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1. INTRODUCTION

Wastes - and secondary products generated by most “himan activity,

particulariy municipai, industrial and mining wastes, have often )

. ended to pile up because of a- iack of infornmtion on ‘the uide poten-.

tial for their utilization. " The usually iarge difference between the

; quantities of wastes produced and the proportions utilized 1eads to

environmentai'probiems and the wasting of valuable resources through

. not considering their potentiai usefuiness as structurai or energy

‘materiais. Increasjng concentrations of population and industry in

rather restricted urban areas tend to involve compiex and expensive

waste management probiems which Wil require new. techniques to solve

since 1andfi11 sites are. becoming 1imited. -

A systematic ciassification of wastes and a well-developed
information exchange system on waste utiiization seem critical since |
.there is a great variety in the types and characteristics of wastes
produced, and utilization technoiogy is being deve)oped by many .
researchers. Systematic classification of wastes enables a more
effecttye management of wastes with regard to treatment and proper
"disposai". and a wei]-organized information system on waste utiliza-

tion provides data on utiiization without neediess dupiication of

¢

research S L o _

Among -the various wastes, solid uastes such as siaga from the
{ron and steei industry and.some fly ashes from thermai power plants

are.presentiy of main interest in highway construction ‘Utilization

PR



' of these wastes “and secondary products in highway construction is.
one of their main outlets. and is of primary interest to this thesis.
. Air—cooled blast furnace slags and steel slags. are used as aggregates
~for base courses in highway pavements, in asphalt mixes and in slurry_
seals. Granulated or pelletized blast furnace slags are used as
i aggregates or cementing materials for granular base stabilization '
after some grinding of the pellets to take advantage of the cementi-
tious properties of glassy pellets It should be noted that’ utiliza-
tion of these pellets as a cementing agent indicates the two general
"advantages of waste and'secondary'product utilization. firstly, the
~ energy “saving since the energy-intensive clinkering process of cement
n“manufacture is eliminated and secondly, utilizing the latent cement-
ing properties of the granulated or pelletized blast furnace slag
reduces -the demand for’ natural resources while decreasing potential .
disposat problems. | o
The fly ash lime-water system, and its pozzolanic reaction, ' .
were studied briefly for base stabilization applications using fly ash
from Ontario Hydro-s Lakeview power plant. The effects of “glass content,
- fineness and chemical or mineralogical composition on strength develop-
“ment for: both slag -cement and pozzolanic reactions in association with
lime content. calcium chloride, and catalysis effects of . portland cement
on slag cement base stabilization were. “investigated .in detail. Auto- ,
claving effects on stabilized base specimens "and bricks made from slag
"fines were studied briefly Slurry seal-mixes made from steel slags rich i

' in free lime, which normally causes serious setting problems in slurry



LA

seal construction, were examined for various emulsified asphajts

~ and biends, and a suitable design determined

In describing the research program. the necessary manufacturing
process, and chemical or engineering properties of wastes and second-
ary products such as blast furnace siags. steel siags fly ashes. |
pickle iiquors, and commercia1 materials {1ime, calcium chloride and

emulsified asphalts) are discussed. Detaiis are provided on the various

-cementing-materials and the cementing mechanisms for port]and cements

1

and s]ag fines. These mechanisms are contrasted with pozzolanic
reactions. -Energy requirements in port]and cement and s]ag cement manu-
facture are discussed to show the potentia] energy saving with slag
cements. ‘

The available Iiterature.has been_wideiy'used to guide these-

research activities.

Y

[



- 2-1-1 Definition of Has

2, "'GENERAL‘DESCRIPTIONS .

2-1 - WASTE - - T T o

There is no universal y accepted definition for waste, yet o

the concepts of waste recyc ing and utilization are among the: most

-, poputar subjects of conyersation and, mass-media treatment in

society today. If one were pressed to define what 15 meant by waste,

- the most simpie explanation wouid be.'_“waste is anything that any-

- body throws away“ [29] Another more detaiied definition would be.
;"Naste is any material which the owner considers wili cost him more to
'keep than to discard" [69]. .This second definition is starting to

" involve a few of the'generai concepts of waste-management where dis-

P

~ posal costs, material replacement costs, and many other factors are “

considered Rather than adopting any compdex definition and gettdng
into waste management itself, in this thesis waste is simply considered
to be anything throun away R - . ‘L

In contrast a secondary product is not reaily a waste but is-

.”'often viewed as such by the primary producer even when the potentiai

nuisance becomes a money-making product

b

2-1.2 Interaction of Materials 2 Energy - Environment

At present, it has been ‘estimated. that only 600 miiiion peopie

- could be sustained on our earth if the per capita materiai and energy

resource demands of each of them were the same as those for the average

.7 person in the United States [104] Urgent shortages of certain key

' \



- materiais, energy a

_'resources particuiariy those reiated to the massive energy industry. '
haVe indicated the need for the ciosest possib]e co-operation betueen 5
resource users ‘and a wise management of - the earth's stores. ‘No part -
o of the world connunity, whether a politica1 or economic organization.,-
cam. survive uithout 2 satisfactory distribution of Tocal and giobal
~ resources. This became apparent even to the reiativeiy neil L
resource endoued North American continent at the end of 1973 with.a
sudden change in the smooth f1ow and sharing of petroieum. presently
one of the most important earth resources. . ‘ |

. ' Nhiie all life is dependent on the cgntinuai interaction of -
‘nvironment, only.man has.the power to make. E .

e

me responsibiiity for the probiems that ar et

chanées and m?st
Han must question many’ old prac ices: and uses of materiais as it
becomes obvious that th " 1 be inadequate suppl es, or distri
.butfbn prob1Ems,‘in the future as we trv to md taih high stand-

“ards of living. e

| bhat measures wi‘il or shouid we adopt to Timit our consumption

to assure an adequate materiais suppTy to our community without signifi-
. cant damage to the ené;ronment? These prob1ems have now become popular
and the subject of much government action. For instance. in the United
_‘States. in order'to conserve materials and minimize the uastage of usefi

=

ful resources.oand stxil protect the environment. the Solid Waste

' 'i Disposal Act (passed in 1965) was amended to the. Resource Recovery Act, )
. : and the Nationa1 Environmenta1 Poiicy Act (NERA) of 1970 was enacted

[73] In‘Canada, The Haste Hanagement Act of ]970 was enacted along
.-f_ udth The Fisheries Act. Canada Hater Act. Ontario Hater Resources Act, '



'etc to help control pollution and protect the environment

Materia]s can be ciassified into two basic kinds, physical o

{strupture materia]s and energy materials Energy materia]g.are con-

verted to energy and’ some parts of- this energy is further ‘used to

produce both kinds of materia] These processes all have 'some
| . inf1uence on the environment As material shortages increase more -

- energy wili be required to meet the demand from margina] or more

remote sources Then, as the energy demands rise, the demands on the . 7

environment also increase COrrespondingiy, any hardening of environ-

mental 1egislation (exc]uding conservation!) may also require greater

:energy requirements to produce the desired materials ATl these aspects

".'-interact and cannot be treated indeoendentiy The recent energy crisis

is priobably just one symptom of the pending materials crisis - "the age

'of scarcity" - as man tries to find aiternatives

In the next three decades to the year 2000, it is predicted that

- .the material requirements for the world will triple [12] Yet even with :

-d such future demands to face, the energy flow pattern 'shown in Figure 2- 1

indicates that the ‘amount ‘of energy wasted in the United States js approx-\
A

‘_imately equal to the amount put to use [12] 1t is obvious that the ﬁ

efficient use and potentia] saving of energy resources is at 1east, or °

~ more important, than research on energy production. The decreased
-environmentaT costs are also evident One of the more recent examp]es
of efficient utilization of wasté materiais was demonstrated by the agree-

‘ment to purchase 250,000 tons of Chicago City refuse annually for use as

supplemental powerplant fuel by‘Chicago Commonweaith Edison Corporation

: [74] Edison officials estimate that the garbage w111 substitute for |

..\,
T
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_100 000 tons of coal or 13 million gallohs of fuel oil per year

with a cost of only $700 000’ for the 250.000 tons of refuse. This |

| garbage contains 77! comhustible uaste materials Its equivalent

heat . energy is about two thousand billion Btu if it is assumed that '
the garbage contains 6000 Btullb of waste compared with coal at

=10, 000 Btu/1b and fuel oil at 144,000 Btu per U.S. gallon.

Another example is the recycling of aluminum cans manufac~

- tured from a material that has an original energy involvement of

8.45 Kwh plus 24 800 Btu per pound of . molten aluminum The effect on

.'energy consumbtion in’ can manufacture of al25¥ recycle of used cans -

is a reductioq,of 18% in electrical and 13 in thermal enerqy require- :
ments. The energy requirements are reduced by one-half if a recycle -
of 60% of the cans produced is employed in conjunction with-full utili-

zation of customer-returned scrap [3l. Unfortunately, .he total annual

value of scrap now recovered including reclaimed metals, mineral mater- '
.ials, scrap iron, glass and other materials amounted to only 2 to 4

"‘billion dollars in the United States in 1973 [121, compared to 300

bitlion dollars of, materials produced.

‘ 2;1 -3 CIassification of Hastes

Concern for waste generation started with rapid industrialization

-and urbanization, nhich led. to many of the current problems that remain'.:
to be solved. Previously, the management and classification of uastes .
was negligible As: solutions for industrial waste generation problems
] "hecome more pressing. a systematic classification of uastes nill be
' :;!required 50 that problems and solutions can be related. A'-"" “\\g\€£7
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As in ‘the case of defining nastes. a similar difficulty occurs ‘
in classifying wastes One of the most broad and philosophical class-
ifications used with the problem of solid-waste disposal [29] is that
of 'lauoidable'an‘d unavoidable -uastes. l'he avoidable waste is the result
. of ignorance. oarelessness or ineptitude, whereas unavoidable waste is

' the inevitable result of doing this or that job, ngjmatter hon well.

Men can reduce their output of avoidable waste by learning to do a, Job

. _ifbetter“, but they can.only reduoe their output of unavoidable waste by -
: choosing not to do the Jjob at all. Unfortunately. these classifications

are too simplistic for most~problems ' .

_ In Waste Management and PubLLc Heath [69] the wide range of
-wastes is classified into six major parts with regard to their sources,
physical form, management and health hazards This classification
“excludes sewage. which is considered a particular waste since its genera- )
tion is involuntary. The'six categories are:

: Municipal and industrial solid wastes;
Liquid indUstrial wastesi: |
Hazardous wastes.
Agricultura] wastes and sewage sludge; .
- Abandoned automobiles, .and _ i i . .
Litter. - . | A'

In Management 0511;3;4£h4a£ Waste in iﬁe Unban Regaon _ A
C£a4546¢caxton syztem (48], the classification system was developed to
partially support a feasibility study of thé" u. S Federal Environmental
. Protection Agency undertaking an inventory of 1udustrial waste manage- |

'. ment, with a view to guiding national planning and policy £ormulation..

a=



.‘This classification system inciudes a iist of 23 dimensions covering
the essentia1 components of an industriai waste. classification system
_This 1ist is given in Tab]e 2-1. In this extremeiy detaiied cTassifica-
tion system, physical form and materiai constituents in Exhibit A, and
inventory coding Tables 1 and 3 in Exhihit B, are most CONCerned with
the utiTization of wastes. o

2-1-4 Sources of Naste _

_ A waste classification system based on the management of waste
usually - involves indicating the .sources. The origin of a waste. with
'treatment or without treatment. and its routes to a finai destdnation
form the general flow of- nastes The treatment or further processing
and beneficiation of particuiar wastes as they move “from source to
,destination will be detaiTed later The destination involves two basic
choices -. disposai or waste utiTization (recyciing, recovery), and is of
”prime importance here. '

The source or origin of a]i wastes were grouped in The Pnobzem\oﬁ
Sozid-waate Disposal [29]. This_is reasonable since wastes other than
- soTid-wastes_njil be generated at most'iocations'andiaccompany the solid
wastes adding further to disposal and/or recovery brobiems. ‘A summary‘

of these sources is shown in Table 2-2:
. . Lo * .

[

2- T 5 Solid Haste and 1ts Utilization ‘
. Solid- waste is basically categorized by its physical form This
sort of bulk waste provides an obvious physicaT nuisance in our: environ-._

ment whereas Tiquid and gaseous wastes cause different problems that

AY
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HASTE CLASSIFICATION SYSTEM: [48]
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o TABLE2-2 - |
. SOURCES OF WARJE [20] L
~ SOURCE - " DESCRIPTION, |
| Restdential | Single family, mati family - ‘
. 'A."_ )
CommerbiaT

Hotels, schoo1s offices, restaurants, stores,
auto services ' . .

Natural resources manufacturing. processing,
assembly, distributing

Streets, ut111t1es, medica1 fa 111t1es, public
" bodies, parks and forests, hig ways, military -
operations ‘ ,

Anima1s (rearing and processing) plants (cuIture
~-and processing) :

_f .
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may not be as obvious but are often far more insidious rAs-a |
‘ guideiine, the ciassification of solid wastes from The Raobzem 05
. Sotid-Waste DproéaL [29] is given in Tabie 2- 3. )
Fortunateiy. technology often exists for converting these

solid. waste nuisances into vaiuabie resources or directly repiacing
resources (“Hatts from Hastes“ for instance) The obJective of .
‘soiid waste management should be and usualiy is, to maximize the
.utilization of this potentiai resource and minimize environmentai
.effects Obviousiy. a better understanding of the properties of the
various types of soiid waste and the opportunities for changeabi]ity
and association with commerciai materials can maximize the efficient
usage of such wastes, The wastes given in the inventory ciassification: -
based on ‘material constituents in Table 2- 1 except codes 60000 70000
80000 and some of 90000, are weil sorted into soiid waste types j

_From the many kinds of solid waste and secpndary products avaii- |
3_able, slags from the dron and steel industry, fly ash from thermal
power piants and pickie liquors (actuaiiy a liquid weste) from steel
treating processes will be described in particular detail. These ‘
items‘are produced in iarge volumes 1in Ontario and are finding increas-
ing utiiization in'construction. Commerciaiiproducts such as-iime;~"d.
--caicium cﬁioride-and asphalt are aiso-described,isince they are often
_required in the- utilization of particuiar wastes as construction mater-
ials. 1t is hoped that the approach adopted in examining some specific
. wastes will indicate the general methodoiogy adopted in the Highuay
'hmﬁMsMMmer
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TABLE 2-3

- ‘TYPES OF SOLID WASTE [29]

-

)

R T R

- DESCRIPTION

TYPE

“TYPE _ . .| -bESCRIPTIOR
Industrial organics _ Mining and ° slag
o inorganic residue Minerals - tailings
~ hazardous materials - . leulm ‘
hazardous and toxic Garbage food residue
. Chemicals - I food preparation
_ ‘wood and paper . spotlage |
Agricultural 'small and large animals .| Junk Vehicles abandoned vehicles
‘ A process residue -and appliances | pite_metal ‘
crop residue ‘ . . products
fertilizers Special Wastes . bulky products -
pestictdes o ‘ -|sewage residue
animal manure " - |small animals
. - erodable soil ~|street sweepings ’
Rubbish - paper 3 "lpollution control
1 . ] glass - : residue '
ometals . P estaue.
plastic and rubber radiotsotopes
rags and clothes. . ]construction and
. process residue demgll:}gpA
R ‘yard trimmings. )
? wood - '
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2-2  MATERIAL DESCRIPTIONS. |
2-2-1'- Waste and Secondary Prodﬂct (By-products) Descriptions ‘

-..2-2-1 1 Blast Furnace Slag

Many publications concerned,with slag have been prepared by
marketing organizations and individual researchers Before present- _
'ing a description of blast furnace and steel slags. a general<classifi-
cation of the various slage produced in metal refining will be indica- |
ted. Slags are the non-metallic: by productsrwhich are obtained during '
the refining of metals (reduction and separatien) from metallic ores.
fluxing media and fuel A general classification chart for slags is '
given. in Figure 2-2. | ~ o

The following discussion is largely concerned with blast furnace
and steel slags from. iron and steel production Blast furnace and
steel slags are the types oﬂ-slag that presently find widest utiliza—
_tion

',Manufacture of Blast Furnace Slag .

Blast furnace slag is defined in ASTM‘Designation C-125- 7l as - ]
. "the non-metallic product. consisting essentially of silicates and
alumino silicates of lime and other bases, which is developed ina
':nnlten condition simultaneously with iron in a blast furnace“' -The
~1iron ore, uhich is a mixture of oxides of‘iron, silica, and alumina,
is introduced‘into the furnace with the calcium of the fluxing stone
| (limestone and/or dolomite), along uith-coke. The high t perature -
:produced by the burning coke induces the chemical reaction of reduction'

v
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and resuits in a separation of iron with the molten slag fioating .i-‘:
on top of the Hquid iron at the bottom part of the furnace (Fromf o
0. 3 to 1 0 tons of siag per ton of iron produced depending on the
"ore. etc [43] Figures as 1ow as 0 2 tons.of siag per. ton of iron
;producedappear possib}e with de- suiphurization )

Blast furnace operations are a continuous process, the raw

~ ‘materials being fed in at the top, and molten iron and-'slag being
.removed separateiy at the bottom part -of the furnaée Figure 2-3

‘ shows a schematic diagrmn.for the prodUction of stag during the blast

S

furnace process. R C . o

The chemicai composition of the biast furnace siag, as weil as

' ,the quality of pig iron produced is mainly controlied by the amount

and properties of fluxing stone, provided other factors remain constant.
Fluxing-stone (limestoné\and/or do]omite) disassociates into calcium
and magnesium oxides (CaO Mgo) and carbon dioxide (COZ) when heated
fThese caicium and magnesium oxides react with the. silica, “alumina and.
'minor impurities in the ore to form the slag. The-other important
function of fiuxing stone is to combine with the sulphut that comes

' from the coke and gives the suiphurous smeii often associated with
biast-furnace slags. A unifonm'mixture ‘of ore, fluxing stone and coke
‘; is required to produce a consistent quality of pig iron and generally |
ensures a corresponding degree of uniformity in the quaiity of the .

: sYag. Lack of uniformity can be a significant problem'in siag cement

production and other speciai usages of biast furnace siag. If the

"W_ chemicai composition remains the same, the density. porosity and miner-g

iogicaf composition of blast furnace s1ags Hiil only be affected by -

1
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:the processes 1nvo1ved in cooling the Slag: after it 1eaves the
notch at the. bottom of the blast furnace. <

‘ B1ast furnace slag 1s classified into’ three main types
'air-cooled expanded or foamed, and granu1ated - depending upon
the method of cobling from the moIten state. " It should be noted

~ that pellet1zed s]ag is a product categorized between exﬁanded
.stag and granulated s1ag because of the physica] and mineralogical
propert1es re1atedpto its let and glassy nature, respective1y

| Air-Cooled Slag . ‘ Q ' - '

Air-coo]ed blast furnace s!ag 15 allowed to solidify under .

_ atmospheric conditions, either in the ladle or in a pit, at a.

‘ temperature of about 1400 to 1500°C {43]. During cool1ng, it
fdeve1ops a crysta11ine structure sidear to that of a natora1 -

”';1gneous rock, Crystallization takes place uhile the s1ag 1s cooI- .
.1ng, beginning when the temperature of the slag drops to a point -
where the first mineral can form in a melt of that specific composi- -.
tion (around 1450°C) - and ceasing when the me]t solidifies Crystals ,i :
_range from submicroscopic size to occasional crystals as large as |
1/4 inch long [33 4a]. - |
Expanded Slag

4 : Expanding of blast furnace slag was, first carried out by Car1

~ Schol in Germany in 1911 ‘for use as 1ightweight aggregates [31] “The
aming process used 1n the u. Ke for: expand1ng blast furnace slag. since
is based on a British patent and utilizes the heat present in the
molten slag [31] The basic 1dea 1s that if uater is blown under con=
e -"_trolled conditions 1nto the molten sﬂag as it ¥s. tipped into a speciaI'

. . -



s . o . _
‘”'pit, the sudden generation of steam wiii produce the desired expanded'
product._ This foaming process is capabie of producing 1ightueight
aggregate from siags over a wide ‘range of composition. tThe'“faiiing
effﬁct of siags rich in iime can be eliminated in ‘this case since the
- formation of crystaiiine 8 dicalcium siJicate, which may be metastabie

"~ and might ‘undergo a- structurai transformation from the B to the stabie'_

Y form is. eiiminated (This transformation is. accompanied by -a 10%

' voiume increase which can 1ead to spontaneous disintegration or

© "falling” [31 43,44 55]) Impurities present in the so]id soiution
“tend to stabiiize the s dicalcium siiicate poiymorph [21] Emphasis
on the study of this dicaicium silicate, and the problem of siag sta-_
bility and its reiationship to the soundness of slag cements appears
. mainly in British s]ag investigations [31] o o

The expansion process should result {n the molten siag crystal-

izing and aiso expanding to a 1ight foamed product suitabie for _ :
' Iightweight aggregates This is in contrast to the granulating
"process discussed in the next section which should change the moiten'J
E slag into solid glassy products which are generaiiy undesirabie as-

structural aggregates, but desirable for siag cement manufacture

'Granuiated.SIQQ_ o .

Granuiated slag may be_gefined as the giassy. granuiar-product
" formed when molten slag is suddenly chiiied by'inmersion in water or

- by other methods ‘such as- high pressure water jets "In these cooiing‘ ‘

. processes,’ crystals have no time to form and the siag is solidified
as a giassy type materiai " The physica1 effect of. these rapid cooiing

processes {s- for the. siag to break up into porous particies (“slag

B sand“) Granulation aiso has certain chemicai effects, highiy importantha

L S TR
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in producing cementitious materiais (siaq cement) that are gh
discussed in detail later. There are three generai methods of
granulating slag UB 22, 38]: _ )
' a) Pit process - Hoiten s]ag is introduced into a- water
-;pit. ' . o .
‘ 'bil Jet process_- This is a modification of the pit
"process and the stream of moiten siag is broken up
"by a high pressure water Jet '
c) Dry granulation-process - Using a mechanica] devicel
'the stream of molten slag is granuiated into small.
. particles by. impact and then sufficient water'fdr

S quenching is fed in with the molten s]ag The heat

' aPOP tes most of the residuai water and leaves a
'f.'-‘ ively dry product T _: -

The effect of the process is found to vary with the temperature
'fof.the_uater' the amount of uater used; and its method of |
: appiication,i The - pit and Jet .processes’ are discussed in Reference
22 in some . detail.” A jé‘.process was used at one time in slag-
" cement piants in the Midd]esborough District of Engiand in. which
the slag. was blown into fine threads similar to. the process
‘generaiiy used in\the manufacture 'of minerai and giass wooi ~ From
‘an economic point~of view, this method has the advantage of easy
y ‘-pulverization by the grinding machinery. However, this method has
generally been superseded by the pit process that is presently .
. used at most - siag-cement p]ants. The pit process is often modiiied

by the use of a jet of uater playing on the slag before 1t strikes

L
«



aExpanded 1ightweight s1ag 15 formed when\molten sTag 1s ‘expan- ..
ded by applying a limited amount of water, or controlled quan- Y
'tity of water, and air or steam in order to expand the slag ton
a cl1nker'w1thout granulation.. This ch111ing with a control1ed
“amount of water, app11ed in such a way as to trap the steam 1n .
the mass . gives a porous product of pumice-]ike character ;_k'_
COoling of the slag with a Targe excess of waiir produces graqu- =
 Tated stag. - - - S . ’,-- e -
Lo { ‘_;' ‘  This expansion mechanism 1s quite sim11ar to the production )
| : of expanded 11ghtweight clays and shales, which’ expand or b1oat .
,to as much as seven times their original volume, owtng to the |
formation of gas ‘within: the mass“ﬁf the material at the fusion
' temperature or semi-plastic stage. often termed "the point of
_ 1nc1p1ent vitrification" In the case oY c1ay and shale expan-
-ston, . they shou1d contain-mineral constituents dhich will: produce
‘Iigases at the softening temperature If such minera1 constituents
- are not naturally pregent in the clay, they may be 1ntroduced

Yoo during the process.



.'affect the expansion efficiency and quality of expanded products

N

oy G

St el
i e A T

Houever. molten slag has no constituent whdch produces ] -

foaming gases. Foaming is achieved by jetting or watering

'-processes. and mechanical processes Generally the amount of

water used under controlled conditions is less than that

rrequired for granulation Some portion of expanded slag may. ' r'.?_'
contain’ glassy material which ts undesirable since granulation .

may~occur during the cooling

SO SPPIP P EN SN

- The chemical composition of’ the original molten slag may

in terms of vitrification, as well as viscosity of the molten .

slag. Crystallization proceeds rather slowly in slags'high in.

. silica and more. rapidly and completely in. those high in nﬁ‘e and

magnesia . That is, siliceous slags cool to glasses most easily '
while those of high 1ime content are more difficult to- prevent E o
from crystallizing Viscosity decreases with increasing lime
_content and the viscosity of the silicate, near the freezing

point is S0 large that rearrangement of ions to form crystal-

li;ation takes place slowly However. no general relation exists

betheen viscosity and composition as expressed in component

u"‘.. e

oxides o h £
i.-m
The chemical analysis of foamed slag i; nof very different
from that of the original molten slag except that the sulphur '
content is somewhat Tower, due 10 the reaction of the sulphides
“with water and liberation of sulphur gases. Houever. the minera—

logical composition may suffer considerable change during ‘the

‘?'_ transitioo from 1iquid to solid, due to ‘the conditions of cooling

The foaming removes unsoundness in almost all slags. There

r,
.-
“



seem ‘to be slags which when air-cooied may faii or’ suffer _-f-
; -»f-spontaneous disintegration by structural transfonmation from |
| . the metastabie g to’ the stable Y form As biast furnace siag
is made by the fusion of constituents which wiii tend to e 7c
variable even in strictly controlied processes, foliowed by .
i cooling under more or 1essacontroiied conditions, the final"
i'product may have a wide range of compositions Both the chemi-
cal -and mineralogical compositions of biast furnace siag affect
o its physicai properties The compositions have been studied Jin :
considerable detall, by producers, processors and users of biast
furnace slag. Biast furnace slag is found to. contain four major
~ oxides - siiica, aiumina, 1ime, and magnesia - which. constitute ‘
| -about 95% of the total. “Minor constituents inc]ude suiphur,
manganese, and iron. with traces of many other elements and com;
ponents |
| ‘The raw materiais (ores fiuxes, coke etc.), the grade of
i-metai being made, and difierences in operating practice all
Iinfiuence the final chemicai composition of: siag The silica-
.aiumina.ratio in: the siag is fixed primari]y by the ores seiec-
ted and is approximately 3 1 by weight The 1ime-magnesia ratio‘
is controlied byjthe fluxing stone. seiected The ratio of acids _
(5102. A£203) to bases (Ca0, Mgo) normaiiy approximates 1:1.
This ratio is controlied by the operator increasing or decreasing
the quantity of fluxing stone to produce the particuiar grade of
1'iron desired as measured by silica and suiphur content. The
o chemicai analysis of a typicai blast furnace siag falls within

'the range shown in Tabie 2 4.
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TABLE 2-4 S
IYPICAL CHEMICAL ANALYSIS OF BLAST FURNACE ) )
* _AND STEEL SLAGS [79]

| \_

. CONSTITUENTS - |BLAST FURNACE SLAG % |STEEL SLAS % (b}
ey ) . AN
$Tica S [ — LR I 1576
Lime._ - “Cad B 36-45 41.3
Mlimina A0y | 10-6 2.2
Magnesia " Mg0 3-16 6.9 -

Sulphur {a) = SorSog | -3
Iron Oxide - Fe0, Fe,0, | = 0.3-2 20.0 ]
M&nﬁhﬁése Oxide MnCG . = . 0.2-1.5 .T ) 8.9
y : ' c ' . : P‘

- .Cas

R Dévé1opmenp Department

: (a)"princ1pa1fy in the form of c$1c1umtsu1ph1de

. {b) BOF steel slag by Stelco Research and )



. MineralogiCal Composition

The mineraiogica] composition of biast furnace siag p]ays an
important part in detennining its behaviour when used as a struc-
--;tural buiiding material where a crystalline siag 1s desirabie It

s of less direct interest for slag tn the g]assy or granulated

= ”form that is used mainly in slag cement manufacture As indica-

© ted- eariierl formation of crystais in slag depends largeiy on the _
rate of cooiing, whereas the characteristics of the minerals
:depend primarily on the.chemicalﬂcomposition; .The most common
mineral -in a'crystaliine biast furnace s]ag'is melilite - -the
.soiid soiution series akermanite - gehienite [3f In blast - fur- -
~ -nace slags of Tow 1ime and high aiumina content “the mineral
anorthite may be-detected whiie in biast furnace slags of high
1ime content dica]cium silicate may be formed Minor components '
-"are cadcium sitlphide; ironi alkalis and manganese Oxides ‘A list

- of the many minerais that have been considered to occur in blast

furnace siag 1s shown in Table 2-5 with the name, formula and

flr mineral properties of some indicated

(Y

The quaternary system of the four major constituents CaO,
Azzo » and MgO has not been studied thorough]y “The probabie
: assembiages of-minerals comprising the quaternary system.cannot be
predicted with certainty. but some estimations are very close to the
results of: miscroscopic studies Lea [43] set out some possibie
assemblages as shown in Table 2- 6, the upper parts showing the num-
ber of blast furnace siags out of‘a group df“ZT from different‘f‘ \

works with that particular-assembiage the lower parts being some

” other. Assemblages that ‘seem possibie
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. TABLE 2-6 -
'SOME POSSIBLE ASSEMBLAGES OF MINERALS
'EROM THE QUATERNARY SYSTEM OF - COMPOUNDS
cao0, 5102. A£20 AND Mg0 IN BLAST -

- FURNACE -SLAG [43]

No. of Slags -
OQut of 21 .Examined | 5
£ o \
oA . :
i S a o : o™ ,
U_ q\‘: i! vy T ":'.2 gN i vy %
- DTS |lois |8 |8 |8 |HE
5 X X X 3
5 C X X
4 X X | x . .
3 X X [ x
2 X X X
.Y : X X Tl x px
1 X x | x X .
Other Possible X x| | |x
Assemblages Not - x X X X
Observed in - | - - b x| ]x |x
the 21#Slags _ 1 x- X x X
_ X X | x X
X | x X X




| Some of the minor constltuents are- difficult to determlne using mlcro-
scope technlques because of the small amount and incomplete crystal-
-1zation when the glassy phase 1s also present.

