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PREFACE

"It is not always sufficiently realised thét nothing man can
do is proof against the forces of nature. In other words; nothing which
is man-made is permanent; Some works are slowly destroyed by the
disintegrating forces of time and weather. Others are suddenly destnged
by natural phénomena_such as earthquakes, tidal waves, and storms.
The effect of time on common materials is well known, and an engineer
cannot be excused for using a material which experience has shown to have

a useful life of shorter duration than that required of the structure.

in which it is used" (1)

"Durability of concrete is defined as its resistance to
deteriorating influences of internal and external factors to which it is

exposed within the duration of life required of the structure" (2).

Some Roman structures have survived the ravages of time and
weather to the sxtent that their "useful life" continues after
2,000 years of service. Some Portland cement structures, in corrosive

environments, have disintegrated in legs than 20 years.

S

Portland Cement caters to Mankind's modern craze for "speed".
Roman Cement satisfied his age-old desire for "immortality". The
Marine Cement described herein combines the best features of Portland

and Roman cements, as another step towards the goal of "durability".

The iast word has not been spoken, and the work goes on,
Perfection is an unrealisable ideal; but must remain the goal. What
h&steen achieved so far is the production of special cements whichvwill
help to'lengthen the useful life of concretes' in conditions where

'experience! has shown ordinary cement to be unsatisfactory.

Footnotes.

(1) - Quotation from Editorial Notes on "The Force of Waves", Concrete
and Constructional Engineering, August 1947,

(2) Quotation from a discussion on the "Durability of Concrete in
Service" by Zoldners & Malthora - ref. 20.4D.
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NOTES

The decimal syétem has been used for numbering chapters,
sections, paragraphs, and sub-paragraphs. In order to save space,
time, and £yping,‘£he paragraphs in'eéch section are started simply
with "1", When a paragraph or sub-paragraph is referred to'withih
its own section, it is just desigmated "2" or "2.3", as the case
may be. .When referred to from a different section or chapter,

- paragraphs and sub-paragraphs are designated thus:
paragraph 3.5-2, or 3.,5-2.3, as the case may be.

Reférencés have glso been numbered by decimals, to save
gpecifying the titles bf journals and periodicéls in full each time.
For example, all the "20.'s" refer to the "Journmal of the American
Concrete Institute". Within the text of the report, references
to the literature are given in brackets selely as numbers, without

qualification, thus : (20.19).
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LIST OF ABBREVIATIONS USED

‘=
RCO3 = Calcium + Magnesium Carbonate.

LSF = Lime Saturatioﬁ Value

ICF = "Combined-1lime" Saturation Value
TDS = Total Dissolved Solids

OFC = Ordinary Portland Cement

RHC = Rapid Hardening Portland Cement
SRC = Sulphate Resisting Por‘_ola.nd Cement
LHC = " Low Heat Portland Cement

PBFC = Portland Blastfurnace Cement

"SIMPLIFIED"

NAMES OF COMPOUNDS

Silicon dioxide, Silica
Calcium oxide, Lime
Aluminium oxide, Alumina
Ferric oxide, Iron oxide
Magnesium oxide, Magnesia
Sulphur trioxide

Sodium oxide, Soda
Potassiu.ml oxide, Potash

Hydrogen oxide, Water

USTANDARDY
SYMBOLS & FORMULAE SYMBOLS & FORMULAE
Si0 o S
Cal C
Al 203 A
FezO_3 F
MgO M
S0 3 S
NaZO N
K 20 K
H,O H
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"STANDARD"
SYMBOLS & FORMULAE

NSIMPLIFIED"
SYMBOLS & FORMULAR

NAMES OF COMPOUNDS

14

Calcium sulphate CaSO0, (Ca0.50, ) cS
Calcium sulphate di-hydrate, CaSo 4.ZH 20 C§H2
"GypSum"
Tri~calcium silicate, Alite 30204810, C4o
Di-Calcium silicate, Belite  20.8i0, C o
Tri~calcium aluminate 3Ca0 .AZL203 C 3A
Tetra=-calcium-alumino~-ferrite, 4Ca0.Al O3 .FezO3 C 4AF
Celite 2
Di~-calcium-ferrite Lao .FeZO3 : C 2F
Calcium hydroxide, Slaked lime Ca(OH)2 (Ca0 .Hzo) CH
Calcium silicate hydrate, 3Ca0 .2Si02. 3H 20 CBS 2H3
Tobermorite _
Calcium=tri-sulfo-aluminate,  3Ca0.Al O, .3CaSO,.32H O CoA.3CS . H
o 23 4°°% 2 3 32
Ettringite
Calcium-mono-sulfo-aluminate,  3Ca0.Al 0,.0aS0,.12H0 C4ACSHy,
Low-sulphate Calcium Aluminate 2
Aluminate hydrate, 3080 A1.04.0a(0H) 12,0  CohCHE
4 . 273 2° "2 3 12
Hydro-calumite
Tri-calcium-aluminate hydrate  3Ca0.Al O, 68 0 C A,
Calcium~ferrite hydrate 3Ca0.F e203 .6H 20 CgF. He
Sodium Sulphate NaLzSO.4 = NaZO .SO3 NS
Sodium Hydroxide (2) NaOH = Na,0.H 0 NH
Aluminium Hydroxide (2) A1(0H), = Al 05 +3H 0 AR,
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SUMMARY

Portland Cement has been in use for just over a hundred years,
and has proved to be a first-class construction material when used in
concrete and re-inforced concrete that is not exposed to abnormally

aggressive conditions,

Sulphates @n SOIutioq)and marine environments, however, can play
havoc with "ordinary" cement concretes, and oversea investigators have
found that "special" cements are required to make concrete structures

"durable" under the onslaughts of these "aggressors".

"0rdinary" Portland cement generally contains a fair proportion
of the mineral tri-calcium-aluminate ( "CSA")’ and this is the
constituent which is most susceptible to attack by sulphates, By
altering the chemical composition of cement its CsA can be reduced to
a safe minimum level, and this can be done by'using particular raw
materials in the proper proportions., The first part of this project
is concérned with‘producing low-C3A cement from materials available

locally,

Sea water conﬁains sufficient sulphateAin‘solution to attack
ordinary Portland cement. In addition, it has sufficient Maghesium
in solution to affect sulphate-resisting Portland cement, and the best
defence found against this (so far) is to incorpofate an active
pozzolanic material iﬁ the éement. No naturally active pozzolan
is available locally,.and the second part of this paper dealé with
the activation of a local shale and its subsequent incorporation in

a "™arine Cement".

The results of a series of tests have been reported, in the third
part, as an indication that these special cements wlll be more
resistant than ordinary Portland cement to the specified aggressive

agents,

DLS/RC.
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HISTORICAL INTRODUCTION

lsle ORIGINS OF CEMENTS.

1. The earliest known buildings and struvctures were made of
. stone blocks placed together without the aid of any adhesive

material,

2. In some countries, particularly those with dry climates,
mud was used as a building materiail and, in fact, is still

used today by primitive peopleg.

3¢ . As eivilization developed men piabably found it convenient
to use mud to fill up the interstices in their stone structures

and thus progressed to building Wiﬁh blocks cemented together.

4.' Calcined gypsum ("Plaster of Parig") was used as a cement.
by the Egyptians some 6,500 years ago. Calcined limestone
does not appear to have been generally used until somewhat
later, but it was well known to the ancient Greeks and Romans.
Bogue and Czernin have suggested that these calcareous cements
were probably discovered as a result of men making fires next.
to pieces of gypsum or limestone, which wouid become powdery,

and then harden again after rain,

5. Gypsum cements are limited in usefulness because of their
golubility in wéter. Hardened lime-mortars, which have been
able to absorb carbon-dioxide, are water-resistant, but the
best "hydraulic" cements known to tﬁe Ancients were mixtures

of lime and materials now known as "Pozzclans".

Be - References : 1,1, 2,1, 3.1, 4,i, 5.1,

78R Pozzolanic/....
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1.2, POZZOLANIC CEMENTS,

1. Crushed potsherds were used in admixture with lime to
produce a water-resistant mortar during the time of the

Minoan Civilisation which flourished in Crete about 2,000 B.C.

2, Both the Greeks and the Romans knew that certain volcanic
deposits, as well as powdered tiles and pottery, when finely
ground and mixed with lime and. sand, yielded strong mortars

which were resistant to fresh and sea waters.

3o The Greeks uéed volcanic tuff from the island:of Thera
(now called Santorin), and this material (known as "Sénforin
‘Earth") still has a high reputation in Mediterranean countries.
It is included in current Greek standard Specifications for

cement.

4, The most famous Roman material of this type was the |
volecanic tuff found near Naples. The best variety came from
the neighbourhood of Pozzoli or Pozzuoli (in Latin "Puteoli"),
and acquired the name of "Pozzolana" , This designation
was ultimately extended to the whole class of minerals having

gimilar properties,

5, The incorporation with limes of certain siliceous
materials, both raw and processed; to improve their
cementitious properties, has been practised in India from

times "immemorial",

6. References : 1,1, 12.1, 17.1, 18,5 -1, 18,5 -2,

“1,3 The Middle/....
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THE MIDDIE AGES.

The quality of building materials declined after Roman
times, and from time to time Engineers have thought that the
Roman builders possessed some "secret" process which ﬁas not
handed down. ’Recent analyses and physical examinatidns of
old mortars and concretes, however, have indicafed‘that
careful preparation of materials, thorough mixing and
Aintensive ramming (compaction) were the essentials of this
secret, Pliny, describing the construction of cisterns in
abéut 70 A.D}, wrote "the bottom and sides should be well-beaten
with iron hammers" .

The benefits of long-continued ramming were also known to
the Indians who kept up the tamping of ”conéfete" for several
hours until "on scooping a-hole and filling it with water,
this is not abgsorbed". 1In spite of numerous "re-discoveries"
of this "secret" (including several times within the presenﬁ

century), it appears to remain a secret to many!

During the 9th, 10th and 11th centuries the art of maeking
good cement was almost completely lost, the lime being used
in the form of badly burnt lumps and without the addition of
pozzolans. From about the 12th century onwards the quality

improved again,

References : 1.1, 2.1,

JOHN SMEATON

In more recent times the most outstarding investigation was
that carried out by John Smeaton before he erected the "new"
Eddystone Lighthouse in 1757, He found thet a "hydraulic"

lime could be obtained only from & limestone which contained

a considerable/....
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a considerable pfoportion of clayey matter, and that the

incorporation of a Pozzolan produced an under-water cement
of superior hardening properties. His use of a hydraulic

lime seems to have been the first major advance made on the

' 01d Roman cements (paragraphs 1.2-2 and 1.2-4) for which

"high~grade" limes were specified,

Thirty years after the lighthouse was completedi(and gtill
standing up well to wind_and wave), Smeaton wrote a béok
about the building of it (see below). The following quotations
illustrate some of his ideas, problems and difficultieeg :
"In this respite from sea operations, I seriously began to
to consider the great importance that it was likely to be to
our work, to have a Cement the most perfect that was possible,
to resist the extreme violence of the.sea". (Nothing
resinous or oily céuld be used, as they required dry surfaces),
"It seemed that nothing in the way of Cement would answer |
our end, but what would adhere to & moist surface and become
hard, without ever becoming completely dry. ...... for I
plainly saw from the manner of working the moorsﬁoﬁe (granite),
already described, that not only much of ﬁhe Beauty'and
neatness of the wofk, but its real solidity too, would depend
upon getting a Cement that would, in despite of water almost
continually driven against it with every degree of Violence,
become of so firm a consistence in itself, and adhesion to
the stone, that it should lie fair and flush in the joints,
and so as to compose one even regular surface ﬁith the stone;
and without needing hoops of iron or copper to surround the
horizontal‘joints svecsceccenase I was so fortunate as to
succeed in this parf of.thé business entirely to my

gatisfaction ...eceees !

3. His ambition/....
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3 His ambition to build a lighthouse so durable "that it
would remein permanent through the ages" was not realised,
however, &s the structure was dismantled about 130 years
later because its rock foundation had become insecure.

The upper sections of the 1igh£house were, however, rebuilt

on the Hoe at Plymouth.

4, The "pregearch! work done by Smeaton was, by modern
standards, veryvprimitive, and to some extent he was lucky
in that the pozzolan which he ultimately selected for his
cement (and which was only available as a result of purely
fortuitous circumstances) had already been proved in Romanv
times. The effects have, however, been far-reaching &s
Portland Cement is virtually a "direct descendant" of
Smeaton's Cement (see rext paragraph) and may yet be of
gtill greater significance as the generelly superior qualities
of Portland—Pozzolahic cements are only now coming to be

accepted,

S Smeaton wrote: "With regard to those balls that were
kept constantly under wafer, they did not seem inclined to
undergo any change in form, only to acquire hardness gradually,
insomuch that I did not doubt but to make & cement that.
would equal the best merchantable Portland Store in solidity
and durability ....."

Davis comments on this remerk: "The substitution of this

new hydraulic cement for, or ifs resemblance to, Portland
stone no doubt laid the origin of the name Portland cement,
and this seems clearly due to Smeaton, but heApatented neither

the material nor the name'.

6.4.
6. References: Ll.l, 2.1, 2.2, 5.1, 6.2,/17.2 & 9.1.

(Smeaton, John : "A Narrative of the Building, and the method

of construction/.....
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of construction, of Edystone Lighthouse, with stone"
(1st Fd. 1791), 2nd Ed. 1813, Printed by T, Davidson
(Lombard St., Whitefriars), for Longman, Hunt, Rees, Orme

& Brown (Paternoster Row, London)...)

EARLY 19TH CENTURY.

L.J. Vicat, an eminent FrenchA engineer, co-ordinated the
fragmentary chemical knowledge that had been obtained up to
1818, and he emphasized what had been stated (though not
practised) by Smeaton, namely, "that, in the absence of clay
or shale occurring naturally in the rock, the same effect
may be brought about by the artificial admixture of
argillaceous rock with the 1imestone".c He found, however,
that the best way of preparing artificial hydraulic lime was
"to mix clay in certaih proportions with rich lime and calcine

the mixture, This he called artificial lime twice kilned" .,

Joseph Agpdin is often credited with inventing Portlénd
Cement, but his real claim to fame is that he wag the first
to patent the NAME "Portland Cement!, in 1824, The method
described in his patent, however, is virtually that used by
Vicat for his "artificial lime twice kilned? and the name
was, of course, originally suggeéted by Smea%on (paragraph 1,4-5)
The good reputation acquired by Aspdin's cement, which later
(about 1850) commanded a higher price then its competitors,
has led to speculation that certain features of his
mamfacturing process were not revealed - a belief encouraged
by Aspdin (and aftervards by his son) who used to go alone

into the kiln to scatter some "secret' materials over the

dried slurry /e.e..
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1.

dried slurry and coke mixture, The temperature of the

final burning remeins doubtful, élthough the gereral belief
Vime-burning

is that it was not substantially above ordinarz{temperatures.

In this case the superior quality of his cement could be

due to the thorough mixing of the lime and "artificial

pozzolén” which must have been produced in the.kiln, and

also, possibly, to "low—temperature" (800 - 1100°C) reactions,

now known to take place between lime and argillaceous material,

On the other hand, it was suggested by Reid, in 1877, that

Agspdin's kiln, because of its design, may have given him much

{7200~ 1300 °C),

higher temperaturesy Probably the truth lies betyeen the

two extremes as, in fact, is suggested by Aspdin himself,

where, in a letter to G.R. Redgrave, he says he maae.his

cement from a mixture of "tender and hardburned clinker"

Certainly during the 1850'g, when William Aspdin was running

the cement works there must have been a fair proportion of

hardburned clinker as the cement set hard quickly.

References: 1.1, 2.1, 5.1, 62,

PORTLAND CEMENT.

- I.C.Johnson, Manager of a Works producing Roman Cement,
Keens's Plaster and Frost's Cement, started about 1845 to
try and copy "Portland Cement", He was, &t first, bédly
misled, because the "celebrated analyst", to whom he took
a sample of‘Aspdin*s cement, reported sixty per cent P?ﬁi&fiﬁi;
of lime., Ultimately, however, after'experimentihg on his

own, he discovered the correct raw materials to uée, but -

accidentally clinkered some of the mix.  Finding that this

gave him/.....
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gave him an even better cement he experimented further and
ultimately arrived at é forﬁula consisting of 5 parts of
chalk with 2 parts of Medway clay. Johngon, who died in
1911 (his 101st year) claimed to be the real inventor of
Portland cement (as at present understood) and this claim
was supported by the eminent German chemist, Michaelis,

in 1905. Davis states, however, that this claim has not

been &acknowledged.

' In America‘the dévelbpment of Portland Cement appears
to have been influenced largely by the widespread occurrence
of "natural cemént rock"”, In 1818 Canvas White took out a
patent for the mamfacture of nﬁtural cement, This patent
was later sold to the State of New Ybrk. Manufacturing
restrictions were then removed and the matural cement industry
expanded rapidly, largely on account of.the‘demand for
hydraulic cement for canals. DBeing burned at comparatively
low temperatures this 'atural cement" wss,.in point of fact,
really "hydraulic lime". From about 1865 America began
to import PortlandkCement for its "superior" qualities.
Then David Saylor, who had been making natﬁral cement sgince
1850, found by analysis that Portland cemént had é similar
composition. After fﬁrther experimentation he discovered
that he could make an excellent Portland type cement by
burning his rock to sintering température and grinding the
clinker. Saylor took out & patent for the "new" cement in
1871. By 1890 there were seventeen plants producing this

type of coment in the U.S.A.

The invention of the Rotary kiln (1877), which was

developed and improved upon rapidly in England and Americe,

gave E./u L &
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gave a terrific f£illip to the production of Portland cement
and resulted in considerable improvements in uniformity and

quality.

4, References: 1.1, 2.1, 5.1, 6.2, 7.6,
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CHAPTER TII

THE  PROBLEM

DURABILITY AND FPERMANENCE,

After sheer "survival", Man's greatest ambition,both
indi%idually and nationally, seems to be to achieve "immortality"
A1l Ages and all Nations leave their "monuments to posterity";
Some of these are useful, others merely a source of wonder,

The achievement of immortality, by this means, depends largely

on the "durability" of the building materials used,

The most permanent man-made structures ever erected are
almost undoubtedly the Pyramids of Egypt. Built of massive
blocks of sandstone cemented togethef with a gypsum plaster,

sheer bulk and a dry climate have been major factors in their

‘gsix and a half centuries of existence.

The Romans were piloneers in the use of a semi—.fluid,
or "plastic", building material which could be moulded to the
desired shape and then left to haraen. This early "concrete"
congisted of a mixture of hydrated lime, a pozzolan, water,
gand and various céarsé aggregates -‘inéluding broken stdne.
These lime-pozzolan mortaré and concretes have 2,000 years of
proven durability. Roman monuments, bridges, arches and
aqgaducts bear witness to this. ~Maritime works, such as

those built by Trojan at Ancoma and at Civita-vecchia, which

are still in use today, stand as a tribute to their "permanence".

Concrete and steel are the most important and widely used
structural materials in South A frica. Used together, as

"reinforced conerete", they may be considered THE structural

material of/.....,.,..
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material of our Century. Portland cement has been in use
for only 100 years and reinforced concrete fof 1little more

than half that period.

Rock is proverbially the mosf durable of building materials
but even rocks are subject to the disruptive effects of
"yeathering" and different rocks have different degrees of
durability, Water penetrates through cracks, crévices and
capillary passages. Soluble salts are leached out, enlarging
the passages and weekening the rock. Scmetimes salts in the
water react with rbcky constituents to produce other salts,
which may crystallise, expand and so crack open the rock.

In cold ~limates similar disruption is censed by water freezing
in the passages. It is obvious, therefore, that other things
being equal, the least permeable rocks will be the most

durable.

Concrete is artificial rock and is subject to the same
type of attack and disruption as described above, Other
things baing equal, the more impermsable a concrete, the
more durable it is, Where conditions are favourable for
attack, “n1nhle salts may be leached out and other constituents

may be attacked by salts in solution.

 In the early years of this Century it was the general
opinion *=+ "the durability of concrete (made with Portland
cement) wos, by and large, unlimited", and the American
Portland Cement Association chose as thelr slogan "Concrete
for Permansnce" (20,1) Research was aimed mainly at
improving strengths, but some unexpected and costly "failures"
provided a rude awakening, It was slowly realised that

Portland ~~m2nt had some hitherto vnsuspested weaknesses,

and that/ . .eeeesseoescasee
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and that "durability had to be regarded as & separate
characteristic of as great importance as the strength"
(Jessing - 11,3). With the "special' cements now available,
and the greatly increased knowledge of aggregates and of
aggresive agents and conditions, there is little excuse

these days for a concrete structure not giving the service

expected from it, but "Permanence" remains the goal for which

to strive.

References : 1.1, 1.6, 1.7, 2.1, 3.1, 3.3, 4.1,

7,10, 11.3,  20.1

CORROSION IN GENERAL.

Corrosion of concrete is geﬁerally due to the cumulative
effect of several factors. In some instances, such as
"rapid" failures due to alkali~-aggregate reaction, there
may be only one main cause, with comparatively minor effects
from things like weathering and rusting of reinforement,
Cages of "slow" marine corrosion, on the other hdnd, may have
several major causes, and often a multiplicity of secohdary
ones., The whole problem is, therefore, somewhat coinplicated,
with apparently contradictory observations {and subsequent

"arguments") all too frequent,

Moskvin (10.2) has listed three basic "types" of corrosion

as an aid to investigating problems:

Type I : is illustrated by water with a lew temporary
(carbonate) hardness - conerete compenents are
dissolved and earriedaway, pa.rticularljr where

seepage oceurs;

Type II :‘Whem/‘aoluﬁtilttil
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Type II : where water contaiﬁs chemical agents, such
as acids, magnesium salts, etc., and
Type III: "low—solublé'salts in pores and voids, which
crystallise and expand -~ exemplified bf
sulphate attack.
He points out that cases of marine corrosion may conform
to one, two or all three types listed. For prevention
of corrosion, however, as much knowledge and as full an
understanding as possible of the various aggressive agents

and their mode of attack is desirable.

The following list includes most of the aggressive agents

and/or "susceptible conditions" recognised to date;

S.l. Sulphate'attack, sometimes associated with "biological
corrosion";

3.2. Magnesium ~ ions in solution (this.must be considered

~quite apart from sulphate attack);

343, ' Leaching out of soluble constituents;

344+ Rusting of reinforcing material;

3404 "Permeability" - this is what I call a "susceptible
condition", as it accelerates attack by aggressive
agents. I have listed it here because it ean be
controlled, to some extent, by using cements with
special ingredients;

3.6, Frostaction o;,rather, cyéles of freezing and thawing;

Be7e Alkali-reactive aggregates;

3.,8. Shrinking aggregates;
3.9. Acid attack: and
53.10. Other "man-mede" industrial agents, effluents, etec.,

including ammonium-salts and gsugar.

4, References/...,..,....
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References : 1.10, 2.7,' 343, 4.3, 5.2, 6.3, 6.4,
7.10, 8.4, 10,2, 11.1, 19.1, 20.1, 20.2,

0.4, 20,5, R0.7, etc.

CONSTITUTION AND HYDRATION OF PORTLAND CEMENT:

Knowledge of cemeﬁt constituents and hydration products is
an essential prerequisite to the understanding of the sulphate
and other corrosive reactions which occur. No more than |
a brief outline is possible here and the whole subject is,
in any case, continudusly under review as new facts comebto

light and theories are modified.

"Ordinary" Portland cement clinker normally has four main

constituents:—~

tri-calcium~silicate : - TBCaO.Sioz or ”CSS"
di~calcium-silicate : f'ZiCaO.SiO2 or "028”
tri-calcium-aluminate :  30a0.A1,0 or NG AN

- i i - o " " 1
tetra~calcium-alumina : H4CaO.A1205.Fe205 or C4AF

ferrite
There are aiso a number of "minor" constituents and, in
fact, it is generally recognised that even the "major" compounds
are not nearly as éimple as portrayed above, but these formulse
suffice for discussions of general principles. Portland
Cement is made by intergrinding such clinker with about
3 - 6% calcium-sulphate, usuelly in the form of

CaS0,.2H,0 (gypsum).

There is reasonable agreement that hydration of the
calcium silicates can be represented approgimately‘by the

equationg:—

(1) 2 (3 CaO.SiOé) /eeeosases
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(1) 2 (5 020.510,) +6 H,0 =35 Ca0.2 510,45 B0 + 5 Ca(0H),
' or
2 C5S | + 6 H = 0582H5 + 3CH

and

(2) 2 (2 CaO.SiOz) +4 H20 5_Ca0.2 Si05.3 Hy0 + Ca (OH)2

or

2 C,S + 4H = cgs

2 2

H5 + CH

3 Cal.2 8102;5H20 (0582H5) is similar to the natural
mineral "Tobermorite" and & whole series of "tobermorite-like"
hydrates have been prepared. It is noteworthy that there is a

fair amount of "free" Calcium hydroxide liberated during the

hydration of the calcium silicates.

The hydration mechanisms of tri-calcium-aluminate are

rather more complicated and still the subject of much

.controversy. Conditions of hydrationl(particularly temperature~

which may vafy from just above‘freezing to "autoclave-
temperatures" ) have considerable influence on the énd product..
There is evidence,-ﬁowever, that under "normal" concreting
conditions, the following products may be found in hydrated

Portiand cements:~

4.1 Calcium~tri-sulpho-aluminate or Ettringite :
3 CaO.A1205.5 CaSO4.32 H20, or CzA.3 C S, H52‘
This is formed during setting and hardening by the
interaction of tri-calcium~aluminate and calcium-éulphate,

thus : . .
3 Ca0,A1. 0. + 3 CaSO4;2H20 + 26 H20 =3 CaO.AléOS.5 Ca.SO4

23
32 H,0
or R

CA + BCEM + 26H= C ABCK
3 2 6 Cy Se He

o on
Notes: 1. There is normally }ysufficient Cas0
‘ to react with about % to % the CoA.

4

Rs Eitel (R0.3) considers Ettringite to be only

"meta~stabdes" in/.i.ieee
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4 Ca0,A10

3 Cal.Al_O .Ca(OH)2.12 H20
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"meta-stable in the hydfgtion of
Portland cement.

3. There is general agreement that Ettringite
is also formed when hardéhed-cément‘pastes

are "attacked" by sulphates.

Calcium-mono-sulpho-aluminate, or "low-sulphate-aluminate"
3 CaO.A1205. CaSO4. 12 Hzo or CSA' C S, Hyp.
This salt was unknown before 1928, It appears to be
formed, to some extent, during the setting and hardening
of cements. Bogue maintains that it is not stable

in the presence of ettringite nuclei., Eitel (20.3)
considers the reaction
n > s 4 all

3 CaO.AIZOS.CaSO4.12 H20 + 2 CaSO4 ettringite

to be completely reversible,

Aluminate hydrate, or hydro-calumite:

12
This salt is isomorphous with the "loﬁ—sulphate"

.Al O . H ol H AO OH
3 Cal Oz ca (0 )2 2 2o or 05 CH

aluminate and forms erystalline solutions with it.
The formula is sometimes written:

o0z 13 HZO or C4A.H15 |
It is generally considered to be only meta stable.

Recent research has indicated the existence of a

whole series of solid solutions:. .

n

23 2 R 3 4

" "

3 CaO.A1203.CaSO4.12 HZO

3 Ca0.A1,0,.3 Ca(OH)z.nH 0 =3 Ca0.Al1 0, .3 CaS0 5

32 H O

23
1 1
3 CaO.AIZOSf 12 H20
or

Czhe 3 C S, Hgy

_ 1 "
n

CSA' le

CSA° 3 C H. Hn

i

4:,5¢ Sewral/ooo’.60.
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4;5. Several writers, including Czernin (4.3), consider

the salt 3 CaO.A1205.6 H20 (05 A HG) to be the

fimal, stable, end-product of the hydration of

tri-calcium~aluminate: It may be the result of

intermediate reactions such as:~

(La. 3 Ca0.A150; + 9 Hy0 =2 CaO.A1205.8H20 + Ga(OH}z
b, 3 Ca0.Algdz + Ca(OH)p + 18 Hy0 = 3 Ca0.41505,Ca(0H),.

‘ 18 Hy0

by"'adding" these equations we get:
(2) 2 (3 Ca0:Al,0,) + 27 Hoo =2 Ca0.A1,0z 8 H20 +
3 Ca0.A1,05.Ca(0H),.18 Ho0

With "dehydration" these products mey react further:

3 2 - _
(3) Ca0.A1005,8H,0- + 3 Ca0.A1,05.Ca(0H),.18H,0 =15 Hy0

= 2 (3 Cao.A1205.§H20)

In "simplified" symbols, the above becomes:

O+ 9H = CoMH, + CH

CzA +CH +18H

Cz4 CH.Hyg (or C4hH)g)
by "adding", we get:

2CsA + R27H = C, AHy + C5h.CHapg

and then with "dehydration":
C2AH8 + CzACHHig = 3 H =2 (csAle)‘; 12 H=2 CBAHG

The gimplified, general equation for the whole

- reaction 1s,of eourse.

(4) Op  + 6H = CghH

The hydration of feta-calcium-alumiho—fefrite‘is virtually
"sub—judice"_aﬂd I'feelithe bést I can do here is to quote
Czernin (4.3)..... "the formulation of any definite reaction
mechanism should be treated with some reserve. If, hoWever,
6ne considers that ferric oxide can react with lime and water
to give compounds analogous to those formed by alumina, the

end product of the hydration reactions might be represénted

as fOllOWSZ—/-.-. o eveoce
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as follows:

4 Ca0.AL 0 JFe O | = ‘
AL D JFe O, + 2 Ca(OH), + 10 Hy0 3 Ca0,A1,0,.6 Hy0

+ 3 CaO.Fe205.6 H20 "

or:
1) C4AF + 2CH + 10H = CAH + CFH
(1) 4 SA 6 C5 5

The Ca(OH)2 of course, comes from the hydration of
the silicates and only é small proportion of the amount set
free is required for this reaction (see next paragraph,

equations 1, 2 & 4).

The "complete" hydration of a typical, ordinary Portland
cement, with weights of reacting materials and products,

can be represented thus:

Composition of Cement: CSS : B0
)8 ¢+ 24
Ch : 12
C,AF : 9
CSH,  : 5

Total : 100

Hydration Reactions/.eseeses..
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Hydration Reactions (simplified)

(1) 2 CSS_ + 8H = C,S5H; + 3CH
50,0 + 11,8 = 37,5 + 24,3
(2) R2CS + 4H = ¢ + CH

2 ool

24,0 + 5= 23,9 + 5.2
a. C A + + = .3 CS,
(3)a. C,h 3 C8 i 26 H Cgho3 CS.H,,
206 + 5.0 + 4.5 = 12.;1
(3)bsC A+ 6H = CqA Hy
9.4  + 3.8 = 13,2

(4) _C AF -+ 2CH + 10H CSA H6 + CSF H6

7.0 + 8,05

i

2,75 + 3.3

O
.

o
+

Adding: (& changing the + 2 CH on the L.H.S.of equation (4)
to - 2 CH on the R.H.S5.):

1

L.H.S. : 2C,S +20CyS +2Cph +CAF +3 c8 Hy, + 52 H

50,0 +24,0 +12,0 + 9,0+ 5,0 + 28,5

H

R.H.S.: = 2C.SH +C,A.3CS.H_+ 20AH 4+CFH + 2CH
. 323 % 32 36 3 6
Left Hand Side : Right Hand Side
grams 2 grems %
CS 50 é 3849 CSSZHS : 6lsd = 47.8
RS 24 = 18,7  C,A.3 cs.H52 12,1 = 9.4
Cch 12 = 9.3 CghHy 20.2 = 15,7
C,AF 9 = 7,0 C,FH, 8,05 = 8.3
cs""H2 5 = 3,9 CH 26,75 = 20.8
Totals  128.5 = 100.0 Totals 128.5 100.0

N.B: 1, Each 100 g. cement liberates about 27g. Ca(OH),; i.e.
the hydra%ed product containg atout 20% "free" calcium
hydroxide.
2. These reactions (at ordinary temperatures) take years
for completion,

3. The volume of the water reacting with the clinker is
reduced to about three quarters of its original value.
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Te Magnesium Oxide, which is usually present to the
| extent of about 1% to 4% in Portland cement, has-been
completely ignored in the above discussion.
It is known to piay a part, possibly catalytic, but
research workers are virtuaily only just begimning to

investigate it.

8. References: 1.4, 1.5, 2.5, 4.3, 7.1, 7.2, 7.4,

7.5, 7.7, 7.9, 20.3, 20.8, etc.
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SULPHATE ATTACK

Sulphate attack has been a problem virtually since
Portland cement was first made. It may even have been a
problem long before then, as some poﬁzolans have been found
to be susceptible to sulphotes and the fecet that many struct - -
have survived for 2,000 years does not necessarily mean that
none "fell by the wayside". In the words of Gilkey (20.1):
"Darwinian law, “Survival of the Fittest, applies to concrete
as surely as it does to crustacea., " So much research work
has been done and so many conflicting views put forward, that
a complete volume could be written on this subject alone.

I shall only touch on the most practical aspects.

Eitel (R0.3) said : "Discovery of an apparent 'cement
bacillus! (circc 1892) was avreal sensation, but not before
1917 was this renowned_compouhd identified in deteriorated
concrete. This 'cement bacillus' has the same compositin-
as the natural mineral ettringite which is also identical

O‘..‘."

with the synthetic product 3 CaO.A1205.5 Cas0,.32 Hy

It has been found, however, that bacteria do gometimes
play a part in corrosion, by converting sulphides to sulphates.
Lea (l.lO) mentions that bacteria probabiy play a part in the
corrosion of concrete in the Black Sea. Sewage disposal
systems are the main "sufferers". Van Aardt (6.4.D and
elsewhere) and Zoldners and'Malhotra (20.4 D) refer to
Parker, who isolated-Thiobacillus.Concretivcrus.
Rigdon and'Beardsley (20.5) explain the destructive

characteristics of "autotrophes" (one~-cell organisms or bacteria)

4, The simplest/.eeeeees
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4. The simplest mode of sulphate attack which has been

postulated is illustrated by the equation:

(1) Ca (OH)_, + Na_ 80, + 2H 0 = CaSO4.2H20 + 2 NaOH

2 4 2
" or

CH + M + 2H = ¢38 H, + NH

 According to Lea (1.6), this reaction will only go to

2

completion "in flowing waters, with a constant supply of
sodium sulphate and removal of the sodium hydroxide."
Under other conditions, however, the NaOH will accumulate
until an equilibrium is reached and the reaction will then
stop. Disruption of the concrete 1is supposedlyvcaused by

the crystallization of CaSO .2H,0 in the pores, as this salt

4
has a molecular volume of 74 cc, compared with 33 cc for the
molecular volume of the Ca(OH)2 which it replaces, *.Uhder

the condition of flowing water, however, CaSO +2H50 should

4
also bé'removed in solution,and although that would tend to
weaken a structure, it seems doubtful whether this reaction is
of much importance by itself (see, however, paragraph 6,
equations (2) a and b). Hydrated sulphate-resisting(MTyre V")
Portland cement also has a high calcium-hydroxide contént,

and would be just as susceptible as ordinary Portland cement

to this mode of attack.

Se Long term investigations, in several countries, have
established that Portland cements with high tri—célqiﬁm—aluminate
" contents (10-20%) are generally very_suscepﬁiﬁié‘to:attack by
sulphate solutions, whereas cements containing lesg théh*s%_CSA
are usually highly resistant. The "form" in which the C,A '
is présent also seems to have an‘influence, "glassy" CSA'

usually being less susgceptible than Ycrystalline" CSA'

6. It is mW/oancoo..oovcoq
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It is now generally accepted that the attack by sulphates

* is mainly on the tri-calcium-oliminate hydrates in hardened

.cement paste, as illustrated by the equations:

' - .' * * + = .. .
(1) 3 ca0 A1203 12 H20 + 3 Ca SO4 20 H20 3 Cal A1203

SCaSQ4.32 H20
or

. - _ |
Ceh Hyy +  3C5 + 20H Czha3 CEHzo
(2)a. 3 Ca(OH)2 + 3 Na2504 + 6 Hy0 =3 (CaSO4,2 H20) +v6 NaOH
{see paragraph 4) which, coupled with equation (1) above
gives:
» n-A- * H +
b ‘3 Ca0 1203 12 20 3 Ca(OH)2
0.3 CaS0,+32 HO + 6 NaOH

+ 3 NaZSO4 + 20 H20

273

or

= 3 Cal,Al
' A -
+ + + = .3 CS. +3
05 AH12 3CH+3NS +20 H CSA 3 QS H52 3 NH
By omitting the metallic ions from the above. attacking
sulphate salts, and treating the sulphate ions as the sole

"aggressors", the gemeral equation is obtained:

o "
(3) 5_CaO.A1205.12 H20 +3Ca" + 3 SO4 + 20 Hy0

= 3 (Ca0.A1 O_.,3 CasSO .32 H O
T T A eee RY
There is usually ample Ga(OH)2 available (peragraph 2.3-€
note 1 ) as a source of Ca” iong, but the absence of
Ca™ will not stop sulphete attack - although it may slow

it down - as Lea (1.6) also indicates the following

possible reaction:

. * . L 4 +
(4)a 2 (3 Ca0 A1203 12 H20) 3 Na2304

=3 Ca0.Al 0,.3 Cas0 «32 HO + 2 A1(OH) + 6 NaOH
28 4*7" Mo 10H), + 6 Ya

+14 HO
2

or
2 Oghlly, +3 NS+ 14 H =Cgh.5 CElHy, + AHy + 3 W,

which can be written in the general form:

be 2 (3 CaO.A1203512 H20) + 5'804” + 14 H20

= 3 CaO.A1203.5 CaSO4.32 HZO + 2 Al(OH)3 + 6 OH!

7. The main pI’OdU.Ct/. g.-.q s deese
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The main product in the above equations is, in all cases,

3 CaO.Al‘ZOS. 3 CaS0, .32 Hy0 (CSA. 5038, H known as

52)’
caleium~tri-sulpho-aluminate, high-sulphate-caleium-aluminate-

sulphate, or ettringite. (There seems to be some doubt as

.to the correct number of molécules of H20 to use in'the formula-~

possibly they vary with conditions of formation,but most
writers now use 32). According to Eitel (20.3) ettringite
will crystallise out if a water containing as little as -

o - as it usvally
is in concrete ~ comes in contact with the CSAIhydrates in

set Portland cement, - Even when no free Ca(OH)2 is present,

as on the surface of aged mortars and concretes - where
absorption of atmospheric 002 has changed it to GaCOSY—~

a SOIution'containing only 8 mg CaSO4/litre will cause
crysﬁallisation of.ettringite. These low critical concentrations
of 4 and 8 mg CaSO4/ litre illustrate the great danger of

using cements with high CSA contents in situations where

water or ground water is likely to contain sulphates in

solution.

Ettringite has a high molecular volume (about 720 cec),

and it has been generally thought that this was the major
cause of expansibn and disruption of concretes and mortars..
Thorvaldson (6.4.), however, says : "While the formation

of crystals of sulpho-aluminate and gypsum in Portland cement
mortars during disintegration in sulphate soiﬁtions is well
eétablished, many experimental observations throﬁvddubt on
the'&ssﬁmption that physical forces of cr&stalliéation are
the primary cause bf expansion and loss in gtrength, A few

examples might be mentioned, Lean mortars made with C.8

3
and czs and stored in a solution of Na2804 showed the presenee

Of maSSeS Of/'.’io'-ooaooo.bao’coo"no
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of masses of gypsum crystals long before there was any
abnormal expansién and while the strength of the specimen
was rapidly increasing. Mortar bars (1 : 5) made with a

laboratory clinker (CgS, 25%; C,5, 50%; Ch, 24% ) disinte-

2”»
grated in a 2% solution of Na2804 with very little expansion

(0.06%) although microscopic examination showed very large
quantities of tri-calcium sulpho-aluminate present.

Many observations such as these suggest that volume changes

in the mortars are controlled by osmotic forces concerned wifh
the swelling and shrinkage of gels, that the chemical readtions
condition the gel system and destroy cementing substances
while the formation of crystalline material is-incidental to
these chemical reactions and that the increased resistance to
volume change with increased richness of mix may not be
primarily due to decreased permeability but rather to the

more prolonged maintenance of conditions within the mortar

unfavourable to the swelling of the gels." My own experiments,

(see Chapter IX ) with sulphates mixed in with the cement

and sand as well as present in the curing water, have shown

i

that:

(1) Strength can increase while expansion>is occurring;

(2) Transverse strength usually starts to decrease before
compressive strength - the latter may continue to increase
for some months after transverse strength (probably
the tensile component thereof) has started dropping; and

(3) "Lean" concretes have shown decrease in strength earlier
than "rich" concretes.

I feel that these results, by and large, aré in accordance

with Thorvaldson's suggestions, but it must not be forgetten

that conditions of attack have an influence, and it may well

be that/.q,vsg~~¢"’*tff'v
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be that alternate wetting and drying, as oceurs in the inter-
tidal zone with marine structures,'can lead to disruption by

expansive crystallization.

9. The low-sulphate double salt, 3 Ca0.Alg0 .Cas0, .12 HZO

3

may be formed under certain conditions:

lA lC L] + " = . lA a L[]
(1) 3 Cca0 1205 a(OH)2 12 HZO 804 3.Ca0 1205 CaSO4 12H20

: _ + 2 of'
and Eitel (20.3) considers the reaction

"2 Ca0,Al1 O ,CasSO .12 H
(2) a o0z a 4 1 o

to be completely reversible,

0 + 2 CaSO4 = ettringite"

A complete series of solid-solutions of the various hydrates

and sulphates of tri-calcinm-aluminate is now known to exist -~
~ see paragraph 2,3 - 4,4, The low-sulphate salt doubtless

has deleterious effects, on concrete, similar to those of

ettringite (paragraph 8.)

10, According to Bogue (2.3) the calcium~ferrite hydrates
are also susceptible to sulphate attack., The compounds
. ; ‘ 3 3
3 CaO.FeZOS.S CaSO4.52 Ho0 (CSF.S CS. H52, and
3 Cal.Fey0,.CaS0,. Hy0 ( C,F. cS. H ) have beem prepared
and described. The ferrites, however, seem to be much

less dangerous than the aluminates. There are two possible

reasons:

10,1 the C4AF hag to be "broken down" hefore C.F H

3 76

can be formed: and

10,2 & fair proportion of the C4AF is in the form of a

"glass", and therefore even slower to react.

11, References : 1.6, 1,10, 2,3, 2.6, 3.3, 4.5, 5.2, 6.4,
6.4D, 7.1, 7.2, 7.3, 7.10, 8.4, 18,1-1,
19.1, 19.2, 19.4, R20.1, 20.3, 20.4D,

20.5, 20.7, 20.8, 2l.1, etc.

2;5 mgmsiumAttack/...oo.cocu".nno
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MAGNES TUM ATTACK

Corrosion of concrete'by the sulphate-ions in sea water
vas initially ascribed to "Calcinm-sulphate’ am later to
"Magnesium~sulphate"., To blame "Sodium-sulphate" would be
equally, or even more, logical. Actually, of course, it is
the "iong" in solution which must be considered. The sulphate
ions initiate one form of attack (section 2.4,'particular1y
paragraph 6, equations (3) and (4b) ); the metallic ions may
initiate & completely different form of attack, or may

interact with and modify the sulphate-ion reactions.

Whereas sulphates attack only the tri-calcium-aluminate
hydrates, megnesium-ions ultimately strike at the calcium-
silicate hydrates, es illustrated by the followirg series

of equations:

(1)e. Ca(OH)2 t MgSO, = Mg (OH), + CaSO,
or

b. Ca(OH)p + Mgl = Mg (0H), + CaCl

- 2

Using A to designate the Anion, this may be written in

the general form:
Ce Ca(OH)2 +Mg" +2 A% =Mg (OH)2 +Ca” +2 At

This‘reaction takes place because of the low solubility
of Mg(OH)2 - only about 0.0lgm/Litre. When all the
Ca(OH)2 has been used up, the pH of the'501ution drops
to that of a saturated Mg(OH), solution, which is about
“10,5. This is lower than the pH required to stabilise
hydrated calcium silicate, which then starts to liberate
lime to the solution, in an attempt to re-establish its

equilibrium pH,'thus:—

<2) 3 Cao. 2 'Sioz/io”oo‘oi,..alo‘oow'o‘o‘.o
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(2) 3 ca0.2 Si02.5H20 = 5 Ca(OH), +. 2 810,. ag
or
Cs S, Hy = 3CH + 28.ag

The liberated Ca(OH)2 is again, of course, removed
by reaction (1)c, so more hydrated calcium silicate

is decomposed, and so the reaction proceeds.

The above reactions do not represent the end of the attack,
however, for Steopoe (1.6) has found that the precipitated

Mg(OH),_ reacts very slowly with the silica-gel liberated

2
according to equation (2) above, to form a hydrated

“magnesium silicate:

1) Mg (OH). + Si0.,nHO + HO = .810_.8% H.0
(1) Mg ( ) 10, .1, e 10.510,,.8% H,

This meterial has an X-ray pattern not unlike the

23

Tt has no binding power whatsoever.

aluminate hydrate 4 Ca0.A1 0_.12 Hzo.

When sulphate'attack is combined with magnesium attack,
as it is in sea water, éven the ettringite formed is not safe
from the magnesium. The pH of the saturated Mg (CH)2
solution is too low to stabilise the ettringite, which then

decomposes and reacts thus:

3¢ . . +3
(1) 80.A1,0,..5 CaS0, .32 H 0 + 5 MgS0,

+ 6 CaS0, + 3 Mg(OH)2 + 26 H,0

= 2 A1(OH) o

3

or

C A, 3C8. + T o= 4 +68CS + 2 +
she 3C50 K, z M3 H, 6 CS + 3 MH 26H

The deposition of Mg(OH)2 in the pores of the outer "skin"
of a concrete does tend to hinder penetration by more gsolution,
and consequently slows up the attack somewhat, but apparently

does not stop it altogether,

References :+ 1.6, 3.3, 5.2, 6.4, 19.4, 20.2, 22.1, etc.

2460 LeaChing Of/. seresecane
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LEACHING OF SOLUBLE“CONSTITUENTS,

Very pure soft water co?rodes hardened concrete by
dissolving out the Ca(OH)é:‘b This is-not important when the
conéretev is impermeable and/or v;c“he water "stagnant", but
when Qater is flowing through a pSfSﬁs structure it can be
disastrous., When all the "free" lime has been dissolved
the pH will drop and hydrated calcium silicates will start
decompdsing ( compare Magnesium attack ~ paragraph 2,5 - 2,

equation (2) ).

A high carbon-dioxide content in the water will meke

matters worse, and the CO, content in exceas of that required

R
to stabilise the equilibrium:

Cac0, + HO0, == Ca (HCO,),

is called "aggressive carbon-dioxide". The-higherAthe
the aggressive carbon-dioxide, the faster the solution of

calcium,

Humié¢ acid also increases the aggressiveness of a water -

but usually not as much as COZ.

References : 1.6, 3.3, 7.10, 12.1

RUSTING OF REINFORCEMENT.

4aqd spalling of concrete, is one of the main sources of

Rusting of reinforcement. accompanied by staining, cracking,
: ”

-

failure of reinforced concrete structures in marine environmemnts.

