
Introduction

The physical-chemical characterization of ancient

mortars nowadays is almost a regular step in the resto-

ration of historic buildings, with a twofold aim: a) to

supply analytical documentation of the constitutive

materials and the building techniques; b) to achieve

guidelines for the use of materials that are the most

suitable. One of the most interesting aspects is to as-

certain what kind of binder was used in the mortar,

i.e. to distinguish between an air-hardening and a hy-

draulic system. Actually the latter shows in general

lower porosity and, therefore, high strength and low

permeability, both properties being relevant to pro-

duce the mortar for a restoration operation that fulfils

the requirements of both compatibility and durability.

A great number of scientific papers [1–10] are

available on the hydraulicity of ancient lime mortars,

which use thermal analysis as a valuable analytical

tool. They measure both the mass loss due to carbon di-

oxide, released by decomposition of the carbonates

produced during the air-hardening of slaked lime,

i.e. calcite and magnesite, and the mass loss due to the

release of the water bound to hydraulic compounds,

such as hydrated calcium silicates and aluminates. The

general approach is that plotting such values, unmodi-

fied or arranged into normalized coordinates, should

result in grouping the data into clusters according to

the different typologies of mortars. As clearly under-

lined in [11], this simple approach is complicated by

the great variety of mortars that can occur in the resto-

ration of a historic building: different constitutive ma-

terials (e.g. slaked lime, hydraulic lime, pozzolanic and

crushed bricks mortars), different conservation condi-

tions, differences in the composition and proportion of

aggregates with respect to binder. In particular the lat-

ter aspect proved to be critical [3], as the results of

thermal analysis are affected by the accuracy in the

separation of binder and aggregates.

Within this context, in order to validate the pro-

posed normalization procedures, simultaneous ther-

mal analysis was performed on several samples ad

hoc prepared, according to simple recipes, so that a

progressive degree of hydraulicity could be achieved.

The coordinates suggested in [1] were the starting

point to propose a new method of plotting data, which

seems to improve the effectiveness and the reliability

in grouping different mortars into clusters according

to their properties.

Experimental

Materials

Different samples were prepared, with the aim of test-

ing materials with progressive hydraulic properties.

They are listed according to a presumed increasing

hydraulicity of the binder and marked by letters re-

lated to their composition.

Binders

L Slaked lime

LP Lime plus Portland cement 3,25 (80/20 mass%)

LC Lime plus cement 3,25R (70/30 mass%)

CL Lime plus cement 3,25R (30/70 mass%)

1388–6150/$20.00 Akadémiai Kiadó, Budapest, Hungary

© 2008 Akadémiai Kiadó, Budapest Springer, Dordrecht, The Netherlands

Journal of Thermal Analysis and Calorimetry, Vol. 92 (2008) 1, 173–178

CHARACTERIZATION OF HYDRAULIC MORTARS BY MEANS OF
SIMULTANEOUS THERMAL ANALYSIS

G. Rizzo* and B. Megna

Universit� di Palermo, Dipartimento di Ingegneria Chimica dei Processi e dei Materiali, Viale delle Scienze edificio 6
90128 Palermo, Italy

The properties of hydraulic mortars were studied by means of simultaneous thermal analysis (STA), according to a procedure pro-

posed in the literature. Hydraulic limes, cement and/or slaked lime were mixed using different proportions of both inert and reactive

aggregates, in order to test the effectiveness of such procedure in distinguishing the different degree of hydraulicity of such samples.

The use of the normalized coordinates suggested in the literature results in overlapping of the clusters of different kinds of mortars.

Modified coordinates are proposed, which give promising results in view of outlining a ‘master curve’ of hydraulicity.

Keywords: cement, crushed brick, hydraulic binder, hydraulic lime, pozzolana, simultaneous thermal analysis

* Author for correspondence: rizzo@dicpm.unipa.it



CB (Crushed brick) mixture of slaked lime and

metakaolin

S Commercial mixture of slaked lime and Santorini earth

HL Hydraulic lime NHL3,5

P Portland cement 3,25

C Cement 3,25R (UNI-EN 459-1 Standard)

For all of the binding systems, but slaked lime,

samples were prepared either without any aggregate

(HL, C, LC, CL and CB) or using polyethylene pellets

to reduce the shrinking during curing, whereas, be-

cause of the well known problems in carbonation of

lime putty, samples L were prepared only in the form

of mortars, using inert aggregates.

