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Burnt Czech clay shale of different grain fineness is applied as a new pozzolan addition to lime mortar.
Experimental results show that the new lime-pozzolan mortars have significantly better mechanical
properties and frost resistance than the reference lime mortar. The fineness of burnt Czech clay shale
is a very important parameter affecting the properties of lime-pozzolan mortars; the best results are
achieved with an average particle size of 4 um. In a comparison with a lime-metakaolin mortar of the
same composition, the frost resistance of the new lime-pozzolan mortars is significantly better, the
mechanical, fracture-mechanical, hygric and thermal properties are either comparable or slightly better.
Therefore, it can be concluded that the burnt Czech clay shale has a good potential to be used in lime-
pozzolan mortars for renovation of historical buildings.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Rendering mortars composed of quicklime and pozzolan addi-
tions were used since the ancient times. The reaction of pozzolan
with lime formed hydrated calcium silicates which imparted high-
er durability to the renders. Due to the higher resistance of these
materials to the environment, some original plasters or plaster
fragments were conserved up to now. Volcanic materials such as
volcanic ash, tuff and crushed volcanic rock acting as natural
pozzolans were the first pozzolanic materials used in a wide ex-
tent, either in the form of coarse aggregates or powders, which
was due to their wide availability within the territory of ancient
Rome [1-5]. Lime plasters containing volcanic materials were
found also in the Maya lowlands [6,7]. However, there are still
questions regarding the locations of volcanic deposits exploited,
the periods in which reactive volcanic materials were used in Maya
plasters, and the specific hydraulic compounds that are found in
ancient Maya plasters [8]. Artificial pozzolans, such as crushed
bricks or brick dust, were used by Romans whenever natural poz-
zolanic materials were not available and a mortar insoluble in
water was needed. The use of ceramic powder or fragments for
the improvement of hydraulic properties of lime mortars within
the territory of ancient Rome was reported by many investigators
[9-14].

In the medieval times, the quality of mortars was often lower
compared to Roman times as pointed out by Miriello et al. [14]
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who studied Roman, proto-Byzantine and medieval mortars and
found the most friable sample to be a mixture of clay, lime and vol-
canic sand belonging to the Middle Ages. In some cases, certain im-
pure limestones from specific quarries were used to produce limes,
which had to be slaked on use because they hardened fast and set
under water [15]. The renaissance mortars were often mixed
according to Vitruvius guidelines for the choice and preparation
of raw materials. The architects distinguished between the use of
white lime obtained from the calcination of river pebbles and dark
lime (hydraulic lime) obtained from the calcination of grey and
dark limestones as substitutions of the pozzolans [15].

During the 19th century Portland cement gradually displaced
other hydraulic materials in construction; as a component of
plasters it was used since the 1920s. However, due to the limited
physico-chemical, mechanical, and esthetic compatibility of
cement mortars with the old masonry and architectural surfaces
[11] the use of cement in renovation of historical buildings began
to subside, in particular during the last several decades. In many
European countries, the requirements of supervisory authorities
taking care of historical monuments were becoming stricter as
for the compatibility of wall materials and conservation mortars
with the original masonry. Therefore, new solutions were sought
to prevent damage to the architectural heritage. Cortina et al.
[16] presented a technological solution to obtain lime-based
hydraulic mortars with the addition of chamotte or burnt clay
powder obtained from the ceramic industry’s waste. By doing this,
hydraulic properties have been incorporated and mortars with
great improvements in mechanical properties were produced.
Maravelaki-Kalaitzaki et al. [12] designed, characterized and then


http://dx.doi.org/10.1016/j.cemconcomp.2012.01.001
mailto:cernyr@fsv.cvut.cz
http://dx.doi.org/10.1016/j.cemconcomp.2012.01.001
http://www.sciencedirect.com/science/journal/09589465
http://www.elsevier.com/locate/cemconcomp