Under<most conditions Portland cement concrete provides

good brotection of reinforcing steel as & result of the

"Pagsivating" effect/ecesseses
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“pﬁssivating”,effect which the alkaline calcium hydroxide
constituent has on iron. Accbrding to Copenhagen a protective

film of gamme ferric oxide is formed on the steel surface;

due to the high pH of Ga(0H),,.

Hydrated Portland cement is subject to cheﬁical reaction
with the carbon-dioxide of the atmosphere. The calecium~-
hydroxide is converted to calcium-carbonate, the pH reduced -
and the steel-protective mechanism is vitiated. In good quality
concrete carbonmation cgnnot penetrate deeply, and it is only
in relatively porous concrete,and where reinforcement is tco
close to the surface, that corrosion may become a problem from

this cause.

Chlorides are particularly dangerous to reinforced concrete.
They are always present in marine environments, not only in
and next to the sea, but ére often also wind-borne for quite
a considerable distance inland., - If only a small quantity
of chloride penetrates the concrete as far as the reinforcement
it will desﬁroy the protective film at that spot and permit

oxidation to proceed uninhibitedly.

"Differential permeability" in different parts of a
reinforced concrete member can result in different concentretions
of electrolytes (usually salt) at various points in it.

These set up natural "cells" in the member, with micro-currents
of electricity flowing from "high—concentratibn" areag to
"low-concentration" areas and consequent corrosion (and
wegkening) of the steel, As the corrosion products occupy

& larger volume than the original iron, their contimmed

production will eventually develop sufficient pressure to

rupture the concrete cover, whereafter corrosion procesds apece.

References : 1.6, 3,5, 19,1, 20.2, R20.4, 22.2.
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PERMEABILITY.

Possibly the qnly thing on which ail cement and'concrete
"people" agree is that, no matter what special cements,
materials, or processes may be used, high-quality "impermeable“
concrete is essential for longevity, particularly in corrosive
environments, This is especially so in the case of reinforced

concrete in marine surroundings.

In a "long-time study" (20.9), which was aimed mainly at
evaluating the performance of different types of cements,
reinforced concrete piles were exposed to sea-water. After
about fifteen years exposure it was féund that differences
in cement compositions had, thus far, been overridden by
differences in permeability of the concrete, Where the
reinforcement was well protected the piles had undergone little
or no deterioration, but where sea-water had penetfated to
the steel it had rusted, cracked the concrete, and, in some
cases, led to complete disintegration of the pile, The
piles made with low-heat cement seemed to have slighfly better
than average performance - possibly due to fewer "temperature-

of-hydration" cracks (see paragraph 6, below).

As Scholer (20.10) said in 1936 "Conecrete is composed of
the cement, water, aggregate, time, temperature-énd energy
which went into the mixing and placing secsesss”

Fach and every one of these "componénts" can, and does,
influence‘the permeability of concrete., Too much water leads
to "water voids'. Too little water and/or too little

compaction results in "air voids".

By 1ts very nature all concrete is "permeable" to a

greater or lesser extent:

4,1  Segregation 0f/.scecces
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The water used by the cement for hydration is
"compressed"” by the chemical reaction into about
three-quarters of its original volume (paragraph 2.3-6),
resulting in some "intrinsic" shrinkage of the concrete.

and also in the formation of some "empty space'.

Segregation of the components, while the concrete is
still wet, results in "bleeding", and consequent'

formation of flow-channels,

After setting, water not required for cement hydration
evaporates and leaves open capillary passages in the

structure.

Leaching out of soluble constituents, like calcium

hydroxide, enlarges passages already extant.

Cracks are open "free-ways to the interior" for corroding

solutions, Some causes ares-—

6. 1.

Temperature rise during hydration, ﬁith subsequent
differential cooling-shrinkage, is a source of cracks
whiph has long been recognised in the case of mass-
concrete edifices, but sadly underrated in smaller
gtructures. Davis and co-authors (20.12) wrote in
1937 ¢+ "If this temperaturé change is large, stresse:
due to these thermal changes are likely to produce

cracks, Even in walls having a thickness no greater

‘than 2 or 3 feet where standard Portland cements have

been employed, in many cases cracks of considerable
frequency and magnitude.have been observed soon afte:
forms were removed."  Recordings of temperatures

reached during hydration in mortar and concrete

Specimens indicat'e/.. ses b vereeine e
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-specimens indicate that concrete members of 12" x 12"

cross-section (or even less) will be liable to have
small, but significant temperature of hydration cracks.
The use of rapid hardening cement and/or "rich" concrete

mixes aggravates matters., It is probably significant

that, in the test series mentioned in paragraph 2 above,

the piles made with low heat cements had a slightly

"better than average" performance in the rich mixes.

Shrinkage, and expénsion, cracks also result from

‘alternate wetting and drying, particularly if the

aggregates have abnormal characteristics.

Temperature fluctuations are another source of cracking.

Cracks are also sometimes caused by high loads,
especially if fluctuating and/or if the structure has

been "underdesigned" for its purpose.

042

2 - . -
References: 3,8, 4,3, 11,2,/ 20.9, 20,10, 20.12, etc.

FROS ACTION

"Frost action", better described as "cycles of freezing
and thawing! is of little or no practical importance in
our climate, but causes consicerable damage to concrete

in northern countries with freezing winters.

Water penetrates into the concrete, through ecracks, crevices
and capillaries, then expands ind disrupts the concrete as it

freezes. (See also paragraph 2.1-5). The use of salt and

other chemicals for de-icing roads often causes further

deterioration.

References: 1.10, 20.4, etc.

Le 10 Ailka]i-reai:ive/, evsesa
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ALKALI-REACT_IVE AGGREGATE.

Whilst investigating concrete structures in California,
in 1940, Stanton (R.6.) reported that some structures, made
of apparently sound aggregate and satisfactory cement, were

showing excessive expansion.

Investigation revealed that some aggregates reacted with

cements containing more than a critical amount of Na 0 and/or

2
KZO. If the Na 0 + 0,658 K20 in a cement was less than

2
0.6%, the aggregates did not react, but if the Na20 and/or
KéO exceeded this value, then expansion resulted. (Some
examples of reaction with low-alkali cement have since been
found, and investigations are continuing in several countries)

"High~alkali" cements, however, were quite satisfactory with

other aggregates.

Opal, chalcedony, tridymite, cristobalite, rhyolites
and andesites have all provided examples of‘alkali reactive
aggregates. Opaline silica is believed to react with the
alkali hydroxides to form a voluminous alkaline silicate,
thus:

SlO2 + 2 NaCH = Na2 SiO5 + HZO

It is noteworthy that the effect of these aggregates
can usually be nullified by incdrporating a pozzolan'in the

cement, and the best pczzolans for this purpose are ‘often

prepared from the aggregates themselves, Fulton likens

this to the use of vaccines in preventive medicine,

Alkali-reactive aggregates are not of great importance
in South Africa (3.4), although they have been found in

Barkly West, Carolina, and one or two other plaées.
References: 1 (p 494), 2.6, 3.4, 3.6, 20.11, etc.

2.11 Shrinking/e.ecececoces
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SHRINKING AGGREGATES.

First described by Stutterheim (19,1), "shrinking"
aggregates, in contrast with alkali-reactive aggregates,
have been of considerable importance in South Africa, but

practically negligible elsewhere.

Investigation revealed that certain aggregates, particularly
gome fine~grained sandstones and shales derived from the
Beaufort Series, exhibited abnormally high dimensional |
changes with change in moisture content. This led.fo
shrinkage.movements in concretes up to seveh times larger
than those which occur in similar concretes containing
normal aggregates. As these dimensional changes are to
some extent reversible, subsequent wetting causes unduly
large expansions, In some cases reinforced beams buckled
bécause the upper portion shrank on drying, while the lower
section, restrained by reinforcing steel, remained virtually

the same length.

The only real "cure" for this trouble appears to be not
to use these aggregates ! Fortunately other suitable materials

are also available in or near the districts where they occur.,

References: 3.6, 3.7, 19.1.

ACID ATTACK.

"Since hydraulic cements are basic materials, it can be
expected that they will be vulnerable to strong and even weak

inorganic and organic acids". (van Aardt 7.10)

In purely "acid" attack, Ca (OH}2 (or CaCOS} is

neutralised and the resulting salt dissolved out. The

consequent drop/...;...
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consequent drop in pH leads to-decomposition of thé cement
hydrates (compare paragraphs 2.6-1 and 2.5—2) and so the
reaction continues until either the acid or the cement is
exhausted, The moré concentrated the acid the:faster ﬁhe
attacke If the acid is dilute and the concrete dense, attack
méy pe limited to the surface layers only, unless other

factors are present.

If the cement is also susceptible to the anion of the
acid,.as in the case of sulphuric acid, then attack even by

dilute acid may be severe.

In some portions of sewers sulphuric acid is formed by
bacterial action on sulphides. If ordinary Portland cement

was used for the concrete portion, then the two-fold attack

‘destroys it comparatively rapidly, because the sulphate-

expansion keeps spalling off the surface and exposing fresh
surfaces for acid attack. The use of sulphate-resisting
cement, although it does not prevent the acid attack as such,
slows down corrosion considerably. Acid soluble aggregates,
such as limestone, have also been used with succesé to slow

down this mode nf sattack.

Some enions, on the other hand, afford protection from acid
attack. Oxalic acid gives the almost insoluble calcium
oxalate, tartaric acid yields calcium tartrate, and hydroflucric

acid is actually used to protect concrete.

‘References: 3.3, 4.3, 6.4, 7.10, 8.4, 20.7.

2,13, Other Corrosive/..seeee
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2,13, OTHER CORROSIVE AGENTS,

1. Other materisls to which concrete is sometimes susceptible
include: vegetable and animal oils and fats, silage, sugar
solutions, strong solutions of caustic alkalis and of calcium

.chloride, and some wet coals.

2, Ammonium salts, especially the nitrate and sulphate, are
particularly deleterious to hardened concrete, Their mode

of attack is illustrated by the general eguation:

R NH4A + Ca"’ ¢ 20H' = Ca A2 + R NHz + 2 H20

The ammonia gas gets dissipated into the air, the pH drops
and the cement hydrates decompose as explained under Magnesium

and acid attack;

B References: 1,11, 4.3,

Rel4, CONCRETE CORROSION IN SOUTH AFRICA

1, The great majority of concrete structures in South Africa
have stood up well to the ravages of time and weather,
However, a few failures have ocourred, and corroéion'has
been serioﬁs and costly enough to Warfant thorough investigation

and research.
2 | The four major causes of trouble in this country are:

2.1y Shrinking aggregates;
2¢2. Sulphate salts in ground waters; .
2«3, Sulphuric-acid formation in sewers;

2.4, Sea~water and salty atmospheres.

3. The shrinking aggregate problem is faidy localised.

It has been/............
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It has been solved by members of the C.S.I.R. staff, who
discovered the cause, identified aggregates to avoid, and

recommended alternative materials, (See also sectibn 2.11,)

In many aréas, including the Cape Flats, there are sulphate
salts present in the il and/or ground water. The particuler
circumstances of each new project need to be taken into
consideration, but as a general rule sulphate-resisting ceménf
should be used for making concrete which is to be placed in a
soil containing more than 4% SO4"or a water containing
sulphates in excess of 400 ppm. - The use of special cements
never precludes the necessity of meking good, sound, impermesble

concrete.

Corrosion in sewers is a problem in all warm countries.
"Typical" corrosion occurs only above the water line, and is

most severe immediately above the average daily leve., Under

suitable conditions; aided by warmth, HéS is génerated in

sewers and converted by some varieties of thiobacilll to
sulphuric acid. No basic material, like cement, can withstard
acld attack indefinitely, but the useful life of sewers can

be extendéd by good design, acid-soluble aggregate, and sulphsﬁe-

resisting cement.

. Marine corrosion of concrete can be the result of any or

all of a number of factors, some of which are:
6.1, Sulphate attack - "average'" sea-water contains
2760 ppm 30" '
4
6.2. Magnesium attack -~ there are 1330 ppm Mg ir ~~a-water

6.3. lLeaching of soluble constituents -~ enhanced by the

continual movement of the water;

6.4, Rusting of /;,.;.;L;;;;; o
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Rusting of reinforcement ~ the high chloride content
of the sea (neérly 20,000 ppm) makes it very aggressive
to iron, and the danger extends inland as far as the

salt can be carried by the wind;

Wave action often causes cracks, which allow penetration
of the corrosive elements, and mechanical attrition bares

new surfaces for attack.,

The cement used for making "marine concrete" should therefore:-

6.6,

6.7

6.8,

Be sulphate- and magnesium-resisting;

Contain, after hydration,; a minimum of "soluble"

material;

Assist in making the concrete as impermeable as

possible;

Endow the concrete with "shock-resistant" qualities

and, preferably, also improve its abrasion resistance.

References: 3.3, 3.5, 6.4, 7.10, 19,1, 19.3, 22,1,

22.26

THE PRODUCTION OF SPECIAL CEMENTS FOR THE CAPE.

Special cements are required for some concrete structures

in the "Cape" because:é

1.1.

1.2,

In some areas the concentration of sulphate salts in
the soil and/or ground-water is sufficiently high to
attack'brdinary Portland cement (see Table 1 for typical

analyses);

The climate is conducive to the formation of sulphuric-

acid in sewers;

1.3, BEmimmm/....e.eee..
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1.3, Structures in and near the sea are subject to severe
marinevcorrosion -~ see photographs of Muizenberg

Pavilion on page 1 of the .S‘.t{f?fzf'émenf) f 324.

TABLE NO. 1

SOME _ANALYSES OF CAPE GROUND~-WATERS

g APPROXIMATE ORIGIN OF SAMPIE
CONSTITUENT ESLAREMONT FORESHORE | SOMERSET WEST CAPE FLATS
pH - 7.45 7.6 7.5 | 7.0 =~ 7.5
ppn ppm pen ppm
T.D.S. 4668 1810 4900 3300 -
SO4" 2292 617 | 205 115 + 3000
c1t C 840 170 | 1160 245 + 4000
HCO; 168 Y- - -. A -
Nitrates - - - trace present -
E not de-
Mg™ 294 - tectable 137 -
Ca” | 457 - 336 304 -
Na’ 617 - - - -
NH4' - ; - not de-~ i not de-
tectable! tectable
‘Tdtal Hardness - - 840 . 1320 -
2. Sulphate-resisting and Marine cements are available from

oversea countries (Englénd, Denmark, Italy, etc), but the
high transport costs make them expensive. This research
project was instituted,; therefore, to find out whether similar

cements could be produced economically from local materials.

3.- The gene'I:al/.. IEEEERERRY
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3. The general "programme" followed was:-

3.1,

343

3eds

5"5.

4,

Survey of the literature to learn as much as possible

about the nature of concrete corrosionj

Consultation with various authorities to establish
the main causes of corrosion in South Africa generally

and the Cape in particular;

Survey of the literature, in conjunction with an
investigation of the raw materials available locally,

to decide on the most sﬁitable types of cement to make;

Laboratory investigation of : materials; methods of
treating and testing; and imported cements.

Calculation of mix proportions; laboratory-scale
production of cements (when possible); and investigation

of "accelerated! test-methodsi and

Plant-scale production trials, followed by testing
of material made, phen manufacture of "full-scale"
production batches and subsequent thorough testing
of the cements with accelerated techniques and, where

ssible  under "natural' conditions.
)

References : 26.1, '26.2 & R6,3.
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CHAPTER III

SPECIAL _ CEMENTS AND _ADDITIVES

GENERAL CONSIIERATIONS.

Apart from improvements in the design and manufacture of
concrete itself, methods which have been developed for

combating corrosion may be clagsified thus:

l.1. Protective coatings and surface treatments;
1.2, "Special" cements;

1.3, Additives to cement and/or concrete.

Protective coatings, particularly water-proof coatings,
have been used on concrete structures with varying degrees
of success. In many cases, such as foundations for instance,

it i1s impossible to apply coatings and in other cases they

have proved less durable than the concrete they covered,

Plastic coatings are being used in sewer pipes for protection

against HZSO4 and are fairly successful,‘but "pin-holes" in
céatings have caused some trouble, The "ocrating" process
of treating éonérete surfaces has also been successfﬁl in
reducing corrosion in some applications., Such methoas,

however, are outside the scope of this report. (8.4. & 20.13.)

Special cements which have been developed for use when
conditions are deleterious to concrete made with "ordinary"

Portland cement include:

3.1, High Alumina Cement or "Ciment Fondu";
3.2, Supersulphated Cemeﬁt;
3,3, "Modifications" of Portland Cemenf, such as Sulphate-

resisting Portland Cement (ASTM Type V), low-heat

Portland Cement, etc.

4y "AAAItiVES"/eeeeecvessesces
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"Additives" can be classified in different ways, but

in this case I shall include:

4,1, Pozzolanic Materials;
4,2, Granulated Blastfurnace Slag;

4,3, Air-entraining agents.

References: 1, 2, 3%, 4, &, 6, 7, 8, 9, 10, 11,

12, 13, 14, 18, 19, 20, 21, 22, 23, =24, 25, 26,

HIGH ATLUMINA CEMENT.

High Alumina Cement, also known as "Ciment Fondu", was
developed in France after a series of failures of Portland
cement concrete in grounds containing large amounts of Gypsum.
It is manufactured from limestone and bauxite, usually by
heating them to above fusing temperature, The resulting-
materiel is very hard to grind, and the cement is usually

black.

Vicat suggested in 1846 that a cement in which the ratio.
of (silica + alumina) to (lime + magnesia) was greater than
unity ﬁould be resistant to sulphate action, and Bied
followed this up in the early 1900's. In 1908 a cement,
with the approximate formula Ce0.41,0. + 2 0e0.8i0,, was |
patented, but a number of manufacturing and other difficulties
were experienced, and it was only after 1918 that Cimeht Fondu

became generally available.

High Alumina Cement is now manufactured in several countries;‘
including the U.S.A., by a variety of different methods.
It is similar in many ways to Portland cement and has about

the same setting time, but hardene much more rapidly -

reaching 80—90% /...o.. sesvaciee oo
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reaching 80 - 90% of its ultimate strength within 24 hours
of mixing ﬁith water. Its total heat of hydration is about
the same as that of Portland cement but, because the heat is
evolved so rapidly, the hydration temperature is generally
higher and sometimes gets out of haﬁd, with adverse effects

on strength and sulphate resistance. Aluminous cement is

more "sensitive" than Portland cement, to impurities

(chlorides, etc.) and curing conditions.

Ciment Fondu, properly used and cured, does have & high
resistance to sulphates and to sea-water, It is at its best
in cold countries, where the rapid liberation of heat of
hydration is an advantage during freeging conditions, but
has not been very successful in warm climates, "High alumina
cement concrete should not be used in places where it will
be both moist and at a temperature of 85°F or higher....."

(3 - p.620 ).

Lack of a suitable aluminium ore, difficulties of

‘manufacture and use, and doubts about its value in our climate,

were the reasons that no attempt was made to produce this

type of cement dufing this research project.

References: 1.9, 2.2, 3.3, 3.4, 3 - p.620, 19.%,

22.1, 23.1.

SUPER-SULPHATED CEMENT.

"Super-sulphated Cement is composed essentially of
granulated blastfurnace slag, calcium su}phate and a small
percentage of Portland cement or lime. In Belgium it is

known as 'Cement Métallurgique Sursulfate ' and in France by

thiS term, Or’ /Ooooolo.o.uoto
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by this term, or, more shartly, as 'Cement Sursulfate ! "(1.2).

In South Africa it is also known by the trade name"Sealithor".

Re For super-sulphated cement the slag used must have a
moderately high A1205 content, The cement is made by
intergrinding about 80% granulated slag, 15% "dead-burnt"

gypsum, and 5% Portland cement.

3e Advantagesof super-sulphated cement are:

3.,1. Low heat of hydration;.

%,2. High sulphate resistance (but low resistance to
Magnesium sulphate ),

Disadvantages are:-

%.%, Deterioration during storage owing to the effects

of carbonation;

%.4. Greater sensitivity than Portland cement to curing
conditions - *f insufficient care is taken then

sulphate resistance can be destroyed.

4,  There is no blastfurnace slag available locally. The slag
| available from ISCOR has a high magnesia content, and, although
this has not proved detrimental in Portland Blastfurnace
Cement, it is as yet untried ahd unproved in supersulphated
cements. These factors, coupled with the disadvantages listed
above (paragraphs 3.3 & 3.4), were the reasoné for not

including supersulphates cements in this investigation.

5, References: 1.2, 1.8, 2.2, 3.3, 7.1l, 19.4, Q3.4

5.4. Modified/s.ev.-s
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MODIFIED PORTLAND CEMENTS.

Soon after it was found that sulphate attack was most
severe on cements with high tri-calcium-aluminate contents,

attempts were made to produce low 05A Portland cements.

The Metropolitan Water District of Southern California
initiated studies on the subject in the early 1930's
because some soils and waters in the- Colorado River basin

contain sodium sulphate in amounts which present a hazard

. to the permanence of ordinary concrete structures.

2.1, According to Tuthill (20.14) the effort to answer
the question "What chanéés in cement composition
could be made which would give the greatest assurance
of permanent resistance to sodium sulphate in typical
ground water concentrations? " soon became the most

significant part of the investigation.

2.2; 'Various‘types of "acceptance tests" were tried out
in an effort to find one which would give a reliable
indication of sulphate-resisﬁance within 28 days,
but it was decided that the most dependable results
woﬁld be assured by specification of a cement having
a composition known to be effective. Acceptance
tests would then only involve routine chemical analysis,
and long time tests in sodium sulphate solutions

confirmed that this method was satisfactory.

2.5, It'was also felt, however, that a dependable l-month
acceptance test would be of great value under some

circumstances, and the "slab-warping" test was developed.

2.4 The following specification was ultimately decided

UPOT eeeeorsrancansoccene
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upon for sulphate resistant cement being purchased

by the Metropolitan Water District of Southern

California:
CzA, not more than 4%
CzA plus C,AF, not more than 12%
CzS, not more than 50%
CoS; not less than 30%

Fineness and strength were also specified.

Miller & Manson (2.6.) investigated the sulphatd resistance
of 106 commercial cements by the storage of concrete cylinders
in a natural sulphate-bearing lake, and by the storege of
similar cylinders and mortar briquettes in MgSO4 and
Na280 solutions in the laboratory. The predominating

4

factor in determining resistance appeared to be the CzA

_ dontent, and all cements containing less than 5.5% potential

C5A (by calculation) had high resistance, These results
were confirmed by Dahl (20.15), who also found that rich
mixes (with low water/cement ratios) and air-entrained
concretes had improved registance., Numerous other
investigators have had similar results, and havé also

determined the nature of the attack and the reactiohé

involved - see section 2.4.

Largely as a result of the work of Miller &vManson,
the American Society for Testing Materials and the U.S.A.
Federél Specifications Board adopted a limiting potential
value of 5% Cgh (caleulated by the formula CgzA = 2.65 A - 1.69F).
for sulphate-resistant cements (2.7.). C,AF also has some '
susceptibility to sulphate attack, and is therefore limited,
and up ti111960 there was a meximum limit of 50% on ‘the C,S

3
as well, The present specification for ASTM Type V Suiphate-

reSiSting/anob‘i-ooodo’ioo
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/
resisting Portlend Cement includes the following limitations

on compounds:

Potential CgA | : max., = 5%

Potential C4AF + 2 x potential CgA : max = 20%

This specification does prevent the use of some Portland
cements with high sulphate resistance and high potential
Czh (possibly in the form of a non-reactive glass), Eut it
appears to be effective in excluding cements with low

sulphate resistance.

Other specifications which place limits on compound

compositions sre:

S5¢1s ASTM Type II cement ;for use in general concrete
construction exposed to moderate sulphate action,
or where moderate heat of hydration is requiredﬁ
(18,17 1). Limits for potential compounds are:

 Cgh : max 8%
CéS + Cgh : max 58% :

5.2.: ASTM Type III "High Early Strength Cement" for general
purposes may not contain more than 15% C5A;' When
moderate sulphate resistance is required the limit is

8% and if high sulphate resistance is required the

CSA may not exceed 5%

5.3,  ASTM Type IV cement "for use when a low heat of

hydration is required". Limits on potential .

compounds -are:

CSA : max. 7%
CzS : max. 35%

Because Of/ccovo;o.ooooo
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Becauge of the limit on C_A this type of cement also

3

has moderate sulphate resistance,

The possibility of producing low-C,A Portland cement

3
for the local market, for use in sulphate-bearing soils and
waters, was considered to be worthwhile investigating

thoroughly for the following reasons:

B+l., A considerable amount of research work and widespread
utilisation in the United States and Europe had already

~ proved the value of such cements;

642+ There was a recognised specification (ASTM Type V)

to which the cement could be produced;

6.3. Suitable raw materials appeared to be available

within reasonable distances of the factory;

6.4. No particularly abnormal production difficulties

need be anticipated;

6.5. Builders and Contractors would have no unusual
difficulties using it because the rules for making
concrete from Portland cement also apply to Sulphate-
resisting Portland cement, and it is no more sensitivg

to curing conditions than O.P.C.

6.6. Sulphate-resisting cement of this type had already
been imported and used successfully in some local

concrete structures.

References: 1,3, 1.6, 1.10, 2.6, 2,7, 3.3, 5.2,
6.4, 6.5, 7.10, 7.11, 7.12, 8.1, 8.4,
10.1, ' 10,2, 10.3, 10.4, 18,1-1, 19,1,
10,2, 19.4, 20.3, 20.4, 20.7, 20.8, 20.14,

20.15, 20.16, 20.17, 20.18, 20.19, 21.1,
21.4, 22,1, 25,1, 2%.4, 24.5.

3¢5, P02z0lanic/eceeesnees
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POZZOLANIC MATERTALS AND CEMENTS.

A pozzolan may be defined as: "A giliceous a siliceous
and aluminous material, which in itself poésesses little or
no cementitious value but will, in finely divided form and
in the presence of moisture, chemically react with calcium
hydroxide at ordinary temperatures to form compounds possessing

cementitious properties". (18.1-5 ).

The calcium hydrosilicates ultimately produced by the
Pozzolanic "cold process" are substantially the same as the
ones formed during the hydration of Portland cements, and may

be generally represented by the formula BCaO.ZSiOz.Sﬂzo '(0382H5).

Lime~pozzolan cements are the products obtained by grinding
together a mixture of lime, pozzolana, and, sometimes, a
setting time regulafor. As already mentioned, they are
known to have been in use since before 2,000 B.C. (Paragraphl.2-1)
and some Roman marine structures made with lime-pozzolan cements

are still in use today (paragraph 2.1-3)

Portland - Pozzolan Cements, sometimes (incorrectly) just
called "Pozzolanic Cements", "are the products obtained by
grinding Portland clinker and pozzolana with the amount of

gypsum necessary to regulate the set"., (18,5-1)

Lime~ pozzolan cements generally "went out of fashion!
when the "supefior" qualities of Portland cement became
known, particularly in Britain and America. The'main
reason for this was the comparatively rapid strength
development of Portland cement concrete, but the Italians
continued to use Pozzolanic materials, both in conjunction

with lime and with Portland cement., Portland-pozzolan

cements With/noooooo.aooooo
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cements with a 30-40% Pozzolana content are widely used iﬂ

the ssme mix proportions as Portland cement for concrete

in general building construction, for dams, and for réinforced
concrete in sea-water for which the lime-pozzolana cqncretes

are too slow in hardening.

There is no doubt that ordinary Portland cement is a
wonderful construction material, of high stfength and with
adequate durability for most pufposes under most conditions,
but the never ending demend far higher early strengths has
resulted in cements with higher trifcalcium;silicate contents,
The result is a potential 20% "free" calcium hydroxide in the
hydcated cement (paragraph 2,3-6), of vhich sbout half is
generally released into the éoncrete'pore water'or pore Space
within thetfifst month of setting and ﬁardening. This lime

contributes virtually nothing to the strength of the structure;

because of its solubility it can be leached out by moisture,

adversely affecting the permeability of the concrete; and it

- reacts readily with many aggressive agents. However, when

an active pozzolanic‘material is present along with the

Portland cement, it combines with the calcium hydroxide released

- from the latter forming relatively insoluble compounds with

cementitious properties, which result in increased strength

and impermeability of the hardened material,

Characteristics of Portland-Pozzolanic cements, as compared

with "straight" Portland cements, afe, generslly: -

6+1. Reduced heat of hydration;

6.2 Reduced permeability;

6.3, Improved resistance.té aggressive wﬁters;
6.4, Improved "extensibility"

6.5, Higher "ultimate" strengths;

6.6+ Expansion/sseeess
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6.6, Expansion with alkali-reactive aggregates is often
reduced or eliminated.
These factors all result in improved general durability

of the resulting product.

 In Great Britain, in 1909, Potter described a material
qoﬁsistinquf grdund burnt clay‘and Portland cement (known
as."Potters Red Cemept") andrstated that over 5,000 tons
'of it_were usediin frgsh—wgter and sea-~water constructionso

Blount, writing in 1920 (5.2), stressed the valuable properties

,of.pozzolans.

| vDenméfk and Frénce have also piqneered the use of-?orﬁland
Pozzolan céments, particularly for marine work, and Indis and
Austraiia have fecogniséd»their advantages for some time now.
Portland-Poézolanic cement was first used in thé U.S.A. in

1910, but was largely neglected until the 1940's when the
discovery that it often reduces alkali-reactive aggregate
expansion, Gammieglg® 25 well as better realisation of its
other advantages, gave it quite a filiip. It has become
almost "standard" for large dams and is being used in iarge
amounts at the Glen Canyon Dam (see paragraph 9.2 below),

where placement of the concrete was started in June, 1960.

"MODERN" POZZOLANS

8.1. The ASTM gives a quite comprehensive\list of materials,
which may be.qsed-either in the production of Portland-
Pozzolan Cement or as Admixtures in Portland Cement
Concretes They are: |

8.1.1, Natural pozzolans, such as some diatomaceous

earths, opaline cherté and shales, tuffs, and
volcanic ashes or pumicites, any of which may
or may not be processed by calcination;

8'.1.‘2. -VaI‘iOUS/.;... 'C.'-QC'
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water per second. During the highwater period

of 1948 the actual flow rate reached nearly
1 million c.f.s., producing theoreticélly about
5 million horse power in the stilling basin.
- During 17 years ope:ation, from 1938 - 1955, the
average flood discharge of thé river at Bonneville

was 543,000 cu.ft. per second

9.1.2, Bonneville Dam was one of the first major structures
in which a ppzzolanic'replacement was used in the
cement and at ﬁhe time of construction it was |
criticized as being unsuited to this type of structufe;
The cement used consisted of 3 parts of Portland
cement of modified coﬁpositioﬁ interground with

1 part of calecined shale.

9.1.3, During the planning period, based on experience
with Portland cement, the board of consulting
engineers stated that it would be necessary to replace
the baffles in the stilling basin at about 15 year
intervals, After 17 years service halﬁ the gtilling
basin was dewatéred, and found to be in better condition
than expected even from divers! reﬁorts; Repairs
ware carried out, but it was decided that repairs to
the other half, which had not been damaged by large
pébbles and boulders during the construction period,
could be deferred until annual divers! surveys

indicated their necessity

9.2. Glen Canyon Dam -~ U.S.A.

9.,2.1. Placing of the conerete in this dam was started on

the 17th June 1960. It is not expected to reach
completion until about 1967.

9.2.2., A new cement factory was built to supply the

12,000,000 pockets of Portland cement (Type 11, low
alkall/..‘.‘b.....



9.2.3,

9.2.4.

9.2.5. .

9.2.6.

Page 55,

alkali), and a separate plant erected to process
the 4,700,000 pockets of pozzolanic material, which
will be required for its 5 million cubic yards of

concrete,

The dam wall, a concrete arch type, will be 710 feet
high, 1,500 feet long, 300 feet thick at maximum
gsection, and;35 feet thick at crest, When full,
the dam will be 186 miles long and will cover 230
square miles, impounding some 28,000,000 acre-ft. of

water,

Pozzolanic material is being used in the concrete
for the following technical reasons:

9.2,4,1, To improve workability of wet concrete;
9.2;4.2. To reduce the heat of hydration;and
9.2.4.3. To reduce permeability.

Specifications were written for "natural pozzolans!
(including calcined mater%als) and "fly ash", and
contractors invited to tender. 97 Samples of
pozzolan, from 74 sources, were tested. Shales
and clays were nearest, but most costly to process
as they required calcining as well as grinding._

Fly ash, which needed no processing, was the cheapest,

but furthest from the site and most costly to transport.

When all job materials were available, samples were

obtained for a comprehensive concrete mix test

programme, The investigations were to determine the
most desirable mix proportions for both interiof and
exterior Glen Canyon Dam concretes, based on work- .

ability, strength development, elastic and thermal

properties, creep, permeability, drying and autogenous

Shl‘inkage/o.o..oo,.ooooooaoc.
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shrinkage, and durability. Test specimens ranged in

size up to 18" x 36" cylinders. )/

10. - OTHER MODERN APPLICATIONS,

10.1 In the U,S.A.

1041els - In two major structures, the Arrowrock Dam and the

Elephant Butte Dam, built in 1912 - 1916, so-called

T sand-cement!" mixtures were used. Thé respective
proportions and materials were: 45% granite inter-.
ground with 55% portland cement and 48% sandstone
interground with 52% portland cement. . Judged fy
present-day standards these materials are relatively
"inactive" (see, howeﬁer,'paragraph 8.6 above) and
their proportions excessive, but the sand-cement
mixtures had to pass portland cement specification
tests before adéeptance. Although their early
tengile strengths were lower than those of comparable
portland cements, at 1 year they were equal, and at ‘
5 years had greater strength." The concrete in both
dams was in good condition after 33 years of service,
‘ﬁas remarkably free of cracks, and compared favourably
in watertightness with other dams built about the

same period,

10.i.2. The Santa Cruz Portland Cement Co.,vCaliforﬁia,
has been producing a Portland-pozzolan cement
contéining calcined Monterey shale since 1929,

It was used in 1932 in several .structures and in
a stretch of experimental highway. As a result of
these and other expefiments about 1.5 million bags

of this type of cement were used in the San Francisco

Bay Bridge/....--o.-.--.--o
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Bay Bridge‘and in the pier and fender of the Golden
Gate Bridgé. The main reason for permitting this
material to be used in structures exposed to sea~water
was its proven resistance to alkali soils and sulphaté
waters, together with the favourable heat generation o
characteristics it possessed for these massive blocks

of concrete.

10.1.3, Other U.S.A. structures, and the pozzolans used were

10,1.3,1. FriantvDam, 1940 - 42, using Fresno pumicite;

10,1.3.2., Davis Dam, circa>l949, using calcined Puente
shale;

10.1.3.3, Hungry Horse Dam, circa 1948, using_Fly Ash;

10.1.3,4, The Tecolate Tunnel, circa 1955, using an
oil-impregnated shale, the oil in which was
used to calcine it;

10.1.3.5, Mackinac Bridge Pier, circa 1956, using Fly
Ash; and

10.1.3.6. SouthSaskatchewan River Dam, circa 1961,

using a Type V cement with a pozzolan.
10,2, In India,

10s2.1s Bhakra Dam, circa 1957, using calcined shale;

10.2,2, Rihand Dam, circa 1960, using fly ash.

10,3 In Australia.

10.3.1s Koombooloomba Dam, circa 1961.

10.4. The Russians and Europeans have also made extensive
investigations into, and use of; natural and artificial

pozzolans (see also paragraph 3.5 - 4 above).

11. Specifications/Jeesass
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11, SPECIFICATIONS.

The following countries have official specifications for
Portland pozzolan cements:
Bulgaria, China, 'Czechoslovakia, France, Germany, Greece,
Hungary, Italy, Japan, Mexico, Netherlands, Portugal, Rumania,

Spain, U.S.A., U.S.5.R., and Yugoslavia.

12, In conclusion, I feel I can do no better than to quote
Mr Wolf G.Baﬁer (25.1) : - "Seldom has a material in industry
been so greatly needed and also made so readily and economiéaliy
available by nature or by-product as the lime-eliminating
reacti&e materials we call pozzolans. By the same token,
seldom has such a material been grouped and identified with
a more dangerously over-simplified singular name, such as the
designation 'pozzolan' would suggest.. All pozzolans will,.
more or less, 'mop up' the free lime present or released by
the portland cement, However, the fact that many of these
pozzolans can be treated to act in addition as stabilizers for
excess soluble alkalis released from either or both the
hydrating cement or the wetted aggregate, further enhances
their ultimate value; and this fact fulfills even more
their potential role of helping eventually to achieve a -
universal safety cement for concrete of utmost pérmanency in
general'use.i The relative rate and efficiency with which a
pozzolsn can reduce the inevitable lime content from concrete
made with general-purpose amount is shown in Figure l"(Page 60 )
“It should be further noted that chemical stability in a
concrete or mortar“ is gained not only through removal of
reactive lime, but evidently also through the mechanism of
shielding and,inactivating reactive aluminate hydrates which

become film coated or encased by the stable gels of pozzolan-

lime-silicateS/. se0. 000000 bav b
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] *

lime-silicates,’ (See footnote)

" No one material in this complex chemistry of hydraulic
cementing reactions can ever be considered a cure-all.
ﬁgwever,vnothing so far has come along, either in cement
menufacture or concrete additives, that can match the growing
success story of properly spplied pozzolans to special and
general-purpose concrete and its products. To the writer,
this relatively recent and widespread interest and reseapch
activity into pozzolan buffers reveals an apparent dissatisfaction
with today's general-purpose concretes under other=than-normal
service conditions of exposure to chemical influence from
outside, as well as from aggregate and cement sources. "

%t

According to an ingenious theory advanced by Chatterji
and Jeffrey (23.4) sulphate expansion is caused by the

convergion of CyAHyz to CsA.C§1H12* in‘the presence of

Ca(OH)z. In the absence of Ca(OH), the reaction

products of sulphate attack can be "accommodated" in

the structure.

12, References: 1.1, 1.2, 1.7, 1,10, -2.1, 2.é,b 2.6, 3.4,
4.2, 4.4, 5.2, 6.1, 6.4, 7.14, ‘7;15, 7.18,
8.1, 8.2, 8.4, 9.1, 10,1,~ 10.5, 11.2.~ 11.4,
12,1 - 12.5, 13,1 - 13,5, 18,1-2, 18.1-5, 18.i-7,
118.1-8, 18.4, 18.5-1, ‘18.5-2, 19.3,  20.2 D,
R0+3, 20.8 D, .20,10, 20,11, 20.12, "20,14,
20,16, 20.20 - 20.37, 23,1 - 23.4, 24,1 - 24.4

25.1 - 25,5,



fal b2

Relative Roter of Lime Kelease ond

e

/7/1‘0/2/0}/411 07[ 73/'/%“1// /("Mfﬂf * )%zzo/”lé

[From c Pt v Quarry, June 1959 Q. 94)

A /'mc_

F"&C

Percen fa7¢

| S T -
‘ — - 4
! - - !
e :
_ ‘/0070 lement Morter
e f i
/ | .
v Z ! SN T
/ : T
/ | |
! .
/ ! ;
! : :
!
/ !
/ | f
T 1 4 T T
J | ?
/ ' |
/ ' :
/ . - ’
{ éa?a Cement i
/ o ‘
‘ Ao'é P’llo/nn 1
I ‘/ -f_ — - e s e —w e s v e a—— H
| A 13 Mortar [Affe. ,(ea)

1" + /00 . F"?/ K/ Tratef [ime !t-i-(”—.t{ s € F(gryh'r.,.?’p. .

_{e- /‘?mayir/ /y A/_o-fz.o/'u,—i ’/ /g /r,,)/

- ——— e —

e et et i i o e e b e S U

7 A8 90 /¢




Page 61.

%.6, PORTIAND BLASTFURNACE CEMENT.

1. Although also manufactured from Gramulated Blasbfurnace
Slag, Portland Blastfurnace Cement does not have the same
properfies as Super-sulphated Cement., It i1s more like
Portland cement, the proportion of which is generally about
50%, although it may range from 15% to 85%.  Uncalcined

- gypsum is used as a setting time regulator, and generally:

does not exceed about 5% of the mixture.

2. Slag is sometimes classified as a Po#zolan, because it
does react with hydrated lime to some extent, but the usual
practice is to treat it separately, as a different type of

material,

Se —When interground with Portland cement, granulated blast-
furnace slag does confer severai of the beneficent properties
of pozzolans on the product, such as reduced heat of hydration,
improved resistance to chemical attack and reduced permeability.
FEarly strengths of Up,B.F.C." are generally lower, and ultimate
strenéths higher, than those of the Portland cement fraction
by itself, subject of course, to proportions and fineness of

grinding of the mixtures.

4, Portland blasffurnace cement has not been included in this
regearch project because there are no local sources of blast-

furnace slag.
5. “References: 1,8, 2.5, etec.

3.7+ AIR - ENTRAINING AGENTS,

1, = MAir present in voids in the cement paste of unharcened

concrete is derived from several gources:

(1) Air Originally'/t.oolo'.o-
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(1) "Air originally present in intergranular spaces in the
cement and aggregate; (2) air originally present within
fhe particles'of cement and aggregate but expelled from the
particles before hardening of the concrete by inward movement
of water under hydraulic and capillary potential;

(3) air originally dissolved in the mixing water and

(4) air which is in-folded and mechanically enveloped
within the concrete during mixing end placing." (20.45 - L),
The amount of & r which is entrapped in the concrete, and
the size of the bubbies, can be controlled by the use of
i'air-entra'ining agents". Thege are chemical substances of
various types; and generally amounts of less than 0.,05% of
the weight of cement are needed to entrain the amount of

air required.

It was discovered, in America in tﬁe late 1930's, that
air-entrained concrete is much more resistant to the action
of frost (i.e. cycles of freezing and thawing) than ordinary
concrete iss This discovery is generally considered to have
been eccidental, as a result of oil from a mill leaking into
the cement at a particular factory,but Hansen maintains that
:"thekfact that certain materials caused entreinment of air
and the effects produced by this air were observed as results
of systematic researches. Hence, the only eccidental‘feature
was that the investigators had not realised previously that |
these results would be observed" (20.47) Probably the

two accounts, taken together, tell the whole story.

Further investigation and experience revealed that the
use of air entraining agents can also reduce the susceptibility

of concrete to attack by sulphates, to marine corrosion, and,

in fact/-n sesesanuren e
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in fact, generally increase its durability by a substantial
factor. These benefits are not due to ary chemical action,

but are solely due to physical causes, such as:-

3.1 Improved "workability" of wet concrete, which

enables the water/cement ratio to be réduced;

SeRe The small, discrete bubbles of air tend to break
up capillaries in .the concrete, and so reduce its

permeability; and

3.3, A "cushioning" effect is provided which reduces the
damage caused by expansion within the structure, such
“as that due to the freezing of capillary water and

the crystallization ‘of salts.

"Tn the realm of practical concrete mixtures air entrainment

may be defined as the incorporation in the concrete of

innumerable bubbles of air haﬁing average diameters of the
order of 25 to 50 microns (0.001 to 0.002 in.) aggregating
a totel volume not in excess of 6 or 8 percent of the
¢onerete! (20;44)

¥
According to Fulton (3.4) "laboratory tests have shown

that there are between 400 and 600 billion air bubBles
in each cubic yard of normal air-entrained concrete, and
at optimum air content the bubbles should be about 0,02 in.

apart,"

In fresh concrete these air bubbles constitute an

additional fine aggregate. Their complete flexibility Qf

shape reliéves internal friction, so that they function

virtually as a "lubricant" with the result that less water

isirequired,/c:auoata‘o’o".’iro.ioooo
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is required for equal workability. Experience has shown

that the sand content can be reduced by an amount approximately
equal to the volume of air entrained and that'the-wéter content
ean be reduced by 2 to 4% for each 1% of air entrained,

without loss in slump. In fact, many workers have observed
that an air-entrained.concrete has a "fattiness" which also
enables slump to be reduced without loss of workability.
Bleeding and segregation of wet concrete are both reduced

by air-entrainment.

In a long-time study of cementvperformance, after fifteen
years exposure of reinforced concrete piles, the beneficial
effects of air-entraining outweighed differences in cement
composition as far as protection of reinforcement was concerned.
Numerous other tests have confirmed these findings. A
distinction must be made between the micro-bubbles of
deliberately entrained air and accidentally entrapped air.

An improperly consolidated concrete will contain racro pockets
of entrapped air which increase permeability and cqntribute |

1ittle or nothing toward relieffagaiﬁst disruptive pressures,

When air-entrainment is used in rich concrete mixes
there is generally some loss of strength, but in the case of
lean mixes the reducea water/cement fatio may actually result
in higher strength. Bond strengtﬁ between_cement paste and
reinforcement is only significantly affected by excess air-.

entrainment - more than about 8% air in the concrete.

Air-entraining agents have been included in this study,
although they do not occur "locally" because the amounts
required are very small (paragraph 1 above) and the poténtial
benefits are large.

References: 1.2, 1,10, 3.2, 3.4, 4.3, 6.3, 645, 7,13, 8.2,

0.1, 2044, 20.7, 209, 20.11, 20427, 20.38-20.47
27.2 - 27.5. R
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CHAPTER IV

SULPHATE - RESISTING PORTLAND CEMENT - PART I
B el e e e R e

PRELIMINARIES

STANDARD SPECTFICATIONS.

In Table No.Q (Page 66 ) I have given, for comparison

purposes, a Summary of the requirements of the following

standard specifications for Portland cements:

l.1.

1.2,

1.5.

1.4,

1.5,

B.S5.12 : 1958, for Portland Cement;
S.A.B.S.471 ¢ 1959, for Portland Cement;

ASTM : C 150, for Type I Portland Cement, "for use
in generai concrete construction when the special
properties specified for types II, III, IV and V are

not required" ;

ASTM ¢ C 150, for Type II Portland Cement, "for use
in general concrete construction exposed to moderate
sulphate action, or where moderate heat of hydration

is required" 3 and

ASTM : C 150, for Type V Portland Cement, "for use

when high sulphate resistance is required".

Ta‘ble No.£2
Sulhmary Of the/g-@umo. *e00v0sanes
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B.S.12 : 1958 and S.A.B.S.471 : 1959 are the standard
specifications generally used in South Africa, and it is
desirable, therefore, that any speéial cements should comply
with their requirements as nearly as possible, particularly
with regard to the physical requirements of setting-time,

strength,. etc.

ASTM : C 150, for Type I Portland Cement is generally
similar to the B.S. & S.A.B.S. specifications in its requirements
but the methods of testing for strength are different, and the

strength requirements cennot be directly compared. . I ineluded

- it, therefofe, to indicate the differences between the

requirement% for 0.P,C. and for sulphate-resisting cements.

References : 18,1 ~ 1, 18,2, 18,3.

'RAW MATERIALS.

At the factory‘where the sulphate-resisting cement is now
produced, Portland cement is normally made from "high-grade"
and "low-grade" limestone, and shale, The low-grade limestone
is, in effect, a mixture of high—gréde liméstone and shale,
often in just about the correct proportions for Portland cement.
Sulphate-resisting Portland cement has approximately the same
propoftions of lime and silica as the ordinary variety, but
must have less alumina and/or more ferric oxide. The raw
materials required are- ‘

(1) high grade limestone;
(2) silica and ferric—oxide-bearing materials with a

comparatively low alumina content.

If all these materials are very low in alumina then the mix

may be diffieult to "burn’ in the kiln and in such cases some

ValuminOUfS/A-no.’-..... LI ]
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aluminous material (such as shale) may have to be added as well.