> /

Physical Properties

Hhile the. physlcal characteristics of alr—cooled blastA?urnace
§lag are somewhat variable from furnace to furnace and wlth tlme, they
wdll tend to fall 1nto a narrow range as indicated 1n Table 2 7 On
lthe other hand, expande‘ and granulated blast furnace slags have a much
wider range in physlcal ch racteristics slnce there are various proces-

 ¢es and deslred prop ties-involved

‘Utitization of Blast Furnace Slag
| Blast furnace slag has been used'in a wide range‘of applications
It 1s widely accepted throughout the world as a satisfactory aggregate

. with good performance 1n highway and building constr

fon. With extra~
processing some blast furnace slag is also used in appllcat_ ns such as
rcement and. mineral uool manufacture A summary of blast furna slag-.
utlllzatlon and engineering adyantages is given,ln Table 2-8. Posslble

engineerlng problems are shown 1n Table 2-9 | (Carelmust-be°taken to

_ ;distingulsh between blast furnace and steel slag tn Table 2-9.)

| .Detatled data on blast furnace slag usage in the U K. and U S. are shown
in Table 2-10 and 2- 11.. respectlvely. In 1967, the world consumption of
':blast furnace stag was at the order of.one hundred mi1l{on tons [44]

f Data for 1966 [44-81] show about 30 mlllion tons (representing 51.3 _
milllon dollars) used in the U S . l5 mlllion tons 1n Germany. 13 tons

1n France and 15 million tons ln Japan.-

_—
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TABLE 2-8

UTILIZATIOH OF BLAST FURNACE SLAG AND ITS ENGINEERIHG ADVANTAGES

-UTILIiAIION

. GENERAL Euslutentns ADVANIAGES3

AIR—COOLED SLAG

Aggregate - structural concrete
- aggregate -

- concrete pavement aggregate‘

- ~-asphalt mix aggregate
b . = base. course for pavement
Ra a t
. Filter mg N
Backfill - structure backf111
- pipe backfill -
Glass making
. Land reclamation
Slurry seal.
Slag surface treatment
Stag roofing
Mineral wool
- Septic tank absorption beds
Ceramic ware [38]
Oyster propagation [38]

-

angular. particle :
controlled gradation as required

. roughness of. surface texture

hydrophobic nature
Tighter unit weight (1ess tonnage)

1 high skid resistance

hardness -

high polished stone value

coefficient of friction S T
fire resistance (from nnﬂten state)

"1ight colour (visibilfty)
‘soundness -
-less frost susceptibi]ity

EXPANDED SLAG I

Lightweight structural cohcrete
Structural concrete
Concrete masonry unit.

| 11ghtweight

soundness ‘

nailability

sound trahsmission .

thermal fnsulation property; '

Pipe backfill. - -
- Concrete floor fill

Concrete masonry unit
* Landscaping

Agricuiture

- _shrinkage
| eRANULATED SLAG
Base material for pavement
Fi11 material ‘
_ Manufacture of cement .Iightweight

glassy. material
cementing property _ .
11me content _ b
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UT ILIZATIGI AND POSSIBLE PROBLEHS IN BLAST FURNACE SLAG AND STEEL SI.AG -

A GENERAL UTILIZRTION OF BLAS FURNACE SLAG AND
. STEEL SLAG (/ USED, X NOT US --NOT KN(HN)

. unuzmon | stast FURNACE SLAG | STEEL SLAG |
cOncrete ) ' |

.Concrete Blocks ‘111,311

Rerated Concrete 5]

. Lightweight Aggregate [9 11.31,82]
| oBricks 9,011

Soil Stabilization. [2 91

N Cement Making [9,11 32]

- | Grouttng- 9,84 871

_Ceramics [9] ‘

I Landfi11 [9,11,85]

Cultivatipn [9] '

Road Base [11,88]

AsphaTt Mix Filler [11]

Sewage and Water Treatment [11]

| Mineral Wool [38]

s

«

x X e X X |

K

\\‘\\‘\'\\‘\,\\\\\\\'
x,-o-u\\g\\.'x'-o

B. PROBLEMS IN UTILIZATION DF BLAST FURNACE SLAG
- AND STEEL SLAG :

B

| " PROBLEMS . - | BLAST FURNACE SLAG | STEEL SLAG |
Expansion [21,231 . - T v
Corrosion in Steel Pipe [6] - B B _
| corrosion in Reinforced Steel 1n1 - o R g
| ‘Concrete [25] R - - - . i
"Alkali Reactivity v2 IR RO AL B
“‘7_UUE;EETTfFfﬁfTCuncreta with Slag - Ll
‘Sulphur Probles with Slag [33 76]--‘ N




' TABLE 2-10

SLAG USED IN THE U.X. IN'1967 [44]

- | ngscnxPT1oN-

. TONNAGE

: Air—cooled Slag (a) .
Road Stonei

o chippings and coated
S "~ and uncoated macadam:
SN " and asphalt

« _ rail ballast
filter media

iﬁcqncrete aggregate
‘unrecorded uses-

Expanded Slag
Granulated Slag -
Domestic Uses |

}TOTAL

11,199,000 Tons |

9,308,000
758,000
192,000
148,000

793,000

| 207,000 -
83,000
183,000 .

11,672,090 |

(a) Tonnage of air-cooled slag 1ncludes about 470 000 tons

of steei slag
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©TABLE 2-M1

_”37:;:.

[

- BLAST FURNACE AND STEEL SLAS USAGE TN THE UNITED STATES

DURING 1971 [102]

USE

- MILLION TONS .

 ATR-COOLED BLAST FURNACE-SLAG

Aggregate in = - _ ‘
. “portland cement concrete construction -
.structures - - T
' pavements. c
bituminous construction
* highway and airport construstion -
- manufacture of concrete block
~ Railroad ballast '
" Mineral wool
Roofing slag
cover material. o L
granules - T
Sewage trickling filter medium - :
Agricultural slag, Yiming - = = (:?‘"’/
Other uses :

| toraL
VALUE . -~

GRANULATED AGiD EXPANDED BLAST FURNACE SLAG

Highway construction. and 111
Agricultural slag, 1iming

Manufacture of cement

Lightweight congrete . - : ‘
Aggregate for concrete block manufacture
Other uses ' ' ‘

TOTAL
YALUE ~

STEEL SLAG - . o
Railroad: ballast R
Highway bases or shoulders
Paved area base B
Miscellaneous base or fill. .-

_Bityminous mixes
Agricultural

| ToraL
VALUE *

E I

~ $7,332,000

" $9,719,000

1.986

0.813 | -

4.091
8.285 |
0.469

- 3.174.
0.411 |

- 0.328 |
0.063 |-
- 0.036
0.008

| z.laff )

21.444
$42 352,000

At

e 0.997

- 0.074
0.457 | -
0.026 |
1.447
0.367

|
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o L S T :
- 2-2-1-2 . Steei Slag '._ D A

iManufacture of Steei Slgjl

. Hhiie stee] slag isa sister by—product of b]ast furnace slag as
.h mentioned in the general classification of slags. it has some very :
different properties that iimit its usage as compared to blast furnace
'siag. The different steel making processes used to convert pig. iron |
.-(and/or steei scrap) to steei invoive the removai of excess: quantities
\ ._of carbon. manganese. phosphorus and sulphur, and adding flux to gener-
-_ate different steel siags. These tend to be batch processes. with.a |
‘lconsequently higher variabiiity in the slags produced than is the case
~ with blast furnace siags. Steel slags have received less attention and -
'hutilization than blast furnace slags in the past without any ueii founded -
reasons once the basic differences in properties and types of utilization :
are recognized "The typicai processes used in stee] making are the oxygen _
'convertor (basic oxygeh or LD process). open hearth furnace, eiectric arc
and Bessemer Convertor. Figure 2:4 shons/g\brief_process schematic for
- steel slag production during steei making.‘ T -
Nowadays. stee1 making processes generaiiy use iime as a f1ux
instead of using 1imestone, resuiting in.a high free caicium content in
| -the steel slags ;sroducea. The 1imefactor 1s approximate'ly 25 and 125 1bs
';per ton of steel ingot produced in the open hearth and basic oxygen '
-'processes. respectiveiy. Steei 'iags can be ciassified into tuo general
~groups {317 | '_ | ) '.. AR j . .
N a) Phosphm rich slags (often used f&r ferti'lizer) which are
o ionger produced. and. o S T
b) High caicium siags nhich are iow in phosphatos._;f_if,
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‘-Only the high calcium slags are. cdhsidered here nli”L-

Chemical Composition of Steel Slags

There is no basic difference in chemical constituents betueen

—;steel and blast furnace slags, (see Table 2-4 for a comparison) but

in chemical proportions, physical properties and usage. several impor- .
tant differences are apparent [231.° Steel slags have high iron contents
(20 to 26%) which give a high .specific gravity of 3.2 to 3 5. compared to
2 3 to 2. 7 for aiflcooled blast furnace slags A high free lime content

s another difference from blast furnace slag ‘that 1is géneral]y Tow- in
free 1ime. The mineralogical composition 1s basically different from

-'_that of . blast furnace slag. Steel slags include tricalcium silicate

| (3Ca0 $10,), calcium orthosilicate (s 2Cae 5102), calcium oxide - ferr0us

- oxide solid solutions (2Ca0 Fe203/Ca0 Fe2 3), and free 1ime (Ca0) [23 31].

The presence of the metastable compound dicalcium silicate (8 2Ca0

" 5102). which has a tendency to transfer to the v fonm (v 2C40 5102) accom-

| ‘panied by a 1os volume increase. auses a “falling“ ‘effect and tricalcium -

silicate is potentially reactive [31] This problem is usually obviated

"during hand1{ng, crushing and” steel recovery \ther crushing and steel

-~

lrecovery. steel slag may suffer long term instability from the hydration
- ; particles of dolomite or magnesite that may become entrapped in the
'slag from the lining of - the furnace, and free Time [44] " This problem
| fis avoided in practice by aging the crushed slag for a period of up to

a year or sp beforé‘pse=£3el Even so, thece still may exist a risk of

‘ expansion from trapped 1ime still prese ftec_gggdﬂtionin [21] This

can be checked for by a number of tests to determine the expansion poten- -

tial ogisteel slag This detrimental property forms the main objection |

a.-'_"" s .."' : ‘ T -
LA - . 2



~C

: transportation costs significant]y

. . / .
RNy

‘to using steel siag as aggregate\in confined appiications or.in the

j-high],y aikaiine environment of portiand cement concrete. Aiso, the

high specific gravity (unit neight ] 120 1b/cu ft average) raises . -

>

The main advantages of steeicﬁiag are 1ts high stability and skid

resistance when incorporated,into bdtuminous pavements [23.44] Gurrent

\<research 1s’ focused on these two favourab]e aspects of stee1 siag in

~

asphait mixes to develop user specifications Also, much steel sLag

that has been properiy aged or treated with, spent pick]e 1iquor is used -

]

© as an aggregate in bases and baiiast

Since steel slag is high in {ron, ime-and manganese units, it is .

‘usuaily.returned in varying peroenﬁeges to the blast furnace as part of

the burden As'thisrreturn increases, it is doubtful that much steel

-siag will be availabie as aggregate except from non- integrated etectric

arc.or specia]ity steel operations However, certain portions wi1l'

aiways be avaiiabie and this materia1 shou1d be used to best advantage

Utilization of Steei Slag

The utilization of steel, siag in. the U S. in 1971 was 8.5 million
tons (Tabie 2 12). The projected increase in steel slag usage {s shown
in Tab!e 2- 12 but must be viewed- as optimistic in light of efforts to

return a higher percentage as blast fUrnace burden About one-half.

. million tons of stee] slag was used in the v.K. in: 1967 [44] In the

u.s., the use-of eel siag‘asphait mixes in ‘the Detroit area was devel-

oped in 1952 as a program for Tow cos of side streets wfth an,

ag. The Edw. Lavy Company in Betroit adopted a

watering process for pop-out trouble in bituminous surfacing

-
L]

-



TABLE 2- 12
RATE oF snom OF BLAST FURNAEE AND
" STEEL suu; usaee IN u.s. [102]

- SLAe YEAR | MILLION TONS |°
Blast Furnace Slag Processed 1969 | ° ,29'.144'* .
| SR 1970 | . 26.147 -
1971 24.812,
1972 25, 900
1973 25.500"
SteeT $1ag (sold or used by - 1969 ‘7._299
- prﬁ%essors) 1970 7.539
" 1971 8.488
- 1972 ' 9.300:.
K . ; 1973 10.300
U . 7“"* ' ,
| * Projec?ed " - =
~
, N u!;
. | 1"7
I
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z “a,

(approxfa'tely 250 000 tons per year), and treated the steel sIag with
- spent p1ck1e 11quor for base cbnstruction 1n 1968. thus eliminating
the heaving ofte experienced with 1mproper1y aged stee1 s1ag base. .
The use of stee1 slag asphalt mixes and precoated chippings (250 000
ta 350,000 toris- per. year) by Steelphalt Limited in the English Midlands
- is deta11ed 1n a research report [23] of the nghgpy Hateriais Labor- “
atory., In the U.K., steel slag 1s generally accepted as an exce11ent

_ material for b1tum1nous surfacings and chipp1ngs.

rs




| 2-2-1-3 Fly Ash '-} e
: F1y ash 1s a by-product of many 1ndustr1es since it results from o~

the combust1og_of powdered coal It has been more correctly termed (:f
Pu1verized Fuel Ash (PFA) in Brita1n and this termino1ogy is becoming ‘

. more common, Fly ash is a member, of the pozzolan femily that also

1nc1udes volcanic ash. obsidien opa11ne. cherts. shales and d1atoma-

ceous eerths, The terms pozzo)an anu/fly ash are often used synony—

mous1y without recogn1zing that there are many other pozzo1an1c mater1als.

Pozzolans are defined by ASTM c§93759 as "a siliceous or si]iceous

* and aluminous materdal, wnich‘in.1tse1£ posSessesllittie or no cementil'.

tious value but will, in a‘finely.d{vided'formand in the presence of |

mo1sture3 ohemica11y'react nfth'oaICTum hydro ox1de at ordinary tempera-
- i

- tures to form compounds possessing cement1t10us properties This

def1n1tion 1mp11es the main chemical composit1on and nature of the
pozzo1an1c reaction between pozzo1an and 11me

| nanygnvesugators [2, 9, 31, 46, 56, 61, 63, sa] have studied ‘the
. compositfon. propert1es. size, size djstr1bution. manufacturing processes
and- pozzo]anic reaction of fly ash. It is surpr151ng from the vo1ume of
‘this research that 50 11ttle actual use {s made of fly ash in North

Amerdca. ' - S R %%5;_

Sources of Fly Ash

The chief source of fly ash 1s electric power p1ants which use
-powdered coal as fuel for their steam boilers. A brief schematic flow
' chart of fly ash production 1n a £;§%EQ} plant 1s.§hown in Figure 2 5. -

v . . . . iy
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Powdered coal 1s burned and the various non-combusted impurities remain- o

\u ing that form. fly ash are cooled fron the no]ten stata in’ suspension.
This fly ash is collected from ‘the f]ue gases by mechanicai precipita-

| tors which generally col]ect a coarser-product. and eiectro-static pre- -
cipitators which collect a finer one. Fly ash, which. 1s abeut 654 of -
the total residue, 1s accompanied by about 25% bottom ash and 108 boiler -
slag _This boiler siag_generaiiy finds an excellent market.because it -
is simiiar to blast furnace. siag. Fly ash often receives further-proces- l_
sing - beneficiation [9, 11, 31, 83] - partiai]y efﬂninates carbon, iron,
and sulphur ‘and separates the particies by fineness Processes to

: peiietize. _sinter and screen fiy'ash to produce 1ightweight aggregate
are also used. A beneficiating plant is operated (with some technica1

probiems) by Ontzzlzjyydro at {ts Lakeview thermal plant.

L Chemical Compost

Aithough the generai nature and properties of various fiy ashes are
somewhat similar,: fly ashes dfffer not on]y as' a function of the type
-and efficiency of the precipitation equipment but aiso as a function of
~ the composition and fineness of . the coal, and the efficiency and ‘type of

combustion procedure. Ge aliy. the. f1y ash produced during ioad opera*'_‘\

tion is superior to that produced during peaking. _

Fly ash consists of about 75% silica- and aiumina ‘and ‘small amounts
of aikaiis. carbon, caicium oxide, magnesium, suiphur and fron oxide
A typicai range for the chemical composition is given in Table 2-13.
Ferric oxide, aluminium oxide. and suiphur dioxide tend to concentrate
in the finer particles, whereas the carbon in tha coarser onas.{Z]

P
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| | TABLE 213
-COMPQSITION OF FLY ASH [9] . -

®

Q

KAIN CONSTITUENTS |~ PERCENT - |

Silea. S0y | 45-8
N A1qmjn§ o Azzo; | 24-32

potasstum Oxide K0 - | 28-S
sodium Oxide N0 | L 0.9:1.7.

kY-

Calctum Oxide © €a0- . 1154
Magnesia . MO 1.5-4.4

e




Physicdl Properties

i_soTid 'o hoiiow, amorphous. glassy particles with some crystalline
zones,’ spherical in shapé uith a Blaine fineness of 2000 to 6000 5q- -cm/gr. '
-Their specific qravity ranges from: 2 0 to 2 8 and there is a sioni-‘ '
ficant difference between individual particies. A comparison of the
particle size with that of soils is given in Figure 2-6. As indicated,. .
the particle size of fiy ash ranges uithin that of a silty soi] This - .
- mey be' important since this size of soii is. often frost susceptib]e |
- An investigation of. tuo types of fiy ash from a size viewpoint, ,
one a coarse fly ash coilected by mechenicai precipitators. the other a -
fine fly ash collected by electrostatic precipitators 1s reported in ‘
Reference 46. The percentage of amorphous gTass clearly appears to
" increase with decreasing partic]e size for both types. The compositions
- of ‘both fly ashes are ‘shown in Table 2 4. The sampies were wet-sieved é?*“
and examined as oil immersion mounts with a petrographic microscope o
| The finer fly ash contained 87% giass in. the\-#SOO sieve size por- -
tion compared with only 63% in this portion for the coarser fly ash Theit
reason for this difference is the method of collec ion “In c¢ollecting
the coarser ash. large amounts of the finer meteriaT in which the glass
is concentrated escape up ‘the 'stacks due to the Tow efficiency of mechant-
“cal devices in collecting finer ash The giess consisted of coiourless
'to 1ght green and amber spheres. Carhon particies weré about three times‘ .
more abindant in the coarser ny ash than in the finer ash '
The chemical anelysis reiating to particle size groups from each

: .;33,-
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. Utiiization of Fly Ash

b samp]e indicated that the coarser the fly ash the more iron content ‘

and the ]ess siiica and alumina content the fiy ash has. Tab]e 2- 15' k

. shows more, details of . theSe resuits "q ;;5'* L S \

- The reiationship between: the silica, a1umina and glass content |
and’ partic]e size distribution infiuences the pozzo]onic reaction of

the fly ash with lime and moisture

Iﬁ'

‘The total power plant ash coiiected in the U S in 1971 amounted N
'to 42, 8 million tons [61, 83]. 1nc1uding 27.8 miliion tons of fly. ash,- ‘f"
10 0 millfon tons of bottom ash and 5. O-miilion tons of boiler slags.
Only about 11 7% of the fiy ash, or 3. 25 million tons was utilized in
' various useful purposes. Data for Canada is generaiiy not avai]able andA

the percent utilizdtion is probabiy even iower Obviousiy, the produc-

- tion of .fly ash is rapidly increasing as thenma1 power generation takes

upla iarger element ojjpouer capacity At present, " Ontario is producing'

-close to 600,000 tons per year. A corresponding increase in outlets for

nhat'is_stiil largely a waste product-must still be deveioped. At pres--
‘-ent, the greatestiprogress in7fix ash utilization is in the U.K} and |

.Eurdpe‘ The.Nationai Ash‘AsSociation in the. u:s. and the tentra] ETectri-

city Generating Board in the U K are very actjve in promoting the use of
' fly ash Activity in. Canada is 1arge1y focused in Aiberta and Ontario,

'~with no national organization The utilization -and. engineering advantages

L

of fly ash are sunmorized in Table 2- 16 .

!
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TABLE 2-16 .

327}53j"w

UT!LIZATION AND ENGINEERING ADVANTAGES DF FLY ASH

\'_UTILIZATION_\ :

- senenac euclnssnrue ADVANTAGES  ©

“Land fi11

7inert. cultiva/ion easy

Partial replacement of cement in
: concrete product”
! structural concrete _
dams or other mass concrete
aerated concrete L

’improved workability, reduced segregation and

bleeding, high strength,  -low permeability, -

-reduced shrinkage, more finishable, low vol-

ume change, low heat in hydration, low -
alkali-aggregate reaction. better suiphate

| _ and acid resistance

‘Lightweight aggregate‘

sintered 1ightweight peliets

“Fi11ér in asphalt.mix y
Fitler in bituminous products

“_#200, hydrophobic (for stripping)
_void fiiling and stability capacity

Soil improving agent

Soil stabilization

Cement ‘manufacture -

Filler 1n rubber - e
Filler for paint and putty
Repairing top rot in pouer poles
As insulation -~ -

| Raw material for glass

Raw material for brigks

.Cementing materials for miscelianeous
aggregates.
FiTter layer'under pavement R

Miscellaneous types of buiiding biocks:j

| ‘lightweight ' '
,cementin? properties, no frost susceptibiiity
c .

pozzolanic activity .

‘chemical properties, inert

inert

| spherical particies, smooth mixture

thermal insulating progperties
siliceous - qp"fi
aggregates - : AR
same*as concrete '

rkability, filiabiiity, non-frost suscepti-

' ggzzoianic activity
i

Precast concrete products
'Prestressed concrete units

ity : -
Foundry work : ‘ or sand ‘ .
| Sand b!asting o 7 réplace sand . - -
Concrete pipe workability g

high strength

. inishability

Groutin?

Lightwe ght concrete
011" well sealing,
Ceramics
Cultivation of land (soil conditioner)
Road base :

Sewage -and water treatment

Pumping .concrete. :
‘Mine fire control e T L

_ | Fertilizer fitler o
.| Vanadium recovery - . L
| bust controd . 0

Anti-skid winter roads - ';5. - _‘

. fSphkrical particies. inert. smooth mixture
o ;sintered aggregate , :

samé as giass

adaptability of plant S

.pozzolanic activity

‘.uorkabiiity : ‘
._sphericai dense, pumpabiiity R

L L
. ou,

-
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2-2-1-4° Stee1 Pickle Liquors [23, 54] "T_;”;_; R -

4

Major stee1 products such as sheets, strfp. wire and ga]vanized .

-p1pe are suitab1y treated for -the purpose of remov1ng oxide scale. by
1mmersion in acid baths
vdrious acids used are termed pickle 11quors. with use. the pickIe |
tiquors 1ose their effect1veness and must be discarded. or regenera-
; ted if possib1e
a]ly or 'in combinations [54]

Su1phur1c acid H,S0, .

“ | '_Hydrochloric actd  “He .
L  Nitrlg acid . .'-'H.uo3 G
o ". Hydrofluoric acid : T 3

.. " Phosphoric acid - 'Hapo3

o

[

reg’eneratwn becomes more comnon The average output&f spent p'lclﬂe |

_ 11quor per ton of p1ck1ed products is approximate1y 50 galions [54] .K\

‘This process is ca11ed “pick11ng . and the o

Among these, squhuric acid ts presently used for 90% of the stee1
tonnage pickled. but this figure will most probab]y be reduced as HCLOI

These acids 1nc1ude the fol1owing. eithEr 1nd1v1du-ﬂ e

F

The two processes: generally'used for pickling are o 4 . _,"

1. Acid bath process.

An-acid bath is used in which the: products are suspended until

~ pickling ts comp1ete. The spent H2504 liquor usua11y contains |

0.5% to 2.0% free&ac1d and 15% to 20% ferrous sulphote (as

Fe504) o | ’
L T el
2. Continuous- p1ck11ng process. o " "5:9, SO
N\ . B :This processangolves passing a steel strip from a c011 through

-



-

.85

:

L]

oA scale breaker, an autometic welder or stitcher. a series of
_ tanks containing pickling liquor, a rinsing. device end then a ,s
.drier The spent sto liquor in this process centains 4% to\' |
7% free acid and 141 to 16% ferrous sulphate Hhile the use b
-of H280 in these processes: has been indicated the other -
. pickle Tiquors can also be used. ' '
| where it is possible to recover the spent pidkle Tiquor before
disposal it can be regenerated through rather sophisticated processes.
Spent HCZ pickle liquor regeneration svstems have been developed and are
cdno ration at many steel mills. including STELCO and DOFASCO in
Hamilton Progress uith spent HZSO4 regeneration has been slower. A

recently developed H 504 pickle liquor regeneration process 1s the Blaw-

L ]

: Knox-Ruthner method [54] INURE of enough interest and application to

briefly describe This process starts with the concentration of waste
pickle liquor before discharging it into a reactor, where the\ferrou$

sulphate is turned into _reusable HZSO4 and FeCl2 by anhydrous hydrogen.

