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-SYNOPSIS~
The sulfate resistance of two currentiy nroduced
Turkish portland cements, Bartin and Darica and
the contribution to this effect of four additives,
namely, Kayséri pozzolana, Tung¢bilek fly-ash,
Karabiik blast-furnace slag, and ground brick
are studied; and the significance of factors
iniluencing sulfdate resistance are determined.
Meﬁhods of meaéuring sulfate resistance arc com-

pared and discussed in view of the literature survey.
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CHAPTER I

INTRODUCTION

1«1 Introduction

Sea-wafér and ground waters containing sulfate ions are known to
“have caused deteriorétion.on concrete structures. The binding compo-
nent that is the set cement is subject to this deterioration. The be-
haviour of concrete in sulfate-bearing soils and in sea-water attrac-
ted attention as far back vas the latter years of the nineteenth cen-
tury. The records of laboratory and field studies since then are nu-
merous. Early studies were concentrating on the relative effect of
various components of cement on its resistance to the-éhemical action
of sulfates, Soon specifications for sulfate resisting cements were
developed.(L,Z). .

Another objéct wés the development‘of;a-testing method, poséibly a
quick one, for the determination of sulfate susceptibility. of cements(3,4).

Later on the effect of substitution of certain materials, i.e. ,
pozzolanas and slags for a paft of cement on its sulfate resistance
were studied. To these studies, inVestigation qf certain physical re-
gquirements for long-time concrete durability against sulfate exposure
vere added{5,6,7). '

In Europe and America, the'problem was realized, studied and cer-
tain precautions reducing the problem to an in significant level were
proposed, though still certain points exist for iﬁvestigation and cla-
rification(3,4).

In Turkey; the realization of the problem is recent(8)Only some
case-~histories and very limited research exist at the present.  Since
the sulfate aitgck itself was iﬁvéstigated extensively abroad for quite
a long period of time, the study presented here was directed mainly to-

‘wards the possible preventive measures easily applicable in Turkey.
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For this, four materials obtainable in Turkey (one natural, three arti-
»ficial) as additives to cement and two currently produced cements wvere
studied. Three methods of quantltlatlve measurement of sulfate attack
were employed along eith certain quantitative approachs.

Being one of the first studies on this subject in this country,
this research cencentrates in putting a hypothesis forward to guide
the further studies and'presenting a basis for such investigations as

far as materials, measurements and methods are concerned.

1.2 The Statement of the Problem .

Concrete is a composite material which consists essentially of a

binding medium (matrix) within which are embedded particles or fragments
of a relatlvely inert mineral filler (aggregate). The sulfates of sodi-

‘ !
um, magne81u and calcium present in alkali s0ils and waters are known

to have caused.deter;oretlon of many concrete structures. Binder is
the component of concrete which is subject to this deterioration. The
.sulfates of sodium, magnesium and calcium>may be NaZSOA (Glauber's salt),
MgSO4 (Epson salt), CaSO# (gypsum or selenite).

The sulfates react chemically with the hydrated lime and hydrated
calcium aluminate in the cement paste to form calcium sulfate and cal-

cium sulfoaluminate respectively, these reactions being accompanied

by considerable expansion and distruption of concrete((9). The dest-
ruction is caused by disintegration of the cement and by the conside

rable crystallization pressure. Durihg the hardening of cement hydrated
lime is freed in large quantities and this enables the formation of solub-
‘le aluminates. ’

Therefore, specimens in sulfate solutions deteriorate by the action

of two distinct processes namely: Dby expansion and subsequent distruption

and by destruction of the silicate hydrates due to chemical action, The

second process causes a disintegration (10), These reflect the two as-
pects of sulfate deterioration on concretes: physical and chemical.

A mortar attacked by sodium-or calcium sulfate ultimately becomes
more often of hard granular particles. Concretes which are mildly attack~
ed by sulfate have a whitish appearance. After further attack, they
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expand, cfaék, and spall but pieces remain hard. In later stage they

become friable and finally reduce to a soft mud.

1.3 Background of the Problem

The presence: of gypsum beds and undesirably high concentrations

of sulfate in most of the ground waters in Turkey is a source of prob-
lem in many structures constructed by various agencies i.e. The Minist-
ry of Puplic Works, State Hydraulic Vorks... The foloowing are the dist-
ricts where major occurences of attack were observed by the State Hyd-
raulic Works Directory (8):

as Mamasin Dam Derivation Tunnel:

The sand used in this tunnel, built in 1958, was obtained. from Ki-
reclik Creek vhere the water contains gypsum dissolveq in largePQﬁantiti-
es. The sand which was similar in appearance to a clean construction
sand had about 20%‘Ca804.2H20 in its composition, During the construc-
tion perio@, nothing notable was observed, but soon after with the acti-
on of dré;hage waters leaking, the reactions have started and in three
, monthé,timé,cracks and swellings were observed. Dry parts of the tunnel,
on the othéf_hand, showed no indication of attack. The concrete sec~
~ tions of the construction had to be reneved with the use of a different
sand. 1

‘The piers of the Uluirmak Bridge at the same ‘side, made of the Ki-
réqlik sand, rapidly disintegrated, even beforc the deck of the bridge
was dasted. '

‘ b) Aksaray Irrigation System: _

At certain sgctions of this canal system the ground water contains
sulfate at a concéntration of apprdximately 1650 ppm. At these sections
;the\ground water table was kept below the level of cahal bottom-lining
"in order to prevent the contact of water with concretes No attack has
'béen observed yet. |

‘ bn the other hand, the flood beds where the main canal passes contain
gypsum carried from the upstream. At these sections, soon after entering
the operation; a drop of 60 cm to 120 cm was observed. This was attri-
buted to the fact' that waters drainedifrom the bottom of canal dissolved

“

it
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the sulfate idhs ih the underlying strata and carried them down to the
under ground 1eav1ng holes behind and caused the collapse of the bottom
of canal. Sulfates couldn't attack the concrete since they dldn't came
into contact.

c) Saraykoy - Yenlce Irrlgatlon Canal:

A branch~ of this canal goes through gypsum beds, about 500m. in
length. There is not ground water at the bottom of canal. The lining -
is concrete, but not attacked by sulfates. The problem is the same
as occured in Aksaréy Irrigation System, i.e. pits form under the bottom
of canal; canal collapses and water is lost through;these holes.

Ohly in a secondary branch of:this canal, theiground water is above

the level of canal bottom in all seésons;agd»is saturated with sulfate.

Concrete linings of this canal disintegrétedt‘wQ years after the cons~
truction. i
d) Yuregir P1a1n Irrigatlon Network:

“The ground water in this area, containing large amounts of sulfate’
dissolved attacked the piers of Karaomerli and Zagerli Bridges.

e) ¢ifteler Irrigation - Sakaryabagi Regulator: '

Because of ‘the high concentration of sulfates in the ground water
in this area, thePSite‘of regulator contruction was changed.

f) Manavgat - Ulualan - Mus Irrigation

The ground watér, containing much sulfate deteriorated the bottom
of canals. , '

Many other discrete examples can be added to the ones given above,
like Konya irrigations system... Ground water, in the plains where
irrigation structures made without proper dralnage may rise up to
concrete sectlons and containing sulfates, deteriorate these structures.

The sea—water action on sea-front structures, particularly the
chemical attack of magnesium sulfate is also of high 1mportance in a
country like Turkey surrounded by seas.

In general waters contalnlng sulfates more than 150mg/L usually
deteriorate the concrete sections of the structures in contact. )

The cheapest means to protect concrete from sulfate attack is to use

cements resistant to sulfate, ‘Taking this fact into consideration the
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auther made a Sﬁfgé§”of various cements currently produced in Turkey.

At present, bnly the NCP-350 (corresponding to Type I) Portland
cement is normally being produced in Turkey and’ its composition may vary
from one mill to another and it may be close to véff%ﬁgvtypes. A study
of the analysis of 13 differént,mills“ products in’1962 was made by DSI
Research Center and the results on Table I (prg 6 ) were obtained (38).
Only these compositions occured temporarily, that the composition of a
particular mi11's cement doesnt't remain constant, but is apt to change
at any time. Nevertheless if the source of the raw material doesn't
change, a degree of consistency may be expected. The Table II (pg. 6)
gives the changes in Ankara mill's cements with the years (8).

In the Research Laboratories of the State Hydraulic Works Directory
some studies concentrating on cements resistant to sulfate were unders~
ﬁaﬁ?h;£8). In general these fesearches were directed to be the studies
GfVEiinker compositionband behaviour in-sulfafe solutions of normal port-
land cements produced in Turkey.

In 1960 and 1962, samples of all types of cements produced in
Turkey were obtained and analized; and particularly their C3A percentages
were determined. Also mortars of these cements were stored in MgSObr
solutions and controlled for 18 months.

These researched led to the following conclusions (8):

1~ The clinker composition of Turkish cements are not constant.

2- ‘§torage of mortars made of these cements, in MgSQh solutions
revealed the relationship between tricalcium aluminate content and
degree of attack.

3~ It was not possible to derive general conclusions.

L- Tt was realized that the production of a sulfate-resisting
cement was indispensible for the State Water Works Projects.

Since there is no type of Turkish cement which is resistant to sul-
fate attgck and sinée our portland cements-normally_cbntain high amount

of tricalcium aluminate, the importance of sulfate corrosion increases.
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The Clinker Composition of the Products of Ankara
Cement Mill 1962 -~ 1966§

Production % % % Y% Closest
~Years CSS «cas CBA* CQAF Type
1962 42 36 4 1l 11
1963 26 L7 6 14 Iv
1964 30 L L 14 v
1965 50 21 L 16 II
1966 29 L3 3 16 iv

§DSI Research Reports

TABLE 1II

BEBEK, ISTANBUL PAGE 6

Turkish Portland Cements Clinker Compositions§
Cement Mineralogic Composition of Clinker, as percentages
Mill ’ Eree Ignition Closest

CBS C,S 03A chF CaSOu Ca0 MgO Loss Type
Afyon 52. 21 10 .7 2,9 Osh 3,1 2,2 1
Ankara Bl 32 U8 11 2,0 045 2,6 1,9 II
Balikesir 41 29 11 10 245 Osli 247 1ol I
Gorum 52 16 9 15 2,8 0,2 1,2 14 111
Gukurova 50 21 10 11 3y 1 0,1 2,3 1,1 1
Darica 56 23 8 Vi 2,1 0,2 1,5 1,1 11
Elazif . L6 2L ik 9 2,6 0,1 3,3 0,8 1
Eskisehir 50 21 12 10 2,6 0,1 2,1 1,4 1
Gaziantep. .. .51 17 13 12 2,6 0,3 1,8 1,3 11X
fzmir . ......62. 13 11 7 2,0 0,1 2.6 1.0 111
Pinarhisar ~ 21 46 15 7 2.9 0.5 4.8 212 IV
Sivas Wi 27 1110 3.0 0.4 1.5 1.3 I
Zeytinburnu 27 L3 15 6 2.2 0.1 3.9 1.3 v

- SDSI Research Reports
' TABLE I
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1.4 Purpose, Scope‘andinimitations

1eliol Purgosek | _

Under the light of the precedlng sections, the major purposes of
the study were determined as:follows:

1~ The determination of the effects of certain additives, which

are producable (obtainable) in Turkey, on the qualities, particularly on
the resistance to sulfate attack, of ordlnary cements,

.'2— The determination of the effect of sulfates on concretes made
With varions cements currently being produced in Turkey. HMHore emphasis -
is attached to the first item, since :the studies on various cements in
Turkey.were made previously by some-other agencies; and it was revealed
that their clinker composiﬁion showed no reliable consistency from one
mill to another with time. Two cements only, were studied and compa-~
red under item tWo. :

For the study of addltlves, four different materials were selected.
The natural add1t1ves ‘used are native of Turkey and the artificial ones
are always obtainable, in Turkey.

1.4.2 Scope | e

‘The scope of the study covers the assessment of the resistance of
the above mentioned cements and the effect of the additives to sulfate
attack through the followihg tests and observations:

" 1= Dynamic Modulus Determinations by the sonometer;

2- Expansion Measurements by the length comparator;

3~ Tensile and compressive strength tests;

L~ Visual‘Eyaminations.

1.4.3 leitatlons

Four dlfferent additives were chosen for this study: Kayseri
pozzolana,-Karabuk blast furnace slag, Tungbilek flyash, and ground
brick. These additives were blended with an ordinary, wildely used

Turkish Portland Cement, namely, Eskihisar-Darica cement. Bartin cement,
which is known to have blast furnace slag in its clinker, was compared
with Eskihisar-Darica cement for its resistance to sulfate attack.

In these evaluations, certain statistical methods were employed,

A statistical'design of experiments was made, and accordingly the
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necessary specimens were prepared, ,

In testing the additives, the additive type and percentage, the com-
centration of the sulfate solution in which the specimeﬁs_were stored, -
and the water-cement ratio of the spééiﬁens were chosen as the variables.

In testing the relative resistancé of Bartin and Eskihisar cements,
all factors were held constant while the type of cement was kept as the
only variable. o '
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CHAPTER II

THEORY

21 Historical Review

As early as 1908 in Cénada there were reports of destructive action
on concrete of salts present in ground water. Little was then known
about the scientific design of concrete mixes, and the few cases of
deterioration reported were'uSually ascribed to poor concrete. Ten
years later, however, when expensive and well-designed structures in the
area became affected} engineers became alarmed (3).

