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Paper IV-3. Chemistry of Hydration of Portland Cement*

L. E. Copeland, D. L. Kantro, and George Verbeck

Synopsis

The results of recent investigations have provided evidence for the presence of several
aluminates and sulfoaluminates in hardened portland cement pastes. For some of these,
little evidence for their presence had been obtained previously. Some indications have also
been obtained as to the nature of the iron-bearing hydrates.

Information as to the water contents of the various hydrates formed can be obtained
for certain drying conditions by statistical analysis of nonevaporable water data as a function
of the composition parameters of the cement.

Along with X-ray and statistical results, free-lime data obtained by X-ray quantitative
analysis can be combined with the oxide composition of a cement so that an estimated
composition of a hydrated paste of that cement can be calculated. Most of our concepts
about the rate of hydration of cement in pastes or concrete have been based on the rate of
increase of strength, heat of hydration, and fixed water. Inferences concerning the rates of
hydration of the individual components have been made from considerations of rate of change
in heat of hydration, and in related physical and chemical properties of the hydration prod-
ucts. Direct measurement of these latter rates show that the inferences are not always
true.

Recent data are presented on the heats of hydration of the different ASTM types of
cements at ages from 3 days to 13 years at 0.40, 0.60, and 0.80 water-cement ratio. The
significant influence of water-cement ratio on the rate of hydration of cement can be inter-
preted in terms of physical parameters of the hydrating paste. The effect of temperatures
in the range of 4.4 to 110 “C on the rate of hydration of cement can be expressed by the
Arrhenius equation.

As a first approximation, the intrinsic hydration characteristics of cements can be
expressed in terms of the compositions of the cements, by least squares analyses of heat
evolution and chemically combined water. Secondary changes of the hydrated calcium
aluminate are indicated. Some aspects of the roles of gypsum, alkalies, glass content, and
ignition loss of the original cement on heat evolution are considered.

R6sum6

Les r&dtats de reoherches r6centes ont fourni des preuves de la pr6sence de plusieurs
aluminates et sulfoaluminates clans Ies pfites de ciment portland durcies. Pour certaines
d’entre elles, cette pr&ence n’6tait jusqu’h pr6sent que peu 6vidente. Des indications ont
W 6galement obtenues quant A la nature des hydrates ferrif~res.

Pour certaines conditions de s6chage, on peut obtenir des information concernant Ies
teneurs en eau des diff&ents hydrates form6s, aU mOyen d’une analyse statistique des
donn6es de l’eau non-&aporable en fonction des param?dres de la composition du ciment.

Avec les r&ultats des rayons X et statistiques, les donn6es de chaux Iibre obtenues par
analyse quantitative des rayons X peuvent &tre combin6es aux compositions oxydes d’un
ciment de fagon telle que l’on peut calculer une composition estim6e d’une pate hydrat6e
de ce ciment. La plupart de nos concepts sur la vitesse d’hydratation du oiment clans les
pittes ou clans le b&on ont W has& sur la vitesse de l’augmentation de la resistance, la
chaleur d’hydratation, et I’eau tix4e. Des deductions ooncernant Ies vitesses d’hydratation
des composants individuals ont &4 tiries A partir de considerations sur la vitesse de change-
ment clans la chaleur d’hydratation, et clans les propri6t6s physiques et chimiques, S’Y
rapportant, des produits d’hydratation. La mesure directe de ces derni~res vitesses indique
que Ies deductions ne sent pas toujours vraies.

Pr&entation est faite de donn&es r6centes sur les chaleurs d’hydratation des diff6rents
types de ciments selon les normes ASTM ~ des iges allant de 3 jours i 13 ans a un rapport
eau-ciment de 0.40, 0.60, et 0.80. I.’influence significative du rapport eau-ciment sur la
vitesse d’hydratation du ciment peut &treinterpr6t6e en fonction de param~tres physiques de
la p&te qui s’hydrate. L’4quation Arrhenius peut exprimer l’effet des temperatures allant de
4.4 & 110 “C sur la vitesse d’hydratation du ciment.

Comme premihre approximation, on peut exprimer les caract~ristiques intrins~ques
d’hydratation des ciments en fonction des compositions des ciment:, par analyses aux &carts
moindres quadratiques de l’4volution de la chaleur et de l’eau chimlquement combin6e. Les
changements secondaires de l’aluminate de calcium hydrati sent indiqu&. Certains aspects
du rble du gypse, des alcalis, de la teneur en verre, et de la perte au feu du ciment original sur
l’.6volution de la chaleur sent consid6r&.

Zusammenfassung

Die Ergebnisse der neuesten Forschung haben gezeigt, dafl mehrere Aluminate und
Sulfoaluminate in gehiirteten Portlandzementmassen vorhanden sind. Einige dieser sind
friihm nicht identifiziert worden, und man hat such schon etwas iiber den Charakter der
eisenhaltigen Hydrate ausfindig machen konnen.

*FourthInternationalSym~miumm theChemistryof Cement,Washington,D,C.,1960, CmtributionfmmtheResearch andDevelopreent Laboratories
of thePortlandCementAssociation,Skokie,111.
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Man kann den Wassergehalt der verSChiedenen Hydrate fur gewisse Trocknungsbedin-
gungen mit Hilfe eincr stati.stischen Analyse, bei der das nichtverdampfungsf ahige Wasser
ah Funktion der Zusammensetzungsparameter des Zementes ausgedi-iickt wird, bcstimmen.

Dumb eine Kombirmtion cicr Rontgenbeugu ngsmessungen, der statistischen Pmmdtate
und dcr Wcrte flw freien Kalk, wie sie durch quantitative Rbntgenstrukturbestimmungen
erhfdten werclen, und such der Oxydzusammemetmngen kann man eine schlitzungsweise
Zusammensetzung der hydratisierten Paste eines solchen Zements errechnen. Die meisten
unserer Ideen iiber die Hydratationsgeschw indigkeit des Zemc+ntsin Pasten oder in Beton
wurden durch ein Studiwn der Gwchwindigkeit der Festigkeitszunahmcm, der Hydratations.
warme und des gebundenen Wassers erhalten, Die Hydratationsgeschwindigkeiten der
einzelnen Verbindungen wurden von Betrachtungen, die sich mit den Hydratationswitrme-
verfmderungen befassen, und such mit verwandten physikalischen und chemischen Eigen-
schaf ten der Hydratationspmdukte, inter- und extrapoliert. Aber cfirekteMessungendieser
Veranderungenhaben gezeigt, dal?solche Inter- und Extrapolierungenmanchmal m Irrtti-
mern leiten konnen.

Die letzt,en Messungender IIydratationswarmendcr verschiedcnenASTM-Typen der
Zemente, die zwischen 3 Tagen und 13 ,Jahren alt warcn, und mit Wasser/Zementverhalt.
nisscn 0,40, 0,60 und 0,80 angemacht worden waren, werden erortert. Der bedeutungsvolle
Einflul? des \Vasser/Zementverh%ltnisses auf die Hydratationsgeschwindigkeit des Zements
ka,nn ,nit Hilfe der pbysikalischen Parameter der hydratisierenden lMasse ausgedrtickt
werdeu. Der Temperaturefiekt kann zwischen 4,4 und 110 “C fir die Zementhydratationsge-
schwindigkeit vermittekt der Arrhenius Gleichung ausgedriickt werden.

In erster Annahemng ksnn die korpereigene Hydratatationskenugrofle als fhmktion der
%ementzusammemetzungen ausgedmckt werden, wenn man die Methode der kleinsten
Quadrate au; dk! Warmeentwicklung und das chemisch gebundene Wasser anwendct. Das
hydratisierte I<?.lziumaluminat zcigt sekundare Vcranderungen, die besprochen wcrden.
Die Einfl(k+scdes Gipses, der Alkalien, das Glasgehalis und des Gewichtsverlusts bei Rotglut
des ursprtinglichen Zements auf die Wiirrneentwicklung werden besprochen.

Foreword

The difficulties encountered in the study of the chemistry of hydration
of portland cement have been discussed many timcsl and are known only too
well by all who work in this field. In spite of these ddliculties progress is being
made, even though the path to understanding may meander a bit.

The past work on the pure compounds found in cement has provided a
foundation for the study of the hydration of cement itself, and the constant
improvement in experimental techniques has made it possible to begin the
study of hydration products in hardened pastes of portland cement. The
chemistry of hydration of cement in hardened pastes has been emphasized in
this review; perhaps it has been overemphasized. Many of the conclusions
presented here are based on good evidence; others are admittedly tentative,
but they are included in order to establish a basis for further discussion.

The paper is divided into three main sections: In the first section the
composition of the hydration products of portland cement is discussed. In the
second section the rate of hydration of cement, and the rate of hydration of
each of the four major phases in cement is reviewed. In the third section
the most recent information on the energetic of hydration is presented.

I. The $toichiometry of the Hydration of Portland Cement

D. L. Kantro and L. E. Copeland

Status of the Problem as of 1952

By 1952, it had been established [1] ‘ that the
silica-bearing phases in portland cement react
with water to form calcium silicate hydrates of
two possible types, designated CSH(I) and
CZSH (II). These hydrates were observed and
discussed by Taylor [2], many of his observations
being in good agreement with earlier work. The
similarity between CSH (1) and the natural mineral

, FiEures in brackets indicate the literature references at the end of this
paper.

tobermoritc was pointed out by Claringbull and
Hey [3] and discussed in detad by Bernal [1].
The CZSH(II), while not in the tobermorite com-
position rauge, showed many similar properties.
The X-ray diffraction diagrams of these two cal-
cium silicate hydrates are so much alike that to
distinguish between tbcm is quite difficult. Hence
it could not be ascertained at the time of the 1952
London Symposium whether either or both of
these calcium silicate hydrates occurred in hy-
drated portlan d cement.
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It had been surmised by a number of investi-
gators that the 3:2 calcium silicate hydrate of the
tobermorite series, that is, CSH(I), was the more
likely product formed in the hydration of portland
cements. That thk is the case arises from the
fact that it is thk composition of solid which is in
equilibrium with a saturated Ca (OH)~ solution
[4]. If CJ3H(II) were to form, it would pre-
sumably be a metastable product. As far back
as 1938, the 3:2 calcium silicate hydrate was
considered to be the product of the hydration of
the silicate phases of portland cement. For
example, Ressey [5] arrived at this conclusion on
the basis of free calcium hydroxide determinations
on hydrated pastes.

Steinour, in his 1952 review [4], points out that
the most probable reaction product of tricalcium
alummate, at least initially, is the tetracalcium
alumjnate hydrate, ,C+HIS. The cubic calcium
alummate, C3AH0, If It forms at all, forms only
slowly. He points out also that the hexagonal
hydrate that forms has at times been reported as
an intergrowth of a dicalcium aluminate hydrate
and the tetracalcium aluminate hydrate, such
that the overall CaO: A1,OS ratio of the phase
is 3.0.

In their discussion of Steinour’s paper, Nurse
and Taylor [6] cite evidence from X-ray diffrac-
tion for the presence of C,AH,?. They. also cite
X-ray evidence for the cubic C,AH,, but inasmuch
as their observations were on a 22-year-old speci-
men, they concluded that the cubic hydrate was
the rgsnlt of a slow conversion of the tetracalcium
alummate hydrate.

There have been a number of investigations of
calcium aluminoferrites and ferrites, and calcium
ferrite hydrates have been pre ared which are

f’”analogous to some of the ca cmm, aluminate
hydrates. The calcium ferrite hydrates form
solid solutions with the corresponding calcium
aluminate hydrates, but little experimental data

had been found that these solid solutions occur
in hydrated portland cement pastes.

One problem that has received a great amount
of attention for many years from cement chemists
is that of the sulfoaluminates, and, to a lesser
extent, sulfoferrites. These complex compounds
arise from the interaction of the appropriate
component of clinker with gypsum, added as a
retarder. In general, either of two calcium sulfo-
aluminates may form, these being the calcium
monosulfoaluminate, C,A.CaSO,.12H,0, and
ettringite, C3A.3CaS0,.31H,0. These compounds
are also known as the low sulfate and high sulfate
sulfoaluminate, respectively. As was pointed out
by Steinour [4], equilibrium studies such as those
made by Jones [7] indicate that ettringite forms
during the early stages of reaction, but as further
hydration of C,A takes place, the low sulfate
sulfoaluminate will form at the expense of the
ettringite. Once all of the SO, has been used for
thk reaction, further hydration of aluminate
should lead to a solid solution of tetracalcium
aluminate hydrate and calcium monosulfoalumi-
nate. However, at the time of Steinour’s review,
no direct observation of either sulfoaluminate in
cement pastes had been made, and any conclusions
drawn were strictly by inference. The ettringite
observed in cracks and pores in old concrete or
hardened paste was considered to be formed by
secondary reaction due to exposure. More
recently similar observations were made on old
mortar exposed to air [8].

The calcium sulfoferrites corresponding to the
low-sulfate and high-sulfate sulfoa~uminates have
been prepared individually [9]. The analogy of
the sulfoferrites to the sulfoaluminates both in
constitution and behavior has been pointed out.
However, no identification of either of the sulfo-
ferrites as a reaction product of cement, gypsum,
and water under ordinary conditions of hydration
could be made.

Methods of Investigation of the Chemical Reactions Occurring During the
Hydration of Portland Cement

The qualitative and quantitative information Taylor [10] separated several fractions from finely
concerning the hydration processes of portland ground pastes by centrifuging the material in
cement have been obtained in several different bromoform and bromoform-benzene mixtures.
ways. In general, however, regardless of what Turriziani [11] used a sedimentation apparatus in
technique is being used, the cement paste may be which the suspending agent was amyl alcohol.
treated in either of two ways. The observations Several fractions of different, finenesses were
may be made on the paste as a whole or the paste obtained and division of these into subfractions
may be broken down into fractions such that one by the specific gravity technique using bromo-
or more of these fractions may be enriched with form-benzene mixtures was then performed.
respect to certain of the hydration products. The separation methods have certain difficulties

Nurse and Taylor [6] describe a method whereby associated with them. It has not yet been pos-
the paste is ground to a powder and then ground sible to separate a fraction consisting of a single
in a suitable liquid such that a suspension of finest hydration product, nor has it been possible to
particles is formed. The suspension is removed separate a fraction which contained all of a given
from the coarse fraction and centrifuged to recover substance that occurs in the paste, e.g., if a given
the fine fraction. fraction is shown to be enriched with respect to

Differences in specific gravity of various con- the iron-bearing component, it still will not con-
stituents have also been used to effect separation. tain all of the iron-bearing phases in the original
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paste. Finally, there is the distinct possibility
that, the products of hydration may bc altered by
the separation process. Nurse and Taylor found
C,AH, in some of their fractions, but attach little
importance to the result since the sample was
heated at one stage of the procedure.

Perhaps the most fruitful investigations made
of hydrated cement pastes, either whole or
divided, are those using X-ray diffraction tech-
niques. Most of the X-ray examinations of
cement pastes made up to the present time have
been by the Debye-Scherrer film technique.
However, the recent development of the diffrac-
tometer now permits greater resolution and re-
veals important details heretofore unknown. It
was with apparatus of this type that Kantro,
Copeland, and Anderson [12] examined a group of
well-hydrated portland cement pastes of various
compositions. Although portions of these pastes
were ground and dried, no treatment was given
them to muse any unknown phase alteration,
Fully hydrated pastes were used so that clinker
line: would not interfere with the lines of the
various hydrates. The hydrated pastes were
exammed both in saturated condition and in &-ied
condition. The saturated specimens were small
rectangular slices removed from the centers of the
past,e cylinders and polished smooth. The sur-
faces obtained contained no holes due to air
bubbles inasmuch as the pastes were prepared by
a vacuum-mixing technique [13] so that no air
was entrained. provisions were made to keep the
specimen saturated during the entire X-ray
observation. The remainder of the paste was
ground to pass a 200-mesh” sieve and dried either
over Mg(CIO~)z.2-4Hz0 or over ice at —78 ‘C
(see below). These dried powders were packed
in small sample holders and their diffraction
patterns observed in the usual manner. Some
dry powder specimens were bl ought to equilibrium
at other relatlve humidities prior to X-ray exami-
nation. This was accomplished by placing the
sample in a desiccator over an appropriate satu-
rated salt solution, evacuating the desiccator, and
allowing the sample to stand under these condi-
tions for at least 2 weeks.

One of the difficulties encountered by many
investigators attempting to identify the hydration
products of portland cement by X-ray ddfraction
techniques is the alteration or decomposition of
certain of tb e hydration products as the result of
drying.

I~nes of some substances dk.appear and others
shift to new positions. In view of this type of
behavior, observations of both wet and dry sam-
ples produco more useful information than either
type of observation alone. The assignment of a
diffraction line to a particular material is often
complicated by the presence of a second substance
having a line in the same vicinity. However,
when the water content of the paste is changed,
such that some of the lines may shift while others
do not, the identification of a particular hydrate
m portland cement paste may be made not only

on the basis of the presence of lines at certain
d-spacings, but also on the basis of the shifts the
lines have when the paste is wetted or dried.
Likewis~, the lack of a line shift serves as a useful
identif ymg fmture m some cases.

Thermogravirnetric and differential thermal
analysis techniques have been applied to hydrated
portland cement pastes. Taylor [10] used thermo-
gravim.etric analysis to show the relationship of
the weight loss-temperature curve of a portland
cement paste to those of various substances which
may be hydration products. However, no definite
conclusions may be drawn from the cement paste
data, although they do indicate the type of result
to be expected.

Recently Turriziani [11] used differential ther-
mal analvsis (DT A) in an investigation of the
hydratio~ products’ of porthmd c~mcnt. This
method, however, like thermogravimetric analy-
sis, in its present state of development suffers from
certain shortcomings. Primary among these is
that a number of possible cement hydration prod-
ucts have endotherm so close to the same position
that, as Turriziani points out, “. the
characterization of the individual components of
the mixture is practically impossible. ” How-
ever,. by observing samples under reproducible
condltlonsj one can often derive information from
the relative amplitudes of certain peaks.

Until recently, most of the investigations carried
out with the electron microscope have been limited
to the study of hydration products formed in a
large excess of water. Such studies are subject to
the” difficulties in verifying the indications relative
to cement paste” mentioned by Steinour [4].
Surface replica techniques are now being used to
study the structure of hardened pastes, and methods
of sample preparation are being developed that
may permit one to study the substances produced
when cement hydrates as a paste. Selected area
electron diffraction in conjunction with electron
microscopy promises to be a most useful tool. Its
greatest disadvantage is the inability to control
the orientation of the extremely small crystallite
found. Eventually electron diffraction patte~ns
of crystals with known composi~ions will prowde
the information necesiary to make certain the
identification of the products of hydration of
cement.

