate of the experimental error. The
complete experiment included a total of
180 specimens.

TABDLE 1

FACTORS AND LEVELS BEELECTED

[

Level

pe HEg o ® op

Facior

Low Medlum High
Molding water
content, peroeent 3 & T
Curing time,
days 7 14 21
Apggregate grada-
tion Coarse Medium Fine
Type of curing Ajr-dried —_ Sealed
Aggregate type Gravel - Limeatone
Curing tcmpera-
ture, deg F 40 75 119
Compactive eifort Low - High
Type of compac-
tion Impact — Gyratory

shear

Cement content,
percent 4 8 8

STATISTICAL INFERENCE

In this experiment, as in any other, the conclusions drawn are applicable only within
the inference space of the population defined by the experiment design, i.e., within the
range of combinations of values of the variables tested. No attempt should be made to
apply the results outside of this particular imference space.

The principal objective of this study was to determine which factors significantly af-

fect the tensile strength of cement-treated materials.

Those factors or interactions

found to significantly affect the tensile strength at probability levels of 0.005, 0.01, and

0.05 are given in Table 2.

considered to have practical significance to the engineer.

The effects ol all other factors and interactions were not
The residual shown in the

table is the pooled mean squares for those factors and interactions that were not signi-

ficant,
represents an estimate of frue error.

The error mean square term was calculated from the duplicate specimens and

The relationships of the highly significant main factor interactions for tensile strength

are shown in Figures 2 rough 12,

The data points in these figures are the average

values of strength for all specimens containing a given level or combination of levels

for tho main effect or interaction.

Midpoint means are not included in the figures ar

in the analysis of variance because the levels of the other factors are not the same a8
those for the high and low levels, and because the number of observations on the mid-
point meang cannot be compared to the endpoint means.

Because there were interactions that significantly affected the tensile strength, they
must be considered in order to analyze the behavior associated with specific combina-

tiong of factors,

It is not adequate to consider the main effects alone without evaluation

of the interaction effects; in this paper interactions will be discussed first.

ANALYSIS OF VARIANCE

Data given in Table 2 show that 35 factors and their interactions were found to sig-
nificantly affect the tensile strength of cement-treated materials at a probability level
of 0.05 or greater, with 18 of these at a probability level of 0.005. Not all of these ef-
fects have practical significance; i. e., the effect mnay be measurable and under the con-
trolled conditions of this test may be significant, but the effect is not large and probably

makes little difference in the application of the results by engineers.

those factors felt to be practically significant will be discussed.
Because 2- and 3-way interactions produced significant effects, it is mandatory that
the higher order interaction effects be considered first, because any observed effect is

the result of interrelationships among the various inain factors.

Therefore, only

Thus, main effects

can be referred to only in terms of the average effect because the effect is dependent
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on the interactions existing for any combination of factors. On this basis, significant
higher order interactions will be discussed first and main effects last.

Three-Factor Interactions

A total of nine 3-factor interactions was found to be significant at a probability level
of 0.05; however, only one was significant at a probability level of 0.005, This highly
gignificant 3-factor interaction involved molding water content, type of curing, and ce-
ment content {interaction A x D x J).

As shown in Figure 2, the tensile strength increased from the point of low cement
content and low molding water content to the point of high cement content and high mold-
ing moisture content; however, the increase was much greater for the increased mois-
ture content than for increased cement confent. Although the basic trends were the
same regardless of the type of curing, the sirength increases were much greater for
specimens cured by sealing rather than air-drying.

Two-Factor Interactions

From a total of 36 analyzable 2-factor interactions, 15 were sipnificant at a level of
0.05 or greater, with 10 of these mignificant at a level of 0.005. These 10 highly signi-
ficant 2-way interactions are discussed below and are shown in Figures 3 through 12.

Molding Water Content and Cemnent Content {Interaction A x J)—It was chserved that
tensile strength increased with the increased molding waler content (Fig. 3). The in-
crease, however, was much greater for specimens containing the higher cement content.
Likewise it can be noted that strength increased with increased cement content but that
the increase was much greater for specimens compacted at a higher water content.
Thus, it appears the beneficial effect of additional cement is limited unless there is an
adequate supply of water for hydration of the cement.

Molding Water Content and Type of Curing (Interaction A x D)—The increase in the
molding waler confent resulled in a greafer increase in strength for the specimens
that were sealed during the curing period than for the specimens cured by air-drying
(Fig. 4). Such a phenomenon is logical because increased water would be expected to
increase the efficiency of the hydration process. In the case of the sealed specimens
this increased water was retained for hydration of the cement, but in the air-dried speci-
mens it was lost; thus, its benefit was not fully realized.

Type of Curing and Aggregate Type {Interaction D x E)—It was found that the strength
increase associated with changing the aggregate from gravel o limestone was much
grealer fur lhe sealed specimens than for the air-dried specimens, although the strengths
were greater for the limestone specimens in all cases (Fig. 5). As previously noted,
when the specimens were cured by sealing, more water was available for hydration, and
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Figure 3. Effect of interaction between molding water Figure 4. Effect of interaction between molding
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Figure 5, Effect of interaction between type of Figure 6, Effect of interaction between aggregate
curing and aggregate type {interaction D X E). type and cement content (interaction E X J}.

the result was an improved cement matrix. Apparently, the benefits of the improved
matrix are more fully realized by the limestone aggregate, which can develop a better
cement-aggregate bond due to its angularity and rough surface texture.

Ageregate Type and Cement Content (Interaction E % J)—The strengih increase as-
sociated with the increased cement content was greafer for specimens containing lime-
atone than for those containing gravel (Fig. 6). It is felt that this interaction effect
illustrates once again that the limestone is able to benelit more from a stronger matrix
than the rounded gravel.

Molding Water Content and Aggregate Type (Interaction A x E)—The strength increase
associated with the in¢rease in water content was greater for the limestone than for the
gravel (Fig. 7). As in the case of the interaction of type of curing and aggregate type
(Fig. 5), the limestone benefited more than the gravel from the improved matrix re-
sulting from better hydration.

Type of Curing and Cement Content (Interaction D x J}—The average strength in-
creased with the increase in cement content in all specimens whether cured by sealing
or by air-drying (Fig. 8). The strength increase, however, was much greater for the
sealed specimens than for the air-dried specimens, Thus, the benefit of the increased
cement content was more fully realized when the specimens were cured under the more
ideal curing conditions.

El w0
%
_ s 2 a0
3
H
- ] 5‘
o200 T 200
E £
m wr
& sy 2 150
H 2
5 mo 5 100
£ E
H z
[-v] - h-]
n . £ - g i 3 i :
iR HIR =] 2 a | 3
2] 3 T o ) ]
Malding ‘Waler Cowient , % Iy Weight Cemart  Canlent , % by Walght

Figure 7. Effect of interaction between molding  Figure B. Effect of interaction between type of curing
water content and aggregate type (interaction A x EJ. and cement content (interaction D X J}.
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Molding Water Content and Aggregate Gradation {Interaction A x C)—It was found that
a molding water content of 7 percent produced stronger specimens than 3 percent water
but that the increase in strength was much greater for specimens cantaining a finely
graded aggregate (Fig. 9). In addition, a change from finely graded aggregate fo a
coarse-graded aggregate produced a strength increase for specimens comnpacted at 3
percent water, but the reverse was true for specimens compacted at 7 percent water,

Molding Water Cantent and Type of Compaction (Interaction A x H)—As in the previous
interaction, the increased molding moisture content resulted in gher strengths; how-
ever, the amount of this increase was dependent on the type of compaction, with impact
compacted specimens producing a greater increase in strength than the gyratory shear
specimens,

Curing Temperature and Aggregate Type {(Interaction E x F}—It appears that the in-
creased curing temperature, from 40 to 110 F, produced higher tensile strengths for
Specimens containing gravel; huowever, there was little effect on the strength of the lime-
stone specimens (Fig. 11),

Maolding Water Content and Curing Time (Interaction A x B)—Increased water content
at the time of molding resulfed in stronger specimens. Although specimens cured for
21 days seemed to have larger strength gain than specimens cured 7 days, Figure 12
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shows that the difference in the rate of increase associated with the 2 different curing
times is very small and of little practical significance.

Main Effecis

Seven of the 9 main effects were found to be significant at a probability level of 0.005,
It was found that the average indirect tensile strength was significantly increased by {(a)
increasing the molding water content from 3 to 7 percent (factor A); {(b) sealed rather
than air-dried curing (factor D); {c) increasing the cement content from 4 to 8 percent
(factor J); (d) using crushed limestone rather than rounded gravel aggregates {factor E);
{e) using a high compactive effort {factor G); (f) curing for 21 days rather than 7 days
(factor B); and (g) using impact compaction rather than gyratory shear compaction {fac-
tor H).

Evaluation and Discussion

This experiment was designed to investigate, but not necessarily to explain, the
causes of the effects produced by all 9 factors and their mteractions. Nevertheless, it
is desirable and possible to postulate the causes of the chserved behavior and, in al-
moat all cases, to advance logical explanations for future consideration. By comparing
the relative values of the mean squares (Table 2), it can be seen that the water content
during mixing and compaction was by far the most impertant factor aifecting strength.

In addition to ite highly significant main effect, it is also involved in 6 highly significant
2-factor interaction effects and one 3-factor interactioneffect. It would appear that this
effect is primarily concerned with the hydration process rather than with compaction or
mixing, because in 4 of the 6 highly significant 2-way interactions, molding water con-
tent is associated with a factor concerned with hydration, i.e., cement content, type of
curing, aggregate type, and curing time. In these interactions it can be reasoned that
the interaction is the result of improved hydration or the ability of the soil to benefit
from improved hydration. Thus, the strength gain for increased molding water content
was greater for higher cement contents, was greater for sealed specimens in which
water was retained for hydration, was greater for limestone than for gravel because
the rough surface texture of the limestone could develop a better bond with the improved
matrix, and was greater for the longer curing time, which allowed better hydration to
oceur. The other 2 highly significant 2-way interactions involved aggregate gradation
and type of compaction. Both had relatively low mean squares and were considered to
be relatively unimportant in comparison to most other highly significant eifects involv-
ing molding water conient,

It may be noted that of the 9 factors chosen for investigation because of their apparent
importance, 7 were found to produce highly significant effects. The remaining 2 factors,
aggregate gradation and curing temperature, were judged to produce no effects of
practical significance although aggregate gradation indicated some significance at the
probability level of 0.05. It is not surprising that curing temperature did not produce
a gignificant main effect because there was evidence that water needed for hydration was
removed from the specimens at the upper level of temperature (110 F): Droplets of
meisture condensed on the inside surface of the PVC wrap used to seal the specimens.
Thus, the beneficial effect of increased curing temperature was offset by the loss of
water associated with the increase in temperature. In general, any factor that conld
be expected to inecrease the strength of the cement matrix or improve the bond hetween
the cement matrix and soil particles resulted in increased strengths.

REGRESSION ANALYSIS

A stepwise regression analysis was conducted in order to develop a predictive equa-
tion for indirect tensile strength. The high and low levels as well as the applicable
intermediate levels of all factors were used as input data. From this analysis a pre-
dictive equation was developed allowing the indirect tensile strength to be estimated
within some standard error for the inference space defined by this experiment, The re-
gression equation obtained for the mdirect tensile strength is
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- 110.85 - 21.35E; + 20.68A3J; + 1.25A4FE;J; + 11.31DiE;
- 4.70A;" - 1.63A.J;% + 0.15A;°Dj + 0.30A;°H; + 1.22A,C;
~ 0.05B;°G{

87 =

where

ST
A,B,C,D,E, G H,J
i

predicted value of indirect tensile strength, in psi,
factors considered for prediction, and
level of the factor (Table 3).

The multiple correlation coefficient for the tensile strength predictive equation is
R = 0.95, and the standard error of the estimate is equal to +32.0. The lack of fif of
this regression equation is not significant at a prohability alpha level of 0.05 and is not
congidered critical. The equation is only
valid for predictive purposes within the
factor space studied, which is a function
of all factors and levels studied. Any at-
tempt to extrapolate heyond the factor space

TADLE 3

LEVELS OF FACTORE USED IN
REGRESEION EQUATIONS

Factor Description Level with the regression equation may of course
YRR : 3 - P introduce conditions not investigated here
T e Freent a3  and may result in erroneous predictions.
7 percent A - T Furthermore, the factors and inter-
¥
B. Curlng time 7 days By =T actions included in the predictive equation
o g:;: Bi 2. are not identical to those shown to be highly
, : significant by the analysig of variance.
. Apggrogate gradation Coarse Cp =10 This i tially b f the fact that
Medium C =1 is ig partially because of the fact tha
Tine Cy - 2 an additional level for each factor was in-
. Type of curing Air-dried D, - 0 cluded in the regression analysis; thus the
Sealed D, =2 data for the 2 analyses were not the same.
- Type of aggregate Rounded gravel € =0 A second cause is that the predictive equa-
Crushed limestone E, - 2 . . N .
. tion is concerned only with those variables
. Curing tomperature 40 F F, - 40 . . = :
75 F F, -8 and combinations of variables that provide
HoF F, - 110 the best estimate of the dependent variable.
. Compactive effort Lionw G, -0 Hence, if 2 independent variables (factors
. ’
High Y: =2 are highly correlated, the regression anal-
. Type of compaction Hainhart impact H, - 2 vei8 may includs only one of them.
Gyratory shear H, =0
. Cement content 4 percent I, = 4
6 percont .TT = R SUMMARY
8 percent I, -8

The results of this study of tensile prop-
erties of cement-treated materials can be
summarized as follows:

1. Seven of the 9 factors evaluated produced significant main effects on the indirect

tensile strength at a probability level of 0,005.

2. Tenof the 36 two-factor interactions evaluated produced significant effects on the

indirect tensile strength at a probability level of 0.005,

3. Ome 3-factor interaction was found to be significant at a probability level of 0.005,

4. The large number of interactions significant at a probability level of 0.005 indi-
cate the complexity of the relationships hetween tensile strength and the factors involved.

9. In addition to these highly significant effects, 1 main effect, 4 two-factor inter-
actions, 7 three-factor interaction effects, and 2 four-factor interaction effects were
found to be significant at a level of 0.05.

6. Curing temperature was the only factor that did not produce a significant main
effect at a level of 0.05. This should not be interpreted to mean that curing temnperature
was not important because there was evidence that moisture needed for hydration was
driven from the specimens cured at 110 F, and the benefits of increased temperature
may have been offset by the loss of moisture.

7. Molding water content was the most important factor affecting the strength of the
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cement-treated materials because it was a highly significant main effect and was involved
in 6 of the 10 highly significant 2-factor interaction effects.

8. Increased molding water content resulted in significantly higher strengths appar-
ently because of improved hydration rather than improved compaction.

9. In general, any factor that could be expected to increase the strength of the ce-
ment matrix or improve the bond between the cement matrix and soil particles resulted
in increased strengths.

10. In evaluating the effects produced by various factors, it is not adequate to infer
only from main effects; rather ane must consider the interactions between the factors
involved, in order to predict tensile strength.
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Appendix 1

TYPES OF GRADATIONS USED IN THE EXPERIMENT

COARSE GRADATION - Type A

Texae Highway Department

Specifications,* Gradation Used,
Sieve Bize Percent by Weight Percent by Weight
Passing 2 inch 100 100
Passing 1-3/4 inch 95-100 100

Passing 1-3/4 inch
Retained 7/8 iner 15-40 0
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Passing 7/8§ inch
Retained 3/8 inch

Pagsing 3/8 inch
Retained No. 4

Pagsing No. &
Rctained No. 10

Total Retained on No. 10

Passing No. 10
Retained No. 40

Passing No. 40
Retained No. 80

Passing ¥o. 30
Hécained Mo, 200

Pagsing Wo. 200
Passing 1/2 inch
Paszsing 3/8 inch

Passing 3/8 inch
Retained No. 4

Passing No. &
Retained No. 10

Total Retained No. 10

Passing Ho. 10
Betained No. 40

Passing No. 40
Retained No. BO

Passing Wo. &0
Relalned Nu. 200

Passing No. 200

#"Standard Specifications for Road and Bridge Comstruction,' Texas Highway

Department, 1962.

