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Foreword

The three papers in this RECORD concern the processes and reac-
tions that take place in hydrating portland cements. They should be
of interest to those concerned with the chemical reactions in such
systems and with the strength developed in the resulting binder.

Mehta and Klein examined cements in which the aluminum was
either in the form of the small amount in the alite phase or combined
with iron in various ferrite compositions. They examined the pastes
for the presence of ettringite, calcium aluminate trisulfate hydrate,
and for the monosulfate form, by X-ray diffraction, and delineated
the conditions under which these compounds form in such systems.

Srinivasan examined the reactions of various forms of silica and
lime in aqueous systems. The silica was heated to produce various
degrees of crystallinity and the differences in the reactivity of these
various forms were studied. The chemical processes in such reac-
tions are discussed and their possible relationships to the strength
produced, which have obvious implications in pozzolanic systems,
were examined.

Popovics's paper is an interesting attempt to determine a "model®
for a hydrating portland cement. His model is a mathematical one
that assumes a two-component mixture—the tricalcium silicate and
everything else. The model also assumes that the deceleration in
strength development of either component is proportional to the
strength it has reached at a given time. On the basis of these and
other assumptions an equation was derived by means of which the
strength at later ages can be predicted from early behavior. A
large amount of experimental data of other workers was then ex-
amined in order to test the validity of the model and resulting
prediction equation,

—W. L. Dolch
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Influence of the Structural State of Silica on
Lime-Silica Reactions
N. R. SRINIVASAN, Central Road Research Institute, New Delhi

The reactions inlime-silica pastes showing pozzolanic action
and certain aspects of cement hydration were studied, employ-
ing silica samples of different crystallographic characteristics.
It is shown that the structural state of these samples greatly
influences the reactions. The nature of the reaction products
and the mode of their formation were also studied through
chemical analysis and X-ray and electron microscope studies.
The results are discussed and tentative conclusions are given.

oTHE CaO - SiO: - H20 system has been investigated by many researchers who have re-
garded it as the fundamental basis for understanding cementitious reactions. However,
almost all the investigations conducted at temperatures below 100 C were carried out in
the presence of excess water. Investigations on lime-silica pastes are rare mainly be-
cause the attainment of equilibrium is difficult and may require a long period of time.
However, the lime-silica paste reactions resemble cement reactions under actual con-
ditions, and even if metastable compounds were to form, these would occur under
practical as well as laboratory conditions, affecting the various characteristics of the
hardening mass. With this in view, a series of investigations was undertaken at the
Central Road Research Institute, New Delhi, on different pastes involving lime, silica,
alumina and iron oxides. The present paper describes the investigations on lime-silica
paste., It gives an account of the various silica gels used in the study and of the lime-
silica reactions.

EXPERIMENTAL APPROACH
Materials and Methods of Preparation

Details regarding the six different silicas used in this study are given in Table 1.

The lime used in preparing the micro-cube specimens for strength tests was chem-
ically pure calcium hydroxide from the British Drug House. For the preparations of
pastes for chemical analysis and X-ray and electron micrograph studies, fresh lime
prepared by calcining precipitated calcium carbonate at 1000 C was used.

Pattern of Investigation

The broad classifications of the experiments conducted are as follows.

1. A general study of the physical properties of the silica samples.

2. Determination of the pozzolanic reactivities of the calcined silica samples by
means of a micro-cube method.

3. Study of the reaction products of pozzolanic reaction.

A few experiments to evaluate the effects of using partially carbonated lime on the
strength development characteristics of lime-silica paste were also included.

Paper sponsored by Committee on Basic Research Pertaining to Portland Cement and Concrete and

presented at the 46th Annual Meeting.
1



TABLE 1
DETAILS OF SILICA SAMPLES

Designation
of Silica Description Source
Gels
S-1 Silica gel for partition chromatrography,
granular and uniform sized E. Merck
8-3 Silica precipitated, light, fluffy and fine
powder British Drug House
S-4 Sillea dehydrant, white or light brown,
nngular aggregate pleces about e in.
and less
S-5 Silica, white, chalky precipitate Laboratory preparation®
S-6 Silica gel, white, gelatinous Labhoratory preparationb
s-7 Silica gel, white Laboratory preparation®

2To 200 cc of a 37.7 percent solution of sodium silicate {(analysis of sodium silicate:
Si0;, - 24 percent; Na,O - 11.6 percent loss on drying ~ 64,4 percent), concentrated
hydrochloric acid was added little by little while stirring and diluting the mixture,
keeping the pH below 2. The white, chalky precipitate obtained was filtered and
washed with hot distilled water several times. The silica was dried at 110 C and kept
in glass stopperedbottles, It had a loss on ignition of 11.5 percent and a C1-0,017

percent.

bTo 1000 cc of a 20 percent solution of commercial sodium silicate of the mentfoned
composition, 1610 cc of 5 percent hydrochloric acid was slowly added with adequate

stirring. The final pH was hetween 8 and 8.

Gelation occurred in a few minutes.

The gel was aged overnight, broken, washed with hot water, filtered, dried and
stored. It had a loss on ignition of 8.5 percent and a C1 content of 0,012 percent.
€To 2000 cc of a 5 percent hydrochloric acld solution, 1140 cc of 20 percent solution
of the commercial sodium silicate was added. The final pH was 4.0. Gelation was
slow. The finally washed and dried sample had a loes on ignition of 13.5 percent and

a chloride content 0,015 percent,

TABLE 2
SPECIFIC GRAVITY OF SILICA SAMPLES

Specific Gravity

Sample
NumbEr Raw 600 C 800 C 1000 C
81 2.11 2.09 2,24 2.26
5-3 1.94 1.95 2.04 2.21
S-4 1.74 1.94 1,94 2.09
TABLE 3

SURFACE AREA OF SILICA BY METHYL
RED ADSORPTION

Surface Area (m?/gm)

Sample

Nifbes Raw 600 C 800 C 1000 €
s-1 50.2 50.9 56.5 45.3
5-3 84.8 7.5 63.0 59.7
S-4 N.D 60.0 46.7 51.4
§-5 75.8 78.1 61.6 50.5
-1 59.8 1.2 N.D. 75.7

TABLE 4

BOUND WATER CONTENTS AND CALCULATED
FORMULAS FOR SILICA SAMPLES

Bound Water (%) Calculated Formulas

Sample = .
Number  pay  600C 800 C Raw 600C 800 C
S-1 4.0 1.0 0.3 Sz7aHao 8297 Hie Seep Ha
S-3 5.0 1,0 0.5 Saes Hso 8297 Hio SzseHs
S-4 11.5 1.0 0.3 Sase Huis SegrHio  SzeeHa
S-5 8.5 2.0 1.0 Sers Hes SzeaHzo  SaorHis
s-7 13.5 7.5 4.5 Sze0 Hyss SzaeHzs  SzerHas

Physical and Chemical Properties
of Silicas Used

Specific Gravity—The specific gravities
of raw silicas 5-1, S-3 and S-4 and of the
calcined samples derivedfrom these silicas
were determined on the powdered samples
passing B.S. 100 sieve by the usual speci-
fic gravity bottle method, using redistilled
kerosene as the liquid medium. The cal-
.cined samples for this and all subsequent
experiments were prepared by calcining
about 100 gm of the raw samples in fused
silica dishes, using an electric muffle
furnace at the specified temperature for a
minimum period ot 3 hours, aiter which
the furnace was turned off. The samples
were allowed to cool in the furnace over-
night and were then ground to a fineness
of -100 B.S. sieve. The specific gravity
results are given in Table 2,

Hydroxylated Surface Area—The surface
area ol the various silica samples was de-
termined by the methyl red adsorption
method described by Shapiro and Kolthoff
(1), using a Hilger's Spekkar absorptiom-
eter with 5750 A filter to measure the
amount of dye absorbed (Table 3).

Dehydration Studies—The loss of weight
suffered by the silica after dehydration at
different temperatures was determined for




the silica samples S-1, S-3, S-4, S-5, and S-7. From these values, the amount of
"bound water' after calcination at different temperatures was calculated. In the case
of the raw samples, the loss between 115 C and 1000 C was taken to be the bound water
(Table 4).

Particle Size—The calculated formulas from the dehydration data (Table 4) were
used in Iler's derivations (2) for x and y in the general formulas SxHy derived from
Carman's concept of colloidal silica particles (3).

X = 262 Imads (1)

y =2 (2.8 (2)
Dividing Eq. 1 by Eq. 2,

% - 0.9314 (3)

y

where d is the particle diameter in millimicrons.
Using Eq. 3, the particle size in millimicrons calculated for the ultimate particles
of silicas from the dehydration data is obtained (Table 5).

X-ray Studies—X-ray patterns were
taken, using copper radiation for samples
o S-1, S-3 and S-4 after calcination at 800C
402A and 1000C. Patterns for these samples
calcined at temperatures below 800 C were
not taken because no crystallographic
changes were expected for the silica gels
below this temperature, In the case of
S-5, X-ray patterns were taken after cal-
cination at 600 C and 1000 C (Fig. 1).

The first three samples after calcina-
tion at 800 C still showed the usual pattern
for silica gels, with a broad band in the
region of 3.9 to 4.7 A. After calcination
at 1000 C, S-1 maintained this strong band,
but a strong line at 4.19 A was visible in
the band. Another strong line at 3.32 A
also occurred. The two strong lines re-
vealed the crystallization of quartz from
the silica samples. After calcination at
1000 C, sample S-3 showed considerable

MM TABLE 5
COMPUTED SIZE OF ULTIMATE
PARTICLES OF SILICAS
lerpm—
° -

\ ] Particle Size in Millimicrons

Sample

25 20 25 20’ Nomber Raw 600C  800C
) S 000 - 5
() ss{eoo) ®)85{1000) 0o 3§ 4
S-4 2.5 32 107
Figure 1. X-ray diffractometer patterns for S-5 §-5 3.5 16 25
§-1 2.1 3.6 6.9

(600 C) and S-5 (1000 C).
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weakening of the 3.9 to 4.7-A band, and the emergence of a line at 4.01 A revealed the
conversion of the silica to cristobalite. No quartz lines were visible. Similarly, S-4
calcined at 1000 C showed a strong cristobalite line at 4,01 A in the 3.9 to 4.7-A band.

Determination of Pozzolanic Activity—The following accelerated strength test to

measure the pozzolanic activity of raw and calcined samples of silica was used in this

study .

Three grams of calcium hydroxide (British Drug House) were mixed with 6 gm of the
silica powder, and a predetermined amount of water (Table 6) was added to form a dry
consistency paste. The water addition was determined by a micro-consistometer (Fig.

2).

TABLE 6
COMPRESSIVE STRENGTH DEVELOPED BY

SILICA-LIME PASTES

Sample
Number

Micro-Cube Strength (psi)?

w/s

600 C

w/s

800 C

w/s

s-

nmmnn
=35 I N

0.83
1.50
0.50
0.94
1.09
0.88

706
2160
800
2540
1980
1940

.92
.67
.42
.D
.D
.D

640
1200
726
N.D.
N.D.
N.D.

0.20
0.83
0.42
0,62
0.41
0.38

aAverage of 3 cubes,

Figure 2. Micro-consistometer.

It was specified that the needle should penetrate 2 to 4 mm from the surface of a

at of paste at the right consistency. Three
/e-in, cubes were cast, using this paste.
These were cured in the mold for 24 hr
under humid conditions, after which they
were cured for a further period of 48 hr
at 50 C and 100 percent humidity. At the
end of the period, the cubes were removed
and tested for compressive strength.

The strength developed is taken as an
index of pozzolanic activity. It is consid-
ered "medium active' if the strength is
800 to 1000 psi, '"reactive' if it is 1000
to 1500 psi, and "very reactive' if above
1500 psi. The results of micro-cube tests
are given in Table 6.

In the case of the finely divided S-3
sample, the following additional factors
were studied: (a) the effect of polymeri-
zation of silica on strength development,
and (b) the effect of admixture of hard
quartz particles on the strength develop-
ment of silica pastes.

The evaluation of the effects of using
partially carbonated lime on the strength
development characteristics was also in-
cluded in this group of sub-experiments.

To study the effect of polymerization of
silica on strength development, a paste
was made of S-3 raw silica alone without
the addition of lime, and the micro-cube
strength was determined in the usual
wanner using s pasie, Tou siludy ihe ei-
fect of hard, inertmaterialsonthe strength
development of silica paste, the S-3 raw
sample was mixed with quartz powder
passing B.S. 100 sieve in the ratio, silica:
sand=2:1 by weight, and the paste made
with this mixture without the addition of
lime was used to determine micro-cube
strength in the usual way. To determine
the effect of carbonation of lime, different
proportions of calcium carbonate were
mixed with the lime normally used for the
micro-cube tests (Table 7) to yield car-
bonated limes, and these were used for the
normal micro-cube test,

An attempt was also made to relate the
percentage of cementitious compounds



TABLE: 7 formed through the estimation of silica
D oo anE s oF SIEGA FARTEs made soluble through interaction with lime
— in a‘1:3 hydrochloric gc1d solution, after
Composition of Micro-Cubes Strength teStlng some of the micro-cubes. A pro-
(psi) cedure which avoids extraction with sodium
g:g ﬁf:steq:gt::;u;o W il ; 3426% hydroxide or sodium carbonate was delib-
S-3 with lime carbonated to 20 percent 1,868 erately adopted to prevent the errors re-
i sl e s B sulting from the passing into such alkaline
5-3 with 100 percent CaCO, 136 solutions of unreacted silica in the lime-
silica gel pastes, which would give mis-
leading figures of soluble silica. The pro-
cedure adopted was inline with that adopted
by Steope (4). Table 8 gives the results
PATLE B of acid extraction as related to micro-cube
SILICA SOLUBILITY BY HC! TREATMENT OF LIME-SILICA
PASTES AND THEIR MICRO-CUBE STRENGTHS strengths,
i T— Percent Soluble Sili : icro-
e H Mlsigsni%;be Study 01; Reaction Products in
Ca0 - SiOz2- Hz0 System
S-1600 C 1,00 Nil 706
i, a2 M ol Chemical Analysis—Lime-silicapastes
423 600°C 36 Wi - kept in a sealed glass vial for about one
Ly 2.8 i 00 year or more were chemically analyzed
L4 B00E i i il 500 by standard methods. The loss of weight
S-4800C %.010.8.2 N Rt at 115 C was taken tc? b(? flue to loss of free
605 600 C '4.4 : . 2540 water. The loss on ignition at 1000 C rep-
§-5 1000 C 2.7 Nil 812 resented the loss due to free water, carbon
semoc 4.1 N 1960 dioxi@e gnd structural water_. All the car-
kil e g 1040 bon dioxide that was determined was as-
§-7 1000 C 0.9 0.1 2252 signed to calcium carbonate which was

thus estimated. The available lime, rep-
resenting the unreacted lime as calcium
hydroxide, was determined by the sugar
method (ASTM C-25-44) because this was felt to be better suited for the lime rich lime-
silica pastes which did not contain any hard-burnt calcium oxide which may call for a
movre drastic treatment such as ethylene glycol extraction. Total lime and soluble
silica in the pastes were determined from the acid extracts of these pastes using 1:3
HC1l. The reasons for deleting the alkali extraction procedure after acid treatment were
mentioned previously. The extracts were analyzed for silica and calcium oxide by the
methods used for portland cement analysis.

