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ABSTRACT

DEVELOPMENT OF POZZOLANIC LIME MORTARS FOR THE RERR
OF HISTORIC MASONRY

GUNEY, Bilge Alp
Ph.D., Department of Architecture, Graduate PrograRestoration
Supervisor: Prof. Dr. Emine N. CANER SALTIK

February 2012, 95 pages

The use of lime mortars with pozzolanic additivef special importance for
the repair of historic masonry. In this study, #féect of pozzolanic materials
on the final characteristics of mortars was ingzggd. Metakaolin, fly ash and
historic brick powder were used as pozzolanic nelgein mortar mixes with
varying binder:pozzolan:aggregate ratios. Histonigrtar samples from rubble
stone masonry of Kahta Castle, a medieval strudturelose vicinity of the
Nemrut Da Monument, were also investigated to serve asrérggoint for
the preparation of repair mortars. Physical andsigoynechanical tests, optical
microscopy, chemical tests, SEM-EDX and XRD anaysere used to assess

the properties of the historic mortars and repairtars.

Fat lime was found to be used in historic mortaith & high binder/aggregate
ratio. They were observed to have relatively lowmsiy and high porosity with

an average compressive strength of 7.4 MPa. Histodrtars were determined



to have relatively high water vapour permeabiliyl dow water impermeability

characteristics.

In repair mortars setting was found to be predomtigadue to carbonation

along with pozzolanic reactions. However, abungaesence of stratlingite in

mortars with added metakaolin indicated that thezptanic reactions preceded

carbonation in those mortars.

Use of pozzolanic materials increased the uniagahpressive strength and
modulus of elasticity of mortars compared with cohsamples. Using the same
binder:pozzolan:aggregate ratio, highest increass wbserved on mortars
prepared with added fly ash at the end of 90 dBysability parameters of

repair mortars defined as wet to dry compressirength were in the very good
to excellent range according to Winkler’s classifion. By using fly ash, design
of lime mortars with high water impermeability aridgh water vapour

permeability characteristics was accomplished.

Keywords: repair mortars, historic masonry, pozaptarbonation
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TAR H YAPILARIN ONARIMINDA KULLANILACAK PUZOLAN K
K REC HARCLARININ GEL T R LMES

GUNEY, Bilge Alp
Ph.D., Mimarl k Bolumu, Restorasyon Program
Tez Dan man : Prof. Dr. Emine N. CANER SALTIK

ubat 2012, 95 sayfa

Tarihi yaplarn ta orgulerinin onarm c¢almalar nda, puzolanik kireg
harclarnn kullanm ©6nem tanaktadr. Bu c¢almada, puzolanik katk
maddelerinin kire¢ harclarnn fiziksel, fizikomeklk ve mikroyap sal
Ozelliklerine olan etkileri ararlm tr. Har¢ kar mlarnda, puzolanik
malzeme olarak metakolin, ucucu kil ve tarihi l&a tozu, dei en
ba lay c :puzolan:agrega oranlar ile kullan Ir. Ayr ca, Nemrut Da An't

yak nlar nda bulunan bir ortagcayaps olan Kahta Kalesi'nin yma
duvarlarnda kullanlan kire¢ harclarnn 06zellikle onarm harclar
haz rlanmas nda bir 6rnek olurmas amacyla incelenntir. Haz rlanan
onar m harclarnn ve tarihi harclar n ozelliklefiziksel ve fizikomekanik
Ozelliklerin analizi, optik mikroskopla yap lan dizéer, kimyasal analizler,
SEM-EDX ve XRD analizleri ile belirlenmiir.

Tarihi harglarda saf kirecin kullan Id ve balay c :agrega oranlar n n yiksek

oldu u gorulmutdr. ncelenen tarihi harglar n, dik birim hacim arl ve

Vi



yuksek gozeneklilie sahip olduu ve ortalama basn¢ dayanmnn 7.4 MPa
oldu u tespit edilmitir. Tarihi harglar n su buhar gecirgenhin yiksek, su

gecirimsizlik 6zelliklerinin ise diik oldu u géraimutar.

Onarm harglarnn katlanas nn, karbonatlaa ile birlikte puzolanik
tepkimeler ile gercekléi i gozlenmitir. Metakaolin kullan larak haz rlanan
harglarda, youn olarak stratlingit olumas, bu harclarda puzolanik

tepkimelerin dncelikli olduunu gostermiir.

Puzolanik katk maddelerinin, harclar n bas n¢ aaya ve esneklik moduli
de erlerini, kontrol orneklerine gore artt rd gorulmu tar.
Ba lay c :puzolan:agrega oran sabit tutuldada, en yiksek art ugucu kilin
katk maddesi olarak kullanld harglarda gozlenmiir. 1:0.5:2
ba lay ¢ :puzolan:agrega oran kullan larak haz rlani@eclar n, slak bas n¢
dayan mlar n n, kuru bas n¢ dayan m na oran olaekmlanan, dayan kl | k
parametrelerinin, Winkler s n fland rmas na gor& ¢o ve mikemmel aras nda
oldu u tespit edilmitir. Puzolanik katk maddesi olarak ugucu kil kaollarak,
su gecirimsiz ve su buhar gecirimliliyliksek kire¢ harglar n n olturulmas
baarim tr.

Anahtar kelimeler: onar m harglar , tarihi tdrgti, puzolan, karbonatiaa
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CHAPTER 1

INTRODUCTION

Development and design of repair mortars compatihile the existing original
materials of a historic structure requires sevstgps to be carried out; such as
investigation of the structure, collecting originkistorical mortar samples,
diagnostic analyses to determine the main causedawifage to the original
materials to be repaired or replaced, investigadiod characterization of the
original mortar within its functional context, foutation of a repair mortar
composition considering the above steps and testiegroposed repair mortar

mixture for the required criteria (Schueremans 2011

Repair mortars should be developed considering rabwa@spects such as
reversibility, compatibility, retreatability, durdity, function and technology
(Van Balen et al. 2000, 2005, Groot et al. 200®sthAetic properties of mortars

should also be taken into consideration.

In the case of an intervention, the authenticity dfistorical building should be
taken into account and preserved as much as peg$OMOS 2003, 2005).
Values embedded in a monument such as shape, desigterials and
substance, use and function, tradition and tecksigworkmanship, location
and exposition have on their turn an artistic, drisal, social and scientific
dimension. Characterizing accurately all the valpetentially embedded in a
heritage structure requires significant effort istdrical research, inspection and

structural analysis (Schueremans 2011).



It is clear that mortars have an important functiorthe masonry and historic
structure in general and thus have a great impa¢he overall heritage values

in most of the aspects and dimensions mentionedeabo

During the intervention, including repairs with rtaor the minimum
intervention principle applies (ICOMOS 2003, 200%®) ensure maximum
preservation as possible. Compatibility is onehaf nost important aspects in
the design of repair mortars such that it doesimobduce any damage to the
authentic materials. For repair mortars, the appheaterials and techniques
thus have to, under the given circumstances, fibh whe original. Physical,
mechanical and chemical compatibility between #gair and original mortar
should be a priority (Faria 2008, Degryse et a0ZWMosquera et al. 2002).

In a structural context mortar is the material vahimlds the masonry units like
stone and brick together as a bonding agent aredghduring several structural
inputs such as the gravity, movements due to stilesnents or seismic loads
through its lifespan (Salvadori 1982; Holmes, Wiega997). Mortar between
the masonry units also provide a cushion to sptieadoads evenly particularly
with soft bricks and stones distributing stress ttee entire masonry.

Furthermore, it also acts as a wick to draw moéstwt of a wall providing the

surface for evaporation (Holmes, Wingate 1997).

Since mortar is exposed to the effects of atmosplwenditions like wetting-
drying, freezing-thawing cycles related with theksemt relative humidity and
temperature with the rest of the structure, theradtaristics of the mortar are

directly related with the long term durability dfet masonry (Schaffer 1972).

Studies with historic masonry show that the mowi&hin a masonry exhibit
similar physical and mechanical properties with thaterials they were used
with, making the masonry a homogeneous unit belgavmformly against the

physical and environmental stresses (Tuncoku 2@idcontin et al. 1993,



Livingston 1993). It was found that the mortar usedh bricks for the
construction of historic upper structures were ¢éopsepared with aggregates
with lower density and higher percentages of limematch the physical and
mechanical properties of bricks units (Tuncoku 2Q0¢ingston 1993). But for
the stone masonry in the same historic structurestars with higher density

and compressive strength were utilized (Tuncokul2@iscontin et al. 1993).

The characteristics of the mortar used within acstire differ depending on the

properties required by their function in the builgliand the conditions in which

the mortar performs its duty. If for example wheater insulation was needed
or the structure was constructed in an environmdr@re water was in constant
contact with the materials, mortars having watgeermeable character and the
ability to set under water were used (Genestak @086; Ashurst, Dimes 1990;

Malinowski 1981).

It is important to have detailed knowledge abowt physical and mechanical
properties, the raw material and compositional attaristics of historic mortars
in order to understand the technology behind theie and utilize that

information for the production of compatible andahle repair mortars.

Mortar consists of a binder and aggregates. Binderbe lime, mud, gypsum or
cement. Aggregates are used as filler and to am@dking during the drying
and setting of the binder (Mora et al. 1984; ArshDémes 1990). Natural sand,
gravel, crushed stones and brick, tile dust candssl as aggregates. Both the
characteristics of the lime used and the propediesggregates play important
roles on the final characteristics of the mortaan(@&ez-Moral et al. 2005;
Moropoulou et al. 1999, 2005a; Papayianni, Stefanid005, Genestar et al.
2006, Lanas et al. 2004).

Characterization of historic mortars was primarigsed on traditional wet
chemical analyses until 1980’'s (Jedrzejewska 198@pt 1981, Cliver 1972).



But without a solid knowledge of the nature of thertar components it is often
difficult or impossible to interpret the results.olar characterization and
identification studies later on focused on the agitimicroscopy and X-ray
diffraction analyses as the initial step for thel@ative identification of mortar
components. Afterwards the use of several analyteehniques like SEM-
EDX, DTA/TGA, FTIR etc. to quantitatively and qualiively determine the
components of the mortar became quite common (Midde et al. 2000; Van
Balen et al. 2000; Martinet et al. 2000; Van Bad¢ral. 2003). For the field of
conservation, characterization of historic mortams relation to their raw
material components is essential to formulate caiipos for compatible
repair mortars (Elert et al. 2002; Henriques 20@dpayianni 2005). For the
design of compatible repair mortars the most @itinformation to be gathered
are the type and hydraulicity of the binder, thgragate binder ratio and the
characteristic properties of the aggregates likgigh@a size distribution and
pozzolanic activity (Leslie, Gibbons 2000). To emsa durable connection
between the original materials and the repair mprtae mechanical and
physical properties of the mortar must be adapuetthdt of the original (Sasse,
Snethlage 1997). Therefore it is very importantatmlyze the physical and
mechanical properties, compatibility and durabilpyoperties of the repair
mortars in relation to the original mortars andhéwe detailed information about
the factors affecting the final properties of thertars with regard to the

materials used and their compositional proportion.

Although there are several studies analyzing thgsiphl and mechanical
properties of the historic mortars; finding out thature of the original raw
materials, composite compositions and the techsidgu&t were used to prepare
mortars with the characteristics in question isifficdlt task (Genestar et al.
2006; Elsen 2006). The main difficulty for the cheterization of the historic
mortars is to differentiate the nature of the bmdeterms of hydraulicity,
because of the similarities of the end productspotzolanic reactions and

hydration products of hydraulic components. Althowtptermination of high



amounts of calcium carbonate in historic mortarerdpoulou 2005a; Genestar
2006; Tuncoku 2001, Moropoulou 2000) is an indmawf the use of fat lime,
the question on the origin of siliceous cementiend products is still open to

investigation.

1.1 Lime mortar

According to the setting behaviour which is relateith the type of lime and
aggregate used, lime mortars can be classifiedbashydraulic and hydraulic
lime mortars (Lea 1970, Moropoulou 1999, 2005a,58)0In non-hydraulic
lime mortars pure lime is used as the binder. Nyairdwlic lime mortars have a
long setting time requiring carbon dioxide from tla@mosphere for the
carbonation process to occur. Hydraulic lime martaetting is the result of
hydration of the cementious components and/or pampiEp reactions
accompanied by the carbonation of the lime. Theitirsy time is shorter
compared with non hydraulic pure lime mortars (Mmwwolou 2005a). Hydraulic
lime mortars can be further grouped as natural duyjdr lime mortars and
pozzolanic lime mortars (Moropoulou 2005b). Naturadiraulic lime is used as

the binder in natural hydraulic lime mortars.

Hydraulicity in pozzolanic lime mortars is achiewsith the use of pozzolanic
aggregates or additives used with lime. In thisedh® setting is the result of
pozzolanic reactions that take place between linmel @ahe pozzolans.
Carbonation of calcium hydroxide also takes placeikaneously in pozzolanic

lime mortars. Lime used can be either fat limeatural hydraulic lime.

Hydraulic lime mortars are known with their higherechanical properties
compared with that of pure lime mortars (Lanad.€2@04; Moropoulou 2005b;
Teutonico 1994 mortars, generally decreasing thly srength and increasing
water vapour permeability (Teutonico et al. 199@ure lime mortars have

considerable higher water vapour permeability bawer early mechanical



strength (Teutonico et al. 1994), but improvememts the hydraulicity
increases water vapour permeability of the mortwesreases (Banfill, Foster
2004, Teutonico et al. 1994). Gauging natural hytitdime mortars with pure
lime alters the mechanical properties of the on rifechanical properties is
observed for prolonged curing times (Lanas, Alva26@3). Also more binder
content to a certain limit has an increasing eftecthe mechanical strength for
pure lime mortars due to the formation of highduga of open porosity which
allows better carbonation (Lanas et al. 2006). 8decrease in porosity in pure
lime mortars is observed in time due the evolutbrcarbonation (Papayianni,
Stefanidou 2006). Also the water/lime content affebe porosity formation in
lime mortars and increases with increasing watentesd (Papayianni,
Stefanidou 2006). The hydraulicity, physical andchamnical properties of the
mortars can be altered with the addition of poazicladditives. This is a very
advantageous aspect of pozzolanic lime mortargesits properties can be
manipulated by adjusting the amount of pozzoladiditave used in the mortar
mixtures. Increasing the amount of pozzolans tortfeetar mixture generally
enhances the mechanical strength of the mortarfiiB&woster 2004, Teutonico
et al. 1994, Cerny et al. 2006). Use of pozzoldss anproves the thermal
properties of the mortar and decrease the watesurgpermeability (Cerny et
al. 2006). Pozzolanic additives also affect poyositlime mortars decreasing
porosity and increasing density. (Moropoulou et28l05b). The effects of the
pozzolanic materials on mortar properties vary \tlith nature of the pozzolan
(Agarwal 2006, Moropoulou et al. 2005a, Cerny 20@8®)zzolanic activity of a
pozzolan which will be explained in detail is goodicator of the potential of

the pozzolanic materials.