Investigation and enquiry revealed that a nearpy, river
sand would be a suitable source of silica, and that iron-oxide
is obtainable. iﬁ the form of "spent-oxide" -~ waste material
from the manufacture -of sulphuric-acid from iron-pyrites.

It was later found thet nearby deposits of iron~ore are
equally suitable., Limestone is available at the works, and
also shale (mainly aluminium-silicate) if required. "Typical"

analyses of these materials are given in Table No.3.

TABLE NO, 3

"TYPICAL" ANALYSES OF RAW MATERIALS AVAILABLE FOR THE

-.PRODUCTION OF SULPHATE—RESISTING'PORTLAND‘CEMENT

Material o on

Percentages of Constituents Logs

5105|4105 | FeoOz | Cal | MgO 505 |Ignition

High-grade Limestone

(=

‘|Low-grade Limestone

90% Roo, * ) 6.7| 1.7| 0.3 48.7| 10| = | 41.0

(= 76%RCO; ) 14,21 4.6{ 1.,9! 41,8/ 0.9 =~ | 35,5
Shale 60.2| 17.4! 8,0 2,0 1.0| =~ 844
River Sand 93,5 3.5) 1.0] 0.5 - | - | 1.0
Dry Spent-Oxide 10 | 10 %1 -~ -1 2 2
Iron Ore 14 9 78 - - - 3
Fuel Ash 43 | 29 6 |13 |2 7| -
Note 1 : "RCO," indicates CaC0, + MgCO

Note 2

3 3
This includes the sulphur, in the coal, which

is burnt to SO2 and "picked up' by the clinker as SO,.
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TESTS FOR SULPHATE RESISTANCE

The "Sulphate Susceptibility Test" of Bogue and Taylor

was selected for initial checking of sulphate-resistance of the

Type V sulphate~resisting cements made because the results

can be avallable within 12 hours.

1.1,

1.2,

1.5.

Bagis of the Test.

As already mentioned (paragraph 2.3 - 4 and
section 2.4), tri-calcium aluminate and calcium-sulphate

4.52H20.

react to form ettringite - 3 CaO.A1205.3 Caso
This double salt ié highly insoluble and can reduce
the concentration of dissolved sulphates to 0,001 g.
SO5 per 100 ml, in saturated lime water (1.4 & 2.7)
In this test.sufficient lime-water is added to the

cement sample to digsolve all the CaSO, present,

4
ettringite is allowed to precipitate and then filtered
off, and the amount of CaSO, remaining in solution is
determined, Subtracting the SO5 remeining in sdlufion
from the amount originally in solution gives the

amount of S0, "used up" to form ettringite, and hence

indicates the quantity of "susceptible" aluminate

present in the cement,

Test Method according to Taylor & Bogue:

Full details of the test method are given in
Appendix No.l.
The SO5 used up, expresgsed as a percentage of the
S0z originally present, is called the "Sulphate

Reaction Value", or "S.R.V.",

Significance of the S.R.V. (Sulphate Reaction Value)

S.R.V's, obtained by the above method, were.

correlated by/........t.o.ooooo
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correlated by Bogue & Taylor with the performances
of over one-hundred commercial cements immersed in
magnesiuﬁ and sodium sulphate solutions over a long
period, Expansion and loss of strength of specimens
in the sulphate solutions were measured. | From these

correlations Bogue concluded that:

SRV below 50: indicated a cement relatively resistant

to sulphate attack, The lower the SRV the better;

SRV 50 - 8b: should'be cons}dered of doubtful value

in sulphate conditions; and

SRV _above 65: indicated a cement relatively non-

resigtant to sulphate attack,

" Defect in the Test

As it stands the test cannot be used for Portland
cement clinker, which contains little or no SOS'
Even wi th cements the value dbtained will depend upon

the amount of S0z in the cement, as illustrated below:

Suppose two cements each contain 153% CzA, but the

and the other 2.7% S0,.

one has 1,8% SO 3

3
If we assume that the CzA will react with the same

amount of S0z in each case, and that lg. CzA reacts

with #& g SOS’ then:
For Cement 4:
80z =  1.8%
+"» Welght of sample = g?% = 3,0 g.
Weight of SOz in sample = 3 X 1.8 = (0,054 ¢
- 100
Weight of UzA in sample = 3 x 13,5 = 0.405'g.
100

Weight of S0z reacting with CzA = 0,405 x W g,
0,405 x @ % 100 = 405Q . 755 @
0.054 0,054

SRV

For Cement B/a‘ooaoo.o.olooo
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For Cement B:

the CaSO,.2H,

‘ SOS = 207%

» . — 5.4 . 4

o' Weight of sample = = = 2,0 g.
Weight of SOz in sample = .2 x 2,7 = 0.054 g.
' 100
Weight of CzA in sample = 2 x 13.5 = 0,27 g.

100

‘Weight of S0z reacting with Czh = 0.27 x g,
SRV = 027 x @ x 100 - 274 - 500 &

0.054 0,054

By this method, then, any cement with an S0z content
of 1.8% will have an SRV 50% higher than it would

have had with an SO, c'éntent of 2.7%

Davis (23.5) also noticed this defect and, by varying

0aS0, . 2H,0 from 3% to 7%, obtained SRV's ranging from

2
64 to 24 on a clinker containing 10% Cgzh.- Increasing
4+RH50 to 7% certainly does NOT make a cement
sulphate-resistant; in fact, a high 80, is the basis
of the ASTM "Performance Test for the Potential Sulphat.

Resistance of Portland Cement! (see paragraph 3 below).

Modification of Test Method:

In order to overcome the above-menlioned defect in
the test, and to make it applicable to clinker, I

eventually inﬁroduced the following modification:

(‘.
After determining the SO, content of the cement,

3
calculate the weights of cement and CaSO4.2H20 Tequired
to make a 1.8 gram sample containing 3% SOB. (I prepared
a table showing the weights of cement and CaS0,.2H,0

required for any sample, from a clinker with zeTo to

a cement with 3% 805 ~ the maximum permitted.

ThiS table/o-soo-oo-;oso--;
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1,. 7‘

- sulphate and the results are independent of the SO

This table, and full details of the modified method,

‘are given in Appendix No.2 ) Then proceed as before.?

The advantage of this method is that the same weight of

“clinker is always tested in the same concentration of

I

content of the cement sample,

Conversion of Test Results:

Provided the 803 of the cement sample is known,
as well as the SRV, values obtained by the Bogue method
can be converted to Modified method values by calculation,

according to the formula:

SRV = SRV x i4o S x % 803
Mod. B v
> oge 6.5 - 7 50,

For the derivation of this formula, and its justification

in practice, see Appendix No,3.

Significance of SRV's obtained by Modified Method:

A table is given in Appendix 3 showing Modified SRV's _
calculated from Bogue SRV's at various 805 levels,
The cements tested by Bogue and Taylor mostly had S0z
contents in the range 1,7% to 2,0%, so modified
values éf 30 and 40 may be taken as approximately
equivalent to Bogues values of 50 to 65. We may
reasonably assume, therefore, that when a Portland
cement is tested by the Modified method:

SRV _below 30 : indicates satisfactory potential sulphate

resistance (the lower the SRV the bstter).

SRV above 40 ¢ indicates that the cement will be

susceptible to sulphate attack.,

l. 8. Some teSt/.. (A LA RN A RN EE RN N ]
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1.8, Some test results obtained:
C.h | 80 ulphate Reaction Values -
Cement 3% 1.YY3 - X~
g % ¥ Bogue |Comverted” Modified|
TImported Sulphate-
resisting cement. 0. | 2.0 18 | 12 1 -
Ordinary Portland Cement (a)1l.,5 | 2.6 | 74 64 | -
Ordinary Portland Cement (b} 8.5 | 2,3 | 40 30 31.
Second batch of "Local" :
N SR Cement - 1.8 | 2.2 31 R2 -
Last batch of "Local! nil | 1.8 21 12 13
SR Cement -

H

Converted means Bogue values converted by the formula given

“in paragraph 1.6 above,

The results for Ordinary Portland Cement (b) are of

interest, because the Bogue SRV puts it in the sulphate

resisting class, whereas the Modified SRV puts it in the

"intermediate" class ~ this is more likely where it belongs,

judging by its CzA content.

1.9.

The test was initially used, for thisvwork, in its
original form, but is now used in the modified form,
For purposes of this report, when only Bogue values
are avaiiable I shall'repoft them as determined and
also converted. To be on the safe side a Modified
Sulphate Reaction Value of 25 1is regarded as the
maximum permissible for Sulphate Resisting Cement.

It does not seem advisable to use the test for "mixed"

-cements, such as Portland~Pozzolanic cements. hecause

the clinker content is generally unknown, and, in my

opinion/...‘......n.......
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opinion the test is only applicable to "pure"

Portland cement anyway. .

The "Slab-Warping Test! (an improved version of the "Merriman

Test")

was developed by the research laboratory of the

Metropolitan Water District of Southern California.

2.1,

Method of Test (brief outline)

"The'slab—warping test which finally evolved from
experimentation consisted in the preparation of neat
cement slabs having dimensions of 2 x 4% x % inch,
one face being coated with a water-repellent paint and
the other carefully scraped to provide a fresh surface for
attack. Slabs are cured under water for 7 days, then
immersed in a 10% sodium sulphate solution for the
remainder of the 28-day period. Due to exposure of
only onevface, expénsion resulting from the sulphate
attack causes the slab to warp, and the extent of the
attack is reflected in the degree of warping.

YA spherometer was deviged for measuringithe extent

of the warping, and it was found that the rate of the

- warping rather than the absolute magnitude was the best

Rels

measure of the susceptibility of the cement to the
sulphate action. Accordingly, the difference between
the 21-day and the 7-day readings is called the warping

index and is used as the basis of comparison’,(20.14.p.102)

Test results were found to cérrelate well with long
term tests in the case of Portland eements, not so well '
in the case of Portland-pozzolanie cements., This was
to be expected,; of course, because some of the proteetion

given by pozzolans is "physical"® and the "chemical"

pI‘Otecfion,/..... sesssoces
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protection only really starts after 28 days.

The test method appears to have been dropped in
favour of the more reproducible "expansion" test
described next, so it was not included in this test

series.-

The "Performance Test for the Potential Sulphate Resistance

of Portland Cement", developed by the ASTM; looked most

prgmisingAas a means of checking the sulphate resistance of

cement within 28 days, so it was tried on a few selected samples.

Time has confirmed the value of the test, which itself provides

a useful long~term check on the sﬁlphate-resistance of -cements

because it is "non-destructive" except in the case of cements

with very low-resistance, By introducing some modifications

_ the test-method can also be used for determining the effect of

various cations, such as Mg™, on cements, in conjunction with

’ 3.1-“

 either sulphates or other anionms.

.History and broad basis of test.

The test was developed by the ASTM Working Committee on
Sulphate Resistance. The lengths of mortar bars

containing excess calcium sulphate were measured at

‘intervals (up to 1 year), and the percentage expansions

were compared with the results of long-~time field tests

- on concretes exposed to sulphate soils, The Working

Committee cléiﬁed that: "(l) significant expansion

occurs within 28 days, (2)  reproducible results can

be obtained in differentAiaboratories, (3) the expénsions
discriminate between different cements, (4) there is a
general relationéhip between the 28-day expansion of the

mortar prisms and the CzA content of the cement and

(5) there j—s/',lQ0.0IDOI.!..C‘;ll.
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(5) there is a relatively good relationship between
the 28-day expansion of the mortar prisms and the

performance of concretes exposed to sulphate soils".(21,1).

~Brief description of the test method:

Determine the S0z content of the cement, and use
this result to calculate the weights of cement and

calcium sulphate powder (CaSO4¢2H20) required for a

© 400 gram mixture containing 7% 805. Mix the cement,

calcium sulphate, 1100 grams of sand, and water in a
mechanical mixer. (Sufficieﬁt water to give a stanaard
flow-table consistency must be used - it is usually
about half the weight of the cement). Place in moulds
1M x 1 x 113" and inseft stainless steel studs in the
ends ~ the effective gauge length between the studs is
10",  Demould after about 23 hours, place the specimens
in water for at least 30 minutes and then measure the
length; this is the "initial reading";. Replade'in
water and remeasure periodically. Calculate the
eipansion at each age to the nearest 0.01% of effective

gauge length.

Investigation of Test Method:

Test specimens were made up from three samples of
cement; expansions‘determined at various ages; and
results compared with the ASTM results for various
types of cement (21.1).

Cements used:

Designation Description of Sample..

OPC/1 Commercial Portland Cement-"high" potential
' C_A
. - 3
0PC/2 Commercial Portland Cement- "moderate"
potential C,A,
I/SRC - Imported Sulphate Resisting Cement(Sulfacrete

The analyses and potential compound contents are given
in Table No.4 on Page 77,
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TABLE NO.4

ANALYSES OF CEMENTS USED FOR INITIAL TRIALS OF
_ POTENTIAL SULPHATE-RESISTANCE TEST

CONSTITUENT 0PC/1 0PC/2 I/SRC
OXIDES: % | % %
510, 20.0 | 22,9 21.4
A1,0, 71 4.9 3,9
Feo0s 2,9 | 2,3 . 5,7
Ca0 63.2 63.4 62.8
Mg0 1.7 1,7 1.2
S0x 2.6 Re3 240
IPOTENTIAL X
COMPOUNDS : |
xS 4640 41.2 5247
0oS 22.7 54,6 21.7
C AF 8.8 7.0 17,3
CaS0, 44 5,9 5.4
. 4

The: ASTM "Bogue" method was used for calculating these compounds.
The "Newkepl' method, which takes alkalies into account, has advantages
for some purposes but would only confuse the issue here because the

alkali compound NCBA5 reacts with CaS0O, to form C5A and Na SO4

4 2

(Ref. 1, page 74 )

3.4s 'Results of Investieation.

Expansions of the specimens are reported in
Table No.,5, to the nearest 0,005%, at 7, 14, 21, 28,
84 and 364 days. FExpansions at 28 and 364 days are

compared in Table No,6 with some of the expansions

TePOTtEd /avevsvenassonsosas



reported by the ASTM (21.1). The expansions found

were of the same order of magnitude as those reported

by the ASTM.  The ASTM Committee found that;

(1) variations were lower at 28 days than at 7 days; and

(2) feproducibility was bettef for sulphate:resistant
cements than for ordinary cements.

The standard devigﬁions reported in Table 5 generally

confirm these findings.

TABLE NQ.5

EXPANSIONS AT VARIQUS AGES OF -CEMENT MORTAR BARS . -
CONTAINING EXCESS CaS0, ‘

i ( ' EFFICIEN
A%ﬁ | PERGEFTAGE EXPANSION OF SPECIMENS sTannarp | S0 o NT
| DAYS. | No.l | Nou2 | No.3 | No.d | Average DEVIATION | apTATTON
For Cement OPC/1 (C A = "13,9%)
J
7 - 1 - - - - - -
14 0.125 | '0.15 0.13 0.16 0.14 0,017 12,1
21 0,175 | 0,20 | 0.185 |0.215 0,195 0.018 9.0
28 0.225 | 0,24 | 0,245 |0.26 0.24 0.015 642
84 0,495 | 0,525 | 0,495 |0,515 | 0,505 0,015 3.0
264 '1.015 | 0.965 | 0,895 {1.005 | -0,97 0.05 5.6
, . Av, 7 e
For Cement OPC/2 (CzA = 9,1% )
7 0,02 |0.08 | 0.13 0,085 | 0.08 0.045 (56.0)
14 0,085 | 0,105 | 0.12 |0.10 0.10 0.015 14,7
21 0.095 | 0.12 0.12 = }0.12 0.115 0,013 10.9
28 0.115 | 0.14 | 0,17 0.145 0.14 0.023 16,2
84 0.195 | 0.215 | 0.20 |0.21 "0.205 .| 0,009 4,4
264 0.465 | 0.435 | 0.42 | 0,425 0.435 0.020 4.6
AV. 10.2
For Cement I/SRC (CzA = -0.7% )|
7 0.05 | 0,045 | 0.045 - 0,045 | 0,003 7.8
14 0,05 | 0.05 0,05 | -~ 0405 0 0
21 0,08 | 0.055 | 0.055 - 0,055 0,004 643
28 '} 0,055 | 0,045 | 0.055 - 0,05 0.006 12,2
84 | 0.08 | 0.075 | 0.09 - - | .0,08 0.008 949
264 0413 {0,115 | 0.13 - .0,125 0,009 649
‘ Av. 7e2

.

" Table NO.G/.. sasesnace oo-o‘o
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COMPARISON OF 28 DAY AND 1 YEAR EXPANSIONS WITH SOME

ASTM RESULTS ON AMERICAN CEMENTS

DESIGNATION AND

"7 EXPANSION AT

TYPE OF CEMENT % CzA 28 DAYS 1 YEAR
OPC/1 OFC - Type I 13,9 0.24 | 0497
OPC/2 OPC - Type I 9,1 0,14 0,435
I/SRC  SRC - Type V 0.7 0.05 0.125
| ASTM RESULTS
% 18 OPC - Type I 12,2 0,225 (0,74 at 3
! : . months )
é 35 RHC - Type III 9.2 0.09 0.25
14 0PC - Type I 7.1 0,055 0417
21 ModsSRC - Type II 5;1 | 0,05 04145
5M SRC - Type V 1.7 0,05 0409
5P SRC - Type V 1.4 0.025 0405
ni1™ Q,ois 0403

3L RHC - Type III

"™

~ This cement contained 3.6 CF =

- ratio was less than 0.64.

R

iees  the A1205/'Fe205

5.5, These tests haﬁe been continued, and expansions at

24 years of age confirm that expansions at 28 days

give a good indication of the potential sulphate-

‘resistance of a cement,

The expansions at later ages,

and the modifications introduced to check the effect

of other solutes, are all presented in a latér'chapter.

It has proved a most-valuable method for confirming

the improved stability of the special eements preduced.

4- A Strength/,_..aa.......v...on




4, A Strength Test for Sulphate Resistance".

4,1,

4.2,

4.5.

4.4,

Several other workers have tried using strength as
a criterion of sulphate resistance. Specimens were
made up, cured in various. sulphate solutions, and then
tested for strength, Various degrees of success have
attended these efforts, but; in general, only fairly
long-term tests have given significant results, and

large numbers of specimens have to be made up.

Van Aardt (19.2) overcame the difficulties of

strength testing very neatly by using a non-destructive

" procedure., .The National Physical Laboratory developed

an‘apparatus for measuring the natural frequency of
vibration, and van Aardt used this to test 1" x 1" x 11}
mortar bars, in addition to measuring their length,

He found that "quality", as measured by natural frequency
of vibration,-generally deteriorated as expansion

increased,

As cement is generally used for making concrete,
consumers are more readily impressed when test results
on concrete spécimens are quoted and, indeed, it seems
logical to use concrete strengths for assessing

cement quality whenever possible,

Cembureau introduced a mortar strength test, as a
tentative international standard, which has much to
commend it in that three strength results are obtained
from each specimen made. The bars, 4 x 4 x 16 cm,
are first broken in flexure and then the.broken ends
are tested separately in compression. The British

Standard Specification (BS 12) introduced a concrete

COMPTeSE10N/eeeecnsssccsseensns
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compression test in 1959, but the 4" cubes are on the
large size and only one test result is obtained per

specimen,

After discussions with the staff of the local branch

rof the Portland Cement Institute I decided to try

making concrete specimens, using small-size aggregate,
in Cembureau-size moulds. These were also tested
first in flexure, and then in compression, Some were

cured in water, and some in various sulphate solutions.

Results on specimens of up to 9 months age have been

most encouraging and are fully reported in a later
chapter. In general the results tend to confirm the
expansion test findings, but are likely to carry more
weight with construction engineers and contractors.
Means of improving the test still further with the aid
of mechanical mixers etc., are currently under consider=
ation. Although accelergted téchniques were used,

no significant results were obtained under six months
and the test is likely to have most value as a long-term

method.,

References: 1.4, 2.7, 18.1-4, 18,2, 18.3,

19.2, 21.1, 23.5.

PROPORTIONING OF MATERIALS.

The chemical requirements of Sulphate-resisting cement

(ASTM Type V ) were given in section 4.1, and the analyses

of the available raw materials in section 4,2, above,

Experience has shown that, for the kiln used, about 13%

of the clinker produced comes from the coal ash, and this

must be/itoo.-oocoa. cesevise
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‘must be taken into account when calculating the proportions

in which to mix the raw materials,

The composition of the

first mixture used is shown in Table No.7. "Undetermined"

oxides include Nazo, K

2

0, and other minor constituents.

The

clinker composition was determined by reducing the "total" raw

mix to a "loss~free" basis, and the Bogue formula used for

calculating the potential compounds.

This clinker complies

with all the chemical requirements of S.A.B.S.471 : 1959,

B.S.12 : 1958, and ASTM Type V Portland cement standards.

The three basiec raw materials should, therefore, be mixed in

the proportions

a5

9 :« 4,

TABLE NO,7

PROPORTIONS OF MATERIALS, AND ANTICIPATED

COMPOSITION OF CLINKER, FOR SULPHATE-RESISTING CRMENT

. LIME- | SPENT- |
CONSTITUENT,

STITUENTS STONE SAND - ASH TOTAL | CLINKER
Proportions 855% 9% 4% 11% 100% -
% RCO5 7740 - - - 77.0 -

% Oxides

10, 847 8.4 0.4 0,65 15,15 23,4
A1,05 1,45 0.3 0.4 045 2.6 4,0
FeoOy 0425 0.1 2.0 0.1 3,45 5.3
MgO 0.85 - - - 0485 1.3
805 o= - Ool Ool 002 O.S
"Logg" 35,1 0.1 0.1 - 35,3 -
Undetermined| 0455 0.1 - - 0465 1.1

TOTALS 85,5 | 9.0 4.0 1.5 100.0 100.0
"Ratiosg"

L.S .F- 0.87
% Potential Compounds:

CzS 49,7

CoS 29.6

Czh 1.6

C AF 1 16,1

CAAF + 2 % Cgh | 19.3

"Loss" means Loss on Ignition.

see Appendix 4

2

In practice/ ..eesescees
For the method of calculating the proportiong of the raw materials
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2 In practice it is seldom possible to adhere to the

proportions calculated for several reasons:

Rels

Rele

2.5.

2.4,

Raw materialé are not of constant composition and
feed rates to the mill vary with the physical nature of
the material, so periodic analyses of the product must
be made, and the proportions of the materials readjusted

to correct for the variations,

The production rate of the mill is 30 - 40 tons per
hour, and it is not possible to do complete analyses
frequently. One or two parameters must be selected for
hourly control, by rapid methods of analysis, and the
other constituents determined once per shift and/or

once per day.

In order to make the product as uniform as possible,
the raw grind is first put into "blending silos", which
hold about 500 tons of material each, and then transferrs,
with constant mixing, to "storage silos" (of about

1,000 ton capacity), from whence it is fed to the kiln.

- Periodic analyses are made of the kiln-feed, to check

that the composition is correct, but no adjustments

can be made to it at that stage.

It is, unfortunately, not possible to empty the silos
completely, and varying amoﬁnts of the ordinéry "raw
meal" get intermixed with the special mixes, Allowance
must be made for this, particularly during the first
few hours of grinding, but the first lot of clinker
produced usually has to be rejected for special purposes-

fortunately it can be intermixed with the ordinary clinkern

5. Taking/.........o...... |
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Taking the three materials, limestone, sand, and spent~
oxide, in the proportions 85% : 9 4, the feed-rates

required for a mill output of 35 tons per hour, are:

Limestone : 3044 tons per hour.

| ‘Sand : 3,2 nmon n
Spent-oxide : led M n n

As limestone is generally the most variable material.used,
and CaCO5 the most important constituént to maintain at a
constant level, the usual method of mix control is to determine
the RCOz content of the mill product every hour, This is
done by dissolving a fixed weight of raw grind in a kncwn
amount of acid, boiling off the 002, and back-titrating with
standard NaOH solution. If the percentage of RCOz falls
outside the pre-set limits, the feeders ape readjusted

accordingly.

After burning, the cement clinker must be interground
with gypsum. For this type of‘cement the 805 content must
not exceed 2.3% (paragraph 4.1 ) and a minimum of 1~13%
is required to regulate setting time and to prevent undue
drying shrinkage. The clinker waé expected to contain

about 0.3% SO so I decided to add a.further 1.5%.,

59
The gypsum available usually contains about 80% CaSO4.2H20

content of 46.5%, so the

-gnd CaSO4.2H20 has an 805
proportion of gypsum required was:
1.5 x 28 x 20 o 409

4
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CHAPTER V

SULPHATE RESTSTING PORTLAND CEMENT - PART II

PRODUCTION

FIRST TEST BATCH

The materials available for the first trial batch of

local SRC, together with their analyses and the proportions

in which they should be used, were given in the previous
chapter. It was pointed out, however, that the materials

are variable and that analytical controls are, therefore,
requireds The ideal, of course, would be a complete analysis
two or three times per hour, but the expensive apparatus
required for this is not yet justified here. As the strength
and other properties of cements are largely dependent upon

the Ca0 content, it is importént to keep the % CaC0z in the

raw mix as constant as possible.

The RCO5 is determined hourly, and a record kept of the

results and of the "moving average", When necessary,

alterations are made to the mill feeders to change the

proportions of the materials going into the mill, A simplified

"sequentid analysis" method is used to ensure that the kiln

feed falls within preset RCOz limits.

The % RCO; calculated for this particular batch,

including coal ash as a raw material, was 77.0%, but for the

materials fed to the raw mill it should have been

'3
L]

7700 T 0.985 = 78.2%
Unfortunately I did not spot this at the time and set the

RCO, limits &t 76,9 - 77.3%. This result=d in a potential

C,S content about 5% lower than intended, but did not cause

any untoward difficulties,

4. COI’l‘tI‘Ol/...oocn...-o...-o V
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Control of the RCO5 content of the raw mix was effected
by varying the feed rates of the limestone and sand, but
the total of the two was kept constant., The feed rate of

the spent-oxide was also kept constant, at 1.4 tons per hour,

No abnormal problems were encountered during the "burning"
of this mix in the kiln. It was a bit on the "soft! side,
i.e. easy to burn, and the uncombined, or "free" lime in the

clinker was kept below 1% with difficulty.

The actual analysis of the clinker produced, compared with
the intended analysis and composiﬁion, is given in Table No.8.
As already stated, the potential CzS was about 5% lower than
intended and the CZS correspondingly higher, In addition
to this, the A1205/Fe205 ratio came out lower than intended,
resulting in a "negativeﬂ 05A content ~ymhich actually means
that some Gszwas formed (reported in the form of & "solid-

~solution" with CyAF, wviz. C.AF There were two reasons

AFs e
for the low A/F ratio:
6.1, . The particular batch of limestone used had an
RCOz content of about 93%, which meant it had a lower
A1205 content than anticipated and also that less was
~used - the balance being made up with sand (para.4 above)

resulting in an extra 0.9% $i0, in the clinker.

6.2, The spent-oxide was generally of slightly higher
quality than the sample analysed, It was also in the
form of a very fine powder which tended, at times, to

"flush" through the feeder at a faster rate than

intended.

Table No.8 /.--oo-.ococ.cuoonoo
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TABLE NO.8

ACTUAL ANALYSIS AND COMPOSITION OF FIRST BATCH OF SRC CLINKER,
COMPARED WITH INTENDED ANALYSTS

CONSTITUENT ACTUAL INTENDED

OXIDES:
s10,, | 24,3 % 23,4 %
AL,0, | 3.1 % 4.0 %
FegO, 6.2 % 5.3 %
Ca0 843 % 64,6 %
Mg0 1.2 % 1.3 %
50g . ” 0e2 % 0.3 %
"Undeterm.ned" 0.7 % l.1 %
100,0 % '100.0 % o
RATIOS:
LSF : | | 0485 O.87T
A1203/Fe203 0450 Ao.75

POTENTIAL COMPOUNDS:

C4S ' - 45,0 % 29.¥ %
CoS | 35,8 % 29.6 %
Csh (R43)% 1.6 %
C4AF (18.8)% 16.1%
CeAFyg 17.0 % -

C,AF + 2 X Cgh A (14.2) % 19.3 %

Includes “"Loss on Ignition",

7. The Clinker/.oon-.ooooo.'con.
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The clinker passed the ASTM Type V cement chemical
requirements satisfactorily, It did not comply with the
minimum AlZOB/Fezos ratio (0.66) specified inS.AB.Ss 471
and B.S.12, but this was of minor importance and, in fact,
the modern tendency with Sulphate-resisting cements is to
keep the A4/F ratio below 0.66 deliberately in order to ensure

complete absence of G5A in the clinker., (See Section 5.5.

When the clinker was ground, part of the cement was re-
circulated through a second mill in order to increase its

fineness., This was done in case the strengths of the "once-

ground" fraction were not up to B.S.12 requirements. Test

results on the cements are given in Table No,9.

The once-ground cement (specific surface 3800 cmz/g.)

had satisfactory strengths and complied with the physical

requirements of B.S.12 : 1958 in all respects with a comfortable

margin to spares, The SO, content was just on the ASTM Type V -

3
maximum limit of 2,3% =~ one of the difficulties of making

small experimental batches is that all the material is sometimes

used up before the machines can be propérly adjusted 1
However, the chemical requirements of ASTM Type V cement and
the physical requirements of BeS.l2 were satisfied, and fhe
Sulphate Reaction Values indicatea good potential sulphate

resistance.

Table NOog/ocoo..oonooc sssecnse
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TABLE NO, 9

TEST RESULTS ON THE TWO BATCHES OF SULPHATE RESISTING CEMENT
GROUND FROM THE FIRST BATCH OF S.R.CLINKER PRODUCED

TEST RESULTS FOR:

PROPERTY
"COARSE" GRIND |"FINE" GRIND
PHYSTICAL, TESTS:
Setting Times:
Initial 132 mins. 95 mins., i
Final 3 hrs. 83 mins. {2 hrs., 20 mins
Fineness:

No,170 Residue
Specific Surface

Soundness:
Le Chatelier Expansion

Compressive Strengths:

Vibrated Mortar Cubess

At 1 day
At 3 days
At 7 days
At 28 days

4" Concrete Cubes:

At 3 days
At 7 days
At 28 days

CHEMICAL ANALYSIS:

"Oxides"
8102
A1205
Fe205
Cal
MgO
SO5
Na20
K20
Loss on Ign,
Insol.Residue

Ratios:
L.S.F.
A1,05/Fes03
Potential Compounds:
CeS
3
05A

Sulphate Reaetion Values:

Bogue
Converted Bogue

Total

' 4,4 g 046 g-
3800 em*/g. 5300 cm®/g
1 Mellly 0] MeNle
1200 1b/in® 2200 1h/in
3100 " %850 M
3800 M 5350 "
6250 M -

1700 1b/in?
2400 "
3050 M

see 100.3%

37.2
(-1.9)

33
25
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SECOND TEST BATCH

For the second batch of S R Cement the same raw materials
were used, and the clinker composition aimed for was the same

as that intended for the first batch.

This time the corfect RCO3 value for the raw mix was
calculated (see paragraph 5.1-3), and the limits were set at
78,2% to 78,6%. In addition, analytical control of the
Fey0; in the raw mix was instituted on a'two-hourly basis, and

the "target" set at 3.3% Fe203 on an "as received" basis,

which is-5,1% on a "logs-free" basis.

The clinker analyses, actual and intended, are given in
Table No,10, On this occasion the actual analysis bore a
closer resemblance to the intended compogsition, although the
Siongas again higher, and the C,;S about 5% lower, than expected

However, the primary aim had been achieved, and the clinker

complied in all respects with the chemical requirements of

B.S.12 ¢ 1958 and S.4.B.S.471: 1959 as well as those for

ASTM Type V Cement, -

Table No.lo/...oa...o..l..l.'c.
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TABLE . N0O410

ACTUAL ANATYSIS AND COMPOSITION OF SECOND BATCH OF S.R.C.CLINKER
COMPARED WITH INTENDED ANALYSIS

CONSTITUENT ACTUAL | INTENIED
OXIDES: ,
- 810, | | R4.1 % R3.4 %
AL,Og ‘ 3.8 % 4,0%
» q
Fe,0p | 5.0 % 5.3 %
Ca0 ' 64.2 % 64,6 %
MgO 1.2 % 1.3 %
S0z x | 0.5 % 0.3 %
"Undeberrined” 1.4 % 1,1 %
100.0 % 100.0 %
RATIOS: | |
L.S.F. 0.85 | 0.87
A1205/Fe203 , 0,73 0475
- POTENTIAL COMPOUNDS:
C,S ‘ . 44.6 % 49.7 %
CoS 35.5 % R9.6 %
CzA 1.6 % 1.6 %
C4AF 15,2 % 16,1 % !
C4fF + 2 x Cgh 184 % | 193¢
i I
;lE.

Includes "Loss on Ignition®,

4, The cement produced from the clinker was again satisfactory -

See Table No.,1l. Specific surface and stréngth§ were slightly
higher, and the Sulphate Reaction Value was slightly better.
The poi;entia.l compound contents,; particularly 058 s do not agree
well with the values calculated for clinker - this is due to

impurities in the gypsum, and the 'true" values may be taken
as about 95% of those calculated for the clinker.

Table No.l.'.'.,/“ tssssvacsvece
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*TEST = RESULTS ON SULPHATE RESI3TING CEMENT

GROUND FROM SECOND BATCH OF CLINKER PROT'UCED

PROPERTY TEST RESUILTS ?
PHYSICAL TESTS:
'lSetting Times:
Initial 175 mins.
Final & hrs. 55 mns.
Fineness: .
No.170 Residue 1.4 % ’
Specific Surface 4170 cm?/g
Soundness:
Le Chatelier Expansion 0 mor.
Compressive Strengths:
Vibrated Mortar Cubes: s
At 3 days 3450 1b/“n
At 7 days 4800 ¢
At 28 days 7000 0
4" Concrete Cubes: o
At 3 days 2050 1b/'n
At 7 days _R750 ¢
At 28 days 3650 "
Expansion with 7% S0z
(ASTM S.R. Test)
At 28 days 0.05 %
At 1 Year 0,10 - %
CHEMICAL ANATYSIS:
"Oxides"
Si02 23.8 %
A1,05 3.8 %
Fey0z 4,9 %
Ca0 62.1 %
MgO 1,1 %
S0z 2.2 %
Na20 0.2 %
K50 0.2 %
Loss on Ign., 2.3 %
100.4 %
Batios:
L.S.F. 0.82
A 77
ﬁ1205/Fe203 0
_Potential Compounds:
CzS 34.5 %
C5A 1()8 %
= o
C4AF + 2 vx CSA 18,5 %
Sulphate Reaction Values:
' Bogue 31
Converted Bogue 22
5.3, "High 1ime"/.. seece.sseevens
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Seds "HIGH LIME" EXPERIMENTAL BATCH.

1, After the 50% maximum limit on CSS was removed from the
ASTM Type V specification, an experimental batch of SRC was

made with the highest 055 content that could be obtained.

Re Iron ore, instead of spent_oxide, was used for this and
subsequent batches of SRC, bccause the ore proved easier to

handle with the equipment available here,

3. This time three lots of cerent were ground from the clinker,
one with ordinary cement fineness, one with rapid hardening

cement fineness, and one in between.

4, The "expected" analyses ol the raw materials are given in
- Table No,12, The limestone analysis was based on the results

obtained duriﬁg the production of the two previous -batches.

TABLE NO.12
WEXPECTED" ANALYSES OF RAW MATERTALS FOR WIGH-LIME S.R. CEMENT

CONSTITUENTS 'LIMESTONE(‘ SAND IRON ORE | COAL ASH
Rco5 - 93% . - - -
Oxides:

510, 3,3% 93,5% 14% 43%

A1,0, . 0.8% 345% 9% 29%

Feo Oy " 043% 1.0% 73% . 6%

Ca0 51.0% 0,5% - 15%

Mg0 - 1.1% ~ - 2%

S0, - - - 7%

Undetermined 0e2% 0.5% 1% -

Loss on Ign. 45,3 % - Lo% 3% -

100.0% 100,0% 100,0% 100%
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Se Mix proportions were calculated to give an L.S.F, of 1.015

The maximum permitted is 1.02, and -anything in excess of

1,00 indicates "free~lime" in the clinker,

In this case

the excess 1% Ca0 was deliberately introduced to obtain the

maximum possible CSS'

Details of -proportions, the expected

contributions of each material and anticipated clinker

composition are given in Table No,13,

TABLE NO.13
20DD N e

PROPORTIONS OF RAW MATERTIALS USED FOR HIGH-LIME S.R. CEMENT
AND INTENDED COMPOSITION OF CLINKER

Potential Compounds:

CSS

CoS
03A

C4AF

Free Ca0 (at L.C.F.=

1.0)

CONSTITUENTS | LIMESTONE| SAND !TRON CRE! CQAL/ASI| TOTAL | CLINKER
Proportion 85,0% | 10.9% 2.6 % | 1.5% | 100% -

— - - — - - -— - - - -— P - P — -
RCO4 79,1% ~ - - 79414 -
Oxides: .

510, 2.81 | 10.19 | 0.36 0.65 | 14,01 22,3
AL,0, 0.68 0.%8 0.23 0.44 |  1.73 2.7
Fey0, 0.25 | 0,11} 1.90 0,09 2.35 3.7
cal 43,35 0405 - 0.19 | 43,59 69.2
Mg0 0.94 - - 0,03 0.97 1.5
803 b - -— O.lO O.’ 10 002
Undetermined 0.7 | 0.06| 0.03 - 0,26 0.4
Loss on Ign, 36,80 0.,11{ 0.08B - 36,99 -

85,00 | 10.90 | 2460 | 1,50 | 100,00 j 100.0

Ratios:

L.S.F. 1.04
Al 0 /Fe203 0,73

For the method of calculating the proportions of the raw materials

see Appendix 4
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6. In Table No.1l4 the intended composition of the kiln feed

is shown, Control limits were set as‘f01lows;

6els

GaRe

6e3a

RCO5 : 79;5% ~ B80.5%

I deliberately set these tevgiﬁe an average lower, rather
than higher, than the calculated value of 80.3%, because
the L.S5.F., was already over 1,00, ard axy additional

lime would be "unburnable', Once again, the RGO was

controlled by varying the feed rates of Limestone and

Sand.

Fe,0p &t B3.26 - 3,9% |

These limits may seem a bit "wide" but :zxperience had
showm that closer control could not be raintained.
Here, too, the limits favoured an average lower than
the calculated valué‘ ~ 3.7%  This was to try and
avoid an A/F ratio below 0.66. Fe, 05 was controlled

by varying the Iron Ore feed rate.

si0, :  2L.5% - 22,57

An attempt was made to control “he SiO2 content of
the raw mix too, and fhe idea was to add shale if SiO2
went too high.  Unfortunately SiOP was on the low side,

and no extra sand could be added because that would
have reduced the RCOE. As it turned out extra sand
may have improved matters, but by the time "complete"

analyses were available practically all “he material

had been ground.

Table N0l14/‘vo.l-..r“I..,iI.

»
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PROPORTIONS OF MATERIALS TO BE MIXED AT THE RAW MILL FOR
HIGH-LIME S.R.C., AND EXPECTED COMPOSITION OF KILN FEED.

PROPORTIONS & ‘ KILN FEED
CONSTITUENTS. LIMESTONE SAND IRON ORE| AS RECD. | LOSS-FREE
Proportion 86,3% 11.06% | 2.64% 100% -
RCO3 80.5% - 8003% -
SiO2 2.85 10.34 037 13,56 21.7
A1205 0.69 0.39 0.24 1.32 2ol
Fe205 - 0.26 0,11 1.93 2430 3.7
(oF:10) 44,01 0.06 - 44,07 7046
MgO 0095 - - 0.95 105
SO5 - - - - -
Undetermined 0.17 0.05 0.02 0424 . 0.4
Loss 37437 0.11 0.08 37456 -
86430 11.06 2.64 100400 100.0
7 The raw mix was rather "hard" to burn in the kiln, and it
proved impossible to get the free-lime down to a reasonable
value,
Be Actual and intended clinker analyses are given in
Table No,15. The two controllied constituents, FeZO5

and Ca0, came out very near to the intended values, both

being slightly lower - which was in accordance with the

control limits set ( see paragraphs 6.1 & 6.2 above),

Unfortunately the SiO

13% high

2

was 2% low and the A1205 was

~ because on this occasion the limestone had the

90% RCOz content expected for the first batch, instead of

the ¢3% obtained for the two previous lots.

The

result was

that this lot just missed complying with the ASTM Type V

specification/eeeesscecaseccss
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specification, although its sulphate resistance was,

actually, satisfactory (see paragraph 9 below).

TABLE NO,15

ACTUAL ANALYSIS OF HIGH;LIME S.R. CLINKER
COMPARED WITH INTENDED ANALYSIS

[; CONSTITUENT ACTUAL [ INTENDED
. . ﬁ_1$—
Oxidess
8102 20.4 % 0.3 %
410 4,2 % 2.7 %
23 _ 7
FPZOS 5.5 % 2 )
Ca0 69.0 % 69,2 %
Mg0 1.4 % .5 %
505 0.5 % 0.2 %
Undetermined + Ioss 1.0 % 0.4 %
100.0 % 100.0 %
Ratios:
L.S.F. 1,07 3.0
L.o.F, ¥ 0,99 1.00
41,04 / Fe205 1,20 0.73
Potential Compounds:
Free Ca0 4,8 % 1.0 %
C5S 717 % 84.1 %
CZS 4,5 % 0.5 %
C,h 5.2 % 0.9 %
C4AF 10.6 11.2 % -

7
i

L.C.F. is the same as L.S.F. except that only COMBINED (Ca0 is
~used in the calculation. Combined Ca0 = Total Ca0 -~ TFree Cal.

9, Details of test results on the three batches of cement

produced are given in Table No.16, Strengths were very good,

a_nd._.the/cooootc:cc.orc.. Seee e
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and the "medium" ground material complied with B.S.12 in all
respects ~ thanks to the 55% Gypsum. The fine and coarse
cements had satisfactory potentidl sulphate resistance when
tested by'the ASTM "Performance Test!" expansion method
(section 4,5 - 3 ), both at 28 days and at 1 year, although
the latter expansions were higher thah those obtained with

the lower CSA cements,

This test batch indicated that "Rapid-hardening Sulphate

Resistant Cement" can be produced here if.required.

TABLE NO,18

TEST RESULTS ON THE THREE BATCHES OF CEMENT GROUND

FROM THE HIGH-LIIME S.R. CLINKER

TEST RESULTS FQR:

PROPERTY | COARSE | MEDIUM | FINE
"PHYSTCAL TESTS:
‘Setting Times:
Initial mins, 129 110 50
Final ' hrs, mins.| 3-11 2-52 1-20
Finenesgs: k.
No+170 Residue % 2.0 1.2 0e8
Spec. Surface cen/g 3400 | 3890 | 5510
Soundness:
Le Chatelier Exp, MeMa 2 5 1

Compressive Strengths:

Vibrated Mortar Cubes:

35580

At 1 day ~ peSei. - -
At 3 days "o 4200 4700 5250
At 7 days n 5750 6000 6550
At 28 days " 7800 8250 -
4" Goncrete Cubes:
At 3 days . PeSele 2750 3200 -
At 7 days : AL 3950 4300 -
. At 28 days " 5050 5350 -
Expansion with 7#505(ASTM S.R,Tegt)
At 28 days % 0,02 - 0403
At 1 Year % 0618 = 0.15

- i ! ;
Chemical AnalyseS/o'. sesepocece

7
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TABLE NO.16 CONTINUED

TEST RESULTS ON THE THREE BATCHES OF CEMENT GROUND
FROM THE HIGH-LIME S.R. CLINKER

| TEST RESULTS FOR:
PROPERTY COARSE MEDIUM | FINE
CHEMICAI, ANALYSES
Oxides: .
510, { % 20,2 20.1 2042
o | .
41,05 % 4,2 4,1 4,2
Fe,Og % 2.5 3.5 3,5
Ca0 % 87,7 66.6 67.7
Mg0 % 1.4 1.4 1,4
S04 % 1.5 2.4 1.5
Undetermined + Loss % 1,5 - 1,9 1.5
100,0 100,0 | 10040
Ratios:
L.S.F. 1,04 1.02 1,04
L.C.F. 0.97 0,95 0,97
A/F 1.20 1.17 1.20
Composition: ;
Gypsum in Cement % 3.0 | 5.5 3.0
Clinker in Cement % 97.0 | 94,5 97,0
i
100,0 | 100,0 | 100.0
i |
! i
b ‘ _ i
Potential Compounds: |
“ .
Free (a0 % 4.6 | 4.5 (4.5) ] (4.6)
C,S % 65,8 i 80.6(67.7) | (69.6)
C S % 8.3 } 12,0 (4.3) 1 (4.4)
Cgh % 5.2 1 4.9 (49)] (5.0)
C /AT % 10.6 § 10.6 Go.o% (10.3)

The figures shown in brackets were calculated from the clinker

composition and percentages present in the cement, The "differences"

are due impurities in the Gypsum, and the inaccuracy of the straight-

forward calculation from the oxides is clearly illustrated by the CZS -

according/............\.......
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according to the straight calculation it hag increased two to three-
folqd ! When, of course, the clinker composition is not known,
there is no other way of estimating the potential compounds (except

by X-rays).

S.4, FIRST "NORMAL" BATCH FROM IRON ORE

1. Once again the intention was to produce a cement complying
with the B.S.12 and S.A.B.S.471, as well as with the ASTM

Iype V, specifications. Target for C,S was 55-60%, and

3

for C3A about 1 ~ 2%

2o For calculating the mix proportions the "average" analyses

of previous batches of limestone were used, viz.

RCO5 : 91.5%
810, : 5.0% -
41,0, : 1.3%
Fezos M 005%
Cal : 49,.8%
Mg0 : 1.0%
SOS : -
Undetermined 0.4%
Loss on Ign. 42.2%
100,0
Ze Details of the intended clinker composition, and of the

proportions of materials required to obtain it, are given

in Table No,17.