Furthermore, the following mortars were pre-

pared using quartz aggregates, in order to investigate

the influence on the STA results:

Mortars

LP with binder/aggregate volume ratio 1/3 and 1/10

CL and LC with binder/aggregate volume ratio 1/3

S with binder/aggregate volume ratio 1/3 and 1/10

CB with binder/aggregate volume ratio 1/3

HL with binder/aggregate volume ratio 1/3

C with binder/aggregate volume ratio 1/3

The results are presented in an order that follows in

some way the sequence of samples preparation, which

was regulated by the progression in the results of STA.

Methods

Samples were cured at 40°C and 99�1% relative hu-

midity for at least 90 days and underwent thermal

analysis as taken from the curing box.

As for the mortars, two different sets of samples

were prepared [2, 3]: i) the material was just pow-

dered, including binder and aggregates; ii) first the

material was mildly pounded in order to separate

binder from aggregates, then was sieved at 53 �m to

enrich it into the binder and finally powdered.

Tests were performed using a simultaneous ther-

mal analyzer Netzsch STA 409, heating rate 10°C min–1

in the range 30–1000°C, in static air.

Results were processed according to [1–3], mea-

suring the mass loss in four consecutive temperature

ranges:

• 30–120°C hygroscopic water

• 120–200°C water from hydrated salts

• 200–600°C water structurally bound to hydraulic

components

• >600°C carbon dioxide from carbonates decompo-

sition

The mass loss in the range 120–200°C was not

significant within this work, as the samples ad hoc

prepared did not contain soluble salts, so the relevant

data will be referred to as H2Oabs (30–120°C),

H2O (200–600°C) and CO2 (600–1000°C).

It is worth underlining that such a sharp distinction

of temperature ranges is just a working assumption,

even though widely used and validated in the literature.

Results and discussion

The first step of the programwas to analyze the simplest

cases, i.e. samples made of binder alone, without any ef-

fect of the aggregates. The results of thermal analysis on

binder samples are reported in Table 1: in columns 2–4

the percentage mass loss in the selected temperature

ranges, in column 5 the inverse of the dimensionless
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Table 1 Results of STA on binder samples

Sample ID H2Oabs/mass% H2O/mass% CO2/mass% CO2/H2O H2O/H2Oabs CO2/H2Oabs

HL1 0.7 2.7 19.9 7.4 4.0 29.7

HL2 1.5 4.6 24.1 5.2 3.1 16.2

S 2.7 7.2 13.9 1.9 2.6 5.1

P 2.2 8.3 21.6 2.6 3.8 10.0

C 1.4 2.0 8.9 4.4 1.4 6.3

CL 2.1 2.3 20.3 9.0 2.4 9.5

LC 0.2 2.1 28.4 13.2 4.0 56.7

LP1 0.7 2.3 28.8 12.5 3.2 40.4

LP2 0.3 1.6 15.0 9.3 5.4 50.4

LP3 0.6 2.5 31.6 12.6 4.0 50.6

L1 0.3 1.6 28.7 17.7 4.8 84.4

L2 0.2 0.8 17.6 21.2 3.5 74.2

CB1 1.2 3.2 15.5 4.8 2.6 12.4

CB2 1.7 2.5 15.5 6.2 1.5 9.3

CB3 1.8 3.1 19.8 6.4 1.7 11.1



hydraulicity index from the literature, in columns 6

and 7 two proposed dimensionless coordinates.

Such data are presented in Fig. 1 according to the

coordinates proposed in [1, 3], plots a–c on the left col-

umn. Hollow symbols are used for slaked lime, the

solid ones for highly hydraulic binders, the grey ones

for intermediate systems, the x for hydraulic mixtures

of slaked lime and finely powdered metakaolin. As a

general comment, the normalization of data proves to

be only partially effective in grouping data according

to their degree of hydraulicity. The best result is shown

in plot b, were a sort of exponential ‘master curve’ of

hydraulicity is outlined, though the scattering of points

with respect to both abscissa and ordinate seems to be

high even for samples of the same type.