100

95-100

20-50

10-30

60-75

I~25

0-8

26

21

15

62

15

10

98

95

20

15

40

30

10

10

10



TREATMENT COMBINATIONS

Appendix 2

Level of FaCtorl

Specimen Test
Number Order F. B C D E F G H . J

1 91 -1 +1 -1 +1 -1 -1 -1 +1 +1

2 36 0 0 -1 -1 -1 Q -1 -1 0

3 1 -1 -1 -1 -1 -1 =1 -1 -1 -1

& 92 +1 +1 -1 -1 -1 -1 -1 -1 +1

5 93 -1 +1 -1 -1 +1 =1 -1 +1 -1

] 94 0 +1 0 +1 +1 o +1 +1 0

7 2 -1 -1 -1 +1 +1 +1 -1 +1 +1

8 37 0 0 0 =1 -1 ] -1 -1 +1

g 3 +1 -1 -1 -1 +1 +1 +1 +1 +1
10 95 +1 +1 -1 +1 +1 -1 +1 +1 -1
11 26 +1 +1 +1 -1 +1 -1 -1 +1 +1
12 97 +1 +l +1 +1 -1 -1 -1 +1 -1
13 38 0 0 ] -1 -1 ] -1 -1 0
14 98 -1 +1 -1 +1 -1 +1 -1 -1 +1
15 99 -1 +1 +1 +1 +1 -1 -1 -1 -1
16 4 +1 -1 +1 -1 -1 -1 +1 +1 -1
17 39 ] o +1 +1 +1 0 +1 +1 0
18 40 0 0 0 +1 +1 0 +1 +1 0
19 5 -1 -1 -1 +1 +1 -1 -1 -1 -1
20 100 -1 +1 -1 -1 +1 +1 +1 +1 +1
21 6 +1 -1 -1 -1 +1 -1 -1 +1 -1
22 101 +1 +1 +1 +1 ~1 -1 +1 -1 +1
23 102 +1 +1 -1 +1 +1 +1 +1 -1 -1
24 103 -1 +1 +1 +1 +1 -1 +1 +1 +1
25 104 +1 +1 -1 +1 +1 +1 -1 +1 +1
26 7 0 -1 ] +1 +1 0 +1 +1 ]
27 105 -1 +1 +1 +1 +1 +1 +1 -1 +1
28 g +1 -1 +1 -1 -1 +1 -1 +1 +1
29 106 +1 +1 -1 +1 +1 -1 -1 -1 +1
30% 41 0 0 0 -1 -1 ] -1 -1 ]
31 9 +1 -1 +1 -1 -1 -1 -1 -1 +1
32 107 -1 +1 +1 +1 +1 +1 -1 +1 -1
33 108 a +1 0 -1 -1 0 -1 -1 0
34 109 -1 +1 -1 +1 -1 +1 +1 +1 -1
35 10 +1 -1 +1 +1 +1 -1 ~1 -1 -1
36 11 -1 -1 -1 +1 +1 -1 +1 +1 -1
37 12 -1 -1 +1 -1 +1 +1 +1 +1 -1
38 13 -1 -1 +1 -1 +1 -1 -1 +1 +1
39 14 +1 -1 +1 +1 +1 -1 +1 +1 +1

75
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40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
35
56
57
58
59

61
G2
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
B
a3l
82
83

15
110
16
42
43
17
18
44
1%
20
45
46
47
111
112
113
21
114
43
49
22
23
50
51
115
24
116
52
25
26
117
11a
119
27
120
20
29
30
53
121
31
54
32
33

-1

-1
+1
-1
-1

=1
+1

-1
+1
-1

=1

=1

-1
-1

+1
-1
+1

+1

+1
+1

-1
-1
+1
+1

+1
-1

-1
+1

+1
-1
+1
+1
+1
-1
+1
+1
-1
-1
+1
-1
+1
-1

+1
=1

-1

-1
-1
+1
+1
-1
+1
-1
-1
+1
-1
+1
+1
+1
-1
+1
-1
+1

-1
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172 88 -1 -1 =1 +1 +1 +1 +1 =1
173 141 0 0 0 +1 +1 4] +1 +1
174 179 =1 +1 =1 +1 -1 =1 +1 =1
175 180 +1 +1 -1 =1 -1 +1 +1 =1
17 6% 142 0 0 s} -1 -1 0 -1 =1
177 143 0 0 +1 +1 o +1 +1
173 144 0 0 0 +1 +1 0 +1 +1
179 89 +1 -1 +1 -1 -1 =1 +1 +1
180 o0 -1 -1 -1 =1 -1 =1 +1 +1
“«Duplicate specimens.
lLevel of Factor
-1 Low Level
0 Middle Level
+1 High Level
Appendix 3
EXPERIMENTAL RESULTS
Indirect Indirect
Tensile Tensile
Specimen No. Strength, psi Specimen No. Strength, psi
1 34.7 46 74.3
2 126.4 417 113.7
3 20.3 48 39.4
4 174.6 49 72.2
5 14.3 50 225.4
[ 248.9 51 272.5
7 123.3 52 243.3
8 140.5 53 25.3
9 212.0 54 238.0
10 257.2 55 91.6
11 174.6 56 242.6
12 20.5 57 103.1
13w 135.0 58 111.3
14 39.3 59 187.7
L5 54.1 60 101.9
16 50.0 61 84.9
17 268.9 2% 206.5
i8#* 252.0 63 105.7
19 57.8 64 183.5
24 £6.6 65 40.4
21 103.8 66% 180.5
22 237.9 67 137.6
23 290.7 68 60.4
24 157.5 69 99.6
25 366.5 70 32.3
26 260.2 71w 202.6
27 157.5 72 134.0
28 115.6 73 283.2
23 431.8 74 70.9

30 1259.3 75% 127.7
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110
111
112
113%
114
115%
116
117
118
119
120
121
122%
123
124
125
126
127
128
129
130
131
132
133
134
135

113.0
80.8
89.8
44.0

169.6
4.2
41.6
68.0

364.1
57.7
86.4
27.0

316.0
41.1
53.7

375.2

196.8

117.1
47.1
41.4
44.8

175.8
96.0

385.3
63.7
26.0

497.1
54.3
70.9

259.2
71.8
41.1

374.3

254.1

1066.3

245.6
54.7

105.6
63.8
98.1

108.5
98.0

283.3
62.0
40.6
93.1

136.8

115.5
A3.7
30.9

127.1

227.6

142.4

157.8

495.5
39.6
88.0
50.3

125.%

180.3

*Duplicate specimens,

76 114 .8
77 70.5
78 212.9
79 37.0
0% L45.4
81 102.1
82 139.8
83 221.7
84 57.0
85 162 .4
86 131.1
87 43,2
38 169.4
89 251.8
g0 100.1
136 102 .8
137 122 .6
138 113.4
135 106.9
140 147.2
141 48.0
142 77.0
143 132.9
L4 159.1
145% 82.3
146 147.5
147 55.0
148 207.4
1498 113.9
150% J4.5
151 122.0
152 170.3
153 128.2
154 365.1
155% 93.5
156 197.8
157 104.5
158 26.4
158 59.5
160 74.7
161 192.3
162 37.0
163 123.0
la4 13.1
165 303.8
166 247.5
167 291.2
168 108.3
169 73.1
170 40,4
71 42.0
172 146 .4
173 233.5
174 43.6
175 162,9
176w 92.4
177 280.2
178 252.8
179 63.0
180 22.4



Use of Sodium Chloride in Reducing
Shrinkage in Montmorillonitic Soil-Cement

JERRY W. H. WANG and ALEXANDER H. KREMMYDAS, Civil Engineering
Department, Ohio University

Shrinkage in soil-cement results in progressive cracking and
has been the cause of increasing concern. This paper reports
the resulfs of an experimental investigation to reduce shrink-
age in Na-montmorillonitic soil-cement by usging sodium chlo-
ride as a trace additive. The mechanism of shrinkage derived
from this study was extended to Ca-montmorillonite and was
also found generally applicable. Shrinkage was found to de-
crease greatly with increasing salt content except when used
asa form of brine; in one case shrinkage was eliminated com-
pletely and actual expansion was observed. Strength reductions
in the soil-cement specimens with sodium chloride additions
were found to be due only to the increasing coarseness of the
additive and not to the amount used. Addition of 1 to 3 percent
fine-grained salt was found to produce strength comparable to
thatof soil-cement, The reduction of shrinkage in soil-¢ement
with addition of salt was found lo be primarily due to the abil-
ity of salt to reduce moisture loss in the mixture and to pro-
vide a more favorable and stable clay basal spacing, Particle
reorientation during curing was also believed to be responsgi-
ble for some of the shrinkage and expansion ohserved.

#SHRINKAGE IN SOIL-CEMENT is known to result in progressive cracking and has
been the cause of increasing concern. This cracking is due to the tensile and shear
stresses that are developed when shrinkage is partially or fully restrained. These
cracks could conceivably become the cause of poor long-term engineering-performance,
if left untreated.

Examination of the factors that influence the behavior of shrinkage in soil-cement
yields the following (3, 6):

1, Shrinkage results primarily from loss of water due to evaporation, The rate of
evaporation decreases with time mainly because of increasing bonding energy of the re-
maining water with decreasing moisture content and decreasing size of water-filled
capillaries, Neverthelegs, evaporation of held water causes much greater shrinkage
per gram evaporated, because it results in increased internal tensions in the remaining
water,

2, Shrinkage of soil-cement is a function of the cement content and, when pletted, it
exhibits a mninimum at an optimum cement content. Increasing shrinkage of soil-cement
with increasing cement content above optimum was presumed to be due to the greater
water requirement of the cement to complete hydraticn, Thus cement hydration re-
sults in desiccation and shrinkage, and this shrinkage increases with cement content,

3. The clay content has alsc been known to increase shrinkage in soil-cement. This
is due to the fineness of the -2 micron particles that have a large quantity of bonded
water and hence result in large shrinkage ag the water evaporates. It is also possible

Paper sponsored by Committee on Soil-Portland Cement Stabilization and presented at the 49th Annual
Meeting.
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that the clay content constitutes 2 matrix that is restrained less by the proportionally
fewer +2 micron particles that act as rigid inclusions.

4, The kind of ¢lay present in the soil-cement influences the amount of shrinkage;
meontmorillonite contributes the maost for being the finest of all clay minerals. In addi-
tion, evaporation of the interlayer water in montmorillonite results in decreasing lattice
spacing of the clay mineral. This type of shrinkage is naturally much greater than the
shrinkage that results simply from evaporation of pore water,

5. Shrinkage increases with molding moisture wet of the Proctor optimum moisture
content. The reason was explained to be that higher moisture contents make the -2
micron particles more apt to change from a cardhouse, flocculated structure to an
oriented, dispersed one. When evaporation occurs, the latter structure allows for
more shrinkage because of its weakly restrained particles.

The purpose of this study was to investigate the feasibility of reducing shrinkage in
montmorillonitic soil-cement based on the concepts of lattice expansion of montmoril-
lonites and retention of moisture with the addition of sodium chloride. Hopefully, it
will also help in further delineating the shrinkage mechaniam in montmorillenitic soil-
cement.

METHODS AND PROCEDURES
Materials

The clay used was a sodium montmorillonite, commercially produced as Volclay by
the American Colloid Company. Its exchangeable sodium and calcium cations range
from 60 to 65 me/100g and 5 to 10 me,/100 g respectively {1). Ottawa sand, type I port-
land cement, and distilled water were the other constituents used together with the
Volclay to prepare soil-cement specimens,

Commercially available rock salt for de-icing purposes with more than 99 percent
NaCl was used. Different percentages were used in molding soil-cement specimens,
Ths commercial gradation and the gradations of the salt used in the laboratory are
given in Table 1,

Preparation and Curing of Specimens

The composition of the control Aperimens was as follows:

Material Percent by Weight
Ottawa sand 52
Volclay 32
Portland cement 16

The mixing moisture content was 23.5 percent, based on the total dry weight of solids
in the mix. This composition was found to give best workability throughout theprocess.
Different percentages of salt, hased on the dry weight of the control mix, were added
to mold soil-cement specimens in order to study the effect of the additive.
Soil-cement specimens of various pro-

portions were molded in batches of 4 spec-

TABLE 1 imens. All batches werce dry-mixed first
GHADATIONS OF BALT for 1 minute to ensure uniform distribution
P of all constituents, The batches were then
ercent Passing ) . L.
Bieve wet-mixed for 2 minutes. All mixing was
Commercial ~ Coarss  Medium  Fine  done in a Hobart mixer, Model C-100.
% in. 100.0 The test specimens were prepared by
7a in. 89.2 100.0 weighing a constant amount of mix and
RO g placing it into a mold, The mold cunsisls
No. 8 6.7 of a stainless steel tube (1D, = 2.00 in.)
Mo 2.8 0.0 1002 0o 2nd 2 end-plungers, The mix was stati-

cally compacted intoa cylindrical specimen
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2 in. in diameter and 4 in. in height., This procedure provides a constant dry density
of 105 lb/cu ft for all specimens.

After the extrusion of the specimen, a small plate of galvanized sheet metal was
attached at one end. At the center of the other end, a small triangular metal chip was
attached These attachments were made to increase accuracy and reproducibility of
measurements and were made rigid by using a minimal amount of quick-setting glue.

All specimens were cured at 90 percent relative humidity, +5 percent, and 25 C, +1
deg. The curing took place in the cabinet of an incubator.

Measuring and Testing

Changes in specimen height with time were meagured by using a dial gage with sen-
sitivity of 0.0001 in. This gage was mounted on a rigid frame that provides a smooth,
horizontal bage for seating of the specimen. Accurate measurement of the specimen
height was taken at the center of its metal chip.

At the end of the specified curing period, all specimens were tested for unconfined
compression strength in order to study possible strength reductions caused by the
added salt,

X-Ray Diffraction

Determination of changes in lattice spacing was done using a General Electric XRD-5
diffractometer with CuK o radiation. Powder samples were pressed into brass rings
using static compaction of 1,000 psi. This helps to obtain dense packing and to eliminate
preferred orientation. The ring was also rotated in the X-ray beam to increase repro-
ducibility (7).

RESULTS
Effiects of Salt on Shrinkage

Shrinkage versus time graphs are shown in Figures 1 through 7. Each point on the
graphs represents the average of readings from 4 specimens cured up to 7 days.
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Figure 1. Shrinkage versus time for Na-montmaril- Figure 2. Shrinkage versus time for Na-montmoril-
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salt and cured under 90 percent relative humidity dium salt and cured under 90 percent relative hu-

for 7 days. midity for 7 days.



8

SHRINKAGE - PERCENT

4

D20

126 .

I ) 3 t 5 L5 10G 200

2
3

=)
8
T

i
1
4

COARSE SALT
7 DAY CURING- S0 R M

B 4

LOG TIME W HOURS

Figure 3. Shrinkage versus time for Na-mantmoril-
lonitic soil-cement with various percentages of coarse
salt and cured under 90 percent relative humidity
for 7 days.
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Figure 5. Shrinkage versus time far Na-montmoril-
lonitic soil-cement with 2 percent salt of various gra-
dations and cured under 90 percent relative humidity
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Figure 4. Shrinkage versus time for Na-montmoril-

lonitic soil-cement with 1 percent salt of various

gradations and cured under 90 percent relative
humidity for 7 days.
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Figures 1, 2, and 3 show that shrink-
age decreades greatly withincreasing salt
content of any of thegradations used. Net
expansion was observed when 3 percent
medium salt was added to the soil-cement
specimens. However, different gradations
of the same percentages of salt added did
not produce a good enough trend of re-
sults to allow any conclusions as to their
relative effect, as shown in Figures 4, 5,
and 6,

Addition of 0.5 percent salt in solution
form to the standard specimens did not
reduce shrinkage appreciably, as shown
in Figure 7.

An analysis of variance study was per-
formed to determine the statistical sign
nificance to the effect of salt on shrink-
age (2). Bands of 95 percent confidence
uncertainty limits were establishedaround
the means of 4 specimens of the various
batches throughout the curing time. 8ig-
nificant difference in amounts of shrink-
age between any 2 batches is indicated by
cessation of overlapping and subsequent
separation of their corresponding bands.
Figure 8 shows this comparison in which
10 hours is the curing time that amounts

10— .

' T P

Figure 7. Shrinkage versus time for Ne-montmorii-

lonitic soil-cement with 0.5 percent sait added in s0-

lution form and cured under 80 percent relative
humidity for 7 days.

of shrinkage between the soil-cement control specimens and the soil-cement specimens
with 2 percent coarse salt become significantly different. Figure 9 shows calculated
times of significant differences in shrinkage between control specimens and specimens
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Figure 8. Comparison of 95 percent confidence
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with salt., It shows excellent cor-
relation between the time required to
significantly reduce shrinkage and the
increasing percentage of added salt,
Agaim, no dependable correlation can
be drawn for the efiect of the specific
gradation of salt on shrinkage.

Effects of Salt on Strength

The T-day unconfined compressive
strength results are shown in Figure
10. It shows that strength decreases
with increasing coarseness of the salt
additive, Additions of fine salt (pass-
ing No. 40 sieve) show no reduction in
strength in comparison with the con-
trol gpecimens in the range of salt
contents investigated. However, the
additions of 3 percent medivm and 3
percent coarse salts resulted in 14
and 34 percent strength reductions
respectively.

X-Ray Investigaticon
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Figure 10. Comparison of 7-day unconfined compressive
strength of soil-cernent cantrol specimens with specimens
containing salt.

