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The reactions in lime-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. 

•THE CaO- Si02 - 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. 
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Designation 
of Silica 

Gels 

S-1 

S-3 

TABLE 1 

DETAILS OF SlLICA SAMPLES 

Description 

Silica gel for partition chromatrography, 
granular and uriiform sized 

Silica precipitated, light, fluffy and fine 
powder 

S-4 Sillca dehydmnl, white or light brown, 
nngular n,gg r~t~ pieces about 3/i. 6 in. 
and less 

S-5 

S-6 

S-7 

Silica, white, chalky precipitate 

Silica gel, white, gelatinous 

Silica gel, white 

Source 

E. Merck 

British Drug House 

Laboratory preparationa 

Laboratory preparationb 

Laboratory preparationC 

aTo 200 cc of a 37. 7 percent solution of sodium silicate (analysis of sodium silicate: 
Si02 - 24 percent; Na:P - 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 
inglassstopperedbottles. It had a loss on ignition of 11.5 percent and a Cl-0.017 
percent. 

bTo 1000 cc of a 20 percent solution of commercial sodium silicate of the mentioned 
composition, 1610 cc of 5 percent hydrochloric acid was slowly added with adequate 
stirring. The final pH was between 8 and 9. 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 Cl content of 0.012 percent. 

cTo 2000 cc of a 5 percent hydrochloric acid solution, 1140 cc of 20 percent solution 
of the commercial. sodium silicate was added. The final pH was 4. 0 . Gelatlon was 
slow. The finally washed and dried sample had a loss on ignition of 13. 5 percent and 
a chloride content 0.015 percent. 

TABLE 2 

SPECIFIC GRAVITY OF SILICA SAMPLES 
Physical and Chemical Properties 
of Silicas Used 

Sample 
Specific Gravity 

Number Raw 600 c BOO C 1000 c 

S-1 
S-3 
S-4 

2.11 2.09 2 .24 
1. 94 1.95 i .o4 
1. 74 1.94 L.94 

TABLE 3 

SURFACE AREA OF SILICA BY METHYL 
RED ADSORPTION 

Sample 
Surface Area (m'/gm) 

2 .26 
2 .21 
2 .09 

Number Raw 600 c BOO C 1000 c 

S-1 50.2 50.3 56.5 45.3 
S-3 B4.B 71.5 63.0 59. 7 
S-4 N.D. 60.0 46. 7 51.4 
S-5 75.B 78. l 61. 6 50.5 
S-7 59.B 71.2 N.D , 75. 7 

TABLE 4 

BOUND WATER CONTENTS AND CALCULATED 
FORMULAS FOR SILICA SAMPLES 

Sample 
Bound Water (%) Calculated Formulas 

Number 
Raw 600 c BOO C Raw 600 c BOO C 

S-1 4.0 l.O 0.3 S21eH40 S297H10 $299li3 

S-3 5.0 l.O 0.5 S216H5o S2s7Hi.o $299ff5 

S-4 11.5 1.0 0.3 S200H116 S2117H10 S209Hs 
S-5 8. 5 2.0 1.0 $27sH65 S2MH20 8297H1s 
S-7 13. 5 7 .5 4. 5 S200H1ss $249li75 S211rlLrn 

Specific Gravity-The specific gravities 
of raw silicas S-1, S-3 and S-4 and of the 
calcined samples derived from 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 perioct ot ;j nours, 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. 

Hyd1·0"--ylated Surface Area-The surface 
.area of 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 



3 

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 lier's derivations (2) for x and y in the general formulas SxHy derived from 
Carman's concept of colloiaal silica particles ~). 

Dividing Eq. 1 by Eq. 2, 

x = 22 n d3 
6 

y ::: ¥ (2. 8 d) 2 

x 
y 

0. 931 d 

(1) 

(2) 

(3) 

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). 

0 

4'02A 

zs· 20· 

(b) S 5 (I 0 0 0) 

Figure 1. X-ray diffractometer patterns for S-5 
(600 C) and S-5 (1000 C ). 