Although electron-optical investigations of the
stoichiometry of portland cement hydration fall
within the realm of this discussion, they have, for
the most part, been omitted, inasmuch as the
entire field of electron-optical investigations in
cement chemistry is discussed elsewhere in this
symposium. “

Chemical analysis has and always will provide
a great deal of necessary information in the study
of cement hydration products. One of the tech-
niques of chemical analysis widely used is the
determination of free calcium hydroxide. The
quantitative analysis for free cal~ium hydroxide
by means of X-rays [14] provides an oxccllent
means for determining the amount of crystalline
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calcium hydroxide present in a given paste. If
amorphous calcium hydroxide is also present [15],
needless to say, it is not detected by the method.

All free calcium hydroxide, both crystalline and
amorphou~, may be determined by solvent extrac-
tion techmques. The Franke method [16] using
a mixture of isobutyl alcohol and ethyl acetoace-
tato as the extraction solvent has been modified
recently [17, 18] so that the total calcium hydroxide
extracted may be corrected for the amount of
calcium oxide removed from other substances in
the mixture, provided this decomposition has
proceeded slowly relative to the rate of solution of
free calcium hydroxide. If the decomposition is
rapid, however} no such correction can be made,
and it is impossible to distinguish between extract-
able and free calcium hydroxide by this technique
alone.

It therefore is quite advantageous to compare
results of X-ray and solvent extraction calcium
hydroxide determinations in order to obtain useful
information about the hydrated cement paste
system. Some results obtained by this method
will be discussed in a later section.

The interpretation of the data obtained by the
methods described above in quantitative or semi-
quantitative terms requires that other chemical
data be available. Among these are the oxide
composition of the original cement, the compound

composition of the original cement and the bound
water content of the hydrated paste.

The oxide analyses may be obtained by con-
ventional analytical techniques. The potential
compound composition of the cement may then
be calculated according to the method of Bogue
[19]. The determination of the actual composition
of the cement may be carried out by means of
X-ray quantitative analysis [20, 2 I]. This again,
like the X-ray free lime determination, 1s an
internal standard method.

The bound water content or nonevaporable
water content of hydrated cement paste is a some-
what arbitrary value, depending upon the equilib-
rium water vapor pressure to which the material
was dried. Although many methods of drying
have been devised in the past only two will be
considered in the ensuing discussions and these
will be described here. The two methods differ
mainly in the desiccant used, and hence in the
equilibrium vapor pressure. One of the desic-
cants is a mixture of magnesium perchlorate
dihydrate and tetrahydrate, which produces an
equilibrium vapor pressure of 8 w The other is ice
at the temperature of dry ice having an equilib-
rium vapor pressure of ji y. The method of
vacuum drying specimens to the )4 p level has been
described in detail by Copeland and Hayes [22].

The Hydration Products of Portland Cement

The Calcium Silicate Hydrate

The results obtained from patterns of both wet
and dry cerhent pastes [12] indicate that a calcium
silicate hydrate of the tobermorite type is present,
in apwement with the results reported by Taylor
[10], Only three diffraction maxima are observed
for this substance. Bernal, Jeffery, and Taylor
[23] report only two lines for the products of hydra-
tion of CJ5 at room temperature. These were at
3.07 and 1.83 A. More recently? Brunauer,
Copeland, and Bragg [24] reported hnes at 3.03,
2.82, and 1.83 A from the products of the hydra-
tion of C,S as paste at room temperature. It is
possible that the 2.82 A line was missed in the
older work because it is a peak superimposed on
the broad high angle shoulder of the 3.o3 A line,
and as a result, would be difficultly detectable
by a Debye-Scherrer technique. Brunauer,
Kantro, and Copeland [15] have found that the
calcium silicate hydrate produced by the hydra-
tion of C,S as well as that by C3S shows the same
three diffraction lines.

The X-ray diffraction patterns of hydrated
portland cement pastes have certain character-
istic~ in common with thow of hydrated C.S sncl
C,S. The same three lines ascribable to calcium
silicate hydrate in the pastes of the pure silicate
compounds also appear in cemmt paste patterns.
The characteristics of these lines in cement paste
patterns are much the same as in the calcium

silicate paste pattern. There is a broad hump
with a maximum in the vicinity of 3.o5 A. This
peak is quite asymmetric, just as in the cases of
C,S and C,S, falling off relatively sharply on the
low angle side and much more gradually on the
high angle side. In the wet slab patterns, the
principal calcite line, at 3.03 A [25], is super-
imposed on this peak.

The line found at 2.82 A in calcium silicate
hydrate patterns appears shifted to 2.78 A in
cement paste patterns. This shift is due to the
presence of lines from other hydration products
at about the same spacing. Among the substances
contributing to the 2.78 A peak is ettringit c, with
a line at 2.77 A [26]. This line, however, would
not be present in dry powder patterns. Although
the ettringite pattern disappears when the sample
is dried, the 2.78 A line does not shift back to
2,82 A. The low sulfate sulfoaluminate has a line
in the vicinity of 2.78 A [27, 28, 29]. Thus, the
persistence, on drying, of the 2.78 A line in sub-
stances showing no low sulfate sulfoaluminate,
but only ettringite, as well as in substances show-
ing the simultaneous presence of both indicates
that sulfoaluminates are not solely responsible
for the shift.

. .

The 2.78 A line in cement pastes appears to be
somewhat stronger than that ‘of the 2:82 A line in
pastes of hydrated calcium silicates. The shape
is also somewhat different and is that shape to be
expected if a line from a well-crystallized hydrate
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were superimposed upon the 2.82 A tobermorite
line.

The 1.82 A tobermorite line is easily distinguish-
able. The line appearing here is far too strong to
be accounted for as the low sulfate sulfoaluminate
line found by Midgley [27,, 28] at 1.82 A, while
Fratini, Schippa, and Turrlzlani [29] do not report
a low sulfate sulfoalummate line at this spacing.
iTo known hydration product other than tober-
morite can give a line strong enough to account
for the 1.82 A spacing observed,

It can be seen from the above discussion that
the same calcium silicate hydrate lines appearing
in patterns of hydrated pastes of CJ3 and C2S are
found in the patterns of hydrated portland cement
pastes. Although these lines tend to characterize
this hydrate as a tobermorite type, they constitute
a set of data too meager in themselves to give any
information as to the composition of this phase.

There are indications from other techniques as
well that the calcium silicate hydrate in portland
cement pastes is of the tobermorite type, e.g., the
thermogravimetric curves of Taylor [10] and the
differential thermal data of a number of investiga-
tors, most recent among these being Turriziani
[11]. Finally, Gaze and Robertson [30] have iden-
tified tobermorite crystals as the product of hy-
dration of a foamed mixture of portland cement
and asbestos, using an electron microscope. The
presence of tobermorite in this latter example is
not conclusive that it is the product of ordinary
paste hydration, however.

The calcium silicate hydrate which forms in
portland cement pastes probably contains small
amounts of impurities, primarily alumina. It was
shown by Kalousek [31] that aluminum can be
substituted for silicon in the tobermorite lattice
without the substance loeing its original identity.
Compositions containing as much as 4 to 5 per-
cent A1*03 were prepared hydrothermally. A
similar situation may exist in portland cement
pastes during hydration at room temperature.
Other substances such as alkali may also enter
into the silicate structure [32].

The Calcium Sulfoaluminates

In the preceding paragraphs, several references
were made concerning the presence of either the
low sulfate Galciurn sulfoaluminate, t,hc high sul-
fate calcium sulfoaluminate, or both, X-ray dif-
fraction lines of both substances have been ob-
served in hydrated pastes, sometimes separately
and sometimes simultaneously, Table 1 lists the
X-ray diffraction d-spacings observed with wet
slabs of several cement pastes. Table 2 lists
d-spacings observed with dried ground cement
pastes.

The two strongast ettringite lines, at 9.73 and
5.61 A [26] occur in positions not interfered with
by other possible pr~ducts of cement hydration.
It can be seen in table 1 that whenever the 9,73 A
line appears in a hydrated cement, the 5,61 A line
also appears. In most cement pastes where they

appear, ~hese lines are weak and the other et-
trmgke hnes are proportionately weaker so as to
be obscured by normal background variation.
Howeve~, in those patterns where the 9.73 A line
is more intense, some of the weaker lines such as
4.69 and 3.48 A can be distinguished. The rather
strong line occurring at 3.88 A is somewhat ob-
scured by a calcite line. However, as this calcite
line is weak relative to the principal calcite line,
at 3.o3 A, the 3.88 A line found in all cement paste
patterns showing 9.73 and 5.61 A lines is easily
seen to be too strong to be accounted for only as
calcite.

.4s can be seen from table 1, the ettringite lines
are found in pastes which have been cured for
long periods of time. Thus the data for 10-year-
old pastes made from cements of various composi-
tions indicate the presence of a significant quantity
of ettrmglte, except for those pastes made from
cements high in C,A. However, in pastes of one
high C,A cement, 15754, samples of which have
been prepared under a variety of conditions, no
ettringite is found except in the youngest paste
observed, onc which was hydrated for only 6
months. Thus it would appear that this cement
behaves in the manner described by Taylor [10],
in that ettringite forms at early ages, and then
disappears. Taylor suggested that the disappear-
ance of ettringite may be due to the formation of
the low sulfate sulfoaluminate, which then dis-
solved in the CIAH,~ phase to form a solid solution.

On the other hand, ettringite has been observed
in some cements, such as those mentioned above,
even after long periods of curing. This type of
behavior is in agreement with that observed by
Turriziani [11], who found this material in pastes
made from four clifferent cement compositions,
and hydrated at two different water-cement ratios,
at ages from 7 days to 6 yr.

Considerably less success has been had in years
past in identifying the low sulfate sulfoaluminate
in portland cement pastes by X-ray diffraction
techniques. Turriziani [11] was unable to find
evidence for monosulfoaluminate in any of his
specimens o~-er the whole range of compositions,
water-cement ratios,, and times investigated. He
concluded that if this material does form, it does
so only at a very slow rate. Diffraction patterns
for the compound C, A. CaSO,. 12H,0 have been
reported by Midgley [27, 28] and R-atini, Stihippa,
and Turriziani [29]. The results are in reasonably
good agreement, The principal diffraction peaks
for this material are at 8.9 and 4.45 A. The 8.9
A line has been observed in certain of the wet slab
patterns, the data for which are given in table 1.
The 4.45 A line appears in every one of these as
well, but in addition, in patterns in which the 8.9
A ,line does not appear. As will be se~n later,
this arises from the fact that a strong hne from
another phase also appears at 4.4 A. The other
lines of the calcium monosulfoaluminate are either
too weak to be detectable in view of the difficultly
distinguishable 8.9 A line, or else other substances
have lines appearing in the same locations, such
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TABLE 1. X-rau

Bpecimm c-88 c-54
. —

Cement . . . . . . . . . . . . . 16;34 15734
Tow. . . . . . . . . . . . . . .
Nominal W/C. . . . . . .40 ;5
Age . . . . . . . . . . . . . . . . . 11 yT 11 yr
Spaoings, A . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . s 9

7.8 7.8

. . . . . . . . . . . . . . . .
6,09 5,06
4,94 4,92

l----------l . . . . . ..-......... ........
4.41 438

. . . . . . . . . . 4,27
4,69 4,CA
3.88 3.86
3.79 3.78

3,43
3.35 3.35
3,31 3,30

. . . . . . . . . . . . . . . . . . .
3.12 3,11
3.05 3,04

2.97
2.88 2,88

.......... .........
2.62 2.6.3
2.94 2. 3s
2. M 2.62
2.50 2. ml
2.47 2.45
2,43 2.42
2.37 . . . . . . . . .

2,31
2,29 2,29
2,27 2,26

2.14 . ..i. i6..
210
2.07 ;:
2.01
1.96 1.96
1,932 1.929
1,912 1.912
1.881 1.875
1.826 1.819
1.799 1.796
1.722 1.714
1,690 1.683

I
----------.........,

1,6$XI 1,658
L 629 1.635.....................

~
C-87

157.54

,io
7YI

.......
7.8

. . . . . . .

. . . . . . .
6,09
4.93

.......
4.43
4.27
4,62
3.86
3.77

. . . . . . .

3.34

. . . . . . .
3,12
3,05

2.88
. . . . . . .

2.78
. . . . . . .

2,63
2.59
2.34
2.56
2,46
2,43
2.37
2,31
2,29
2.27
2, 1!3

. . . . . . .
2,10
2. Si3
2.02
1.97
1.931
1.912
1.879
1.824
1.799
1.723
1.689
L W5
1.64(7
1.@38
1.649

pacing

c-76

15154

,65
7V

. . . . . . . .
8.9

. . . . . . .
7.7

. . . . . . .

5,09
4.93

. . . . . . .
4,49
4.39

4,02
3.87
3.77

. . . . . . .

3.45
3.35
3.31
.. . . .. .
3,12
3.05

. . . . . . .
2.58
2.84
2,78

.. . . . . .
2.0s
2.69
2.53
2,49
2.47
2.43
2.36

2,29
2.27
2.19
2.14
2,10

2.01
. . . . . . .
1.931
1.912
1.879
1.824
1,799
1,719
1,690
1,6s0
1.638

. . . . . . .

—hudratedcementwet slab and rewetted samole data

c-75 . C-06-K

1
15;54 15:34

.65 .70
7rI nmo.......... .........
9.0 9.0

7.8 7,8

...iv...,...:i..

....... ........
4,48 . . . . . . . . .
4.40 4.41
4, Za . . . . . . . . .
4,02 . ..i.k..
3.66

3.78
3.67 . ..i.%..

3.42 . . . . . . . . ........ .........
3.32 3.32

3.12 3,12
3.04 3.05
2.97 . ..j.ii..
289

. . . . . . . 2.82
2.78 2.78

. . . . . . . 2,69
2.63 2.63
2,38 2,59
2.54 ---i:ig..

. . . . . . .
2,46 . ..i.ii..
2.42
2.36 . . . . . . . . .

2.29 2,20
2.26 2.27
2. m 2.19
2.14 2.14
2.10 2.11
2.07 2,07
2.01 2,01
1,96 1.96
L 930 1.932

1,875 . ..i.6ji.
1,823
~ ;:; 1,799

1.719
1,688 1.690

1,656 1,862
1,638 1,0-35

1---------
. Shoulder m strong peak. E xwt d.spa.ing not C@ aim
b Badly obscured by stro~3 peak. Spacing cannot be estimated.

that assignment of the diffraction maximum to a
particular substance would be questionable.

However, the low sulfate sulfoaluminate lines
do not behave in the same way as ettringite, when
the material is dried. Instead, the basal reflec-
tions shift to lower d-spacings, while the other
lines show no significant change. Roberts [33]
points out that upon drying over anhydrous CaClz,
the low sulfate sulfoaluminate basal spacing con-
tracts from 8.9 to 8.2 A. When this material is
dried in COz-free air at 115° or in zxzcuo at room
temperature to the half-micron level, the 8.9 A
line, assigned 001 by lh-atini, Schippaj and
Turriziani [29], contracts to 8.2 A, and the line at
4.45 A,, assigned 002, contracts to 4.1 A [34]. The
8.2 A hne appears m the patterns of those pastes
for which the wet slab pattern showed the 8.9 A
line. In the past, the 8.2 A line has been at-
tributed to the tetracalcium aluminate hydrate
[10], but the fact that it appears only in patterns
of material which, when dry, shows the low sulfate

c-se-o

16;64

.57
:1#

8,7
7,8

. . . . . .
6.66
5.11
4.92

. . . . . . .
4.39
4.27

3, m

............
3,45
3.34

.......
3.12
3.05
2.98
2.88

. . . . . .
2,79
2.69
2,63
2.69
2.34
2.49
2,46
2,43
2.36

. . . . . .
2.29
2,26
2. m
2.14
2.10

2.02
1.96
1.930
1.912
1.879
1.823
1.798
1.723
1.688
1.662
1.652
1,6A8
1,607

c-o-c C-33-1 C-38-1 . C-31-1
. —

LT~ Iyz 15# 154;7

.70 .e47
lY :0 ~w :0; -!(0;
9.8
9.0 . . . . . . . . . . . . 8,8 0.0
S 6 . . ..i.i . . . . . . . ..i.i . . . . . 8,3
7,8 7.8
7,4 7:4 7.4 . . . . . . . .
6,6$ 6.64 Si.$ 5,64

.5, 08 .$6. 6.08
4,04 4,94 4,92

. . . . . . . . . . 4.72 4.72 4,72
4.46 . . ..i.i . . . . . . . ..i.G . . . . . . . . . . . . . . . .
4.41 4.41

. . . . . . . . . . 4.26 . . . . . . . . . . . . 4.26
4.02 4.04 . . ..i.ti . . . 4.02
s 88 3,88 3.88
3.81 . . ..3.ii . . . . . . ..5.6+ . . . . 3,81

. . . . . . . .
3.54 3.48 3,48 3.49

........ ............ ............ ........
3,36 3.36 3.38 3,35
3.31 . . . . . . . . . . . . 3.32 3.31

3.12 3.12 3,12 3.12
3.65 3.05 3.05 3,05

l---”-”------l------------l-------”---
. Dried sample, mwetted in a satarated atmosphere.

c-32-1

13669B

.I?Q
y Sm

7.8

6.64...........
4.02
4.72

...........
4.29
4,02
3,68

3,69
3,49

3.36...........
3,26
3,12
3,05

...........
2.84
2.78

. . . . . . . . . . .
2, 32
2.66

2,51
2.45
2,41

...........
2,29...........
2,21
2,16
2.10
2.06
2.01
1.97
1.932
1.912
1,879
1,836
1.801...........
1.689
1,665

1,634

eulfoaluminate line, indicates that it is this eub-
etance which is responsible for the line. Likewise,
the 4.15 A line in dried powder patterns appears
only when the 8.2 A line does. That the 4.4 A
line does not disappear in dry powder patterns
is due to the fact that another material, not
affected by drying, contributes to it.

The lines of low sulfate sulfoaluminate appearing
in dry powder patterns are strong and sharp,
indicating that a significant amount of the ma-
terial is present in the paste. This is true even
for those pastes whose wet slab patterns gave low
sulfate sulfoaluminate lines which were very weak.
The weakness of the lines in wet pastes is due to
the effect of carbonation.

Dried specimens of several of the pastes included
in tables 1 and 2 were brought to equilibrium with
various relative humidities. No significant changes
were observed at humidities below 28 percent.
However, in patterns of low sulfate sulf oaluminate-
bearing samples, equilibrated at higher humidities,
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TABLE 2. X-rau d-snacinos—hudrated cement dried powder data. . . -

SPdmm I C-,5

?7:;!!:::::::::::: 15754

Nominal lV/C_ . . . . . ,:5
Age . . . . . . . . . . . . . . . . 7 Yr
SPaCirlgs, A... . . . . . 82

7.7

5.47
. S.06

4,92
4,41
409

3,89
362
331

312
3,04
2,92
288
278,-..-i:ii...