Figure 11 shows that while the basal (001) spacing of the montmorillonite in soil-
cement specimens with salt remained practically constant, the 001 spacing of the clay
in the control specimens decreaeed steadily throughout the curing period. Similar cor-
regponding behavieor was also observed in the variation of moisture content in the speci-
mens throughout the curing period, as shown in Figure 12.

Elfccls of Immersion and 28-Day Curing

Soil-cement samples containing 3 percent mediwm salt were also compared with the
control soil-cement specimens to investigate the effects of immersion and 28-day cur-

ing on shrinkage and sirength.
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Figure 11, Basal (001} lattice spacing of Na-montmorillonite versus
curing time in soil-cement specimens,
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Figure 12. Moisture content versus curing time in soil-cement

specimens.

Results have shown that samples with salt continually maintained a lower rate of
shrinkage than the control specimens under regular curing at 90 percent relative hu-
midity and 25 C up to 28 days (dotted lines in Fig. 13). However, upon immersion after
7 days of regular curing, the control soil-cement specimens swelled significantly, while
the samples with salt were practically unaffected, as shown with the solid lines in

Figure 13.

Resulte also showed that 28-day strengths followed the same order as the 7-day

strengths for the regularly cured specimens.

However, specimens that were regularly

cured for 7 days and then immersed for the rest of the 28-day curing period showed
comparable gtrengths for the soil-cement specimens with and without salt.
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Figure 13. Shrinkage versus time for Na-montmarillonitic
soil-cement with 3 percent medium salt and cured under
various conditions for 28 days.

Regults From
Using Ca-Monimarillonite

All the results presented sofar have
been obtained from specimens molded
with Na-montmorillonite. To check the
effectiveness of uging sodium chloride
also as a shrinkage reducing agent in
Ca-montmorillonite soil-cement, 0 and
3 percent medium salt specimens simi-
lar to those used previsouly were molded
using calcium instead of sodium mont-
movrillonite. The Ca-clay usedis known
a8 the Panther Creek Southern Benton-
ite, commercially produced by the
American Colloid Company,

Shrinkage and strength results sim-
ilar to those shown in Figures 2 and
10 were also obtained, Furthermore,
soil-cement specimens containing salt
again maintained a practically constant
moisture content throughout the curing
period, while specimens without salt
showed a drying tendency similarto that
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in Figure 12, X-ray diffraction revealed that the moist Ca-montmorillonitic soil-
cement mixes with and without salt all initially obtained a 17.7 [ clay basal spacing,
approaching the 18.8 i of the wet clay alone. With the progress of curing, the clay
quickly {(in a few hours) obtained a stable 14.7 § basal spacing in specimens with galt
with no change in moisture content. On the other hand, in specimens without salt the
clay basal spacing decreased very gradually with drying. The resulis are similar tc
those shown in Figures 11 and 12. Upon immersion both mixes showed a 001 spacing
of about 17 .

DISCUSSION OF RESULTS
Shrinkage Mechanism

Figures 11 and 12 suppest that shrinkage in montmorillionitic soil-cement is due
mainly to the loss of moisture during curing. This loss causes the clay lattice spacing
10 decrease, which also contributes an unknown amount of the total shrinkage. The
effectiveness of sodium chloride as a shrinkage reducing agent is attributed tc the hy-
grosgcopic properties of the salt, which, at 3 percent salt content, maintains moisture
content in the specimens constant throughout the curing period.

In addition, in Na-montmorillonite the amount of shrinkage that resulied from de-
creased clay laitice spacing is believed to become less with increasing salt content,
This is demonstrated by the fact that the 001 spacing of the Na-montmorillonite in the
Boil-cement control specimens with 16 percent cement content was found to be 17,74
soon after wet-mixing, an increase from 11,3} in the air-dry clay. In the soii-cement
specimens with 3 percent fine salt, the spacing was 14, 74 and remained practically con-
stant throughout the curing period (F1g 11). For 1 and 2 percent fine salt contents, the
initial 001 spacings were 17.0k and 15.04 respectively. It is believed irom these results
that the observed increase in shrinkape with decreasing percentages of salt added to the
mix was due to the decreasing hygroscopic properties of the mix to maintain the origi-
nal moisture content and to the weakening abilities of the not-so-plentiful Na* cations
to prevent calcium saturation of the clay (g, 4, §) and to achieve lower initial clay
basal spacings.

Salt added in solution form isineffective in reducing shrinkage in Na-montmorillonitic
soil-cement (Fig, 7). The reason may be that salt in solution form is more easily going
into exchange positions in clay cauging expansion of the clay lattice and losing partially
its hygroscopic properties to effectively prevent the evaporation of pore waters. X-ray
data did show that 0.5 percent salt added in solution form produced an initial Na-clay
hasal spacing of 17.7 i, the same as that of the clay in the control soil-cement mix
without salt.

Upon immersion, the swelling of Na-montmorillonitic soil-cement without salt (Fig.
13) may be, at least partially, atiributed to the increase in clay lattlce spacing, X-ray
diffraction results did show that the bagal spacing returned to 174 from 14.74 upon im-
mersion in specimens without salt while the clay in specimens with 3 percent salt main-
tained at the stable 14.74.

In Ca-montmorillonitic soil-cement mixes, the quick reduction of the clay basal
spacing from an initial 17.71 to a stable 14.7} in specimens with 3 percent salt appears
to be due to the exchange of calcium by scdium, as the moisture content remained con-
stant. This quick reduction in ¢lay basal spacing did not produce an apparent effect on
shrinkapge as the specimens with salt continually showed significantly less shrinkagethan
the specimens without salt, which, as stated previously, showed gradually decreasing
basal spacing with drying throughout the curing period.

Most shrinkage versus time curves {(Figs. 1, 2, and 3) show an expanding tendency of
salt specimens at longer curing time. X-ray diffracticn revealed no sign of recrystal-
lization of salt in the pore spaces, and there was no mcrease 1n moisture contents. It
is thug speculated that salt might have gradually taken up the exchange position in
clay during curing causing dispersing effects of the clay. A dispersed clay structure
posseses a larger void ratio and thus results in swelling (8). Similarly, the early
shrinkage may be partly attributed to a change to flocculated structures after the dis-
persing effects of the mechanical molding process.
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Effect of Salt Gradations

It was indicated in the previous section that, with a specific salt content, statistical
analysis found no significant differences in shrinkage among the various gradations of
salt added. However, it is believed that use of a larger number of specimens for anal-
ysis would have resulted in greater confidence and, therefore, narrower, nonoverlap-
ping confidence bands. Thus significant differences among some gradations would
have been produced, ag data shown in Figures 4, 5, and 6 seem to suggest.

Eifect of Balt on Strength

The observed reductions in strength in soil-cement specimens with coarser salts
are believed to be the result of the salt crystals dissolving, thus leaving 'heles” in
their places. These holes become areas of stress concentration upon application of
load, and the specimen exhibits a lower strength,

CONCLUSIONS

1. Sodium chloride, when used in granular forms, has been shown to be effective in
reducing shrinkage in montmorillonitic soil-cement mixtures cured under high relative
humidity. The effectiveness increases with increasing salt content and is independent
of the gradation of the salt,

2, The reduction of shrinkage in soil-cement with addition of salt was found to be
primarily due to the ability of salt to reduce moisture loss in the mixture and to pro-
vide a more favorable and stable clay basal spacing. Particle reorientation during cur-
ing was also believed to be responsible for some of the shrinkage and expansion observed,

3. Bodium chloride was also found to be effective in decreasing swelling of Na-
montmorillonitic soil-cement mixtures upon immersion. A stable, nonswelling clay
basal spacing in specimens with 3 percent salt was found responsible,

4. Btrength reductions associated with addition of salt to Na-montmorillonitic soil-
cement are due only to the coarseness of the additive and not t0 the amount used, Soil-
cement with fine salt added was found to give strength comparable to that of soil-cement
specimens without salt.
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Discussion

E. GUY ROBBINS, Portland Cement Association—~The authors have presented some
very interesting data on the shrinkage of goil-cement with a salt additive. A few
general observations are offered for consideration in future research.
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The soil used was an active clay mixed with Ottawa sand and a rather high cement
factor, 16 percent cement by weight. Sali contenis were 1, 2, and 3 percent by weight
of materials. This ig equivalent o about 8, 12, and 19 perceni by weight of cement,
which is a high salt content. This suggests soil-cement sodium chloride investigations
should be made also with low chloride contents,

In Figures 2 and 6, the mixtures containing 3 percent salt expanded. Figure 10
shows no increase in compressive strength with {finesalt and a decrease in T-day strength
with medium and ceoarse szlt. Expansion can indicate some damage to the soil-cement
structure, and decrease in strength indicates no improvement in quality. This sug-
gests investigations relating to the durability aspects.

The reduction in shrinkage under moist cure conditions may be due to hygroscopic
properties of the salt that could cause the apecimens to pick up moisture during curing
that would replace meisture lost because of cement hydration, and the net result is leass
shrinkage. Most shrinkage is associated with loss of moisture.

Volume change studies were made at 90 percent relative humidity, If specimens
weredried to, say, 50 percent relative humidity after curing, the volume changes with
and without salt admixture may be quite different.

Suggestions for fuiure research include investigations on durability, longer term
compressive strength, moisture, and volume change during and after moist curing.
Lower salt contents should be investigated with a range of soil types and cement factors,

JERRY W.H. WANG and ALEXANDER H. KREMMYDAS, Closure~The authors wish
to thank Mr. Robbing for his interesting discussion and would like to further some of
his observations.

It wasg concluded in the paper that sodium chloride used in granular form was shown
to be effective in reducing shrinkage in montmorillenitic soil-cement cured under high
relative humidity, For the most part, its effectiveness was due to the hygroscopic
properties of salt that make up moisture losses by picking up additional moisture dur-
ing curing, Inasmuch as NaCl is not capable of ahsorbing moisture from air at 77 F
when relative humidity is below 70 percent, it is anticipated that NaCl would not be very
effective in reducing shrinkage at low relative humidity. Nevertheless, the movement
of water in the vapor phase and the equivalent relative humidity in a soil-cemenl mass
under normal field conditions are not well understood at this time. Field experimenta-
tion is needed to evaluate the ilmitations ol using NaCl as a shrinkage reducing agent
in soil-cement.

The magnitudes of eritical shrinkage strain that will cause cracking of different soil-
cements in the field are also not well known at this time. The high salt contents used
in the study were for an active soil showing high shrinkage, Itisbelieved thattheamount
of salt required to solely prevent cracking can ettectively be reduced for must soils
and by doing thig net expansion will never oceur. Again, more studies in the laboratory
and in the field are nesded in this respect.

The fact that soil-cement with salt would not decrease the strength of seil-cement,
provided the coarseness of salt is comparable to the dimensions of the soil-cement
mass, is a positive aspect of using salt as a shrinkage reducing agent. In addition,
NaCl provides a more favorable and stable clay basal spacing during curing and sub-
sequent immergion for montmorillonilic soil-cement. This fact may offer some prac-
tical significance in future soil-cement technology.



Lime Stabilization of Clay-Sand Mixtures

C. K. SHEN and 5. K. LI, Department of Civil Engineering,
University of California, Davis

Laboratory-prepared, lime-treated, clay-sand mixtures were studied.
A 5 percent lime-treatment level was chosen for the major part of this
investigation; however, a limited number of samples were mixed with
3 and 7 percent lime. The percentages of lime specified here were
based on the weight of the whole soil mixture. Essentially, 2 types of
clay-sand mixtures were investigated: a Hydrite UF-sand mixture and
a Grundite-sand mixture. Within each fype of mixture, there were dif-
ferent clay-sand ratios. Different compactive efforts were applied to
fabricate cylindrical samples of various clay-sand ratios to the desired
dry densifies, which were taken as 95 percent of the maximum dry
density of a specified compactive effort of the corresponding untreated
eamples. Unconfined compressive strengths and pH values were deter-
mined on samples cured for 1 to 12 weeks. The results of this investi-
gation show that the effectiveness of lime-soil stabilization appears to
be related to the fine-grain fraction/lime ratio (FGF/L) of a soil mix-~
ture. For the 2 types of clay-sand mixtures studied, the optimumm
FGF/L ratios for maximum strength range from 14 to 12 depending on
curing period. The rate of strength gainis affected by the lime-treatment
level; however, the optimum FGF/L ratio is only slightly affected. The
magnitudes of maximum strength for a given FGF/L ratio vary with the
coarse-grain fraction content in a soil mixture—the lower the coarse-
grain fraction content is, the higher the strength, It is believed that the
FGF/L ratio is a more indicative parameter for dealing with lime-soil
stabilization than the lime percentage specified on the basis of either
total weight or total volume of the whole soil mixture.

¢ LIME HAS BEEN USED extensively to modify the engineering characteristics of fine-
grained soils. The beneficial effecte of lime stabilization on the plasticity, shrinkape,
workability, and strength properties of 2 soil are well known. In general, most of these
properties are altered by the addition of 3 to 7 percent lime by weight. The strength
increase observed in soils by the addition of lime, however, is variable. This varia-
tion of sirength increase has been attributed to the degree of accomplishment of lime-
soil reactions, namely, cation exchange, flocculation, carbonation, and pozzolanic reac-
tion. The last reaction is considered to be primarily responsible for the long-term
strength increase in lime-soil mixtures.

The effectiveness of lime stabilization depends on many factors. Works by groups
from M.LT., Iowa State University, University of [llinois, and many others have con-
tributed greatly to the understanding of the engineering behavior, the chemical reactions,
and the mineralogical aspect of lime-soil stabilization. In recent years, a qualitative
approach based on pedological classification has been adopted by Thompson (1) to estab-
lieh some guidelines for the evaluation of lime reactivity of Illinois soils. He reported
that lime-soil reactions are dependent on the nature and character of the soil being
stabilized. Hilt and Davidson (2) reported that lime fixation in clayey scils depends on

Paper sponsared by Committee on Lime and Lime-Fly Ash Stabilization and presented at the 49th Annual Meeting.
91



92

the type of clay mimerals, The quantity of lime used for lime fixation contributes to the
improvement of soil workability but not to the increase in strength. Additional amounts
of lime added above the lime fixation capacity cause the formation of cementing materials
within clayey soils.

X-ray diffraction and electron microscopic studies made on lime-g0il stabilization
(3, 4, 5) have indicated that pozzolanic reaction can be described as a slow and contin-
uous reaction in the presence of Ca{OH), and soluble silica or alumina. It causes the
breakdown of clay particles and the formation of new crystalline phases, or it attacks
the clay particles and deteriorates the whole clay mineral structure. Because of these
processes the conductivity of the system decreases, indicating that soluble salts in the
lime-goil mixture are converted to less soluble compounds that may serve to bond par-
ticles together. This phenomencn is irreversible.

Eades and Grim (6) more recently have proposed that the optimum lime content for
gtrength increase for lime stabilization can be determined by pH readings of the lime-
soil mixture, Hilt and Davidson (2) reported that the lime fixation capacity of a mont-
morillonitic or kaolinitic soil is the same as the optimum lime additive for maximum
increase in the plastic limit of the soil. Arulanandan and Shen (1) have used the non-
destructive electrical response characteristics measurements to monitor the contimuous
gtructural change of a lime-goil mixture. This technique makes possible the examina-
tion of the various lime-gsoil reactions and the determinalion ol the approximate lime
percentage required for long-term strength increase.

It is interesting to note that most of the work done in lime-soil stabilization specifies
the amount of lime added to the mixture as a percentage of either the total weight or the
total volume of the soil mixture, However, il is generally recognized that lime reacts
primarily with the fine-grain fraction (passing No. 200 sieve) of the soil mixture,
whoreas the coarac—grain fraction does not react chamically with ime  Thereliore, il
ig worthwhile to specify the lime content for stabilization on the basis of the fine-grain
fraction of the soil mixture rather than the mixture as a whole and relate the effective-
ness of lime stabilization ta the ratio of fine-grain fraction to lime content. It would
also be interesting to examine how the chemically nonreactive part of the soil mixture
atfects the overall physical properties of lime slabilization. This approach appears to
be more realistic in dealing with natural scils that are in most cases composed of var-
ious amounts of sand, silt, and clay.

This paper presents the results of a preliminary study made on laboratory mixed
clay-gsand mixtures treated with lime.

EXPERIMENTAL PROGRAM

Materials

The sand used in this study was a No. 20 Del Monte sand of uniform subrounded to
subangular particles. The gradation curve of this sand is shown i Figure 1. Alsa
shown in Figure 1 are the grain-size distribution curves of the 2 types of coinmercial
clays used in this study. They are Hydrite UF, a product from George Kaolin Company,
and Grundite, a product from Ilinois Clay Products Company. The Hydrite UF is a
pure kaolin clay of very fine particles, and the Grundite contains primarily illitic clay
minerals with substantial amounts of silt-size particles. The physical properties of
these commercial clays are given in Table 1. A hydrated, high-calcium lime contain-
ing 90 percent available Ca(OIl), was used m all the mixturos.

