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POZZOLANIC REACTIVITY OF THE SUPPLEMENTARY CEMENTI-
TIOUS MATERIAL PITCHSTONE FINES BY THERMOGRAVIMETRIC
ANALYSIS
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Thermogravimetric (TG) analysis was applied to the characterisation of the pozzolanic reaction in mortars containing the
supplementary cementitious materials (SCMs) pitchstone fines (PF) and fly ash (FA) as partial replacements for Portland
cement (PC). TG analysis was used to determine the proportion of calcium hydroxide (CH) present from the hydration of the PC
based on the dehydroxylation of the CH present in the blended PC-SCM mortars. The consumption of CH indicated that both SCMs
underwent the pozzolanic reaction and that PF was found to compare favourably in its pozzolanic reactivity of FA, the industry and

globally accepted standard artificial pozzolan.
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Introduction

Portland cement (PC) comprises of two calcium silicate
components, tricalcium silicate (alite, C;S) and dicalcium
silicate (belite, C,S), which are responsible for the
formation of strength developing calcium-silicate—hydrate
(C—S-H) phases on cement hydration. The hydration
of alite is responsible for rapid early strength deve-
lopment up to 28-day age. Beyond this age, the slower
hydration of belite is responsible for the continued
formation of the C—S—H strengthening phases, which
develop the long-term strength [1-3]. The hydration
of both alite and belite results in an accompanying
release of calcium hydroxide (CH) based on the
reaction paths given by Eqs (1) and (2):

2C5S+6H—>C—S-H (nominally C;S,H;)+3CH (1)
2C,S+4H—C-S-H (nominally C;S,H;)+CH (2)

where in cement notation, C represents calcium
oxide (CaO), S represents silicon dioxide (SiO;), H
represents water (H,O) and C—S—H represents the
strengthening phases produced which are of variable
stoichiometry and predominantly amorphous in
character. The CH produced is a by-product of the
hydration reaction and is often considered desirable,
as it helps prevent the corrosion of reinforcing steel
strengthening elements in concrete structures, by
offering passive film protection. However, the CH
may also be utilised to produce further C—S—-H
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strengthening phases through the pozzolanic reaction
with amorphous silica-rich materials.

Pozzolans, in the form of supplementary
cementitious materials (SCMs) utilised in the partial
replacement of PC, are important to the construction
industry due to their fundamental role in enhancing
fresh and hardened state properties of cement-based
building materials [4]. Enhanced workability, re-
duced permeability, improved resistance to the alkali-
silica reaction, increased ultimate strength deve-
lopment and reduced susceptibility to physical and
chemical attack are some of the properties that are
imparted by a number of pozzolanic aluminous-silica
rich industrial by-products including fly ash, silica
fume, ground-granulated blast furnace slag, clay-
brick waste and perlite [5-11].

The degree of pozzolanic reactivity (pozzolanicity)
can be measured as a function of the relative strength
of the blended PC-SCM mortar using pozzolan-free
PC mortar as the control. ASTM C 311-05 [12] defines
apozzolan, or SCM, as an additive in a blended PC-SCM
mortar that can provide at least 75% of the compressive
strength of the control PC (pozzolan-free) mortar after
7 and 28-day age. As pozzolanicity is the reactivity of
the added pozzolanic silica-rich SCMs to the CH
liberated by the hydration of the PC, a measure of the
consumption of CH may provide an alternate route to
the determination of pozzolanicity [1-3].

Thermogravimetric (TG) analysis may be applied
to the determination of the amount of CH present in
blended PC-SCM mortars by measurement of the
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mass loss on decomposition of the CH present.
As over long periods of ageing partial carbonation of
the CH occurs, the proportion of carbonated CH
(calcium carbonate (CaCO;)) may also be incor-
porated into the calculation of the proportion of CH
produced by the hydration reaction. The CH derived
from hydration of the PC may, therefore, be deter-
mined from the mass loss recorded with increasing
temperature for the dehydroxylation of CH, Ly,
between 420 and 500°C and decarbonation of CaCOs,
Lg., between 500 and 680°C, less any CaCO; already
present in the PC based on Eq. (3) [2].