To calculate the calcium oxide in the cementing phase, the sum of the CaO present
as CaCO; and available lime was deducted from the total CaO percent. This CaO was
assumed to be combined with the determined soluble silica for calculating the composi-
tion of the cementing phase. The validity of this assumption and the extent of accuracy
of the calculated compositions are discussed in detail separately. At this stage it may
be enough to state that the compositions given in Table 9 for the cementing phase can
only be considered approximate.

The results in Table 9 include those for the following investigations: (a) the effect of
calcination of silica on the composition of the cementing phase, (b) the effect of curing
temperature of the pastes on the composition of the cementing phase, (c) the effect of
the initial Ca0O:SiO; ratio of the paste on the final composition of the cementing phase,
and (d) the effect of initial consistency of pastes on the composition of the cementing ‘
phase.

X-ray Studies—The X-ray diffraction patterns were made of aged lime-silica pastes
prepared from lime and the following silica gels: S-3 raw, S-3 (1000 C), S-4 (600 C),
S-4 (1000 C), S-5 (600 C), and S-5 (1000 C).

Copper radiation was used. The pastes were kept in sealed glass vials for a year
before the patterns were taken., Figure 3 shows the results obtained for S-5 (600 C) and
S-5 (1000 C) pastes.
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Figure 3. X-ray diffraction chart tracings for lime-silica pastes.

Electron Micrograph Studies—Several electron micrographs of the lime-silica re-
acted products were taken with a RCA electron microscope. The pastes used were
made with freshly prepared lime and the following silica gels: S-3 raw, S-3 (1000 C),

and S-4 (1000 C). A small quantity of the hardened paste was powdered and dispersed
in water and examined at a magnification of about 21,000,

Dehydration of Lime-Silica Paste—A lime-silica paste made with freshly prepared
lime and S-3 raw was dehydrated in a Stanton thermobalance with a heating rate of about




TABLE 9
ANALYSIS OF LIME-SILICA PASTES PREPARED FROM S-3 AND $-4 SAMPLES

CaO Phase (%) dsiiite Water Phase Arpavert
§ c . Comp. of
Description af Pagte Total Ca0 in CaO in C;?n:gn:?ng S?%z Loss on Loss Due Loss Due Ltgs;rI;:e Cv:;t::ti‘r?g Cementing
Ca0 Ca(OH): CaCO, Phaas Ignitlon to Ca(OH)2 to CaCOs Water Phase Phase
(a) Effect of calcination of silica on the composition of the paste (paste composition Ca0:810; = 1:2 ordlnary curing)
Ca0 + 84 600 21,52 4.40 8,35 10,77 4.98 35.9 1.47 5.0 26.2 3,73 Cz.2SHa
Ca0 + 84 800 20.46 11.680 4.30 5,36 5.08 24.2 3.93 2.6 13.4 4,30 Ci.t SHi.va
Ca0 « 5, 1000 22.2 10.60 3.40 8.20 6.16 27.3 3,63 3.4 19.0 1.40 CiuaSHyuva
(b) Eifect of temperature on composition of cementing phase, 3 years curing
CaO:Ssraw = 1:1
cured at 50 C 23.1 3.30 3.20 16,50 11,30 53.60 1.10 2.6 45.3 4,60 Cy.uSHya
Similar paste as above,
curing at room temp. 23.2 3.10 3.50 16.60 13.30 53.80 1.00 2.7 45.1 5.0 Cy.4SHyua

(c) Effect of initial consistency of the paste on the composition of the cementing phase

Ca0:8,600 = 1:2

wet consiatency 21,77 3.8 3.9 13.57 6.16 36.0 1.3 3.1 27.0 4.8 C1.45Ha.e
Same composition

as above, medium

consistency 21.52 4.4 6.35 10.77 4.98 35.9 1,47 5.0 26,2 3.2 C3.35Hz.2

3 C/min to determine if there was any stepwise dehydration at any definite temperature,
indicating the presence of fixed water molecules with the calcium hydrates at different
temperatures. Figure 4 was derived from the dehydration thermograph.

DISCUSSION

The specific gravity of samples S-1, S-3, and S-4 in the raw state are quite low
(Table 2) compared to 2.65 for quartz, indicating the existence of appreciable amounts
of (a) structural or adsorbed water or (b) microscopic or totally enclosed pores, or
both. In general, there is some increase in specific gravity during calcination; but the

501
404
2 B
°\ 30
K
>
= 20
w
v
o 101
-
0 200 400 600 800 1000

TEMP. oF CALCINATION
Figure 4. Dehydration curve derived from thermobalance results for $-3 (raw) lime paste.
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low values even after calcining at 800 and 1000 C indicate that the second factor may
contribute more than the first. The low values at 1000 C can be due to crystalline
transformation to a more open structure like cristobalite in some of these cases.

The surface area (Table 3) and the calculated particle size from bound water data
(Table 5) lead to interesting inferences supporting some of the interpretations from
specific gravity values.

The hydroxylated surface area, as determined by the methyl red adsorption method,
has the limitation that it cannot give the true surface area of the particles which could
more closely be determined by such methods as the gas absorption technique. It is
mainly meant to determine the "hydroxylated surface area' in silica, takingintoaccount
the generally accepted view that the hydroxyl ions are held on the surface of silica par-
ticles. It cannot give the surface area contributed by capillaries and micropores that
may be inaccessible to the dye molecules because of their size or because of the block-
ing of the pores by adsorbed water. Estimates of the surface areas of the raw silicas
from the calculated ultimate particle size, assuming a density of 2.20 for hydrated
silica, are as follows.

Sample Surface Area from Surface Area by
No Dehydr%tion Data Dye Adsorption
: (m*/gm) (m®/gm)
S-1 363 50.2
S-3 446 84.8
S-4 1089 —
S-5 77T 75.8
s-7 1306 59.8

The lower surface area by the dye absorption method indicates appreciable capillarity,
which seems maximum for S-7. The dehydration characteristics as revealed by the
bound water percent given in Table 4 also show the high percentage of bound water in
the raw sample and the difficulty with which most of it could be expelled even after cal-
cination at 800 C, thus giving further evidence of the high capillarity.

Methyl red adsorption surface area values, although not giving the true surfacearea,
could be a ugeful indication of the general trend during dchydration. These show a
gradual reduction with an increasing degree of calcination, except in the case of S-7
which shows a gradual increase in surface area, possibly due to the progressive clear-
ance oI the water Iilled micro-capiilaries, some of whlch may later allow dye adsorption.

Particle size analysis (Table 5) shows that the growth in grain size beyond 600 C is
memmmdad 2 Y 1 A O A wammdAcanda e O D Twre $0a O A wrnsarr TAawes 3.0 Q17
SLCGLCDL il v= 4 aliu bJ_-K’ ALIUMT L ALT 1l U—U, AUYVYY L1l W I-l’ @iiva VCLJ AUIYY All WT .

The lime reactivity results given in Table 6 show that despite a slight reduction in
reactivity for samples calcined at 800 C compared to those treated at 600 C, there is a
very marked increase in reactivity after calcination at 1000 C. That this should happen
despite a reduction in surface area shows that certain factors having greater influence
than surface area are operating in this range of calcination.

X-ray studies reveal certain correlations between the structural changes inthe silicas
and their reactivity with lime. The silica samples S-1, S-3, and S-4 calcined at 800 C
all show a clear band in the region of 3.9 to 4.7 A, typical of most silica gels and indi-
cating a random structure. Thus it is reasonable to expect that up to 800 C there is
essentially no structural change, and this is generally supported by existing literature,
which at best indicates only certain physical changes such as size growth (also given in
Table 5).

Calcination to 1000 C brings about noticeable transformation effects for the fore-
going samples. In the case of S-1, in addition to the persistence of the strong band
mentioned, two clear, strong lines at 3.32 and 4.19 A showing partial crystallization to
quartz structure are visible. In this case, the transformation is in progress and not
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complete, and according to the principles of reactivity of solids, this state of material
should be conducive to increased reactivity. This is also confirmed by the increased
micro-cube strength for S-1 (1000 C) in Table 6. That this should occur despite an in-
crease in particle size (Table 5) again proves that the structural change effects over-
weigh the other physical effects such as growth in size. This is in conformity with
Hedval's (5) principles of reactivity of solids.

Similar effects occur in samples S-3 (1000 C) and S-4 (1000 C), the only difference
being that in these cases, the transformation is towards cristobalite structure as indi-
cated by the emergence of a clear line at 4,01 A in the midst of the persisting band 3.9
to 4.7 A, Here again, the crystallization is partial and incomplete, and this process
of transformation results in increased reactivity (Table 6) at 1000 C despite an increase
in particle size (Table 5) on the same basis as in S-1.

An interesting contrast is S-5 for which diffractometer patterns for the range 26 = 20
to 25 C are available for samples heated at 600 and 1000 C. The poor pattern for S-5
(600 C) in contrast with the well crystallized cristobalite peak for S-5 (1000 C) is shown
in Figure 1. In a similar way, the S-5 (1000 C) lime paste pattern (Fig. 2) is charac-
terized by very sharp lines at 4.01 A, 2,49 A and weak lines at 3.11 and 2.86 A for un-
reacted silica in the cristobalite form. The lines for unreacted lime occurred at 4,92
A (medium) and 2.63 A (strong) and some lines for a tobermorite-like mineral appear
with a band of medium intensity at 10.8 to 11.4 A region and the medium line 3.04 A.
In the ease of S-5 (600 C) lime paste pattern (Fig. 2), there are no lines for unreacted
silica or lime and the lines for tobermorite-like minerals are more prominent.

From the foregoing patterns, it is reasonable to infer that in the case of S-5, while
the typical silica gel structure persists at 600 C, calcination to 1000 C results in com-
plete transformation to a comparatively more stable, crystalline structure, namely
that of cristobalite; and this complete transformation to a more ordered structure re-
sults in appreciable reduction in reactivity (Table 6).

To summarize, the exact effect of calcination of silica gel to 1000 C on the lime
reactivity depends on the state of crystallinity of the silica after this treatment. The
reactivity may be enhanced if a crystal transformation from the gel to a quartz or
cristobalite structure has started or is partially completed. However, reactivity
would be reduced if this transformation were completed and the better ordered crystal-
line silica structures were crystallized.

It has been mentioned concerning the reaction products with lime in lime-silica
pastes that in the case of S-5 (600 C) and S-5 (1000 C) the lime-silica paste showed the
presence of tobermorite-like minerals, these being more abundant in the case of S-5
(600 C) lime paste. The formation of such compounds is also suggested from the pat-
tern for S-3 (1000 C) lime paste where peaks of medium intensity at 13.9, 12.3, and
11.4 A were recorded. Some unreacted lime is also indicated by a weak line at 4.9 A.
The pattern unfortunately was not taken below 3.3 A.

Patterns taken for S-3 (raw) lime paste of Ca0:SiO: ratio 1:1 and 1:4 and cured at
50 C for about 4 years both showed patterns for a CSH mineral similar to riversidaite.
Even in the lime rich mix, there is no evidence of a lime rich cementing phase. A
careful study of the pattern reveals little free lime, suggesting that excess lime is being
held in some way. Lime-silica pastes S-4 (600 C) and S-4 (1000 C) also show the
strong line for a CSH compound. The weak cristobalite line visible in the 3.9 to 4.7 A
band is no longer visible in the pattern for S-4 (1000 C) lime paste, indicating that the
cristobalite has been comsumed in the lime-silica reaction. This evidence tends to
prove that lime-silica reactions have the maximum intensity when the crystallinity of
silica is poor and defective either naturally or after phase transformation reactions.

Electron micrographs for S-4 (1000 C) lime paste, S-3 raw-lime paste and S-3 (1000
C) lime paste reveal the following.

The formation of reaction products on the surface of particles of silica leading to
their cementation is indicated in most of the figures through the appearance of frilled
outlines on the peripheries of the particles, The interaction of the finely divided silica
and lime in the vicinity of larger particles are also visible in certain areas. Some of
the particles observed show resemblance to the sheet-like foils of tobermorite given
by Grudemo (6).
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The figures also suggest gradual breakdown of the larger silica particles, starting
from the surface, to smaller particles probably resulting from the alkaline surround-
ings and the interaction with lime to form calcium silicate hydrates. Structural dis-
order in the silica, whether from structural transformation or mere hydration effects
on the surface, will introduce further strain in Si-O bonds, facilitating their easy rup-
ture under the high OH ion concentration, thus reducing the particle size and enhancing
reaction with lime to form CSH compounds.

Except for the cloudy, montmorillonite-like reaction products suggesting crinkled
foils of CSH compounds similar to tobermorite, the electron micrographs do not indi-
cate the presence of the rod-shaped or broom-shaped C2SH compounds similar to
hillebrandite, and this independently suggests the formation of tobermorite-like minerals
alone, which is confirmed by X-ray analysis as previously discussed.