In Saskatooﬁ, Canéda, in 1919, Dr. C.J. Mackenzie of the Engineering
Department of the>University of Saskatchewan began some field exposure
testing. Soon, the head of the Chemistry Department of the same univer-
sity Dr, T. Thorvaldson became interested in the broader problem and star-
ted an investigation of his own. His basic plan was to study the action
of alkali waters on the chemical components of portland cement. From
the beginning of his work Dr, Thorvaldson recognized the need to develop
a method for a more direct correlation of the chemical and microscopic
reéults with the behaviour of concrete when exposed to sulfate solutions.
In 1924 he began to use the mortar bar for length change measurements
with time (3).

In the United States, in 1926 the portland Cement Association
Fellowship at the National Bureau of Standards began an extensive inves-
gation of the volume stability of 1:2 mortar bars made with pure com=-
pounds, cements prepared in é small experimental kiln, and commercial
cements stored in water and in solutions of sulfates. The results of
these studies Qere published in several papers and were summarized by
Boque (11). Miller and Manson determined the sulfate resistance of 119
commercial cements when exposed as mortar bars in sulfate solutions in
the laboratoryhénd in the water of Medicine lake in. South Dakota (12,13).

AS
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Miller and Eanson ale.%ad these commercial cements analized comp- -
letely and used the data to compare the resistance on the basis of the
calculated compound EOmpositions ofthe cements. In 1935, the Technical
Committee on Cement, Lime, and Plaster of the U.S. Federal Executive Com-
mittee, under the leadership of P.H. Bater, Undertook the preparation
and revisions of the then current'speéifications for normal portland
cement; this included a new specification, namely, sulfate-resisting ce-
ment (14). . In 1940, the portlénd Cement Association undertook an ex-
tensive investigation of the performance in the field of concrete in
various types of structures and exposures (15).

In France, as early as 1812,.L.JQ Vicaf began his experiments on
destructive action of sea-water on concrete and published his first re-
sults in 1818 (16). It was first realized by Vicat that the chemical .
action of sea~Water on c§hcrete was mainly dﬂe to the presence of mag-
nesium sulfate. W. iichaelis also carriéd:out much pioneer work on the
action of sea-water on cements in Germany (1¥). F. Ansett, with his well
known sulfate resistance test, is one of the early European investiga-
tors studying the sulfate attack., The work of the Laboratoire des Ponts
- et Chaussees. at Boulogne on concrete in sea-water commenced in 1886 and
has continued over a long period of years. In reports published in 1922
and 1924-1925 Feret stated that in general the behaviour of the Portland
cements was relatively bad, but that quite favorable results should be
obtained from the addition of suitable pozzolanas,:or by the use-of ce-
ments containing granulated slag (5). ‘

In 1929 a large series of tests were commenced in Great Britain.
These tests also conformed with the above mentioned results. ‘

. From a partial review of the literature (18), it can be concluded
that (a) no cement or concrete can be totally resistant to sulfate attack
under all possible conditions; and (b) the degree of sulfate attack
depends upon: (i) the type of cement used; (ii) the quality of concrete
(iii) sulfate concentration in contact with the concrete; (iv) surface
protection of concrete. '

Research-work is still beilig done on sulfate attack, and there exist
many points for investigation and explanation.
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2.2 Effect of Sulfates on Portland Cemehtfand Involvlng Mechanisms
of Attack . T | -

2.2.1 Earlzrstudles on Sulfate Resistance

Vihen T, ThorValdson started the ‘Canadian studles on sulfate resis~

tance, he prepared and studied the behav1ours of: the pure cement minerals
in water ‘and in solutions of calcium and magne81um.and sodium sulfates,
CaSOh,

studied mortar bars of the following compositions:

MgSOQ and Naasol+ Thorvaldson, Vigfusson, and Larmour (19)

I. 1 part C,S +;5 parts sand;

II. 1 part C,S +'5 parts sand;
III. 1 part CBS + 0,25 parts 03A + 5 parts sand;
’ iv. 1 part CZS + 0.25 parts CBA + 5 parts sand;

V. 0.53 parts C,S + 0.26 parts C,S5 + 0.21 parts CBA + 7.5 parts

C3, 2

sand, :

In 2 and 8 per cent solutions of Naasok, bars of I and II expanded
no more than did similar bars stored in water. However, in solutions
Qf‘MgSOQ of about the same concentratlons, bars of I and II expanded
3A w1th the silicates, bers III, 1V,
and V, destroyed the high resistance to sulfate observed for bars.of I

gradually. “The incorporation of C

and II‘: The increased rate of~ expansidh was more marked for bars of III
and V méde with C3S than for bars of IV made with CZS'

Bars containing CAAF andycaF were later introduced into the series.
The pesults with t@ose bars showed that the subtitution of either CAAF
or CZS for C3A markedly increased the resistance of the bars to attack by
solutions of Mgsou. This is shown by-th? results for 1:10 mortars given
in Table III, (pg. 12). No calcium sulfate was added to the pure compounds,
as is the case With portland cement. It may be unsafe, therefore, to
concludevthat the hehaviours of the compounds in these specimens might
be jdentical with their behaviours in‘portland cements containing calcium
sulfate. ' (

In 1926 the Portland Cement Association Fellowshlp at the National
Bureau of Standards began an extensive 1nvest1gat10n of the volume stabllity]
of 1:2 mortar bars made with pure compounds, cements prepared in a small

experimental kiln, and commercial cements stored in water and in solutions
of sulfates. These studies differed from those of Thorvaldson énd asso-

ciates in that 1:2 morfars were used instead of the very lean mortars
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Expansions and Tensilé Strengths of 1:10 Mortar Bars in

§

0.15 Molar Magnesuim Sulfate Solutions'

Composition of cement per cent by weight' .
Expansion Exposure Strength

CBS BCas 03A 05A3 .CA C3A5 CZF CaAF (percent) (days) »(psi)
100 ' 1.12 ' 200 65
100 1.26 200 38
50 50 v 1.05 225 u2
80 20 L.86 26 low
80 20 ' o 4.69 26 low
80 20 6.27 10 very low
80 20 5.50 10 very low
80 L 20 1.48 200 48
80 ‘ ' ‘ 20 2.04 160 bar firm
Lo 4LO 20 3.08 11 low
4O 40 20 : 3.58 10 very low
40 Lo 20 3.00 45 fairly firm
50 40 S 20 3.32 16 low
Lo Lo ) 20 1.11 450 86
L0 Lo 20 +1.22 200 60
80 20 , 2.05 35 fairly firm
80 20 +2.10 210 60
80 v 20 ' +0.85 - 300 81
80 20 | 200 87
80 20 ‘ no test
80 20 0.85 1100 no test

: §Data from Thorvaldson, Wolochow, and Vigfusson (20)

TABLE III

uéed by the latter, Accordingly the expansion and deteriorations

proceeded at slower rates(il).

One object of the study was to determine the effect of CBS content
wvhen the 03A and CAAF contents were relatively constant. An increase

from 4O to 50 per cent in the CBS content appeared to have no significant
effect upon thefexpansion. Ahother object was to determine the effect

of increasing the CAAF content at the expense of the CZS content. The

data show that this increase of CQAF and decrease of CES increased the

expansions.
Phe results of these and other studies clearly indicated that

cement with relatively high resistance to sulfate could be prepared
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by increasing the F/A ratio of the clinker, either by.decreésing the
alumina content of the kiln feed or by adding additional iron-bearing
material_to it, both of which reducéﬂthe potential 03A content of the
clinker. European investigators also had reached the conclusion that
C3A vas the 1east resistant of the cement minerals to attack by sulfa-
tes. Miller and: Manson (12,13) determined the sulfate re51stance of 119
commercial cements whén: exposed as mortar bars in sulfate solutions

in the laboratory and in the water of Medicine Lake in_South Dakota.

‘As a result of the findings of Thorvaldson and others, Miller and Man-

son had their cements. anallzed completely and used the data to compare
the resistance on the ba51s of the calculated compound compositions of
the cements. This showed “deflnlte relationship between calculated 03A
content and sulfate resistance. ‘They then arranged for 19 of the cemerit
mills to modify the dompositioqs of their kiln feeds so as to decrease
the poténtial 03A contents and to increase the potential CQAF contents.
These cements showed a resistance to sulfate much improved over that

of the unmodifled cements.

2.2.2 Calcium Sulfoaluminates and Solid-Liquid Reactions.

According to Lerch, Ashton, and Bogue (21), Candlot appears to have
been the first to establish the formation a definite compound by the
interaction of aqueous &olutions of calcium aluminates and calcium
sulfate. A number of inVéétigators restudied this system and confirmed
the existence of such a éompound. Lerch, Ashton and Bogue made a
thoroﬁgh-Study*of-the:system»and established;the;eXistence’of two com-
pounds: a high sulfate compound with the composition C3A . BCaSOQ. 31H20
L* 12H20.

The high sulfate form occurs naturally and has been given the same

and a low sulfate coupound with the composition C5A.. CasS0

ettringite. There is not complete agreement_as to the water content
of this compound, but it seems likely that the crystals in.equilibrium
with the mother liquor contain 32 moles instead of the 31 as reported
by many 1hyeétigators. Because of its formation in large quantities.

‘in concrete attacked by sulfates, this compound has been called

""cement bacillus". Midgley and Rosaman (22) believe that the ettringite
phase in hardened cement pastes may be a solid solution phase in which
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some sulfate ions are replaced by hydroxyl"ions.

A number of investigators have&attribufed‘the deterioration of
concrete in sulfate-bearing water to the formation of ettringite. It
appears that most investigators ﬁave assumed that, since this highly
: _ 3A from which it
fromed, its formation by a through-solution process in pores of the

hydrated salt occupies much more volume than the C

concrete would cause .expansion and destruction of cement paste.

According to Blondiau (23), however, Le Chatelier concluded that expansion
was caused primarily by the reaction of the dissolved calcium sulfate
with,CBA to produce soiid ettringite in situ. That is, in this reac-

tion the C A does not dissolve in the water but reacts directly with

ions of calclum sulfate and water to yield a solid product. Such

_reactions have been referred to as s0lid- llgued and topochemical reac-

tions and have been discussed in some detail (24L). Apparently Le

Chatelier also believed that hydrated aluminates, such as C,A.aq. and

CSA.aq., could also undergo ‘this solid~liquid reaction becaﬁse he deci-
ded that the most effective test procedure for determining the sulfate
resistance of a cement would be to measure expansions of specimens pre-
vared from fully reacted pastes,

‘Those who support the solid-liquid reaction, and there appears
to be an ever encrea51ng number, probably accept the principle that a
crystal cannot enter the solution phase as ions or molecules, without
first reacting with the solvent in a manner that overcomes the energy
by which thé atoms or iong in the crystal are bonded to one another.
Van Arkel (25) has discussed this process in some detail for the disso-
lution of NaBr, which forms the hydrate NaBr.Hao. According to Van

Arkil, NaBr dissolves complgtely in an excess of water but forms NaBr.H,O

in a limited amount of water. When a crystal of NaBr is exposed to °
water, the first water molecules are taken up in a regular manner in the
lattice of the crystal and surround the positive ions. When additional

molecules of wétéf are taken.up, the ions are loosened from the structu=~
re and each ion goes into solution with its portion of the water molecu-

les attached to it. This take-up of water furnishes the energy required

to break the ionic bonds in the crystal and thus allow the dissolution

of the crystal. It seems evident from this mechanism that relatively
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insoluble compounds should form as solids on the surfaces of the reacting
crystals at higher rates than those at which they can dissolve., If the
reacting crystals are iﬁ contact with one another, except possibly for
a thin layer_of'adsorbéd“water, this formation of the reaction product as
a solidron the surface could cause the crystals to exert pressure egainst
each other'and,,in a rigid paste, cause it to expand.

' Chatterji and Jeffery (26), suggest that conversion of C4A3i7 to the
low sulfate sulfoaluminate mlght be a solid-state reaction, which could

fcause expansion in concrete,_f;hey point out that the crystal structure
of C AH13 1s such that sulfate dons’ can replace two hydroxyl 1ons, by an
ion eychange, as 111ustrated 1n the follow1ng equatlon.,
C A5 + eoff + water = C3A Cas0,.Hy, + 2(O0H))
277 .37 f-.‘(;a, ;‘;‘.. 313.68
The numbers 277. 37 and 513 68 are the volumes of the two solids

‘whlch show that the volume of the solidl:hase increases about 14 per cent

12

if this reaction occurs. There appearsbto be no reason why this reactlon
should not occur. as a r*ol:v.d llquld reactlon if the compound CAAH15

present as a component of the hardenenv
diffuse into the paste. ' '

5It‘was p01nted out in 1952 (27) that certain surface reactions ex-

?cement paste and sulfate ions

1plaihed why portland ‘cement products contlnued to expand over long periods
f=of‘£ime}when stored in water. Later (28) an attempt was made to show
b&?heans of an idealized mbdel that these é%pansions should’ never be very
rlarge and accordingly, should not destroy the cement pas te.i
Gonnerman, Lerch, and Whiteside (3) gave expansions for neat cement
specimens of 418 commercial cements stored in water. for 15 years. All
of the cements passed ASTH pat test for soundness. The range of expan-
sions for the 15- -year period was 0.0095 to 0.379 per cent.
When C A combines with water an CaS0, to form ettringite, 1 volume
?_of C3A ylelds 8.2 volumes of reaction product.
2.2.3 Through-solution Reactions

' Burke“and-Pinckney (29) were among the early investigators of the
causes of the deterioration of concrete in sulfate waters. They
treated powdered hardened cement pastes with water and solutions of
sulfates ‘and from the results of chemical analyses of the filtrates

and residues concluded that the reactions causing deterioration were
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double decompositlon reactlons as 111ustrated by the followlng equations:

