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ABSTRACT
_. . \
) The vulnerability of concrete to sulphéte\attack
has been recognized and studied for at least éwo centuries.
The basic needs that prompted the ééudy were: (a) the&e
are no available Canadian Standards on the sulphﬁfe re-
'sistance of slag cements; and (b) slag cements in general
‘are not well known in Canada. There were three main phases
in the study: Phase One - invelved 76.2 by 152.4 mm (3 by.
6 inch) concrete cylinders made from Actual field mixes and
subjected ﬁo various sulphate solutions representative of
field conditions; Phase Two - involved an accelerated test
program emploving 25.4 by 25.4 by 285.75 mm (1 by 1. by llk
inch) mortar prisms and 50.8 mm (2 inch]) mortar cubes stored
‘ F\Iﬁkpore concentrated sulphate solutions; and Phase Three :
followed along the same lines as Phase Two, but encompassed
a wider range of'saméles, solutions and tests. Thé slag
cement studied in detail was cementitious hydraulic slag
meeting CSA 3;63.
Experimental results show that: <the sulphate attack
'is generally intensified with higher sulphate concentrations
but the degree of attack is not proportional to concentration;
Na250 and KZSO4 solutions producea more rapid deterioration

4
than Ngso4 so%utions: sulphate attack increases in rate and
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magnitude as the C_A content of the portland cement in-

3
creases and as the alumina (A1,0,
cement (i;e. pelletized blastﬁu;ﬁace slag) increases; the

) content of the slag

higher the slag cement content of the blended cement, the
greater its resistance: and a 50 per cent slag cement
(cementitious hydraulic slag)/50 per cent Type 10 portland
cement blend appeafs to Qé equivaleﬁt in sulphate resistance
fo a Type 50 portland cement. No abnormal, or significant,
amount of ettringite was found in any of the specimens
exanined, which tends to substantih;e one hypothesis that
ettringite formation haS'li;tle to do with sulphate ex-
pansion.. The 76.2 by 152.4 mm concrete cylinder program
did not vield any significant results. The ;ccelerated
mortar test procedure was found to be the most_reliable

test for evaluating a ceménts' sulphate resistance perfor-
mahce in a relatively short time,_and it is recommended that

this test be édopted as a standazd.
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; ‘ CHAPTER 1

INTRODUCTION

Concfete is vulﬁerab;e to attack in sulphate
environments and this suscep;:ibility to attack was re-
cognized at least two centurieseago. It was not uncommon
to ascribe the deterioration to bad workmanship or poor
concrete as little was then known about the Aesign of
concrete mixes. However, when important and well designed
structures became afiected, engineers became very concerned
and started to seriously study this préblem.

Even before the invention of portland cement the
sulphate attackrof-cementitious materials was being studied.
One of the early investigators was John Smeaton, who in

1756. experimented in improving pozzolani& mortars -when he

- was commissioned to erect a lighthouse on the Eddystone

Rock in Gﬁeat Britain. Another o©f the early investigatofs
was Vicat of France, who in 1812 worked on limes and natural
cements (1l).

Owing to the failﬁre of concrete work on the P.i.M.
Railway in the South of France around 1890, the sulphate
attack problem became of increased importance in Europe.

In 1898 Bied investigated some of these failures and came

et feg a
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to the conclusion that they ﬁgre due to: the attack of-
- the concrete.by gypsum (calcium sulphate) in the soil and
ground waters; the disintegrgtion ca&ged by the-formation
of calcium sulphoaluﬁinate: and the crystallization of
gypsum in the pores of the concrete. In 1900 and 1902
further problems-due to gypsum were experienced in tunnels
at Alicum, Rimont and La Plagnotte and also, due to magne-
sium sulphate and sodium sulphate, in structures on Ehe
Sou-Saada line in Southern Algeria (2}. The destructivé.
action of alkali ground waters on concrete structures in
Western Canada was generally recognized to be a problem
of major importance by 1918. T. Thorvaldson was one of thé
first Canadians to stﬁdy the sulphate attack problem, and
contributed much to our understanding of the subjegf (3).
Within the last seventy vears, there have been numeroﬁs
investigations worldwide into the mechanism and prevention
of sulphate attack.

There are three major ways in which sulphates are

formed: sulphates in nature; sulphates due to biological

action:; and, sulphates due to industrial pollution.

-

(a) Sulphates in Nature
Soluble sulphates are found in most soils and
groundwaters, and particularly in sea water. In most soils

the SO, contents are low and harmless to concrete,typically




Lbetween 0.01 to 0.05 per cenk*. However, coﬂsiderable

- i
qﬁantities of sulphates are sometimes present in the soils
of specific areas. For instance, clays containing 5 per
cent or'‘more gvpsum and sometimes appreciable auantities
of other sulphates are found in_Géeat Britain. Soils with
high gypsum contents are also found in North Africa, France
and other parts of Europe. Groundwaters high in sulphates
are commen in Hungary. In the northern Great Plains states
(the Dakotas and Montana) of the'USA, and extending iﬁto the
Prairie provineeé of Canada, there occur the so called
"alkali soils", containing high concentrations of sulphates
in the soils and groundwater. Concentrations of sulphates
in many areas of Southérn Ontario also require the consider-
ation of potential concrete attack and the selection of a
suitable portland cement type.

The distribution of sulphate salts in a clay is
often very irregular. In the Canadian Prairies the con-
centrations are usually very variable both in the vertical
and horizontal directions. This is largely the result of
the factors céusing moisture movement in the sbilg. In
the extensive glacial-lacustrine and glacial-fluvial deposits
of Western Canada, poor subdrainage of the near surface
silts and clays greatly restricts leaching (4). In arid-
‘regions where the rates of evaporation are high, the zone

of accumulation_gf sulphate salts generally occurs within

*Sulphate concentrations in soils are usually expressed in
per cent by weight or in grams per litre of SO, or SO4; and
in groundwater as parts per million (ppm) of 564-or SO3. TO
convert from SO, to SOz multiply by 0.83. _
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a few feet_of the surfacel Also aseociated with a dry
'cl'i.:nate is its .action in "wicking up®" the soluble sulphates
' ‘rom the lower salt bearing layers. ’

The. sulphate salts most commonly found in ground-
waters and soils are sodiug; potassxum, magnesxum and |
calcium. Sodium,‘potaesium and magnesium sulphates have
high solubilities, whereas calciem sulphates' solubility
is relatively low at only about 0.2 per cent; limiting its.
concentration to approximately 1200 ppm 803.

The Canadian Standards Assocxatlon Standard A23.1
(Concrete Materials and Methods of Concrete Const*uct_on)
gives guidelines as to the degree of attack one can ex-
pect for various ranges of ¢oncentraticns as follows:

negllglble attack up to 150 ppm sulphate

(s0,) in groundwaters or up to 0.10 per cent

sul hate (SO ) in soils;

"mild but positive® attack where.the correspond-
ing values are 150 to 1000 ppm and O. 10 to

0.20 per cent;

-
=~onsiderable® attack where the corresponding values
are 1000 to 2000 ppm and 0.20 to 0.50 per cent;

= cevere" attack where the corresponding values
are over 2000 ppm and over 0.50 per cent. ’

These levels should be used with caution as many influenc-
ing factors, such as seasonal variations of rainfall and
water table fluctuations varying the sulphate concentra-
tion, should be taken into account. Alsc, under certain

conditions the sulphate concentration may be considerably
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reduced; for instance, insufficient ventilation of the

soil or the presence of certain organic substances (coal

particles, etc.}. The high variability of concentrations
" makes sampling, ﬁépping and prediction of sulphate occur-

rence a difficult task. .

{b) _Sulphates Produced by Biological Action

The decompositibn of organic substances contain-
ing sulphur by biological action can produce sulphates
‘in soils. This pProcess is.rather slow, and may give rise -
to an increase in the soils' acidity. Sewage caﬁ cause
<\\the sulphate concentration to increase in both soil and
.groundwater. Manure and fertilizers alsoc raise the sulphate
content of the soil, which also increases with thé degree
of cultivation. On ploughing, the soil becomes loose and
hence ventilation is increased promoting the oxidation of
sulphur. It has been found ‘that the sulphate content in
a cultivated so;l is twice as much as in an uncultivated
one. Biczdk(S) has provided considerable detail in his

Q
book on this subject.

(c) Sulphates Produced by Industrial Pollution (5)

Many industries have large coal or slag piles in
_ their proximity. The soil and groundwater under these

piles may have very high sulphate concentrations due to

e e e ——————— ———— —
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leaching of @he coal or some slags. The pyrite and sulphur
in coal and some slags oxidize to form sulphates. Dumpsites
formed from industrial or domestic wastés may also have
high sulphate contents. Acid sludges or acid waste dumps
may increase the sulphate concentration of groundwater as
high as 7000 ppm SO,. . Waste waters from coal gines rich
in-pyrites sometimeé also carry considerable amounts-of
sulphates. Where coal burning or metallurgical smelting

is carried out, the smoke maf cause sulphate pollution

of the surrounding area (i.e. écid rain).

Coup}ed with materials conservation through aspects
such as increased durability, there is increasing gmphasis
being placed on energy conservatiqn,'recycling and fesiduals
(wastes, byproducts products) utilization in construc-=
tion. One buildin materiai that contributes to both the
durability, energy a coproduct utilization aspects of
conservation is iron bYastfurnace slag cement (terméd slag
cement throughout). It has been utilized in Europe and
other parts of the world for centuries and is now gaining
popularity in North\America. As Emery et al (6) put it:

Although the United States and Canada

(until verv recently) have lagged behind
other countries (many Cembureau members for
instance) in utilizing glassy blastfurnace
slags for their cementitious properties,
there is little doubt that the escalating
cost of cementing agents such as asphalts
and portland cements (primarily due to world



energy distribution problems) will focus
more attention on slag cements. As oux
energy needs continue to develop in a time
of potential shortage, it is.critical that
structural materials that have an "energy
content” are fully utilized for cementitious
purposes.

U e i
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This study deals specifically with the sulphate
resistance of slag cements which has been idengified as
a potg&;ial utilization advantage over conventional port-
land g&méﬁﬁs. Tﬁere appears to be a vital need for such
a study since:
(1) There are no available Canadian standards
(i.e. Canadian Standards Association) on
the sulphate resistance of slag cements;and
(2) slag cements are‘not-well known in Canada.
Research has been carried out on the sulphate resistance
of slag cements in many countries, and although it has
generally been found that slag'cements are more resistant
to sulphate attack than ordinary portland cement, there
are many discrepancies and questions still unresolved.
One of the contributing factors to these conflicting
finaings is that blastfurnace slags differ in their com-
position and properties depending on the source. For this
reason, attention is focused on the only Canadian slag éement
produced at the time - cementitious hydraulic slag -

produced by Standard Slag Cement from bDofasco pelletized

slag. -
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Since little researcﬁ has been done in Canada on
the suiﬁhnte resistance of slag cements, the following
s main objectives were adopéed for ﬁhe study:
. 1. to develop and refine a sulphate resistance -
_ test procedure(s) (i.e., no'geaIEStic standard
- test ‘exists); |

2. to study the suitability of various durability

monitoring technlques.

3. to’ study the influence of various slag cement/

portland cement blends on sulphate resxstance
(main aspect of study):

4. to study the influence of some common sulphate

salts on sulphate atﬁack;

5. to study the influence of the sulphate con-

centratLOn on sulphate attaﬁfy.and |

6. to study the influence of the portland cement

type and source (Tricalc;um Aluminate, C3A,
influence) on sulphate resistance.

This study is unique in that both a vitrified .
pelletized slag based slag cementland a fairly representa-
tive rande of actual concrete mixes are involveé. It should"
be noted that while the research reported herein began in
early 1977, much of the work is continuing as long term
durability tests at ty?ical sulphate levels are time

consuming.
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CHAPTER 2 .

SLAG CEMENTS - .

2.1 Blastfurnace Slags

The American Society for Testing Materials (ASTM
Cl25) defines blastfurnace slag as "the nonmetallic product
consisting essentially of silicates and §Iuminosilicates
of lime, and other bases, which is developed simuléaneously
with iron in a blastfurnace.”

‘ There are two prime functions of an irog blast-
'furn;;é. Primarily, the oxvgen combined with the iron in’
the ore has to be removed. 1Iron ore is a mixture of oxides
of iron, silica and alumina. ' The oxygen is removed by

chemical reactions between the iron oxides and carbon in

the form of coke to produce carbon monoxide, carbon dioxide

N\

and metallic iron (at this stage called pig iron). Secondly,

the process must separate the resulting metal from the
remaining non-metallic or gangue content of the ore and
from the ash residue of the coke. This is brought about
by melting the charge and allowing differences‘iﬁ density
to cause a separation into a layer of slag containihg most

of the unwanted non-metallic components which floats on

_top of the liguid metal, and that can be freely tapped

from the furnace (7,8).

-
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3 i

"The amount of raw materials used per ton* of iron
pfoducéd-isfabout 1.7 tons of ore and other iron-bearing -
materials.(for example,lsinter and pellets), 0.50 to 0.65
ton of coke or:othef fuel, about 0.25 ton of limestone
or dolomite, and 1.8 to 2.0 t6n5 of air. The limestone
and/or dolomite act as fluxes and their functions are:
ﬁa)_to form a fluid slag with the coke ash, ore gangue,
and any other charged impuritieé: and (b} ﬁo fé;m g‘slag
with é chemical compos%tion so that it will providg_a_degree
of contreol on the suléhur content ¢f the iron. The blast-
furnace products are iypically 1.0 ton of iron, 0.2 to.0.4
~ton of slag, 0.05 ton or less of flue dust and 2.5 to
3.5 tons, of blastfurnace gas (9). fhe quality and quantity
of slag produced is essentially a function of the iron con-
tent of the ore (10, 1l1). In North America, where the iron
‘contents of burden‘ére hiéh, the slag content may be as low
as 200 to’250 kg/ton of iron (8). The annual world pro-
duction Ef blastfurnace slags is approximatelf 115 miliion
metric tons based on an average generation of 23 per cent
of iron production (11).

The use of iron blastfurnace slag depends upcn

its chemical composition and the physical form in which

*
1 tonne or metric ton = 1000 kg = 0.9842 ton .

~
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<
it is allowed to SOlldlfy. Blastfurnace slag is ;;;é?ced
in four main formsf axr-cooled, expanded or -foamed,

granulated.and pelletlzed.

-
«

Air-coqled slag is produced by pouring the molten
slag oan to a slag bank or into a plt. It is permitted to
solldl‘v by slow coollng under atmospherlc condltlons.
coollng mayv then be accelerated by water sprays on the-
SOlldlfled mass. The slag develops a crystalllne.structure
sxmllar to that of.an igneous rock. Tdis slag following
processing has many conventional aggregate apollcatlon uses
as outlined in Table 2-1.

Expanded or foamed (also called lightweight) blast-
furnace slag is the product obtained Qhen the molten slag
is expanded by applying a limited guantity of water or
with a controlled quantity of water and air or steam. .
The water is controlled to properly expané the slag and
to prevent'granulation. Expanded blastfurnace slag_has
a relatively high structural strength, good insulating and
acoustical properties and ls used as lightweight aggregate
in concrete (9,12, Table 2-1).

Granulated blastfurnace slag is made by'sudden
quenching of the molten slag. with sudden codling the
crystals have ne‘time to form and it solidifies as a
glassy or vitrified material. Granulated slag has hydraulic

properties when ground to cement fineness ané mixed with
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o, K-

an alkaline activator such as lime or port}and cement.
it is used in the manufacture of many cegents, mainly
poftland biestfu ace cement and syp€r-sulphated cement

' (Table 2-1).. ¢

Pelletized Slag can be categorized between expanded
and graﬁdiaéea slag because of the physical and mineralogi-
,cal.prope;ties related to its lightpeight pellet shape ard poten-
ti;l.viﬁrified ﬁature, regpectiveiy. The slag pelletizing
process 1is relaéively new and was develoéed by National'
Slag Limited in Hamilton, Céhadé. Many countries-are
adopting this.process and "it is now in use in Canad%,
Great Britgiﬁ, U.S.A., Finland, Sweden,:Luxembouig, France
and Australia. In this process the moiten slag is e#péhded'.
under watef sprays and the resulting pyroplastic material
i§ passed over a rotating drum where the fins on the drum
break it ﬁp and throw it into the air for sufficient time
fo: pellets to form by surface tension. This prévideS'a
quick cooling method which gmaduces a slag product that can
.be immediately handled (molten slag-usually takes several.
days to cool). The pelletizér also provides a means Qf.
controlling the high gas'emissions (primgrily‘hydrogen.
sulphide ‘and sulphur dieoxide), typical of many foaming and
granulating procegses,since the slag is cooled in the air

so quickly that the gas does not‘ﬁave time to escape before

the hardening surface‘of the pellet effectively séals_it
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in (6). Pelletized slag has-many'advantagés as a product

JUTY Py Y

~over conventional vesicular expanded slags, including a.

significantly lower water absorption and excellent work-

ability ip masonry and structural concrete mixes. By

AAEETRTE EL Wy TR

varyving the pellétizing process either glassy'pellets having

cementitious pfgbefiies,_or crystalline pellets for concrete

mixes, éan be produced which profide a full range of
marketing possibilities. The main current applicatiocns
for pelletized slag are as a lightweight aggregate in masonry

-

énd structural concrete mixes and in separately ground -
slag cement manufacture. | i

- In £his study, the stag cements tested'(primarily-
2ementitious hydraulic slag) were producéd frﬁm suitably
pelletized v%trified slag. As already mentionea,bothhgfanu-
lated and suitably pelletized slags ﬁéve iateﬁt cementitiousA'
properties. These slags have been fitri%ied by‘suddgn L

cooling, and are the only slags considered herein as.

" vitrified or glassy slags.