Chemical analysis of the silica-lime reacted pastes reveals further interesting fea-
tures. Table 9 gives the results of analysis of lime-silica pastes prepared from S-3
and S-4 samples calcined at 800 and 1000 C. The indicated C/S ratios in the reaction
products are generally 1.1 to 2.4. The significance of some of the unconventionally
high ratios is discussed later.

The effects of long-term curing of lime-silica paste at both the normal room tem-
perature and under somewhat accelerated conditions are given in Table 9. It is reason-
able to assume that the compositions of the reaction products are those of the more or
less stabilized, final reaction products. Thus they appear to be around C;.sSHi.4, near
that of the CaSiH gel, there being no difference between curing at room temperature or
up to 50 C.

The effect of initial consistency of the paste on the composition of the reaction prod-
ucts was studied in the case of S-4 (1000 C) lime paste (Table 9), and it was confirmed
that the initial consistency had little effect on the composition of the calcium silicate
hydrates formed.

The discussion so far given has revealed that during lime-silica paste reaction, cal-
cium silicate hydrates similar to poorly crystallized tobermorite minerals are formed.
These are the main cementitious compounds also formed during the hydration of portland
cement under normal conditions of temperature and pressure. It has also been revealed
that the rate of reaction and consequent strength development are dependent more on the
state of crystallinity and the structural orderliness of the transformed or partially
transformed forms of silica. The following questions still need to be answered:

1. Could the strength development in lime-silica pastes be entirely attributed to
pozzolanic reaction?
2. To what extent could the composition of the cementing phases reported in Table 9

indicate the true composition of these compounds?
2, I thara 3 noggihility of the farmation of caleinm cilicate hydrate compounde with

definite stages of hydration as in crystalline salts like CaSO4 with different molecules
of water of hydration?

Regarding the first question, the results of a number of experiments (Table 7) indi-
cate that a small percentage of the strength also comes from other sources, even though
the major contribution is from pozzolanic reaction. The micro-cube test results using
pure S-3 paste without lime show that a small but significant strength of 320 psi was ob-
tained, whereas in the regular micro-cube test with silica and lime the strength is about
2000 psi and more (Table 8, S-3). This strength development can be attributed to the
rehydration effects on the siloxane surfaces of the silica under the conditions of the con-
tinued presence of moisture, leading to formation of silanol groups and the subsequent
condensation of the surface OH groups to form a continuous network of silica gel (3).
Hydrated silica particles derived from the fragmentation of the original particles by
lime attack could also undergo condensation effects. Silica gels of high molecular
weight so formed may lead to the cementation of silica particles composed of an unhy-
drated core and a hydrated surface, the core forming the framework and the hydrated
silica on the surface of different particles undergoing a condensation reaction and form-
ing a continuous cementing media. When the rehydration process proceeds so far as
ultimately to convert the core to hydrated silica through continued diffusion of OH ions,
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the ultimate condition will be a highly dispersed and viscous silicic acid gel of high
molecular weight and little inherent strength.

The picture of cementation process involving cemented hydrated rims around unhy-
drated hard cores could be extended to the physical structure of sandstones andto hard-
ened portland cement pastes, mortars and concretes. In artificial reproduction of the
condition in sandstones, the results for S-3 plus quartz powder without lime show a
high strength of 1,468 psi (Table 7). In all these cases, the hard quartz or aggregate
particles or the unhydrated cores form the strong framework which is kept well ce-
mented and stable by the comparatively weaker cementing phase, resulting in ultimate
high strength of the mass. The applicability of the sandstone analogy could be further
supported by the fact that some of the ancient Roman lime-pozzolan mortars subjected
to continual leaching action by the sea currently show a composition of the cementing
phase which is essentially that of pure hydrated silica (7). Under similar leaching
action, the final hydrated compounds in portland cement have also been approaching the
composition of hydrated silica (8).

Another important finding from the sandstone example is that even a small amount of
the cementitious material forming a thin coating over the gritty particles can impart
high strength to the bound mass. In many sandstones the percentage of soluble silica is
surprisingly low; similarly, the analysis of the lime-silica pastes, as given in Table 8,
indicates that the percentage of soluble silica, which is an index of theicementing phase,
is small in most cases. This fact has also been noted by previous researchers, some
of whom have wondered how this small percentage of the binding phase could impart
such high strengths.

Stocker (9) worked out for a similar problem of soil stabilization the problem of how
a small percentage of added binder brings about the stabilization of the soil mass. Ac-
cording to his calculations, a 32-A thickness of CSH compound is sufficient for this
purpose. This being so, the amount of lime actually needed for the formation of calcium
silicate hydrate binder compounds is also small, and what is normally provided in lime-
pozzolan mixture is far in excess of the actual requirement. Thus the strength results
in Table 7 with up to 50 percent of the lime replaced by CaCOs still show fairly high
strength values. With 100 percent calcium carbonate however, there is practically no
pozzolanic reaction. The small strength of 136 psi may be merely due to the condensa-
tion effect of the silica part in the mixture containing 1 part of S-3 and 2 parts of cal-
cium carbonate; the strength is about a third of that of the S-3 silica paste alone which
is reasonably close to the value obtained. This indicates that from practical considera-
tions, a lime with even 20 percent carbonation may still form mortars of sufficient
strength with a reactive pozzolan.

Table 8 also indicates that in addition tothe apparently small percentage of calcium
silicate binder in pastes, there is little correlation between the amount of soluble silica
and the strength developed. In most cases, before reaction with lime the silica samples
by themselves contained little soluble silica. This could probably be explained by the
suggested breakdown of the silica particles to smaller fragments during attack by OH
ions as discussed earlier. It is the fragmentation, surface hydration, and reaction with
lime-forming soluble calcium silicate hydrates that result in increased soluble silica
in pastes in which the silica component originally had none. The "nibbling'" of silica
from the surface and the sizes of the "chunks'" formed during OH attack depend on the
degree of structural strain on the surfaces and the inner Si-O bonds to which the OH
ions have access by the process of diffusion; the greater the strain the easier the rupt-
ure. More than the quantity of the silica so removed, it is the number of ""reactive
spots' and the surface OH groups these contain, the amount of actual calcium silicate
hydrates formed, and the proper distribution of the cementing phase in the mass which
are of greater importance for strength development. As these could vary widely, it is
not surprising that there is no correlation between the dissolved silica and strength,
except for a very broad trend, for any particular paste with the passage of time, indi-
cating a general increase in strength with the formation of increased CSH compounds
which is reflected by increased dissolved silica values.

There is also the possibility that formation of calcium silicate hydrate need not be
preceded by the process of dissolution of silica. This could happen in a solid state
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reaction involving diffusion of calcium ions through a distorted silica structure as in
microcrystalline quartz or cristobalite during the initial stages of formation. In these
cases too, the percentage of soluble silica in the silica Ssamples is likely to be low and
can bear little relationship to the high strengths developed.

Regarding the true composition of the cementing phase as compared to what is indi-
cated in Table 2, it could be stated that the composition nearest to the final, stabilized
composition are those from long-term reactions such as the analysis of three-year-old
paste that indicates the composition C,.5;8H,.4. However, the lime held by silica as
determined from the sugar method need not necessarily be the structural lime in the
calcium silicate hydrate phase, It could include in addition lime that is held near the
particle surface by base exchange forces and by certain chemisorption forces which are
stronger than mere electrostatic double-layer forces leading to base exchange but not
as strong as in chemical bonds in hydrated calcium silicates. In their studies on lime
stabilization of clays Hilt and Davidson (10) suggested that the lime held by the clay
particle even in early ages may be due to a mechanism of "crowding" of calcium ions
around the clay surface in addition to cation exchange. This crowding may be some-
what similar to the foregoing chemisorption concept for the lime silica gel paste. This
lime initially held by chemisorption may later diffuse into the silica structure ultimately
to form hydrated calcium silicates as suggested by Greenberg (11). This chemisorption
process is a quick process and the lime held by it will be included in the composition of
the cementing phases given in Table 8, Thus the calculated composition may show a
higher C/S ratio than the true composition. The seemingly high C/S ratios, perhaps
due to the effect, appear to be more marked in samples calcined at the lower tempera-
ture (600 C).

Another possible reason for the higher ratio has been suggested. During the treat-
ment of hydrated paste with dilute hydrochloric acid, a part of the silicate ions origi-
nating from the dissolving calcium silicate may polymerize rapidly before filtration is
completed with the resulting reduction in the soluble silica determined in the filtrate.
This could give a higher C/S ratio for the computed cementing phase than the actual.
On this basis, the method adopted in this study of acid treatment of the paste avoiding
subsequent alkali extraction may be open to criticism,

However, it should be mentioned that the alkali treatment subsequent to acid treat-
ment could result in excess extraction of silica, the excess being derived from the un-
reacted silica of the non-cementing phase of the paste getting into solution. Steopoe (4)
has pointed out the error in the method usually adopted for the determination of active
components in trass. Treatment with acid followed by alkali for lime-trass mixture
was shown to give too high values because of the disintegration of trass, and hence he
recommended a method of treatment with hydrochloric acid of density 1,12 alone, ac-
cording to the method of Florentin (12), To the objection that the hydrochloric acid
dues 1UL separale the hydrusilicates compietely, e has puinted vul tie fact tal tie
acid completely dissolves hydrated portland cement.

Thig discussion should reveal that the computed compogitions of the cementing phagce
as reported in Table 9 are not absolute compositions and may deviate from the real
compositions on the higher value side of the C/S ratio. The method adopted should be
of value for comparisons between the different lime silica pastes, as has been done in
this study.

Regarding the third question concerning the occurrence of definite hydrates of cal-
cium silicates, the dehydration curves by thermobalance method rule out the possibility.
The curve is one showing continuous loss of water with increasing temperature without
any "'steps," and this suggests that there are no stages in dehydration at particular hy-
drates levels.

SUMMARY AND CONCLUSION

The studies show that in the case of silica gels, important structural changes occur
at a calcination temperature of about 1000 C, and the state of crystallinity of the sam-
ples calcined at this temperature greatly affects the lime-silica reaction. The reac-
tivity is enhanced if a crystal transformation to cristobalite or quartz has started or is
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partially complete, but it could be reduced if this transformation has reached near
completion and better ordered crystalline, silica structures have been formed. It is
also shown that the structural disorders known to accompany the crystal transforma-
tions affect the lime-silica reactions more intensely than does the extent of surface
area.

Chemical analysis, X-ray studies, and electron micrographs also show that during
the lime-silica paste reactions, calcium silicate hydrate minerals of the tobermorite
type which are similar to the cement hydration products are formed. This seems to be
preceded by calcium adsorption in excess of the composition of the cementing phase
during the initial stages of reaction. Two courses have been suggested for the forma-
tion of the cementing phases: (a) the rehydration of the surfaces and dissolution of
silica through the rupture of the strained bonds by the OH ions, later followed by the
combination with lime-forming calcium silicate hydrates and (b) the holding of the Ca
ions on the surface of silica by forces of chemisorption as revealed through the estima-
tion of available calcium oxide, which is followed by the slow diffusion of Ca ions into
the silica structure. There is no evidence for the existence of definite hydrates of the
calcium silicate hydrates.

Through experiments employing pastes of fine silica powders mixed with water alone,
it is shown that the strength development may be partially due to the rehydration and
condensation reactions in silica gels, which ultimately form a continuous network of
cementing silica. This could bind the inert, hard particles and impart good strength.
The unhydrated cores of silica particles could also play the part of the inert hard par-
ticles. Acid solubility experiments have shown that a very small quantity of cementi-
tious products could bind large amounts of inert materials and there need be no relation-
ship between the quantity of cementitious materials and the strength developed. In
many cases, the silica samples are shown to contain little soluble silica before reaction
with lime. A possible explanation is that the breakdown of the silica particles to
smaller fragments of unpredictable sizes, and the chunks formed during the attack of
OH ions through the nibbling of silica from the surface, depend on the degree of the
structural strain on surfaces and the inner Si-O bonds to which the OH ions have access
through the process of diffusion, With respect to strength development, the number of
vulnerable spots for attack by OH ions, the exact type of calcium silicate hydrates
formed, and the proper distribution of the cementitious phase in the mass are of greater
importance than the quantity of soluble silica. Since these may vary widely, no correla-
tion between the soluble silica content and strength could be developed.
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A Model for the Kinetics. of the
Hardening of Portland Cement

SANDOR POPOVICS, Auburn University .

A formula is proposed that describes the kinetics of the hard-
ening process of a portland cement as a function of the CaS con-
tent and C3A content. The formula is the mathematical ex-
pression of a simple cement model which consists only of two
hardening components and satisfies several logical conditions.
The properties of the model and derivation of the formula are
presented. The values calculated by the new formula are com-
pared to experimental values of compressive, tensile, and flex-
ural strengths published earlier, and it is concluded that the
equation is applicable for the kinetics of the hardening of a large
group of air-entrained and non-air-entrained portland cements
with reasonable accuracy. It is also found that the specific rate
of strength development can be considered as a linear function,
and the specific deceleration of the strength development as a
quadratic function of the CsA content of the cement.

oTHE technical literature contains several proposals for the relationship between the
composition of portland cement and its strength and hardening, respectively. Gonner-
man was probably the first who attempted to express the strength of a portland cement
mortar as a function of the four main clinker minerals for various age groups. Heused
a linear relationship (1). Among the other proposals (2, 3, 4) perhaps the following
empirical formula is the most popular:

s=cilogt +ca (1)
where

t = age of specimen;
s = strength of specimen at a given age; and
U1 amd c2 = faclurs independent vl tiie age bul dependent vu the Lype ui cewent, curing,
testing conditions, etc,

Values calculated by Eq. 1 can be represented by a straight line in an s vs log t
semilogarithmic system (5, 6, 7). This formula is the mathematical expression of the
assumption that the rate of hardening is inversely proportional to the age of the speci-
men; that is, the product of the age and the rate of hardening at that age is assumed to
be the c; constant. A weakness of this proposal is that it postulates an indefinite in-
crease in strength with the increase in age which is obviously incorrect. The other
proposals are not satisfactory either for one reason or another. It may also be men-
tioned that an excellent study was published recently on the kinetics of the hydration of
calcium silicates (8), and another on the kinetics of the hydration of portland cement (9).
However, neither of these discusses the strength development.