2 53
2.49
2.46
2.43
2.35
2.31
2.26
2.08

2,01
1.93
1,88
1,82
1,80
1.72
1.69
1.65
1,64
1.61

c-49

15754

;5
5 m
8.2
7,9

5,48
JV5

4,41
4 10

3.92

3,32

3,12
3.05

288
278
270
263

0 2, 60
2.53

246
2.43
2.35
2.30
2.26
2,10
2,05
2, 01
1.93
1.89
1,82
1.80
1.72
1.69
1,65
1.64
1.60

c-61-c C-33-1 c-33 C-33-1 C-31 C-32-1 C-32
— — — —

15622
11
.66

10 Y,

7.8
7.4
5.47

. 5.06
4.92
4.41

3.86

3,32

1;:;7 I;wy 15~{9B 15:#lB

.s4 .60 .60
;0 ‘jr iz 10 yl 7 yr

8.2 . . . . . . . . . . . . . . . . . . . . . ..-
1 7.7 l------------l ------------l ------------

15622
11
.80

? yr
. . . . . . . .

7.8
7.3
5.43
5.06
4.92
4.39

4.al
3.89
366
3.35

--l 7-92 1------------1 ------------1 ----,-,:
2.86
2.77 I

I ;:: l----2:6j----l..-.5:i3.........i.6i...-.....5.ii ....

.?.E......... .......2...I........
246, 2:68, . . . . .

2.43
2.35

2.05
2 (I2
1.93
1.89
1.82
1.80
1.71
1.69
1.66
1,64

-----------1””-””-------1162 l------------l-"---"------l----------"-l"-----------
s Shoulder on strong ~ak. Exact d.spwtng not certain. ~ Bably obscured by strong peak. Sprwin’g cannot be estimated

the 8.9 A line appeared. It showed only as a
shoulder on the 8.2 A peak at 28.8 percent relative
humidity, was about equal in intensity with the
shrinking 8,2 A peak at 33 percent relative humid-
i(y, and at 42 percent relative humidity, the 8.2 A
peak was a small shoulder on the 8.9 A peak.
Tlwsc features arc illustrated in figure 1, At
higher humidities, the patterns appeared quite like
thc wet slab patterns, except that no significant
mnount of carbonation had occurred. As a result,
the low sulfate sulfoalurninatc lines were of inten-
sities comparable to those of the lines in the dried
powder patterns. That is, they were strong and
sharp. Bccauw of this, it was easy to distinguish
the 4,45 A snlfoaluminate line from a 4.4o A line
due to another phase (SCCbelow). This resolution
is illustrated in figure 1. Furthermore, it can be
seen from results in tables 1 and 2 and in figure 1
that while the 4.1 A line in the dry material shifts
to 4.45 A in the wet material, the line at 4.o A
reappears as well when the sample is rewetted.
This corresponds to the line reported at 3.99 A by
Midglcy [27, 28] and at 4.02 A by Fratini, Schippa,
and Turriziani [29],

Thus in figure 1, idealized patterns in the 9 A
and 4 A regions are shown f& pastes containing
the dry form of low sulfate sulfoaluminatc, the
wet form, and an intermediate case (33 percent
humidity) in which both forms appear simultane-
ously, The differences between wet slab and rc-
wetted powder patterns show that low sulfate

sulfoaluminate reacts with CO, iust as does

Ca(OH),.
-.

The cttringite lines appearing in wet slab pat-
terns at 9.8 and 5.6 A arc absent in the dried
powder patterns of these pastes. Rewetting these
pastes at humidities up to 47 percent has no sig-
nificant effect on the diffraction pattern. Rcwct-
ting at 100 percent relative humidity causes the
ettringite lines to return. No significant amount
of carbonation occurred with these rcwetted sam-
ples, and yet the cttringite lines were of compa-
rable intensities to those in the original wet slab
patterns wherein considerably more carbonation
occurred. Thus, if COZ reacts with cttringito, it
does so sufficiently slowly so as not to affect the
X-ray observations.

The low sulfate sulfoaluminate is found in
pastes made from cements high in C,A, but not
in those made from cements low in C8A. On the
other hand, ettringite is the only sulfoaluminate
found in pastes made from cements low in C,A,
while little if any of it is found in pastes of cements
high in C$A.

Onc of the cements low in C,A discussed above
is of especial interest in one respect, however. If
the low sulfate sulfoaluminate were to have formed
instead of ettringite, not enough A1Z03 would be
present in the cement to react with all the SO~.
Under these circumstances, it is possible that a
sulfoferritc might form. Malquori and Cirilli [35]
have prepared calcium sulfofcrrites analogous to
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FIGURE 1. Calcium mono,sulfoakwruinatelines in X-ray patternsof portland
cement paste at different relative humidities.

the calcium sulfoaluminates which are found in
hydrated portland cement pastes. The X-ray
diffraction patterns of these sulfoferrites are, in
general, very much like those of their sulfoalumi-
nate analogs. Ae a result, the sulfoferrite com-
pounds, were they present in portland cement
pastes, would not be readily distinguishable from
their aluminate counterparts. Howeve~, there is
evidence that the iron-bearing phase m cement
hydrates in a unique manner not involving SO,.
This will be discussed in the next section.

The Calcium Aluminate and Calcium Ferrite
Hydrates

The calcium aluminate and calcium ferrite hy-
drates have been reported as existing in hydrated
cements in two different forms: cubic and hexag-
onal. The cubic hydrates are represented by the
compounds C~AHe and CtFHt; -the hexagonal hy-
drates are represented by the compounds C,AH,$
and CJ?H,,. It was shown by earher investiga-
tors such as Wells, Clarke, and McMurdie [36]
that C$AH, is the stable calcium aluminate hy-
drate in contact with solutions saturated with
respect to calcium hydroxide. On the other hand,
in none of the discussions of the stoichlometry
of the hydration of portland cement is much
evidence given for the presence of the cubic tri-
calcium aluminate hydrate. On the basis of evi-
cleny,, ~lable at the time, Steinour [4] stated

initial formation of C1AH13 in clinker
and water paste seems much more probable than
formation of cubic C3AH,. . It is not impos-
sible, however, that the cubic hexahydrate might
form later. ” In recent X-ray investigations of
portland cement pastes, Taylor [10] and later

Turriziani [11] report only the hexagonal tctra-
calcium aluminate hydrate, C4AH,~; they observed
no cubic triwdcium aluminate hydrate in the pastes.

In the discussion to follow wc shall review
evidence that both cubic and hexagonal hydrates
are present in hardened pastes and that the cubic
phase at least is a solid solution of several sub-
stances. We shall discuss first the cubic and then
the hexagonal hydrates.

It can be seen from the data in tables 1 and 2
that a group of lines appears distinctly in patterns
of all cement pastes except the TYPO IV cement,

which is quite low both in AlZ03 and in I’eZO~,
and even in patterns of this cement paste there 1s
evidence of these lines. This group of lines
aPPears at 5.07, 4.40, 3.32, 2.26, 2.01, and 1.72
A, corresponding to six relatively strong C,AH,
lines reported at 5.14, 4.45, 3.37, 2.30, 2.04, and
1.75 A by Midgley [27, 28], and at 5.13, 4.45,
3,36, 2.30, 2.04, and 1.75 A by Burdese and Gallo
[37]. The lines for the analogous iron compound,
CaFH,, are reported at 5.20, 4.54, 3,40, 2.33, 2.07,
and 1.77 A by Flint, McMurdie, and Wells [38]
and at 5.18, 4.50, 3.41, 2.33, 2.07, and 1.77 A
by Bnrdese and Gallo [37]. More complete
d-spacing data for these materials are given in
table 3. The reported CSAH,5lines are all higher
than those observed in the hydrated cement
pastes, and the C~FHO lines are farther removed
from the observed lines. The spacings observed
in cement pastes would not be those expected
from C,AH@, C,FH,, or a solid solution of the two.

Burdese and Gallo [37] also report spacings for
a Partially dehydrated cubic tricalcium ferrite,
C,FH,. These spacings are 5.07, 4.38, 3.32, 3.10,
2.78, 2.53, 2.27, 2.01, and 1.72 A in very good
agreement with those observed in cement pastes,
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TABLE 3. d-spacings reported for tricalcium aluminate and ferrite hydrates and corresponding spacings in some representative

hkl [38] .

211
220
321
41YI
420
332
422
431
521
440

611,532
620
444
640

633,552,721
642

651,732
800
840

C,AH, [38]

5. 16(VS)
4. 47(M)
3. 37(M)
3. 15(M)
2, 81(M)

2 56(VW)
2 46(w)
2. 30(VS)
2. 22(VW)
Z 04(S)
1.99(VW)
~ ;3[vy)

1,71(W)
1,63(M)
1,60(VW)
1.57(w)
1.40(W)

S,AH, [27,28

6. 14(S)
4 45(M)
3. 37(M)
3. 15(M)
2. 82(MS)

2, 57(w)
2. 47(M W)
2. 30(VS)
2, 23(VW)
2, 04(S)
1.99(VW)
1.82(VW)
1. 75(MW)
1. 71(W)
1 68(M)
1.WI(M)
1.57(VW)
1. 41(Ms)

hydrated cement pastes

C,AH, [371 c, AII,.,, [44] C,FH, [38]

5. 13(MS) 5, 03(VW)
4. 45(M) 4 39(VW)
3. 36(Mw) 3. 30(VW)
3. 15(W) 3. 09(VW)
2. 81(MS) 2. 77(VW)
2.
2.
2.
2.
2.
2.

i
1
1
1
7:[$, ,. . . ..i.6i(.wj . . . .

........ ................
1,57(w)

II

s Numbers in brackets refer to literature .i ted at end of text.
b Probably present, but overlapped by line from some other component.

as can be seen in table 3. The lines at 3,10 and
2.78, of course, are overlapped by strong lines of
Ca(OH), [39] and the calcium silicate hydrate,
respectively, (It is to be pointed out here again
that the strength of the 2.78 A line is far too great
to be accounted for on the basis of any aluminate
or ferrite. ) The compound CIFHZ, however, is
obtained by dehydration of C$FH@ at 250 “C [40].
It is difficult to imagine that a species normally
formed by dehydration at relatively high temper-
atures should form at room temperature in a
saturated aqueous system, unless some other sub-
stance were dissolved in it to stabilize it. Stabili-
zation of solid phases under conditions far removed
from equilibrium is not an unusual phenomenon,
especially in cement chemistry; one merely need
consider the case of P-C&. However, the more
usual examples, such as L?-C2S,do not involve an
aqueous solution phase.

From the khetic data presented in another
section of this discussion, it would appear that the
ferrite phase in portland cement hydrates with
no significant change in A/F ratio of the remaining
unhydrated material. Hence, one might assume
that the product of hydration may be a solid
solution of a ferrite and an aluminate such that
the A/F ratio of the solid solution is the same as it
was in the original ferrite phase, Thus, if the
original ferrite phase had an A/F ratio of unity,
then the hydration product in question would
presumably be an equimolar solid solution of a
CJ? hydrate and a C,A hydrate, the phase having
the overall composition C3AFHZ. On the basis
of a statistical analysis of nonevaporable water
data as a linear function of the composition
parameters of a group of 27 cements (the water
data being obtained from a group of well-hydrated
cement pastes) ~the water content of such a phase
is calculated to be 6 moles per mole of COAF;
that is, the phase has the composition C3AFH,.
This work, and the calculations leading to this
result, will be discussed in detail in a later section.
However, it is interesting to note that the water

: m[r$

3 46(w)
3. 19(s)
2. 63(s)
2. 72(VW)
2. 60(M)
2, 50(VW)
2. 33(M)

1,77(M)
L 73(w)
1.70(VS)
1.62(VW)
1.59(w)
1.43(M)

C,FH, [37]

5 13(MS)
4. 50(s)
3. 41(Mw)
3. 19(MS)
2. 65(Ms)
2. 72(VW)
2. 61(M W)
2. 51(w)
2. 33(MS)
2. 26(w)
2. 07(s)
2. 02(w)
1.84(WW)
1. 77(M)
1,74(VW)
1. 71(VS)

1.w(w)

C, FE, [37]

I

c-75 C-3>1
——

5.07(M) 5.09 5.06
4.38(M W) 439 4.39
3, 32(W) 3iy 3if;
3. 1O(MS)
2. 7s(Ms) (h) (b)

2. 53(M) 2.53 2.53
2, 44(WW) 2,43 2.44
2, 27(W) 2.27 2.27

. . . . . . . . . . . . ..-. -- . . .. ---- . . . . . .
2. 01(s) 2.01 2.01
1. 98(W) 1.96 . . . . . . . . . . . .
1. 79(VW) /yz :;2
1.72(M)
1. 70(VW) . . ..i.66.. . . . . . . . . . . . . . .
1. 66(VS) 1.66

............... ..........
1 55(w) IF==

results obtained are such as to indicate that no
pure ferrite phase can form, and that solid solu-
tion with an aluminate is probably necessary.

The composition C,AFH, can be considered to
correspond to a solid solution of C3FH2 with an
aluminate of composition CSAH4. The lattice of
C~AHb shrinks in a regular manner as water is
removed [41, 42, 43] but the lattice remains cubic
as long as the H/A ratio is greater than 1.5. One
might expect a composition CSAH~ to have almost
exactly the same lattice parameter as C~FHZ.
Indeed, this appears to be the case, since Burdese
and Gallo report the lattice constant of C~FHZ to
be 12.39 A, and Koberich [44] gives the lattice
constant of C3AHS,75 as 12.37 A. The X-ray
d-spacings reported for this material are m reason-
ably good agreement with those of C3FH~ and
those found in patterns of hydrated pastes as can
be seen in table 3.

The estimation of the composition of this
ferrite-aluminate solid solution phase is still a first
approximation. The material is more likely to be
a silica-containing member of the hydrogarnet
series. The estimated water content would be
expected to be low because it is replaced by silica
as was described by Flint, McMurdie, and Wells
[38]. Thus, if the estimated lattice spacing of
12.38 A is taken into consideration, and it is still
assumed that the A/F ratio of the material is 1.0,
then the material corresponds to a hydrogarnet
having a composition in the vicinity of C,AFS,H,.

The lines ascribed to the proposed solid solution
phase appear in wet slab as well as dry powder
patterns, as is indicated by the data in tables 1
and 2. However, in almost all patterns, wet or
dry, the 5.07 A line is partly obscured by the
4.9o A calcium hydroxide line [39]. In many
cases a shoulder appears sufficiently distinctly so
that a reasonable estimate of the d-spacing at
5.07 A can be made. In a few other cases, how-
ever, the shoulder is not as distinct, and about
all that can be said for such cases is that there is
a line present, though fairly well hidden by the
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FIGURE 2. The appearance of the 6.OY and 4,L0 A lines in vortland cement. .
p&e X-ray patterns.

calcium hydroxide line. Examples of these types
are given in figure 2.

The X-ray pattern of thk solid solution phase
obtained from a sample of a well-hydrated paste
of cement 15754 from which most of the calcium
hydroxide had been extracted by means of water
was somewhat more distinct. The 5.o7 A peak
was almost completely undisturbed by the 4.9o A
calcium hydroxide line. The 3.11 A line was too
large to be accounted for by the remaining calcium
hydroxide, and although little evidence for other
substances containing aluminum or iron was
found, the 2.78 A peak was still too large to be
caused only by the calcium eilicate hydrate phase.

There is little evidence to show either a growth
or decrease of the solid solution hydrate lines as
a function of time. The lines appear in the astes

tof cement 15754 at all ages reported in ta Ie 1.
Hence, there is no indication that this hydrate
would only be a product of hydration of the CAAF
phase after long periods of time. On the contrary,
whatever amount of this hydrate is found would
appear to have been formed at some early age,
and to have remamed unchanged thereafter.

In his DTA investigation Turriziani [11] was
unable to detect any cubic phase, either C~AHO,
C8FH8, or a hydrogarnet. He observed decom-
position temperatures in the vicinity of 375 “C for
C@H8 and two members of the solid solution
series C3AH6-C~AS3. However, if the hydrogarnet
had an A/l? ratio of 1.0, then the decomposition
temperature ought to be in the vicinity of 240
“C [38]. An endotherm at this temperature may
be difficult to detect when an endotherm also
app=r~ at 22~ ‘C due to the presence of
tetracalcium aluminate hydrate.

Many investigators in the past have reported
the presence of a hexagonal tricalcium aluminate
hydrate. Schippa and Turriziani [45] state that

it is impossible to form such a compound under
conditions such as those that exist in a hydrating
cement paste, and that the substance observed
is actually calcium monocarboaluminate. All of
the wet slab patterns show a line at 7.8 A, corre-
sponding to the principal line of calcium mono-
carboaluminate [46]. Much of this carboaluminate
may have resulted from the carbonation of the
wet slabs during handling. However, the pastes
of cements high in CSA have a 7.8 A line with a
pronounced asymmetry on the low-angle side,
indicating the presence of another, weaker line
at a higher d-spacing. In some high C~A cement
paste patterns, this asymmetry has developed
into a shoulder such that the d-spacing of the
peak causing it may be estimated. The value
obtained, 8.3 A, is very close to the position of
the strongest hne of tetracalcium aluminate hy-
drate, C,AH,,, reported by Schippa and Turri-
ziani [45] as 8.4 A, and by Roberts [33] as 8.2 A.
In the wet slab patterns, this line is sufficiently
weak that it is not expected that any of the other
C,AH,, lines, all of which are weaker than the 8.4
A line, would be detectable. In some dried powder
patterns, other lines are seen.

The principal peak of the iron analog of this
aluminate, that is, C~FHlt, occurs at 8.2 A [47].
Thus, a solid solution of this material with the
corresponding aluminate could produce a line at
8.3 A. However, the determination of d-spacing
from a shoulder of the type described is far too
inaccurate to warrant any conclusion regarding
the composition of the hexagonal phase.

In the dried powder patterns, the 7.8 A line is
much weaker, since very little if aJIy carbonation
has occurred during handling. The fact that no
shift is observed in this line when the specimen
is dried is in agreement with results obtained on
a sample of pure calcium monocarboaluminate
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which was dried to the half-micron level. The
pattern of the dried pure compound showed no
rrppreciablc shift in line positions from those in
the wet eample pattern [34], and was in reasonably
good agreement with the spacings reported by
Turriziani and Schippa [45, 46] and by Buttle~,
Dent Glasser, and Taylor [48], The carboaluml-
nate line in dried samples, and in rewetted samples
as well, is weak, ind~cating that not much of the
material is present. That little, if any, CO, has
entered the dried pastes is indicated by the fact
that the principal calcite line is not observable.