CH as (CH+CaCO3)=4.11 (L) +1.68 (L)  (3)

Although this equation gives a measure of the
absolute mass of CH in the sample, to determine the
pozzolanicity of a SCM a relative measure of the
amount of CH present is required. An alternative
method of determining the proportion of CH liberated
by the hydration process is to determine the proportion
of CH in terms of its equivalent mass of calcium
oxide (C):

C as (CH+CaCO3)=3.11 (Ly)+1.27 (L) (4)

If the total amount of C in the specimen is known,
then the proportion of C as CH can be determined as a
percentage of the total C present. A further consideration
for the determination of the pozzolanicity is the
delayed reaction of the SCM with the CH and the
limited potential for the SCM to react with CaCOj; in
an alkaline environment. The lack of reactivity of the
SCM to the CaCO; present would suggest that a more
appropriate method for determining the degree of
consumption is based solely on the CH present and,
hence, the CH dehydroxylation according to Eq. (5).

C as CH=3.11 (L&) (5)

In this study, the proportion of CH was determined
as the mass of C present as (CH+CaCOs) using Eq. (4)
and the mass of C present as CH using Eq. (5). In each
case the proportion of C present as CH was determined
as a percentage of the total C present in the specimen
(less any CaCO; present in the PC prior to mixing
when using Eq. (4)). Using these methods the
pozzolanicity of pitchstone fines (PF), a natural pozzolan,
is investigated and compared to fly ash (FA), the
industry accepted standard artificial pozzolan. Blended
PC-SCM mortars containing 40% PF and 40% FA
substitution levels aged for 7, 28 and 91 days are
investigated with the proportion of CH present
compared to the proportion measured in 100% PC
mortars (the control) containing no pozzolan additions.
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Experimental

In preparing the mortar mixes, the following raw
materials were utilised:

» Shrinkage limited Portland cement (Blue Circle
Southern Cement Pty Ltd.)

 Graded pitchstone fines (Perlco Pty Ltd.)

* FEraring fly ash (Blue Circle Southern Cement
Pty Ltd.)

» Raymond Terrace single washed sand (Rocla Quarry
Products Pty Ltd.)

* Glenium 51 superplasticiser (BASF Construction
Chemicals Pty Ltd.)

The chemical compositions, determined by X-ray
fluorescence (XRF) of the raw materials used in this
study, are given in Table 1. Both the graded pitch-
stone fines (PF) (99.3% passing the 75-um sieve and
72.3% passing the 45-um sieve) and the fly ash (FA)
(97.3% passing the 75-um sieve and 88.0% passing the
45-um sieve) conformed to the ASTM C 618-05 [13]
45-um particle fineness requirement.

Table 1 Chemical analysis of raw materials by XRF

Chemical PC/%  PF/%  FA/%  Sand/%
composition
SiO, 20.5 68.53 65.9 98.4
Al,O3 4.5 12.94 24.0 0.69
Fe,0; 4.5 1.04 2.87 0.11
CaO 64.9 0.9 1.59 0.02
MgO 1.2 0.02 0.42 0.02
Na,O 0.0 4.51 0.49 0.03
K,O 0.46 2.58 1.44 0.17
LOI 7.90 1.53

Mix designs were adopted from

ASTM C 311-05 [12] with high-range water-reducing
admixture (HRWRA) superplasticiser added to the
water in compliance with the requirements of
ASTM C 1240-05 [14] prior to the commencement of
mixing. Preparation of mixes were carried out in
accordance with ASTM C 305-06 [15] guidelines,
with the inclusion of an additional step requiring
pozzolan additions to be mixed with water for 30 s at
14045 revolutions/min prior to adding any PC to the
water. The mortar mix design proportions, shown in
Table 2, were batched with fixed cementitious material-
to-sand and water-to-cementitious material (w/cm)
ratios of 1:2.75 and 0.48, respectively, as any increase
or decrease in the latter ratio has been reported to
decrease or increase compressive strengths, respective-
ly [15]. Based on this methodology, three mortar mixes
were prepared; a 100% PC (control) and two blended
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Table 2 Mix designs for the mortar specimens