In this paper a formula is proposed that describes the kinetics of the hardening pro-
cess of a portland cement as a function of the CsS content and CsA content. This formula
is the mathematical expression of a cement model. It will be shown that the strengths
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provided by an appropriate form of this cement model at various ages are close to the
strengths of a given portland cement. The properties of the model are as follows:

1. It consists only of two hardening components; the first component is the CsS, and
the second is a mixture of the other cement ingredients.

2. These two components hydrate simultaneously with differing rate but without any
interaction, except that the CsA, which is a part of the second component, may affect
the rate of hardening of the C3sS. Since, however, the CaS does not affect the strength
resulting directly from the CsA in the model, the strengths of the CaS and the second
component can be superimposed.

3. The so final strength of CsS, resulting theoretically from an infinitely long cur-
ing, is the same as the final strength of the second component.

4. The decelerations of the hardening of both the CsS and the second component at a
given age are proportional to the (so - 8) remaining strength development at that time,
but the two proportionality factors are different.

5. The proportionality factors may be functions of the CsA content.

Thus, this model, in accordance with the technical meaning of the term "model" (10),
resembles a portland cement in several but not in all respects; for instance, the com-
position of the model is simpler. More specifically, Ceondition 1 is a simplification
which, however, implies the empirical observation of several investigators that there
is a correlation between the strength of portland cement and its CsS content (1, 11),
Condition 2 assumes that the fractional rate of hydration of the components, with the
exception of CsS, of a given cement is the same. This is again a simplification that
contradicts the observation (9). It can be regarded as a modification of the hypothesis
developed (and rejected) by Copeland and Bragg that the fractional rate of hydration of
all components of a given cement is the same. As far as Condition 3 is concerned, ex-
perimental data by Bogue and Lerch show that the final strengths of CsS and C2S are
practically the same (12). Condition 4 is a working hypothesis. The gradual reduction
of the rate and deceleration of the hardening can be visualized as the effect of the hy-
drated cement that hinders the further hardening in the specimen. Finally, in accor-
dance with experimental data (13, 14, 15, 16), Condition 5 expresses the fact that the
CsA has a more pronounced role in the hardening of portland cement than its direct
contribution to the strength which would follow solely from the hardening of CsA.

It appears feasible to construct an electrical or mechanical model that complies
with the foregoing five conditions. Such a model could then be used as an analog com-
puter for the computation of the hardening process of a portland cement.

It is not claimed that the paper contributes to the scientific side of the hydration of
portland cement. Nevertheless, it appears to have certain merits. First, it deals
with strength which is one of the most important technical properties; second, the
applied method is a novel one which might have further useful application in the future;
and third, the proposed model represents a solution which appears superior in several
respects to the comparable solutions available in the technical literature.

THE NEW FORMULA AND ITS DERIVATION

The general form of the proposed formula can be obtained from the fourth condition
above. The mathematical expression of this condition applied, say, to the CsS is the
following differential equation:

d®s;
dt®

= af (so - 81) (2)

where

t = age of specimen at testing;

s1 = strength of CsS in the cement paste at a given t age;

so = strength of CsS after infinitely long curing;

a; = parameter which is independent of the strength and age but may be a function of
the fineness and composition of the cement, composition of the specimen, curing
and testing methods, etc. —when the age is expressed in days, the unit for the a
factor is 1/day.
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If the boundary conditions that s; = 0 whent = 0, and s, = so when t = = are applied,
then the solution of Eq. 2 can be written as follows:

81 = So(l E e'alt) (3)

A similar relationship can be obtained for the hardening of the second component with
an az parameter. Thus, it follows from the second and third conditions that the s
strength of a portland cement will be expressed by the following:

S - So [p <1 - e'a1t>+ (1-p) <1 = e'a2t>] (4)

where p designates the relative amount of CsS in the cement (percentage/100).

Three comments should be made: (a) it will be shown that the a parameters repre-
sent the specific rates of hardening for the two components of the model; (b) the form
of Eq. 4 is very similar to the formula which characterizes a certain rheological model
and which is frequently used for the description of basic creep of concrete (17); and (c)
the hyperbolic form recommended by Goral (3) for the s vs t relationship can be obtained
from Eq. 3 by expansion into a series. -

EXPERIMENTAL VERIFICATION OF THE MODEL

Eq. 4 is not directly suitable for practical calculations because it contains the so
final strength of the portland cement which seems a function of gseveral variables and
is usually unknown. Therefore, it is expedient to transform Eq. 4 and express the
Srel = S relative strength in a dimensionless form rather than the actual strength. If
the basis of this relative strength is the 28-day strength, then

p (1 - e'a‘t)f (1 - p)( 1- e"‘“t)

p(1 ] e—28a1) o = p)(l ] e-ZBaz)

-t -ast
= 100 1 -pe -(1-ple (6)

1 - pe-28a1 -(1- p)e-28a2
which does not contain the value of so.

One can return to actual strength values from the relative strengths with the knowl-
edge of the strength at any age. If this strength is the 28-day strength, then Eq. 5 or
6 can be used directly; otherwise the formulas should appropriately be transformed.
Such transformed formulas are applicable, at least in principle, for the estimation of
the, say, 2R-dav strength from the strength determined at the age of 1 day or R daya,

It should be emphasized, however, that this paper investigates the kinetics of the hard-
ening for the purpose of which relative strength values are suitable. Also, the s/s2s
ratio is far less sensitive than the s actual strength to variations in burning and cooling
conditions, as well as differences in the mineralogical composition of the raw materials
used in the cement making which factors may affect the hardening process of a cement
(18). Moreover, the use of relative values is not unusual in material research, For
instance, the Ramberg-Osgood stress-strain diagram (18), or a study by Hansen (19)
can be mentioned where the concept of a relative modulus of elasticity is utilized ad-
vantageously.

As it has been mentioned in connection with Eq. 2, the numerical values of the a
parameters are influenced by numerous variables. Therefore, only the results of such
tests should be used for the experimental verification of Eq. 6 where the compound
composition of the portland cement is the sole variable; that is, where the fineness,
gypsum content, curing and testing methods, etc., are practically identical. Several
such experiments are discussed.

S= Srel = 100s/82¢ = 100 (5)
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Gonnerman's Experiments on Mortars

A relevant investigation on mortars of 71 different portland cements was published
by Gonnerman (1) as early as 1934, The range of composition of these cements was
purposely expanded beyond that of normal portland cements but all the cements had an
identical SOs content of 1.8 percent, by weight, and fineness of approximately 1,580 cm?¥g
(Wagner). Based on the test results, he also presented an empirical method for the
calculation of mortar strength from the compound composition of portland cement.

There are three series in Gonnerman's tests that can be used for the verification of
Eq. 6. Intwo of them the compressive strength of the various portland cements was
determined with 2-in. plastic mortar cubes of 1:2. 75 and 1:4. 25 mixes by weight (water-
cement ratios were 0. 53 and 0. 80 by weight, respectively). Inthe third series, the
tensile strength of the cements was tested with 1:3 standard sand briquets. All the
specimens were exposed continuously to moisture. The strength tests were performed
at ages of 1, 3, 7, and 28 days, 3 months, 1 and 2 years.

An analysis of Gonnerman's test results indicated that a, and a» can be expressed as
a function of the CsA content of the portland cement. In his particular case, these a
values obtained by stepwise approximation are presented below.

1. For the compressive strength of the 1:2, 75 mortars:
a; = 0, 0067 CsA + 0. 10 (M)

as = 0. 0018 CsA + 0. 005 (8)

where CsA represents the percent of the potential tricalcium aluminate in the portland
cement computed according to the Bogue method (21).

2, For the compressive strength of the 1:4, 25 mortars:

a; = 0. 005 CsA + 0.10 9)

az = 0, 001 CsA + 0, 007 (10)
3. For the tensile strength:

a; = 0.04 CsA + 0. 65 (11)

az = 0,007 CsA + 0.04 (12)

These equations show that the value of a, is about 7 to 10 times higher than az for
these mortars within the usual range of CsA content. Accordingly, a portland cement
hardens as if the CsS develops the full value of its compressive strength by the age of
about 7 days. After that any further strength increase appears to be due only to the
hardening of the second component. It may also be noted that the suitable a; and a:
values are much higher for the tensile strength than the corresponding values for the
compressive strength. This appears to mean that the van der Walls forces which sup-
posedly provide the main source of the tensile strength, develop their full value much
more quickly in the cement paste than do the chemical bonds. If this is actually true,
it would be interesting to speculate why it is so.

The form of Eqs. 7 through 12, however, is much more important than the numerical
values of the coefficients because the latter are valid, strictly speaking, only for the
circumstances used by Gonnerman. The form, however, reflects the effect of CsA with
respect to the kinetics of the hardening. Namely, it reveals that the specific rate of
hardening is a linear function, and, consequently, the specific deceleration of hardening
is a quadratic function of the CsA content with a reasonable degree of approximation.
This relation is not restricted to the C3A. It seems also applicable to many other fac-
tors that influence the hardening of portland cement, such as the fineness of cement and
the curing temperature. If a change in any of these factors increases the early strength
by increasing the specific rate of hardening, then, simultaneously, the same factor in-
creases the deceleration of the hardening to a higher degree thus the final relative
strength will be less.



TABLE 1
EXPERIMENTAL AND CALCULATED RELATIVE COMPRESSIVE STRENGTHS OF 1:2.75 MORTARS?

Relative Compressive Strength (%)

Cement CsS CsA

No. #) ) 1 Day 3 Day 7 Day 5 By 3 Months 1 Year 2 Year
Exp Cal Exp Cal Exp Cal Cal Exp Cal Exp Cal Exp
1 43 18 16.7 13.3 43.9 33.6 63. 4 58.8 100 120. 2 122, 7 114, 2 125, 1 121,17 125.1
1 Dupl 45 20 13.2 14,1 46. 4 35.2 68.7 60. 6 100 115,3 119. 6 109. 2 121.2 111. 2 121.2
2B 47 16 11,5 13.3 34.3 33.9 56. 0 59.5 100 108.5 122.9 125. 4 126.1 115, 2 126. 1
2B Dupl 42 15 11.1 12.5 33.2 32,2 55. 8 57.3 100 135.9 126, 4 124.5 130. 6 127.0 130. 6
3B 43 11 10.3 11.6 28, 2 30.3 45.0 55,2 100 144.1 131.9 155.0 140. 4 150, 2 140, 4
3B Dupl 43 11 11. 2 11. 6 29, 2 30.3 46.5 55, 2 100 141.1 131.9 154. 4 140, 4 149, 6 140, 4
4 43 i 10.5 10.7 27.1 28.3 46, 4 53.1 100 136.0 137.0 145.5 155.0 151.0 155.1
5B 39 2 9.4 9.3 27.2 25, 4 38.2 49,4 100 168. 4 142.5 194.3 193.1 208.0 198.1
5B Dupl 51 2 12.5 9.9 37.8 26.9 57.6 51.9 100 148.0 130. 4 171.8 164.9 182. 3 168. 3
6 41 0 8.5 9.1 28,17 24.9 43.0 49,1 100 194.0 135.0 214.9 195. 8 233.0 213.1
7 42 0 7.3 91 28.6 25.0 44, 4 49, 2 100 174. 1 134.0 203.5 192.8 215.0 209. 5
gb 27 15 8.2 10. 3 27.4 26.9 41.8 49,9 100 148. 4 136.8 152, 0 142, 6 157.9 146. 6
8 Dupl 42 15 9.5 12, 4 30.1 31.9 54,9 56.9 100 134.1 127.0 112.2 131.3 143. 6 131.3
9b 53 7 10.3 11. 4 30.6 30.3 48.5 56.1 100 135.1 128. 3 141.1 141.9 138.1 142, 0
10P 56 3 9.5 10. 4 34,2 28.1 51.6 53.6 100 147. 4 127.0 148. 2 151.9 153.0 153. 4
11 51 0 9.2 9.4 37.3 25.7 57.8 50. 4 100 137.2 126. 6 148.5 169. 6 152. 4 181.8
12 41 12 10.8 11.6 29.1 30.2 48, 4 55.0 100 128, 2 131.9 135..3 139. 4 131.3 139. 4
13 38 7 6.8 10. 2 22,3 27.2 44,0 51.4 100 147.1 141.9 165.0 162, 4 173.0 162. 6
14 37 7 8.6 10.1 28.9 27.0 51.9 51.0 100 130.1 143.0 152. 2 164.0 159. 5 164. 2
15 48 4 6.5 10.3 27.3 2.1 47.8 52.7 100 122.9 134.0 149.0 161.2 150.0 162.1
16 42 9 12,1 11.0 31.2 29.1 50,7 53.8 100 128.3 135.4 138.8 148.1 147.1 148.2
17 39 3 7.0 9.5 29.6 25,8 51.3 49.9 100 154, 7 143.4 179.0 185.9 184. 2 188. 4
18 43 5 9.2 10. 2 31.3 27.3 49. 6 52.0 100 139. 4 138.7 160. 4 164. 8 167.3 165, 4
19 44 0 6.3 9.2 27.9 25.2 46,17 49.5 100 161.9 132.2 195.0 187.0 210.8 202. 6
20 42 12 7.0 11.7 25.9 30.5 48.8 55. 4 100 124.7 131.2 124, 2 138.5 121.0 138.5
21 40 10 .1 11..0 30.9 29.0 54.0 56. 6 100 131. 7 135.7 142.6 146. 8 131.9 146, 8
22 41 8 7.2 10.7 27.1 28,4 49,1 52.9 100 119. 4 137.6 146.8 153. 4 141. 3 153. 4
23 38 5 7. T 9.8 25.8 26.4 47.8 50. 5 100 155.3 144, 1 17%.5 174. 2 183.0 174, 8
24 41 7 8.9 10.5 30. 4 27.9 45, 1 52. 4 100 144.1 138.9 158.2 157.9 151.2 158.0
25 44 4 oy 10.0 28.9 27.0 47.8 51.7 100 128. 3 138.0 144, 7 168. 6 136.0 169.6
26 42 3 7.4 9.7 26.2 26. 2 43.1 50. 6 100 150. 5 140.0 166. 0 178. 8 177. 4 181.1
27 41 1 6.9 9,3 28.3 25.3 47.3 49.5 100 154. 8 138. 3 172.1 193. 4 174.0 202, 6
29 44 11 i1 n 11 7 Q1 A an = 59 @ EE A 100 199 1 191 1 1929 1 12 & 146 O 12 &
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30 39
31 49
32 36
34 41
35 41
37 16
38AP 61
39A 31
40b 55
41 29
42 61
43 24
44 59
45 28
46 56
47 48
48 45
49 51
500 47
51 38
53b 47 10
54 48 10
57 45 15
58b 62 14
59 52 6
60 55 7
60A 57 6
61 56 0
2b 74 0
1000 58 17
101 56 10
102b 64 17
103b 66 11
104b 62 20
1050 60 12
106b 63 17
108b 70 5