Buttler, Dent Glasser, and Taylor present
diagrams of patterns of C,AH,, after various
drying treatments. These patterns indicate a
shift in the basal reflection in the same way as
was found for the rnonosulfoaluminate. When
heated to 105 ‘C, the C,AH,, line at 8 A shifted
to 7.8 A. Drying at 105 “C is roughly equivalent
to the vacuum drying condition described by
Copeland and Hayes [22]. However, when
CdH,~ is dried in vacuo at room temperature
[34], the basal line shifts from 8.4 A, the wet
state position [45], to 7.8 A over arelat]vely short
period of time. Continued drying for a much
longer period of time (21 days) led to only a
small weight 10SS relative to that in the first 3
days, but the basal reflection shifted to 7.4 A,
in agreement with the value reported by Roberts
[33]. X-ray patterns of this material revealed
only the 7.8 A line unless special precautions were
taken to eliminate all traces of water vapor,
this being done by passing a dry nitrogen stream
over the eample while the pattern was being
obtained. Hence, it appears that very little
water need be taken up by the well-dried CIAHl~
before the basal reflection shifts.from 7.4 A to
7.8 A, so that in many cases, the line observed
at 7.8 A may represent either carboaluminate,
C,AH,,, or both. The reversibility of the hydra-
tion-dehydration process in C,A hydrate was
also noted by Roberts, However, there is always
a small amount of COZ in any past+ most of
which was present in the cement prior to hy-
dration. If all this COZ were in the form of
carboaluminate, there would, in most cases, not
be enough present such that all of the tetracal-
cirrm aluminate hydrate potentially in the paste
would be in the form of carboaluminate.

The diffraction maxinlun, otmcrved at 7.8 A
is not a strong, sharp peak, but rather a low,
broad hump, This spacing is the basal reflection
of the pseudohexagonal crystal [48], regardless
of which of the two compounds it represents.

The fact that this reflection is poorly developed
indicates that the crystals may be quite small
and disordered, a condition somewhat akin to
that of the CSH(I) produced by reaction of
CaO and SiO, at room temperature. (The
calcium silicate hydrate produced by the hydra-
tion of C&, of course, shows no basal reflection
whatever [15, 24].)

There is some evidence that tetracalcium ferrite
hydrate may also have a diffraction line at 7.8
A, Various investigators have reported different
basal reflections for C,FHZ, presumably because
each investigated material with a different mois-
ture content. Greening and Seligmann [47}
found the basal spacing to be 8.2 A for material
in the saturated state. Watanabe and Iwai
[49] report a value of 7.96 A for somewhat drier
material. Taylor [50] has X-ray data for a
hydrate of the composition C4FH,0 which in-
cludes a basal reflection of 7.8 A. However,
even this material would presumably lose water
on further drying to the )Lp level, and ae a result,
undergo further layer contraction. This would
result in a downward shift of the basal reflection
toward the 7.4 A value reported for dried tetra-
calcium alummate hydrate. There is no infor-
mation available at present as to how rapidly
this dried ferrite hydrate would pickup moisture.

In some of the dried powder patterns, other
lines of the hexagonal calcium aluminate hydrate
are seen. The most important among these is
at 3.9 A, the 002 reflection. The carboalurninate
has no line at 3.9 A, but rather, one at 3.8 A.
This latter spacing appears in many wet slab
patterns, along with alineat 3.9 Acaused by the
presence of calcite. In the dry powder patterns,
no calcite lines appear, and no line at 3.8 A.
However, a small line a! 3.9 A is found indicating
that the hydrated alummate 1s prlmarrly C,AH,S.
The spacing at 3.9 A is also one found with
C,P’II,, [50]. Lines appear at 2.46 and 2.10 A
in the dried powder patterns, but these also
contain contributions from other compound?,
such as calcium monosulfoaluminate. The simi-
larity of the pattern of this latter compound with
that of tetracalcium aluminate hydrate is quite
marked, with the exception of the locations of
the basal reflections.

There remains the distinct possibility that the
cement pnst~ pattern lines attribrrtecl to rncmo-
sulfoaluminate are in truth those of a solid solu-
tion of this material with the tetracalc~rrrn
aluminate hydrate, but this would not obviate
the fact that the evidence obtained indicates the
presence of this latter material by itself.

The Dependence of Water content on Cement Composition

Nonevaporable water data have been obtained Development Laboratories. The oxide composi-
on a group of cemente hydrated for times up to
13 yr [51, 52], ‘l’he cements used were those pre- tions and the potential compound compositions

pared for use in the “Long Time Study” project of these cements were published by Lercb and
at the Portland Cement Association Research and Ford [53].
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T, .,, ,. ,7 ,,It was assumed mat Dotn nonevaporame water
and surface area were dependent on linear func-
tions of the cement composition parameters.

Thus:

w./c=kl(alite) +k~(belite) +
k,(C,A) +k,(F,,l +k,(CaSO,) (1)

where the k, are constants and wn,lc is the non-
evaporable water content in grams of water per
per gram of cement. The quantities (alite) and
(belite) refer to the CaS and C,S phases as they
occur in portlan.d cement, each containing minor
quantities of other oxides, primarily Al,Og, as has
been discussed by Jeffery (in the case of alite)
[54], and in some recent publications on the
quantitative analysis of portland cements by
means of X-rays [20, 21]. The symbol F,, repre-
sents the ferrite solid solution phase. All cement
compound quantities may be expressed in grams
per gram of cement.

It was shown in the quantitative cement
analysis work that the compositions obtained from
X-ray analysis did not differ significantly from
those obtained from the potential compound cal-
culation devised by Bogue [19] except in the case
of C~A. The CaA values were lower in the X-ray
determination because of the .41,0, in the alite and
belite phases; the alite phase was correspondingly
higher because of this A1,O,. Inasmuch as the
ferrite solid solutions had A/F ratios near unity
for the most part, the X-ray and potential values
were in good agreement.

For the purposes of the calculations, it proved
expedient to use POtential rather than X-ray
values because X-ray values were not available
for all of the cements. Since the Al,Oa in the
alit e and belite phases probably behaves during
the hydration process in much the same manner
as t,be AJZO~in CjA., it is likely that no significant
error is introduced by the use of potential data,
Expressed in terms of the potential compound
compositions, eq (1) becomes

wn/c=al(C3S) +Q(CS) +aS(CSA) +
a1(ClAF)+a5(CaSOJ (2)

where the at are again constants in the equation.
Since the quantity w./c in eq (2) is a linear

function of the potentral compound quantities,
which, m turn, are linear functions of the oxides

Am W,!C&
drying ~

.

13 m 0.4{,P),’

6?4,Yr 0.8,(,P)

“ 0.8$,D)“

6?4<3T 0,6,(P)

C!..$CD)

6~,m 0.4(,P)

ly o.4’(,r’)

TABLE 4. Least s

v.. of Ila- No. of .,
mmeters cements

uares coejicien

.! a2

— —

0::3; 0.194
.196

.022 .193

.020 .197

.020 .154

.018 .152

.020 .188
02Q ,198
019 .1.,

.017 .151

.018 .170

.017 ,178

.020
,019 ;%

wssure.

[19], it follows that win/cis also a linear function of
the oxides. Thus

wm/c=bl(cao) +bj(sioz) -}h(Alzo8)+
b,(Fe,OJ+ b,(SO,). (3)

The coefficients in eq (2) have been evaluated
by the method of least squares from data obtained
from the “Long Time Study” (LTS) cements
hydrated for 1, 6}i, and 13 yr, at water: cement
ratios of 0.4, 0.6, and 0.8, and dried to approxi-
mate equilibrium with the vapor pressure of water
over a mixture of Mg (C1OJY2HZO and Mg
(C1O,),.4H,O (8 ,), or that of water over ice at
– 78.5 ‘C (Y ,). The parameters of eq (2)
were evaluated including the CaSO, term
(5-Parameter system) or- omitting this term
(4-parameter system). The results are shown in
table 4. In this table, the age of the specimen
is given in column ?, the water: cement ratio and
method of drying m column 2, the number of
parameters evaluated in column 3, the number of
cements in the data set in column 4, the values of
the parameters in columns 5, 7, 9, 11, and 13,
and tb e standard errors of these parameters in
columns 6, 8, 10, 12, and 14.

Investigations of tb e stoichiometry of the
hydration of C$ and C,S [15, 24] have shown that
the hydration reactions may be represented by
the equations

2C,S+5H=C,S,H,+3CH (4)
2C,S + 3H== C,S,H, + CH (5)

the composition of the calcium silicate hydrate
being given as that of the halfmicron material.
From these equations, it is seen that each gram of
C$3 reacts with 0.197 g of water, and each gram ?f
C2S with 0.1,57 g of water. The constants, al, m
eq (2), obtained from the least squares treatment
of the various sets of half-micron sample data,
range from 0.199 to 0.208. It would therefore
appear that, in 6.5.year-old pastes, hydrated at
relatively high water: cement ratio!, for which
these values were obtained, the C& rs completely
hydrated.

The constants, rt~, obtained from these same
data, range from 0.147 to 0.152. The fraction
of CZS hydrated, estimated as the ratio of the
calculated value of az to the theoretical value
based on eq (5) is 0.951, on the average, for a

+om nonevaporatde water data

.,

0:yJ

.020

.018
,017
.016
; :;:

L116
.015
.015
.015
.016
.016

—
5, .3

0::;; 0:g%

.478 .097

.509 ,085

.571 0!48

.561 .075
,412 Orm
.477 .081
.470 ; II
,496
.403 .070
.504 .086
.363 .076
.429 .074

a,

0.097
,109
.151
.184
lW

,178
.091
.142
.129
.149
.117
.158
.067
.132

u’ a .,

. — .

0.065 0.149 0.312
.058 . . .. G.3ii... . ..6.iE..
.0’47
.033 ..:i: iii... . ..i.iit..
.086
.073 . . ..ti.tii... . ..i.iii..
.079
.074 . . . . . . . . . . . . . . . . . . . . . .
.074 0.243 0.384
.005 . . .. G.&3... . . . . . . . . . .
.069 0333
.065 . . ..6.ji6 . . . . ..i.iG..
075
0??3

I (P) —dried at 8P vapor pressmq (D) —dried at % vapor
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6.5-year-old paste hydrated at a water: cement
ratio of 0.6, and 0,974 for pastes of the same
age hydrated at a water: cement ratio of 0.8.
These latter values, however, must be considered
as maximum values, inasmuch as there is usu-
ally somewhat more water in the calcium silicate
hydrate phase than the two moles per mole of
SiO, indicated by the two eqs (4) and (5),, [15].

For 8-M dried C$ and C2S pastes, the stolchio-
metric equations are [15]:

2C,S+5.8H= C,S,H,.,+3CH (6)
2C,S+3.8H=C$,H2,, +CH. (7)

These equations predict the values of al and
az to be 0,229 and 0.199, respectively. The val-
ues obtained indicate that for pastes hydrated
at water: cement ratios of 0.4, after 1 yr, the
C,S is over 95 percent hydrated and after 6}; yr,
it is completely hydrated. The C2S is not so well
hydrated, however, being, on the average, 81.4,
87.6, and 98.2 percent hydrated at 1, 6)4, and 13
yr, respectively.

Inasmuch as the cements used in the least
squares analysis are of widely different composi-
tions, it must be pointed out that such a treat-
ment is valid only for relatively well-hydrated
pastes, wherein the effect of dependence of hydra-
tion rate on cement composition is no longer
important,

Interpretation of the aluminate, ferrite, and
sulfate nonevaporable water results is more diffi-
cult. In the first place, there are several possi-
ble products of hydration, and as has been shown,
evidence has been obtained for the presence of
some of them. Others may be present for which
no evidence has as yet been obtained, As can
be seen from the standard errors, the least squares
parameters for the ferrite and sulfate are far less
certain than are the C$ and CJ3 parameters.
Furthermore, while there is no significant differ-
ence between the 4- and 5-parameter C$ and
C,S results, the other parameters are strongly
affected. The contribution of the sulfate in the
5-parameter calculation is abeorhed primarily by
the aluminate and ferrite parameters in the
4-parameter calculation.

The least squares results may be expressed in
terms of oxides, according to eq (3). The param-
eters may then be converted to melee of water
per mole of oxide. When this is done, the results
for half-micron dried samples at a water: cement
ratio of 0.8, rounded to whole numbers (except
in the case of Si02) are H/C= 1, H/S= —0,5,
H/A=5, H/F=—5, and 11/S0,= –2. These val-
ues may be used to predict the water contents
of the various possible products of hydration.
For instance, a calcium silicate hydrate with a
C/S ratio of 3/2 would have the composition
C,S,H,, just as was indicated from the potential
compound parameters and the stoichlometric
equations for the hydration of the pure silicates,
Tetracalcium aluminate hydrate would have the
composition C4AHg, which is to bc compared with

the compositions reported by Roberts [33] for
tetracalcium aluminate hydrates dried under vari-
ous conditions. Roberts gives H/A values of 11
for material dried over solid NaOH or anhydrous
CaClz, and values of 7 for material dried over
P,O, or at 120 ‘C.

The calcium ferrite hydrate case is not so
simple, A tetracalcium ferrite hydrate would
have a negative water content, which is, of course,
absurd. Howeve~, if the aluminates and ferrites
were in solid solutlon, physically possible, and not
unreasonable, water contents are predicted.

The predicted water contents of the sulfo-
aluminates are, as was pointed out above, quite
uncert sin. The water-to-oxide ratios given above
lead to the compositions C,A.CaSO,.7H and
C,A.3CaS0,.5H. Lerch, Ashton, and Bogue [55]
found water contents for these materials, dried at
110 “C, to be 6H and 7H, respectively. Roberts’
recent work [33] indicates a value for the low
sulfate sulfoaluminate of about 8H. If the least
squares H/S02 value were — 1 instead of —2, the
predicted compositions of the sulfoalumin ates
would be C3A.CaSOi.8H and C~A,.3CaS04.8H.
Thus, on the basis of experimental evidence, it
appears that the H/SOl ratio should bc somewhere
between – 1 and –2, Both these values fall
well within the uncertainty limits determined
st artistically.

The evidence from the least squares calculations
combined with the evidence obtained from the
X-ray diffraction studiee provides a strong indica-
tion that the alumina in CIA reacts in. a different
manner from that, in the ferrite phase. The
cements low in C3A shown in tables 1 and 2 both
contain ettringite. On the other hand, those
cements high in CSA when hydrated contained
the low sulfate sulfoalurninate. Thus, it appears
that only when the A/F ratio in the cement is
relatively high, does the low sulfate sulfoaluminate
form. Steinour points out, in his recent discus-
sion of the setting of portland cement [56], that
when the molar A/F ratio in a cement is less than
1.0, no retarder is needed. He also attributes
flash set to the formation of a hexagonal calcium
aluminate. Under the conditions obtained with
the use of the high C~A cements whose composi-
tions are given in table 5, the presence of gypsum

Tfimm 5, Ozick umzpm<cionsOJfour portland cements

Cement type 15154 1\6;2 1wj7 1;8$9

Percent Percent Percent Percent
Si02. . . . . . . . . . . . . . . . . . . . . 20 67 22.44 19.83 27.51
Cab . . . . . . . . . . . . . . . . . . . . . 6$ ~; 63. S1 63.41 63.73
A1,O, . . . . . . . . . . . . . . . . . . . . 3.88 5.21 1.95
Fe, O, . . . . . . . . . . . . . . . . . . . . .2, 20 ::;: .2.69 1.92
M~O . . . . . . . . . . . . . . . . . . . . 2.05 1.28 1.64
so, . . . . . . . . . . . . . . . . . . . . . . 2.37 1.59 1.82 1.82

Total . . . . . . . . . . . . . . . . . . . . 96.45 97.28 94.14 98,57

Fwe 0.0 . . . . . . . . . . . . . . . . 0:;: 0::! 3.14 0.15
Na,O . . . . . . . . . . . . . . . . . . . . 0.30 .05
K,O . . . . . . . . . . . . . . . . . . . . . .16 1’/ .40 .22

I I I I

. The total Fejo, includes a small $mount of FCfI expressed as FezO?.
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prevents the formation of the hexagonal aluminate
(presumably tetracalcium aluminate hydrate) by
the formation of the sulfoaluminate. The first
sulfoaluminate to form is ettringite, apparently,
since of the X-ray patterns of pastes from cement
15754, only that of the youngest observed, a
6-month old specimen, showed ettringite. Taylor
[10], too, studying a normal portland cement,
observed initial formation of ettringite, with
subsequent disappearance. It is interesting to
note that a hexagonal phase ultimately does form,
this however being the low sulfate sulfoaluminate.
The molar A/F ratios in the two cements, 15754
and 15497, in which the monosulfoaluminate does
form are 4.37 and 3.15, respectively.

On the other hand, the low sulfate sulfo-
aluminate does not form in cements 15622 and
1.5669 in which no significant amount of C3A is
present. The molar A/F ratios in these two ce-
ments are 1.45 and 1.59, respectively, or, when
corrected for the alumina in the silicate phases,
0.81 and 1.34. It would appear from these results
that no significant amount of alumina from the
ferrite phase enters into a sulfoaluminate ae long
as enough alumina is available from other sources
to combine with all of the SOS present to form at
least the high sulfate sulfoaluminate.

Flint and Welle [57] observed that while C,AH,
was susceptible to attack by sulfate, hydro-
garnets containing either iron or silica were quite
resistant. It would appear from these considera-
tions that the molar ratio of nonferrite alumina to
SO, in a given cement would serve as an indica-
tion as to which sulfoaluminate forms ultimately.
Thus, the high C,A cements, which contain the
low sulfate sulfoaluminate for the most part have
SO, to nonferrite A1,O, ratios of 0.7 and 0.6,
respectively, while the low C8A cements, which
contain the high form for the most part have
ratios 1.2 and 3-.9.

It is therefore also likely that no sulfoferrites...
form in portland cement pastes, at least of cements
within the wide composition range covered by
those whose X-ray data are given in tables 1 and 2,
and whose compositions are given in table 5.
Furthermore, the least squares coefficients dis-
cussed above also indicate that there is no sulfo-
ferrite, in that such a compound, either high form
or low form, could not have a negative calculated
water content, physically absurd. Of course, a
solid eolution of sulfoaluminate and sulfoferrite
is possible as far as the least squares considera-
tions go just as in the case of aluminates and
ferrites.

II. Kinetics of the Hydration of Portland Cement

L. E. Copelandand D. L. Kantro

Introduction

The purpose of this section of the paper is to
review our knowledge of the khetics of hydration.
Mechanisms of hydration may at times be
mentioned but a discussion of mechanisms is not
h principal objective.

The first kinetic studies of the hydration of
portland cement were concerned with determining
the strength of concrete and mortars as a function
of time of curing. Useful information can be
obtained from such studies, but their value for
theoretical purposes is limlted because the de-
velopment of strength in ooncrete and mortar is
influenced b many factors other than the rate of

[hydration o the cement in the mix, Knowledge
of the rates of hydration of cement is just one
step toward understanding the mechanism of
hydration and the development of strength, but
it is an important one.