Ca(OH)a *+ MgSOu =3 2H20 = CaSO4 ZHZO + Mg(OH)2

Ca(OH)2 + Na,50, + EH 0 = CaSO +2H,0 + Z2NaOH

250, ]
They calculated that on volume of Ca(OH) yielded 3.13 volumes of
casoh ZHZO +. Mg(OH) On - the assumption that the reaction products

tended:.}o; be dep051ted in the space occupied by the Ca(OH)a, they conc-

luded thatfthls increase in space required by the reaction products
was responsible for the disruption of'the cement paste, causing ﬁhéi
specimens to bulge, crack, and crumble. This might be true if thé»solid
Ca(OH)a reacted as a solid with dlssolved sulfate and water to yleld the
reaction products.. However, thls cannot be true if the Ca(OH)2 dissol-
ves and reacts with dissolved sulfate and water. One theory appears to
be that sodium sulfate, for example, diffuses into a pore in the harde-
ned paste and there reacts with Ca(OH)2 as the latter dissolves to form
sypsum which occupies a greater volume than the Ca(OH)2 because on mole
of Ca(OH)2 occuples a volume of 31.6 cc compared with 74.2 cc¢ for one
mole of CaSOh ZHZO

It seems that concrete cannot be caused to expand and crack by
the simple mechanism of filling pores with so0lids by a through-solution
process., This can be demonstrated with some volumetric calculafions(}@).
After a while, itfappears that the reactions will stop for lack of
water before any expansion occcurs. This result will be the samenfor
a pore of any size. The double decompositioﬁ reactions of equations
1 and 2 can destroy concrete by dissolving the cementing phases and
precipitating noncementing phases such as Mg(OH)Z. Later a mechanism
will be described to expiain the expansion of concrete caused by the
formation Mg(OH)a. |

Results by Thorvaldson, Wolochow, and Vigfusson (20) demonstrated
the inability of the crystaliization of gypéum in giortar bars to cause
exXpansions and disintegration of mortar bars made with calcium silicates
as the cements,

The authors point out the possiblllty of" the strengths havding been
affected because microscopical examination of the bars showed the presence

of large quantities of gypsum. It seems, however, that their results

indicate that NaQSOh reacted with'Ca(OH)2 and converted the.lattep into
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gypsum without causing expansions of the spegimens. On the .other hand,
the data indicate that the reaction of M5504 .
expansions of the bars made with calcium silicates in relatively short
periods -of time. The strength tests showed-that the strengths Wefé not
harmed by the crystallization of gypaum in the specimens, Itappeared
from. such data that the- 038 content of a sulfate-resi°t1ng cement should
be as low as is con51stent with satisfactory strength, and the first
U.S. specification for such a cement-(ih) placed a limit on the S:LO2 .
content whibh was equivalent to placing a maximum limit on the CBS conteﬁﬁl
Wlth respect to strength, Miller and Manson (13) pointed out that
strengthsg

with Ca(OH), caused large

'ere not: satisfactory as measures of the deterioration because
Vf;compre551ve strquths of cubes stored in sulfate solutions
were hlgher than those of cubes stored in water., In other words, preci-

pitation of salts in the hardenedICement'paSte seemed to augment the

in many casw

strength. Nevertheless tensile strength reflects the deteriorationi

2.2.4 Crystal Growth as a Source of Expansion

Portland cement concrete or mortar, if porous enough, could be
disintigrated by the mechanical force exefted by the crystallization of
almost any salt in its pores. This type of disintegration is seen in
such places as the area immediately above the waterline on concrete
structures which are partially immersed in salt-bearing water or soils
and on the surfaces of dams, retaining walls, and so forth from which
water is evaporating as it migrates through the concrete(31)

. With a diagram, Taber (32) explained the action of crystallization
andbresulting distruption. He concluded from his work that a crystal will
grow'in'thé direction in which external forces oppose growth if the surfa-
ces on which the-forces are acting are in contact with a solution that
is supersaturated wifh respect to it, and if the growing crystal is com=
posed of-a substance the solubility of which increases with pressure.

Then for any increase in the forces opposing growth a corresponding inc-
rease in the concentration of the,soiution is necessary.

Taber also studied the behaviour of water and solutions in porous
materials- and found that solutions in subcapillary pores are not readily
nucleated.

Suppose that the concrete depicted in Flgure 1 (pg.18), is partially
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immersed in and is saturated with a solution of a salt at a given tempe-

rature. If water evaporates from the surface.of the structure, crystals

will form in the larger pores A and D but will not form in the smallerjf;

pores B and E. This crystallization of salt in pores A and D reduce&i:

the conceﬁtration of salt below that in pores B and E. Solute moleéﬁiﬁé5

or ions‘will diffuse from the solutions in the smaller poreéfinic'tﬁé‘

larger'ﬁgféé and the crystals in the larger pores will grow. :Aévpores

A and D become filled with crystals, the crystals, because of their weight,

will exert pressure on one another, will dissolve at the interfaces, and

grow at other faces. This wilkl cause then to grow into a single crystal,

the bottom face of which is in contact with thenSBiﬁtion in the smaller

pore. If the larger pore is open, as depicted: for ﬁ in Figure 1 below,

solute molecules adding onto'the bottom of the crystal will cause the

crystal to grow above the surface as was observed by Griffin and Henry(33).
if'the larger pore is connected to the surfade by a smaller pore

C, as depicted for pore D, the growing crystal, being hnabie to grow

into pore C, will sxert pressure on the bqtidm shoulders of pore C. If

the pressure is sufficient to overcome the tensile strength,bffthe conc~

reté; the‘boncrete immédiately surrounding pore C will'épali frqh the sur;i

face of the gtfuéturé.x‘lf the concrete does not spall, the pressure

- exerted against the shoulders of pore C can cause the concrete to expand

and crack.
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FIGUR: 1. Diagram depicting a section through a concrete

slab containing large pores A and D and smaller pores B,

c, and E.
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2.2.5 Reactions of Magnesium Ion with Hardened Cement paste

As pointed out earlier, Thorvaldson, Wolochow, and Vigfusson (20)
found that mortars made from CBS‘and 02
solutiqns of,Mgsoq. This indicated that the chemical composition of the

solid particles of the hardened cement paéte probably ﬁlays little parﬁ,

S, as the cements, expanded in

if any, in the expansion of cement products by magnesium ion. The
liquid phase in a gel pore is saturated with respect to Ca(OH)a. When
magnesium ion diffuses into this solution it will, because of the very .
low solubility of Mg(OH)2 cause the precipitation of Mg(OH)2 in accordance
with the following equation:
Ca(OH)z + MgS0L = Mg(OH)2 + Caso#.
Also because of its low sélubility, Mg(OH)a;preciﬁitates,aS extremely
fine or colloidal particles. As already pointed out, the water in the
gel pores, shells of adsorbed water, is in equilibrium with the surface
forces of the colloidal reaction products. Precipitation of colloidal
Mg(OH)a'in the gei pore introduces new surface forces that upset this
equilibrium, In order to re-establish equilibrium between the .surface
forces and water,additional water will be drawn into the gel pore. Tﬁis
can be accomplished only by enlargement of the pore by "osmotic pressure".
Thorvaldson, Wolochow, and Vigfusson found that specimens made
_with mixtures of CBS and CZS containing various amounts of calcium alu-
minates behaved differently in solutions of Naasoh‘than they did in
‘solutions of Mgsou. Bars exposed to Naasoh shed their surfaces con-
tinuously with the hard cores exXpanding as much as 2 per cent before
they fell to piecés. In MgSOQ, the baréédid not crumble but retained
their shape and remained fairly firm until they reached a very high
expansion. This indicétes-that sulfate and magnesium ions produce
expansions by different mechanisms. However, in the case of Me;sobr
both mechanisms are operating, whereas in the case of‘Naasobr only
the sulfate ion is producing expansion. It must be recognized also
that bars made with the pure minerals did not contain_sulfate as
portland cement does.
In exposﬁre to sea-water, Bryant Mather (34) summarizes the chemical
reactions involved in the attack on concrete by magnesium sulfate as

'.follows:
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(a) The magnesium sulfate reacts with hydrated_C3A:
2(3Ca0.41, 3.12H 0) »’F";(Mgsol+ -7H,0) =
calcium aluminate magnesium sulfate
- hydrate
i 3Ca0. Al2 3. 3Ca504.31H20’+”2A1(OH)2 +’§&g(OH)2 + 8H20
calcium aluminum : aluminum  magnesium
sulfate hydrate hydroxide "hydroxide
(ettringite)

(b) The magnesium sulfate also reacts with calcium hydroxide:
Ca(O}_i)g + MgSOA.7H20 = CaSO4.2H20 + Mg(OH)2 + 5H20

calcium calcium sulfate
hydroxide (gypsum)

(c) The gypsum formed in (b) or (d) also reacts with hydrated CBA'

5Cacl, Ala 3.12H 0 + S(Ca804 .2H O) + 13H 0=

3Ca0.A1203.3Ca804.31H20
(d) The magnesium sulfate also reacts with calcium silicate
hydrate:

BCaO.ZSiOB > I

calcium silicate ESiOZ,nH
hydrate

.nH, 0 + 3MgS0 .7H20 + 3Cas0, .2H,0 + BMg(OH)2 =

L*2

2O + 12H20
silica gel
(e) The magnesium hydroxide formed in (a) or (b) reacts with the

silica gel formed in (d): ‘
L;Mg(OH)2 + Si0,.nH, 0 = AMgO.Sioa.B.SHEO + n-4.5 02
magnesium silicate hydrate:

22

Hansen and Offutt (35) have shown the following reactions of CBA’

¢alcium sulfate (gypsum), and water, depending on which form os calcium
aluminum sulfate hydrate is formed: '

30aofA1203 + BCaSOQ.ZHZO + 25320 = 3Cao.A1203 3Caso .31H,0
88.8 222.3 450 71g.7 (46.4)
1
3Ca0.41,05,+ CaSOh.ZHEO + 10 Hy0 = 3Cao.A1203.Casoh.31nao_
188.8 7l - 180.0 312.2 (23.3)
1 . . Y )

The numbers in the first line below the equations are participating
volumes. The number in parenthese at the right is the volume added to
that on the right side of the equation to make its volume equal to the
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sum of those on the left; thus both of these reactions 1nvolve a net
reduction in volume of the reactarts. The second line of numbers COm-
pares the relative volume of anhydrous CBA and the volume of calcium
aluminum sulfate formed from.it by sulfate reaction. In one case, .the
increase in volume is eightfold; in the other nearly fourfold.

In sulfate attack on concrete in sca-water, the sulfate is predo-
minéntly magnesium sulfate in a solution that contains such more chlbri—
de “ion than sulfate ion. Lea (4) has suggested that the presence of the
chlérides retards or inhibits the expansion of the concrete by sulfate
éttack but does not reduce the degree of reaction. He cited work attri-
butiﬁé;this effect to increased solubility of calcium sulfate and caleci-
m aluminate sulfate in chloride solution, :

Lea and Desch (4) give the eguations for the chemlcal reactions
antlclpated to take place in the cement paste on the sulfate attack
as follows: .With NaZSﬂq, for example, '

(1) Ca(OH)2 + NaZSOA. 1Oh20 = CaSOh. 2H20 + 2NaOH + 8H 0

(ii) 3Cal. Al2 3.12H 0 + 3(Ca804.2H o) + 13H 0 = 3Ca0. Al O 3Ca304 31H 0
(iil) B(BCaO Alao,.12H 0) * B(Na 4 .10H O) = 3Ca0l. Al 203+ BCaSOq.Bjﬁao
+ 2A1(OH)3 + 6NaOH + 17H20

With calcium sulfate only reaction (ii) occurs. In Equation (1) CaSOq.

2H
2 : _ L

action than other sulfates. It both decomposes hydrated caleium

silicates in addition to reacting with the aluminates and calcium hyd-

0 is the gypsum cristal. Magnesium sulfate has a more far reaching

roxide. : |
(iv) 3Ca0.25i0,.aq. * MgSOL . 7H,0 = Cas0, .2H,0 + Mg(OH) , + Si0,.aq.

As seen from the equation (i) the sulfate salt first changes the
hydrated lime of the concrete to gypsum. This causes what is so0 called
NGypsun Swelliﬁg". And the gypsum produced reacts with the lime alumi-
nate of the concrete producing the so called "Calciug sulfoaluminate"
which crytallizes with 30 molecules of water.

Michaelis (36) has anticipated the formula of calcium sulfoaluminate
ag follows: 'Alzoj + 5Cal 4-.30..51501+ + 30 HEQ

As seen. from this formula, this crystal has much more crystal water im
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its content and i.e. greater volume. Thus causes considerable crystal-
lization pressure. - ‘

During the hardening of cement hydrated lime is freed in large
quantities and this enables the formation of soluble aluminates.

Van Aardt (37) explains the influence of equilibrium condition on
the nature of hydrated cement compounds: "When anhydrous cement compounds
are brought into contact with water, reaction and decomposition také place
with the formation of hydrates. ' Super satured and unstable solutions
are formed which slowly tend to equilibrium. However, when the massvéets
and hardens the mobility of ions is réduced and attainment of equilibrium
is very slow. \When anhydrous aluminates react with»water; metastable
equilibrium conditions prevail and plate like metastable alluminate hyd-
rates are formed. On prolonged storage under appropriate conditions,
the metastable compounds alter to stable materials. It is conceivable
that stable and metastable compounds will react differently in an agg-
rescive environment. '

The reaction of hydrated cement compounds with varous chemical media
is of considerable importance with resypect to corrosion of hydraulic ce-
‘ment, but since many of compounds are metastable, and their formation
depends on the conditions of hydration, it is difficult to predict with
absolute certainly the behaviour of cement of known composition for diffe-~
rent conditions of use". The action of sulfates on cement compounds is
dependent not only on the compound composition but also on the type of
sulfate. Also the speed and nature of reaction is modified by the phy-
sical state of the cement product. Although the alumina content of a
cement is of considerable importance the state of equilibrium after har-
dening with respect to CBA.BCasoq.BHZO will influence vulnerability to |
sulfate ions. On the other hand, it has been shown that the cations in
the solution have a marked influence on the nature and speed of reaction
during attack by sulfate.

