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Abstract

This paper reports the results of an investigation carried out to understand the influence of a fine glass powder on cement hydration. The
pozzolanicity of the glass powder and a Class F fly ash for comparison was evaluated using strength activity index over a period of time, and a
rapid electrical conductivity based method. Flame emission spectroscopy and electrical conductivity tests were used to quantify the alkali release
from glass powder, and gain information on the rate of alkali release. It was found that the glass powder releases only a very small fraction of
sodium ions into the solution. It was observed that the glass powder modified pastes show higher non-evaporable water contents than the plain
paste and fly ash modified pastes, indicating that glass powder facilitates enhancement in cement hydration. An expression has been developed for
the change in non-evaporable water content as a result of enhancement in cement hydration and the hydration of the cement replacement material.
The efficiency of any cement replacement material with age in the paste system can be quantified using this parameter. Based on this parameter, a
5% cement replacement with glass powder was found to be effective at the chosen water-to-cementing materials ratio (w/cm), whereas at higher
replacement levels, the dilution effect dominates. A model to predict the combined degree of hydration of cement pastes incorporating more than

one cementing material is outlined. The measured and predicted combined degrees of hydration agree well.

© 2008 Elsevier Ltd. All rights reserved.

Keywords: Glass powder; Fly ash (D); Cement paste (D); Alkalis (D); Hydration (A); Degree of hydration (B); Non-evaporable water content

1. Introduction

Supplementary cementing materials (SCM) have become an
integral part of Portland cement concrete. They are useful in
improving the mechanical and durability properties of concrete by
beneficially impacting the material microstructure. The properties
of common SCMs like fly ash and silica fume, and performance of
concrete incorporating such materials are well documented. A
variety of other waste or recycled materials with supplementary
cementing potential are available, and their use in concrete
becomes an increasingly attractive option if there are environ-
mental issues related to their disposal. Fine glass powder is one
such material, which is the focus of this paper. Glass contributes a
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major share of the total solid waste that is disposed every year. The
recycling of waste glass is a major issue in urban areas of
developed countries [1,2], which has resulted in significant
interest of late in utilizing it in concrete.

Crushed glass has been used as a coarse aggregate in concrete
[3—6]. Attempts were made to use waste glass as a raw siliceous
material in the production of Portland cement [7,8]. The use of
coarse glass powder as a hydration enhancing filler has been
explored [9,10]. However, value addition of glass in concrete is
best achieved if it is used as a cement replacement material.
Glass is amorphous and has high silica content, which are the
primary requirements for a pozzolanic material. A particle size
of 75 pum or less is reported to be favorable for pozzolanic
reaction [11]. The high alkali content of glass is a typical concern
for its use in concrete, but studies [1,2] have shown that finely
ground glass does not contribute to alkali—silica reaction.

A few studies have investigated the potential of finely
ground waste glass powder as a pozzolanic material [2,11—14].
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Fig. 1. Particle size distribution of cement, glass powders, and fly ash used in
this study.

These studies have investigated the particle sizes, mechanical
property development, and alkali—silica reactivity of mortars
incorporating glass powder. This paper focuses on (i) examining
the alkali release characteristics of the glass powder, (ii) influence
of glass powder on cement hydration in pastes, and its comparison
to fly ash, and (iii) a model to predict the total degree of hydration
(both of the cement and the SCM) in pastes incorporating a SCM.
Though a series of other tests to characterize the glass powder and
compare it to fly ash like determination of flow value, setting
times, compressive strengths, calcium hydroxide contents using
thermal analysis, and heats of hydration were also carried out,
they are not elaborated in this paper. Some of those results are
reported in [15].

2. Experimental program
2.1. Materials and mixtures

Type I ordinary Portland cement conforming to ASTM C
150, fly ash conforming to ASTM C 618, and a fine glass powder

Table 1
Chemical composition and physical properties of cement, glass powder, and fly
ash used in this study

are used to prepare the cement pastes used in this study. The
particle size distribution (PSD) of these materials, along with
that of a coarse glass powder (for comparison) is shown in Fig. 1.
The chemical composition and physical characteristics of the
cement, fine glass powder, and fly ash used in this study can be
found in Table 1. The cement pastes were prepared with a water-
to-cementitious materials ratio (w/cm) of 0.42. Cement was
replaced by either glass powder or fly ash at rates of 5%, 10%,
and 20% by mass. Mortar specimens in which glass powder or
fly ash replaced 20% of the cement were also prepared as per
ASTM C 311 to determine the strength activity indices.