E. Vejmelkovd et al./ Cement & Concrete Composites 34 (2012) 486-492 487

monitored the performance of repair mortars and plasters com-
posed of natural hydraulic lime with pozzolanic additions as the
binding material and aggregates of siliceous sand and crushed
brick. Zawawi and Banfill [17] proposed an artificial hydraulic lime
for repair and conservation of historic masonry which was pro-
duced using limestone and siliceous waste materials such as pul-
verized fuel ash, glass cullet, silica sand, crushed rock and spent
oil shale. Cerny et al. [18] analyzed three lime-pozzolan plasters
containing metakaolin, ground brick and ground enamel glass
and found them suitable for application in the reconstruction of
historical buildings. Cultrone et al. [5] proposed several combina-
tions of brick and calcarenite with lime- and lime-pozzolan mor-
tars. Snellings et al. [19] and de la Villa et al. [20] showed a
potential of natural zeolites for production of lime-pozzolan
mortars.

Interesting solutions for lime-pozzolan mortars potentially
applicable in renovation of historical buildings also appeared in
other countries. Yang et al. [21] presented a systematic study of
sticky rice-lime mortar technology aimed at the determination of
the proper courses of action in restoring ancient buildings in China.
Martirena et al. [22,23] performed studies of different wastes of the
sugar industry, mainly sugar cane bagasse ash and sugar cane
straw ash, and have shown that such byproducts are likely to be
pozzolanic and their use in lime-pozzolan binders could become
an interesting alternative for developing countries. Nair et al.
[24] investigated the properties of rice husk ash pozzolans in a
mixture with lime for an alternative use in rural housing.

In the Czech Republic, the current procedures in renovation of
historical buildings are very rigorous. The materials for repair or
innovation of renders are supposed to have the most similar com-
position to the historical materials and they have to be applicable
by the original methods. This concerns especially the number and
the structure of coated layers, the manner of plaster surface treat-
ment by striking, indentation or smoothing [25,26]. Also, it is con-
sidered unacceptable to use lime-cement renders in Romanesque,
Gothic, Renaissance and Baroque buildings. Taking into account
the high purity of currently produced lime hydrates and the gen-
eral unavailability of hydraulic lime, adding pozzolans to lime
seems to be the most prospective option. As no natural pozzolans
can be found within the Czech territory, a logical option is to em-
ploy artificial pozzolans. Brick dust and metakaolin can be consid-
ered feasible solutions in that respect [18]; clays from the kaolinite,
illite or montmorillonite groups were available and widely used in
high amounts also in historic times. In this paper, we present an-
other idea and introduce a specific type of clay shale (“lupek” in
the Czech language). As there is no exact translation of this rock
to English (the exact equivalents exist only in German - “Letten”
and Polish - “lupek osadowy”, apparently due to the availability
of this rock only within the territory of Central Europe), we will de-
note it “Czech clay shale” in what follows.

The Czech clay shale is extracted from several mines which are
mostly located close to the pitcoal mines. At present, in natural
form it is used in production of refractory ceramics, in burnt form
as grog in the ceramic industry. After burning at temperatures sim-
ilar to the burning of kaolinite in metakaolin production the Czech
clay shale exhibits pozzolanic properties. Therefore, it has potential
for use in lime-pozzolan mortars and renders.

This paper presents a systematic research on lime mortars con-
taining burnt Czech clay shale of different particle size distribution
as pozzolan addition. Basic material characteristics, mechanical
and fracture-mechanical properties, durability characteristics, hyd-
ric and thermal properties are analyzed. The obtained results are
compared with the parameters of lime mortar without any addi-
tives, a lime-metakaolin mortar and a commercial renovation
mortar.