-' chloride gag. At the ‘roaster, the recoverable {1ron 1s then separated

from the Fecz2 and converted into iron oxide, Tberating HCL which 1s-

. recovered'and recycled'to the reactor. This process and the chemical

' reactions involved are shown-in Figure 2-7 [54]..

q

Spent pickle liquors that are not regenerated (and other waste
acids) can be discarded in deep uells fissures in. cavernous limestone.
abandoned mines, exhausted ol and gas sends, artificial lagoons, gravel
dumps nean large bodies of water, sewers flowing fnto rivers, lakes or
tide water nithout treatment, often. resulting n pollution prob-'
lems Spme treatment should be imposed upon the actd waste to neutralize

-
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, ) ,
—»|Evaporato Reactors . Cenlrifui.-i Roustir fromss .
13' : ngj:olmn
B {411 ] o ’ o ..
o . hquer H:,?g‘ Hot
HCL gns HC) gases furnsce
. S 4 o) I
| o [ - e N
& : rppwn er '
@ C Ut Hg.:::a e S
. Rezovered '
gases sulphuric acld ‘
’ (@)
i L .
Farrous aulphate HCgus
.;- FeS0; a QL. Recoverable
'-Ir-o—- 1. Pickting | . 2. Reaction 3. Roasting _FQ_.
n ,

o .lt:ﬂ" . ' —_— .
-—._._-l'l() HS0, FeCly :

Sy _ Butphuric acid Ferrous chlovide -
. : ' 1. Pickling: FeO+ 80 -‘l‘tx
o ‘ !. nctlo‘c; i-e‘iOrl?ﬂH I-FcC AOGD.

3 Routln: l'uCh-t-H(f-!llICl-t-l'

FIGURE 2-7 ”BLAH-Kﬂox-aﬁT'

(b) CH_EHI STRY. OF PROCESS

A

[54].

"W

PROCESS FOR RECOVERY
: & . .

56
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"4 the free ac1d with 11me and to precip{fﬁii::he 1ran and,;race heavy
s letgis (which can present a severe envir nt roblem) This

. P prob1em fs oftdh solved through a standard municipal sewage treatment
p1ant with an actual mutual benefit to both the municipa11ty and pro-
ducer; since ferrous sulphate or ferric ch1or1de is an excellent s
coagulant - for sewage and atds in phosphate removal [54] This tech~ -
nique for sewage treatment 1s currently SO popu]ar that 1t has become}..
more profitable to sell spent pfck1e 11quors rather than to attempt
‘regeneration. Research on this topic is being conducted at the
Canadian Centre for Inland Naters [vosl. Haste p1ck1e 11quors are being
app11ed to fresh steel ‘slag, wh1ch 1s high1y alkaline and expansive. to

Y
acce1erate any potential swe111ng before qg:struction use. The Edw.

-

Levy Company has found this to be a very suitab1e process fn the Detroit

\

¢§§f area. This app11cat10n has re11eved the heaving of steel slag bases
Ry

¥ [23] and also provides an economic d15posa1 method for spent acids. The
question o(ﬁheavy metal contam1nation does not appear to havg7been exam- '

® ' ined for such treatment.

- . S . .
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2221 Lime . s

- pozzolanic roootions.

. I

" 2.2-2  Commercial. Maserials ASsociated with Hdste;Haterial".g
L A

. -_Ut111zat1oﬁ,' ; |

Lime 1s defined by ASTM 651-71 as "a general‘term which 1nc1udes
the various chemica] and physical forms of quicklime; hydrated 11me.

and hydrau11c lime ased for any purpose The types of 1ime along w1th

3 their corresponding chemical compositjons ‘and physical properties are
-shown -in TabTe 2-17. '

The important properties of 11me to point out are'
1. The hydration of quick]ime qpnerates heat. :

| 2. ,The so]ubi]ity of Time decreases with r1sing temperature.

S Calcium 1ons are continua11y going 1nto solution and recombin-

| '1ng with the hydroxyl 1ons unt11 the so]ut1on is saturated or
a state of equilibrium 1s.reached S -
* Seventeen million tons of 1ime were used in thé’G/S 1n 1970,
Lime is the second “greatest basic chem1ca1". su]phuric acid being con-

" —

sidered the f1rst It 1s used in a wide range of fields as shown 1n

" Teble 2-18. :

There are'somo ?opms of wasto Time with varying compositions that
may find uso 1h"or as constpuct1on'mater1als-- kiln dust from portland
cement manufaoture and residuos from bhe manufacture of acetylene are
the most commoh. Hhile the quant1ties nva1lab1e are small, resehrch on

these_was;a_11mos may_generate a source of ‘low.grade 1ime suitable for

~

-

Y
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~ -TABLE 2-18

USAGE OF LIME -

L N

 Sofl stabilization
tael Manufactuie
| Pulp and Papér | |
Chemicals - “' S v -
" Water Treatment ° 7
| Sewaép Treatment, Industrial Waste Treatment -
Ceramic Products - | |
Building Material
Protective Coating
- Food and -Food By-préduﬁf
' Otherg ' | |

-
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. 2 2-2-2 Celcium Chioride. CaC£2
_ “Caleium. hloride is a by product of sodium cerbbnate (Nezcos)
and is extremely deliquescent. Ceicium chloride is very soiuble. even,
at low temperetures The ph&sicei properties of pure_onhydrous ceicium
chloride and its hydrates are shown in Table 2-19. I

' ?77 | '1 It hes 1ong been used as a dust controi measure for unpaved roads

and tennis courts hydrous celcium chioride is often used for adp . ,{:

drying®. [Cacz2 Hzo 3 Cact2 + H20) Calcium chioride is widely accepted * .
. as an additive for portiend cement concrete to accelerate the rate of
“ hydrotion of the cement. This faster rate of hydration especially for
concrete pieced during iow tempereturos. produces the beneficial
.affects of reduction in time for setﬁ,ee(_z strength and protection of
»the fresh concrete [13 89]. N
' soil- aggregatos for pﬁement bases can, often have their.stabil- -/
o ity improved by the edditien of calcium chloride which decreases the |

plasticity of fine soiis [62 64. 90].

e



. o _ - TABLE 2-]9 .
PHYSICAL PROPERTIES OF PURE ANHYDROUS CRLCIUH CHLORIDE AND ITS HYORATES [IOI]

PROPERTIES OF AHHYDROUS CALCIUH CHLORIDE

Molecular weight o ' 110.99°
Melting point- - .772°C (1424°F){ -
_ Boilin? point - above 1600°C | .-
Specif c gravity 2.152 at 15/4°C
o : 2.26 "at 20/4°C
_Specific heat at - 0,164 caI/a{’C
- 61°C (141.8°F) . 0.164 :BtuAb/
Latent heat of fusion 54.2 cal/g
at 772°C _ $7.6 Btu/1b
" Heat of formation at 190.6 kg-cal/gfw
18°C (64.4°F) 3090 Btu/1b

“Heat of solution at .. ‘
18°C (64,4°F) 1n 400 '7-99 kgcal/ofw
moles of water _ Ehia

Coefficient of expansion 0.00062

PROPERTIES OF CALCIUM CHLORIDE -
MONOHYDRATE (CaCt +H,0) ‘

COmposition S 86.0% CaCe,
: L 14.0% ‘

Molecular weight .- .- - 129.81 [
" Melting point : 260°C (500°F)
Heat of formation at - 265.23 kg-cal/gfw
18°C (64.4°F) : 37OO Btu/1b

" Heat of solution at

18°C (54 QQF) in . 11.7] kg*Cﬂ]/gfﬂ. Ty

© 300 moles of water ' ‘53 Bt"/‘b

PROPERTIES OF CALCIUH CHLORIDE DIHYDRATE
(CaC!.z-ZHzO) .

Composition _ 75.5% CaCL
24.5%  H,0

Molecular weight 4783
Melting point 175.5°C (347.9°F)
Heat of formation at 333.25 kg-cal/gfw
18°C (64.4°F) a 4080 But/Ib

| Hew of solution at

400 moles of water.,{ \ 123 Btu/lb

PROPERTIES  OF CALCIUM CHLORIDE

TETRAHYORATE (CaCt,-4H,0)

-Composition

-Molecular ueight o
Melting point .
Heat of formation at
. 18°C (64.4°F) .

 Heat of solution at

- 18°C (64.4°F) in -
* . 400 moles of water © - -

. 39.8%
T
45.3°C (113, 5°F)

480. 17 kg-cal/gfw

- 4722 Btu/1b
2 2 kg-cal/gfw

PROPERTIES OF CALCIUM CHLORIDE

HEXAHYDRATE (CaCt,+6H,0)

Composition

Molecular uei?hf -
Specific gravity
Melting. point -

-Specific heat at 0°C
(32°F) .,

Latent heat of fusion .
at 29.92°C (85.8°F)
-Meat of formation at

18°C (64.4°F)
Hgat of solution at
18°C (64.4°F) 1n
400 moles of water

50.7% CaCe
49.3%  H,0
21939

11,7182 at 43F4°C |.
1.68 at 17°217°C |-

29.92°C (85.8°F)
0.320 cal/g/°C
0.320 Btu/Ib/°F
40.7 cal/g

73.4 Btu/1b,

623.3 kg-cal/gfw

5120 Btu/1b,
- -4.34 kg-cal/gfw

- =36 Btu/1d

60.6% CaCt,
#,0

216 Btu/b |

. .
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| ;\/2-2 2-3 Enulsified Asphalt [42, 53, 9, 92 | |
S -L Emuisified asphait forms a smail portion of the bituminous mater- Q' .
1al classification in Figure 2-8; The main process for emulsified '
fesphalt production s shown in Figure 2-9,
. Bitumen consists mainiy of asphaltenes (hydrocarbons) uhich form
the body of asphalts- resins which give the adhesive and ducti]e prop-
" erties that are 1ost by oxidation. and, ofls which are the source of
_ viscosity and - flow properties. These constituents are shown in Figure

2- 10. At present two main types of bituudnous material are used in

l road construction namely. asphalt and tar. The main source of asp'_it
o is the refining of petroleum. Tar products come mainly from coking'opera-
tions. Hith recent shortages in petroleum products, the cost v both
asphalt and tar has esca]ated since their fue] velues are relatively high

h(from approximatley $35 per ton for penetration gradejf‘phalt Tast " year
- to over $75 per ton this year).

Emuisified aspha]ts are intimate mixtures of two innﬂscible liquids 2 e

YL

' asphalt and water - one of which (asphalt) is dispersed in‘tﬁe‘other _
(water) in the farm oi very'tiny droplets along with-the_emuisifying agent.‘
| ™\ This emulsiiyino agent.affects_the‘chemicai and physicai properties'ofv -
 the particuiar emuisified asphalts: Enulsified esphalts are'made by nechan-
ical]y dispersing a liquid asphait in water which has aiready been. treated
_ with an emuisifying agent as indicated previousiy in Figure 2-9, A col- -
1oid mili is used uhich breaks the asphalt into coiloid~size particies by
' generating high shearing forces. [ T
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' termed surface. active molecules. These particles are prevented from _

> _combining with other-particles die to the repulsive force between

._'agent. sodium palmitate is shonn in Figure 2- ll (a). . d.i-

" When the asphalt and water are mixed with this agent, an orientation :

; asphalt and water, as shown in Figure 2-11 (b) The active part of.

<
AR

The aspha1€ particles in the emulsified asphalt are covered by
the ‘emulsifying agents uhich are combined polar and non-polar molecules

- . "'_
v et .
e o . i C

1ike charged particles. A sketch of one such molecule of emulsifying

The left side of the molecule is the non- polar portion and. is '
PLU

soluble in oil, the right stde is the polar part and water soluble

of the surface-active molecules occurs at the interface. between B i

.-/‘

the surface active molecule will ionize and dissociate in water
Anfonic emulsified asphalts result from a negative charge at the. sur-

face of asphalt particles (anionic -sodium paimitate agent). whereas

T S

'cationic results from a positive charge (cationic lauryltrimethyl- y

.annnnium chloride agent}

f There are many adVantages in the use of emulsified asphalts over

: other liquid asphalts The prime one is being able to get asphalt to ,

bond to eggregates which carry a\surface charge dependeut on the minera-

Togic composition of the origina rock.. If the charge on the‘surface of
the- aggregate is negative (quartz, for example). a cationic emulsion .
_ which carries a positive charge will allow bonding to take place The

_ other advantages are that emulsified asphalt can be used with aggregate

which is dry, damp. or wet and it eliminates many fire and toxicity

- hazards during construction.“ Both antonic and cationic enulsions are used .

S

depending on’ the properties desired Cationic emulsions are a relatively

i
s
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. (b) Adéﬁtpgﬁon of emulsified asphalt molecules at an

interface

: ?tsuns 2-11 SODIUM PALMITATE EMULSIFIED ASPHALT [53] .
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inew development designed for the large class of acidic:aggregates;sucn .

-base stabitization or combined base stabilization with other chemical_

as’ quartzite. Subtypes. usage recommendations, end specificetion designal -

tions for emulsified asphalts: are shoun in Figure 2-8. A
) {:i\g::rent research with emulsified espholts appeers to be focused on

stabilizing agents [23] The aim 1s to docrease the cost of

agents in- highway construction,
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\SSTM c150 74 as "hydrau]ic ca]ciumn!ilicates" : It was patented by Joseph ]
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2-3-1 ~ '~ Portland Cement and Other Related Cementing Materials
- 2-3-1-1  "-Portland Cement - | N '
Portland cement the name of which originates from its resemb]ance

to 3 natural bui1ding stone quarried at Portland, Englend is defined in-

spdin, an Engiishman in 1824. and first made comnnrciaily in the U S.
1870. Portland cement was first used in reinforced concrete in 1868.

: Since.its_development, the growth of portland cement‘proddction has been

rapid as;ghown'in'Tabie 2-20. The annual productionfreached él.4’miilion

’ tons in ‘the U.S. in 1972 [95] and 9 mil&ion-tons in-Caneda in 1971 [75].

The trends from the past capacity and consumptfon, and future projections '

in U.S. cement manufacturing as shown in Figure 2-12 indicete that in
the 1960's, capacity was much higher than consumption for domestic use;

at therbeginning\of the 1970's the cepacityrend consumption were nearly

. balanced; and‘ thereafter a oreat shortage As indicated. For the first

-

time,’an actual shortage was reported in the U.5. in 1969" Qement and
cﬁin?br import dete (mainiy from Cenada) indicate that thi;,sho;tege ’
;ounted to 2. 60 millton tons in 1970, 3.09 miiiion tons. in 1971, and

- 4,91 miliion tons in 1972 [95].

During the 1960's, the return on investment in the cement industry
was down to about 6%, but has risen back to about 10% during the past
three yeers inthe U.S. [34]. 'These figures make 1974 the turning point
for cement production with elaven mejor p]ant expensions and construction

of two new plents underwey with a combined production increase of 4 7
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TABLE 2-20

PRODUCTION OF PORTLAND CEMENT IN U.S. AND CANADA

[ L3

PRODUCTION (TON) POPULATION.' ' CEHENT PRODUCTIOﬂ PER CAPITA |
| u.s. CANADA | U.s. » CANADA o u.S. | cANADA
1880 8,000 50,000,000 | - 4,300,000 0.00016 | ...
1900{ 1,600,000 78,000 | 76,000,000 | 5,370,000 0.021 0.015
1920 | 8,800,000| 1,220,000 105 700,000 8,790,000 0,083 0.138:
1940 | 24,600,0001 1, 418 ,000 A 11,500,000 T ees 0.123
1960 | 67,146,000 | 8,83 883 - . 20,000,000 e - -0.446
1970 eee .| 7,780, 203,000.000 con . ves .
1971 | 79,000,000 8.830 000 203,000,000 | 21,570,000 0.390 “0.410
) 1973 86’000'000 . T eew sa [N ;o- eee
S S S S § - os
= T T ] e : .
P'opuuﬂou [ ] Y T
PRODUCTION ' o---'--_c b ,,‘\"\' ’, * _
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FIGURE 2-12 (a) Cemant Shortaqa - Capacity vs
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“ CEMENT: THE RETURN.OF CAPACITY."
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- : _FIGURE 2- 12 (b) Cement Shortage « The Return on
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FIGURE 2~ 12 CEMENT SHORTEGE
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nﬂllion tons. Since much information about portlend'cement end tts prop-

erties and ut111zetion is eveileble in the- 11tereture. a dete11ed des- '

' cr1ption is not required here. -However, energy consumption 1n cement

' menufacturing processes has not been well documented end more detafl on

Q

this aspect will’ be given in later sect1ons.

The chemical composition of portlend cement has a very naryow renge
between different manufacturers. As shown in Table 2-21, ime, ei11ce '

- and eiunine ere-the.mejor‘const1cuents,meking up 90% of the total. For

: ?co;;Eciggn purposes the other cementing materfals are included in Table
221 and will be discussed in the following sections.

Most of the‘chemicelhconponents'exiet as compounds 1n'che'end pro-
duct of thecement.mandfecturingprocesee”The major compounds-fcunéin _
pcrttend cenent are shown in Table 2-22, with percent pnopertione for each
main type.of-cement. This table has besn 1nc1u3ed s{nce‘thene'heve been--
recent cnencee in the sneci?icetion types:for’cenedien portland cement.
The gredetion proparties of port1end cement are given for. comperison pur- .
poses in Figure 2- 6.7 L | _

The chem1stry 1nvolved in the menufecturing of portland cement 1s |

extremely complicated, but some-eimﬁlified concepts will be given here to '

: _1n¢1cete similarities with other types of cement, The main raw metef1ale:

for portland cement are limeetone (for calcareous components) and clay

" (for silica and alumina). Thase rew,mezdriele‘ere dissociated duiing the

manufacturing procese-fwhich 1s dichs( later) in the toI1owing manner:

Timastone + Ca0’ JETKP
(11me) (c:ycon dioxide)

I/ ' s ,/_'- L

p 7! . ) \\\’..' )
. B .
. ¢ .
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cley -+ SiO2 + A£203 + I-'ezo3 + Hzo
(silice) (elumine) (ferric oxide) (weter)

© These processes teke plece in a kiln and require substentiel energy

© (> 90% of totel energy for cement‘production)

~ The portlend cement is hydrsted with weter in the verious concrete
mixes emitting heat. The ectuel hydretion chemistry is very complex end._

' not=iully understood at the prasent time. -~ The simplified hydretion pro-

cesses and their contributions to strength gajin are shown in Table 2 23,

" The mejor cementing properties ara probebly derived from the forme-'

tion of tobermorite gel from the hydretion of tricelcium silicete and

dicalcium silicate, comprising about 801 of the total cement.j Minor con-

stituents thet ere importent contributors to concrete properties in speci-

fic conditions are: gypsum;- elkelioxidesr end magnesia. The gypSum

‘reacts with the calcium eluminete and prevents the formetion of hydreted .'
\celcium eluminete and precipitetes as an insoluble. weter-rich compound.
"celcium-sulphur-eluminete. Too much gypsum results in undesireble axpan-

sion and & herdened-pestelof lowered;strength, I additional sulphate 1s.
.‘introduced Into the system”(typicelly*from-groundweter) as the portland
cement hydrates, edditionel gypsum s produced and a potentielly hermful

sulphete etteck pccurs by the following reaction.
' MgsO, . K3 Ce(OH)2+CeSO4 + ng(on)2

'Alkalioxides (Na 0, KZD) have no positive rate, but cen react with certain

-eggregetes to cause elkeli-silicete or elkeli-cerbonete reections result-

ing in deleterious expension of concrete.. ‘The: higher content of megnesie

leeds to long term unsoundnees beceuse of its very slow hydretion. eccom-'

"penied by expension. of free ‘Mg0 crystels (periclese) when tﬁtse are ebove. j
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- oil. gas or combinations of these fuels.,

T

a certain size. Tha degree of unsoundness depends on the'crystaijsize .
since the smaller crystais tend to hydrate more rapidiy or without set~

ting up excessive internal pressures.

Manufacture of Portland Cement B .
The manufacturing of portland cement is divided into tuo main

processes: hlending and clinkering (or calcinating) the materiais to the 3

‘desired composition of controlled. temperatures. and grinding the result-

ing clinker to optimum fineness followed by'final packing and shipping
The important factors affecting the final product S quaiity are the pro- :

portions of constituent chemical compounds temperatur of,clinkering _-: - T

e and fineness of gt:,mljng.,__d__a——*

The ciinkering process and the&brinding process utiiize "the most

. energy in portiand cement-manufacturing- Thus the efficiency of these

processes largeiy influences the unit production cost of cement (for
instance. kilns are generaiiy very inefficient) Schematic oW charts i
comparing portiand cement production to. siag cement production are shown - -
in Figure 2-13. ' '

Fuei Consumption in PortTand Cement Manufacture '

" The flow charts in Figure 2 -13 show the processes. aquipment

(including functions) and average (wet and dry process) energy. require-

. ments for cement manufacturing The main areas of interest are the cTink- |

ering and grinding processes which use most of the energy The temperature
_ 1n the kilns, which are mainly of the rotary type, ranges from 2500°F -to

: 2900°F, The heat for honing this desired temperature is suppiied by coai.‘

el e
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Canadian cement piants (a]l based on the uet-process) in 1971 operated
'a tota] of 57 kilns [43] using coai (9! of total energy consumption based
on cost}, oil (35%), gas (26%) and eiectricity (30%) for heating. "In
1972 [95], there were 469 kilns operated by the 169 active u.S. cement
,plants (106 wet process. 63 dry process) ‘ _ ‘

" The temperatures required for the formation oi various compounds in
.the kiln are summari zed in Table 2 24 in increasing order. Theoretical

in the kiln are given in Table 2 The'total'heat'requirement in terms

| temperature requirements for convep ng the:raw ‘miature‘to cement clinker )
of. British thermal units (Btu) for the clinkering process varies with'
. the basic method,”1.e., wet process or dry process,, originai water con-
tent of ‘raw materiais. kiin type; and kiln efficiency. ;;picai theo-
- retical Neat requirements are’ shown 4n Table 2-26. Heat Tosses in the
‘ kiln are reported to.be about 76% as shown in Tebie 2- 27.. The actuai
heat supplied in the ki)n as reported by several investigators [22] is
summarized in Tabie 2-28, B, ' : -
A study of 176 active cement plants in the u.S. in 1960 indicated

an average heating requirement of 1.3 miliion Btu for each barre1 of
cement produced [701. Blanks (10} has assumed the very uide range of
'_=700 000 to 1 700.000 Btu hedt required indicating the heavy dependence on.
the various factors mentioned previously _ , ’

| It can be shown by, usina the data on fuel consumed and cement pro-
duced [75] (atr by the wet. process) that an average of about 840,000 Btu
per barre1 of cement produced (based on the conversion units of Appendix'

';_.2 3) was used by Canadian cement manufacturing piants in 1971
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TABLE 2-2‘
_ TEHPERATURE AND COMPOUND FORHATION IH KILN [67]
WTURE R
N . PRODUCED COMPOUNDS
' OF . Oc ‘ B o
212 %00 ) . Free water evaporated e
300-600 | 150-350_' - ' Loosely bound water euporated
930 | 500 " Firmly bound water evaporated
me | s | MgC0, decomposed
w50 | %0 | - CacOy decomposed
2280 © 1250 Some 1iquid formed
233 1280 ' )Major compound formed
2500-2500 | 1400-1600 | . Clinker -
N
e j” -,._
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TABLE 2-25

TEMPERATURE REQUIREMENTS -

e

PROCESS

 TEMPERATURE. (°F)

Decomposition of the clay
- Dissociation of Suiphdtes“

2
3
4  Dissociation of carbonates
5

1 - ‘EVaporatioﬁ of the ﬁigpr of the mixture

Heating tﬁa.mix'to cTinkering‘point

930

«1000
«1000 .
1650

2500 to 2900

e
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Electric Power

The‘ﬁrocesses related to electric power 1nc1ﬁde grinding the raw
materials and-clinker, and possib]j all bthef processes excluding most
of ihe quarry operations. Obviously, at present the cost of'éiectb1c
power precludes its use in kilns wﬂich ére the main energy users.. fhe\
é]eCtéi;'power fé mainly supp11éd ffom outside qf the cement manufactur-
ing plants, but in some cases power is géﬁerated'within the plant. The
reqdirement§ for electric.power also vafy;with the pFocesses used in
handling theﬁgaw materials. The total electric energy use& in cement
plants in the U.S. apd Puerto‘Rico in 1960 is shown in Table 2-29. The
'average electric energy c&ggﬁmption is 23.3 Kwh per barrel of ceﬁent or
80,000 Btu per barref. It can be found that there is no significant.
difference betwggn the wet process and, dry process in electric energy
consumption per pound of cement produced. This can Be contrasted to the
large difference in total energy requirements between the wet-and &ry
processes. o .

In Cénada in 1971, total electric energy of 1,134,201,849 Kwh was
used in the production of 9,034,226 tons or 47,700,000 barrels of éement
[75]. . This figure gives 23.5 Kwh per barrel of cement, being very close
to U.S. average of 23.3 Kwh per barrel. '

~ This fota] electric energy use may be distributed approximately into
three parts {70]: o
onééphird for.grinding.the raw materials;
one-third for grinding the clinker; and,
one-third fbr.a11 0ther purposes.
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- When the]equiva]ent 80 000,§¢u Der barrel of cement for electricw
power is compéred with the total 1 200 000 to 1, 300,000 Btu for ali
energy requirements on an equivalent heat enerqy basis the electric .
energy does not appear to be an 1mportant factor in cement manufacturzng
However, when a comparison is made on & cost basis, a far different con-
~ clusfon can be drawn. An analysis of the energy consumption for Canadian
cenent production in 1971 as indicated in Table 2-30 shows that the fue?
Aconsu;ot1on of 840 000 Btu per barrel of cement is much lower than the
U.S.. average of 1.3 million Btu, and it can be found that the fuel unit
cost of $0.48 per one milTion Btu 1s much Tower than the electric unit
cost of $2.18 per one m11110n Btu. However, there may 1ncreasing]y be
many limitations on using the cheaper fossi]ifuelvenergy sources instead
of e1ectr1c energy in cement manufacturing due to rapid changes in the
re]ative economics with the energy crisis, enyironmentatl contro]s, the
move to more nuc]ear power, utilization of solid wastes in thermal gener-
attng plants and cement kilns, etc. - - ¢

The total. energy requirement of 922,000 Btu per barrel of cement
in Canada is considerab]y Tower than- the average of 1,280,000 Btu indi-
cated in Figure 2-13.

Utilization of Granulated (or Pelletized) B]ast Furnace Slag

When granu]ated b]ast furnace s]ag is utilized in cement1tious type

slag- cement manufacture its processing is essentially rediced to drying
" and .grinding the slag The elimination of the clinkering process which
requires about 94% . of the total energy 1" portland cement manufacture 15

possib]e because the sTag has already been treated during the iron manu-

"facturing processes as mentioned before. 1 e. the s]ag has "locked" in a

.‘Q .

i
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1arge amount of energy acquired during the 1ron manufacturing process
The unit grinding energy for slag. 19,000 Btu per barre], is lower than_
the 27,000 Btu per ‘barrel for portland cement because of the granulated

nature. of the s1ag This advantage from an economic viewpoint was,

emphasized in an Ontario Hydro Report [18] and others “The total energy-'

requirements for slag cement produttion is estimated as 62 900 Btu per
barrel as shown in Figure 2 13 An examp1e of the cost ana1ysis for

. slag cement manufacture 15 shown 1n Appendix 2-4. u

. . The ut1112ation of slag, . which may even be wasted, as a cementing
mater1a1 in pavements, structura1 concrete, masonry unit and other pur-
poses has multi- beneficial effects; jowered production cost of 1ron,
energy sayings; mineral resource conservation; and, many environmenta1

enhancement factors.

e —
VL .