-
-

49, 9 4d. 9
28.3 30.1 53.
33.1 3.8 53.
26. 2 27.9 42,
26. 4 29.7 44,
30. 4 44
19.0 34,
40. 4 67.
23.7 38,
34.6 60.
22.6 38.
39.1 62.
20. 4 28
43. 6 67.
22.0 36.
39.0 58
39.0 63.
31.4 56.
31.3 58.
34.6 55.
30.6 48
29.4 57
33.1 56,
40.1 62
38.6 68
33.0 51.
37.4 58.
41.2 60.
37.6 58.
48.3 4.
38.0 62.
34.6 61.
50.0 79.

e
o

04. 1 100 159.
54.6 100 131.
57.5 100 136.
52.0 100 126.
54,5 100 1217,
54.5 100 129,
44.5 100 153.
63.5 100 110.
50. 2 100 152,
59.5 100 112.
47.8 100 167.
58.1 100 128.
44.8 100 190.
54,1 100 1317.
46.4 100 221,
50.9 100 127,
59.3 100 122,
57.1 100 121.
56.9 100 115.
52.5 100 173.
49.2 100 186.
56. 2 100 126.
56. 5 100 121.
58.1 100 143.
63.9 100 106.
55.1 100 125.
56. 6 100 132.
56.3 100 135.
50.9 100 133.
52.3 100 127,
64,4 100 95,
59.1 100 105.
66. 6 100 105.

154, < 101.9 143,
131.9 141.8 138.
127.5 132.5 134,

2 143. 4
4
8
139.2 133.3 151. 4 138,
4
4
5

138. 4
134.9
151.4
142. 4

=
o= w
-

-
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133. 4 138.5 142,
133.4 138.0 142, 142, 4
142.5 154.9 148. 148.5
117. 4 112, 4 120. 5 — 120.5
141.8 163. 4 153.1 - 153.1
123. 4 129.3 129.7 131. 129.7
152. 2 177, 2 177.9 166. 178.1
122, 4 142, 1 132.9 130, 133.0
165.7 232.0 232.0 242, 235.9
124. 7 165. 3 147.2 172, 148.5
151.5 256. 1 247, 6 248. 274, 8
123.3 139.8 159. 2 153. 169. 4
123.5 119.5 127.2 121, 127. 2
127. 8 121. 4 133.5 131, 133.5
128.1 115, 2 138.2 115. 138.2
135.0 220.0 163.0 224, 164.0
143,17 220.0 195.9 218. 201.1
130.1 142, 2 139.4 148. 139.4
129.3 113.7 138.4 119. 138.4
125. 2 137.7 129.2 — 129.2
116.9 103. 3 119.9 109. 119.9
129.8 132, 2 146.5 145, 146.8
126. 8 133.0 139.5 — 139.6
125.8 137.5 140. 2 — 140. 4
123.3 154. 8 159. 2 169.1 169. 4
114. 4 140.0 131.4 — 136. 3
116.5 86. 1 118.5 - 118.5
123.7 102.1 130.9 — 130.9
113.8 95.0 115.5 — 116.5
39.9 69. 62. 8 100 117 116.8 102.0 121.2 — 121.2
33.6 60. 67.6 100 103. 112.7 88.6 113.8 — 113.8
3.7 49, 3 61.8 100 126.0 119.5 127, 2 124.0 - 124.0
43.17 67.5 66. 2 100 101.7 114.3 — 116.0 — 116.0
11.7 37.2 55.0 58.0 100 122.0 117. 2 - 127.9 — 128.1
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“The Exp experimental values were obtained from Gonnerman's experiments (1); the Cal calculated values were obtained by Eq. 6 with the following factors: aj = 0.0067 C3A + 0.1 and
@ =0.0018 G3A + 0.005.

hese cements were double bumed.
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Figure 1. Comparison of experimental and computed values to illustrate effect of C;A content on the

kinetics of the hardening of portland cement in 1:2.75 mortars; experimental values represented by
points, computed values by lines.

For the calculation of the factors of p, a1, and az, the potential compound composi-
tions of clinkers were used that were computed by Gonnerman. These factors were
substituted into Eq. 6, and the values calculated by a digital computer were compared
to Gonnerman's experimental values of relative strength (Table 1).

A group of the calculated values and experimental results is shown in Figure 1. The
relative compressive strengths of three cements are plotted from Table 1 as a function
of age. The computed CsS contents of all three cements are practically the same but
the CsA contents are different. Points represent the experimental relative values by
Gonnerman, and lines designate the calculated values. ‘I'he detalls of the caiculations
are illustrated in the following.

Example 1. The a parameters of cement No. 1 are calculated by Egs. 7 and 8:
a; = 0. 22 and az = 0. 037
Substituting these values into Eq. 6:

-0, 22t
-6. 15

0. 5700 037t
- 0. g7

1-0.43¢
1-0.43¢

S = 100

¢ 1

-0.22 o o

100( 1.25 - 0, 54e o0 037t)



21

240
220}
s200}
£180}

t
® & O
e 0 O
L] L 1

(o)}
(@)

S, Relative Gompressive Stren
® O
O O

——F D
i w32
T sy S

1 1 1

20 30 40 50 60 70
100p 038 Content, %

N
o o &
l-l

}
|

]

|
_-ItO

|
S
s

Figure 2. Experimental and computed values for relative compressive strengths of 1:2.75 mortars as a
function of the G3S content for portland cements with computed C3A content between 5 and 8 percent;
experimental values represented by points, computed values by lines.

Similarly, the equations of the curves for relative compressive strength vs age for
the cements Nos. 24 and 7, respectively, are

-0.147t

-0.93e

i -0. 018t)

c, 24 =100 (1. 58 - 0.65e
and

-0.10t _

L 230 -0 005t>

Sc, n = 100(2. 12 -0.89e¢
It is apparent from these equations (or from Fig. 1) how significant the effect of
CsA content is on the strength development. Figure 1 also indicates that a straight line
approximates the compressive strength vs age relationship in a semilogarithmic system
within the limits of 3 and 90 days. Beyond these age limits, however, this approxima-

tion is no longer valid.

Another kind of comparison is shown in Figure 2 between experimental and computed
strength values of Table 1. For this comparison, the relative compressive strength
values of those portland cements are plotted as a function of CsS content, the CsA con-
tents of which are within 5 and 8 percent. Again, points represent the experimental
relative values by Gonnerman, and lines designate the values that were calculated by
Egs. 6, 7, and 8 with CsA = 6.5 percent. Figure 2 shows that (a) there is a good corre-
lation between the CsS content and the relative compressive strength at various ages of
cements with approximately the same CsA contents; and (b) the model provides the re-
lationship with a fair approximation.
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Figure 3. Effect of the C3A content on the relative compressive strength of 1:2.75 mortars at various
ages (computed values).

For other CsA contents the relationship of strength vs CsS content will be different,
as shown by Figure 3. Relative compressive strength values calculated by Eqs. 6, 7,
and 8 are presented as a function of the CaS content for various CsA contents and ages.
In the families of curves related to the ages of 1, 3, and 7 days, the lower curves,
the middle curves and the upper curves represent the CsA contents of 2. 5 percent,

10. 5 percent, and 18.5 percent, respectively. This order is reversed in the families
of curves related to the ages of 3 months and 1 year. Iigure 3 shows that the ettect ot
CsA on the relative strength of portland cement depends also on the CsS content, or
that the effect of CsS depends on the CsA content.

The 410 pairs of strength values in Table 1 show that the agreement between the ex-
perimental values by Gonnerman and the calculated values is in most cases acceptable
although high discrepancies also exist. The average difference between the experi-
mental and calculated values, computed from the mean square residual, for these re-
sults is 11. 7 percent; that is, Sexp = Sca] +11.7. Admittedly, some of these discrep-
ancies are duetothe applied simplificationsinthe model. It isalsotrue, however, that the
highdiscrepancies occur mainly with cements that have compositions beyond that of normal
portland cements, and/or where they showed retrogression in strengthat later ages. For
instance, if the 3-month strengths of the cements with 0 percent CsA content are omitted as
well asthe 3-month, 1-year and 3-year strengths of the cements Nos. 50 and 51, thenthe av-
erage difference betweenthe experimental and calculated values for the remaining 396 pairs
of strengthvalues is reduced to 9.2 percent. The goodness of fit is shown in Figure 4 by
plotting these 396 pairs of strengthvalues. The goodness of fit could further be improved by
omitting those values from the comparison that show retrogression in strength.
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Figure 4. Comparison of 396 experimental values by Gonnerman with computed values of relative com-
pressive strength of 1:2.75 mortars.

TABLE 2
VALUES OF a; AND a: FOR THE RELATIVE STRENGTH RESULTS BY KLIEGER
Type of Test (gz/gt) a1, 1/Day az, 1/Day
Tensile strength of mortar
(ASTM C 190-49) 0. 80 0.02 CsA
Compressive strength of mortar
(ASTM C 109-49) 0. 20 0. 005 CsA
Flexural strength of mortar 0. 45 0.01 CsA
Compressive strength of
concrete, 6 bag/cu yd about 0. 43 0. 40 0. 002 CsA + 0. 02
Flexural strength of
concrete, 6 bag/cu yd 0,43 0.55 0. 001 CsA + 0. 02
Compressive strength of
concrete, 4% bag/cu yd about 0. 54 0. 30 0. 005 CsA
Flexural strength of
concrete, 4% bag/cu yd 0. 54 0.5 0.005 CsA
Compressive strength of
concrete, 3 bag/cu yd about 0, 80 0. 15 0,003 CsA

Flexural strength of
concrete, 3 bag/cu yd 0.80 0. 25 0. 004 CsA
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Figure 5. Comparison of 156 experimental values by Klieger with computed values of relative tensile
strength of standard 1:3 mortars.

The compressive strengths of the 1:4. 25 mortars and the tensile strengths show ten-
dencies similar to the values in Table 1; however, the goodness of fit is poorer between
the experimental and calculated values, particularly at the later ages. Therc arc also
cements that gave high descrepancies in the 1:2. 75 mortar but showed good fit in the
1:4. 25 mortar, or vice versa. This seems to indicate that some of the discrepancies
are due to the random variation of the experimental resuits. A non-linear form ior
Eqgs. 7 through 12 m1ght result in a better approximation, but this would again be at

+tha nvnanan Af ainan
vaiv Capliuse v u;.uy;xvaw‘yo

The goodness of fit of the method recommended by Gonnerman for calculation of mor-
tar strength in terms of age and composition of cement was also evaluated. When the-:
calculation was extended to all 410 pairs of strength results, the values calculated by
his method provided a somewhat better fit to the compressive strengths of his 1:2. 75
standard mortars than the present model did. However, when the comparison was re-
stricted to the 396 pairs of results shownin Figure 4, the goodness of fit was practically
the same as that obtained by Gonnerman.

It is important to recognize that Gonnerman needed four empirical constants for each
age group in his calculations. Apart from other inconsistencies, this means that his
method uses more than 20 empirical constants for the detailed description of the strength
development for the period of two years, as compared to the two constants (a; and az) of
the model. Also, the goodness of fit of the model is improved by restricting its use to
portland cements of usual composition.

Thus, one can conclude that the experimental results published by Gonnerman (1)
verify Eqs. 5 through 12,
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Figure 6. Comparison of 156 experimental values by Klieger with computed values of relative com-
pressive strength of standard 1:2.75 mortars.

Experiments by Woods et al on Mortars

Woods and his co-workers have also published a relevant but short test series for
mortar strength (11). The mix proportion of the mortars was 1:3 by weight, both for
the compressive and for the tensile strengths. A comparison, the details of which are
omitted here, indicated that Eq. 6 provides a reasonable approximation for these mor-
tar strengths, too. More specifically, the same a; and a2 values are suitable for the
relative tensile strength here as were presented for the tensile strength results by
Gonnerman as Eqs. 11 and 12, However, the following values were found suitable for
the relative compressive strength:

a;=0.3 (13)
az = 0. 004C5A + 0.01 (14)

These values differ slightly from the values that were recommended as Eqs. 7 through
10, probably due to the difference in the mix proportions of the mortars.

Experiments by Klieger on Mortar and Concrete

Klieger tested the strength of 29 portland cements of different compositions (22).
Several of these cements were "treated'; that is, these cements are comparable to the
present-day air-entraining cements. The first digit of the cement numbers he used
indicates the standard type of the cement. For instance, cement No. 11 is a Type I
portland cement.
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Figure 7. Comparison of 130 experimental values by Klieger with computed values of relative flexural
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Figure 9. Comparison of 130 experimental values by Klieger with computed values of relative flexural
strength of 6 bag/cu yd concretes.

In the mortar series the tensile strength was tested on 1:3 standard Ottawa sand bri-
quets according to ASTM C 190-49; the compressive strengthwastestedon1:2.75graded
Ottawa sand plastic cubes (2 in.) according to ASTM C 109-49; and the flexural strength
on 1:2, 75 graded Ottawa sand plastic prisms. The specimens were cured in moist air
at 73 F until test. The characteristics of the tested cements were described by Lerch
in a previous paper (23). Accordingly, the SOs content of the cements was about 1.6
percent by weight, and the fineness was about 1, 800 cm?/g (Wagner). Only cements
Nos. 31, 33, and 33T were exceptions since they had higher fineness and higher SOs
content. Thus, the hardening of these three cements should be discussed separately.