Lime-Treatment Level

A b percent lime-treatment level was chosen for the major part of this investigation,
however, a limited number of samples were treated with 3 and 7 percent lime. The
percentages of lime specified here were based on the weight of the whole soil mixture.

Preparation of Specimens

Compaosition of Specimens—Figure 2 shows the compositions of the specimens fab-
ricated and tested in this investigation. Essentially, there were 2 types of mixtures:
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Figure 1. Grain size distribution curves for experimental clays and sand.

a Hydrite UF-sand mixture (K-8), and a Grundite-sand mixture (I-S). Samples were
labeled as, for instance, 5K100, which meant 100 percent Hydrite UF and no sand
treated with 5 percent lime, or 3G60, which meant 60 percent Grundite and 40 percent
sand treated with 3 percent lime,

Mixing—The appropriate amount of clay, sand, and lime were first mixed in an air-
dry condition; the necessary amount of water was then added to the mixture and thor-
oughly mixed for about 5 minutes. The time lapse between mixing and compaction was
kept constant for all samples. The amount
of water-soil-lime mixture mixed each
time was enough for 2 specimens, and the

time lapse from after mixing to the com- P———— _{"!'r_. —

pletion of compaction was approximately T wate — —

15 minutes. et ————
Compaction—Cylindrical samples were Lime

compacted in pairs by static compaction in /

1.4-in. diameter steel molds. Different

compactive efforts were employed to fab- Clay

ricate samples of various clay-sand ratios / /
to the desired dry densities, which were £ Z

H=gn
) . i
2. ! o
TABLE 1 e T 0
CHARACTERISTICS OF COMMERCIAL CLAYS e T e e
Characteristic Kaalinite Ilite er e e e
aracleristh (Hydrite UF) {Grundite) T, T e LT,
Liquid 1tmit 63 51 D TP
Plastivity index 34 30 oL, . .
Percentuge [ner Lhan R R Lo .
No. 200 sieve 100 95 e . v
Percentage {iner Lhan ‘ LT
100 47
Mineral composition,
percent 100 Kaolinite 55 Llite {9)
10 Kaolinite
20 Quartz ———— D =14" ———
15 Mixed
layer clay

Figura 2. Compasition of a specimen,
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TABLE 3
UNCONFINED COMPRESSIVE STRENGTH DATA (kg/em?)

5 Percent Lime Treatment

Specimen Untreated

1w 2w AW 8w 12w
X 20 1.0 2.4 2.5 4.7 6.8 7.1
X 40 1.1 6.2 7.6 10.1 12,2 15.1
K 60 4.5 8.4 9.4 110 13.9 17.5
K &0 4.7 8.1 ag 11.¢ 14.6 15.0
X 100 3.3 4.7 5.4 8.2 11.5 113
I20 0.6 2.8 3.1 4.9 7.8 0.0
I40 2.3 aa 10.6 16.7 21,2 27.8
160 3.0 16.1 1.7 27.1 34.4 43.5
180 4,4 18.3 26,1 30.9 35,5 42,0
1100 5.2 230 235 6.0 31.0 33.3

TEST RESULTS

Strengl_:h Tests

After a predetermined period of curing, samples were tested to failure, and the un-
confined compressive strengths of the samples were determined. The results of strength
tests plotted against the sand-clay ratio for K-8 and I-S8 mixtures are shown in Figures
3 and 4 respectively. The dotted curve on the lower part of each plot shows the com-
pacted, untreated soil strengths of different C/3 ratios. It can readily be seen that lime
treatment can increase the strengths of the mixtures {compared with 12-week curing
strength at same densities) from 4 to 7 times their respective untreated strengths
for K-8 mixtures and about 6 to 16 times for I-S mixtures. The strength test results
are given in Table 3.

Figures 5 and 6 show the variations of axial strains at failure for the 5 percent lime-
treatment samples. These results indicate that ingeneral the strainat failure decreases
with increasing curing time and decreasing fine-grain fraction content in a sample.
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Figure 5. Axial strain at failure of kaolinite-sand mixtures with 5 percent lime.
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TABLE 4
pH VALUES

5 Percent Lime

Specimen  Untreated

1H 1w Iw 4w bW 12%
X 20 5.2 12.55 12,55 12.50 12.40 12,40 12,40
K 40 4.8 12.55 12.85 12.5¢  132.40 12,40 12.40
K 60 4.8 12.55 12,56  12.50 12,40 12,40 12.40
K B0 4.9 12.55 12,66 12.50 12,40 12,40 12.40
K 100 4.9 12.55 12,66  12.50 12,40 12,40 12,35
I20 3.9 21.47 12.20 11,90 11,70 11.50 13,35
T 40 3.2 12.47 12.45 13,25 21.10 11.85 13,30
160 3.0 12,47 12.47 12.43 12,30 12.20 12,10
T 80 3.0 12,45  12.47 12,45 12,40 12.30 11,65
1100 2.9 12,43 12.47 12,45 12,40 12.35 11,40

The addition of 5 percent lime to the goil mixture immediately elevated the pH values
to approximately 12.5 for all mixtures. The pH value decreased as curing time was
prolonged. However, the amount of decrease im pH with time depends on the C/8 ratio
and the clay mineral of the mixture. The relatively rapid drop in pH in I-S mixtures
reflects the higher strength-gaining capacity of the mixtures.

Lime-Treatment Level

A limited number of samples of I-S mixtures were prepared with 3 and 7 percent
lime. These samples were cured for 4 weeks prior to testing. These tests were de-
signed to investigate the effect of lime-treatment level on the strength of samples hav-
ing various C/8 ratios, The results of these tests are shown in Figure 9. pH values
were also determined after the completion of strength tests and are shown in Figure 10.

DISCUSSION OF RESULTS

o Compressive Strength

/ K-8 Mixtures—For samples with a fine-
sh e grain fraction greater than 40 percent as
) shown in Figure 3, the strengths of un-
. | treated samples range from 3.5 to 4.5
A / 7 ~ kg/cm®  For samples with a fine-grain
Gy fraction of less than 40 percent, the un-
o Bk ‘/ - treated strength decreases drastically
¢ ® L —
= / \ 72 Ly 1
% \ 2 I% Line
g B T —
5 / \ 12 E"“"—-—-—-:_‘._.__LL&L‘_:
_ i \ P Line
1 - -1 z ‘\
® IMile - Sand Wlajues
5 g4 Lint % 1 7} —
|r_‘_____,‘-u——'-""-_‘ \
g ] an 1] L] W
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Figure 9. Illite-send mixture with 4-week curing Figure 10. pH variations with lime-treatment level

strenath. after 4-week curing.






99

TABLE &
FINE-GRAIN FRACTION/LIME RATIO OF CLAY-SAND MIXTURES

Specimen 3 Percent Lime 5 Percent Lime 7 Percent Lime
120 G.4 3.8 an
140 12.7 7.8 5.4
160 18.0 11.4 8.2
180 20.4 15,2 10,9
1100 31,7 19.0 13.6
K 20 4.0
K 40 8.0
K 80 12,0
K 80 16.0
K 100 20,0

1-5 Mixtures—The same tendency of strength variation can also be seen in I-8 mix-
tures as shown in Figures 4 and 12, However, the rate and magnitude of strength gain
are much more significant, indicating the high lime reactive nature of the fine-grained
s0il. The most effective range for high strength gain in this case is between 60 and 100
percent and, like the K-8 mixtures, the maximum strengths move from samples of high
to low fine-grain fraction content as the curing time is prolonged. Data presented by
McDowell (8) have shown that the optimum lime content for maximum strength is not a
constant but rather it varies with curing time for any given soil.

Fine~Grain Fraction/Lime Ratio

The bulk of this test program was based on samples treated with 5 percent lime by
weight of the total soil mixture. Because of the various C/S ratios of the samples, the
fine-grain fraction/lime ratios of these samples were different and are given in Table 5.

The gain of strength of lime-stabilized soils is regarded primarily as a result of
pozzolanic reaction between soil silica and/or alumina and lime to form various types
of cementing agents. The possible sources of silica and alumina in soils are clay min-
erals, guartz, feldspars, micas, and other similar very fine silicate or aluminogilicate
minerals (1). The clay fraction of a soil is generally considered as the major source
of silica or alumina, or both, for the lime-s0il pozzolanic reaction; however, minerals
of the silt fraction may also serve as a source for pozzolanic reaction. Thompson (1)
has reported that the clay content of a soil is not indicative of its lime reactivity, and

soils having low clay content can be ade-
quately stabilized with 3 to T percent lime,
It appears proper, then, to use fine-grain
» fraction/lime ratio to define the effective~
\ ness of lime-soil stabilization.
The optimum FGF/L ratios for maximum
\(l-s Wixlure strenpgth of various curing periods are shown
in Figure 13 for both K-8 and I-S8 mixtures,
1 \ The optimum ratios for K-S mixtures vary

within a rather narrow range (14 to 12),
P, whereas for I-S mixtures this ratio de-
i~ M creases rapidly from 1 week to 4 weeks cur-
e ~—| ing (19 to 14.3); however, the change of op-
12 === timum FGF/L ratio from 4 to 12 weeks is
gradual and slow (14.3 to 12.4). It is gen-
erally recognized that the effectiveness of
e t ¢ ¢ J 1o 2 lime stabilization is measured by the 4-week
Curng Perlad ¢ weehs) or longer curing strength; therefore, it is
reasonable to conclude that the optimum
Figure 13. The variation of optimum fine-grain FGF/L ratios for both mixtures studied are
fraction/lime with curing period for mixtures with similar, ranging from 14 to 12 depending on
5 pereent lime. the curing period. It appears then that the

far Maxinum Siremgth

Dptimum Fine Graim Fraction ; Lima Ratia
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optimum amount of lime needed for any soil
mixtire can be determined by the gradation
curve of the mixture and the proper range of
FGF/Lratio, This ratio according to the pres-
ent study ranges from approximately 12 to 14.
The conventional method of determining op-
timum lime content for any soil mixture can
thus be simplified.

Lime-Treatment Level

The 3 and 7 percent lime-treated I-S
samples were compared with those with 5 per-
cent lime treatment of the same curing age.
Figure 14 shows that the rate of strength gain
is affected by the lime-treatment level. After
4 weeks of curing, the maximuin strength of
the 7 percent lime samples was 71100 (optimum
FGF/L = 13.6), that of Spercent lime samples
was between 5160 and 5180 (= 14.5), and that of
3 percent lime samples was between 3140 and
3160 (= 15). It is important tonote that the op-
timum FGF/L ratios are very close even
though the compositions and lime contents of
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theae sampler are ruite different
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unaffected by the lime-treatment level.

Coarse Grain Fraction Content

The strengths of samples having the same FGF/L ratios are affected by the amaount

of coarse-grained soil contained in the samples.
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Figure 15. Relationships of compressive
strength, fine-grain fraction/lime ratio, and
percentage of sand content.

Fipure 15 shows the 4-week curing
strengths of 1-§ mixtures with 3, 5, and 7 per-
cent lime; generally speaking, the lower the
coarse-grained soil content is, the higher the
strength for a given FGF/L ratio. This differ-
ence in strength is due to the different amount
of available silica, alumina, and lime in the mix-
ture for lime-soil pozzolanic reaction. Although
the optimum FGF/L is probably unaffected by
the lime-treatment level for the 2 types of min-
erals used in this study, the magnitudes of max-
imum strength for any given FGF/L ratio do
vary with the coarse-grained soil content of a
sample.

CONCLUSIONS

This study was conducted in the laboratory on
lime-atabilized samples of various clay-sand
mixtures. These samples were compacted to
the same densities as the corresponding untreated
samples. Conclusions from this study may be
summarized as follows:

1. Comparison of untreated and 12-week cur-
ing samples indicates that the addition of 5 per-
cent lime to various K-8 and I-8 mixtures caudes
an increase in compressive strength from 4 to 7
times for K-S mixtures and 6 to 16 times for I-8
mixtures.
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2, The pH value of the lime-s0il mixtures decreases with longer curing period and
larger fine-grain fraction content of a sample. However, no significant correlation be-
tween strength gain and pH variation can be established.

3. The Grundite soil that contains primarily illitic clay mineral and 2 large amount
of silt-size particles reacts better with lime than the Hydrite-UF soil of very fine pure
kaolin particles.

4. The effectiveness of lime-soil stabilization appears to be related to the FGF/L
ratio of a soil mixture. For the 2 types of clay-sand mixtures studied, the optimum
FGF/L ratios for maximum strength range from 14 to 12 depending on curing period.

5. The FGF/L ratio is a more indicative parameter for dealing with lime-~soil sta-
bilization than the lime percentage specified on the basis of either total weight or total
volume of the whole soil mixture,.

6. The rate of strength gain is affected by the lime-treatment level; however, the
optimum FGF/L ratios for maximum compressive strengths is only slightly affected.

7. The magnitudes of maximum strength for a given FGF/L ratio vary with the
coarse-grained soil content in a mixture; the lower the coarse-grained soil content is,
the higher the strength. .
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Effects of Sodium Chloride and
Sodium Chloride-Lime Admixtures on
Cohesive Oklahoma Soils

B. DAN MARKS, III, and T. ALLAN HALIBURTON,
School of Civil Engineering, Oklahoma State University

Sodium chloride has been used for many years as a stabilizing
admixture in “select” base course material. However, little if
any investigation of the engineering properties of sodium chloride-
gtabilized cohesive soil has been done. Thig paper describes the
effects of sodium chloride and sodium chloride-lime admixtures
on plasticity, compaction, and strength properties of 2 high-volume-
change cohesive Oklahoma goils. After review of available litera-
ture and discusgion of chemical and physical reactions that occur
during stabilization, experimental test results are presented and
discugssed. Small percentages of sodium chloride added to raw
goi! were found {c have negligible effects on soil plasticity while
increasing compacted dengity and decreasing optimum compaction
moigture content. Workability and moisture-retention qualities of
the raw soil were also enhanced. When small percentages of so-
dium chloride were added to lime-modified so0il, similar results
were obtained: Compacted density was increased, optimum mois-
ture decreased, and the workability and moisture-retention prop-
erties of the galt-lime mixtures were enhanced considerably over
those of lime~modified anil. Tn addition, salt-lime treatment pro-
duced strength gains over those obtained by lime treatment alone,
both at the maximum compacted density and optimum moisture for
each treatment and when the go0ils were compacted to similar
moisture and dengity conditions. Reasons for the behavior ob-
served are presented.

¢CHEMICAL TREATMENT of subgrade soils to produce more desirable foundation ma-
terial has gained inereaging attention in recent years. Lime, in both hydrated and
oxide form, has hecome one of the most widely used chemical treatments. Although
lime treatment produces very desirable results, some undesirable effects also occur.
These effects are mare evident in lime modification than in stabilization and include
reduced compacted unit weight, increased optimum moisture content, and little change
in workability during initial mixing operations.

Addition of other chemical additives in conjunction with lime might he an effective
way to minimize undesirable effects. The School of Civil Engineering at Oklahoma
State Univerasity, Stillwater, is presently engaged in a feasibility study to determine ef-
fects of sodium chloride and sodium chloride-lime admixtures on cohesive Oklahoms
soils. The project is sponsored by the Oklahoma Department of Highways.

This paper presents preliminary results obtained in the study. Theoretical consi-
derations concerning the effect of lime and salt on cohesive soils are reviewed, followed
by presentation and discuagion of experimental results.

Paper sponsored by Committee on Soil-Sedium Chioride Stabilization and presented at the 49th Annual Meeting.
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THEORETICAL CONSIDERATIONS

Addition of lime to cohesive goil usually produces a decrease in plasticity. Chemical
reactions that occur during lime treatment are not completely understcod but must be
hypothesized to explain effects of lime on cohesive so0il. As divalent calcium ions are
released on addition of lime to cohesive soil, monovalent diffused ions in the double
water layer are dissociated. This causes some compression of the double layer and
thus flocculation of clay particles. At the point of complete double-water -layer com-
pression, no further reduction in plasticity is possible because the clay surface charge
has been brought to equilibrium. The lime content that produces this maximum plastic
limit has been termed the "lime-fixation point" by some investigators (1) and throughout
this paper will be referred to as "modification optimum,' for at this lime content, max-
imum meodification of soil with respect to plasticity reduction has been obtained.

Addition of lime above modification optimum provides more free calcium ions, which
are available for formation of new molecules and crystals. Calcium combines with
aluminum hydroxyl groups to form tetracalcium aluminate hydrates that produce quick,
low-strength cementing bonds within treated soil (2). Higher, long-term strength gains
are obtained from formation of tobermorite minerals. These minerals are strongly
bound hydrates of calcium and silica. Formation of tobermorites, such as calcium
gilicate hydrate, by pozzolanic reaction has been found to be greatly enhanced under high
pH conditions. A pH in excess of 10.0 increases the solubility of silica, thus acting as
a catalyst for new minera) formation (3).