1.1.1 Lime, the binder

The raw material for the production of lime limmestonewhich is primarily
composed of the mineral calcite, (calcium carbon@aCQ). Limestone is
rarely found as pure calcite in nature. Impuritike magnesia (MgO), silica
(Si0y), alumina (A$Os), iron oxide (FgO3) in the form of complex silicates like
clay can be present in limestone. If the percentagihese impurities is less

than 5%, limestone is classified as high-calciumektone.

1.1.1.2 Fat lime (high calcium lime)

Fat lime is produced by burning high calcium linoest in a kiln at a
temperature of 900 °C. This process is caflaldination During the calcination
process calcium carbonate (Caff@ives off carbon dioxide (C{pand converts
to calcium oxide (CaO) which is callegiicklime(Davey 1961; Boynton 1966).

900 °C
CaCQ — CaO + CQ

limestone quicklime

To obtain thdime puttywhich is the form used as binder in the prepamnatib
mortar, quicklime is treated with water. When imtaxt with water, calcium
oxide reacts with water with an exothermic prodestrm calcium hydroxide
(Ca(OH)). The end product is calleslaked limeand this process is called

slaking

CaO + HO — Ca(OH)}+ H (heat release)
quicklime slalkieme

If calcium oxide is hydrated with a precisely catigd stoichiometric amount
of water then the product is a dry powder of caitiydroxide which is termed

asdry hydrate of limeFat lime produced by high calcium limestone isoal



commonly called high calcium lime or pure lime. Fate must be in contact
with atmospheric carbon dioxide for the processarbonation to take place,
thus it can not set under water. Because of thigiirement, pure lime is

sometimes referred to ag lime.

1.1.1.3 Hydraulic lime

Hydraulic limewhich can set under water without the need of madioxide is

produced with the same procedure as the high caltime; by calcination at
temperatures between 900-1250 °C, but using sigeor argillaceous
limestones containing varying amounts of silicaungha and iron. The
temperature must be closely controlled and is hsumagher than in ordinary
lime kilns to ensure that much of the impuritiesntbine chemically with lime

without sintering calcium oxide (Boynton 1966). éftcalcination the end
product is hydrated with sufficient water to coriveeee CaO into Ca(OH)

without hydrating the cementious components (04dt238). If the free calcium
oxide content is between 10 to 15%, the hard fdtérmps disintegrate into a
powder. Otherwise, the lime must be ground befgdrdtion (Boynton 1966).
Final product after slaking contains various ameuwitquicklime (left unslaked
after slaking), hydrated lime, dicalcium silicatglcium aluminate, calcium
carbonate (left unchanged after calcination orba@aated from calcium
hydroxide), tricalcium silicate and monocalciumcsite in approximate order of
decreasing concentration (EN 459-1). The hydraptaperties of these limes
come from the reaction products; calcium silicatesl calcium aluminates
formed during the calcination process and settinthe result of hydration of

these products accompanied by the carbonatioredfdie lime.

According to their degree of hydraulicity, thesadis are traditionally classified
as i. feebly hydraulic lime, ii. moderately hydnaullime, iii. eminently

hydraulic lime. Hydraulic limes are also classifidry a criteria called



cementation index (Cl), based on the analysesnoé.liCementation Index is
calculated by the following equation:
| = (28" %SiO,)+ (1.1 %Al,0;)+ (0.7" % Fe,0,)

% CaO+ (14" %MgO)

C

In the equation higher weighting to is given thkcaicontent, as lime-silica

ratio is the controlling factor for the hydrauliciiBoynton 1966).
EN 459-1 classifies natural hydraulic limes in thetrength categories as 2, 3.5

and 5 according to their minimum compressive stiengfter 28 days. The

general properties of hydraulic limes are summdrindable 1.

Table 1. Characteristics of hydraulic limes (Boyni®66, EN 459-1)

Type of hydraulic lime

Parameter 2 3.5 5

Feebly Moderately Eminently
Compressive strength
(/) 2-7 3.5-10 5-15
Active clay minerals (%) <12 12-18 18-25
Cementation index 0.3-0.56 0.5-0.7 0.7-1.1
Setting time in water (days) <20 15-20 2-4
Slaking time slow slow very slow

1.1.2 Aggregates

Aggregates are important components of mortar syst®©ne of the functions
of the aggregates is to inhibit shrinkage on dryang prevent cracking (Davey
1961; Mora et al. 1984; Arthurst, Dimes 1990). Tlaso act as fillers in the



mortar. Aggregates also contribute to the volumebibty, durability and
structural performance of the mortar system (Tay®®7, Mehta 1986). They
can be from various types of geological deposittuiing several types of sand
resources, crushed rock formations. Apart fromrtheneralogical composition,
their volume, content in the mixture, maximum siaed size graduation
influence the structure of the mortar (Neville 199aylor 1997). Performance
characteristics of mortars were found to be closeblated to the
binder/aggregate ratio and characteristics of agges such as the type, grain
size distribution and shape (Papayianni et al. 28@&anidou et al. 2005, Lanas
et al. 2003). Grain size distribution of the aggtteg affected the physical and
physicomechanical properties of mortars. Fine agaes (<2mm) contributed
to higher strength in mortars in comparison to thees having coarser
aggregates such as medium sized pebbles up to 16Lamas et al. 2003;
Stefanidou, Papayianni 2005). Coarse aggregatese weund to be
advantageous for the long term strength and for gtevention of cracks
(Stefaniodu, Papayianni 2005). Use of rounded shapgregates could lead to
the formation of larger pores due to the weakees@n between the binder and
the aggregate. On the other hand angle-shaped gadgse caused a better
packed structure and a decrease in larger porasatfuincrease in mechanical
strength (Lanas et al. 2004).

Lime mortars prepared by using limestone aggregatesved higher strengths
because of the compatible nature of the binderthedaggregate (Lanas et al.
2004, Lanas, Alvarez 2003). Use of silicate aggegavith lower amounts of
very small particles sizes led to better carbomafi@wrence et al. 2006). If the
aggregates used in mortars were inert they dideamtt with the binder but only
function as the filler. But if they were active amghcted with lime they gave the
mortar hydraulic properties (Arhurst, Dimes 19%)iceous fine aggregates of
pozzolanic character with diameters <125um werendodo improve the
mortars’ strength and gave waterproofing charatdtemortars (Lanas et al.
2003, Degryse et al. 2002).
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1.1.3 Pozzolanic aggregates or additives

A pozzolanic material is described as “a siliceoussiliceous and aluminous
material which, in itself, possesses little or monentious value but which will,
in finely divided form in the presence of moistumeact chemically with

calcium hydroxide at ordinary temperature to formmpounds possessing
cementitious properties” (ASTM C618). As the ddfom implies pozzolanic

materials react with lime in the presence of cdl@doamounts of water and
produce a solid mass bound by calcium silicates @aochinates. The name
pozzolan comes from Pozzouli, a city near Naplasy since Romans first used
volcanic ash from that region to make a blend wstaked lime for the

production of Roman Cement. Unlike natural hydaiies that are produced
by calcining limestone with clay impurities, lim®zzolan mixtures are made
solely by combining and milling lime with pozzolannaterial (Boynton 1966).

Lime pozzolan mixtures also show hydraulic progsitithe setting action of
natural hydraulic lime with regard to the formeddegroduct, calcium silicate

hydrates.

Almost all historic lime mortars were found to hgwezzolanic characteristics
either due to the use of natural or artificial paanic fine aggregates most
probably used as additives. Those pozzolanic aediticontributed to the
strength of mortars through pozzolanic reactiorspéyianni, Stefanidou 1997,
Moropoulou et al. 2000, Tuncoku et al. 2006, Budalal. 2010, Schueremans
et al. 2011).

Pozzolans can be either of natural origin or &itifly prepared;
Natural pozzolans:Pozzolans of volcanic origin are glassy materiats o
compacted tuffs originated from the deposition olcanic dust and ash which

have undergone rapid cooling and subjected to sohmmical alterations

leading to the formation of zeolitic compounds (Ld®70). Diatomaceous
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earths and siliceous rocks of biogenic origin ailgtas rich substances of
inorganic origin such as cherts, flints, shales sawadstones are also pozzolans
that can be grouped under pozzolans of naturainofigea 1970; Diamond
1976).

Artificial pozzolans:These pozzolans are produced by burning clay @esto
dehydroxilate and activate the material. Raw clayssist primarily of a group
of hydrated aluminium silicates. These clays contnsiderable amount of
water. Some of the clays like kaolinite types, Bdse combined water at 500
°C while some such as montmorillonite at relativielwer temperatures (Lea
1970).

Pozzolanic materials influence the final charast&s$ of lime mortars to a great
extent (Moropoulou et al. 2005b, Chakchouk et 80& Cerny et al. 2006).
This affection is both due to the formation of C&Eitworks throughout the
binder matrix and the interface between the bindad the pozzolanic
aggregates. The reaction between the coarse agggeghowing pozzolanic
properties and calcium hydroxide leads to a strattgchment between the
aggregates and the binder at a molecular level ascim mortars with brick
aggregates. In the case of non-pozzolanic aggredhte interlocking of the
aggregate-binder paste forms the transition zonehms characterized as the
weak phase because of the formation of the micacksr and different crystal
sizes of the binder (Tasong et al. 1998, Lea 191®.incompatibility between
the modulus of elasticity of the aggregate and bineder also affect the
development of these micro cracks at the aggrdgatter interface. But the use
of pozzolanic aggregates enforces the adherente dfinder to the aggregates
leading to a more durable mortar system. The uspoafolanic materials in
powder form improves the performance of the mdiféoropoulou et al. 2005b,
Cerny 2006) by enhancing the mechanical and phygroperties of the binder
matrix and helping the adjustment of the mecharacal physical properties of

the binder matrix to match that of the aggregateth®y result of pozzolanic
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reactions. If pozzolanic additives are highly aetand used extensively in lime,
most of the lime reacts with the pozzolan duringzmdanic reactions surpassing
carbonation (Velosa, Veiga 2004). The results efdtudy of Velosa and Veiga
shows that when metakaolin is used in a 1/1 (matip rwith lime, DTA/TG
analyses shows small amounts of Cg@®er 28 days which may lead to the
fact that pozzolanic reactions are favoured to@aakion if pozzolans with high
activity are available at all times. The performarenhancing effect of the
pozzolans varies with their characteristics. Whesed with lime for the
preparation of mortars, pozzolanic materials carubed with relatively high
(lime/pozzolan mass ratio 1/2) ratios for the imyanment of the mechanical
properties of mortars if their pozzolanic activity high. If the pozzolanic
activity of the material is lower the upper limit mtio that can be used to

improve the mechanical properties of the mortarr@dgoulou 2005b).

Pozzolanic activity

One of the main considerations in selecting theplamic material to be used in
the preparation of mortars is the pozzolanic attief the material in question.
Several physicochemical characteristics such agldesy compound content,
the total and active silica content, the grain simgribution, specific surface
area affect pozzolanic activity (Lea 1988). Foifiaral pozzolans parameters
like clay quality, calcination temperature, thecoation process also influence
the final activity (Sabir et al. 2001).

Although these properties are indicators of thezptanic activity, for the
evaluation of the pozzolanic activity, the consumptof Ca(OH) by the
pozzolanic material taking place either in lime/paan paste or in a solution of
saturated Ca(OH)is considered to be reliable method. When “limezatan
paste” approach is used, known amount of CafGbl)mixed with certain
amount of pozzolanic material and water to form ast@. Then unreacted

Ca(OH) after a definite time is determined by an anadftimethod such as
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TGA to assess the pozzolanicity of the material siaynialski 2002,
Moropoulou 2004). The extent of consumption of GdJ©Oby the pozzolanic
material can also be determined in a saturatedisolaf Ca(OH). In that case,
known amount of pozzolanic material is introducedhe solution, then after a
definite amount of time, the unreacted Ca(®#) determined directly by a
chemical method or by an indicator of the Ca(@tHncentration like electrical
conductivity (Luxan et al. 1989). In both methotle tess amount of unreacted
Ca(OHy), the more the pozzolanic activity. In cement redeahe evaluation of
pozzolanic activity is performed using an indirecéthod. The compressive
strength of standard cement mortar samples is cadpaith mortars prepared

by replacing certain percent of the cement by thezplanic material.