The compound composition of the cements, calculated again by the Bogue method (21),
was also published in Lerch's paper except for cements Nos. 19A, 19B, and 19C, the
compositions of which were presented by Klieger. The strength tests were performed
at ages of 1, 3, 7, and 28 days, 3 months, 1 and 3 years.

The a values obtained for Klieger's mortar strengths are given in the upper part of
Table 2. For usual CsA contents these values are fairly close to, but not identical
with the a values obtained for the Gonnerman mortar tests, probably because of dif-
ferences in the curing temperature. Thus, values in Table 2 are valid again only under
the circumstances that were used by Klieger (limits of CsA content, fineness, SOs con-
tent, etc.). Under these circumstances, however, the a values in Table 2 appear suit-
able for the description of hardening of portland cements in Ottawa sand mortars pro-
vided that strengths are determined according to the pertinent standards.

Parenthetically, the value of a; for the standard compressive strengths of cements
Nos. 31, 33, and 33T is about 0. 5 1/day, and the related a- is about 0.17 1/day. Al-
though these are only rather rough estimates, comparison with the pertinent values in



TABLE 3
EXPERIMENTAL AND CALCULATED RELATIVE COMPRESSIVE STRENGTHS OF 4% BAGS PER CUBIC YARD CONCRETES?

Relative Compressive Strength (%)

Cement CsS CsA

No. @ ) 1 Day 3 Day 7 Day s 3 Month 1 Year 3 Year
Exp Cal Exp Cal Exp Cal Exp Cal Exp Cal Exp Cal

11 50.0 12,1 13.3 17.5 71.6 67.3 100 108. 8 109.9 119.5 110.1 117.9 110.1
11T 51.0 12,2 14.3 17,7 71.8 67.8 100 106. 4 109.5 114.2 109.8 121.2 109.8
12 45.0 12.6 10.2 16. 6 66. 5 65. 2 100 116. 3 110. 2 122.9 110. 4 129.1 110. 4
12T 46.0 12.5 7.0 16. 8 61.0 65.7 100 109.0 110, 1 120.0 110.4 125. 3 110. 4
13 50. 0 10.1 18.8 17. 6 57.9 66.9 100 121.8 113.3 135. 2 113.9 142, 5 113.9
14 42.5 8.2 15.4 16.3 67.2 63. 2 100 110.0 120. 6 126.0 122, 3 135.7 112. 3
15 64.5 12.1 21.6 20.1 81.1 3.7 100 107.8 106.8 110.3 107.0 109.1 107.0
16 53.5 7.5 17.5 18.6 68.7 68.9 100 112.0 117. 6 121, 4 119.5 131.1 119.5
16T 52.5 7.9 19.3 18.3 70.8 68. 3 100 108.0 117, 1 115.0 118.7 132.1 118.7
17 52.0 10. 4 12.8 17.9 60. 3 67.9 100 111.1 112.1 113.8 112. 6 119.3 112. 6
18 44,5 13.2 12.0 16. 5 64.3 65.3 100 111. 2 109. 4 116. 7 109. 6 121.7 109. 6
18T 44,0 13.2 9.2 16. 4 72.9 65.1 100 105. 8 109. 4 114.8 109. 7 120.3 109, 7
19A 36.8 9.8 13.2 15.0 55, 2 60. 3 100 138. 2 118. 2 163. 2 119.1 191.7 119.1
19B 48.6 9.9 13.1 17.3 62.0 66. 2 100 120.5 114.1 127.2 114.8 140. 8 114.8
19C 52.0 10. 3 16.1 17.9 70.8 67.9 100 112.2 112, 3 119.1 112.8 126. 2 112.8
21 40.0 6.4 h o (9§ 16. 2 56. 2 62, 4 100 131.3 128.0 160.0 132.5 164. 8 132.5
21T 38.0 6.6 9.8 15. 7 577 61.2 100 128. 6 128, 4 150. 8 132. 7 154. 3 132.7
22 41.5 6.6 10.9 16.5 54,4 63. 2 100 116.5 126.3 128.5 130. 3 139.2 130.3
23 51.0 3.7 16.5 19.9 63.9 71.6 100 123.0 128. 2 134.7 141, 2 141.0 138.3
24 41.0 5.4 15.8 16.9 65. 2 63.8 100 124. 6 131.2 138.0 138.3 141.0 138.3
25 34.0 4.7 15.5 15.7 49.5 60. 5 100 140.8 139.8 164. 6 151.9 170. 5 151.9
41 20.0 4.5 13.2 12.1 45,6 50.9 100 153. 3 155.9 179. 7 174. 2 177.0 174.3
42 27.0 3.5 14. 4 15.0 46, 6 58,1 100 185, 3 153. 6 223.0 180.7 245, 3 181.9
43 25.0 6.2 8.9 12.8 46. 7 53.4 100 146.0 139. 2 177.0 146.0 185. 8 146. 0
43A 29.0 5.3 13.3 14,2 43.2 56. 6 100 165. 0 141.2 197.7 151.1 213.9 151.1
51 41.0 3.7 18.5 18.1 61.4 66.5 100 152. 3 137.0 162.1 154. 1 179. 2 154, 2

%The Exp experimental values were obtained from Klieger's experimen:s (22); the Cal calculated values were obtained by Eq. 6 with the following factors: a; = 0.30 and g, = 0.005 GyA; T designates
cements that are comparable to present-day air-entraining cements.



TABLE 4
EXPERIMENTAL AND CALCULATED RELATIVE FLEXURAL STRENGTHS OF 4% BAGS PER CUBIC YARD CONCRETES?

Relative Compressive Strength (%)

Cement CsS CaA 1 Day 3 Day T Day 3 Month 1 Year 3 Year
No. (%) (#) 28 Day
Exp Cal Exp Cal Exp Cal Exp Cal Exp Cal Exp Cal

1 50, 0 12.1 31.6 24.9 83.2 72.4 100 113.5 109.9 110. 5 110. 1 116. 8 110.1
11T 51.0 12, 2 27.2 25, 2 86. 4 73.0 100 115. 6 109.5 113. 5 109.7 115:.5 109.7
12 45.0 12. 6 14,2 23,3 75.1 69. 8 100 111.2 110. 2 107.0 110. 4 109.1 110. 4
12T 46,0 12.5 12,4 23.6 76.7 70.3 100 118.7 110.1 122.5 110. 4 117.9 110. 4
13 50. 0 10, 1 27.17 25, 2 70.5 72.2 100 118.3 113. 2 128. 5 113.8 128.5 113. 8
14 42.5 8.2 23.8 23,3 .7 68.0 100 117.3 120. 6 121. 2 122, 3 118.1 122, 3
15 64, 5 12.1 33.1 29.4 89.2 80.0 100 109. 2 106.8 109. 2 107.0 102, 2 107.0
16 53.5 7.5 25.2 27.2 81.6 74.8 100 116, 0 117.5 117.5 119. 4 118. 2 119. 4
16T 52.5 7.9 28,2 26,7 75. 4 74,0 100 115, 4 117.0 110.0 118.6 120.8 118.6
17 52.0 10. 4 18.5 25.8 75.3 73.3 100 113.0 112.1 116.9 112.6 110.8 112. 6
18 44.5 13.2 20.0 23,1 78.4 69.8 100 115.3 109. 4 113.8 109. 6 112.3 109, 6
18T 44,0 13.2 17.1 22.9 82.9 69. 5 100 121, 2 109.5 123.0 109.7 123.0 109. 7
19A 36. 8 9.8 16.0 20. 8 63.9 64. 4 100 129.9 118, 2 139.3 119.1 149.0 119.1
19B 48.6 9.9 18.1 24,8 71.6 71.4 100 117. 2 114.1 125.0 114. 8 123.2 114. 8
19C 52.0 10.3 25. 6 25,8 76.6 73.3 100 116. 4 112, 3 121.8 112, 8 115.0 112, 8
21 40,0 6.4 12,7 23.2 64. 4 67.3 100 126, 2 128.0 139.9 132, 4 139.9 132, 4
21T 38.0 6.6 15.7 22.5 73.0 65. 8 100 121.7 128, 4 140. 8 132. 6 139, 0 132.6
22 41,5 6.6 14.8 23.7 66. 4 68.1 100 118.7 126, 3 118.0 130, 2 127.:3 130. 2
23 51.0 3.7 21,2 29.6 72.3 78.3 100 124.2 128.1 130.0 141.1 124, 2 141, 2
24 41.0 5.4 22,2 24,5 75.2 69. 1 100 118.0 131.1 125.7 138.3 127.3 138.3
25 34,0 4.7 19.3 22.17 59.6 65. 3 100 134.0 139.8 144.9 151.9 139.3 151.9
41 20.0 4,5 16.5 16.8 53.0 54.1 100 129. 5 155. 8 152.0 174. 2 145.1 174. 2
42 27.0 3.5 19.0 21.5 54.0 62.6 100 165, 0 153. 6 176. 0 180.7 172.0 180.9
43 25.0 6.2 9.8 17,7 52.8 56. 7 100 125.1 139.2 125, 1 146.0 126.0 146.0
43A 29.0 5.3 15, 2 20.0 50.5 60. 6 100 141.9 141, 2 161, 0 151.0 155.1 151.1
51 41.0 3.7 21.0 26.5 63.8 72.4 100 125.1 137.0 131.0 154. 1 133.7 154, 2

9The Exp experimental values were obtained from Klieger's experiments (22); the Cal calculated values were obtained by Eq. é with the following factors: aj=0.50 and @ = 0.005 C3A; T designates
cements that are comparable to present-day air-entraining cements.
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Figure 10. Comparison of experimental and computed values to illustrate effect of test method on the
kinetics of the hardening of portland cement in mortars; experimental values represented by points,
computed values by lines.

Table 2 shows how conveniently the a parameters can be used for the numerical char-
acterization of the effects on the hardening of portland cements.

The a; and a: parameters were calculated for each cement with the computed CsA
content by the formulas of Table 2. These factors were substituted into Eq. 6, as in
Example 1, and the calculated values were compared to Klieger's experimental values
of relative strength as shown in Figures 5 through 7.

Klieger also made two large series of concrete experiments with the same cements
with cement factors 6 and 4% bag/cu yd, respectively, and a short series with 3
bag/cu yd, all with a slump of about 2% in. Both the compressive strength and the
flexural strength of these concretes were measured at ages of 1, 7, and 28 days, 3
months, 1 and 3 years. The flexural strength was determined by third-point loading,
and the compressive strength on 6-in. beam ends with the modified cube method ac-
cording to ASTM C 116-49T. All the specimens were cured continuously moist.

The a values related to these concrete strengths are given in the lower part of Table
2. The values of relative strengths that were calculated by kig. b with the appropriate
a, and a2 values are shown in Figures 8 and 9, or for the 4'% bag/cu yd concrete, in
Tables o and %, LOBELIET Wil the relative Strengilis Obtained 11oin the €xpeiiincinal re-
sults by Klieger.

A comparison of the a values for the concretes of two different cement contents re-
veals that the development of relative strength is quicker and the decelerationis stronger
for higher cement contents and for lower water-cement ratios, other factors being equal.
Other investigations concerning the relative strength of concrete based on the 28-day
strength led to the same conclusion (24, 25, 26).

The calculated values and experimental results are shown in Figure 10. The relative
values of tensile strength, compressive strength, and flexural strength of mortars made
with the same cement are plotted as a function of age. Points represent the experi-
mental values, and lines designate the values calculated by Eq. 6 with the appropriate
values of a; and az of Table 2, as shown in Example 1. Again, the rate of increase in
the relative tensile strength of a portland cement is much higher than the rate of in-
crease in the relative compressive strength, but the deceleration of the development of
tensile strength is also stronger.

Figure 11 shows the relationship at age 7 days between the compressive strength of
mortars and the compressive strength of 4% bag/cu yd concretes (Table 3) made with
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TABLE 5

AVERAGE DIFFERENCES BETWEEN EXPERIMENTAL AND CALCULATED
VALUES FOR THE RELATIVE STRENGTH RESULTS BY KLIEGER

No. of Average Regularity of

Type of Test Exper. Values Difference Differences

Tensile strength of
mortar 156 8.2 The calculated values
are apt to be slightly
high at the age of
3 years.
Compressive strength
of mortar 156 13.8 The calculated values
for Types 4 and 5
cements are apt to
be low at later ages.
Flexural strength
of mortar 130 7.1 —

Compressive strength of
concrete, 6 bag/cu yd 130 12,5 The calculated values
are apt to be low at
the age of 3 years.
Flexural strength of
concrete, 6 bag/cu yd 130 9.2 The calculated values
are apt to be slightly
high at later ages.

the same cements. Points represent again the experimental values by Klieger, and the
line designates the values that were calculated by Eq. 6 with the appropriate values of
a1 and az. Figure 12 shows the relationship between the 7-day flexural strengths of
mortars and 42 bag/cu yd concretes (Table 4) made with the same cements.

Figures 5 through 9 and Tables 3 and 4 show that there are quite a few discrepancies
between the strength values calculated by Eq. 6 and the experimentally obtained values.
Nevertheless, the number of serious differences is relatively low compared to the total
number of experimental data given here. For the numerical illustration of the overall
goodness of fit, Table 5 gives the average values of the differences between the calcu-
lated and experimental data shown in Figures 5 through 9. Further analysis reveals
that the greater average differences of the compressive strengths are due mainly tothe
inadequacy of the calculated compressive strengths of the Type 4 and Type 5 portland
cements at the ages of 1 and 3 years. Apart from these, however, the obtained overall

peated strength tests. Reference is made here to the random variations in Figure 1 of
Klieger's paper (22) that compares the experimental results of two tensile streneth
series made with the same cements.

Figures 11 and 12 provide further indirect verification of the model. They not only
show that the experimentally obtained relationship between the flexural strengths of con-
cretes and standard mortars is dependent on the CaA content of the cement, while the
relationship for compressive strength is not, but also that the model is sensitive enough
to reflect these phenomena.