Many factors exist that affect behavior of lime-ireated cchesive soils, The effect of
particular cations present in soil has been discussed many times; however, because
formation of new crystals depends on availability of high valence hydrates, it seems only
reasonable to conclude that soil sesquioxide content may be very important in lime re-
actions. Mattson (4), in some of his early work, found that silica/sesquioxide ratios in
clays governed the behavior of these soils in reactions with acids and salts. Because
free silica is all-important in the formation of tobermorites, it appears that lime treat-
ment may be more dependent on the soil silica/sesquioxide ratio than any other single
factor, as most lateritic soils, having low silica/sesquioxide ratios, react very poorly
to lime treatment.

Addition of sodium chloride to cohesive g0il has the same effect as addition of any
other neutral salt., Phenomena that occur upon treatment of clay with salt may be ex-
plained in terms of double-water -layer theory or molecular chemistry. Bothapproaches
produce the same result—a reduction in pH of the soil water system.

Clay particle surfaces are negatively charged, with net charge decreasing as dis-
tance from the particle surface decreases. This phenomenon is a result of diffused
cations existing in the diffused double water layer. As salt is added to soil, double-
water -layer thickness is reduced as a result of concentration of diffused cations. Com-
pression of the diffused double layer causes a more abrupt decrease in charge across
the layer, thus reducing the pH of the entire system (5).

Chemically, salt added to soil reacts with aluminum and silica in clay minerals to
the extent that the minerals are altered. Addition of salt to clay minerals produces an
excess of aluminum ions, which react with anions to form aluminum salts, very acidic
compounds (6). The increased solubility of silica in the presence of sodium chloride,
as shown by Van Lier, DeBruyn, andOverbeek(7), would enhance aluminum bonding that
produces soil acidity.

MATERIALS AND SAMPLE PREPARATION

Materials being used in the study are 2 cohesive soils native to Oklahoma. The
first type i8 a red permian clay (PRC} obtained from a depth of approximately 10 ft-
on the campus of the Oklahoma State University, Stillwater. The second cohesive soil
is a highly plastic gray clay (RMGC) obtained from Roger Mills County in western
Oklahoma. The gray clay deposit was found at a depth of approximately 3 ft, above
permian deposits in that area. Index properties of PRC and RMGC are given in Table
1. Grain size distribution curves for both clays are shown in Figure 1. It should be
noted that RMGC is more plastic than PRC, despite a lower colloidal fractien.
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maximum increase in PI of PRC was 4.0 while
RMGC showed an increase of 14.0, both at 4
percent salt. At salt contents below 2 percent,
the effect of salt treatment on plasticity was
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stable on treatment with salt than does RMGC.
This is reasonable because monovalent so- S4LT CONTENF, PERGENT
dium ions would have little effect on dissocia-
tion of trivalent ions existing near PRC parti-
cle surfaces. However, salt treatment would
have a greater effect on RMGC because of its
low sesquioxide content and the absence of
large amounts of high-valence ions near clay
gurfaces.

Standard Proctor density tests conductedon
sodium chloride-treated soil produced favor-
able results in the case of PRC. Compacted )
unit weight of PRC wasincreased with increase a ' 2 ) “
in galt content to a maximum of 112 1b/cu ft at SALT CONTENT, PERGENT
2 percent salt, an increase of 6.0 Ib/cu ft over
that for the raw s0il. This gain is much greater
than that contributed by the presence of sodium
chloride, RMGC producedno gainin compacted
unit weight with addition of salt. Correspond-
ing optimum moisture contents were found to
be reduced with increase in salt content, passing through a minimum at 2 percent salt.
Optimum moisture for PRC decreased from 18.0 percent in raw soil to 15.0 percent with
addition of 2 percent salt. RMGC showed no reduction in optimum moisture content with
salt treatment.

Because moisture-density curves obtained during compaction tests depend primarily
on particle orientation, it would be reasonable to expect thal the flocculating effect of
salt affected particle orientation. The authors feel that, for PRC, 2 percent salt pro-
duces enough compression of the double water layer to obtain maximum compacted
density at the lowest possible moisture content. However, compacted density of RMGC
was not affected by salt treatment. This could result from differences in mineral com-
position, as PRC has a larger colloidal fraction even though RMGC is more plastic.

Quantitatively, moisture retention of salt-ireated soils of both types was muchgreater
than for raw soil samples. This was evident in the mixing and curing procedures de-
scribed previously.
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Figure 2. Effect of salt treatment on Atterberg
limits of PRC and RMGC.

Effect of Lime Admixtures on Soil Plasticity and Compaction

Atterberg limits were run on admixtures of both PRC and RMGC with varying per-
centages of lime, in order to locate the modification optimum lime content. Modifica-
tion optima for PRC and RMGC were 4 and 6 percent respectively. To further sub-
stantiate location of the modification optimum, the pH test for lime-treated so0il was
used fo locate the optimal lime content, and confirmed the Atterberg limit-obtained
percentages.

Standard Proctor density data for the soils at their respective lime modification
optima indicated a relatively large reduction in compacted unit dry weight from that of
the raw soil, with resulting increased optimum compaction moisture content. Maxi-
mum compacted unit dry weight for PRC was decreased from 106 to 95 Ib/cu ft by addi-
tion of 4 percent lime, while optimum moisture increaged from 18.0 to 20.5 percent.
For RMGC, 6 percent lime decreased maximum compacted unit dry weight from 96 to
91 1b/cu ft, and optimum moisture increased from 20.0 to 26.5 percent.
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Because most undesirable features of lime treatment occur in lime modification of
soil, percentages of lime around the modification optimum of each soil were selected
to begin study of lime-salt admixture combinations.

FEffect of Salt-Lime Admixtures on Soil Plasticity and Compaction

Some preliminary experimentation was conducted to determine if mixing procedure
was an important variable. Results indicated that no appreciable difference was ob-
tained by changes in the mixing sequence of salt and lime, nor was there any evidence
that mixing either salt or lime in slurry form had any significant effect on soil behavior.

Addition of salt in combination with lime had very litile effect on the plasticity of
either soil. No case occurred where the addition of amall percentages of salt with lime
increased the plasticity guch that the treated soil became nonselect material, i.e., with
a PI greater than 5.0, These small effects of sodium chloride on plasticity of lime-
treated soil further indicate that monovalent sodium ions have little effect on dissocia-
tion of divalent calcium ions. However, sodium chloride does affect surface chemistry
of cohesive soils, as indicated by behavior of salt-lime mixtures during compacticn,
which is very dependent on surface chemistry and particle orientation.

By varying salt content with 3, 4, or 5 percent lime plus PRC, trends similar to
those obtained from standard Proctor compaction tests of PRC plus sodium chloride
were obtained. Maximum density was found to be substantially increased, and optimum
moisture content reduced. One percent salt appeared to be the optimal salt content for
increase of density and reduction of optimum moisture content in lime-modified PRC.
Similar results were found to occur with RMGC, although response to the salt-lime
treatment was not as pronounced as with PRC. An optimum salt content of 2 percent was
tound for RMGC mixturco. HKcoulip obtoined from standard Proctor compaction tests
for lime contents at and near modification optimum are shown in Figure 3. Effects of
galt-lime treatment on optimum moisture are shown for both soils in Figure 4.,
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Figure 3. Effect of salt on campacted unit weight of
PRC and RMGC mixtures near their lime modification
optima.

Figure 4. Effect of salt-lime treatment on optimum
moisture contents of PRC and RMGC mixtures near
lime madification optima.
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It is thought that the small percentages required to cause these changes in unit weight
and optimum moisture are sufficient to inerease particle orientation by additional par-
ticle flocculation. Although this seems a sengible explanation, it is somewhat incom-
plete because flocculation should have occurred completely as a result of the addition of
lime. Thus, compression of the double water layer must be enhanced by monovalent
godlum ions, plus any disgolution effect caused by the presence of chlorine ions.

Workability of salt-lime mixtures was better than lime-treated mixtures, Added
moisture was found to be more evenly distributed and constant after comparable curing
times than was found with lime-treated soil. Ability of salt-lime admixtures to retain
initial moisture contents was much greater than for mixtures of lime-treated soil.

Effects of Sodium Chloride-Lime Admixtures on Compressive Strength

Throughout this portion of the paper, results obtained from unconfined compression
tests on sali-lime-treated s0il will be compared with those obtained from lime-treated
soil,

The loading rate for all unconfined compression tests was (.03 in. per minute. This
rate was based on a desired 5.0 percent strain in 10 minutes. Unconfined compression
teat specimend were molded in a Harvard miniature mold. Curing of all samples was
accomplished by waxing specimens and placing them in a 25 C moist room for desired
curing timea. Each dala point on all curves represents the average of at least 3 testas.

Initially, all strength tests were conducted on specimens compacted at optimum
mojsture content and maximum standard Proctor densities. Although differences be-
tween optimum moeisture content and maximum dry dengity for the various mixtures will
have some effect on strenpgth, results obtained were expected to be more meaningful,
for practical purposes, than samples prepared at the same compaction moisture content
and unit dry weight.

P2l

Unconfined compression test results of samples compacted at optimum moisture con-
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tents and maximum standard Proctor densities
indicate that the presence of salt increases
the strenpgth of both PRC and RMGC above
that obtained from lime modification alone.
Both lime-ireated and salt-lime-treated PRC
T-day strengths passed through maxima as
lime content was increased. RMGC mixtures
showed a decreasing effect of satt on strength
as lime content was increagsed. PRC showed
greater response to galt-lime treatment at
standard Proctor density than did RMGC. Re-
gults of T-day unconfined compresasion tests
are shown for both soils in Figure 5.

In order to determine the amount of strength
gain contributed by salt, it was necessary to
eliminate the variables of compacted mois-
ture content and unit dry weight. Moisture-
density curves for different compactive ef-
forts were therefore obtained to determine a
compaction moigture content and unit dry
weight with corresponding compactive effort
that could be used for all samples tested.

Samples thus prepared were cured in the
manner described previougly, with unconfined
compression tests conducted after 7, 14, 21,
and 28 days of curing. In all cages, admix-
tures of salt plus lime produced greater

strengths than eamples treated with lime
alone. In PRC mixtures, b percent lime with
1 percent salt again showed agreater increase

Figure 5. Effect of salt on lime-treated PRAC and
RMGC strength when compacted to standard
Proctor density.
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in strength than did either 3 or 4 per-

Figure 6. Effect of curing time on strength of salt cent lime with 1 percent salt. The same
and salt-lime modified PRC samples under constant was true for RMGC. Mixtures of b per-
moisture and density conditions, cent lime plug 2 percent salt showed

greater strength gain than did other per-

centages. The rate of strength gain was

reduced ag lime content increased. Fig-
ures 6 and 7 show strength gain relationships between lime-modified and salt-lime-
treated PRC and RMGC respectively. Figure 8 shows the effect of lime content on com-
pressive strength, with and without salt treatment.

Consistent gainsg in strength from salt-lime admixtures, above those obtained from
lime-treated soil, indicate that salt may produce other effects besides flocculation in
cohesive s0il. Reaction of clay minerals with sodium chloride may create a gituation
where aluminum ig more accesgsible to chemical reaction with lime. Because early
gtrength of lime-treated soil results from formation of tetracalecium aluminate hydrates,
sodium chloride may act as a catalyst in formation of these cementitious molecules.
Increased solubility of silica or quartz in the presence of salt may well be the reaction
that accelerates crystal growth, producing strength gain.

Discussion of salt-lime admixture atrength thus far has been confined to lime per-
centages near the modification optimum for both soils. In this region of lime percentage,
gtrength gain is usually of secondary consideration; however, it has been shown that
gtrength gains abtalned by addition of sall at modification lime contents are of fairly
large magnitude. The next item to be discussed involves the benefit of adding small
percentages of sodium chloride at lime contents around the stabilization optimum. At
these lime contents strength is the primary, rather than secondary, concern.

In the case of PRC, a lime content of 8 percent was found to be stabilization optimum.
Experiments were conducted with admixtures of lime and galt plus lime, 1 percent on
either side and at optimum lime content. The greatest effect of salt on strength was
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Figure 8. Effect of curing time on strength of
lime and salt-lime stabilized PRC mixtures under
constant moisture and density conditions.

found to occur at B percent lime content. The rate of strength increase was also found
to be greatest at this lime content. Figure 9 shows the effect of curing time on strength
for the 3 lime and 3 sali-lime mixtures tested. Addition of 1 percent salt at optimum
lime content produced a compressive strength of 122 psi, which represents a 22 percent
increase over lime alone.

RMGC was found to behave similarly to PRC, with maximum benefits obtained at a
stabilization optimum of 11 percent lime. Although the rate of strength increase was
substantial for RMGC mixtures, the total increase in strength was not as high as for
PRC. The rate of strength increase is shown in Figure 10, which shows compressive
strength as a function of curing time for all RMGC mixtures. The maximum strength,
obtained at a lime content of 11 percent with 2 percent sodium chloride, was 4% psi, a
strength increase of 11.5 percent over lime treatment alone. Thus, the effect of salt
on strength gain is almost twice as much for PRC as for RMGC; however, because of
the lower strengths obtained with RMGC, the latter increase may be of more importance.
A summary of strength as a function of lime content, with and without salt, is shown
for both scilg in Figure 11,

The fact that the rate of strength gain waa increased by addition of salt at all lime
percentages would indicate that some type of catalytic reaction occura during curing.

At this time, 2 purely hypothetical explanations are being considered. The first is
that the sodium chloride reacts with clay minerals and upsets aluminum bonding in the
clay, producing a condition where calcium ions may more eagily unite with aluminum
and silica to form new minerals, thus increasing the rate of strength gain. This reac-
tion would have an effect on seoil pH and charge equilibrium at the clay particle surface.



110

303 T T T T T T T
— HMGE N o 1R
':':f& L 0%, cao PO Mal Q_mo» 28-DATS J
o a = 1% MNa
[ry=—Ty o D% Mol 5 ]
g 5
g wob E [[#'5 3 .
O b A
o
k 1L i L i w o
7 T4 I 28 =
CURING TIME, DAYS @
2 wop
! ' ! ! & 0% Nacl
= ‘a M
_ SOF RMGC 29Nt s T
e 1% Cat =]
ER sol_ L :
5’) T QR 4 8 :
w s LIMF CONTENT, PERCENT
=¥
nE b= I T T T
aE | i = RMGC
o 5 WF fe-pars 1
500 I 1 n i E 2% Nall
7 14 2l 28 [ J
CURING TIME, DAYS 0
2 odur
T T T T 3—2 O % MGl
W ORMGE . 0o e— — |
i 12% Cal #%Nat i
. 2
P o ag b L l_
s D% Mol 13 1] 12
g!s “0r 7 LIME CONTCMT, PERCENT
=5
[+] P_i -
“a Figure 11. Effect of lime content on PRC and
L L . .
40 T o Y T RMGC comipressive sbignyll witl il sall and at
CURING TIME, DAYS optimum salt content under constant moisture

and density conditions.
Figure 10. Effect of curing time on strength of
lime and salt-lime stabilized RMGC mixtures under
constant moisture and density conditions.

The second explanation would be
the increased solubility of silica in
the presence of sodium chloride. By

increaoing the aolubility, silica is available [ur reaction with catelom at 2 much greater
rate than occurs in normal lime treatment.

SUMMARY

Based on data presented in this paper, the following preliminary conclugions are
preasented concerning effects of sodium chloride and sodium chloride-lime admixtures
on the engineering behavior of cohesive soil. Results were obtained on 2 Oklahoma
clay soils, but should be indicative of behavior for cohesive soila of similar origin and
engineering properties.

1. Plasticity of cohesive s0il is increased by addition of sodium chloride; however,
Pl increase at salt contents less than 2 percent is negligible.

3. Addition of sodium chloride was found to produce a substantial increase in com-
pacted unit weight and corresponding decrease in optimum moisture content in the lower
pPlagticity PRC, while the more plastic RMCC showed no responsge in cuupdelion proup-
erties by addition of sodium chloride.

3. Both cohesive soils showed higher compacted unit dry weights and lower optimum
moisture contents for salt-lime mixtures than for lime-treated soil.

4. Addition of small sodium chloride percentages with lime near modification optima,
did not increase plasticity sufficiently to change the material to nonselect subgrade soil.
5. Strength gains at both modification and stabilization optima were substantially
increased by addition of small percentages of salt; thug sodium chloride increases the

rate of strength gain and total strength associated with lime treatment.