- 2- 3- l 2 Metallurgical Cements [18 49]
. The terminology "Metallurgical Cements" should be clarified in
order to avoid any confusion 1in what follows The slag cement already
mentioned is only oné of the many metallurgical ceMents. Al the | .}_;c_;
cementing materials based on hydraulic settjng properties other than .
portland cement are designated by the American Society for Testing and/’
Materials to be "Metallurgical Cements“., Theﬂmain types of metallurgi- .
cal. cements are given in Table 2- 31 r~i o \‘j;\\\: o
These types of cement age widely accepted in Europe [18] Thus in
Europe portland cement represents only ohe of the nupber of eements in
common use. whereas in North America porttland cement is essentially the
only cement used in concrete construction There is no metallungical
-cement currently available commercially fn Canada.‘ Of the variods kinds
of metallurgical cements, slag cement is the prime concern in this thesis
because this cement is closely related to the utilization of secon ary
products and the efficient use ‘of energy The slag- cement made fron\pel-
letized slag which has cementing properties that are discussed in detail .
later, has certain ~advantages or.disadvantages in common properties as \ 71
indicated fn Table 2-32. | o L
While the characteristics of slags depends on many factors one of.
the most uncontrollable factors is a dependence on the production of iron\x :
» since granulated or pelletized slags are secondary products of iittle con~\]
cern to primary producers Thus ‘a consistent and continuous supply with .

the desirable chemical composition cannot be guaranteed because output

}?nd chemical compositidn are controlled by the ‘amount. and quality of ironi

m—— -
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This 1is 1he.main barrier to thé growth of slag-cement uﬁglization in

addition to the -superiority of portland cement in several aspects as.

“indicated in Table 2-32. Since the early daya of this céntury'the
demise of,thé slag-cement industry in North America has not beeﬁ too

much because of the'properties of slag-cement itself but because of—tha

RN

production and quality problems ) | f

The specifications for portland cement in Canada and’ the U.S.

are shown in Table 2-33 for convenience. _ {
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2 3-2 Granu1ated Slag Fines

In this chapter, granulated or pe]letized s]ag fines are used with

"41ag fines or slag cement synonymously.

rd

"Hietorical trends in using slags as cementing material

Lorfotin first obsenved and studied the cementing propertieshof
blast furnace-slag (called slag heréafter) in 1784 [18], and in 1862
Emil Langens discovered tnat granu1ated slag has cementing properties
when mixed with Time [18]. It is reported that the first slag-1ime
, cement was produced commercially in Germany #n 1865 [43] " Since that
time, 1nvestigations of the properties of slag cements have been carried

out by M1chae1ts, Prussing, Tetmajer. Prost Feret, and Grun amongst
many others [43]: In 1883, s1ag was used as one of the raw materials for
port1and cement manufacture The first production of port1and blast fur-
nace type cement, produced .by grinding together portland cement c11nker
and granulated slag was in Germany in 1892 [43]. Y
Edwin C. tekel considered ‘'slag-cement as a mos¥ 1mportant member of
the group of pozzolan cements [22] Most 1nvestigations [43 107, have
: pointed out that greund granulated slag does not set if it is mtxed with
water. On its own, ground slag is not a cement, it has to be activated
and this is done by means .of 11me in s1ag-cements as spec1f1ed 1n the
ASTH standards, portland cement 1n portland blast furnace cement or by
portland dement and calcium sulphate (gypsum) in supersulohate cement
(Table\z 31)

4

1t should be noted that granulated slag is not a pozzolan and its

k]
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hydraulic react1ons are specific with the fcrmation of direct hydrated
compounds whereas the pozzolans such as volcanic ashes and fly ash
react with lime in a’different way .and require a_much larger quantity of *
‘Time for: cementing reactions than s]ags do . The ear1y-confuston between
"the slag-cements and pozzolans such as in Eekel'’s groub1ng st111 exists
since the ear1y slag -cements were activated by 1imes [32,18].
The s1ag is used in two general ways in cement manufacture either

* it is one of the raw materia]s from which\bort1and cement c11nker‘1s made,,
or, its inherent hydrau11c n;cperties are utilized independently or by
mixing with other constituents. Recent A§TH standards classify btended

hydraulic cements as port]and b]ast furnace slag cement, ‘portTand-pozzo-

lan and slag -cement with subclassifications according to their combination |

with air-entraining agents. The slag cement in ASTM ctassifications

: be10ngs to the latter type of utilization indicated above, whereas port-

land blast furnace slag cement produced by 1ntergr1nd1ng ‘the granulated
S

slag and portland cement clinker belongs to the former type of ut11izat10n

Cementtng value of granulated slags.

| Nhen'the molten slag from.the blast furnace goes through a quick

‘cooling process as 1ndicated 1n the previous chapter, it so]idifies form-

1ng 1sotrop1c transparent glassy slag, some of which shows under micro- ‘

: scope examination or other techniques, described 1ater, brown or b]ack T
zones where incipient crysta11ization has set in. Amorphous glassy slag :
1s more»“energetic“ in reaction as a cementing mater1a1 than s]ow]y cooled

'crysta11ized slag because it has 1ost no 1atent (1nterna1) energy through

' crysta1112ation {38] [93] As 1ndicated previously, a1though ground siag

" fines activated by some optjmum amount of Iime deve1op higher strength

ground sIag fines alone show considerab!e strength




;gain, often enough for specific end uses. For. examp1e a natura11y'cem-
ented .mass of granu]ated slag fill p1aced in 1911 and removed 1n 1948
. indicated some cementing properties [38]. (This is undoubted]y due to’
the presence of some lime in the slag from the blast furnace Y

The cementing properties of the granu]ated'slag are cont:?Buted
by many factors. The predominant factors and 1nterre1ation between these
have. been extensively discussed in the literature [10, 18, 22, 32, 38, 41,
43, 47, 49, 50, 60, 76]. The temperature history of thE'stag‘hefore and
during the cooling or granulating'and granulation {or pel}etizing) pro-
cess mainly relates to the glass formation. This factor, and the chemical
composition of the slag, the fdneness of the ground products, and their |
age dependance with storage will be discussed separate1y

Fach discussion will include details concerning gvaluyation methods
for the hydrau®ic properties, and correlations to other factors. Usually
these evaluation methods are,ver1f1ed,?&)the determination of strength
development of mortar specimens or appropriate_mix specimens under various
"preparation and curihg conditdons

1t has been recognized for some time that the hydrau]ic hardening
potentia],increaSes or decreases proportitnally with the amount of glass
formed in the slag. The higher the total Qlass content 1nfthe granulated
s1ag, the more hydrau]ic properties the’ s1ag will exhibit The "total
~g1ass-content" rather than "glass content" is used purposely because not
all of the gTass contributes to the strength development as will be indi-
cated 1ater when ultra-violet testing 1s discussed The 1mportance of
high glass content to the strength development is the most important

reason for the slag to be granu1ated or pelletized with h1gh g]ass content
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ﬂ;processes that often involve add1t1onal costs. In addition/to the purely
physical result such as grain shape spec1f1c gravity, etc., the granula-
ting has two 1mportant chemical effects one being to make the. slag
energetically hydrau]ic if it has a suitab1e chemical composition- 10,

18, 22, 38, 43, 47, 60, 76 93]; the other being to remove a portion of
the sulphides contained in ‘the slag in the form of hydrogen su]phide
(HZS) [18 22, 43, 58]. This HZS generation obviously must be controlied
and suitable equipment is ava11ab1e and has general]y been installed for
its control. The hydraulic properties of the granulated slag are due tQ
the presence of a silica-alumino-ferrite of caicium (30a0.A£203.23102).
This compound appears also in portland cements, but in this case it is
entirely inert, owing to the slow cooling tt has undergone. However, in
the case of granulated slag. which is cooled suddenly, it becomes an impor-
tant hydraulic agent [22].

The granu]ated slag comb1nes particu]arIy with-hydrated 1imes in
setting, and gives rise to silicates and aluminates of lime identical with
those which are formed by entirely different reactions during -the setting
of portland cement as indicated 1n Table 2-23. Temperature can have an
effect on the glass structure of the molten slag duzing the formation of
slag. Slags whith have a low CaO/SiO2 ratio (less than 1.3) and are
obtained at re1at1ve1y high temperatures possess a better strength develop-
ment than slags which_have'CeO/SiO2 ratios of 1.3 or 1arger and are pro-
duced at ﬁower temperatures'[GU]. '

| Lea has explained the mechanism of g1ass-formation as_ the rearrange-
ment of. the ions which 1nduces the "clear orientation" in the crystals

during the passade from the 11quid state of mo]ten s1ag to a crystalline
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solid condition such as air-c001ed slag [43]. The viscosity of the molten
silicates near their freezing point is so large that'this,rearrangemenf
_only occurs ‘stowly. However. 1f the ‘cooling is rapid as in the case of
granulation or pelletization. the 1on1c groups largely retain their
‘{rregular arrangement, and wttt the viscosity 1ncreasin§ rapidly as the
témperature falls, the slag passes from the liquid state to one in which
the rigidity approaches that of a solid. This occurs wtthout the develop-

ment of a crystalline structure. Below the freezing-point of the cr&stal-
jzed mix, the comp]etely crystallized solid is stab1e, but the glass
behaves as a greatly undercooled 1iquid having a very high internal vis-
cosity which is unstable and tends to change into the crysta]line state.
This tendency is actually restrained by the high viscosity which -reduces
the mobility of the constituent jons.

The ease of the granu1at1on or pe]Tetization of glassy materials
depends on the chemical composit1on of the s]ag and on the temperature at
which it comes out of the furnace. Si]iceous slags cool to glasses more
'easiiy while those of high lime content are more difficult to prevent from
crysta]]izing [43]. However, higher 1ime slags are preferable for the
manufacture of granulated or pelletized siag because of their greater act-
{vity as cementing materials. An increase in the_temperature of the
oOIten siag wheo granulated promotes the'hydraulic properties- of the pro-
ducts. Thus.'there is en'optimum giass content-1ime content granulated
_or pelletized slag for hydraulic properties It has been reported that
there exists a roughly 11near re1ationsh1p between g1ass content and
‘ strength, indicating that 1ncreasing the content of crystalline compounds

reduces the cement1ﬁg properties although some of thelcrystalline com-
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pourds may actually make some contribution to strength [43].

Purc cynthet;c glasses can be ékamined for'their h&drau11city.
The test results on such. ground g]asses of a]kermanite by Keil, Butt
and Budnikov are not concordant [47] But, 1n the uresence of acti-

vators this synthetic glass of the CaO-A£203-5102-MgO systemAand com-

mercial slag glasses behave similacly [47]. It may well be that the

temperature ofcthe preparation of the glass, as is the case. in slag
cooling also has some influence, but the importance of 1imc shows up
clearly. The.fineness of grinding of these glasses and slags was not
ccnsidered. | |

High temperature effects on the unstable irregularity of che
glassy state were explained with regard to the relative potentia] forces
of ions restrained by high viscosity at sudden cooled states by Lea [43].
Schroeder [60]‘1ndicated that‘granu1ation of molten slag heated well
above the 1iquidus femperatdre determines the degree of deformation of
the silica network and its transformation into a solid state.

The activity of granu]ated slag must be related to the structure

of the glass and the ease with which hydration can occur [32, 43, 60].

. The two main theories with which theagretical considerations of the behav-

four of the ground slag are connected are Zachariasen's network theorx,////
by which glass constituents can be divided into two glasses, that'is, net-
work formers and network modifiers [43]; and, the crystalline theory by

which the glass structurevconta1ns small‘reg{ohs of crystalline order-con-

‘taining most of‘thé metal cations, linked together by an‘amorbhous;reé36n?"

formed by the residual anions [43]. Schroeder ‘quoted the suggéstibn of

“J. Cleret de Langarant that the structure of ‘the glass in the siag may be
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related to the hjdraulic propértieg. He fu}thgr_conclu&gd from his
test results that the slag.grains contain various kinds of glass of
different'hydrahlic.characteristiés.l In order to separate the dif-
ferént types of grains, the .ultra-violet test was dsed as {ndicated in
Appendix 2-1, because diffefént ﬁypes of glass wif] emit different -
Juminescent colours. The German Research lﬁStitute;deve]oped this test .
technique and first applied {t to the eva]uatioh and ebmparison of‘grqnua
‘1ated's1ags [60}:\ Grains which had piﬁk-fadiation,CO1ours*ﬂeve1pped the
.ﬁighest strength,. héreas the yellow, grey-brown and b]ue'rad1at10n'
colours had lower strength deve]dpment. The crystalline 1ng1uéions, also
of blue and violet, deﬁe19ped'11ttle streﬁgth uhicﬁ is assﬁmed to be due -
to their low gfasg'content. This ultra-violet technique of separating
the different glasses is considered to improve. the total §1assrc6ntent
obtained by conventional micfoécopg teﬁhhidues as described in Appendix
2-2 and decrease the uncertaiqty 6% the formulae methods of the evalua- =
tion of hydraulicity. More work Es-needed on these method$ of ana]ysis,'
and at present, hydraulic prope}ties cannot be adequately predicted on
the basis of the theories of network and crjsta111netbehaviour.

A formula for 5red1ct1ng the siréngth of's1ag-éement at 90 days
was given Ey Paker and Nu;se. relating strength to the glass_content
(conventiogal total glass content} and basicity 1323.: @
(590 - 75) = 0.38 (M - 0.72) G BT T (2-1)
" where: 590 = the 90 day étrehgth of ‘a 1:2:4 cogcreté.of w/c'radio

'0.60 and assuming a mixture of 65%-ordinary portland cement
35% slag cement; , ' . .

N '3
r I
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. S L .
~ Ca0+Mgo+-— 0 .
M = basicity = __ . 7203 - (2-2)

i 510 A£203

" or modulus. for potential activity og slag; .and,

£,
t

% g]ass content determined by a- microscope ana]ysis

The simple product GM was adopted as a guide to the activity of

"a sTag, where the def1n1t1ons of G and M are the same as above. The

higher the value of GM, the more hydraulic the slag provided that M

has a value between 0.72 and 1.50. At lower values of M, the slag has

, no.hydrau1ic activity, and above:1.5 the slag cannot be Qrahulated with- 5

.Ato characterize the hydraulic properties of a s]ag

N

out devitrification (crysta]]ization) occurring [43].
It was indicated by test results [43, 60] that by simple multi~
plication of the glass content (as determrned by the ultra-violet test)

with the CaO/SiO2 ratio, a Tinear relationship exists with the strength

values. _ ,
Strength = G'M' | (2-3)'
Qhere G' = glass content by ultra-violet test
M? erBes{city (=-Ca0/5102) ' 45‘_.

These three formulae, Equations 2-1 to 2-3, indicate that neither a com-
positioh'moddlus (M-or M'f, nor glass content (G or G') are'sofficient ¢
T

The chemical composition of granu]ated s]ag affects 1ts potent1a1
hydraulic properﬁies._ It has been considered that the expression of
basicity, rather than:the amount.ofxindividua]_compoonds in the slag, 1s
a satisfactory measure ror the ﬁydrau]ic herden{hg-capacity A number
of empirica] formulae based on chemica1 ana]ysis (which 1s a routine part

of the control procedures 1n 1ron production) have been developed ‘The
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simplest formb]ae for hydrau1de evaluation are the~Ca0/5102 and“

A£20315102 ratios " The hydrau11c value increases with an 1ncrease in .

: both of these ratios [22, 8, 43, 51, 60], up to a limiting point wheni

1ncreasing Ca0 content makes granu1ation {or pel]etizatdon) to a glass

d1fficu1t [43] However, {t has been 1nd1cated [38] that crystalliza-

tion proceeds rather slow]y in s1ag high in silica and more rapid]y and

completely in those high in, 1ime and megnesia This is consistent with

Lea's explanation [43]. Many other formulae have been suggested for

_ evaluation purposes Most of these formulae consider two or three main

compounds, usually Cao0, 5102 and A£203 as comprising about 95% of the
total slag, in the formulae. '

A1l of tnese formulae methods are.based_on the aesumption that the
glass content effects are conétang and “homogeneous“. This three compon-
ent system is wide1y'used by'various authorif{es; The first formula for
this chemical composition criterion is:

Do, 18, 38, 43, 47]

- Y _
. '| - . .
Ca0 +.Mg0 +'§-AE203' _ - (29
.2 - 1.0 . o ' .4
5102 A£203 : PR o T

-This formula appears in a tentative ASTM specificat1on (C205 -48T) which

disappeared in the amendment to ASTM 6595 72 and was adopted for granu-
1ated s]ag to be ground ‘with port]and cement in Germany
 The second formula 15 [43] [93]
Ca0 + Mg0 '+ |
-2 g0 + AL,04 N

SR B R ¢ X))
e, e
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" The third formula is : [43]

1
. Cal + CaS + E-Mgo + A£203

Hv

1.5 ' (2-6)
510 +-Mn0 : .
The fourth formula, which 1s used in France, 1s termed “the 1ndex ..
of quality" [43] .
{ = 20 + Ca0 + ALOy + 0.5Mg0 - 25102 . (2-7)

in applying this index of qua11ty, and . 1nsert1ng percentage weight con-
tents fnto it, the hydraulic properties of slag are classified as follgws:
Inferior if i<12; and
very good if 1>16 .
In comparing these formulae, attention is drawn to the role of

: AZZO and Mg0. The A£203. for instance, is either evaluated.as a basic

" or acidic component or it 15 considered simu]taneous1y as an acldic and

basic activator. Formula (2- 4) indicates -that MgO js as effective as

ca0 in producing hydraulic properties in a slag. Some workers have found
“that up to contents of about 10% Mg0, the hydrau]ic value of granulated
slag 1s not affected adversely due to volume increase, and the effect of
A£20 is considered to be on the unfavourab]é-side. Formdla (2-5) is -
derived from evidence that an A£203 content of about 12% or more is advan-
tageous. This formula appears in the specification DIN 1164 (1967) in

‘ Germany replacing Formu1a (2 4) The Cemsave Cement Company [93] iR the

- U.K. uses this formula as their standard The slag from the pelletizer
at DOFASCO was eva1uated by each of the above formulae (using the chemical

analysis from the supplier) as shown 1n Table 2 34 for comparison purposes

.




TABLE 2-34

CALCULATED MODULQS‘FOR SLAG

c

A CHEMICAL COMPOSITION OF BLAST FURNACE ‘SLAG [23)

|- COMPONENTS PERCENT
Ca0 38.60
S0, 34.90 |

AL,04 10.00 \;
Mg0 13.70°

Fel or F9203 ‘ 0i64

MnO - 0.19

Ca$s Not determined

¥

slag for Modulus calculation.

This data is from the analysis of air-cooled

105
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One of the attempts to eXplain the chemica1 composition of s1ags'
and other cementing mater1a1s is shown by the compositlon ternary '
diagrams [22] [38] in Figure 2- 134 (a) and tetrahedron diagram [47] in
Figure 2-14 {b). . In the ternary diagram. the relative location is
expressed by the 5102 - €a0 - Atzo system whereas in the tetrahedron
_diagram 1t is expressed by the Si0 -« Ca0 - A£20 - Fe203 system, these
oxides beﬁng the major constituent of these materials. DOFASCO blast
furnace slag and Qntario Hydro Lakeview fly ash are shown in the ternary
diagram of Figure 2-14 (¢).

Sometimes, direct strenpth tests on specimens which are mixed in
various desirable oombinations give more‘re11able hydraulic value data
than formu1ae. " This method for testing the hydrau11c or pozzolanic
reactivity 15 given in ASTM 0595 72 in terms of the "pozzolanic activity
test”. Llea [43] introduced Keil's recommendation on the "Hydraulic
Index" for assessing properties of slag-cement using a comparison_of the

compressive strengths at 28 days -of mortars as follows:

 Hydraulic Indéx ( = 2 x 100 (2-7)
where a = the strength developed in the mortars of portland slag cement,
‘b = the strength developed in portland cement mortars a]one,
¢ = the strength developed in the port1and cement and ground quartz

sand (sand ground to a Blaine of 4000 (cm /gr) ”cement mortars),
and. ‘
70/30. . indicates that the‘portland cement bylweight of total cement is |
30%. | )
Thiéfindex does not 1nc1ude the chemical composition and 1s found to vary

with the proportion of slag present in the cement. say 50/50 30/70, etc:\
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Morters of low water-cement rafio (w/c = 0f32) must ot be used for -the
test. | ° “ . . | . |

“\\\ne fineness of the ground slag influences the cementing proper-
ties and c—““nting\rate as indicated by typical data in Tab]e 2-35.

This effect is not a q1rect property of s1ags themseTves, but does depend
on the chemical composition and granulation” process to the extent that
these affect the gcindab111ty of the slags.. The‘fineness contributes to

the cementing properties and rate by providing more surface for the

| reaction/{?ﬁj?ihi: is known that, other factors being equal, the chemical
activity of a)s tance is directly proportional to the surface per unit

weight (specific surface), Theoretically, there is no 11m1tation on the
fineness of cementing materials, but there are economic and technical
limits. Although the object of grinding s1a§ is to facilitate chemical
reactions between the slag and water, there are some practical considera-
t1one that must be taken into account. For examoie, if the part1c1es of
the ground slag are too small, some hydration may occur in the package

during storage, and the control of set may become d1ff1cu1t 1arge1y
obviat*ng\fhe high grinding costs.

Manufacture
Unlike the menufacture of portland cement which is started with
the preparation- of raw materials and inno1ves clinkering and then_fina1
grinding; grinding is the only pfoceﬁs in slag cement manufacfure exceoﬁ
for a minor initial drying,processiwh%ch is completely omitted in the wet
process; referred to ef,?COTd-proceoé" cement [18, ﬁB]. ._ .
ASTM 595-72, the1;§andard opecification‘for blended hydraulic

cements requires the slag cement to have afBlafne:finenese of 4700-cm2/gr
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(by the air-permeab?lity method), being much higher than the usual

port1and cement requirement of 2800 em lgr The Cemsave Cement Company

spec1f1es the fineness of their slag cement to be not less than 3250 cmzl-
. gr [93]. As the slag must be ground to extreme fineness,'it is neces-

sary tnat.moisture due to water cooiing for granu1at10n or pe11et1zin@>"

be reduced as much as possible, to about 0.25% or less..

~The temperature utilized in drying must not be high enough to start
re-fusion of the slag. However, drying at elevated temperatures below .
that for re-fusion is desirable as it will result in materially accelera-
tion the set of the resulting cement and also in increasing the strengfh
of specimén; made from it [22].. In the dry grinding method, as in the
case ef portland cement manufacture, various types of driers, such as
rotary, non-rotary by gravity, and tandem driefe ene used. The rotary
drier is the most common in use. Dr{ed materjals then move into the
grinding mil which is usually of the tube type - {n order to regulate
the see.of the slag cement (usually to accelerate the set}), special
additives are 1ntrodnced befnre, or during, the grinding process The
Whiting process, patented in the U.S. in! 1895 covers the use of caustic
soda, potash, sodium chloride, or equiva1ents as aqueuus solutions or in
a dry state at eny stage of the manufacturing process [18,.22]. Another
example of additjves is the‘uee of up to 1% sodium sulphate or gypsum
[43] in supersulphate cement [47]. | . |

The dry process of slag cement manufacture 1s most often used, but

some plants utilize the wet process avoiding the necessity’ of drying the

:slag. In the wet process, a slurry containing a ground high- <1ime s1ag

wiil have a defin{te-tendency to th1cken and gradually set 1nto a cake

nz

i
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due,-to the 1atent-cemént1tfou5.pererties.of the grahu1ated slag. This’
trouble has been controlled by the addition of a small amount of sugar
which de]ays the set of the slurry {43].

.Instead of using commercia] -mi1l- processes, in some 1nstances slag
cement has been ground and b1endgd with other materials on the site of
the coﬁ?ﬁruction broject, or in the céncrete unit products plant. These
operations can be carried out both by the dry-grinding method used in
the ordinary plants, and by a wet process such as the Trief process.

The Trief wet grinding process (18, 43]'developed by V.lTrief in Belgium
was applied to the Bort dam construction which is a gravity arch struc-
ture involving over 860,000 cubic yards of concrete. Slag was shipped

to the site and ground there to a slurry and biended with portland cement
and minor proportions of sodium hydroxide (NaOH) and common salt (NaCL).

The final biend éons1sted of:

Granulated slag 68.65 (15-40% water content);
Portland cement 30.00% - and, )
Common salt 1.35% (accelerater).

This Trief wet process made drying of ‘the slag unnecessary, and
high efficiency was obtainéd in grinding to high fiﬁeness. The Trief
~ process has been used in the manufacture of concrete products in Belgium,
and other dam construction such as the Cluanie and Aron dams in the U.X,
[43].

| Aging effects on the cementing properties of slag cement have not
fece1ved much attention. However, this does not mean that there is no
age prob]em with s]ag cements. - Lea [43] stud1ed slag’ s. sensitivity to

deterioration in storage and 1ts Tow strength in comparison with modern

/
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‘portland cements, and ‘indicated that this is one of the reasons for the

abandonment of_sleg-cement production 1in many countries.

Hydration of grénu]ated 51ag with
or without adding various activators

The process of the hydrat1on of ground slag alone, and w1th the
addition of activators.such as Time (for slag cement), port]and cement
(for portland blast furnace slag cement) and ca1c1um su]phate {for super-r
sulphate cement), and the final products 1nvo1ved in the set by hydration
are hard to define and may not be unique. These hydraulic reactions are
dependent upon the proportion of the slag f1nes'and activator, compaction |
energy, aggregates utilized, éueiné'methods {temperature and duration)
and humidity. Even in the same sample, various methods of analysis and
their accuracy may lead to different resu]is and eonclusions. To simp11fy
the interpretation of test results, the combinations testéd usually
involve only one or two variables while the others are held constant for
the specific conditiyns. "

Most experiments have been done with the intention of gefting the
variational mode and comparison. For example, the comparison of strength
between mixes using different aggregates may be m151e%diné, however the
comparison of mixes with‘differing 1ime fafios and time of processing for
any one of the aggfegates will provide useful data. It is very difficult
to fine exper1menta1 information on the hydration of s]ag-fines without
_ any activaors. This is because 1£ has been considered that the reaction
'15 too weak to detect and it is not practica] to obtain definite results.

The minera]ogical composit1on is quite different for;.;anulated
o
slag and portland cement, however the'chemica1.composition of both 15

Al
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very similar except that the 11ive content of'slag is 1bwef~than that

of portland cement. This is 1nd1cated in Table 2-21. This gives an
1ndtcat10n that the hydration products of slag CEment are probably
simi]ar to those of ordinary portland cement. - As in the portland cgﬁént

hydration in which Ca{0H) is released, .the slag hydration is closely
2

related to the amount of lime in the complicated “reaction system. The

effect of the 1ime has been exp1ained [32] in that ‘the hydration is due
to a gel coating on the surfdces of slag particles and appropriate act1-
vators can either react with these films or release enough Ca(OH)2 to
break these films. Portiand cement provides Ca(OH)2 [43] by the reaction.
itself: | |

2{(3Ca0 . 5102) + 6H20‘ 3Ca0 . 25102 . BHZO +~3Ca(0H)2;

and, 2(2€a0 . $10,) + 4,0 = 3Ca0 . 25105 . 3,0 + Ca(OH), [55]

When ground granulated {or pelletized) slag is placed in water,
or a specimen mixed with water is cured in a water bath slag fines on
the surface in direct contact with the water cannot harden Lea. 1nd1ca-
tes [43] that this is due to the fonnation of an acldic surface film as
a small amount of ca’ {ons are released into the solution. The def-
icit amount of Ca++ ions, which open up the si11cate framework of the |
glass so as to acce1erate the rate of hydration, can be supplied by acti-
vators. Thus a Yime activator prevents the formation of an impermeable
a1uﬁ1no-silicate film and progressive]y combines with the slag. In the
case of sulphate activators, the 1n1t1a1 reaction is the formation of
calcium su1pho-a1um1nate due to attack on the alumina, and this must be

considered to break up the silicate structure waever, it exces%_\ime

is utilized and the curing time is long, dicalcuim silicate alpha-hydrate

-
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is forned at the expense of the toberﬁorite gel which is the mains source
> of strength gatn as 1in the case of ordinary port]and cement.