Metakaolin as a pozzolanic material

Thermal activation of many clay minerals at 600-900eads to the breakdown
or partial breakdown of crystal structure by deloyxgtation and forming of a
highly reactive transition phase. Metakaolin A84.2SiQ,) is produced by the
calcination of clay or lateritic soils rich in kawite (Pera et al. 1987). Reaction
of metakaolin and Ca(Okl)in the presence of water forms a cementitious
aluminium containing CSH gel, together with crylste products, including
calcium aluminate hydrates and alumino-silicaterages (GASHs, C;AH;3 and
CsAHg). Metakaolin is known to have high pozzolanic tti The activity of
the produced metakaolin greatly depends on theirkolcontent of the clay.
Clays rich in kaolinite have the best potential &mtivation to be used as a
pozzolanic material (Chakchouk et al. 2006, Moraupo 2005b, Agarwal
2006). Calcining temperature of clays also afféitéspozzolanic activity of the
resulting product. The calcining temperature fotivation of the kaolinite is
usually in the range 600-800 °C (Ambroise et aB6)9 Also calcination of
kaolinite at temperatures below 700 °C resultsegs Ireactive metakaolin with
more residual kaolinite (Ambroise et al. 1986). #3B50 °C crystallization

occurs and reactivity decreases.
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1.2 Carbonation and pozzolanic reactions in lime nrtars

1.2.1 Carbonation in lime mortars

The reaction of carbonation can be explained byvadtage reaction. First
atmospheric C®is dissolved in water forming &0; and then KHCO; reacts
with the Ca(OH) to form CaCQ. (Van Balen, Van Gemert 1994). Since the
reaction takes place in the solution, water mugpresent at all times. The rate
of carbonation is directly related with the availi#p of the water inside the
mortar system. Since for the reaction to procee@, @& essential, the
availability of this reactant is also very importdior carbonation. Thus to
model the reaction kinetics of a mortar system,ddwdonation process should
be divided into two steps in which G@iffusion takes place to the reaction site
and a chemical reaction forming Ca£@ystals. Since the diffusion of GG
10000 times slower in water than in air, carbomatieaction is fully retarded
when the material is saturated with water. In atexa@ystem the optimum water
content for carbonation is the water content thatresponds to maximum
adsorption on the surfaces of the pores beforell@gpicondensation (Van
Balen , Van Gemert 1994). The diffusivity of gaseaarbon dioxide in air
depends on the openness of the porous structurehasdon the presence of
water in the pores. Because of the fact that ttesdity of CO;in air is much
larger than in water it can be excluded as a teansiechanism. The diffusion
resistance will be related to the amount of wateisent in the mortar system
and also to the speed of water production due thocation. But water
production due to carbonation becomes crucial amhen the reaction is
accelerated at elevated €@oncentrations. The heat evolved during the
carbonation reaction on the other hand is enougivaporate the water content
and leading to the premature set of mortar witttmrhplete carbonation if the
available water content is limited (Morehead 198&). relative humidity also

has an effect on the rate of carbonation in mof@ccause of its relation with
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the water content of the mortar system. As thetiveledhumidity increases the

rate of water loss inside the mortar will be retardo carbonation will continue.
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Figure. 1.1 Effect of relative humidity on carbanatof Ca(OH) in dry powder
form. Y axis shows the weight increase of 661 myg @a(OH)2 due to
carbonation through ten days (Dheilly et al. 2002).
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Figure 1.2 Weight increase of dry powder Ca(@thyough ten days in a GO
rich atmosphere (Dheilly et al. 2002).

The rate and the range of carbonation are alsoeinfied by the thickness of the
mortar which is directly related with GQ@ransfer pathway. As the reaction
proceeds, formed calcium carbonate makes the megsipermeable to carbon
dioxide leading to a decrease in the rate of caton.

16



Temperature is also another important factor fer ¢arbonation reaction. The
solubility of the carbondioxide decrease with imsieg temperature, on the
other hand, rate of chemical reactions increase widreasing temperature. The
optimum temperature for the carbonation reactidiousmd to be 20 by Grandet
1975. In a recent study by Dheilly et al. in 20062rbonation of dry powdered
Ca(OH) observed to be better at 10 °C compared with cetoan at 20 °C and

40°C (Fig 1.1-1.2).

1.2.2 Pozzolanic reactions

When lime and pozzolan mixtures are mixed with wdiest the solution
reaches a high pH value by the dissolution CaGid)C4&" and (OH), silicate

or alumino-silicate network formers also dissolm®isolution. Depolymerised
monosilicates and aluminate species enter the isolis [SIO(OH)] and
AI[OH]" in that high pH solution. When €aons come into contact with those
species, CSH and CAH §8H3) are formed (Shi, Day 2000, Da Silva, Glasser
1993).

Dissolved monosilicate species diffuse much morekiy than alimunate
species and higher concentration of @aneeded for the formation of calcium
aluminate hydrates (CAH) than for calcium silicatgrates (CSH). Hydrated
calcium aluminates precipitate away from the pcamil particles and hydrated
calcium silicates precipitate around the pozzolartiges. Shi and Day used
some chemical activators PO, and CaCl (4% solution) for the activation of
pozzolanic reactions in lime pozzolan mixtures edsin cylindrical moulds
(diameter 25 mm x 50mm) and investigated the reagtroducts by XRD and
SEM analyses (Shi and Day 2000). By the additiorthoke activators, they
observed a change in the formation of CSH and CAdpqrtions evaluated by
XRD analyses. The results showed that when CAH &on was high, lime
pozzolan pastes showed a higher strength thanotsdamples and that fact

could be explained by the mentioned fact that CAecypitates away from the
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pozzolan particles so pozzolans were free to beontact with the basic
solution of Ca(OH,), thus the pozzolan continues to dissolve intostietion
resulting the formation of new CAHs. That in faetIto increase in the solid
volume of the system much more than the situatidrerey the pozzolanic
reaction product is CSH. By the continual increasehe solid volume, the
structure becomes densified causing an increaskeirstrength values of the
pastes. On the contrary, the production of the QG&kés place around the
pozzolan particles, and as the reaction procee@dlahility of the pozzolanic
material decreases. Although Shi and Day usedadots to alter the course of
pozzolanic reactions, their study showed how déifémreaction products from
pozzolanic reactions change the final propertidsy# pozzolan systems. But it
must be also considered that in lime and pozzolatunes the formed CAH
and CASHs were thought to be metastable phaseatbdbrmed in the early
stages of curing which then convert to hydrogaaftdr long periods of time
(Da Silva, Glasser 1993).

1.3 Aim of the study

The main purpose of this study is to develop anetstdnding on the physical
and mechanical properties of mortar mixtures preghavith several pozzolanic
materials to prepare compatible and durable moftarshe repair of historic

masonry. Investigation of some historic masonrytarsrthat have proved their
compatibility and durability in time, are of spedcianportance to gain

information, such as their technological propertiperformance and raw
material characteristics, to be used as a guidether preparation of the
pozzolanic lime mortars for utilization in repaiows. With the help of the

information gathered by the examination of histon@sonry mortars and
literature about lime mortars, several mortar desigiith various pozzolanic
materials were tested and their characteristice \strdied. The purpose of this
study is not to develop a particular type of repaartar for a specific case, but

rather to understand how different pozzolanic malteraffect the final
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characteristics of the lime mortars. By means atlgnhg the changes in the
physical and physicomechanical properties of msrtay the use of several
pozzolanic additives, knowledge about how to prepaapair mortars with
varying characteristics were tried to be widendae Thformation is thought to
be also useful for the design of mortars that carused for the purpose of
historic stone repairs such as sticking scalekndilthe gaps of deteriorated

stones e.g. limestones, marbles, sandstones, etc.
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CHAPTER 2

EXPERIMENTAL METHODS

The main purpose of this study was to investigaee éffects of pozzolanic
materials on the characteristics of lime mortarshsas their microstructural,
physical and physicomechanical properties. Thairmtion would be useful
for the design of compatible and durable mortarns the repair of historic
masonry. Also by utilizing that information, pozaolc lime mortars for the
repair of stones in historic structures, i.e. litoeg, sandstone, marble, can be

designed.

In the scope of the study, some historic masonrytar® were investigated.
Limestone masonry mortars from a historic castléhi proximity of Nemrut
Da Monument were selected, since these mortars haexeg their
functionality and durability in time and therefomould be a source of
information to be used as a starting point for pheparation of repair mortars.
Thus, mortars from limestone rubble masonry of Ha@astle in the close

vicinity of Nemrut Da Monument were analyzed.

Lime mortar mixtures with different pozzolanic atikks with varying ratios

were prepared and analyzed.
The preparation and analyses of lime mortar mistwvgh pozzolanic additives

were planned and put in practice by the knowledgjeagl through the analyses

of historic mortars and recent literature aboutlimortars.
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Investigation of the effect of the pozzolanic matsrand compositions of raw
materials was performed on mortar cubes preparedsiyy lime, different
aggregates and several pozzolanic materials. Martaiures were casted in 5
cm cubic moulds and kept in a chamber with a nedabiumidity of 90% for

curing. Tests were performed after 28, 60, 90 &tidiays of curing time.

Basic physical properties of bulk density, effeetiporosity, water vapour
permeability, water impermeability and water absiorp by capillarity of
mortars were investigated. The hydric dilatatiohdaour of mortars prepared

by using different pozzolans was also examined.

Physicomechanical properties of modulus of eldgtigiere determined by
ultrasonic pulse velocity measurements and uniecaahpressive strength by

point load tests.

Mineralogical and petrographical characteristics loétoric mortars were
examined to find out their compositional propertiges terms of binder,
aggregates and additives. For those purposessdititions of the mortars were
analyzed by using optical microscopy, cross sestioh the samples were

examined by SEM-EDX and powdered mortar samples @&ralyzed by XRD.

The unreacted Ca(OK)as determined to investigate the extend of CagOH)
consumption, carbonation and pozzolanic reactionghie prepared pozzolanic
lime mortars. XRD analyses were performed for tleewmination of the
reaction products of carbonation and pozzolanicti@as together with the
unreacted Ca(OH)prepared lime mortar mixtures. SEM-EDX analysesewe
used to observe the pozzolanic reaction and catioongroducts in the

prepared pozzolanic lime mortars.
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2.1 Sampling and nomenclature of the Kahta Castle artars

Large mortars bulks from around the limestone waflsKahta Castle were
taken as samples. The samples are denoted as KMtaKdortars) and

numbered from 1 to 4. These bulk mortars were w@iat appropriate sizes for
the tests to be conducted and designated withahee £ode as the bulk they

were cut from.

2.2 Preparation of the repair mortar mixtures

Several sets of mortars were prepared to analygeddvelopment of their
physical, physicomechanical properties and micoosiiral characteristics.

Nomenclature of the mortar mixtures were as follows

The first two letters represented the type of marea RM: repair mortar, first
and second letter after the dash designated timojaoec material (N: none, M:
metakaolin, F: fly ash, B: brick powder) and agategtype (S: standard sand,
C: Cendere river sand) respectively. The last detidenoted the
lime:pozzolan:aggregate ratio (C: 1:0:2, X: 1:0,%21:1:1, Z: 1:0.4:0.6).

For the repeatability of the repair mortar mixtyresaterials used such as
binder, aggregates and pozzolanic materials, ghportions, water content
and flow rate of the mixtures were specified.

2.2.1 Materials used

For the preparation of repair lime mortar mixtufeipwing raw materials were
used.

The binder:Chemical Ca(OH) (Sigma-Aldrich) was used as the binder in all

mortar mixtures.
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Aggregate:Two types of aggregates were studied in mortatures; river sand
from Cendere River and standard sand (EN 196-1.pHuticle size distribution

of Cendere river sand and standard sand is showigure 2.1.
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Figure 2.1 Particle size distribution of standaathds and Cendere River sand
used in the preparation of repair mortar mixtures.

Standard sand used for the cement mortar stremegtis tvas utilized in the
preparation of pozzolanic lime mortars to elimintdte effect of aggregates to
the final mortar characteristics. Cendere riverdsafith particle sizes up to 2
mm were used in the preparation of some of theirepartars, considering the
possible application of those mortars for fillifgetsmall sized cracks and gaps

of limestone monuments of the Nemrut DMonument.
Pozzolanic additives?ozzolanicity of various materials obtained froiffedent

sources; fly ash, grounded bricks from Ordekli Ham&ursa, metakaolin, an

artificial pozzolan prepared in the laboratory lyrbing kaolinite were used.
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Fly ash used was from Tuncgbilek Thermal Power Pldintcontains high
amounts of reactive oxides classified as Clasy Bgh (ASTM C618) with low
CaO content. Brick powder was prepared by grindingks from a historic

bath, Ordekli Hamam, Bursa.

Metakaolin was prepared in the laboratory by hegapaore kaolinite (Sigma-
Aldrich) at a degree of 700 °C for 24 hours. Thewewsion of kaolinite into
metakaolin by heating at 700 °C was verified by paring XRD traces of
kaolinite and calcined kaolinite. In general kaérgives identification peaks at
dvalues 7.15 A (001) and 3.57 A (002). When heakiagjinite at temperatures
above 550 °C, collapse of structure to an X-rayraimous mineral takes places
and metakaolin is produced. However a peak of k@elwith weak intensity at
about 1.49 A can be observed (Carroll 1970).

700 °C
Al,03.25i106,.2H,0 Al,03.2Si0 + H,O
kaolinite metakaolin

In this study the kaolinite used had definite chteastic peaks at 7.15, and 3.57
which disappeared after heating showing that it ecas/erted to metakaolin.

Those changes were followed in XRD traces showiigr2.1.
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Figure 2.1 XRD trace of kaolinite (above;) and rkatdin (below)

Pozzolanic activity determination of the pozzolamaterials was described in

section 2.6.3 of this chapter.
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For the preparation of the lime putty, 1000 g of@4d), was mixed with 1000
ml of water. The mixture was kept in a closed cwomafor three days to
mature. Then, the prepared lime putty was mixeth wggregates and selected
pozzolanic material. Additional water was addetht® mixture in order to have
a workable consistency. The prepared mixture wstedefor consistency with
the flow test (ASTM C1437-07). Adequate water weddedl to the mixtures to
have a flow of 70% +10. Then the mortar mixtureseneasted in 5 cm cubic
bakelite moulds. The mortar cubes were demouldeat af/o days. Different
sets of lime mortars that were prepared with d#férpozzolanic materials and

proportions were shown in (Table 2.1).

Table 2.1. Prepared pozzolanic lime mortars

Sample* curing Number | Pozzolan Lime:pozzolan:aggregate  Aggregat Flow
times(days)| of cubes| used : : %A)
RM-NS-C | 28,60,90 | 24 | 1:0:2 Standard | o
pozzolan sand
RM-MS-X | 28,60,90 | 24 metakaolin  1:0.5:2 S;z;r&dard 71
RM-FS-X | 28,60,90 | 24 fly ash 1:0.5:2 Standard | gg
RM-BS-X | 28,60,90 | 24 | DMK 1052 Standard |/,
powder sand
RM-MC-Y | 60, 90, 120| 12 metakaolin  1:1:1 Cendere |7,
river sand
RM-MC-Z | 60, 90, 120| 12 metakaolirll 1:0.4:0.6 Cendere | g4
river sand

For the curing of the mortar mixtures a test chamtith a wooden frame and

polyethylene covering was used. Mortar mixturesenept in that chamber at a

relative humidity of 85% %5 by placing open watentiners inside (Figure

2.2). The chamber was kept in the laboratory atrgerature of 20 +2C.
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Figure 2.2 Some of the prepared pozzolanic limeaneiand the chamber.