6. Workability and moisture retention properties of both raw soil and lime-treated
8oil were enhanced by addition of small percentages of galt,
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Sodium chloride may have use ags a compaction aid, a moisture-retention agent, and
a catalyst in increasing the strength of lime-modified and stabilized cohesive goils.
Also, addition of small salt percentages counteracted the reduced unit dry weights and
increased optimum compaction moisture contents associated with lime treatment of
cohesive soils. Research currently in progresas is expected to obtain more data con-
cerning engineering behavior of salt and salt-lime-treated cohesive soilg, and also to
provide reasons for the behavior cbserved.
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Evaluation of Remolded Field Samples
of Lime-Cement-Fly Ash-Aggregate Mixtures
ERNEST J. BARENBERG, University of Illinois

oIN LATE SEASON CONSTRUCTION using lime-cement-fly ash-aggregate (LCFAA)
mixtures, the reaction process may be greatly retarded by cool temperatures. There
is some concern that ag free water percolates through the pavements under these con-
ditions there will be a tendency for the lime and cement to migrate and/or be leached
from the mixture. If such is the case, and if a significant quantity of water percolates
through the mixture, there may not be sufficient lime and cement available for proper
reaction when the temperature rises the jollowing spring.

Construction of the runways and taxiwaye at the Newarl Airport provided an excellent
opportunity to collect the necessary materials for a study to determine if lime and ce-
ment does migrate or is leached from the materials during adverse climatic caonditions.
Placement of the LCFAA material was started in late summer 1968 and continued through
late November. During the latter portion of the construction seascn, a significant
amount of rain fell on newly constructed pavements. Also, the mean daily temperature
in the project arca. during the laticr part of the 1068 conotruction oecacon wao in the low
to mid 40's, which is sufficiently low so that little or no reaction would be expectled to
occur in these materials.

Construction procedures used in the Newark Airport were sufficiently controlled so
that reasonable uniformity could be expected in the LCFAA mixtures. Layers of com-
pacted LCFAA mixtures were placed in layers up to 30 in. thick and provided an excel-
lent opportunity to study the migration of lime and cement throughout the depth of the
pavements as the water percolated through the material. Also, the LCFAA materials
used had sufficient permeability so that the water could percolate freely through the
material thus providing 1deal conditions for leaching to cccur.

A laboratory investigation was designed to determine the extent of leaching or mi-
gration of the lime and cement under the field conditions described and the effect of the
leaching and curing conditions on the subsequent curing of the LCFAA materials.

MATERIALS

Field samples of the LCFAA materials were taken from the pavement locations given
in Table 1. Samples of the coarse aggregate, sand, and fly ash were obtained from
stockpiles of materials used in the construction of these facilities. Characteristics of
the coarse aggregate, sand, and fly ash are given in Table 2. Samples of lime were
obtained from the suppliers and included both high calcium and monochydrated dolomitic
limes. Portland cement used in the study was obtained from local supplies.

Field samples were taken from the airport pavements in 2-in. increments throughout
the depth of the pavements. Thicknesses of the materials in place varied from 6 to 30
in. (Table 1},

When collecting the field samples, the material was placed in double plastic bags and
carefully sealed to prevent moisture loss during shipment. The samples were shipped
to the laboratory by commercial truck. The samples were shipped during early Jan-
uary and were frozen when received. They were stored in the frozen condition until
preparation for testing to prevent further reaction of the constituents.

Paper spansored by Committee on Lime and Lime-Fly Ash Stabilization.
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TABLE 1
LOCATIINS OF SAMPLES FROM NEWARK AIRPORT

Sample . Cenlerline Mix Depth
Locallon Pavement  Station Refercnce Nesignalinn (im.)
1 4L-22R 50+00 0t W A 0l &
B Elo 24
C 24 to 30
2 Taxiway B 15400 On eenterline A Ot &
B a8 to 24
C 24 to 30
3 41.-22R 49425 5t B A Otod
B & to 16
C 16 to 22
4 Taxiway A 10300 10t E B Qo8
5 Taxiway A 10400 1011 W C Dtod
34 Taxiway A 38100 5t W C Otod
7 Taxiway A 9400 10ft B B Oto @
C 8 to 14
8 Taxiway B 56+50 25t W A Ot 8
9 Taxiway A 37400 108w c 0to6

Moisture content determinations were made on all samples as obtained from the field.
A 600-gram sample was taken from each field sample for titration and pH tests to de-
termine the lime and cement contents, The remainder of the material was set aside for
strength and durability testing.

Mix formulas for the materials used in the pavement congtruction are given in Table
3. Optimum moisture contents and maximum dry densities for these mixtures are also
given in Table 3. All mix proportions are given on a dry-weight basis,

TEST PROGRAM

The test program consisted of (a) titration and pH tests on all field samples {60); (b)
strength and durability tests on selected samples of remolded material (30); and (c) a
laboratory study to evaluate leaching under controlled conditions. Miscellaneous tests
as necessary to develop the standards for comparison were also conducted.

TEST PROCEDURES

Titration Test

A titration procedure was used to determine the lime and cement content of the field
samples. Details of the procedure are presented elsewhere (1). Essentially the pro-
cedure consists of dissolving the calcium (and magnesium) from the mixture in a solu-
tion of ammonium chloride and then determining the calcium concentration in the

TABLE 2 TAELE 3
PARTICLE SIZE DISTRIBUTION OF COARSE FORMULATIONS AND COMPACTION CHARACTERISTICS
AGGREGATES, 3AND, AND FLY ASH USED OF MIXTURKS &, B, AND C AS USED IN THE
IN THIZ STUDY NEWARK AIRPCRT
) Percent Paasing Mix Designation
Bieve Tlem
Hze Coarse Fly A R C
Agpregate Sand Awph
- Mix proporlions (dry welght basis)
;ll.n' 100 Coarae aggrcgale, pereent 0.0 L i
{3 . 41 100 Sand, percent 525 BA.0  BAS
Fe in. 5 100 Fly ash, percent 13.0 13.0 3.0
No. 4 - o8 10¢ Lime, percent 3.6 3.2 2.8
No. 4¢ 51 93 Portland cement, percent 0.9 0.8 0.7
No. 80 13 - Optimum moisture content, percont 6.4 9.0 9.0
No. 200 1 80 Maximum dry density, lb/cuft 1372 1258 1256
No. 325 - g4
Mote: For cold weather construction the cement iy replaged with anuivalent

Mote: Loss on ignition of fly ssh wes 13 percent amaounts of lima,



114

solution by titrating with a disodium salt of EDTA (ethylenediaminetetraacetic acid),
The calcium concentration in solution is determined by comparing the EDTA necesgary
to titrate the solution from the field samples with a standard curve prepared from mix-
tures with known concentrations of lime and cement. Separate calibration curves are
required for each mix formula and each lime type. Calibration curves for the materials
used in this study are available in Appendix A.

pH Determination

Fifty grams of material from the field samples were charged into a plastic vial and
approximately 100 ml of distilled water was added. After vigorous shaking for approx-
imately 1 minute, the sample was allowed to settle for approximately 2 minutes and the
pH of the fluid then read with a direct reading, electrode-type pH meter.

Strength Test

Unconfined compression tests were conducted on 2- by 4-in. cylindrical specimens
made from remolded samples of material taken from the pavements, The specimens
were cast in a solid steel mold and compacted in 3 approximately egual layers with a
falling mass Ilmpact hammer with a 2-in, diameter face. The compacted specimens
were pushed from the mold, cured in a sealed plastic bag at the preacribed temperature
for the prescribed period of time, soaked, capped with hydrocal, and tested at a strain
rate of 0.05 in. per minute,

Matearial for the eylindrical specimens was prepared by mixing for approximately 3
minutes in a Lancaster counter current mixer with a muller attachment, Water was
added during-mixing a8 reguired-to bring the-material o the degired-{optimum) meis--
ture content. The muller attachment effectively pulverized any chunks of material pres-
ent in the field samples of the LCFAA material. Field samples with moisture contents
above optimum were dried back to just below optimum prior to mixing. Laboratory
prepared mixtures, which were used for comparisoen purposes, were blended and dry-
mixed {or 1 minuie before adding waler and 2 minutes afler water was added.

Durability Test

The durabilily characlerislics of e [eld malerial were gvalualed by evalualing Lhe
potential of remolded field samples to develop and retain compressive strength after a
short curing period and repeated freeze-thaw cycles.

Six 2- by 4-in. cylindrical specimens were made using the procedure outlined for
the compressive strength test. Afiter compaction these specimens were sealed in a
plastic bag and cured for 2 days at 120 F. Three specimens were then removed and
tested in compression, and the remaining 3 specimens were bedded in moist sand and
placed in a freezer for 16 hours. After 16 hours in the freezer the specimens were re-
moved and allowed to thaw for 8 hours at approximately 70 F. During the thawing pe-
riod the sand in which the specimens were embedded was kept very moist, approaching
saturation. After the prescribed number of freeze-thaw cycles, the embedded speci-
mens were covered with plastic to prevent moeisture loss, stored for 7 days at 120 F,
then soaked for 4 hours, capped with hydrocal, and tested in compression.

Leaching Teat

A test program was undertaken to evaluate leaching of the Jime and cement from the
LCFAA mixtures under laboratory conditions. Four lucite tubes, approximately 2 ft

' The original manuscript of this paper included Appendix A, Calibraticn Curves Used to Determine the Lime Plus
Cement Content of the LCFAA Mixtures, and Appendix B, Data From Tests on Field Sampies of LCFAA Mixtures.
The 2 appendixes are availabie in Xerox form at cost of reproduction and handiing from the Highway Research
Board. When ardering, refer to XS-28, Highway Research Record 315.



115

long and 4 in. in diameter, were filled to a depth of approximately 18 in. with a labora-
tory prepared mixture (Mix B). The mixture was brought to optimum moisture content,
and the proper quantity of material was charged into a lucite tube and vibrated to the
desired densily. After compaction, specimens were covered and allowed to cure for
approximately 48 hours at a temperature of approximately 70 F. After 48 hours of cur-
ing 2 samples were treated with a prime coat (MC-Oapplied at a rate of (.25 gal/sq vd),
and all 4 specimens were placed in 2 controlled temperature cabinet and held at a tem-
perature of between 35 and 40 F.

Water in appropriate quantities to simulate the rain that fell on the pavements was
poured on each specimen and allowed to percolate through the LCFAA material, The
water was placed on the specimens in quantitative increments to simulate the amount of
rain that fell during specific periods on the pavements. For example, on November 10,
1968, approximately 1 in. of rain fell on the pavements hetween 1 a.m. and 4 p.m. To
simulate this condition sufficient water was placed on the laboratory samples at 7 a.m.
to give the equivalent of 4 in. of rainfall; at 11 a.m. water equivalent to an additional %,
in. of rain was added, and the same amount was added again at approximately 4 p.m.

It was observed that all water from previous applications had completely seeped away
prior to all subsequent applications. All water that percolated through the mixtures
was caught, retained, and tested for calcium content using the titration test.

When the amount of water equivalent to the rainfall for a 10-day period after place-
ment had percolated through the samples, the material was removed from the tubes and
subjected to the same test program as the field samples,

PRESENTATION AND DISCUSSION OF FINDINGS

Data from testg on field samples are given in detail in Tables B-1 through B-6 in
Appendix B.° Some of these data are reproduced in different fortnat in the body of this
report to facilitate the discussion,

Leaching of Lime and Cement

It is expected that if lime and cement were leached from the LCFAA mixtures it
would produce several significant changes in the material. If leaching is fairly com-
plete it can he expected that the pH of the material will drop to below the 12.0 to 12.3
range {2). It is also expected that with significant leaching there would be a marked
reduction in the lime plus cement content as determined hy the titration test, It also
seems reasonable to expect that, if sufficient calcium is leached from materizls in the
upper layers to produce a calcium-saturated water percolating through the material,
some of this calcium will be deposited in the lower layers thus producing an increase
in the indicated lime plus cement content of the material from the lower depths.

A study of the pH data {rom the field samples shows that the pH of only 3 samples fell
below 12.0, and only one of these had a pH below 11.0. Generally, free lims still
is present in the material and available to react under favorable conditions.

Results from the tifration tests on the field samples are shown in Figure 1. Two
curves are shown: The curve for the lower lime plus cement content is based on a 1-
minute stirring time in the NH,C], and the curve for the higher lime plus cement con-
tent is based on a b-minute stirring time. These 2 stirring times were used in lieu of
the standard 2-minute stirring time in an effort to distinguish between the lime and ce-
ment that was readily dissolved in the NH,Cl, and that which required a longer dissolu-
tion time. As seen in Figure 1, the curves for the 1- and 5-minute stirring times are
similar in shape and, for practical purposes, are parallel.

Two features are noted in the data shown in Figure 1, First, the lime plus cement
contents determined by the titration tests are generally lower than the lime plus cement

2
See footnota 1.
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Figure 1. Lime plus cement content of the field samples as determined by the titration test.

content epecified for these materials, and, second, the lime plug cement content deter-
wined with a S-minute stirring period is consistently higher than that determined with
the 1-minute stirring period. These data suggest that not all lime and cement are dis-
solved by the NH,C1, at least not during the relatively short mixing times used in this
study. There is also a question of how much influence the curing time and temperature
have on these results.

To develop furtherinformation on the effect of curing and stirring times on the indi-
cated lime plus cement content, a series of specimens of mix B were made and cured
for varying times in sealed bags at 120 F. These specimens were then pulverized in
the same manner as the field samples and the lime plus cement contents determined
using the titration test procedure. Results from this study are shown in Figure 2. In
general, it is seen that as the curing time increases the lime plue cement content in-
dicated by the titration procedure decreases. The reduction in the indicated lime plus
cement content is especially rapid during the first 2 days of curing. Results shown in
Figure 2 also indicate that as the curing time increases longer stirring times are needed
to remove the compunroble quantities of line and cement from the mixture. The indi-
cated lime plus cement content after 4 to 7 days of cure in the laboratory at 120 F is
about the same as that obtained from the field samples.

Results from the leaching study on the material in the lucite tubes in the laboratory
alap indicate a relatively small amount of calcium is leached from the samples. The
lime plus cement contents determined by the titration iests on the Iaboratory specimens
are given in Table 4. The average lime plus cement contents of 1.95 percent with 1-
minute stirring and 2.22 percent with 5-minute stirring are not significantly different
from lime plus cement contents obtained from the field samples using identical test
procedures.
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Figure 2. Effect of stirring time on lime exiraction on samples with
varying curing times.

Titration tests on the water that percolated through the LCFAA materials in the tubes
indicated that less than 0.1 percent {of the approximately 4.0 percent added to the mix-
ture) of lime plug cement had been diggolved in the water as it percolated through the
mixture.

Strength and Durability Test Results

Durability as used in this presentation refers to the ability of the material to regain
or retain compressive strength under repeated cycles of freezing and thawing and sub-
sequent curing. Thus, strength and durability of these materials are closely related,
and the test results are discussed together.

Figure 3 shows the age-strength relationship of LCFAA mixtures prepared in the lab-
oratory. The 2 lower lines represent the data from the original mix design on these
materials (g), and the upper line is from a
mixture made and cured in the laboratoryus-
ing the mix B formula. Numbers in the pa-

rentheses on the 2 lower lines denote the ratio TABLE 4
of the strength of the material affer it had RESULTS FROM TITRATION TESTS ON
cured for 1 day at 120 F and was then re- LABORATORY LEACHING STUDY
molded and recompacted to that of the undis- Percent Lime Plus Cement Content
turbed material. Tube After Mixing in NH.Cl

The effect of time between placement and | Mingte 5 Minutes

sampling and subgequent remolding on the

strength development of LCFAA field samples h 2 20

is shown in Figure 4. These data indicate 3 2.0 2.0

that as the period between placement and |, ¢ 14 24
verage 1.95 2.225

sampling increased the strength developed in
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the remolded material decreased. This is as expected, as the more lime and cement

utilized in the reaction process before remolding the less there is available to react
after remolding and recompaction. This should be kept in mind in evaluating the sub-

sequent data on the strength development of remolded and recompacted materials from
the field samples.

Figure b shows the effects of alternate freeze-thaw cycles and accelerated curing on
the strength development of the laboratory prepared LCFAA mixture. When the mate-~
rial has had a relatively shorf curing time, alternate cycles of freezing and thawing may
cauge 3 significant reduction in the compressive strength. This strength is quickly re-
covered, however, when curing conditions are favorable as is shown in Figure 5 for the
gecond 2-day curing period. After the second curing period, the material gained strength
during the freeze-thaw cycles and had a further substantial gain in strength during the
2-day curing period following the second series of freeze-thaw cycles.