2. Materials and samples

A CL-90 lime hydrate (Kotou¢ Stramberk) complying with the
European standard EN 459-1 was used for the preparation of
lime-pozzolan mortars. Its composition is given in Table 1. The ap-
plied burnt Czech clay shale with the composition given in Table 2
was produced by Ceské lupkové zavody Nové Straseci in three dif-
ferent variants, denoted as L10, LO5, and LO3. Their particle size
distributions are presented in Fig. 1. All three distribution curves
were rather broad; the smallest particles present in all types of
burnt Czech clay shale were of the same size 0.5 um; the largest
particles were observed in L10. The average particle size (median
of cumulative passing curve) of LO3 was 4 um, for LO5 it was
9 um, and for L10 10 pm.

The composition of the three studied lime-pozzolan mortars,
LCS10, LCSO5, and LCS03, containing the burnt Czech clay shale is
shown in Table 3 where w/ds is the water to dry solids ratio by
mass. The amount of burnt Czech clay shale in the lime-pozzolan
binder was chosen as 20% of the mass of lime hydrate. According
to the study presented in [33] for metakaolin with a similar com-
position this dosage makes it possible to achieve significantly bet-
ter strengths than for pure lime mortars but the water vapor
transport properties are not negatively influenced by such a pozzo-
lan addition.

Three other mortars were investigated as well, in order to com-
pare their properties with the new lime-pozzolan mortars (Table

Table 1

Chemical composition of lime.
Component Mass (%)
Ca0 95.7
MgO 1.1
SO3 0.1
CO, 0.9

Table 2
Chemical composition of pozzolans by mass (%).

Component Metakaolin Burnt Czech clay shale
Al,03 38.50 41.90
SiO, 58.70 52.90
K0 0.85 0.77
Fe,04 0.72 1.08
TiO, 0.50 1.80
MgO 0.38 0.18
Ca0o 0.20 0.13
Loss on ignition 1.67 1.40
10

Volume [%]

Particle size [um]

Fig. 1. Particle size distributions of pozzolan additions.
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Table 3
The mass composition of studied mortars.

Mortar  Type of Pozzolan Lime Natural quartz and basalt  w/ds
pozzolan  (kg) (kg) sand, 0-4 mm (kg) (=)
LR - - 2.5 7.5 0.29
LCS10  L10 0.42 208 75 0.25
LCS05  LO5 0.42 208 75 0.23
LCS03  LO3 0.42 208 75 0.24
LM K05 0.42 208 75 0.258

Ccv2 3.33 kg of dry binder mix and 6.66 kg of 0-4 mm aggregates 0.375

3). The reference lime mortar LR was prepared without any
pozzolanic additions. The lime-metakaolin mortar LM contained
metakaolin Mefisto KO5 (produced by the same company as the
burnt Czech clay shale; the composition is given in Table 2) in
the same amount as L10, LO5 and L03 in LCS10, LCS05 and LCS03.
The commercial renovation mortar CV2 was on the lime basis. In
the preparation of this mortar the manufacturer’s instructions
were followed, including the higher w/ds ratio as compared to
the other mortars. The exact composition of CV2 was not known.

The measurement of material parameters was done (unless sta-
ted otherwise) after 28 days of standard curing in a conditioned
laboratory at the temperature of 22 +1°C and 25-30% relative
humidity. The following specimens were used in the experiments:
bulk density, matrix density and open porosity — six specimens of
50 x 50 x 25 mm, bending strength - six specimens of 40 x
40 x 160 mm, compressive strength — the halves of the specimens
left over after the bending tests, fracture-mechanical properties —
three specimens of 40 x 40 x 160 mm, freeze/thaw resistance -
three sets of three 40 x 40 x 160 mm specimens, water transport
properties — five specimens of 50 x 50 x 20 mm, water vapor
transport properties — two sets of three cylindrical samples with
the diameter of 100 mm and height of 20 mm, thermal properties
- three specimens of 70 x 70 x 70 mm.