2.2. Test methods

The strength activity indices of the plain and modified pastes
were determined in accordance with ASTM C 311. The alkali
release from glass powder was qualitatively determined using
electrical conductivity tests, and confirmed using flame emis-
sion spectroscopy.

The loss on ignition method was used to determine the non-
evaporable water content at all selected ages of hydration. Small
pieces from the samples (approximately 1-2 mm in size) cured
in saturated limewater were pulverized and soaked in acetone to
stop further hydration. The pulverized samples were heated in
an oven at 105 °C for 24 h, followed by heating in a muffle
furnace at 1050 °C for 3 h. The non-evaporable water content
(w,,) was obtained as the difference in mass between the sample
heated at 105 °C and 1050 °C normalized by the mass after
heating to 1050 °C, and correcting for the loss on ignition of
unhydrated cement (or of the unhydrated cement and the
replacement material multiplied by their respective mass
fractions). In addition to the pastes described above, plain and
modified pastes were made with a w/cm of 0.80 and cured in
saturated limewater for 140 days. The non-evaporable water
content of these high w/cm pastes was determined to facilitate
the calculation of degrees of hydration of the 0.42 w/cm pastes
at various ages.

Composition (% by mass)/ Cement Fine glass Fly ash
property powder

Silica (SiO,) 20.2 72.5 50.24
Alumina (AL,O5) 4.7 0.4 28.78
Iron oxide (Fe,O3) 3 0.2 5.72
Calcium oxide (CaO) 61.9 9.7 5.86
Magnesium oxide (MgO) 2.6 33 1.74
Sodium oxide (Na,O) 0.19 13.7 0.96
Potassium oxide (K,0) 0.82 0.1 -
Sulfur trioxide (SO3) 3.9 - 0.51
Loss on ignition 1.9 - 2.8
Fineness, % passing (sieve size) 97.4 (45 um) 80 (45 um) 80 (45 pm)
Specific surface area (m?/kg) 388 - -
Density (kg/m’) 3150 2490 2250
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Fig. 2. Strength activity indices of glass powder and fly ash modified pastes.
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3. Results, analysis, and discussion
3.1. Pozzolanicity of glass powder and fly ash

The pozzolanicity of glass powder and fly ash modified
pastes was determined using the strength activity index, as per
ASTM C 311, as well as a rapid procedure that uses reduction in
electrical conductivity as an indicator of pozzolanic activity [16].

Fig. 2 depicts the strength activity index of coarse and fine glass
powders, and fly ash at 3, 7, and 28 days. The coarse glass powder
shows the lowest strength activity index, where as the fine glass
powder shows the highest strength activity index at all the chosen
ages. The w/cm required to produce a flow of 110+5 for the fine
glass powder and fly ash mixtures was 97% of the w/cm of the
plain paste. The strength activity indices show that the fine glass
powder modified mixtures can develop strength at a rate similar or
higher than that of the class F fly ash at the specified ages.

The pozzolanic activity of fine glass powder and fly ash was
also evaluated using the variation in electrical conductivity of a
saturated calcium hydroxide solution in which the SCM is mixed
in[16]. 5 g of fine glass powder or fly ash was mixed into 200 ml
of saturated calcium hydroxide solution maintained at 40 °C.
The reduction in electrical conductivity of the solution was
monitored for the first 2 min. According to [16], the replacement
material can be classified as non-pozzolanic if the conductivity
reduction is less than 0.04 S/m, variably (moderately)
pozzolanic if the conductivity reduction is between 0.04 and
1.2 S/m, and highly pozzolanic if the conductivity reduction is
greater than 0.12 S/m. The solutions containing either fine glass
powder or fly ash showed a conductivity reduction of 0.10 S/m
and 0.08 S/m respectively, indicating moderate pozzolanicity. A
companion test using silica fume showed a conductivity
reduction of 0.13 S/m, which can be interpreted as an indication
of high pozzolanicity.

3.2. Alkali release from glass powder

The influence of alkalis on cement hydration is well
documented. Higher alkali ion concentration in the pore solution
is expected to result in an acceleration of the early hydration in
cement pastes [17,18], and reduced reaction rates over time [19].
It is well understood that the alkali ions depresses the solubility of
Ca®" ions [17,20]. The higher early strength of cement pastes
mixed with NaOH has been attributed to the increase in the
formation of ettringite [17]. Since the glass powder used in this
study has a high alkali content (13.7% Na,0), information on the
amount and rate of alkali release is required in order to gain
satisfactory understanding of the performance of cement based
materials incorporating glass powder. Flame emission spectro-
scopy was used to quantify the amount of sodium released from
the fine glass powder and electrical conductivity was used to gain
information on the rate of alkali release, and qualitatively assess
the alkali levels in the solution.