2.2 Composition and Cementitious Behaviour of Glassy

Slags - _ ’ ) T -

The glass’ forme®%on rapid coéiiﬁg of the mélteﬁ - :

slag is realiy a sﬁpercooled liquid. The transformation

from the molten to the solid crvstalline form is carried

-

out by a rearrangement of the ions:which take up definite

R
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. orlentatlon of the crystals, aﬁﬁ\the v1sc051ty ‘of the molten

szl;cates near the freezlng 901nt lS so large that this

rearrangement only - takes place slowly. Sudden cooling

prevents the ions from organizing themselves into crystals

. and they retain most of their irregqular arrangement. In

~this case the slag is transformed from the liquid state

to that of a glass without developing a crystalline structure.
Glasses have no definite melting point, theyv soften.and
gradually pass into a quuld state on heating. Below the
freezing point-of the crystallized mix the stable condition
is that of a completely crystalline solid, and the glasses
are unstable and tend‘tc éass into the crystalline state;'
but ‘glasses have very high internal wviscosity which restrains
this tendency and reduces the mobility ©f the constituent

ions -{7,13).

.. The main components of blastfurnace slag are the

same oxides as are present in portland cement, but differ-

-

ing in proportions. The essential constituents are Cao0,

MgO, Sio2 and A1203‘with small amounts of.MnO, S and FeO

. or Fe,0,. Other oxides such as TiO,, V,05, Cr,0, can also-

be found depending on the type'of ore used. The amount.

of gangue .material 'in the ore and the degree of gaseous

reduction in’ the furnace also affect its comp051tlon

Table 2-2 gives typical ranges of compos;tlon of slags

gathered from many sources and a typical composition of

e . e and daa P,
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a slag used in this‘study; for comparative purposes the ) i
corresponding amount of oxides found 1n43 portland cement
is presented. ﬂt' . Lo

Glassy blast? nace slags(geﬁally have little or
.no cementitious properties alone, % in the presence of a
suitable activator they exhibit significant cementitious=
properties. (It should be noted that the Hamilton slag cement
is particularly active). Lime, portland cément,.alkalies (for
example,caﬁsticlsoda), or the sulphates of the alkalies, lime
or magnesia may be used as activators. There is an impermeable
acidic gel coating on the slag grains prgventing hvdration,
and the role of the activator is to elther react with the

~i

coating themselves or to release enough caléium hydroxide
J.do so, in order that hydration can take place. When
3@5rt1and cement is used, the real activator is the calcium
hydroxide released on setting. Some of the broduéts of
hvdration identified by researchers are a tobermorite-like
phase, ettringite, calcium aluminate hydrate and tetracalcium
aluminate monosulphate hyvdrate. Le Chatelier (15) in 1894
stated that the hvdraulic properties of granulated slag are
due to the presence of a silica-alumina ferrite of calcium
corresponding to the féfmula-B CaO-AléOB-ZSioz. This com-
pound appears also in portland cements, but in them it 1is
inér; owing to the slow cooling it has undergone. However,

when it is cooled suddenly — as in the case of glassy slags-—

it becomes an important hydraulic agent. The cementitious

e ———— e -
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behaviour of-glassy slags is a complex subject and is the

topic of much current research. ]

‘&o as§9$s the éementitious ﬁ?opefties of glassy:
slags_variocus chemical formulae have been suggested in
order to calculate a hydraulic index; Some authors have

suggested the following two formulae:

Ccao

(a) 1.30 < 310 < 1.40
b 2 ’
. Note: - slag with a low Ca0 ratio 1is
‘ S:LO2
. sometimes called acid (below 1.20}
, ) - slag with a high €20 .atio is
8102
i
~ sometimes called basic (above ;.30)
: Al.0
2°3
{(b) 0.45 < 315 < 0.55
2
- . - Cao i e e
In general, a high <o ratio means a high furnace tem-
5 ;

perature and therefore a better chance of obtaining good
vitrification. A slag of low basicity but with a high
alumina content may be of excellent quality; alumina is an
important factor in the mechanical strength of slag. The
current trend is towards the production of less ané less
basic slag (10). One of the most popular formulae was
proposed by Roquejoffre:*

ca0 + MgO + 1/3 Al,O,

5102 + 2/3 A1203

*The CSA has recently adopted a similar oxides ratio:

Ca0 + MgO + A1203
sT0, 2 1 (Csa A363-M1977).
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Another is Keil's German formula:

Ca0 + Cas + 1/2 Mgo + Al O,
. . 293

, + MnO B

Sio
for F< 1.5 : low-grade slag
1.5¢< F <1.9: slag of acceptable quality
F> 1.9 : _ high-grade slag .

A French formula by C. de Langavant is agso often used:

i=‘zo+Cao+mzo3+Eg&-2'sio

2
for 12 < i < 15: 1low grade slag
15 < 1 < 20: slag of acceptable quality
i > 20;: 'high grade slag .

l\
All the above formulae are based on experience and have been

used to indicate the hydraulic value of a slag. Chemical
formulae in themselves do not really enable the evaluation

of the true quality of a slag and such assessments of hydrau-
licity have not proven suitabie. No clear strength develop-
ment-hydraulic moduli relationship was found by Gd@ta (16).
Coale et él (17) have reported that the hydration of a

slag cement is a highly complex process depending on a great
number of factors, and it is therefore unrealistic to expect
such a reaction to be governed by relatively simple relation-
ships. They found that certain trends can be seen in hyvdraulic
behaviour and composition, but no definite relationships-can

be formulated for the entire range of slags suitable for cement.

e mes Al oma o ePmaie PP



The glass content of’a vitrified slag is a prime

factor in determining its cementitious properties and can

be used as an indicator of the slags' hydraulicity. A

.rapid method for visually assessing glassy slags often used

in Germany is the fluorescence test. In this test the slag

éample is ex&mined under ultra-violet light where the dif-

ferent types of graind emit different luminescent colours,
\

separating the varTous tvpes of glasses which possess vary-

-ing degrees of hydraulicity. Particles emitting red and

pink colours are claimed to be vitreous, developing high
strengtgs: vellow, blue and violet colours are highly érys-
talline with lower strengths. Work done with slags from
Great. Britain seems to indicate that the fluorescence test is
useful only for slags produced by one particular procéss or
even by a single furnace. There are several other glass
count methods available. For example, the South African
ﬁethod which uses cross-polarized light and an orange filter,—
and the McMaster Method in which microscope counts are done
under plane and crbss-polarized light. Lea (13) states that
neitheria composition modulus nor a glass content alone are
sufficient to characterize the hydraulic properties of a
slag and that some product of the two is regquired.
Recalescence tests (latent heat of crystallization)
to correlate the activity of a glassy slag have not proven

successful. Studies by differential thermal analysis have
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not been very sﬁééessful either. Chemical methods and

various other means have been proposed. One of the most —“\\\
recent proposals was that of Fierens-using thermoluminescence

and electron excemission techniques, which have proven

successful in ‘work done on artificial, but not industrial, glassy

slags. These methods presently regquire sophisticated equip-
ment and highly trainéd technicians, and are really only
suited for research purposes. It appears that the most
reliable me£hod at this time is the mgasuremeht of 1its
mechanical strength develbpment (i.e. performance testing).
The samples can be made from crushed slag and its hydration
accelerated by grinding, heating or by using a strong base

like sodium hydroxide.

2-3 Portland Blastfurnace Slag Cements ®

The use of blastfurnace slag in cement manufacture
was probably foreseen by Vicat when he recognized that its

chemical composition was similar to that of portland cement.

" In 1862 Langens found that a cementitious material could

be produced from water granulated slag mixed with lime:

A portland blastfurnace slag cement was first produced ;n
Germany in 1892 by intergrinding portland cement and |
granulated slag.

There are three main types of cements containing

' vitrified blastfurnace slag:
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supersulphated cement - composed essentially of

vitrified blastfurnace

Slag, calcium sulphate, and

a small percentage of

portland cement or lime;'

portland blastfurnace slag cement - produced either

by intergrinding various

portions of glassy slag

with portland cement c¢linker,

or by adding the ground

glassy slag directly at

the batching plant or mixer

on site; |

low heat portland blastfurnace slag cement - similar”

to portland blastfurnace
slag.cement but with a higher
slag content.

Only portland blastfurnace slag cement was used in this

study, and is discuséed further in this section. The term

slag cement is used throughout to refer to portland blast-

furnace slag cements, and in particular cementitious hydrau-

lic slaé cement.

In Great Britain slag cement'i% known as pertland

blastfurnace cement with not moré than 65 percent slag

(BS 146); in the U.S.A. it is called Type IS cement with

e e B e —A— — =
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a si;g content of 25 to 65 per céent (ASTM C595); in -
Germany‘it is called Eisenportland for up to 35 per cent
slag and Hochofen cement for 36 to 85 per cent slag {DIN
1164); in Francé, Ciment de Fer contains 25 to 35 per cent
siag, Ciment Métallurgique Mixte contains 45 to 55 per
cent slag, Ciment de BHaut Fourneau contains 65 to 75 per
cent slag and Ciment de Laitier au Clinker contains at least
80 per cent -slag and finally, in Canada a CSA preliminary
standard exists - CSA A 363—31977 - for cementitious
hyvdraulic slag.

\ When slag and cement clinker are interground the
softer material, which tends to be the clinker, is pre-
ferentially ground. Lea (i3) noted that with slag con-
tents up to about 50 to 60 per cent the early strength of
interground slag cements is mainly determined by the fine-—
ness of the clinker fraction-and'iater'strengths by that of
the élag fraction. For ceménts with greater slag contents
the fineness of the slag is of major importance at all ages.
If both have the same fineness there appears to be little
difference in strength development between intergrinding
and separate grinding. While there are still some differ-
ences in opinion as to.which method is actually more effec-
tive, g’garate grinding 1is generally preferred as it has
significant advantages such as avoidance of preferential

grinding and ease in varying slag cement/portland cement

blends.
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" The Trief procéss developed in Beléium is anqther
method of producing slag cement, particularily from grasu- -
lated slags. After gfanulatioh the slag is grouna wet;and
stored as a wet slurry. When the concrete'is ready for
mixing, the slurry is fed into the concrete ﬁixer together
with portland cement anéd aggregate.

In South Africa a slaé cement known as Slagment is
produced by dry grinding granulated slag to the same fine-
ness as portlaﬁd cement for addition at the mixer as a-
partial replacement for portland cement (18). A similar
process 1s used'iﬁ Britain under the namé of Cemsave. 1In

Canada, ground glassy pelletized blastfurnace slag is -utilized

in a similar fashion and is termed Cementitious Hydraulic

Slag (CHS) by the‘producer; Standard Slag Cement Company.

L3 .
‘these cements is higher thar ordinary §3§tland cemen

. . The workability of concrete mixes incorporatjing
ot

taining mixes of the same aggregate content, therebty allowing
a lower water to cement ratio that is used to advantage
during mix design. The rate of hardening of slag cements
is slower thah ordinary portland cement, but at later ages
equal or even superior stréngths are reached. By careful
control of workability, strength equivalencY at early stages
(3 to 7 days) can be écﬁieved for slag cemen£ replacement
of porﬁland cement at up to about 40 per cent. Lea (13)

reports that it is slower than portland cement during the
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first 28 days but then increases so that ét 12 months_eqﬁal_
or greater strengths are attained; Venuat (10} states thptA‘
often after only 7 days at 260C (later at a lower temper-
ature, and earlier at higher tempgratures) the strengths

become the same. The writer has produced results similar

to Venuat's using slag cement mortar cubes inqprporatipg

up.to 70 per cent siag ;ement replacement of portland -
cement at 23 degrees celcius. ﬁess heat is given off dur-
ing hydration of slag cement/portland cement blend than

for ordinary portland cement, which is more noticeable 1in
theqearly stages. This property is successfully applied

in the building of mass concrete structures such as dams -
or foundations;where there is danger of excessive heat
buildup that can result in cracking of the concrete. It

is a disadvantage in cold weather and care must be exercised
to prevent frost damage due to the coupling of the low heat

of hydration of the slag cement and its relatively low rate

' of strength development.

In portland cement clinker, periclase (crystalline
MgQ) 1is known to be-deleﬁeriéus to cements. The MgQO content
expands in volume when it slowly hyvdrates to form brucite
(2 mineral having the composition Mg(OH)z, and a specific
crystal structure), and may continue to expaﬁd long after

the cement has set causing the hardened cement matrix to

disrupt. A safe limit is prescribed in various specifications
. A .

-
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generally limiting the periclase to less than 5 per cégﬁ-
(for example in DIN 1164). -This specification is ﬁome-
times applied to slag cements even though it has been shown
that the MgO present in a gla;sy state is harmless (l?,lB);ﬂ
Oﬁhef potentially deleterious méterialsrare sulphides and -
Ca0 present in slag cements. The sulphide§ 6xidizg‘td
sulphates accompanied by damaging expansions if presént-in'
excess. British Sfandérd BS 146 regquires that thé-sulphur
present as sulphide shall not exceed l.é per-;ent; ASTM
(C595-68) specifies no limit on MgO, and limits SO; to 3
per cent and the éulpﬁide to 2 per cent. Coale et al (17)

note that the lime unsoundness results from the phase change

of beta to gamma dicalcium silicate (2 CaO.SiOz), accompanied

by a volume increase of the slag.* However, rapid quenching
during the granulating or pelletizing procéss prevents the
crystallization of dicalcium silicate preciudié&_the possi-
b;ﬁity‘of the phase change. Various formulae ané mgduli
hévé been proposed for the assessment of slags £qr slag
cements manufacture; the main ones have been given in the
last Section. ‘ ‘ .

Other favourable—propertiés of slag cements are
'low;shrinkagé, low absorption and high chemical resistance.
The poteﬁtial sulphate re;isﬁance properﬁfgs of slag_cements
have been recognized for some time and were the prime

motivation for this study.

*It should be noted that X-ray diffraction studies on a wide
range of Ontario blastfurnace slags show an evidence of
dicalcium silicate. ‘
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CHAPTER 3
_ MECHANISM OF SULPEATE ATTACK

When concréfe is élaced'iﬁ aggressive or potentially
aggfesSivé-enQirOnmehts, its resistance to-corrosion ﬁust
Be a major consideration during design; The durability of
ccncrete-is largely dependent on the physiéal and chemical
nature of its components. Corrosion processes can be classi-.
 fied into two main types: ‘phvsical caused by abrasion,
mechanical wear, frost aétion and the like; and chemical
caused by adgressive liquids or gases infiltrating into
the hardengd concreté._ Only concrete qetefioration by
~chemical or.physicofchemicai means is considered here.
Cement gel (colloidal material which makes up the major
portion of the péroué mass of which mature hydréﬁed cement
_is composed} 1is bas;c and ] is attacked by Qater, ce;tain
salts, écids and bases; though in most cases the rate of
‘ deterioratioﬁ is so slow that they are unimportant. Under
certain cdnéitions the deterioration process results in
._sévere corrosion and in some cases comglete failure of
concrete structures has been éxperienced. In the majority
of cases involving concrete deterioration due to salts,

sulphatég have been found to be the aggressive agent.

27



- Sulphate attack has received_the greatest attention'of all

in concrete corrosion studies, and as & resuld’chemical C

-attack and sulphate attack have frequently been regarded

as synonymous in the literature (5). VT

El

ek a i asi s ah bl

Potassium, “sodium, calcium, magneéium,_ _ammonium
and various other sulphates in aqueoué.form, react with

_ ' 'the hydrated calcium aluminate andyot the free calcium
hydrokide dn the set cement paste. The resulting'ptoducts

¥
are gypsum and calc;um sulphoalumlnate hydrate, accompan;ed

by an lncrease in volume and deterloratlon:- Thls is known .
Aas_ sulphate attack". ' The chemlcal teactlons luvolued in . -'f' ‘ i
the attack of cements'h§ sodium anéd magnesium sulphates
are (13,19): -

{a) The sodium sulphate reacts with calcium hydroxide: ‘ :

-'ca(OH), + Na,S$0,.10H,0 = CaS0,.2H,0 + 2NaOH+8E.O
2 2°%¢ 2 LNe 2

1

) 4 2
Calcium ‘Sodium - Calcium - Sodium °
Hydroxide Sulphate Sulphate ~ Hydroxide

(Gypsum)

e

(b} The gypsum reacts with calcium aluminate:

. <c,/’~ ‘ 4 Ca0.A1,0,.198,0 + 3(caso,. 28 ,0) + L6H
RN

20
i _ ' Calc;um alum;nate .
Q% | ' hydrate i .

= 3 CaOlAlZOS.BCaSO¢31H20 + Ca(OH)2

Calcium sulphoaluminate
hydrate (Ettringite)

(c)--The magnesium eulphate reacts with hydrated

*
C3A T -

*Cement chemlstry nomenclature used- C = Cao, -
27 C .- ' :

o

20:



(d)

- - (e) .

(£)

(g)

——a e

2(3Ca0.A1,0 .128H o) + 3(MgSO -7E 0)

3° 4"

",

MagneSLum Sulphate

= 3Ca0.Al 0 313 O + 2Al1 (OH) + 3M.g(OE)2

3CaSO4 2

-3°

~ Aluminium- Magnesium
+ 8320 ' _ Evdroxide Eydroxide

_The magnesium sulphate alsoc reacts with

calcium hydrqxide:

ca(OE) 5 + MgSO,.7H,0 = CaS0,.2H,0 + Mg(OH) ,+58,0

2 4 2

The gyésum-formed in (é) or (f} also reacts
w1th hvdrated C3A-
3CaO.A1203 .12H, o+ 3(CaSO4

= 3Ca01A1203.3CaSO4.31h20

.28 O)+ 13E,0

2

The magnesium sulphate also reacts with
calcium silicate hydrate:

2.nHzo + 3MgSO4.fHZO

Calcium ‘Silicate
Hydrate

3Ca0.28i0

= 3CaSO4.ZHZO + 3Mg(OH)2+ZSi02.nH20 + 12320

Silica Gel
The magnesium hydroxide formed in (c) or (d)
reacts with silica gel-fbrmed in (£):

4Mg (OH), + §10,.nH,0

= 4Mg0.5i0,.8.5H,0 + n - 4.5H,0

Magnesium Silicate Hydrate
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alciym hydroxide is liberated immediately as

the portiand ement comes in contact with water. };
saturated or supersaturated solution is séon fcrmed £ill-
ing the Capilléiies and gel pores. This sclution is
highly bésic - not less than pH 12 - mainly because
the calcium hydroxide and other alkali hydroxides (for

example,that'of sodium or potassium) in the cement:con—
tribute to higher values- and will dissolve gypsum. But
in blended slag cements the calcium hydroxide from the
portland-cement acts as the activator to thé finelv grourd
glassy slag and therefore the calcium hydroxide in sdlutioq
is comparatively very low. Aluminates play a significgnt
role in the corfosion pracess.. They are in the form of
ca{fium aluminates in £he portland cement. Bydrated
aluminous cgmpounds such as crystalline hvdrogranite and
gehlenite hydrates are known to be sulphate resistant,
whereas tricalcium aluminate produces compounds highly
susceptible to sulphate at#ack.