A very low amount of added 11me may not be adequate for full hydra-
tion of the slag. Consequently, there will exist an optimum Tevel of
1ime cement ‘to be made up from residual lime and added Time activator.
Midgley and others have made tests [51] on the reaction between 1dme and
granulated slag (41.5% Ca0, 33.75% 5102, 0,51%:Fe2 30 15.84% A£203 and

other minor compoUnds) to find out the optimum lime content. One of

the test results (uging X- ray diffraction methods) indicated that free
1ime was alyays present in the mixes after autoc1av1ng, except 1n the

case of 10:90 (1ime:sla mix after at least six hours autoc1av1ng The

~

quantity of free 1i detected. increased as the percentage of lige in

the orfginal mix ingreased; the max{mum quant1ty of lime which the slag
/,requtred to react was about 10%. The X-ray diffraction data for some of
:%\\“</’ the mixes of lime and slag are shown in Table 2-36. From Table 2-36,
for slag alone (100% slag) the hydrate phases are poorly crystailized
tobermorite gel and.hydrogarnet. At 5% 1ime addition, more tobermorite
and hydrogarnet are formed for the same curing time with a trace of
dicalcium silicate a-hydrate. 1
" Another test series 1nvolved compress1ve strength tests with the
ame fine slag and added 1ime of .0.5% up to.40% by weight of the slag.
The autoclave curing period is also varied. The results, as Shown in
Table 2-37 and Figure 2-15, indicate that a mix of 5% added 1ime gives
the highest strength {optimum 1ime content) at sixteen hours cueing,

On the other hand, -Gutt estimates the optimum amount of Time to be

S &
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-X-RAY POWDER DIFFRACTION DATA FOR THE
MIXES OF LIME AND SLAG [51] :
1009 slag C88 5% lime, C2 0% Ume, | =~ CBO10% time, C35 40% lime,
16 b at 160 1bjin? . 95%slag 90% stag - %% slag 60% slag
16 h a1 160 tbfin? .6 h at 160 Ibfin? 48 h at 160 Ibfin? . 2 hat 160 Ibfin?
Identi- Tdenti- ' Identi- Identi- - | Identi-
dh | T fication dA) | 1L fication AR | fcation .d(ff) Nla feation dtA) I“a. Acation
. 5-44 m | Ta |- . b
498 ms H 496 w .CH | 498 mw |H,CH| 434 | vw H
41 m H 42 vww 420 |. ¥yw a
- J.m W =
3565 | vyw ar 168 vw a . 3 368 w a
321 ra & 328 m - 328 s ‘& 35 | ww | o
304 - T | 308 v | T {304 w | T |36 vo» | T [325] s a
1 m H 272 v H 272 . v H 2n vy H 307 s T
2-59 vw H 2-62 'w CH | 258 | vww H 27 |- s H
. 248 | m H 249 | - w H 2:49 w H 2:62 vvs CH
2 [ m 229 | ms {Htshg| 241 | vww | .a 2395 { mw | «a 251 | mw H.
2 s H n m H 2R m- H 240 ms. a
203 mw H 283 w H 20 m H-
1-97 m H | 197 H t-97 m H.{ 197 ms H 215 | vww a
‘ 192 - H 1-92 w H 1925 w H 1-99 Yyw H
183 | cw i T Jess| W] T |8 |ww [T
1-7% m 175 s |H+slag| L:T43 vw [Hislag) $-78 vvw H+slag| 1-785 w [H4slag
1-72 vvw H
. 1-68 m H,T 1685 m HT 1-68 m [ HT 1-70 - w HT
12| m H 1-62 s H 16251 m H | 162 m H 164 m | H
' - dag slag slag slag alag
+ L+ + + +
a hydrogamet a-hydrogamet a smalier amount of hydrogamet as C23 & sraller kmount of
+ 3 Ca0.ALD,.5i0,.2H,0] hydrogarnet than C338 + hydrogamet than C2J
tobermorile + N ’ + tobermorite +
: tobermorite tobermorite + tobermorite
.+ . + dicalcium silicate +
~ dicalcium sificato dicakium siticate alpha-hydrale dicakctum silicate
alpha~-hydrate alpha-hydraie ‘ alpha-hydrute
. + ) +
traco of Ca(OH), a lot of Ca(OH)y

T = tobermorite. CH -

calcium hydroxzide. H‘- hydrogamel phase, « - dicakium silicate nlphl-hydr_lu.
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o . TABLE 2-37
COMPRESSIVE STRENGTHS OF CYLINDERS (psi) [51]
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[

.| aopED-LIME SLAG PERIOD OF CURING (HOURS)
PERCENT PERCENT 2. 6 16 48
0 100.0 w1 | 7o .,
0.5 99,5 2460
1.0. 99.0 . 3410
2.5 97,5 6650
5.0 ' 95.0 5272 8589
10.0 50.0 4i14 a1 | 4639 6910
20.0 . 80.0 2337 | 3es2 | 3628 3342
" 130.0 70.0 1887 2811 3600 3165
40.0 60.0 1546 2114 | 2434 2951
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approximater 152 in slag [32], a much higher.figure. Lea detenmjned the
- residual calcium hydroxide present in cured slag cement [43]. The
amount of Ca(OH)2 varied with the portland cement to s]ag ratio in the
cement. .For tHrﬁlower percentage of portland cement Ca(OH)2 may not be
. detec d in the Tater Stage of hydrat1on Figure 2216 shows these test
result Lea assumed that optimum resu]ts require a total ‘of about 10%
M h1gh -calcium Time with the norma1 granu1ated slag of high 1ime content
Many 1nvestigators have’ examined the f1na1 products resulting from the
hydration. Each case 1nvo1ved a different combination system from the °
others. In the s1ag + 1ime [51] and slag + port1and cement [32, 43, 47]
combinattons the most common products found are Tobermorite E]]ringite,
Hexagonal Calcium Aluminate Hydrate, Tricalcium Aiuminate Mono-sulphate
Hydrate and Calctum Hydrate. |
Usua11y. in the well Sured condition a green colour can be seen
{n a portion of the test_specimens. This colour comes from the po]y-
suiphides (3fa0 A£203 .S. N HZO)’whtch areAformed with sulphur in the
presence of Ca(OH)z. emitting the adour of hydrogen sulphide (HZS) {18,
22, 43, 47]. 1f the specimen has-been'exposed to salt water,:th1s‘co1our
is more clear [22]. But when the snecimen surface is exposed to dry air,
the green colour will turn white and disintegrate “due to the oxidation
of 1ts sulphides [18]. 5
¢ The specifications for the cements related to granulated s'Iag are
summarized in Table 2-18, which 1s helpful in understanding the-influenc-

'1ngAfactors for practical agpiicatton purposes.

Lo
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2-3-3  Pozzolanic Reaction ‘

. Pozzolans which as 1nd1cated previous]y are not cementitious in
themselves, contain constituents which wil] combine with 1ime at ordin-
ary temperatures in the presencerof water to form stab1e11n501ub1e com-
“pounds possess;ng cementing properties. Pozzolans can be classified
into two main groups; MTatural pozzolans and art1f1c1a1.pozzo]ans."The
materials of vo1can1c or1gﬁn {(volcanic ash deposits), diatomaceous
earths, and d1atom1te of opal belong to the natural group. Volcanic
ash, which contains highly crysta111ne matertals is much more stable and
thus shows low pozzolanic activity. The weak pozzolanic activity that Q
is present is due to the volcanic glass and altered zeotite compounds
formed by the action of superheated steam and carbon dioxide below the
earth S surface Pumicites and zeolite are also classified in this fam-
i1y. S | .

Heat-treated or burnt-clays, 011 shale, ground brick, groun?‘si]i-
ceous rocks and fly ashes beiongsto the artificial group which 1§;m@§n1y
lgerived f#bm industrial wastes. Burnt clays have been used 1n the past
in hortar and concrete, mainly when portland cement nas.not‘avaf1ab1e.
Pozzolenic cement consisting'of ground bunnt clay and pontland cement
was described .in 1909 by Potter [43].. ' , -

“The value of the pozzolans as a cementing material is due to the
reaction between the siliceous compounds and. added lime, which is depend-
ent on the glass content, chemical or m1nera1ogica1 composition, fineness
f3g, 43]_and many other factors. In considering the importance of the
- .glass portien of pozgdians,.Mermdar [47] classified them as volcanic

2

r
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g}asses,.ze011tized gléése§ and finely &1vided ém&rphous silica. Many
éttempts have been made to explain the hechanism by which 1ime and a- ‘
pozzolan react to form cementitious compounds but no def1n1te explana- .
tion of the mechanism has been estab]ished Lep [43] has indicated that
the two main theories used to explatn thg‘limeLpozzOIan reaction are a
base exchange process and a direct combination process. Base exchange
theory was indicated by zeo]ite compounds acting as natural pozzolans
owfng their properties to base exchange. According to later studies, it
was found that the major reaction was not actually base exchange but the
formation of new hydrated compounds This direct combination to form
new hydrated compounds can be fo1lowed by the Florentin method which is
based on/fhe insolubitity of pozzolans in cold hydrochloride acid and
their solubflity in the same reagent as the lime-pozzolan reaction pro-
ducts [43]. ¥

. Pozzolanic reaction processes have been invesktgated [22, 51] using
the 1ime-aggregate ratiaq, autoclaving period, or combinations, with an
X-ray analysis of the resulting products. "One of these studies [51] has
been done using fly ash {main components : 42.9% 5102; 26.70% A£20 ;
7.90% Fe2 33 and 4 10% Ca0) and commercial hydrated 1ime of 73.52% Cao0.
From the test resu]ts, it may be inferred that an increase 1n the 1ime-
aggredate ratio or the autoclaving period materia11y he]ps in the develop-
ment of'the crystalline berfection of the tobermorite. Accbrding to
tests on a 40:60 (11&&: fly ash) mix, 1t can be aésumed that during the
longer steam treatment new tobermorite is being formed in the gel state,

while already existing gef Is crystallized, sp'that.there is always about
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the same qualitity-of poorly orysta1112ed tobermorite gel. ~As the lime-
s{lica ratio is increased, or the autooloving time is extended, the Qel
crystallizes and some hydrogarnet is'a1so formed {51].

Another test {39] indjicates that the'gel;Iike.matér1a1 which comes
from the reaction of lime and fly ash becomes sufficently cfystalline

after about one week to be identified by X-ray analysis. After eight <

weeks curing, calcium 5111cate hydrate of the tobermorite groups can be

identified. At this stage the reaction prohucts have coated reactable
ash particles, and any further reaction’ that may occur is due to further
available Ca(OH)Z-bre ing through this fo;meo coating around the parti-
cles. fhe rafe ofrstfength development decreases since the pozzolanic
reaction is now largely controlIed by the breakthrough and diffusion
actions. . 4 |

Thore are numerous methods available for evaluating pozzolanic act-
{fvity. The various methods are summarized in Table 2-39. Among them,
the most'oirect and reliable method for practical purpeses is a strength
develoﬁment test, buE‘th1s method 1s relative]y time consuming and costly.
The analytical methods are. ?ndiredt but must be verified and correlated
with actual performance. Difficulty may still.exizt in interpretation of
experimental results using various aoalytica] tochoiques and performance
tests.since the pozzo1an}c activity 1s.1nf1uenced bylso many factors:

glass content, chemica1-compostt10n, fineness of pozzolans and

chemical composition of 1imes, | - |

Ahlberg and Barenbéfg [2] studied the solubility of both the crystal-
11ne (or quartz) and amorphous forms of silica 1n water. The resu]ting

higher so]ubi]ity of the amorphous form over the crysta111ne is shown in

[
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Figure 2-17. From this test, it wou1& appear.that only the amorphous
form of silica can enter into the pozzolanic,reaction. Howevef, when
‘ coos1der1ng the s111ca-11me-water syétem, the effect of the 1ime on the
e PH of the so1ut10n with temperature must be taken into account. Lime

releases 1ess cat _ * fons in a Ca(OH)2 so1ut1on at higher temperatures as

indicated in the section on 1ime properties. There may exist a tempera-'

ture which optimizes the conditions for the maximum solubility of lime
and amorphous silica. The solubility of amorphous si\ica increases

rapidly with increasing a1ka11n1ty and logically seems to be affected by
particle size and the 1nterfac1a1 surface energy of the silica.

X-ray diffraction studies [52] indicate that most crysta111ne
materials present 1n.f1y ashes do not enter into the reaction at ambient
temperatures, but amorohous compounds of silica, alumina, and iron oxide.
in the fly ash are involved in the reaction. The use of X-ray diffrac-
tion methods is not a convenient means of 1dent1fy1ng the reactive con-
stituents of fly ash because these constituents are apparently restricted
to the non-crysta]]ine glassy materials that are not detectable with dif-
fractioo methods. The degree of crysta]11n1ty, 1.e., the amount of
glassy phase, influenced the pozzolanic activity to a much greater degree
than did-fly ash particle size within the curing perioe of eight weeks as
shown in Figure 2.18 [39]. A detailed description of the synthetic fly
ashes used in this. test are shown in Table 2-4b and other details are:
.Mixes = 1:2 (Jime: fly ash) proportions; diet111eo'ﬁater used to

optimum moisture content; 'specimehs 1 4nch in height, half-inch in

diameter; eureo at 2312°§; and.-analyticai-ﬁeagent'grade_31me_utjlized _

throughout}‘ Chem1sorptioo of caloium tons released from the-)imeuon the

-




128

10

.08

Amorphous silica ->/

3 .
§ .06 : - pd
% /
n B
Y a i /
,§'M / -
. E’ s < / '
02— ' :
/ _ Quartr —_ s |
. : )
0 s0 100 50 200 250
o ' Temperature in dag C '
) FIGURE 2-17 SOLUBILITY OF SILICA- IN WATER

AS AFFECTED BY TEMPERATURE (2]

¥



COMPRESSIVE STRENGTH, psi x 100

28,0 —

129

35,07 — —

3.5

24.5—

21.0—

17.5 b= - | /510 K-Cye 1
14.0}—

_ 10-20 K-
10.5—

> 20 K-Cye
7.0 co
5-10 K=-Fum
3.5 10-20 K~Fum
! - > 20 K-Furn
| ' K-Recrysal ALL SIZES)
0.0 ; T — % S el ikt |

o 1 2 3 4 & & 7 8 9 10
| CURING TIME IN WEEKS

FIGURE 2-18 COMPRESSIVE STRENGTH' FOR VARIOUS TYPES
‘ OF FLY ASH WITH LIME [39] -
glass content - K-Cyc -most -amoyphous fly ash
. K-Furn ' intermediate = " "
: K-Recrys least "o
mix proportion 1:2 (lime: fly ash)




,&H.e\ : ﬂa.amn.m.»...m...ﬂ%ur# RE- Bt A , s

e o

130

A _ _
'\\ ' ’
(> C
\v .
t
* 2A31S (0Z# 03 JUI|BALRDS Sy WR G/
pajood A1MOLS U J,00GL 3® P3NROS YSe IAI-Y isea| | saz)s (1@ . | (S9ZLs [1®) A4Oy-Y
. | - - | wtoze o uang-x0z< |
_ 3ovudny u} paljsodap yse 3u} | 0Ty ajeypawdaguy | UM 0Z-0L uang-0Z2-0t
_ : R : wi Q|-G : T uAng-N0L~§
- L | wr gge . . aky-y0z< |
o L | _ uwt 0Z-01 .. 3£3-%02-0L
.JojeJdedas 3uc(a4d ut .vouuu:on._ yse 3_._._.:2.3_ mnocn..wsm 350 @ 0L-g | 9K9-M0L-S .
J ¢ ’ B | otoe . R
NO1Ld1¥IS30 INIINOD SSVTD | 3ZIS F1D1LHVd 3000 WINLW :
SIHSY A1d DILIHINAS 40 SIILHId0Yd
p . ov-2 318V1

eal bt gy = Claa s TR e



13

surface of s{lica and crystalline poff1ons are complenent1ng faEtors
in the pozzolanic reaction [2]. - ‘ | '
The‘compressive strength and ten511e strength tests for pozzo1anic
. react1on using mortar specimens are most common1y used, and the strength
development in 1ime-pozzolan mortars 1s found to depend on: the ratio
of 1ime to pozze1an in the mix;l type of 1ime and pozzolan, and type
of soil and/or. aggregates associated.w1th the,mix. In order to investi-
gate the optimum 11ne conteni. the estimation of the amgunt of uncom-
bined 1ime in the set 1ime-pozzolan mixes orrpo;zolen-cement has been
done using various methods such as: "Franke method;f Ca1qn1metr1c'method;
d1ffe(ent1d]'therma1 ana]ysis (D.T.A;); and, extraction with partfally
saturated Qa(OH)2 soTutions: fhe maximum amount of lime that is taken.
up at an age of one year {s about 50 grams per 100 grams pozzpfan in
11 (by weight) hydrated 1ime- pozzo1an mixes [43].
Minnick indicates that [52]): 2 11me-pozzo]an ratio of 1:10, which
1s very low, may be the optimum for some 1ime-fly ash- aggregate mix-
tures; marked 1ncreases in c0mpressf’e strength were genera1iy obtain-
ed with 1ncreases in the 1ime to fly ash ratio up to 1:3 by neight;
only slight additiona] increases were obtained with high lime to fly
ash ratios of up to 1:1.5. For both granular ‘and clayey sof1s 5 % to
9% 1ime and 10% to 25% fly ash by weight of totatl m1x are typical pro-
-portions giving 1ime-fly ash ratios of about 1:2. The. POZ 0-PAC
‘Company of America have used 2.5 % to 4% 1ime and 10% to 15% fly ash
by weight of- total mixes for slag aggregate stabilfzation. Typical
strength development and proportions for this type of mater1a1 are.
shown in Table 2-41. |
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S

The curing period affects the optimum level of lime COnsumption.
The strength developed in the 1ime-pozzolan mortars as shown in Table
2-42 indicates that at an early agé the maximum strength is obtained wjth
a 11me-pozzb]an tqt1o;of abaut 1:4 with finely bround'mater1a1s. but
-~ at a longer age, the 0pt1mum ratio moves towards mf%eg'of hibher 11me
.content and approaches about 1:3 to 1:2 at over one year faz1.

when dolomite limes (Ca(OH)2 Mg0, Ca(OH)2 Mg (OH)Z) rather than
high calcuim hydrated lime are used in pozo1an1c reactions, the ro]g/,///’//”’f
of magnesium oxide, which 1s a major component of the dolomite Iimes.
5 1mportant Th1g has been stud1ed”by Minnfck [52]. Minnick fndica-
.that the magnes1um oxide which is present in the do1om1te limg___
used the‘study'w11].hydfate ovér an-extendéd period of time, énd
the amo t of magnesium oxide present in the 1imb4f1y ash s;écimené
decreases: with‘time with a d15proport1onate1y small increase 1n
magnes1um hydroxide It is “possible that the simultaneous reactions:

Mg0 + Hzﬂ *,Mg(OH)2 s and .
Mg(OH), + 510, + H,0 + X Mg0.Y 5102 Z H,0

are occuriﬁg. resulting 1n a poorly crystaliized reaction-produ;t simi-
lar to that obtained from the calcium fons. Since magnesium oxide 1s
lowef in.molecular weight (40.3) than calcium hydroxide (74). more unit
reaction can occur pef equal wejght of magnesium oxide, thus resulting
{n more potenfia]'cementitiéus‘products Based on these‘tonsiderations.
the 1ime types can be ranked chemically in decreasing order15f thelir
pozzo]anic receptivity as follows:

1. Dolemitic monohydrated Time - Ca(OH)a. Mg0

\
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2. High calcium hydrate& lime Ca{0H),

3. Dolomitic dehydrated lime - " cafol), Ma(OH), _
This ranking is supported by the test results for strength using
various 11mes in V1ime-fly ash- aggregate mixes (5% 11me, 20% fly ash, \\j
"75% graded Ottawa sand by weight) with a preparation mgisture content
of 8%, cured seven days at 38°C, and tested aCCor41ng to ASTM C593-69
_as shown in Table 2-43. | '
It is generally accepted that the pozzo]anic activity will 1ncreasea
, with an. increase in ‘specific surface and decrease w1th an increase in
‘carbon content (1f any is present) of the pozzo1an1c mater1a1 provided
‘that all the other conditions remain constant. Typical test results
[39] showing the effect of specific surface or fineness.on the strength
and rate of strength gain are shown in Figures 2 19 and 2-20, respect-
fvely, The finer fraction of the same fly ash shows a higher strength
development than the coarser fraction in Figure 2:20. This higher
. strength can be attributed to two causesb the finer fraction material
has a higher specific surface available for reactions, and, the finer

particles generally 1nc1ude the higher glass contents according to

| studies on particle size distribution and glass content [46].

Gabrera and Gray [15] have recently studied the spec1f1c surface
of f1§ ash from various sources.as related to carbon content, total
5111ca and alumina content, and pozzo1qnjc activity. The surface area
. was determined by various methods such as air- permeab111ty (Blaine),
‘nitrogen-adsorption. glycerol retention, and 1od1ne adsorption.
_Spec1f1c surface was also ca1cu1ated ‘from the. particle s1ze distribu-'

" tion of the fly ash.. It was found that each method gives very different

/
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values of specific surface as shown in Tab1e 2 a4,
The d1fferent va?ues of specific surface determined by -the nitro-
gen adsorption and air- permeability methods on a particular ash are
\\agii:lliebased on a diffeient concept of the effective surface. The
air- ab111ty method considers only. the exterpa1 surface whereas |
the nitrogen adsorption method measures both_tﬁe externdj and 1nterna1'
surfaces as shown 1n Figure 2-21._ In summary, thi; research study .

indicated that:
1. A negative correlation exists between pozzo]anic,gbtipity and
nitrogen dry specific surfpce{ i X
2. A positive correlation exists between nitrogen dry specific
surface and the carbon content of ash; .
3. A negative correlation exists between nitrogen dry spec1f1c
surface and total silica and alumina content.
The important result is that the strength appears to be 1nverse1y cor-
related to the specific ;arface as determined by both nitrogen-adsorp-
“tion and air-permeability. Th1s {s not cpnsistant with the generally
accepted principle of increased strength yfth increasing spec}fic sur-
face. The single jnverse corpé1at10n between specific surface and
pozzolanic activity using different sources of fly ashes {is actually
misteading 1n the 1nterpretat10n of test results for this case study

since carbon fs present and was not considered.. Vs :

1t was found from a corre19t1on study between pozioldpic activity
and fineness_(by air-permeab111ty) to carbon content ratio that there
is a marked correlation as shown in Tab1e 2- 44 b and Figure 2-22. The

‘ trends are now as anticipated and show the s1gn1f1cant effect of carbon.-

»
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- (a) Specific Surface Measured by Afr-
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(b} Specific'Surfaée Measured by Nitrogen
Adsbrption

FIGURE 2-21 DIAGRAM FOR SPECIFIC SURFACE
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content on strengths. In this analysis, the air-permeabi ity method.

gives a more d1st1n§ﬁ1ve picture than the_nifrogen-adsorption mqthbd.'

et

o
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3 TEST PROGRAM, RESULTS AND DISCUSSION

3-1  BASE STABILIZATION

3 1-1 Function of Pavement and Pavement Materia]s -

The basic function of highway pavement structures 15 to provide a ﬁ
r1d1ng surface for thé safe operation of vehicles over a defined range - | é
of speeds during the dnt1c1pated service 1ife of the pavement Pave-
ments for other transportation faci]ities - atrports, streets. parking
Tots, etc., -.w111 have 51m11artba51c functions. A pavement should be
- so designed that it can transfer the vehicle loadings to the.subgrade
Jith the most economic combination of pavement structure materiats‘ -
fornspec1f1ed conditions such- as subgrade strength, geometry of the
road, service 11ft and loadtngs. The"basic structure'of a pavement is

_ comprised of the surface course which 1s in d1rect contact with the

"~ _.wheel loads and a base which may be a single layer 1a1d d1rect1y on the

subgrade, or several layers between the surface course and subgrade
'The actual pavement structure will depend on how the {nduced ‘surface
stresses are reduced to a level such that the subgrade will not, suffer
permanent deformation. The mater1als which make up~the vartous layers
in the pavement structure must meet performance requirements related to
the_ function of the particular 1ayer.

For the surface course, the bas1c requirements are that it safe]y
resist the wear and tear of the whee1 load1ngs. transfer such loadings
at-a satisfactorily reduced level to lower courses, "and survive the
destructive 1nf1uences of the service environment. A simp1e criteria

often adopted is that the minimum'conpressive strength of surface

—
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course materials should be at least six times the maximum anticipated

vehicle tire pressure This criteria 1s far too simple in that-1t

, does not account for the other requirements of the surface course.

For any base terial directly on the subgrade, the basic require-
ment 1s that the elastic propert1es of the base materia] be compat1b1e
with those of the subgrade For normal pavement construction, the

elastic modulus of suBgrade materials ranges from 2,000 to 10, 000 psi.
Considering the effect of repeated 1oad1ngs and the variab111ty of a
given material, the desirable range of E va1ues 15 20 000 to 100,000 -
ps{ for base materia1s directly on the subgrade Any other layers of
Joad distributing base material should have an E value of about 200, 000
to 500,000 pci. Often, thie renoe of E values can be econom1ta11y

_developed by base stabiiization methods.

The two conventional mater1als used for pavement surfaces are port-
]und‘cement concrete (considered as a rigid pavement since its “beam
action a11ows the pavement to bridge over Jocal weak subgrade spots)
and esphalttc concrete (considered as a ftexibie pavement since several

layers of base material will be required to reduce the induced stresses

-to acceptab\e levels at the subgrade {nterface). Fu11 depth designs

using portland cement concrete or aspha]tic concrete are only economic

when 1t 1s necessary to support heavy whee1 1oads, to transfer loads

~ onto a much weaker subgrade and/or to maintain structural integrity

under severe env1ronmenta1 conditions. Howeven, for a long period, 1t
was rea11y only in the case of asphaltic concrete paoements that load
d1str1but1ng base 1ayers were used batween the surfacing and subgrade.

It 1s rather recent practice for portIand cement. concrete pavements to .
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be treated as layered systeme. Rrevious1y. any base meter1a1 utilized .
was viewed as necessary for protection from pumping end not as a 1oed
sharing component of the pavement structure. Present1y. most design
methods for both types of pavement systems - rfg1d port1and cement
concrete and flexible aspha1t1c concrete - adopt a layered structure
in which each component contributes to the satisfactory transfer of
veh1c1e loadings to the subgrade. '
| Base courses can be compacted Jayers which use natural or graded

aggregates, or stabiiized Ieyers in vhich‘the aggretatescare treated
with a binding or cementing material. In general, the shear strength
of a soil type meter1a1 can be expressed by: '

sac’ + (p-u) tan ¢' | ~ .

where: s = ‘shear strength of the materialy ™ .

c' = effective cohes1on; |
p = total norma1 stress on failure plane;
u = pore water pressure; and
" ¢' = effective angle of internal friction.