Thus, it may be concluded that the experimental data published by Klieger also verify
the recommended model for the kinetics of hardening of air-entraining and non-air-
entraining portland cements from the age of 1 day to 3 years. Exceptions are the 1-yr
and 3-yr compressive strengths of Type 4 and Type 5 portland cements that the model
is apt to underestimate. This also means that, within these time limits, the model can
be used for the description of the hardening of standard mortar specimens with the a
values given in the upper part of Table 2, provided that the fineness of the cement is
about 1, 800 cm®/g (Wagner), and the SOs content is about 1. 6 percent by weight.
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CLOSING REMARKS

After the completion of the first draft of the manuscript, the author learned that
Eqgs. 3 and 4 could also have been obtained from the assumption that the hydration of
CsS and the hydration of the second component are so-called "first order reactions. "
To show this, it is enough to point out that Eq. 3 is also a solution of the following dif-
ferential equation:

dT?-= a1 (So = S1) (15)

where the symbols are identical with those of Eq. 2. Eq. 15 is the mathematical def-
inition of the term "first order reaction.' This also shows that the a parameter is the
ratio of the rate of hardening and the remaining strength at a given age, and as such is
called the "specific reaction rate.' Despite the simpler form of Eq. 15, the author
kept Eq. 2, alias Condition 4, as the starting point for the development of the model.
The main purpose for this was to put emphasis on the concept of deceleration of hard-
ening which, along with the rate of hardening, contributes to a more complete picture
concerning the kinetics of hardening of portland cement.

An attempt was also made to use the actual compound composition of cements rather
than the potential composition for the calculation of relative strength values by the
presented formulas. This was possible because the actual compound compositions of
cements used in the discussed experiments of Klieger were determined by microscopic
examination (27). However, the strength values calculated with these actual composi-
tions did not show better approximation to the experimental values than when the po-
tential compound composition was used.

Finally, results of preliminary investigations seem to support the applicability of the
presented model for the description of the development of heat of hydration as well as
for the relation of "maturity" versus strength of portland cement. These results will
be presented in another paper.

NEED FOR FURTHER RESEARCH

The presented correlations between the calculated and experimental values are not
inferior to the majority of the accepted correlations in concrete technology. On the
other hand, the author does not want to give the impression by this that he is completely
satisfied with the recommended model as it is, because he is not. This model is only
the first step of a new attempt and, as such is necessarily crude. It is believed, how-
ever, that this method is applicable for a variety of portland cements in its present
form, and seems promising enough to invite further work for the refinement of this
model concept, including the development of a theory for the background of the model.

First of all, the approximation of the model for the compressive strength of Type IV
and Type V portland cements at later ages is less satisfactory. It is conceivable, of
course, that a modification of the model, such as a different interpretation of the factor
p, or a different form of parameter a, or a change in the third condition for the model
concerning the final strengths of the hardening components, or a consideration of the
minor components of cement, etc., would reduce the discrepancies between the ex-
perimental results and calculated values. Thus, further research in this direction is
desirable.

But besides these, numerous other questions remained open in connection with the
model that can be answered only after further successful research. Several items for
future research are as follows:

1. Derivation of the form of the a parameters as a function of CsA content from
theoretical considerations.

2. Determination of the effects of fineness, temperature, mix proportion, admix-
tures, etc., on the numerical values of the a parameters.

3. Application of the model to further aspects of the kinetics of the hydration of
portland cements, such as the nonevaporable water content and specific surface of the
cement gel.
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4, Investigation concerning the cause of the substantial difference between the
kinetics of the development of compressive strength and that of the tensile strength.
5. Application of the model for the strength of high alumina cements.

CONCLUSIONS

1. The extent of agreement between the analyzed experimental results and the values
calculated by Eq. 6 is not inferior to the majority of the accepted correlations in con-
crete technology. Therefore, until a better method is found, it is suggested that the
presented simple model is applicable for the kinetics of the hardening of a large group
of air-entraining and non-air-entraining portland cements up to the age of three years.

2. The specific rate of strength development of a portland cement can be considered
as a linear function and the specific deceleration of the strength development as a
quadratic function of the CsA content of the cement. The effect of the CsS onthe strength
depends also on the CsA content, and vice versa (Fig. 3).

3. The specific rate and deceleration of the strength increase are considerably
greater in the case of tensile strength, than in the case of compressive strength (Fig.
10). A further analysis of this phenomenon might contribute to a better understanding
of the relationship between the structure of cement paste and its strength.

4, The a; parameter characterizes the early strength development, while the az
parameter characterizes the strength development at later ages. Thus, the model
appears to provide an improved tool for the numerical description of certain effects,
such as temperature and admixtures, on the hardening process of portland cements.

5. The recommended model can also describe the relationship betweenthe strengths
of mortars and strengths of concretes made with the same cements with a reasonable
accuracy (Figs. 11 and 12),
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Formation of Ettringite in Pastes Containing
Calcium Aluminoferrites and Gypsum

P.K. MEHTA, Assistant Professor, and
A. KLEIN, Lecturer and Research Engineer, Department of Civil Engineering,
University of California, Berkeley

oIT IS generally believed that the CsA phase of portland cement is the source of alu-
minate ions, which can react with calcium and sulfate ions toform tricalcium aluminate
trisulfate hydrate (CsA- 3CS aq.), commonly called ettringite. Portland cements con-
tain other alumina-bearing phases, namely, the alite phase (CsS containing generally
about one percent Al;O3 and one-two percent MgO in solid solution) and the ferrite
phase (C2A-C:F solid solution series to which compounds Cs¢A2F, C4AF, CsAF;and
C:2F belong). It was the purpose of this investigation to determine the contribution of
alite and ferrite in reactions involving formation of ettringite. (Stangard abbrevia-
tions are as follows: C = CaQ; A = Al;03; F = Fez03; S = SiOz; S = SOs; H = H20.)

The formation of ettringite in hardened concrete is generally believed to be the most
common cause of disruptive expansion. Considering the stoichiometry of Reaction 1,
Hansen and Offutt (1) pointed out that the volume of ettringite formed is eight times the
original volume of CsA, whereas Bogue et al (_2_) showed that ettringite formed is 227
percent of the total volume of reactant solids:

C3A + 3C§H2 a4 C5A- 3CS- 31 Hy 0. (1)
g. molar weight 270 516 1236
molar volume 88.8 222.3 714. 17

Although concretes made with low C3A cements are generally sulfate resisting, the
relation between sulfate resistance and ferrite phase is not clearly established. Bogue
and Lerch (3) showed that sulfate resistance of portland cements having low C3;A content
but high C.AF content could be poor.

CHEMISTRY OF SULFATE ATTACK ON PORTLAND CEMENT CONCRETES

When a sample of portland cement is hydrated with water, both Cs A and CSHz(gypsum)
dissolve rapidly. The liquid phase becomes supersaturated with respect to ettringite
through the solution of calcium, sulfate and aluminate ions, and subsequently crystals
of ettringite soon appear as has recently been shown in the electron microscope investi-
gations of Schwiete and Niel (4). The formation of ettringite in fresh concrete is not
considered deleterious since the fresh material is still in a relatively unhardened state.
The stoichiometry of Reaction 2 indicates that if all the CsA is to be converted to et-
tringite, the gypum content must be 1. 9 times the weight of CsA. For example, 4 per-
cent gypsum is required to react with 2. 1 percent C3A. When the gypsum has been
consumed, any additional calcium and aluminale ions which are available can combine
with ettringite and form the monosulfate hydrate (CsA- CS aq.) as shown by Reaction
3. Reaction 4, due to combined Reactions 2 and 3, indicates that the equilibrium pro-
duct in concrete made with typical ASTM Type I portland cement containing about 10
percent CsA and 4 percent gypsum, would be the monosulfate hydrate:
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CsA + 3CSH: = CsA- 3CS aq. 2)
2C3A + C3A-3CS aq. = 3(CsA-CS aq.) (3)
C3A + CSH: = C3A-CS aq. (4)

Kantro et al (5) and Chatterji and Jeffery (6) have confirmed by X-ray diffraction analy-
ses that, in pastes of high-CsA cements, ettringite is gradually converted to the mono-
sulfate hydrate

From the stoichiometry of Reaction 4, it may be calculated that 4 percent gypsum
is sufficient to convert 6. 3 percent CsA into the monosulfate hydrate. In a portland
cement, CsA above 6. 3 percent, reacting with water saturated with Ca(OH)z, which is
formed predominantly due to hydration of the calcium silicates present in portland
cement, can therefore hydrate to C4A aq. as shown by Reaction 5:

CsA + CH = C4A aq. (5)

Although several investigators, including D'Ans and Eick (7), have reported the exist-
ence of solid solutions between the monosulfate hydrate and C4A aq., Turriziani and
Schipps (8) believe that the two compounds form only a series of mixed crystals. What-
ever the case may be, it is evident from Reactions 6 and 7, that the presence of mono-
sulfate hydrate or C4A aq., or both (or a solid solution of the two compounds) in hard-
ened concrete makes it susceptible to attack by sulfate:

CsA-CS aq. + CH + 25— CsA- 3CS aq. (8)
CsA aq. + CH + 35— C3A- 3CS aq. (7

Reactions 6 and 7 suggest that one method of decreasing susceptibility of cement
paste to sulfate attack is through reduction in the amounts of monosulfate hydrate and
C4A aq. formed in hardened concrete. Reactions 3 and 5 indicate that this could be
achieved by reducing the quantity of CsA in portland cement. Numerous investigators
including Carlson and Bates (9), Bogue et al (2) and many others have verified that
there is a definite inverse relation between the C3A content of portland cement and its
sulfate resistance. The ASTM specifications (10) for sulfate resisting portland cement
(Type V), therefore limit the calculated* CsA content of the cement to a maximum of
5 percent, and calculated C4AF + 2C3A to a maximum of 20 percent. In manufacturing
cements of a fixed Al2Os content, the potential CsA content of the cement maybelowered
by decreasing the A/F ratio in mix design so that more of the alumina is used up in the
formation of the ferrite phase (C4AF or C4AF-C2F solid solution).

As was pointed out, although concretes made with low-C3sA cements are generally
sulfate resisting, the relationship between sulfate resistance and ferrite phase is not
yet clearly established.

MATERIALS AND EXPERIMENTAL PROCEDURES

Table 1 gives the results of chemical analyses of three samples of commercial
portland cements A, B, and C used in this investigation. These are low-CsA or so

*
The calculated C3A content in portland cement is equal to Al,O3 X 2.650-Fe;O3 X 1.692, where
Al;O5 and Fe;O4 are determined by chemical analysis. This assumes that a part of alumma from the
cement raw-mix combines with all the available iron oxide to form C4AF phase, and the remaining
alumina takes up a stoichiometric amount of lime to form C3A. In actual practice, Von Euw (11) and
Locher (12) have determined that the equivalent of about 2 percent of C3A is present in the tricalcium
silicate solid solution phase. Consequently, the potential C3A content of cement is usually higher by
about 2 percent than the actual C3A content determined by quantitative X-ray diffraction and micro-
scopic techniques.
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TABLE 1

CHEMICAL ANALYSES OF COMMERCIAL
LOW-CsA CEMENTS

Chemical A B C D2
SiO: 21. 20 20. 80 21.80 21.85
Al20; 2.90 2.72 2. 30 4. 46
Fez0s 5. 60 5.97 6. 16 5. 64
Cao 65. 20 65. 20 65.70  62.64
MgO 1. 10 1.52 0. 60 0.97
SOs 2. 40 2.43 2.63 1. 96
K20 + Na O 0. 44 0. 42 0. 33 0. 86
L.O.L 1. 00 0. 81 0. 64 1. 44

Total 99. 84 99. 87 99.95  99.82
A/F 0.520 0. 455 0.375 0.79
Potential Compounds
CsA 0 0 0 2.30
Fss(C4sAF + C.F) 15. 6 15.9 15.3 17. 00

9Chemical analysis of a British low-C3 A cement (19) shown here for ref-
erence only.

called zero-CsA cements. Although the calculated CsA content of these cements is
zero, it is possible that small amounts of CsA may be present in these cements, hence,
the products of their hydration may not be truly representative of the reactions of fer-
rite phase alone with sulfate. It is not possible by X-ray diffraction analysis to identify
small amounts of C3A because the most intense peak due to CsA is overlapped by (002)
reflection of the ferrite phase. Consequently, in order to study the reactions of the
ferrite phase with sulfate, it was necessary to make synthetic cement samples contain-
ing the ferrite phase, alite, and sulfate. Alite was incorporated into these cements so
as to duplicate the conditions of hydration of the commercial cements where the environ-
ment becomes saturated with Ca(OH). produced by hydration of calcium silicates.

High-purity CeAzF, C4AF, Ce¢AF:and CoF were made in a Globar furnace at about
2400 F from mixtures containing stoichiometric amounts of reagent quality CaCOs,
Al(OH)s and Fez0s. High-purity monoclinic alite, containing stoichiometric proportions
of CaO and SiOz, and 1. 0 percent Al;Os along with 1.5 percent MgO was likewise made
in a gas-fired furnace at 2800 F. The compounds were ground to about 3500 cm?/g
(Blaine). Four samples of synthetic cements coniaining 50 perceni alite, 35 perceui
of each of the above mentioned ferrite phases, and 15 percent reagent quality gypsum
were prepared by blending. Another sample containing only alite and 15 percent gypsum
was made in order to test whether the aluminate present in the alite contributes to for-
mation of the calcium sulfoaluminate hydrates.

The cements were mixed with 40 percent distilled water by weight of cement, and
the pastes were analyzed by X-ray diffraction at ages 3 hours, 6 hours and 24 hours.
At 24 hours, the hardened pastes were stored in distilled water in a COa-free atmos-
phere. At ages 3 days, 7 days, 28 days and four months representative samples of the
hardened paste were withdrawn for X-ray diffraction analysis.

The synthetic cements investigated did not include consideration of the influence of
the alkalies which normally exist in portland cement, both as alkali sulfates and in case
of sodium, as components of CsA phase. According to Lea (13) concentrations of alka-
lies up to about one percent could occur in the liquid phase of a cement paste during the
first few hours of hydration. Since the solubility of calcium hydroxide is much reduced
by the presence of alkali hydroxides, Lea speculates that they might have some influence
on the nature of the cement hydration products. To ascertain the influence of alkalies
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on the nature of the hydrates produced by hydration of synthetic cements, another set
of the four synthetic cements containing alite, ferrite phase and gypsum were mixed

with one percent NaOH solution. As before, the pastes were subjected to X-ray dif-

fraction analysis at regular intervals.