2.2.2 Flow rate determination of repair mortar mixtures

Flow rate of the prepared mortar mixtures werestkaccording to ASTM
C1437-07 by using a flow table in order to obtaroasistent workability
among the different sets of mortars. Tests werelected by placing the mortar
mixture in a conical brass meld on the flow taflee mould was then removed
and the table was mechanically dropped throughghhef ~1.25 cm, 25 times
in 15 seconds. The initial and final diameters oftar mixture were used to
calculate flow. The “flow” of the mortar was repedtas a percentage increase
from the initial diameter. The flow, thus the catencies of the prepared
mortars was kept 70+5% by adding adequate amoumatr. Flow rates of the

repair mortars mixtures were shown in Table 2.1.
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2.3 Determination of basic physical properties of mrtars

Basic physical properties of historic mortars frafahta Castle and repair
mortars at different curing times were determing&te physical properties
determined were bulk density, effective porositygtev vapour permeability,
water impermeability, water absorption by capitiarhydric dilatation. Repair
mortars were also followed for their shrinkage hébar during curing. The

experimental procedures for the conducted teste tweefly described below.

2.3.1 Determination of bulk density and effective prosity

Historic mortar samples were oven dried at’60and repair mortar cubes that
were cured for different periods of time were odeied at 105C for 24 hours

to constant weight. Their dry weights were recor(Mgl,).

The samples were then saturated with ethyl alcamoh vacuum chamber
(Heraus vacuum chamber) since the Ca@Os insoluble in ethyl alcohol.
Then, ethyl alcohol saturated weight of samplesewercorded as saturated
weights (Ma). Samples were then weighted in ethyl alcohol baim their
Archimedes weight (Mc). Those weights were then used in the calculation
bulk density and effective porosity of the samplB$LEM 1980; Teutonico

1986). The same procedure was used for historitarsgby using water.

Porosity (P) is the total volume of pores or engyigices in the mass of a porous
material. It is expressed as a percentage of volaynéhe following formula
(RILEM, 1980).

P (%) = [(leat' Mdry)/(Msat' Marcr’)] x 100

where,
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Msat  : Saturated weight (g)
May :dry weight (g)
March : Weight of sample in liquid (ethyl alcohol) ()

Bulk density is the ratio of the mass to the appavelume of the sample and is

calculated by the following formula and expressed/cn? (RILEM, 1980).
D (g/cnT) = Mary / [(Msat— Marer)/ dethyl aiconol]

where,

d ethyl atconoi= 0.790 glcr

2.3.2 Determination of shrinkage during setting

The volume change of mortars were determined bingathree dimensional
measurements after initial casting, 90 days ofngutime in order to evaluate
the shrinkage in volume of mortar cubes duringirsgtas percent volume. The

results are presented as final volume / initialmod x 100.
2.3.3 Determination of water vapour permeability

Determination of water vapour permeability was parfed by the wet-cup
method (RILEM). For this test, a cylindrical comtar sample was used for each
sample. The thickness of the sample was measuoed fiour different points
and average value was calculated as thicknegs C8ntainer was filled with
water leaving 2 cm air space above water surfalsenThe top of the container
was covered with the sample and edges were seallednelted paraffin. The
sample was weighted and initial weight was recard@dlative humidity,

atmospheric pressure of the laboratory were medsame recorded. The test
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sample was weighed periodically until the weighamde per unit time due to

evaporation of water became constant.

Following equation was used for the calculationvater vapour permeability.

SD=pu%=( LA(P-P)/1)-SL

where,

SD : equivalent air thickness of vapour permeghiin

U : water vapour diffusion resistance coefficiemttless
S : thickness of the sample, m

yL :constant = 6.89 x 10(kg/mh(kg/nf))

A : test area, M

P1, P, : partial vapour pressures on the two sides ot#mple, kg/ﬁ1
I : weight change in unit time, kg/h

SL : thickness of air beneath the sample, m
2.3.4 Determination of water impermeability

Determination of water vapour impermeability of naorsamples was adopted
from TS EN 539-1. For the test, the samples wetdaca thickness of 2.5 cm.

Open ended graduated cylinders were sealed orutfecss of the samples to
be tested. Mortars were then saturated with watel4# hours before testing.

Then the cylinders were filled with water. The vole of water that has passed
through the mortar in 24 hours was recorded. Theemavaporated from the

cylindrical graduated cylinders was also recordgdobserving a reference

cylinder filled with water. Impermeability factor as calculated by the

following equation (TS EN 539-1 modified) as ¥onrd).

IF=(V1-V2)/A
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where,

V1 : volume of water passed through the sample
V2 : volume of water evaporated from the referenydmder
A : water-sample contact area

2.3.5 Determination of hydric dilatation

Hydric dilatation test were conducted by performimydric expansion
coefficient measurements. For the measurementsystens having a
dilatometric displacement sensor LVDT (linear vhlea differential
transformer) were used. Samples to be tested wareto rectangular prisms
with the dimension of 1.0 x 1.0 x 5.0 cm. Samplesre oven dried at a
temperature of 105 °C for 24 hours, then coolednbient temperature (20 °C
+1) and partly immersed in water to measure theribydilatation. The
measurements were carried out until no dilatatias wbserved. The results

were expressed in mm/m.

2.4 Determination of physicomechanical propertiesfdistoric mortars and

repair lime mortars

Physicomechanical properties of both historic nrogamples and repair
mortars were expressed as modulus of elasticity poidt load strength
calculations as described below. The effects of digerent pozzolanic
materials and curing time on the physicomechanpcaperties of the repair

mortars were then evaluated.
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2.4.1 Determination of modulus of elasticity

The modulus of elasticity of the samples was cated by using their direct
ultrasonic velocity and bulk density in a propeuaitipn. Ultrasonic velocity of
the mortar cubes were measured by using a ultraseriocity measurement
device (PUNDIT Plus) with 220 KHz probes. The wdtraic velocity was

calculated by using the formula,

V=l

where,

Vv : velocity (m/s)

I . distance traversed by the wave (m)
t : time (s)

Modulus of elasticity values were then calculatgduking ultrasonic velocity

values and bulk density of the mortar cubes wiéheuation:

where,

Emod : modulus of elasticity (MPa)

D : bulk density of specimen (kgfin
Vv : wave velocity (m/s)

Vgyn  : Poisson’s ratio

Poisson’s ratio varies from 0.1 to 0.5. In thisdstuit was taken as 0.18 as a
value used for historic mortars (Timenshenko 194pal 1995, Tuncoku 2001)
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2.4.2 Determination of the uniaxial compressive séngth by point load

measurements

Point load tests were performed on historic mastanples and prepared repair
mortar cubes for the estimation of their uniaxiampressive strength by using
an ELE-point load test apparatus. Following procedwas used in the
calculation of uniaxial compressive strength. Fitstcorrected point load
strength index (Is) for mortar were calculated bing the formula,

s = P/Dé

where,

P . applied force (kN)

De : equivalent core diameter (mm)

Equivalent core diameter (De) is calculated byftmemula,

De = (4A/ )1

where A is the minimum cross sectional area otelsespecimen.

Size-corrected point load strengthsdss calculated by using uncorrected point
load strength index, Is, using equivalent core @item method with the
following equation (Brook 1985),

|S(5o) =Fxls

Where F, the size correction factor calculated frequivalent core diameter,

De, by the equation,

F = (De/50§4°
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For the calculation of uniaxial compressive stranfjom the Ig, following
equation is used based on a study on weak tuffsaTI®99, 2000).

UCS =10.6471x kg + 2.4736

The uniaxial compressive strength results wereesgad in MPa.

2.5 Determination of the free Ca(OH) content in the mortars

For the determination of the free Ca(QHpntent in the repair mortar cubes,
complex forming titrations with standard EDTA saduis prepared from
disodium ethylene diamine tetra acetate was useahaanalytical technique.
After the predetermined curing times, cubes weenedried at a temperature of
105 °C for 24 hours to constant weight. Then the cubeseveut in half. The
outer and the inner part of the cubes were scrdtelmel the powder obtained
was used for the determination of the free Cag(Odtntent in the outer and
inner parts of the cube. Powder samples of 0.2 giraare weighted accurately
and put into a 100 ml volumetric flask and mixedhadlistilled water for the
free Ca(OH) to dissolve into solution. The solutions werenthesed for the
analyses of free Ca(Opgontent by volumetric titration with EDTA. The pi
the solution was adjusted to 12-13 by using 10% MNla®lution and calcon

indicator was used for the titrations (Black 1965).

2.6 Determination of raw material characteristics é historic mortars

Raw material characteristics such as the naturéinder, aggregates and
pozzolanic materials of historic mortars were inigeded by the determination
of acid soluble/insoluble parts, particle size mnlsttion of aggregates,
pozzolanic activity tests, thin section analysesdpyical microscopy, SEM
analyses coupled with EDX and XRD analyses. Thezganic activity tests,

thin section analyses by optical microscopy, SEMIyses coupled with EDX
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and XRD analyses explained in this section wer® agsrformed for the
analyses of repair mortars to follow carbonatiod pazzolanic reactions during

the course of curing.

2.6.1 Determination of acid soluble and insolubleagrts of historic mortars

Acid insoluble parts represent the aggregates W insoluble in acid.
However some aggregates that may be present imtrears might be acid
soluble. Combined interpretation of thin sectiod &EM-EDX analyses should
be used to better evaluate binder/aggregate rat@article size distribution of

mortars.

Determination of the acid soluble/insoluble parts historic mortars was
performed by treating an oven dried sample with 3@ acid to dissolve the
binder. The acid insoluble part were then filteeedl washed until free from
chloride ions and dried in an oven at about 40 A@l @onstant weight. The
difference in the initial weight and acid insolubMeight were then used to

calculate the acid soluble and insoluble parts\asight percent.

2.6.2 Determination of particle size distribution & acid insoluble parts of

historic mortars

The acid insoluble parts of mortar samples wereesiethrough a series of
sieves with mesh sizes of 10061, 500 m, 250 m, 125 m (DIN-4188). Then
mass of particles retained on each sieve were dedomand cumulative
percentages were graphically represented. In ¢&se tvere some acid soluble
aggregates in the mortar, particle size distribubbthe mortar should better be
estimated by investigating the acid soluble aggesgi terms of their sizes and

approximate amounts through the analyses of thiticses.
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2.7 Determination of pozzolanic activity

Pozzolanic activity tests were performed on thezplans used for the
preparation of the pozzolanic lime mortars and lom dcid insoluble parts of
historic mortars having particle sizes below 128. For the pozzolanic activity
test 0.02 gram of sample were put in a containeinlgeB0 ml saturated solution
of calcium hydroxide. The container is then closedl left in laboratory
conditions for 8 days. The solution is then titchteith a 0.01 M EDTA
(ethylene diamine tetra acetic acid) solution. Ebéution pH is kept at 12-13
during the titrations by using a solution of NaOH%). Calcon indicator was
used for the titration. Because pozzolanic materehct with and consume Ca
ions, the difference between the?Cmn concentration of the saturated solution
of Ca(OH) and the concentration after the 8 day period givEsmation about
the reactivity of the pozzolan. The activity is eegsed as the mg Ca(QH)

consumption of 1 gram of test sample.

2.8 Mineralogical and petrographical properties ofmortars

Mineralogical properties of both historic mortaredarepair mortars were
examined by thin section analysis with optical msoopy, SEM-EDX and

XRD analyses of samples.

2.8.1 Thin section analysis

For thin section preparation, samples were cut adequate sizes and epoxy
resin was impregnated into the samplesfifothe pores and mechanically
support the specimeifhen hardened epoxy impregnated samples weratout
slices and glued on glass slides and grinded anthickness of 30 um was
achieved.Thin section analyses were performed with a Leib@04research
microscope. Mineralogical and petrographical propsr of binder and

aggregates were examined.
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2.8.2 Scanning electron microscopy (SEM) coupled thienergy

dispersive X-ray detector (EDX)

SEM analysis aimed to provide complementary infdiomaabout morphology
and microstructure of binder and aggregate padspassible reaction products
formed by carbonation and pozzolanic reactions.tddaamples of about 3 cm
with a flat surface was prepared and coated witbarabefore the SEM-EDX
analyses. The instrument used was a Tescan Vel with large chamber
coupled with an OXFORD INCA energy dispersive X-ragalysis (EDX)
system by which elemental analysis can be done. BEAjes were taken and

elemental analyses were carried out and evaluagediter with the images.

2.8.3 X-Ray diffraction analyses

X-Ray diffraction analyses were used to determim@enhineralogical phases and
the binder in historic lime mortars and to obsetive formation of Ca(CQ)
pozzolanic reaction products and unreacted Ca{®M)using the instrument
Bruker D8 Advance Diffractometer with Sol-X detecténalyses were done
using Cuka radiation, adjusted to 40 kV and 40 mA. The XRBcas were
recorded in the 3° - 70°q2range. Samples scratched from the outer and the
inner surfaces of the mortar cubes were also usethé XRD analyses to see
the extend of carbonation and pozzolanic reactionshe outer and inner

surfaces of the mortar cubes.
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CHAPTER 3

EXPERIMENTAL RESULTS

Results of analyses performed on historic mortacs @epared repair mortars
described in the experimental methods were predeintethis chapter. The
results of basic physical properties; bulk densaityl effective porosity, water
vapour permeability, water impermeability, hydridathtion behaviour and
physicomechanical properties of modulus of elasgticuniaxial compressive

strength tests of historic mortars and repair mergere given.

Results of analyses on the raw material charatitarisf historic mortars such
as acid soluble/insoluble contents, nature of bindend aggregates,
pozzolanicity of the fine aggregates as well asréseilts of pozzolanic activity
tests of the pozzolans used in the preparatioemdir mortars, microstructural
examinations, mineralogical and petrographical ysed, SEM-EDX and XRD

analyses of both historic mortars and repair menaere presented.