‘ Distruption occurs if substances are present which can yield

. .32H.0 at a rapid rate.
Casoq.ZHZO and 03A CaSOL+ 3 2 P
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2.3 Protection Against Sulfate Atﬁack and Sulfate Rééiéting Cements
2.3.1. By controlling the composition of the cement élinker

At present, the principal approach to the production of sulfate-
resisting concrete is to limit the allowable tricalcium aluminate
(QBA) content of the cement to progressively lower limits as the sulfate
‘éoncentrations that are expected to come into contact with the concrete
in service increase. The Corps of Engineers and the U.S Bureau of Rec-
lamation, for example, require (38,39) that, where sulfate concentrations
exceed 0.20 per cent as water-soluble SOQ ih soil or 1000 ppm as SOLP
in water Type V (sulfate-resisting) cement will be used; where concent-
rations are in the range 0.10 to 0.20 per cent in soil or 150 to 1000
ppm in water, Type ITI portland cement or Type IS (MS) portland blast-
furnace slag cement will be used, Where the concentrations are lower
than 0.10 per cent in soil or 150 ppmAin water, no special precautions
are needed. So far as is known, no significant deterioration of conc-
rete due to sulfate attack has been encountered when these precaﬁtions
have been taken and the estimated sulfate contents have not been sig-
ficantly exceeded,

In 1966 the British Standards Institution issued a specification
for sulfate-resisting portland cement in which it is stated that
"a considerable degree of sulfate resistance is conferred on portland
cement if the tricalcium aluminate is limited to 3 1/2 per cent".
This may be compared with the limits of 5 and § per cent respectively on
Type V and Type II in specifications used in the United States.

The limitation on C3A content of cement‘invo}ves a calculation of
C_.A content based on the results of chemical analysis using the formula:

3
Per cent 03A = 2,650 x per cent A12 5 = 1.692 x per cent F6203'

2.%.1.1 Tricalcium Aluminate and Tetra Calcium Alumino Ferrite

Content (C A and C, AF)
In many 1oca11t1es Type V portland cement containing 5 per cent

or less C.A calculated from chemical analysis is not readily available.
The question has been asked whether some cements which, upon chemical
analysis, yield values for percentages of A1203 and Feao3 that cause
the calculated CBA to exceed 5 per cent, might not be as sulfate-resis~

tant as others whose calculated C;A content is 5 per cent, or less,
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because of possible incorporatlon of some of the Alzo5 in constituents
of the cement other than C A, in ways not contemnlated by the phase
equilibria relations ‘upon whlch the calculations are based In 1956

a sample of cement was recelved for study from the U.S. Army Englneer
District, Los Angeles. An attempt was made to compare itu CBA content
estimated from X-ray diffraction data with that of other cements that
had been studied by the light mlcroscope, chemical analy51s, and X-ray
dlffractlon (40).

The cement submitted for test did not have a peak at 2.704 that wés
well enough developed to scale; it had 3.9 percent A120j and 2.6 per‘cent
'Fe O3 and hence 6 per cent calculated C3A It was concluded that, had
it been examined as clinker by microscope methods, it would have been
found to cgntain less than 5 per cent CBA' It was assuned that the 5
rer cent limii on CBA applicable to Type V cements was intended to refer
to C

cement clinker, be found by microscope examination. The poﬁential sul-

BA that could, under optimum conditions of crystallization of the

fate resisting qualities of this cement were therefore expected to meet
the requirements of: the spe01f1cat10n for Type V cement.

Miller and Manson (41) set the extreme upper limit of CBA permis—
sible for a cement of high sulfate resistance as g .5 %,
Most resistant is 4.4 %, least resistant is 11.9%. "Although there
are exceptions 5.4% C A seems to be optimum." Among the factors known,
to affect both the sulfate resistance and the amount of CBA and CqﬁF
in the clinker is the glass content. Bogue (11) concluded that "Crystal-
line CBA is less resistant to sulfate attack than a glass rich in CBA’
QAF and
the the proportion of CgAF should not exceed 15% and that glasses of low

but crystalline CqAF is more resistant than a glass rich in C

A:TF ratio are more resistant to sulfate action than those of higher A:F
ratiov. Crystalline CqAF is vulnerable to sulfate action although much
more resistant than crystalline CEA'
2.5.1.2 Tricalcium Silicate and B-Dicalcium Silicate Content (C.8S
and B-C,8). ' ~
Davis, Hanna and Brown (42) reported that "Portland Cements having
the scame C A content, the lower the CBS content, the greater the resis-

tance of the cement to the ac tlon of Sodium Sulfate solutions". The
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‘séorage of mortars made with pure C,u and B—C S in sulfate solution
indicated complete immunity to the actlon of volutwons of °od1um sulfate
and calcium sulfate. But azter long exposures (18vear°) 1t becomes
evident that they are vulnurable.

2.5.1.3 Calcium Oxide (free) (Ca0) and Magnesium Oxide (MQO)

Ca0 should not be present in cement in apnrec1able amounts. MgO
as crystals of periclase may cause serlouu es pansvon

As shown in Table IV, the 03A and CAAF are both reletlvelJ lou in
cement Type V, the sum of the alum1nates being lower than for any of the
other types. This comblnation 0f low C A and CQAF and accompanylng high
C3S and CZS produces a cement havzng exceptlonal resistance ?o sulfate
attack in comparison with other tqpes of cement. Type II cement can be
considered next to Type V in sulfate resistance, '

ASTH Classification of Portland Cements

S

Cement Mlneralomlc Comp051t10n of clinker, as percent.
Type C38 C,8 Cyh C,AF CasO, TTeC Mgo %giitggn
Type I LG 25 12 8 2.9 0.8 2.4 1.2
Pype II 46 29 6 12 2.8 0.6 3.0 1.0
56 15 12 8 3.9 1.3 2,6 1.9
30 46 5 13 2.9 0.3 2.7 1.0
Type V. 435 36 4 12 2.7 O 1.6 _ 1.0

§Co’ncrete Manual, Bur. Reclamations, 7th ed. 196¢.,

TABLE IV

3.2 By the Use of Pozzolanas

Before it was discovered that cements with high resistance to
attack by sulfates could be'produced by controlling the composition
of the cement clinker, cdnsiderable effort was -made to find a pozzo-
lana that could be used with any portland cement to increase the resis-—
tance to attock by sulfate (43), The results of these studies usually
shoved that some pozzZolanas increased significantly thé sulfate resis-
tance without them, but had little, if any, effect with cements that
showed relatively high resistance. In sonme cases, pozzolanas had an

adverse effect{hl) B nnﬁKﬂQ\UNNERS“ES‘KUTOFHA&?%?
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The theory upon which these investigators were working wasvthét
uncombined Ca(OH)2 produced during‘the'reéction of the cement with water
would combine with silica and alumina of pozzolanas to produce colloidal
hydrated calcium silicates and aluminates similar to the reaction prb-
ducts of cement with water. It was believed that: (a) uncombined Ca(OH)2
had no cementing properties and could, by reaction with a pozzolana,. be ‘
converted to products with cementing properties; (b) uncombined Ca(OH)2_ 
was more readily dissolved and, therefore, more readily leached from the
concrete than was the combined Qa(OH)2 from the reaction products-a higly
questionable assumption; and-(c)‘the colloidal products produced by the
reaction of C_a(QH)2 with pozzolanas would decrease the porosity of the
hardened cement: paste.

- In a relatively recent study, Polivka and Brown (45) found, in tests
in which 25 per cent of the cementin ingredient was a pozzolana, that
no improvement in the sulfate resistance of the cement in which the
.calculated 03A and CEAF contgnts were 11.7 and 6.2 per cent, respectively,
the sulfate resistance of the cement was ipgiproved by the pozzolanas but
did not approach that of the cement with the_low CBA content.

Since crystals of Ca(OH)2 can be readily ddentified microscopically
in hardened cement pastes, it has generally been assumed that all of the
free Ca(OH)2 is present as relatively large crystals. Such crystals
having low epecific surfaces compared with those of the colloidal reac-
tion products, would have inferibr‘cementing properties. Brunauer, Kantro,
aﬁd Copeland (46), however, from x-ray diffraction analysis of the reacws
tion of 023 and CBS with water, concluded that significant amounts of
the Ca(OH)2 released when these compounds react when water is present in
an amorphous form. In the mechanism previously described for the reac-
'tion of cement with water, it seems logical to expect that much of the
Ca(OH)2 released during this reaction would remain in the hardened paste
as colloidal and possibly amorphous crystallites. These might have relg-
tively good cementing properties. The well-formed and relatively large
crystalé of Ca(OH)2 found in the cement paste were certainly formed by«

the dissolution and recrystallization of such crystallites.
| jost, if not all, of the reaction products in a hardened cement pas-

te decompose in water and liberate Ca(OH)2 fo the solution. The rate of
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liberation of C&(OH)'2 by these'préaucts probably is about as rapid as the
rate of dissolution of'Ca(OH)2 crzstals. ‘Hence from the standpoint of
the rate of leaching of Ca(OH)a'from congrete products, the absence of
crystalline Ca(OH) in the hardened paste probably would not significant-.
ly affect this rate. ‘ | |

It is possible to make. calculatlons (22) that qualitatively show
whether one could expect the use of pozzolana with portland cement to
decrease the porosity. '

It appears that for the same water-cement ratio, the porqsity of
the portland-pozzolana cement, concrete made with;avhighly.siliceous
pozzolana would be somewhat greater than that“bf a concrete made with
the portland cement. On the other hand, these calculations indicate that
the use of pozzolanas containing both alumina and silica might reduée‘
“the porouity of the concrete. ,

Malquorl points out that it has been reneatedly stated that poz-
zolanic cements do not possess any 1ntr1n51c, specific, chemical resis-
tance to .attack by sulfates because the aliamina of the pozzolanic
materials is found in the hardened cement paste in the form of poten-
tially vulnerable calcium aluminates. It is true that ettringite forms
‘only in solutions saturated with respect to Ca(OH)2 and that pozzolanas
are supposed to combine with'the_free Ca(OH)2 of the cement paste.

It seems likely, however, that the Ca(OH)2 concentration of the liquid
phase of portland-pozzolana cement concrete will be that of a saturated
solution and’sufficient for the formation of ettringite. -Eitel (47)
discusses the formation of ettringite in lime-pozzolanic mortars cona
taining gypsum. It appears from this brief review thht the sulfate
resistance of a cement that will meet ASTM specifications for a sulfate-
 resistant cement will not be improved by the use of a pozzolana with it
and that it might be harmed because of either increased'porosity or

the presence of aluminate phases that can react with sulfate.

Turriyiéni; Rio and Co~workers (22-48) showed that for any given clin-
ker, including ones high in CBA; high resistance to attack by calcium
sulfate could be obtained by selecting a suitahle mixture of pozzolanas
~and especialiy by employing one of sufficiently high silica content.
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The effect of the pozzolana is mainly related to the amount of tobermo-
rite gel which is formed from it by réaction with the lime libérated
from the cement; the results appéér to support Lea's suggestioﬁV(q)
that the enhanced resistance is partly caused by formation of a protec-
tive film of this product. ' '

Evidence was also obtained that ettringite is less stable when
excess silica is present. If ettringite is treated with high-silica
pozzolanas in aqueous solution, it hydrolizes almost completly; at a
pozzolana ettringite weight ratio of 20 the decomposition occurs within
a few minutes. Hydrolysis occurs most effectivelyvin water but als¢
proceeds in saturated gypsum solution, when a very stable, supersatu-
rated solution results: It is largely prevented in saturated'lime
- water.- The reaction is very dependent on the reactivity of the pozzo-
lana and:the fineness of grinding, The lowered stability of ettringite
may therefore be an additional reason for the enhanced calcium sulfate
resistance of pozzolanic cements.

This ‘shows that pozzolanic cements have potentially a wide techno-
logical application with cements of high CBA percentages.

§

Expansion of Cement Mortars in Sulfate Solution

1

Cemeht ' Time in weeks to
expand 0.1 % .

Percent Percent Pozzolana o o .

Portland Cem. Pozzolana ” Naasoh 2 Mgoo4
1:00 o . 0  None 18 10
80 20 Burnt Clay 52 20
60 40 oon " 200 220
60 ‘ L0 Burnt shaile - 200 200
80 20 Trass 50 ° 14
60 40 " 200 170
60 - 40 Ground sand 22 9
60 L0 Ground brick L 21

§

Lea and Desch,Chem. of Cement

1:3 Cement: Standard sand Mortars WYC about 0.5. Immersed
in sulfate solution at 18 at 7 days old.

‘ TABLE V
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Data such as these are only relative and in fact tests on mortars tend
to overestimate the benefit gained in concrete, but they nevertheless
111ustrate the 1ncreased chemical re81stance obtalned w1th pozzolanas
in concrete, a substitution of 30 to 40 % Pozzolana will considerably
increase the resistance to 5A sodium sulfate and to 0.5 % magnesium
sulfate solutions, but is less effective against 5 % magnesium sulfate.

Parker (49) reported that cements high in glass showed the grea-~
test response to pozzolanas in increased sulfate resistance. The
increased resistance to sulfate and'sea—water attack obtained by the
addition. of pozzolanas has long been the subject of discussion. Altheugh
in part it is attributable to removal of the free calcium hydroxide,
formed in the hydration of Portland cements, by combination with the
pozzolana. This however, cannot be the sole explanation and many
theories were advanced on the subject, as presented in the preceding
paragraphs.