Lea (13) discusses the conditions controlling the
extent to which réactions (a) and (b) take place. 1In
flowing waters, with a coﬁstant supply of sodium sulphate
and rgmoval of the sodium hydroxide, reaction (a) will -
eventually proceed to completion. If the sodium hydroxide
accumulates an equilibrium is reafhéd dépendiné.on the

sulphate coegcentration; with a 5 per cent sodium

r

bl
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hydroxide solution only about one-third of the sulphur
trioxide is deposited as ca;cium.sulphate Qhen equilibrium
is reached, and with 2 per cent sodium sulphate only about’
one-£fifth. Reaction {bf can occur only if calcium sulphate
is present. Lea also. notes that alkali sulphates do not
attack thé hydrated Ealcium silicates to any appreciable
extent because tﬁey'are more insoluble than the calcium
sulphate and alkali silicates which would result. . Calcium
hydroxide liberated in the setting of tri - and dicalcium
silicates reacts according to egquation (a). In sodium
sulphate solution crystals of gypsum are soon formed from
tricalcium siliéateﬁ but with dicalcium silicate the
reaction proceeds much more slowly, corresponding with
the very slow rate at which this compound splits off calcium
hydroxide in water. |

The action of magnesium sﬁlphate on hardened cement
paste is different to that of other sulphateél Magnesium
sulphate not only reacts with the calcium aluminates and
calcium hydroxide bﬁt also attacks the hydrated silicate
phases. As shown in equaiion (£} its reaction with calcium
silicate hydrate results in gypsum, nearly insoluble-magne—
sium hydroxide and ﬁ}lica gel. This behavicur may be
attributed to the low solubility of magnesium hydrgxide-
"and the reduction in pH of its saturated solutidn in the

presence of magnesium sulphate. The resulting pH is about
‘
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10.5 and at this low pH the hydrated calcium silicate is
very unstable. Lea explains "the silicate liberates lime

to the solution to establish its equilibrium pH, but when

- -

magnesiumlsulphate is present the lime reacts with it,
forming magnesium hydroxide and calcium_éulphate. The
former at once separates from sclution, reducing the pH
value to 10.5 again; more lime paSses into solution'by
decomposition of a further pért of the hydrated calcium
silicate to re-establish the pH and so the action proceeds.
The calcium suiphate'accumulates in solution until it be-
comes sgtuxated and crystals of gypsum then separate Outl"
The silica gel formed can react with magnesium hvdroxide
slowly to form magnesium silicate hyvdrate as presented in
equation (g). 'Magnesium silicate hydrate has no cementing
properties and represents the final stage in the magnesium
sulphate attack.

' Equations (c),(d) and (e) show other possible re-
actions with magnesium sulphate. It may react with hydrated
_tficalcium aluminate forming calcium sulphcaluminate, aluminium
hydroxide and magnesiu; hydroxide. Magnesium sulphate may
alsc react with calcium hydroxide forming gypsum and magne-
sium hydrbxide (Equation (d))-. Because of the low solubility

of'magnesium hydroxide, it precipiﬁates as very fine or colloidal

particles. Hansen (20) poiﬁgg—;;£ that water the gel pores

is in.iﬁuilibrium with the surface forces of the colloidal
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reaétion products, buﬁ;précipitationlof colloid§i§::z§esium
hydroxide in thérgél pore introduces new surface es
upsetting this eéuilib;@um; To re—establish equilibrium
between the. surface forées.and water, additional water will
be drawn intc the gel éores and this can only be accomplished
by enlargement of- the pdres'by osmotic pressure. Equa£ion
(é) shows how the gfpsﬁm formed in (d) and (£) can react
with the hydrated tricalciumlaluminate to form calcium

suphoaluminate hydrate.

In sulphate attack there is a marked increase in

the solid volume which can result in the disrhption of the

cement. When calcium hydroxide is converted to gypsum the

solid volume more than doubles, the molecular volumes of
Ca(OH)2 and CaSO4.2520 are 33.2 and 74.2 cc respectively
(13). *The solid volume also more than doubles when calcium
aluminate and gvpsum combine' to form calcium sulphoaluminate
hydrate. The relative contribution of the conversion £from
calcium hyvdroxide to gypsum to the total volume change is not
clear (21). It is generally believed in most theories that
the main cause of expansion is the formation of calcium
sulphoaluminates from the alumina-bearing compounds in cements.

| Two types of calcium sulphoaluminates are known to
existg a low sulphate compound with the composition 3 Cao.
A1203.Ca804.12320 called monosulphate, and a h&gh sulphate
compound with the ¢omposition 3CaO.AlZO3;3CaSQIBIHZO

commonly called ettringite (also known as cement'bacillus,

(PR PP kel



trisulphate or Candlot's salt).
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One of the early’expansion

theories was put forwérd by Lafuma and is still accepted

by many reséarchers, He suggested that the volume expan-

sion is due to the formation of ettringite by two mechanisms.

L}

If the liquid phase.containing sulphate ions 'is saturated

with calcium hydroxide, ettringité is formed through a solid

(state reaction between the tricalcium aluminate and 5042'

and Ca2+

<with calcium hydroxide, the reaction proceeds by goihg through

ions. However when the liquid phase is unsaturated

the liquid phase and ettringite is crystaliized in the gel

pores without causing any expansion.

BEansen and Offutt (22)

showed that solid state conversion of tricalcium aluminate

to ettringite could result in an eightfold increase in volume

as follows:

3CaO.Al2 3t 3Cas0,.24H

: 4" 2O + 25E.0

2
88.8 222.3 450
1
= 3CaO.A1203.3CaSO4.31H20
714.7 : (46.4) ,
8

The numbers in the first line below the equation are the

volumes, and as can be seen there is a net reduction in

volume of the reactants by 46.4 cc.

The next line compares
S

the relative volumes of anhydrous tricalcium aluminate %o

that of ettringite. Lea (13) notes that there are diffi-

culties in ascribing expansion in sulphate solutions directly

to the increased volume of solids produced because there

-~
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is little correlation between the amount of gypsum oXx E

ettringite formed and .the degree of expansion observed.

This difficulty is also noted by Metha (23) wﬁen he studied

T

ettringite formation in three types of expansive cements.
He found, on the basis of stoichiometric equations,
that there was a 7 to 8 percent reduction in volume 'on

. . . . —
completion of ettringite forming reactions instead of

volumetric increase. Metha propésed an alternative hypoth-

esis for the expansion associated with ettringite formation:

(i) only colloidal ettringite is capable of
developing large expansions. In the-
presence of lime, the nature of ettringite
formed is colloidal, and not long lathe-
like crvstals;

(ii) for colloidal ettringite to form large
expansions, it must be in contact with
an outside source of water. The high
specific surface of colloidal ettringite,
and its peculiar crystal structure with
a negative net charge, as proposed by
Moore and Taylor, are probably responsible
for attracting a large number of water
molecules which surround the ettringite
crystals and cause interparticle (perhaps
double-laver type) repulsion. This causes
an overall expansion of the system, with-
out any change in the crystal lattice of
ettringite.

Thorvaldson (24) suggested that volume changes are
controlled -by osmotic forces concerned with the shrinkage
and swelling of the gel system. Chemical reactions condi-

tion the cement gel and attack the cementing substances.

Lea states that the formation of new crystalline substances

as a result of these reactions is incidental to them and
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noé the prime cause of expansion. He also states-that

it still remains to be seen if such a theory can account

for the gross expansion that can occur in sulphate solutions

and whether direct crystal thrust - by anisotropic éroﬁth

(a proposed mechanism for the expansion of plaster of Parig'

on setting) can be ignored. »
Anocther mechagism 6f sulphate attack was proposed

by Cﬂatterji ané Jeffery (25,26) which does not involve

ettringite formation as the cause of attack. The expan-~

sion‘mechanism is attributed to thé solid state conversion

of pre-existing 4 CaO.K1203.13H20 to calcium aluminate

monosulphate (3CaOLA1203.CaSO4.lZHzo)~by reaction with

SO, T ions in the liguid phase. The experimental basis

for this mechanism was an observation that in a CéA +Ca(OH)2

+CaSO4.2H20 paste, expansion had occurred when ettringite

was disappearing and monosulphate was forming. The volume

expansion due to the formation of monosulphate from C4AH13

may'or may not be accommodated in the structure depending

on the calcium hydroxide concentration in the liquid phase.

If the coﬂcentration.of calcium hydroxide is high the soiu—

bility'of C4A313 will be depressed, making the accommodative

process inoperative, and as a result there will be disrup-

tive expansion. There is evidence developing that throws

doubt on this hypothesis, for instance the 13320 in the:

tetracalcium aluminate hydrate is questionable and 19320



has been suggested.

As is evident from the above summary of the various
hypotheses for the mechanism of sulphate attack, there is
still much cphtrovefsy involved. To.fﬁlly comprehend the

' mechanism or mechanisms involved, further research must

be completed in the field of cement chemistry.




CHAPTER 4

EXPERIMENTAL

4-1 Background

[

. The sulphate resistance test program, supported by
a grant-in-aid from the Standard Slag Cement Company, was
initiated in 1977. The first test program involved 76.2 <\
by 152.4 mm (3 by 6 inch) concrete cylinders made from
actual field mixes and subjected‘to various sulphate solu-
tions representative of field‘conditions. Due to the slow’
rate of apparent deterioraticn, an accelerated test program
using 25.4 by 25.4 by 285.75 mm (1 by 1 by 1ll% inch) moftar‘
prisms and 50.8 mm (2 inch) cubes stored in sulphate solu-
tions of high concentrations was also initiated. In 1978
this study was further augmented by the writer's graduate
research program. The concrete cylinder program, the
acceleratéd test-program, and graduate research program
will be referred to ;s Phases One, Two ané Three respectively.
These three phases comhine to form a comprehensive study on

the sulphate resistance of slag cements.

4-2 Phase One
Eight concrete mixes, invelving Types 10, 20 and 50

portland cements and slag cement as detailed in Table 4-1,

38
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were casf étche Réa—D:Mix'EShcregg_plénk in Brantfof@,
Ontario. All of the blended cements used in this.study
“were made bv replac1ng portland cement with slag cement
(cementltlous hydraulic slag) in varylng proportions, .

dlrectlv at the mlxer. Full, 6.12 cublc metre (8 cublc

-

__vard)batches were cast lnto a mix truck. The first 0.76

.-‘\(»)

‘cublc metre (1 cubic vard) of concrete dlscharged from
each mix was. dlscarded " to ensure unlform m;xlng and work—
ability. Slump ‘and air contents were measured and then
approximateély 600, 76.2 by 152.4 mm (3 by 6 inch) concrete
cylinders were cast. ‘Compactionrwas done byv means of a
vibrating table. After WO aayé moist curing,‘the cvlinders
'were.transported to the Construction Materials Labogaﬁory

at McMaster University wheré they were then stripped oﬁ 
their molds and curgd under water at 23 degrees celcius.

When they had achiévéd compréﬁﬁxe strengths of 27.6‘1 5.5 MPa
(4000 + 800 psi) they &ere placed in their designated
agéressive sulphéte éolufions. Some of the cvlinders from
batch.z were damaged in transit, therefore-this batch was
éiscarded and recast as balt'cf. 9. Same 152.4 by 304.8 mm (lei inch}-
cflinders were also cast from each mix, and were moist

cured and tested for strenéih development at the ﬁed-b—Mix
'laborétory in Hamilton. .The ch®mistries of the cements

-

used are given in Table 4-2.

7
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TABLE 4-2
CEEMICAL COMPOSITIONS* OF THE TEST CEMENTS (PHASE 1)

Type 10  Type 20 Type 50 Cementitious
Portland Portland Portland Bydraunlic Slag

$ cao ¥ . 62.96°  63.57 o 62.39 39.72
$ 5,0, T~ . 20.39  21.77 21.98 37.58
€ A1,0, . 5.85 4.18 - 4.06 8.52
% Mg0 2.65 2.78 - 3.67. _  9.72
$ Fe,0, 1.91 2.33 . 4.32 Fe= 0.36
§ SO, 3.25 3.29 2.46 2.02
$ Ca0 Free 0.61 . 0.87 ‘0.2? o N.A.**
‘% Na,0 Equiv. N.A:  N.A.  0.78  K,0=0.39 .
8 Mn N.A. N.A. .  N.A. 0.69
% .Insoluble N.A. - 0.I3 . <0.7 N.A.
% L.0.I. 1.64 0.99 0.60 N.A.
¥ C,S ' 50.0 ~ 49.9 °  45.0 o=
% C,S 20.9 24.5 29.2 -
. * %k
% CjA o 12.3 7.1 3.46(2.0) - 0.00
: " {Bogue) (Bogue) (Bogue)
§ C,AF 5.8 7.1 13.15 -
Blaine f{amd/q)  3270° 3420 3280 4430°
% . Autoclave 0.15 N.A.. Q.11 N.A.
EXP. -

*

Note: N.A. = Not Available.
tChemistries are the plant production average for one month.

**Three samples of pelletized blastfurnace slag were tested
‘for free CaQ using the ethylene glycol method (at St. Lawrence
Cement Ltd. Laboratory) and no trace was found. -

***By X-ray diffraction (at Canada Cement Lafarge  Ltd.)
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The cylinders from each batch were- divided into

five sets (with 16 cylinde:s-éer set) and each set'w&s then

‘stored in one of five separate solutiéns:

A. water
'B. 1000 ppm SO

3
C. 2000 ppm 503 as Na2§04
3000 ppm 803 ) ; -
E.) 3000 ppm 803 ‘s as Mgso4 .

inders from each batch were stored under
water to.establish jstren . development. Three cylinders
in each solution were fitted with stainless steel measuring
points for monitoring'longitudinal expéhsion. A 6.35 mm

(1/4 inch) diameter hole was drilled 6.35 mm deep in the

centre of both ends of these cylinders and then the measur-

ing points or gauge studs were epoxied omn, producing a

139.70 mm (5.5 inches) effective gauge length (i.e. length

between the innermost ends of the stainless steel gauge studs).

On each of these cylinders one gauge stud was rounded and
.“ ) ry -
the other pointed at a bevel of 45 degrees, to be compatible

with the measuring apparatus.,-Lateral expansion was monitored
across two diameters at the mid-height on each of two cylinders.
Longitudinal expansion was measured by means of a dial gauge

graduated to read in 0.0001 inch units, and mounted vertically

on an adjustable stand as shown in Figure 4-1. A stainless

steel bar was used as a reference. Lateral expansion was

measured by a micrometer reading to 0.0001 inch. The solutions

A | ~

.
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FIGURE 4-1:

FIGURE4-2:
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ipparatus for measuring length changes of
concrete cylinders and mortar bars. )

Typical storage of prisms and cubes in sulphate
solutions in air-tight plastic containers (1id
not shown).
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were changed'almost every time measurements were made, at’
7,28,60,90,210 days and so on. Three eylingers from each

of the 40 solution tanks (8‘conc£eFe mixes each stored in’

5 solutions) were tested for stiéngtﬁ periodiéally. Before
testing, a measuréidf each cglinder‘s elastic modulqs‘was
déterﬁiéed by ultrasonic pulse velocity and the ¢ylinders
visually examined for signs of deteripration. Some fractured
samples from the broken concrete surfaces were examined under
the Scanhing Electron Microscope (SEM) and also with the

energy dispersive X-ray analyzer on the SEM.

4.3 Phase Two

To obtain more rapid results an accelerated test
method using mortar cubes and prisms was iﬁitiated. The
" test method was roughly in accordance with K Mather's pro-
posed ASTM procedure (26,27} for evaluation of the sulphate
resistance of various cements. Mortars'of constant flow or
workability (110 + 5) as described in ASTM Cl09 were made,
and molded into 50.8 mm (2 inch) cubes and 25.4 by 25.4 by
285.75 mm (L by 1.by 11% inch) prisms. ASTM Cl09 silica
sand was used throughout the mortar prism and cube testing.
Mechanical mixing was carried out as prescribed in ASTM C305.
The molds for making the prisms are described in ASTM C490.
These molds are designed to allow for two stainless steel

gauge studs to extend into the specimen 1.59 + 0.64 mm

(0.06£i~;>2,025 inch), on either end, providing a 254 mm

U



(10 inch) effective gauge length. The cubes and prisms )
were stored under deionized water until they had reached
24.1 + 5.2 MPa (3500 + 750 psi) and then placed in sodium
sulphate solutions. In many similar types of experiments
carried out by wvarious researchers, a specified number of
davs is used as the criteria for placing the samples in
sulphate solutlons.. This approach is not applicable when
comparing various cements because their rates of hydration
are different. K. Mather (27) notes that attempts to use
ASTM C452 (test method for potential expansion of portland
cement mortars exposed to sulphate) for slag cements apd
other blended cements have not been successful; since the
reaction of the pozzolan or hydration of the slag in slag
cements takes some time to achieve eqaal impermeability to
otherwise comparable portland cement mortars.Thus it seems
reasonable to start all the sulphate tests at equivalent-
strength and presumably equivalent impermeability, permitt
comparisons to portland cement performance.

' Six sets of cement mortars were evaluated for stre
and expansion. A set consisted of 6 prisms and about 25
cubes. Each set was subdivided and stored in:

A. de-ionized water

B. 3000 ppm SO

3 as Nazso4
C. 50,000 ppm SO,

45
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The six cements

2.

3-.

oA,
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were:
1008 Type 10 PC*
1008 Type 20 PC
1008 Type 50 BC
50% SC/50% Type 10 BC
70% SC/30% Type 10 BC

50% SC/50% Type 20 PC,

-7/—£; The cements used were the same as those used in Phase  One.