In an attempt to improve the representation of

data, the coordinates were modified according to some

considerations on the relation between hydraulicity of

mortars and their attitude to absorb hygroscopic wa-

ter [3]. In fact, as a consequence of the curing proce-

dure, all of the samples underwent STA in the same

conditions, i.e. after at least 90 days of conditioning

at 40°C and 99�1% humidity. So, taking advantage of

such prerequisite, it is reasonable to assume that the

amount of hygroscopic water, i.e. the mass loss mea-

sured during STA in the temperature range 30–120°C,

is strongly affected by the presence of hydraulic com-

pounds in the set binder. According to this assumption,

the hygroscopic water H2Oabs could be used as an addi-

tional parameter to emphasize the differences between

air-hardening and hydraulic binders.

In Fig. 1 plots d–f on the right column show the

effect produced on the representation of data by the

use of H2Oabs as normalizing factor for one or both of

the coordinates proposed in the literature. The results

seem to be very satisfactory, as the grouping into

clusters of points corresponding to similar binders is

improved with respect to both coordinates; further-

more, the overlapping of clusters of different types of

binder is reduced. This is particularly clear in the case

of mixtures of cement and slaked lime, diamonds and

triangles in Fig. 1, as the order of the points from left

to right follows the progression of cement content.

The most effective adjustment proves to be the nor-

malization of CO2 by H2Oabs shown in Fig. 1 plot f, as

such parameters are in inverse dependence on the

percentage of hydraulic compounds in the binder.

As reported in [2], one of the major problems that

hinders the clustering of hydraulicity data of ancient

mortars is the presence of aggregates, which affects the
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Fig. 1 Representation of hydraulicity of samples made of binder, without aggregates. a–c – coordinates proposed in the literature;

d–f – modified coordinates; � – HL, � – S, � – P, � – C, � – CL, � – LC, � – LP, � – L, × – CB



results of the STA either adding a misleading contribu-

tion to the mass loss of the binder (e.g. carbonatic ag-

gregates) or diluting the true mass loss percentage of

the binder (e.g. quartz). That’s why it was a critical

step to validate the coordinates proposed in this work,

introducing the effect of aggregates, i.e. preparing and

testing mortars with different aggregate to binder ratio,

both before and after sieving.

The data of STA on different mortars are shown

in Fig. 2. Again the results obtained using the coordi-

nates from literature, plots a–c on the left column, are

compared with results obtained using the modified

coordinates, plots d–f on the right column. As already

observed on the samples of binders, also in the case of

mortars taking into account the hygroscopic water

seems to improve the effectiveness of the clustering

procedure. Again, the most effective adjustment

proves to be the normalization of CO2 by H2Oabs

shown in Fig. 2 plot f. In fact for hydraulic mortars

such modified abscissa is strongly affected by the

higher capacity of the binder, with respect to the ag-

gregates, of absorbing hygroscopic water.

Comparison between the two columns in Fig. 2

evidence that, using the coordinates proposed in pre-

vious works [1–3], the objective of grouping different

mortars into clusters according to their hydraulicity is

best fulfilled by using H2O vs. CO2/H2O, Figs 1b

and 2b, respectively, whereas the results can be im-

proved using the modified coordinates proposed in

this work, the best being achieved by plotting

CO2/H2O vs. CO2/H2Oabs, Figs 1f and 2f for binders

and mortars, respectively.

The improvement of the clustering procedure is

clearly pointed out in Fig. 3, where only data relative to

a specific binder, i.e. the Santorini lime, are reported.

Each point refers to a different composition of the sam-

ple: pure binder, mortars with binder/aggregate ra-

tio 1/3 and 1/10. For mortars, further differentiation is

present: i) sample as a tout venant, i.e. ground with the

original ratio binder/aggregate; ii) sample enriched in

binder by sieving. Even in the presence of only one

binder, the use of the coordinates suggested in the liter-

ature, left column, Figs 3a–c, leads to a significant

scattering of data, due to the influence of parameters

others than hydraulicity of the binder. In particular, the

sieving of samples proves to be quite ineffective in re-

ducing the disturb produced by aggregates. On the con-

trary, the proposed coordinates allow a satisfactory

clustering even for not sieved samples.