3.2.1. Flame emission spectroscopy
5 g of glass powder was mixed thoroughly in 200 ml of
saturated calcium hydroxide solution. The solution was filtered,

and aspirated into a flame and atomized. The absorption of light
at a wavelength of 330.2 nm was measured and compared to a
calibration curve that relates the energy absorbed to known
sodium concentrations. A less sensitive wavelength of 330.2 nm
was used instead of 589 nm because of the relatively higher
concentration of sodium. The solution without glass powder was
also subjected to flame emission and the difference in sodium
concentrations between the samples with and without glass
powder is taken as the contribution from glass powder, which for
this study was 26.04 mg/l. Based on the sodium content in the
glass powder, if all the sodium is released into the solution, the
resultant concentration should have been 506 mg/l. This shows
that the glass powder is releasing only a very small proportion of
sodium into the solution.

3.2.2. Electrical conductivity

Fig. 3a shows the variation in electrical conductivity of plain
and glass powder modified pastes with time, determined using
the bulk resistance obtained from frequency dependent electrical
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Fig. 3. Electrical conductivity as a function of time for (a) plain and glass powder
modified cement pastes, (b) glass powder solutions.
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impedance measurements, the procedure for which has been
extensively reported [10,21-23]. At very early ages, the
conductivity of the paste with the highest replacement of cement
by glass powder is found to be the lowest. Since the Na" and K*
ions have a large influence on the conductivity, it is evident that
their reduction caused by the lower cement content is not com-
pensated by the alkalis from glass powder.

To understand the rate of alkali release and qualitatively assess
the amounts of alkalis released, glass powder was dissolved in de-
ionized water at concentrations of 1, 20, and 50%. The electrical
conductivities of these solutions were measured until 20 h and are
plotted in Fig. 3b. A noticeable increase in conductivity occurs
only in the first hour or so, indicating that the water soluble alkalis
are released within that time. If all of the Na,O of glass powder
dissolves in water according to Na,O+H,0O — 2NaOH, then the
NaOH concentrations corresponding to the mixtures stated above
are 0.044 M, 0.88 M, and 2.2 M respectively. The conductivities
of NaOH solutions of these concentrations were determined to be
6.1 S/m, 29.6 S/m, and 43.4 S/m respectively, which are higher by
an order of magnitude or more than the values shown in Fig. 3b.
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Fig. 4. Non-evaporable water content per gram of binder of (a) glass powder and
(b) fly ash modified cement pastes.

This also proves that the glass powder is releasing only a very
small fraction of alkalis into the solution, confirming the results
from flame emission spectroscopy. The consequences of dilution
effect (reduction in cement content, similar to pastes modified
with fly ash) thus dominates, which results in slightly delayed
setting times and reduced early age strengths for the glass powder
modified pastes compared to the plain paste [15]. This also points
to the fact that adding a small amount of glass powder will not be a
viable means of alkali activation of other SCMs. If the alkali ions
are not released into the pore solution, the risks for alkali—silica
reaction are also greatly reduced.

3.3. Non-evaporable water content

Non-evaporable water contents (w,) of cement pastes are
commonly used to ascertain their degrees of hydration. Fig. 4a
and b show w,, per gram of binder for glass powder and fly ash
modified pastes until an age of 90 days. It is observed that most of
the modified pastes, either glass powder or fly ash, have lower w,
per gram of binder compared to plain pastes. This trend has been
observed earlier [24,25]. This is because of the combined effect of
lesser cement taking part in the hydration reaction, and the cement
replacement materials using lesser amount of water for hydration.
The paste with 5% cement replacement by glass powder exhibits a
w, very close to that of the plain paste at later ages. Further
examination of Fig. 4a and b shows that the non-evaporable water
content per unit mass of binder is higher for pastes modified with
glass powder than those with fly ash. This is an indication that
glass powder modified pastes are using more water for hydration
than fly ash modified pastes, at similar mass replacements. It can
possibly be a result of the increased cement hydration due to the
presence of glass powder (because of higher effective w/cm
resulting from the low water absorption of glass). The w,, of glass
powder modified pastes remains constant after 28 days, indicating
that minimal secondary hydration occurs after this time, and most
ofthe enhancement is due to increased hydration of cement. From
Fig. 4b, fly ash modified pastes show increasing w,, after 28 days,
indicating secondary hydration reaction.