The containers in which the prisms and cubes were

immersed were plastic tanks, with a plastic mesh approximately

12.70 mm {0.5 inch) thick placed at the bottom to allow free

access of the solutions to all sides of the specimens. The

tanks were\cqxszed to minimize-evaporation, and additional
u

" solution was p

in when required to maintain the solution

level at about 12.70 mm above the surface of the mortar

specimens. A constant temperatufE of 23 degrees celcius

was maintained.

&
In all of the tests, the sulphate solutions

re made with reagent grade anhvdrous sulphate salts in

anular form dissolved in distilled or deionized water.

The solutions were changed almost evervtime expansion read-

ings were taken at approximately 3, 7,28,60 davs and so on.

Before expansion readings were macde the prisms were surface

dried, weighed and visually examined for any signs of

deterioration.

*SC = Slag Cement, ©PC = Portland Cement.

o
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4-4 Phase Three

Phase Three consists of a representative range of:
cement mortars subjected to various sulphate salﬁs at
different cqpcentrations, élong the lines of Phasé Two . _
Three 25.4 by 25.4 by 254.0 mm- (1 by 1 by 10 inchi gauge
' length mortar bars were made for each particular test to
monitor length changégi Thgy were compacted by ﬁﬁnd tamping
the mortar at two stages during the filling of the molds.
Miniature_morﬁarAcubes were prepared in the same way and
using ﬁhe same molds. Pne day after casting demoulding was
carried out and the prisms stored in deionized water. After
about two days when they had gained enough strength to be
handled, the prisms;to be made into miniature 9pbes were
cut into 25.4 mm (1 inch) cubes by a high speed saw with a
diamond-edged blade. The miniature cubes were then used to
monitor strength development.

The time required for the development of\a given
degree of corrosion vdries exponentially with the size of
the test speciméns. The small size of the specimens used
in these experiments permitted easier handling, less storage
area requirements and gquicker sulphate permeation inta the
interior. The concrete c¢ylinders of -Phase One have a low

surface area to volume ratio of 0.07 mm—l

=1
(L.67 inch ),
on the other hand the 25.4 by 25.4 by 254.0 mm (1 by 1 by

10 inch) gauge length meortar bars have a higher surface area
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1

to volume ratio of 0.16 mm -(4.18 inchfl),_allowing a

more accelerated rate of attack. The miniature cubes have

-1 1

an even higher surface to volume ratio of 0.24 mm ~ (6.0 inch™ )
| and an additional accelerating effect is produced by the in-
creased rate of .attack at the edges and corners. In two of.
the batches, 50.8 mm (2 inch} mortar cubes were also prepared
in order to correlate the strengths of the 25.4 and 50.8 mm .

»

cubes. ,

Table 4-3 gives the cement blends and solutions in
. which the various mortar specimens were stored. :The.mortar
specimens were keét undexr deionizéﬁ water at 23 degrees
celcius until éompressive strengths of 24.1 + 4.1 MPa
(3500 + 600 psi) had been attained. Magnesium and sodium
sulphate solutions are most frequently used for testing the
sulphate resistance of cements and concretes. Calcium
sulphate has a relatively low solubility, only about 2 g/l
can be dissolved in water and therefore the effects of
highly concentrated solutions cannot be studied. Ammonium
sulphate solution attacks so rapidly that satisfaétory
observations of|the varyving resistance of different cements
are prevented. In Phase Three the aggressive solutions used
were sodium, magnesium and potassium sulphates. The chemical
compositions Qf the test cements are given in Table 4-4.
Note that the chemistries of the Type 10 poftland cements

A
are those of the various plants' production average-for one
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month. X-ray dlffractlon was also carried out on samples

from the actual portland cements used in Phase Three, at

the Canada Cement Lafgrge Ltd. Research Laboratory,

Bglleville, Ontario, to determine a more precise estimate

of the tricalcium aluminate contents. The chemlstrles of

the slag cements are those of the actual batch used and were

analyzed by X-ray flﬁérescence at the_Doﬁasco Research Department.
The priﬁms and cubes were kept fully immersed in

ﬁhe various solutions in piasﬁic containers as shown in

Figure 4-2. The containers have air tight lias preventing

evaporation of the solutions. A plastic mesh, approxi-

mately 12.7 mm (0.5 inch) thick, lined the container pro-

viding a means for supporting the specimens so that no end

Oor side rests against the container and allowipg the solutions

free access to all sides of the specimens.

'4.4.1 Mortar Bars Subjected to Immersion Cycles (Wetting

and Drying) in a Severe Sulphate Environment

It has been found that whe:e'conéretg structures are
only partially submerged in an‘aggressiﬁe soluﬁion,‘or where
only one side of the concrete structure is in direct_ébn—
tact with aggressive Qater or soil, a continuous capillary
action is set up through evaporation on the air 51de. The

capillary action creates a dIlVlng force which may cause o

a much higher concentratlon of sulphates in the concrete
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than would normally occur; reéultigg in more extensiﬁe

damage. Thus, damage occurring in the zone of fluctuation

of the groundwater table is often the severegt and of gféétest
interest. To simulate this condition where evaporation of |
the aggressive solution takes place causing solution‘level
fluctuations, immersion equipmént involving mortar prisms

was developea. The sulphate_solutidn was placed in a poly-
thene tank approximately 304.8 by 355.6 by 203.2 mm (12 by

14 by 8 inches), on top of which rests a2 9.5 mm (3/8 inch} thick
plexiglass lid. The 1id containeds several holés, 38.1 mm

(1.5 inches) in diameter, so that 25.4 by 25.4 by 285.75 mm

(1 by 1 By 11k inch) prisms can pass through and stand with
t?ei; long axes upright. The prisms were held by adjus;able
plekiglass clamps in order that their depths of immersion
could be controlled. A view of this eguipment is shown in

Figure 4-3. The prisms were prepared and cured the same way

as those previously described and when they had reached the »

required strength (24.1 + 4.1 MPa) they were immersed i0l.6 mm
(4 inches) in 50,000 ppm SO, as Na2804. After 7 days they

were raised so that only 50.8 mﬁ (2 inches) of the prisms were
immersed; when another 7 days had elapsed the cycle was
repeated.. There was thus a 14 daf cycie-of wetting and drying:
of an effective length of 56.8 mm (2 inches) of a prism.

Two- batches, each containing three prisms, were subjected to

this test. One was a 100% Type 10 portland cement (11.8% C,A)

»
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blend and the other 50% SC/50% Type 10 BC (11.8% CjA),

designated as 13MB and 14MB respectively.

Two batches were cast to study the effects of varia- -
tioné in pelletized'biég;fprnace slag chemistries on the
sulphate resistance of blended cements. The chemistries of
the twb'slag cements are given in Table 4-4, referred ﬁo as ‘ “
1Na. 1762 slag and "French" élag. Both of.these blastfurnace
slags were received in the form of'pellets'and wegé ground
to cement fineness in a ball-mill in the laboratory."The . N
Blaines were 3881 and 3872 cm /g for the No. 1762 and French .
slags respéctively, which are very close to that of the slag
cement useg-EOr the rest of the samples of Phase Three (3960
'cﬁz/g). (The fineness of these slag cements was made as
close as possmble to\/je another to ellmlnate flneness as\hm -
varlable, since it lnfluences strength development and

resistance to corrosion).

4.4.2 The Lok-Test

The “Lokaest“ puliout method was emploved for moni-
toring the strengthxinfluence of sulphates on some actﬁal
- concrete mixes in Phaée Three to supplement the Phase One
work (Figures 4—4 to 4-T7). This is an indirect method for -
determining the compressive.strength of the concrete in the
structure itself. The force required to pull out special

ER TS

test bolts embedded in the concrete is measuifd and then

./ -

- ] ) ' . ’
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Lok-Test instrument. The photograph

shows +the Lok-Test machine and its
accessories in a bdriefcase. A tested
v

concrete specimen is also shown.
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The test bolt (incl, disc and
stem) is mounted on the inside
of the form przor to placing
concrete, .

The formwork (or part of the
formwork) and the stem of the
test bolt are removed.

A pull bolt is screwed ‘into

- the disc, and the instrument

is mounted on the surface of
the concrete.

»
4

{

By ébplyin a force with the
instrument small piece of"
concrete is dislodged. The
force required to extract

the disc through the cylmdr:.cal
counter-pressure device is call-
ed the lok-strength.

-

N
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FIGURES 4-6 and 4-7: Two views of the plywood formwork

contiining Lok-Test bolts, used for making 152.4 by
152.4 by 325.1 mm concrete prisms.
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"

an empirically established linear relationship is used to
convert the measurement to the conventional cylinder com—
pressive strengths of the concrete. Since a failure plane

near the surface is involved, concrete deterioration should

- be more evident than in conventlonal compresszon tests.

[ BTS2 PF WP T

The ILok-Test was developed and patented by Klerkegaard-'
Hansen in Denmark about 1962 (28). A Model 4 Lok-Test instru-
ment was used whiéh is cépable of measuring within a compres-—
sive strength range of 6 MPa (900 psi) to 55 MPa (8000 psi).
The - Lok-Test instrument consists of a hydraulic jack with
gauge, péfipgolt centering plate, and coupling which fits
lnto a briefcase as shown in Figure 4-4. The hydraulic jack
and gauge weigh about 4300 g (5.5 lb). The jack‘has a cir-
cular bearing surface with an’inside diameter of 55 + 0.1 mm
(2.2 + 3.9 x 1072 inches), and .an outside diameter of at least
70 mm (2.8 inches). The instrument may be used ﬁo a tot%l
load of 65 KN, and for this locad range the force can be deter-
mined within + 3 per cent (29). The instrument ensures per-
pendicular loading on the concrete surface ané can ke con-
tinually loaded at a speed of 30 + 10 KN per minute. A test
bolt consists of a screw with a long shank, a steel disc and Co
a stem. The disc has a diameter of 25 + 0.05 mm (0.98 + 2 x :
1073 inch) and is 8 mm (0.31 inch) thick. The length of :

the stem is such that the distance between the disc and

concrete surface is 25 mm. To prevent the bolt from bonding

-
-

FIENTULY] PSP IR SO I T



60

+o the concrete a special coating is factory applied to the
bolt. .This coating does not ;nfluence the strength of the
adjacent concrete. .The Lok-Test method can be used for
destructive and non—desfrucéive testing. ’Epr non-destructive

testing the load is relieved whéh the Lok strength is reached

just before a full breakage of the concrete, and only a hair-

line circular crack results. For destructive testing the
loading is applied until the concrete breaks. Only in some

cases will a small concretecone be pulled out, leaving a hole

in the specimen about 25.4 mm (1 inch) deep and 50.8 (2. inches)

in diameter. The rest of the specimen remains undamaged.
.Figure 4-5 gives a brief outline of the Lok-Test
method aﬁd the detailed procedure is given in Appendix A.
Concrete prisms, 152.4 by 152.4 by 325.1 mm (6 5y 6 by 12.8
imﬂrs)heach containing seven or eight Lok-Test bolts were
made. The forms were made out of 9.53 mm (3/8 inch) plywood
and divided-up into three sections with 6.35 mm (1/4 inch)

holes drilled perpendicular to the formwork and the test bolts

attached as shown in Figures 4-6 and 4-7. Mixing of the concrete

was done by means of an Eirich E2 mixer using'the mix speci-
fications as presented in Table 4-5. The mix was internally
vibrated in two layers in the forms by a poker-vibrator and
extra care was taken to “Eompact around the test bolts to try

to achieve a homogeneous mix throughout the specimen. Slump

P
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and air contents were reédrded. Demoulding was carried out

‘the following day., and the specimens cured in tap water

until compressive strengths of 27.6 + 4.8 MPa (4000 + 700 psi)

were reached. The specimens were ther stored in either a
solution of 50,000 ppm SO3 as Na2504 or tap water for the
control specimens. The tap water used was a moderately hard

water with a total hardness* of 140 mg/l, neutral (pE 7}, and

contained abqQut 30 mg/l chloride, 0.2 mg/l iron, 0.09 mg/l e

~_

nitrate, and 35 mg/l sulphate; Approximately 24 152.4 by
304.8 mm (6 by 12 inch) cylinders were cast with 100% Type
10 Eortland cement (11.8% CBA) as the binder and another 24
with 50% slag cement/50% Type 10 portland cement (11.8% C4A)
bilend, and stored under"tap waﬁerx;n order to check the
conventional stredéth developﬁents the concrete with that
obtained from Lok-Testing. The samifiiig cement was used

as in miniature ﬁ&;sms and cubes of Phase Thréé. After

the Lok-Test pull outs were performed, some of the concrete

cones that were completely pulled out were examined_under

the Scanning Electron Microscope for signs of expansive

sulphocaluminate hydrates.

4.4.3 Porosity Measurements

The porosity of two selected mortar mixes (specimens

* A characteristic of water that represents the total
concentration of calcium and magnesium ions.
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9MA, 9MB, 1OMA and 10MB) were periodically measured, Porosity

is an important fattor in sulphate attack since it dictates

-the amount and rate of penetration of aggressive ions into

the cement mortar or concrete, and the degree of attack. The

method used was that of Figg and Bowden (30} in which a thin

" slice of the specimen was cut and placed in carbon tetrachloride

under vacuum and the weight of the carbon tetrachloride ab-

sorbed into the specimen Qas recorded. The volume of the thin

slice was measured by a Beékman MDL 930.ﬁir Comparisén'Psycno—

meter and knowing the density of the carbon tetrachlori the
porosity of the mortar was calculated. The procedure: 1s,

descrlbed in more detail in Appendix B. A modification A\\‘/////H\\\
thls test was later adapted in which netnanol replaced thekg//’“\\_//
carbon tetrachlor;de (31} . Methanol has many advantages as

it is less volatile and less toxid than carbon tetrachloride.

One of the main advantages is that the molecules are polar

which makes it easier for them to wedge into the tiny pores

of the mortar or concrete.

4.5 Criteria of Failure

N The indicators of failure due to sulphate attack
selected were:

a. total expansion over 0.1l0 per cent; or

b. collapse or fracture of the specimen. .

"In most cases the tests were continued bevond the
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point of failure as defined above to record and observe

additional information.

2
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CHAPTER 5

EXPERIMENTAL FINDINGS AND DISCUSSIONS

5.1 Phase One

out of the eight concrete mixes only one has exhibited
signs of sulphate attack after about 26 months of exposure
to the'aégressive sulphate‘solutions. %atch number 8 (100%
Typé 10 Portlané cement) is the_ only one 'with signs of
deterioration. The specimeﬁs stored undér 3,000 ppm SO3 as

Na280 {(batch 8D) first showed evidence of atﬁack in the

4
form of siightly bulging- surfaces near the edges of the
cvlinders and cracking at their top edges after approximately
390 days in solution. At'440.days in solution the specimens
in 2,000 ppm 803 as NaZSO4 (batch 8CJ showed slight deteriora-
tion much like that of batch 8D at 390 days. The concrete
cylinders in 3,000 ppm SO, as MgS0, (batch 8E) have respondgd
similarilv. A photograph of typical specimens from batches

8D and 8E, taken after 24 months of exposure, is shown in Figure
5-1. Noticeable concentric cracks can be seen near the top
edge of specimen 8D and the edge is beginning to spall off.

In 8E very £fine, hairline cracks are visible under careful

" examination. The longitudinal expansions of 8C, 8D and 8E

are larger than the control specimens stored under water.

The resﬁits of the longitudinél length changes were extremely

i 85 -

-
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erratic for all the mixes. Even in a partigula?_batch
which représented one cement and one aggressive suiphate
solution, longitudinal expansions were found to d¢iffer

hy as muéh as threé times between the highest and lowest
readings. In some caées,llongitudinal expansions_from

the same b%tch would even show expansion in one séecimen
anéd shrinkage in another. It was. not uncommon for the longi-
tudinal expansions of the control specimenslstbred in water

to show mdre expansion than those in the sulphate solutions.

When the initial le&gths of the cylinders were measured

-they were in a dry state, since the readings were taken

soon after the measuring points were epoxied and set. In
most cases if these initial readings are used_in the cal-
culation of longiﬁudihal expansions, unrealistic expansions
are obtainea. Therefore, i1f this was‘found to be the case,
the 7 day expansion reading was taken as the initial read-
ing (only in Phase One). The expansion results are tabulated in
Tables C-3 to 10(Appendix C).The lateral‘expansions measured
across two diameters at the mid-height of the cylinders were
even more erratic ;han the longitudinal expansions. Measure-
ment of the elastic modulus by ultrasonic pulse velocity

aléo produéed erratic results. Because of the significant
scatter of results the lateral expansions and ultrasonic

pulse velocities are not discussed here, but again included

in Tables C-1l to C-18 and C-2 respectively in Appendix C.
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The compressxve strengths measured and summarlzed in

Table C-1i (Appendix C) also do not show any gartlcular

trends. -

The erfgeic results‘of Phase 1 to date'are ost
likely due to the testing program adopted in which actual
field‘mixing conditions were carried out. Also the ¥ype
and size of the specimen, and the relatively weak sulphate
solutioes, result in-veri slow rates of sulphate attack so
that there isjtuxié heppening to observe except for surface ;
attack.of batch B.Menitoring of these specimens is being
_contiﬁued, but at the moment no significant results or
conclusions can be drawn from t?e present data except for
the observed attack of batch 8.

S{ﬁila: types of experiments were carried out by tﬁe
'U S. Armv Corps $f Engineers (32,33) using 76.2 by 152 4 mm
(3 by 6 inch) concrete cyllnders w1th slag cement/portland
cement blends. The cylinders were fitted with lnse;ts and
tested for changes. in weight and leﬁéth. Some of the speci-
mens were stored in tap water and others in a 10 percent
solﬁtion of Na,S0; 156,460 ppm SO, as Na,S0,). Attempts '
to. measure the funaamental flexural frequency of their
specimens were not successful. The results of the tests
for lengﬁh and weight changes were very erratic and vielded

no significant results. It would appear that'the use of

 field mixes and representative sulphate environments
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I

FIGURE 5-1: Top view of concrete cvlinders showing signs
of sulphate attack ‘after 24 months in sulphate
solutions. Specimen BE was stored in 3,000 ppm
SO, as MgSO, and 8D in 3,000 ppm SO

3 4 3

as Na2804.
These specimens contained no slag cement. .

s
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"require a long obsergationai period for any trends to

develop, and agcg}erated testing is called for.