X-ray Studies-X-ray patterns were 
taken, using copper radiation for samples 
S-1, S-3 and S-4 after calcination at 800C 
and 1000 C. 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 ?- 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 

TABLE 5 

COMPUTED SIZE OF ULTIMATE 
PARTICLES OF SILICAS 

Sample Particle Size in Millimicrone 

Number 
Raw 600 c 800 c 

S-1 7 .5 32 107 
S- 3 6 , l 32 64 
S-4 2.5 32 107 
S-5 3 .~ 16 25 
S- 7 2, I 3.6 6, 9 
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weakening of the 3 . 9 to 4. 'I -A band, and the emergence of a line at 4. 01 A revealed the 
conversion of the silica to cristobalite. No quartz lines wei;,e visible. Similarly, S-4 
calcined at 1000 C showed a strong cr.istobalite 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). It was specified that the needle should penetrate 2 to 4 mm from the surface of a 

Sample 
Number 

S-1 
S-3 
S-4 
S-5 
S-6 
S-7 

TABLE 6 

COMPRESSIVE STRENGTH DEVELOPED BY 
SILICA-LIME PASTES 

W/S 

0.83 
1.50 
0.50 
0.94 
1.09 
0.88 

Micro-Cube Strength (psi)a 

600 c 

706 
2160 

600 
2540 
1980 
1940 

W/ S 

0.92 
1. 67 
0.42 
N.D . 
N.D . 
N.D . 

800 c 
640 

1200 
726 

N . D . 
N .D . 
N .D . 

W/S 

0. 20 
0 . 83 
0.42 
0. 62 
0 . 41 
0.33 

Average of 3 cubes. 

Figure 2. Micro-consistometer. 

1000 c 

2253 
2213 
1293 
812 
284 

2252 

pat of paste at the right consistency. Three 
1'2- 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 
mauut:r u::;iu!!, uu::; va::;tt::. Tu ::;tutiy U1t:: t::.l
fect of hard, inert materials on the 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 

COMPRESSIVE STRENGTHS OF SILICA PASTES 
AND CARBONATED LIME-SILICA PASTES 

Composition of Micro-Cubes 

S-3 paste without lime 
8-3 plus quartz- p::iwder without lime 
S-3 with lime carbonated to 20 percent 
S-3 with lime carbonated to 30 percent 
S-3 with lime carbonated to 50 percent 
S-3 with 100 percent CaCO, 

TABLE 8 

Micro-Cube 
Strength 

(psi) 

320 
1, 468 
1, 868 
1, 500 
1, 000 

136 

SILICA SOLUBILITY BY HCl TREATMENT OF LIME-SILICA 
PASTES AND THEIR MICRO-CUBE STRENGTHS 

Lime-Silica 
Paste 

S-1 600 C 
S-1 800 C 
S-11000 C 

S-3 600 C 
S-3 800 C 
S-3 1000 C 

S-4 600 C 
S-4 800 C 
S-4 1000 C 

S-5 600 C 
S-5 1000 C 

S-6 600 C 
S-6 1000 C 

S-7 600 C 
S-7 1000 C 

Percent Soluble Silica In: 

Paste Silica 

1.00 
O.B 
5.0 
2.0 
2. 6 
5. 5 

5.0 to 6.0 
5.0 to 6 . 2 
6.2to7.2 

4.4 
2 . 7 

4.1 
1.5 

4 . 1 
0 .9 

Nil 
Nil 
Nil 
Nil 
Nil 
Nil 
Nll 
Nil 
Nil 
Nil 
Nil 

Nil 
Nil 
0.1 
0.1 

Micro-Cube 
Strength 

(psi) 

706 
640 

2253 

2160 
1200 
2213 

600 
726 

1293 

2540 
612 

1980 
264 

1940 
2252 

5 

formed through the estimation of silica 
made soluble through interaction with lime 
in a 1:3 hydrochloric acid solution, after 
testing some of the micro- cubes. A pro
cedure which avoids extraction with sodium 
hydroxide or sodium carbonate was delib
erately adopted to prevent the errors re
sulting from the passing into such alkaline 
solutions of unreacted silica in the lime
silica gel pastes, which would give mis
leading figures of soluble silica. The pro
cedure adopted was in line with that adopted 
by Steope (4). Table 8 gives the results 
of acid extraction as related to micro-cube 
strengths. 

Study of Reaction Products in 
Cao - Si02 - H20 System 

Chemical Analysis-Lime-silica pastes 
kept in a sealed glass vial for about one 
year or more were chemically analyzed 
by standard methods. The loss of weight 
at 115 C was taken to be due to loss of free 
water. The loss on ignition at 1000 C rep
resented the loss due to free water, carbon 
dioxide and structural water . All the car
bon dioxide that was determined was as
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 
more 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 
HCl. 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 CaC03 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 CaO:Si02 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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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 



Description a! Paste 

Cao s. 600 
Cao +. s. aoo 
Cao • s. 1000 

CaO:S,raw "' 1: 1 
cured at 50 C 

Similar paste as above, 
curing at room temp. 