Three general methods have been used in
studying the kinetics of hydration of portland
c~mmt: (1) microscopic mamirmtion of hm-dmwd
neat cement pastes after known curing times, (2)
observations of changes in the physical and chem-
ical properties of hardened pastes as a function of
time, and (3) X-ray diffraction analysis of unhy-
drated cement in hardened pastes.

In general, the microscopic studies can be, and
in some, cases have been, interpreted to support
Michaehs’ theory of the hardening of portland
cement in that the unhydrated clinker particles
are found embedded in a gel which has no structure
visible in the light microscope. The presence of
all four major phases has been observed in these
particles—even after 20 yr.

The measurement of several physical and them-
ical properties of pastes ae a function of curing
times has been made. In some cases inferences
concerning the rates of hydration of the individual
component of cement have been drawn from these
measurements. It will become evident that some
of these inferences are not justified.

In recent years new techniques have been devel-
oped. One of these, X-ray diffraction, offers
about our best tool for measuring directly the
rates of hydration of the individual phases in port-
land cement. At the present time the experi-
mental error is large when compared with the
experimental error of standard chemical methods
of analysis, bu~ significant results can be obtained.
Further experience with the method will bring
improved results. Perhaps other new techmques
can also be applied to the problems.
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Direct Microscopic Observations

Most of the microscopic examinations have been
made on polished sections, orsometimes upon thin
sections, of hardened pastes. But Anderegg and
Hubbell [58] chose to develop a different technique
for their work. They first passed cement through
an air separator to obtain several fractions of ce-
ment with particles with a, narrow size range.
They then prepared pastes of these sized fractions,
w,Jc=O.4, and cured them in contact with a small
quantity of water. At each of several selected
ages a.sm!ll fragment was broken from each paste
and dried m an oven to stop the hydration reactions
byremoving the water. Each fragment was then
ground until microscopic evidence showed the
rnatorial to be subdivided into small and uniformly
slz~d particles. Specimens for microscopic ex-
aminations were prepared by placing these par-
ticles on a microscope slide in an oil with a
refractive index of 1.67. Thus it was possible for
them to tell whether or not a particle was hy-
drated by its refractive index, for if it is hydrated
its refractive index is lower than that of the oil
and vice versa. They counted thousands of par-
ticles (weighting the count by the size of the
particles) and determined the volume fraction of
hydrated cement from the number of hydrated

~hey obtained the weight fraction hydrated by
articles relative to the total number of particles.

using the densities of the unhydrated cement and
of the completely hydrated cement.

To check their resultst heydeterrnined the frac-
tion of cement hydrated in samples prepared by
mixing completely hydrated cement with unhy-
drated cement in known proportions. They re-
ported results accurate toabout2.5percent.

They proceeded then to calculate the depth of
penetration of the water into cement particles.
To do this they assumed that the shape of the
original cement particles was the same as that of
the unhydrated particles remaining in the paste,
and made microscopic measurements to determine
the size and shape of a g~eat many cement par-
tmles. Typical results, given in table 6, were
estimated for a cement with a known particle
size distribution using their results on depth of
penetration of waier in sized fractions of clinker
particles. They noted that their Type III cement
appeared to hydrate no more rapidly than did
them Type I cement.

These experiments were repeated [59] using pure
compounds and mixtures of pure compounds.
Pure C2S hydrated much more slowly than did
pure C,S, which hydrated much more slowly than
did pure C,A. The addition of 10 percent C,AF
toeither C$or C,S caused themixture to hydrate
much more rapidly than either component of the
mixture would hydrate when pure.

Brownmiller [60] examined polished sections of
neat cement pastes cured for various times. From
this examination he estimated that about }{ of
the cemcntremained unhydratedat the end of the
first day. He compared the sizes of the particles

visible in the polished sections with the sizes of
the particles of original cement and estimated that
a 60Y particle decreased in size to about 45Wduring
the first day, that the depth of penetration was
about 7}4~. At 7 days approximately 80 percent
of the cementhadhydrated, and at 28 days about
85 percent. Cements that were high in CJ5 and
C,A were almost completely hydrated at the end
of 7 days. He concluded that as hydration pro-
ceeds there is a uniform decrease in the size of
the cement particles, and stated, “There is no
microscopic evidence of the channeling of water
into the interior of cement particles to selectively
hydrate any single major constituent t.”

TABLE 6, Depth of penetration of water in clink- particles
and the degree of hydration of a typical portland cement

Time Depth of pen..
(days)

Percent
tmtion (J.) hydrated

24
+ g:: 42

2s 51
90 so

However, he did observe that different phases
at the boundary of a particle dld not hydrate at
the same rates: e.g., C$ hydrates more rapidly
than C,S, and some interstitial material hydrates
very slowly indeed.

Rexford [61] used thin sections. He pointed
out tha~ accurate rates of hydration from such
microscopic examination were very difficult to
ob Lain; one needs to examine many fields and
measure accurately with a Wentwor th micrometer
stage. He confirmed Brownmillcr’s conclusions
that hydration proceeded from the boundaries of
cement particles inwards towards the center at a
comparatively uniform overall rate, which affected
all the constituents of that particle more or less
simultaneously. He stated further, “No indica-
tion of completed hydration of any one compound
was ever observed although incipient selectivity
was often visible around the periphery of a cement
particle. ” His conclusions were based upon the
examination of hardened pastes cured up to 6
months, and upon examination of concrete up to
20 YrS old. -

Ward [62] examined thin sections and came to
somewhat different conclusions, He described
two kinds of gel, one of which he called a “ground
mass” gel that was interrupted by unhydrated
clinker grains, calcium hydroxide crystals, and by
small channels, and pores. Small crystalline par-
ticles of low bmefringence were scattered through-
out this gel. As the paste aged, a clear gel
ww:wed iOexude from the gr~~nd mass Or tO
precipitate m the voids and channels.

He observed that C,S and C,AF were slow to
hydrate and that many cement rains were
shattered during the hydration. H?e identified
the fragments as CjS. He concluded that each
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clinker grain does not hydrate in such a manner
as to develop an i,n~ividual coating of hydrate
with subsequent umtmg of these coatings.

The overall rate of hydration of cement ob-
served in these microscopic studies agrees quali-
tatively with expectations based upon the rate of
strength development. Anderegg and Hubbell
tacitly assumed a mechanism of hydration that
was supported later by the independent observa-
tions of Brownmiller and of Rexf’ord. In answering
a criticism of their paper, Anderegg and Hub-
bell show that they were aware that this assump-
tion was not universally accepted, but argued that

: it is true. Actually, it is supported by the theory
of hardening advanced by Michaelis, just as
Brownmiller interprets his results to support
Michaelis’ ~heory.

There is a small difference between the com-
positions of the finely ground part and the coarser
part of a cement, but if hydration proceeds by a
more or less uniform diminution in the size of the
cement grains, then the finer fraction would dis-
appear first-probably during the first day. After

that time the composition of the unhydrated resi-
due should change only slowly if at all.

Ward criticized the above views. He wrote of
an apparent increase in the amount of C$ in the
hardened pastes and suggested that the individual
phases react separately, then at a favorable con-
centra tion a general precipitation of gel occurs.
But bo~h concepts can be correct. The mechanism
proposed by Ward could account for the initial
setting of cemen Lbut by far the greatest amount
of cement could be hydrated as Brownmiller and
Rexford have described it. It is certainly true
that if cement grains were “shattered” by hydra-
tion. this must have occurred before the paste
hardened.

Ward observed shattering of C,S grains in ob-
serving the hydration of the pure compound under
the microscope. He noted that his pure C,S
showed a tendency to dust and suggested that
perhaps the shattering was the result of the
@=XY conversion. Is it possible that water could
leach a soluble stabilizing agent out of the C,S
phase in portland cement, causing the same con-
version with shattering of the cement grain?

Kinetics From Changes in Physical and Chemical Properties

Heat of Hydration

Many workers have determined the heat of hydra-
tion of port,land cement as a function of time of curing.
Woods, Steinour, and Starke [63, 64] were able to cor-
relate such heats of hydration with the development
of strength in mortars, and also found a good cor-
relation between the rate of development t of
strength and the composition of the cement.
Their primary motive was development of low
heat cement, and therefore it was essential to
their purpose to find a relationship between heat
of hydration and composition of cement. For
this they employed the method of least squares,
assuming that at any given age each percent of
each cement compound makes a fixed contribution
to the heat evolution independent of the proportion
of the compound in the cement. They were Suc-
cessful in accomplishing their objective. Other
workers have generally followed their example.
Davis, Carlson, Troxell, and Kelly [65] made
similar studies of heats of hydration, and Verbeck
and Foster [51] published initial results of an ex-
tensive investigation which is continuing. The
latter authors included the effects of gypsum and
both gypsum and glass in their computations.

By comparing the magnitudes of the respective
(‘contributions” of each of the components to the
heat of hydration, it can be inferred that the rates
of hydration of the major components have the
order C3A, C,AF3 C,S, C,S. This order agrees
with that obtained by comparing the rates of hy-
dration of the pure components. The contribu-
tion of each component to the heat of hydration
of completely hydrated cement paste is, within
experimental error, the heat of hydration of the
pure component.

Apparently no one working with heats of hy-
dration has done more than draw qualitative
conclusions concerning rates of hydration of the
individual components from his data. If the
assumption made tacitly in applying the principle
of least squares to heat of hydration data is valid,
the rates of hydration of the individual phases
can be estimated. It will be instructive to con-
sider this assumption.

Consider k cement pastes, each made with a
cement different in composition from all the others.
Let Hi be the heat of hydration of the paste made
from 1 g of the ith cement and cured tdays. Let
X,j be the weight fraction of component ~ in the
ith cement, and w+,(t) be the weight of component
j per gram of cement that has hydrated in tdays.
Let h, be the heat of hydration of 1 g of compo-
nent j. The heat of hydration of the paste can
now be written:

H, (t) =~ W{j (t) hj. (8)

The w,, (t) are unkno~. In the application of
the least squares principle to the k pastes, each
hydrated t days, it is assumed that Hi can be
written:

Hi (t)== a, (t) X,j. (9)
J

The coefficients a,(t) are called the contributions
of the major components j to the heat of hydra-
tion. Eq (8) can be put into the form of cq (9)
by multiplying and dividing each term on the
right of eq (8) by Xi,, that is,

(lo)
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Equations (9) and (10) are consistent if

(11)
A<j

In applying the method of least s uares to eq

?(9), it must be assumed that the aj t) are inde-
pendent of the compositions of the cements; con-

sequently, ~, the degree of hydration of compo-

nent ~, mustt~e the same in all cement pastes at
the time t. Also, the time derivative of the degree
of hydration, which we shall call the fractional
rate of hydration, must be independent of the
composition of the cement used in making the
paste. A mechanism could be devised to account
for this behavior, but the validity of the assump-
tion must bc shown by evidence independent of
heats of hydration.

Heats of hydration have been used in other
ways to obtain information concerning rates of
hydration. Steinherz [66] has recently noted that
Anderegg and Hubbell [58] oversimplified their
calculations on the depth of penetration of water
in cement grains by their assumption concerning
the shape of their particles. He presents a dhl’er-
ent approach based upon the measurement of a
mean volume and weighted mean diameter of the
particles and the assumption that the shape of the
particles corresponds more closely to flattened
cylinders than to spheres. He userl the heat of
hydration of the fraction of clinker grains he
studied to estimate the amount of cement hy-
drated, and calculated a depth of penetration. He
obtained results similar to those of Anderegg and
H,,hh~ll

The effect to be expected of assuming that the
components hydrate at equal fractional rates in
cement has been shown by zur Strassen [67]. He
considers two clifferent conditions: (1) the rate of
diffusion of water through the gel layer is so high
that sufficient water is always present in the re-
action zone to bring about conversion, or (2) that
the reaction is impeded by the rate at which water
can cliffuse through the gel film being formed. He
assumed that the particle size distribution of the
original cement could be represented by a Rosen-
Rammler size distribution with exponent 1.05.
Using Verbeck and Foster’s heats of hydration as
a measure of the amount of cement hydrated? he
calculated the depth of penetration of water mto
the cement particles and found that the rate
followed the diffusion law at times up to 28 days
for Type I cement, and times up to 7 days for
Type III cements, Thereafter the rate became
slower.

He also used the data of Schwiete and Kno-
blauch [68] on the heats of hydration of pure C2S
and pure C3S and concluded that for CZS the rate
of reaction is constant up to about 80 percent
conversion. For C3S, after a short period when
the rate is linear, the rate follows the diffusion
law. He suggests that in cement the expected
initial retardation of the hydration of L3-C$ is so

little reflected in the ~~ and ~ ratios that the
.

impression of a fully nn~form rate of hydration is
given. (Vm is the weight of water required to
form an adsorbed layer one molecule thick.)

NonevaporableWater

The nonevaporable water content (or any other
good measure of fixed water) is a measure of the
extent of hydration of cement in pastes, just as
is the heat of hydration. As yet no extensive
analysis concerning kinetics of nonevaporable
water data has been made as has been done for
heats of hydration, Actually there is little need
to do so for it has been shown [51, 69] that there
is a linear relationship between the two quantities
Least squares calculations based upon the same
model as was used for heats of hydration would.
certainly give the same results.

The effect of the original water-cement ratio,
w./c, upon the rate of hydration of cement can be
seen by comparing nonevaporable water contents
of pastes made from the same cement and cured
under the same conditions, except for variations
in we/c. Unpublished data from this laboratory
show that wO/c has little effect upon the rate of
hydration during the first 3 or 4 days. After that,
the smaller is w./c, the more rapidly the rate of hy-
dration decreases. This effect is consistent with
the widely accepted view that the rate of hydra-
tion is controlled in some manner by the rate of
diffusion of reacting species through the gel.

Recently Taplin [70] has published similar, but
more complete data, covering we/c ratios from
0.157 to 0.80. These data, figure 3, show the
same effects when wO/c is over 0,5, but in pastes
where wO/c is low, the rate of hydration for a short
time is higher than in pastes where wd/c is high.
The slightly greater rate of hydration can probably
be accounted for by the temperature of the pastes.
The temperature of fresh pastes cast in mol~ and
stored in a constant temperature room wdl rise
several degrees above room temperature during
the first 24 hr. The smaller the mass of the paste
per gram of cement the greater will be this tem-
perature rise, and the greater will be the effect
upon the rate of hydration.

The effect of availability of water immediately
after hardening is shown graphically in figure 4.
The upper cunw shows wn/c for a paste with
w./c=O.6 cured in contact with water at all times.
The lower curve represents two samples of a
paste made from the same cement with the same
initial wO/c, but cured under different conditions
[71]. The pastes were placed under a bell jar for
48 hr after mixing. After that time, half of the
paste was transferred to a sealed jar for the
remaining curing time. The other half was
wrapped with filter paper and placed in a covered
tray in contact with a small amount of water.
These two samples continued to hydrate at the
same rate even though the total water content per
gram of cement w ,/c, of t,he sample in contact with
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FIGURE 3. Effect of w./c upon rateof increase of com-
bined waler in portland cement pastes.

water increased to 0.64 at 200 days. The total
water content of a sample cured continuously
moist to the same nonevaporable water content,
w2/c=O.20, should be 0.652 [72]. The non-
evaporable water content of 0.20 was attained in
less than 28 days in the sample cured continuously
moist.

The effect of the lack of an adequate supply of
water during the first 2 days upon the rate of
hydration was so great that the effect of wO/c was
almost eliminated. Pastes with wO/c= 0.6 hy-
drated only slightly more rapidly than pastes
with wO/c= 0.44. It is important that the fresh
paste has an adequate supply of water continu-
ously if the maximum rate of hydration is to be
maintained. Copeland and Bragg observed very
little effect due to self-desiccation after the first 2
days, but their curing conditions missed the large
effect shown in figure 4.

SpecificSurface of HardenedPaste
In their study of the physical properties of

hardened portland cement paste, Powers and
Brownyard [73] observed that the specific surface
of hardened paste was a linear function of the
nonevaporable water content. Thedata were not
quite precise enough to show that the line
definitely passed through the origin, but if there
is an in~ercept, it must be small. Further data,
obtained later, confirmed the linear relationship
for pastes made from cement with normal com-
position. In pastes made from cements with
high CA contents, Vm did not appear to be
exactly proportional to wn.

Rate of Formation of Calcium Hydroxide
A part of the nonevaporable water of hardened

pastes is in the calcium hydroxide. Pressler,
Brunauer, Kantro~ and Weise [18] determined
calcium hydroxide m a number of hardened pastes.
Onc series of pastes was mde from a cement low in
CZS; another series wasmade from a cement high
m C$S, Pastesin each of these series were cured
forintervals oftime ranging from 1 day to several
years. In the series made from the 1ow-C,S
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FIGURE 4. Eflect of self-desiccation of portland cement
pastesuponrateof hydration of the cement.

A—cured continuously mOist, B—self-desiccated.

cement,, the calcium hydroxide produced in
hydration was found to be a linear function of the
nonevaporable water content. The relationship
between the calcium hydroxide and nonevaporable
water formed by hydrating the high-CzS cement
was decidedly curvilinear.

Discussion of Rates of Change of Physical
Properties

Powers and Brownyard [73] pointed out that if
Vm is proportional to w., then the ratio of colloidal
to noncolloidal products should be the same at al]
stages of hydration. To simplify the handling of
their data, they assumed that VJW* was constant.
The linear relationship [51] between the heat of
hydration and nonevaporable water, and also Vm,
seemed to confirm the idea that the same kinds of
hydration products were being formed at all
stages of hydration. One of the authors (Cope-
land) pointed out that these linear relationships
would be observed if the components in cement
hydrated at the same fractional rates. It was
recognized that this assumption could not be true
during the initial stages of the reaction, but it
might be true after the first 24 hr.

Brunauer [74], after a careful examination of
heat of hydration data,, observed that the heat of
hydration of cements high in C,S was not a linear
function of the nonevaporable water. It was
pointed out above that VJw. is probably not
constant in pastes made from these same cements,
so if the assumption is true at all, it is limited to
cements comparatively low in C2S.

The assumption of equal fractional rates of
hydration of the components in cement is different
from the assumption made in applying the prin-
ciple of least squares to heat of hydration data.
In the latter case it is assumed that the fractional
rate of hydration of each component is independ-
ent of the composition of the cement. The results
of the least squares calculation show that the
fractional rates of hydration are not equal to each
other, so one or both of these assumptions is
incorrect.
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The heat of hydration studies exemplify the (b) The assumption of a uniform depth of penetra-
difficulty of infer-ring rates of hydration from the tion of water in cement grains can also fit the data
rate of change m physical and chemical proper- as has been shown by Steinherz [66] and by zur
ties. Different assumptions have been made and Strassen [67]. The concept of a uniform depth of
rates calculated from the same data: (a) The in-
terpretation of least squares coefficients as the con-

penetration is consistent with the assumption that

tribution to the heat of hydration by that com-
the components hydrate at equal fractional rates.
It is not supported in detail by direct microscopic

ponent requires that the fraction of a component
hydrated in a given interval of time be always the

examination, for as pointed out above [60, 61], C~S

same and independent of the composition of the and some interstitial material hydrate more slowly

cements and accordingly the composition of the than C3S and C3A. But it is just this effect of
gel. This assumption seems to require that all the slower hydrating components covering C$ and ]
cements become completely hydrated in the same C,A regions and preventing water from getting to
period ?f time—that time required by the compo- them that could account for equal fractional rates \

nent with the lowest fractional rate of hydration. of hydration for all components.