Thus there are three basic ways of obtainfng a significant improvement
'1n the shear strength.of a given material, efther by increasing the
* coheston, the-effect1ve normat strese'(p-o) between the particles, or
the angle of 1nterna1 friction. When the pore pressure. u, 1s negligi-
_ble, the effective norma1 stress 15 governed by the overburden and
applied oads: and 1s.o1ff1cu1t to change. HoWever._the;frict1ona1 prop-
erties can be sign1f1cant1y 1mproved-through mechanicai.stab111zation.
| Compaction 13 the prime mode of mechanical stabil1zetion and while an

1mportant top1c will not- be dealt with here In eddition. 1ncreased
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'cohestqn is bbtaihed by the use of portiand cément, asphalt, hydrated

lime.'dnd other cementing or modifying materials. Chemical 5tab11{ia-
tion, which includes both 1mproving'the cohesion and changing the
engineering properties of base materials {s of pr1ﬁe'1ntefest here. -

In particular, the use of pelletized blast furnace slag .1s examined

for this purpose.

i
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3-1-2 Chemical Stab1112at1on of Base Course Materials

Any process that 1s used to 1mprove the performance of base course _

materials is called base stabilization. Engineering properties such

as strength, stiffnesg. compressibility, perméability, workability,

swelling potential, frost sugcept1b111ty and thermal conductivity may
be altered by treatments ranging from simpte methap1ca1 sta51111at{on
to more complete and expensive techniqués 1ﬁ§olv{ng chémica1 stabiii-
zation. The materials to be stabilized, the reason for stabilization
and the stabilizing method adopted are not independent and the optimum
combination of ihese factors 1s judged by the Tong-term pérfdrménce
and economics of the f1na1 stabilized materfal. A convenient c]asgi-
f1cat10n of the various chemical stabilization agents and their modes
of usage 1s given in Table 3 1. The base stabilization studies reported
here fall into the cementiqg agent category, namely, slag-cement with

some mention of 1ime-fly ash,
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3-1-3  Details of Materials Used in Base Stab11izat10q,5tud1es '
. Granular A blast furnace s1ag. pe11et1zed slag, lime, fly ash,

ca1c1um ch]or1de and natural aggregates were used in the base stab}1- :

zation studies. The basic properf1es of these materials will be |

detatled before examining the tests and results.

o

3-1-3-1 Granular ast Furnace.Slﬁg' '

This air-cooled blast furnace slag 1s proce;sed and“marketed‘by
National Slag Limited in Hamilton and orfginates from both STELCO and
DOFASCO. The blast, furnace slag has a bulk specific gravity f 2.3
and the typtcal gradation shown 1n Table 3-2, The gradation has some’
variation from ‘time to time during production so that a controlled
gradation has been used throughout the ?Zte stabilization studies as
foilows: 27%.reta1ned on the 3/8" sieve; '23% passing the 3/8" sieve
.. and retainea on the #4 sleve; and, -50% passing the #4 sieve. fhe'
chemical composition of blast furnace s]ag supplied by STELCO s shown
{n Table 3-3 [52]. This 15 typica} of that for the test program



\
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TABLE 3-2

" GRADATION OF GRANULAR A

{ . % RETAINED

SIEVE SIZE % .PASSING
3/4" 99.2 | } -
3/8" 72.5 -
' 49.5 23.0
#8 31.2 ) n )
#16 19.2 7
#30 12,7 [ 89,5
#50 7.7
#100 4.4
#300 1.9 J
" TABLE 3-3

' CHEMICAL: COMPOSITION OF BLAST FURNACE SLAG

151

COMPOSITION g PERCENT
Calcium Oxide - Ca0 8.6 - 2
Sil4con Dioxide 510, 34.9 . -
Aluminium Oxide - AL 05 10.0
Magnesium Oxide Mgl ; oY
Iron Oxide Fe0, Fe,0, ’ 0.64 .
Manganese Oxide - MnQ 0.19

1. Sulphur S Not determined*
* ‘ . ‘. .
. Generally 1.5% to 2.5%
.l ' ! ' ‘B/ ‘
N
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) 3-1-3-2_ Pelletized Slag (or pe11eté)

Pellets are éitegorizedlbetweén expanded stag and-granu1ated's]ag-
because they have a 1ower specific gravity than the 2.3 of airecoo1ed
slag, and are often a g]assy substance simitar in properties to aranu-
lated slag. The madn purpose 1n pelletizing the slag is to produce a
'Tightweight aggregate fdr‘USE as fine aggregate'jn structural concrete
and masonry un1ts Aty ibaf gﬁgdation for the pellets is shown in
Table 3- 4 This gradat#7; a1s&fhas-vakiab111t9 between batches. Al1l
of the pellets used for Compressive strength test specimens have. been
controlled to. the gradation 50% passing the 3/8" sieve and retained
on the 96 sieve;' and, ‘50% pas§1ng the:ﬂ?ﬁ siéve and retained on"the
#290 sieve. The portion bass1ng the #200 sieve was separated in order <i‘
to control the amqunf of met fines (-#200) in the various mixes.

InitdaIlj; these_be1lets were deve1dped as a 1igﬁtweight aggregate and w
the‘cementing ptppert1és of ground pellets were not ut11{zed.' Based

.on some field evidence of self-cementing, referred to in Section 2-3-2,

and some-breliminarj.wdrk, it appeared possible that a base st%gi1izaq

tion process could-be developed using ground pellets. The energy

advantages of such a usage have been clearly tndicated in Section 2-3-1.




TABLE 3-4

- TYPICAL GRADATION OF PELLETS

SIEVE SIZE | . % PASSING % RETAINED
3/8" 100.0 '
#4 98.7 b 52.5
48 . 74.0 J
ne 37.5 A
#30 2.8
#50 4.2 L 37.5
#100 1.7 3
4200 Yoo )

183
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3-1-3+3  Lime _ |
&Conneré1a1‘grade4!h1§h calcium, hydrated 1ime was uséd as supplied

by Dohtar Chemical Limited of foronto'from their Beachville operations

(Beachville Chemical Hydrate). 1Its chemical ana1y51§ and physical

praperties are shown in Table 3-5.

3-1-3-4 Calcium Ch1or1de -
Connercial‘\¥ade caleium ch]oride. CaC£2 (77%-80% ‘flake), supplied
by Allied Chemicals of Canada Limited, was used. It was added in

solution form by dissolving in water.

3-1-3-5 Fly Ash
Fly ash obtatned from the Ontaric Hydro beneficiating plant at
Lakeview Thermal Plant was used. The analysis of the ash showed B. 31%

carbon (loss on<ignition) and 95% passing the #325 sieve.

5
A

3-1-3-6 _ Natural Aggregates

Crushed 1imestone aggregate from Canhda Crushed and Cut Stone 7

_ Limited (normally used for portland cement concrete) adjusted to the

same gradation as the granuldr A was used in compress1ve strength speci-
mens to rep1ace the granular A. Lake Ontario bgach sand from the same
suppiien {normally used for portIand cement concrete) controiled to

the same gradation as the pa]Lets was used to replace the pellets in
[

C

_otHer specimens.




TABLE 3-5

— . CHEMICAL ANALYSIS AND PHYSICAL PROPERTIES

OF HYDRATED LIME -

) .

(Daté supplied by DOMTAR)

8

tifhydrated Oxides

CHEMICAL ANALYSIS o
Compounds ~ P%ffj“t
~STT7con Dioxide and Insoiubles 510, 0.50
Ferric Oxide | Fe203 o.io
[ Alumina Y AL203 1 0.30
Sulphur S 0.06
Magnesium Oxide b ' Mg0 0.60
Calcium Oxide Ca0 73.80
T —
fvailable Lime Index as Calcium Oxide .. Cal 71.50
Available Lime Index as Calcfum Hydroxide Ca(OH),|  94.50
Carbon Dioxide ‘ €0, 0.90
. Moisture H,0 1.00
, 0.40

S
S

)
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. . 4
A
, TABLE 3-5 (Continued)
PHYSICAL PROPERTIES
Density Toose 28 pcf
packed 36 pcf
Blatne- fineness - 13,000 cmz/gr
Sieve analysis i
‘sieve size ¥ passing
(\\\;b”/ #50 100
: #noo 99.9
4200 9.0
#325 93.0

A
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. 3-1-4 Experimental Program

| 3-1-4-1  Test Schedule

The research was 1afgé]y restricted to a laboratory 1nvestjgat16n
of the stabilization of base courses using hydrau11c slag fines gfound
from pellets. Granular A and pellets with the gradations given 1ﬁ thé
previous section were selected as the base materfal to be stabilized.
This choice wa§ governed by some examples of cementing during storage
at National Slag Limited and the presence of some free iime with the J
slag that would assist any cementiﬁg reactions. The nature of. the
cemen£1ng reaction and base stabil{zation developmén; was examined 1n
sbﬁe detail. 1In addition, some initial work on autoclaved pellet fine

bricks wéé completed to the trial stages. The test program consisted

of six steps as summarized in Table 3-6. -
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TABLE . 3-6

-

EXPERIMENTAL PROGRAM FOR BASE. STABILIZATION

. sTuDY.

STEP PURPOSE ?
. ..‘ - | \ . ’
1 Cementing properties of ground fines from pellets.
Pozzo]anicAraacfion of fly ash-11me-granu1qf,A_mixas.
cace, effect en strength gain. .
2 Glass contentﬁof'pe11efs.
3 Effect of amount- of fines on strength developmeﬁt. )
: Strénéth gain from‘ground pél\etsﬁ
4 Cacr,2 and Blaine fineness of fines effect on
strength gain. '
5 Optimum 1ime content for stréngth development.
) catalysis effect of pg}t]and cement on slag fines?
6 Strength giin by autoclave curing of stabilized’
base sﬁec1mens ahd bricks.




159

© 3-1-4-2  Test Procedures’

Materia]s Preparation

“Granular A and pellets, when used as-dggregates. were first dried
a@ room teﬁparature and then their gradations controlled as previously
indicated. The fines were prapared either 1n a stone ba11 mill or in a
mod1f1ed Los Ange1es abrasion machine.
1. Stone Ba]l Mi!] Method - pe1lets charged into ceramic drum
with stone balls. called BM fines.
2. Modified Los Angeles Abras{&q?ﬁachine Method - pellets charged
into Los Angeles abrasion machine with steel balls, called
LA fines. ‘
'Deta11ed.gr1nd1qg'prqcesses for both methods are shown in Table 357.‘

Test Mathods

The raw mater1a1s and prepared materials were tested according to
the standard methods sbecified by ASTH or AASHO, where suitable methods
" have beeﬁ developed. Test methods which are not des1gna£ed by these
standards associations are found {in the append1x or readily available
raferences. A 1ist of the test methods used during the research 18
g1ven in Tab1e 3-8. Lo

™~ . \. .

~ Preparation of Specimens for Compressive Strength -

Four-1nch diameter modified Proctor spa¢1mens ware prepared accord-
- 1ing to ASTM €593-69 (5 1ayers,10 1b hammer, 18 in. drbp. 25 per layar).



LR -

160

-5353) 961 OHSYV 40 1E13 WiSY

10} paubisap SL aulydem styl

‘.mw—uwuumn.uucmw.

E..m.....w:.r_. 03 sLLeq 1391s

‘mnap JO 33IRIANS
apisul ybnoa pue 3u03s

b1y »~m>mpm~mh.»n punoJdb

Aq pIzisaA|Nd 3Je mw—u_&b& a4e sapoijaed |enpialpu] syaemEay
uoir31s50d {ejuoz uo11150d . [RIUOZLI0Y
-1a0y B UL S3Xe yIiM pajeicd uL SIXe IYI YIA pAITOL -
wda O owds 09 paads mnug
i o Spud y3o0q |
pasol? ..%c:hu Fowam Mo| LOH oA Jlmesd) L2aLapuL 1K) |
ﬁmcm._ «02 Cﬁuﬁu_m «8¢ ﬁmﬁj R7IWARE 2L -N\ L°L azis whag
spunog (2 _3noqe . mu::oa 5 u:oao jeLiayen
| - amawerp aAaLs .¥/E-a2/1 : abaey)
youl 3uo 30 S|Leq 13335 02 abuea azLs *s11eq au03s SIE ) F‘FB
INTHOVH NOISWHEY
$3139NV SOT GIII00W TUK TvE INOLS QOH13NW
$3553704d SNIONI¥D 13Tiid s B

J £-€ 3TVl




161

[92] Leas Aaangs Is9L OIS | 2
[0£] poylaW 3S3] UOJAIY) 1e9s Aaangs . 1s3] bui3jes (e@g Auuns £2
Log] uoﬁw: IS9] UCLAIY) jeas AuaJnis 3591 awmy] builias |ess Aaxms 22
- /\ . [92] {eas Auan(s " 3s3] Kaueysisuo) bunoy | |12
. [92*¥2]  Leds Aaants | (1viM) 3ISIL voLsRUqQy xoeaf I8M | 02
6L OHSWV ‘S0 WISV Jjeydse | Oy SNpLSIY uO 3531 Eﬁwmvﬁm 6l
_ ILeydsy
6GL OHSWV ¥¥20 WISV 3|eydse paLISimg ul uuo) Jy¥ | 8L
X : : _ a1ebaubby uy 3AaL1S QG2F
LLL OHSWV L11D WISV a3ebaubbe ueyl Jauly [PLEI®Y JO Junomy | /|
- Y [eLI3RH b!m_z
- 403 12018 3u03S pue ‘pues .
2L OHSWY ‘S0 WISV aebaabbe *|9Aeag ‘beys ‘auays buirjdwes | 91
: . ebaubby asaeo)
[ZL OHSWY ‘9E1D WISV, ajebaubbe a0 3urg 3o sisAfeuy 3A3S | St
g-£0€ “J11®] "ON POYIaN 353l , ajebaubbe [Je4ang J13Rds | vl
L . a3ebaubby S
" SBL QHSWV ‘L1210 WSV ajebaubbe asJe0) Jo A3iARMg-Jrjioads. | €l |-
- ajebaubly S
8L OHSWV ‘8210 MLSY ajebaabbe auLj JO AjLAeTg 313139dS; J.-pm_
© 9Z11 OHSWV  “6l¥20 WISV ayebaubbe 3531 JuItRALNb] pues f ft] -
_ ___8-E0E "311¥D "ON pOIaW 1s9)  ayebaubbe | Juajearnby BSOS rebnyinue) |0t |
*OouJ Qe [R}IVISSI UOLILN “JasuadsSig “oded A/.obﬂ« N
Hd OJPAH 40 ey Jo3edtpul Hd |esSJaAlun J9YSLy . 1393s s | 63
G650 Pue 6013 RWISY | usaldads Jejlom 359 wamLoads J1qmy | 8
: £65) WISY .| 3seq paziiqys 1591 yIbusnS dA1ssaadmo) | [
b . 2EL OHSWV 199 WSV ¥I14q Is3L Pg | 9
. - X1 puaddy : 3»:& umﬁ 4617 IDB0IA e | S
ESLL OHSWV ‘020 WISV JREI ‘saull . S3ulj JO sssuRULd | ¥
EELL OHSYV ‘8810 WISY | 3IuSESD ‘saull 8.:“_ J0 A3rARdg JL3139dS |- €
OBLL OHSWY  “ZSSIQ WISV ajebaubbe JUDIUOY JUMISLON wmuLd) | 2
X1 puaddy s3aad | . uauo) ssels | 1
03SN SQOHLIN (31531 TWIHALW 1531 TON-

?EEE& auayn pasn E:EB& OHSWV 40 WISV 3USIm) ~
SGOHLIW 1S3l

8-¢ 311



e R e e PR BERES

162

The modified Proctor.opt1mﬁq water'content.wa§,found to be 10% at 'S
_d.dry density of 129 bcf for‘éhf mix proportionéﬁused: 7b% granu1ar

A, 18% peiIets;' 10% fines; and, 2% lime. 'Itiwas found besf to-
controlrthe water content on the basis of no slump since the mix is

too coarse for normal Proctor,pfode&ures. The optiﬁum water content

was hot very sensitive td mi x pro;ort1on changes. Upon finishing the
compactibn and teveling the compacted surface. the specimen was

removed from the special split mold, then seaied in double plastic baas,.
and cured at 100°F in an oven for the specified time. Sealed curing
insures that moisture is maintained for any reagtions. After éuring.
the specimens were capped on both ends with h}drostone. Three specimens
wére made and the results averagéd fdr'each test mix unless otherwise

jnd1cated.

371-4-3  Test Results and Discussions

Step 1: Cementing Properties, Pozzolanic Reactton, CaCf;
Effects

Previous exploratory work which used the granular A and pellets
without preﬁared fines had not produced the desired compressive strength
of 500 psi after seven days sealed cﬁfing at 100°F.[19j. _For this
reason, Test step 1 focussed on a preliminary investi®ation of slag
stabi1{zed base using prepared fines as a qemgnt{ng binder material,
pozzolanic raactionﬁ of 1ime and_f1y ash, and calcium chioride effects
on strength gain. The test results from this investigation are shown in
Table 3-9. - |

i

The main trends observed from these test results are:
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The compress1ve strength for the var1ous test serfes 1ncor-

porating fines prepared with the stone ball mill are from

1,440 to 2,690 psi, much h1gher than the aimjcompressive

strength of 500 psi. Test series No. 1 which contained no
lime gave the highest strength development of 2,690 psi.
" This series of preliminary test césu]ts.c1ear1y_jnd1cated .
that the ground hei1ets possessed cementing 6F3pert1es under
appropriate curing cond1tions and that 1ime additions were-
probably ﬁbt necessary. As_sqch..the preliminary investi-
gation was the Qrouﬁdwork and motivating factor for much of
the research that followed. ’ ¥
The results of'tesﬁ serfes Nos. 3 and 5 indicate that the

natural fines are much inferior to the ba11.m111 fines in
strength.development. This was anticipated since the Blaine
fineness of the ball mi1l fines is higher than that of the

natural fines. The highgr glaine fineness will contribute

to the stabiiizaf1on'potent1a1 of the fines.

THP addi;{oq of }ime or CaCLZ. whféh genérates Ca++&:ons in

sélution. did not haip‘the strength gain in the specific pro-

. portions used. This Indicates that the ground fines from the

‘ petlets have se1f cementing properties through hydration pro-

cesses producing a cementing gel, whereas pozzo1an1c reactions

occur between siliceous pozzolans and lime. “both of which are
1nd1spensab1e components to ‘the reaction. _The nmount of 1ime

added Was very high at 20%. of the f1nes‘resu1t1ng in a drop of
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strength that may not occur for lower 11me additions. ‘Thus, .
there may still exist an optimum 1ime content at which the

‘max{mum strength is produced

Test serfes No. 6 did not 1nv01ve fines, but depended on: the _

.pozzolan1c reaction between Time and fly ash (not benef1c1a~
ted, 1.e. high 1n'5}{eon, =« 13%) for strength development
The compressive strength of 1 360 psi developed 1s well above
‘the required minimum of 500 psi and 1nd1cates the potential

for such a"base stabilization process. S1nce it would appear ‘

that the Poz-0-Pac Company [103] has development rights to
this process, it eas'not proceeded with. ¢

The amount of f1ne§ used for the test series was'fa1r1y high
and generally not economical. From this 1t was concluded
that the next test series should involve determining the mi%
which 1s closest to the desired minimum strength of 500 psi
after seven days, IOO?F sealed curing, and ‘the relation
between amounts of fines and strength ea1n.

Instead of‘using slags (granular A and pellets) as aggregate,
crushed stone wgédg}ed to replace granular A end beach sand
to repiace pellets in test series Nos. 9 and 10-to check

the effect of 'strength gafin with nature1 aggregates, It was
found that there was a signif1cant reduction fn- the strength
developed (approximately 1/2) comgnred to the use of slags

in test series Nos. 1 and.2. However, more than adequate

strength was sti1l developed to meet sﬁec1f1cut1ons.| The

water content was somewhat reduced since the natural aggregefe
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tended to be less porods.
7. After failing the specimens, a green colour and sulphur smell

- was detected wh1cp”bfoy1ded"gv1dence on the maturity of the .

C

~  reaction or hydrition 'Specimens which had Tower stren@thﬁ-

&\¥Ended to have iess colour and sme11 than the stronger spec1-

mens. This 1nd1cates that the pe!]ets contain sulph1de in
some)form of. CaS and in the wel cured conditionypOIysulph1des
are: formed with the emiSsidn of hydrogen sulphide (HZS)'

Step 2: Glass Content it
The cementing propert1e? of fines ground from 1ets@are con-

tributed by the latent potenttal energy fﬂaTa substances, fine-

ness of ground material and chemical tion of pallets usgd (43].
The glass content of .the pellets wa tarmined with a 14ght micro-
Qcope for both the total gradation and for each_segarate part1c12 size
:broup by the proceddre given in Appendix 2-2. 1n order to see 1f
there were any preferential crushing effacts'dn part1c1e,s1ze and
glass content, pellets were first cruﬁhed'ébwn to various micro-sizes,
such as passing the #50 sieve ahd retained on the #100 sieve, #100 to
#200, #200 to #300, #300 to #400 and passing the #400 sieve. Each _

of these size grougs was then examined for glass content with the
ﬂZZ1a 3-10.

\
4 i Next, the glass cohtents of pellets from (various processes which

results shown in

could affect. the basicity ratio (defined accordyng to the formula
(Ca0 + MgO)/(S'IO2 + Atzos)) were determinéd. These glags content
results are surmarized in Table 3-11 and Figure 3-1.

. Vs .
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Finally, for a given peliet typé. the glass content vs gratn

size was dnvgstigated in order to find the granulating effdciency

of different particle size distributions, These comparisons are

given in Table 3-12 and Figures 3- 2 and 3-3,

These glass content rasults 1nd1cate

1.

2,

The glass contents for specimens made from var1ous portionsh
of fines such as #50 to #ng?:;eve size, #100 to -#200, and
-#800 fell into 4 faigly narrow range for each pellet type

examined. This indicated that glass contents determined

. for portions of fines in the range of -§200 to #400 are rep-

resantive and relfable. Since larger and smaller sizes than
§200 to #300 give some difficulty in determining the actua1
glass portion of éadh partid]e. the glass conteﬁt determina-
tions were standardized to the #200 to #300 size group of
particles. ' ) N
The results in Table 3-12 indicate that the glass content
increases as the basicity ratio'rises Howevef. thd varfa-
tion of glass content ‘with bas1c1ty ratfio for the pellet
sump1es tested is very narrow, ranging fron 94% to 100%

for a basicity ratio range of 1.06:1. 18 These resu1ts are

not concordunt w1th the general concept that higher 1ime

- contents 1n slag. make the slag harder to nranu]ate, {.e.,

gasier to crysta111ze with lower glass content. The tempera-

ture contr01 from molten slag to coo11ngzshou1d be considered

-

- in add?tion’to basicity ratio affacts on the granulation

\Q*%cess.




”m

00S#-002# 40 (%) .

09 7] vx{ g8 st w. | e 8
A 98 \ mK ' /<6 68 68 v8 3
59 08 06 \\ z8 w | o u 92
L , B .

19 | 8L %ﬁ\ V8 S¢ 99 85 8L 52
Vi 8 w | €8 £ | 89 08 z-
89 o8 | . 6t FR 08 st 9] - 18 6l
pa |

€8 16 \um\«wmn\\ €6 g8 o8 | -9t ¥6 gl

L/ : _
| - uojjepedy
ooLr- | oorr-os# | os#-oe# | oc#-SuF | oup-8s | eF-v# | we| mor |
. e . ¥IMNN 131134

- INIINOD SSVIS NO 193443 IZIS NIV¥D

. \\“\ T
r ,

.:_.m I18VL




172

a - . - . . sy

STTMVS 901 ONY 811

" 404 3ZIS NIVY3 SA INIINDD SSV®B ¢2-¢ JNSid

OR FAJIS TN

Cre

IS
.
L}
il
9
-+
.
")
»
©
..
g
L]

Qip C2a Cke

] M N ]
. . ! j - ;. i : ! :
& _M . ‘ . . ! % o
P ¥ : : ~ i
P o : ' : i \
—_ : ? i H oz
_ ] “ : !
- . 3 Oﬂw
. L -
o + : >
! . “ A
1 - ¢ ay D
i : : o)
_ | : ! | L Loz
_ IR m . PR
o T i —os
| { { :
A | " N | ! R
/ N ? H _ M i “38
. P M 1 : i ! n.
L t ¢ h 1 1 _u'
/ 1301 i : 1z
! i i . ,.Bhlp
h m w Y

i N
! &,

A .

bt Bt d EEEEE JEE NN PR PR NI SpIrpey S S
.




173

x % /4 *s | O» Ba Ols - 9. e Ufe tre O== . ‘o.m.-...,n..- o

. DEINGD SSYTO SA 3ZIS IV €-€ JWMOId

r , .o
"GN 3IAIIS ST

: i e
: i S : :
H “ | . +
: o1
i L]
i

/
[
%
a

e ..
: i
: : ..
: _ ‘ P
i -
; losy
? A
. A v
i : m
. . ] A
. . | o B -
) .H . i 7 =
! : m ; 3
, ; a - -
: { - M . | .3
' ! 1 : A
. A ‘ " d
. _, :
i i u ! ™
— ) ] 1 ’ .
; H -
! .\L =
. \Q l
. WM PN
S 3t
_ ‘ . _\ ||||||||||||| -
_ . a ‘ T
| " _ o=
i : : e . . ...I-Ll“llf.. :
I T B ERPREE R
._. .__ : . H : _...f}.—r.\h.._ i i “
L L * i : ! ! i




174

' Eﬁ Thd test results in Table 3-12'ahd Figure 3f2 {from Tab1§

" 3-11) and 3-3 show that the pellet particles passing the #16

" giove and retained on the #So_siovo.(shaded arﬁa on Table
3-12) give the optjhum size range for_granulation;, Genera]1y.
particle sizes outside thiq range g1vol10wnr glass contents,
indicating that there 1s an optimuﬁ pellet weight and COoling'
surfaéb. This kﬁowljdge will allow setective screening of
the'pu1lntized stag to get higher plass contents. However,
ithoro_may be somo-so!f-c&menting of the finer sizos that

1oworing their moaiured glass contont; .

Step 3: Amount of F100l anu1rod

Tha effoct of a finos contont of strength gain was dotorminod
for a finas content range of‘zx to 26% by total woight. In this test
"~ series, tﬁo Qaton cpntnnt‘of oach sbecjmon was 10% und'tho cur1ng con-
'd#tfon was sevan duyl;nuulod at 100°F. These test results are g1§on
4n Table 3-13 and Figure 3-4, - | |

Insteud of-using'the fines grouﬁd from pellets and hnground
po11ots separataly to muke up the mixel. the total gradation of ground
poIlats from various grinding t1mes wore used 1n the mixes, This was
done to check" 1f thoro were any s1gn1f1cant offacts on strength gain
of port1ons of such ground Bo11ots in addition to.f1nes passing tho
#200 s1avo. Those ground pellets were prepared 1in a modified Los
Angales abrasion machine with grinding times of one, threu. six and
twelve hours. Gradations of the resuTting products are shown in Table
| 3-14. Tha strengths of saven, fourtcaﬁ, nd twunty-a1ght day specimens
prepared with these ground pellats from various gr1nd1ng'§imqs are -

=

—
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TABLE 3-14

PROPERTIES OF PELLETS GROUND IN LOS ANGELES

ABRASTON MACHINE

177

Gl

NO. OF GROUND PELLETS GO 63 G6 612
. pollets (gr) | - 10000 10000 | 10000 |t0000 | 10000
‘Charge 1" Steel Ball 20 20 | 20 20 20
‘ 2" Steel Ball 6 . 6 6 6/7 6
Grinding (hours) No grinding 1 3 6 12
% of Fines Passing #200 Sfeve 0.9 7.0 | 10.5 | 18.6 | 39.8
Fincness of Fines (cmé/gr) | Not tested | 1910 | 2100 | 2200 | 2170
u ~ .
©3/8 sieve 100.0 100.0 | .. or iy
4 98,7 100.0 |100.0 | ... e
”8 ) 74-0 9805 9909 100:0 llrl
Gradation - 116 37.5 73.8 |,.92.6 | 99.0 {100.0
% Passing | #30° 128 | 37.4 | 66.3 | 77.2 | 98.0
| #50 4.2. | 20.6 | 44.1 | 55.5 | 78.3
#100 1.7 M.8 | 25.2 | 34.8 | 67.8
#200- 0.9 18.5

7.0

10.5

39.8




TABLE 3-15

COMPRESSIVE STRENGTH OF SPECIMENS MADE FROM
: © GROUND PELLETS

178

EE __;' --‘:"-:'_'ﬁ-§"_ ‘i L, - . " s

TEST SERIES GT-1 | GT-3 | GT-6 | GT-12
Granslar A 70 70| 70| 710
proportion (%) | Groynd Gl 30 e e
: ?e e¥3b1 G3 v » 30 ves .o
See Table -
3014) G6 oo T I S
N I , 30
Water Content (%) 10 1w | | 10
% of Net Fines 2.1 3.2 | 5.6 | 1.9
. 7 days | 750 1660 | 1950 | 2120
Strength (psi) (8) | 14 days | 1110~ {1920 2170 | 2370
' . R 28 days | 1030 (b) | 2120 | 2680 | 2740

ia; Average of two specimens.
b) This strength was erratic.

o
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shown in Table 315 and F1gure 3-5,
- In additt f1nos were prcpared tn the mod1T1ed Los Anqe1es
abras1bp machine byttjta11y grinding pellets to -#200, ‘These fines
had a Blaine fineness Jof 2850 émzlgr.' Compressive'strenﬁth sﬁec1mens

were made using 2%, 5%-and 10% of these. fines in order to compare
with the strengths of total gradation ‘ground pe1lets found in the
prcvious test series. The test rosq1ts are shown in Table 3-16 and
also fn Figura 3-5. o “\, -
These rq£’,£s indicated the following gr1nd1ng effocts on .
strength: ‘ |
1. 1t was found tha£ fhe compressive strength increases approxima-
tely 1inearly with increasing -#200 fines in the specimen as
“shown in Table- 3-13, Figure 3-4 and Table 3-16. It should be
noted that the fines for all of these specimens were prepared
-from the same typeé of pellet supplied over a period of time that
'shouid be extremely similar in éhem16a1 and physical properties.
The mix which had the comprcssivo strenqth closest to the "aim”
of 500 psi was found to be the one containing approximate1y-€%
fines, a fa1rly 1ow figure when comparad to other base stabil1i-
zation ‘methods.. - T~ ‘
2. - The test results for compressive strength speéimens prepared
from the tota1 gradation of ground pe119ts .as shown in Table
3-15 and F1gure 3-5 1nd1cata that for the range of net fines
content from 2% to- 9%. the strangth of such specimens 13 higher
than that of a comparable spedlmen-made from totally ground

f1nos, unground pe1]éts and granular A, Outsidg of this range,

%
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7
the stréngth development Begiﬁs to show tﬁe opposite .trend.
These results can.be explained.in ﬁh@ following ways: |

(a) Not only the -#200 fines 46 the total gradat1on of
ground pellets, but also fines coarser-than #200
contribute to the ;Erenéth gain. This may be due
to the formation of “fresh”, ﬁoke active, surfaces
during grindiﬁg.