CaO;S3 600 = 1:2 
wet const11tency 

Same composition 
ae above, medium 
conBl8lency 

Total 
Cao 

TABLE 9 

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

Cao Phase <i> 

Cao in Cao in 
Ca(OH);, CaC03 

Cao in 
Cementing 

Phase 

Soluble 
SiOz 
(~) 

Loss on 
Ignition 

Loss Due 
to Ca(OH)a 

Water Phase 

Loss Due 
to CaCOJ 

Losa Due 
to Free 
Water 

Water in 
Cementing 

Phase 

(a) Effect of calcination of sllica on lhe composition of the paste (paste composition CaO:S102 == 1:2 ordinary curing) 

21.52 4.40 0 , 35 10 . 77 4.98 35 .~ 1.47 5.0 26.2 3. 73 
20.46 11.80 3.30 5.36 5.08 24 . 2 3,93 2.6 13.~ .f,30 
22.2 10.60 3.40 8 , 20 8.16 27 , 3 3.53 3 . 4 19 .0 1 .. 40 

(b) Effect oI temperature on composition of cementing phase, 3 years curing 

23.1 3.30 3,20 18.50 11,30 53.60 1.10 2.6 45.3 4,60 

23,2 3.10 3.50 16.60 13,30 53.80 1.00 2.7 45, l 5.0 

(c) Effect of initial consistency of the paete on the corupoeition of the cementing phase 

21.77 3 . 8 3 .9 13 .57 6.16 36.0 1.3 3 . 1 27.0 4.6 

21,52 4.4 6.35 10. 77 4.9B 35 , 9 1.47 5.0 26,2 ~.:a 

7 

Apparent 
Comp. of 
Cementing 

Phase 

Cs, 1Slla,t 
c, .• sH ... 1 • 
c, .• sH~,,. 

c, .• SH, . 1 

c, .• sH,,, 

C1 •• SH1. • 

C1.1SHa .a 

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 

so 

40 

~ • 30 

.... 
)S 

.:z 20 

.,. .., 
0 10 ..... 

200 400 600 800 1000 

TtMP. or CALCINATION 

Figure 4. Dehydration curve derived from thermobalance results for S-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 "hydroxy lated surface area" in silica, taking into account 
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. 
Dehydration Data Dye Adsorption 

(m2/gm) (mi/gm) 

S-1 363 50.2 
S-3 446 84.8 
S-4 1089 
S-5 777 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 surface area, 
could be a useful indication of the general trend during dehydration. 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 01 tne water nuea m1cro-cap111aries, some oi wmcn may iater aiiow dye acisorpuon. 

Particle size analysis (Table 5) shows that the growth in grain size beyond 600 C is 
----J..--.L .:_ ~ 1 --..l C'I A ~-..::1 .... - ..... L .... !- C'I f) 1 ........... .: .... C'I C:: ......... ...J .... -.-...... 1 ............. !- C' '7 
5.1.cc::t..LCOL .1.ll t...:1-.L c::t..lJ.U. u--:z:, .l.U.VUC.LQ.LC J..U u-\.1, J.VYV J.J.J. ...,-u, a.uu. y..:;;.1.3 .LVYY J..U. .....,- I. 

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 in the 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 pl'oves 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 2e = 20 
to 25 C are available for san:iples 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
s.ults 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 U1u·eacted 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 CaO:Si02 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 ~) . 
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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-0 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 formationoftobermorite-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 C1. s SH1. 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? 

~ Tc:! tha-r-.o. 'l nncc:dhHH-n· Af tho fn't"nl'ltinn nf ,..r:ilrdnt"n c:dliru.Jttl hirrh .. ~t&li rnrrinnnntic:. 1uith -· -- ------ -- r----~----.1 -- ---- ------------- -- ----------- ------- -- --., -- ----- -- --... :- ---- --
definite stages of hydration as in crystalline salts like CaS04 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 picture of cementation process involving cemented hydrated rims around unhy
drated hard cores could be extended to the physical structure of sandstones and to 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 the1 cementing 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 totheapparently 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-0 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 samples 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 C1. 5 SH1. 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 toa 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 
uue::; UUL ::;evarai.e Li1e !1yuru::;i:i.il0ai.eo lOUmpiei.eiy' i1e Jli:tb puiui.eu uul LJlt l:alOL i.!1ai. i.i1e 
acid completely dissolves hydrated portland cement. 
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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 cryshllinity 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-0 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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