Table Nool7/oo. seseseesecscsnnesee
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PROPORTIONS OF RAW MATERTALS USED FOR FIRST "NORMALM

BATCH OF S.R. CEMENT MALDE WITH IRON ORE

;

: | ‘ < i .
: CONSTITUENTS IEMESTCNEg SAND  !IRON (RE | COAL ASH | TOTAL | CLINKER
L ; X
C 7 7 7 z g F
| Proportion 84,5 10.5 3.5 1.5 1000 § - |
| f
RCO, 7743 - - - 7743
810, 4,253 9,82 0.49 0465 15,191 23,7
Alzos‘ 1.10 0,37 0.32 | 0.4 2,23, 3,5
FeyOg 0.25 0.11 | 2,56 | 0,09 3,010 4.7
- Ca0 42.08 0.05 - 0,19 | 42.32] 66.0 |
Mg0 0,34 | - - 0.03 0.87) 1. |
80, - - - 0410 0,100 0.2 |
| Undetermined 0,34 0.05 0,03 - 0.42) 0.5 |
| Loss 35.86 © 0410 0,10 | = 55. 86! -
j . : i ; !
: ! { . - E
ﬁ | 84,50 { 10,50 1 3,50 : 1,50 | 100,00 1oo.ooi
E’Ratios:
? L.S.F. I 0.90
i A/F I 0.7
| ;
E Potential Compounds: ; i
! ; 5
- C4S | 577 ;
i 4,4
CoS | 24,4 |
s Cgh i 1.3
; . i
B CAF ) . | P43
i G AF + 2 x CzA ; : 16.9 §

4, The proportions in which the materials were to be mixed at
_ the raw mill are given in Table No.18, and on the basis of this

table the control limits were set at:

4.1, RCO,  : 782 - 78.8%
4.2 FegOp 4,2 - 4.8% "loss-free"

Table No.18 /....-‘,-.o--oooc-co. .e '
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TABLE NO,18

PROPORTIONS OF MATERIALS TO BE MEXED AT THE RAW MILL
FOR _FIRST "NORMAL" BATCH OF S.R.C. MADE WITH TRON ORE

PROPORTIONS & | KIIN FEED
CONSTITUENTS LIMESTME| SAND | IRON OFE | AS RECD | LOSS-IREE
Proportions : % 85.8 10.65 3455 ; 100.0 -
RCO, s % 78,5 1 - - 78,5 . -
510, 4,29 9,96 0.50 | 14,75 23,2
41,0, 1.12 0.37 | 0.32 1.81 | 2.8
Feg0, 0.26 0.11 2,59 2,96 | 4.6
Ca0 42,73 0,05 - | 42,78 | 67.3
MgO © 0486 - - 0.86 | 1.4
Undetermined 0.34 0.05 0,03 0.42 @ 0,7
Loss - 36.20 | 0.1l 0,11} 36.42 -
: i —
85.80 |  10.65 | 3.55 | 100,00 | 100,0
H i H
i ; i
5. Comparisons of the intended and actual analyses of the

clinker, and analysis of the cement produced from it, are

given in Table No.19. This time the S10,; and Fe O, contents

2 273

came out reasonably well, but variations in limestone resulted
in the glumina being 0.7% higher than intended, and the CaO

was 0.6% lower. The result was a clinker with 3.5% CSA,

which was satisfaetory, but the C4AF + 2 X CSA exceeded the
ASTM limit of 20%. Sulphate reaction values were satisfactcry.

Fortunately the cement complied in all respects with the

requirements of B.S.1R & S.A.B.S.471.

Table NO.lQ/..I..U'.;II......l'.
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TABLE NO,19

INTENDED AND ACTUAL ANALYSES OF TIRON ORE CLINKER AND
CEMENT PRODUCED FROM IT AND PHYSICAL PROPERTIES

QF CEMENT
! }
CONSTI TUENT ! CLINKER | CEMENT
INTENIED | ACTUAL |
Oxides:
. !
Sio% % 3.7 23,4 2243
g
Al2 3 | % 345 4,2 | 4,3
Fe,0g % 4,7 4,5 | 4,7
Cal % 66.0 65,4 63,7
Mg0 % 1.4 1.4 1.4
SOz % 0.2 0.3 1,9
Undetermined + Loss % 045 0.8 1.7
100,0 100,0 100,0
Ratios: .
LaSc’F. . O¢90 0089 0.88
L.C.F. - 0.88 | 0,88
Potential Compounds: f i
Free Ca0 ; - ' 0.4 f 0.4
CzS ‘ § 57.7 51.3 47,0
Co8 ] 24,4 28,4 28,5
Csh L3l s 3.5
G AF C 14,3 | 13,7 14,3
C4AF + 2 % C,h | 18, i 20,7 21,53
Sulphate Reaction Values: ?
Bogue § - ! - | 38
Converted Bogue L= ; - | 23
Physical Properties:
Setting Times
Initial mins, - © 140
Final hrs.mins, 330
Fineness:
No,170 Residue 2% ' 1,8
Specific Surface em*/g %440
Soundness: .
Le Chatelier Expansion MeMm, 3
Compressive Strengths: -
Vibrated Mortar Cubes: o
t 3 days Do Seie 4350
At 7 days " 5300
At 28 days n 6450
4" Conecrete Cubes: '
At 3 days PesSsie 2600
At 7 days ‘ " ' 3150
At 28 days " 4100
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‘The results of this test served to emphasize, that with
the materials and control measures available, it is difficult
to make cement which complies exactly with the requirements

of all three specifications at the same time,

NFINALM BATCHES OF S.R.CEMENT

The two factors which make it difficult to produce a
cement that complies exactly with the chemical requirements
of S.4.B.5.471 and B.S.12, in addition to those of ASTM

Type V, are:

l.1l. The maximum limit of 20% for C,AF + 2 x C,A in the

4 3
ASTM Type V specification; coupled . with
1.2, The minimum limit of 0.66 for A/F ratio in the other

" two specifications.

Since the main idea of this project was to produce cement
complying with the ASTM Type V specification, the only way
.

to get around the above difficulty was to give up the aim

of trying to keep the A/F ratio above 0.66,

The object of specifying an aluming/iron-oxide ratio in
excess of 0,66 for cements is to ensure the absence of
di-calcium ferrite (CZF) in the product. This mineral forms

a solid solution with C,AF, and the two are generally

reported togefher as potential C6AF2.

The only disparaging references I could find about
CoF were:
4.1s Lea (1 - p.82 ) says, of the reaction of the " pure"
compound with water, that : (1) it sets and hardens.

rapidly, without marked heat of hydration;

(2) hydration StOpS/...o.ooo]-o-pnt-o
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(2) hydration stops long before the material ié
completely hydrated; (3) when placed in water the

set material disintegrates; and (4) "a'continuous
expansion occurs after setting which eventually disrﬁpts
the set material and reduces the strength to a small
value ... The compound 02F cannot therefore be

considered to have any permanent cementing value."

4,2. Moreell wrote in 1937 ( 20,17 ) : "It will be noted
that the lower limit of the A1,0,/Fe,05 ratio (for a
U.S.A.Federal specification for cement) corresponds

approximately with a C_A content of O per cent to

3
1 per cent. This assures us a cement having no
dicaleivum ferrite, a compound which recent researches

have indicated to be unatable and which contributes

nothing to the strength."

Both of the abéve references appear to relate to the properties
of "pure" CoF. and not to cements containing it. Much '

recent work has indicated that the properties of a cement are
not the "sum of the properties of its constituents",vand I»
suggest that when it is in the form of a solid solution with
C4AF, and in the presence of Ca (OH)2 and other cement compounds,
the properties of C2F are differentbfrom those of the pure
compound by itself, . Jones (7.2) does not éppear to

consider C,F caleterious, and points out that the hydrate

2
studied by Bogue and Lerch was not positively identified, -

Other references to 02F and CGAFZ: '

5.1s Czernin writes : "This example shows clearly that the
sulphate resistance of Portland cement can be improved

more effectively by'reducing its tricalcium aluminate

Content/-oo o'no.-.o-nlcooo‘.:o..
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content than by diminishing its w/c ratio (using a
richer mix). At the same time, the curves indicate
that the use of low w/c ratio mixes is also a powerful
means of improving the sulphate resistance of concrete.
As this is true even for cements which, as distinct
from the true Ferrari cement, still contain some tri-
caicium aluminate, a dense concrete with a w/c ratio
of 0.4 to 0.45 and based on the Ferrari type Pbrtland
cement can be expected to show high immunity even under
very severe conditions of sulphate attack." (4,3)
"True" Ferrari cement had an A/F ratio ofiabouf
0.44 to 0.65, but it may have since been increased

(1.2, 4.3, 6.4).

5,2, Thorvaldson said, at the 1952 Symposium :
"Furthermore, it was evident within the first few
months that the substitution of either CyAF or CoF For
the CSA in the mortar, produced a great increase in the
volume stability, especially of the bars stored in
solutions of Na2804 and CaSO4, those containing the
CzA with the silicate base having completely disintegrated
while those with C4AF or 02F showed no visible'effectsi
and very low expansion." (6,4,

543, DNone of the ASTM Specifications for Portland Cements,
Types I to V, place any limitation on the A/F ratio
(18.1 - 1).  There is, in fact, an implication that
a solid solution of G4AF + CoF 1s acceptable in cement,
becaugse the formula for calculating it is given -together
with the formulae for calculating CzS, CoS,; CzA and
C4AFs  Furthermore, although Type V cement is limited

to 5% for CzA and 20% for CAAF + 2 x CSA’ no limit

is expressed/.-.........n. -.oo
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is espressed or implied. for C6AF2.

Experimental Results:

601' .

6424

6e3.s

In the tests carried out by the ASTM Working Committee
on Sulphate Resistance for the "Performance Test for the
Potential Sﬁlphate Resistance of Portland Cement" (21.1),
the cement which had the best resistance to CaSO4
contained 3.6% CzF, The expansion was 0,03%

after 1 year. (See Table No.6 on Page 79)

The first trial batch of Sulphate Resisting Cement
(Section 5.1), contained about 17% CGAF2 (Table No.8),
made up of 15% C,AF and 2% CoF. A sample was given

to the N.B.R.I. for testing, and Mr Van Aardt told me,
later, that : (1) +the presence of CgAF, had been
confirmed by X~ray analysis, (2) mortar bars made

with the sample showed no signs of attack after exposure
to sulphate solutions for more than a year, and (3) he

personally preferred a sulphate resistant cement to be

completely free from CgA.

Cemeﬁt "@" (SRC/4) (see Tables 23, R4 & 25), which
contained about 3% CoF and 12% C4AF, when tested by

the ASTM expansion method had an expansion of only
0,04% after 1 year. As a matter of fact the expansion
was 0,055% after 252 days, and the bars then appeared

to contract, However, the standard deviation from

average found for sets of 4 bars was 0.0l to 0.02%

at any age (see Table No.5), so the "contraction"

cannot be considered significant.

7. Final/.........'.-.-..‘.,...‘.-1.'
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7 Final Mix Design:

After faking the above-mentioned factors into consideration
(except for paragraph 6.3 - these results were still to be
obtaired), it seemed reasonabie to design a mix which would
yield a product complying with the chemical requirements of
ASTM'Type V Sulphate-resisting Portland cement, and the
S.A.B.S.471 ¢ 1959 and B.S.12 ¢ 1958 physical requirements
for Portland cement. Based on the experience and results
obtained to date it appeared that an A/F ratio of 0.5 to 0.7
could be maintained without undue difficulty, and this range
ensures a product with littlé.or no CSA and/or a fairly low
CZF ccatent,

the 02F would be 2.2%‘

 With 5,7% Fe 0., and 2‘.8%.A1205 (A/F = 0.49),

8. The expected analyses of the raw materials are given in
Table No.20, and their requisite proportions and the anticipated

clinker composition in Table No,21,

TABLE NO.20
APPROXIMATE ANALYSES OF RAW MATERIALS USED FOR
MFINAL® BATCHES COF S.R. CEMENT
CONSTITUENT LIMESTONE SAND IRON ORE ASH
RCOz 91.5% - - -
S10, 5.0% 93% : 14% 43% t
Al50, 1.3% 5% 9% 29%
Fe,0z 0.3% 2% 73% 6%
ca0 49,8% - - 13%
MgO 1.0 - - R%
50z _ - - - 7%
Undetermined’ 0-.4% 1% 1% -
Loss on Ign. 42.,2% 1% 3% -
100.0% 100% 100% 100%

E Inclucdes Na,0 & K,0 which were, actually, determined, but are
omitted from these calculations for the sake of simplicity and because
the ASTM specification does not take them into account for calculating
potential compound composition,

_ Table vNo.zl/...ﬁ’,.OOl‘.0.0...0.'.
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PROPORTIONS OF MATERTALS REQUIRED FOR FINAL BATCHES OF S.R. CEMENT

{CONSTITUENTS ITMESTONE SAND | IRON ORE COAL ASH i TOTAL CLINKER
% % % % % %
Proportion 84.5 10 4 1.5 100. -
RGO, 77.3 - - - 7743 -
Oxides:
8102 4,23 9,30 0,56 0.65 14,74 R340
A1205 1,10 0,30 036 0.44 2eR0 34
F6203 0.25 0420 2492 0.092 3.46 5.4
Ca0 42,08 - - 0,19 42,27 | 8549
MgO 0.84 - - 0.03 0.87 1.4
SO5 - - - 0.10 0.10 0.2
Loss on Ign. 35.66 | 0,10 | 0.12 - 35,88 -
84,50 10,00 | 4.00 1,50 100,00 | 100,0
Ratios:
L.S.F. 0.91
A/F 0.83
Potential Compoundss: %
Free Cal 04O
CSS 6043
GZS 2045
Cqht (~0.2)
CGAF2 16.3
e Proportions of materials to be fed to the mill and the

expected kiln feed analysis are given in Table No,22.

Control limits were accordingly set at :

9.1,

Dela

RCO3

Fe205

78,3 to 78.,8% and

5.1 to 5,7% (loss~free),

Table Non22/oococ-t.-qooocooooaoo
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TABLE NO.22

PROPORTIONS OF MATERIALS TO BE MIXED AT THE RAW MILL

FOR FINAL BATCHES OF S.R.C.

PROPORTIONS & 1. f KILN FEED
=
CONSTLTUENTS LIMESTONE SAND | IRON ORE S Tt | TSSO
Proportions % | 85.8 10,15 4,05 | 100,0 -
\Oxides:
Si0 % 4,29 9.44 0,57 14,30 22,5
A150 % 1.12 0.31 0436 1,79 2,8
Cal %1 42,73 - - 42,73 67,2
Mg0 % 0.86 - - 0.86 1.4
S0y 2y - - - - -
Undetermined % 0,34 0,10 0.04 0.48 0.7
Loss on Ign. % | 36420 0,10 0.12 36,42 -
85480 10,15 4,05 i 100,00 100,0
: 4
10. The analyses and potential compositions of three batches

of clinkef made according to this design are compared with the
intended composition in Table No.23. Clinker "a " had a

slightly lower A/F ratio than desired (due té an abnormally

. low AL.O content), but it proved to have excellent potential

R73
sulphate resistance when tested by the ASTM expansion test.

Otherwise all three clinkers are satisfactorily close to the
intended composition, and are well within the specification

limits for ASTM Type V cement.

Table NOQ25/Q.....Q.... !
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TABLE _N0.23

INTENDED AND ACTUAL ANALYSES OF THREE "FINAL'" BATCHES
OF SULPHATE RESTSTING CEMENT CLINKER
T TURNT CLINKER
CONSTITUEN INTENIED | & b o
Oxides. .
510, % 23,0 | 23,1 24,0 23,0
AL,04 % 3.4 2.5 2.7 3.6
Fe,0g % 5.4 5,8 5.4 5.4
Cal A 85.9 65,9 88.0 66,0
MgO % 1.4 1.4 1.3 1,2
50z % 0.2 0.2 0.1 0B
Unde termined + Loss % 0,7 0.3 0.5 0.5
100.0 | 10040 100,0 1000
‘Ratios. -
L.S.F, 0.91 0.94 0.89 0.91
L.C.F. 0.91 0,92 0.88 0490
A/F 0.63 0.45 0.50 0.87
Potential Compounds,
Free Cal 0.5 1.1 0.7 0.7
css 60.3 64,5 55.6 58.3
CoS 20,5 17.6 26,8 22,0
Cgh (=0.2) | (-R.8) (-2,0) 0.4
G4AF 16,2 11,9 12,9 16.4
02F 0,1 2.9 2.0 0
SS C6AF2 16.3 14,8 14,9 0
O AF + 2 x C,h - - - 17.2
11, . The physical propertiecs of the cements made from the

clinkers are given in Teable No,24. Strengths and other
attributes were good, and are comparaeble with the quality of

most present~day South African ~rdinary Portland cements.

The expansion/.. rersesesance
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cement "pHM,

properties for these cements,
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ana the S,R.V.test on
confirm excellent potential sulphate-resistance

t "¢ has not yet been

tested, but, as already stated, the clinker composition was

satisfactory.

12, A cbpy of the "advertising pamphlet" drawm up for this

"local" sulphate-resisting cement is attached to this report,

see Addendum No.,l

1z, References: 1l1-p,82, 4.3, 7.2, 18,1-1,
20,17, 21,1,
TABLE NO,24
TEST‘RESULTS ON THREE FINAL BATCHES OF S,R.CEMENT PRODUCED
PROPERTY a b c
Physical Testa:
Setting Times: :
Initial Minss. 175 170 180
Final hrs. mins. 3=-45 4-00 3=40
Flneness
No. 170 Residue o l.2 1,5 1.5
Spee, Surface cm” /g 3600 3800 3700
Soundness: ' :
Le Chatelier Expansion m,m. 1 1 0
Compre ssive Strengths:
Vibrated Mortar Cubes:
at 3 days PeSeie 4000 | 4100 4600
at 7 days Y 5200 5000 5650
at 28 days . " 7000 5950 6700
4" Concrete Cubes: _
at 3 days p.s;i. 2900 2800 3050
at 7 days’ 3750 3450 3850
at 28 days 4500 4300 4500
Expansion with 7% S0 (ASTM S, R Test)
at 28 days 0.03 - -
at 1 Year 0.04 - -
Chemical Test Results:
SO5 - % R0 1.8 Rel
Sulphate Reaction Values:
Bogue C - 21 -
Converted Bogue - 12 -
Modified Test - 3 -

5.6. Sumary/oo-.-au-n-otocoul...
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546, SUMMARY OF RESULTS.

1. A complete summary of the analyses and compositions of
the clinkers, and the physical properties of the cements,

produced in this project is given in Table No,25.

Qe The results of potential éulphate resistance tests are
- also given, but analyses of cements have been omitted because,
as pointed out at the bottém of Table No.16, impurities in
the gypsum added result in incorrect values for potential

compounds.,

3. A number of tests to try and assess the potential
resistance of some of the cements to sodium and maghesium
sulphates have also been carried out =~ the results of these
are given in Chapter IX together with the test resuits

for Marine cements.

Table NOe 25/cee-n0es
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CHAPTER V1

MARINE CEMENT - PART I

GENERAL CONSIDERATIONS

CONCRETE AND CEMENT,

Blount (in 1920), Blanks, Bogue, Copenhagen, Davis, Fulton,
Orchard, Stutterheim, van Aard, and, in fact, virtually
everyone who has written on the subject of concrete corrosion,

has emphasized that, no matter what special cements, aggregates,

~or other extraordinary ingredients may be used, high—quality

impermeable concrete is essential as a "first line of defence.

(see also paragraph 2,.8-1).

Concerning the use of concrete in the marine environment of

New York area, W.P.Kinneman wrote: "The performance of

precast concrete piles under water front environment is no

better or worse than the quality of concrete that goes into
the piles, and of course this concrete is no better than the

portland cement and aggregate that are available....."(20.2 D)

The object of this work is to provide "the best cement

available" for marine environments.

References: 3, 5, 8, 12, 13, 19, 20, 22, 23, etc.

MARTNE CORROSION AND MARINE CEMENT.

The principal causes of marine corrosion, and the requisite
attributes of a marine cement, were listed in paragraph 2,14-6.

To recapitulate, the main corroding factors are:

1.,1. Sulphate ions.
l.2. Magnesium ions and

1.3. Leaching of soluble constituents, particularly Ca(OH)2

1.4, Chloride ions/eceececeoecs
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1.4, Chloride ions, which attack reinforcing steel and

1.5. Mechanical attriticn and cracking. - -
Marine cement shou:ld iherefore:-

Rel. Be resistant tc SO," and Mg";

2.2. Contain, after hydration, a minimum of sbluﬁlevCa(OH)z,

2.3, Assist in maki:g the corcrete as impermeable and free
from cracks as posgible, to protect reinforcement from
chloride ions znd

2.4. Improve shock~- and abrasion-remsistance.of conorete.

ot

SULPHATE RESISTANCE.

This is best achicved by uéing a sulphate resisting Portland

cement, as already cescribed.

For other reasons, given below, it 1s degirable to use
a pozzolan in conjunction with the Portland cement - and
care must be taken that ~he Pozzolan used is also resistant
to sulphates. Most pozzolans are resistant, but there are

some exceptions « <see paragraphi’ 6,9 =23 and 7,2 - 3.2,

In paragraph 2.3-4 , J showed how the hydration of an
ordinary Portland cement can be represented. The equations
show that, after complete hydrationy; the hardened cement

paste contains (theoretically) 20.8% Ga(OH)Z.'

In Appendix 6 the hydration of comparable quality lowhcéA

and Ferrari~type cements are shown,.

There are significant differences in +he amounts of

C5AH6 formed by the & cement *ypes, although not sufficient

to account. wholly for the differences in the resistance to

sulphates. This is more likely due o the 41,0, in the

’llnhydl“ated/....u...'....
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unhydrated S,R.cements being in combination with’CF (és:glass)

and, therefore, extremely slow acting.,

2
for the two S.R. types, so these cements afg not, likely to be

The total Ca(OH), liberated is 20.3% and. 19,9%, réspectively,
more resistant +han ordinary Portland cement to agents which
attack Ca(OH)z.“ About half this Ca(OH), may be liberated

during the first month of hydration. (25,1)

_Ca(0H), is susceptible to attack by sulphates, but does
not appear +o be of much importance by itself, except under
gpecial conditions -~ see Section 2.4, - particu}arly paragraphs

4 and 6. There is little doubt,  however, that the absence

of Ca(OH)2 does provide some additional protection against

sulphates.
References: 25,1, etc.

MAGNESIUM RESISTANCE:

Magnesium attack was described in section 2.,5. I+ can be
represented by the equation:
Ca(OH)2 + Mg" = Mg(OH)2 + Ca”,

This reaction proceeds practically to completion because of the

extremely low solubility of Mg(OH)z;

When +he conditions are such that the calcium ions are
removed, in §olution, the comparatively low pH of saturated
Mg(OH)p solution results in decomposition of hydrated
calcium silicate, with the liberation of more Ca(OH)2

and this is, in turn, attacked by more Mg” and so on.

According to paragraph 6.,3-6 above, S.R.Portlanmd cement

should be no more resistant than 0.P.C. to magnesium ions in,

Say /tovnl'..l.-g.l
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say, a solution of magnesium chloride., As it happens, this
does not appear to be.the case - see Table No.,R6, Up to
the age tested, and by the method used (details given in |
Chapter 9), the S.R.cement proved considerably more resistant
than OPC to MgCls., The S.R.cement is however, not completely
resistant, and something better is required for enhanced

protection,

Pozzolang, by their very "definition", react with Ca(OH)2
in the presence of water, to form insoluble compounds with
éementitious properties., The experience of many investigators
has been that pozzolans do improve the resistance of concrete
to sea-water (see also paragraphs R.1-3, & 3,5-10,1.2,) and
improved resistance to MgCl, is confirmed by the results

reported in Table No.26.

References: 1%.2, 18,1-5, etc,
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TABLE NO.28

TEST METHOD : MORTAR  BAR EXPANSION
TEST _MATERIAL : Ordinary Portland Cement : OPC/6
Sulphate Resisting Cement: SRC/5
Marine Cement 1 CM/3a
TESTING MEDIA: Magnesium Chloride (63% of cement by wt.)
CURING MEDIA: Solution of 120g.MgCls, per 1,000 ml.
AGE IN  DAYS IN | . PERCENTAGE EXPANSTON FOR
DAYS soLy. |- orc/6 | Smc/s CM/ 32
l O bl Ll —
2 1 0.03 0,01 . 0.01
3 2 0,055 0,015 0.015
8 7 0.095 0.03 0.03
15 , 14 1 0.115 0.04 - 0,03
22 21 0.13 0.045 | 0.035
33 32 0.145 0.05 0,035
43 42 0.145 0.055 0.035
49 48 1 0.15 0.055 0,035
T4 73 { 0.75 0.07 0.045
84 83 0.175 0.07 0.045

RESISTANCE TO IEACHTIING.,

The same remarks apply here as made above, and the 4
incorporation of pozzolanic material in a cement does reduce
the quantity of soluble Ca(OH)2 in hardened concrete

'considerably.

This has been confirmed by numerous investigators, and
also by the results reported in Chapter 9. See also

paragraph 3,5~12 and Fig.l on page 60,

References: 23.2, etc.

6.6 Impermeability/eeeeos.e
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IMPERMEABILITY.

Permeability was discussed in section 2.8.
One cause is bad concreting practice, such as using too

dry a mix and/or too little compaction.

More often the trouble is too much water, resulting in
the formation of water voids and channels due to partial
segregation and bleeding, while the concrete is wet. After
hardening, water not required for cement hydration evaporates

and leaves open capillary passages in the structure,

There are two ways of assisting concrete constructors to

overcome the above problem:

3.1. Incorporation of a posgolan, particularly one that

has been very finely ground, makes a concrete mix more

"yorkable", which assists in keeping the water/cement

ratio low, and it also reduces the incidence of bleeding;

3,2, The use of an air-entraining agent is of considerable
benefit in this respect - details of the way in which
air-entraining agents work were given in section 3,7.
Adding an air-entraining agent at the actual concrete
mixer has an advantage, in that the barticular dosage
required for a specific purpose can be controlled, but
expert control and close supervision "on the job"‘are

~ essential, Incorporating the air entraining agent in
the cemeﬁt ensures: (a) that it does go in, and
(b) that an overdose is not added; which_is of
importance, . particularly in view of the workers
normally used for makihg concrete in this esuntry.

This is also recommended in Australia (8.2.)

4:. CI‘aCkS/-...oc--o-.-.
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Cracks,.ﬁsually in the form of M"micro" cracks which can
hardly be seen, often reduce the protection which concrete
gives its reinforcement to préctically zero.

Iﬁ a discussion on the origin of cracks in hardened concrete
ot the 1961 RIIEM Conference (11.2), Szepesi listed the

following factors:

4,1, The compositioq of the cement used;

4;2i The fineness of grinding of the cement;
4.3: Waten/éement ratio of the concrete used;
4.4. Admixtures;

4,5. Heat of hydration;

4.6. The methods of making, placing, and finishing the
concrete;

'4.7; Curing the concrete.
To these must be added:

4,8, Aggregate used.

The effect of heat of hydration was described in
paragraph 2.8 - 6.1, The compounds which give off heat
rﬁost rapidly, during hydration, are CBA' and CBS' CBA s ‘the
worst offender, has already been reduced to a minimum in the
S.R.cement produced, but reducing C3S has the effect of
reducing early strength - which ﬁpsets construction people !
Once again pozzolanic admixtures are 1ndicated, as, judiciously
used, they can reduce heat of hydration without significantly

affecting early strength.

The “extensibilitj" of a concrete is improved by the

incorporation of a pozzolan. Extensibility refers to the

'ability of a material to Mtake up stress" by "plastic flow™

‘without undergoing cracking {(23.2, p.131.)

Refe‘I’enceAS: 8.2, 11.2, 1204', 20023, 33.30, 3).34, 23'2,
) ete.
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SHOCK AND ABRASION RESISTANCE.

Fluctuating, and often high, stresses are normal in mariné
structures, due to "live" loads and to wave .action. The live
loads frequently become.heavier as the structure gets older,
and the ver& long hardening period of Portland-pozzolan cement,
which generally has a higher ultimate strength than straight
Portland cement, is an advantage here, . Air-entrained concrets
has been found to be less liable than the non-air-entrained

variety to cracking under shock loads, such as those due to

waves. (20.2-D)

Abrasion resistance depends primarily on strength. "Green®

concrete should never be exposed to possible abrasion, such

as that due to sand particles in running or swirling water, if
it is at all possible to avoid it. The higher ultimate
strengths of Portland-pozzolanic cemerts give some slight

added protection against abrasion at later ages.
References: 12,4, 20.2-D, 20.27, etc,

COMPOSTTION FOR MARINE CEMENT.

A1l the foregoing leads to the inescapable conclusion that
the "best cement" (para, 6.1 = 3 ) which can be made available

for use in marine environments should sontain:

. 1el. Sulphate resisting Portland cement,

1.2, A finelground pozzolanic material (which must also
be resistant to sulphates), and

1.3, An air-entraining agent.

The production of S.R.Cement to ASTM Type V specification
standard has already been dealt with. Many writers seem to

consider ASTM Type II cement ( max.C,A content = 8% ) good

eNoUEN/ sevecnnnasene
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enough, but nothing is "lost" by using Type V cement, and,
as Nakemén et al said: "The percentage-wise cosf of taking
full precautions, based upon the total cost of the entire
structure, is usually insignificant. So, why he only
'Thalf safe' ? We are therefore definiteiy in favour of

'gilding the lily'." (0.2 =D)

As has been shown, the inclusion of pozzolanic material

in concrete confers several benefits such as:

3.1. Improved resistance to Mg" and S0,5",

3.2, Reduced heat of hydration and permeability, and gréaﬁer

.resistance to leaching and

3.3, Improved extensibility and slightly better abrasion

resistance,

Its use in Marine Cement, therefore, appeared to be a

"must", and tests completed to date have confirmed this.

Air-entraining agents were origihally developed to imprOVe
the frost resistance of concrete. Most specifications for
the quantity of air to be entrained are still based on this

- particular application, but less air is required to "promote
workability, freedom from segregation and freedom from bleeding
in concrete ...... Concrete strengths are improved rather
than lowered by these small additions, except in the very rich
range of mixes" (6.5).. The ASTM specifications for air-
entraining cement require that suffiéient agent be added to
produce a standard mortar with 16 - 22% entrained air - I
eventually decided on approximatély half this amount.

(Their specification for ™on-air-entraining cements" 1limit
the maximum air to 12% ! Our ordinary cementskentrain

0~2% air).

Se The Danes/..........;........
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Se The Danes and Italians have been making Maiine Céments
composed of lOMFCSA Portland cements and pozzolans for a
number of years, - The Americans have favoured lOW‘CBA cements
incorporating air-entraining agents. To the best of my
knowledge this is the first time that Marine Cement incorpofating

a2ll three materials is to be marketed.

6. References: 1.7, 6.5, 18,1-1, 18.,1-2, 20.2-D, 26,2, etc.

649, POZZOLANIC MATERTATS AVATLABLF .

1. Two pozzolanic materials are available for the manufacture
of marine cement:; (1) Power Station boiler ash, and
(2) Shale. The boiler ash should need only grinding, but

the shale needs calcination as well, to "activate" it.

"Typical"™ analyses of the materials available are given in
Table No,27, and the chemical requirements of specifications

in Table No,28.

TABIE  NO,27
"TYPICAL" ANALYSES OF BOIIER ASH AND SHAIE AVATLABIE AS POZZOLANS
CONSTITUENTS BOIIER ASH SHA;E"
AND . ! FACTORY A ! FACTORY B
RATIOS "LOCAL" |"IMORTED" AS RECD 'LOSS-FREE | AS RECD | LOSS~FREE |
% f % % %
S30 33.4 32.3 | 60%2 65,7 576 | 63.4
A1253 | 35,8 30.9 | 17.4 19.0 19.4 | 21.3
Fe,04 342 11,0 8,0 8.7 7.9 8.7
Total(S+A4F) | 72.4 74,2 85,6 93,4 84,9 93,4
! _
Ca.o 8.9 ' 7'3 » 2.0 . 2.2 2.0 . 2.2
Mg0 3.3 3.5 1.0 1.1 1.0 1.1
SO3 0.3 ; trace nil nil " nil nil
Loss on Ign. | 13.7 i 13.2 8.4 - 9.1 | -
Ratios:
smg = 0486 0477 2.4 2.1
A1203 +Fe 04
A1 0
2.3 11.2 2.8 242 2.4
Fe203 ’ |

N.B. Analyses done on oven-dried samples,
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TABIE NO.28

SPECIFICATIONS FOR FLY ASH AND NATURAL POZZOLANS FOR USE AS ADMIXTURES
IN PORTLAND CEMENT CONCRETE :; CHEMICAL REQUIREMENTS

MATERIAL : FLY ASH NATURAL POZZOLANS
ASTM ASTM "IOCAL"
SPECIFICATION: C350-60T C402-58T (Self-imposed) |
CONSTITUENTS & RATIOS % | % %
510, +41.04 +Fe 0,: min.| 70.0 70,0 70,0
MgO : max,| 5.0 5.0 , 5.0
S0, ¢ omax.i 9.0 3.0 3.0
Moisture : max.| 3.0 3.0 3,0
Loss on Ignition : max.| 12.0 10.0 249
Sio, .
2 5 ¢ min - , - 2.0
Al + F e
L3 T e,
A1 0
20 Pomex.| - - 3.0
FeZO3 ‘
References 18,1~7 18.1-8 -
2. The low loss-on-ignition requirement (23%), and the limiting

values on S/ (A+F) and A/F, in the "self-imposed" specification,

were ingserted on the advice of Mr van Aardt of the MN.B.R.I.

2.1. The"ratio" requirements have the effect of limiting the
H

Alzos'content to a maximum of 25% of SiOz-PAlzo + Fe203

which means an "absolute maximum" of 25%.

2¢2+ Alumina, generally, is not considered harmful in
pozzolans, in fact, according to Malquori and Murakami
(7.14) the presence of alumina is virtually essential

for satisfactory pozzolanic quality.

2.3. The idea/.............
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2,3, The idea of these additional requirements (loss and
ratio limits) is to provide a double érotection against
the possibility of using insufficiently clacined
kaolinite, which has been found to cause expansion
in the preéence of sulphates and calcium hydroxide
(see paragraph 7.2 - 3.2.). These requirements are
temporary, pending the development of a suitable
physical test, and, fortunately, the shale availéble
does not appear to contain kaclinite (see Table No;29

on page 127 ).

Both Boiler-ash samples pass the ASTM specification for
Fly-ash, except as regards "loss on ignition", This is '
partly due to excessive unburned carbon. Although I found
no "chemical® ill-effects from this source during tests with
thé’boiler—ash samples, the general consensus of opinion is
that more than 5 - 104 is undesirable. In a "wet" concrete
mix particles of carbon were found to come to the surface and
spoil the appearance of the concrete, The carbon can be

removed by "re-burning' the ash,

The shale samples pass the ASTM chemical requirements,
even without ignition. The "raw" shale is, however, inert,

and requires calcination to activate it. The 2% ignition

loss (minimum) in the self-imposed specification is to ensure

that the shale is properly calcined (see also para. 2.3 above).

Several different tests have shown that the caleined shale

used has pozzolanic activity (see Seetion 7.3 )

but no "standard" method of test for this attribute has yet
been decided on. TFach batch . was  thoroughly checked in

several ways.

5. X—I‘ay and/ooo.-io'oio.no--
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X-ray and optical examinations of samples of the raw,

partially- and fully-calcined shales available were carried

out by the Geology Department of the University of Cape Town.

Dr Fuller reported as per Table No.29

(23.6). In

Appendix 5 I have given some notes on the minerals reported,

and also some extracts from an ASTM report on the constitution

and properties of a number of clays and shales, one of which

appeared to be similar to the local variety.

GEOLOGICAL REPORT ON

TABLE NO.29

SAMPIES QF RAW AND CALCINED SHAIES

Sample
Number

Description & Treatment.

Constituents

0

Shale A, untreated.

Shale A, heated in Klln,
temp. by thermocouple FuE
along the kiln = 300

As above, but temperature
was 450°C.

As above, but temperature
was 600°C.

As above, but temperature
was 700C. (This was the
temperature decided upon

for calcining subsequent

batches of shale).

As above, but temperature
was 750°C .
#-way along kiln the shale
coming out was partielly

"pbloated" and was showing
signs of incipient fusion

- but was not resolved by the

With this temp. ~Quartz and felspar remain,

Chlorite, biotite, felspar

quart# and calcite. Quarte
and biotite conspicuous.

A small amount of ore(black
opaque iron oxide) is present

X-ray analysis., There is
probably a small smount of
illite or degraded muscovite
present.

Same minerals as in 0 but
calcite has decreased and
biotite is slightly 1ncreased
with respect to quartz.

Same minerals as in 1l but
chlorite is showing signs of
structural damage and has '
enhanced (001)reflections.

Chlorite has disappeared and
biotite shows a decrease
with respect to quarte.

Calcite has disappeared and
biotite still further
decreased. TFelspar and.
quartz are present.

Biotite has disappeared.

6o/ secencrencincsecnnene



Page 128

TABIE NO .29 CONTINUED

GEQLOGICAL FEPORT ON SAMPIES OF RAW _AND CAICINED SHAIES

Sample
Number Description & Treatment Constituents

6 Bloated sample "selected" Biotite has disappeared.

from product. Quartz and felspar remsin.

7, Bloated and partially fused | Biotite has disappeared.

sample selected from product | Quartz and felspar remain.

8. Completely fused sample from | Cristobalite has appeared,

first (high temperature) Quartz seems to have
calcination of shale in . diminished slightly.
kiln, : Felspar remains.

9. Shale B, untreated Compared with sample O it
contains no felspar or
calcite and the chlorite
peaks are more diffuse
suggesting partial break-
down of the structure.
Quartz and biotite remain.

6. Although the boiler ash gave satisfactory results in the

tests carried out, the high loss-on-ignition and the unburned

carbon content precludes its use without further calcination

(para.3 above).

Another point against it is that, if used,

when the local "dump" is finished, it will be necessary to

"import" supplies, and their composition may be variable,

A drilling survey, carried out at the works, indieated that

there is a large reserve of shale available "on the spot", and

that its composition is reasonably uniform.

7. References: 1.7, 3.4, T7.1l4, 8.2,
19.3, 20.12, 20,20, to 20,37, 23.2, 23.6

12.5’ 18-:]."'7’ 18.1"’8,
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CHAPTER VII

VARDE CEVE'T - PART IT

PRLIMIFARY  I'WESTIGATIONS

TESTS FOR FPOZZOLANIC ACTIVITY

There are three generasl methods of testing pozzolanie

=nberials:

1.1.

1.2,

1.3.

Cherierl - vsually besed on the solubility of, the

nozzolan in ccid or 0lkali, or on its reactivity with
Ca(OH)Z;

RN

Strength tests = in wvhich the strength of a mixture
of limec or cement with the pbzzolan is determined at

o ziven age under specified curing condftions; ond

UReduction~-in~Expension® - the mortar bar test developed

by the ASIM to evnlunte the efficiency of pozzolens in

reducing expeansion due to the alksli-aggregote reaction.
This rcduction-in=cxpension test is zn example of o

test devised to check the suitebility of a pozzolen for

the particular use to which it is to be put. Another

such test is the Swedish "leeching" test, in which the

lime extrected by distilled watcr from hardened cement is

nmeasured, because the principal use for pozzolans in
Sweden is to increase the resistance of concrete fpui .=l

the actibnfof soft waters.

The testsbased on solubility in acid and alkali are mostly

the results of attemps to find rapid methods for checking

' pozzolanic activity. They have not been very succeséful,

and it did not seem to be worthwhile trying any during this

investigation. = M "variation" of the solubility-in-acid

meth.od iS/Qcoonco‘-ooo



method is the "heat of solution" in acid method, which Ruiz

appears to have used successfully (21,2)

Various methods have been developed for determining reactivity

- with Ca(OH)z, usually in saturated solution. These are more

logical, as most of the beneficial properties of pozzolans
depend on theirlreacﬁing with the calcium hydroxide liberated
by hydrating cement, Unfortunately the reaction is slow at
ordinary temperatures. " It can be speeded up by autoclaving,
but this generally alters the nature or mechanism of‘the
reaction and so the results do not always correlate with those
obtained in praétice. ‘In several of the tests described
temperatures of 40 - 60°%C are used to achieve some acceleration
of the reaction without changing its nature., As most of the
benefits desired from the pozzolanic material to be incorporated
in the marine cement would derive from its ability to combine
with Ga(OH)z, I rather concentrated on this aspect, and used
in all five different tests based on reactivity with calcium
hydroxide. The conditions varied from autoclaving at

24 hours,to ambient~temperature curing for 1 year.

3.1, First Method.

For comparing the activities of samples.of shale calcined
at different temperatures and groﬁnd to various degrees
of fineness, I ﬁSed boiling at atmOSpHeric pressure to
accelerate the reaction. Initial tests were done in
nearly saturated lime water, but I.decided afterwards
that it would be better to use distilled water, and an
appropriate weight of cement as a source of Ca(OH)z.
Descriptions of theimethod and'of the work leading up

to it are given in Appendix 7., This proved a useful

the . :
method for determingxoptimum calcining temperature for

OU.I' Shale/l.a.00...00.--.“...
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our shale and the requisite fineness of grinding.
It was also of some value as a ‘quality check during
manufacture, The test does not appear to be valid for

comparing different pozzolans, e.g: pulverised fuel ash

did not give results comparable with those obtained for

the calcined shale (para 7,3=3.7)although strength tests

indicated that the ash is also an activeﬁ*ggzolan
R

(Table No.30).

Second Method.

Frantini found that Portland cement gives up sufficient

Ca(OH) . during its first week of curing (wet) to saturate

2
the contact solution. In the case of a éood-Portland—
pozzdianic cement, however, he found that the curing
water was not Séturated, deépite the fact that the cement
paste contained free Ca(OH)z. Malquori considers that
this corroborates suggestions that at least part of the

Ca(OH), released by pbzzolanic cements is enclosed by
p) .

protective films of newly formed products which passivate

the crystals. Frantini proposed a test, based on this

phenomOnem," to check whether a cement had satisfactory
"pozzolénic" bropérties ~ the reaction to be accelerated
by curing at 40°C. (7.14, pages 994 & 995). An adaptatio
of this methoa was used as a check on the first
"production-test" batch of shale produced, and also to

try to determine the lowest proportion of shale that would
be likely to benefit the cement, Details of the test,

as used, are given in Appendix 8, and of the results

obtained in paragraph 8,1-9.2 (Table No.40).

Third Method,

There was too much variation,for my liking, in the
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results obtained by the above test,.and I felt that this
was partly due to the cement lying "stagnant" during

the eight days curing, Frantini, of course, devised
the test for actual hardened specimens - the initial
6-hour mixing was my idea, and its purpose was to ensure
"porosity" to provide the curing water with as large a
surface contact as possible, What I wanted was to do
was to prove that the Ca(OH)Z was being made insoluble
even when the water was in intimate contact with all of
the cement, I therefore devised an apparatus (second
page of photographs) which would keep the cementé&euring
water in continmuous movement during the whole curing
period. | 10 gram samples, with 50 ml water, were put into
indifidual plastic phials, The curing period at 40°C
was extended to 28days. A Duplicate sets of samples
were cured at "room" temperature up to 3 months ~ these
were agitated continuously for the first week and there-
after once daily. The pH of each filtrate was determined
in addition to its alkalinity and Ca” content. I used
this method to compare the "activity" of the "selected!
portion of the second production-scale batch of calcined
shale with the "activities" of pulverised fuel ash and
ground granulated blastfurnace slag, “acpivity", in this
instdnce, being fhe test materials specific ability to
make the liberated Ca(OH), insoluble. Results are

2
reported in paragraph 8.2 - 6.4 (Table No,. 45)

. Fouth Method : Autoclaving -

This was done.purely as a matter of interest, A sample
of cement clinker with an abnormally high free-~lime

content was ground, (a) with 5% gypsum, and (b) with

5% gypsum
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5% gypsum and 125% of the third (final) production batch .
of calcined shale. Thé athcléve expansions were
determined and also the water-soluble Ca(OH)z in the
autoclaved specimens, Results are reported in

paragraphs 8,3 - 2,3 and 8,3-5, Table No.48.

Fifth Method.

As a check on actual performance under standard
curing conditions at ordinary temperature, some strength-
test specimens were checked for.water—soluble Ca(OH)z,
after breaking at 12 months age, The method used for.
determining "water-soluble Ca(OH)z", together with the
results of some tests on it, is given in Appendix 9,
Results on 12-month specimens are given in Chapter IX.
They.have only "comparative" significance -~ i.s. no
conclusions should be drawn from the "absolute" values.
However,.when gspecimens are made using equal weights of
different cements and equal weights of the same aggregates
and they are cured under identical conditions, then I |
feel that the amount of water-soluble Ca(OH)z found does

"tell a story".

4, Strength tests developed for checking pozzolanic activity

have generally followed one of two basic methods:

4.'.1.

4,2,

- Mixing the pozzolan with hydrated lime, and determining

the compressive strength'after a given period, under
standardised test conditions; and

Mixing the pozzolan with Portland cement and comparing
the strength obtained with that of the "pure" Portland
cement under identical conditions. Tensile, transverse,

and/or compressive strength may be determined,

Either methOd/licoooto‘Qcptoiloooo
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Either method of test (lime or cement) may be done at
"ambignt" temperature, or at a higher temperature (generally
in the range 40 - 60°%C ) to acceleréﬁe the pozzoianic reaction.
The ASTM gives both methods (18.1-8), but seems generally to
favour the lime method., As the pozzolan is,in this instance,
used with Portland cement, I felt that the cement method would
be better, and followed the general brocedure described by
Lea (1.7), which hés also found favour with other‘investigatofé,
Details of the method as used are given in Appendix 10, . Tﬁis
method has been in use in our laboratory for some time and has

been found satisfactdry wiithin its limitations~ see paragraph
' - 7.3 - 3.4,

The "reduction-in-expansion" test (paragraph 1.3 sbove)

" was not tried at all during this programme because there is no

reason to suspect that the cement is likely to be used in

conjunction with alkali~reactive aggregates. It has, however,

been earmarked for the future, as a matter of interest.

References: 1.7, 7.14, 13.4, 18.1-8, 18.2, 18.3,

21.2, 23.7.

ACTIVATION OF POZZOLANS .

szzolanic activity is esseﬁtially due to specific types of
atomic structures and bonds, particularly structural "defects"
that include strain in the bénds. Srinivasan (7.14 D) has
compared the structural conditions required for an effective
pozzolan with those required for an effective siliga—alﬁmina
catalyst, although the catalytic and pozzolanic reactioﬂs are
entirely differént from each other, Whéneas the catalyst
does not change, but merely presents a surface with "active

spots" where other components can interact, the pozzolan is

one Of/ﬁ.u-.oo'on.n_clcb
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one of the reactants and undergoes permanent changes through

- new chemical bonding. On the other hand, neither.silica

nor alumina is as good = Eatalyst as a proper combination of
the two together and the same rule appears to apply to pozzolans
(7.14 etc). Further, to guote Srinivasan : "The silica-alumine

catalysts obtained thréugh co-precipitation have in them the

281 -0-A1Z bonds, which could not be formed if both or

either of the oxides were anhydrous to begin with., In the
case of clay catalysts, their modesvof preparation are sﬁrikinglr
similar to those of clay pozzolans, both of which need acid
treatment and/or dehydration. In all the preﬁérations the
Al ion is said tb occupy a tetra-hedral position, which is
held to be an essential‘cohdition for catalytic reaction.

This structurasl defect has been shouwn to involve the movement
of the 0 ions by a few tenths of an angstrom and consequent
strain in the bonds., The AlO4 pgrt also needs anH ion to
balance the électrical charge and this ion imparts the "acid"
character to the catalys’. This H ion plays an_important
part in the reactions, Mény of the said factors may alsbv
facilitate chemical bonding of ﬁhe molecules with the surfaces

and thus affect both pozzolanic and catalytic reactivity".

Some Pozzolanas are aiready "active" 1i.e, already able to
combine with Ga(OH)Z, when found - such as volcanic ashes, .
opaline cherts, fly ash, etc. Others have to be treated to

activate them, Three general methods are availables

2.1. Chemical treatment, with acids and alkalis;
2.2, Ultra fine grinding; and

2.3, Heat treatment,

The lstvand 2nd methcds are not yet generally applicable

commercially, but heat treatment has been in use for thousands

‘ Of ‘yeal‘S/.........-e.
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of years (see section 1.2). It seems, from the literature,
that for each particular material there is an optimum temperature

and time of treatment.

