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ABSTRACT.

This work focuses on comparing the effect of ten different types of pozzolans on the

strength of lime pastes in relation to their pozzolanic activities as determined by the Chapelle test
and monitoring the reactivity of these pozzolans using the thermogravimetric method. It was found
that the Chapelle test can in some cases overestimate the reactivity of the pozzolan due to differences
between the conditions during the test and in reality. The strengths of lime-pozzolan pastes did not
correlate well with the pozzolanic activity values of the pozzolans used. On the contrary, the amount
of reacted lime in the pastes, determined by the thermogravimetric method, correlated very well with

the compressive strengths of the pastes.
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1. INTRODUCTION

Air lime-pozzolan mortars have a long tradition of ap-
plication in the construction industry in many places
in the world, especially in volcanic areas. Pozzolanic
materials are nowadays often ground and sieved into
fine particles with a high specific surface area and
impart hydraulic properties to air lime mortars. At
the same time, air lime-pozzolan mortars retain most
of the good characteristics of pure air lime mortars,
such as low modulus of elasticity and fast drying. The
addition of pozzolans therefore extends the potential
range of applications for air lime mortars.

The term pozzolanic activity is often used to de-
scribe the reactivity of the pozzolan, which includes
all the reactions that occur between the active compo-
nents of the pozzolan, calcium hydroxide and water.
Pozzolanic activity essentially defines two values, the
maximum amount of lime that the pozzolan can react
with (bind) and the rate at which it does so. Both as-
pects depend on the type of pozzolan used and, above
all, on the quality and quantity of the active ingre-
dients it contains. Other influencing parameters are
lime/pozzolan ratio in the mix, treatment time, spe-
cific surface area, water content in the mix, chemical
composition, and temperature [I]. Pozzolanic activity
can be determined by several direct or indirect meth-
ods, where direct methods monitor the presence of
Ca(OH)3 and subsequent reduction of its amount dur-
ing the pozzolanic reaction using analytical methods,
e.g. Frattini test according to EN 196-5 or Chapelle
test [2]. On the other hand, indirect methods are
based on measuring mainly the physical properties
of the tested samples or the composition of the poz-
zolan, which is an indicator of the degree of pozzolanic
activity. These methods include chemical and miner-
alogical analysis of pozzolan, determination of reactive
SiO5 in pozzolan according to EN 196-2, electrical
conductivity test [3], calorimetric measurements [4],
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strength characteristics (ASTM C 593-19), or determi-
nation of Strength Activity Index (SAI) described in
ASTM C311. The mentioned methods for determin-
ing pozzolanic activity differ from each other in terms
of complexity, method of evaluation, time-consuming
and price of their execution. Some methods determine
whether and to what extent a given raw material is
pozzolanic active, others only characterize a certain
property that affects the level of pozzolanic activity.
The results of pozzolanic activity obtained by several
methods are not always similar or comparable.

Donatello et al. [5] compared different test methods
for determining pozzolanic activity, namely the SAI,
the Frattini test and a similar Frattini test, where
the cement in the reaction mixture was replaced by
lime water. A certain functional dependence was
found only when comparing the Frattini test and the
SAIL The results from the test with a saturated so-
lution of Ca(OH)2 did not correspond at all. Liu et
al. compared the differences of six pozzolanic eval-
uation methods on five pozzolanic materials [6] and
concluded that SAI is more objective in evaluating
the activity based on strength, but there is also the
aggregate effect on strength. The electrical conduc-
tivity test method is more suitable for evaluating the
early pozzolanic reactivity. The evaluation results of
the pozzolanicity test are limited by the slow disso-
lution rate of the active phase, and the dissolution
characteristics of Ca(OH)s. The high temperature in
the modified Chapelle test makes the method more
suitable for evaluating low-reactivity materials. The
evaluation system of the thermogravimetric method
(TG) and differential thermal analyses (DTA) is rea-
sonable and most similar to the evaluation results of
SAI. A modified R3 method is proposed to realize
a more accurate simulation of the interstitial solu-
tion and a more accurate evaluation of pozzolanic
reactivity [6].
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Si02 A1203 F8203 X
Zeolite 14.3 2.6 0.1 17.0
Pumice 52.6 19.9 2.1 74.6
Lava 0.0 3.9 4.7 8.6
Spongilite 0.0 0.0 0.0 0.0
Chalcedonite 0.0 0.0 0.0 0.0
Pozzolanic earth 7.8 0.0 8.1 15.1
Trass 4.1 1.0 5.5 10.1
Diatomaceous earth  53.4 0.0 0.0 53.4
Metakaolin K05 42.8 37.5 0.6 80.9
Metakaolin L05 37.0 32.2 0.7 70.0

TABLE 1. Content of amorphous hydraulic oxides in pozzolans (wt. %).