3.1 Basic physical properties of historic mortars ad repair mortars

3.1.1 Bulk density and effective porosity

Bulk density and effective porosity of the pozzéatahme mortars prepared

with metakaolin, fly ash and brick powder throught® 90 days are shown in

Figure 3.1.
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Figure 3.1 Bulk density and porosity of the repaortars, RM-MS-X, RM-FS-
X, RM-BS-X and control, RM-NS-C.

Bulk densities of the prepared pozzolanic lime artvaried between 1.34-
1.55 g/cmi and porosities between 37-44% at the end of 9& ddycuring
period. Mortars prepared with added metakaolin gtbthe lowest bulk density
and highest porosity 1.34 g/érand 44% percent respectively. Mortars prepared
with fly ash and brick powder showed similar bulkndity values in the range
of 1.53-1.55 g/crhwith a porosity range of 37-39%. The density & tontrol
group was 1.54 g/cfnand the porosity was 35%. Bulk density values Ibf a
mortars were observed to have a slight increaseeeet 28 and 60 days and
porosity values had a slight decrease in the samed The increase in bulk
density was less pronounced between 60 and 90 &ayssity values of all

mortars were decreased as the curing time increased

RM-MC-Y pozzolanic lime mortars which were preparedth a 1:1:1,

lime:metakaolin:aggregate ratio were observed fogirt bulk density and
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effective porosity change in time (Fig 3.2). A eéthose mortar cubes were left
on site at Nemrut DaMonument for a period of 120 days for comparisotin w
the mortars that were cured in the relative humpiditamber in the laboratory.
The average bulk density of the mortar cubes theevkept in the laboratory
were 1.09 g/crhand the average porosity were 42% at the end @d&gs. The
mortar cubes that were left on site for 120 days &dulk density of 1.03 and

porosity of 53%.
1.15 60
53
1 1.09
119 .‘;\-5\ /. - 50
1.04

1.05 47| 1.03
2 1.01 S
S 1.00 %
c
$ 0.95 E
= 8
2 0.90 (*%

0.85 - 10

0.80 0

60 90 120 120s

days

‘I:I bulk density (g/cm3) —#— effective porosity (%) ‘

Figure 3.2 Bulk density and porosity change in mrep@ortars, RM-MC-Y at
60", 90" and 128 days in the laboratory. (120 s: denotes the metédt on site
at Nemrut Da Monument for 120 days.)

The bulk density and porosity change of RM-MC-Z tas which had a
lime:metakaolin:aggregate ratio of 1:0.4:0.6 isvehon figure 3.3 from day 28
to day 90. the bulk density of the mortars at the ef 90 days were 1.1 g/ém
and the porosity were 54%.
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Figure 3.3 Bulk density and porosity change in repertars, RM-MC-Z at 28,
60 and 90 days in the laboratory.

Bulk density and porosity of Kahta Castle mortars
Kahta Castle mortars had an average bulk density6sf g/cni and an average
porosity of 35.3%.

Table 3.1 Bulk density and effective porosity oftka Castle mortars.

Bulk Effective

Sample density porosity
(g/cm3) (%0)
MK1 1,71 35
MK2 1,72 34
MK3 1,68 36
MK4 1,65 36

MK avg 1,69+0.3 35+1




3.1.2 Water vapour permeability

Water vapour permeability of the prepared lime maaris shown in figure 3.4.

SD values of the pozzolanic lime mortars were iae tange of 0.109-0.128
compared with SD value of 0.059 of control samplen the thickness of the
mortars were about 2.5 cm. p values varied betwe8t9-5.458. Mortars

prepared with metakaolin were observed to havéigjieest SD and u at the end
of 90 days. Control sample without any pozzolamditave had the lowest SD

and p values. All pozzolanic lime mortars had higtter vapour permeability at
the end of 90 days according to the classificatienoted in the standard TS EN
1062, 7783 (Table 3.2).

12.00 0.300

10.00 ﬁ 0.250
8.00 / \ 0.200
=] 6.00 S 0.150

2 a
. / 5 ?
4.00 - — r 0.100
2.00 + r 0.050
0.00 154 3 E3 28 3 E3 28 E3 E3 28 3 E3 0.000
RM-NS-C RM-MS-X RM-FS-X RM-BS-X

[e=mp | 453 | 2845 | 2785 | 10925 | 5857 | 5458 | 6979 | 4886 | 5200 | 5440 | 5.086 | 4.819
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days - sample

3y —#SD

Figure 3.4 SD and p values of prepared repair merieM-MS-X, RM-FS-X,
RM-BS-X and control, RM-NS-C.
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Average SD value for Kahta Castle mortars was 0drid p value was 5.343
which were in the high water vapour permeabilitgssl according to TS EN
1062, 7783.

Table 3.2 Classification of water vapour permegbdiccording to TS EN 1062,
7783

Classification SD (m)
1. High <0.14

2. Medium 0.14-1.4
3. Low >1.4

3.1.3 Water impermeability

Results of water impermeability tests conductedating to the standard TS
EN 539-1 are shown in Figure 3.5. According to stendard TS EN 1304, a
first class water impermeable layer should havengmermeability coefficient
less than 0.6 cffcn?d. A second class water impermeable layer shoutd ha

impermeability coefficient less than 0.9 #om?d.

Mortars prepared with fly ash showed the lowestampeability coefficient
0.02 cni/cm?d whereas control samples without any pozzolaniditiae
showed highest impermeability coefficient when tlaeg tested approximately
with a thickness of 2.5 cm at the end of 90 daysngutime. The IF factor of
mortars with metakaolin and mortars with brick pewdire 2.88 and 0.30
cmlen?d respectively. A slight decrease in water impetoilitg factor
between 28 and 60 days were observed on pozzolan& mortars. No
significant change in water impermeability facteiseen between day 60 to day
90 on mortars. The average IF value of Kahta Casttatars were 6.7
cm*/cnd.

43



4.00 Tpmr——r

350 7 1 [

300 + — 1 17

250+ 1 {1 1

200+ — — — — —

IF (cm3/cm2/day)

150+ 1 {1

100+ 1 1 1 1

050 + —— — 1 —{ —

- 1 [

28 |60 (90 |28 |60 |90 [28 |60 [90 [28 60 |90
RM-NS-C RM-MS-X RM-FS-X RM-BS-X

BIF|60.44 | 54.38]43.47] 3.03 | 2.88 | 2.88 | 0.15 | 0.02 | 0.02 | 1.06 | 0.30 | 0.30

0.00

days - sample

Figure 3.5 Impermeability coefficient of repair rrams, RM-MS-X, RM-FS-X,
RM-BS-X and control, RM-NS-C.

3.1.4 Hydric dilatation

The results of hydric dilatation tests are shownFigure 3.6. The hydric
dilatation was observed higher on mortars prepavigd metakaolin with a
value of 0.689 mm/m. The least dilatation in poamit lime mortars were
detected on mortars with added brick powder, witB40 mm/m. Hydric
dilatation of fly ash added mortars were 0.223 mnfior the control samples,
when the sample tested were in contact with watemtegration of the samples
was observed so the recorded dilatation values wmmgative. The wet
compressive strength tests for the control coutdoegperformed because of the

same reason.
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Figure 3.6 Hydric dilatation of repair mortars (R¥B-X, RM-FS-X, RM-BS-
X and control (RM-NS-C).

3.1.5 Shrinkage of repair mortars during setting

The shrinkage percentages of repair mortars agrldeof 90 days of curing time
is shown in Table 3.3.

Table 3.3 Shrinkage percentages of repair mortaiseaend of 90 days

Sample Shrinkage (%)
RM-NS-C 8.3
RM-MS-X 4.5
RM-FS-X 6.4
RM-BS-X 4.5
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3.2 Physicomechanical properties of mortars

3.2.1 Modulus of elasticity (Eod)

Ultrasonic velocity values of prepared pozzolanioriars were between 1273-
1838 m/s. Modulus of elasticity (&g varied between 1999-4759 MPa at the
end of 90 days. Highest values for both ultrasom@tocity and modulus of
elasticity were observed in the mortars prepareti fly ash. Control sample
showed the lowest values (Figure 3.7) with a utings velocity value of 946

m/s and modulus of elasticity of 1270 MPa.

Ultrasonic velocity values of RM-MC-Y mortars wetB05 m/s and modulus of
elasticity were 2270 MPa at the end of 120 days.-M@®Y mortars which
were kept at the site had an average ultrasonaciglof 1173 and modulus of
elasticity of 1310 MPa (Fig 3.8).

RM-MC-Z mortars were observed to have an ultraseeiocity of 1001 m/s

and modulus of elasticity of 1016 MPa at the en@8®ftays of curing time (Fig
3.9).
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Figure 3.7 Ultrasonic velocity and modulus of etast values of repair mortars
(RM-MS-X, RM-FS-X, RM-BS-X and control (RM-NS-C).
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Figure 3.8 Ultrasonic velocity and modulus of elast values of prepared
pozzolanic lime mortars RM-MC-Y from day 60 to da®0. 120 s denotes to
mortars left outdoors on site.
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Figure 3.9 Ultrasonic velocity and modulus of elast values of prepared
pozzolanic lime mortars, RM-MC-Z from day 28 to

Modulus of elasticity of Kahta Castle mortars

Kahta Castle mortars had an average ultrasoniciglof 1851 m/s. Their

average modulus of elasticity was 5423 MPa.

Table 3.3 Ultrasonic velocity and modulus of ela@stivalues of Kahta Castle
mortars

usv Emod

Sample | ey | (MPa)
MK1 1928 5872
MK2 1854 5434
MK3 1781 5010
MK4 1844 5376
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3.2.2 Uniaxial

measurements

Uniaxial compressive tests were conducted on dd/\eater saturated mortar
cubes. Durability character of mortar samples vex@&uated by using the dry
and water saturated compressive strength values.stiength values of dry
samples were in the range of 5.12-10.24 MPa atetite of 90 days. Water
saturated strength values of mortars were betweg&848 MPa (Fig 3.10).

The average dry compressive strength value of cbsaimples were 3.62 MPa

compressive strengths of

at the end of 90 days.
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Figure 3.10 Uniaxial compressive strength of repaortars (dry and water
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saturated), D: UCR/UCSyy ratio.

Durability of the mortars was evaluated by caldathe durability factor, D

(Winkler 1986) by the following equation.
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D = (UCSat/ UCSyy).100

where,

UCSsa : Uniaxial compressive strength (water saturated)

UCSyy: Uniaxial compressive strength (dry)

As proposed by Winkler, the durability of rocks wasluated in the following

ranges according to their D values.

100-80 : excellent durability

80-70 : very good to good durability
70-60 : fair durability

60-50 : poor durability

According to this classification durability parametof the lime mortars
prepared with fly ash had excellent durability wées mortars prepared with
added metakaolin and brick powder were in the \ggEgd to good durability.
Durability factor D could not be calculated for tarh samples for which water
saturated compressive strength values could nanéasured by using point

load apparatus because of their disintegratioheir tvet state.

The uniaxial compressive strength tests of RM-M@"\ RM-MC-Z mortars
were conducted dry. RM-MC-Y mortars cured at thbofatory showed a
compressive strength of 3.4 MPa at the end of Y3 avhile the ones left on
site had a compressive strength of 5.1 MPa (Fifj)3RM-MC-Z mortars had a
compressive strength of 4.1 MPa at the end of 98 (l&ig 3.12).

Uniaxial compressive strength of Kahta Castle nmarta

Average uniaxial compressive strength of Kahta l€asbrtars was 7.4 MPa.
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Table 3.4 Uniaxial compressive strength of Kahtatf@éamortars

Uniaxial
comp.
Sample strength
(MPa)
MK1 8,4
MK2 7,8
MK3 6,3
MK4 7,2
6.0

5.0

UCS (MPa)
w N
o o

n
o

1.0

0.0

60 90 120 120s
days

Figure 3.11 Uniaxial compressive strength of preggozzolanic lime mortars,
RM-MC-Y from day 60 to day 120. 120 s denotes tatars left outdoors on
site.
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Figure 3.12 Uniaxial compressive strength of preggozzolanic lime mortars,
RM-MC-Z from day 28 to day 90.

3.2.3 Free Ca(OH) content in the prepared pozzolanic lime mortar cubs

Free calcium hydroxide content as weight percentafdghe sample was
calculated for both the outer surfaces (ext) amditimer core (in) of prepared
lime mortars after 14, 28, 60 and 90 days of cutimg. Figure 3.13 shows the

results for all mortar sets.

In all mortar cubes, outer surface showed lowecgmage of free calcium
hydroxide content than the interiors. Lime mortaregared with added
metakaolin were observed to have the lowest fré@ura hydroxide content in
both outer and inner parts of the cubes at theodi® days. The free calcium
hydroxide percent considerably decreased for th@ralband repair mortars
with added brick powder from day 14 to day 28. p@pared lime mortars with
added fly ash and metakaolin percentage of freeiwal hydroxide did not
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show significant decrease between day 14 and dayTB8 free Ca(OH)
percent decreased for all mortar set between day 88ys 90 (Fig 3.13).

15

percent Ca(OH)2 unreacted (%)

28 | 60 | 90

RM-FS-X RM-BS-X

days / sample

O external B internal

Figure 3.13 Free Ca(OHKHrontent in the repair mortars after 14, 28, 60 é@d
days.

3.3 Raw material characteristics of historic mortas

3.3.1 Acid soluble/insoluble parts and particle s distribution

Analyses of acid soluble/insoluble part of mortamgples from Kahta Castle
showed that 37% of the mortar was acid insoluble flesults showed that the

amount of binder could be at most 63%. Particlee siistribution of acid

insoluble part of the mortars was shown in Figudet3
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Figure 3.14 Particle size distributions of the aogbluble parts of Kahta Castle
mortars, standard sand and Cendere River sandrusieel preparation of repair
mortars

Particle size distribution of standard sand and déem River sand used as

aggregates in the repair mortars were consistgéliaof finer sized aggregates
up to 2 mm.