5.2 Phase Two and Phase Three Results

As there is considerable overlap in the factors
considered in Phases 2 and 3 the results will‘be integrated

under the following topics:
. - 6

5.2.1 Effect of Tvpe of Sulphate Salt -

The mortar specimens stored in 50,000 ppm so, as
sodium, potassium and magnesium sulphate sgiu:{bns in
Phase 3 have deteriofa;ed rapidly at early ages. Figure
5-2 illustrates the effect of the tvpe of sulphate salts
and their wvarying degrees‘of aggressiveness.a\The per cent
expansion versus the time of e;posure (in days) in sulpha
solutions %s plotted for four sets of specimens, all méde

of 100% Type 10 portland cement (11.8% C3A) as the binder

~and 3 of which were subjected to either Nazso . KZSO4 or MgSO4, all

of conceqtration 50,000 ppm calculated in terms of 803.
The fourth set of specimens was stored in deionized water
and is shown for comparison..

Mortar prisms in the NaéSO4 solution (batch 1MB)
showed signs of attack after only about 80 days exposure,
with slightly bulging edges{ hairline cracks and spalling
corners. Failure¢(0.10 per cent expansion) occurred at

——

about 95 days of sulphate immersion. Monitoring was

LA
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.. continued until- about 200 days when the specimens had

physically failed. Cracking and spalling had,becbme quite
exten51ve and the prisms of batch JMB were noticeably bent.
Th;s is due to the formatlon of a rich cement skin on the

surface which was finished with a trowel when the prisms

" were being made in the molds. The rich cement skin is

attacked less rapidly than the othei_surfaces by the sulphate-

solutidné} hence the prism tends to bend duriﬁg rapid
expansion. -Before the 1MB specimens had completely £failed
expansions as high as 0.7 percent were recorded. The com-
pressive strengths‘of the cubes En the sﬁlphate,sslutions
(1MB) did not reflect these trends prior to physical
destructdon by sulphate attack. The compressive strengths
of the 25.4 mm (1 inch) cubes showed a slight decrease with
the onset of sulphate atﬁack but the S0.8 mm (2 inch) cubes
did not. The tompressive strength data for the mortar cubes
of Phase Two and Three ére summarized in- Tables D-1 and E-1.
in Appendices D and E respectively.

Within one week of storage in potassi ulphate,
a white, slimey, gel—like growth appeared on t surface .

ﬁ the spec:u:nens. The wh:Lte coat:.ng was exa.m:.ned by X-ray -.

- diffraction anaIYSLS and 1s most llkely a potassium salt .

After about 17 days the edges and corners began to soften,’
and the 25.4 mm (1 inch) cubes showed significant strength

losses. A similar mode of attack is observed under magnesium

L4
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sulphaté solution but at a somewhat less rapid rate.
The magnesium sulphate forms a hafd, slightiy slimey;
éreyisn white skin of insoluble Mg(OH), around the séeci-r

mens. This skin tends to hinder penetration of the solution,

-retarding corrosion and as a result reducing the degree of

attack. o L o

Figures 5-3 and 5-4 vividly show the varivous degrees - -
of, attack on 25.4 by 25.4 by 285.75 mm (1 by 1 by 11% inch}
priéms.and 25.4 mm (L inch) mortar cubes stored under water
(I1Mn), Na2804 (1MB), K, 4 |
specimens are the same as in Figure 5-2. The photographs - K f

SO4(lMé} and MgsO, (1MD). The mortar

of Figures 5-3 and 5-4 were taken after 330 days immersion
for specimens 1MA and 1MB, and 310 days immersion for speci-
mens iMC and 1MD. . )

From Figures 5-3 and 5-4 it can be seen that specimens
iMs, IMC and 1MD have exéanded_substantially more than the
control specimen 1MA. Specimen 1MC failed (>0.10 per cent

expansion) after 100 days immersion and 1MD after about 165

days. _1MB failed by extensive swelling, cracking and spallimy.

In Kzso; solution, the surface of specimen 1MC was observed.

_to first soften with the mortar losing cohesion, then swelling,
cracking and spalling followed. An expansion of 1.8 per
cent 'was recorded before the specimens bhroke on handlin@f;

after 214 days in solution. The specimens of 1MC have

shown a loss of 35 percent in compressive strength f;om : s
o

AN -
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FIGURES 5-3 and 5-4: Miniaure mortar prins and cubes after

about 330 days immersion in the case of 1MA and 1MB,
and 310 days in the case of 1MC and 1MD. All are 100%
Type 10 PC (11.8% C5A) subjected to 50,000 ppm §o-. as
_Na,so, (1MB), K,SO,” (IMC) and MgSO, (1MD). IMA i3 a
coktrdl batch sforéd in deionized water. :

o)
-
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their 7.day strengths when tested at 90 days. For specimen
1MD in-idgso4 only a few fine hairline cracks were observed

~ under the dense white protective skin of magnesium hydroxide.
Its iain—mode of failure was by surface softening and the
hardened cement losing cohesion. On handling, the specimens
would.disintegfatg into a mushy paste of cohesionless cement
and sand. 1MD expanded at a slower rate and to a lesser
degree than 1MB and 1IMC. Failure (>0.1 percent expansion)

of specimené 1IMD occurred after 165 days in the MgsO, solu-
tion. After‘39? davs of immersion an expansion of 0.65 per‘
" cent was recoraéd. A lé percent loss of compressive
strengtﬁ at 99 days fz&m its 28 day strength was measured.

The results.show the Na,SO,and X S0, salts to be more rapid

2
in their attack than MgSO4, but field experience has shown

that the attack by magnesium sulphate‘is potentially more

extensive than that of sodium or potassium sulphates.

250, 4

and also the calcium h?droxide of the hardened cement.

Na and Kzso react with the hydrated galcium aluminate
MgSO4 not only reacts with the calcium alﬁminateg and
calcium hydroxide but also attacks the hydrated si%icate
phases of the portland cement and thus may have a more
far-reaching effect. The high comcentrations of these
sulphate cations result in élightly aciéic solutions of

about pHE 6.0 to 6.5. In the acid attack the Ca(OH)2 present

in the slag cement/portland cement binder is attacked,



also the calcium silicate hydrate gél {espgcially in the
presence of MgSO,) is converted to gypsum. These reactions
are‘accompanied by surface softening and strength loss (34).
This was found to be the.case with Kzso4 and Mgéo4. On the

other hand, specimens in Nazso4 were observed to deteriorate b

by extensive swelling and cracking commonly associated‘with the

formation of ettringite. ‘ - !

5.2.2 _Effect of Salé Concentration

The effect of the suiphate salt concentration is
presented in Figure 5-5. Four diffefént concentrations of
Nazsoh were used in Phase 3 {calculated as SOB): 10,000 ppm,
28,184 ppm, 35,000 ppm and 50,000 ppm. All the batcheép
consist of a 50 percent slag cement/50 percent Type 10
portland cement (11.8 percent C3A) blend as the binder.
As anticipated, the specimens in 28,184 ppm solution produced'
greater ékpansions than the ones under 10,000 ppm. Like-
®ise, the specimens under 35,000 ppm expanded more than
those in 28,184 prm. However, the prisms in the Sofhgg‘ppm
solution produced expansions less than those in the 10,000
pom solution up td 1do days immersion. .

Sulphate attack is generally intensified by increas-
- 4 solution,‘but the
degree of attack is not directly proportional té concentra-

ing the concentration of the Nazso

tion. Biczdk (5) notes that the.concentration’also affects

the type of corrosion. The initially pure sulphate corrosion

s
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. . Sdlution- No. | Symbol : '
0 - (Hy0) 2MA ceomee g

10,000 prm - Naeso; 2MB), —om

28,184 ppm - Na,S0,, 2MB, - N
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Figure 5-5: EFFECT OF SALT CONCENTRATION
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is replaced by a-sulphatic gypsum corrosion and then by

pure gypsum cofrosion as indicated in Figure 5-6. Biczék.

explains:

" As long as the SO, content does not exceed
1000 ppm, the corrosion is of an unguestionably
sulphatic (sulphoaluminate) character. Increas-
ing concentration initiates simultaneous- gypsum
corrosion, whose role remains, however, in-
significant between fairly wide Na.,S0O, con-
centration limits. Pure gypsum cogroélon does
not gain the upper hand until the concentration
becomes very high. The transition between
sulphate and gypsum corrosion is of the over-
lapping rather than of the abrupt kind. The
range of transition depends on the mineral
composition of portland cement.

EN

-
Why the specimens in the 50,000 ppm solution ex-

panded less than those of lower concentrations at early
stages is not kngwn. It is believed that due to the high
salt concentration, the voids and'capillaries soon become
filled up with time as the chemical reactions proceed.

This would iimit further migration of the soiuble sulphates
‘into the-moftar, decreasing further attack at early st#ges.
This phenomenon was explored us;ng porosity measurements.
Thin slices of hhe cube specimens stored in 50,000 ppm
Nazso4 solution were cut. Slices from the middle and ends
were measured for théir porosities. The porosity of the
end sample was found to be 12.6 percent and the middle 13.9 °
percent. Thls andicates that the porosity may decrease.

from the centre to the outer surfaces of the specimen as

the sulphate attack proceeds. But the difference is only
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1.3 percent which is not conclusive evidence to prove theA.
proposed hypothesig. .

The compressive strength r?sults (Appendix E) do
not show any significant differences between the four
batches considered. Figure 5-5 illustrates that all of the
specimens are beginning td converge around 0.025 tﬁ ¢.050
percent expansiohs after about 300 days of immersion.
Specimen 2MA, stored in deionized water, also follows this
trendand its expansions are ﬁnexpectedly just slightiy
lower than those in the sulphate solutions. After about
300 days, the expansion curves in Figure 5-5 lie very close
together, not exhibiting any significant differences
between the various batches.

It is important to remémbe: that the specimens
discussed in this section are all of a 50 percen£ slag
cement/50 percent‘portland.cement blend, since the sulphate:
attack proceeds less rapidly than for a 100 perceEF ?ortland
cement mix. Perhaps if a 100 pércent portland cement mix -
was used instead, more dramatic-resultg wgg}d have been
obtained at an earlier date allowing more definiﬁe trends
and conclusions to be drawn. To date no visible signs of
attack have been observed in any of the specimens and none
has thgo:etically failed. This should be contrasﬁgd Qith
the failure data for 100% portland cemént specimens in

Figure 5-2.
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It -must be noted that- about March 28, 1979 (which
is approxlmately an average of 300 days in Phase 3} the
standard stainless steel bar was lnadve;;ently damaged.

A correction is therefore appllEd to any expansion readlngs
taken after this tlme. A correctlon, of -0. 002 percent,

was determined from recalibration'of the stainless steel bar
against expansion readings of some. watel specimenS'recorded
a few days before the stainless steel bar was damaged.

Some of the ancmalous behaviour may possibly be
nartiaily attribu?éé\Fo the damage of the stainless steel
bar and the correct:x.on applied may not have fully cmpensated for
thlS - only when further data is collected w1ll thls be
evident. Another possibility is that the water solution
(batch 2MA) may have been contaminated by enlphate salts,

although all solutions were frequently changed and every

. .
precaution taken to avoid cross—contamination.

5.2.3 Effect of C,A in Portland Cement

To study tﬁe.effect of the C3A's influence on the_
sulphate attack process, thr'¥%e different vye 10 portland
cements, a Tvpe 20 portland cement'(nominzzzéactually a low
C33 Type 10 PC) and a Type 50 portland cement were employed

3%
cent for the Tvpe 50 portland cement to 11.8 per cent in

(Phases 2 and 3)~ The C.A contents varied from 2.0 per

one of the Type 10 cements. The specimens all incg&porated

100 percent portland cements ag® binder and were subjected
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to 50,000 ppm SO; as Na,SO,. The results are presented

in' Figqure 5-7.

Examining the fésults'of.the Type 10 cements it
— can be seen that the maénitude and rate of expansion in;
_crease witﬁ increasing C3A conFent: FaiiureA(i;e. >0.10%
‘éxpansioﬁ) of the cements  containing 11.8 and 8.3 peréent
C3A éas recorded at 90 and 170 days ;éspectively..‘The'

Type 10 portland cement containing 6.1 percent C3A theoreti-

cally failed at 250 days. Specimén 1MB containing 11.8 per
cent C3A has been severely attacked by the sulphate iﬁns,

‘ expanding in an exponential fashion until coﬁpleté physical \H/}
failure. Swelling,cracking, spalling and bending of the
prisms were Abserﬁed as shown in Figure 5-3. Complete
physical failure has not occurred in the specimens containing
8.3 and‘G.l per cent CBA after 250 days exposure. Only hair-
line cracks a;d slightly sp;lling edges and corners have been
observed in these Specimené. The nominal Type 20 portland
cement with 7.1 percent C3A‘produCed the greatest’

expansions of the five cements examined in this section,

for the first 2 months which was not anticipated. Its .

N -ggiansicﬁs.were‘then surpassed by the ll.8 percent CfA (Type 10)
cement, after which the Type 20 cement expanded at a de-
_ creasing rate. Failure (>0.10% expansion) occurred after .

approximately 130 days in solution; at 180 days hairline

-

cracks and spalling edges became visible. Specimen 9MB
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contalnlng 8.3 percent C3A began to expand more than the
Type 20 cement at 260 days immersion. The-?ype 50 cement
with ;_C3A.content of 2.0 percent expanagd more than the
6.1 percengﬂrype 10 cement for about 26' days. The ex-
pansion versus time of exposure cu;;e of the Type 50 équnt
théﬁ began to_flatten out. Following its présent trend,
if its curve was extrapolated, failure, (> 0.1% expangion)
w6u1§-§robabiy occur after ;000 days,demonstrating the well
r;cognized sulphate resistance of the Type 50 portland
cement. Although failure in terms of exﬁansion has not been

reached ,some evidence of attack in the form of slightly

spalling edges has been observed.

b
5.2.4 Comments on C,A Influences

Due to the research by Bogue and thg Portland Cement
A§Seg&aflon, reported in 1929, the calculation of the main
.compounds in portland cement clinker -C3S, czs, QBA, C4AF
became possible (35). Most of the relationships:éstabl;shedl

between.the C,A content a nt, mortar or concrete

properties have to b; bas on Bogue's calcuiation of the
phase'compositions. Yet, everybody agrees today that: the
figures obtained in this way are misleading to some extent, o
particularl!ﬂwith.regard to C3A (36). The C,A content by
Bogue's formula lsigenerally higher than that found by’ X-ray _

‘dlffractlon which glves more accurateeresults. It should,

be note_d t‘ }lle "nominal“ Type ‘20 portlan&‘cement used

e ¥



in- Phase 2 is actually the's.i%'03§ Type 10 portlan
cement(éiven in Table 4-4. _

k‘It is geneéally believed that the destructive
action of su;pﬁates on cement and concrete is primarily the
result of a chemical reaction involving the CjA in the pJQE;
land cement and Ehe sulphate ions in contact with the cement.
The resulting crystalline products have a much larger volume
than the reactants causing expansion, cracking and eventual
disintegration. The precise mechanism is not vet fully '
understood; a numbér of hypotheses has been put fqrward
. but many discrepancies still exist. Numerous studies have
been done investigating the influence of C3A on sulphatef
attack and most researchers agree that the vulnerability
fo sulphate attack increases with increasing C3A content.

‘

Schramli (36) reports that, according to Blaine, Arni and
Evans (on the basis of the most recent and most comprehen-
sive multiple regression analysis between charqcteristics
of the cement composition and the results of the potential
sulphate expansion test) expansion is a third power func-
tion of the C3A content in the 7 to 15 per cent range of

C3A composition, whereas at lower C.A congents proportion-

3
ality seems to applv. However, the correlation between the
rate of concrete deterioration in the f£ield and the C3A

content is not a very close cone.
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\
In some instances cements with a high C3A content

have proven more resistant to sulphate attack than one with

a lower C3A content. For instance, the nominal Type 20
cement (sp;cimen 2C) with 7.1 per cent C,A was founéito
expand more than Type 10 cement (specimen 9MB) containing
8.3hper éent CéA for the first 260 days of immersion, after

-
which the trend reversed. One of the main reasons why there

are sO many contradictions in the results reported in the
literature by various researchers is because there is no
standard sulphate resistance test. Many tests have been
proposed, each with different:

(1) sizes and shapes of specimens:;

(2) mixes and types of specimens (paste, mortar,
concrete);

(3) concentrations and tvpes of aggressive solu-
tions (pure sulphate solution, solution of
a blenéd of sulphate salts:; in some tests
the sulphate is added directly,into the mix
and stored in water or a waterfsaturated
environment);

(4) curing conditions before placing in aggressive
solution (in wateror lime water for a pre-
scribed number of davs or until a desired
strength is reached)s .

(5) storage or exposure conditions (ia sifu,
specimen partially or fully immersed,
stagnant or flowing solutions, wetting
and drying cvcles, temperature variations):

- - . L] ‘ -
(6) monitoring technicues (visual, weight changes,
length changes, compressive strength, flexural
strength, chemical, etc.); and

(7) definitions of failure and duration of tests.
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If an arbitréiy test duration of say 160 days was
selected, it could have been wrongfuily concluded that the

Type 10 cement with 8.3 percent C,A was more resistant than

3
the nominal Type 20 cement, and similarly the.Type 10
cement with 6.1 percent C3A could have been'saié to be more
" sulphate reéiétant than the T?pe 50 cement (2.0 percent C3Al
based on the results obtained thus far. Therefore the
duration of the test.is very important, and monitoriné&%hould
be continued for a short while after the arbitrarily se.';ected |
expansion failure point (>0.1%) is¥ ched,sinceiﬁf ﬂﬁﬂi;tic
selection of ﬂx&s;ointfns not been as : at this time. The com-
press;ve strengths &id not p:oduce-results which reflected
the influence of C3A in the various cements. Neither did
the weight measurements produce any significant results.