3. Experimental methods

The bulk density, open porosity, and matrix density were deter-
mined using the water vacuum saturation method [27]. The parti-
cle size distribution was measured by a laser particle size analyzer
Mastersizer 2000 (Malvern), the pore size distribution by Mercury
Intrusion Porosimetry (MIP) using the porosimeters Pascal 140 and
440 (Thermo).

The measurement of compressive and bending strength was
done using the testing devices WPM 100 kN and WPM 50 kN,
respectively. A three-point bending test of a specimen having a
central edge notch length of about 1/3 of the depth of the specimen
was used in the measurement of fracture-mechanical parameters.
The effective fracture toughness and effective toughness were
determined using the Effective Crack Model [28]; the fracture en-
ergy was obtained by the RILEM method [29].

The frost resistance test was performed according to CSN 72
2452 [30]. Each freeze/thaw period consisted of 15 cycles. The frost
resistance coefficient K was determined as the ratio of bending or
compressive strength of specimens subjected to the specified num-
ber of freezing and thawing cycles to the strength of reference
specimens which did not undergo the frost resistance test. A mate-
rial was considered frost resistant for K > 0.75.

The water absorption coefficient was determined in a water-
sorptivity experiment with automatic data acquisition [31]. The
apparent moisture diffusivity was calculated using the data for
water absorption coefficient and vacuum saturation moisture con-
tent, according to the basic formula given in [32]. The wet-cup
method and dry-cup method were employed in the measurements
of the water vapor diffusion coefficient D and water vapor diffusion

resistance factor u (i = D,/D, where D, is the diffusion coefficient of
water vapor in air) [27]. The thermal conductivity and specific heat
capacity were determined using an Isomet 2104 (Applied Preci-
sion) working on an impulse principle.

4. Results and discussion

The lowest open porosity was achieved by the lime-pozzolan
mortars LCS05 and LCS03 with the finest pozzolan particles (Table
4). The mortar with coarser particles of burnt Czech clay shale,
LCS10, had almost the same porosity as the lime-metakaolin mor-
tar LM, about 5% higher than LCS05 and LCS03. The porosity of the
reference lime mortar without pozzolan admixture, LR, was in be-
tween. The pore size distribution of all lime-pozzolan mortars was
also similar to the reference lime mortar (Fig. 2), with a main peak
at 0.6-0.7 um. Accordingly, the bulk- and matrix densities were
also rather close, within a 3% margin (Table 4). This was a first indi-
cation of a successful mix design as the lime-pozzolan mortars
should have similar basic physical properties to the lime mortars
if they are supposed to be used in the renovation of historical
buildings. The commercial renovation mortar CV2 had about 20%
higher open porosity than the other mortars but its matrix density
was similar to lime-pozzolan mortars (Table 4), as well as its pore
size distribution determined by MIP (Fig. 2). This implied that CV2
could be based either on a lime-pozzolan- or a lime-cement bin-
der. Its higher porosity was certainly at least partially related to
its higher w/ds ratio as compared with the other lime-pozzolan
mortars, possibly also some foaming admixtures were used. The
excess pores were thus mainly bigger pores (>100 pm) of techno-
logical origin which were not detectable by MIP.

The highest compressive strength within the studied time per-
iod of 7-90 days was exhibited by the lime-pozzolan mortar LCS03
(Table 5). This was apparently related to the finest particles of
burnt Czech clay shale in this material (Fig. 1), so that the silicate

Table 4
Basic physical properties of mortars.