X-Ray Diffraction Analysis
The rates of change in physical and _chemical

properties of portland cement pastes depend upon
the rates of hydration of the components in ce-
ment, but the dependence is complex. The rates
deduced from observing changes in properties
depend upon the assumptions that are made in
interpreting the data. The desire to find a method
of measuring the rates directly prompted us to
make our first attempts at X-ray analysis.

The first published attempt to use X-ray anal-
ysis to estimate rates of hydration directly is that
of H. F. W. Taylor [10]. He prepared pastes of
portland cement and hydrated them for periods of
time up to 300 days. An attempt to separate the
hydration products from the unhydrated cement
with a dense liquid was not completely succassf ul.
Nevertheless, he examined Debye-Scherrer pat-
terns of the fractions and concluded that C,S
hydrates much more rapidly in cement pastes than
does C,S, as is shown by hk estimates of the weight
fraction of CaS in the silicates in table 7. He esti-
mated that after 14 days curing, at least 50 per-
ce~~t of the cement had hydrated. The ignition
loss indicated 61 percent hydration,
TABLE 7. Weight fraction of CWSin sdicates of the unhy-

drated residue of cement <n pastes

Days 0 1 4 7 14 l_l—44 300

(3?s
I

&r
I

50

I
30

I
25

1

20
C,s+d-c,s !

<10 <5

,,, , ,,,
At the same time attempts were being made in

this L&oratory to use X-raya to analyze portlrmd

cement pastes; but only recently has acceptable
precision in cement analysis been attained [21].
The method has been applied [75] to the analysis
of two series of pastes made from clifferent ce-
ments, the first, a cement of aver-ago composition,
15754, the second a cement low in CZS and C~A,
156”3.

The same method of analysis was used for ana-
lyzing these pastes as is used for analyzing cements
with one exception: the 511 line for silicon (the
internal standard) was used instead of the 111 line
used in analyzing the cements. The advantage of
using this line at smaller spacing in pastes is two-
fold: (1) there are no interfering lines from either

the cement or the hydration products for LhiSline,
whereas the 111 line is affected to some extent by
the broad 3.06 A line from the tobermorite and
the adjacent 100 line from Ca(OH),; (2) after the
pastes have hydrated a few days, the weaker 511
line matches better the strengths of the lines from
the cement components, The intensity of this
line relative to the 111 fine of silicon is given as
0.17 by Swanson and Fuyat [25] and found by us
to be 0.171+0002 for our sample of silicon.

The cement pastes were prepared with we/c=
0.4 and cured for intervals of time ranging from 2
hr to 6 months. The analyses of the four major
phases unhydmted in each paste is given in table
8. The values reported are referred to the original
weight of cement in the paste. Nonevaporable
water contents are also given.

The degree of hydration of each component in
the two series of pastes are compared in figure 5.
Time is plotted on a log scale for convenience.
Equal fractional rates of hydration for the com-
ponents of a cement will be shown by coincidence
of these curves. A cursory examination of the
figures shows that the components of cement do
not hvdrate at the same fractional rate in either
ceme~t.

The degree of hydration of alite is plotted in
figure 5(a). The alite in the normal portland
cement does not hydrate at the same fractional
rate as that in cement 15669, rdthough probably
this condition is realized within cxperirnental
error after about 28 days.

The clegrce of hydrrrtiou of alite in cement
15669 irrcreasos more rapidly than in cement
15754, but the actual rate of hydration of alite in
cement 15754 is more rapid lhan in cemcrrt 15669,
as is shown iTl figure 6(a),

The results for beliie are plotted in figures 5 (b)
and 6(b). The degree of hydration of belite at
any time in cement 15754 is greater than in cement
15669, but again the actual rate of hydratiou is
higher in the cement containing the more bclitc.
The relativclv large error in determining the
amount of bel”ite in the pastes made from cement
15669 makes the conclusion thwt the fractiomd
rates are not equal somewhat less cert,ain than for
the case of alite.
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TABLE 8. Composition of unhydrated residue in portland cement pastes (g componentlg cement)

TYPe I cement Type IV cement

Time hydrated 41it.a Bditi C,A
“S (?),

Alite Lielite CA
““ (?),

— ——

0. . . . . . . . . . . . . . . .531 .259 .069 .097 .262 .627 .010 .068

Zhr . . . . . . . . . . . . .538 ,248 .054 .064 .0108 .253 .605 .6Q0 068

6hr . . . . . . . . . . . .

.0063

.416 .242 .060 .082 025S .194 553 .007

1 day . . . . . . . . . . .

.084

.308

; ml:

,226 ,025 .082 ,0881 .105 ,618 .603

2 days . . . . . . . . . .

.060

.222 ,196 .021 .053 .1145 .063 .515 .004 051

3 days... . . . . . . .

.0570

.179 ,198 .016 .052 ,1204 .052 .600 rm5 051

4 dam... . . . . . . .

.0619

.150 ,170 .012 .044 .1276 .054 .536 .007 053

7 days . . . . . . . . . .

.0674

.119 .152 .013 .038 .1438 .041 .477 .009

14 days . . . . . . . . .

.052 .0763

.079 .118 .006
?8 days . . . . . . . . .

,024 ,1614 .031 .518 .001 .056

.059

.0818

.136 .001 .021 .1748 .025 2s2 .000

3 months . . . . . . .

.036 .1048

.1123 .034 col .010 .1890 .006 .220 .000 .024 ,1305

6 months . . . . . . . 006 .020 Cilo .010 .1947 .004 .185 .000 .004 1394
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FIGURE 5a. Degreeof hydration of alite in the two series of
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FIGURE 5c, Degree of hydrationof tricalciumaluminatein
the two series of pastes.
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FIGURE 5d. Degree of hydration of ferrite solid solution
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The degrees of hydration of C,A in the two
cements are ~he same ~~ithin experimental error,
figure 5(c). There is only 1 percent C,A in cement
15669, and this small quantity is difficult to de-
termme precisely. The C~A results for cement
15754 present a consistent trend, and most of the
CaA results on cement 15669 agree with the same
trend. The screening of C~A from water may be
responsible for the fact that its absolute rate of

t!
L: ! 2347142890

T,me cloys

Rote of D,soppe. r.n. e of N,,,

FIGURE 6a. Rates of hydmtion of alite in Type I and IV
cements.
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FIGURE 6b. Rates of hydration of belite in Type I and IV
cements.

hydration, figure 6 (c), is so much lower than the
rate of hydration of C3S.

The greatest difference in the fractional rate of
hydration of a component in these two cements is
shown by the ferrite solid solution phases? figure
5(d). Perhaps a difference in the compos~tion of
the phase is partially responsible, although there
is, as yet, no way of knowing how the composition
of the ferrite phase affects its rate of hydration in
cement. The A/F mtio of the F,, phase in cement
15754 is 1.44, That in cement 15669 is 1.22. It
WM observed that the strongest ferrite line di~l
not shift in position as hydration progressed; con-
sequently, the composition of the unhydrated res-
idue is the same as that of the original component.
The absolute rate of hydration of the ferrite solid
solution phase, as well as its fractional rate, is
lower than that of any other component.

The X-ray analyses are certainly not as precise
as one would lik~, and probably not as precise as
will be obtained m subsequent studies. The y are
precise enough to show without question that the
major phases in portland cement do not hydrate
at equal fractional rates; but in the discussion to
follow it will be seen that the observed rates of
hydration are consistent with the empirical re-
lations that formed the basis for the assumption
of equal fractional rates of hydration for all the
components.

One of these empirical relations was the pro-
portionality between Vn and w., and another the
proportionality between the heat of hydration and
w.. Powers and Brownyard [73] recognized that
Vm might not be strictly proportional to w., but
assumed proportionality to simplify the treatment
of their data. The best straight line through the
data does not pass through the origin, but has a
small positive intercept on the w. axis. This

0

~
ii T,me- day,

Rate of D,soix?earana of C34 and F,, Ph.,e,

Frourw 6c. Rates of hydration o,f tricalcium aluminate
and calcium aluminoferriie solid solution in Type I

cement.
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relationship is discussed in detail in another paper
in this symposium.

Calculations were made to compare the X-ray
results with the data of Verbeck and Foster [51].
To do this, the least squares coefficients for the
heat of hydration of cement at 6ji years were
used with amounts of each component that had
hydrated in each paste as determined from the
X-ray analysis. Similarly, the nonevaporable
water and the amount of water adsorbed at 36
percent relative humidity in pastes dried over
Mg(CIO,) ~.2H,0 were calculated from the re-
spective least squares coefficients for fully hydrated
pastes and the X-ray analyses. The data are
plotted in figure 7. The two lines are the lines
drawn by Verbeck and Foster in their figures 6–7.
The calculated heats of hydration agree very well
with the heat of hydration line for Type I cement.
The calculated adsorptions are slightly below the
line drawn by Verbeck and Foster, but well within
the range for Type I and Type III cements as
determined by them.

There is no equation relating T’m of a paste to
the composition of the cement used in making the
paste. Instead of calculating Vm~ the water ad-
sorbed at 36 percent relative humdky was calcu-
lated and is plotted as a function of the non-
evaporable water for pastes dried at the vapor
pressure of water at – 7S “C in figure 8. The
data fall on a line with a slight curvature, but if
the observed values of w. had been used, the
scatter would have been great enough to obliterate
the curvature. A straight line through the origin
gives a pretty good fit to the points. The slope
of the straight line has the value 0.42. This is a
reasonable value since for this cement VJwn =
0.31. The best straight line through the data
would not pass through the origin, but would give
a small positive intercept on i,he w./c axis, as is
observed experimentally.

The rates of hydration give satisfactory agree-
ment with the empirical relationships between
properties of hardened pastes. Since the major
phases hydrate at fractional rates different from
each other, one may question the significance of
the expression” degree of hydration” as applied to
cement and the meaning of terms such as “ma-
turity factor” for pastes, mortan, or concrete.
These concepts are important practically, even
though they may not be precisely defined
theoretically.

The ratio of the heat of hydration of a cement
paste to the heat of hydration of a fully hydrated
paste from that cemen; has been used a= a measure
of the “degree of hydration” of the cement in
the paste. The ratio of the nonevaporable water
to the maximum nonevaporable water has been
used for the same purpose in our laboratories.

The “ degree of hydration” of the cement in
each of the pastes used in this investigation was
calculated by adding together the amounts that
had hydrated of the four major phases and
dividing by the original cement content of the
paste. In figure 9, the values are plotted as a

function of the ratio of the observed wn/c divided
~y the maximum wn/c for the cement. The func-
tion ie not quite linear, but the ratios give a fan-ly
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reliable estimate of the degree of hydration, par-
ticularly when the cement 1s over 50 Dercent
hydrat<d.

Because of near linearity between W. and the
heat of hydration, and also w. and the surface
area, any of these may be used as estimates of the
degree of hydration of cement.

Analysis of pastes with X-ray diffraction
promises to be a most useful tool for investigating
rates of hydration of the mdlvldual constituents
of cement. The preliminary work shows that
the fractional rates of hydration of the four major
compounds are not equal to each other. Further,
the fractional rate of hydration of any chosen
component, except possibly C~A, is not, the same,
for all cements, but does depend upon the com-
position of the cement. The reliability of the
X-ray analysis has been shown by calculating the
heat of hydration, nonevaporable water, and the
amount of water adsorbed at 36 percent relative
humidity. The relationships between these calcu-
lated quantities were the same as has been
observed from measurements of these properties
on hardened pastes. Although these relationships
are probably not exactly linear, they are suffi-
ciently close to being linear that any of them
may be used to estimate the” degree of hydration”
of the cement in a paste.

Effect of Temperature

The study of the effect of temperature upon the
rate of hydration of cement has been limited, for
the most par~, to the study of the effect of tempera-
ture upon clther the heat of hydration or the
development of strength in concrete. As a result
of these studies, several fnnctions have been pro-
posed with which one may estimate the maturity
of concrete after curing under prescribed condi-
tions of time and temperature.

Saul [76] defined the maturity of concrete “as
its age multiplied by the average temperature
above freezing it has maintained,, ” and concluded
that concretes of the same mlx will have ap-
proximately the same strength at the same
maturity, whatever combination of time and
temperature produce that maturity. Bergstrom
[77] concluded that the base temperature should
be – 10 ‘C instead of the freezing point. Thus
the maturity should be calculated from the
temperature, 8, and the time, t,by the equation

f
M= ‘(o+lo)dt

0
(12)

Plowman [78] found that concrete hydrated
slowly at — 10 “C, but that hydration ceased at
— 11.7 ‘C, and recommended this latter temper-
ature as the base temperature.

Rastrup [79, 80, 81] examined heat of hydration
data and assumed that the hydration of cement
proceeded very much as most chemical reactions
proceed. He concluded that the heat of hydra-
tion of a variable temperature process could be
compared with the heat of hydration determined

at a predetermined constant temperature, ~~, by
use of the time-temperature function

,a= ‘,(’%)&s0
(13)

The Saul-Bergstrom function corresponding to
Rastrup’s use of a tune-temperature function is

‘Q=.lli%wt (14)

Nykanen [82, 83] performed an extensive series
of tests to determine a time-temperature function.
He observed that a sharp decrease in the rate of
hydration of concrete occurred as the temperature
dropped below O “C, and that the composition
of the cement affected the time-temperature
function. He modified Bergstrom’s function to

M= Zk(@–tI,)At (15)

whore 68 is the base temperature at which hydra-
tion ceases, and k is a factor the value of which
depends upon the temperature of the concrete
and the composition of the cement.

For temperatures above O ‘C, k= 1; for temper-
atures below O ‘C, k=O.2 to 0.4, depending upon
the composition of the cement. The base temper-
ature, 6’ti, ranged between — 10 and — 15 ‘C,
depending upon the composition of Lhe cement.

Those time-temperature func~ions serve for
approximate calculations and are probably good
enough for practical purposes. McIntosh [84]
points out some of the shortcomings of these
functions; when they are applied to concrete cured
continuously at low temperatures, an estimate
based on maturity calculated from – 10 ‘C leads to
an overestimate at low maturities and an under-
estimate at high maturities. The error at low
maturities can be partly alleviated by calculating
mat urit,y from the time the concrete starts to gain
strength instead of from the time of mixing. But
the time-temperature functions cannot account
for the fact that concrete cured initially at low
temperature and later at normal temperature can
develop a higher compressive strength than con-
crete cured continuously at a normal temperature.
Bcrnhardt [85] shows that the maximum strength
developed in a concrete is not independent of its
temperature during curing.

Danielson [86] points out that if a time-tem-
perature function exists, the composition and
morphology of the hydration products of cement
must be independent of the temperature at which
they were formed, but depend only upon the state
of hydration or, what amounts to the same thing,
upon the value of the heat of hydration, H. The
value of dH/dt would depend upon Oand H alone,
and would not depend upon the temperature-time
path by which H was reached. Also, values of
dH/dt for two different temperatures would have a
fixed ratio for tbe same H. He found, experi-
mentally, that at low H this last condition was
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approximately true, but that at high H the which H was reached. This indicates that the
condition did not hold. Consequently, a time- composition and properties of the hydration prod-
temperature function should not be more than an ucts depend upon the temperature of the hydra-
approximation. He also found that dH/dt was not tion process as do the findings of McIntosh and
independent of the time-temperature pat,h by Bernhardt mentioned above.

III. Energetic of the Hydration of Portland Cement

GeorgeVerbeck

Introduction

Numerous studies have been made of the heat
evolved when cement reacts with water and
various methods of measurement of heat liberation
have been used, depending upon the purpose of
each investigation.

Where the primary interest is in temperature
rise of concrete for use in massive structures,
large adiabatic calorimeters have been used,
thereby obtaining directly the information desired
without assumptions as to the heat capacity of
the paste and aggregate components of the con-
crete or the effect of temperature history of the
concrete on the heat actually evolved. However,
most studies of the energetic of cement hydration
have involved measurements directly on cement
paste.

For the study of the early stages of hydration,
conduction calorimeters can be used most advan-
tageously. Such devices permit the continuous
and accurate recording of the rate of heat liberation
from an age of about )4 hr to perhaps 3 days of
hydration; this technique is usually supplemented
by a simple “bottle” calorimeter for measurements

prior to }j hr. The magnitude, number, and times
of appearance of the heat liberation “peaks” that
are observed during this early period assist in
the understanding of the various chemical reac-
tions taking place and of the influence of various
factors, such as hydration temperature, gypsum
contentj and accelerators and retarders on the
properties of pastes and concrete at both early
and later agee.

After the first few days of hydration, the rate
of heat Iibera tion becomes very low and direct
measurement of heat evolution is difficult. The
heat of solution method developed by Woods,
Steinour, and Starke [63] is most useful for heat
of hydration measurements for hydration periods
from about 3 days to any desired age.

It is not the present purpose of this paper to
consider studies of the heat evolution during the
initial reactions. The discussion to follow will
concern the various aspects of cement hydration
as revealed by the heat of solui,ion technique for
hydration periods from 3 days to 13 yr.

Heat of Hydration at Ages of 3 Days to 13 Years

The data previously published by Verbeck and
Foster [51] have been substantially augmented in
a continuing study of the heat of hydration
characters tics of cements. Data are now available
for the heat of hydration characteristics of 27
plant-produced portland cements corresponding
to ASTM Types I, II, III, IV, and V cements
for hydration periods up to 13 yrs and at 0.40
0.60, and 0.80 water-cement ratios by weight.
For the immediate purpose only the average
results obtained for each of Lhe different ASTM
types of portland cement will be considered.

Data on the average heats of hydration of the
different types of cement for ages from 3 days to
13 yr are presented in table 9 and figure 10. The
cement pastes used in these tests were prepared
at an initial water-cement ratio of 0.40 by weight
and were hydrated in sealed vials until tested.
In general, only small increments of heat were
evolved between the 6jf and 13 year test ages.
For the Type III cements very little, if any, heat
was evolved during this period, the — 0.1 cal/g
observed being well within expected experimental
error.

TABLE 9. Average heats of hydration of the different ASTM
types of cements

0.40water-cement ratio; cured at 21” C.