Figure 6 shows the strength gain and loas pattern for the undisturbed laboratory mix
of LCFAA material plus a probable curve of the disturbed material developed from tests
using materials from the field samples. The strength of the remolded material from
the field samples after 7 freeze-thaw cycles was not determined as the upper ‘4 to 1 in.
of the specimens appeared soft so that eflective capping was not possible. After an ad-
ditional 7 days curing at 120 F, the softened materials rehardened sufficiently to per-
mit the specimens to be capped and tested in compression,

The strength of the remolded field samples of LCFAA material after 2 days curing
at 120 F was of the order of one-half the strength of freshly mixed material for the same
curing conditions, There ig no direct comparison that can be made of relative strengths
of the undisturbed and remolded materials after the freezing and thawing, but examina=-
tion of the trends of the data indicates that the remolded materials did develop a sub-
stantial proportion of their potential strength as indicated by the results from tests on

looo |
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Proportion ''B'' Hix
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8oy 13% Fly Ash
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Figure &. Effects of freezing and thawing plus curing an compressive
strengths of lime-fly ash mixtures. '
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the undisturbed material. Considering the effect of time between compaction and re-
molding on the field samples, these resulis suggest that the materials in place should
develop adequate strength and durability under favorable curing conditiens during the
spring and summer months,

Figure 7 shows the relationship between the lime plus cement content indicated by
the titration test and the compressive strength developed in the remolded field samples.
The natural scatter in the test results plus the limited number of test resulis available
make it impossible to establish a precise correlation. There appears, however, to be
a strong trend toward higher strengths with higher indicated lime plus cement contents,

CONCLUDING REMARKS

Findings from this program indicate that the lime and cement in the LCFAA mix-
tures used in the Newark Airport pavements are sfable and are not subject to signifi-
cant leaching or migration over short periods of time. More specifically, the findings
indicate that those LCFAA materials placed late in the construction season will retain
nearly all of the lime and cement that were added during mixing and that this lime and
cement will react with other components of the mixture under favorable conditions even
alter being dormant for a considerable period.

Findings from this study indicate that the more extensive the curing is before freez-
ing and thawing the less damage will be done to the materials by cyclic freezing and
thawing., Also, materials damaged by freezing and thawing will recover a significant
portion of the lost strength under favorable curing conditions provided sufficient lime
and cement are retained in the mixture to support continuing reactions. It was ohserved
in this study that, when the LCFAA materials are subjected to alternate freeze-thaw
cycles under the conditions used in this study, the most severe damage to the materials
occurs near the top of the specimens for a depth of from 1 to 2 in.

Findings from this study seem to indicate that LCFAA materials can be placed later
in the construction season than previously thought, provided proper precautions are
taken. For example, it may be necessary that for late season censtruction the lime or
lime and cement contents be increased to offset the effects of any initial set and damapge
caused by freezing and thawing to the ultimate strenpth developed by the LCFAA mixture.
Also, provision should be made to remove any loosened or damaged materials from the
surface prior to placing subsequent layers during spring and summer.
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Differential Thermal and
Thermogravimetric Analysis of

Reacted Bentonite-Lime-Water Mixtures

GEORGE R. GLENN, Rutgers, The State University of New Jersey

Thermal methods are applied to supplement previous results by X-ray dif-
fraction of mixtures of bentonite with ealeitic, monohydrated, and dihy-
drated dolomitic lime reacted in the presence of water at 23 C for 3 years
in sealed containers. In addition, the cure§ mixtures were reacted at ap-
proximately 100 percent relative humidity at temperatures of 40 and 80 C
for 4 to 5 days. These mixtures were then subjected to hydrothermal
treatment at several intermediate temperatures to 170 C. X-ray diffrac-
tion indicated ecalcium silicate hydrate (CSH)} gel, CSH I, and possibly
CSH I in all room-cured mixtures, with C4AH:s indicated only in caleitic
and monohydrated lime mixtures. Better crystallized CSH phases, in-
cluding lobermovrile, resulted [romw hydrothermal treatment. In moat in-
stances, results by X-ray diffraction were conlirmed using thermal meth-
ods. In addition there wers new Iindings; it was possibie to characierize
reaction products having low degrees of crystallinity. A chlorite-like
mineral was noted in all mixtures containing dolomitic lime. CBH II was
algo clearly identified ae a reaction product in most of the mixtures, par-
ticularly those reacted at intermediate temperatures.

sA COMPLETE EVALUATION of a stabilized soil involves, among other factors,
identilication of products of the reaction between the additives and components in the
scil. This is a difficult process, particularly whea X ray diffraction is the only analy-
gis technique employed and the reaction products have low degrees of crystallinity.
This is often the case, particularly in soils stabilized with hydrated lime under field
temperature canditions, One supplementary technigue is Differential Thermal Analy-
sis (DTA), accompanied sometimes by Differential Thermogravimetric (DTG} and
Thermogravimetric (TG) analysis to obtain weight loss and other reaction data.

The present study applies these thermal techniques to the analysis of separate re-
acted mixtures of a pure clay mineral with 3 types of lime in water.

Previous studies by X-ray diffraction of these mixtures reacted at 23 C using cal-
citic and monchydrated delemitic lime indicated formation of the tetracalcium aluminate
hydrate (CaAH1:-12). These mixtures as well as the one reacted at 23 C using dihy-
drated dolomitic lime showed that calcium silicate hydrate (CSH) gel, CaCOs, CSHI,
and pogsibly CSH II were also produced after curing for long periods, with apparently
increasing degrees of crystallinity with longer reaction time. This phenomenon in the
hydrothermally reacted mixtures wae evident, with well-crystallized tobermorite ap-
pearing at the highest temperatures and with other CSH phases at intermediate temper-
atures. In all mixtures the products noted at 23 C were found to persist beyond the
hydrothermal reaction at 105 C {1). Reexamination of the X-ray diffraction patterns of
dolomitic monohydrated lime mixtures revealed that a 15.2 A nonexpanding mineral was
produced in hydrothermal reactions at 105 C and above.
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For obvious reasons, previcus DTA, DTG, and TG studies of the 2 systems, CaO-
5i0z-H:0 and Ca0-Al203-H20, were selected from the literature and uged in the pres-
ent analysis.

DTA of the compound CsAH,2-1s by Turriziani showed weak endotherms near 130 and
170 C with a strong endotherm near 230 C, Another weak endothermic peak near 330 C
was followed by a broad weak exothermic bulge near 350 C (2). Carlson's studies of
the calcium aluminoferrite hydrates explained the progressive dehydration of CsAHis
to be as follows: The 11 hydrate iz formed at 127 C; 4 additional molecules of water
are lost at 194 C. Above 250 C the hexagonal hydrate goes to CaAHs, the isometric
form, accompanied by formation of Ca{OH):. C:AHs is decomposed near 350 C (3).

TG studies of cement chemistry by Longuet esaentially confirm these findings (4),

DTA of CSH gel prepared at room temperature by Brunauer and Greenberg shows
only a strong endotherm near 200 C (§). Diamond noted this phenomenon, but his prep-
arations also gave a small exotherm between 840 and 865 C (6). Kalousek found that
CSH I having Ca0Q/8i0; (C/S) ratios between 0.8 and 1.0 gave similar DTA patterns for
both room temperature preparations and those hydrothermally reacted at 175 C, The
peak temperatures increased with increases in C/$ ratio but the exotherms were about
T C lower for the room temperature preparations, After 4 days of autoclaving at 175 C,
a 0.8 C/S mixture made with lime and silicic acid showed weak DTA effects, namely,
an endotherm near 270 C and an exotherm near 840 C, At less reaction time, the low
temperature endotherm moved from just below 200 C to slightly higher temperatures;
this was accompanied by a progresgsive diminution in intensity of the 840 C exotherm.
Kalousek indicated that an intermediate lime-rich phase {C/8 = 1,75) interacted with
unreacted quartz after about 6 hours {7, 8, 9). Gaze and Robertson hydrothermally re-
acted lime with quartz having a C/8S ratio of 0.33 at 165 C to give a product showing a
weak DTA endotherm at 570 C followed by a strong exotherm at 818 C (10). Diamond's
hydrothermal preparations of tobermorite gave a noticeable endotherm near 275 C and
a barely noticeable exotherm near 820 C. Aluminum substituted tobermorite produced
the following changes in his DTA patterns: for 3 percent Al, the endotherm appeared
at 810 C; for 5 percent Al, both endotherm and exotherm were 10 C lower than for pure
tobermorite. Changes noted in the 10 percent Al pattern, as compared with that for
& percent Al, included the appearance of a 630 C weak exothermic bulge and an 835 C
exotherm; the 15 percent Al preparation showed 285 and 380 C medium endotherms, a
510 C weak exotherm, and an 835 C very strong exotherm (6).

Mackenzie reports that diluted 20 to 25 percentaCOs mixtures show DTA peak tem-
peratures between 830 and 940 C (11). Gaze and Robertson attribute a large endother-
mic effect at 780 C to calcite. This lower temperature is affirmed to be due to appre-
ciable quantities of CO2. A gimilar result was noted by Mackenzie in DTA findings for
a calcium carbonate sample from carbonation of Ca(OH)>. Lowering of the calcite peak
temperature was attributed to the finer particle size of the secondary carbonate. Lon-
guet reports a weight loss study in which decomposition of CaCOs; in air commences at
630 C and terminates at 880 C (4, 10, 11).

Van Bemst presents DTA and DTG studies of CSH I (C/S = 1.36) and CSH I {C/S =
2,01). Exothermic effects near 155 and 800 C appeared on DTA patterns for both prep-
arations. CSHI showed a very strong exotherm at 840 C while CSH II showed twin
thermal effects between 340 and 380 C as well as weak exotherms at 850 and 920 C.
The greatest rate of weight loss occurred below 200 C, as indicated by the DTG curve,
Weak decomposition reactions also occurred near 400 C with intermediate reaction
rates near 710 C for both compounds. The distinpuishing features noied on the DTG
patterns were the intermediate reaction at 260 C for CSH II and the one at 640 C for
CSH I (12). Unidentified calcium aluminate hydrates and calcium silicate hydrates
were found by X-ray dilfraction in various lime-clay mixtures as early as 1960 (_13,
_1_1). DTA, as well as X-ray diffraction, was used in the analysis of lime reacted with
several clay minerals to characterize reaction products, namely, C4AH;s, 101 tober-
morite, and monocarbonate aluminate (15).

Among the results of X-ray dil{raction studies of produects of lime-bentonite-water
mixtures by McCaleb were the following: With Ca (OH)z, room temperature mixtures
produced caleite and Ca-montmorillonite, With Mg{OH}:;, Mg-montmorillonite, brucite,
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and a small amount of vermiculite-chlorite-like mineral were formed. When both
Ca{OH)a and Mg (OH)a were present, no such changes were noted. Hydrothermally re-
acted (168 C) mixtures contalned a 12.8 1 and 15.7 & montmorilionite as well as tober-
morite and caleite. Litile difference was noted between room temperature and hydro-
' thermal preparations using Mi(OH)z. When both Ca (OH)2 and Mg (OH): were uged, a
12.9 } montmorillonite, a 14,7 A vermiculite, and an 11.7 § tobermorite were formed (18},

Caillere et al. treated montmorillonite with MgClz: and NH(OH solutlons and de-
scribed the product as having characteriatics between chlorite and vermiculite, The
explanation of the phenomenon was that Mg (OH): rapidly precipitated between the atruc-
tural layers of the montmorillonite. DTA regults from artificially prepared chlorites
showed a weak endotherm between 500 and 600 C and a weak exotherm near 850 C (17,
18, 19). Artificial pseudochlorites are reported by Mackenzie to show about 3 times
the weight loss as that of a natural chlorite and that half occurs at about 300 C from
interlayer water and a third near 400 C, attributed to brucite layer dehydration; the
balance of the dehydration occurs slowly up to 525 C, at which temperature the mont-
morillonite layer decomposes (11).

Using X-ray diffraction, supplemented by DTA, Wang and Handy noted that MgO re-
acted at 23 C for 28 days with bentonite and water to produce a 15.2 } nonexzpanding ma-
terial that was characterized as a chlorite-like mineral, The DTA peaks for this mix-
ture reacted at 126 C for 1 day were as follows: weak endotherms at 540 and 810 € and
a medium exotherm at 845 C, Curing for longer periods at 126 C resulted in an in-
creagsed temperature and intensity for the low temperature endotherm and an increased
intensity for the exotherm at a slightly lower temperature. After 8 months, the well-
crystallized mineral serpentine was the final product, exhibiting longest X-ray diffrac-
Hon spacing at 7.18 § and DTA peaks as follows: a strong endotherm at 620 C and a very
strong exotherm at 800 C. Aa the reaction procecded from-1 day to-4 months; there -
was a progresaive diminution of the 110 C hygroscopic moisture endotherm character-
istic of montmorillonite (20).

McConnell performed a dehydratlon study of the natural 11.3 ) hydrate, tobermorite,
from which he found that almost two-thirds of the weight loas occurred between 200
and 300 C. In the DTA of the same material, a strong endotherm was observed at
250 C. The 14,6 } hydrate phase was algo present In small quantity, which accounted for
other dehydration effects at 105 C (21).

(:SH phases with 1ow degreer of arystallinity have always been difficult to identify
by X-ray diffraction alone (l). The relationships between phase and degree of crystal-
linity of the varipus products are given in Table 1.

PROCEDURES

The clay mineral used was Otay, California, bentonite API reference clay mineral
No. 24 (22). Lime, synthegized from reagent grade laboratory chemicals, was mixed
with bentonite in water in the proportions given in Table 2.

Mixtures prepared in slurries were sealed in plastic containers to prevent loss of
water or entry of carbon dioxide and cured at 23 C, +2 deg, for 3 years. Reactions at
40 C for 5 daye and 80 C for 4 days, as well as hydrothermal reactions of the cured

TABLE 1
RELATIONSHIP BETWEEN PHASE AND DEGREE OF CRYSTALLINITY

Degree of Crystallinity

Praduet C/8 Ratio

High Low ¥Yery Low
0.8 to 133 Tgbermorite: 9.3, 11.3, and 14 £ CSHI Plombiarite (natural gel}
Well-erystallized C3H I
1.5tn 2.0 Tobermorite: 10 and 12,6 L CEHII C8H gel
X-ray dlifraction pattern  Complete, including by ¥, 1 Poor, with basgal and kk  Very poor, with one or more hk

reflections or hko reflections reflections and no basal reflec-
tions
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mixtures at 105, 145, 1568, and 170 C for TABLE 2

12 hours, were employed. The hydro- LIME-BENTONITE-WATER MIXTURE
thermal procedure involved reaction at
the vapor pressure for steam in an appa-
ratus manufactured by the Parr Instru-

Starting C/3 Ratio

Welght Ralio of Mixture

A. CalOII),shentonite: H,O

ment Company, Moline, Illinois. 0.451.00:1.62 0.59
Sampleg from which specimens were g  c,(08):MgO:bentonite: H,0
taken were allowed to equilibrate under 0.45:1.00:1,62 0.45

vacuum over CaCl: for 24 hours; they  ¢. cCa(OH)+Mg(OH):bentonite:H,0

were then ground to approximately 200 0.45:1.06:1.62 0.35
mesh size before mounting on the DTA The bentonite formula is

apparatua. Al, .anCn.mMgo.sq(ﬂlo.mSis.ee} Ola(OH )x{Na

All reacted mixtures were analyzed '
using a DTA apparatus equipped with an
automatic temperature controller, pro-
viding for a heating rate of 10 C per minute to 1,000 C. A vertical furnace arrange-
ment 18 used. Two vertical ¥%-in. dlameter by 72 in. deep sample holes were symmet-
rically located in a stainless steel block with centers 1 in. apart. Number 22 platinum-
platinum 10 percent rhodium differential thermocouples were used. The furnace tem-
perature couple was a separate chromel-alumel junction inserted in a %-in. diameter
by %2 in. deep hole drilled tnto the bottom of the block. An inert sample of powdered
alumina was placed in one hole with the sample in the remaining hole. Materials were
tamped with a tightness fromn which reproducible results were obtainable.

In order to clarify certain of the thermal eifects noted on the initlal DTA curves,
gelected specimens from the desiccated samples that had been stored In capped bottles
for periods exceeding a year were reexamined. DTG and TG curves as well ag a sec-
ond set of DTA curves were simultaneously obtained for mixtureg using all 3 types of
lime reacted at 23 C and for all hydrothermally reacted mixtures containing only the
dolomitic monohydrated lime. The gecond apparatus, namely, the Mettler Thermo-
analyzer, was uged, It waas operated at the same heating rate. This apparatus is des-
ignated as equipment A in Figureg 3 and 4 for these mixtures whereas the other appa-
ralus is designated as equipment B.

Ca
iz g 0.07).