Due to ambiguous results when comparing poz-
zolanic activity by different methods, the content of
this paper focuses on the correlation between the
strength of ten different lime-pozzolanic paste sys-
tems and the pozzolanic activity of the pozzolan used
in these pastes determined by the Chapelle test and
the thermogravimetric method.

2. MATERIALS AND EXPERIMENTAL
PROCEDURES

Commercial hydrated lime CL 90-S (Carmeuse Czech
Republic, s.r.o.) was used as a main binder in pre-
pared pastes. Ten different pozzolanic materials was
used as a partially lime substitute, namely, the natural
zeolite (0125 pum, Zeocem, a.s.) Z, the pumice (0—
125 pm, Vulkalit WR, Vulcatec Riebensahm GmbH)
P, the ground lava sand (0-125num, Der Naturstein
Garten) L, the spongilite powder (0-125 um, Kalcit
s.r.o.) S, the fine chalcedonite powder (0-20pm,
CRUSIL Spétka z 0.0.) CH, the pozzolanic earth
(0-125 pm, Kremer Pigmente GmbH & Co) PE, the
trass (0-125 pum, Tubag) T, the diatomaceous earth
(040 pm, LB MINERALS, s.r.o.) DE, and two types
of metakaolin (0-10 pm, Mefisto K05 and Mefisto
L05, Ceské lupkové zavody, a.s).

The particle size distribution of the pozzolans deter-
mined by laser particle analyzer, the chemical and min-
eralogical composition obtained by X-ray fluorescence
(XRF) and X-ray diffraction analyses (XRD), as well
as some fundamental physical parameters of pozzolans
used have been published previously [THII]. The chem-
ical composition of pozzolans showed a high content
of hydraulic oxides (SiOg, AlsOs, FeaO3) which pro-
vided very good conditions for its high pozzolanicity
as according to the ASTM C618, the total pozzolanic
content (i.e., the sum of SiOy, Al203, and FeyO3)
must be a minimum of 70% for class N pozzolans.
All pozzolans except spongilite and lava fulfilled this
condition. The reactivity of pozzolans is significantly
influenced by its mineralogical composition. With
the exception of chalcedonite and spongilite, the poz-
zolans contained an amorphous phase, mostly pumice,
which was almost completely amorphous. However,

the spongilite contained pozzolanically reactive opal
and chalcedonite consisted of porous quartz grains
with cryptocrystalline SiOy with very small crystal
grains of pm size filling the void space of the quartz
grains. The content of these small grains was reflected
in the distinct specific surface area of the chalcedonite
particles. The content of amorphous hydraulic oxides
in pozzolans (Table [1) was calculated from the total
content of the respective hydraulic oxides, the known
representation of individual minerals containing hy-
draulic oxides and the total content of the amorphous
phase in particular pozzolans. It should be noted that
in the case of chalcedonite, it was not possible to cal-
culate the content of amorphous hydraulic oxides due
to the indistinguishability of cryptocrystalline SiOq
(chalcedony) and quartz by XRD. And also, there was
14.6 wt. % of opal in spongilite; opal is pozzolanically
active but is not a typical amorphous phase (it is
detectable by XRD). As can be seen from Table
pumice and metakaolin had the highest content of
amorphous hydraulic oxides.

The pozzolanic activity of pozzolans was determined
by the modified Chapelle test method according to [12]
after 1 day and also after 2, 3, 4, and 5 days of reaction
with Ca(OH); in an autoclave at 90 °C (Table[2). Very
high values of pozzolanic activity were achieved by
metakaolin, zeolite, chalcedonite, and diatomaceous
earth partly due to their porous nature and thus large
specific surface area, and also due to the content of
reactive SiOs and AlyO3. Pumice, which had a signif-
icantly higher content of amorphous hydraulic oxides
than zeolite, had lower pozzolanic activity values after
two or more days. It is possible that after the rapid ini-
tial pozzolanic reaction, it was further slowed down by
the rapid increase of reaction products on the pumice
grains and the slowing down of the diffusion of the
Ca(OH)3 solution to the surface of the pumice grains.
The moderate pozzolanic activity of the spongilite
confirmed the reactivity of the opal. Pozzolanic earth
did not reach very high values of pozzolanic activity
despite the considerable content of the amorphous
phase, due to the fact that more than half of the
content of amorphous oxides was Fe;Og, which is the
least and slowest reactive of them. The higher content
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Pozzolanic activity [mg Ca(OH), g™ 1]