ASTM
Heat of hydration at age indicated, callg

No. of
cement

dawld:wl~!sl’m”l ‘y’ I’%yrl”yr

cements —
type a,eraged 3

—l—-l—1 —l––1 —l–—1 —l–—
1. . . . . . . . . 8 60.9 79.2 95.6 103,8 108.6 116.8 118.2
11. . . . . . . . 46.9 60.9 79.6 88.1 95.4 98.4

: 75.9
100.7

111. . . . . . . 90,6 1:;,: 1$1: 1;:,; 120.6 1205
Iv . . . . . . . 4 40.9 50.1 85.3 87.3,,, ,,,

It should be noted that the average heat of
hydra tion characteristics of the different AST.M
types of cement are in keeping with the purposes
for which each was designed. At early ages, the
average heat of hydration of the Type III cements
(high early strength) were significantly greater
than the Type I cements (normal) although at
13 yr the heats of hydration are comparable.
At all ages through 13 yr, the average heat of
hydration of the Type IV cements (low heat) is
significantly below the average of the Type II

453



cements (moderate heat) which in turn evolves
less heat at all ages than the Type I (normal)
cements.

It should be emphasized that the particular
plant-produced cements in this study were spe-
cifically selected to mclu de cements possessing a
wide rzmgc of characteristics within each ASTM
type classification. The individual cements with-
in each of the different ASTM types therefore show
differences in heat evolution characteristics. The
data shown m figure 11 represent the maximum,
minimum, and average heats of hydration of the
different ASTM types of cement at the various
ages. These results show that each cement type
has a reasonably separate and distinct range in
heat of hydration at the various ages and that,
in general, only moderate overlapping occurs
between the various types The greatest range
among the cements of any type occurs among the
Type I cements, presumably in part because of
the greater number of cements included in this
classification and in part because the specifications
for Type I cement (normal or general purpose
portland cement) are purposefully less restrictive
than for the other types of cements designed for
more specific purposes.

L
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Log,. of Age m Doys

FIGURE 10. Average heats of hydration of different ASTM
types of cement at vcmous ages,

(0.40 water-cement ratio; cured at 21 ‘C.)

FIGURE 11. Comparison of ranges in heats of hydration of” the different AiSTM types
.f c~==*.

(0.40water-cementr%tic!curedat 210 C.)

Effect of Water-Cement Ratio

The hydration of cement is accompanied by an ratio) this space can become completely filled
increase in the volume of solids within the hy- with hydration products and hydration will cease
drating paste, the volume of the hydration product even though a substantial fraction of the cement
being greater than the volume of cement from remains unhydrated.
which it was produced. The hydration product Some published information on the influence of
steadily increases in volume and fills the capillary water-cement ratio on heat evolution is available
void space within the paste, the initial volume of in the data of Carlson and Forbrich [87], These
which is established by the original water-cement data were limited to a single cement for ages
ratio of the paste. If the capillary void space ranging from 3 days to only 28 days. Their
originally present is small (low water-cement data indicate that the original water-cement ratio
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has a great influence on the heat of hydration of
the cement as shown in table 10. An increase in
water-cement ratio from 0.30 to 0.50 increased
the heat of hydration by 14 percent at 3 days and
23 percent at 28 days.

The effect of water-cement ratio on heat of
hydration might be expected to vary among ce-
ments having different hydration characteristics
and compositions and in addition to become most
pronounced at the later ages when the hydration
of cement is more nearly complete. Because of
the reported magnitude of the influence of water-
cement ratio on heat of hydration and the prac-
tical and theoretical significance of such effects,
the heat of hydration studies at 0.40 water-cement
ratio presented in table 9 were extended to include
measurements of pastes having water-cement
ratios of 0.60 and 0.80 by weight.

In order to prepare hardened paste specimens
having these high water-cement ratios it was
necessary to prevent the segregation (bleeding) of
water from the pastes while still plastic by slowly
rotating the sealed vials containing the paste until
setting occurred. To determine whether rotation
of the fresh paste altered hydration of the cement
as suggested by Carlson and Forbrich, redeter-
mination were made of the heat evolutions of five
different cements at 0.40 water-cement ratio using
thk rotation technique for comparison with the
previously obtained “static” results.

Such comparisons have since been made for
hydration periods from 3 days” to 6Z yr. The
initially rotated vials were hydrated at 23 ‘C as
compared to 21 ‘C for the earlier static vial tests.
The average difference between results obtained
by these two methods was +2.8 cal/g when
comparing each cement at each age and averaged
—0.2 cal/g for all cements at all test ages. This is
considered to be a satisfactory agreement. The
rotated vial tests were initiated several years after
the static vial tests. Because of this lapse of time,
the five cements were resampled and their heats
of solution and ignition losses redetermined when
the rotated vial tests were begun. The average
deviations of the heats of solution and ignition
losses of the cements were +2.1 cal/g and +0.06
percent respectively. Thus it may be concluded

TABLE 10. Effect of water-cement ratio on heat of hgdration

Carlson and Forbrich [87]

Water. Heat of hydmt~,gat age indicated
c;a:;ont

wt. ‘
3 days 7 days 28 days

0.30 45.7 5s 3 74.3
.40 49.2 61,8 32.9
.50 52.3 69.8 91.4

that rotation of the specimen vials and, hydration
at the slightly elevated temperature dld not sig-
nificantly affect the heat evolutions of the cements.
The differences that were observed in heats of
hydration can be considered to be due to experi-
mental errors and to differences in the heats of
solution of the unhydrated cements caused by
differences in the ignition losses of the two samples
of each cement used.

Comparisons will now be made of the effect of
water-cement ratio on the heat of hydration of
cements representing different ASTM types at ages
up to 6% yr. Such data are shown in table 11.

It is readily apparent from the data that heat
evolution is significantly influenced by water-
cement ratio. During the early stages of hydra-
tion, an increase in water-cement ratio from 0.4
to 0.8 had only a slight effect on hydration and
heat liberation of the Type IV cements, but pro-
duced a significant effect, an increase of 14 percent,
in the heat of hydration of the Type III cements at
3 days. The greatest differences in heat of hydra-
tion occur at intermediate hydration ages, the
exact age for the maximum difference depending
upon the type of cement and occurring at earlier
ages for the more rapidly hydrating cements. The
increase in heat of hydration resulting from an
increase in water-cement ratio from 0.4 to 0.8
was a maximum of 19.5 cal/g for the Type III
cements at 90 days, and was a maximum of 14,2
cal/g for the Type IV cements at 1 yr, a very
substantial effect which should be considered
when evaluating cements for mass concrete.
These increases in heat evolution exceeded the
heat yet to be evolved from those ages to the 13-yr
test age for the 0.4 water-cement ratio pastes.

TABLE 11. Effect of water-cement ratio on auerag. heats of hydration of different ASTM types of cements cured at $21‘C

ASTM No, of
cement cements

type averaged

—l—
1 8

11 5

111 3

Iv 4

All 26

Water.
ument

mtio

a 46
.34
.86
.40

::

:;
,80
.40
.s6
,80

:$
.s6

3 days

60,9
65,8
66.3
46.9
49.6
49.3
759
86,1
‘m. 7
40.9
43.2
41.7
55,65
60,28
60,19

Heat of hydration at age indicated, cal/K

7 days

1

28 days
——

79.’2 95,6
67.7 107.1
89.4 111.6
609 79.6
61.3 83.5
64.8 84.7
90.6 101.6

103.6 119.9
10J ; 17,1,0

65.6
53.5 66.6
52.8 69,8
70.52 86.50
76.64 95,02
78.14 97.92

90 days
——

103,6
114.7
119.5
88.1
94.8
0s. 2

106.3
124.4
120.3
74.4
78.7
62,5
94.44

103.98
108.20

VW. u
122.2
95.4

102.1
106.8
114.2
1273
13J g

90.4

1 m. 6}4 w.
—

108.6 ;;: :

125,0
984

104.6
106,1
120.6
121.2
130.6
65,3
92.5

!24, 96.4
106.47
112.97

118.2..
100.7
. ..-

120.5

87.3

.. .
10054
11070
114.04 I 115.40 I . . . .

107.S9
. ..-

1 I
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Although at the 6z-yr test age the average
heat of hydration of all cements at 0.8 water-
cement ratio was 8 percent greater than at 0.4
water-cement ratio, it should be noted that the
rate at which heat was evolved at the later ages
was greatest for the low water-cement ratio pastes;
between the 1- and 6Kyr test ages, the 0.4
water-cemeni ratio pastes on the average liberated
5,9 cal/g while the 0.8 water-cement ratio pastes
liberated only 1.4 cal/g. These differences indicate
that the major effect of water-cement ratio in the
range of 0.4 to 0.8, is not primarily to limit the
maximum degree of hydration and hence heat
liberation, but rather to influence the rate of
hydration.

Interesting comparisons of the effect of the
different water-cement ratios on the corresponding
rates of hydration can be made if it is assumed:
(1) thal the beat of hydration observed at 6}4 yr
for the 0.8 water-ccmcnt ratio paste represents
complete hydration of the cement, a very reason-
able assumption and, (2) that therateordeg-reeof
hydration of the 0.8 water-cement ratio pastes at
the various ages represents hydration of cement
as unimpeded by surrounding reaction products
as PII1 be expected at rational water-cement ratios.
With these assumptions, at each of the test ages
and water-cement ratios, the amount of nnhy-
drztedcement present can be estimated from the
difference between the heat of complctc hydration
and the heat of hydration at each test age. The
fraction of this unhydratcd cement which was
actually hydrated during the subsequent test
interval can be calculated from the increment of
heat evolved during the subsequent test interval.
Such fractions when compared to the fraction of
hydration for tho 0.8 water-cement ratio paste for
the corresponding age increment yield the relative
rate of hydration during the various test age
intervrds of the 0.4 and 0.6 water-cement ratio
pastes compared to the assumed ideal at 0.8
water-ccmcnt ratio.

I I
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0- t + t t 3
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Hydr. t\O” 1“9,,”01

FIGURE 12. Average effect ofumter-cement ratio on rate of
hydration at various ages.

Such comparisons for the average of all 20
cements are made in figure 12 for the various test
periods. Forpresentation anarbitrary time scale
has been used and the essentially liuear nature of
the relationships that appears with the use of this
scale isnoteigniticant. The influence of a calori-
metric error of +1.0 cal/g in heat of hydration on
the comparisons at the various ages is shown and
emphasizes the sensitivity of the calculated rela-
tive hydration rate, particularly at the lafe~ a%~s.

It 1s apparent that the water-cement ratio sig-
nificantly affects the inherent rate of hydration of
the cements. The 0.6 water-cement ratio pastes
hydrated more slowly than the 0.8 water-cement
ratio pastes and this retardation becarnemorepro-
nounced at the later test ages. During the 1- to
fj}f.yr test interval to 0.6 Water-Cement ratio
pastes hydrated only 50 to 60 percent as fast as
the 0.8wat~r-cement ratio pastes. The0.4 water-
cement ratio pastes were retarded at all ages to
an even greater extent and during the 6)4- to 13-yr
test interval, hydrated only about 25 percent of
theremaining unhydrated cement, whereas in the
0.8 water-cement ratio pastes anyunhydrated ce-
ment would have been completely hydrated.

The influence of water-cement ratio on rate of
hydration appears readily interpretable. Thehy-
dration of cement requires the diffusion of water
through the hydration products to the surface of
the unhydrated cement and the diffusion of
reacted material away from thercaction site. The
hydration product which is laid down in the liquid
surrounding the unhydrated cement serves to re-
tard the diffusion of these materials and hence
retard the hydration of the cement. At a par-
ticular water-cement ratio the retardation of hy-
dration should increase as hydration proceeds due
to the increasing amounts (concentrations) of hy-
dration product present. Such effects can be seen
in figure 12. As the original water-ccrnent ratio
of thepaste is reduced, the concentrationof hydra-
tionproduct is increased; this increased concentra-
tion further retards the hydration of the cement.

The effects of progressive hydration and of
water-cement ratio can be combined to express
this concept of retardation due to increasing con-
centrations of hydration product in a manner
similar to the “gel-space” ratio used by Powers
[88]. Therelative rates ofhydration ofcernen tat
0.4 and 0.6 water-cement ratio previously shown
in figure 12 at the various test intervals are com-
pared in figure 13 with their corresponding average
gel-space ratios. It can be seen that this concept

approximatelyexpresses the retarding effects ob-
served. A second approximation to the relation-
ship could be made by a correction for the mod-
erate retardation that must have occurred at the
later stages of hydration of the 0.8 water-cement
ratio pastes for which a maximum gel-space ratio
of 0.59 is calculated.

It should be kept in mind that although the
gel-space ratio m~y approximately express the
concentration of hydration gel for any particular
cement or average of cements, it would not be ex-
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petted to quantitatively express the gel concentra-
tions when comparing different cements since the
amount of gel produced per unit of heat evolved
depends to some degree on the composition of the
cement. Additional empirical correlations be-
tween the relative hydration rates and other fun-
damental parameters of the hydrated paste can
also be obtained.
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FIGURE 13. Average effect of gel-space ratio on rate of
hydration of pastes of different water-cement ratios and

age8from 3 days to 1.$y?,

Effect of Temperature

The information available on the influence of
temperature on degree and rate of hydration is not
as extensive as desired, particularly as regards the
higher water-cement ratios for extended hydration
periods. However, the available data very satis-
factorily reveal the effect of a wide range of tem-
peratures on hydration rate of pastes of 0.4 water-
cement ratio.

Heat of hydration data obt aincd by Carlson and
Forbrich [87] rising a ‘(standard” cement at 0.4
water-cement ratio- cured at temperatures of 4.4,
23.3, and 40 “C for ages from 3 to 90 days are
shown in figure 14. The large increase in heat evo-
lution during the early stages of hydration pro-
duced by increase in temperature is evident. It
would appear from these data, for pastes of 0.4
water-cement ratio, that the temperature affects
only the rate of hydration, the results obtained at
the 28 and 90 day test periods suggesting equal
ultimate heats of hydration at some later age.

It is interesting to quantitatively compare the
early rates of hydration at the different tempera-
tures; these rates may be taken as relative to the
heat of hydration at one d~ and estimated from
the curves in figure 14, For most chemical reac-
tions the dependence of the kinetic reaction rate,
K, upon reaction temperature TO~, is expressed

by the Arrheuius equation, lnK= –~T+const.,

in which E represents the “activation energy” and
R is the gas constrmt. As may be noted in figure
14, the observed relationship between log K and
1/2’ is essentially linear and hence the relative
reaction rates observed at the different tempera-
tures are related in the manner required by the
Arrbenius equation.

Additional information of a eomewhat different
nature is available from the studies in this labora-
tory [52] over the temperature range of 4.4 to

o~
90

G

FIGUE% 14. Effect of temperature on hydration of cement
Data from Carlxm and Forbrich [87].

110 “C. Two different cements, ASTM Type I
and Type IV, were hydrated at the preselected
temperatures for the lengths of time required to
produce approximately the same degree of hydra-
tion in the pastes of each cement, as estimated
from heat of hydration and uonevaporable water
measurements. The relative rates of hydration
at the different temperatures arc inversely related
to the time required at each temperature to reach
the equivalent degree of hydration. Such data are
shown in table 12. Although the degrees of hydra-
tion attained for the various tests of each cement
a~e not, identical, they are hclievd to be SUfIi-
cleutly alike to permit the direct calculation of rato
of hydration as shown in tbe table. Evaluation
of these results on the basis of the Arrbenius equa-
tion is shown in figure 15. It may be observed
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that an acceptably linear relationship is obtained [
for each cement over this wjde temperature range. 2,0
The relationship for the Carlson and Forbrich data

A

shown in figure 14 is reproduced in figure 15. It
is important to note that all three of the linear 1.8
relation ships obtained are essentially parallel,
indicating that these cements do have the same
“activation energy” although th,ey have a very 1.6

wide range in calculated Potentml compositions =

~

A
and inberellt rates of heat liberation. :

> 1.4
.
Gu
Q1.2 0

TABLE12. Effect of temperature, on t-ate of hydration, of g
cement.

1.0 A
0.40 water-cement ratio.

ASTM H$~& H;;;i~~ Eeat of Hydrs-
Wl&lt

LW ,, 1
hYdraOD tim rate h@ra- T% 0.s -

temp. “C days caliglday tion rate o

— — — — —

I 110.0 92.35 92.a5 1.965
710 ;

0.00261
98,02 4901 1 690 .00290 0,6 -

4a. 4 3 93.05 31,02 1,492 .00316
21.0 96,43 10.71
4.4 1: 83,22 7,57

I. oao .00340
0.879 00360 2.6 2.8 3.0 3.2 34 36

IV 110,0 1 56.51 56,51 1.752 0 00261— ~
71.0 56.49 28,24 1.451
434

.00290
: 49.44

T;
16.46 L 216

210
.00316

47.48 5,93 0.773
4.4

.00340
1! 41.89 3,81 0.581 .00360 FIGURE 15. Relationship of log ‘<reaction rate” and I/T”K

for cements ouer temperature range from 4.4 to 100° C.

Effect of Moisture Content—Heats of Adsorption and Wetting

The heat of hydration of a cement, as normally
measured, represents the total hea~ evolution that
is usually of direct practical interest. However,
this heat consists of two separate factors represent-
ing the energy change due to chemical reactions
and the heat of the simultaneous adsorption of
water on the colloidal hydration product. For a
well hydrated cement, perhaps 80 percent of the
energy released is due directly to the chemical
reactions, i ,e., the formation of “hydrates,” wbile
20 percent of the energy represents the “wetting”
of the large surface area of this colloidal prodnct,
this <‘wetting, ” of conrse, being necessary for t,he
continuation of hydration. The relative amounts
of these energies depend to some degree upon the
chemical composition of the cement. The heat
of adsorption of the hydration product is of con-
siderable practical and theoretical interest.

In its most practical aspect, it appeared possible
that unevaluated heat of adsorption efiects could
influence the heat of hydration measurements of
cement with resulting errors in estimation of the
degree of hydration of the cement from such data.
Copeland and Bragg [71] have shown that hy-
drating past specimens, sealed to prevent uptake
of water, become “self desiccated, ” the relative
hnmidity within snch pastes decreasing as the
cement hydrates, with the decrease being most
pronounced for pastes of low water-cement ratio.