¥ The crystallographic form of the C.A 1s thought to

3
be very important in relation to its sulphate resistance.
Tavlor (37) notes that rapid cooling of the clinker as it
leaves the kiln improves the sulphate resistance, either
because it causes less C3A to be formed, or because it
affects the size or perfection of the crystals. Schramli
{36) more or less sums up the present state of knowledge:
v

It appears that little is known about the

factors which govern the generation of each

individual polymorphic form of aluminate.

.The questicn arises whether it is relevant
from a practical point & view, with regards



to the performance of the cement, to
investigate all these different forms in

which the aluminate can appear. There are

some indications that it really is.. As an
exanmple, reference is made to Regourd, at al*
about the sea water attack on hardened cement
paste made with cements containing different -
amounts of aluminate polvmorphs. It could
reveal that a cement paste, containing 14
percent tetragonal and 2 percent of the cubic
polymorph did not deteriorate more in sea water
than one containing only 7 percent of the

cubic form. ’

It' is obvious that it would foster such in-
vestigations very much if more reliable and -
this is more important - less time-consuming
techniques would be available for the guantita-
tive determination of these different forms of
aluminate. '

.... the crystallographic form of the Ci A ...
may be the explanation for the puzzling~find-
ings of many researchers; although they observed
the outlined relationship between C,A content
and the rate of sulphate attack,'thgy recorded
some cases where the cement was highly sulphate-
resistant in spite of a high C,A content.

3

If the C3A content of the portland cement is reduced,
it appears that the sulphate resistance would increase.
In practice this 1s achieved bv lowering the alumina content
or changing ihe iron content of the raw mix. Changing the
C3A con;ent alters the characteristics of the cement com-
position. CgA is believed to be related to the burnability

of the cement raw mix, the formation of coatings in the rotary

kiln, formation of lumps during cement storage, setting

*Regourd, M., H. Hornain and B. Mortureux, "Influence
Du Mode de Cristallisation de L'aluminate Tricalcigue. Sur
ILa Resistance Des Ciments a L'eau de Mer", Rev. Mat. Constr.,
No. 687, 69, 1974. '

b
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by ground glassy slag directly in the mixer as described in

_ o _ _
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performance:, stréngth deéelopmgnt. heat of hydration, shrink-_

I .

age and durability. It is therefore not a simple matter to-

3A'cdntent. Of course, a simple alternative
isltb'use.slag cement, made by intergrinding- cement clinker
and glassy slag or by replacing some of the portland cemen{

r

. Chapter 2.

5.2.5 Effect of Varigtion of Slag Cement Content in Blended Cements

‘In Phase 2, three blends of slaé'cement/port;and
cement were used: -

508SC/50% Type 10 PC (12.3% C.A)

3

:,70%s¢/30% mvpe 10 pc'(lz.s%'c3a)

50%SC/50% Tvpe 20 PC ( f.l% C3A). *

The C3A contents given are Irom Bogue's calculations. If
they were analvzed Sy X~ray diffractios,the Type lb's would
probably'have.beeh found to be clése to 1ll1.8 percent, since )
they were from the same'plqnt as the Type 10 cement (li.s
percent CjA by X-ray diffraction, and 12.2 percent by Bogﬁe‘s
formula) of.Phasé‘3; In Phase 3, five different blends of

———

slag cement with one Type 10 portiand cement (ll.8 percent
C3A) Qere made: ‘
Y0% SC/30% Type 10 PC
65% SC/35% Type 10 PC

60% SC/40% Type 10 PC



All of the batches were stored in 50 000 ppm SO .as Nazso

501 SC/50% Type iE-'__Pc .

" 40% sC/60% Type 10 PC - o »\

4

solutlons. Control specimens incorporating 100 per cent

of the Type 10 portland cement as binder were stored under

deionized water. The expansion results are plotted in

_Figures 5-8 and 3-93 for Phases 3 and 2 respectively.

Tt is difficult to explain the upturn in expansion. .
e

readings in Figure 5-8 after about 200 days, as possible con-

ributing factors such as correction to the stainless steel

measuring bar, readings by diffarent individuals and possible

cross-contamination, do not seem to be involved. While

er data will help to clarify the observed behaviour,

it is considered likely that the upturn could be due 'to the

initiations of some cracking at about 200 days, Qr simply

the type of plot selected -log-log- which may in retrospect

not be_the most suitable for'showing expansion trends.

The 100 per cent Type 10 portland cement mortar speci-

“have expanded substantially more than those containing

cement in Phases 2 and 3. In Phase 2 the per cent expan-

versus the time of exposure curve of specimen 1C (Figure

‘reached a peak at 1.4 per cent expansion. The expansions

began to decrease due to the excessive warping of the
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prisms. Thereshlts indicate that the greater the slag -
cement content the more sulphate resistant the cement.
?iéurq 5-8 shows that the 408.SC/60% Type 10 PC blend ex-
pands slighély more than the 50% SC/50% Type 10 PC blend,
but the differenée is not very significant. From a close
examigétion of the curveé of Figure 5-8, the trend seems
to be that the expansions of all the specimens except IMB ‘s
become progressivelf closer as if to convergeiat somé_SQint.
This implies that no significant gain in sﬁlphate res?%tance;
is attained by.increasing the slag content. from 50 percent
to 65 percent in the long term, i.e, the degree-of sulphate
resistance 1s not very sen 1sitive to the slag cement content
in this range. No final conclusion can yet be drawn on
this point,since noné of these specimens.has failed as vet.
The 70% SC/30% Type 10 PC blend is the most sulphate re-
sistant of. the blends in Phase 3_to date, but stréngth
development of concrete mixes for such high slag cement
additions would precludé its practical use.

Figure 5-9 clearly shows that the slag cement/
portland cement blends are more resistant to sulpﬁate attack
than the nominal Tvpe 20 portland cement. The 50% SC/50%
Type 10 PC blend appears to offer approximate sulpbaté resist-
ance equivalence to the Type 50 portlana cement up to about
600 days in the accelerated tests. longer exposure may or may not show

the need for a hlgher slag content to maintain this equlvalencv.
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in the accelerated tests. However, this equivalency up

to 600 days is probably the key point for practical mixes.
The 70% SC/30% Type 10 PC blend produced the smallest .
expansions up to 300 days of ekxposure,when the 504 SC/50%
Type 20 PC blend searted to yield .slightly smaller expansions
(Figure'S-BY. The specimens stored in 30m3ppmiso3 as Na2804

of Phase 2 generally behave in 2 similar fashion to those

" of identical types in. stronger solutions, reinforcing those-

findings, but since thef react at a much slower rate their

.

present results are not very dramatic or illustrative,except

to support conclusaons for field applicatjon {Appendix D).

l All of the specimens of Phase 2 stared¢ in 50,000 ppm 3505 as

Na2504 solutions,except for the 50% sc/50% Tvpe 20 PC blend,
have shown some sigis of éeteaioration. Hairline cracks

and spalling corners have been observed although in some
cases thepretical failure (>0.l1% expansion) has net vet been
reached. It should be made clear that in Phase 2 the values
given for expansions are the average of 2 specimen readings
(in order to investigate as wide a range of samples as nossible
under limited time,materials and budget). in general ,the two
readings of identical specimens subjected to similar con-
ditions showed very good agreement, but in a few_instances
they were found to differ bv as much as 30 percent. in the
latter case if in a set of readings,one expansion reading

was "“correct” and the other lower hecause of an error in

hl
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. racording or a bad specimen (for example due to insufficient

- <«

compactidn)'Qr something of-that'nature,'the average of the ;
S had oL

readidgs. could be somewhat lower than®its true value. The
results-are much more sensitive to’testing problems than -

if three or more specimens were made.

5.2.6 Alumina Content of Slag (Slag Type)

Blended slag cement/portland cements A:e acceptedl
as being @oie sulphake resistant than ordinary poftland é;ment.
I£ is g;nerally agreed that the higher the slqg content the
greifer the resistance. The alumina (A1203) content of the
blasi?ﬁrnace slag is probably the most significaﬁt of the~
slag components to sﬁlphate”resistance: the lowér the alumina
content the higher the rgsis;Ance. Figure 5-10 shows the be-
haviocur of 3 different ground pelleﬁized.blastfurnace Slags
used in 50% SC/50% Type 10 PC blends subjected to 50000 pom
SOy as Na,S0,. The chemistries of the slags are qi;en in
Table 4-4. Specimgn 12MB containing 11.4 percentiA1203 in
its slag expanded the grgagest. Specimen‘ 2M33 (8.4 perceant
Al,05 in its slag) initially expanded more than specimen 11MB
(9.l.pe;cent A1203?E after about 110 days of imrersion this
trend reverséh. The hlumlna content varies in different slagé
dependiné on their agurce and mdnufacfure, therefore the per-
formanc§‘9f‘tﬁg\ﬁésg/cements-used in this study must not be

considereqfrepresentative of all slag cements.
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All specimens subjected to 5b;000 prmo 303 as Na2594
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iterature it 1is commonly'reported that slag

cement/portianéyé ment blends are sulphate resistant pro-
vided their §;§g/ijn Fnt is higher than 65 per cent. Blended
cements are accepted/as being highly sulphate resistant in
Germany if the prbportion of slag (or slag cement) is over
—70 per cent in gederal, or over 41 per cent if the maximum
.content of A1203 in the slag is less than 13 per cent,and
thé maximum CBA.content in the ordinary portland cement is
less than. 3 per cent (38). Van Aardt and Visser (39) have
fouﬁd that a sub;tantial addition, say 30 per cent, of slag
cement with a high alumina content renders even a sulphate-
resisting portland cement vulnerable to sulphate attack.
The results obtained so far indicate that the 40 per cent
blend of slag cement, with an alumira content of 8.4 per cent
in the slag (low hy international standards) and 11.8 per

cent C.A in the ordinary portland cement, is sulphate re-

3
sistant.

Free calcium hyéroxide liberated during the hydration
of portland cement acts as a basic stimulator of the slag,
-promoting the hydration of the slag components. Biczok (5)
states that sinae the alkalinity of these compounds is low,
calcium hydrosilicates and calciuﬁ hydroaluminates of low
basicity are formed as a result of hydration. The corrosion

resistance of slag cements is due to the considerable stability

©f the hvdrosilicates and aluminates of low lime content
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lncorporated in them. Taﬁeja (40) asserts that the fuhbtion_f“
of slag cement in sulphate resisting blended cements is to
‘reduce the quantltv of free lime 11berated on hydratzon to -
less than l 08 g/litre ,so that calczum sulphoalumlnate

hyﬁzﬁe can form through golutlon only and thus does not cause

expansion. Metha (41) relates that Satar\ attributes the

high durability to the characteristic microstructure, which

consists of denser formations of silicate hydrate gel and < .

-smaller amounts of crystalline CH than are found in a hvdrated

portland cement paste. Wwhile Locher (42) claims that._slag
cements,which are resistant to éulphate attack owe this pro?
perty not to the nétufe of the hydration products,but the
ability of the hardened cemené paste to prevent- the formation
of trisulphate. BHe proposes that the reéson for this behav-

jour must be in some way connected with the composition of

the hardened ¢ement paste, and presuﬁably it is either that’

the pore space is such that no trisulphate nucle% are able

to form there,or that the diffusion resistance 6t the hardened

cement paste is so great that no sulphate ions can penetrate
1

into it. Four batcheg'are being monitored for their porosities.

. They are O9MA, 9MB, lO0MA and lOMB. The measured porosities

are given in Appendix F. 1In all cases the porosities were
found to decrease with time, but no particular trends have.

baazfound yet.

.
g

PR S
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5.3 Scannlng Electron Microscope Study

Fractured samples were exam;ned under a Cambridge

- Stereoscan scanning electron m;croscope (SEH) which was

cgnnec_t’éd tgya Ke?ex:' enerqgy dispersive X-ray analyzer (EDXRA),
g&"which the elemental compositions of the specimens could
be determined._ The main advantages of the SEM over optical
and conventlonal electron—ootlcal techniques are (43 44):
(a) 'la:ge depth of fleld,
(b) moderately high resolution (=20q§);
() the availability to switch over a Qide range
- ‘ of magnifications,so as te zoom down to fine
detail on some part identified in position on
the whole speci;'nen; .
(@) direct‘observation of the extérnal or internal
form of real objects, such as complex fracture
surfaces, at high magnificetiOné - thus avoid-
ing the necessity to make thin replicas for
use in direct transmission electron microsScCopy;
and
(e) ease of sample preparation -and relatively
large sample eizes. |
™ - 7 .
Caution must be exercised when interpreting informa-
tion from the SEM, as Gattan-Bellew, Quinn ané Sereda (45}

state:

-The reliability of inf ation obtained with
the scanning electron microscope is influenced
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by human and instrumental factors. The
human factor enters, for example, when a
microstructure is described as being typical

: " of the material when in fact it is only a

' minor component. Some instrumental factors
include charging of the specimen, problems
differentiating between positive and negative
relief and distortion of the shape ©of the
sample in micrographs. The determination of
the amount of a phase present in a composite
1s a complex problem 1nvolv1ng both preparation
of representative surfaces and appropriate
methods of evaluation.

Diamoné , Young andé Lawrence Jr. (46) further point out:

Application of SEM-EDXRA to rough fracture surface
specimens of cement systems should be carried
out with due regardé to certain inherent problems.
Data indicate that the effective lateral spread

f the X-ray source mayv be as much as l.5um.
Theoretical calculations and experimental
evidence ‘indicate that variations in take-of
anéd incidence angles can cause significant
va:iatlons in ratios of peak heights obtained
for a given composition ... s

In this study identification cf the components was

based on -examination of the micrographs and EDXRA results.
There are manyv geometricallv-related difficulties which
arise when attempting to determine chemical composition of

specimens in regions exposed on rough surfaces by EDXRA

that can procduce spurious results (46). Thus identifica-

tion was based on purely gualitative results.

A total of seven specimens from Phase I was studied

under the SEM-EDXRA instrumentation. The samples incorporated

100 percent Type 70 portland cemen batch number 7. They
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. were examined after 90 days of immersion in one of three
separate_édld%ions: * ,
| A. de-ionized water
D. _3,000.ppm_so3 as Na,S0, ‘
E. 3‘,\000 ppm 503 as MgSO, - .. C—

Fractured samples from broken concrete surfaces were taken

- from cylinders 7A, 7D and 7E. Three of the seven specimens

were polished on their examined surfaces and etcﬁed by hot
water i?e specimens were scrutinized at a surface 90
degreesggo the original cvlindrical surface, and the othe*
two at the original cylinder surface. .
Figure 5-11 shows the scanning electron mic;ograph
of specimen 7A, 90 degrees to the surface which was polished
and etched with hot water. It shows the structure lining a
pore-ZGO uym in diameter. The internal structure is seen to
consist of needle like crystals growing out from the pore
wall and bunched.ét their ends into nodula: like structures.
The EDXRA results indicate severalJphases present. An analysis
of the nodular formations indicates calcium aluminate hydrates
(CAH). The needle like structures are.most likely calcium’
silicate hydrates (CHS) and/or calcium aluminate hydrates,
including ettringite. A few other ?ores were found to con-
tain similar crystals lining their walls 1in a sparse manner

occupving only a small insignificant portion of the pores.

- —y——
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Specihen 7ﬁ-90 degrees to the sqrface,_polished
én% etched, showed no pores éontaining cryétals. ;EDkRK‘
showed high-Ca and Si counts and low S, Al, Mg ahd‘Fe;
Mostly CSH gel was found. The surface of specimen_ 7p is
shown.ianigﬁre 5-}2, the tablet sbaped\érystals and rhom-
boids are hydrated lime and calcite (CaCO;). They are dis-.
persed between CSH gel."The calcite is a pfoduct of éa:—
bonation_due to exposure to the atmosphere.

Figures 5-13 and 5-14 are(microg;aphs of specimen
7D-90 degrees to the surface. Figure 5-13 gives the loca-

tion of the pore in relation to the surface. Its diameter

-+

is 75 um and is located 20 um from the surface. The arrow
indicates a spher&iite formation gﬁowihg aut of the pore

wall. A closer view of the ettringite spherulite structure
is shown in Figure 5-14. The micrograph shows ﬁypical néedles
of ettringite, which can also be described as acicular or
hexagonal prisms, occurring as relatively long narrow rods
with parallel sides and no branching. The crystals are -
well formed and are about 12 unlongjﬁﬁ 0.4 um thick. Aanother locatior?
on specimen.TD-SO degrees to the surface is disélayed in
Figure 5-15. Well-formed, short, slender, prismatic

needles of ettringite can be seen forming around and out

of CSE plates. The needles are roughly 8 wm long and 0.4 um
thick. .The crystals can be seen to be growing in rather

cramped quarters. From an examination of these anéd other
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pores containing ettringite it was generally found that

- slender needles and spheruliﬁes are formed only if suffi-

cient space is available, alternatively ettringite occurs

as relatively shbrt prismatic crystals.  This was also
concluded by Metha (47) while studying e;tringite formation.

Hexagonal cross sections of the prismatic gypsum

- crystals can be seen in Figure 5-16. The crystals are

uniform and grow out from the base. Unfortunately, due to the
projection of the micrograph, the length of the crystals

& . .
could not be measured. Their thicknesses are in the order”

£ 0.3 to 0.5 ym. The gypsum cryvstals are densely packed
in téi\?ore and almost £ill it up. Another micrograph-of
specimen 7D-90 degrees to the surface is shown in Figure‘
5-17. Sparsely deposited ettringite crvstals of very small
sizes are shown to grow out and away from the CAH plates.
The crystals are not well formed, lacking thé slender
acicular shape.

The surface of specimen 7E is displayed in Figure
5-18, showing spherical clusters og "balls" of fibers
closelv packed together. The averaga\ifaﬁéter of the
spherical clusters are about 20 um. Flé&re 5=19 gives &
magnified }iew. The clusters are made up of thin, petal-
like magnesium sulphate plates. This specimen was stored

in 3,000 ppm SO, as magresium sulphate solution, which

explains their presence.
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FIGURE 5-11: SEM micrograph of specimen 7A-30" to the suriace,
polished and etched. t illustrates the micro-
structure of a pore containing CSH and CAH.

g o [

SEM micrograph of the surface of specimen 7D
with Ca(QE), and CaCO3 dispersed between
CSH gel. -
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FIGURE 5-la:

SEM micrograph of specimen 70-90O to the
surface ,showing the pore in relation to. the
surface. The arrow indicates the spherul
structure of Figure 5-14.