The other advantages secured by the addition of poziolanas in opti-
mum proportions to Portland cements. o

1) Smaller temperature rise and thermal volume change in massive
structures, ' |

2) Saving in cement cost.

3) Lessens also the permeability. _

L) Improved workability in lean mixes used in mass concrete.

5) Reduced bleeding and segregation.

6) Reduced Alkali-Aggregate reaction.

2.%.,3. By the Use of Slag Cements

The sulfate resistance of blended cements has not been studied

to the extent of that of portland cements, even though reports have

been availahle in increasing numbers for over 100 Years that indicate
that most of the materials used together with portiand cement clinker

to produce blended cements have themselves been used as admixtures to
improve the sulfate resistance of concrete. In an investigation of
portland blast-furnace slag cements, it was found (50) that, when tested
according to the procedure by which mortar pars are made ﬁith added
sulfate and observed for length change during water storage, the
indicated sulfate resistance appeared to be primarily influenced by the
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calculated C A content of the portland cement cllnker constituent of
the blended cement v '
Since the products of hydragion of portland, portland blast-furnace
.and supersulfate cements are véry sihilar, differenccs in their behaviour
towards aggressive chemicals arise pr1n01pally from the differing amounts
of the various hydrates which are formedrdurlng ucttlng and hardening,
and especially from the differing amountﬁ*”f Ca(OH)a
The dincorporation of slag with portland cement increases the re-~
sistance to decomposition by uulfates. With up to 50 % of slag the

effect is very slight, but thereafter resistance increases rapidly with

slag content. Too great a fineness has an adverse effect on sulfate

‘resistance. The chemical resistance of blast-furnace type cements

is, of course, markedly dependent on the 03A content of the Portland

component. Supersulfate cement resists sulfates well because of the

‘absence of Ca(OH)2 in the set cement and because of the combination

. of much of the alumina as ettringite., It is attacked by strong solutions

of Mgsoq and (NHM)Z
There are no good data comparing the behaviourfof slag cementis

S0, but resists sea-water,

with that of sulfate-resisting Portland cementSde}ﬁery low or zero
CBA content from the constitutions of the set cements, it would be
expected that, in the absence of ions such as Mg2+ or NH4+ which can
remove OH from solution, sulfate solutions would attack the Ca(OH)2

in the Portland cement (56):

Ca(OH)2 + SOI+ + 2H20 = CaSO4 ZH 0+ ZOH :

They would be.expected to_have-relatively 1ittle effect on the slag
cements, as these contain little or no Ca(OH)a. If Mg2+ or‘NHh+ wvas

“also present, both slag and Portland cements should be attacked to com-

parable extents;'because these ions lower the pH and thus permit the
soqg“
to such solutions, ettringite can also be attacked§(56):

) . _ L% + ' .
BA"}CaSOq_.BZHZO + 3304 + 6H = 6C&SOI+.2H20 + 2A1(0H)5 + 20 Hao

Ettfingite is present in hydrated Portland' cements as a product of

to attack the tobermorite gel. VWith long periods of exposure

C

reactions involving the gypsum added in manufacture, or as a result

of initial attack by sulfate. In supersulfate cement, it is a normal
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product  of the early sefting reactions. ,
Various cements have been compared in- their resistance to sea-
water by Campus (51); all the slag cement concretes were performing well
after 20 years. The chemical resistance of supersulfate cement has
been studied extensively by Blodiau (52).
2.3.4 High Alumina Cement
This is a cement characterigzed by its dark color, high early strength,

hlgh heat of hydration and resistance to chemical attack.
Its copmposition roughly is:

LO % lime ’

10 % silica

Lo % alumina

10 % ferric oxide ,

It has, under ordinary temperature conditions, a resistance to at-
-tack by sulfate and sea-water unequalled by any other constructional
cement.

The high resistance of aluminous cement concretes to the action of
sulfate solutions is again most ﬁrobably due to the protective action of
alumina gel and possibly also of iroh-containing gels. The absence of -
calciuﬁ»hydroxide from the hardened concrete may be a small contri-
butory factor, particularly in the case of ammonium énd magnesiun
sulfates, but it cannot be a major.direCt reason. However, it has been
suggested (53) that the absence of excess Ca(OH)2 -allows sufficient alu-
mlna to dissolve and react in solution with the sulfate, whereas the
lowered solubility of alumina resulting from the presence of Ca(OH)2
would force the sulfate to react with the solid calcium aluminates, thus
producing expansion. l ,

The resistance of the various forms of cements to sulfat; attack
in increasing order can be listed as follows:

(1) Ordinary and rapid hardening Portland cement.

(2) Blast furnace and low heat Portland cements.

(3) Sulfate resisting and Pozzolanic cements. A

(L) Super sulfated cement. '

(5% High alumina cement.
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2.3.5 By Improving the Physical Conditions of Concrete

Resistance to disintegration of the second type-that is by crystal
growth- is best obtained by use of-a dense; impervious concrete’ of
relatively low water-cement ratio (less than 0.56; never.more than 0.60)

and preferably containing entralned air.

Curing conditions also have an influence on behav1our of cement
products in aggressive media., High pressure steam curing has an advan}
tageous effect against sulfate attack. Lea (4) gives optimum conditions
for steam curing as 6 hours, 175°F, 120 lb/ina. Blair and Chi-Sun Yang
(54) sum up the factors contrlbutlng to the superior Stablllty of
autoclave~cured Fortland cement products as follows:

1) Ellmlnatlon of free calcium hydroxide, . ;

2) Formation of a better crystallized calcium silicate hydrate,

3) .Elimination of small amounts of hydrated sulfoaluminates,

L) The probable elimination of CBAH6'as indicated by the fact

that it is not detectable by X-ray analysis.
7 Humid atmosphere curing is better than underwater curing. Van
Aardt (37) reports that carbonation of cement products during and after
curing improves their behaviour in aggressive media. Only early car- .
bonation has an adverse effect on the quality of super sulfated slag
cements. ,

After all, the nature and type of aggregate has an influence on
corrosion resistance of cement products. It appears that not only does
the acid soluble aggregate "protect”" the cement in that it ailds in

‘neutralizing the acid, but it also has a retarding effect on the expan~
sion resulting from sulfate attack in acid solutions; the carbon dioxide
produced when the acid reacts with carbonate aggregate apparéntly redu-
ceé the formation of Tri-calcium sulfoaluminate(37).

It is possible to use some special purpose cements instead of
Portland cements in structures exposed to sulfate action in order to
improve their sulfate resistance, if other properties of these cements

also prove suitable for the case.

e T et it S s
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CHAPTER III

 EXPERIMEN$AL DESIGN, PROCEDURE AND APPARATUS

3.1 Yariables A

Under the light of fhe'discussion presented in previous sections
the major variables controlling the sulfate attack may be summarized
as follows: ' |

1- The type and compositon of cement to be used.

bz The‘type and percentage of additive to be blended. _

3= The type and concentration of sulfate solution with which the
specimens come 1nto contact

4~ The phy81cal qualltwes of concrete, i.e., dits density, porosity
and permeabllity as’a result of mixing proportions, namely water-cement
ratio and aggregate-cement ratio.

5~ Curing conditions and Temperature.

6~ Manner of exposure to sulfate solutions (e.g. manner of immer-
sion, continious flow of solution, etc...) '
| 7= Time element.
‘ According to the purpose and scope stated in Chapter I, only some
of these variables and their effects on the resistance of concrete to
sulfate attack were covered and studied.

hore emphasis was paid to the effect and usability of various addi-
tlves obtalnable or producable in this country. As to the type and
compositional effects of cements on sulfate resistance, only two of
Turkish portland cements were selected and compared, namely Bartin and
Eskihisar-Darica cements; holding every variable constant except their

compositions.
Four different types of additives were selected:
a) Kayseri pozzolana
b) TunQbi;ek fly-ash
¢) Karabilk blastfurnace slag
d) Ground brick
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, The percentage.of blending these additives with the base cement
(common to all additives) was taken as another variable, in increésing
order as, 10, 20, 30 and 40 percedts.

The specimens were decided to be exposed to sulfate solutions
rather than sulfate soils, all in the same manner that is full immersionm.
The sulfate solutions were prepared only of magnesium sulfate (Mgsoq)
at different concentrations, specifically 0.5, 1.8, 5, and 10 percent
solutions. '

Cne part of cement to two parts (in weight) of fine sand of constant
gradatipn vas used in all specimens as the cement-aggregate ratio.

The water-cement ratio, on the other hand was taken ac another
variable to be investigated, having an important bearing on the over:
all quality of concrete and also on its resistance to sulfate attack,
at levels of 50, 55, 60,'éna 65 percents by weight. ‘

Cerféinly the'behavidﬁr of specimens through out the testing period
as a fﬁné%ién of change in time was to be included in the analysis of
results faking the time element as a variable.

3.2~,Statiéti¢él Design

In order to evaluate the relative effects of these variables upon
the resistance of goncrete to sulfate attack, certain statistical met-
hods of analysis were adopted. (Refer Appendix 2.1 and 2.2).

To study the effect of these variables, a 4x4 Greco-Latin square
was constructed. A variance analysis was to be performed and significan-
ce of results to be evaluated. ‘Also a regression and correlation was
to follow if possible.

This Greco-Latin square of the arrangément of these variables is

as follows:

Type of additive: Percentage of additive:
- 1. Kayéeri pozzolana 1. L0 %

Ii. Fly ash *fyﬁ_ 2. 30 %

ITI. Slag o | 3. 20 %

IV. Ground brick , L., 10 %
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Concentration of MgSOq Solution Water/hement.Ratio of Mix

in which the specimens were stored

A, 0.5% - o+ 0,50

B. 1.8 % | B. 0.55

C. 5 % | ¥+ 0.60

D. 10. % ' L S. 0.65

I I1I III v
1 Adk Bp c¥ DS
2 cé& D ¥ A ’ B
3 DP ca B 5 AY
4 BY A3 DA CP®
TABLE VI

In this arrangement, everyone of these sixteen specimens is diffe-~
rent than the other and unique with respect to the cbmbination of vari-
ables and their levels. Rectangular bars and tension briquettes with
certain control duplicates were prepared representing these sixteen
combinations of variables.

In order to study the effects of sulfate solution concentration
aﬁd water/cement ratio alone, a 4x4 balanced block was arranged'and
"tension briquettes were prepared for the“éixteen unique combinations of
this block (the levels of these two variables are the same as talken
in the Greco-Latin square). The results of t@ié block can also be used
to compare by incorporating this bLxh block with the L4xl4 Greco-Latin
square.

Eskihisér—Darica cement was used as the base cement in all the

specimens mentioned above.
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4xL Balanced Block of Variables:

Aot S b5
C& DY A . BA
DR cA BS AY¥
“BY AS D cB

TABLE VII

To compare the relative resistance of Eskihisar-Darica and Bartin
cements to sulfate attack, six .rectangular bars and tension Briqueﬁtés
were prepared from each of these cements holding everything constant,
except the cements. A 1:2 cement-aggregate ratio and 0.50 watey-cement
ratio were adopted (by weight). The fine aggregate had the same gradak
tion for both series. They were both eXposed to & % MgSO# solution,
Comparison of these two sets was to be made with a t-test, Bartin cement
containing slag in its clinker composition was expected to have a higher
resistance to sulfate attack. Only td ¢ompare them without having expo-
sed to sulfate at all, six cylinders were prépared from each of these
two cements to be tested for compression strength at the end of two

" and four weeks.
3,3 Apparatus and Methods of Test for Studying Progressive Dete-

fioration in Concrete:
%3.3.1 Tests of Visual Examination
This is a method used to follow the progressive deterioration of

concrete qualitatively. The visible changes in appearance of the spe-

cimens like color, texture, etc. are observed.

3.3.2 Expansion Tests
The effect of sulfate solutions can be observed by measuring the

change in length (expansion). The initial rate of expansion, i.e. after
short immersion periods, can often provide an indication of sulfate

vulnerability. Specimens which show considerable expansion can still
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‘be of high quality if the expansidn,has taken place slowly. It usually
doesn't take long to identify unresisting concretes; but ‘it tékes7long
periods of time to prove the relative merit of comparatively resistént
cements and treatments. For this reason, an accelarated test is needed.
Such are developed recently by Taylor and Bogue and H.L. Flack (55)

None theless exbansion measurements give a good picture of physical
deterioration of concrete. To measure the expansion of concrete samples,

length comparator is used. The comparator used has an Ames dial gage

with a sensivity of 1/10.000 inches mounted 0n invar steel stand.

A specimen of concrete was prepared with contécﬁ poinﬂsiat the two ends

to fit the receptacles of the comparator. The cbmparatqr is equipped

with an invar steel reference bar for adjusting the dial gage. Confidence
range of measurements with the comparator is 95 % with/M: 50.68 + 0.652.

(Refer Appendix 2.3).
-

"~1 :

FIGURE 2. The length comparator,
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3.3.3 Test for Dynamic Modulus of Elasticity

There are dynamic methods in which the response of the material
to small dynéﬁic forces is determined by measurements of the natural
frequency of vibration of a specimen of known dimensions or by measure-
ments of the velocity with which sound waves travel through the concrete.
By means of established physical relations, the measured quantities may
be converted into values of the modulus of eiasticity or of Poisson's
ratio. The value of the modulus of elasticity obtained by dynamic methbds
is used as an index of concrete quality. (ASTH Designation C 215-58T).
This is a method well suitable to study progressive deterioration on the
same éample, since it is an indestructive test.(For calwkdion 0{4ZVQ%VFWT@“3)

In Our investigation variation of the .dynamic moduli of elasticity

of concrete prisms subjected to sulfate attack is measured with the

electro-sonometer, (Fg. 3, pg. 39) which works on same principle (Electe

ro-Electronic Equipments Model 41C0).