The lowest relative humidity they observed was
94 percent in a paste of 0.44 water-cement ratio
at 1 W. It would appear probable that pastes of
0.40 water-cement ratio cured 6)4 or 13 w might
have relative humidities significantly below this
value. In addition to self desiccation, a cement
paste can lose fnrther increments of moistnre dur-
ing the crushing, grinding, screening, and weighing
procedures required in the preparation of paste
samples for heat of solntion measurement k. These
considerations suggest that the relative humidity
of 0.40 water-cement ratio pastes at the later test
ages, snch as shOwn in table 9, might be as low as
80 or 90 percent. The heat of solntion of a paste
at 80 percent rela Live humidity is greater than that
of a more nearly saturated paste, the additional
incrmnent representing the heat of wetting of the
surface from perhaps 80 to 100 percent relative I
humidity. This greater heat c; solntion of the
hydrated but partially dried paste reduces the
apparent heat of hydration of the paste. Powers
and Brownyard [69] report the heat of wetting of .
paste equilibrated by adsorption to 80 percent
relative humidity to be as great as about 6 to 7
cal/g cement. An “error” of this magni tnde in
determination of the heat of hydration of low
water-cement ratio pastes at la,er ages if neglected
could introduce a significant error in es iimation
of degree of hydration of the cement from such
data.
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The heat of wetting was determined at the 13-
yr test age for all pastes of 0.40 water-cement
ratio reported in table 9. In addition to the
customary determination of the heat of solution
of the partially desiccated paste, a sample of the
paste was wetted and equilibrated and then
introduced into the calorimeter using a specially
designed capsule for heat of solution measure-
ments. For the cements of 0.40 water-cement
ra~io at the 13-yr test age, the average heat of
we~ting was determined to be only O.9 cal/g ce-
ment. Since even smaller heate of wetting could
be anticipated in tests at higher water-cement ratio
and earlier ages further use of this special tech-
nique was. ?ot considered necessary.

In addltlon, the heats of adsorption and re-
sorption of hydrated cement paste are of con-
siderable theoretical interest. Unfortunately,
only a modest amount of information is available
on the heat of adsorption. The data obtained by
Powers and Brownyard’ [69] regarding heat of
adsorp Lion of hydrated pastes is most instructive
and also serves to reveal the need for additional
information.

These data, shown in figure 16, were obtained
by the heat of solution method for pastes dried to
the nonevaporable water state (magnesium per-
chlorate) and then equilibrated at various relative
vapor pressures. It can be observed that the
relationships obtained for these two cements are
similar and that each relationship appears to con-
sist of two discrete portions each of which is a
linear function of water content. These data
imply that two different classes of water are sorbed
on hydrated paste, the types of water having
distinctly different “heats of adsorption” but yet
each type having a constant differential heat of
adsorption over the entire range of water contents
in which it operates. In addition, there appears
to be a rather abrupt discontinmty in t,he rela-
tionships observed, which would not be antici-
pated if only simple surface adsorption were in-
volved. It should be further noted thab the total
heat of adsorption, taken as the difference between
the heat of solution of the pastes at the nonevap-
orable water state and the heat of solution extra-
polated from the observed relationships to the
total water content at 100 percent relative hu-
midity, is approximately 30.4 cal/g for cement
16186 and 30.8 and 30.9 cal/g for cement 16189,
A, B, and C rounds respectively. This apparent
equality in the total heat of adsorption of these

pastes is of considerable significance since the
degrees of hydration of the two pastes were ma-
terially different; the original water-cement ratios
of the pastes being the same.

These observations of the “heat of adsorption,”
are analogous to recent observations in this labora-
tory of the drying shrinkage of cement pastes in
the absence of carbonation. These shrinkage
studies of hydrated pastes yield slmdar imphca-
tions; the shrinkage-moisture content relationships
of pastes between 100 and O percent relative
humidity consistently demonstrated that there are
two distinctly different types of water desorbed,
each type of water having a constant shrinkage-
water loss ratio over its operative range.

It is WC1l established that various hydrated
compounds in cement, the calcium aluminates and
calcium sulfoaluminates, at least, will dehydrate
and lose chemically combined water in this general
range of relative vapor pressures. These results
indicate the importance of the energy changes
which accompany adsorption and resorption,
particularly in their contribution to a full under-
standing of the volume changes of cement paste.
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FIGURE 16. H?ats of solution and adsorption of pastes
containing wwious amounts of adsmbed water.

Datafrom Powors and Brownyard [691.

Intrinsic Characteristics of Cement
It is apparent from the data presented in figures the fineness of the cement, partial prehydration of

10 and 11, and from numerous other studies of the
heat of hydration of cement, that cements dffer

cement, glass content, and alkali and gypsum
contente. The influence of some of these factors

significantly in heat evolution characteristics, both will now be discussed.
as to total ultimate heat evolution and the rate at
which this heat is liberated. It is believed that the Cement Composition
causes of these different heat evolution character-
istics in cements are understood, at least to a As a first approximation it is apparent that the
semiquantitative degree. Factors causing these heat liberated by a cement during complete hydra-
differences include the composition of the cement, tion is approximately the sum of the heats of com-
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TABLE 13. Heats of complete hydration of individual compounds

Anhydrous Product I lleat of hydration, cal/g a.nhydmm compounds
compound

C,s C, S+3H,0 120 Lerch & Rogue [89]
C,s C, S+211,0
C,A

Lemh & ROW, [89]
C, A.6H,0 2% Lerch & BOWQ [89]

C,A C8A.6E,0 214 Thor.@dson, llr~xm & Pea$,er [9$
C,A C3A.811,0 235
C,A C, A.1O.2H2O 251 ,, ‘c ,’ “

C,A C,A.ll .61+,0 261 “ ‘, ‘, ,’
C,A C, A.3CaSOti32EI,0 347 LcTch & 130glle[891
C,AF 100 Lwch & J30xue[89]
C.o C.(OH), 278,9 Thorvaldson, Brown & Peaker [95]

plete hydration of the individual compounds
present or calculated to be present in the cement.
The individual chemical compounds hav? signifi-
cantly different heats of complete hydration as is
shown in table 13. The heat evolved by QS is
only 62 cal/g whereas the heat of hydration of
C,A is at least 207 cal/g, with C$ and C~AF having
intermediate values. Cements having high C,A
(and C,S) contents have significantly higher heats
of complete hydration than cements low in these
constituents and high in CA content.

The various compounds differ not only in heat
of complete h~-dration but also in rate at which
they hydrate; It has bceu generally observed that
those compounds with high heats of complete
hydration, C~A and C$l also hydrate much more
rapidly than C2S, which has a low heat of
hydration.

It is of in(crest to interpret the observed heats of
hydration of difiercnt cements at various periods of
hydration in terms of the composition of the
cements. Various investigators [63, 65, 51] have
used the method of least squares for this purpose.
The coefficients obtained by such least sqnm-cs
analyses need to bc interpreted with considerable
care bemuse of the several assumptions that are
involved. I,east squares analyses can be per-
formed on the basis either of calculated compound
composition or of oxide annlysis. Since the
crdculated compound composition can he cxpr,essed
by linear relationships with the oxide composition,
least squares analyses on both bases are mathem-
atically equivalent. Therefore, a least squares
analysis in terms of calculated compound composi-
tion that produces heat coefficients that correspond
to the he~ts of hydration of the individual com-
pounds, and that collectively will closely reproduce
the heats of hydration of the cements, does not
require that the assumed or calculated compounds
in rcalit y exist. In addition, the least squares
method assumes that the various compounds
hydrate independcntlv as has been discussed in
the second mam section of this paper.

Since it is not expected that the inherent
hydration characteristics for any particular com-
pound or phase would be identical in the various
cements because of differences in actual composition
and grain size of that phase among lhe different
cements, the coefficients obtained for the various
compounds will represent only the average
coefficient for that compound among the different
cements.

The results of least squares analyses of heat
of hydration results at wmious ages ObLaiIled by
Woods, Steinour, and Starke [63] with laboratory
prepared cements are shown in table 14 and are
compared with the heats of complete hydration
for the pure compounds as reported by Lerch
and Bogrre [89]. The coefficientts obtained for
the compounds at the later ages acceptably
correspond to the heats of comple he hydration
of the individual compounds. In addition, the
coefficientts oh tained at the early ages conform
qualitatively, ai least, to the in lrinsic reactivity
of the individual compounds in that C3S and C8A
react rapidly whereas CJ3 reac k S1Owly. There-
fore, the heat of hydration coefficients obtained
by least squares analyses appear to have a real
significance in relation to both the rate of hydra-
tion and the total heat evolutions of the individual
compounds. These cements were laboratory
ground with a constant amount of gypsum from
laboratory prepared clinker having a very low
alkali con tent.

TABLE 14. Results of least squaTes analysis of heats OJ
hydration of cements

From Woods, Steinour, and Stark. [6:

Least squm% coefficients.
coIn- Heats .f hydrit, on, cal/g compound
p.u,,d .——

3 days 7days 28days 3 ma 6 m. 1 Y,

C3S 98 110 114 122 121 136
C,s S3
C,A 1% 1;: 2% Iii 218 2%
C4.AF 29 43 48 47 73 30

,!,’ ,,

)4]

I1Oats of c.mplctc
hydration, (Lcrch

& l@we [891)
callg compound

120
62

207
10IJ

The lewt squares analyses previously reported
by Verbeck and Foster [51] for commercially
prepared cements at 0.40 water-cement ratio ‘
hydrated up to 6}J yr have now keen extended to
include analyses of results obt~ined after 13 yr
of hydration and new results obtained for pastes of
0.60 and 0.80 water-cement ratio. Results ob-
tained at 0.40 water-cement ratio arc shown in
table 15 and arc compared with the data of Lerch
and Bogue [,89] for the heats of complete hydra-
tion of the pure compounds. The h,eat coefficients
obtained for C$, C2Sj and C~AF wltb tb ese com -
mcrcial cements are m close agreement with the
reported beats for complete hydration. However,
the coefflcieut obtained for C,A is considerably
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TABLE 15. Results of least squares analysis of heats of
hydration of cements

Least 8qu.res coefficients, heat of hydration at
vmter-cemmt ratio and age indicated Heat, cd c’)ln-

plete hydra-
tion (Lerch &

COm- mllg compowd—O.40 W/C and 21 “C. 80#lt2 [89])
pound — ca~~gu~dm-

3 day 7df$Y

1 I 1Yr.I
6% 13 Y,.

d;8y d% Yr.

—l—–l—l—l—l—l—l—l— —

Cts . . . . 58 53 30 104 117 117 122 120
C*S....
C, A.... 2;; 3;! 32: 3:; 2% 3:: 3;: 2%
C,AF.. 69 118 118 98 90 111 102 100

greater than that obtained for the formation of
C,AH,, 207 cal/g, but approximates the heat of
hydration of CsA, 347 cal/g of CsA, to form
C,A.3CaS0,.32H,0, as reported by Lerch and
Bogue.

Analyses by least squares can be based on
various models and many have been evaluated.
The coefficients shown ir~ table 15 were derived
on the following assumption:

(I) H,=a(~o C,S)+b(yo C,S)+c(%C,A)+d
(% GW

in which HL=heat of hydration at a given

Howe~$’ and particularly in. view of the high
coefficient that was obtained for CaA, additional
postulations were made m follows:

(2)

(3)

Formation of C,A..CaSO,.l2H,O
H,=a (% C$)+fI (% C,S)+C (% C,A
– 1.125 ~cS0,)+d (% C,AF)+e (% S0,) and
Formation of C,A.3CaS0,.32H,0
H,=a (% C&3)+b (YO C,S)+C (% C,A
–3.375% S03)+d (YOC,Al?)+e (YOSO,)

The results of such analyses are shown in table 16,

TABLE 16. Results of least squares analyses of heat of
hydration data including the formation of calcium sulfo-
aluminates

Least XIumt?smMM?nts-cd/g
compound, 0.8 W/C—l w

Compwnd __ —

eq O) w (2) eq (3)

ci.... - 124 123 125
C,s. . . . . . . .
C,A . . . . . . . .so, . . ----- ..-.3~--__ 3:: 3%

–602 672
C, AF . . . . . . 95 152 121

I I I

where it may be noted that these additional
assumptions did not assist in revealing further
details of the nature of the hydration reactions
and the accompanying heat evolutions.

Of the various assumptions evaluated, perhaps
the most instructive concerned the role of clinker
alkalies on heat evolution, h’ewkirk [90] has
reported that KZO and Na20 in portland mm ent

clinker form the compounds KC&,2 and NC3AS.
Least squares analysls based on calculated po-
tential compound compositions, including the,
formation of these alkali substituted compounds
produced the coefficients shown in table 17.

TABLE 17. Comparison of least squares coe.fkients for
alkali substituted compounds at early and late ages

Compounc

cmC*Sgzcp,
N&!

Least squares coeff,cfents, talk com-
pound, 0,6 W/C—16 cements

3 days 1 Y, 6X yr

130 134
;3 73 76

1% 3% $:
322

—1: 88 71

Comparisons of the coefficients obtained at 1 yr
and at 6X yr for CZS and KC23S12 or for c3A ancl

ATC,A, suggest that at complete hydration the
heat contributions of the presumed alkali sub-
stituted compounds are similar to the heat con-
tributions of the unsubstituted compounds.
However, at the age of 3 days the heat contribu-
tions of the substituted and unsubstituted com-
pounds appear significantly different, suggesting
a significant effect of alkalies, directly or indirectly
at early ages.

Further elucidation of the nature of the reac-
tions b

T
least squares studies based on such

relative y direct postulations may not be possible;
Lerch [91] has shown that heat evolution depends
in part and in a rather complicated way upon
the mutual effects of CaA content, fineness, alkali
content, and gypsum content of the cement.

There is evidence indicating that the heat
contribution coefficients of the individual com-
pounds derived by the method of least squares
have an additional significance. The amount of
combined water (the nonevaporable water con-
tent) in a hydrated cement paste, can be used as
a further index to the degree of hydration of
cement. The nonevaporable water content, w~/c,
was determined for all the cements at all test
ages and for all water-cement rations, simultan-
eously with the heat of hydration measurements
previously discussed. Least squares analysis of
this information in a manner similar to that used
with the heat of hydration results is most instruc-
tive. The number of moles of water associated
with each mole of the clinker compounds can be
derived by such analysis and compared with the
heat contributions derived for the same test
conditions, as is shown in figure 17. These
relationships reveal that the derived coefficients
for heat contributions and for moles of combined
water for both C3S and C2S approximate as a
limit a point closely corresponding to the ultimate
heat of hydration and water content of the prod-
ucts C$+3HZ0 and C2S+2HZ0 respectively.
For less than complete hydration, it can be
observed that both the derived heat coefficients
and the combined water coefficients indicate
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approximately tile same degree of hydration of
the compound, m further support of the signifi-
cance of heat contributions derived by least
squares.

The relationship obtained for C,A indicates
that both the derived heat contribution and
combined water for this compound exceed the
ultimate heat of hydration and water content of
C,A.6H,0 except at the earliest test age,, 3 days.
The relationship obtained suggests an n-regular
relationship (dashed line) corresponding to hy-
drates higher than C,A6H,0, Ifore detailed
study suggests that high er hydrates are formed
wilich slowly reconvert to lower hydrates as the
cement continues to hydrate with time. Such a
relationship as shown in figure 18 supports the

I 1

I500

;,00

J—----J.
3d ?d 28d 3m0 1Vr 6 ‘1,vr

Age of Paste

FIGURE 18. Least squares coejicients for heat evolution
and combined wate~ of CZA atvarious ages.

0.80water-cement ratio pastes,

possibility of slow secondary changes in the C2A
hydrated product, where it can be seen that both
the heat coefficients and combined water coeffi-
cients reflect similar changes with time.

It is believed that the degree to which the
derived heat coefficients and combined water
coefficients permit equal estimates of the degree
of hydration and of observed secondary changes
serves to support the significance of such derived
coefficients. However, there are several other
factors which can contribute to or alter heat
evolution and which are not normally included
in least square analysis. Cement constituents
such as free calcium oxide and magnesium oxide
will hydratm with evolutions of heat that usually
are not considered in least squares analysis. In
addition, the glass content of the clinker and the
ignition loss of the original cement, which repr e-
sents a degree of partial prehydration and car-
bonation of the clinker minerals have not usually
been considered but do have a significant effect
on the heat of solution of the original cement.

The effect of glass content on heat of solution
and heat 0$ hydration as reported by Lerch
[92, 93] and shown in table 18 is most interesting.
The avera e increase in heat of hydration ob-
served wit~ an increase in glass content is 7.9
cal)g at the 28-day test age, This increase
corresponds within experimental error with the
6.8 cal/g increase in heat of solution of the original
cement. These data suggest that the observed
increase in heat of hydration is due solely to the
increased energy content of the clinker with an
increase in glass content and that although the
glass phase during hydration eventually attains
the same state as the corresponding crystalline
phase, the glass phase hydrates less rapidly than
the crystalline phase.
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TABLE 18. Effect of glass content on heat of solution and
heat of hydration

Average heata~;gsolution [92] Average hea~;,ydration [93]

1-

c:::~tI3daysI ‘daysI “daysI 3daysI ‘daysI“days
—-—-l-l— l— l— l—

l?.38,8 I 564,2 I 552.4
641.9 I 544.9 I 74.0

667.2 I 86.4
555.0 546.0 I 93.9

645.6
74,7

670,9
86.9

554,7
95.9

543.8 74.7 96.9 101.8
I I i I 1 1

The heats of solution of the original cements
and hence the observed heats of hydration also
depend significantly upon the partial prehydra-
tion of the original cement. Studies at this labo.
ratory [52] have shown that the ignition loss of a
cement represents loss of chemically combined
water and COZ and loss of evaporable water, the
latter presumably associated with the calcium
sulfate in the cement. The amounts of C02 and
of these different classes of water vary appreciably
among cements and as shown in table 19 signifi-

able 19. Range and analysis of losses on ignition and
the corresponding corrections to heats of solution of 87
commercial cements

Corn. EWW.
Range

correction to
13p# bined c 0, amble heat of solu-

water water tim of original
cement, cl/g

% ~~~
Maximum. 1,943 1%11
Ammge. . . .

0%33
6.82 0.45 .17

+s 5
.19

Minimum .35 .13
+3. 5

.08 .fm +0.4

cantly affect the heats of solution of the cements
and hence the observed heats of hydration. An

aPproxirnate correction can be made to the heats
of solutlon of cements from measurements of the
CO, content and the content and distribution of
the water within the cement assumin that the
combined water and CO’ have reacte ~ with cal-
cium oxide and that the original cement should
have an evaporable water content corresponding
to the dihydrate of the CaSOf in the cement.
Approximate corrections calculated on this basis
for 26 cements are significant in amount and vari-
abilityy as shown in table 19.

Results of a least squares analysis based on a
selected group of these cements in which the cor-
rectio~ for heats of solution of the original cements
ranged from +0.7 to +4.9 are compared in table

TABLE20, Results of least squares analyses based on un-
corrected and corrected heats of solution of originalcements

ILeast squares coefficients heats of hy.
dratkm, cal/~ GOmLWJUIId0.80 water.

Basis of malysis cernen t ratio, 6% w

C,s C*S C,A C,AF

‘ncomwwdheakofbyd’ation--l~~~I :! I :3 I :;Corrected heats d bydmtmn .. . . .
1 I I I

20, with results of a similar analysis based on the
uncorrected heats of solution.

It is observed that the coefficients for C3S,
CA, and C,A were higher for the corrected heat
analysis, indicating that the chemically combined
water and COZ do not react primarily with either
the C$ or CaA component of the cement. Other
studies indicate some relation between the
amounts of free CaO and alkali in the various ce-
ments and the amounts of combined water and
CO, which they contain.
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