3.3.1. Change in non-evaporable water content due to the
presence of a cement replacement material

The addition of a secondary cementing material (or a filler) in
cement pastes results in changes in non-evaporable water content
of the paste. It is difficult to experimentally determine the change
in non-evaporable water content due to the addition of a cement
replacement material because the water associated with the
reaction of the replacement material is difficult to separate from
that of cement hydration. In this section, a simple model is
presented to isolate the change in w, due to the addition of a
cement replacement material.

The total non-evaporable water (w,)r of a cement paste
incorporating cement replacement materials can be expressed as:

(Wa) = (Wa) e 4 (wa) (1)

where (w,,). and (w,), are the non-evaporable water contents of
the cement and replacement material respectively, and m,. and
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m,. are their mass fractions. If the replacement material is purely
a filler, then (w,,),=0.

A cement replacement material in a paste system might
facilitate an enhancement in the hydration of the available cement
grains in addition to its own hydration. In such a case, the non-
evaporable water content of the cement can be stated as:

(Wn)c: (W”)070+(Wn)cfr (2)

(Wp)e—o is the non-evaporable water content of a cement
paste with no cement replacement material, and (w,,).—, is the
non-evaporable water content as a result of the enhancement in
cement hydration due to the presence of the replacement
material. (w,,).=(W,).—o when there is no replacement material
present in the system.

Eq. (1) then becomes:

(wn)7= [00n)e—oF(Wn) ] me + (wa) .. (3)
The above equation can be restated as:

Wi) 7= Wn) e_gme = (W) e_,me + (Wn),m,.. (4)

The right hand side of Eq. (4) gives an expression for the
change in non-evaporable water content in a modified paste
[(Aw,),] as a result of the hydration of the cement replacement
material and the enhancement in hydration of the cement grains
resulting from the presence of the replacement material.

(Awn),= (Wn)._,me + (Wn),m;. (5)

(Aw,), provides an indication of the combined effects of
enhancement in cement hydration due to increased effective w/c
in a paste modified with a filler, and the secondary hydration in a
paste modified with a pozzolanic material. Since all the terms in
the left hand side of Eq. (4) are known, determination of (Aw,,), is
straightforward. For a plain paste, (Aw,,), will always be zero. It
should be noted here that (Aw,,), does not separate the individual
effects of enhancement in hydration and secondary reaction.

For cement replacement materials like glass powder that does
not absorb too much of water at early ages, the influence of
(W,)e—, is likely to be more prominent in (Aw,),. At later ages,
the effect of (w,,), will dominate if the replacement material is
pozzolanic. When the (Aw,), values decrease with time after a
certain age (this happens when the effect of enhancement in
cement hydration, if any, due to the replacement material, (w,,)..— ,
diminishes, and the pozzolanic reaction does not compensate for
that reduction), it can then be taken as an indication that the
replacement material is not effective in the system during those
times. A (Aw,), of less than zero means that (w,)r is less than
(Wp)e—o0 - m., which also shows that the replacement material is
not effective at that age.

Figs. 5a and b show the values of (Aw,), plotted against
hydration age for the glass powder and fly ash modified pastes.
In Fig. 5a, until about 14 days, the (Aw,,), values of the pastes
modified with 10% and 20% glass powder increase, indicating
increased hydration of the cement grains because of the higher
effective w/c. Beyond 14 days, (Aw,), is seen to decrease,
showing that the secondary reaction of the replacement material,
if any, is not compensating for the dilution effect. However, for
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Fig. 5. Change in non-evaporable water contents a result of replacement material
hydration for pastes with (a) glass powder, and (b) fly ash.

the paste modified with 5% glass powder, (Aw,), increases
consistently with time. This shows that a 5% replacement of
cement with glass powder, at a w/cm of 0.42, can be considered
to be effective. From Fig. 5b, it can be inferred that 10% and 20%
replacement of cement with fly ash shows a beneficial effect at
later ages, which is attributable to the secondary reaction.