Careful attention to calcination temperature is essential

because:

3.1, Too high a temperature can relieve the bond strains and

reduce pozzolanie activity,

3.2, The alumina released from kaolins at 600-800°C is in the
"microcrystalline, low-temperature form of gamma-alumina
- with defective spinel structure", thch leads to
ettringite formgtion with calcium sulphate and subsequént
disruptive expansion, At l,OOOOC the élumina released
is in the high-temperature gamma form or alpha form,
with reduced activity and it is unable to combine

effectively with Ca0 and SOS'

Time is nearly as important as temperature in the activation
of pozzolanic materials, as the reactions ocecur in the solid-,
state. Comparatively low temperatures can often be used to
obtain a desired effect, provided the material is maintained at
the temperature for a long time, and that the temperature is
above the minimum required for the particular reaction, Heating
tb a higher temperature will normally speed-up the deéired
reaction, but then care must be exercised not to go ﬁoo high,

or hold the temperature too long,

‘The kiln evailable here permits reasonably accurate
temperature control (since its "modification" - see next

Chapter), but does not give much scope for varying the length

“of time that the shale can be held at any given temperature.

Fortunately, however, it has proved suitable for the particular

material available.

6. Ghloritea/...........-.
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Chlorites, biotites, illites, montmorillonite, and kaolin

are examples of "layer" silicates, and the effect of heat on
their atomlc arrangements is similar, They l;se combined
waﬁer, without distortion of their structures, at about

500 - 700%3, and this leaves them with unsaturated and strained
bonds., At higher temperatures other reactions occur; such

as the migration of silica tetrahedra and the formation of

cristobalite and mullite. (As confirmed - See Table 29)

The shale available locally was found to be, as expected,
inert in the raw state when.checked by Lea's method - |
Appendix 10, AS no facilities were available in our laborgtofy
to calcine more than a few grams of material at a time,
arﬁangements were made with the University offStéllenbosch to
treat some for us. A4 memBerlof their'sﬂaff kindly calcined ..
some 4 1b. of material ~ at  900°C for sbout 6 hours -
along ﬁith some of his pottery Speéiﬁens. Tests carried
out by Lea's method gave very encouréging results - see
Table No.30 - the "activity indices" Béing about two-thirds

of those obtained with pulverked fuel ash of proven value,

References: 1.7, 7.14, 7.14D, 7.15, 10.5, 12.1, 12.3,

12.4, 13.3, 20.33, 21,2, 23.2, 24.3, 25.5,

28.6, 28,7, 28,8, etc,
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IABIE NO,. 30

RESULTS OF IEA'S TEST ON SAMPIES OF SHAIE CALCINED BY
. UNIVERSITY OF STELIENBOSCH
AND SAMPIES OF PULVERZISED FUEL ASH (P.F.A.)

VIB., MORTAR COMP.STRENGTH 3§ PHYSICAL
SAMPLE . ‘ ACTIVITY
NGOLD"CURED "HOT! GURED INDEX
Portland Cement Only | 6800 p.si. 7250 p.s.i. 7%
P.C. Plus:
Shale A : Raw : 2800 2850 2%
Calecined 2700 4100 52%
’ . |
Shale B ¢ Raw 2350 2400 : 2%
Calcined | 2800 4400 - 57%
Fine Sand 1 3150 ‘ 3650 : 16%
P.F.A.: "Local® 3280 - 5750 75%
"Tmported" 3150 4800 56%
7.3,  LABORATORY INVESTIGATION OF CALCINATION.
1. In order to follow up this matter; a laboratory-size kiln

was designed with the aid of our Senior Engineer, and manufactured
in the factory engineering shop. A "gas-Oxygen" burner was
supplied by Messrs African Oxygen & Acetylene Co., for burning
"Handigas" in oxygen. This was satisfactory for the initial
tests, but, with the aid of an enthusiastic assistant, a
"home-made" burner was "evolved". The advantage of this burner
is that, with it, coal can be burnt as well as gas, thus
simulating the conditions of production in the factory kiln
more closely. Photographs of the kiln, burner, and coal—feedér
are shown on page 3 of the "Photog?aphic Supplement™,

With this apparatus 10 - 15 1bs of matefial can be calcined at

a time, Temperatures are measured with an "optical pyrometer".

2.First batches/ sesesasesssseecoens
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2 TFirst batches of laboratory-calcined Shale A,

‘2.1, After two or three trial runs, to get accustomed to
operating the kiln, four batches of shale were calcined
at various temperaturcs - usingjgas and oxygen only.

2.2, Prior to caleining, the.shale was ground to a fine powder
and then "nodulised" with 15 to 20% of water - to reduce
dust losses. The nodules averaged ¥ to 2 diameter.

2.3. A low flame was used at first, with partiel rotation of
the kiln every few mimtes, The flame intensity was
gradually increased, and rotation made continuous, so
that all the materisl reached the maximum temperature
required within 13 to 2 hours.

2.4. After cooling, the material was reground in a laboratory

- mill for 2 hours. This period has .been shown to
produce a grinding effeet roughly equal to that of the
factory mills in the case of cement.

2.5, Results of "Lea" physical activity tests on the treated
samples are given in Table No.31,

IABIE NO, 31
RESULTS OF U"IEA"™ ACTIVITY TESTS ON FIRST FOUR BATCHES OF
: LABORATORY CAICINED SHAIES
| Approximate|Vib.Mortar Comp.Stragth | Physical
*.* Sample Temperature Gold Hot Activity
: of Calcinatioh Cured Cured Indsx
R.H.Cement - 5350 p.s.i| 6050 p.s.i.  13%
0.P.Cement - 4300 W 4600 M 7%
50/50 Cement/Shale:
Shale A/B - R.H.C. 800°C 3450 " | 3750 " 9%
Shale 4/B - 0.P.C. 800°C 2500 " ] 2550 " 2%
Shale 4/C - R.H.C. 950°C 3350 M 400 ¢ 19%
Shale 4/C - 0.P.C. 950°C 2750 | 3150 M 15%
Shale 4/4 - R.H.C. 1100%C 3000 "™ {4600 " 53%
Shale &/A - 0.P.C. 11009 2350 - " | 3750 M 60%
Shale 4/D - R.H.C. 1200- 3650 M 4500 M 23%
Shale A/D ~ 0.P.C. 1250% 2400 " | 3150 31%

2.6. The Optimum/........-..-
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The optimum temperature of caleination for this shale
appears to be about 1100 to 1150°C. This is somewhat
higher thah the genéral practice in oﬁher countries,
but the activity indices followed the expected course -
i.Q, increased with increasing temperature and then
declined (paragrephs 7.2.-3 and 7.2-6). The shale
which was calcined at 1200-1250°C contained a fair

proportion of partially fused pieces.

The good activity indices ( 52 and 57) of the samples
calcined at Stellenbosch, at only': 900°Cc, confirn the
importance of time (paragraph 7T.4-4). The Stellenbosch
samples were held at 900°C for about 6 hours, whereas

the 1aboratorj calcined samples weré raised to the
temperatures repofted (Table No,31), over a period of
1% - 2 hours, and then cooled; this was done in order to

similate plant-scale conditions as nearly as possible.

First batch with coal.

“3.1.

3.2.

343

One batch of shale was interground with 25% of its
weight of coal, nodulised, and then calcined with gas

and oxygen to 1100 - 1150°C.

After calcining the nodules of material were nearly ‘hlaek,
and looked as if they eontained unburned carbon, but

their "loss on ignition" at % 1300°C was less than 1%.

The calcined sample was split into 3 portions:
3.3.1. MA/EC" - ground in laboratory mill for 1 hour.

3.3e24 "A/EF" - ground in laboratory mill for 3 hours
(specific surface 13,500 em?/g.)

3.3.3. "SRC/1/E" - 1 1b of sample was interground with
2 1b of S.R.Cement (S.R.C/1 - see
section 5,2 and Table No.25; and
paragraph 3.5 below for reason for
proportions)

3.4. The 7esUltS/ eeoessessenan
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The results of "Lea® tests on 4/EC and A/EF were:

Physical

Sample | Cold Cured | Hot Cured
' Act,Index,
 A/EC 2300 p.s.i.| 3650 p.s.i. 59%
A/EF | 3100 " 4500 . 45%

‘maximum. equal to Sioz+ A1203 + Fe203=

The "activity Index" was slightly lower for the finely
ground shale (4/EF) but the actual strengths obtained
were sigﬁificantiy higher, Probably the fine material
used a greater proportion of its "activity" in the
"cold" than the coarse material did, The Chemical

Activity test gave a high value for 4/EF (paragraph 3.7 below).

Physical test results on "cement" SBG/l/E, compared with
S.R.Cement and ordinary Portland Cement, are given in
Table No.32. The strengths were lowernthan those of
OPC and SRC, as expected, but still complied with the
requirements of B.S.12 and S.A.B.S.471, The proportions
in which the pozzolen and cement were mixed (1 pozzolan
to 2 cement) were based on the "literature"

particularly the Italian Specification for " emento
pozzolanico® (1845-1), which limits the Ced to a

Analyses are

given in Table No.32.

Table No.32/......;



TABLE NO,32

PHYSICAL TEST RESULTS ON CEMENT SRC/1/B,
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COMPARED WITH SRC/1 AND OPC/2, AND ANALYSES.
N 3}
PROPERTY 1 3RC/1/E SRC/1 OPC/ 2
1
PHYSICAL TESTS:
Setting Times:
Initial H nins, 228 175 150
Final : mins-hrs., 4mdidy 3=55 3=-20
Finenecsg:
Residue on Nol72 Sereen % 0.0 0.0 0.1
Residue on No.l00 Screen % 0.1 0.1 0.2
Residue on N0.l70 Screen _ % 0.6 l.4 642
Specific Surface. : cm®/g 5030 4170 2800
Soundness:
Le Chatelier Expansion m.m, 2 0 2
Compressive Strength:
Vibrated Mortar cubes at:
3 days :  p.s.i. 2600 3450 3850
7 " 3 " 3550 4800 4700
28 ® 2 n 4500 7000 6300
1
CHEMICAL ANALYSIS: SRC/1/8 | SRC/1 | A/EF
Si0, 4 35.6 23,6 | 6l.4
A1203 : % 9.3 348 19,3
FeZO3 : % 6,1 44,9 8.7
Ca0 H % 43,0 62,1 348
Mg0 : % 1.4 1.1 248
Loss on Ignition s % 2.0 2.3 0.7
"Indertermined"” : % 1,1 - 2.9
100,0 100,0 100,0
Ratio:
Si0, 4+ A1.04 + Fe O,
223 23 1.18 - -
| Cal
] 3.6. Sample/.....-'...-.-.
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3.6, Sample A/EF was used to develop my chemicél test (reaction
with calcium hydroxide at 100%) for activity - see
Appendix 7. I then used this method to check the
activities of calcined shale samples A/A, A/B, A/C
and A/D, and also the two pulverised fuel ash samples.
Stellenbosch calcined shale (A/US) was also used in
developing the test. Test results are reported in

Table No.33.

TABIE 110,33

CHEMICAL ACTIVITY TEST RESULTS ON VARIOUS CALCINED
SHAIE _AND ASH SAMPIES

Sample Approx. Calcining ChemicalmActivity"=
Designation T emperature Ca(OH)Z/g. Shale
A/Raw - 4 mgm
A/B g 800%C 11
A/C 950" ; . 31w
AA 1100 ® 41
A/D 1200 -~ 1250°%C 39
AK ¥ 1250 - 1300%C 39 "
4TS, | 900% - 6 hrs 39 "

A/EF 1100 - 1150°C 48
( + Coal)

PFA - "™Local® 13 ®

PFA - "Imported! 2 0

* .
See paragraph 4.3 below for details of "A/K".

3.7. The results generally confirm the findings of Lea's

test (Table No.31), placing sample A/A as best, and

showing a drop in activity at higher calcining temperatures

Saﬂlple A/US/!.-a.o.OOOOltl".lll
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Sample A/US again showed up favourably (cf para 2.4 above)
The ash samples did not show up well, although the

"local" one had the best value by Lea's method, and

‘has been proved satisfactory, both in pradtice - over

a number of years -~ and by other laboratories. The

Cal content of the ash may, of course, be responsible,
because the other methods based on Ca(OH)2 determinations
have zlso shown up the ash less favourably than properly
calcined shale (see Chapter VIII ) _. The high activity
of the EF shale, as compared with A and D, is attributable
to its high surface area (13,500 cmz/g) whereas the

other samples were ground to about 10,000 cm%/g_ (see

also paragraph 4,4 below).

4, TFurther Laboratory-calcined batches.

41

'4. 2'.

4,3..

Samples A/F to A/K were ground and nodulised (without

coal) prior to burning.

A1l the abo&e samples were calcined with gas and oxygen
up to between 500 and GOOOO, and then-powdered coal was
introduced intovthe burner as well., Except for sample
A/F, the quantity of coal added was equal to 25% of

the weight of the dry shale used.

The "practice" sample, &/F, was discarded because

excess coal was used,

Burning temperatures, etc, were as follows:

Sample i App.Calc.Temp. g ~Remarks

A/G

e

VA
oK

1100 - 1150%C Centres of nodules seemed
slightly "underburnt".

jﬁZSOOC Slightly "overburnt" - due to
coal "flushing through" and
raising temperature rapidly.
Sample discarded.

1150°C "As planned",

1250 ~ 1300%C .| Sample was deliberately '"fused",




4.4,

© 4,5,

4,6,

4,7,

4,8
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Sample A/J was used to study the effects of grinding
time and fineness on the Chemical Activiﬁy Index.
Three pounds of A/J were put in a laboratory mill; and

small samples removed at intervals during the grinding,

Grinding times and test results are given in Table No.34.

I have included sample A4/EF because: (1) its caleination

conditions were similar and (2) its results "fit in"

with the others,

Plotting all the results on a graph (Figure No.2 en flfl)
indicates that increasing the grinding time beyond two
hours has a comparatively small effect on the specific

surface, and still less on the Chemical Activity Index.

Plotting the results on log/log paper resulted in nearly
straight lines, and their slopes gave me the idea that

there may be a linear relation between the square~root

of the specific surface and the chemical activity index.

The test for correlation gave o GERKEIENSF positive
confirmation, and the equation for the regression line

was calculated (Appendix 11) and found to be:

1 = 0.36s + 6.3
where:
i = chenical activity index
‘and S .=  sguare root of specific surface.

This line and the plots of the experimental results are
shown in Figure No.R A, which cdnfirms that the specific
surface of the ié-hour sample appears to have been

incorrectly determined - see Figure No.2.

My first thought was that the above relationship

indicated that the activity had a linear relationship

10 particle/ eeeeeseescossncas
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tQ particle diameter, A However, the formula:

60,000

d = “nz_g_ microns
. P X
where
' d = mean particle diameter; in microns;
P = absolute density of material, in g/cu.cm;
and S = specific surface in sq.cms/g,

(see Appendix 12, for derivation of the formula)
and the computed values for d (Table 34), show that
particle diameter has a linear relationship to specific

surface, and not, therefore, to chemical activity.

The ASTM specifies a maximum of 9¢OO microns for

4.9,
"mean particle diameter™ for pozzolans to be incorporated
with Portland cement concrete, (18.1-8).
"Normal" grinding, therefore (equal to 2 hours in
laboratory Mill) will satisfy the specification limit,
TABIE _NO.3%
TIME OF ICHEMICAL CTIVITY| - - MEAN
GRINDING V INDEX SPECIFIC SURFACE | PARTICIE
- W) . . SQUARE~| sg.cm DIAMETER
HOURS MINUTES | mgn Ca(OH)2 ROOT per g. MICRONS
T 15 25.9 52.4 | 2750 849
1 30 29,6 677 4500 5,5
2 45 35.1 80.3 6450 3.8
1 60 3749 8747 7700 342
1% 75 42,5 92,2 8500 2,9
14 0 43,4 101,0 10200 2.4
2 120 44,4 ‘ 107.9 11650 2.1
3 180 (4/EF)48.0 116.2 | 13500 1.8

5. Final batches of laboratory-calcined shales.

Sel

Four more batches of shale were calcined, with gas and
¢oal, before proceeding to the first production scale

test in the factory,

5.2. Details Of/onoocoooa.ooo.oo.
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Details of temperatures. etc.

.A A/0

i .
'Sample Approx.Calc,Temp, " Remarks
AL 1250 - 1300°C Completely "fused" - low'yield" of
product.,
AM 11509 | "Standard" product
AN

1250 - 130000 Completely fused = repeat of "L"
: in order to have sufficient
“-material to check results obtained

| with K & L.

1150 Instead of using nodulised powder,
"jaw-crushed" shale, + " to -2
size was calcined.

5.3,

Seds

554

Instead of using the usual 50/50 proportions of shale
and cement, to check the "Lea" physical activity index,
"cements"vwere made up using 1 part pozzolan to:é parts
S.R.cement (sce paragraph 3.5'abéve for reason.for .

proportions). Other than "proportions", the same

method as before (i.e. Appendix 10 method) was used,

Physical test results (including activity) are given: =’
in Table No.35¢ -(Sample MM was reserved for tests

with air-entraining agents).

The "completely fused" samples showed up quite well
as regards strengths, but (1) the Chemical Activity
Test showed them up less favourably, and (2) it is

impracticable to attempt complete fusion in the factory.

Table NO.SS/ooc-oaooo.ooo '
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- 1 - "" - - :
PROPERTY c/1/0 " SRC/1 " OPC/8. |
Setting Times:
Initial : ‘mins |
-3 - - 175 -+ 150
Final @ hrs, mini _ . ,
| i ) 3-55 3-20
| Fineness: '
Residue on No.72 : E - 0.0 0.1
Residue on No,100: = | _ 0.1 0.2
Residue on No.170: - 1.4 6.2
. i
Compressive Strength: ‘
Vibrated Mortar Cubes: |
At 1 day [ - - |
At 3 days 12250 3450 3850 .
At 7 days 13300 - 4800 4700
At 14 days 1 - - -
At 21 days i - - -
At 28 days }15480 - 7000 6300
At 7 days "hot" 5350 ‘3650 ‘5000
"ictivity Index A" ! 62% 6% - 63% -
4" Concrete Cubes: i
\ 1
At 3 days I~ 2050 1900
At 7 days R150 © 2750 . 2600
At 28 days 1:- 3650 - 3550 . i
At 7 days "hot" BO50 - -
* lﬁ
"Activity Index B! | 42% - -
|
|
J

Previously done (g
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5.6. Sulphate resistance tests (ASTM method) on some of
these cements gave the following results:

SAMPLE | % _FXPANSION AT:

7 DAYS 28 DAYS | 84 DAYS
SRC/1 - 0405 ' 0.05
SRC/1/US 0,03 0,07 0.09
SRC/1/G | 0.045 0,07 0.09
SRC/1/E 0.025 0,035 0.05
SRC/1/G 0.035 0,05 0.055
0Rc/ 2 | 0,075 0.14 56 days:0.185

These seemed to confirm that better resistance is
obtained with the higher temperatureé ofkcalcination
(para 7,2,3) =~ in this instance even the prolonged
heating of the U.S.sample did not appear to benefit
it, Long-term expansions with calcium and other

sulphates are reported in Chapter IX.

5.7. On the basis of the test results reported thus far
the decision was taken to make a trial batch of

oalcined shale, and then "Marine Cement", in the factory.

HEAT AND TEMPERATURE OF HYDRATION.

Both. the ASTM and B.5.1370 specify methods for determining
the "™eat of Hydration" of cement by‘determining the "heat
of solution" of the dry cement powder and of its hydration
products at 7 and 28 days. Whilst this information is of
sone value, particularly in checking compliance with |
specifications, little indication is given of what is likely
to happen to a masé of concreté during its vital first 48 hours,
when rate of hydration is at a maximum, Also, the method.
has been found to be inaccurate with pozzolanic and blast-

furnace cements.

20‘ Amore/ooono.o..coo.obOO
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A more practical method is to record the actual temperature
reached by hydrating concrete (or mortar) in an adiabatic
calorimeter, as this simulates conditions in the middle of a

large mass of concrete.,

As no adiasbatic calorimeter was available I first tried
some experiments‘with the calorimeter portion of a bomb
calorinmeter. I put ﬁhe hydrating specimens into the inner
cbntainer and circulated water at constant temperature through
the walls of the outer container. Irony/ constantan thermocouples
were comnected fo an old "clockwork".temperature recorder, which

I managed to convert to the temperature range required,

As my primary object was to coméare the hydration
characteristics of different types of cement, rafher than to
obtain "absolute" values, this apparatus proved suitable for the
purpose.  The bomb calorimeter was in frequent use for "routine®
work, however, so was discarded in favour of an insulated
wooden box, covered inside and out with aiuminium foil,

Using a thermostafically controlled fan/heater to keep room
temperatufe constant (foftunately it was winter);SUrprisingly
reproducible results were obtained ! I calibrated the

instrument with the aid of an Miltra~thermostath,

Specimens were made as follows:-

MORTAR PASTE
Cement : 600 grams 1000 grams
L.B.Standard Sand i 600 grams nil '
Water H 240 grams 400 greams

All constituents were given time to reach room temperature(30),
and were then mixed with a Hobart mixer in accordance with

ASTM Method €305 - 59T (18.,1-3). All of the mortar was put

jIltO a/.o.o..l.-'o....o."o-..
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into a polythene pla stic becker (600 rnl) and 2 2" diameter
glass tube, sealed at the bottom, inserted down the middle.,
The beaker and contents werc then put into the insﬁlated box,
ond the thermocouple inserted so that its junction was at the
centre of the mortar. The temperature was recorded for

24 hours.

6o Details of cements and mixtures used for initial tests are
given in Table No.36, and tracings of the temperature-recorder

charts in Figures 3, 4 and 5,

7 The different characteristics of the various cements are
clearly indicated, and the benefits of the pozzolanic additions

are obvious,

8. Referencess 18.1—3; 20.48,

IABIE NO.36
NUMBER : i MORTAR PASTE
OF TYPE OF CEMENT | MAX. | TIME | MAX. | ®*DE |
~ TRACING | TEMP, | TO MAX., TEMP | TO MAX|
1 R.H.Cement | 420 ?rs. 'ic his
2 0.P.CAL high C,A 46% 68 | 55 | 6
3 0.P.C/2 mod, C oA . a2k 74 es%gkm) 52
4 S.R.C/1 41 7 - -
5 75% 0.P.C. 25% Ash 434 5% - -
6 100% 0.P.C + nil Calc.Sha]; 524 6% 55 6%
7 0% " t304 » " 46 & 48% 6%
8 503 " +50% n - - 444 6%
9 304 " +704 n " 38 7+ 39 6

7.5. PreijlnjﬂaTY/...c-o'ouio
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| FRELIMINARY TESTS WITH AIR-ENTRAINMENT.

The first. tests were done with a "Soluble 0il", which was
highly recommended as an air-entraining agent by the suppliers,

and-WhidhvwaS already in use at the factory for another purpose.

For all tests the ASTM method C185-59 was used for determining

the air content of standard mortar,

Initial trials were carried out to determine the amount
of soluble o0il required to entrain 19% air : (1) when added

-

to the mixing water, and (2) when interground with the cement.

FindingS‘ﬁereé
4,1 For Portland cement (and S.R.cement), very little more

oil was required when interground than when added to

the mixing water;

4,2, About twice as much oil was required for pozzolanic -
cements (SRC/l/M) as for Portland cements (SRC/1),
when $£E0L1 wes added to the mixing water. This is
in accordance with published data.

4,3, Considerably more oil was required when it was interground

with the Portland-pozzolanic cement,

" In the labofatéry mills the cement geté‘only slightl& warm
during grinding (a temperature rise of about 100 ), but in |
the factory mills it géts so hot that water cooling is required,
and even then the ground cement has a temperature of about
100%C as it comes out of the mill and goes into the storage
silos. - By actual measurement the temperature in a storage
siio was still 9060 after a week, so I felt that we should
find out whether this would be likely té affect the air-

entraining agent.,.

66 Some/,.......--;.
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Some specimens of cements, with and without intergrouﬁd

soluble oil, were put into a laboratory oven at 90°C for

- varying periods and then tested for air-entrainment.

No significant differences were found in the case of the
Portland cements, but the pozzolanic cements were found to
entrain considerably more air than previously. This effect
was noticeable after 24 hours, rose to a maximum after about

a week, and then remained constant up to a month - the longest

period tested,

With this treatment not much more oil was needed for
intergrinding with Portland-pozzolanic cement than was required

for adding to the mixing water,

The suppliers of the oil were unaware of the above phenomonem,

and were unable to trace any other references to it.

I ultimately decided to add sufficient oil to the cement to
entrain 14 - 18% air in standard mortar, and found that freshly-
ground cement entrained approximately half this amount - it

only entrained the required amount after the heat treatment.

Control limits of 7% to 9% air were accordingly set for the

first batch of Marine Cement, as milled.



8s1.

2

Page 158,

CHAPTER VITT

MARINE CEMENT - PART TIT

- PRODUCTION

FIRST TEST BATCH.

The first 50 ton batch of shale treated in the factory was

ground to a fine powder (as in the laboratory tests) and then

calcined, but without preliminary nodulising, This was the

only way of doing it with the equipment available for the

experiment,

Three major difficulties were encountered:

2.1,

2e24

23,

The amount of fine dust "exuding everywhere" made life
in the neighbourhood unbearable, particularly on the

burner's platform,

It was impossible to keep the kiln alight at the
calcination temperature desi:ed and the shale fused at
the temperature required to keep the kiln alight,
Ultimately a mixture of powder and fused lumps of

various sizes was achieved.

The mechanical conveying equipment after the kiln,
designed for handling clinker nodules, could not cope
with the finely powdered calcined ehfle, gnd choked up

continuously.

An "average" sample of the calcined material was taken,

and designated "YW Laboratory test results on Y are given in

Table No 37

Table Noe37 eesvecanssescena
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 LABORATORY TEST RESULLS ON FIRST BATCH OF FACTORY CALGTNED SHAIE - "M

' Chemical Activity Index: 35 mgm Ga(OH)Z/g]
B.  Cement SRC/1/Y : (2 SRC/1 to 1 ¥)
Setting Times:
Initial : 232 mins.
Final : 4 hrs 29 minsl
Fineness:
No, 72 residue : 0.0 %
No.100 residue H 0.0 %
No.170 residue s 1.6 %
Compressive Strengths:
Vibrated Mortar Cubes:
At 3 days H 2050 pe.s.ie
At 7 days H 3050 pe.s.i.
At 28 days : 4450 pl.s.i.
7 déys "hot! cured : 4000 p.s.i.
Physical Activity Index A s 31 %
4n Concrete Cubess
At 3 Jdays : 1550 p.s.i.
At 7 days H 2300 pe.s.i.
At 28 days : 3600 p.s.i.
7 days "hot" cured : 3200 pe.s.i.
Physical Activity Index B : : 39%

. 4. The Activity Indices were not as good as those of some of
the laborétory—calcined samples, but they did indicate definite
pozzolanic properties, so an experimental batch of "Marine
Cement! (CM=1) was manufactured to gain experience,

- 5, In order to keep the proportions of cement to shale at

2 to 1, control limits of 41 to 43% were. set for Cal.

An apparatus was rigged up for adding the air-entraining agent

(Soluble \O:u-)/ e 0o doensvooesn
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- (soluble o0il), and control limits for the freshly ground‘cement
were set

at 7 = 9% air in standard mortar (see section 7.5)

Considerable difficulty was experienced with the apparatus
for adding soluble oil, It kept blocking up; and did not
appear to be able to feed sufficient oil into the cement,
because‘the highest test figure obtained indicated only 6% aif,
and most of the samples entrained only 3 - 4%. But within
24 hours of grinding, samples of cement taken from.the storage
silo entrained more than 20% air, and after 48 hours test results
of 28 - 30% were obtained - the highest measurable with the
method and apparetus used, - The soluble oil had behaved |
differently in the large mill, and too much air-entraining

agent had been added}

Test results on cement CM=l are given in Table No.38.
The low strengths were mainly due to the éxcessive amount of
air entrained.by this cement., The strengths did not comply
with the physical requirements of 0.P.C. speci fications, but
did comply with those specified for Low-Heat Portland Cement -
B.5.1370, . Temperature of hydration was particularly lqw -

see Figure No,6.

Table Nonsa/oo . o...'-a. L AN ]
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TABIE M0 ,38

TEST RESULTS ON FEXPERIMENTAL MARINE

CEMENT TM=1
PHYSICAL TEST RESULTS:
Detting fimes.
Initiel H 119 mins.
Finel : 3 hrs. 20 mins.
Room Tempereture 3 68°F
Water Used : 25,57 at 73°F,
Yinenesg:
Soecific Surface 5740 cm?/gm
Soundness: , :
I, Chetelier Expansions: 0 m.m,
Compressive Strength: ~ B.5.1370:
Low-heat Cement
Vibrated Mortar Cubes:
At 3 Days : 1157 1b/in” min ¢ 11C0 1b/in®
At 7 Days 3 2500 " min ¢t 2000 7
At 28 Days 4950 " min : 4000 "
4" Doncrete Cubes:
At 3 Deys : 900 1b/in” win : 500 1b/in”
At 7 Days 1430 " mian & 3OCG "
At 28 Days 2450 " min s RCCO O
CHEMICAL ANALYSIS:
Silice Si02 : 34.8%
Alumine A1205 10.0%
Tron Ixide }bzﬁg H 4,6%
Calcium Oxide  CeD 41.8%
Magnesia MgO 2.2%
Sulphur Trioxide S0z : 1.8%
loss on Isnition @ 9:0°C R.7%
Undetermined R.1%
100,0%
RATIO
510 + A1,0 + Fe lx
2 23 2 H 1018

Figu.re NO.G/.-..‘...I.-..
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This cement was used for congtructing concrete furrows at
the factory, TFor comparison purposes, three concrete mixes

were used:

8.1. OPC =~ "low" slump,
8,8, CM-1 ~ 'high" slump, and

8.3, CM=1l - "low" glump.

Mix 8,2 had approximately the same water/ eement ratio as

mix 8.1 - the high slump was due to the entrained air,

Advantage was taken of this air to reduce the wateﬁ/cement
retio, in mii 8.3, whilst retaining approximatély‘the slump
(workebility) of mix 8,1.

After 9 - 10 months a "Concrete Tesf Hemmer" was borrowed
to check the strengths of the three concretes "in situ',

Results were:

8.4, OPC - "low" slump mix - 3800 1b/in?
8.5, CM-1 - "high" slump mix - 3700 "

8.6. CM-1 — M"loy" slump mix - 4400 " "
These.results confirm:
8.7. The strength-giving properties (at later sges) of the

calcined shale which raised the strength of the CM-1
mix from sbout half that of OPC at 3 — 7 days, to equael

to it at 9 - 10 months (with equal w/c ratio), and

8.8, The improvement in strength which can be obtained by
taking adventage of the entreined eir to reduce the
weter/cement ratio. The strength of mix 8.3 was 20%

higher than that of the other two, at 9 - 10 months,

8.9. It was also fouhd, whilst "placing" the concrete , that
"bleeding" was reduced to nearly zero by the air -

even in the sloppy "high" slump mix 8.2.

No matter whet long~-term resistance & cement mey have to the

elements/......,......
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elemeﬁts, engineers and contractors tend to look askance at

any cefmént which does not comply with the 3~ and 7= day

strength specificaﬁions of B.S.:12 and SABS:471; Pozzolaﬁic
strength only starts developing properly after 3 ~ 4 weeks,

and the early strengths obtained with the 2 Cement : 1 Calc.shale
Cements all appeared to have been affeeted by the shale (seé |

previous chapter), ¢

Although the pfoduction—test shale had not been calcined
"according-to plan", and did not have.the high activity indices
requifea, it had the overwhelming merit of being available in
"quantity“, and was therefore used for a fufther two series of
fésts, to determine (1) +the maximum amount of shale which
could be inéorporated without uﬁduly éffecting early strengths,
and (2) the minimum amount of shale required for sufficient
chemical.activity (reaction with Cq(OH)2 in the cement, Owing
to the fairly high proportion of hard, fused luﬁps of material
in this shale, it was giveﬁ preliminary grinding, in fhe
production test, before being inﬂerground with thé cemenﬂ.

Some of this “%bground" material was used for these tests,
and was designﬁted "YP" to distinguish it from the laboratory

ground product,

9,1. Mixtures of calcined shale "YP" and cement were made

up as follows:

Shale YP Portland Cement
70%. - . 30%
50% 50%
30% 70%
nil 100%

9.1.1. The intention was to include mixtures containing

20% and 10% of shale as well, but the exigencies of
tine and routine work prevented this., However, the
plant scale test - see next section -~ using 20-25%

Shale, confirmed the conclusions drawn from this

series,

9.1.2. o-,?-gc&(..no-naic-0‘000_-0'0
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0.P.C. was used because these tests were done at the

othér factory laboratory.,

Test results are given in Table No.39 and illustrated

by Figure No.7. Except for the 30% shale-mixture's

28-day strength, which appears to be "out of place",

the results indicate that up to 30% shale can be

incorporated with this cement without affecting the

“early strengths significantly.

TABIE NO .39

PHYSICAL TEST RESULTS ON MIXTURES OF CALCINED
SHATE "YP" AND PORTLAND CEMENT

% Calcined Shale 100 70 50 30 nil
% Portland Cement nil 30 50 70 100
Specific Surface:cm?/g 4850 | 4150 | 3800 | 3370 | 2540
V.M.Cube Strengths: v
At 3 days: p.s.i. - 1050 2400 3750 3900
At 7 days: p.s.i. - 1650 3300 4650 4550
At 28 days: p.s.i. - 3400 5200 5600 6100
MComparative! Strengths
of mixes at various ages:
% of 7 day strength
At 3 days : % - 64 73 81 86
At 7 days : % - 100 100 100 100
At 28 days : % - 06 | 156 | 120 134

Figure 7 /.l.oo.la.o.'t
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Assuming that the difference between the actual
strength and the proportionate strengfh of the
quantity of OPC in the mixture (dashed lines in
Fig.7) is due to the calcined shale, the contribution
to total strength by the shale at the various ages ié

noticeable. These differences are indicated by the

dotted lines. The effect is most obvious in the
case of the 70% shale mixture, where the shale
contribution is:

Zero at 3 days age,

400 p.s.i. 8t 7 days age, and

1600 pes.i. at 28 days age.

The effect of the shale on strength development
is also illustrated by Fig.7A, where the strengths
of the various mixes at 3 and 28 days have been‘
plotted relative to their 7-day strengths taken.

as 100%

9¢2. The "Frantini" test (see paragraph 7.1 - 3,2, and

Appendix 8) was used to check the effective chemical

pozzolanic activity of mixtures of shale YP and S.R.

Cement, from O to 100% shele at 10% intervals., The

activity (by this method) of "local" pulverised fuel

ash was determined at the same ﬁime and some tests with

cement and sand were also included, Test results are

reported in Tgble No «40

T&ble NO.@/-.....'."..'...O . ‘
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TABIE NO.40

TEST ON MIXTURES OF
CEMENT

"FRANTINI™
SHAIE Y AND S.R.

with the Solubility Isotherm in Figure No.8, it is

seen that mixes containing from 20% and upwards of

CalCined-/.'Oo-l..ooo-o'.olt

Siars 1o /1 MILLIMOLS PER LITRE OF: |
OH™ ca(0H) |
% % . | 2
Found | Av, | Found Av.
i i 3
nil 100 - 44 163 i
10 90 44 15
20 80 45 12 \
30 70 46 10\ | 1
18 ./ 47 n /1 %=
47 f TE{
50 50 48 4% .
50 | 49 7 } =
60 40 51 5 !
70 30 40 2% :
80 20 31 15
%0 10 20 1 ;
+100 nil 11 0.3 |
PFA SRC/1
T |
nil 100 46 16z |
10 %0 46 165 |
20 80 47 16
30 70 45 155
40 60 42 135 !
50 50 38 12
60 40 33 11% %
70 30 32 9% !
80 20 22 6
90 10 13 2
100 nil 5 2
COARSE | ‘
SAND SRC/1 '
nil 100 44 164
50 50 41 18
75 25 39 18%
75 25 40 185
i i !
. !
9.2,1. Comparing the concentrations of Ca(OH), and OH
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éalcined shale do not saturate the contact water
with,Ca(OH)2 efter 8 days curing at 40°%C, In the
case of P.F.A., a minimum of 403 is required to -fulfill
this conditipn. This means that cements containing
20% of Shale Y P, or 40% of puiverised fuel ash,

will have satisfactory chemical pozzolanic activity
when judged by Frantini's standard. The sand has -

an apparently "negative" value - this is simply due

fo the‘lower concenbtration of tqtal alkali (because of
less cement in the same volume of water) allowing a

higher concentration of Ca(OH)_ to go into solution.

2

The differences are more strikingly illustrated
by Figure No.9, where I have plotted the concentration
of Ca(OH)z against the percentages of pozzolan and

S.R.C. in the cements tested,

As a further check on the shale, cements containing
30% and 40% of sample YP wvere tested by this method
at 4, 6, 8, 12 and 16 days. The results are given
in Table No.41l, and are illustrated in Figure No.10..
In the case of the 30% mixture the Ca(OH)z.in the
contact solution was below saturation after 6 days,
according to Figure No.8. The 40% mixture complied
with this "standard! within 4 days. Thé graph
illustrates the downward trend in Ca(OH)2 with

time,

References: 18.6
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TABLE NO.41

RESUITS OF TFRANTINI TEST ON CEMENTS CONTAINING 30% AND 40%

CAICINED SHAIE, AT VARIOUS AGES

DAYS OF 30¢ MIXTURE S RS MOOURE . )

AT 0% .,_AioHT jg. Ca(Oh S OHf;" { Ca(OH)
IR T R s f‘f‘ - 45 SELES
T ar” | 1g 5 ¢ ek
8 | 4T | 10 N
12 51 8 52 52
16 - 51 7 55 53
| 1

8.2,

1.

SECOND BATCH

-

Some slterations which were made to the factory and kiln,
for another purpose, proved most helpful in calcining the

second production scale batch of shale.

1.1. Crushed, instead of powdered, shale was fed to the
kiln, A test done in the laboratory kiln had %lready

indicated that powdering was unnecessary = Scctlon 7. 3-5j

Sample A/0; Table No,35.

1.2, The rate at thch the shale was fed to the kiln could
be more accurately controlled, and was kept steady.

1.3, A thermocouple was installed in a "thernometer pocket!
half~wey elong the length of the kiln,  Although this
did not give the temperature of the product, it did

enable the temperature to be controlled,

1.4, A small oil-burner was attached to the cozl burner.
This provided a "pilot~flame" to keep the coal alight

at the temperatures required,

1,5 Provision seeeesesesseea
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1.5. Provision was made for handling the material at the

discharge end of the kiln cooler,

2. Five lots of shale (5 - 10 tons each) were caleined at
different temperatures, According to the thermocouple
readings, the temperatures half-way along the kiln were:
3009, 4509C, 6009C, 7009C and 750°C.
2.1, The 750% material was partially "eloated" and showing

signs of incipient fusion, i.e, slightly "over-cooked".

2.2, The 700°C material was similar in appearance to the
coarse material calcined in the laboratory kiln at
1100 - 1150°C,  Its Chomical Activity Index of 42 mgm
Ca(OH)2 per gram {after 2 hours grinding in a laboratory

mill) confirmed this resemblance.

2.3. Physical Activity Indiées are given in Table No,42.

TABIE NO.42

PHYSICAL ACTIVITY INDICES OF SHAIE CALCINED AT
VARIOUS _TEMPERATURES

TEMPERATURE V.M. STRENGTH AT 7 DAYS PHYSICAL
HALFWAY ACTIVITY
ATONG KILN | "COLD"CURED "HOT"CURED INDEX
600C 3800 p.S.is 5700 p.s.i. 50%
700°C 3200 p.s.i. 6100 pes.i. 655%
750°C 3500 peS.i. 5350 Do.Sei. 53%

"Selected"

partially fused | 3850 p.s.i. 5500 peseis 43%

Nurps .

2.4. The 700%C material showed up best and was selected for

manufacturirig the second test batch of Marine Cement

3. Before proceeding with the manufacture some preliminary tests

WeTe CATTICd/ eeeeeeoncosceonncaa
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were carried out with another two air-entraining agents.

3.1, One brand, which was highly recommended by the P.C.I.,
had outstandingly good properties when added to mixing
watér,*and was also satisfactory when interground with
Portland cement.. When interground with cement and
calcined shale; however, it exhibited the same
tendency as the soluble oil to become "inactive" until
heated. Although it was not as bad as the oil, I

did not consider it suitable,

3.2. The oldest and best known air-entraining agent, .
Neutralised Vinsol Resin, ultimately turned out to
be the best. It gave satisfactory results when added
to the mixing water, and was practically unaffected
by intergrinding, To be on the safe sidé, however, .

I specified control limits of 6 - 10% Air,

A preliminary batch was ground in the laboratory,
consisting of 75 per cent of SRC/3 (seec Table No.25) and 25%
Calcined Shale "700",. The Ca0 content wes 48.4% and it
entrained 9% air in standard mortar.,  Strength test results

are given in Table No.43, Sample Desigﬁation s SRC/3/700,-

4,1, The Physical Activity Indices determined by the
different strength test methods were satisfyingly
- constant, varying only from 16% to 20%. The actual
values were low, of course, because of the low shale
content (25%) of the cement - in the standard test it

is 50% of the total.

4.2. The cement complied with all the standard strength

requirements,

4,3, Control limits for Ca0 in the plant scale test were set
at 48% to 52%, in order to keep the shale content of the
cement ot 20 to 25% ‘

Table NO.43/.c'no"n-‘o‘-ooo-oo
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TABIE NO.43"

STRENGTH TEST RBESULTS ON LABORATORY-GROUND CEMENT _SRC/3/700

B.S.12 & SABS.471]
TEST SRC/3/700 MINIMUM REQUIRE -
MENTS FOR 0.P.C.

Vibrated Mortar Cubes

At 3 Days 3350 p.s.i. 2200 p.S.i.
At T Days 4100 n 3400 "
At 7 Days "hot" cured 4800 M 1 -
Activity Index "AM 17% -

4" Goncrete Cubes

At 3 Days | 2000 p.s.i. 1200 p.s.i.
At 7 Days : 2950 n 2000 f
At 7 Days "hot" cured 3400 ¥ -
Activity Index "B" 16% -

SABS Mortar Transverse Strength
(Normal H,0)

At 3 Days 510 p.s.i. 250 p,S.ie
At 7 Days 580 M 400 M
(Reduced H,0) *

At 3 Days : - ~

At 7 Days ‘ 630 p.s.i. -

At 7 Days "hot" cured 730 " -
Activity Index "C" 16/ -

Compressive Strength of 4-Prisms
from SABS Transverse Test

(Normal H20)

At 3 Days 2200 p.s.i,
At 7 Days 2500 M

1
vF"}f"

(Reduced HZO) *
At 3 Days 3000 p.sei. -

At 7 Days , 3700 M -
At 7 Days "hot" cured , 4450 " -

Activity Index "D" 20%

These specimens were made with about 104 less water - their wet
mortar had the same "workability" (measured by the ASTM jolting
table) as OPC specimens with the standard amount of water

S The second production batch of Marine Cement, "CM-2", was

ground without any major difficulties, Test results are given

in Table No.44. They were satisfactory in all respects,

Table NO.474/.----.nooouo..--oo-c
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TEST _RESUITS ON __2ND PRODUCTION BATCH OF MARTNE CEMENT

PROFERTY " TEST RESULT

PARTIAL CHEMICAL ANALYSIS.

Calcium Oxide content (Ca0) 49,64

Sulphur Trioxide content (803) 1.5%
PHYSICAL PROPERTIES.

Air—entrainment of Standard Mortar,

‘Immediately after production T%

After 2 weeks storage (at 100%C) 9%

Setting Times.

Initial
Final

Fineness.

No.72 Residue
No.l70 Residue
M0,.300 Residue
Specific Surface
(Density)

~ Soundness.

Le Chatelier Expansicn

COMPRESSIVE STRENGTH

Vibrated Mortar Cubes:

At 3 Days
At 7 Days
At 28 Days

4" Concrete Cubes:

At 3 Days
At 7 Days
At 28 Days

SABS TRANSVERSE STRENGTH .

At T Days
At 28 Days
At 56 Days

COMPRESSIVE STRENGTH OF 3 PRISMS
FROM TRANSVERSE TEST

At T Days
At 28 Days
At 56 Days

150 minutes
4hrs-30 mins,

0,.,0%

1.2%
9.4%

5050 cm?/g

(2197¢/c.c.)

1 m.m.

3200 paS-it
4300 "
5500 n

1750 p.s.i.
2600 M
4100 ®

710 PeSai.
840 "
910 n

3400 p.s.i.
5100 "
5900 n

b6c AS 'f:‘u)/.cnnnl.l'llo-lo--.n
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As an additional check on the ability of Shale "700"

to combine with the Ca(CH)2 liberated by cement, and to render °

it insoluble, the Modified Frantini Test (as described in

paragraph 7,1 ~ 3,3) was carried out on a laboratory-ground

sample of this shale,

6.1, For comparison ptrposes, tests were run concurrently

on local pulvericed fuel ash and a sample of South

African ground granulated blastfurnace slag ("Slagment").

6.2+ In addition to determining the Ca™ and o#d contents

of the "contact" water, the pH was measured in order
. ) 12

to see whether this declined with the Ca™ concentration,

as this would recuce the protection given to reinforcing

material by concrete.

6.3, The mixtures used were:

6.3.1.
6.3.2.
6.3.3.
6.,3.4.
6.3.5,

6.3,6.

6.3.7.

5g Cemeat and 5g L.B.Sand

.Sg Cement and 5g Slagment

5g Ceneat and 5g Pulverised Ash
5g Cemeat and 5g Shale 700
10g L.B.Sand

To each was added 50 ml of COz-free distilled
water, (lalf the samples were kept at 40°C and
the othetr half at "room* temperature (15 to 30°C)
They were kept continuously agitated up to

28 days and then shaken once a day up to 3
months., After the test period the samples

were filtered rapidly, without washing, and
aliquots taken for titration with 0.1 N EDTA,
0.1 N HC1l, and the pH measured with a pH meter.

6.4 Test results are ziven in Table No.45 and illustrated

with Figure No.ll

"

Table NO.4‘5/50.-0...-.....-000'0
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TABIE NO,45

RESULTS OF MODIFIED FRANTINT TEST ON SLAGMENT , ASH, & SHATE 700

MIXTURE NUMEER 6.31 | 6.32 | 6.33 | 6.3% | 6.35

TEST CCMPONENT SAND !SLAGBENT ASH SHAIE | BLANK
|
A TESTS AT 40°%
Conc.of Ga(OH)2 in mgm/ml
After 1 day 1,10 1.18 1.19 1.R22 -
After 7 days 0.81 0.87 0.86 0.42 -
After 28 days 0.58 0,69 0.63 0.20 -
i Conc.of oflin millimole/litre
After 1 day 46 43 49 50 -
After 7 days - 4B 52 47 49 -
g After 28 days 57 53 56 64 -
pH of filtrates
After 1 day: 11.9 11.9 11.9 11.9 -
After 7 days 12,0 12.0 12.0 12.0 -
After 28 d:’iys llcg ]._].09 1_]_-9 1109 -
| . g, 3
B __TESTS AT "ROOMMTEMPERATURE ;
Gonc.of Ga(OH)2 in mgm/ml. ‘ E
After % hour 2.2 | 2.22 2.24 2.26 0.03
After 1 day 1.63 1.66 1.69 1.69 -
After 7 Qdays 1.28 1.17 1.36 1.19 0.02
After 28 days 0,95 0.76 1.08 0.55 -
After 3 months 0.8C 0.56 0.59 0,18 -
Conc,of o Xin millimols/litre
After % hour : 44 4l 41 42 0
After 1 day : 52 57 58 - 58 -
After 7 days 52 - 51 57, 52 0
After 28 days 51 48 1 55 47 -
After 3 months 46 54 50 60 -
i of filtrates
After 4 hour 11,9 11.8 11.3 11.3 | 8.9
After 1 day 11.¢ 11.8 11.9 11.9 -
After 7 days 12,0 12,0 12.1 12.0 | 8.9
After 28 days 11,9 1i,.9 11.9 ‘11,9 -
After 3 months 11,7 11,8 11.8 11.8 -
j

Figure No,11/eeievennu. RN
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6.4,1, The shale proved to be, chemically, the most

“active of the materials tested, both at ambient

temperature and at 40°C. The 40°C test results
at 28 days were approximately equal to the

ambient temperature results at 3 months..