(bi‘ The opposite tfend outside the range of to ‘9%
net f1nqs could be caused by a poor gradation (too
ffne) due to overﬁgr1nding of pellets. This could
have an advers;-effettuon the grading density and

also result in zones deficient in water for adequate

‘ curing.

o~ .
In general, the longer curing of fourteen and twenty-eight days

increased the strengths by 11% to 15% and 28% to 37%, respect-
ively. It is possible that at Tonger curing times additional
water may.be necessary for hydration that was not always avail-
able. The twenty-eight day strengths are not subgtantia11y

better than %Qs\;even day, indicatiné the rééction proceeds
]

,
fairly rapidly a 100°F. Obviously, the effect of curing at

normal temperatures should be checked on a field scale.

Step 4 CaC£2 and Fineness of Fines

The effect of CaC£2 on compressive strength gain for 5evera1

curing periods was inveéf}gated using specimens with the composition

given in Table 3-17.

The 2% CaCl, was dissolved in water before mixing.

et ARt s e e

o
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3

These test resu]ts are shown in vale 3417 and Figure §—6.

‘Glass content and fineness effects on strength development were

investigated using 2%, 5% and 10% fines ground from d1fferent pellets

in the stone ball mjdl.
in Table 3718.
The effect of CaCe,
1.

Specimen detajls and test results are shown

d fineness of fines can be summarized as:

It was found that there ténds to be an adverse effect on
comptgssive strength Qévelopment.ﬁifh CaCf_2 additions. This
is opposite to the general hohaviour anticipated from port-
land cement concrete research. There was very little dif-
ference in compressive strength development between the=
specimens containing no CaC!i2 and 2% CaC£2 at three days and
twenty-eight days curings. However, in the three to twenty-
eight days curing period, the compressive strength

specimens prepared with 2% CaC£2 showed much lower strengths
than those with no CaCiz. These trends show up clearly in
Figure 3-6. In general, it would appear that the addition of
CaCE2 is not helpful to the pelletized slag stabilization
process. Sintg a high concentration of CaCf.2 wés used,

future work on lower CaC£2 usage might show parallel trends

- to portland cement concrete observations.

The general concept that increasing the glass content and/or
Blaine fineness of ground pellets improves the compressive
strength development was not shown in the rather erratic test
results reported in Table 3-18. There may exist an optimum

condition for formation of the glassy phase in the pelletized
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TABLE 3-17 |

EFFECT OF CéClz ON STRENGTH GAIN /

TEST SERIES NO. - c2 co |

Proportion}(%) Granular A 70 70
- ~ | peltet 25. 25
"Fines 5 5

-CaCs, 2 0
Strength (psi) 3 days 280 260
] 7 days 675 ° 1270
| 14 days 1407 1530
28 days 1900 - 1950

water content w = 10%
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s]ag‘re1ated to the temperature which the granulated
s]au has experiented and chemfcél\fomposition of the slag.
'Even w1th a high glass content the Buffalo slag fines’ gave
extreme]y 1ow comprassive strengths. To 1nvest1gate pos-
sibie reasons for this, an ultra- v101et 11ght test was con-
ducted on the various slags used in this series. The _
Buffalo slag pellets showed a blue grey co]oun\whereas‘zae:§k'
.other pellets emitted a Piﬁﬂ colour. Oréanizakﬁung such as
CILAM consider a b1ue‘grey eo]gur to indicate low activity
"and pink to indicate . 1gn activity [60].. This lack of
"poteneial ectivity“;;ey explain the very poor compressive
sfrengths associated wiph Buffalo slag pellets.

It should be noted that pellets of glass contents higher than
80% are very friable and may exhibit high grindability. Some of the
erratic nature of the test fesuits could be eue to this friable nature
agxn;gher glass contents. Fineness effects on strength gain are shown
for test seriesrﬂos. 3 and 5 in Table 3-9. (The fineness has been
determined throughout all the research with the standard Blaine air
perme;bi1ity equipment and is subject to the usual limitations on
this method. However, as a standard method and equipment has been

adopted, the %ineness determination should be consistent and certainly

‘suitable for comparison purpose. )
_____.,.—/

4

Strengths for No. 3 specimens containing ba11 mill fines (B]aine
fineness of 2000 cm /gr) are much'higher than those for No. 5 specimens
containing natural fines (Blaine fineness of 1000 cm /gr), provided

that all the other factors remain constant. Thus, the fineness effects
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shown in Table 3-18 may be superseded by many other factors and should

not be y1ewed as 1nd1cat1ve of fineness trends i ;ff

’
B

Step 5: Optimum Lime Content‘and'Catalysfs Effect of Portiand

Cement

Investfgations of the optimum Time confent {expecting the criti—

cal value to be in the range of 2% to 10% by weight of ground f1nes)

and catalysis effect of portland cement on compressive strength gain,
were conducted to determine if the addition of such nactivators” would )

be of benefit. The optfmum lime content was determined by using com-

pressive strength specimens consistﬁng,of 70% granular A, 25% pellets
and 5% total fines made up of various proportions of ground fines and

11me. These proport1ons are shown in Table 3- 19 with the respective

compressive strengths The resu1ts are also summarized.in Figure 3-7.
f

CEﬁbe specimens were prepared to determ1ne the catalysis effect

of port]and cement (type 10). These specimens consisted of ground

fines, portland gement and Ottawa sahd. Mix proportions and compressive

strengths for each test series are given ¥n Table 3-20 and Figure 3-8.

The lime and catalysis effects can be summarized as:
1. Eg:\the mixes examined, it was found that the pptimum 1ime
content was 5% by weight of total fines (ground fines plus

s111ceous mater1a15, or portland cement, the ground pellets

appear to conta1n approximately the amount of 11me which is -

necessary to produce the cementitious gel of tobermorite

assoeiated with the silica. It should be noted that this

\ Time)} giving a compressive strength of 1380'p51. Unlike other

LS
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optimum lime content determination was coﬁducted using a
spec1f1c aggregate comb1nation and ﬁine,j‘aIan with g1ven
curing conditions such as temperature and times. If a

differEnt combination of aggregates and ‘1ime and/or other
curing cd;ditionq were adopted for such an evaluation, ‘the

optimum Time content may.shift. It is-.apparent that the

L : . N
addition of small amounts of 1ime may improve the strength

while Targe amounts w111 significantly decrease the strength.
This indicates that 11me add1t1on is probab]y not requ1red
Some cake-sheuld be adopted in determ1n1ng the actual ca1c1um
oxide which is the effective component. The lime used was in
the hpdrated form, Ca(OH)Z, which has a molecular weight of

74 and purity of 94.5%. Therefore, the actual percent of

:ca1c1um oxide (Ca0) of mo]ecular we1ght 56 in this hydrated

1ime'is only 71.5% (56/74 x 94.5%). Thus, the effective Cal
content at 5%-hydrated 1lime by yeight of total Time (ground
fines plus lime) 1is reduced to 3.58%.
Another approach for determining the optimum lime content
is a method based on detecting the unreacted free 1ime in the
K

sx;tem through X-ray diffraction techniques [51]. Since

stabilized base desi

‘fg concerned with the strength of the
final product, the former approach was considered sufficient
1n deve]oping guidelipes.

In general, the cofipressive strength of the cube specimens

increased with greater portland cement content in the Ottawa

\

4, - - /‘/:

\
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sand, ground pe11ets and portland cement m1xes exceptsfor
those mixes conta1n1ng less than 5% portland cement., In
Figure 3-8, point (A) means slag cement as defined by ASTM
- - (£595-74, point (B) portland cément, and zon;:tc portiand
blast furnace slag cement, with regard to the composition.
. The depression of zone »{D) on the curvé may possibly be due
fo errors ip specimen preparation and‘curing procedures, or
-not enough portland cement content to integrate or infjuence
the catalysis effect. Also, it should be noted that ogher
pellet fines under various curing conditions may result in
different tréndé.
Step 6{ Antoc1aved Curing of Stabilized: Base Specimens and Brickn
oThe strength gain of stabilized base specimens and typical build-
ing br1c7€’nh1ch were made wikh various. éggregates and pellet fines
(LA fines) was accelerated by autoc]ave cur1ng at Ontafio Buiiding |
Supplies Limited who co-operated in this particular study Three
specimens for stab111zed base w1th 25% ?1nes. were autoclaved and then
tested for compressive strength in order to find the effect of auto-
claving on strength qain Thes? test resu]ts and a typical autoclaving
trace are shown in Tab]e 3-21 and Figure 3-9. These spec1a1 base
stabilization spec1mens were cured at 100 F for two days before trans-
portation in the still "green" state to Toronto for autoc]av1ng.' Three
sets of brick of ctandard size, 4 in. X 2 1/2 in. xl8 1/2 in., were
autoclaved and tesfed for compressive strength, modulué of rupture and

absorption.. These test results are shown in Tab]e 3-22. The bricks

et

e i
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were autoelaved with 3 hours to a pressure of 130 psi (347°F) 8.35

hours at 130 psi, 6.25 hours at 125 p51 ‘and then 3 hours blowdown.

The effect of the autoclaving was:

1.

After a curing process of 2 days at 100°F and 20 hours, in

o,

the autoclave, there was.a strength increase of approximately

+ 8% to 5,400 psi from the 5070 psi achieved with ordinary 7

days sealed curing at 100°F (see Test Series No 25 in Table’

3-13). This streng{? gain is not 519n1f1cant however, auto-~

claving does offer the feature of quick curing of building
products. .
The autoclaved brick results are very promising with the ASTM
specifications exceedéd in each case. The modulus of rup-
ture for the bricks is 11% to 14% of the compressive streagth
which is similar to the results observed for portiand cement
concrete. Bricks of higher unit weight show higher strengih
and lower absorption whiﬁh are favourable fegﬁures for build-
ing materials (coﬁparing B2 with B3 which used tﬁe same
aggregates and comparing Bl with B3 which used the same amount
of fﬁneé). These results indicate the importance of grada-
tion effects on density. A
It is felt that'gropnd pe]letfzed slag has definife appli-
catﬁons_in the manufacture of high quality building bricks and

that extensive research should be initiated on this topic.

The savings in cement cost could be significant.



— o ot — e

P i
'

199

©3-2 SLURRY SEALS

3-2-7 What is Slurry Sea]é - . . ' 1z

Asphalt mixes consistﬁng of bituminous Einders and mineral aggre-
gates can be p]aced.in the form of.a slurry with a workability simila}
to portland cement concrete and without any rolling. Two basic types
of slurry are hot mix mastic aspha1t_contrete, or guss asphalt as it
is called in Gérmany, and emu1s1f§ed asphalt slurry seal or cold

slurry. Guss asphalt is-a mixture that comsists of penetration3§¥ade

. asphé1t, mineral aggregates and filler, and éan be poured or cast in

place requiring no rol]ing‘or compaction. Emulsif1ed asphalt s1urr§
consists of comparatively fine éharp aggregates, emu]si%ied asphalt
and water, thal is mixed in a transif—mix truck to a free flowing con-
sistency, and applied by the squeegee aétion of a spreader box.

Mastic asphalt concrete_or guss asphalt is one of the main compo-
nents of the pavement structure, helping to support the loadings
imposed by vehicle traffic W1th6ut plastic deformation while resistinga
abrasion and proviaing skid resistaqce [23]. In contrast, emulsified
asphalt é]urry seals are not gehera]]y applied to obtain structiral
capacity or high abrasion resistance, but to fill vpids and cracks as
a maintenance procedure that often improves skid resistance [23]. .
Asphalt cement binders hold the aggregate firmly on cooling in the
case of mastic aspha1t'c0ncrete‘and after evaporation of water or by

chémica] "break" for emulsified asphalt slurry seals. This thesis

only deéls with emulsified asphalt slurry seals.

o

Fannd
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3-2-2 - Purpose of Sturry Seals

As- the name indicates, the primé'function of a slurry is to seal
the pavement surface restoring "1{fe" to hard, dry pav ent surf esy
arresting ravelling and disintegration of o]d worn sur aces,
developing or restoring safe, skid resistant surface texture. Seal
methods other* than s1urry seal are: fog seal, which is a Tight appli-
cation of bituminous materials; and, seal coat, which is a conven-
tional agpha1t and chip application. These two sea]ing'methods‘are \
quite different from slurry seal in application of ﬁateria];, and
processes.

Slurry seal is main1y‘used for maintenance of roads as fo]]owsr

(a) as primes before heavier plant mix surfacings;

(b) as finish treatments on Macadam type surfaces or chip cover ‘

seals; ) 7 | E
{c) to arrest scaling and deterioration of portland cemént_cohcrete . ;
paveﬁents; KIKJ o '

(d) to develop skid resistance on slick, fat, or po]ished surfaces,

(e} to renew dry, cracked, rave]]ing bftuminous surfaces, S

(f) as a retreatment prior to overlays;

(g) %or seal%ng'against the intrusion of water;

{h) to provide slight g#ﬁde restoration with a minimum effect on

. curb height; and | |

(1) to provide a uniform appearance and texture.

Also, siurrx seals can be applied for similer purposes to school play-

-
4 .

grounds, parking lofs, park driveways, pedeétr1an foatpaths, airport

ks
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runways and perimeter tracks j) A

~ The use of a slurry seal in a particular apptication is. usuaI]y

determined by the economics in comparison with other surface dressings -

"and by traffic control considerations. The giming of app]icatﬁon is -

another imporfanf factor fn maintenance ecnnomy. Figure 3-10 shons
the deterioration curve of a panement sur%ace for original and post.
s1urry condit1ons; The crosses on fhis figure indicate the proper

application of siurry to ecnndmize fheﬁbvera1i pavement maintenance

costs.

3-2-3 _ Types of Slurry Seals
Slurry seals can be categorized as anionic slurry seals or catio-

nic s]urry-seals depending on the type of.emulsified asphalt utilized

\ in the particular slurry. _These two types of slurry seals show a

marked d*f?erence in their cnaracteristjcs“that must be clearly under-

stood to take full.,advantage of their propérties with varying aggregates

and'app1icatibn conditions. Anionic slurry seals use anjonic emulsified

t

asphalts as theif cementing agent and were first applied in the 1920's
[96]. Cationic slurry seals emp1oy cationic emuls1f1ed asphalts as
their cementing agent and are a more recent development (1962) [96, 997
with first commercial app11cat10ns in 1964 or 1965, )

Depending on the number of courses in a part1cu1ar slurry seal
application, it can be c1pssified as a single course or a‘multi;ggnrse
siurry seal. Single gourse siurry seals have three basic fypes_-rfine,

general, and coarsé - according to the maximum size and gradation of

aggregates used. 1In multi-course s1unry seals, a thicker, coarser

o

s A
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FIGURE 3-10 DETERIORATION CURVE FOR A TYPICAL
PAVEMENT SURFACE [97]
4

w
Graph shows how plonned applications of slurry
soal vastly improve life span of povement.

Cost

of applications is substentially offset by repalr -

replacement savings.




slurry seal shou]d normally

However over badly cracked
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be used under a finer surface slurry seal.

surfaces, the finer slurry seal course can

be app]ied_first followed by a thicker ¢ourse. The first course, and

each course thereafter, may
is applied.

Quick set (anfonic or
developed fairiy recently th

problems which the previous

be opened to traffic before another course

cationic) emulsified asphalts have been
at provide the solution to setting time

slow set emulsified asphalts had been sub-

jected ta. These setting problems required great care to be taken with

the weather, and the closing of pavements for substantial periods.

Unfortgpate]y, many aspects
still in the developmental s
3-2-4 Mechanism of Slurry

The property of aspha1

of quick set slurry seal construction are
tages.
Seal Settmng

t cements in the emulsified state that enab]es

them to form an adherent coating on aggregates at relat1ve1y low temp-

erature is the high pressure induced by the surface tension related to

the infinitesimal radii of curvature of dispersed asphalt droplets. This

high pressure lowers the temperature at which the asphalt flows and

adheres to the aggregate particles. ‘In a stable slurry which has a

runny consistency, the asphalt remains emulsified at least during the

mixing of slurry component’s.

Nothing happens to the majority of the

asphalt droplets until a process designated as the break (or set)-of the

emulsified asphalt begins.

‘{s beginning t and will

This break indicates that the runny slurry mix

soon become hard.

On the electrica11y charged surface of emulsified asphdit droplets,

the special emulsifiers in the asphalt react with the multi- va1ent

o

o
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aggregate surface or ions which are present. These jons may be released

from hard water that contains calcium 1ons, 1ime, portland cement, steel

slag, etc. Neutra]ization of . the e1ectr1ca1 charge allows the asphalt

droplets to coalesce or break, and the neutralized. asphalt drop]ets

attach to the aggregate forming 2 lattice of asphalt cement which gives

cohesive strength to the final asphalt cement-aggregate mix. Figure

3-11 shows this mechanism between anionic quick set emulsified asphalt

droplets and cations reTgaSed from the aggregate or mineral fillers.

Figure 3-12 shows the corresponding reaction between aggregate and

cationic emulsified aépha1t.

The mechanism described abave shows the 1nitta11chem1ca1 set of

quick setting emulsions resulting in cohesive strehgth between asphalt

and aggregate: Further -strength can be developed due to the dehy@ration

of the system. This dehydration is accelerated by higher temperatures

and lower humidity as in the case of the slow setting types of emulsi-

fied asphalt in which attachment of the asphalt to the aggregate is

accomplished primarily by evaporation of water. Figure 3-13 shows the

cohesive strength due to jnitial set and dehydration. Although the final

cohesive strength of both quick and slow set emulsified asphalts reaches

the same valve, the ipitial early strength by quick break is the main

concern in slurry seal construction.

oL

it should be noted that the addition of port1and cement or 1ime to

the slow set type emulsified asphalt aggregate system does not cause a

quick set reaction. However, for specially developed and designed quick

set emulsified asphalts, port1and cement or lime is required to "trigger”

the chemical -setting mechanism. Without such mineral fillers (portiand
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ANIOHIC (NELATIVELY

LHARGED) EMULSFED
ASPHALT

THE CEMENT OR LINE
FILLER RLLEASES
MULTIVALENT CATIONS
(e cas’ H REACT
WITH THE SPECIAL
Qs EMULSFIERS

»

AND THE EMULSIFIER 15

.RENDERED INACTIVE

NEUTRAL ASPHALT PARTALES.
NOW ATTACH TO THE AuuRE-
GATE AMD COALESCE THE
SLURRY SEAL MIX1S MOW SET,
HAS TENSILE STREN.TH AND IS
UNATTECTED BY WATER (Ram
RESISTANT)

FIGURE 3-11 SETTING MECHANISM OF ANIONIC QUICK

SET SLURRY SEALS [30]
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cement or lime) , the quick set slurry mix.will behave Tike a slow set
emulsified asphalt slurry mix. Since steel slag confaiﬁs free 1ime, it

may be possible tHat one of these specially developed emulsions can be

utilized in a steel slag slurry seal. -

After Slurry mixes start stiffgpﬁng or breaking, continued mixing
or overmixi g producé§ an uhacteptab1é distribution of asphalt on the
aggrégate The buik Q? the larger aggregate is i1eft partially uncoated
and thigk films remain on thé fines. When a'quick set emulsified
asphalt bfeaks. by mixing in ip appropriate amount of additional water,
urry can be formed containing coated, partja]]y coated and uncoated
particles, and solid or semi-solid particles of nearly pure asphait.
This mix 1s similar to a stable slurry formed by water-emulsifier-
aggregate witﬁout ashha{t.cement. " The longer mixing is undesirable and
causes the after-break mixing‘or entrainin§ of air into the system, and

results in a puffy malt-like appearance. This slurry also loses its

Justre and will often leave a discoloured spot on the pavement.

3-2-5 Mix Design Considerations for Slurry Seals
The two prime consideratioﬁs in the mix degign of slurry seals are
the behaviour of the slurry during mixing and p]aciﬁg processes and the
perforﬁance of the placed slurry seal under traffic action. Aggregates,
emulsified asphalt, water, additives and environmental factors are of
main importance to both design considerations, before and After p]aciﬁg
the slurry seal. The first four factors can be controlled, but environ-

mental factors (temperature, wind, humidity, etc.) , while avoidable,

cannot be control}eq.
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3-2-5-1 Aggregates

" Since aggregates'genefai]y occupy 87% to'94%-of the finished pro-
duct, the qua11ty and gradation of aggregates has an important influence
on the stability, break1ng time and performance under traff1c of the
slurry seal. The type of aggrégate used (e]ectro-positive, such as
limestone, or electro-negative, such as silica and quartz) determines
the emu1si;n type selected to insure the proper reactivify between
aggregate and emulsified asphalt. Generally, anionic emulsions are
adggxed with electro-positive aggregates and cationic with electro-
ﬁéﬁative. The maximum size of aggregate and gradation, as well as con-
taiﬁed plastic fines like clays, dre the most important considerations
in application of slurry seals. The optimum amount of emuisified
asphalt %s largely dependent on the aggregate gradation which governs
the specific surface and o1 absorption. It is critical that each

aggregate particle ends up with a uniform coating of asphalt cement,

ISSA (International Siurry Seal Association) specifications [100]

! for slurry seal aggregate gradations, as shown in Table 3-23, are typical

of the gradations suggested by various organizafions. Four types - fine
seal {Type I}, general seal {Type 11}, coarse surface (Type I1I), and

base course (Type IV) - are included in the ISSA specification for

aggregate gradations. Types I and IT are mainly for surface course appli-

cations, Type III for the first and/or second courses of two-course appli-

cations and Type IV for base courses. The effect of aggregate gradation
on the performance of a slurry seal is depicted in Figure 3-14.

A sand equivalent [40] of minimum 40 to 45 is recommended 1njorder
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to detect any potentfalldéfrimentalléffects of clay 1ike:p1as£ic.
Fillers. Such fillecs -are not generally detected in.tﬁé WTAT [24] -
(Wet track abrasion test) because the one Hour soakinékaerigg utilized
is not sufficient to ﬁause swel]ing..

(=]

3-2-5-2  Emulsified Asphalts

)

The selection of emulsified asphalt - cationic or anmionicy quick
or slow set - depend; on the choice of aggregate which is too often a
simple economic consideration. Often, this choice of aggregate should
also reflect the technical problems that can occur with some aggregates.
There 15 no appreciable effect of asphalt penetration on wear in the
range between 60/70 (SS-1h) and 200/300 ( 59 lh [40]. However, softer
grades are often used in cooler wea her and harder grades in warm
weather. The op£1mum amount of aggia1t (or emulsified asphalt) should
be determined from the viéwpdﬁnt of perforﬁance and overall cost.
Excessive emulsified aspha1t resﬁlts in a slick, b1eed1n§ surfacg as
well as wastefulness,. whereas too 11tt1e emulsified asphalt causes
ravelling, sanding and lack of adhes10n to exist1ng pavements. .

In order to avoid these'problems, the theoreticatl .asphalt content
is estimated assuming that the optimum pavement performance js attained
when each particle of aggregate is coated with asphalt cement to a
thickness of 8 to 9 microns.~ With.this assumption, the optimum asphalt
content is deiermined by the area method [40]‘0r California method [40].
The required asphalt content-is the .amount necessary for absorption

into the aggregate surface, plus the amount to,coat all the particles

to the desired thickness [26]: If neCessary, in addition to the amount

-
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of aspha]t required by the above two methods, extra aspﬁalt to fiL]

any pores in the underlying road surface should be app11ed

The wet track abrasion test has ‘been deve1oped for eva1uat1on of -

quant1tat1ve wear values, defined as grams wear per square foot of

abraded area, to determine if a s]urry seal desiqn will be suitabTe
"under simulated field conditions Correlation of WTAT results with

field performance has been 1nvest19aféd for 100 slurry sea1 projects,

resulting in an acceptable wear value of 100 [40]. An.Tncrease 1n .

emulsified asphalt content generally decreases the wear ‘value linearly

as shown in Figure 3-15 [40]. g:”'

)

3-2-5-3  Water

| Nater is used in the mix for two purposes to develop 2 uniforﬁ

dﬁspersion of emulsified asphalt overﬁaggregate surfaces, and, to 1nsure

cons{stency durihg appiication. In aetu31 practice, the latter is the

controlling factor. This water is ghpp]ﬁed by three sources: water in

the emulsified asphalt; moisture egsociated with the aggregate; ‘and,

prewet water if required. The total amqunt of water in the slurry from

all sources affects the consisteney;h Excessive water results in segrega-
tion and. rapid settlement‘of ffﬁe aggregate particles in the slurry,
whereas too littie water cauees balling and coagulation and. the slurry
becomes too thick to hand1e and place. The greater the water content,
the longer the period required for the emu1s1f1ed asphalt to break and
for “the aspha1t to attach itself to the aggregate. For a given aggre- .
gate [27], more total water is required with a cationic than with an
anionic emulsified asphalt. o L:Fj

PR S
v

. -_4I':_;'_..a'.}r RE



RS T s e e e s

214

-t

s

- -

\

RELATION OF EMULSIFIED ASPHALT CONTENT ON WEAR VALUE
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FIGURE 3-15 EFFECT OF EMULSIFIED ASPHALT CONTENT
" ON WEAR [40]
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-+ As’ 1nd1cated above the function of water in- slurry seal mixes

is essentially ?grcontrol the viscosity of the s]urrffﬂBﬁt water itself

does not affect myxing stab111ty A method for determining the optimum
water content for proper consistency has been suggested by Young [92]
(Young consistency test). The ;tick test [26, 27], is another simple
method that can be conveniently applied jn the field to cheCk the con-
sistency and stability of slurry mixes. |
3-2-5-4 A@d1t1ves.and Fillers

When ninern1_f1nes, usually passing the #200_§1eve (f1y ash,
portland cement, powdered limestoneadust), are used for improving the

gradat10n1 and they do not effect setting or stability, they can be

considered as fillers. ~When snch fines are used to modify the stability, -

acceleration or decceleration of sefting or breaking time, they are

considered to be additives. Chemicals such as Redicote E-11 [96] and

acid chemicals for mixing aids [59] are;common edditives. Depending on

. their function, lime and portiand cement can be fillers, additives or a

combination.‘ Thus, often there is no demarkation line between a proces-

sing aid (additive) and a gradation modifier (filler).