1 day 2 days 3 days 4 days 5 days
Zeolite 729 1220 1263 1390 1395
Pumice 887 910 958 1002 1022
Lava 359 370 382 447 515
Spongilite 694 803 849 887 910
Chalcedonite 755 1259 1341 1349 1369
Pozzolanic earth 513 685 795 870 871
Trass 516 618 641 735 762
Diatomaceous earth 998 1147 1185 1257 1292
Metakaolin K05 1065 1159 1196 1283 1286
Metakaolin L05 1135 1180 1224 1247 1266

TABLE 2. Pozzolanic activity of pozzolans determined by modified Chapelle test.

of amorphous FesO3 at the expense of SiOs or AlyOg,
together with the overall low content of amorphous
hydraulic oxides, resulted in relatively low values of
the pozzolanic activities of the trass and especially
of the lava. If the pozzolans were evaluated accord-
ing to Raverdy’s criterion [13], where the material is
considered as pozzolanically active if its Chapelle reac-
tivity is 650 mg Ca(OH)s per 1g of test material and
more, it is clear that metakaolin, diatomaceous earth,
pumice, zeolite, chalcedonite, and spongilite were poz-
zolanically active already after 1 day of treatment with
Ca(OH)z. Pozzolanic earth met this condition after
2 days, trass after 4 days, and lava is not pozzolanically
active according to this criterion.

Fine pozzolans were used as a partial replacement
of lime in 40 % of the lime weight. The composition
of pastes mixes is given in Table [3] The amount of
water required to achieve the same flow of 45 mm,
determined by mini-slump cone test was added [14].
The freshly cast samples (20 x 20 x 100 mm) were freely
covered by polyethylene foil to avoid their cracking
caused by rapid drying. Hardened pastes specimens
were demolded after 48h and then cured in a wet
chamber at temperature T = (22 £ 3) °C and a relative
humidity RH = (95 + 5) % for 26 days. The reactivity
of the pozzolans and the mineral content of the lime-
pozzolan pastes were investigated by TG/DTA after
7, 14, 21 and 28 days of aging. Three 2 x 2 X 2cm
samples were cut from three different beams of each
paste type, crushed and ground in a planetary ball
mill for 3minutes. TG/DTA tests were carried out
in the temperature range 40-1000°C at a heating
rate of 10°Cmin~! in a nitrogen atmosphere. The
weight of the powder sample analyzed was 300 mg.
The compressive strength of pastes was determined
after 28 days of curing according to EN 1015-11. For
the particular lime-pozzolan paste type a set of six
samples was evaluated.

3. RESULTS AND DISCUSSION

Thermogravimetric and differential thermal analysis
are commonly used to characterize the composition
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Mixture Hydrated lime Pozzolan H,O

[g] [g] [ml]
L-ref 100 0 80
L-Z 60 40 80
L-P 60 40 72
L-L 60 40 52
L-S 60 40 70
L-CH 60 40 70
L-PE 60 40 57
L-T 60 40 62
L-DE 60 40 120
L-K05 60 40 100
L-L05 60 40 92

TABLE 3. Composition of pastes.

of lime-pozzolan systems and can also be used to de-
termine the reactivity of pozzolans by monitoring the
decreasing Ca(OH)s content over time. The Ca(OH)s
content may be underestimated due to carbonation
using traditional methods that only measure the mass
changes resulting from the decomposition of Ca(OH)q
in the temperature range of 400 to 600 °C. The effect
of carbonation should be taken into account when
calculating the remaining Ca(OH)y. The Ca(OH)s
content can then be obtained using Equation (1| [T5].

CH, = 4.11(mCH) + 1.68(mcc) (1)

where CH, is the mass of residual Ca(OH); in the
sample, 4.11 is the molar ratio of Ca(OH)3/H20 and
1.68 is the molar ratio of Ca(OH)2/COs. mey is
the mass loss due to dehydroxylation of Ca(OH)y
and mcc is the mass loss due to decarbonation of
CaCOg [15].

The percentage of the consumed lime by pozzolan
with respect to the reference sample can be calculated
using Equation [2] [16].

(O xO)-CHrp] o 10 (2)

Consumed lime [%] = | CH, . %xC

where CH,, and CH,, is the mass of remaining
Ca(OH)z in the reference and lime-pozzolan samples,
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FIGURE 2. Content of Ca(OH); in lime pastes determined by TG/DTA.
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FIGURE 3. Amount of Ca(OH); reacted with pozzolan in lime-pozzolan paste.

respectively. C' is the proportion of lime in the lime-
pozzolan samples (e.g., for a lime-pozzolan sample
with 60 % of lime and 40 % of pozzolan, C is 0.6).