Mortar  Bulk density Matrix density Open porosity
(kg m~3) (kg m~3) (%m3m~3)
LR 1726 2648 346
LCS10 1660 2573 35.5
LCS05 1689 2533 333
LCS03 1689 2543 33.6
LM 1716 2669 35.7
Ccv2 1479 2539 41.8
0.04
——LR
——LCS10
0031 —rcsos
—Oo—LCS03
—*—LM
0.02 1 —&=CV2

0.01 1

Incremental pore volume [cm?/g]

0.001 0.01 0.1 1 10 100
Pore diameter [m]

Fig. 2. Pore size distributions of studied mortars.
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Table 5 Table 6

Compressive strength of mortars (MPa). Bending strength of mortars (MPa).
Time period (days) Mortar Time period (days) Mortar

LR LCS10 LCS05 LCS03 LM Cv2 LR LCS10 LCS05 LCS03 LM Ccv2
7 0.6 21 21 3.5 2.03 2.5 7 0.1 0.6 0.6 0.8 0.6 0.6

28 0.9 2.9 2.8 4.7 4.74 35 28 0.2 0.8 0.8 1.4 14 0.8
56 - 3.2 33 5 4.74 44 56 - 0.8 0.9 14 1.5 0.9
90 0.9 3.4 4.1 6.3 5.83 4.3 90 0.5 0.8 0.8 1.3 1.29 1.1

and aluminate ions were able to react very quickly with Ca®* ions,
forming CSH gels, C4AH;3, C3AHg and C,ASHg in the lime-pozzolan
mortar [34]. Also, the presence of smaller and more numerous par-
ticles led to smaller interparticle spaces, with a corresponding in-
crease in strength. The second highest compressive strength was
presented by the lime-metakaolin mortar LM, but its initial
strength growth was slower, apparently due to the slightly coarser
particles of metakaolin (Fig. 1). LCS10 and LCS05 had up to 50%
lower compressive strength than LCS03, giving a clear evidence
of the importance of fine grinding of the burnt Czech clay shale.
The compressive strength of the commercial renovation mortar
CV2 was at first slightly higher than LM, then up to 25% lower. This
may indicate the presence of either fine grained metakaolin or a
small amount of cement in CV2. The reference lime mortar LR
had up to seven times lower compressive strength as compared
with the lime-pozzolan mortars which underlined the importance
of pozzolan additions to the lime binder.

A comparison of results obtained in this paper with the mea-
surements presented by other investigators could not be done di-
rectly as the burnt Czech clay shale is a local pozzolan which is
not available outside the territory of Central Europe. However, as
was shown in Table 2, its composition is relatively similar to
metakaolin. Therefore, lime-metakaolin mortars are the closest
materials for comparison to our lime-pozzolan mortars with burnt
Czech clay shale. The compressive strength R. of lime-metakaolin
mortars was measured mostly for mixes with lower lime:pozzolan
(L:P) ratios than in this paper. Billong et al. [35] achieved
R.=10.2 MPa for L:P = 0.3:0.7 after 28 days as the best result. Sep-
ulcre-Aguilar and Hernandez-Olivares [36] obtained after 21 days
R.=12-15 MPa for L:P = 1:1 mixes cured under 60 °C warm water.
Fortes-Revilla et al. [37] measured R.=10-14 MPa for L:P=1:1
after 25 and 75 days. Veiga et al. [38] for a mix with higher L:P,
1:0.5 obtained after 90 days only a R. = 1.3 MPa. In a comparison
with these results, our mix design with the L:P ratio of 5:1 can
be considered very successful from both the technical and econom-
ical points of view; R.=6.3 MPa for LCS03 after 90 days achieved
with only a fraction of pozzolan addition as compared with [35-
37] is a good outcome.

The investigations presented in [35-38] revealed that - on a
general level - it was difficult to determine an optimum L:P ratio
because too many different factors were in play at the same time.
Fortes-Revilla et al. [37] presented an analysis of the mutual effects
of binder:sand (B:S) ratio, L:P ratio, and use of superplasticizer on
the strength and porosity. They found B:S ratio the most important
factor affecting the compressive strength, while L:P had only a
moderate effect. Qualitatively similar results were obtained in less
detailed studies presented in [35,36,38]. However, it should be
noted that the range of studied L:P ratios was in all cases relatively
narrow and other parameters than strength and porosity were not
taken into account.