The result of particle size distribution analysésvweed that in Kahta Castle
mortars more than 50% of the acid insoluble pansigied of aggregates with
particle sizes greater than 1000 p. Approximatéd¥e3of the acid insoluble

aggregates were in the range of 250-1000 microds1&fo was smaller than

250 micron. The aggregates of the latter were ties ohat could react with lime
to an extent that affect the final properties @& thortar because of their high
surface area. To determine the pozzolanicity ofatpgregates smaller than 125

microns, pozzolanic activity test was conducted.
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3.3.2 Pozzolanic activity

Pozzolanic activity test were performed on both pleezzolans used for the
preparation of the pozzolanic lime mortars and dtwothe acid insoluble
aggregates of Kahta Castle mortars with particeessismaller than 125 p.

Results of analyses are shown in table 3.5.

Table 3.5 Pozzolanic activities of pozzolanic materand aggregates (<125 [)
of Kahta Castle mortars.

Sample EC| mg Ca(OH)/g pozzolar
brick powder 2.1 30.7
fly ash 0.3 4.3
metakaolin 21.6 319.4
Kahta Castle mortar aggregates* 3.1 88.2

* aggregates <125

The pozzolanic activity was expressed as mg caltiydnoxide consumption of
1 gram of pozzolanic material in 8 days. The desgea the concentration of
Ccd* was also expressed in decrease in electrical ctiniy to compare the
results with the classification of Luxan et al. gam 1989). Results showed that
pozzolanic activity of metakaolin was the highesd 8ly ash is the lowest of the
tested materials. The finer aggregates of the K&laatle mortars showed

relatively high pozzolanicity.

3.4 Microstructural properties of mortars

3.4.1 Thin section analysis

Petrographical analyses of thin sections of mastanples from Kahta Castle

showed that radiolarite and various types of sc{nstiscovite-quartz, biotit-

quartz) and serpentinite particles were in abunelauartzite, limestone and
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dolomitic limestone were also observed (Fig 3. Bsalyses of the thin sections
also revealed the existence of the white lumps. ddeurrence of white lumps
was most probably due to insufficient mixing ofk&d lime with aggregates.
They were identified as micritic calcite crystalfigh did not mix with the

binder matrix.

Figure 3.15 Thin section images of mortars from tdaBGastle (cross nicols
2.5x).

Thin sections of lime mortars prepared with usiagdsfrom Cendere river were
also analyzed to compare the mineralogical andgeiphical properties of the
aggregates from Cendere river and those that wawedf in the historical

mortars from Kahta Castle which was in the vicimfyCendere River.

Figure 3.16 Thin section view showing the aggregatsed for the preparation
of pozzolanic mortars (cross nicols 2.5x).
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Analyses of thin sections of mortars prepared waijgregates from Cendere
River showed that radiolarite, serpentinite andisichvere the common

aggregates similar to the mortar samples from K&uaatle. Limestone and
guartzite were also observed both in historic amegh@ared mortars with Cendere
River sand (Fig 3.16).

3.4.2 Scanning electron microscopy (SEM) coupled thi energy dispersive
X-Ray analyzer (EDX)

To determine the nature of binder SEM-EDX analysese performed. SEM
analyses of the binder matrix revealed the fact #werage particle sizes of
white lumps that were encountered during thin secéinalyses of the historic
lime mortars were smaller than the particle sizehef crystals in the binder
matrix (Fig 3.17). Those fine aggregates of theritiiccalcite crystals in the
white lumps indicating the use of fat lime in hisgtomortars could also be
considered as the evidence of the fine sized aumsl phastic nature of the lime
used in the historic mortars. SEM-EDX analyses aaa the presence of
calcium and relatively small amount of magnesiumficmed the composition

of the slaked lime used in the historical mortargaing fat lime (Fig 3.18).
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The

Figure 3.17 SEM image of binder matrix of mortampée from Kahta Castle
(left). White lump in the mortar matrix (right) sliing the distinction between

the particle sizes of the crystal aggregates inbiheer matrix and the white
lump.

Figure 3.18 EDX analyses of the white lump in Kaitestle mortars.

In the SEM analyses of the mortars with added neetak needle like
structures, possibly crystal phases from pozzolargactions, calcium
aluminium silicate hydrate, CASH were detected @itP). Result of spot EDX
analyses of the needle like structure was showrrigure 3.20. The EDX
analyses confirmed that the structure was CASH.
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Fig 3.19 SEM image of needle like CASH formatioonfr mortar prepared with
added metakaolin (left).

Figure 3.20 EDX analyses of needle like CASH strrect

3.4.3 XRD analyses

XRD analyses were performed on historic mortarsttier determination of the
mineralogical phases and on repair mortars to exartiie changes in their
mineralogical composition in time due to carbonma@md pozzolanic reactions.
Powdered mortar samples from Kahta Castle cledrtyved the presence of
calcite which confirmed that lime was used as theddr. Also quartz was

observed as the main constituent of the aggregatastoric mortars(Fig 3.21).
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Figure 3.21 XRD traces of a mortar sample from HaBastle. C: Calcite, Q:
Quartz

XRD analyses were conducted on the prepared porzdiene mortars for the
determination of carbonation and pozzolanic reactioroducts and the
unreacted Ca(OH)Powdered samples from both exterior surfacestadner

cores of the mortar cubes were analyzed with XRD.

XRD traces of the internal and external surfaceghefprepared lime mortars
from 28 to 90 days of curing time are shown in Fég3.22-3.25.
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Figure 3.22 XRD traces of the mortar set, RM-NSft@ra28, 30 and 90 days
(from bottom to top) of curing time (A external fage, B internal surface). C:
Calcite, Q: Quartz, P: Portlandite
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Figure 3.23 XRD traces of the mortar set RM-MS-Xeaf8, 30 and 90 days
(from bottom to top) of curing time (A external fage, B internal surface
below). C: Calcite, Q: Quartz, P: Portlandite
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Figure 3.24 XRD traces of the mortar set RM-FS-¥@p8, 30 and 90 days
(from bottom to top) of curing time (A external fage, B internal surface). C:
Calcite, Q: Quartz, P: Portlandite
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Figure 3.25 XRD traces of the mortar set RM-BS-¥@aR8, 30 and 90 days
(from bottom to top) of curing time (A external fage, B internal surface). C:
Calcite, Q: Quartz, P: Portlandite
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Figure 3.26 shows the XRD traces of external sedaif the RM-MC-Y mortar
cubes. Stratlingite, the pozzolanic reaction prodiianetakaolin and lime can
be clearly identified in the mortar cubes curethatlaboratory. Calcite peak as
a result of carbonation were also identified. Alinalé Ca(OH) observed to be
used by carbonation and pozzolanic reactions coefir by the lack of
portlandite peaks. Although stratlingite peak haghhintensity in the XRD
traces of mortar cubes cured at the laboratorygitealvas dominant in the
mortar cubes left on site. Increase in the intgnsitthe calcite peak in time
showed that development of calcite steadily comtthand became significant at
the end of 120 days.
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Figure 3.26 XRD traces of the mortar cubes RM-M@eXternal surface) at 60,
90 and 120 days (from bottom to top) of curing tih20 s denotes the XRD
trace of mortar cube left on site for 120 days. Cicite, Q: Quartz, P:
Portlandite, S: Stratlingite

The same trend could be observed for the XRD tratéise inner parts of the
cubes but it was observed that calcite peak wasitésnse in the inner parts of
the cube although stratlingite peaks kept thegnasity at the inside and outside
(Fig 3.27). This can be explained by the fact tbathe carbonation to proceed,
atmospheric C@is essential which is always available on the emafof the

cubes. But the diffusion of the GQo the core of the cubes limits the
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carbonation process thus leading to slower carbmmaOn the other hand
pozzolanic reactions can proceed on the surfacestite inside of the cubes if
there is sufficient amount of water provided by tiigh relative humidity or

wetting without the need for atmospheric exposure.

Figure 3.27 XRD traces of mortar cubes RM-MC-Y €mial surface) after 60,
90 and 120 days (from bottom to top) of curing tih20 s denotes the XRD
trace of mortar cube left on site for 120 days. Clcite, Q: Quartz, P:
Portlandite, S: Stratlingite
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The XRD traces of the external surfaces of montides, RM-MC-Z, are shown
on figure 3.28. When metakaolin was used in red¢dyivow proportions with

respect to lime, the intensity of the stratlingitaks were observed to decrease.

Figure 3.28 XRD traces of the mortar cubes RM-M@&Xternal surface) after
28, 60 and 90 days of curing time. C: Calcite, Qaf@z, P: Portlandite
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CHAPTER 4

DISCUSSION AND CONCLUSIONS

Experimental results of this study were discussedeu the following titles;
general characteristics of historic mortars, charatics of repair mortars,

progress of carbonation and pozzolanic reactions.

Characteristics of historic lime mortars

Analyses of historic mortar samples were expectedetveal the information
about the relationship between their raw materialsd performance

characteristics which would be useful for the prapan of repair mortars.

Raw material characteristics such as the naturéinder, aggregates and
pozzolanic materials of historic mortars were inigeded by the determination
of acid soluble/insoluble parts, particle size mnlsttion of aggregates,
pozzolanic activity tests, thin section analysesdpyical microscopy, SEM

analyses coupled with EDX and XRD analyses.

Historic mortars investigated gave important infation about the
characteristics of a durable mortar that was usgdcénstructing limestone
rubble stone masonry of Kahta Castle. Bulk derssitie the historic mortars
were between 1.65-1.72 g/cm3, with an average tefeegorosity value of
35%. Those values were in agreement with the mesfilhistoric stone masonry

mortars in literature (Tuncoku 2001).
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Water vapour permeability of Kahta Castle mortaes wigh according to the
standard TS EN 1062, 7783.

The average IF value of Kahta Castle mortars wetecBt/cn’d showing that
they were not water impermeable according to TS1BM which classified a
layer as a second class water impermeable layes i was less than 0.9

cm¥/en?d.

The compressive strength of historic mortars (estith by point load tests) was
in the range of 6.3-8.4 MPa and modulus of elagtibD10-5872 MPa. The
results were in the range of the results of previ@search on historical mortars

from several stone masonry structures in Anatdlian¢oku 2001).

The analyses of acid soluble/insoluble parts ofohisal mortars showed that
37% of the mortar mass was acid soluble, revedlmgfact that the binder
could be at most 63%. This showed that a high p¢age of lime was used
during the preparation of those mortars. But ituti@lso be mentioned that in
the thin section examination of the historic ma@tacid soluble aggregates such
as limestone were encountered. Thus actual valtieeddinder should be lower

than the indicated percentage.

Particle size distribution of the acid insolublertpaf the historic mortars
showed that more than 50% of the acid insolubleeggies were consisted of
particles with sizes larger than 1 mm and stilyéarones up to 4mm size (Fig
3.14).

Pozzolanic activity tests showed that acid insa@yidrts smaller than 125had
high pozzolanity (Table 3.5) showing that thoseelimortars were prepared by
using aggregates of which the finest aggregatespbadolanic characteristics.

It was possible that those pozzolanic fine aggesgatere added to the mortar
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mixtures. Weight percentage of fine aggregatesha Kahta Castle mortars

smaller than 250 micron was estimated to be ard386.

Thin section analyses showed that most of the ggtge in the river sand
which was used in some sets of mortars in thisystudre mineralogically
similar to the aggregates of Kahta Castle mortafsus the aggregates of
historic mortars from Kahta Castle were likely frotine same local river
(Cendere river). However, the presence of someréifit aggregates showed

that they were some minor variations in the saneldssediments of that river.

Examination of the white lumps in the historic narimatrix by SEM-EDX

revealed the fact that they were pure calcium caates, carbonated from fat
lime that were unmixed with the fine aggregatesmiuthe preparation of the
mortars. That result indicated that fat lime wasduas the binder in the historic

lime mortars studied.
Characteristics of repair mortars
Bulk density and effective porosity

Bulk densities of the prepared pozzolanic lime @t having
lime:metakaolin:aggregate ratio of 1:0.5:2 varietween 1.34-1.55 g/chand
porosities between 37-44% at the end of 90 daysudhg period. The bulk
density of the mortars slightly increased and eiffecporosity was observed to
decrease in time. As the carbonation and pozzolaaictions have proceeded,
the internal pores of the mortars were filled witirbonation and pozzolanic
reaction products. Final results showed that belksity and effective porosity
of the repair mortars fell in the range of bulk sién and effective porosity
values of historic mortars analyzed in this study athers (Tuncoku 2001,
Biscontin et al. 1993).
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RM-MC-Y pozzolanic lime mortars which were preparedth a 1:1:1,

lime:metakaolin:aggregate ratio were observed fweirt bulk density and
effective porosity change during curing time indedtory conditions (Fig 3.2).
A set of those mortar cubes were left on site aniNé Da Monument for a
period of 120 days for comparison with the mortdnat were cured in high
relative humidity chamber in the laboratory. Thesrage bulk density of the
mortar cubes that were kept in the laboratory wle@® g/cni and the average
porosity were 42% at the end of 120 days. The maubaes that were left on
site for 120 days had a bulk density of 1.03 ¢/amd porosity of 53%.

The bulk density and porosity change of RM-MC-Z tas which had a
lime:metakaolin:aggregate ratio of 1:0.4:0.6 isvehon figure 3.3 from day 28
to day 90. the bulk density of the mortars at thé ef 90 days were 1.1 g/ém

and the porosity were 54%.

Water impermeability and water vapour permeabitifynortars

Mortars to be used for the repair of historic magonere expected to have
certain water impermeability and adequate waterouagpermeability along
with their other physical and physicomechanical pgrties such as good
adhesion, high porosity, rather low but sufficiamechanical strength and

compatible dilatation properties (Sasse et al. 1997

There is lack of information on the water imperniligband water vapour
permeability values on historic mortars. Howeveistdric lime mortars are
known to have rapid drying properties (Tuncoku 20Ginas et al. 2003).

i. Water impermeability

According to the standard TS EN 1304, a first classer impermeable layer

should have an impermeability coefficient less tite® cni/cm?d. A second
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class water impermeable layer should have an imgelitity coefficient less
than 0.9 crifcn?d.