3.3.2. Change in w,, for high w/cm pastes hydrated for a longer
time

Fig. 6 depicts the change in non-evaporable water content
[(Aw,),] of 0.80 w/cm glass powder and fly ash modified pastes
hydrated for 140 days (these pastes were used to facilitate
degree of hydration determination of 0.42 w/cm pastes). For the
5% glass powder modified paste, the (Aw,,),. value is higher than
that of the 5% fly ash modified paste, similar to the trend of the
0.42 w/cm pastes with 5% cement replacement that are shown
in Fig. 5. From Eq. (5), it is obvious that the enhancement in
cement hydration is responsible for the higher (Aw,), value of
glass powder, since the term (w,),m, is expected to be very
small (both because (w,), and m, are small). However, for 10
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and 20% replacement levels, the (Aw,,), value is higher for the
fly ash modified paste, and the difference is larger for 20%
replacement level. This indicates that pozzolanic reaction is
dominant in those mixtures.

3.4. Degree of hydration

3.4.1. Modeling the degree of hydration of pastes with more
than one cementing material

In pastes containing one or more cement replacement
materials, quantification of cement hydration and the replacement
material reaction is rendered difficult by the same reason that was
given in an earlier section — that it is difficult to separate the
bound water contents associated with both the reactions. The
degree of reaction of fly ash has been experimentally determined
using a selective dissolution procedure [26,27], which is based on
the principle that the hydration products of cement and fly ash,
and the unreacted cement could be dissolved, leaving behind the
unreacted fly ash [27]. A model that uses the amount of calcium
hydroxide, the porosity of the hardened cement paste, chemical
composition of cement and fly ash, and the lime—silica ratio in the
cement and fly ash hydration products to determine the hydration
degree of cement and pozzolanic reaction degree of fly ash has
been reported [28]. However, this is an involved procedure
requiring the determination of the above mentioned parameters
which are quite complex. Therefore this section details the
development of a model based on mixing equation for the total
degree of hydration in pastes containing cement replacement
materials. The degrees of hydration of cement and the replace-
ment material cannot be separated using this method; rather it
provides the overall degree of hydration of the binder in the paste.

Using an equation of the form similar to Eq. (1) for the
combined degree of hydration of the paste (c7) incorporating the
replacement material,

o = oM, + 0,y (6)

where o, and o, are the degrees of hydration of the cement and
the replacement material respectively.

Representing the degrees of hydration in terms of the non-
evaporable water contents results in Eq. (6) being stated as:

e

’7)(’700 ”)V*ao

where o7 = —(V(V:V)’f?T .

W) 7= cos w’,,f)mc,oo, and (w,),—. are the ultimate non-
evaporable water contents (at complete hydration) of the mix-
ture, plain cement, and the replacement material respectively.

Substituting Eq. (2) in Eq. (7) gives:

_ (W")c—0+(w’1)c—r (W")r
or = [P ek [ e )
From Eq. (4), (w,).—, can be expressed as:

(Wn)T my
n)e—r— — Wn)eco=Wn) 9
(W )L—I m, (W )c 0 (W )rmc ( )
Substituting Eq. (9) in Eq. (8) and rearranging the terms give
oras:

(Wn)r
(W")cfao

1 1
+ (wn),my AT | (10)

The above expression is a concise means of representing the
combined degree of hydration of pastes containing cement
replacement materials. This equation accounts for the enhance-
ment in the degree of hydration which may be the result of a
higher effective w/c when non-reactive fillers are used, and the
degree of hydration of the supplementary cementing material.
This expression could be modified to account for more than one
cement replacement material.

or =

3.4.2. Experimentally measured overall degree of hydration
The degrees of hydration of the modified pastes were
experimentally determined from the w, of the chosen pastes
and the w, of the pastes made with w/cm of 0.80 which were
cured for a much longer duration (140 days). The experimentally
determined degrees of hydration are shown in Fig. 7a and b for
glass powder and fly ash modified pastes respectively. It can be
seen that the overall degrees of hydration are lower for most of
the modified pastes. This could be easily explained using Eq. (7).
The first term on the right hand side of this equation is reduced
because of the reduced cement content, and since w, of the
replacement material is lower than that of cement (Section 3.3),
the second term is not able to compensate for the reduction.
While the measured degrees of hydration for glass powder
modified pastes plateaus after 28 days, for the fly ash modified
pastes, the values are found to increase, which is expected.