SEM micrograph of an ettringite spherulite.
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FIGURE 5-15: SEM micrograph of specimen 7D-9OO <o the surface,
illustrating short, slender, prismatic needles
of ettringite growing sparsely out of the CS5H
plates. Ettringite is I{ormed in cramped guarters.

TLGURE 5-16: SEM micrograph of specimen 70-90° to the
surface, illustrating a pore almost full of
elongated, prismatic gvpsum crvstals.
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FIGURE 5-17: SEM micrograpn 0L speclimen TD=5307 to the
surface showing sparsely deposited ettringlite
crvstals growing out and away Irom CAH plates.

pecimen

FIGURE 5-18: SEM micrograph of the sur
o "balls"

fa
illustrating spherical cluste
of fibres of magnesium sulp

ty
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FIGERE 5-20:

rograph 0f the clusters 1n Figure
ating the thin magnesium sulphate

- : - : .~ o ,
SEM micrograph cf specimen 7E-90° o tiae
suraca, Zdisplaving a large ceolumnar
crystalline gyvopsum growth in the pore.
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Flgure 5-20 shows a large well formed columnar
crystal protrudlng out of a void of spec;men 7E-90 degrees

~

to the surface. The penetratlon distance is 135 um and

[
the diameter of the pore is about 365 um. The columnar
crystal, occupv;ng over a quarter of the pore, is a large

gypsum crystal. On its tlp is an-orange peel like texture

where it was in contact with the other end of the pore when

+the concrete was intact. Small amounts of ettringite were

detected in various areas‘of the.specimen.l

Specimen 7E-90 degrees to the surface, pol;shed and
etched, 1is preéented in micrograph photos Figures 5-21 to
5-24 inclusive. The void of Figure 5-21 hae a diameter of
65 um: Typical thin hexagonal plates of calcium hvdroxide
can be seen llnlng the walls of the void. Figure 5-22
shows a pore completelv filled with elongated chips oF
gypsum. The rounded edges are due to polishing. The arrow
points to a cluster of acicular ettringite crystals growing
out of the gypsum crystals. Figure 5-23 gives a closer
view. Slender needles of ettringite can also be seen toO
grow around the perimeter of the void. With time the gypsum
crvstals will transform into ettringite, £ill up the pdre
completely and eventually result in disruption of the con-
crete matrix. Another pore of the same sample is ‘shown in
Figqure 5-24. It is full of gypsum crystals bﬁt no ettringite
was detected. The rounded shape of the gy?sum crystale

is due to polishing.
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LY
FIGURE 3-22: SEM micrograph of specimen 72-50° <o the
surface, oolished and etched, displaving 2
. pore full of elongated gypsum chips. The
\\ arrow indicates ettringite growth.



FIGURE

FIGURE

SEM micrcgraph of Figure 5-22 at’a higher
magnification illustrating a spherulite of
ettringite growing out of the tip of a gvpsum-
crystal.

" p - . 'Q‘
. . - O
SEM micrograph of specimen 7E-90° to the

surface. Three pores can be seen full of
gvpsum crystals, flattened and smooth by

.polishing and etching.
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In all theﬁqgﬁﬁiéé'bf Phase 1 examined after 90

daysrigméESion, calcium aluminate hydrates and ettringite S

- were found in;minor?qﬁ§ntit;gSI- Well-formed, distinct ' f

PN

acicular and séherulite'éttringite, and prismatic gypsum
.crﬁstals weré}seen to grow in the pores of speéimens 7D
‘ana 7E. “In specimen 7E spherulites of ettringite could be
;seen grcwmg out of the tip of gypsuin ¢crystals, indiéating the
linitiation of sulphate azfack. The minor quantities of .
e;?ringitejfound in the other samples are most likely due =~ -
to hydration and not‘to'sulphate attack. No external evi-
‘dende of aeteriorétién was visible in the concrete cvlinders.
Saﬁpléﬁlfrom the same bafches were later examined afteri
720 dé%s of immersion. - The morpholoéies were found to be
’ \

almost identical to those observed at 90 davs. Greater
amounts of ettringiteléére detected but stiil in minor
_qﬁéntities. Extensive deposits of - calcium hydroxide were
found in specimen 7E; they were recognized by parallel
planes and smooth ﬁeaturelesé surfaces except where fractured.
This_is.typical of calcium hydroxide in mature cements when
they-grow massive andéd lose their hexagonal outline#. ‘Some
pores were packed with crystals, but none was full enough
to cause disruptive stresses in the concrete.

The D's and E's of batches 3, 6 and 8 of Phase 1;
_ iMB, ZMBB, 1MC, 2MC, 1MD and 2MD of Phase 3 and samples

from the Lok-Test were also examined by the SEM-EDXRA system.

P
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™
."The morphologies observed were guite similar to those seen
" in batch 7. Ettringite, CAH, CSH, gypﬁgﬂ and lime were
:dg;ecfed.~ Pores full of gypsum were found in speciméh 8E
df‘Pﬁase 1 (examined after 720 dayvs in Mgso, solution),

_which had visible external cracks in their cvlinders as

shown in Figure 5-1. No distinction-in the internal structures

.
-

betweeh the specimens containing slag cement gnd those with-
out ﬁaé:noticeable. In the examined specimens which showed
Sbvious ekternal evidence of sulphate attack - such as crack-
ing obse;veé_in spécimen 8 - no-abnormal or significant "
increase of ettrinéite was detected. These findings tend
to'suﬁstanﬁiaté Chatterji's hvpothesis that ettringite

formation has little to do with sulphate expansion.

-

5.4 Effect of Wetting ané Drving on Partially Submerged

SEeCLmens

The resulting length changes of the two batches
partially exposed to air ané partially immersed in a sulphate
solution, and in which 5.08 cm (2 inches) of thé specimen§
were subjected to alternate wetting and drying in 14 day
c?cles,are showﬁ in Table 5-1. In both batches the speci-
mens first shrank and later expanded. The specimens were
initially stored under water until they gained the required
strength to be partially immeésed in the sulphate solution,

since a portion of each specimen was then exposed to the

-
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TABLE 5-1
LENGTH CHANGES OF PARTIALLY SUBMERGED SPECIMENS

SUBJECTED TO ALTERNATE WETTING AND DRYING CYCLES

¢ Length Changes

Days in Number of Specimen No.

Solution Cvcles
13 MB * 14 MB **

7 0.5 . - 0.034 - 0.022
14 1.0 - 0.061 - 0.047
21 1.5 - 0.060 T - 0.048
28" 2.0 - 0.063 - 0.063
35 _2.5 - 0.061 = 0.053
42 3.0 - 0.055 - 0.060
84. 6.0 + 0.076 - 0.057
112 8.0 +0.366 - 0.026 -
126 8.0 4 0.572 - 0.033
133 9.5 £ 0.700 - 0.002
140 10.0 + 0.832 + 0.009
147 10.5 + 1.116 .+ 0.085
154 11.0 +1.253° + 0.070
161 11.5 +1.316 + 0.042

* 100% Type 10 PC (11.8% C,A) subjected to 50,000 ppm
S0, as Na_S0
3 2594
** 50% SC/50% Type 10 PC (11.8% CBA) subjected to 50,000 ppm

803 as Na2804.
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air, shrinkage occurred due to moisture loss in the mortars.

The maximum recorded shrinkage in both batchgg was 0.063

1 -~

per cent after 2 cycles. jp the same tlme.cgihks ané bulg-

I 3
ing edges were first obsexﬁed in all t{é’s imens in their

portions immersed in the sulphate solut%‘&; These'were much’
more pronounced in the 100 per cent Type 10 portland cement =
specimens (13MB) than the 50% SC/50% Type 10 PC specimens
(L4MB) . After about 4 cycles,expansion due to sulphate o
attack became greater than the shelnkage due to moisture

loss of the mortar in batch 13MB; in batch 14MB this occurred

after 9.5 cycles. Batch 13MB continued to expand in an ex-

ponential manner, reaching failure (>0.1 per cent expansion)
v

at about 6.5 cycles. Figure 5-25 ;s a photograph of two
typic;f specimens after 128 days (9.5 c;cles). racking
and agalling at the edges and progressive scaling in the
fluctuation zone is clearly wvisible in specimen 13MBl. In
14MBl there are a few hairline cracks along the edges but
they are not visible in the photograph, some scaling and
white salt precipitation can be seen in the fluctuation zZone.
The capillary rise was found to be higher in speci-
.
mens l4MB than in 13MB for the first cycle only, afterwards
the capillary rise was identical in the two batches. These
experimental results do not indicate, as some researchers

claim, that slag cement requires more protection than ordinary

portland cement in environments of fluctuating sulphate levels



FIGURE 5-25:

Two specimens after 128 dayvs of parcial

1
submergence in a 50,000 pom SO, as
Na,S0, solution and subjected 2o wetting
and défving cvcles.

1
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because the capillary rise tends to bé greafe;. In the .
range of sulphate level £luctuation .néither batch was
fully resistant to corrosion, however the specimens con-
taining slag cement deteréorated at a much slower rate.
In general, the batch containing slag cement showed only
slight attack and was essentially sound.

A similar parallel study involving various blends
of slag cements, two concentrations of seodium ;ulphate
solution and control specimens in water, was cérried out
as part of an undergraduate laboratory at McMaster University
ander the supervision of J.J. Emery and the writer. Sul-
phate attack was monitored by means of visual observations
and féngth changes. The mix specifications and length
changes are given in Appendix G. The study also produced
evidence that the specimens containing slag cement were more
resistant than ordinary portland cement. Initially_? day
cycles were used, and later 14 day cycles were adopted.

All of the 100 percent portland cement specimens have
failed while none of the siag cement/portlana cement binder
specimens have failed. The results also indicated that in
general the greater the percentage of slag cement, the
greater the specimens' sulphate attack resistance. In

. the fluctuation zone of all specimens progressive scalin§

was observed. Cracking, spalling and bulging edges appeared

in the 100 percent portland cement specimens in the zones
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jmmersed in the sulphate solutions. In one batch, number
6, the prisms were rotated end for end iastead of peing
adjusted in a vertical direction. This accelerates the
capillary rise to the centre or axié of rotation of the
prisms. As expected,this produced the most accelerated
rate of deterioration especially at the centre of the speci-
mens where the sulphate salt precipitated and began to eat .
away at the mortar until the cross-sections of the specimens
became so slender that they broke on handling.

| The mechanism of progressive scaling was studied
by Eansen (48). He states that as water evaporates from
the surface exposed to air, the salt sclution in the concrete
beccmes concentrated near the surface sufficiently to cause
crvstals to form in the larger capiilary poékets. Such a
crvstal, being in contact with solution in smaller pores
in which crystalg Qill not nucleate at that concentration,
grows because salt molecules from this solution attach
themselves to the base of the crystal. As the crystal
grows, it exerts sufficient pressure to spall off a thin

layer of mortar that covers the pocket.

5.5 Lok=Test
Conventional 15.2 by 30.5 e¢m (6 bv 12 inch) concrete
cvlinders were cast in batches A and A2 in order to check

the Lok Test results. The results are presented'in Table
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5-2. Using the recommended conversion equation* to convert
ﬁhe Lok strength to the compressive strength, compressive
strengths very close to the conventional cylinder compres-
sive strengths were obtained. ' The conventional cylinder |
strengths were found to be an average of 3.4 percent higher
and tﬁis could be due to the calibration of the testing
machine. The results indicate that the Lok-Test method is
an accurate and alternative method for determining the.
strength of concrete. Many .researchers in Europe have
reached the same conclusion (49) and the Lok-Test method
“has been accepted as a Danish standard.

No evidence of sulphate attack has yet been indicated
physically or observational in an-y of the 4 batches. Nothing
unusual was 6bserved when examining fractured samples under
the SEM. The Lok-Test is ideal for long-term tests study-
ing the sulphate resistance of concrete ,since many tests
can be performed on one specimen containing a number of
Lok-bolts, each Lok-bolt taking the ﬁlace of a conventional
cvlinder,and thus avoiding test and mix related experimental
scatter. Hence an enormous space and econcomic savings can
be made. It is also well suited for in situ studies. The
Lok-Test specimens are being constantly monitored,as it

is hoped that these long-term tests will help to form part

* Recormmended conversion eguation by Lok-Test Ltd:
L (KN) 5 + 0.8£'c (MPa)
where L Lok strength, £'c = compressive strength.
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of the still missing link between accelerated tests and

the actual performance of field-mixés completed in Phase 1.

5.6 Alkali-Silica Test Program -

Thé alkaii-silica (or alkali-aggregate) reaction

is a chemical reaction which can occur between reactive
/

-

silicates such as chert, flint, chalcedony and opgl, and
the hydroxyl ions (of the sodium and potassium alkalies),
in the pore solution of the mortar or concrete. The re-
action leads to the formation of a gelatinous alkali silicate
which_may produce expansive forces capable of causing
cracking of the mortar or concre£e. The expansion mechanism
is not vet fully understood but many propcosals have been
put forward (for instance see Hobbs (50)}. |

A test program emploving basically the same pro-
cedure as the accelerated sulphate resistance test program
-previously discussed was initiated as part of an under-
graduate laboratory at McMaster University under the guid-
ance of J.J. Emervy and the wriﬁer. 15 different bhatches
were made using a high and a low alkali portland cement
and also blended portland cements. Slag cements were
blended with a normal Type 10 portland cement (i.e. high
alkali) . T™wo synthetic glasses, ordinary waste glass and
"Pyrex" brand glass, were used as the reactive aggregates

while a natural silica sand from Ottawa, Illinois, was

used as a standard. The synthetic glasses were obtained

F]
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by separately crushing clean glass rods and pyrex ovenware .

and grading them in accordance with ASTM Cl09 as follows:

No.
No.
No.
No.
No.

Sieve _ Percent Retained
100 (150 um) © 98 % + 2 )
50 (300 um) © 75 +5 -
40 (425 um) 30 .. 5
30 (600 um) 2 o+ 2
16 (1.18 um) ' none. .

The mortar bars, 25.4 by 25.4 by 285.75 mm (1 by 1 by 11.25

inches) ,were méde as prescribed in ASTM €109 and C305. They

were stored under tap water or a saturated lime solution

(after initial curing-for 28 days in watef) in sealed con-

tainers at 23°C. The various batches and their mix speci-

fications are given in Table H-1 (Appendix E). The chemical

compositions of the cements and the synthetic glasses are

pfeseﬁted in Appendix EH, in Tables H-2 and H-3 fespectively.

Also, the percent expansions are given in Table H-4. {\//

are:

The main findings of the alkali-silica program

as anticipated, the specimens containing low
alkali portland cement were more resistant

to alkali-silica reactivity than those made

~with a normal Type 10 portland cement (high

alkali): .
greater longitudinal expansions were recorded

in the ordinary waste glass specimens than the
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pyrex sampfes when stored in tap water, but

in a saturated lime_solution\éhe reverse was

. found to ‘be the case;

in general, when slag cement is blended wi

normal portland cement the expansions were

lower than those containing no slag cement.
Thisii best illustrated by the pyrex sﬁécimens
stored in a lime solution; the éarious blended
batches store& in water do not show any signi-
‘ficant differences in expansions at present;

to date no visible signs of craékinglﬁﬁ@ been
observed; .

the results indicaté that the test method

used has positive potential as a standard
means for determining the potential alkali-
silica reactivity in cements. Slight modifica-
tions such as raising the storage temperature
and providing humid storage conditions should
be further investigated to enhance the potential
alkali-silica reaction ,thus reducing the

required testing period.
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CHAPTER 6 | .

CONCLUSIONS

- This broad study which‘embddies'both long (repre-

sentative of field conditions) and short (accelerated) term

“tests on the sulphate resistance of slag cement/portland ~

cement blends is still in progress. The short term, or

accelerated, tests have furnished most of the éxperimental

evidence on which the following conclusions are made:

.

sulphate attack is generally intensified by
increasing the concentration of the sulphate
solution. The degree of attack is not pro-
portional to concentration. An anomaly was
founé in which specimens in a 50,000 ppm
solution expanded less than those in a 10,000 ppm
solution, but this trend reverses at later ages£
Na,so, and.KZSO4 solutions proved more rapid

in their attack. than MgSO, solutiox! Deteriora-
tion in the form of cracking, swelling and
spalling was observed in Na2504 éolutiqns:
whereas the failure process of the mortar

-~

samples in Mgso4 and K2504 solutions commences

.with surface softening and the hardened cement

soon loses cohesion, disintegrating into a

mushy paste;
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" sulphate attack increases in rate and magni-

tude as the'CBA content of the portiand cement
increases. A Type 50 portland cement contain-
ing 2.0‘percent C3A was found to be highly
reSistant-torsulphate attack as anticipated
from CSA standards;

the higher the slag cement ‘content in-th; slag
cement/Tvpe 10 portland cement blend,the
greater its sulphate'resistdnqe. .Even a 40
percent slag cement replacement for Type 10
portland cement has exhibited good resistance.
A 50 percent slag cement/50 percent Tvpe 10
porﬁiand cement blgnd appears éb be equivalent
to a Tvpe 50 portland ceﬁent in sulphate
resistance for the accelerated testing and
time involvgd: |

the lower the alumina (A1203) content in the
pelletized blastfurnace slag used during mamufacture,
the higher the sulphate resistance of the

slag cement;

the SEM-EDXRA studv indicates that slender

needles and spherulites of ettringite form

only if sufficient space is availlable, alter-
natively ettringite occurs as short prismatic

crystals. In none of the specimens examined,
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even thséeﬂwﬁich had failed by sulphate attack,

~ . -
P G

-+ was abnormal or significant amounts of ettringite ;
‘ found. Thésé—findigg; téﬁd to suﬁstan£iate
. - Chatterji's hypoﬁiesi%, cgnFiary to\éopular
o bélief, that ettging;te.formétion‘hag little
| to do with sulphate expansi&ﬁs:*'

7. the f;62 by-15.24 cm (3 by 6.ingh)-concrete
cyvlinder test program produceﬁ‘vgry erratic
results. . Only the batch‘oﬁ;awloo pé&cent
Tvre 10 pdrgland ce@ent Elendishoﬁed visual
gignq'of deterioration. This test program
-has éroducea no sign{ficant results to date;.L

8,:-the test in which specimens were partially .

| submerged in-azsulpﬁafg sclution and subjected
to alternate wetting aﬁd dryving cycles produced
" the most accelerated results of all the tests;
After onlv 28"davs signs of sulphate attack
were visible._ The batch containing a 50
‘percent blend’of slag cement with portland ) -
<~/’,\ ,éemgﬁt'wag more resistant than the batch with--
out any slag. In both bétcheé,pfog;essive‘
scaling h;s 6bserved. This test 1s too. severe
“for the evaluation of various cements' per-

-~

ﬁérmancé, and is not suited as a standard

test‘fox sulphate resistance;

*The lack of ettringite may also. be a function of techniqueé
adoptgd to study this aspect. Further research -is required
on this topic. | B :
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11.

moﬁitoriﬁg sulphate attack by weight cpanges,'

'fxcdmpfessive strength or elastic moduli by
ultrasonic methods have not proven successful;

the Lok-Test method produced strengths compar-

able to conventional cylinder compressive

‘strengths. The Lok-Test procedure is well
‘suited for long term or in situ testing, pro-

.viding accurate results with an enormous

‘storage and econcmic savings;

the accelerated mortar +test method was found

- 3 - ' - )
to be the most reliable test which can give

12.