Mixture PC/g PF/g FA/g Sand/g Water/g HRWRA/mL
100PC 500.0 0.0 0.0 1375.0 241.6 0.6
40PF 300.0 200.0 0.0 1375.0 240.6 2.2
40FA 300.0 0.0 200.0 1375.0 241.9 0.2
PC-SCMs with 40% PF and 40% FA replacement of the 0.25
PC (Table 2). Mortar cubes (50 mm) were moulded in 090
compliance with ASTM C 109 and C 109M-05 [17] il ' \]\t/ .
using the hand-tamping compaction technique for Q 0.15 /:‘W
consolidation of mortar. The moulded 50 mm cubes ) \\_ ,«f\%
were aged initially for 24-h in a moist environment e S _jj\\:{‘ﬂ TAOFAZR
and then immersed into saturated limewater [18]. OUS\“\R? _ﬁf_/%
The moulded cubes were subjected to compressive N _TapRs
strength testing at 7, 28 and 91 days age [19]. T E— f 40PF7
Fractured pieces were collected from the central core. 100 200 300 400 500 600 700 8OO
The fractured pieces were first reduced in fineness Temperature/*C
with a hammer followed by hand pulverising in a Fig. 2 DTG curves for the thermal decomposition of

porcelain mortar and pestle. The fines were then
stored in airtight bags in a freezer at —10°C to arrest
ongoing hydration prior to TG analysis.

TG analysis was carried out on 25+1 mg samples
using a TA Instruments SDT 2960 analyser, at a heating
rate of 10°C min "' from room temperature to 1000°C
in an air atmosphere at a flow rate of 15 mL min .

Results and discussion

Figure 1 shows typical TG data for the thermal
decomposition of a sample of aged mortar. The TG
curve can be separated into three distinct regions.
Below 420°C, water is lost either as molecular water
or from the dehydration of C—S—H gels, formed either
from the hydration of the PC or from the pozzolanic
reaction between the SCMs (where present) and CH.
In the region between 420 and 500°C, the dehydroxylation
of calcium hydroxide (CH) occurs with a peak at circa
450°C in the differential TG (DTG) curve. In the
region between 500 and 680°C, the decarbonation of

102 0.10
100 CH CaCOy
1Y (Ldx (Lde) 0.08 T ]
o 984 | 5
% 96 o \ 0.06 =
< ~ o
F.
= 9y \\ 0.04 O
92|l \
P 0.02
9% DTG i |
——— T
88 . . — L%-O.OO
0 100 200 300 400 500 600 700 800
Temperature/°C
Fig. 1 TG and DTG curves for the thermal decomposition of a

specimen taken from the centre of a 100% PC mortar
cube aged for 28 days
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100PC — 100% PC, 40FA —40% FA and
40PF — 40% PF PC-SCM blended cements aged for
7,28 and 91 days

calcium carbonate (CaCOs) is observed with an asym-
metric decomposition peak in the DTG curve at circa
630°C. Mass loss data in the dehydroxylation (Lgy)
and decarbonation (Lg) regions of Fig. 1, were used
to calculate the percent CH present in each of the
mortar mixes shown in Fig. 2.

Although Eq. (3) represents a simplified method
of determining the % CH from the mass loss steps in
the TG curve, the precision of the data strongly depends
on the measured value of the total mass of cement,
which contains a variable degree of molecular and
C-S—H bound water. In this study, the proportion of
CH present was determined as the mass of calcium
oxide (C) present as CH using both Egs (4) and (5).
The mass loss was then calculated as a percentage of
the total C present in the specimen (less any CaCO;
present in the PC prior to mixing when using Eq. (4)).
The total mass of C present in the blended PC-SCM
mortar was determined from the proportion of C in
the PC (64.9 mass%) and the amount of PC in the
blended PC-SCM mortar (26.7 mass% for the control
and 16.0% by mass in the SCM blended PC-SCM). C
was also present in the SCMs (Table 1) and is
included in the total mass of C present in the blended
PC-SCM mortars. As the initial mass of each
specimen was dependent on the proportion of water
present, the total mass of C was calculated from the
final mass recorded after heating to 1000°C. The mass
loss data and the calculated percentages of C present
as CH (Eq. (5)) and CH+CaCO; (Eq. (4)) are listed in
Table 3.

It is apparent from Table 3 that there is significant
difference in the amounts of CH present in the mortar
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cubes. The proportion of CH determined for the
100% PC samples was observed to increase with age,
as would be expected, as the proportion of CH will
increase as the hydration of the PC proceeds with
increasing age [2]. Most of the CH is produced in the
first seven days of hydration because of the rapid
hydration of alite (C;S). The hydration of alite is
generally considered to be completed by 28 days.
CH is continued to be produced up to 91 days (and
beyond) but at a reduced rate due to the much slower
rate of hydration of belite (C,S).