6.4.2. The p of the filtrates can be considered
constant ~ the small variations recorded were

most likely due to the pH meter.

6.4.3. Variations in alkelinity (millimols of OH* per
litre) seem to be randen about 50. Errors
were most likely due to the very small aliquots,
and even smaller titration quantities, available
for this test.

shale samples ended up with the highest

It may be noteworthy that the

elkalinities at both temperatures. Further

checking on these lines is to be undertaken at

a later date,

The temperature-of-hydration test method used to date was
clearly able to distinguish between "igh" and"low" heat cements
but Mr C.F.Zietsman (of the S.A.R & H. Research Laboratories)
suggested a thoroughly “practiéal“ test. He said that
engineers would be better able to understand and appreciate a

chart which showed the actual temperature: reached in the

. a
centre of/cubic_yard block of conecrete, {See page 4 of photographa

7.1 This adviee was taken, and two concrete_"specimens",
31 x 3! x 3t and weighing about two tons each, were

made up in the following proportions:

Cement, 94 1b 94 1b
Sand, approx. l40 M - 140 M
Limestone aggregate, app. 204 " 204 "
Water ' 35 v 32 "
Water/Gemgnt ratlo, ingluding

water in sand. C DW.43 T 0.39 "

A ‘botal/.-......-l. sedep
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A total of 8 pockets of cemeht, i.e, a fairly "rich"

mix, was used for each block,

A sealed glass tube was cast into the middle of each

block, end a chrome/alumel thermocouple inserted so
that its junction was at the centre of the mass, Glass

wool was used to Insulate the open top of the glass tube

The thermocouples were corinected to the’Leeds and
Northrup "Speedomax" Cement Mill Temperature Recorder,
which, fortunately, had two spare recording "points"
available, ‘Temperatures were recorded for 5 days,
Daily meximum and minimum ambient temperatures were

also taken.

As the éhart fravels at a rate of2" per hour, the
temperature record was 20 feeﬁ long ! The chart
range is from 0 to 200%, znd is 10" wide, so that the
scale i§ 2%C per one-tenth of an inch, A small
section of a reprint of the char£ is attached to

this report - Addendum No,2

The temperature recorded on the hour, each hour, was
read off the chart and reported in Table No.46,

I drew Figure No.12 from these readings.

The figure shows clearly the advantage of the Marine
Cement. The rise in temperature above ambient was .
less than half that caused by the OPC, and it took

twice as long to reach the maximum,

Table NO.46/¢.... sss0essense e
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The general conclusion drawn from this, second production,

. - test was that a satisfactory product can.de nenufactured.

The desision was taken to make a"full scale® production

batch of Marine Cement and subject it 4o intensive testing.

FINAL BATCH OF MARINE CEMENT

About 70 tons of crushed, but not powdered, shale were

calcined within temperature limits of 680°C to 730°C in the

middle of the kiln.
were some 400°C to 450°C higher.

below 1%,

Activity test results were:

2els

2. 2.

2¢30

Sample designation was "CS",

Estimated limits in the "hot" zone

Loss-on~ignition was kept

Chemical Activity Index : 45 mgm Ca(OH)z per gram.

Physical Activity Test results (on 50/50 mixtures

of cement and shale):

, T Portland|Portland Cement %
Vibrated Mortar Comp.Str.) €emenb | Raw Shale CS
At 3 days 5350 2100 2550
At 7 days 5900 - 2550 2950
At 7 days "hot" 6750 2800 5150

curing
Physical Activity Index 14% 10% 75%
- 5

Autoclave Activity Test:

The test method was de=cribed

in paragraph 7,1 - 3.4, and the method for determining

soluble lime is given in Appendix 9.
Autoclaved specimens of 0.P.C. 0.P.C. %
"neat" cement paste 123% CS
Loss on Ignition: 1 15.7% 14,7%
Water-soluble Ca(OH)Z: r .
"as reed 12.,5% 6 +8%
"loss=free! 14.8% 8.0%

3. The C&lcj.ned/b..ooo.o-.o .
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3. The calcined shale was interground with the latest available
batch of sulphate resisting cement, SRC/4 - see section 5.5
and Table No.25, CaD limits were set at 49 to 51%, and
"air® limits et 8 to 12%, Specific surface was kept above
5,000 cmz/g, and S04 at 1.3 to 1.7%., The laboratory sample

was designated SRC/4/GS, and the batch ﬁas calldd CM-3.

4, "0rdinary" test results on this cement are given in
Table No.47. CM~=3 complies "comfortably” with all the

physical test requirements of SABS,471 : 1959 and B.S.12:1958.

TABLE NO.47

"ORDINARY TEST RESULTS ON MARINE CEMENT GM-3 (SAMPIE SRG/4/CS)

{

PROPERTY - ) TEST RESULTS

CHEMICAL ANALYSIS

S10 | - 31.0%
2
Al1,04 6.8%:
Fezo3 6.4%
Cad 49,4%
Mg0 1.9%
S04 1.4%
Loss on Ignition ' 1.1%

FPHYSICAL TEST HESULTS
Setting Times:

Initial ' 155 mins.

Final 3 hrs. 45 mins.)"
Fineness

No.72 Screen Resldue nil

No,o,170 Screen Residue 0.8%

Specific Surface : 5380 cm%/g
Soundness

Le Chatelier Expansion 1l mn.m.

Compressive Strenths.
Vibrated Mortar Cubes:

At 1 Doy ' 1650 peSeia
At 3 Days ' 3400 M
At 7 Days 4300 "
At 28 Days ‘ 5850 "
4" Concrete Cubes:
At 3 Da¥s ' 2050 p.s.ie
At 7 Days : 2000 "
At 28 Days . 4450 "
Transverse Strength.
At 3 Days 550 p.s.i.
at 7 Days 650 n

at 28 Days goo ¥
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5¢ "Special" Test results arc given in Table No.48.

5.1.

OS¢l

543

5.4,

The amount of air entrained is sufficient to reduce
"bleeding" to nearly zero, and to enable the water
content of most concrete mixes to be reduoed by approx.l0%
The ASTM expansion test with CaSO4 indicates satisfactory
sulphate resistance, Further test results are reported
in Chapter IX.

Autoclave expansions were very satisfactory. The quantily
of water-soluble Ca(OH)z in the hydrated CM-3 bars

was less than half the amount in the SRC/4 bars.

The percentage of particles smaller than 10 microns in

diameter was 37%, against 22% for 0.P.C.

IABLE NO.48

"SPECTAL" TEST RESULTS ON CM-3, SAMPIE SRC/4/CS

PROFERT Y TEST RESULTS
ATR ENTRAINED BY STANDARD MORTAR. .
(a) Immediately after production ‘ 9%
(b) After 4 weeks in storage silo 10%
A ST M.SULPHATE RESISTANCE TEST
(Expansion with CaSO4 - at 7% SOB)
At 7 Days 0.02%
At 28 Days 0,025%
At 56 Days 0,035%
At 84 Days 0.05%
AUTOCLAVE TESTS.
(On "neat" cement) SRC/ 4 SRC/ 4/CS
Expansion of 10" bars. 0.03% 0.02%
Loss on ignition | 10.5% 12.8%
Water-soluble Ca(OH)zz
As recd, ~16,9% 6.5%
loss-free. 1849% 7 o4%,
PARTICIE SIZE ANALYSIS s . 4 By % By
(BY_SEDIMENTATION METHOD) Weight Weight
Undersizel Undersize
Size (Microns) 0.P.C | SRC/4/CS
150 . 98 -
106 - 95 -
75 _ 89 99
53 79 94
37.5 : : 65 © 84
26,5 52 72
18,8 41 60
13,3 30 45
9,4 22 37
6.6 15 28
4,7 10 19
3.3 8 13
2.4 - 8
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S O ——y,

Another pair of cubic yard blocks of concrets were made

and their temperatures recorded. Detalls of the materials

and mixes used are: .

6ele

6.2.

6.3.

6.4‘.

6.5,

646,

Coarse Aggregates 4" Limestone
" Bulk density (loose): 101 1b/cu.ft.
SnG- b 2066 ‘ '

Fine Aggregate : De Grendel Sand
Bulk density : 104 1b/cu.ft.
Moisture : 3%

S.GG dry : 2.66

Pockets of cement per cubic yard concrete : 8

Material Quantities per concrete mixer batch.
Ordinary Portland _CMw3.
Cement —
Cement 94 1b .94 1b
Sand = + 140 " t 140 M
Stone = + 204 " . 204 "
Water - added © 35 1b.). 32 lb,;
Water - in sand (33%) 5 " )40 " . 5 " )37 0
Water/Cement ratio -~ 0.425 04395

On this oceasion the cubes were cast and cured inside

the mill motor room, i.e. in a warm atmosphere, and a
thermograph was used to record the ambient temperature

for the whole period,

The hourly temperatures are given in Table No.49

and are presented graphically on Figure No.l3.

On this occasion a Portland cement with moderate
G3A (ff 9%) was-used as the control, but in spite of
this the Marine Cement concrete had a markedly lower

hydration temperature.

The results of long~term and other tests on some of the

ecments produced during this projeget are given in the next

chapter, It is intended to éarry on testing for some timg

to come, and to etill furtber improve the product if possible,

In the meantime a pamphlet has been drawn up listing the

essential properties of the cement, as it has given every

indication, to date, of being more durable than O.F.C. in

Marine environments. 4 copy of the pamphlet is attached as

Addendum No,3.



TABIE  HO. 49
TEMPERATURES, IN %, OF HYDRATION _OF GCUBIC _ YARD CONCRETE BIOCKS ¢ 11th -  19th NOW, 1963
] 11.11,63. 12.11.63, 13,11,63. 14,11,63 15.11.63 16.11.63, | 17.11.63 18,11,63 19,11.63.
TIE  CMIII OPC: Amb cmf; OFC Amb CGMIII! OFG | Amb CMIII OP@ Amb CMIIL OPC Awb |GMfjf| OPC | AmbCMIII! OF | Anb OMITI, OPC . Amb imGMIII OFC © Am
1 a.m. -1 =i = [ 47. 6 30% @ 46% i 535 354 ALy 14340 31 1 3531365130 - -~ - - @ .. - - - - -1 - -
2 S U D 2 61£ 30 | 46} 53F 35 41 43 31 | 35% 36 31 S I U R U U B - S _
3 -~ = = 1 473 6xk 30 46 ! 53 134 41 43 :°30% 354 353 30 B L T R S - - - -
4 - - - 4862 (20 46 : 52py 32 41 42% 32 35 35 20% | 32} 3%, - 31% 314 - 0 30 30. - i 29 29 -
5 i R 48 | 62} 295 f 46 | 51% 33 | 404 | 42 , 34 ¢ 34035 29 1 - R I I - - - - = -
6 - = L = 48 62 29F 46 51 : 33% 40% 41F 32 345.35 3057 - - (27T - 1~ 28! = . - | 26 - - 26
7 o - - 48 e1h 31 453 502 35 40 41 30 34 34 30 R O R T D R D
8 - - - 48 : 614 i34 45y 1 50 35 40 41 31 34 %34@ 20% | 32 i 32 -~ 31 31 -. 30 30 - 28% ‘28%; -
 9 - - 28 48 @ 61 1355 | 45 49%»% 345 395 40% | 32 34 | 343 33 EE B - - - ] < - - - - -
10 -1 - 32 48 61 38 44% ° 493 36 | 39 {40 32 034 34513450 - - - - .- - - - - - -
11 27 0237 | 33 48 | 60% 139% | 444 1 49 38 38% 3§-%—£ 32 332 344 355 0 - - - - o i oo - - - - -~
12 noon 27 1 27 | 34% 48 60 404 | 44 48L 1 39 38% 39‘5—E 33 33%: 34} 36 32 . 32 - 304 :30%F - 139F 298 - 281 28 -
1 p.m. 27 | 274 1 354 - 474 59d 41y ¢ 44 4’7—%—5 40 | 38 39 33 333 341 364 - - - - - - - - - - -
2 28 129 136 48 | 59 43 4321 4T4: 405 38 |39 32 334 34 0 - - - - - - - - - - -1 - -
3 20 ' 31% | 3650 A7i 584 1 43% 0 435 0 47 41 0 38 39 33 3334 - - - S AT T B - - - - -
4 30 {35 |37 475 574 44 43f | 463 413 374 38F 33 334 34 | 38 32 32 40 | 30% 30% 38 293 29{ 34 28 - 28 | 35
5 32 1395 37 ATL s7Lag 43 46 ' 4041 37 |38 33 333 34 - - - - - - - - - - - - -
6 34 | 46%  36%F 4Tk 5T 44 43 451 39 | 364 38 33 334 333 - - - - - - - - - - -~ - -
7 3653 36 4tk 56k 43 43k 45 38 | 36L 37H 32 332133 - 1 - - - - o - o . ..
8 39 {56 36 47F 56 39 425 ¢ 45 | 363 364 3Ty ¢ 32 334 335 - 320 32 - 305 305 - |29 29 - 28 28 -
9 A1 i 57% 3557 47 55k 40 | a2 | 442 35 36137 | 32 . 331 83 - S R R D D - - - - -
10 43 159 35 47 | 55 38 42 a4k 343 361 37 32 33 1 33%& - - - - - - - - - - - - -
11 45 160 32 | A7 : 54438 a2 | 44 33 36% 37 31 ¢ 328 33 - T T T - - - - -
12 m.n, 46 | 605 31 | 46 54 365 | 42 | 43% 32 36 36;%— 295+ 322 33 - 32 32 -1 30 30 - 29 29 - | 28 28 -
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CHAPTER IX

" COMPREHENSTVE _TEST _PROGRAMIE

 ACCEIERATED TESTING

Acéelerated testing techniques may be counted amongst

the World's "mixed blessings". Testing a special cement

in concrete, under natural conditions, would take many years.

" During this period: (1) inestimable damage might have been

done to eoncretes made with ordinary cements; (2) the
"formula" for meking the special type would probably have been
lost or destroyed; and (3) so muchprogress would have been
mede in the meantime that newer types of cement would probably
be available anyway. Some form of accelerated test is
therefore essential, but, once the test has been developed’and
the results obtained, how does one intérpret them?

In the words of Scholer, "how many cycles of freezing and
thawing will represent a useful life for twenty years?"

There is no answer |}

Some writers seem to feel quité strongly on the subject,
Burke cleimed, in 1960, that a "universal short~time test
for sulphate resistance does not exist", This is quite true,
of course, because the cations in combination with the
sulphates affect the susceptibility of the cement (see
Chapters 2 & 4). But there is no help in adopting a deféatist

attitude - one can only keep on trying and testing,

The Editor of Concrete and Construction Engineering wrote,
in 1940, that "To be worth the name of research it must be
proved that acceleration does not alter the nature of the
reaction". He points out,; correctly, that concentrated

solutions sometimes act quite differently from weaker onesy,

and Can/....;.-..cu-oo-o.olao
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and één gi%e misleading results. This warning has been
heeded; and results obtained with concentrated sclutions are
treated with reserve., As a matt§r of fact, in thevcase of
solutions of MgSO4-+ Na2804, I actually found the weaker
solution to be more aggressive than the stronger !
He also warns agaiﬁst high temperatures; and other researchers
have proved conclusively that autoclaving, for example,
results in quite different hydrati?n products., That is why
on .

the autoclave has @@ been use@‘once, in this project,

although the temptation to utilise it more often has been

strong.

Kind was careful not to "incresse the concentration of
aggressive solutions to decrease the time of experiments, as
this often distorts the corrosion process® (10.3), and took
years over his experiments. He was fortunate to hévé the

time

.It was,apparently; agreed at the 1961 RIIEM Symposium
on Concrete that a "convenient unified method of testing
is required" and that "such a method should accelerate the
whole process of disintegration of concrete but should at the
same time represent accurately the real conditiéns of
deterioration". (11.1). Such a test is a good ideal
for which to strive, but is, unfortunately, (in my opinion)

impossibly impracticable,

The durability of concrete, as has already been implied,
is a physico-chemical problem, Durability, particularly in
the case of reinforced concrete, is as much dependent §n
impermeability as it is on chemical resistance, Although

as much as possible has been done to produce a cement which

will &SSiSt/ sess0eseconsasansIsROIR e
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will assist contractors to make their concrete impérmeable,
most of the accelerated tests I have used and désigned have
been aimed at checking the pofential chemical resistance of
the cement. Instead of making the specimens with water and
then immersing them in aggressive solutions, I have used the
ASTM sulphate~-resistance test technique of inéorporating the
attacking agent within the specimen, The specimens are
immersed in aggressive solutions as well, This is roughly
equivalent to testing the cement in a porous concrete tkrough
whidh an aggressive water is continually flowing, Other
tests have been, and are being, designed to test specifically

the permeability of mortar and/or concrete,

ST As far as "interpretation" of results is concerned, I feel
that there is no "absolute" answer., In all cases I have
used gomparison as the basic testing technique. The special
cemént is always checked against an ordinary cement. When
£he special cement withstands the atback better, then I feel
it is legitimate to say: "under similar circumstances of
manufacture and.ﬁsé,'a concrete made with the special cement

will outlast a concrete made with ordinary cement",

84 References: 10,3, 11.1, 20,10, 23.9, etc.

Oe24 MORTAR BAR EXPANSION TESTS

1., The ASTM "Performance Test for the Potential>Sulphate
Resistance of Portland Cement!, ) )

1.1, This has been fully diseussed in seetion 4.,3-3, In
| it, excess calcium sulphate is incorporated in the
speeimens, and their expansions are measured at
various ages. The ASTM Working Gommittee.bn Sulphate

Resistance checked test results against the actual

performance/n.."...'... sevsenasee
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performance of cements, and concluded that the expansion
va specirﬁens dux;ing -thei:‘r' first 28 days gave a good
indiéation of the potential sulphate resisting proberties
of thé cement used, Expansions at 84 and 365 days

were also reported.

This test was used to éheck the potential resistance of
the,various batches éf S.R.Cement producedi Some of the
calcined shales produced were combined with S.R.cements
and tested by this method, as a check on the sulphate

resistance of the shale !

Instead of discarding the specimens they have been
kept, and are still measured periodically. Some tests
have now -been on_the.go for nearly three years, and

interesting results are emerging.

Tn the following tables some of the sets of results
have been used twice - this has been done in order to
facilitate the comparisons of different types of cements

with one another, The same applies to the graphs.

In all graphs age has been plotted on a logarithmic

scaled

Table No.,50 gives some of the results reported by
the ASTM S.R.Test Working Committee, and they are
represented graphically by Figure No,14; The influence

of potential C_A content of the cement is mpst marked.

3

Table Now50/ gsessecscess
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TABLE NO. 54

TESTING METHOD : MORTAR BAR EXPANGION
TESTING MIDIUM  : - Caleium Sulphate
(CaSO4 added to cement to fncrease S0, to 7%)
CURING MEDIUM : Water. |
NOTE: s The test results given b&low were extracted

from the A.S.T.¥., Bulletin for February 1956,
They were amongst results reported by the
A.S7;T.M.Working Commtttee, on Sulphate -

Resistance, for American Cements of various

types.
Type of CgA Fefcenﬁgge Expangaon Aty
Cement % 7 days 14 days}El days§28 days 84 days il year

Type T = QOrdinary Portland Cement.

L 0,05 0,085 0,09 ! 0,17

Mo, 14="Dbest" 7.1 0.03 0.0
No.18= worst @ 12,2 0,085 6.155§ 0.18 g 0,225, 0.74 g@scadeé

Type IL = Moderately Sulphate Reslsting.

No.21="typical’ 5.1 | 0,03 = 0.04 | 0.045 0,05 | 0.08 & 0,145

Type III = Rapid Hardening, i.e. Finely Ground

0,06 | 0,075 0,09  0.24 & 0.25

No.33="typical"
0.01 0,01 0,015 0,02 0,05

No.3L=SpecialX |

Type V. = Sulphate Resisting,

No.5P=best | 1.4 | 0,015, 0,02 0,02 & 0,025 0.035 0,05

No.5M=tworst" | 1.7

0,05 | 0.04 | 0.045, 0,05 & 0.065 0.09

i
1
s :

X
The cement eontained 3.6% CFo
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In Table No.51 the expansions of: R SRR

"local" Portland Cements,
"local" S.R.cements,
imported S.R.cement and
imported Marine cement

H oo

‘, are given, and these are illustrated'gfaphicaliy

by Figures 15 and 16, Once again the influence. of -
potential C3A is most morked, ItliSjinterés@ing po

see how the expansions have "levelled out" at thé‘later'
ageé, particularly in the case of the'higﬁ CéA.ceménts.
The Amerieans seem to have missed ﬁhis phenomonem by
not continuing their tests long enough - at any rate
they have not reported it, It might be that this could
" lead to a method for determing the "effective CSA".
content of a cement, and it would be pleasing to

compare a series of such tests with X-ray analyses of

the cements in the series.

It is noteworthy that the "local" S.R.cements compare
favoufably with the'importéd variety, and also with the

ASTM~tested American S.R.cements,

In Tables 52 and 53 and Figures 17 and 18 the

following cements are reported on and illustrated:

[FIG M. | TABLE M0. | CEMENT REMARKS

17
17

184

184
18A

18B

18B

18C

-18C

52 SRC/2/0G Czh =5 %, cement was "coarse!ground
52 SRC/2/FG | CzA = 5%, cement was " fine" ground

52 SRC/1 CSA =.1.6% This cement was intergmound

with the pozzolans listed
, i : belaow,

52 SRC/1/BA. ; Local pulverised fuel ash.

53 SRC/1/US | Shale calcined at 900°C for 6 hrs.

53 | SRC/1/C | Calcined in Lab.kiln at 950°C

{"undercooked" )

53 SRC/1/Y | Calcined in plant kiln - mixture of

powder and fused lumps("overcooked")

53 SRC/1/E | Calcined in lab.kiln,11259C, 25%coal
intermixed before calecination.

5% SRC/1/G | Calcined in lab.kiln,1125°C, 25%coal
used in burning the shale.

g



TEST METHOD

TABLE N

0. 51

MORTAR _BAR

EXPANSTON

TESTING MEDIUM @

Calecium Sulphate
(CaSO added to cement to increase S0y to 7%)
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CURING _MEDIUM Water
AGE Percentage Expansion For:
EEYS orc/1 oPc/2 SRC/1 | SRG/4 1/SRC D/MC
7 n.a. 0,075 | n.a. 0,01 0.05 0.02
'14 0.13 0.10 o;oz 0,02 0,05 0.03
21 0.18 | 0.11 | m.a. nea. 0406 0404
28 0.235 |« 0.14 0,05 0.03 0,055 0.05
56 0434 0.185 | n.a. 0,03 0,07 0,05
84 | 0,495 = n.a. 04,05 0,035 0,085 0,06
112 0.83 0.26 0.06 0.045 0.09 0,06
140 0,95 Nea, 0,07 0,045 0.09 0.07
168 n.a. 0435 0,07 0405 010 0,07
196 0s945 | 0435 n.a. 0.05 0.115 0.07
224 0,945 | 0.41 0.075 0,05 0.12 0,07
252 0,95 0443 0,09 0.055 0.12 0.07
280 04955 0.44 0.10 0,05 0.12 0,08
308 0.95 0,435 0,105 0,05 - 0.12 .09
%36 0.955 | 0.44 | 0410 0.05 0.12 n.a.
364 0,955 | 0.44 0,10 0.04 0.125 0.10
448 0.95 0.44 0.11 nea. 0.13 0.10
532 0.94 0443 0.12 n.a. 0.14 0.10-
616 0.95 0,44 0.13 Nea. 0415 0.09
700 0495 0.445 { 0415 Nea. 0.15 0,105
784 0495 0.44 0.16 Nea, 015 n.8a.
868 0,94 06435 | 0415 n.a, 0,15 Neds
952 0.94 0.44 0415 Ne&e Neds Neds
Wumber of '
Test Pieces 2(4) 2(4) 2(4) 4 2(3) 4
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TEST  METHOD

TABLE ©NO.

52

TESTING  MEDIUM

MORTAR _BAR EXPANSTON

Calcium Sulphate
+(CaS0, added to cement to increase S0y to 7%)
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CURTNG MEDLUM Water
AGE" Percentage Expansion For:
ns¥s SRG/1 | SRG/1/BA | SRG/2/0G° | SRG/2/Fi | SRG/4
7 n.a. 0.025 0.00 0402 0,01
14 0,02 0404 0.01 0,02  0.02
21 n,a. 0.05 ov».015 o'.025 n,a.
28 0,05 0.06 0.02 5.05 0.03
56 n.a. =-~0 ,(()6 0.04 0.04 0.03
84 0.05° 0.06 0.08 0.05 0.035
112 0,06 0.08 0.07 0406 0.045
140 0.07 0.09 0.08 0.06 0.045
168 0.07 0,09 0.10 0,07 0,05
196. Te e N.2. 0.1L Neds 0,05
224 10,075 0.10 0.13 6.0_9 0,05
252 0.09 o,'lo 0.14 0,10 0,055
280 0410 04105 0.15 0.12 0.05
308 0,105 0.10 0.18 0413 0405
536 0.10 0105 0,17 0,14 0.05
364 0.10 0.10- 0,18 0.145 | 0.04 -
448 0,11 n:ae 0.195 6;17 N.a.
552 012 0.11 0.26 0.21 n.z.
816 0413 Q.llS n.a. ﬁ.a. ,n,é.
700 0.15 Q.los n.a. n,a. n.a.
784 0,16 d.ll Nela N.3. n,a.
868 6.15*£‘ N.a. n.é. ﬁ.a. , n.a.
952 0.15 ﬁ;al N.a. n,é. N.a.
Number of : o o o -
Test Pleces) 2(4) 4. 4 -4(8) 4




IEST METHOD

TESTING MEDIUM

TAB

L E

N 0,

53

MORTAR BAR EXPANSION

Calcium Sulphéte
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(CaSO4 added 1o Cemenﬁ to increase SOBHto 7% )
CURING MEDIUM : Water
II&GE Percentage Expansion For:
DXYS .SRC/ 1/US SRC/1/C SYRC/ /8 SRG/1/G | SRC/1/Y
7 0,03 0,045 04025 0.035 0,02
14 0,05 0.055 0403 0.045 0,05
21 0,07 0,06 0,04 0,04 | 0,05
28 0.07 0.07 0,035 0405 0,085
56 0,08 0.08 0.04 0,06 0,08
84 0,09 0,09 0.05 0.055 0,095
112 0.12 0.10 0,05 0,06 0.11
140 0,12 0,10 0,05 0.06 0.11
168 0,13 0,105 0,05 0055 0.13
196 0.14 0,115 0,05 0.06 0.14
224 0.15 0.115 0,045 0,055 0.15
252 0415 0,13 0.05 0,05 0.16
280 0.16 0,13 0.05 0,06 0.16
308 0.18 0.13 0,05 0,05 0.17
336 0.19 Nele 0.045 Ned, N.8s
364 0.20 0.14 0,045 0.045 0.18
448 0.24 0,18 0,04 0.05 0,17
532 0.26 0.18 0,045 006 0.18
616 0.28 0,17 n.a. 0,045 0.17
700 0.28 0.16 0.04 0,05 0.17
784 0.29 Nel, n.a, Ne8e Nea.
868 N2, Ne&s Ne8e Nel. N.a.
952 Ne.a. Ne3e n.a.‘ n.a{v Delle
Number of
‘Test Pleces 4(6) 2(4) 2(4) 2(4) 2(4)
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»Flgure 20 ' : ’ _ ' | .

' Compared with. the actlon of CaSO on'a similar cement

2774

Na2804 specimens‘had the same length after about 18

(Flgure 16), the Na SO is a bit slower to react. The

4 months as the CaSO4 specimens had after 6 months but

'/'the Na SO spe01mens are contlnulng to expand and

™74

have not reached a maximun after 2 years exposure.

-

" The two chemlcals have had the same effect on cement

SRC/l/US (see section 1,7 above).up to 2 years exposure.

Figure 19B
Cement SRC/4 (with Zero. Ozh) is by no means empirely .

' 1nsens1txve;%o Ne_SO,, although there is no doubt that

2774
it is much less susceptible than cement OPC/3 (with

14% Cqh ) - see Figure 20

Some further tests were carried out with this Nast4

method, on the following cements:

CEMENT REMARKS . ..
OPC/4' Contains about 13% C
SRC/3 | Contains about 33% CzA

SRC/3/CS i.e. CM-2

OPC/2/BA | A cement with 9% CzA interground with;
pulverised fuel ash.

SRC/4/CS | i.e. CM=3, or "Marine Cement"

Results are reported in Table No.55 and illustrated

by Figure No.21

2,9 Figure 218/ ceveescocases






'A2,9.f' Flgure 214
u{f(l) OPC/4 took even longer to. ”get g01ng" than OPC/3 o

(Fig.20), and even looked "re51stant" up. to 2 months,-;'

but was worse than OPC/3 before 6. months were up. «ﬂffiﬁ
(2) SRC/3 ha:s presented a "puzzle".'-l ‘Four Speoimensh

(lO" bans) were made up at the same tlme ‘and under
‘77;¥:E? ; - the same condltlons. Up to 5 months they were all
expandlng at about the same rate, and then two of
them started to expand more rapldly,A The_reason
for this is still being sought and it is n&’intention
to have one of each pair of bars analysed after

12 months to see if they really are the same.

2.10. Figure 21B

Calcined shale improved both S.R.cements, and

fuel zsh "did wonaers" for OFC.

3. EXPANSIONS WITH MgSO,

3l In another set of tests the same technique was used

4

with Magnesium-sulphate, i.e. the specimens‘were maéeq‘t

up with a solution which would increase the 805 content'b
of the cement by about 2%, and cured in the same “
solution ~ T74% MgSO,, or 75,000 ppm.  This is ‘also
on the "strong" side. |

5;2; The same cements as described in pera.2.7 sbove were
used, and the results are reported in Table No.56

and illustrated by Figure No.2Z2.

Z.5. OPC/4 again shows the least resistance, and calcined
shale again appears to help the S.R.cements. This
. -
%.
time, however, the fuel ash appears to have done -1ittle

or nothing for OPC/2.

Table NO.56/'II.I.."°.......
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TABLE ©NO. 56

MORTAR BAR FXPANSTON

TESTING _MEDLIM . Magnesium Sulphate (equivalent to

CURING MEDIUM

increasing S0, n cement by 2% )

Solution of 155 gm Mg30s. 7 H,0 per 1% tre
(= £ 6,000 p.p., 100,000 of S0," and
1,500 p.p. 100,000 of ME™ )

Agg Percentage Expans%on For: v
DATS 0PG/4 | SRG/3 | SEG/3/0S | OPG/2/BA . SRC/4/CS |
7 o,oé | 0.03 0.02 0,06 0403
14 0.07 0,045 0,02 0.075 0.035.
21 0;875"14m 0,045 0,025 : 0,085 0.035 -
28 0,08 0.08 0,03 0,09 - 0,04
56 0,105 | 0,075 0,045 0.11 0.05
84 0,135 1+ 0.00 0.05 0.125 0406
112 0.18 | 0,10 0.06 014 0.08
140 0.275 0.125 0.055 0.16 n,a.
168 0.38 0.15 0.07 0,20 n.a,
196 0.51 0,19 0,08 . 0.26 - n.a.
224 0,63 0.24 0,10 0434 n.a.
252 0.74 04305 0.12 0442 n.a.’
280 N.&. n.a, 0.16 Ce48. N.3,
308 n.a. N2, " N.a, NeGe N8,
336 Ne&, n.a, n.a. N.a. Ned.
364 n.a. N.a. N.d. NeB o Nede
Number of
Test Pleces 8 4 4 4 4

i
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4. EXPANSIONS WITH "STRONG' NéyS0, + MgSO,

451.; In & third set of tests theASame cements were tééted:' _‘
for resistance to a mixture of the two salts. Owing:;f ‘f
to a change in staff and & misﬁndérétanding £hree‘§éﬁ;%ﬁ}- ©
were done in solutions containiné the same concentratian
of each salt as before, whi¢h meant an édditional

5% S0, in the cement (the sdme as in the CaSO, test),

4
and two cements were done in solutions with the combined

salts adding 23% - to the cement - as in the two

previous sets of tests.

4,2, The test results are reported in Table No,.57 and

illugtrated by Figure Now23.

4.3, At the "5% S0, Leveln

Cement OPC/4 has undergone "terrific'" expansion, and o
SRC/3 is "not far behind" - in fact it looks like»”over
téking”. Calcined shale has helped cement SRC/3 o
considerably., This solution definitely falls in the
"gbnormal" class, and not too much attention can be

paid to the results.

4.4, At the "23% S0, level"

The SRC/4/CS cement (CM-3) has been satisfactory up to

4 months, but the OPC/fuel ash mixture had even less

resistance than to Mg804 only.

Table NO.57/. . o [ ovov'-..- saeoseo0



TEST = METHOD

TABLE NO. 57
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MORTAR BAR EXPANSION

TESTING MEDLUM :

CURING MEDIUM

¢ Solution of 200g Na 804.10 HO +

: Solution of 100g Na2804.10 HZO + -

Sodium, plus Magnesium Sulphate (Equivelent
to increasing S0z in cement by 5% (4) or
- 2%% (B)

Pl

. 2 X
155g MgS0,. 7 HZO per litre

%gMgmr7}%Opa'htm.

AGE Percentage Expansion Fors-
IN A ' A ; A B B
DAYS OPC/ 4 SRC/3 i SRC/3/CS | OPC/2/BA| SRC/4/6S |
7 0.26 0,04  n.a. 51 0.16 0,01
14 0451 0.8 | 0.04 5. 0.18 - 0.01
21 0.59 .19 | 0.04 5 0.21 0.015
28 0.6 0.24 0,05 0.6 0.015
56 0.785 0.41 = 0,04 | 0,51 0,035
84 0,89 0456 0,045 | 0,35 n.a.
112 0,98 0.77 0,065 0437 0.04
140 1,07 0.88 0.095 0.40 n.a.
168 1.15 L0101 0.3 n.a.
196 1.19 112 0,19 | 0.8 n.a.
224 1.24 1.21 0,24 0,51 n.a.
252 1,30 1.27 | 0.28 0,58 n.a.
280 n.a, 1.35 0,33 n,a. n.a,
308 n.a. 1,42 0.37 n.a. n.a.
556 n.a, 1.51 0.42 N.a, N.a.
364 n.a, NG 0.51 n,.8, Ned,
;ﬁumber of
'gTest Eﬁecgs 3 3 4 4 4
oA o= o4 12,boo p.p. 100,000 of S0,"; + 2,800 Na® & 1,500 Mg
XX o o v
B = * 6,000 p.p. 100,000 of S0,"; + 1,400 Na® & 750 Mg






5. EXPANSIONS WITH "WEAK" Na2é04 + MgSO

. :?v" e

) U s

s ;.

5.1, A fourth set of spécimené*wnﬁ made uﬁ:with Ne.p SO,

5.2

BB

54

and'MgSO4 in equivalent proportions; and containihg

“one-tenth of the amount of each used elone. This was

equivalent to édding only 0.5% SO5 to the cement, and
o0 ’ ‘ N a

the solution had a T.D.S. of 16,000 ppm (1.6%), which

is similar to many ground waters. Incorporating the

salts in the mortar, as well as curing the specimens-

in the solution, is (in my opinion) roughly equivalent

to having water flowing contimiously through & permeable

concreté. This is & severe test, but not impractical,

The results are reported in Table No.58 and illustrated

by Figure 24,

The Specimens made with OPC/4 (13% CgA) were "reasonablef

up to 3 months, but then started expanding rapidly,

and cracked and broke after 10 months.

“After 11 months exposure there is "not much to choose"

amongst the other cements, and it looks @s if patience

will havé to be exercised for amother year or two.

'6’0 'The feSUItS/ 0__. ’-).1.\. I. ?‘:"- .‘ .‘..
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Z'ABLE N 0. 58

/7

TEST _METHOD s MORTAR BAR FXPANSTON

TESTING MEDLUM :  Sodium plué Magnesium Sulphate (equivalent
to increasing SO5 in cement by 0,57 )

CURING MEDIUM : Soln.of 20g NayS0,.10 H,0 + 15%g Mg.50, 7 Hol per

2
Lifre
(= + 1,200 p.p.100,000 SO4 "3+ 280 Na & 150 Mg”)f'r

AE-E Percentage Expansion For:
| %XYS oPc/a . | 8RG/3 | SRG/3/CS | OPC/2/BA | SRO/4/CS
7 0.01 0,025 | 0.01 0,01 0,01
14 0,02 0,035 0,01 0,01 0.01
21 n.a., 0,04 0,015 0,02 | 0,015
28 n.a. . 0.04 0.02 0.02 0.01
56 0.04 0.04 n.a. 0.02 0,02
84 0,06 0.04 0.02 0402 0.025
12 0.10 0,045 0,025 0.02 0,025
140 0,145 0.045 0,03 0.02 | n.a.
168 0.19 0.045 0,03 0,03 n,a.
196 0427 0.045 0,053 0.03 n.a.
224 0,33 0.045 . Nea. 0.03 n.2.
R52 0,42 x 0,045 0,05 | n.a. Ned.
280 0.61 0,05 | 0.05 n.a. na,
508 - 0.82 0,05 0,035 n.e. na.
3%8 Alleraded - 0,05 0,035 Nea, n,a.
&/or troken _ '
364 - Ned, n.a. Nl Nede
Number of | ;
Test Pleces R 4 4 4 4
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The results presented ifi Sections 2 (from para.2.7 onwards),
3,4 and 5 have been "regrouped" in the following tables and
figures, in order to illustrate the relative effects of the

various chemicals on each cement separately.

6.1. Cement OPG/4; Table Nos59, Figure No.25. "
The MgSO4/Na2804 soln, gave higher expanslons than ihe
CaS0, with equivalent 803 content, but the bars ﬁid no™
break even at 1.5% expansion after 11 months, F(TeSt
is continuing). The weak mixed Solution_hrSkékthe
bars at.O.S% expansion after 10 months exposure,

The other solutions all caused high expansions after

* . 3 months,

6.2. Coment OPC/2/BA: Table No,60, Figure No.26
| Even though the ™nixed" solution was only "I strength"
| it attacked the cement strbngly, MgSO4 attacked
more severely than Na2804 did in an equivalent‘"strong"
solution,

6.3. Cement SRC/3, Table No.6l, Figure No.27

The cement was not resistant to the strong mixed

I~

solution and was attacked by Na2804

and MgSO4 in

separate solutions after 4 months.

6.4, GCement SRC/3/CS, Table No,62, Figure No,28.
The calecined shale improved the cement's resistance to

all three strong solutions,

6.5, Cement SRC/4/CS, Table No,63, Figure No,29

Up to the age tested it was about the same as cement
SRC/3/CS, except thaﬁ the strong MgSO4 solutionts
attack seemed g bit more severé. Testing éf this
cement in actual running sea-~water (diiute Mg4 solutior)

is now being done.

PabLe Noe5Y vevsennscens



TABLE NO. 59

TEST" METHOD S MORTAR”  BAR EXPANS*ON

TEST MéiﬁRfAL I Ordinary Portland Cement - 0pq/4
TESTING MEDIA * (é), lia, 50, | ,(b) Mg SO,
L ‘ (c)_’Jazso4 +'ggéo4, a;dilute solution
a £ o -Z.Aﬂ(d)' NaZSOA MgSO4;';:strong.sQlution
,cuﬁrﬂe sEDIA X i L' sqlut;ons Q§fa;;b;f¢]& d as above.
:f AQE;_'.{f ;: } Ei%;t‘ﬁiPefééhtagé:ﬁX@anégéh'W%thz - -
e T (ey ()
: DA%’J_. .,P1a2504f ;MgSiO 4{,-‘, g 3;3304 /MgSO4 WSI:;igf/Mcs 04
7 0.0 | 0.6 | 0.0l | 0.8
14 0.015 - 0.07 |  0.02 o5l
21 0,02 0.075 n.a. 0.59
28 0.025 0.08 n.a. 0.66
56 0.04 0.105 0,04 0.785
84 0,115 | 0.13 0,06 0.89
112 0.51 0.18 0.10 0,98
140 0,585 0.275 0.145 1,07
168 1.01 0.38 ' 0,19 1.13
196 1.60 0.51 0427 1.19
224 n.a. 0463 0.55 . L.24
252 n.a. 0474 0.42 1.30
280 N.a. n.a. 0.61 n.a,
308 n.a. n.a. 0.82 R.2,
556 NeB, n.a, - All eracked at N,a, )
264 N.3e | N8 studs &/or n.a.
: broken
Number of .
Test Pleces 1€3) 8 2 3
previous

Strengths of solutions as wi(Tables.







TEST METHOD

TABLE NO. 60

MORTAR

TEST MATERIAL

TESTING MEDIA

BAR EXPANSION
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ORDINARY PORTLAND CEMENT + BOILER ASH

a) Na 8
(a) 259,
(e) Na2804 + MgSO4 ~ dilute solution

~ OPC/2/BA

(b) Mg SO,

(d) Na,50, + MgSO, - 4 Strong solution
X | | |
CURING MEDIA H Solutions of a, b, ¢ & d as above
AGE Percentage Expansion With:
- IN (a) | (b) (c¢) Dilute (d? 4 Strong ~
DAYS Na, S0y MgS0, NagSO, + MgSO, Ne,S0, + MgS0,
7 0,02 0.06 0,01 0,16
14 0,03 0.075 0.01 0,18
_1 0.03 0.085 0,02 0,21
28 0,03 0.09 0.02 0426
56 0.03 0.11 0.02 0.31
84 0.035 0.125 0.02 0435
112 0,04 0.14 0.02 0.40
140 0404 0,16 0.02 0.43
168 0.04 0.20 0,03 0.48
196 0.045 0.26 005 0.51
224 n.a. 0.34 0,08 0.58
252 N.a. 0;42 n.a. n.a.
280 Neae 0.48 n.a. N.a.
308 n.a, N.a. n.a, n.a.
336 n.a. Nele n.a. n.a.
364 n.a. n.a. Nela n.a.
Number of
Test Pieces 3 4 4 4
revious

X Strengths of solutions as ﬁflTables.
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TABLE NO. g1

TEST METHOD :___ MORTSR BAR EXPANSION

TEST MATERIAL - SULPIIE-RESISTING PORTLAND CEMENT SRC/3
. x ) . - o ‘ )
TESTING MEDIA : (a) N, 30, {v) MgS0 -

(¢) NagS*‘)A + MgSO4 - dilute solution
(a) NaZS)A“ + Mgf0, =~ strong solution
x 1 w o

CURING MEDIA : ‘Solu one of 2, by, ¢ & d as above.
AGE | Percentage Ixparsion With:
IN () - (B) T e) T Dilute (d) " strong
DAYS lia,, 50, Mgs), WegS0, + MgB0, | NayS0, +MgS0y
7 . 0,01 0473 0,025 © 0,04
14 0;01 0.015 0,035 0.18
21 0,01 0.015 0.04 : 0.19
28 0.02 0.0 0,04 0.24
56 0,03 | 0.,3E . 0,04 0041
84 1 0,05 /0,03 0.0 0.04 - 0.56
112 0.105 / 0,03 0.19 0.045 . 0,77
140 0,18 / 0,045 0.725 0.045 0.88
168 0.32 / 0,07 0.15 0.045 | 1,01
196 0,415 / 0,09 0,7 0,045 1,12
224 i 0,60 / 04135 04241 0,045 1.21
252 . n.a. 0,305 0,045 1.27‘
280 ‘n.a. “nma. 1 0.05 1.35
308 f.a. n.a. 0,05 1.2
336 Nede n.a, B | 0,05 v - 1.51
364 . M.as : n.n. N.a, N.ae
‘"Number of ; _ .
Test Heeds 2 2 4 - 4 3
X L previous®

_ Strengths of solutions as _w‘ryTgbles
1






TEST METHOD.

TABLE

NO. 2

MORLAR BAR EXPANSION

 TEST MATERIAL :

‘page 225

SULDHATE RESISTIQG CEMENT +_GALCLVED SHALE

fw.,gm ox SRC/S/CS
TESTING MEDIA (a) Na S 4 ‘ ,(b) MgSO4 _
(c) Na 0, + MgSO, - dilute solution
(a) Nagoo4 MgSO4L - strong solution
CURING METHOD * Solutions of &, b, ¢ & d as above.
AGE » Percén£age Expansien Withs !
I (a) (b) (¢) Ds ute (d) Strong
DAYS Ita, SO, Mg30, NapSO, +gSQ, ~ NagS0, + Mgho,
7 0,01 0.02 0.01 n.a.
14 0.01 0.02 0.01. 0,04,
21 0.01 0.025 0.015 0.04
28 0.02 0,03 0.02 0.03
56 o 0.02 0.045 n.,a. 0.0é
84 © 0,025 0,05 0.02 0,045
112 0.03 0.06 0,025 0,065
140 0,035 0.055 0.03 0,095
168 . 0.04 0.07 0.03 0.11
196 ’ 0,07 0.08 0,03 0.19
R4 0.09 0.10 N.3. 0424
252 n.a. 0,12 0,03 0.28
280 n.a. 0.16 0,03 0,35
308 n.a, n.a. 0,035 0.37
336 n.a, n.a. 0,035 0.42
364 Vn.a. Nea, n.a. 0.51
Number of e
Test Pieces 4 4 4. 4
revieys

Strengtbs of solutions as 4?(Tab1es.
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LABLE NO .64

TEST METHOD : MORTAR,__BAR EXPANSION

TEST MATERIAL 3 . Ordinary Portland Cement : OPC/6
Sulphate Resisting Cement :  SRC/5
Marine Cement s CM/3a

TESTING MEDIA Magnesiun Chloride (63% of cement by wb).

CURING MEDIA

oo

Solution of 1zog.MgC12 per 1,000 ml.

AGE PERCENTAGE EXPANSION FOR
Y 0PC/6 SRG/5 /34
1 - - -
2 4 0.03 0.01 0,01
3 1 0,055 0.015 0.015
8 0,095 0,03 | 0.03
15 1 0,115 0.04 0.03
22 0.13 | 0,045 0.035
33 ! 0,145 0.05 0.035
43 0,145 | 0.055 0.035
49 0.15 | 0,055 0.035
74 04175 0.07 | 0.045
84 Cooars | o7 0.045







9.3,

e

Page 232

EFFECT OF SULPHATE ATTACK ON STRENGTH

It is inadvisable to judge cement quélity.by one criterion
only, and low expansions in the above iesﬁs do not necessarily,
mean that the specimens are sound in all respects. Sqme
have had their edges rqunded, but ére_still strong. Otﬁers
still look good, but are easily broken. I have decided against
reporting_"appearance" of specimens here, although it has béem
recorded, becaﬁsav"appearances can be deceptive", and they are
in any caée "subjective " criteria | “Objectivé" resuits

are to be preferred, except for strictly "ornamental" purposes.