The

an indication of a cement's performance in

‘".

a ;?latively short ﬁ%me; The testing duration
can be“furtger §hor£éned-5y decreasing the
réquired stréhgth before the samples are
immersed in the_sulphate solutions. It is
recommended that this test method be édopted
as a standard test for the evaluation of
various cements;

it is recommended that the tests 'in progre;s
be continued ;n order to develop a correlation
between the accelerated and field conditions.

most significant f£inding from a practical

viewpoint is, of course, Number 4, in which a 50% SC/50%

Tvpe 10 PC (llﬂB% ¢3A,ébou; highest anticipated) has shown

N
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equivalent sulphate resistance to a 100% Type 50 portland
cement  (sulphate resistant cement) in the test program.
Tﬁis-is now being followed on a design and field bas%§

with 50% cementitious hydraulic slag/50% Type 10 PC blend
beiné used by many organizations as a sulphate resistant
blended cement. .This must be carried out in conjunction
with good coﬁcrete practice which is oriented to field
peiformance.. Since each slag cement has specific charac-
teristgcs, the above findings are limited to cementitious
hydraulic glag cement produced in Eamilton wit@ some favour-

able indications for the French slag.
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APPENDIX ‘A

TEE LOK-TEST PROCEDURE

A

* Reference: "Guide For The Use of Lok-Test Instrument
Model 4", Lok-Test Ltd. January 1977.
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A. Procedure for Tesﬁing

A.1.1. Placement of Lok-Test Bolts

The Lok-Test Bolts may be fastened to the formwork or they

may be placed floating in the surface of the plastic concrete.-

A.1.2. Fastening to Formwork

The supplied standard screw, 50 mm (2"), is based on a
maximum thickness of formwork of 42 mm (1 5/8").

In the case of formwork in excess of 38 mm (1 1/2"), the nut
wi}l not be used. <n all cases, however, thelwasher shall be
use@ as shown in Fig. A-1 and A-2. Fig. A-3 shows the use

of the special placing plate.
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{

‘Placiné plate',

Fig. A-3 .

Please note the following items as part of the placing of the

bolts.

1. The bolts shall be coated and fully threaded prior to
placing.

2. The placing hole of 6.2 mm (1/4") diameter shall be drilled

- perpendicular to the formwork at least 10 cm (4") from

edges or corners and such that the bolt is free of any
reinforcing bars. The special Lokaest drill which
ensures perpendicular drilling is recommended for drilling
the hole.

3. The formwork surface shall be plane for a distance of
% cm. (1 5/8") from the drilled hole. If this is not
the case then the casting plates shown in Fig. A-3 must
be used.

4. If the formwork is porous or water absorbeni, the bolts
shall ‘'be used with the fastening plate sﬁown in Fig. A-3.

‘5. It is important that the test bolt is not fastened so
tightly that the ends of the stems cut into the formwork.
If there is any risk that this may happen, use the

fastening plate as in Fig. A-3..
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At the time of placing the screw or the nut it éhould be
tightened by hand but sufficiently tight that the end of
the stem is tight against the formwork. (If é nut is not
used as in Pig. A-4 it is sufficient to tighten the screw_
with 2 penny). The pléte shall also be completely screwed
on to the end of the stem. '

A day or two after the casting, or as soon as the concrete
has hardened, the screw, nut and washer are removed.

3 Floating Lok-Test Bolts

The

test bolt can be delivered mounted on a special plate in a

buoyancy container.

The Lok-Test bolt plus plate and container is pressed 1 to 2 cm

(1/2" to 1") into the concrete following casting. Thereafter

the

the -

nut
The

use

concrete 1s normally consolidated. When it is time to test

concrete, the bucyancy container, cover plate, screw and

can be removed.

L]

tésting takes place as given in clause A.2 but with the

of a distance piece for surface testing and lengthened pull

bolt as illustrated in Fig. A-4.
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J. 2 Procedure for Testing

At the tlme when the strength of the concrete is requlred the

¥ .

followzng steps are takgn. . x

A.2.1

With a stem tool the stem is screwed clockwise out of the‘piate.

The stem 1s taken out of the stem tool with the pliers.

-

-A.2.2 Fastening of the Centerlgg Plate Coupling ard Pull Bolt

The puil bolt is placed in the coupling. Tg;rcentering plate 1s
placed on the pull bolt which then, using the wrench, 1is

scféwed into the plate cast .into the concrete by turning

the pull'bolt anti-clockwigse. The pull bolt has to be screwed
in completely (until firm resiétance is mgt) as illustfated in

Fig. A-5.

o - ‘C? Coupling i
Co o0} SN B
.. O
Egaaa ==
. | pull bolt
‘0 XN .
. '_o'o.i .
O 5
" | centering plate
Fig. A-5
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If the coupling w1ll not turn on 1ts axis, screw the pull
b'olt back :'ery slightly (clockw:.se) such that the couplmg
can turn on its axis. , .
RN | - ’

A.2.3 Placemedt of the Imstrument

The handle on the instruﬁent shall be screwed out completely
so that the telescope is fully extended. -

"~ Hold the rigﬁt hand under the large cyl¥ader of the pull
aﬁparatus and guiaé the apparatus oﬁer tﬁe coupiing while

the left hand turns the coupling.. With the thumb and index
£in¥ of the left hand in each of the two finger hole$ in
tﬂe plate in the large cylinder turn thé‘coupling clockwise
until the coupling is completely engaged in the three screwl
heads. If the couprling will not engage, it may be‘dué fo the
fact that the handle.is not screwed ceompletely back, or ﬁhere
may be dust or dirt between the‘coupling parts, or the c;upling
may be fastened too rigidly, or the stem may not be mounted
perpendicular to the formwork. If the coupling cannot turn
around its axis, disassemble the instrument and turn the pull
bolt clockwise bringing it back such that the coupling'is é
little looser. If the stem is not placed perpendicular to-

" the formwork testing cannot be carried out.

A.2.4 'Testigg

The inner or outer handle is turned clockwise until the gauge ’

starts to show a reading and the handle is heavy to turn.

1
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-

After thls. turn the outer handle wlth an easy pressure such

that the speed'ksy/gg; 1 KN per second. The instrument is then;'f"

pulled to'the specified value (accordlng to calibration) or

~—

- untll the concrete breaks ) ‘
It is lmportant that the handle is used with a2 constant easy
)\e,:pressure such that the spead of loading is kept reasonably -aven.

If the oressure -is too strong, the handle wi slip. The

lnstrument does not saffer from thls but it is exposed to

'ID

-

unnecessary wear. . 5
The gauge is read as it goes up. Whén the concrete breaxs,
e'sma;l sharp noise;ceo be heard'causea by the concrete
breaking and the needle on the gauge will be stationary

Tor a moment (2 to 10 seconds depending on the quality of

the concrete), after which it will move back.

‘A2, 5 Demountlnz the Inst*umenc

If the concrete breaks, *the handle can be turned to the bottonm
after which it can be judged whether the concrete-cone:can be.
'taken out with the lnstrument coupled in. ﬁote: Do not twist
and turn.the instrument. If the concrete cone will come out,
‘then demount the coupling by turning it until the screw heads
hit the three small nuts. At this stsge the plate, the pull
bolt,‘the concrete cone, the centering plate and the couﬁling
are pulled‘ou% of the apparatus. The pull bolt is screwed off
the plate using‘the‘wrench, (remember left hand thread).

r. All parts are then cleaned of dust and gravel.
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If non-destructive t sting is carriéd out 6r if the concrete
cone is not removable Xrom the concrete,'tufn the insfrument'
handle qu;ckly back to the lnltlal p031t10n (with the telescope -
fully extended) and the coupling is then turned- clockw1se until
the th:ee'screwheads in'the‘pu%l appa:atgs reach'thg jhree stop

nuts of the coupling. The instrument can then be.pulled out

i.from'the coupling in a movement perpendicular to the concrete

. su:face.

A 2% 6 Demoun ting of Centering Plate, Co;plzngﬁand Pull Bolt

The centerlng platew coupling and pull=bolt can be dismounted
by turning the_?ull bolt ciockwise with the wrench. Dust and

gravel is removed from all parts.

A.3 Maintenance ,

A.3.1 Check List Prior to Testing

A.3.1.1 All the parts of the -coupling shall be lightly oiled

and free of gravel or dust.

A.3.1.2 The pull bolts shall be lightly oiled and the threads
shall be free of dust or dirt and they shall not be

worn,
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A.3.1.3 'Chgck with a gauge that the permanent part of the
. coupling of the pull apparatus has a movement of at-
least 4.5 Qm (1/5")-when the handle is wound completely
out. If this 1s not the case the instrument has to
receive more oll. - .
During the addition of oil, the apparatus is held with the
gauge 1n the thick pull cylinder down and the thin cylinder
with the 01l screw up. Turn the handle all the way out.
Unscrew the oil screw and add oil from the' 0il bottle. Only
\use oil supplied by Lok-Test. The o0il screw must be tightly
fastened aftér adding oil. .
: \Following this, the mgvement of the cylinder is checked again.

A.3.1.% Check whether the telescope is moving freely by

moving the handle back and forth.

A.3.1.5 The needle on the gauge must be resting against the

zero stop at the start of a test.

A.3.1.6 The pull bolt should fall into place and the
coupling part easily, and the centering plate

shall be equally easy to attach to the pull-bolt.

A.3.1.7 Check whether the feollowing parts are present in

s the carrying case:
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1l. Instrument
. Extra pull bolts
. Stem tool

. Pliers to screw stem off the stem tool

. Coupling

2
3
L
5. Wrench
6
7. Centering plat?
8

. TPFlask with extra Lok-oil.

A.j.;\\Check List Following Testing

4.3.2.1 o6Gheck the apparatus for damage or 0il leakage.

A.3.2.2 Clean the carrying case inside and out of any

concrete dust.

A.3.2.3 Clean the instrument with a dry cloth,
(especially the coupling part). and give

each part a light oiling.

A.3.2.3 Check that the pull bolts fall into place

easily in the coupling.
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4.3.2.5

A.3.2.6

Check that the coupling can easily be fed into

the instrument.

Check %hat the surface of the centering plate

is in line with the instruments bearing surface

when the‘céntering plate coupling and pull‘bol%s

are installed in the instrument and its handle
is screwed all the way back (the telescope

fully extended).

143




APPENDIX B

DETERMiNATION QF CAPILLARY POROSITY
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Determination of Capillary Pérosity (30,31)

A thin slice of miniature mortar prism or cube

{also applicable for concreté) is cut. Dry it in an oven
at llo‘degrees celcius (or at a lower temperature with
reduced pressurelknown to produce similar results) until
the weight is constant within +0.01g.

| Place the specimen (thin slice) in a beaker, put
the'beaker in a glass desiccator. Reduce the pressure as
far as possible by means of a good vacuum pump capable of
handling fairly large quantities of vapour. Methanol (or
carbon tetrachloride) is added to *the beaker under vacuum,
'via a petcock and tube passing through the top of the
desiccétor. Add enough to completely cdver the specimen.
To reduce contamination of the pump-o0il a vapor-trap of
liguid nitrogen should be placed between the desiccator
and vacuum pump. Care must be taken to ensure that the
vapor-path is clear at all times. If carbon itetrachloride
is used, avoid grease-sealed joints since the carbon
tetrachloride dissolves most greases making dismantling
difficult. Use sleeves on standard ground joints, seal
the flange of the desiccator by an 0-ring of resistant
synthetic material.

. Continue pumping until no more bubbles of air emerge

from the specimen even when the dessicator is given a sharp

tap (with caution)l. Release the vacuum and allow the

2

NN



specimen to remain upder the methanol (or carbon tetra-
chloride) at atmospheric pressure for 5 minutes.
Using'forceps or wearing plastic gloves, remove
the specimen and rapidly blot off surplus liquid with
paper tissues. Place the specimen in a weighed polythene
bag and quickly close its nec;_with a2 wire or plastic
" closure to prevent gvaporation. Weigh tﬁé specimen
saturated with methanol (or carbon tetrachloride).-
Remove from the polythene bag and drive off the absorbed
1liquid by heating in an oven at 110 degrees éelcius.
Cool and re-weigh to obtain the dry weight. Determine
the density of the methanocl (or carbon tetrachloride)

used and calculate the porosity as follows:

sty = Vp x 100
Porosity = Wsv + VD) %

where

Vp = Volume of pores = (surface saturated weight -~

rv weight)

density of methanol .

Vsv= Solid volume odtained by Pycnometer.
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COMPRESSIVE STRENGTH, ULTRASONIC PULSE
VELOCITY AND EXPANSION DA&A.FOR PHASE ONE
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POROSITY MEASUREMENTS
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TABLE F-l: POROSITY MEASUREMENTS

4 batches of Phase 3 are being monitored for

their porbsities. The porosity measurements to date

are givef below.
Specimen Blend Solution [Time of * %
No. Stored ExXposure Porosity
En (days)
oMA 100% Tyve Deionized 2 17.9
10 PC water
(8.3% C.a) 58 12.4
: 4#;& : 1%.7
oMEB 100% Type 50,000 ppm, 2 17.9
(B%g%PC : S04 58 16.0
O] 28 NaS0y | 19.6
. _’J
10MA | 50% SC/50% Deionized 0 17.0
! Tyve 10 PC water
(8.3% CjA) 108 12.9
10M3B 50% SC /50% 50,000 ppd 0 17.0
Type 10 PC SO
(8.3% C5A) as Nd,s0, | 1°° 16.0

* The porosities obtained are lower than normal. The
Mercury Porosometer was not avallable at the time
of testing, hence the results could not be verified.
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APPENDIX G

- MIX SPECIFICATIONS AND LENGTE CHANGES
OF PARTIALLY SUBMERGED SPECIMENS
SUBJECTED TO ALTERNATE WETTING AND

DRYING CYCLES *

Experimental work initiated as part of an
undergraduate laboratory, CE 4G4, at McMaster
University, reference: Godo, J.E., D.A.Houston,
C.S. Sherwin, "A Study of Slag Cements In
Sulphate Environments", Undergraduate Laboratory,
- in partial fulfilment of the CE 4G4 course,
McMaster University, Hamilton, April 1979.
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TABLE G-1: MIX SPECIFICATIONS (ALTERNATE WETTING AND
~ DRYING CYCLES)

Batch | Blend . Solution Placed in Solution
No.- | % SC/% Type} Stored in ge -
10 PC (ppm 803 (days) _f'e
(11.8%.03A) as Nazsoh) 1 ¥Pa Psi
1 0/100 50,000 7 21.3 3087
2 50/50 50,000 7 21,4 3104
3 60/40 50,000 7 20.1 2912
4 '0,/100 35,000 7 20.5 2977
5 70/30 50,000 7 21.8 3157,
6 0/100 50,000 7 21.4 3104
8 '50/50 . | .35,000 7 21.4 3100
9 - 60/40 35,000 7 22.2 3220
10 . 0/100 0 14 - 21.4 3100
. - i(tap water)
11 50/50 0 14 21.4 3100
(tap water)
12 70/30 35,000 14 21.4 3100

Mixing was carried out in accordance with

ASTM C109 and C305. -
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APPENDIX H

ALKALI-SILICA TEST PROGRAM

-

Experimental work initiated as part of an
undergraduate laboratory, CE 4Gk, at

McMaster University, reference: lLau, P.T.S.,
R.S. Harmer and W.W.K. Chu, "Alkali-Silica
Aggregate Reaction Resistance of Slag Cements”,
Undergraduate Laboratory, in partial fulfilment
of the CE 4G4 course, McMaster University,
Hamilton, April 1979.
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TABLE H-2: CHEMICAL COMPOSITION OF CEMENTITIOUS
HYDRAULIC_SLAG AND PORTLAND CEMENTS

p »

C&Eﬁosition(%) Cementitious | Type 10 |Low-Alkali
. ) Hydraulic Portland | Portland
Slag Cement Cement
_ e
Cal 38.19 64.1 5.1
SiO2 37.93 22.0 22.6
A1203 8.42 5.5 N k.5
" Mg 11.45 1.4 1.2
Fe,0, 1.53 3.0 3.2
s 2.0 2.1 -
M0 ©0.63 - -
40, 0.35 - -
Na20 0.16 . 1.10 -
K20 0.47 - -

b

TABLE }H-3: CHEMICAL COMPOSITION OF ORDINARY WASTE
GLASS AND PYREX GLASS. ]
Composition (%)|0rdinary Pyrex
- - I Waste Glass Glass
$i0, 71-73 80
Naéo 12-14 4
A1203 0.5-1.5 3
Ca0 10-12 -
3203 - 12
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