The bending strengths (Table 6) followed a similar course as the
compressive strengths. LCS03 showed once again the fastest
increase of bending strength Ry with time up to 7 days but in later
times its Ry values were almost the same as LM. CV2 achieved up to
40% lower Ry, together with LCS10 and LCS05. The bending strength
of the reference lime mortar LR was up to seven times lower than

for lime-pozzolan mortars but the difference decreased with time,
apparently due to carbonation.

In the measurement of bending strength of lime-metakaolin
mortars, Fortes-Revilla et al. [37] obtained Rf=2.5-3.5 MPa for
L:P = 1:1 after 25 and 75 days, while Veiga et al. [38] for a mix with
L:P = 1:0.5 measured only R¢= 0.4 MPa. Also in this case our LCS03
mortar (L:P=5:1) with Rg= 1.4 MPa after 28 days performed very
well by comparison.

The lime-pozzolan mortar LCS03 with the finest pozzolan par-
ticles exhibited by far the highest fracture-mechanical parameters
(Table 7); the second best, CV2, being only about one half to one
third of the LCSO3 values. The remaining lime-pozzolan mortars
LCS10, LCSO5 and LM were on about the same level in the effective
fracture toughness and effective toughness but the fracture energy
of the lime-metakaolin mortar LM was only about one half of the
values measured for LCS10 and LCSO05. The fracture-mechanical
parameters of the reference lime plaster LR could not be deter-
mined because their values were lower than the sensitivity limit
of the applied measuring device.

If compressive strength was taken as the main criterion of frost
resistance, all lime-pozzolan mortars with the burnt Czech clay
shale could be classified as frost resistant; they achieved K> 0.75
in both testing periods (Table 8). The commercial renovation mor-
tar CV2 performed similarly. The lime-metakaolin mortar LM
showed the worst performance among the lime-pozzolan mortars,
with K values of only about 0.5-0.6. The reference lime plaster was
disintegrated already after the third freeze/thaw cycle. The frost
resistance coefficient K calculated as the ratio of bending strengths
was much lower than in the case of the ratio of compressive
strengths (Table 8); no studied material achieved K > 0.75 in both

Table 7
Fracture-mechanical properties of mortars.
Parameter Mortar
LR LCS10 LCSO5 LCSO3 LM Ccv2
Effective fracture - 0.086 0.092 0.204 0.082 0.123
toughness (MPa m'/?)
Effective toughness - 1.38 1.42 7.35 1.2 3.73
(Nm™)
Fracture energy (Jm2) - 116 11.5 53.9 6.0 19.6
Table 8

Frost resistance coefficient of mortars.

Mortar Frost resistance coefficient Frost resistance coefficient
K as the ratio of compressive K as the ratio of bending
strengths (-) strengths (-)
1st Period 2nd Period 1st Period 2nd Period

LR - - - -

LCS10 1.03 1.03 0.500 0.500

LCS05 1.18 1.04 0.625 0.375

LCS03 0.96 0.85 0.571 0.571

LM 0.621 0.536 0.627 0.218

cv2 1.17 1.11 0.625 0375
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the first and second testing period. The best performance was
exhibited by LCS03, the worst was LM with K =~ 0.2 after the second
period. The commercial renovation mortar CV2 was on the same
frost resistance level as LCS05, while LCS10 was slightly better.

The lowest water absorption coefficient A was measured for the
lime-pozzolan mortars LCS03 and LCS05 (Table 9) which was in
accordance with their low porosities (Table 4). The A-value of the
lime-metakaolin mortar was about 10% higher, of the lime-pozzo-
lan mortar LCS10 with the coarsest particles of burnt Czech clay
shale 30% higher and of the reference lime mortar LR 50% higher.
The commercial renovation mortar CV2 exhibited a similar A value
as LCSO3 and LCSO5 despite its much higher porosity. This could be
caused either by the vertical orientation of the water absorption
experiment - the big pores of technological origin which were
not detected by MIP (Fig. 1) but appeared in the total open porosity
determined by vacuum water saturation method (Table 4) might
not be able to transport water against the gravity force - or by
using a hydrophobic admixture.