A Philips Norelco X-ray generator with a Cu-target at 40 KV and 35 mA was used
in conjunction with a Philips Norelco Diffractometer having 1° divergence and scatter
slits, 0.006 in. receiving slits, and a scintillation counter at 850 V. The pulverized
sample was packed in an aluminum holder and was scanned at one-half degrees 20/min.
The level of pulse height analysis was maintained at 8. 0 V, the width at 27.0 V, and
the rate meter time constant at 2 seconds. The diffraction patterns were recorded at
500 counts per second full-scale deflection by a Bristol recorder. The patterns were
analyzed for unhydrated ferrite phase and trisulfate hydrate. A semi quantitative esti-
mate of these compounds in the pastes was made by direct comparison of relative peak
heights of certain intense peaks which were not overlapped by peaks of any other
compound.

RESULTS AND DISCUSSION

Figures 1 through 4 plot relative amounts of the trisulfate hydrate formed (as rep-
resented by the size of the most intense peak on X-ray diffraction pattern) against age
for the hydrated samples containing alite, gypsum and one of the four compositions of
the ferrite phase. The lower curve in each figure shows the effect of presence of alkali
in liquid phase. The peak heights are plotted to a linear scale, and age to a log scale.

Figure 5 shows similar plots for the three commercial brands of zero-Cs A cements
used in this investigation.

The data in Figure 1 indicate that the pastes of synthetic cement containing CsAzF
show trisulfate hydrate formation within three hours of addition of water, and that most
of the total trisulfate hydrate present was formeéd within 6 hours of hydration. The
peak intensity remained constant between ages 6 hours and 7 days, but in the case of
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Figure 1. Trisulfate hydrate formation in cements containing CsAsF, alite and gypsum (w/c = 0.4).
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Figure 4. Trisulfate hydrate formation in cements containing CoF, alite and gypsum (w/c = 0.4).
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the samples made with distilled water, an appreciable increase in the intensity of tri-
sulfate hydrate peak was observed between ages 28 days and 120 days. Onthe contrary,
in the case of samples made with one percent NaOH solution, practically all the tri-
sulfate finally present had formed within 6 hours of hydration, and no significant in-
crease in the intensity of the peak was observed up to age 120 days. The relative sizes
of trisulfate hydrate peaks at 120 days, however, were found to be similar regardless
of whether distilled water or NaOH solution was used.

The data in Figures 2and 3 for cements containing, respectively, C4AF and CsAF:
are similar in qualitative nature to the data reported for cements containing CsA:F
(Fig. 1). Quantitatively, the amount of trisulfate hydrate formed appeared to increase
with increasing A/F ratio of the anhydrous phase. This shows that reactivity of the
ferrite phase decreased with increasing F/A ratio. Similar observations have been
reported by Carlson (14) for action of water on the ferrite phase.

Figure 4 indicates that the formation of ferritic-trisulfate hydrate on hydration of
cements composed of CzF, gypsum and alite, is a very slow process, confirming that
C:F is the least reactive of all the ferrlte phase compositions. Greene (15)quotes
Watanabe and Iwai as having concluded that no CsF- 3CS aq. was formed in the hydra-
tion products of C:F and calcium sulfate. It is likely that these investigators studied
the early-age hydration products only. On the contrary, Bogue and Lerch (16), and
Budnikov and Gorshkov (according to Greene) did identify CsF- 3CS aq. in reaction
products of CzF with sulfate.

Figures 1 through 4 also indicate that replacement of distilled water by one percent
NaOH solution for hydrating the cements accelerates the reactions but does not cause
any discernible change either in the nature or in the amount of the hydration product.
This is in conformity with the results of several investigators including Seligmann and
Greening (17).

Figure 5 shows the data on trisulfate hydrate formation in the pastes of commercial
zero-CsA cements. The rates of formation of the trisulfate hydrate within 24 hours
were observed to be different for each case, but whatever trisulfate was present in the
24-hour sample remained constant until age 28 days and, thereafter, diminished slightly
as indicated by decreased height of peak at age 120 days. The decrease in amount of
trisulfate hydrate was not accompanied by formation of monosulfate hydrate or any
other detectable sulfate-bearing phase.

No trisulfate hydrate was detected in the hydrated alite-gypsum composition, there-
by indicating that the Al2Os present as a solid solution in alite is probably not extract-
able and, therefore, was not available for reactions with sulfates. Between 2.56 and
3. 18 A the diffraction pattern showed an increase in background which was probably
indicative of the presence of poorly crystallized calcium silicate hydrates.

The (100) reflection due to the aluminate-based trisulfate hydrate occurs at 9.71 A,
whereas in this investigation, a broad peak at 10.2 to 9.5 A was observed, especially
in samples of the early-age hydrates. This could be due either to poorly crystallized
aluminate-based trisuliate hydrate or to a soiid soiution beiween CsAr 3CS ag. aind
CsF-3CS aq., as reported by Turriziani (18).

Regarding the sulfoferrites, it is generally agreed that both the ferritic-trisulfate
hydrate (CsF- 3CS aq.) and the ferritic-monosulfate hydrate (CsF- CS) ag. which are
structurally analogous to C3A. 3CS aq. and CsA- CS aq., respectively, exist under
normal conditions. By X-ray diffraction it is possible to differentiate between the
ferrite-based trisulfate hydrate and the aluminate-based trisulfate hydrate, because
the (114), (216), and (226) reflections are apart by about 0.2 deg 26 (cu. ka). Turrizi-
ani (18) credits Cirilli with the finding that CsF- 3CS aq. forms solid solutions with
CsA-3CS aq. up to a limiting F/A molar ratio of 3.0. Further, on the basis of Malquori
and Cirilli's work, Turriziani states that, contrary to CsA.CS aq. -C4A aq. solid solu-
tions, no such solid solutions are formed between CsF- CS aq. and C4F aq. Another
important observation by Malquori and Cirilli is that, unlike CsA- CS aq., C3F- CS aq.
does not change to trisulfate hydrate on contact with solutions saturated with lime and
gypsum.

The diffraction peaks improved in sharpness with age, hence the presence of poorly
crystallized trisulfate hydrate at early age cannot be ruled out. Since a small increase
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in the unit cell dimensions occurs when Fe replaces Al [the (100) reflection for a
synthetic preparation of CsF- 3CS aq. being at 9.9 A] therefore, substitution of Fe for
a part of Al might be responsible for the broadness of the peak. In his observations

on the formation of cubic phase, Cs(A, F)Hg, by action of water on different composi-
tions of ferrite phase, Carlson (14) stated that the unit-cell dimensions of the cubic
phase obtained were larger than the dimensions of pure CsAH. He concluded that sub-
stitution of Fez0s in the hydrate corresponded to about one-tenth of the total R203 on
molar basis (R20s = Al»Os + Fe»0s). Also, under conditions of paste hydration of
C4AF, the hydrate formed contained Fez0s, although Carlson reported that the hydrate
was poorer in FezO; than the anhydrous material. Consideration of the stoichiometry
of the reaction shows that there is insufficient lime to combine with all the Al>Os and
Fez03 to form C3AHe - C3FHg solid solution phase from hydration of C4AF. The pres-
ence of excess lime should aid this process, as was confirmed by Chatterji and Jeffery
(19) who obtained the cubic phase with unit-cell dimensions about 0.5 percent larger than
that of C3AHs by hydrating paste of C4AF with added lime.

Analogous to the finding of Carlson (1:1_) on the formation of iron-substituted
Cs(A, F)Hs phase as previously discussed, if it is assumed that reactions of sulfates
with ferrite phase in the presence of Ca(OH): are capable of forming Cs(A, F). 3CS aq.,
the stoichiometric gypsum requirments by weight for complete conversion of alumina
and for conversion of one-tenth of the Fez:Os present to trisulfate hydrate are, respec-
tively, 1.55 parts, 1.17 parts and 0. 82 parts per part of the ferrite phase for C¢A:F,
C4AF and CsAF:. Considering that the synthetic cements contained 15 percent gypsum
and 35 percent ferrite phase by weight (i. e., 0.43 parts of gypsum per part of ferrite
phase), it is evident that the amount of gypsum used is far below the requirement for
complete conversion to the trisulfate hydrate, and, therefore, the availability of excess
aluminate (plus one-tenth of ferrite ions on molar basis) ions should have transformed
the trisulfate hydrate to the monosulfate hydrate, as shown by Reaction 3. The data
from the present investigations show that this did not happen. On the contrary, the
trisulfate hydrate content continued to be constant between the ages 7 days and 120 days,
which indicates that reactivity of ferrite phase was greatly influenced by presence or
absence of excess of Ca(OH). in the environment.

Due to insignificant hydration of alite within the first few hours of hydration, no
Ca(OH): was detected in hydrated samples at age 3 hours. In the 6-hr samples, the
first traces of Ca(OH). were detected in every case. Accordingly, trisulfate hydrate
appeared to have continued to form until the medium became adequately supersaturated
with Ca(OH).. Once there was excess of Ca(OH). in the environment, the reactivity of
ferrite phase was greatly depressed so that no more trisulfate hydrate formed due to
unavailability of aluminate and ferrite ions in the liquid phase. On the basis of X-ray
diffraction analysis, the content of free Ca(OH)2* in the hydrated pastes was noticed
to fall appreciably in 28-120 days period during which the trisulfate hydrate content
showed significant increase.

The sulfate-resistant cement used by Chatterji and Jeffery (1_9_) (cement D, Table 1)
had 2. 3 percent potential CsA and 17. 0 percent potential C4AF. Even this cement,
having a relatively reactive form of ferrite phase, did not show conversion of trisulfate
hydrate to monosulfate hydrate within the period of testing reported (3 months). The
authors attributed this to either (a) stabilization of trisulfate hydrate crystals by the
presence of free Ca(OH)z, or (b) depression in the reactivity of ferrite phase to such
an extent that no monosulfate hydrate was formed. Carlson (14) studied the effect of
Ca(OH): concentration on dissolution of various compositions of the ferrite phase and
reported that the dissolution reaction was inhibited by increasing concentration of
Ca(OH)z. The data in the present investigation indicate that probably part of the reason
for sulfate resistance of very low C3zA cements lies in the relatively high proportion of

*
The free Ca{OH), content of hydrated portland cements is known to decrease with age because the
calcium silicate hydrate gel gradually absorbs Ca(OH)2 to form products higher in CaO/SiO; ratio.
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less reactive ferrites and also in the depressed reactivity of the ferrite phase in pres-
ence of excess Ca(OH).. Although the trisulfate hydrate is less soluble in solutions
saturated with Ca(OH). than in pure water, the concentration of sulfate and aluminate
ions in the liquid phase also affect its stability. In the present study, the stability of
trisulfate hydrate was enhanced by the presence of sulfate* ions, and by the extremely
slow rate of availability of aluminate (plus ferrite) ions, i.e., slow rate of hydration
of the anhydrous phases containing Al.Os and Fez0s. Furthermore, just as the iron
analogue of monosulfate hydrate, on contact with sulfate solutions, resists change to
trisulfate form, it is possible that the trisulfate hydrate in which part of Al»Os is re-
placed by Fez03 may resist change to monosulfate on contact with aluminate solutions.

The X-ray diffraction studies of the hydration products of commercial brands of
zero-C3A cements confirm the preceding findings for hydrated synthetic cements con-
taining ferrite phase, gypsum, and alite. The trisulfate hydrate, formed within the
first 24 hours of hydration, remains fairly stable. The small amount of sulfate present
is probably responsible for the observation that not even a small increase in the tri-
sulfate hydrate content occurred in later-age samples. As compared to the synthetic
cements, the hydrated commercial cements (Fig. 5) exhibited a small decrease in
trisulfate hydrate during the period of 28-120 days. Since no monosulfate formed at
the cost of trisulfate hydrate, on the basis of Kalousek's (20) observations it is specu-
lated that the SOs made available due to dissolution of trisulfate hydrate might have
been absorbed by the calcium silicate hydrates. No hydrogarnets [3CaO(Al, Fe)203 3
(H20)- 28i02] were detected among the hydration products of commercial zero-CsA
cements up to an age of 120 days. It is possible that at later ages hydrogarnets con-
taining SiO2 could be present in the hydration products of zero-CsA cements, but in-
vestigations of Schwiete and Iwai @l) have indicated the sulfate resistance of such
phases.

CONCLUSIONS

Alite and ferrite phase are the two alumina-bearing phases in zero-CsA cements.
No trisulfate hydrate was formed in hydrated alite-gypsum mixtures, thereby indicat-
ing that under the test conditions used, the Al,O; present in alite is not liberated for
participation in the reactions involving sulfates and aluminates. On the other hand,
the trisulfate hydrate was formed on hydration of cements containing alite, gypsum,
and any one of four compositions of the ferrite phase, i.e., CeAzF, C4AF, CsAF:
and CoF. The diffuse nature of the peaks was apparently due both to the poor crystal-
linity of the product and to participation by a portion of the Fe»Oa present in the for-
mation of Cs(A, F)- 3CS aq. The amount of the trisulfate hydrate formed by reaction
of the ferrite phase with sulfate under the conditions of the test was observed to be
greaily infiuvenced by A/F ratio, the CeAxT Leing the most reactive and the C.F being
the least reactive. Alkalies were found to accelerate the reactions, but altered neither
the nature nor the amounte of the hydration nroducts.  TInlike typical ASTM Type I
portland cements, the trisulfate hydrate formed from hydration of either the synthetic
zero-CsA cements or of the three commercial brands of zero-CsA cements, did not
convert to monosulfate hydrate up to age 4 months—a phenomenon which may explain
the sulfate resistance of such cements. Depressed reactivity of the ferrite phase in
presence of excess of Ca{(OH). is, perhaps, the main reason for absence of monosulfate
hydrate in the 4-month-old hydrated speciments of cements used in this investigation.
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