—

IRT——

Hith some combinations.of acceptable emulsified asphalt and aggre-
gate in opt1mun proportionsf no amount of added water will result in a
A \patab1e mixture in which the heavier material remains in suspension
“Mine:gl‘f111er notably portland cement often overcomes this def1c1ency.
Ihis‘hoﬂification is essentia]]y due to the higher density of a 11qu1d
mix of f1]1e (portland cement) and emulsified asphalt, analogous to the

use of bentonfte\muds to support open excavations.
. \ .
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3-2-5-5  Environmental Effects
Uncontro}]ab]e environmental effects such as temperature, rela-

tive humidity and wind velocity have “an Jimportant 1nf1uence on the

_placing and curing rate of slurry seals. ln hot weather, the m1x

will set qbickly because of accelerated chemica1 setting and rapid
dehydration. Higher wind velocity and lower relative hum1d1Q3falso

acce1erate the dehydration resulting in quicker-curing. Since rain

~ can ruin a slurry that has et, it is critical _that applications

]

have favourable conditions during the curing per10d.'

3—2—6 Sturry Machines |

Self- prope11ed s1urry seal machines have been developed. Typi-
cat\y. these. machines have gquipment to perform two functions: slurry
mixing which'inynlvns aqgreqnte-bins, agqreaate gate and mixer; and,
slurry spreading which involves a‘spreader box with rubber squeegee,

slurry divertor and compartments The auxiliary equipment includes an

‘emu1sipn pump. fines feeder and water ‘spray bar. Generally this equip-

ment is a11 mounted on a truck and somewhat resembles a ready-mix truck.

Equipment is also required to prepare a clean surface for.application.
Water that evaporates from the slurry will leave an air voids
content as high as 25% 1n the cured s]urry In wsual practice, these

voids are reduced under the action of traffic compaction. If traffic

'comﬁaction is not ant1c1pated. rolling qén'be used to reduce the voids.

A re1at1ve1y iow voids content is- neceséary to minimize water penetra-

tion and weathering. As slurry seals are becoming more common, and

require a finer aggregate gradatiom, this may be an excellent usage for
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steel slag.
3-2- 75 Detai1s of Materials Used for the Stee] Slaq
_S1urry Seal Development Research

'Stee1 Slags, emulsified 'asphalts and pickle liquor, which were

* described in -general earlier, were used to 1nvestigate the high l1meJ

content problems involved in deve]oping steel slag slurry seals. The

pickie liquor was used primarily in attempts to "neutralize" the steel

s1ag.

3-2-7-1 Steel Slags

steel slags supplied by STELCO and DOFASCO have high: free 1ime
contents that are typical of most steel s1ags.‘ Two types of STELCO
steel slag, from épen heartﬁh(OH) and basic oxygen furnaces {BOF), were
analysed by the STELCO Research Centre for chemical composition. These
chemical compositions are given in Table 3- 24. Typical gradations of
cteel slags are given in Table 3_25. It shou]d be noted that there
will be day-to-day and evén batch-to-batch variations in gradation and
chemical composition of stee] slags according to the specific process
and product involved. A bulk specific gravity of approximate1y 3.3 and

PH of 10 to 11 is typical for these steel slags.

3-2-7-2 Steel Pickle Liguor
Spent su]phur1c acid pickle 1iquor from the hot strip mill and
zinc sheet mill supp11ed by STELCO were ‘used as received. A chemical

analysis of pﬂck]e 11quor from the zinc sheet mill determined by STELCO

T

g e Tala S
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CHEMICAL COMPdSITIQN OF.STEEL SLAG [23]

(BY, STELCO)
]
PERCENT
CONSTITUENTS OH BOF

Calcium Oxide - Ca0 25.8 41.3
Silicon Oxide SjO2 16.4 15.6
Aluminium Oxid AL,04 2.4 © 2.2
Magnesium Oxide~— ‘Mgo ,10'0 6.9
Iron Fe0, Fe203 26.0 | 20;6
Sulphur

Manganese Oxide Mn0 \) 11.2 8.9
Titanium DiOxide 110, @ 0.8 0.5
F}ee Lime Free Ca0l > 2.1 3.3

218
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. | . TABLE 3-25
GRADATION OF STEEL SLAG.[giI
w »
| . PERCENT Pgssrﬁg‘
SIEVE SIZE N
= FROM STELCO - FROM DORASCO
3/4" 100.0 100.0 .
172" 99.9 100.0
s | 3 95.1 96.3
#4 64.3 60.0
#8 34.8 . 35.8
416 18.3 21.6
#30 10.5 13.6
#50 7.0 \ 8.9
#100 3.9 u 5.3
#200 1.3 1.6
.

ko
~ Average for OH and

-

{

BOF steel slags
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showed the following composition; Free H SO4 - 47 a0 grams/]iter,
Total: S0, - 94.70 gr/1; Total Fe - 0.80 gr/l; and Z1nc - 20.00 gr/1.

3.2-7-3 Emulsified Asphalts
_ Bawmic detaiIs on the emulsified asphalts used are given in Table
3-26. Both the supplier (Chevron Aépha]t Company,‘Limited) and ASTM .

designations are given.

3-2-8  Test Methods a
The various test methods used during this résearch on steel slag

slurry seals are listed in Table 3-8. N

3-2-9 . Steel Slag Slurry seal Testing Schedule

| Steel slag containing a fair amount of free 1ime and with a PH
of iO was investigated for potential sturry ceal design using Qs- h Qs-¥h
and $S-1h emu1sifieé asphalts or biends of these emulsions. The grada-
tion of the steel slag was controlled by sieving out oversized material.
The sand equivalent was determined for this controlled gradation.
Optimum asphalt contents were ca1cu1ated using the area method and
california Highway Department Method. F1na11y, Young consistency tests
and wet track abrasion tests ‘were conducted on the variods “steel slag
slurry seal mixes. A summary of the slurry seal test program‘is given

in Table 3-27.

_ Lommas e
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TABLE 3-27

STEEL SLAG SLURRY SEAL DESIGN PROGRAM

STEP

PURPOSE OF TEST

Steel s]ag and cationic quick set emu]s1f1ed
asphalt (QS-Kh) s1urry seal exam1nea for
setting prob1em

Neutralization of steel slag with pickle
Tiquor in attempt tb reduce the high free lime

content problem in slurry seal mixes.

(a)

Stee{ slag, anionic quick set (QS-h) and
anionic slow set {$S-1h) emulsified asphalts
used in slurry seal mixes.

Biends of anjonic quick set {QS-h) with anionic
siow set (SS-1h) emulgﬁf{éd asphalts used in

slurry seal mixes.
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3-2-10 Test Results and Discussions

Step 1: Setting Problems and Neutralization with Pickle Liquor

v A o e R T

DOFASCO basic oxygen furnace steel slag (BOF slag) and cationic
quick set emulsified asphalt (QS-Kh) were used to form a s1urry-sea1._
The original gradatibn of steel s1ég with 34.4% retained on the #4
sieve was too cogise to meet the gradation requirements of a Type I
slurry seal. All material retained on the #4 sieve was removed to
obtain a gradation reasonably close to the Type I specification. This
gradatidn is given in Table 3-28. Further changes were not made to the
gradation since these would be d1fficﬁ1t to perform in practice. It
was found that the sand equivalent of this controlled gradation steel 4
stag was 77, which is much~higher than the minimum requirement of 45.

The theoretical asphalt contents were calculated using the area
method and California method. For the gradation used, the measured
value of specific surface area (SA) was 43.0 ft2/1b, the apparent_specific
gravity {ASG) was 3.4 and the Centrifuge Kerosene Equivalent (K) was
4.85%. _ |

(a) Theoretical Asphait Content by Area Method

Tota) asphalt content (%) equals the amount required to coat

all of the aggregate particle plus any asphalt absorbed by

the aggregate:

-3
- sA x 2-65 x 2.67 x 10 x 62.5 + K
ASG

1}

43.0 x %;gi x 2.67 x 16"3 x 62.5 + 4.85 = 10.4%

e ———
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TABLE 3-28
_ CONTROLLED GRADATION OF STEEL SLAG |

| ) SPECIFIC SURFACE
SIEVE SIZE | % PASSING | SP. SURF. FACTOR SURFACE AREA
3/8" 100.0 ' 2.0
#4 100.0 2 2.0
48 610 4 2.4
6 3.2 8 3.1
#30 26.8 14 3.8
#50 20.2 30 6.1
#100 14.4 . 60 8.6
#200 9.4 A 160 15.0
TOTAL ' ' | 43.0
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| (b) Theoretical Asphalt Content by California Method
" (Test Method - C&lifornia No. 355-A) .

Total aéphalt.content (¢} = 1.21 x K x ASG + 0.68

1.21 x 4.85 x 3.4 + 0.68 = 20.6%
The area method gives a significantly lower asphalt content than the .
Ca]ifdrnia method. The oftimum asphalt content is often found to be -
épproximate]y'the mean from these tﬁo methods - = 15%.

Based on thése theoretical values, a range of possible optimum
asphalt contents from 12% to 20% were used to eva]uafe_the wear Qa]ue
of steel slag slurry mixes. The amount of cationic quick setting Emﬁ1sif1ed
asphalt corresponding to the required asphalt cement content (emulsified as-
phalts contain approximately 60% asphalt cement) was poured into the mﬁiing
bowl. Then a control%ed amount of steel slag that had some pre-wet

.

water in it was added and mixed, followed by additional water until a . ¢

il

suitabPe congistency as determined by the Yodng Consfstency Method, was
achieved. Finally, WTAT specimens were prepared and tested to simulate
the abrasion effects of traffic. These wear values indicate the expec-
ted performance’of the slurry seal design in fhe field. The test results
for this preliminary study are shown in Table 3-29. |

It is'normally ;xpected that as thg asphalt content is increased,
up to a rich mix, that the WTAT wear w111‘decrease. However, the test
results turned out to be in reversed order of wear va1ues; These
reversed results were all caused by a unsafisfactory sefting of the
slurry and the dif%erent curing conditibﬁs. The';ower wear valiges of
Sets 3, 4 and 5 as compared to Sets 1 and 2 were caused by having to use

A

higher‘curing temperatures. Sets 1 and 2, cured with the normal procedure
A .

NS
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- of 140°F for 15 hours, show h1gher wear values than the maxﬁﬁm \ _

of 75 usua]ly spacified. It can be assumed from this, and sone pre-

vious field trials, that these unsatisfactory resu1ts are due

“high Ca * jon content which is released_from the free lime in steel

slag. The Ca++ jons prevent. the cationic emu]sified aspha1t from
neutra]izing the electric charge on the aggregate. As a resu]t, the

asphalt droplets are unable to coalesce or break and do not attachl%

‘the aggregate to develop the required cohesive strength. However,

these mixes do give good workab111ty ané consistency: during mixing and

preparing the specimens as 1ndicated by the Young consistency test
results. What is required is-a s]urry\sea1 design that w111 maintain
this consistency and st111 break and cure properly.

. From sets 1,2 and 3 1t is apparent that an elevated curing tem-..
perature‘(lh.hours at 230 °F) can. accelerate the setting and improve the
unsatisfactory mixes through comp]ete evaporation of water .in the mix.
While this prevents the adverse act1v1ty of Ca ¥ {ons in the slurry
seal mix, these favourable cond1t1ons cannot be expected in the field.
In order £3 solve:this sett1ng prob1em, the a1ternattve use of anionic
emulsified asphalts was adopted for further tests. |

In an attempt to control the PH value of the steel s1ag - cationic
emulsified asphaTt-water ~-system, steel pickie 11quor containing about

5% free H2504 was added ‘at the rate of 2% by weight to the mix. This

f/’;;\a pickle 11quor caused severe bubbling in the slurry mix due to .

chemical reactions between the free 1ime and p1ck1e 1iquar, The result-._

ing slurry seal, when cured, still proved to be unsat1sfa6t3ry It was

also felt that acids might cause corrosion problems .with the expensive
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s1urry seal equipment

To decrease the free 11me problem with steel slag as a slurry

- seal aggregate washing with water was a1so tried. Each 300.grams of
3-BOF dr*OH steel slag was subjected to 17 cycles of washfng-with water.
'The 1n1t1a1 200 cc- of water was replaced by 150 ¢c of fresh water

) after each 24 hours of {mmersion and the PH was mon1tored 2 to 3 hours

later and.gust before the next cycle. It was found that the or191na1
PH of 10.5 was not reduced after 17 cycles of this washing operation
It is doubtfu1 that further washfng cycles would eliminate the Ca + _
jons. It is possible that larger- volumes of wash water may have worked
However. these methods are not practical from an applications .viewpoint.
The simpliest approach would be td change one of the codstftdents.rand
sfnce steel slag was a fixed'ingred1ent; only. the emulsified aspha]t
offered flexibility. | |

Step 2: Tests with Anionic Emulsified- Aspha1ts

Anionic quick set (QS-h) and"slow set (5S-1h) emulsified aspha1ts
were next used in the steel slag slurry seal mixes A new, coarse

gradation of steel slag close to Type IIl was used as shown in Table

“3-30.

The opt1num asphaTt cement content for this gradation was. ca]cu1at ’

ted to be 11% and 18% by the area and California methods. respecthely

These results were based on a specific surface area (SA}-of 52 8 ft /lb

apparent specffic_gravity\(ASﬁ) of 3,4”and CKE (K) of 4.3%. Mixes were
prepared for aSpha)t'dbment contents of 8, 12, 16 and 20% .using the ‘

\ahdonic quick set emu1sion'(QS—h). The breaking of this special anionic

dﬂfck ;et emulsion 1s tr1ggered'by 1ime and/or .portland cement {1.e..



TABLE'3-30:

. GRADATION OF STEEL SLAG (DOFASCO-BOF) ~

p;RCENT-PASS{EE ] spectFIC SURFACE.
s1eve size| OV " CONTROLLED SPECIFIC ‘SURFACE
‘ GRADATION GRADATION FACTOR AREA
/2" 100.0 100.0 }
. 2.0
38t s | 96.7 100.0 | |
#4 79.1 0.0 2 v8
8 42.8 72.5 ! 2.9
#16 23.4 60.0 8 4.8
§30 16.2 41.6 14 5.8
#50 10.9 28.0 30 B.4
#100 6.2 16.0 60 9.6
#200 2.8 7.2 160 17.5
TOTAL 528

229
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ca ions). A1l of these slurry seal mixes broke in 2 to 3 minutes,

50 qu1ck1y that preparation of specimens was not possible. As soon
as mixing was stopped the slurry began to stiffen. and temixing was
‘prevented \

These test series 1ndicated that measdresanere necestafy to
_retard the setting or break1ng of QS -h with steel s]agl One possjb1e
method would be mixing QS-h with SS 1h to moderate or proportion the

breaking t1me of these siurry mixes. Mixes were designed so that the:

- combination of QS-h and SS-1h emu151f1ed aspha1t used resulted in 8,

{5

10 and 14% AC 1n the f1na1 s]urry seal after setting The ratios of ‘

" QS-h to S$- ]h ‘were 50/50, 30/70 20/80, 10/90 and 0/100 (SS -1h a]one)u

in order to control -the setting time, since Qs- h alone sets far too
quickly in contact w1th the aggregate wh11e §5-1h shows the opposite

~ trend. The stee1 slag used in these tests was found to be as f011ows:
bulk specific gravity of 3.3 for coarse slag (+#4 sieve) and 2.9 for
fine slag (-#4), apparent specific gravity of 3.6 for coarse slag

(+#4) and 3.4 for fine slag (- #4). sand equivalent of 77 for fine slag ’
(-#4); CKE averaging 4.2%; specific surface of 17.3 ft 271 (-3/8" sieve);
and, optimum asphalt content of 6.5% and 12.9% by area method and
Ca11forn1a method._respect1ve1y.

The slurry mix-test specimens were prepared'and tested for slurry
seal setting time (Chevron Test Method P-8), s]urry seal setting test
(Chevron Test Method P-11) and WTAT to evaluate the setting prob1ems.
These test results are summarized in Table 3- 3, anEQF1gure 3-16.

The best resulis were found to be for a 10% to 14% asphalt cement

content with a-QS-h/SS-]h ratio of 20/80. Lower'aspha1t cement contents
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than {0%, which is the optimum asphalt cement content by average of
area and Ca]i%ornia.metﬁod;\cause cracking due to a deficiency of
binder, and a higher 0S-h/SS1h ratio than 20/80 does not allow enough
time for mixing andop]acing the ;lurry seal éven for laboratbry speci-
mens. -

It is believed that the -3/8" gradation gives a poor surface
appearance (but high skid resistance) and most agencies woﬁld look for
"a -#4 design gradation. These preliminary results indicate that by
proper blending of anionic emulsions, a satisfactory steel slag slurry
seal can be designed. However, since the lime content is probably
éritica] to the design, the inherent variability of steel slag composi-
tion will require a separate des1gn for each type and supply of steel

stag. .
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3-3  DATA BANK SYSTEM FOR NASTE'UTILIZATIOQ -

As a backlog of information on waste ut11izat10n soon accumu]a-
ted and continued to accumu1ate 1t became necessary to develbp a
computerized waste ut111zat16n data bank system to store the essential
details on each referenge.related to waste utilization for easy .retrie-
val and analyeis. fhis data ‘bank is based on the keyword concept where
the computer is used to store.and locate references on the basis of
certain keywords that best degcribe the_1nformat10n contained in the
references For this purpose, ebout 600 keywords were selected that
were most suitab]e.for describing waste utilization techniques from
references in tructures, transportation, geotechnical, general waste
management a production, etc: These keywords were coded and sorted
numeriqal]y and alphabetically. An importance factor’ indicating the
significance of the reference. and, a location factor indicating the.
availability of the reference (for example, the reference may also be
from one of several abstracting services such as IRF, HRB, Institute
for Scientific Information, etc.), are also used to increase the
efficiency of the data bank. Some of the available 1nformat10n[on
waste utilization in construction was 1ncorporated inte the data bank
and it is intended to continually up-date the data bank by monitoring
the techn1ca1,1it;h@ture and'subscr1bing‘to the pertinent abstracting -
sere1ces. Also, it is planned to make the waste utilization data bank
available to other researchers.and co-operate with other systems to
avoid duplication. \

Thie data bank system has been made a sub-set of a general Civil
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¢
Engineering Reference-Program Utii%zation (CERPUS with the assistance | ;
of Mr. Paul Gripwell. Since CERPU works 1n either the batch or inter- -
‘act1ve mode it can be used a} other 1ocat1on9~ The typ1ca1 output.
format for a CERPU reference and one of the many CERPU referenees

prlnted for-a typ1cel/gearch involving base construct1on using slags

are shown in Table 3-32. This CERPU search had the constraints that ¢/7'

- g

any reference must have the keyword "base course“ and at least one
other keyword from the group of "s]ag”, "air-cooled slag" and "grehu-
lated slag”. . \

While the preliminary work on CEﬁPU was completed during this

thesis research, the system soon grew to be an independent project.

This system is still based on the general concepts developed above,
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. CONCLUSIONS AND RECOMMENDATIONS

 CONCLUSIONS y

The researéh resﬁ]ts_cah be summarized in three main areas:

A’ satisfactory base stabilization process utilizing ground pelle-
tized blast furnace slag as‘thé cementing material has been
devéloped. Typica1 mix\designs consisted of 70% air-cooled blast
furnace slag (-3/4" crusher run granu]Pr Aj, (30-x)% pelietized
slag and X% pelletized slag grquﬁﬁ to i#ZOO, with approximately -

10% mixing water. The basic requirement of a developed compréss—

jve strength Af at least 500 psi after 7 days‘sealed curing at
1

100°F was readﬁ1y achieved for Wixes containina relatively low

percentages of —#200rground pé11ets (for example, 600 psi when X
equals 2%). Further tests 1nd1cated that higher compressive
strengths are deve]oped if a]I of the pelletized slag used in the
mixk(30%) is ground so that it contains the desired #200 content.
These higher compressive strengths are probably related to the
creation of fresh, more “active" surfaces when the coarser pellets
from the grinding are also utilized. It should be noted that none
gf these designs require& the use 0f‘po#t1and cement. A fu_gr of

other aspects of pelletized slag base stabilization wére consid-

ered such as energy utilization, catalysis effects of portland

™y

cement and lime, glass content of peliets, and fly ash utilization.

The setting prob]ems associateéxyith the high 1ime content of
steel slags in emulsif1ed asphalt slurry seals has been ‘overcome.

A blend of 20% quick set and 80% slow set anionic emulsified

-

1 D b ad



239

asphalt resulted in 2 suitable slurry using a relatively coarse

steel slag gradation (-3/8"). Attempts to neutralize the stee)

ful. 7 “ |
\ large amount of information on waste and secondary product ytili-
zathon in highway constructions wasaaccumulated and sﬁﬁmarized .
during\the research work. This information is given in tabular
or summa&(\form at pertinent locations throughout the thesis. A
waste ut11izat10n data bank CERPU was initiated during this
informat1on retrieval aspect of the research and now forms a work-
ing system in the Highway Materials Laboratory
It is believed that the detailed studies on pelletized slag
stabilized base and steel slag slurry ceal have indicated the largely
undevéloped poteqtiaI for waste and secondary product utilization in
highway constructjon. The summary {nformation on waste uti]ization.that
is 1ntegrated'thfougho$f should assist in developing future utilization

studies. \

\

4-2. RECOMMENDATIONS _

Many of the research findings are of a preliminary nature and
require additional confirmation and eftension. Recommendation for future
studies can be summarized under two main types: -

1. Base stabilization utilizing ground pelletized blast furnace slag.

(a) Methods for speeding up the. relatively j?;;Dstrength -develop-

ment -of slag-cement materials (cata1ysis agents, fineness,

glass content, storage, handling, etc.).

slag with spent pickle liquors or water washings were not success- °

Lt b e e s L
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Practical grinding methods that Ho not requife dry materfalﬁ
(Pptimum mo1sture content, type of grindér. ﬁandling, etc.).
U£11izat10n 6f_natura1 éggregates_and soils in the base
stabilization. ‘

Correlations between strength development. glass content and

pelletized slag chemistry and composition (i::lud1ng tempera-

ture effects). o~

Critical evaluation of the freezg-thaw_and_wet—ary'perform-

ance of stabilized base.

Field app]iéations and testing of the laboratory developed

desians (1nc1ud1ng rate of curing).

Some of the Zbove aspects have been- considered, or are be1n§_

considered, during extensions of the laboratofy work to field app]ica-

tions sponsored in the Highway Materials Laboratory by Natignal Slag

Limited.

2. Emulsified asphalt slurry seal incorporating steel slags.

(a)

(b)

Q 2(e)

Field app]igé}ion; of the laboratory based design (mixing,
- ' ~J

placing, setting, etc.). .

Consideration of -other gradations and‘types'of_steelhs1ags

(finer gradations, open hearth steel sl}g;‘etc.). ?
Production-of blended anionic emulsion suﬁtable for specific

steel slag lime contents.

The assistance of slurry seal companies w1ll:bé required with many of

these ‘studies. ° L)

Obviously, the waste utiIization(Hata bank, CERPU, must be main-

Y} “tained and kept current. Hopefully, CEFFU will be made avaiiab1e to
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APPENDIX- 2-V

Ultra-Vio1et’Test Method [60]

An u1tra _violet test method has been developed by the German Research

Institute Under the assumpt1on that there exist var1pus kinds of glass

with different hydraulic characteristics. In order to separate the

different tyees of particles., the slag particles are exposed o ultra-

yiolet 1ight to luminesce.

ﬁErtiéles which have pink radiation colours

It was indicated that

op the highest strengths; yellow, grey-brown and blue radiation

ains wh1ch include crystalline

o1ours i d1cate 1ower strength -and, gr:

nd show blue and violet colours develop 1ittle i}rength
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APPENDIX 2-2

N :
~
Procedure for Determin%ng G1as; Content
Microscope

Nh11e an 0lympus Tr1nocu1ar Model ECE Tr-1 microscope has been used,
any microscope with the general po]ar121ng features indicated below will
be suitahlg\- This microscope is.equipped with a Model LSE high power )
interchangeab]e i1luminator with transformer, eyepiece of PO10X (po1ar1z—
ing), and objectives of 4%, 10%, 40X, and 100X This allows magn1ficat10ns
of 40X, 100X, 400X and 1000% which 15 more than adequate for glass content
determinations. The lower polarizing element is carefully adjusted ta

insure cross-polarization can be achieved, and the eyepiece can be adjustéd

quick]y from plane to cross-polarized light.

Preparation of S11de Spec1mens p

Representat1ve samples are mixed and quartered down to about 15 to 20
grams, and the whgle of this amount is then ground to various sizes such
as #100 to #200 (passing ipréqgh #100 sieve and retained om #2060 sieve),
§200 to #300 and #300 td #400 for each sample. ’

A very small amount of the desired size is then spr%nk]ed on a micro-
scope slide. A drop of Ethylene G]yco] (HOCHZCHZOH) is applied to the
centre portion of the sprinkIed sample. A coyz;/b]ate~1s then placed on
top of the sampie. The Ethy1ene Glycol then spreads below the cover plate

by capillary attraction. After this occurs, the cover plate is sheared

gently to form a un1form,(sing1e layer of particTes (care must be taken to
o 1 ) P

p
AN

]
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. avoid air bubbles forming). Prepared slides should be\]ébe11ed and hand-

i

1ed-carefu]1y.

Examination of Spec1mens |

| //, The prepared specimen slide is mounted on the stage of the m1croscope,

‘ which has Fine vernier horizonta] movement controls ‘This mounted spec-
imen is then examined under plane and Cross- polarized/)dght" Amorphous
glass does not transmit cross-polarized light, but chstai11ne glass
does and tends to grow. The determination of glass gontent is based on
the average of 2 or 3 eounts of 40 individual oarticles which appear at
the cross-hair-as the specimen 1s moved along one axis by the horizontal
vernier. The glass content of individual part1c1es'1s estimated to the.
nearest 10% by checking each particle (if necessary) under plane and

J cross-polarized light. The s]ide is moved from one end of the cover to
the other end along one line, until an adequate number of particles are

'{zgounted- ‘

| This general method of amorphous glass content determination follows

that in the Particle Atlas [50].

Application of Method
" The eyepiece of PO10X was combined with the appropriate objectives
according to the sample particle sizes. to get the optimum condition for

glass content determination:
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‘ -
particle Size ' Objective _Magnification; o
450 o #100 10X 1 qoox
#100 to #200 D
#200 to #300 Caox 400X
#300 to #400
 -#400 100X 1000X

However, particle sizes of #50 to #100 down to -#400 were; used to

find the effect of particle size on glass content. The examination of

-#300 partigle size is so fine that even under 1000X magnificatton it
aregd o

is t to estimate the glass content of each particle. A
particle size of #200 to #300 is mainly used under 400X magn1f1cat16n\
because this size and magnification gives a reliable cleafF count for

each parfﬁcle.

U
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APPENDIX 2-4

Cost of Manufacture of 5159 Cement .

=
Description \ Cost ($) per barrel Remarks
Mi1l force, labour, superintendence 1.890
coal 125 tons 10-12 $/ton” 0.300
lime 48 tons 24 $/ton 0.230 | a
slag 900 tons _ 3.75 $/ton 0.675 |
repair ° o : - 0.160
oil and grease 0.080
contingencies ,. . 0.065
Total o 3.400 18 $/ton

Note: ,Data_from'Mary1and Cement'Company. which
’ has the production capacity of 5,000
barrel/month [22].

-/} Costs for each {tem are adjusted from the.
, : original total cost of 0.35 $/barrel
( : {(1.88 $/ton).
\T;nergy Requirements for Slag-Cement Manufacture -
Dkg process ' o

Y. Slag drying data at 500°C for removal of firmly bound water (refer to
Table 2-24? indfcates 9% by weight coke 1s required. . Howeves. of
this, only about 10% 1s actually required for evaporation of the free
water prior to grinding. Therefore, for one barrel, energy required

1s:
. 376 1b'x 9% x 10% = 3.38 1b of coke
3.38 1b x 13,000 Btu/1b = 43,900 Btu/barrel.




2.

3',

' , ) o 256

Grinding to Fineness 76 mesh (82-92% passing)

450 to 800 Kg/hr using 25-30 Hp requirément [22]
2 66 to 4.65 barrel + 61,800 to 76,300 Btu 19,000 Btu/barrel

Total, 43,900 + 19,000 = 62,900 Btu/barre!

]

" Wet Process [18} p 48

1.

Grind1ng 55 Kwh per ton = 10 3 kwh per barrel
. 35 000 Btu/barre]

£ : ~;7'.:~
. .