In the investigations of lime-metakaolin mortars, Veiga et al.
[38] obtained for a mix with L:P =1:0.5 a water absorption coeffi-
cient A =0.209 kg m~2 s~'/2, which was about 50% higher than for
our lime-pozzolan mortars LCSO3 and LCS05. On the other hand,
the mix with L:P=1:1 studied in [18] had only A=
0.108 kg m~2 s /2, Taking into account the differences in mortar
composition, the performance of our mixes with L:P =5:1 should
be considered satisfactory.

The highest water vapor diffusion coefficient D in both dry-cup
and wet-cup arrangements was exhibited by the reference lime
plaster (Table 10). The D-values of lime-pozzolan mortars were
about 40-50% lower which still could be considered acceptable
from the point of view of the required open character of renovation
mortars. The lime-metakaolin mortar LM had the water vapor dif-
fusion coefficient in between these two limits. The commercial
renovation mortar CV2 evaluated in the dry-cup arrangement
achieved a D-value similar to that of the lime-pozzolan mortar
LCS03 despite its higher porosity, but for the wet-cup arrangement,
its water vapor diffusion coefficient was the second highest after
LR which indicated the importance of capillary condensed water
in the water vapor transport. This was in accordance with the pore
distribution curve (Fig. 1) which showed an increased amount of
pores in the range of 0.1-0.5 pm.

Table 9
Water transport properties of mortars.

Mortar Water absorption Apparent moisture
coefficient (kg m=2s~'/2) diffusivity (m?s™')

LR 0.215 5.17E-07

LCS10 0.197 3.13E-07

LCS05 0.14 1.78E-07

LCS03 0.145 1.86E-07

LM 0.159 2.02E-07

Ccv2 0.145 1.18E-07

Table 10
Water vapor transport properties of mortars.

Mortar  5/50% 97/50%
Water vapor Water vapor Water vapor Water vapor
diffusion diffusion diffusion diffusion
coefficient resistance coefficient resistance
(m?s71) factor (=) (m?s71) factor (=)

LR 1.64E-06 14.05 4.52E-06 5.24

LCS10  1.16E-06 19.83 3.02E-06 7.69

LCS05 1.11E-06 20.83 3.24E-06 7.15

LCS03 1.02E-06 22.71 2.66E-06 8.7

LM 1.43E-06 16.1 3.00E-06 7.7

Ccv2 9.93E-07 23.32 3.50E-06 6.67

The lowest thermal conductivity / in the dry state (Table 11)
was measured for the commercial renovation mortar CV2. This
was in accordance with its highest porosity (Table 4). The three
lime-pozzolan mortars with burnt Czech clay shale had almost
the same 2 values, about 5% higher than the lime-metakaolin mor-
tar LM and 60% higher than CV2. The reference lime mortar had the
highest thermal conductivity, about 10% higher than the lime-poz-
zolan mortars. This could be explained by its different microstruc-
ture which did not include the silicate and aluminate components
found in the mortars with pozzolans. The specific heat capacity c of
the lime-pozzolan mortars was similar to that of the lime-metaka-
olin mortar (Table 11). For the reference lime mortar, c was 5-10%
lower but these differences were on the edge of the error range of
the measuring method. The commercial mortar CV2 had a c value
about 5-10% higher than the lime-pozzolan mortars. Although this
difference itself may not be convincing, it could reflect the pres-
ence of additives in CV2 (foaming agents, hydrophobes).