The proportion of CaCOs for the 100% PC mortars
after 7 days aging is observed to be significantly higher
than that observed in the as-received PC powder
(ca. 10 times). Carbonation of the hydrated PC must,
therefore, occur at fairly early times and, possibly, mostly
during preparation of the mortar cubes as, once the
cubes had been removed from the moulds, the cubes
were stored in saturated limewater, an environment that
would be expected to inhibit further carbonation of
the cubes. Inspection of the 100% PC mortar data,
however, suggests that there is some increase in the
proportion of CaCO; present with increasing aging
suggesting that further carbonation may have occurred.

The carbonation of the CH is important in the PC
as determination of the amount of CH produced by
hydration is best represented as the CH present plus the
carbonated CH as given by Eq. (4) (or Eq. (3)). Once
carbonated, however, the carbonated CH (CaCOs;) will
not likely to be involved in the pozzolanic reaction.
Although there is some evidence of further carbonation
with age, most of the carbonation appears to occur
prior to the 7-day measurement. As the pozzolanic
reaction is generally slow and occurs at longer times,
any carbonated CH will not be available for the
pozzolanic reaction. The degree of pozzolanicity is,
therefore, best described by Eq. (5) which limits the
reaction of the pozzolan to the available CH.

In the blended PC-SCM mortars, initially the
proportion of CH is high, but decreases with
increasing aging time. The relative proportion of CH
(or (CH+CaCQ0,)), in terms of the magnitude of ACH
(or A(CH+CaCQOs)) listed in Table 3, indicate that the
proportion of CH is greater for both PC-SCM mortars
at 7 days aging. The higher proportion of CH present
in the PC-SCM blends may be explained by the
water/PC ratio. For this series of mortar specimens,
the water to cementitious material was kept constant
(Table 2). As such, the substitution of 40% of the PC
with an SCM resulted in an increase in the water/PC
ratio. The increase in the water/PC ratio is likely to
increase the degree of hydration of the PC due to the
greater availability of water resulting in observed
greater proportion of CH after 7 days.

J. Therm. Anal. Cal., 97, 2009

Further aging of the PC-SCM mortars results in
the consumption of CH. The ACH decreases with
increasing aging with negative values being produced
after 91 days aging for the PF mortars and after 28 and
91 days for the FA mortars. This trend suggests that
the CH produced by hydration of the PC is being
consumed by the SCMs added in the pozzolanic
reaction resulting in strengthening C—S—H phases. This
is confirmed by the strength data reported for these
blends [19]. The replacement of 40% of the PC, not
surprisingly, has a marked affect on strength with the
strength of the PC-SCM mortars being approximately
50 of the 100% PC control. This difference narrows
with aging time. After 91 days the compressive strengths
of the PC-SCM mortars are approximately 75 of the
100% PC control. This increase in strength coupled
with the consumption of CH indicates that the pozzolanic
reaction is contributing to the strength of the PC-SCM
blended mortar, even though it is delayed. It is apparent
from the increase in strength and consumption of CH
with increasing age that the PF is pozzolanic and is
likely to be suitable as an SCM. The pozzolanic
reactivity of the PF used in this study is, however,
more retarded than the FA. This difference in reactivity
is attributed, primarily, to the difference in particle
size distributions of the two SCMs. Although both SCMs
conform to the pozzolan particle fineness require-
ment [13], the PF is significantly coarser with only
72.3% passing the 45-um sieve relative to 88.0%
passing for the FA. It is likely that these observed
differences in reactivity may be addressed by
reducing the particle size of the PF.

Conclusions

The pozzolanicity of PC-SCM mortar has been
investigated using thermogravimetric analysis. The
proportion of CH measured in the PC-SCM mortars
after short aging time (7 days) was found to be greater
than that measured for the 100% PC control in the early
stages of ageing. This relative increase in the proportion
of CH was attributed to the increased water/PC ratio
rather than an involvement of the SCM in the hydration
process. The proportion of CH in the PC-SCM mortars,
however, was observed to decrease with increased
ageing, which when correlated to compressive strength
development, indicated that both PF and FA underwent
the pozzolanic reaction. The rate of pozzolanicity for
the PF was observed to be less than that of the FA.
This difference in rate was ascribed to the coarser
particle size of PF and is expected to become
comparable on particle size reduction of the PF.
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