176 J. Therm. Anal. Cal., 92, 2008

RIZZO, MEGNA

Fig. 2 Representation of hydraulicity of mortar samples. a–c – coordinates proposed in the literature; d–f – modified coordinates;

� – HL, � – S, � – P, � – C, � – CL, � – LC, � – LP, � – L, × – CB,� – HL+A, - – S+A, + – C+A, � – CL+A,

� – LP+A, � – L+A, / – CB+A
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Fig. 3 Representation of hydraulicity of samples made of the same binder, Santorini lime, with and without aggregates.

a–c – coordinates proposed in the literature; d–f – modified coordinates; / – S1f, – S2f, � – S3, – S1, – S2

Fig. 4 Best fitting of the results of the simultaneous thermal analysis. a, b – coordinates proposed in the literature; c, d – modified

coordinates; � – HL, � – S, � – P, � – C, � – CL, � – LC, � – LP, � – L, × – CB,� – HL+A, - – S+A, + – C+A,

� – CL+A, � – LP+A, � – L+A, / – CB+A



As a final comment, the degree of hydraulicity of

binders and, even more, of mortars seems to be prop-

erly represented taking into account the hygroscopic

water H2Oabs. Such improvement is highlighted by su-

perimposing the best fitting curves to the plots, Fig. 4.

Particularly, the presence of aggregates is better taken

into account by using the new coordinates, as can be

observed comparing the best fitting in Figs 4b with d.

Conclusions

A procedure proposed in the literature for evaluating

the hydraulicity of ancient mortars by clustering of

STA data, was applied to samples, ad hoc prepared

with increasing hydraulicity from slaked lime to ce-

ment. The results evidence some problems: a) the

scattering of data with respect to both abscissa and or-

dinate seems to be high; b) sometimes the coordinates

are ineffective in grouping even mortars of the same

type according to their hydraulicity; c) particularly

the presence of aggregates within the analyzed sam-

ples significantly affects the position of points

relative to the same binder.

The working assumption of this paper is that the

hygroscopic water, H2Oabs, can be used to improve the

clustering of mortars according to their degree of

hydraulicity. In fact, the capability of absorbing mois-

ture from the environment increases with the hydrau-

licity of the binder. The results obtained confirm the ef-

fectiveness of such assumption, as the clusters of similar

ad hoc prepared samples are better defined and sepa-

rated each other. Furthermore, the normalized coordi-

nates reduce the scattering of data due to the presence of

the aggregates within the analyzed samples.

In order to be validated, the proposed procedure

will be applied to a wider variety of mortars, ad hoc

prepared with different types of binders and aggre-

gates. As a following step, also historic samples will

be analyzed and the degree of hydraulicity, pointed

out by processing STA data, will be compared with

the information achievable by other techniques, such

as mineralogical petrographic analysis, scanning

electron microscopy, IR and Raman spectroscopy.

Acknowledgements

This work has been supported by ‘ex 60%’ grant and by a

scholarship financed by SICOMED S.p.A., Palermo (Italy).

References

1 A. Moropoulou, A. Bakolas and K. Bisbikou,

Thermochim. Acta, 269/270 (1995) 779.

2 A. Bakolas, G. Biscontin, V. Contardi, E. Franceschi,

A. Moropoulou, D. Palazzi and E. Zendri, Thermochim. Acta,

269/270 (1995) 817.

3 A. Bakolas, G. Biscontin, A. Moropoulou and E. Zendri,

Thermochim. Acta, 321 (1998) 151.

4 A. Moropoulou, A. Bakolas and K. Bisbikou,

J. Cultur. Heritage, 1 (2000) 45.

5 G. Biscontin, M. Pellizon Birelli and E. Zendri,

J. Cultur. Heritage, 3 (2002) 31.

6 P. Maravelaki-Kalaitzaki, A. Bakolas and A. Moropoulou,

Cement Concr. Res., 33 (2003) 651.

7 G. M. Ingo, I. Fragal�, G. Bultrini, T. de Caro, C. Riccucci

and G. Chiozzini, Thermochim. Acta, 418 (2004) 53.

8 P. Bruno, D. Calabrese, M. Di Pierro, A. Genga,

C. Laganara, D. A. P. Manigrassi, A. Traini and

P. Ubbr�aco, Thermochim. Acta, 418 (2004) 131.

9 A. Moropoulou, A. Bakolas, P. Moundoulas,

E. Aggelakopoulou and S. Anagnostopoulou,

Cement Concr. Composites, 27 (2005) 289.

10 D. A. Silva, H. R.Wenk and P. J. M. Monteiro,

Thermochim. Acta, 438 (2005) 35.

11 J. Pires and A. J. Cruz, J. Therm. Anal. Cal., 87 (2007) 411.

DOI: 10.1007/s10973-007-8757-5

178 J. Therm. Anal. Cal., 92, 2008

RIZZO, MEGNA



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