The most important property of concrete is usually its

strength; so a series of tests wds undertaken to determine

‘the effect of sulphate attack on strength at various ages.

The "Weak“.sélution of Na2804 plus MgSO4 was selected for this
purpose, and specimens were again made up.with the solution
(to incorporate the salts within the specimens), as well aé
being cured in it. Duplicate specimens were made with and

cured in weter, for comparison purposes.

Lacking Mr van Aardt's "natural frequency of vibration"
apparatus for non-destructive testing (paragraph 4.3-4.2), I
decided to use the Cembureauvtechnique of making 16 x 4 x 4cm
prisms which can be broken first in flexure and then twice in

compression, thus giving three test results per specimen, -

One set of specimens was made up with standard sand only,
in accordance with the SABS : 471 method for transverse
strength specimens. The rest were made up as "conc;ete"
specimens, using " chips'of hMalmesbﬁry Blue Hornfels"

(from the Windmill Quarries, Agter Paarl), kindly supblied by

the Cape Town P.C.I. pérsonnel, who also advised on the mix

prOpOTtiOnS/.ooaoonoo'.-.‘o .o
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proportions to use. De Grendel building sand was used as

fine aggregate.

Lean, medium and rich mixes were used, and the details of
these conerete mixes and also of the mortar mix are given

in Table No,65

Strength test results available to date are given in

Tables Nos. 66 and 67, The tests are being continued,

Figure No,31 : Mortar Mix: Transverse Strengths,

(1) Water-cured: - results were not sétisfactory, partly due
to trouble (sincé rectifiedy with the test machine,

(2) Solution-cured; - SRC strengths were significantly higher
than OFC strengths. They appeared fo decline after

3 months,

Figure No,32, Morté; Mix s Compressive Strengths.
' These results were not very satisfactory either, the water- -

cured specimens tended to show an even greater drop in strength

after a few months, than the»soiution—cured specimens,

SRC appeared to be better than OPC in the solution.

Figures 33 and 34 s Concrete Mixes: Transverse Strengths.

9.1. Water cured: Except for an unexplained low 9 month
strength for S.R.cement (medium mix) results were
reasonably satisfactory and indicated fairly regulér )

strength development for all the concreétes,

9.2, Solution cureds there was one unduly high 9 month

strength, otherwise the figure illustrates matters

wells

9.2.1, A1l three 0.P.C.mixes exhibited severe
deterioration of strength after 3 months;

9.2.2, The lean SRC mix showed some deterioration after
: 3 months, the medium mix seemed to be "levelling
out" and the rich mix gave an inexplicably
high result at 9 months,

9.2.3. The.Marine Cement (CM-2) - medium mix - appeared
to be making satisfactory progress.
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TABLE NO .65

CONCRETE _AND MORTAR MIXES FOR SIRENGTH TESTS

TYPE OF CEMENT |PLCKETS/} HILDING | STONE | WATERCR. | W/C
_AND CONCRETE  |CU.YD. |CEMENT | SAND |CHIPS [SOLUTION| RATIO
' grems | grams | grams | ml. ’
~ CONCRETES :
Lean Mix : | 5 321 | 1235 | 962 256 | 0,80
Medium Mix 7 447 . 1120 | 969 256 | 0,57
Rich Mixs 9 588 990 | 977 256 | 0.435
Lean Mix+ Air : _ ,
Entraining Agent:! 5 321 1235 | 962 192 | 0,60
"Marine-Cement" :
OM-2, Med, Mixs 7 447 1120 | 969 223 | 0,50
MORTAR Standard
: Sand
"Standard" Mix : - | 600 1800 | nil 300 | 0,50
SOLUTION STRENGTH : 20g Na_S0,.10 HO )
_ R4 2 per

15}g MgS0,. 7 H O ) 1000 ml.




TABLE NO.68

‘ X
STRENGTHS. OF  CONCRETE MIXES

CONCRETE TRANSVERSE STRENGTH ' COMPRESSIVE STRENGTH‘
MIX Water Cured: SolutionXX ; Water Cured ;| SolutionXX
Tégg OFC SRC OFC SRC OFC SRC OFC SRC
AGE psi psi | psi psi psi | psi psi | psi
LLEANT |
7 days 420 = 470 390 | 510 | 2000 | 2600 | 2400 = 2900
2g M | 800 | 550 480 @ 630 2950 5050 | 3050 | 3800
5 Momths | 620 | 710 490 | 780 | 3350 3550 3200 | 53900
6 " 630 | 700 370 756 " 3550 5750 2950 ¢ 4000 -
g 660 700 120 720 § 3800 ; 4150 2850 i 4150
7 days 880 | 850 @ 710 | 830 | 4800 | 4900 | 5400 = 5300
28 1 . 900 » 930 940 : 1060 | 5950 | 5850 i 5650 : 7100
3 months | 940 | 1100 = 980 | 1170 @ 6250 | 7450 & 6450 7350
6 o ‘870 1130 690 1160 8350 8300 { 8350 8150
9 n ) 960 1040 600 1210 @ 7100 8900 5150 8150
7 days 1160 : 1130 10680 | 1200 | 8100 8000 : 7400 | 7450
28 . " | 1250 1130 ‘1250 1330 8650 | 9650 8400 9450
3 months | 1260 ‘1320 1220 1230 9100 : 10350 | 8550 | 10200
g " - 1280 | 1320 1030 ¢ 1390 : 10000 12300 8850 : 12750
- g " 1280 | 1420 960 1820 # 10300 {12300 i 9750 lSSSb
X N
Made with 3" granite chips =~ see text for details.
XX

Dilute solution of Ne, SO, + Mg.So4 - see text for details.



TABLE

NO. 67

STRENGTHS OF COMCRETEX AND MORTAR MIXES
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Made with 3" store chips -~ see text for details.. .

XX

Dilute solution of'Naz.SO

4

+

Mg.S0

4 .

CONCRETE = TRANSVERSE STRENGTH COMPRESSIVE ~STRENGTH
Xéé . Water Cured | Solutiow™ = Water Cured - Solution™
TEar . | OFC SRC OPC | SRC OPC  SRC  OPC  SRC
AGE psi psi psi psi psi psl psl psi
| "IEAN +
ATR"
7 days 570 620 500 | 580 2650 5100 | 2900 | 3450
2g " 580 . 'lsgo"‘ 540 | 640 2050 = 4000 | 3400 4@00
3 months | 590 | 810 = 640 | 700 3500 | 4400 & 3550 = 4350
6 " 650 760 | 490 | 860 3550 | 4650 . 3550 4700
"MEDIUM" oM o oM M
7,dayg 710 750 3400 3800
2g 840 910 5100 5000
56 910 . 1040 5900 5850
.3 months 280 . - 960 2 645Q 6350
6 " 880 1050 6850 6800
9 . m 1050 1110 7100 7200
) i N : .
"MORTAR" | QFC SAC  OFC | SRC. OFC . SRC QPG SR
7 days 790 850 = 840 | "890 5100 5450 4600 | 4550°
2g M 950 | 960 | 920 | 1160 6900 “%400 5900 | 7350
B months | 950 1050 800 | 12801 6800°| 76007\ 6000 .| 8000
6 v 790 940 | 840 | 1150 | 6750 | 800 | 5450 | 8750
10 " 850 980 | 830 | 1150 | 6000 7300 6050 | 8300
X
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10, Figures 35 and 36 : Concrete Mixes : Compressive Strengths

10,1

10.2.

Water-gured : All %he mixes showed regular strength

develiopment,

Solution-cured:

10,2.1.

10.2.2,

10.2.3,

The lean and medium OFC mixes declined‘in
strength after 3 months; The rich mix was
still 'holding its own', but its transverse
sfgength declined after about 2 months(Fig.34)
All three SRC gixes continued tb increase in
strength up to 9 months, The rich mix seemed
to be "accelerating" but not suffiéiently to
account for the "freak" high transverse.strength
at that agé; |

The Marine Cement exhibited "exemplary"

progress.,

11, Figures 37 and 38 : Lean,‘Air-entrained Concrete Mixes:

11.1

1142

Transverse Strengfhs: Both water-cured concretes
appeared to behave normally., The solubtlon-cured OFC
concrete decreased in strength after 3 months, whereag

the S.R.C. s8till increased,

Compressive Strengthss  All specimens were still
tending to gain strength up to 6 monthsy, although the

OPC solution-cured concrete seemed to be "levelling off*
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(1 part cement, @ 3;parts.standard sand, by welght).'.h

LY

¥

BOND_ EETWEEN REINFORCING .STEEL;:&‘ CONGRETE

The weakest part of concrete. is usually the bond between

t

the hydrated oement paste and qggregate (20 49) and the weakest ‘

‘part of relnforced concrete“ls apt to be the bond between thezy'

;;;;;

: paste and the Steel It 1s 1mportant, therefore, that thls

bond. should not be affected by chny addltlves, or. treatments,-

:.used to 1mprove durablllty,_ ?41”; ;E“3~71E;&

K

Pozzolanlc matorlmls do not appear to affect relnforclng

' bond strength adversely, and nelther does” entralned a1r in.

reasonable amounts (20 39) However, to be on the safe s1de, o

3

some "pull—out" tests were done on OPC and CM mortar cubes.

%“.Steel bars, long enough to’project fromnthe specimensgén
were moulded Ento the centres of'hand—compacted nortar ég??§;igf“
which were then cured in_the usual way forhvaryingﬁdengthsf |
of timei‘ A tensilehtest machine was adapted forﬁpuiling@the
bars out of the cubes‘and thehSpecimensbwere tested}to failnrg,
of bond,  Both "bright" and "milda" Steel bars were tested.

The mild steel bars were wireebrnshed before they were put

in the mortar,

The first set was made in 22" moulds .and the machine ‘was

unable to pull the mild steel bars out of the'moulds“at 3 days

ages Another test machine was modified inntgﬁe_to test

some more specimens\at 8 days, and the‘rest.were teSted_at

28 days. The specimens did. not fit into the secOnd machine
too well, however,,and sone f cubes.split before the bar.was
pulled out, One spec1mcn of each type was: put back into water
for a further 28 days, to “re-bond" Some of the re-bonds

- é'A

were as strong as the orlglnals.va

5. A second set/ eiiiceeiiriiies
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A second set of specimens was made up in 2" cube moulds,

and these were rather more successful, Ali tést results are

reported in Table No,68,

In Spiteiof the "improvements" in the second test series
the variation in strength of similar specimens leaves a lot
to be desired, but I feel it is safe to infér that there is no
significant difference in bond strength between OFC and CM-3
mortars.v There is also a definite indication that reducing the
waten/cement ratio increases the bond strength, and the use

of CM-3 in concrete favours lower water/cement ratiocs,

TABIE NO.68

... REINFORCING BOND STRENGTHS OF OPC & CM-3

TEST BRIGHT STEEL BARS |  MILD STEEL BARS
AGE ETC, OFC | CM-3 CM-3/R | ORC % CM-3 | CM-3/R|
psi | psi | psi | psi | psi | psi
. ¢ 7 | ;‘
1st SERIES ; 22"CUBES |
At 3 Days 210 | 220 | -  ¥280 | }280 -
At 7 Days 230 | 200 | - | 410 420 | -
At 28  Days 250 | 270 | - | 530 510 | -
"Rebonded"-28 Days * o
(1 specimen only 20 | 160 . - 360 510 -
2nd SFRIES: 2"CUEES |
i
At 3 Days 1 180 | 220 | - - - -
2 220 | 190 | - - - -
3 - 220 | = - - ~
Ave | 200 | 210 | =~ - - -
At 7 Days 1 | 340 [ 300 | 300 | 360 |, 200 | 360
2 7250 | 380 | 380 380 | 330 380
3 ..380 | 260 330380 | 320 300
Av. | 320 | 310 | 340 370 310 | 350
At 28 Days .1 350 | 310 380 410 | 4% 470
2 350 | 310 470 am | 450 | 610
3 | 310 280 360 | 360 | 380 530
Ave | 340 | 300 400 | 400 | 440 540
WATER/CEMENT RATIO | 0.50 | 0,50 | 0.45 | 0.50 | 0.50 | 0.45
! i |
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-'DRYING SHRINKAGE AND MOISTURE MOVEMENT

Drylng shrlnkage, and subsequent expansion on rewetting,

is often a source of micro- (and even macro — ) cracking in
\ .

- concrete,

Shrinkage is influehced by a number of factors, including
aggregate, water/cement ratio, mix design, weather, etc;
Pozzolanic materials often incréase fhé drying shrinkage of
concrete, and air-entraining agents, by permitting the use of

less water, tend to reduce it,

, The Marine cement produced, therefore,should not be much

different from normal cement, but it was deemed advisable

~to check it.

There have been many arguments about this type of test,
the factors_influencing the "absolute" results obtained, and
the interpretation of results, I decided to use standard
10" x 1" x 1" bars, and a mortar mix of 1 cement to 3 standard
sand, The idea was simply to check one éement against another

under the same conditions.

Test conditions used were generally as degcribed in BS,1881

"Methods of Testing Concrete" (18,7).

The Speclmens were de-moulded at 1 day, measured after
7 days, and remeasured after 28 days in water for the initial
"wet" measurement., They were then dried to constant length
in an oven at 50°C to obtain the"dry" measurement, and the
difference between this and the Mwet! measurement was taken ag -
"Drying Shrinkage". The specimens were then re~immersed in
water for fouf days, re-measured, and thekincrease in length‘

taken as "Moisture Movement",

7, All resulta/...,,..,,,’,,
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All results are given in Table No.69, The actual changes

in length of thelnrs gre illustrated in Figures 39 and 40.

TABIE NO .69

DRYING SHRINKAGE AND MOISTURE MOVEMENT OF QPG AND CM-2

UTREATMENT" BTG 0PC MARTNE CEMENT
W/C_ Ratio 0,50 0.50 0445
" Length" after demoulding: 0 0 0
+6 days in Humidity Cupboard -0,019" | 20,018" | -0,018"
- % Contraction 0.19 0.18 0.18
+ 28 days in water. £0,002% | -0,003" | -0,004"
% Expansion 0.2L | 0415 0.14
7 days drying -0,049" | -0,052" | -0.054"
% Drying shrinkage Q.51 0449 0450 -
+ 4 days in water -0.008" | -0,024" | -0.020"
% -Méiﬁéﬁum movement, 041 0428 0,34
"Iﬁl;éﬁéth"‘.’after demoulding 0 | i (; ] '“O' i
+ 6 days in water +0,007" | +0,004" | +0,003"
% Expansion 0,07 0,04 | 003
+ 28 days in water +O.C40ﬁ 1 40,010 | +0.006
% Expansion (7 to 35 days) 0433 0,06 o.ol3\
% Expansion (total) 0.0 | ~0.10 0.06
+ 7 days drying -0,036" | -0,056" | -0,054"
% Drying Shrinkage 0,76 0,66 0460
+4 days in water +O.-Di7 -0.025" | =0 .0121"
% Moisture movement i Q__.__S_‘,_%_ 0,31 Q_,}_Q
| |
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8. The results obtained wére:
| PromarY ETC. 1 ome CM-2 | CM-2
Water/Cement ratio 0.50 | 0.50 0.45
1st 7 days in Humidity Cupboard: ’ B -
Drying shrinkage | 0.51% 0.49% 0.50%
Moisture movement 0.41% 0.28% 0.34%

lst day in Humidity cupboard, follcwed by water curing,

Drying shrinkage 0,76% 0.66% ,{ 0.60%
Moisture movement 0.53% 0.31% , 0.33%

!

9.

lo [ ]

9.6

2.

D /£ferences in drying shrinkage are probably not signifissnt,
but the CM-2 sample does appear to have a lower moisture

movement than the 0.P.C,

Reference: 18,7

"PERMEABILITY" TEST

Some initial “explofatory" tests have been carried out with
a view to chec':kirllg,‘indirectly‘1 the permeability of mortar

specimens by electrical means,

Specimens were made up»in plastic or paper “cups" (so as not
to éontaminate the specimens with oil from steel moulds),
and a shoft length of reinforcing rod inserted in the centre.
These rods were coated at the top wifh epoxy tar paint so tha:
only the portion actually inside the morta2 was "Unprotectéd" -
see Figure No.41  Before coating it with péiﬁt a lead wire

was soldered to the top of the bar.

Figure Noe4l/eeevnsss
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" specimenss

“"Thevfollowing-general tests have been carried out on these

3.1.  Some were partially. immersed iﬁ‘sqdiuﬁ‘chlbridé‘éolut%pn
| aﬁd connected to a baﬁféry tﬁfougﬁnQoppéﬁhgouiqmeyers;
ﬂ.Tﬁehelegtrodés were weighed periodiqally‘to determinél<
the amouﬁt of"curreﬁt*whi§h had.passéd through the ,-
'w5~$pecimens, from which their eléétriéél‘résistances were
éélcuiated. There was an indicaéibn ghaﬁ Maripe Cement
morter had higher resistance than OFC mortar, but a |
number of'ﬂsnags“ were encouﬁteféd, and the test is to

" be repeated‘with silver coulometers,

3.2, Another set of specimens were immersed in a solution of-
sédium chloride and magnesium sulphate and their potential
emf's determined relative to a glass electrode, Here,
too, the CM-3 seemed to be giving better protection to
the steel, but improved techniqﬁes are obviously needed

and all tests are to be repeated under better conditions.

3.3. Hausmann has reported on some similar work in a recent

issue of the American Concrete Institute Journal (20,50)

TESTS IN "MARINE ENVIRONMENTS"

A number of -specimens similar to those described in the

previous section were made up. Through the kind offices of

Commender Copenhagen, of the C.5.1.R.Corrosion Unit, arrangements

were made to expose these to "marine environments" at the
Sea Point Aquarium, Soéme of the specimens have been partially
immersed in running sea water, and the others have been hung

above the tanks in the "salty atmosphere.

After three months some of the O.P.C.specimens showed signs
of iron "staining", but all the Marine Cement specimens were

"eclean", The test is continuing."
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CHAPTER 10

CONCLUSION

The’averred aim of this project was to produce "sulphate-
resisting and marine cements from local raw materials", That
is, to produce cements which will assist South African engineers
builders and contractors to make concrete more durable under

the aggressive conditions of sulphatic and marine environments,

A thorough study was made of the literature of similar

_ cements produced elsewhere, raw materials were investigated,

d

experiments carried out, and, finally, two "new" types of cement
were produced, These cements were then subjected to intensive
testing to reveal their strengths and weaknesses, so that

proper recommendations can be made as to their use,

Some of %he test methods, particularly those used for checking
"Pozzolanic Activity", may seem somewhat "crude" to the pure

analyss, but cement seldom lends itself to "exact" treatment,

The emﬁhasis throughout has beeﬁ on "comparing" the properties
of tﬁe special cements with those of "ordinary" Portland cement.
I feel that the test results have indicated conclusively that,
properly used for their designed purposes, these two special
céments will help to make structures which will "survivé“
longer than conerete made with 6rdinary qément“would ha&é done,
because they will be_"fitter". - There seems to be no valid

reason why these cements, "Sulfacem" and "Cemarine", should

" not be able to compete with similar cements made anywhere in

the world, and, in fact, they may even have a @light Yedge" on

the others.
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APPENDIX 1

"A  SULPHATE SUSCEPTIBILITY TEST FOR PORTLAND CEMENT"
BY TAYLOR AND BOGUE |

REFERENCE : 2.7
PARAGRAPH : 4.3 - 1

METHOD:

"The SO5 content of the cement to be tested is first determined

by any acceptable procedure.

About 30g of Ottawa sand, or some similar sand, is placed in a

dry 100-ml, graduated cylinder, so designed that it can be fittedl

with a stopper. (& blank determination should be made with eéch lot
" of sand employed). A sample of cement is weighed out equal in grams

to 5,4 divided by the percentage of SOS'in the cement. This sample

is placed in thevcylinder containing the sand. One hundred millilitres
of saturated limewater is measured in a 100-ml, pipette and added
rapidly to the cylinder by inverting the pipette. A clean rubber
‘stopper is inserted and the mixture at once shaken vigorously by hand.
The cyliﬁder is fastened to a rotary éﬁaker that is operaﬁed at a rate
~ 0f 60 rep.m. for 6 hours from the time of the addition of the limewater.. -
(The rack should be so designed that no cylinder is more than 6 ins.
from the hub). Iﬁ order to obtain consistent results within a
laboratory or between different laboratories; it is essential that the

test be pefformed at a constant temperadture.

Just before the end of the 6-hour reaction period; a. 9-cm
No.42 filter paper (or a compafable peper) is inserted in a Buchner
funnel and moistened with digtilled water. Suction is applied, and
the contents of the cylinder are poured into the funnel, The cylindgr
-is washed with 50 to 60 ml. of distilled water and the washings poured

onto the funnel. This step is repeated once;

The filtrate is transferred to a 600-ml beeker. The filter

flask/-v...w-.-...'.,. tovese
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flask is twice washed with 50 to 60 ml. of distilled water and.the
washings added to the filtrate. The;§olume is then made up to about
850 ml, 5 ml. of concentrated HCl added, and the weight of SOz
determined by pre01p1tatlon with BaCly solution in accordance w1th

standard procedure.

-

After the samount of 805 remaining in the solution is determined,
that Ealue is subtracted from thé amount of S0z that was present in

. the sampie of the cement faken. This difference is assumed to be

the quantity of SOS that has reacted to form calcium sulfo-aluminate.

during fhe'period of the test.- This is calculated as percentage of

the SO originally.preéent in the cement and is designated as the

3

tsulfate reaction valuel, The.vglues are reported to the nearest

whole number. "



-
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APPENDIX 2

"\ SULPHATE. SUSGEPTIBILITY TEST FOR PORTLAND CEMENT"
i MODIFIED TAYLOR AND BOGUE METHOD

PARAGRAPE : 4.5 = 1

METHOD:
1. Determine the sulphate content of the cement or groundi
ciinker.
L
Re ~ Place 30 grams of standard sand in a stoppered 100 ml.

megsuring cylinder. Add weights of cement or clinker sample

and of A.R,quality'CaSO4.2H 0 in accordance with the table

2

below.

3 Pipette 100 ml. of saturated limewater into the measuring

cylinder, insert its stopper, and shake vigorously for 30 seconds

4, Mix the contents of the cylinder for a further 6 hours on the

rotary shaker.‘

5. Then filter through a Whatman No.42 paper, using vacuum.
Wash the cylinder twice, using 50 - 60 ml, distilled water

per washing,

6. Transfer the filtrate to a 600 ml. beaker, and wash the
filter flask twice with 50 - 60 ml. distilled water, adding
the washings to the beaker. = Add sufficient distilled water

to bring the volume to about 350 ml.

7. Add 5 ml. of concentrated hydrochloric acid, and determine

the SO5 content gravimetrically, using barium chloride.
8. Calculate the Sulphate Reaction Value (SRV) as follows:-
SRV = 100 - ‘1850 x S
Where S = grams of 805 which remained in solution.

9. Abla.nk/....o..-..o.....‘.
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9. A blank test must be performed on the sand, and the blank .
value subtracted if neceséary,
10. WEIGHTS OF GEMENT (OR _CLINKER) SAMPLE
AND CaS0,,2H,0 10 BE USED

%80z | Wt. of Wto of % S0, Wt. of Wi, of
in i Cement CaSO4.2H20 in Cement CaSO4.2H20

Cement Zrans arans | Cement arans ‘ gramsv
0.0 | 1.684 0,116 : 1.5 14740 04060
0.1 1.687 0,113 | 1.6 1,744 0.056
0.2 1.691 0.109 ; 1.7 1.748 0,052
0.3 1.695 0,105 1.8 1,752 0,048
0.4 1,698 0.102 1.9 1.756 0.044
0.5 1,702 0;098v 2.0 1.760 0.040
0.6 1.706 0.094 2.1 1.764 0.036
0.7 1.710 0.090 2.2 1.768 0,032
0.8 1,715 0.087 2.3 1.772 | 0,028
0.9 1,717 0.083 2.4 1.776 0.024
1,0 1.721 0.079 Re5 1.780 0.020
1.1 1,725 0,075 | 2.6 1.784 0.016
1.2 1,728 04072 i 27 1,788 0.012
1e3 1.732 0.068 2.8 1,792 0.008
1.4 1.736 0.064 249 1.796 0.004
1.5 1.740 0,060 | 3.0 1.800 0.000
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APPINDIX. 3

RELATIONSHIP BETWEEN, AND CORRELATION OF, SULPHATE _REACTION

-VALUES OBTAINED BY THE BOGUE AND . THE MODIFIED TEST METHODS.

A

. C,“; It is assumed that a given welght of trl-calc1um aluminate,

' 1n a‘pa:tlcular cement will react with a deflnlte welght of SO5 in

'vf both teut methods.

f'l;: CaLculatlons by the Bogue Method:

oA

‘So =

83 =

sS4 =

S5 =

[t}

IiIet : IISI = %

» 805. in the cement.
weighﬁ of cement used

5.4

7]

“weight of SOz in sample

0.054 grams (both methods) .

wt.of SO0z remaining in soln, after shaking.
wt.of SO5 used up by aluminate

S3 - 5S4

= 83 -54 % 100

S3

= 55 x 100

- 83

= 55 x 100
0,054

= 1853 x. 385

Call this "0ld" S.R.V.

2, Calculations for the Modified Method:

56 =

S7 =

weight of Cement + CaSO4.2H20
1,800 grams.

% S0y in CaSO4.2H20

4645% -

SB /»g......l.'...l.ll.l..
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2e Calculations for the Modified Method: Continued

s8 = % 50, in mixture of Cement + Cas0,.2H,0
= 3,0 %
S9 = weight of cement used in modified method.
= 87 - S8
ST - g1 X 1,800
= 43.5 |
4.5 - 51 ¥ 1800
= 78,%
© 46,5 - 51

510 = weight of SOz used up in modified method,

"New! SRV = 1853 x 810

3 Correlations:

S2 g cement reacted with S5 g SO5 (para., 1)

therefore S9 g cement will react with S5 x S9 g SO

3
52
i.es S10 = S5 x S9
SR
but 52 = 5-4  (paragraph 1)
S1
‘and 89 = 78.3 (paragraph 2)
therefore 810 = 85 x 7843 X sl
46.5 - Sl 5.4:

= S5 x 14.5 x 81

"New' SRV = 1853 x S10 (paragraph 2)

}]

1855 x S5 x 145 x Sl

but 1853 x S5 = "0ld" SRV (paragraph 1)
therefore: wyeun SRy = n0ld" SRV x %5 x S1
) 46,5 - S1

(where S1 = % 80z in Cement )

4, Tabula‘tion/........u.
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4, Tabulation:
s1 =% 1.0 | L5 1.8 | 1.9 | 20 | 2.5 | 3.0 .|
a =145 xS1 = |14.5 [21.75 |26.1 [27.55 (29,0 |36.25 | 45.5
b = 46,5 = S1 = | 45,5 %45;0 447 Jaa.6' J4a,5 Jag.0 14305
&y = | 0,319 83

0.584

0.628] 0.652| 0,824/ 1.000|

"0ld" SRV -

"New" Sulphate Reaction Values

20 s 10| 12| 2 | B | 1. 20
30 10 14 17 18 20 | 25 | 30"

40 15 | 10 | 25 | 25 | 26 | 35 | 40
50 % | 24 | 20 | 51 | 35 | a1 | 50
60 19 zé‘ 35 37 39 | 49 | 60
65 21 31 38 0 | a2 | sa 65
70 22 34 41 | 43 46 58 70
80 25 39" | 47 19 | s2 | 66 | 80

% so, L0 | 155 | 1.8 | 1.9 ';2.6 :2.5' 3.0

5. Justification:

Davis (25.5)cbeokaithe "Bogue" method on a clinker with

varying amounts of CaSO4;2H20 and obtained the following results:

CaSO4. 5
SRV

% 805

oH 0

(by calculation)

3%
64

4%

45

5%
37

6% 7%
30 24

1,40 1.86 2,33 R2.79 3.26

Putting th3/ -o“'o.-qoooto-o-oo'ooo
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Putting the equations of paragraphs 2 & 3 above into a

"general" form, we get:

1

New SRV = 0ld SRV x S0 5 46,5 ~ SM
SM 48,5 - SC
where : SC = % SO5 in "cement"

& SM

% S0z in "mixture"
If we take the 4% mix (1.86% SOz) as the "ecement!, and

the other mixes as the "mixtures", we can caleculate the

SRV for each; thus:

New SRV = 0ld SRV x 86 46.5 - SN
SM Z4.64
- 1.86 . 46.5 — SM
=S 45 ° XA
X iZ.64 * T o
= . 46 D = SM
1.875 X T

RES

For 3% CaSO,.2H_ 0

42
New SRV = 1.875 x 46.5 - 1,40 - .
‘ 1.40
= 60
For 5%  CaS04.2H,0
46,5 - .
New SRV = 1.875 x. 222 R433
R ¢33
= 36,
For 6% 0aS0,.2Hy0.
: . ;) o 46,5  —. 2.779}‘”,_,...‘.'”» :
New SRV = 1,875 =x ==
= 29
For 7% CaSO4.2H_-?O . ) o
e 46.5_ - 3,26
= 25

a
&

SUmmal‘y/- caenade B e s 00. .
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Summary of Results:

Sulphate Reaction Value

% oaso4.2Hzo in mix. Found Calculated
3% 64 60
4% (‘Standard") (45) (45)
5% 37 36
6% | 30 29
7% 24 25
Conclusion:

The close agreement between the calculated values and the
SRV's found by experiment indicates that correlaﬁing the "Bogue"
and "Modified" results by calculation, as in paragraphs 2 & 3, is

justified.
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EXAMPLES OF METHODS USED FOR CALCULATING PROPORTIONS

OF RAW
MATERIALS REQUIRED FCOR MIXES '
4,1, FOR FIRST BATCH OF S.R.CEMENT.
1. Requirements:. CSS- = 50% (maximum)
Czh = - 15% (0 - 5%)
2e Partial Lnalysis of Materials Available.
OXIDES, ETC. LIMESTONE SAND | SPENT-OXIDE | COAL ASH
510, % 6.7 93,5 10 43
210y " 1.7 3. 10 R9
F6205 " 0.3 1,0 .75 6
Cal " 48,7 0.5 - 13
n o -
805 ? 7
Loss on Ign." 41,0 1.0 2 -
98,4 99.5 99 98
3. Proportions:
Limestone = a = 100 x a%
Sand = D = 100 x b%
Spent-oxide = = 100 % c%
Coal Ash = 0,015 = 1.5 %
TOTALS 1,000 100%
4, Composition of mix and clinkers:
- ‘ | SPENT- | T
CONSTITUENTS | LIMESTONE SAND | OXIDE ASH TOTAL CLINKER
8102 % 6,72 ‘95.5b 10c 0.65 M.S. S
Aly0; % |' L7a | B.5b | 10c 0,44 | M.A. A
Fe Oz % 0.3a 1.0b 75¢ 0.09 M.F.. F
Cal % 48,7a “0.5b - 0419 M.C. C
805 % - - 2c 0.10 M.su su
Loss % 41,0a 1.0b 2¢c - L o(,,;/)
Totals 98,4a | 99.5b | 99 1,47 M.T. T

For any clinker/ceeeeeseeses
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Cbmposition of mix and eligkexr: Continued.

For any clinker constituent, e.g. "S" :
' 100

S = T » - ) 3
ptal 8102 in mix x 1100 - Loss )
: . 200 - L
Let M - loo ..........'cool(l)'

Then : S = Total 8102 in mix

Subtract : 4.,00a + 7,58b ~ 100.22¢ + 1,014 = 1,5M

M
Whence Total S:'LO2 inmix ‘= M x 8
Total A1205 non = M x A
Total Fe205 woon = M x F
Total CaO» o = M x C
Total SO5 weon = M x su
Equations.
a *+ b + ¢ + 0,015 = 1,000 (from "proportions")
0" a + b + (6] = 0.985 CRCEE I LA N B BC I BN B S B B B B Y N ) (2)
05A = 2,654 -~ 169F = 1,5 (postulated)
. o Mx Czh = 2,65 MA - 169 M = 1.5xM
2465 ML = 4,51la + 9.27b + 26450 + 1.166 { MA and MF from
1.69 M = 0,5la + 1.89b + 126,72c +

0.152 2ﬁlb/e in fm"l.l/g

... 2.678. + 5.05b b 66.820 + 0.676 = M (5)
CzS = 4,07 G = (7.65 + 8,724 + 1,43F + 2,85 su)= 50
A (postulated)
. M x CgS = 4,07 MO - (7.6 M5 + 6.72 MA + 1,45 MF + 2,85 Msu)
= 50 x M

= LOTMG = b o= BOM Lo
7.60 MS = 50,922 + 710.65b + 76.00c + 4.94
6.72 MA = 11.42a + 23.52b + 67.20c + 2,95
1,43 MF = 0.43a + 1.43b + 107.25¢ + 0.13
2,85 Msu = - - 5.70c + 0.28
Add 62,772 + 735,60b + 256.15¢c + 8,30 =

4,07 MO/ eeecnnnnoes



Page 267

L]

198,20a + 2:03b + 0,00c + 0,77

4,07 MC =
(Bb) t = 62.77a + 735.60b + 256,15c + 8,30
Subtract : 135.43a - 733,57b - 256.15¢ - 7.55 = 50 M (from 3a)
e 2.7la - 14.67b = 5,12¢ - 0,151 = M (4)
L = 41.0a+ 1.0b + 2,0c (from para.4 above).
(1) M o= 100 - L
100
+ 100M = 100 - L

100 = 44,08 = 1,0b - 240c

+™ 2 0vla - 0,010 - 0,00 + 1,000 = ¥ (5)

(3) 't 2.67a + 5,05h - 66.82¢c + 0,676 =
(5) : =~0.4la - 0,01b - 0.02¢ + 1,000 =

Subtract : 3.08a + 5,06b - 66480c = 0,324 = 0

%' 3,082 + 5,08b - 66.80c = 0.324  (8)
(4) :  2.,7la = 14,67b - 5,12¢ = 0,151 = M
= M

(5) : ~=~0.4la - 0,01b = 0,02¢ + 1,000

Subtract : 3.12a -~ 14.,6€b - 5,10c = 1,151 = O

ot 3.122 ~ 14,66b ~ 5,10c = 1,151  (7)

G Solution of Equations:

We now have three equations:

(2) a + Db + c = 04985
66.80c *0.324

(8) 3.08a + 5,08b

5.100 = 1.151

and (7) 3.1Ra + 14,6601

for the three unknowns, a, b & ce

(6) : 3,08a + 5,08b = 66,80c = 0.324
(2) x 3,08 : 3.,08a + 3,08b + 3,08¢c = 3,034
Subtract:  1,98b - 69.88c =~ 2,710  (8)

(7) . 5». 128. /l [ICI LR R AR AT T & & Je BLE R ) l
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(7) s 3,122 - 14,66b - b5,10¢ = 1,151
(2) x 3.,12: 3,12a + 3,12b + 3,12c = 3,073
Subtract: - 17786 - 8,22c =-1,922  (9)
(8) ¢ 1,98b - 69.,88c = = 2,710
(9) - 8498 : -1,98b - 0,92c = =~ 0,214
Add : - 70.80c = - 2,924
. _ 2.924
‘Y& T 70,80 Q20413
and 100 = 4.1
Substitute ¢ = 0.0413% in (8)
Then @ 1,98b - 2,886 = 2,710
. 1,980 = 0,176
S b= D70 g ogeg
| 1,98
and¢ 100 b = 8,9
Substitute ¢ = 0.0413 and b = 0,0889 in (2),
Then 1 a + 0,0889 + 0,0413 = 0,985
e a = 0,9850 - 0,1302 = 0,8448
100 & = 84,5

. and :

7e Mix Proportions Used:
- Limestone : 84+ % (calculated value
. Sand : 9 % ( 1" "
Spent-Oxide 4 % ( " "
Ash pick-up @ %
100 %

Using these values to calculate the theoretical
composition gave:

49,7% (Reqd @
1.6% ( m :

50% )
13% )

Potential CSS e
Potential C5A H

84.5)
8,9)
4,1)

1

[t}

n

clinker

See Table NO.7/&.1...;......3
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See Table.No,7, on page 82, for details of the calculation

and of the other mix constituents.

FOR _THE HIGH-LIME S,R. CEMENT.

Requirements:

CSS = Maximum obtainable

CSA = 1% (0 - 5%)

To obtain the maximum CzS £he Ca0 content must be as high

as possible but there is no point in adding much more Cal
than‘can be combined with the other constituents.  There are
two possible methods of calculating mix proportions for |

maximum CSS

l.1. Postulate Co5 = 0%
Thig gave proportions of:

Limestone ¢ 84,8 %

Sand : 11,1 %
Iron Ore 0 2.6 %
Lsh : 1.5 %

100,0 %

Calculations for the above are given in paragraphs
5 and 6 below. |

1.2, An L.S.F. of 1,00 gives the maximum Ca0 which can be
combined with the other constituents , but an L.S.F.
of 1,02 is permitted by B.S.12 and S.A.B.S.471.
A small surplus of a0 in the mix should according
to the "Law of Mass Re-action" (R8,6), assist in
obtaining full combination of the other materisls.
A free-lime content of 1% is quite tolerable in clinker,
and for this an L.S.F. of 1,015 ig required -~ see
paragraph 7.6 below, |

Uging this method the proportions came out at:

Limestone :85.0%/..-0--00.....
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Details of the calculations are given in paragraphs

5 and 7 below.

2 Partial Analysis of Materials Available.

OXIDE LIMESTONE SAIID TRON-ORE COAL ASH
'SiOZ % 3.3 93 .5 14 43
41,04 % 0.8 3.5 9 29
Fe Oz 7% ' 0.3 1.0 73 6
Cal % 51.0 0.5 - 13
SO5 % - - 7
Loss on 43,3 1.0 3 -
Ign, 7%
TOTALS 98.7 99.5 99 98
3e Propgftions:

Limestone = = 100 x a %

Sand = b = 100 x b %

Iron Ore = = 10xc %

Coal Ash = 0,015 = 1.5 %

TOTALS = 1,000 = 100%

4, Composition of mix andjclin@gz:

CONSTI TUENTS | LI MESDNE SAND JRON ORE ASH § TOTAL CLINKER
SiO2 3.3a 93,51 l4ce 0.65 M. S S
4150, 0.8a 3.5 9¢ 0.44 M. A, A
Fe205 O0.3a 1.0b 73¢ 0.09 M.F. F
Cal - 51.0a 05D - 0,19 M.C. G
805 - - hand O.lO Ml su su
loss 43,3a 1.0 3c - L -
TOTALS 98,78 99,50 99e 1.47 M.T. T
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S Equations common to both calculations.

Once again:

- 100 - L 1
M 100 (1)

(see paragraph 4.1 - 4 )

and: a+ b+c = 0,985 (2)

(see paragraphs 4.1 - 5 and 4,2 ~ 3 )

Cgh = 2465 & - 1,69 F = 1.0 (postulated).

it

e o MXx 05A = 2,65 M - 1689 MF =1.0xM = M

Re65 MA = R2,12a + 9.,27b + 23,85¢ + 1,166
1.69 MF 0¢5la + 1.69b + 123,37c + 0.152

Subtract

e

1,61la + 7.58b - 99.52¢ + 1,014 =M  (3)

(1) M = 100 - L
: 100

.. 100 M 100-L

100 ~ 43,3a ~ 1.0b - 3.0c

i1

e o M = l - 0.458. -~ 0.0lb - 0.0SCu

or - 0,432 - 0.01b - 0.03¢c + 1,000 = M (4)

il
=

(3) : 1.61la + 7.58b - 99,52¢ + 1,014
(4) + =0.43a =~ 0.,01b - 0,03¢c + 1,000

1
=

Subtract : 2.04a + 7.59b - 99,49¢c

+

0,014

[t}
O

«  2.04a *+ 7.59b - 99.49c

¢ o

(2) x 2,04: 2,04a + 2,04b + 2.04c

- 0.014
2,009

1

t

Subtract: 5,55b = 101.53c - 2,023 (5)

8. calculations for lst method (paragraph 1.1 above)

CoS = 846 S + 5,07 A+ 1,08F + 2,15 su - 3.07C = 0 (postulsted.

* Mx CoS = 8,6M5 + 5,07 MA + 1,08MF + 2,15 Msu - 3.07MC = 0

28.38a + 804.,00b + 120.40c + 5,590
4,06a + 17,75b +  45.63c + 24,231
0.32a + 1.08b + 78.84c + 0,097

- - - 0.215

8.60M5
5.07MA
1.08MF
2 +15Msu

i

Add H 52.768./.......-..'



244,87c +

_lfage 272

kdd 32,76a + 822.83b + 8.133
3,07MC: 156,58a + 1,53b - + 0,583
Subtract:=123,82a + 821,30b + 244,87¢c + 7,550
o*s =123,82a + 821,30b + 244.87c = =7,550
(2)x 123,82:123,82a + 123,82b + 123,82c = 121,980
Add : 945,12b + 368,69c = 114,43 (6)
_ 5.,55b - 101,53¢ = - 2,023
(6),;_ 170,3: 5,55b + 2,17c = 0.672
Subtract : - 103,70¢ = - 2,895
e & T _ 2.695 = 0,0260
’ 103,7 ;
and 100 ¢ = 2.6
Substitute ¢ = 0,0260 in (5)
Then 5.,55b = 2,639 = =2,023
.o, 5,55b = 0,616
- 0,618
. b = [ =
AR b EEe 0,111
and 100b = 11,1
Substitute b = 0,111 and ¢ = 0,026 in (2),
Then a + 0,111 + 0,026 = (0,885
.. a = 0.985 -~ 0,137 = 0.848
and 3 100a = 84,8

That is, by this method,

the proportions:

Limestone

Sand
Iron Ore
Ash

7o

oo

84.8%
11.1%
2.6%
1.5%
100,0%

the materials should be used in

Calculations for 2nd method (paragraph 1,2 above)

7+1. L.S.F.

= C = Op? su
R.85 + 1,28 +  O.65F
LTeR For an L;S.F. of /-y-.-v;-aao;
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_7.2. For an L.S.F. of 1,00 the combination of

Ca0 with other constituents should be complete.

Call this wvalue of Cal "Cl"

73 An L,S.F, greater than 1.00 means that there
will be uncombined, or "free" Ca0 present,

Callvthe amount af free Cal "Cf".

7eds The postulated value for Cf is 1% (see paragraph
1.2 above). The equivalent L.S.F. must now be
calculated.s Call this L.S.F. "m" and the

requisite value for Ca0 "Cp".

Assumptions:
| pproxi ' 10,, & :
Appreximate values for SiO,, 1205 and FeZO5 are
SiO2 s 22%
A1205 : ?%
o o
FezO5 : _4A
Then 2,85 = B1l.6%
124 = 3.6%
0«65F = 2.6%
Add 3 B67.8%
ioeo 2088 + - lQZ-A- + O.65F = 67.8%
Calculation of L.S.F.
'Cm = Cl + Cf'
Cl - Oo?SU -
= 1

2,85 + 1.2h + 0.65F

it

2,85 + 1.2A + 0.,65F

. Cl = 04751
' 67.8% (para. 7.5)

1]

-

*. ¢ = 67.8 + 0.73u

- Cm B 007 sl
R+8S + 1,24 + 0.,65F

= M Jeseesonosn
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Cm = 0O.7su

= m
2.85 + 1,28 + (0.85F
' Cm - 0.7su = m (2.88 + 1424 + Oo65F)
= 67.8m
-.o Cm = 6758 m + 0.7s8u
G, = 67.8 + 0.7su

Subtract: Cp - C; = 67,8 (m - 1)
but Cm = C1 + G0p

=
.
0]
.
«Q
’—b
Li]
(o)}
ﬂ
.
[0¢]
—
8
I
'—J
—

It was postulated (para 7.4) that:

Cp = 1
e 67,8 (m~-1) = 1
. 67.8m ~ 67.8 = 1
I 87.8m = 68.8
ot m =  68.8
67.8

1.015

i.ee For a free-Ca0 of 1% in the clinker, the LS.F
gust be 1,015 '

7«7« Equations for calculating a, b & c,

From paragraph 5 above:

(2) a + b + ¢ = 0,985
(5) 5.55b - 101,53c = = 2.203
Additional:
C - 0.7su .
- = 1,015 . 7.
LeS.F. 2.85 + L.28 +  0.65F 015 (para. 7.6
- M (C - 0.7su )
M (2,85 + 1.24 + 0.65F)
Re8MS + 1.2MA + 0.65MF 1t
MC = 51,0a + 0.5b + 0,18
0.7 Msu = 0,07
Subtract: 51,0a + 0.5b + 0,12 = r

2.8 M3

1l

9,248 + 261,800 /cecescccce



2,815
l.2Ma =
 0.85MF

1}

9,248
0,962
O.20a +

4

261,80b +
4.,20b +
0.65b- +

39,20c +
10.80c +
47,45¢c +

4

0.53
0,08

i}

Add: 10.40a

4

286465b + Q7.46c + 2,41

1.82
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L.S.F. = = 1,015

r = 1,015t

e - 1,015t = 0

51,008
10.56a

+

0.50Db +
R70,60Db 98.90c

. T =
1,015% =

+
4

0.12
2.45

Subtract: : 40.44a 270, 10b

270.,10b

98,90¢c =~
¢ 40.44a

98,90 =

2,31 = 0
2.5100-4;0.(7)

7.8 Solution of equations;

270.,10b -
40,440 +

(7) ¢ 40.44a ~

40,44a +

98,90¢
40.44c

2,31
39.83

(2) x 40.44:

Subtract : ~ 310,54b - 139,34c

-37.52..(8) -

(5) 5,55b ~ 101,53c¢
(8) ==55494: =5.55b -~ 2.49¢c

"

~24023
~0.671

i

~ 104,02¢c ~2.694

2.694
104.02

i

Add :

T c =

n

0,0259

and 100 c = 2.6

(5),

Substitute c = in
Then 5.55b

. 5,95b

0.0259
2,629 =
0,606

0.606
5495

i}

. b =

and ¢ 100b = 10.9

Substitute b =

Then . a + 01092 + 0,0259 =

0.,9850 ~ 0.,1351 =+

L]
o
1]

0.,1092

0.1092 and ¢ = 0.0259 in (2),
0.9850

0.8499

100 a = 85.0

That iS,/..oooo-oaoooutoooo
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That is, acdording to this method, the materials

should be used in the proportions:

Limestone @ 8540%
Sand : 10.9%
Iron Ore g 2.6%
Lsh 1.5%

100,0%

e —

The mix design was based on these figures and the
calculated ratios and constituents for the clinker

(Table No.13, page 94) were:

jugl

0]

)
il

1.014

Free Cal = 1.0%
A = 0.9%
05 e
CzS = 84.1%
C S = 005%
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APPENDIX &

- NOTES ON THE CONSTITUTION AND CALCINATION OF CLAYS AND SHALES

NOTES ON SHALES, CLAYS AND CILAY MINERALS.,

Geologically, clays are composed of various minerals of
primary and secondary origin, all of which are of a comparativaly
"fine! or small grain size., Clays may be found in a variety
of forms, They may occur as a soft paste (mud), or as a soft
solid (mudstone), or as a laminated rock (shale.:). There are
certain minerals or classes of minerals which occur in all
clays and have been termed "clay minerals'", Deposits of dlayg
of all kin@s are described as "argillaceous" to distinguish

them from sandy ("arenaceous") formations.