The épparatus was set up,-and Young's and Shear Modulus determina
tions of a 31b. concrete prisms were made. These experiments brought
forward severél precautions to be taken in order to miﬁimize the experi-
mental errors. They are: ‘ .

1. Support conditions: In order to approach the theoretical sup-

‘port conditions, two rubber prismatic supports are necessary. Or the
bars must. be suépended by threads from their nodal points.

2. 1Interference from other vibrating bodies: Several deflections
‘are observed on the resonance indicator meter as the frequéncy is varied.

>Most of these deflections were piéked from the ground, which were due

to the vibrations of other bodies in the laboratory. In order to avoid
these undesirable vibrations, isolation of the oscillator-sample-vick-up
system is necessary. ' |

3. A mis-aligned placement of the driver hammer'against the sample
during transverse flexural vibration test, drives the sample into torsio-

nal vibrations as well as transverse vibrations.,

L. Determination of the mode of vibration is only possible with
the use of a cathode ray oscilloscope.

To measure the transverse frequency of concrete bars, a stand was

set up, and specimens were suspended from their nodal points on this
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stgg@. The driver hammer was placed against the side of the sample, as
closé as possible to the end of'the side face and vertically positioned
50 that the depth of the bar is bigected by the position of hammer end.
The plckup was placed on the top of the samnle as close as p0881ble
to the end. The long dimension of the pickup cartridge was paralle]éd
to longitudinal dimension of the bar. By use of controls of the sono-
meter, frequency was varied until maximum deflection Was'obtained on the
resonance indicato®. This resonant frequency was related to elastic
modulus of the sample,. i |
The confidence range of measurements with the electro-sonometer

was found to be 95 % withM="2547.9 + 5.86. (Refer Appendix 2.3)
3.3.4 Tension Tests _
‘Since the deterioration of concrete under sulfate attack is mostly

due to the crystals formed in the pores and the cracks caused by the
pressure they exert, the tension or bending tests may give a better
picture of progressive cracking and deterioration rather than the comp-
ression test. For this purpose briquettes can be performed.. In‘our
investigation, we used the cement briquette machine for determining the
tensile strength of the cement mortars prepared. (Soil test Inc.,
Model CT-700A). The load was applied continuous at a rate of 600 + 25

pounds per minute.

.3.4 Materials to be Investigated and Their Unique Proverties
3.4;1. The Cenents
The properties of the cements are listed in Table VIII (pg.43)

Bartin cement is known to contain slag in-its clinker composition (03A

Content 27.88 %). Eskihisar-Darica cement has a compound composition
close to Type III portland cement (CBA Content 8.18 % ). It was con-

sidered as a normal portland cement with no special qualities and
used as a base cement with the pozzolanas otherrthan using in compa-
ring Bartin cement.
. - 3.4.,2 The Additives
' The general properties of the pozzolanas used as additives are
listed in Table VIII (pg.43). |
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3.4.2.1 Kayseri Pozzolana isva ﬁatural]pbzzolana occufing in the

area 30km. from Kayseri towards Sivas. The sample used in'the research
was taken from the place calle&-&éilmaéraai. The sample whiéh was origi-
nally 1n appearance of mediunm to- large size rocks was grouna to.about
5950 cm /gm Blaine fineness in a cement mill. Its chemical comp031t10n
is close to santorin pozzolana, which may be considered as a hint for

its pozzolanic activity. According to investigations undertaken at thg
laboratories of Istanbul Technical University on its strength developw
ment qualities, it was found out that (57):

a) At early stages, it decreases the strength of cement paste.

b) But this drop in strength diminishes as time passes, and final’
values of strength are the same whether some cement is substituted with
pozzolanas or not.

On the whole, this materlal obtained from Agilmagra51 shows
pozzolanlc propertles. It has a brownish-red color,

3.4.2.2 Karabiik slag is obtained from the blastfurnaces of Karabiik
Steel comlex., It is formed in the process of iron manufacture from

- the fusion of limestone with ash from coke and the siliceous and alumi-
noué gésidue remainihg'in-the ore after the reduction and separation of
iron, “Tﬁé slag rises to the surface and is tapped off from time to time.
Granulation is carried out in practice by a variety of methods., At
Karabiik the slag is tapped directly into pits kept filled with water,
and granulafed slag is obtained.

This granulated slag is ground to pass No. 200 sieve after oven-
drying in the laboratory before blending with cement. About LO % by
weight of granulated slag has passed No. 800 sieve, and the coarser
portion was discarded. It has a yellowish-white color.

3;4.2.3 Fly-ash, being an artificial pozzolana, was obtained from
Tun¢bilek Thermic Power Plant. State Hydraulic Works Directory, after
. some investigations (58), concluded that fly-ash had pozzolanic proper-
ties and the gain in strength, after 90 days, was higher when fly-ash
was substituted into normal portland cement upto 20 %. . Also its substi-

tution decreases the heat of hydration,
The chemical compositlon of Tunchbilek fly-ash samplec taken showed

qulte conuistency for a period of eight months. The sum of Si0, +

+ reao3 pcrcentages change from 86 % to 90 % and this is an

Al205
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.important indication for the pozzolanic rroperties. This sum is well
above the 70 % requirement of ASTM specifications.

The fineness of fly-ash showed certain changes during the eight
month testing period., This was due to the shifts in the plant from one
unit to another. Only the fly-ash taken from underneath of the elec~
tro-filters had always the same fineness and this amounts to 100 to 150
tons of fly~ash dai;y. To eliminate some impurities of, usually, larger
size, fly-ash was'siéved through No. 200 sieve before testing. Tung-
bilek fly-ash was found to be suitable for blending with portland cement-
in the construction of Gdkce Kaya Dam by the State Waters Works Directory.
| Fly-ash waé Oven-dried in the laboratory before usage. It has a
grayluh-black color.

320l Ground brick was prepared 1n "the laboratory by grinding
ordinary bricks and pa851ng through No. ZOO sieve. It was considered

as artificial pozzolana. It has red color.

3.,4.3 Fine aggregate used in all tests was prepared ‘according to
a certain gradation from two types of sands. The Turkish standard sand

has almost single size particles. An aggregate similar to ASTM graded
sand was decided to be used. For this a sea-sand called "Perdah Kumu®
(Finish Sand) was obtained. After washing and oven-drying it»wasvsieved
and mixed with the standard sand in appropriate proportions to obtain
a graded aggregate.. The gradations of all these sands are given in
the Table VIII (pg. 43)

The chemlcal comp051t10ns of the materials used in this research
conform, in general to the ASTM chemical requirements correspondlng

each one of them.

5.5 Preparation'Procedure of the Sanmples

The additives prepared as described above were weighed out according:
to blending proportions and mixed with Eskihisar-Darica cement on a
vibrator while constant mixing by hand was applied till the mixture
_came to uniformity in color and'appearance.

According to 1:2 cement aggregate ratio, the prepared graded
sand and the.blended cements were mixed thoroughly. The mortar was

prepared by adding water according to the respective water-cement ratios
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and by mixing with trowel till a uniform consistency was obtained.
The mixture, then, was poured into molds which were oiled’and placed on
a vibrator, in three layers while compacting with an iron rod..

Molds were kept under wet rags over night. The speciméns demolded .

were put into sulfate solutions half immersed for another day and-then
~were fully immersed in sulfate solutions.

The plastic storage tanks were kept in a closed room and éolutions
were renewed everymonth for the first four months. »

o

?4

4

D

FIGURE 4. Mortar Bar.

In mortar bar preparatidn for the Greco-lLatin square, one sample
was preparcd from each mix. Only certain control duplicates were pre-
pared from a different batch. To compare the two cements sulfate resis-
tance six samples from each were prepared. Tension briquettes wére

three from each batch,

|
|

fDeF'H’l“. 'H— 0.02"

FIGURE 5. Tension Briguette
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CHAPTER IV

RESULTS AND CONCLUSIONS

L.1 Data

In Table IX (Appendix 1.1.1,pg. 53) the characteristics of sixteen
specimens of the Greco—Latln square are. given in terms of the correspon-
ding levels of four factors.

In Table X (Anpendix 1. 2, pg. S4) the percent change in length of
these ‘sixteen specimens are tabulated with time up to 8 months.

The dynamic Modulus of elasticity E and percent change in E are
tabulated on Table XI (Appendix 1.2, pg. 55). -

The moduli and percent change in moduli are calculated by Compertar
Programs One and Two, respectively (Appendix 4, pg. ‘70)

Table XII gives the tensile Strengths of these specmmens at the end
of 8 months sulfate exposure. ,

The data of Bartin and Darica cements are ta bulaued in Table XIIT
(Appendix 1.1.2, pg. 56). This includes 7 and 28 days compressive
strength; and teﬁsile strength, Young's modulus and percent expansion
after 8 months sulfate exposure. , ‘

Table XVI (pg. 5Y7) gives the percent éxpaﬁsions of Bartin, Darica
(stored in 5 % MgSOQ) and neat cement paste (stored in water),

In Appendix 1.2 The Variance Analysis results are tabulated on

thé basis of percent expansions and Young's Moduli, Table XIV and XV

(pg. 57).
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4.2 Results and Discussion

The results of the research.can be grouped under three parts:

1", Results obtained from the data of Greco-Latin square,

2- Results obtalned from the comparison samples of two cements,
Bartin and Darica.

3-. Results ohtained by coﬁparing different methods of measuring'
the sulfate deterioration of concrete.

However the results are grouped.in three parts, while discussing
one group.of results the results of other groups: are also realized and
incorparated. ’ S '

4.2.1 Results Obtained from the Greco-Latin square

The‘fesults of the variance'analysis performed on the exvansions
and elastic moduli data, specifically the F values of four factors (va-
riables) are tabulated in TableX pg.57) with time. The significance
levels of the significant factors are also given. '

The F values.obtained on the basisvof prercent expansion values,
after the first month, show .complete cﬂnsistency as far as the 81gn1- ,
ficance ranking of the factors are concerned, . This is well demonstrated
by the Chart T . (pg.5%). The significance ranking of the factors on
the basis of percent expansion is as follows::
| 1= Type of Additive

2- Percentage of Addition

3~ Mgsou concentration of the solutions in which the specimens
were stored

L~ Vater/cement ratio of nix. »

At fhe end of 7 months of testing period, the significance of "type
of additive" factor reaches almost 0.05 probability level.whereas the
other factors stay below the 0.20 probability level., This indicates .
that the variation from dne additive to another, alone, contributes
most to the total variance of‘results and this is true with 95 %“confi-
dence. Some of the four additives must impart much less resistance to

the cement than the others. _
It is also clear that the "blending proportlon" is quite an

importa

nt factor and have much influence on the resistance of the cemert
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to sulfate attack. L :

"Pype of Additive" factor appears to bé of the model III§ type and
the evidence of regression of conversion with "type of addltive" on the
results of 7 month should be checked,

On the other hand the variance analysis performed on Young's Moduli
gives the following 81gn1flcance ranking at the end of 8 months, vhich
is reverse of the ranking obtained with the expansion values (ThbeV)PSSV)

1- Vater/cemont ratio of mix

2= MgSO& concentration of storage

3~ Percentage of addition

L- Type of additive ' »

For the 8‘months testing period, it seems that the development of
dynamic modulus and expansion of bars are affected differently by the
four variables. This may lead to the fact that these two methods ere
not the measures of the same thing-that is the sulfate attack. One should
speak of such conclusions with reserve for the reason that sulfate attack
is a slow process and real effects of attack can be observed only after
much longer periods of testing like two or three years at least.

This point is confirmed by the experiences of many investigators.

Aé 1t can be followed from Table X! (pg.39), Young's modulus development
- Btill continues at the end of 7 months period. This,‘too, reveals the
fact that the experimentation is still in an early stage .to talk of
sulfate deterioration on the basis of dynamic modulus values. :

| So, for further discussion, the expansion values and rate of
expansion are taken as basis.

In Chart W (pg. 59) the percent expansions of four of the snecimenS»
from the Greco-Latin square, all stored in 5 7 Mgsoh solutions are
plotted along with the mean percent expansion of bars made with base
cement Darica, stored also in 5 7% Mg;SOl1L solution, and the percent expan-

“sion of a bar made of neat cement paste and stored in water, against

‘time. All specimens exposed to sulfate solution have higher expansiong

§In Model‘III type of variance, a regression and correlation exist_
between the levels of factor and the data, if these levels could be
expressed in terms of a series of number, can be related to the variable

ag an arithmatical expression,
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than the normal expansion of the neaﬁ cement paste in water after the
first month on. It is clear that sulfate attack cause definitely obser-
‘vable expansions in concrete. On this chart, it appears that three of
the specimens (No. 2, 7 and 9) have larger expansions than the base
cement and ground brick (No. 16) is the only one with lesser expansion
in 5% MgSO4 solution. We can't conclude definitely, the adverse effect
of these ad@itives, only it is obvious that at their respective blending
proportions‘théy display an adverse effect against sulfate attack. That
. is when Kayseriqpbzzolana is blended at 30 %, fly ash 20 % and slag 4O %.