The increase of thermal conductivity of all investigated mortars
with increasing moisture content was very substantial (Fig. 3); up
to three times higher 4 values were observed for a water saturated
state as compared with the dry state. This may have significant
consequences for the thermal performance of such mortars in
building envelopes. The commercial mortar CV2 had the lowest
thermal conductivity in the whole range of moisture content.
While in the dry state this was expected, as pointed out before,
the low values of thermal conductivity at high moisture contents
were probably caused by a hydrophobe which was already indi-
cated by the low value of water absorption coefficient of CV2
(Table 9). It could prevent water from an active contact with the
pore walls, forcing it to form discontinuous drops which then
decreased its effect on heat transfer.

The specific heat capacity of all mortars significantly increased
with increasing moisture content (Fig. 4) which was caused by
the high specific heat capacity of water relative to the other

Table 11
Thermal properties of mortars in dry state.

Mortar Thermal conductivity Specific heat capacity
(Wm~'K™1) (Jkg K1)
LR 0.836 867
LCS10 0.747 962
LCS05 0.751 904
LCS03 0.749 937
LM 0.706 921
Ccv2 0.464 994
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Fig. 3. Thermal conductivity as a function of moisture content.
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Fig. 4. Specific heat capacity as a function of moisture content.

components of the mortar. The measured data were compared
with the theoretical relation

Cary + Cwll

Cwet(u) = 1 Tu

(1)
(u is the moisture content by mass in kg/Kg, Cwew Cary and c,, are the
specific heat capacities of the wet material, the dry material and
water, respectively), which was derived in [39] under the assump-
tion that the specific heat capacity as a heat storage parameter
can be considered an additive quantity in the sense of the linear
theory of mixtures. A comparison of experimental results presented
in Fig. 4 with the theoretical calculations using Eq. (1) showed that
the experimental values were systematically higher than the calcu-
lated data but the differences were lower than 10%, which was
within the uncertainty range of the measurement of specific heat
capacity.

5. Conclusions

Three lime-based mortars containing burnt Czech clay shale of
different grain fineness as a new pozzolan addition were studied
in the paper. Experimental results showed that the burnt Czech
clay shale has a good potential to be used in lime-pozzolan mor-
tars for renovation of historical buildings as a local alternative to
metakaolin. The main findings can be summarized as follows:

o All three mortars with burnt Czech clay shale had significantly
better mechanical properties than the reference lime mortar;
up to seven times higher strength values were observed. They
also exhibited up to 30% lower water absorption and water
vapor diffusion coefficients.

e The frost resistance of the new lime-pozzolan mortars was far
better as compared with the reference lime mortar. After 30
freeze/thaw cycles they retained more than 80% of their com-
pressive strength and more than one half of their bending
strength, while the reference lime mortar was disintegrated
already after the third freeze/thaw cycle.

e The fineness of burnt Czech clay shale was a very important
parameter affecting the properties of lime-pozzolan mortars;
the best results were achieved with the average particle size
of 4 um. Apparently, in the finest burnt Czech clay shale parti-
cles, the reactions of silicates and aluminates with Ca®* ions
are faster, resulting in a more effective formation of the com-
plex system of lime-pozzolan hydration products.

e In a comparison with the lime-metakaolin mortar of the same
composition, the mechanical and fracture-mechanical proper-
ties of all three lime-pozzolan mortars containing burnt Czech

clay shale were either comparable or better, the frost resistance
significantly better, the water absorption coefficient and water
vapor diffusion coefficient slightly lower, and the thermal prop-
erties comparable.

e The commercial renovation mortar analyzed for the sake of
comparison of the new lime-pozzolan mortars with the prod-
ucts available on the current market exhibited similar mechan-
ical, water and water vapor transport properties as the lime-
pozzolan plaster with the finest burnt Czech clay shale particles
although its open porosity was about 20% higher. As its exact
composition was not known, we can only speculate about the
possible reasons. A logical explanation could be the use of foam-
ing agents, together with a small amount of cement and a
hydrophobic admixture. Adding a hydrophobe to the LCS03
mortar would be a useful topic for future research.
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