3.4.3. Predicting degrees of hydration using the model

The total non-evaporable water contents of the pastes (w,)r
have been determined experimentally and shown in Fig. 4a and b.
The Bogue composition of the cement calculated using the oxide
contents, along with the reported chemically bound water
contents of the compounds [29] was used to calculate the ultimate
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non-evaporable water content of cement (w,,)..— .., which for this
cement is 0.227. The ultimate non-evaporable water content of fly
ash is taken as 0.05 [30]. Though it can be seen from Fig. 4 that the
non-evaporable water contents of glass powder modified pastes
are higher than those of fly ash modified pastes, it is mostly the
result of enhancement in cement hydration, and not necessarily
due to increased secondary reaction of glass powder. Hence the
ultimate non-evaporable water content attributable to glass
powder is also assumed to be 0.05.

It is well known that fly ash hydration in cement pastes begins
only after a certain period of time. Hence (w,,),- values are taken
as zero until 14 days, so that Eq. (10) is simplified. After that, the
pozzolanic reaction is mainly responsible for the change in non-
evaporable water content. Hence, from Eq. (5), (w,), m,=
(Aw,),. Similarly, for glass powder modified pastes, Fig. 4a
shows that, for higher replacement levels at later ages, there
is little indication of secondary reaction. Hence the (w,,), values
for those mixtures, at those times can be neglected. Since the
mass fraction of the replacement material also is lower, the term
(w,,),m,. is very small.
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Fig. 8. Experimentally measured and predicted degrees of hydration.

3.4.4. Comparison of the measured and predicted degrees of
hydration

A comparison of the experimentally determined and predicted
degrees of hydration of all the pastes used in this study is shown in
Fig. 8. There is good agreement between measured and predicted
values (R? of 0.99), even though the predicted values are lower
than the measured degrees of hydration by about 8%. One reason
for this could be the following. For experimentally determined
degrees of hydration, the w,, values of the pastes are divided by w,
of high w/cm pastes at complete hydration (140 days). At this
time, the hydration of the cementing materials is not complete in
the high w/cm paste, as evidenced by a measured non-evaporable
water content of 0.192 for the plain cement paste instead of the
value being closer to 0.227, thus leading to lower w,, values and
consequently, higher measured degrees of hydration of the pastes
at varying ages. The assumptions used in arriving at the values of
(w,)-and (w,,),— » in the model could have also contributed to the
discrepancy. Using the experimentally obtained value of (w,,).— o
in Eq. (10) instead 0f 0.227 has been found to bring the data points
closer to the 1:1 line in Fig. 8.

4. Conclusions

This paper has evaluated the influence of a fine glass powder on
cement hydration. The pozzolanicity of the cement replacement
materials, the alkali release characteristics from glass powder, and
the non-evaporable water contents of the hydrated pastes were
experimentally determined. A model has been developed to
predict the degree of hydration of pastes containing supplementary
cementing materials or hydration enhancing fillers.

The fine glass powder was found to exhibit pozzolanicity
levels equal to or greater than that of fly ash at all the ages
studied. The strength activity index of a coarser variety of glass
powder was also investigated so as to bring out the changes in
pozzolanic behavior of the glass powder with change in particle
sizes.

Using flame emission spectroscopy and electrical conductiv-
ity studies, it has been shown that the glass powder releases only
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a small fraction of alkalis into the pore solution. The amount of
sodium released is insufficient to accelerate the setting or
increase the early age strength of cement pastes, as was observed
from a companion study [15].

In general, the non-evaporable water contents of modified
pastes were found to be lower than that of the plain paste. The glass
powder modified pastes showed higher non-evaporable water
contents than the fly ash modified pastes of the same replacement
level of cement, because of the enhancement in cement hydration.
An expression has been developed for the change in non-
evaporable water content, (Aw,), as a result of enhancement in
cement hydration and the hydration of the cement replacement
material. This term serves as an indicator of the combined effects
of enhancement in cement hydration in a paste modified with a
filler, and the secondary hydration in a paste modified with a
pozzolanic material, and can be used as an index for the efficiency
of any cement replacement material in the paste system. A
decrease in this value with time indicates that the replacement
material is not contributing in the matrix. This is observed for
pastes modified with high replacement levels of glass powder,
where as pastes with low replacement levels show beneficial
effect. It is seen that the (Aw,), values of fly ash modified pastes
increase after 28 days, indicating secondary reaction.

A model based on a mixture equation is developed in this
paper to determine the combined degree of hydration of pastes
modified with cement replacement materials. The non-evaporable
water contents of plain and modified pastes at various ages, the
ultimate non-evaporable water contents of the replacement ma-
terials, and the mass fraction of the replacement materials are the
only parameters required to predict the combined degree of hy-
dration. Degrees of hydration determined from the model agree
well with those measured experimentally.
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