The bar diagram, Chart™ (pg.60), of 8 months expansions reveals the
following observations about the four additives used (Refer Table IX,
Pg.53 for the characteristics of samples):

a) Three of the specimens containing slag (No. 9,11 and 12) show
expansions larger than the mean of expansions of bars made of the base
cement, Darica. Only No. 10 is about at the same expansion as the base
cement, This is due to the lower concentration of its solution (0.5 % )
compared t6 the 5 % solution in which the base cement specimens were

- stored. '
This implies that the addition of Karabiik slag decrease the resis-
. tance of Darica cement in any’concentratibn of sulfate solution within
the 40 % addition range. This point is further confirmed by the larger
" expansion mean of Bartin cement (0.0414 % expansion in 7 months) which
is known to contain slag in its clinker. Also it is known, that with
up to 50 % of slag, the beneficial, effect, if ever exists, is slight (S6).

b) Ground brick substitution proved to be consequential, All four
specimens containing ground brick (No. 13, 14, 15, and 16) have expan-~
sions less than the mean expansion of the base cement stored in 5 %
Mgsoh solutiqn.

¢) 1In preparing the specimens containing fly ash, it was observed
that -ty ash required more water than any of the other additives. The
two specimens of fly ash (No. 6 and 8) with water/cement ratios 0.60 and
0.65 show less expansions while the ones (No. 5 and 7) with 0.50 and 0.55
show more expansions than that of the base cement. No. & was exposed to
10 % Mgso4 SOiution, double of base cement's. The water/cement ratio

may have a more pronounced effect in the case of fly-ash substitution.
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d?- Kayseri pozzolana chowed more expansions except one specimen
(No..q)LWith 10 % substitution. For resistance to sulfate attack always
substantial amounts of pozzolana is required (4) (30-40 %, definitely
greater than 30 %). 8o the lesser expansion of 10 % Kayseri pozzolana
specimen than that of the base cement specimen (exposed to 5 % MgSO )
can be attributed to the lower concentration of solution in whlch it is
stored (1.8 % HgSO ).

The results above could be more. pronounced if we had used a cemént
with hlgher‘CBA content, for example Bartin (27.8 % CBA)’ than Darica's
(8.2°% CBA);' It is known that pozzolanas give better results with cements
high in CBA'content (44,45). | , ,

L,2.,2 Results Obtained from the Comparison Samples of Two Cements,
Bartin and Darlca.

Vhen the 7 and 28 days compressive strength means of these two
cements compared,’ we observe that they have just about the same strength.

When we compare thelr ten51on, expansion and Young's Modulus values
after 8 months of exposure to 5 % Mgso# solution, we observe higher
resistance of Danlca,than Bartin cement, even though the latter is known
to contain slag in itelclinker. This may be due to the poor quality
of sldg with respect to sulfate resistance or higher CBA contentiof
Bartin (27.8 % C A) than Darica (8.18 % C A)

Strength-w1se they show just about the same quality but the sulfate
resistance of Bartin is lower than Darica. Table Y, pg. 56

We must note that not necessarily all of the 2?.8 % C3A content
of Bartin is subject to attack. In computing 03A we might have included

0, of the slag added in clinker. 27.8 % C3A is an unusually high

2 3 :

" percentage. | N
L.2.3 Results Obtained by Comparing Different Methods of lMeasuring
te 15

the Sulfate Deterioration of Concrete
three quantitative methods of measurement

 As indicated previously,

vere employed in this investigation:

1- Length Change Measurements;

2- Dynamic Modulus of Elastlclty Measurements;

3. Tension Tests;
ﬁo study the sulfate deterioration of concrete.
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The first two methods, being indestructive, give a picture of ﬁregg
‘ressive deterioration in concrete. The last one is a destructive met~
hod and gives the last standing of samples after a period of time.

When we look at the length changes data, Weble X (pg.54), we observe
progre551ve expansion from one month to eight months. The young's
moduli data doesn't show any noticable trend of decrease, WegﬁeXl\ﬁg 55)
in this period. This implies the fact that E development still continu-
es and sulfate attack is shadowed by some other factors contributing to
E development, such as further hydration, initial ¥/c ratio etc... On
the other hand, expansions, being a result of deterioration only, give
a clear picture of relative resistance. (In: nart L.,2.2 it was pointed
that expansion of neat cement paste in water was deflnltely less than
sulfate expansions), ;

This point is further confirmed by comparing the three har diagrams
of 8 months expansion, Young's Modulus and change in Young‘S'Modulus,
Chart I, VI (pg. 6O ). They show almost no relation.

In Young's Modulus bar diagraﬁ5:0hartVI(pg.an, almost 211 specimens
have E less than Darica, the base cement. This is due to decrease in
strength by substitution of additives in cement. This nay be a good
picture of relative strengths of these specimens, but not their sulfate
resistance. Young's modulus determinations may give a picture of sulfa-
te attack when employed on plain cements and only after some'periOd to
begin a trehd of dedrease in E due to deterioration. When used with
blended eémehte, the relative pozzolanic action of specimens with diffe-
rent ed&itiﬁes at different percentages may shadow the decrease in E
. due to sulfate attack.

'Seme argument may be extended to the tension test by observing
Chart V (pg.é0 ), there again there is not much relation with the expan-
sion values.

When these methods compared in the case of the two cements, Bartin
and Darica. They give reasonable results. Young's modulus and tension
strength of Darica is higher than Bartins while Darical's expansion is less
than Bartin's. This is due to the fact that there is no additive in
" these plain cements to shadow E and strength development.
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The results of Lxh Balanced Block are not presented here, because

.-its testing period had not terminated at the date of submission of this
" thesis.

L.3 Conclusions and Suggestions

This research was intended, as previously stated to put a hypothe-
sis forward in order to guide the further studies 1n this country on
sulfate attack problem. This was tried to be accomplished by giving so
some general ideas and suggestions on methods and materials, rather than
specific results. Because this is one of the first studies on the
subject in this country; factors,’materials and methods of approach are
numerous; and period of testing 1s relatively short for a sulfate attack
:study (8months). ’

' Under the 11ght of results obtained and dlSCUSSlon, the following
conclusions and suggestions can be made:

1-  Type of additive and percentage of additive have a more signi-
fieahﬁ bearing on sulfate resistance of a currently produced, normal
-portland cement in Turkey, namely, Darica, rather than its water/cement
ratio of mix and the concentration of sulfate solution with which it
comes into contact.: So furfﬁer studies must concentrate on type of
additive and its percentage. And a study leading to a regression and
correlation for these factors may be consequential,

2- Karabiik slag upto 40 % blending proportion doesn't impart any
sulfate resistance in cement. It is highly probable that it is not
properly quenched with respect to this purpose in the steel plant and
it is not suitable for sulfate resisting slag cements., However behaviour
of higher percentage blends should be investigated (above 50 %).
| 3~ Ground brick is a relatively good additive, Its optimum percen-
tage of blending must be clearly defined (Normally lies between 20-1:0 %).

L~ Fly ash aiso proves to be useful for sulfate resistance. Only
optimum percentage of blending and water/cement ratio must be determined
(normally 30 % and 0.65 respectively).

5 ‘Kayseri pozzolana doesn't seem to have sulfate resistance im-
parting qualities; however it has pozzolanic activity and cause less

- decrease in strength upon svbstitution.
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6- It is advisable to use a cement with higher CBA content than
Darica, for example, Bartin as the base cement in order to have better
results of resistance. h _ |

7- Darica cement (8.2 % C3A) has higher resistance to sulfate at-
tack than Bartin (27.8 % CBA)’ though they have about the same compres-
sive strengths,

8~ With blended cements, the tension tests (strength) and the
elastic modulus determinations don't give a clear picture of attack and
resistance., Expansion tests are more suitable for this'purpose and in

relatively shorter periods of testing. | .
| "~ It would be a nice idea if the suggested points could be studied
further in this school, while the tests on undestroyed samples of this

research still preserved in the Concrete Laboratory are carried.
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APPENDIX 1

+

1.14 Tabulated Data of Greco-Latin Square Specimens

Characteristics of Greco-Latin Square Specimens

Sanmple Type of Percentage of Concentration Water/cement
No. Additive ' Addition of Mgsou Solfn. Ratio
1 gigzgiina 40 % 0.5 % 0.50
2 " 30 % 5 % 0.65
. 3 " 20 % 10 % 0.55
L " 10 % 1.8 %} 0.60
5 Fly-Ash 40 % 1.8 % 0.55
6 ‘" 30 % 10 % 0.0
v " 20 % 5 % 0.50
8 " 10 % 0.5 % 0.65
9 gizszurnace 1O % 5 9 0.60
10 T h56 %” d.5 Go 0.55
11 " 20 % 1.8 % 0.65
12 " 10 % 10 % 0.50
13 Ground Brick L0 % 10 o 0.65
14 n 30 % 1.8 % 0.50
15 i 20 % 0.5 % 0.60
16 n 10 % 5 5 0.55
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% Months Tensile Strength of Greco-Latin Briquettes (k_g/cm")

SaMP!e '
No. 1 2 | 314 |5 6 | ¥ |8 | 39 10 |41 {12 |13 114 [ 15 |16
Tensile ’

Strength| 35.2 | 58.6 | 4¥.2 | 56.2 392328 |35 | 439|359 | 215|258 | 433|411 {425 44.7(38.3

TABLE Xil
Variatce Rralssts oo Venste SW basis

e ol [Rercend [ Sol\latR| /e )
odd. [wadd. |Concant Falio

%3.524.|.323 75 | W45
TARLE XVI

1.1.¢ Tabulated Data of Bartin and Darica C;men‘ﬁg

Characteristics of Squ)es j‘és-l: Rarti Darica, + =

D=5.1cm) H= 104cm cylinders z’i@g{f{j:g;;i?@ 121, %8 1¥5 .50 5. .02 12. 64

w/c = 050, {1:2 Mortars . ~

Water cured : 23days Compressive '. . B .
Strangth (vkg/cmz) 216.25 201.33 0.55 of

Tension briguettes (standard 9 Months Tensile )
W//C:)O,G C Izgﬂcria.rs stored in 59,25 S%renﬂih(}\g/cm") 40 82 _ 4?-33. { 90 .0.50;

MaS50y

§'Months \/o_unj‘_S " ;
Modaus (psi) | 442 x10° | 592x10° | 11.22 0%
Concrete prisms, 2xdx .2 inch :
¢ _t )
w/c =050, -2 Mortar lweek- § Months 51 ©/p 4D %o

Change in E

| week-?Monihs'm
Percent Expansion 0.04¢?3 0.032)

Storage in 5 %o Mqs0q

~L
B

(.62

(S
&a

TRABLE Xl

+ = Mean =4R
Error mean

s=pro babilii«j Level
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)\2_ TdEU\QX\-Ec\ Qesu\x-s D.‘(f g\*ﬁco_ thAm 5C\\.\dj"€

N RARNCE

TABLE X’\/\

ANRLY SIS Resdi=ts of  GRECO-LATIN SRURARE ON ExPANSIoN Basis
Faclor|d Weeks |3 Weeks | Monthld Months |3 Months|4 Months|5 Months |6 Months [FMonths $ Months
F F F F F F F F s|F Is| F |5
g;;;;;;;f 1139 | .399 | .43 | 193% [2362 |e.034 | 2196 (2335 20400189 |07l 1.45 | -
;rfﬁye;u. 65t | 800 | 2.233 | 2593 14816 14438 | 5.007 (6572 |10} r.40 |5%| 502 |0
Sulfatel | gag | gos | .F3F (1532 | 940 1665 (1395 |~ hoig | - | 114 |-
":;/;O 1432 oia | oy | HE | 1249 | 322 | 8301433 | _ hisos | | 39| -
__MEAN _SEKR
TARLE X
VARANCE  ARALYSIS RESULTS ,OF GRECO-LATN SCLRRE o\ E BASIS
Factor 2 Weeks |3 weeks || Months|C Honths(3 Months 4 Months|S Months|é Months | 2X Months| & Months
F . F F F F F F F S F S F 5.
et | 3023|1984 | 10.599|3.095 | 4302 |3.902 |3.35C (4.007 4|7 333 w20ff 547
:;ZYSL. AON 63 | Lo3g | 09Ty | 1532 | 1.48T [ 1436 |2.673 w1339 — | 2.40 ggﬁ’é
Sl 1298 | gagl | 3731|2450 | 603 | 3555 | 0995 3597 Logl o933y s ug
;’Z ) 10.229 | 19.347 25515 19.222 |13.459 11200 | 9.402 |insss |5 6832 | lp|14 49 5o/
) TARLE XV )
Percent Exdaasions
20eks| 2ede] 4 Mondd] 7 Word] 3 ety Luloae] Stlonf & Monrhe [Tt lonta] T Manly
Rashnlo 06y | 0.0104| 9.6198 0.0233| 00299 0.5336|0-0485| 0. C 4l | a0q 6 | 22673
Dasica| 000 37 |0.0145 | 0.0%0| 0-6243| £.0250| 9.0 308 |0.0324 |0. £ 338 00351 |6.932]
%0005’5} —_— 6. 0100 {).0180-?5/50 0-0170{ 0.0200| ©.0230 | — 0.0840
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APPENDIX 2

2,1 Background to the Theory of Statistical Methods Used(529)
2.1.1.1 Analysis of variance '

The variance is defined as the mean squared deviation from the

mean, . G’Q_-AZ ()( —_/,\>2
- n

In practice/%, the true mean, is\usually not known, but is only estimated

from the sample mean X:Ebgﬂl. To counteract the bias that tends to mini-

mize the sum of squares of deviations when they are calculated from X

- instead of from/A, the variance iszestimated by dividing by n~1 instead

of by n. The estimated variance s (x) is calculated as follows:

gy o2 = R)* ‘
-\ -

2.1.1.2 The F Test for Variances o

The F test provides a method for determining whether the ratio of

\

two variances is larger than might be expected by chance if they had been

drawn from the same population.
‘ 5% (X2)

k= EED)

sa(x ) and SZ(X ) are the estimated variances of the variables xjand x5.