In the present study measured water impermealshigfficient of prepared
repair lime mortars were variable (See Figure 3[Rg control mortar samples
having no pozzolanic additives with a thickness206 cm had no water
impermeability. However, pozzolanic lime mortaregared with added fly ash,
RM-FS-X, with a thickness of 2.5 cm was a firstsslavater impermeable layer,
The mortars prepared with metakaolin and brick pawldowever, could not
reach the criteria for a second class water impabhedayer, but still had much
lower water impermeability compared with the cohsamples without any

pozzolanic additives (Fig 3.5).

ii. Water vapour permeability

Water vapour permeability is an important charastier of lime mortars
avoiding damage in the historic masonries causedcdmydensation. Lime
mortars generally have considerable high water wapermeability allowing
the transmittance of water vapour from inside théding to the outside thus
avoiding the retention of humidity in the matendiich could otherwise cause

salt efflorescence and related problems.

Results of water vapour permeability tests perfatror the repair mortars are
shown in Figure 3.4. SD values of the pozzolamelmortars were in the range
of 0.109-0.128 compared with SD value of 0.059 afitmol samples when the
thickness of the mortars were about 2.5 cm. p gaksried between 4.819-
5.458. Use of pozzolanic materials decreased therwaapour permeability
slightly. Mortars prepared with metakaolin were efved to have the highest
SD and p at the end of 90 days. Control sampleowttany pozzolanic additive
had the lowest SD and p valuisis had the highest water vapour permeability.

All pozzolanic lime mortars had high water vapoerrpeability according to
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the classification denoted in the standard TS EBR1G783 (Table 3.2) which

is a desirable property for repair mortars.

Hydric dilatation

Control samples without any pozzolanic additive adeasurable point load
strength in their wet state that their strength wjs because of their
disintegration when saturated with water. Whenstdm®ples were saturated with
water they tended to disintegrate leading to negatalues for dilatation. The
lowest hydric dilatation values were observed fpair mortars prepared with
brick powder followed by mortars with added fly ashd metakaolin (Figure
3.6).

Shrinkage

Shrinkage during setting was also another imponpanameter to be followed
for repair mortars. Certain shrinkage was expeuteagpair mortars because of
the water loss during the curing period. The deswraa that parameter would

favour the bonding of the mortar with the matettey were used with.

The shrinkage percentages of mortar cubes at tleoE®0 days (Table 3.3)
showed that use of pozzolanic materials decreas@ikage compared with the
non pozzolanic control mortars. The least shrinkage observed with mortars
prepared with metakaolin and fly ash being 4.5%both. That fact could be
attributed to the high water retention capacitiésth® pozzolanic materials
causing the water to evaporate slowly during thersm of setting, thus leaving

time for the carbonation and pozzolanic reactionsetter proceed.
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Physicomechanical properties

Use of pozzolans increased the Emod of controlan®1t.2, 1.4 and 1.8 fold for
metakaolin, brick powder and fly ash added montaspectively in comparison
with control mortars (Fig 3.7). Modulus of elastycof mortars prepared with

fly ash were in the range of Kahta Castle mortatis & value of 4759 MPa.

Use of pozzolanic materials had increased the cesspre strength of mortars
in all mortars. Mortars prepared with fly ash hdm thighest compressive
strength with a value of 10.2 MPa at the end of dys, exceeding the
compressive strength of Kahta Castle mortars studieich had an average
compressive strength of 7.4 MPa. Mortars preparétd metakaolin with a

1:0.5:2 binder:pozzolan:aggregate ratio almostredcthe strength of Kahta
Castle mortars with a value of 6.4 MPa. The duiigbialues, defined as the
wet to dry strength ratio of repair mortars predangth metakaolin and brick
powder with a binder:pozzolan:aggregate 1:0.5:2 wwathe very good range,
mortars according to Winkler classification (Winkl&986). Durability value of

mortars prepared with fly ash were in the exceltatégory.

Progress of carbonation and pozzolanic reactions

The carbonation and pozzolanic reactions were i@th by determining the
unreacted Ca(OH)by volumetric titration, XRD analyses and SEM-EDX

analyses.

Free Ca(OH) percent which showed the extend of carbonationpaatolanic

reactions were the least for the repair mortarpgmed with metakaolin at the
end of 28 days showing that most of it was consume&8 days in comparison
to other pozzolanic repair mortars. At the end 6f days, the same trend
continued. Free Ca(Oklwas highest in the control samples at the endrsif f

14 days which could be attributed to the slow pesgrof carbonation. Free
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Ca(OH) percentage decreased through the end of 90 dayseber reached the
low values of mortars prepared with pozzolanic adek. It could be concluded
that when pozzolans were used in the mixturesprisamed Ca(OH)during
pozzolanic reactions along with carbonation leadngecreased free Ca(QH)
in mortars. The percentage of free Ca(@®as always higher at the inside of
the cubes than at the surface because atmosph@sievkich was essential for
the carbonation reaction to proceed was readilylabla at the surface of the
mortar cubes. In the beginning of the setting mekecause the mortar was still
saturated with water and the diffusion of £@® water was much slower than in
air, carbonation reaction was fully retarded. As $etting continued, the water
slowly evaporated but as the carbonation and pammlreactions proceeded,
porosity of the mortars gradually decreased and thaking the diffusion of
atmospheric C@into the mortar more difficult. Results of free (O&l), tests
and XRD analyses showed that there was still uteda€a(OH) in the mortar
cubes even at the end of 90 days. Those resulisaied that the reactions

would still proceed in time if water is available.

Consumption of the Ca(Okpand formation of CaC{can also be followed in
the XRD traces of mortars. In the XRD traces of tasr with added
metakaolin, pozzolanic reaction products could HBearty identified as
stratlingite peaks which showed steady incread@eir intensity through time
and gradual formation of calcite (Fig 3.23, 3.2&73. In open air conditions,
stratlingite formation was at minimum and carbomativas prominent. That
might be due to the wetting drying cycles in thédoor environment favouring
carbonation over pozzolanic reactions. Developnwna calcite and silica-
alumina network are the characteristics of the @mder in the pozzolanic

lime mortars (Dixon and Weed 1989).
SEM analyses of the mortars prepared with addedhkaetin showed the

formation of the typical needle like crystals of S in the mortar matrix

showing that pozzolanic reaction products werecéifely produced in the in
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the binder matrix.. That observation was confirm®dthe results of EDX
analyses (Fig 3.19, 3.20)

By the result of the pozzolanic activity tests ah@ analyses of the final
mineralogical and microstructural properties of tams, it was concluded that

highly active metakaolin was produced in the labmsa
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Conclusion

Characterization of historic masonry mortars is¢heial step to be completed

before the design of repair mortars for the intetiems to the historic masonry.

A systematic approach should be followed for tharabterization of historic
mortars with respect to their repair. Specific fimes attributed to the mortar
should be examined. Physical, mechanical and claroanpatibility of repair

mortars with the authentic ones are important @sgede considered.

Final characteristics of the designed repair merstwould be examined for their
physical and physicomechanical and microstructpraperties in comparison
with the historic mortars. For lime mortars, foriatof the final physical and
physicomechanical properties take more than 28.d&3/¢0 90 days of curing

period would give better information about the fipeoperties of repair mortars.

Historic mortars investigated in this study showbdt historic lime mortars
used for the construction of the of Kahta Castleehiww bulk density (1.69
g/cnt) and high effective porosity (35%) in agreementhvprevious studies.
The average compressive strength of mortars weréMiPa. Considering the
fact that the structure still stands, the relagivilw mechanical strength of
mortars, compared with the contemporary cement argriwas sufficient for
historic limestone masonry. Historic mortars stadhad high water vapour

permeability but their water impermeability chagaddtics were low.

Use of fat lime in historic mortars of Kahta Castlas determined with a high
binder to aggregate ratio (up to 63%). Investigatad the fine aggregates
showed that they had high pozzolanicity. Comparisbrthe aggregates of
Kahta Castle mortars with the Cendere river sandthiy section analyses
indicated the use of Cendere river sand in thegvegpn of mortars of Kahta

Castle is highly probable. Particle size distribntiof the acid insoluble part
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showed that more than 50% of the acid insolubleexgges were consisted of

particles with sizes larger than 1 mm and stillj¢éarones up to 4mm size.

In this study pozzolanic additives were found to b#ective for the

enhancement of the physical and physicomechanicapepties of repair
mortars. Pozzolanic materials used were observethdeease the uniaxial
compressive strength and modulus of elasticity aofitars. Fly ash was the
pozzolanic material that had increased the compeestrength most followed
by metakaolin. Durability of the prepared repairrtacs, defined by the ratio of
wet to dry compressive strength were very goodktekent range according to
Winkler classification. Pozzolanic additives incsed the modulus of elasticity
of lime mortars 1.2 to 1.8 fold compared with tlenirol mortars without any

additive.

Preparation of pozzolanic lime mortars having highter impermeability
characteristics without negatively affecting wateapour permeability was
achieved in this study. When used with a lime:ptamxaggregate ratio of
1:0.5:2 by weight, fly ash was found to give thadimortars, a first class water
impermeability according to standard TS EN 1304wdter impermeability is
considered for certain repair mortars, fly ash d@nused to achieve that

characteristic with the suggested proportion.

Pozzolanic materials in lime mortars decreaseddheme shrinkage of mortars
during the curing period which is highly importatecause high shrinkage

affects the adhesion of the mortar to the nearbsomg unit in a negative way.

Use of pozzolanic materials decreased the free Bp(@ercent through the
curing period. That result showed that pozzolangactions took place
effectively in addition to the carbonation reactom the prepared repair
mortars. Results of free Ca(OHjest revealed that there was still minor

amounts of Ca(OH)in the mortar cubes even at the end of 90 daysaritbe
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concluded that carbonation and pozzolanic reactiemdd still proceed in time

if mortars are wetted.

Pozzolanic activity tests, the results of XRD asafycoupled with SEM-EDX
examination of mortars showed that highly reacinetakaolin was prepared in

the laboratory which can be used for repair mgtaparations.

Suggestions for the preparation of repair mortars

Analyses of historic mortars is of great importat@elevelop an understanding
of their long term performance and technologieateel to their raw material
characteristics and preparation techniques. Thernrdtion gathered through
the analyses of historic mortars should be a stapgoint for the development of

compatible and durable historic masonry repair arert

For the design of repair mortars several aspeasldibe taken into account to
ensure that final mortar is compatible with thetdris one. First and foremost
the role and function of the historic mortar in thasonry element and the role
of the masonry element in the building should kemtginto consideration (Van

Balen et al. 2005). Functional requirements of irepartars in regard to its use
in the masonry can be revealed by the examinatidheofollowing properties

of historic mortars. Since it is not always possith gather adequately sized
historic mortar samples needed to perform stantests, some modifications

may be required during the test processes.

- Physicomechanical properties
- the load bearing capacity and mechanical performasfcthe
mortar by compressive strength and modulus ofieigstests,
- Basic physical properties

- bulk density and effective porosity,
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- water vapour permeability, water impermeability andter
absorption by capillarity which affect the watedamater vapour
transfer through the masonry system,

- hydric and thermal dilatation properties.

The strength of mortars should be estimated byeeitfirect compressive
strength tests or indirect uniaxial compressiversggth tests by using point load
strength measurements (section 2.4.2) and Emodlatiéms (section 2.4.1) if it
is difficult to use standard sized samples. Thailtesshould be evaluated
considering the deterioration state of the hisednoortar sample because of its
exposure to environmental factors through itsihfiet Therefore an estimation
is required for the determination of the repair taoistrength considering the
function and the deterioration state of the origmartar and stone (Van Balen
et al. 2005).

Basic physical properties of bulk density and pityosf the repair mortars
should match with those of historical mortars sitieese properties are directly
related to most of the performance characteristicenortar. Ensuring good
match for those properties increases the probalufitthe repair mortar to be
compatible with the original mortar. In order tovd®p repair mortars with
predefined bulk density and effective porosity, thimder/aggregate ratio,
particle size distribution of the aggregates, watartent of the mortar mixtures,
and addition of pozzolanic additives should be mered.

Water impermeability and water vapour permeabiityaracteristics of historic

mortars and repair mortars should be investigatechdke sure that the repair
mortar does not pose any threat to the contindith@ masonry system in terms
of those parameters. Failure to match these claistits in repair mortars may

eventually cause serious dampness problems letmerg unsuccessful repair.
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Compatibility between historic mortar and repairrtapin terms of hydric and
thermal dilatation characteristics is importantcsireffective bonding of the
repair mortar and historic mortar is ensured wheth have similar hydric and
thermal dilatation characteristics and acts agastsinges in atmospheric
conditions together. Otherwise detachments at tveding interface between

the repair mortar and the original mortar is inelié.

Determination of raw material properties which alieectly related to the
characteristics of mortars, should be performedutin a series of systematic
analyses, results of which would be utilized asuale for the design of the

repair mortar mixtures.

Investigation of the raw material characteristiogolve the determination of
nature of binder and its hydraulicity, nature ofjeagates, the relative ratio of

binder and aggregates and the particle size disiwito of aggregates.

Composition of the mortars should be investigatedhe use of chemical and
mineralogical analyses. Determination of the bindaggregate ratio by
determining the acid soluble and insoluble partsl d@me grading of the
aggregates by sieve analyses are crucial. Mindcab@xamination of the
aggregates through thin section analyses is impbita reveal the type and
nature of aggregates. Thin section analyses cowplkbdimage processing also
gives information about the binder aggregate ratid particle size distribution
of the acid soluble aggregates and therefore carsé@ to back up the results of
acid soluble/insoluble parts tests and particle digtribution by sieve analyses.
Pozzolanic activity measurements of the finest egates are of special
importance regarding the raw material charactessbf mortars. Identification
of mineralogical composition of the pozzolanic didéis would give valuable
information about the percentage and quality ofgbezolanic additives to be
added to repair mortars. Although those analysesldvonly indicate the

activity of remaining pozzolans due to acid solitpibf previous pozzolanic

82



reaction products, the data collected would be uls&d discover local

technologies and raw material sources in relatigooizzolanic materials.

The development of compatible repair mortars to used in successful
interventions can only be accomplished by perfogrtimose investigations on
historic mortars before the design process. Touatalthe compatibility, the
physical and physicomechanical characterizatiorulshbe performed on the
prepared repair mortars. Curing of repair mortard #ormation of their final

physical and physicomechanical properties take rtf@e 28 days which is the
standard curing time for performing tests on comerary cement mortars.
Thus 60 to 90 days of curing period would give drethformation about the

final properties of repair mortars for their evalos.