The earliest rocks to be formed were similar to the granites
diorites and other igneous formations whicﬁ have crystallised
from volcanic masses. These rocks, which are termed "primary®
are rich in felspathic, micaceous and quaftizitic compohents°
In the course of geological time such agglomerations have been
subjected to the action of air, water and other external
agencies,'whicb have brokeﬁ down the hard, cryséalline formatisn
to a finely~grained mass of '"secondary" and some unchanged
primary minerals. These mixtures may remein in situ or be
transported and deposited elsewhere - in the firstecase the
clay is termed "residual", whilst in the sécond case.it is
known as "sedimentary", Sedimentary clays are‘by far the

most commone

\

The three most important primary minerals in clays derived

from igneous rocks are guartz, felspars and micas.

Secondary minerals are of much more common occurrence in clays

and they include the clay minerals of the kaolin and

montmorillonite group/..cevececececsecs
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and montmorillonite group, chlorites, vermiculites and

hydrous micas (illites)

Quartz is one of the three crystalline forms in which
silica (SiOZ) can exist, the other two being Tridymite and
Cristobalite and all three polymorphic forms can exist in
more than one modification with different crystal structures.
The conversion of one form to another is slow, as big structural

rearrangements are involved. .Beta~quartz changes to beta~-

tridymite at 870°C and to beta-cristobalite at 1470°C. In

most cases cristobalite is the first crystallisation product

of amorphous silica at high temperatures; tridymite may re-form
from the cristobalite provided conditions are favourable.

The igversioné involve only slight structural rearrangements
and the changes are instantaneously reversible, -Beta—quartz
changes to alpha~quartz on cooling at 573°C; beta=-cristobalite
to alpha~cristobalite at 220°C; befaz—tridymite to alphag-
tridymite at 163°C; and betaj-tridymite to alphal-tridymite

at 117°C, The beta modifications of all these minerals

are stable at the higher temperatures and heve the most

symmetrical structures,

Felspar is the name given to a group alumino~-silicates
containing one or more of the following metals as bases:
potassium, sodium, calcium and barium, The felspars form
isomorphous mixtures, and, consequently, may vary greatly in
composition, especially as regards the metals present, The
structure of all.felspars is based on a framework of silica(SiOz)
but one which is more open than that of the silica minerals.
There is a replacement of Si by Al ioas, which results in
charge deficiencies and these are balanced by cations of K,

Na, Ca or Ba entering the crystal lattice, thus:

4:Si02 = Si408/.oo'oooooooooooc-
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4510,

o = 81408 Cooe 81‘81308 Si2.81208
K+ Al + Si.SiSO8 = K.Al.Si508 + Si
Ca + 2Al + 812.8;208 = Ca.A12.8i208 + 2 Si.

(for the sake of simplicity the ionic charges have not
been shown above), '

Felspars can change to kaolinite (A1205.2Sio .2H20) under

2
suitable weathering conditions, but the mechanism of the

alteration remains something of a mystery.

‘Mica is a term used to designate a group of minerals -
crystallising in the mono-~clinic system in characteristic
plate-like masses or particles, and consisting of alumino-

silicates of potassium, sodium, lithium, iron and magnesium,

Mascovite (K, 0.341,0,.6510,.2H,0) is one of the principal micas.

R78° TR
It usually occurs in thin flat plates or scales and, being

fairly stable, is often found in clays. Hydrous micas are

an alteration product of true micaes from which some of the

alkali ions have been leached away and more water has entered

the crystal lattice; they are bften known as Illites.

Biotite (X (Mg,Fe)éAl Sig 090 (OH)2 ), or iron-magnesium
mica, occurs either as scales or in large massive crystals of
e black or dark green colour., It is the "parent" of a well-

defined series in the ferro-magnesian mineral group.

Ghloriteé, which are degradation products of biotite,
are a gr&up of hydrous alumino-silicates.with iron (either
ferrous or ferric) and magnesium as essential ingredients.
They are the ﬁost usual alteration products in recent clays
derived from minerals rich in magnesium and ifon, and they are
common constituents in many sedimentary clays. The crystals

are greenish flakes resembling mica in appearance, but they are

Softer/'Cﬂlotloc...oocl..n
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softer.  The interdonvertibility of muscovite or biotite
micas, montmorillonite and chlorite; under suitable éondifions,

is well established but no change to kaolin has been fully

- proved. Chlorites are double-layer minerals.

Réferences: 28.1 to 28,8

EXTRACTS _FROM: "SYMPOSIUM ON USE (F POZZOLANIC MATERIALS IN
MORTARS AND CONCRETES", SPECIAL TECHNICAL PUBLICATION
NO.,99 - ASTM, 1949,

"Effect of Calcination on Natural Pozzolans" by Mielenz,
Witte and Glantz, 1Dp.43.

Activity type ¢ 3c. Essential active cohstituent: Illite
type clay. |

Sample No,70 : Shale from near Trident, Monterey. Gray to
buff hard, fissile. Composed of illite with muscovite (30%),
quartz and felspars (60%), iron~oxides, biotite, and other

minerals (10%)

Effect of calcination on comﬁosition: The illite~type
clays, or hydromicas are a poorly defined group of minerals
apparéntly intermediate in composition, crystallographic
structure, and properties between beidellite and muscovite.
I1lite~-type clay minerals are common constituents of clays,
shales and soils,

With heating, illite-type clays lose free water bétween about
30°C and lOOOC; .absorbed water is lost between about 100°¢

and 300°C; complete dehydration is accomplished at about 700°C,
The details of dehydration and lattice change with calcination
vary with the composition, alteration, and exchangeable cations
of the illite.

The dimensions of the crystalldgraphic lattice respond less

to calcination/.....-....-.. tecsoe
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to calcination than do those of the montmorillonite clays.

Calcination from 100°C to 87OOG produces little change in the

- X~ray diffraction patterns of two specimens analysed, other

than slight changes in position and intensity of line 001,
After calcination from 87OOC to 98OOC the lattice has dis-
integrated with production in one specimen of spinel, quartz,

and other unidentified compounds.

Effect of Calcinaticn on Physical Properties and "Pozzolanic
Activity!e

Pozzolans of activity type 3c are affested significantly by
calcination in the range from 430°C to 980°C.  Water require-
ment. is decreased moderately, especially after destruction of
the clay by calcination at 980°C.  For pozzolans of this
activity type producing set of lime-pozzolan paste, time of
set is reduced to a minimum by calcination of the pozzolan at

760°C. Compressive strength of lime-pozzolan mortar is

JAmproved slightly or mcderately by calcination, maximum strength

occurring after destruction of the clay component by heating

to 980°C.

Effect of Caleinaticn on Alkali Reactivity of Pozzolans:

None of the type 3c pozzolans tested proved capable of
bontrolling alkali-aggregate reaction in high-alkali cement-

pyrex glass mortars.

Conclusions:‘ Caleination will improve the quality of some
pozzolans, reduce the quality of others, and induce pozzolanic
properties in some otherwise essentialiy nonreactive materials,
Natural pozzoians or natural materials in which pozzolanic
properties can be induced by calcination at temperatures less
than 1100°C caﬁ be clgssified by the essential active

ingredient into eight groups +.s...

PO22018NS Of/ eesenncaesseess
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Pozzolans of activity types 3¢ and 3d resist changes in
properties because illite~type clays and vermiculite show
little change in position and structure with heating below

760 - 87OOC LI I B IR

Reference: 13,3
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APPENDIX 6

THE HYDRATION OF SULPHATE RESISTING PORTLAND CEMENTS

6.l Hydration of a typical , low C A, Sulphate-Resisting

3

("Type V") Portland cement, with weights of reacting materials

and products, can be represehted thus:

Composition of'Cement g C5S : S0
028 2 29
05A ; 2
C 4AF : 16
CSH2 s _iE

Total : 100

Hydration Reactions (simplified)

1. 2038 + 6H = CgSoHg + 3CH
50,0 + 11,65 = 37,5 + 24,35
2 2023 + 40 = G582H5 + (H
29.0 + 6,05 = 28,8  + 6.25
3a. Cgh + 30SH, + R6H = Czh.3C5.Hgp
1.6 + 3,0 + 2,7 = 7.3
3b, Cgh + 6H = Czh Hg
0.4 + 0415 = 0.55

4, CyAF + 20H + 10H
16,0 + 4,9 + 5,95

CSA H6 + C5F H6
o 12445 + 14,4

Adding (changing + 2CH on L.H.S.of equation 4 to -2CH on R.H.S):

n

L.H.S.: 2C58 + 20,8 + 2044 + G AF + 308 H, + 52H
50.0 + 29,0 + 2,0 + 16,0 + 3,0 + 26,7

fi

R.H.S.:=2C,S + g
% 2H5 . CBA.CS.H52 + 2CSAH6 + CSFHg + 2 CH
‘ = 66,3 + 7.3 + 13,0 + 14,4 + 25.7
Left Hand Side | Right Hand Side
grams. % i grams %
CzS : 50.0 39,5 0582H5 s 66.3 5R.8
028 ;1 :29.0 22. ‘ CSA.BGS |H32 H 7.5 5.8
Czh t 2.0 155 Czh.Hg T ¢ 13,0 1042
C4AF : 16.0 . ]—2.6 ’ CSF'H6 H 1414 11'4
cSy s . 3.0  2.35 CH 3 R9.7  R0.3
2 . ! . :
H ° ?.6 '7 2101 | - M ° — -
Totals ... 126.7 10Q.0 | Totals «.. - 126.7 100,0

Notes:(1) The hydrated product still contains about -20% Ca(OH)Z.

(2) The CzA H, has only been reduced from 15,7% (para.2.5.6.)£o
10.2%, bu@ most of it comes from CyAF (instead of from 05A and

so it probably takes much longer before it is in a form which
can be attacked by sulphates.
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Bele For a"Ferrerf-type" Sulphate-Resisting Portland Cement, the

hydration will be rather more complicated. It can, perhaps,

- be represented thus:

Composition of Cement: CzS : 50
CoS ] 29
Czh s nil
in solid CyhiF : 16
solution CoF 2 R
cS H, : 3
Total 100

Hydration Reactions (simplified).

le 20,5 + 6H = CgS.Hg +  BCH
50,0 + 11.85 = 37.5  + 24,35
B, RC,S + 4 = Cgg g+ CH
9.0 + 6,05 = 28,8 + 6.25
3. CSA = nil
da, CghF + 2CH + 10H = Czh.Hy. + C.F.Hg
16,0 + 4.9 + 5.95 & 12,45 + 14,4
4b, Cgh Hy + BCS Hy + 20H = CzA.308.Hy,
Re2 4+ 3.0 +2,1= 7.3
50 GC,F + CH + 5H = GgF Hy
Re0 + 0455 + 0.65 =

38

Add, after transferring:

1, + B CH on L.H.S.of equation 4a to -2 CH on R.H.S.;
Re + CgA H6,onL°H.S.of equation 4b to -Czh Hg on R.HS. 3

5, + CH on L.H.S.of eguation 5 to - CH oh R.H.S.

L.H.S.: 2058 + 2055 + C,AF + CGoF + 50§'H2 + 45 H =
5040 + 29,0 + 16.0 + 2.0 + 3.0 + 26.6 =

R.H.,S.:= 26582H5 + (0)0zh Hy + R05FHg + C5A.CS.H32 + CH

= 66,3 + 10.25 + 17.6 + 7.3 + 25,15

Left Hand Side Right Hand Side

grams % grams %

CzS : 50.0  39.5  CgzS.Hj ;66,3 52,3
CZS M 29.0 22.9 CSA. SGSQH32 : 7.5 5.8
C4AF : 16,0 12.6  Czh Hg ¢ 10,25 8.1
CEF : H 2.0 1.6 CSF H6 : 1’7.6 15.9
CSH, : 3.0 2.4 CH : 25,15 19.9
H H 26'6 21'0 hend - -

Totals : 126.6 100,40 Totals : 16,6 100.0

Notes: (1) - The Ca(OH), in the hydrated product is not significantly
less than Tor other cements.
(2) The C,E H, has now been reduced to 8,1% (15.7% in OPC

and 10.2 in Mordinary" sulphate resisting ~ see previous
paragraph. The reactions are, possibly,even slower than

in the nrevioilie poce
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APPENDIX 7

CHEMICAL ,TEST FOR POZZOLANIC ACTIVITY

7el., The object of the test was to check the relative affinity

of a particular shale for Ca(OH)2

1. When caleined at different temperatures and
2.  When calcined at a particular temperature and ground

to different degrees of fineness.

7ol To develop the test I used the first sample of shale
calcined (in the laboratory) with coal (4/EF) and ground very

finely (Specific surface wne 13,500 gm%/g)a..

743 Solubility of Ca(OH)2 in water:

At 0% : 1.85g per 1,000 ml
At £20°% : 1.6 g per 1,000 ml
At 100°C : 0.77g per 1,000 ml

(From "Handbook of Chemistry & Physics").

i

185 mgm per 100 ml,
160 mgm per 100 ml.

77 mgm per 100 ml,

7.4,  Standard solution of Ca(OH),

Molecular weight 74408g.

. Equivalent weight : 37,04g.
1 N solution would contain  37.04g per 1,000 ml,
."s N/50 solution contains 37,04g per 1,000 ml,
50

v

0.74g per 1,000 ml,

74 mgm.per 100 ml.

(A saturated.solution at 100°C has 77 mgm. per 100 ml- para.3 above)

7.5,  First method (only attempt)

1. Colutions prepared,

l.1. 041 N Hydrochlorie acid soln,

Iml = 3,7mgm Ca(OH)2

1.2. 0.2 N -Sodium Hydroxide soln.
Iml = 2 ml of 0.1 HC1l soln.

1.3, 0¢02 N Caleium Hydroxide soln.
Iml = 0,74mgnm Ca(OH)2

1'4'. O.l N/-aoooh:":”o-o
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1.4, 0.1 N EDTA solution
Iml = 3.7mgm. Ca(OH)2

l.5. 2N Potassium Hydroxide solution.

Apparatus.

Pipettes, flasks, condenser, beakers, piston-burette,

mechanical-magnetic stirrer.

Method.

Pipette 200 ml of 0,02 N Ca(OH), solution into a flask,

R
heat to near boiling, add 1l.00g of calcined shale sample,
then boil under reflux for 1F hours, Filter rapidly, while
£ill hot, into a flask, Stopper the flask, and cool to room

temperature,

3.1, Pipette out 25 ml of filtrate, dilute to about 200 ml,
add 15 ml of 2 N KOH and a "pinch" of murexide indicator.

- Titrate with 0.1 N EDTA solution.

3.2, - Pipette out 20 ml of filtrate, add 20 ml of 0,1 N HCI,
and back-titrate with 0.2 N NaOH, using phenolphthalein

indicator,

Results:

4,1. EDTA Titration: quadruplicate titrations agreed

' within Oel ml, and the avefage was 3,1 ml, Titration
of EDTA vs 25 ml 0,02 W Ca(OH), was 5.1 ml.
"Blénk” titration was 0.1 ml EDTA, so titration of
filtrate ﬁas taken as S;O ml.

25 ml aliquot requires 3 ml EDTA

«". 200 " aliquot required 3 x 2%%

= 24 ml EDTA.
lml EDTA = 3.7 mgm Ca(OH)g
'« 24 ml EDTA = 3,7 x 24

= 88.6 mgm Ca(OH)p

1 ml of 0.02N Ca(OH>?/.........;..
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1 ml of O,02N Ca(OH)2 soine

0.74 mgm Ca(OH)2

it

0.74 x 200
148 mgm Ca(OH)

R

Ca(OH)_ used up by 1 g shales

2

il

148 ~ 89 mgm

= 59 mgm

4.2, hcid/hlkali Titrations; Triplicate titrations agreed
within O.1 ml, and the average back-titration was
8.7 ml1 NaCOH,
1 ml O.2N NaOH = 2 ml 0,1 N HC1
o"e 847" 0.2N NaOH = 2 x 8.7
= 17.4 m1 0.1 N HCI.
.*. HCl neutralised by Ca(OH)2 remaining in solution
in 20 ml filtraﬁe
] = 20,0 -~ 17.4 = .6 ml,
20 ml filtrate neutralise 2,6 ml HC1
. o 200 ml filtrate neutralise 26 ml HC1
lmlHCl1 = 3.7 mgm Ca(OH)2
o . 26 ml HC1 = 3,7 x 26
= 96.1 mgm Ca(OH)2
."+ Ca(OH), used up by 1 g shale:
= 148 - 96
= 52 mgm
S, Conclusions:
i 5.1 The EDTA and the acidimetry methods give results of

the same order of'magnitude. The difference of
7 mgm Ca(OH), is not too large considering the small
titrations - it is equivalent to an error of 0.25 ml

in the EDTA titration.

5.2 The results/.'-.-. clooo
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5S¢l The results indicate that the method "works!"; i.e.
a measurable quantity of Ca(OH)2 is "used up" by

the shale.

Second Method.

I felt that it might be better to use the cement, with
which the shale was to be interground, as a source of Ga(OH)Z,

rather than the solution of'ca(OH)Z.

Instead of boiling under reflux, I marked beakers with
rings to indicate 500 ml liquid, and maintained this level,
during boiling, by adding hot distilled water., Boiling

time was increased to 2 hours.

100 ml Aliquots of filtrate were titrated with EDTA solution

to determine the Ca(OH), in solution,

A11 titretions were done with a piston burette and with

the aid of a magnetic etlrrer.

Second method - lst Attempt

Meagure 500 ml distilled HZO into a "ringed" beaker, and heatv
to boiling., Add 1 g of S.R.Cement and 1 g of Shale sample,
Do a duplicate with 1 g of cement aﬁd 1 g of washed "standard"
sand. Continue to boil for 2 hours, adding distilled water
as necessary to maintain volume at 500 ml. Filliter rapidly
(Whatman No.541) while still hot, into an erlenmeyer flask.
Stopper the flask, and cool filtrate to room temperature.
Pipetﬁe out 100 ml, add 100 ml COZ-free distilled water,

15 ml of 2 N KOH; and murexide indicator. Titrate with

0.1 N EDTA solution.

2. ResultS/oooooo-oocnh
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Results_of dupliqate titrations:

Cement + Sand H 6,6 ml EDTA
Cement + Shale : 4.0 ml EDTA

Calculations:

5.1. Cement + Sand.

100 ml Filtrate requires 6.6 ml EDTA

«’. 500 ml Filtrate requires 6,6 x 5
= 33 ml EDTA

il

1 ml EDTA
,*, 33 ml EDTA

3,7 mgm Ca(OH),

3.7 x 33

122 mgm ca(OH)2

i.e. 1 g Cement liberates 122 mgm Ca(OH)2

«*+ 100g Cement liberates 122 x 100g Ca(OH)2
1,000

= 12 2g Ca(0H),

ie.e. Under these conditions (2 hours boiling in
excess H20 ) the cement liberates 12.2% Ca(OH)Z.

(See, however, paragraph 7.9-6)

3,2, Cément + Shale

100 ml Filtrate requires 4.0 ml EDTA

«°» 500 ml Filtrate requires 4 X 5
‘ 20 ml1 EDTA

1ml EDTA = 3.7 mgm Ca(0H),
. 20 mlEDTA = 3.7 %20 WA

= 74 mgm Ca(OH)2

3.3, Shale.activity.

Ca(OH)zvused up by lg shale;

= 122 - 74 mgm
= 48 mgm

o )

3.4 FormUla/......-.....-....
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Formula for future calculations:
Ca(OH)2 used up = (T1 - TZ) x 5 x 3,7 mgm
i.e. "Activity" = (Tl - Tg) x 18,5 mgm Ca(OH)2
Where : T7 = ml EDTA reqd. for "cement" titration,
To = ml EDTA reqd. for "cement + shale"
titration.

Conclusions.

4,1, The second method gives results of the same order of
magnitude as the first, i.e. 48 mgnm Ca(OH)Z, as
compared with 59 mgm ca<OH)2.

4,2. One likely reason for the lower result is the lower
concentration of Ca(OH)2 in the second case : 122 mgm
in 500 ml compared with 148 mgm in 200 ml. (See also
para. 7.9 - 3)

4,3, The percentage Ca(OH)_, liberated by the cement was

2

reasonably in accord with expectation. (With complete
hydration the cement should liberate about 25% Ca(OH)zu

see Appendix 6 ),

Second Method -~ 2nd Attampt

The test was repeated, using duplicate portions of cement

and cement +‘shale.

Sandu

only.

A complete "blank" was included - i.e, with reagents

Results of titration:

lst Cement only : 6.7 ml.
2nd Cement only : 6.9 ml,
1st Cement + Shale £ 4.3 ml.
2nd Cement + Shale : 4¢3 ml.

Blank s 0.1 ml.

5Q Resu.lts/.o;aoooooﬂ.oto

This time the "cements" were done without



~J

.5.

1,

Results of calculations:

Ca(OH)2 liberated by lg shale:

Using 1lst Cement titration H | 44 mgm
Using 2nd Cement titration : 48 mgm
Previous result (1lst attempt) : 48 mgm,

Conclugions: ' The method appears to be reasonably reproducible,

but determinations should be>done in duplicate (when possible). .

Second method - furfher investigation:

As the titrations were so small I felt that accuracy could,

perhaps, be improved by using larger welghts of cement and

 shale. Theoretically, the weight of cement should oniy be

limited by the solubility of Ca(OH), in boiling water -
ieee 77 mgm/100 ml - and increased concentration should result

in more Ca(OH)2 being used up per lg shale = see para,7.4.2.abowve.
(See also Appendix 9, paragraph 9.1-2 on solubility of Ca(OH)Z,)

Materials.

The main series of tests were done on a sample of the
shale calcined by the University of Stellenbosch (U.S;shale),
because there was insufficient of the 4/EF - sample left,

but one test with it was included as a check.

Results (1)

Wt. Cement Shale Vol .EDTA Ca(OH)2 used
1 per lg shale
1g lg (/EF ) 4.4 ml 48 mgm
i lg (U.S.) 1,9 " 39 mgm
2g 0 11.9 ml -
an lg (U.S.) 8,9 " 55 mgm
ou on ( ! ) 7.9 0" Z7 N
3g 0 15.9 ml : -
3n 3g (U.S.) 11,1 30 mgm
4,5¢g -0 22,9 ml -
6,0g 0 : 24,4 ml -
100 m1 0,02 N Ca(OH)p 20,7 ml -

4, Conclusions (1-)/.0000000-.000
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Conclusions (1)

4,1.

4,2,

Increaéing the weights of both the cement and the shale
increases the total weight of Ca(OH)2 usedvup,Abuf

reducés the amount used up per lg of shale, ‘(For 1,2
and 3 grams of cement and shale, the amounts of Ca(OH)

used per 1 gram of shale were, respectively :

29, 37 and 30 mgm).

Using 2g of cement and lg of shale did increase the

amount of Ca(OH), used per 1 gram of shale by a

2

significant amount - from 39 to 55 mgm.

Results (%)

5.1,

Sale

In this instance, as a matter of interest, I also
titrated 25 ml aliquots of the "cement only" filtrates
with 0,0533N HC1l, using methyl orange indicator.

(1 ml HC1 = 1.97 mgm Ca(OH)s )

The EDTA titration ageinst standard 0.02 N Ca(OH)

R
indicated a slight change in the EDTA, the strength
being: |

1ml EDTA = 3.6 mgnm Ca(OH)?
Using this to calculate the concentration of Ca(OH)2
in the "cement"™ filtrates, the results became:
Wt. of EDTA Ca(OH)2 per Ga(OH)zliberqted
Cement used 100 ml filtrate | per 100g.cement |
—_ i
lg 7.0 ml 25,2 mgm - 1R.6g
2g 11,9 ml 42.7 mgm 10.7g
3g 15,9 ml 57,2 mgm _ 9.5¢
4,5g 22.9 ml B82.4 mgm 9.1g
6 g 24.4 ml 87.8 mgm - 7.3g

SNSQ 'ResultS/o.omw-oo- L A
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5.3. Results of the HC1l titrections were:
1
Wt.of HCl/ {Ca(OH)o per Ca(0H),liberaed
Cement | 25 ml filtrabsj O0ml filtrate{ per IO%g.cement
-
{
. ]
1g 2.9 ml i 2.9 mgm 11,4 ¢
2n - 4,5 [ 35,5 " 8.9 "
3 6.0 " ; 47,3 " 7.9 "
4.5g | 8.5 85,3 N 7.5 1
6 9,5 " ¥ 1 75,0 " 8,2 "

% Total alkalinity of solution = 20,3 millimols per litre,
therefore all Ca(OH)2 +ill be soluble (Seec Appendix 8)
5.4, The differences between the "Ca(OH), per 100 ml" found

by the two methods is probably due to the CaSO4 in the

will be included in the EDTA

cement. Ca from CaSO4

determination, but not, of course, in the HC1l titration.
50, =

1 g Cement contains

Ro07

il.e. 0.02 g SOS

. 1 g Cement contains 0.02 x 1,7 GaSO4

= 0.034 g CaSO,

136¢ CaSO4 is equivalent to 74 g Ca(OH)2

«' 0,034 CaS0,4 is equivalent to 74 x 0,034
135

1

0,0185 g Ca(OH)2
- 18,5 mgm "

"

5.5, To "correct" the EDTA results to HC1 results,

should be

therefore, the following weights of Ca.(OH)2

subtracted from the EDTA results:

Wt,of Wt,of I Wt. of Ca(OH)
Cement Ca(OH)2 per 100 m1 ri%trate
1 18.5 m 347 mgm
2 . 7 3 1" 7.4 "
3 5.5 " 11,1 "
4,5 83,2 " 16,6 ™
6 111.0 » 22,2 "

5.6 Applying/...u...-..
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5.6+ Applying the "correction", we have:

Wte. of | Weight of Ca OH)o per 100 ml filtrate
Cement EDTA Correcte dEDTA HC1
1g 25,2 mgm RleS mgm 22,9 mgm
2" 42,7 3543 " | 35,5 "
3" 57.2 " 48,1 M 47,3 "
4,5¢g 82.4 ™" 65.8 " 65,3 "
6g 87,8 " 6546 " 75,0 "
ST The corrected EDTA results agree well with the HC1

results for 1,2,3 and 4.5 grams of cement, but not

so well for 6 grams. This ié, no doubt, because

with 6 g cement the solution will be saturated with
Ca(OH)g, and, indeed, the HCl figure for 6 grams

(75 mgm Ca(OH), per 100 ml) agrees well with the

b4
77 mgm given in the tables (paragraph 7.3 above)

5486 It is noteworthy that these results confirm that

the cement used had zero CSA’ otherwise some of the

CaS0, would have been precipitated as ettringite.

B Further obsefvations.

Bele Plotting the weights of Ca(OH)2 given in paragraph 5.6
against the weights of cement (1 to 4.5g) gives straight
lines-passing through the point at 10 mgm Ca(OH)é for
0 grams cement - see Fig. No., 42 on page 295
This indicates some sort of "blank" in the cément -
equal to 1.4 ml of EDTA or L¢3 ml of HGi solution.
Blanks on the reagenfs giﬁe Cel ml, so this is something'
eise't§ follow up when time is available. It shéuld
not affect the activity test 6n shalg, as that is a

"difference® figure, and the same weight of cement is

used thh/coo LA N B AN BB BB S Y BN
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used with and without shale.

6.2. Subtradting this 10 mgm "blank" from the Ga(OH)2 per
100 ml filtrate gives the following resulss for the

‘percentage Ca(OH)2 liberated by the cement during the

1

boiling:

Weight Corrected Ca(CH)o per Ca(OH)o Zliberated per;
of 100 _ml filtrate ( 100g. cement . J
Cement | EDTA CorrEDTA; HC1 | EDIA : CorrED TA: HCL

ngn | men | mem | g g | g

1 15.2 11.5 | 12,0 7.46 5.8 6.4

2 3247 2543 2545 842 €ed 6.4

5 47.2 6.1 | 57.5 | 7.9 | 6.0 6.2

4,5 72.44 55,8 5543 8.0 Gel 6.1

8 7748 55.6 | 65.0 : 6.5 446 . 5,4
1’ | |

Except for the 6 gram-sample, which liberated more Ca(OH)2
than is required for a saturated solution, the percentage
Ca(OH)2 released by the different weights of cerment is now
reasonably constant, as would be expected in such diiute
solutions. The ﬁroblem looks interesting but must,

unfortunately, awalt the time and opportunity fcr further

investigation.

7el0. Method as used for subsequent tesis.

1. Referring back o paragraph 7.8 - 3, it-is seen that
slightly large£ ti%srations can bé oﬁtéined by using 2 grams
of cement and 1 gram of shale, aiso that a higher_"reactifiin:5€ ?
figure is ob%ainedn 'Using 4 grams of cement and 2 gramsJF}
of sha}e would probably imprové,matters stillzfurther,;?ut
using 1 granm of cach gave me successive results 5f : 45;;1

"

44, 48, and 48 mgm,Ca(OH)2 per 1 gram shale (paragraphs 7.7—5.5x;

L

708"5/0..00-060000000-‘0:
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7.8-3, and 7,9-3), which I felt indicated sufficient

reproducibility for the intended use of the test.

"Activity! Test for Calcined Shale.

2.1,

Rels

Re3,

2.4.

2.5,

ReBe

2.7.

2.8,

Mark 2 x 800 ml beakers with "rings" at the 500 ml level.

Fill them to this level with distilled water and bring
to bOil-

Remove from hot-plate, "scratch" bottom of beaker with

glass stirring rod to get rid of any super-heated liquid.

Add as follows:
Beaker No.l - 1,000 gm Sulphate Resisting Cement.

Beaker NosR ~ 1,000 gm Sulphate Resisting Cement +
1.000 gm Shale.

Stir well, break up any lumps, cover with clock glass

and boil for a further two hours.

During the boiling period, at 15 to 20 minute intervals,
add boiling (or nearly boiling) distilled water to
maintain volume at 500 ml. Make the last addition

just before removing from hot plate.

Filter rapidly (while still nearly boiling) through a
Nos541 Whatman Filter Paper (or similar) into a suitable
flaske (500 ml conical flask). Do NOT wash, stopper

flask immediately and cool in running water. Release

stopper once or twice, if necessary, to prevent "implosion".

Pipette 100 ml of the cooled filtrate into a suitable
conical flaske Add 100 ml of distilled water which has
been boiled and cooled in a stoppered flask, and 15 ml
of Carbonate-free 2N KOH. Titrate to O.l ml with

N/j0 EDTA solution using murexide indicator.

This titration is most conveniently done with é piston

burette and with the aid of a magnetic stirrer.

2.9 .Calculatiol)/.............
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Re9e Calculation.

For O.1 N EDTA.

"Activity" = (Ty -~ Tp) x 18.5 mgm Ca(OH),

e

For any other normality of EDTAs

Aetivity = (T - Ty) x 185 x (normality of EDTA)
mgm Ca(OH),

ml EDTA .soln, reqd, for "cement only"

Where: T7 =
titration,.
and T, = ml EDTA soln, reqd., for "cement + shale"
' titration,

- I feel I must stress; once more, that this test is intended
for use only with the particular type of pozzolan with which

it was developed and it is purely "relative" - i,e. suitable

- only for comparing one sample with another. It must also

not be forgotten that the "activity" value obtained will
depend on the fineness of the shale sample,

The %test does not work with pulverised fuel ash, -
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APPENDIX 8

MODIFIED "FRANTINI" TEST FOR POZZOLANS

Weigh out 20 grams of "Pozzolan plus Cement" into a stoppered

|
measuring cylinder.

Add 100 ml of distilled water, shake vigorously for 1-2 minutes,

then mix on a rotary shaker for 6 hours.

Place the tightly stoppered cylinders in a water bath,
maintained at 40%C, for 8 days.

Filter the solution, and determine the alkalinity of the
filtrate by titrating 25 ml with 0,1N HC1, using methyl orange
as indicator. Use another 25 ml aliquot, dilute to 200 ml,

add 15 ml of 2 N KOH and murexide indicator, and titrate with
0.1V EDTA to determine the Ca(OH)z concentration in the filtrate,

Calcvrlations.,

5.1 = Concentration of Alkali = 4 x t¢ millimols/Litre

where tl = ml of 0.1 N HC1 used to neutralise 25 ml
of filtrate, ,

5.2. Concentration of Qa(OH)z»g 2 x tz millimols/Litre

where t, = ml of 0,1 N EDTA solution used to titrate
Ca(OH)z in 25 ml of filtrate,
Compare the results with Figure No. 43 on page 300
to see whether or not the filtrate was saturated with

Ca(OH)2 at 40%C.

An unsaturated filtrate indicates satisfactory pozzolanicity,

| and the more unsaturated the better,
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APPENDIX 9

METHOD - IEVELOPED TO DETERMINE WATER-SOLUBLE Ca(OH), IN
'HARIENED CEMENT PASTE, MORTAR, AND CONCRETE SPECIMENS

'9,1. SOLUBILITY OF Ca(OH), IN WATER,

[

‘185 mgm per 100 ml.

1. At 0%
At 30% . : t 150 mgm per 100 ml. -

. At.100°C " 77 mgm per 100 ml.
(from fgablés - .'Appendix 7 - and int,erpolétion) . _'

2.'.' ‘ ' .'.,Ac_:cordin:g' to the gra,pi;llin Appendix,_8,_'"e;t A.L.Olo about
'15fmi]lj1nols of Ca(OH)Z are solublekll;er liix;e,.»in a.tot.'al
‘l:alkalj’:n.ity_v céncenﬂré’dion of 40 millimdis"'pér litre, i.e.

1110 mgm/1itre, c;r 111 m’grﬁ per 100‘ ml.. At an alkali;tlity
: ,concentration” of 50 millimols per litre, 74"1ﬁgm of Ca(Oﬁ)z'

are soluble per 100 ml at 40°%C.,

9.2. % Ca(OH)2 in hardened cement paste

. ‘At "complete" hydration the % Ca(OH) 9 in hardened cement

paste is about 20% ° (Appendix 6).

9.3, Weight of Sample per 100 ml H 0

1. Taking into consideration the figures given in para, 9.1
above, and experience obtained to date, I assumed that 100 mgm

of Ca(0H), would be soluble in 100 ml HO at 20 -~ 259G,
2e If the cement paste should be fully hydrated, then:

20 mgm Ca(OH)2 are contained in 100 mgm paste

.. 100" " " " " 100 x 300
20

= 500 mgm paste.

3, I accordingly decided to use 0.5 g sample per 100 ml water,

9.4-/0--c-oaooooo-¢-c-oo -
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Some'test results,

Using 0,1 N EDTA to determine the total Ca™ in solution,
and reporting it as Ca(OH)Z, the following results were
obtained on a sample of S.R.cement mortar which had been

water cured for 12 months.

W‘t. Of Sample O’Sg O-Sg Oosg l.Og
Water added 100 ml 100 m1 100 ml 100 ml
Time of Stirring 15 mins - 30 mins 60 mins 30 mins
Ca(OH), found  4.5% 4.8% 5.0% 4,5%

Duplicate tests indicated that results appear to be

reproducible within about 0.5% (i.e & 0.25%) Ca(oH), .

Description of method now used.

Grind a representative sample of the specimen or specimens

to -~ 100 mesh size,

Determine moisture at 105°C and loss on ignition at 900%C.

Weigh 0.5 g of dried (105%) sample into an erlenmeyer
flask; add 100 ml of COz—free distilled water and a "slave!
magnet; stopper tightly and stir on magnetic stirrer for

30 minutes ( = 25 minutes),

Filter rapidly (Whatman No.541), wash 3 times with COo~free

water, and make volume up to 200 ml., Add 15 ml of 2 N KOH

(also CGz—free) and murexide indicator. Titrate with standard

O.1l N EDTA solution, using a piston burette and magnetic stirrer.

Calculations:

% Ca(OH)z = 0.74 x t in dried sample and

. D.,74 x t x 100 n - ] 5
% Ca(OH)z v W on ;OSS ?ree basis

where: & =  ml of 0,1 N EDTA used for titration.
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APPENDIX 10

* STRENGTH TEST ("IEA") METHOD OF CHECKING POZZOLANIC ACTIVITY

10.1.

L.,

10.2.

10.3.

Any of the following strength testing methods may be used:

Tensile test as per B.S.12 (Tensile strength tests are

generally in "disfavour" and are seldom used nowadays.)

Flexural tes: as per S.A.B«S.471 of 1959, This may be"™ .»
followed by a compressive strength test on the broken ends-

of the specimens, as per the Cembureau test method (23.7)

Vibrated Moriar Cube compressive strength test, as per

B,S.12 : 1948 or S.A.B.5.471 : 1949.

4" Concrete Jube compressive strength test as per B.S.12 :1948,

Make up 4 sews of strength ﬁest sﬁecimens, as follows:

A and B : Using Portland cement only,

C and D ¢ Using half the normal weight of Portland cement
{from the same sample as used for 4 & B ébove)
and an equal weight of the ground pozzolanic
material to be tested. (i.e. a 50 : 50 mixture

of pozzolan and cement is used instead of cement).

‘A1l sets are to be cured, as usual, in the 90% humidity

cupboard for 24 hours, and then, after demoulding, under

water for a further 6 days.

Sets A & C must be cured at the normal temperature, specified

- for the test, for the whole period.

Sets B & D to be cured as above up to 5 days age, They
must- ther. be cured, still under water, at 50%C for 46 hours,
and then allowed to cooly, for 2 hours, under water at
standard tes’t temperature.

Break ali. specimens at 7 days.

: 10.4 Caleculations/ ..eeeceeses
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Galculations.

The strengths of the specimens cured at 50°C should be

V higher than the strengths of the specimens cgured at

ordinary temperature, and the difference indicates the |
degree of pozzolanicity., This is conveniently reported

as a percentage of the "normel" strength.

Strength(50) — Strength(N) g
Strength (N)

"Activity Index" = 100 x

wheres
Strength(50) = Avernge strength of set B or D,
and

Strength (W) = Avernge strength of set &4 or C,
respectively.,

Significance,

The "Aetivity Index" should not exceed 18% for Portland

cement - it is gemerally less than 10%.

An "Activity Index" above 30% generally indicates a

satisfactory pozzolan, and tre higher the better.
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METHOD OF DETERMINING THE REGRESSION LINE FOR SQUARE-ROOT OF
SPECIFIC SURFACE VERSUS CHEMICAL ACTIVITY INDEX OF CALCINED SHAIE

11.1

11.2

11.3

The experimental data were:

Specific Surface Square-root, of >C@e@ical
Specific Surface Activity Index
2750 cn?/g 5244 25,9
4500 n 67 .1 29.6
6450 " 80.3 - 35,1
7700 " 8747 37.9
8500 " 92,2 42,5
10200 " 101.0 43,4
11.650 " 107.9 . 44,4
13500 116.2 48,0
Let s = square root of specific surface and .
i = .

chemical activity index.

‘Equation required in the forms

i = a.s % b
Tabulation
s ) (s - 8) i 1 (i - 1)
52 44 88,1 - 35,7 25,9 38.35 ~ 12,45
67 o1 88,1 - 21,0 29,6 38,35 ~ 8,75
80.3 88,1 - 7.8 35,1 38,35 - 3,25
87.7 88,1 - 0.4 37,9 38,35 - 0,45
92,2 88.1 4,1 42,5 38.35 4,15
101,0 88,1 12,9 43,4 38,35 5,05
107.9 8841 19.8 44,4 38,35 6,05
116.2 88,1 28,1 48 ,0 38,35 9465
(s - 5)2 (1-D% 4 (s -8)(-1)
1274 155 444
441 77 184
61 11 25
0 0 . 0
17 17 17
166 26 65
392 37 120
0 93 271
Sums 3141 Sums 416 Sum 1126
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11.5 Test for linear correlation co—efficient:

- Sum (s =8)(1 —iE)
T 1] e -
sq.root (S(s = 8)%.8 (1 - D)?)
) _ 1,126 . ;Aizg
= . gq.root (3,141 x 416 ) 1,143
i _ . = 0,985

For 8 pairs of observations, there are 6 degrees bf freedom,

For 6 degfees of freedom r = 0.925 -at the 0,1% level
; of significance. .
The calculated value of r = 0,985; therefore there is

| a better than 999 to 1 chance that there is a correlation

between the pairs.

11,6 The‘Regression Linhe Equations

i = p t q (8=8)
s = pt % at (1 -1)
P = S.-,_g_li o= I Pl = s (s) = s
n ' n .
a S (s -s)(i-1) <L - S (s =5)(i=1)
s (s -5)°% s (1-T1)°
T = 38,35 5 = 88.1
(s = 5)32 3141 . Co(i - 1)? =416

(s ~8)(i-1I) = 1126

P = 3835 Copl o esd
q = 126 o . L2
3141 416
= 0,358 o= 271
i = p+t+tg(s=-8 7 s = pt tgl (1-79)
= 38,35+0,358(s ~ 88,l) - - = 88,1 +2.71(i ~ 384.35)
= 38,35+0,3585 ~  31.55 = 88,1 +2.71 i - 103.9

e 2,71 1= 8 +15,8
e iz 043698 +5.83
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11,7 Equation used for line:

e e o st

(This is statistically indefensible, but aesthetically
satisfying) .

11.8 ‘Note that this relationship will hold only for this type of

shale, calcined in this particular kiln under the specific

conditions of time and temperature ( 1150°C) wused.

'

11,9 The line drawm from the above equation =~ see Figure No. 2A
oh page 152 - "fits"the plotted experimental points
well,
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APPENDIX 12

TERIVATION OF FORMULA FOR MEAN PARTICIE DIAMETER FROM SPECIFIC SURFAGE

12.1 Assuming particles are cubes:

1. Lets

S = specific surface in sq.en/g.
d = mean diameter in microns. .
D = mean diameter in centimeters.
'p = density of material in g/cu.cm.
n = number of particles in 1 gram,
2. Then:
| Weight of 1 particle = = grams

p grams have volume 1 cu,cm,

,*. 1 grams have volume 1 x 1y 1
n n P
= L cu.cm.
D .

But Volume of 1 particle = D3 ClU.CH,

.C' D3 b~ 4 —1'-— CU..Cm L X ] g.._.’:?.,,.vvic_-.lt-.o(i)

NeDo
Surface area of 1 particle = 6 D?
.'. Surface area of n particles = 6.n.D2
= S
i.e. - 6unD° = S
» 2 - _i-
ot D 6.0
(l) sev o0 D3 . F= ] __1'_
n.p.
Ei _ D = == X [Py}
Dz n.,po S
. D = 6 cms
o & = I)':'S
60,000 microns.

[ ]
-
[ ]
o
]
3}}—
o

3. This agrees with the formula given in the ASTM (18.1-8)

12.2. ASSlming/.......-.........
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12,2 Assuming particles are spheres:

1. Lets
S = Specific surface in sq.cr/g.
d = mean diameter in microns
D = mean diameter in centimeters.
R = mean radiue in centimeters.
p = density of material in g/cu.cm.
n = number of particles in 1 gram.
26 D = 2R
Surface Area of sphere = 4 pi R2
Volume of sphere = % pi R3

w
=
oy
[©]
g2

=

Weight of 1 particle

]
s
IS
=
0

p grams have volume 1 cu.cm,
.'.7% grams have volume 1 x 1 x L
n p
= Elﬁ cu,cm,
But volume of particle = g pi RS

i.e' i]: pi R3 = __}__
3 NePe
. 3
¢ " R = -——3"_"'—' 0.-.0....(2)
4 pl n.pe .

Surface area of 1 particle = 4 pi R®

.*. Surface area of n particles = 4.n,pi.R?
= S
. - S
* B = 4,n,pi
3
R _ R = 3 4on,pi
Ra 4.Pi-nap. x
= _3 '
j<
D = 2R = 6 Clil,.
PS
60,000
ot d = 2 microns.
' pS

4, This is the same as the formula obtained assuming the particles

were cubical !
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ADDENDUM No. 3.
'GEMARINE" _MARINE _CEMENT

Cemarine is an'entirely new South Africaﬁ cement, recently
developed‘by the Cépé Pértland Cement Company Limitéd and now évailable X
from Cement Sales (Pty) Limited. Its manufécture was preceded by an
“intensive search of American, BEuropean and:other scientific'literatqre,
and a coﬁprehepsive research programme. A . |

This cement is especially‘suitable for use in all typeé of
concretes which are to be situated in the sea or expoéed fo a marine
atmosphere. |

Cemarine is an interground mixture.of a Pozzolan, a low CsA
Portland cement, and an air-entraining agent. The quzolan fraction
is produced from a special shale which is calcined underfcarefullf
controlled condiﬁions to "activitate" it. |

Advantages of this entirely neQ South African product are:-

(1) It has a high resistance to waters-containinngu;phate and

Magnesium salts in solution. *

(2) The temperature rise of Cemariné, during hydration, is
substantially lewer than'thét of ordinary'Portlandlcements.

This reduces the incidence of incipient cracking ‘and improves

the durabilify of concrete made fromlit°

(3) Cemarine impérts to ffeshly mixed concrete the properties of
" plasticity, cohesion, and a low bleed rate. 4s a fesult,
better-compaction and absence of'segfegation of the placed
.conéréte may be expected,; and these faétOrs, associated with
theta@sencé"of pores causéd by higﬁ gieed‘;ates, contribute
materially to the prevention of corroSioﬁ of reinforcing steel.
(4) -The finely divided Pozéolan reacts with Calcium hyaroxide
liberated during the hydration of Portland cement. The usé
of Cemarine will, thereforé, reduce ieaching oﬁt of .

Ca(OH),. from hardened concrete in contact with soft waters.
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PHYSICAL CHARACTERISTICS : 3 | |
T 'TYPICAL CEMARINE  ORDINARY PORTLAND

TEST RESULTS CEMENT SPECIFICA-~
‘ ] . TION LIMITS

Setting Times:

Initial S ' 150 mins ~ Min: 45 Mins

Final 4 hours Max: 10 hours
Fineness:

Specific Surface . 5,000 cm?/gn Min: 2,250 cm*/gm’

No.170 Screen Residue 1% Max: 10% .

No. 72 Screen Residue Nil ' Max 1.2%
So ness: .

Le Chatelier Expansion 1 m.m. .Max: 10 m,.m.
Compressive Strengths:
" Vibrated Mortar Cube Test:

(1:2 Cement ¢ Sand, 0.4 W/C ratio)

At 3 Days 3,000 p.S.i. Min: 2,200 p.S.i.

At 7 Days . _— 4,000 p.s.i. Min: 3,400 p.S.i.

At 28 Days : 5,500 p.s.is -

AL Concrete Cube Test:

(Approx. 1:6 Cement : aggregate,

0.6 W/C ratio)

At 3 Days 1,800 p.s.i. . Min: 1,200 p.s.ie

At -7 Days : 2,800 p.s.i. Min: 2,000 p.s.i.
Transverse Strengths:

Hand Compacted Mortar Prisms:

(1:3 Cement : Sand, 0.5 W/C ratio)

At 3 Days - , 450 p.s.i. Min: 250 p.s.i.

At 7 Days : 550 peSeie Min: 400 passie

At 28 Days 700 p.S.is