If sé(xi) and s (XZ) are in fact measures of the same thing, i.e.,
samples drawn from the same population, or from populations with iden-
tical variances, the two estimated variances will not necessarily be the
same, no more than the means of the two sets of measurements would be
exactly identical. F measures the difference, in the form of a ratio,
of two eétimates of the same variance that can be expected to occur,
depending on the number of degrees of freedom available for the calcula-
tion of each estimate~ The F value at the 2X level indicates that there
is only a 20 probability of observing a ratio this large if the two

variance estimates were obtained from the same population or from two:
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populations with the same variance. ; : ,

The F values have been tabulated to test specifically whethgr:one
variance estimate is larger than dnother, not Jjust whether two variances
are significantly different.:-This corresponds to one side of the F
distribution and the probabilities are half the 2C¢probabilities. If
the tables are to be used for a two-sided test, i.e., to see if there is
significant difference between two variance estimates, then the indicated
. probability levels must be doubled. ’
2.1.1.3 Multiple Balanced Blocks
An extension of the simple two-factor arrangement of data is one

- in which the number of rows and columns is the same. This is the balan-
ced block design or arrangement of data. Each sét of runs.at one level
of first factor would contain one made at each level of second factor,

/850 that in comparing the means at different levels of first factor the
'éfféct of second factor would be canceled.

‘;With the balanced block it is possible to superimpose on the exis-

.tingZUnique combinations of the two factors another variable in such
a manner that the runs at each level of each variable include one run
at each level of the ather fWo variables, In this way the comparison of
"totals or means for each variable is not affected by the levels of the
other variables. In some cases it is possible to include additional
variables with the same number of Jevels and not duplicate any combination
of two levels of two variables., The balanced block with three variables
is called a Latin square; with four variables it is called Greco-Latin
square.

Wi;h'a Lxl Greco-Latin square, there are four factors at four levels
each and 16 data points. The sum of squares for each factor is calcula-
ted from the totals for the four levels of that factor, and therefore
with 3 degrees of freedom. The four factors utilize 12 degrees of
freedom leaving 3 for an estimate of error, Therefore, with 16 data
points properly taken, it is possible to find the effect of four levels
of four factors and still have } degress of freedom for estimating error
without any replecation of measurements. The calculation of mean squares
are demonstrated with an example in the‘Sample Calculations section.
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2.1.2.1 The t-test

t can be defined as the difference between the mean of: a sample
and the true mean of the populatlon from which ﬁhe sample was araWn,
divided by the estimated standard deviation of the mean. Thus, if/w
designates the true mean, t may be written

e XM
s (X)

The t test deals with the estimation of a true value from a sample and
the establishing of confidence rénges within which the true value can
be said to lie. The values of t for different degrees of freedom are
tabulated with the probability levels for observing larger absolute
values than thooe tabulated

The eXecuulon of the t-test involves setting up a hypothesis and
calculating t on the basis that the hypothesis is true. The tabulated
values of t are the maximum that can be expected at the indicated pro-
bability"levels if the null hypothesis is true. If the calculated t
exceeds the tabulated value at a certain probability level we reject the
the~hu11‘hypothesis,accepting the risk of being in error with the chance
indicated'by the probability level. This error, of falsely rejecting
the null hypothesis, is called an error of type I. If the data do not
satisfy the null hypothesis but give a t value less than the oritical
value for the test, then the hypothesis will be incorrectly accepted as
being true. This false acceptance of the null hypothesis is an error of
type Ii. A decrease in the probability of error of type I causes an inc-
rease in the probability of error of type II, and vice versa. Fdr
practical purposes, with the ordinary size of samples encountered, the
0.05 to 0.01 probabilities for errors of type I usually give the optimum,
i.e., the minimun, probability of both types of errors.

2.1.2.2 The Confidence Range.
X is an estimate of the true mean M. The t function gives the distribu-~

tion of deviations of X from Min terms of relative probabilities, We

can express the true mean as:
/W:;?i-fs()?)

to be within the range of the calculated mean included in the limits of
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~
~

plus and minus t times the estlmatevistandard deviatlon of the mean.

Difference between the Mean qnd’Zero. Heasurements are often made

in pairs to compare two processes or two dlfferent materlals. The pur-
pose of the test is to aetermlne whether there is a 51"n1f1cant diffe-
rence between the two 1tem° under test or whether the mean dlfference is

significantly dlfferent/from zero., The null hypothesis therefore is
oj/V(—O
The t test for this hypothesms is as

_lg- o
s (§)

‘where y is the difference between pairs of measurements.

2.1.2.% Difference between Two Mecans

The hypothesis is .
Ho 3 M:ﬂz

The prupose of the test is to determine whether the means of two
different samples could have come from the same population or from po~-

pulations with the same means. The t expression 1is as follows:
i
xR =%

- s (X)xH/n,—r 1/ n3

where 5(x), pooled estimate of standard deviation from both sets of data,

is calculated from the following equation

g(x):\sz,JrS x2

Ny +nNy -2

+ is calculated from the equation and is compared. with the tabulated va-

lues aﬁ’the degrees of freedom equal to n1+n2—2.

2.2 Sample Calculations

Percent changes in Young's Moduli are also cal¢u1ated in the com-
puter by the Program Two given in the Appendix 4. _

2.2.1 Program Three does the variance analysis calculations. A
sample calculation done on the 1-4 weeks percent Young's Modulus values

is given below:
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» o Persent
Kayseri Pozz. Fly-Ash  Slag  Ground Brick mog o7
KO % 21.0 Ax 28,3.B8.  19.4 C¥  47.2 DB 115.9
30 % 31.5C§ 2.2 DY 23.8 AB  32.6 Bo 112.1
20% 28,1 DB 18.2°C 42.0 BS  30.2 A¥ 118.5
10 % 28.4 BY 21.8 4%  12.7 bd 32.1 C3® 95.0
Time Tot. 109.0 92.5 97.9 12,1 L1, 5
MgSOh Concentration Tot. W/C Ratio Tot.
A 96.8 X 84.5 n=l
B 131.3 - Bomnas n=16
¢ 101.2 X 102.2
D 112.2 S  142.5
2% = 41,5 \ . -
S %2 (21,002 + (31.5)%. . ianeen, (32.1)2 + (142.1)% = 13320
2 . .
@) o (W41.5) = 32
5 16 182
2 (1090)%+ (142.1)°
7 (Type . Tot)/k = . 1074 12555
. 2, (115.9)% et (95.0)2
> (Percent. ‘Add. Tot)/4 = = 12262.5

I
- 2
j{KMgSOh concent. th)2/4 = (96.8)" # ....t (112.2)"_ 12355

Iy
(84.5)% o.vo v (142.5)% o o0

S(w/c Ratio Tot)?/l = ”

_.source Sum of Squares D.F. Mean Square
Type of Add. 12555-12182=373.0 3 124.3
Percent Add. 12262.5-12182=80.5 3 26.8
504 Concent. 12355-12182=173.0 3 57.6
w/¢ Ratio 12620-12182=438.0 3 146.0
Error Diff: 1064.5-1138=73.5 3 2k.5

Total 13320-12182=1138
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Type of Additive: p o= 12hed 5-075}

= 1.095

Percent of Addition : F =

=
\un
I

‘1504 Concentration:

=
i
u
n
Y

‘w/c Ratio: | F = LS T 5.96

2.,2.2 The 6 specimens of Darica cement are compared with the 6
specimens of Bartin cement by means of Computer Program Four.

‘Sample Calculation: % L values, 1-6 Months

Sample Bartin Cement Darica Cement

LI 28.5 - L.5 Bartin Mean = 15é.0 = 25.2
2. 31.5 18.0 - -
Darica Mean = Zég; = 12.6
3 20.5 1805 3 * )
4 25.5 12.5 2P = (28.5)%4. . (22,002
5 23.0 . 13.0 5 42 e (1.5)2 +...+(8.0)2
6 22.0 8.0 Darica .
' n=6 =5
Total 151.0 75.5

.Z:xa- Px

VarianceBartin = 17.56
VarianceDarica\= 30,14
" Pooled Estimate Standard Dev. _ || “Bartin * Sparica :Q 17.56+3C. 1% .
r ﬁ 10

n2 - n1- 2

]

L .88

£ = Xparica Z Bartin ‘
Pooled estimate of Std. Dev.\p/n1 + 1/n,

= 4.5k

In all these calculations data is coded and this doesn't affect

the results.
2.2.5 Confidence ranges of measurements with the Electro-Sonometer

and the Length Comparator:
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Torsional Frequencies (12 measurements of the same sample)

1 2550 n=12
; 2555 3'x=30575
| 2 *
AR %= 2 25u7.9
7 320 £x’= 77,902,975
.7 2550, ., 2§2=§[x2 - ¥2x ,
g é??? = 77.902.975 - 77.902.042 = 933
I : ,2 =
10 2560 shy= 2202 22 - gu.818
11 2540 "
12 2550 s7ye EXx) . 84818 1 5 ogq
o . s(R) = \{7.068 = 2.66
= = . .t = 2,
M= %+ ts(X) %.05,11 201

M= 2547.9 + 5.86

(Table 6,1, Volk)

with 0.05 probability of’eriof; the true mean, is within the
range. Or this is the 65 % confidencerange of the mean.

Length Measurcments (19 measurements of the same sample)

4
O

Py
J
\n
Mo

-— ot el et m—
O OO~ OV
=
co

above

n =19
Sx = 963
T - X _
X === 50.68
§;2= 48.837
S%%= Sx%-%%x = 48837-48804 = 33
2
s2(x) = A %% = 1.833
2
s°(%) = & ;X) = 1;233 = 0.096
s(x) = 0.31
M= X+ ts(x) to.05,1g = 2101
M=5

0.68.+ 0.652 95 % Confidence

Range
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L C lodia
Rac dom ‘Du\:.\-‘\'co\‘res 0\ 6_‘“‘5” L \‘i

2.2.4 Com?O\V\'SO\'\ O% T e
AL 10 - 10°
b X CAx - axt
’ 2 - _29.5 _ .
~-3.0 4L -7 L9 X ::"*g——- = _‘).2?
- .5 ? -7.5 o %6.25
10.5 8.5 2 4 Z;«: =3925.5
16.0 13 3 9  393.5
21.5 16 5.5 30.25 %-X- = -é—é~ = 49:2
26.0 21.5 4.5 20.25
27.0 18 9 81 . | 49:2 5.4
27.0 21.5 5.5 30.25 g i
33.5 19° 4.5 21C.C0 5(%) = 2.3
’ 29.5 490.00 . _13.27-01_ , 5
, 2.3
AL 16 - 16° . o
A 2 t8,0.05_ 2.306
1 xp Ax x L= 0,05 0.01<B<0.05
2 3 S e .
' g 5.5 3.5 12.25 IIS s:.gr;:fglcant diffirence
16.5 12 4.5 20.25 &
19 T4 5 25 = 165.5C
20 18 2 4 (%) = 162:20 _ 50 0
21, 18 6 % , I
23 22.5 0.5 C. s %) = 20. = 2,
29 12 144,00 (=) 5 z 3
31.5 272:75 S(%) = 1.52
-3 | 3.5 _
AL 3 )T > t_1‘g2—2.3
X X Ax AX + = 2 306
11 g 5 6.5 0.25 0.05,8
9.5 3.5 6 36 L= 0.05 ﬁ({:.m
17 11.5 5.5 30.25 3 o= 2X 22 . 2.7
é6.5 26v5 O O 10 1\/
33 222 0.5 4-25 S x°= 100.5
. 9. - 10C.5
St o 0.25 s200= 18822 = 1165
11 37.0 L 16 2. - )
46.5 9.0 7.5 56.25 s7(%) = 1.165
50,0 34,5 - 5.5 20.25 (%) =1.08
27.0 173.50 2.7
t = Thr = 2.5
to.02,9 = 2.821
L= 0.02 g 0,01
or L= 0.01 /5<0.01
t = 3.250
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APPENDIX 3

Sample Procedure of Analysis

The calculation of the Young's Moduli from the measured resonance
frequencies was done in IBM 1620 according to the Computer Program One
given in the appendix. '

It is mainly the evaluation of formula

E = CiN°
Where W = weight
N = natural freguency
4e1?
C = ;
gImh

Here L = length
I = moment of inertia

g = gravitational constant

m = a constant equal to 4.730.
Only C is corrected as C = C'T ,
> 131(x/1)" A
vhere T = 1 + 31.79(x/1) "~ 5 - 125(r/1)
) 1+81.09(r/1)
M= 1/6 kil
for M =1 and C’=
SImA

In put data to the computer consists of width, length, weight,
vibratioﬁal frequency and damping frequencies. And Young's Hodulus

and internal damping are calculated out.
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APPENDIX 4

Computer Programs One, Two, Three, Four




:if££OGRAM~<; ONE—._

CAECULEATT TON—GF:YOUT\IG?'MGDUEUSW CHNCR_ETE—BAR
=B=WIDTH, U=LENGTH., W=WEIGTH TEIIL T o m o T e
=DM ENSTON=NR ()5S EBDSTETHWETHFC 3 1 ) S WW 3 3 ) —
;‘{;B_E_A_Q l‘o 2 NR (_I— B“LI:) ’:U:(_L):Q-JV_‘:I:H E(—I )’!-I‘-Z]-“"B AT l T e e e T R e e e
== FHFL OV =

TO=FORMAT €I
==CM=4.4.730.

=
h__,PUNCH 600 '

__600._FORMAT(0¢5H N RSLs , . s ff)

= D0E 2225 =Ty 3] : = e e e e e e e
S — A-B ( I )* Iﬂ)rm S ——
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"X - ray Diffractions of the Four Additives
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