In the thermogravimetric determination of Ca(OH)4
and CaCOj3 contents in lime pastes, the weight losses
of samples from the temperature ranges 400-600 °C
(dehydroxylation of Ca(OH)s3) and 600-900°C (de-
carbonation of CaCOj3) were evaluated, as shown in
Figure[[l When comparing the TG and DTA curves

of lime-pozzolan pastes after 7-day intervals, an in-
crease in the content of pozzolanic reaction products
(hydrated calcium silicates and aluminates — CSH and
CAH), a decrease in Ca(OH)s content and a very
slight increase in CaCOj3 content due to carbonation
of the pastes were evident (Figure . The amount
of remaining Ca(OH)s in the pastes (Figure [2]) de-
creased significantly over time in lime-pozzolan pastes
due to the ongoing pozzolanic reaction. Lime pastes
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with metakaolin, zeolite, pumice and diatomaceous
earth, i.e. with pozzolans with high pozzolanic ac-
tivity, showed a low Ca(OH)2 content. The high
reactivity of chalcedonite according to the Chapelle
test was not confirmed by the amount of remaining
Ca(OH); in the paste.

The reactivity of the pozzolans was expressed by
the amount of Ca(OH)y consumed in lime-pozzolan
pastes (Figure [3)), which increased with time as the
pozzolanic reaction progressed. Metakaolin and natu-
ral zeolite showed a significant and rapid pozzolanic
reaction, in agreement with the results of the Chapelle
test. Pumice showed low reactivity initially, but after
14 days it showed a significant increase in Ca(OH)s
consumed, similar to diatomaceous earth. Very low,
but expected, amounts of consumed lime were ob-
served for the lime-lava and lime-spongilite pastes.
The low value of reacted lime for the lime-chalcedonite
paste was surprising as a much higher value was ex-
pected based on the high pozzolanic activities from the
Chapelle test. From the time evolution of the amount
of reacted lime, it is clear that after 21 days almost
all amount of the metakaolin K05 is reacted, while
for other pozzolans the pozzolanic reaction continues
even at 28 days.

After 28 days of curing, the compressive strength of
the paste samples was determined (FigureE[). All lime-
pozzolan pastes outperformed the reference lime paste,
although lime-lava and lime-chalcedonite pastes only
slightly. This confirms that chalcedonite is not very
reactive in lime under standard conditions and that
its high pozzolanic activity values from the Chapelle
test are probably due to different conditions during
the test (high temperature, constant stirring). It can
therefore be seen that in some cases the Chapelle
test may overestimate the pozzolanic activity. High
strength values were obtained with pastes containing
metakaolin, zeolite and pumice, consistent with the
amount of lime consumed by these pozzolans, due to
the high amount of amorphous hydraulic oxides in
these pozzolans. In order to estimate the reactivity
of the pozzolans in real conditions, correlations were
made between the compressive strengths of the pastes
and the values of pozzolanic activity determined by
the Chapelle test after 24 hours (Figure and after
5days (Figure. As can be seen from the graphs and
R? values, neither of these correlations is very good.
Therefore, it is not possible to draw any conclusions
from the pozzolanic activity values as to the real
influence of the pozzolans on the strength of the pastes.
There is a much better correlation between the amount
of lime consumed by pozzolan (after 28 days) and the
compressive strength of the pastes, as can be seen in
Figure [6] (R? = 0.9849). The higher the amount of
Ca(OH)3 consumed, the higher the strength values can
be expected. From the amount of reacted lime under
real conditions, it is possible to infer the influence
of pozzolan on the strength of lime mixtures, and
the thermogravimetric method can be used relatively

106

easily to determine the amount of reacted lime.
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4. CONCLUSIONS

After comparing the effect of ten different types of
pozzolans on the strength of lime pastes in relation to
their pozzolanic activities determined by the Chapelle
test and monitoring the reactivity of these pozzolans
using the thermogravimetric method, the following
conclusions were made.

The true influence of pozzolans on the strength
properties of lime pastes can be predicted from the
content of amorphous hydraulic oxides and also from
the specific surface area of the pozzolan particles. The
Chapelle test is a fast and suitable method for deter-
mining pozzolanic activity for most of the pozzolans,
but in some cases it may overestimate the pozzolanic
activity due to the elevated temperature and constant
mixing of the mixture during the test. Determin-
ing the amount of lime consumed by pozzolan using
thermogravimetry is a time-consuming method for
evaluating the effect of pozzolan on the strength of
lime composites under real conditions, but it gives
better results than the Chapelle test, because it is
not affected by unrealistic conditions during the de-
termination. In any case, the pozzolanic activity of
a pozzolan should be determined by several methods
and the subsequent comparison should lead to a crit-
ical assessment of the influence of the pozzolan in
question on the properties of the prepared mixtures,
in order to avoid simplistic conclusions.
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