RESULTS

Results af the DTA for Otay bentonite shown at the top of Figures 1, 2, and 4 include
an Interlayer water endotherm near 150 C. Two other medium endotherms near 650
and 855 C are from expulsion of hydroxyl water. The sharp exotherm near 1,000 C is
associated with the appearance of the second endothermic peak but its exact origin is
unknown (11),

Mixtures Reacted at 23 C for 3 Years

Diiferential Thermal Effects Below 300 C for All Types of Lime—DTA curves for
the mixtures using caleitic and dihydrated dolomitic lime are shown in Figures 1 and 2
respectively. DTG, TG, and DTA curves for the mixture using monohydrated dolomitic
lime are shown in Figure 3; TG data for'the other 2 mixtures are summarized in the
text. The first reaction appears near 140 C and represents welght losses between 6
and 7% percent, representing expuigion of hygroscopic and interlayer water. Heat
treatment of an identical sample in a 105 C oven for 24 hours resulted in a hygroscopic
water loss of less than 3 percent; there was a 2 percent welght loss at the correspond-
ing temperature on the TG curve, lower because of the relatively short period of heat
application in the DTA apparatus, The total weight loss for the reaction near 140 C
was low apparently becauge of additional desiccation during storage of the samples.
Mixture constituents contributing to this initial thermal effect are unreacted bentonite,
CeAH1s, CSH gel, and C8H I, all of which were noted from previous X-ray diffractlon
study; thermal effects at higher temperatures that support these findings are noted
later (1). Additional effects from C4AHis were detected in the mixtures using caleitic
and monohydrated dolomitic lime. Dehydration of the hexagonal hydrate overlaps that
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Figure i. DTA curves of reacied niixtures of benioniie + Ca {OH}g and HO.

for the constituents mentioned earlier near 100 and 200 C (2, 3, 4, 6). The endotherm
centered near 250 C appears in all mixtures but stronger in the caleitie and monohy-
drated lime mixtures. This thermal effect may be associated with CSHT and I ag well
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as C4AH:s; the aluminate hydrate has its most prominent DTA peak at 230 C, corre-
sponding closely with TG data. Weight losses at this temperature for the caleitic and
monohydrated lime mixtures were 50 to 100 percent greater than for the dihydrated
lime mixture that contained no CsAHzs (1, 2, 9, 12).

Differential Thermal Effects Above 30[} C for “Calcitic Lime Mixtures-—Shown on DTA
curve B iu Figure 1 for this mixture reacted at 23 C, there are hroad, diffuse, weak
endotherms near 400 and 700 C, with weak undulating effects just above 500 C. These
are [ollowed by more prominent endothermic effects near 800 C and a medinum exotherm
at 840 C,

Between 300 and 500 C, there was a total weight logs of Y, percent. There were no
gignificant peaks in the DTG curve in this temperature range although the weight loss
curve reflected an increased rate commencing near 400 C and terminating near 560 C.
The 1Y; percent weight loss between 300 and 400 C may be associated with dehydration
of the CsAHs phase that normally terminates near 350 C. Ca(OH}: dehydration in air
usually beging near 400 C and terminates in the vicinity of 500 C and is associated with
the remaining 3 percent weight loss (3 4) An overlapping endotherm at 380 C and
weak exotherm at 510 C from CSH II may contribute ( 9]3

Beginning near 600 C, the DTG rate increases gradually to a diffuse peak near 700 C;
the DTG reaction rate is equal to that noted at 140 C and represents a total weight loss
of over 7 percent. These effects are attributed to the loss of hydroxyl water from un-
reacted bentonite {(11). This is followed by a distinct DTG peak at 815 C at double the
rate of weight loss of the preceding peaks, amounting to a loss of over 5 percent of the
sample weight. This weight loss essentially terminates at 840 C, coinciding with the
only distinguishable exotherm in the DTA pattern. The 815 C endotherm and accom-
panying weight loss is attributed to CaCOs {4, 10, 11), CSHI and I have strong weight
loss reactions near 700 C and are also contrlbutory to this thermal effect. CSH I usu-
ally shows a stronger exotherm near 850 C than CSH II, which has a second very weak
exotherm near 920 C. CSH II also has a high rate of weight loss near 260 C that aids
in distinguishing it from CSH I{12). Also contributing slightly to the 840 C exotherm
is CSH gel that earlier was noted by a low temperature endotherm as well (6).

Differential Thermal Effects Above 300 C for Dihydrated Dolomitic Lime Mixiures—
Shown on DTA curve B in Figure 2 for this mixture reacted at 23 C, there is a strong
endotherm near 400 C with an associated weight loss of 4 percent, and several weaker,
broad, and somewhat diffuse peaks appear at higher temperature. Most prominent are
the weak endotherm near 560 C and the mediem endotherm near 700 C. A weak endo-
therm at 730 and, appearing as a shoulder at 810 C, another endothermic effect pre-
ceded medium double exotherms at 840 and 920 C.

There are 5 essential differences in the thermal effects noted for this mixture when
compared with those for the caleitic lime mixture. The 415 C endotherm represents
decomposition of Mg {(OH)s., Second, thermal effects for the calcium aluminate hydrates
are absent. In the third place, the appearance of a definite DTG peak at 560 C is ac-
companied by approximately twice as much loss of weight, namely, 3 percent. The
fourth difference is associated with the endothermic effects near 700 and 800 C, where
the weight loss measurement for the dihydrated lime mixture is 40 percent lower than
that obtained for the other mixture. No clear indication for Ca{OH): can be distin-
guished although noted by X-ray diffraction (1). The fifth difference lies in the di-
minished 840 C exothermic effect.

With regard to the third and fourth items just cited, the peak near 560 C is probably
due to the interaction of the Mg (OH). with the bentonite to produce a chlorite-like min-
eral having a low degree of crystallinity. Wang and Handy found that curing of a sim-
flar mixture at 23 C for a year produced a reacted mixture that gave a weak hump at
7k on the X-ray diffraction pattern. These findings were similar to those of McCaleb,
However, X-ray diffraction of the Wang and Handy mixture, as well as that of the pres-
ent mixture, indicated presence of expansive clay rather than the usual nonexpanding
15.2 1 peak (1, 16, 18, 19, 20).

Diminished mten51ty of the exotherm at 840 C and the accompanying 920 C exotherm
as well ag distinctive endotherms below 300 C and another endotherm at 710 C provide
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Figure 3. DTG, TG, and DTA curves of monohydrated dolomitic lime-
bentonite-water mixtures.

the esgential evidence for identification of CS8H II in the mixture, It appears that con-
tribution by CSH I to the 840 C exotherm is likely only if CSH I were present in small
guantity and at a high degree of crystaliioily {1, 7, 12).

Finally, the thermal effect near 700 C may be associated with dehydroxylation of
unreacted bentonite as well as the aforementioned decomposition of CSH II (11, 12).
The relatively lower weight loss for the dihydrated lime mlixture at this temperature
may be due to a diminished quantity of unreacted bentonite, due to its alteration to the
chlorite-like mineral (18, 20).

Differential Thermal Effects Above 300 C for Monghydrated Dolomitic Lime Mix-
turag—{m the left in Fignre 3, tha DTA for this mixture reacted at 23 C is shown. A
medium endotherm at 430 C, with an agsociated DTG peak and weight loss of 1% per-
cent, is attributed to the decomposition of Mg(OH)s. This effect is followed by a sim-

ora MIXTURES:
1B5C-I2 hr }q¢

WGET LOSS _!ﬁ Py
DTA

10o° 100G o ) 1000°C

Figure 4. DTA curves of monohydrated dolomitic lime-bertonite-water
mixtures,
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ilar set of DTA and DTG peaks near 550 C, with a weight loss of 3 percent, which are
associated with a chlorite-like mineral. Near §50 C the bentonite dehydroxylation peak
appears on both DTA and DTG curves, accounting for a weight loss of 5 percent. Two
DTG peaks appear to be combined into a medium endothermic effect between 700 and
800 C. The overall character of the 200 C endothermic effect and the associated exo-
therm at 840 C, noted particularly in the DTA curve by equipment B, is indicative of
CSH 1, to which the weight loss of 17 percent near 700 C is attributed. The breadth

of the 700 to 800 C peak is probably associated with the 1 percent weight loss near

800 C. No distinguishable DTA effects are noted above 300 C for the final decomposi-
tion of the isometric phasge of the initial C4AHis.

Hydrothermally Reacted Mixtureg

40 C for 5 Days—DTA curves shown in Figures 1, 2, and 4 for all 3 mixtures differ
most from those of mixtures cured at 23 C for 3 years by the diminished low tempera-
ture endothermic effects. Although evidence persists for the same constituents noted
in the earlier discussion, the intensities are lower (2, 3, 6, 9). The second most
striking change in the overall appearance of all 3 DTA curves is enhancement of the
evidence for CSHII (9, 12). Efiects may be noted for unreacted bentonite as well as
CaCOs (4, 11, 12). Mg (OH): decomposition may also be noted in Figures 2 and 4.

80 C for 4 Days—DTA curves shown in Figures 1, 2, and 4 appear about the same
as for the 40 C reacted mixiures with respect to CSH gel, CeAHis, and Mg (OH)z how-
ever, the evidence for CS5H 1 is enhanced in all mixtures, particularly by the 850 and
920 C exotherms. CSH I exothermic effects are also stronger in Figure 4 {9, 12).
Some increase in intensity of the Ca (OH)2 decomposition peak near 500 C ig shown in
Fipure 1. The endothermic effects near 550 C in Figures 2 and 4 likely indicate the
presence of a chlorite-like mineral (16, 18, 18, 20).

105 C for 12 Hours—DTA reactions at this temperature, shown in Figures 1 and 2,
seem to be approximately the same ag those at 40 C, so the same identifications are
made,

145 C for 12 Hourg~-The DTA curves are almost identical for the monohydrated lime
mixtures at 145 and 80 C, as shown in Figures 3 and 4 respectively. Those for the
145 and 80 C mixtures for dihydrated lime, shown in Figure 2, are also strikingly
similar; therefore, identifications of congtituents are the same as previously stated.
The CSH 1 exotherm near 850 C is somewhat enhanced in the DTA of the monohydrated
lime mixture as is the double exothermic effect for CSH II in the DTA of the dihydrated
lime mixture (12).

The DTA curve shown in Figure 1 for the calcitic lime mixture may be character-
ized as predominantly CSH TI with increased evidence for Ca(OH)a (3, 12).

156 C—-The DTA c¢urve shown in Figure 1 for the calcitic lime mixture is easentially
that for CSH I with more evidence for Ca{OH): than at lower temperatures (3, 12).

There ig also more evidence in Figure 4 for the chlorite-like mineral and well-
crystallized calcium silicate hydrate in the DTA curves for both types of dolomitic
lime (8, 7, 9, 10), However, the nonexpanding 15,2 k X-ray diffraction peak was
present only for the mixture using monohydrated lime (16, 19, 20). Although there
is diminished evidence for CSH O in the dihydrated lime mixture, other constituent
identifications remain the same ag for the 145 C mixture.

164 and 170 C for 12 Hours—As shown in Figure 1, DTA curves for these 2 caleitic
lime mixtures reflect a transition ifrom CSH II to a lime-rich phase, with excess
Ca (OH): present 23 well; these effects are followed by their conversion to 11.34 tober-
morite at 170 C {6, 7, 9, 10}.

Tobermorite is predominant in DTA curves for both of the dolomitic lime mixtures
as shown in Figures 2 and 4, with more conclusive evidence for the chlorite-like min-
eral in the monohydrated lime mixture. In addition, some unreacted Mg (OH): is in-
dicated in both mixtures.

Because CaCQs is believed to be present in relatively small quantities, the lower
temperatl.)lre endothermic effects noted near 785 C are attributed to this compound (1,
4, 10, 11).
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The low temperature exotherm is unexplained in curve J in Figures 1, 2, and 4
for identical freshly prepared mixtures using all 3 types of limes.

Analysis Summary of Weight Loss Data

Acomplete setof weight loss curves was obtained only for the monohydratedlime mix-
tures reacted over a long period of 23 C and subsequently reacted hydrothermally at 40,
80, 145, 155, and 170 C. Examination of these data for this mixture, shown in Fig-
ures 3 and 4, provides summary findings as follows: The weight losses bkelow 300 C
for the mixtures reacted hydrothermally at 170 C were 20 percent higher than for the
23 C mixture. There was also a slight upward shilt in the DTA peaks. Weight loss
above 700 C for the 145 C mixture is double that for 23 C. The 170 C mixture has a
weight loss equal to one and one-half that for 23 C. These low temperature and high
temperature thermal effects may be related as follows: As indicated in X-ray analysis
of the 23 C mixture, CSH gel, CSHI, CaCOs, and CsAHis, as well as some unreacted
lime and bentonite, were noted (1}, The 145 C mixture was noted to contain predomi-
nantly CSH I, a chlorite-like mineral, some unreacted Mg(OH)., and CaCOs. The
170 C mixture was predominantl 11.61% tobermorite with some 15.2} chlorite-like min-
eral, CaCOs, and unreacted Mg &)H)z. The evident influence of increase in tempera-
ture on the progression af the reaction may be summarized in the following way: Unre-
acted bentonite and Ca (OH):2 in the 23 C mixture provided materials for production of
CSH compounds at intermediate hydrothermal reaction temperatures, These in turn
are utilized in part to form tobermorite as the reaction temperatures approach 170 C.
Concurrent decomposition of CaAH;s above 156 C provided additional Ca+* ions and
Al**+* jons. Substitution of aluminum in the tobermorite latlice may also have occurred.
Starilng at 23 C, long-term reaclion belween Mg*™ ions and hentonite probably pre-
duced the poorly crystalline chlorite-like mineral. In the monohydrated lime mixture,
the degree of crystallinity of this 156 C product was sufficient to clearly indicate a
nonexpandable 15.24 X-ray diffraction peak; the 550 C DTA peak was also evident. The
weight losses for the 550 C reactions were constant at 2ll temperatures, and there was
negligible change in either the Mg (OH): peak or associated weight loss with increase in
hydrothermal reaction temperature. Thus one may conclude that only a progressive
refinement in degree of crystallinity of initial chlorite-like material occurred with in-
crenged hydrothermal reaction temperature.

Mixtures using both types of dolomitic lime reacted at 23 C showed DTA peaks and
equal weight losses near 550 C. Althoupgh not conclusively supported by X-ray diffrac-
tion results obtained on the dihydrated lime, this effect may be attributed to formation
of the poorly crystalline chlorite-like mineral. Weight loss for Mg (OH); for the di-
hydrated lime mixture was 3 times that for the monchydrated time. Losses near 140
and 700 C associated with CSH compounds were approximately the same for both types
of lime. Carbonation of Ca(QH): in the dihydrated lime mixture was apparently 3 times
that in the monohydrated lime mixture from comparison of weight loss data obtained
near 800 C,

Comparison of the weight loss data for calcitic lime mixtures reacted at 23 C with
the dolomitic lime mixtures indicates about egnal CSH product formation. The CaCOs
formation is almost double that for the dihydrated lime mixture.

CONCLUSIONS

1. DTA, especially when accompanied by DTG and TG analysis, provides valuable
data supplementary to that obtained by X-ray diffraction, as noted later.

2. DTA delineates between CSH 1 and CSH I, which may occur as mixture con-
stituents having approximately equal degrees of crystallinity, Although the compounds
may be indistinguishable by X-ray diffraction, the characteristic CSH II thermal effects
are evident in a DTA pattern of the mixture,

3. Mixture constituents, having such low degrees of crystallinity that no X-ray dif-
fraction peaks are obtainable, may be inferred from analysis of weight loss measure-
ments obtained simultanecusly with DTA curves, Detection of a bentonite-magnesium
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alteration product in dolomitic lime-bentonite mixtures reacted at room-temperature
for long periods is an example.

4, Hydrothermal reactions at elevated temperatures (105 to 170 C) for relatively
short periods (12 hours) produce reaction products (e.g., tobermorite) having higher
degrees of crystallinity than obtained at 23 C (e.g., CSH gel) after long-term reaction
(3 years). Products {e.g., CSH I and CSH II), obtained at slightly increased tempera-
tures (40 to 80 C} reacted for 4 to 5 days, are similar to thoge obtained at elevated
temperatures (105 to 145 C) for relatively short periods of time (12 hours).

5. The higher temperature hydrothermal reactions (155 to 170 C} utilize constitu-
ents produced in lower temperature reactions. This may be inferred from analysis of
weight loss measurements obtained simultaneously with the DTA eurves, An example
is the formation of tobermorite from available C8H I and [ and other possible sources
of calcium that have interacted with bentonite in the presence of water at 156 C and
above.

6. The extent of carbonation of Ca{OH): is clearly indicated from DTA and TG data
to be greatest in the calcitic lime mixtures followed by those containing the dihydrated
and monohydrated types of lime.

7. Very little difference is detectable in pozzolanic reaction at rcom temperatures
between Ca (OH)2 and bentonite in water for either the calcitic or dolomitic types of
lime.

8. There was no detectable carbonation of magnesium compounds in any of the re-
actions studied.
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