Those parameters explained above give importawtrirdtion that would be
useful for the design and performance analysespsir mortars. Those tests are

essential to evaluate the compatibility and duitylolf repair mortars.

Further studies

Investigation of the mechanisms of pozzolanic ieast and carbonation
separately and together would give insight to thiireg behaviour of mortars,
so need to be further studied. Stability of thezotemic reaction products and
their conversion products in prolonged time perinded to be studied to better
understand historic lime mortars with pozzolaniciades. Methods for the
colouring of repair mortars should be investigatedrder to match the repair

mortars with the original mortars aesthetically.

83



REFERENCES

Agarwal S.K., 2006, Pozzolanic activity of variousliceous materials
Cement and Concrete Resegréfol 36, No 9, pp. 1735-1739.

Ambroise J., Murat M., Pera J., 1986, Investigation synthetic binders
obtained by middle-temperature thermal dissociadioclay mineralsSilicates
Industriels Vol 7, No 8, pp. 99-107.

Arhurst J., Dimes F.G, 1990ortars of Stone Buildings in Conservation of

Building and Decorative Ston¥ol 2, Butterworth-Heinemann, pp. 78-93.

ASTM C618, Standard specification for coal fly asfd raw or calcined natural

pozzolan for use as a mineral admixture in concrete

ASTM C1437-07, Standard test method for flow of taydic cement mortar.

Banfill P.F.G., Forster A.M., 2004, A relation be®n hydraulicity and
permeability of hydraulic lime]nternational RILEM Workshop on Historic
Mortars: Characteristics and TestRILEM Publications, pp. 173-183.

Biscontin G., Bakolas A., Zendri E., Maravelaki P993, Microstructural and
compositional characteristics of historic mortamns\ienice, Conservation of
Stone and Other MaterialBroceedings of the International UNESCO-RILEM
CongressParis, Vol 1, pp. 178-185.

Black C.A., 1965,Methods of Soil Analyse®art 2, American Society of

Agronomy, Madison, Wisconsin.

84



Boynton R.S, 1966Chemistry and Technology of Lime and Limestdioén
Wiley & Sons, 569 p.

Brook N., 1985, The equivalent core diameter metlobdsize and shape
correction in point load testingnternational Journal of Rock Mechanics and

Mining Science & Geomechanics Abstradtsl 22, No 2, pp. 61-70.

Budak M., Akkurt S., Boke H., 2010, Evaluation oéah treated clay for
potential use in intervention mortaispplied Clay Science/ol 49, No 4, pp.
414-419.

Carroll D., 1970,Clay minerals: a guide to their X-ray identificatipSpecial
paper 126, The Geological Society of America, Cadar, USA, 80 p.

Cerny R., Kunca A., Tydlitat V., Drchalova, J. aRdvnanikova, P., 2006,
Effect of pozzolanic admixtures on mechanical, riredrand hygric properties of

lime plastersConstruction and Building Material&/ol 20, No 10, pp. 849-857.

Chakchouk, A., Samet, B., Mnif, T., 2006, Study the potential use of
Tunisian clays as pozzolanic materiédpplied Clay Sciengé/ol 33, No 2, pp.
79-88.

Cliver E. B., Tests for analyses of mortar sampkglletin-Association for

Preservation Technologyol 6, pp. 68-73.

Cowann H. J., 1977 tructure in the Ancient World, The Master Buitdohn
Wiley & Sons, 299 p.

Da Silva P. S., Glasser F.P., 1993, Phase relatiotise system CaO-A0Ds-

SiO,-H,O relevant to metakaolin-calcium hydroxide hydmti€ement and
Concrete Researc¢ivol 23, No 3, pp. 627-639.

85



Dawey N., 1961,Gypsum Plaster-Limes and Cements-Stucco-Mortar and

Concrete, A History of Building Materigl®hoenix House, London, pp. 86-128.

Degryse, P., Elsen, J., Waelkens, M., 2002, Studwanzient mortars from
Sagalassos (Turkey) in view of their conservati@gment and Concrete
ResearchVolume 32, No 9, pp. 1457-1463.

Dheilly, R.M., Tudo, J., Sebaibi, Y., Queneudec, B002, Influence of storage
conditions on the carbonation of powdered Ca@Q8dnstruction and Building
Materials, Vol 16, No 3, pp 155-161.

Diamond, S., 1976, A review of alkali-silica reacti and expansion

mechanismsCement and Concrete Resegrvlol 6, pp. 549-560.

Dixon, J. B., Weed, S. B, 198Mlinerals in Soil Environment$oil Science of
America Book Series, pp. 946-947.

Elert K., Rodriquez-Navarro C., Sebastian PardoHansen E., Cazallo O.,
2002, Lime mortars for the conservation of histobaildings, Studies in
ConservationV 47, pp. 62-75.

Elsen J., 2006, Microscopy of historic mortarsregew,Cement and Concrete
ResearchVol 36, pp. 1416-1424.

EN 459 - Building lime, part 1: definitions, specdtions and conformity

criteria.
Faria, P., Henriques, en F., Rato, V., 2008, Coatpe evaluation of lime

mortars for architectural conservatialmurnal of Cultural HeritageVol 9, pp.
338-346.

86



Frizot M., 1981, L’analyse des mortiers et enddiés peintures murales et des
batiments ancieng’roceedings of the ICCROM Symposium: Mortars, €gm
and Grouts Used in the Conservation of Historicl@ngs Rome, ICCROM,
pp. 281-295.

Genestar C., Pons C., Mas A., 2006, Analytical ati@rization of ancient
mortars from the archaeological Roman city of Rulke (Baleric Islands,
Spain),Analytica Chimica Actavol 557, No 1-2, pp 372-379.

Grandet J., 1975Contribution a I'etude de la prise et de la carbtatgon des
mortiers au contact des materiaux porewnpublished Ph.D. Thesis, Paul

Sabatier Toulouse.

Groot, C., Ashall, G., Hughes J., 2005, Report ¢EERM TC COM 167,
Characterization of old mortars with respect tartinepair. RILEM Report 28
RILEM Publications, France.

Henriques, F. A., 2004, Replacement mortars in @wagion: an overview,
Proceedings of the 0 International Congress on Deterioration and
Conservation of StonédCOMOS, Stockholm, pp. 1-11.

Holmes, S., Wingate, M., 199Building with Lime, A Practical Introductign

Intermediate Technology Publications, London , 06

ICOMOS/ISCARSAH Committee, 2003, ICOMOS CharterrinEiples for the

analysis, conservation and structural restoratf@rchitectural heritage.

ICOMOS/ISCARSAH Committee, 2005, Recommendations tfe analysis,

conservation and structural restoration of archited heritage.

87



Jedrzejewska, H., 1960, Old mortars in Poland:va method of investigation,
Studies in Conservatioivol 5, pp 132-138.

Knofel, D.F.E., Wisser, S.G., 1998, Microscopicalastigations of some
historic mortars, Conservation Brick StructurBspceedings of the"? Expert
Meeting of the NATO-CCMS Pilot Styd@erlin, pp. 212-222.

Lanas, J., Pérez Bernal, J.L., Bello, M.A., Alvardd., 2006, Mechanical
properties of masonry repair dolomitic lime-basedrtars, Cement and
Concrete Researc¢ivol 36, No 5, pp. 951-960.

Lanas, J., Bernal, J.L., Bello, M.A., Alvarez Galoa, J.I., 2004, Mechanical
properties of natural hydraulic lime-based mortategment and Concrete
ResearchVol 34, pp. 2191-2201.

Lanas, J., José Alvarez-Galindo, |., 2003, Masaepair lime-based mortars:
factors affecting the mechanical behavidement and Concrete Reseagrvol
33, No 11, pp. 1867-1876.

Lawrence, R.M.H., Mays, T.J., Walker, P., D'Ayal, 2006, Determination of
carbonation profiles in non-hydraulic lime mortarsing thermogravimetric
analysis,Thermochimica Actavol 444, No 2, pp. 179-189.

Lea, F.M., 1970,The Chemistry of CemenEd. Edward Arnold, K] edition,
London, pp. 414-453.

Leslie A.B., Gibbson P., 2000, Mortar analysis aegair specification in the
conservation of Scottish historic building8roceedings of the International
RILEM Workshop: Historic Mortars: Characteristicsn@é Tests Paisley, pp.
273-280.

88



Livingston, R. A, Brebbia, C.A. (ed.), Frewer, R.B. (ed.), 1993, Materials
Analyses of the Masonry of the Hagia Sophia Basilitstanbul,Structural
Repair and Maintenance of Historic Buildings, IIComputational Mechanics

Publications, Southampton, Boston, pp. 15-32.

Luxan, M.P., Madruga, F. and Saavedra, J., 198%idR&valuation of
pozzolanic activity of natural products by condutyi measurements;ement

and Concrete ResearcYipl 19, pp. 63-68.

Malinowski, R., 1981, Ancient mortars and concretdsrability aspects,
mortars, cements and grouts used in the consemvatiohistoric buildings,

Proceedings of Symposium in Rome. 341-350.

Martinet, G., Quenee, B., 2000, Proposal for aulgetthodology for the study
of ancient mortarsProceedings of the International RILEM Workshbjistoric

Mortars: Characteristics and Tests, Paisley, p2B81

Mehta, P. K., 1986Concrete, Structure, Properties and Materjalg. J. Hall,
p. 44-50.

Middendorf, B., Baronio, G., Callebaut, K., Hughe2000, Chemical-
mineralogical and physical-mechanical investigatiorof old mortars,
Proceedings of the International RILEM Workshop: stdiic Mortars:

Characteristics and TestRaisley, pp. 53-61.
Mora, L., Mora, P., Philippot, P., 1984, Technology the Principal
Constituents of RenderingsConservation of Wall PaintingsICCROM,

Butterworths, p 35-36.

Morehead D. R., 1986, Cementation of hydrated li@ement and Concrete
ResearchVol 16, pp. 700-708.

89



Moropoulou A., Bakolas A., Aggelakopoulou E., Hwation of pozzolanic
activity of natural and artificial pozzolans by timal analysisThermochimica
Acta, Vol 420, No 1-2, pp. 135-140.

Moropoulou A, Cakmak A.S., Lohvyn N., 2000, Earthke resistant
construction techniques and materials on Byzantmoemuments in KievSoil
Dynamics and Earthquake Engineerindpl 19, pp. 603-615.

Moropoulou A., Bakolas A., Anagnostopoulou, 2006amposite materials in

ancient structure€ement & Concrete Compositésl 27, pp. 295-297.

Moropoulou A., Bakolas A., Moundoulas P., Aggelatojpu E.,
Anagnostopoulou S., 2005b, Strength development kmeé mortars for
repairing historic masonrie§ement & Concrete Compositésol 27, pp 289-
294,

Moropoulou A., Bakolas A., Bisbikou K., 1999, Intigation of the technology
of historic mortarsJournal of Cultural HeritageVol 1, pp. 45-58.

Mosquera, M. J., Benitez, D., Perry, S. H., 2008rePstructure in mortars
applied on restoration, effect on properties raivéo decay of granite
buildings,Cement and Concrete Researvfol 32, pp. 1883-1888.

Neville, AM., 1995 Properties of Concreted” Ed., Longman, pp. 244-248.
Oates J.A.H., 199&.ime and Limeston&Veinheim, 455 p.

Papayianni I, Stefanidou M, 1997, Repair mortaitable for interventions of

Ottoman monuments,International Conference on Studies in Ancient

StructuresIstanbul, Turkey, pp. 255-264.

90



Papayianni I, Stefanidou M., 2006, Strength-poyosélationships in lime-
pozzolan mortarsConstruction and Building Material§/ol 20, pp. 700-705.

Papayianni I., 2005, Design and manufacture ofirepartars for interventions
on monuments and historical buildingspceedings of the International RILEM

Workshop: Repair Mortars for Historic Masonrelft.

Roszczynialski W., 2002, Determination of pozzataactivity of materials by
thermal analysis]Journal of Thermal Analysis and Calorimetijol 70, 387-92.

RILEM, 1980, Tentative Recommendations, ComissibrREM,
Recommended tests to measure the deterioratioriooé sand to assess the
effectiveness of treatment methodiaterials and Structuresvol 13, No 73,
pp. 173-253.

Sabir B.B., Wild S., Bai J., 2001, Metakaolin aralcined clays as pozzolans
for concrete: a reviewCement and Concrete Composjt®ol 23, No 6, pp.
441-454.

Salvadori M., 1982Why Buildings Stand Up, The Strength of Architextur
McGraw Hill, 311 p.

Sanches-Moral S., Luque L., Canaveras J.C., SolerQGarcia-Guinea J.,
Aparicio A., 2005, Lime pozzolana mortars in Rontatacombs: composition,
Structures and Restoratio@ement and Concrete Researtol 35, No 8, pp.

1555-1565.

Sasse, H.R., Snethlage R., Baer, N.R. (ed), Metfmd$e evaluation of stone

conservation treatmest Saving our Architectural Heritagd 997, John Wiley
& Sons, Berlin, pp. 223-243.

91



Schaffer R.J., 197Zhe Weathering of Natural Building Stones, Departhu#
Scientific and Industrial Researc8pecial Report No 18, London, 149 p.

Shi C., Day R.L., 2000, Pozzolanic reactions in firesence of chemical
activators, part Il: reaction products and mechapi€ement and Concrete
ResearchVol 30, No 4, pp. 607-613.

Schueramans L., Cizer O., Janssens E., Serre @), Balen K, 2011,
Characterization of repair mortars for the assessmaktheir compatibility in
restoration projects: research and pract@mstruction and Building Materials
Vol 25, pp 4338-4350.

Sickels L.B., 1981, Organics vs. synthetics: these as additives in mortars,
Proceedings of Cements and Grouts Used in the Qeatsen of Historic

Buildings Rome, pp. 25-52.

Stefanidou M. and Papayianni I., 2005, The roleagdgregates on the structure
and properties of lime mortar€ement and Concrete Compositésl 27, No
9-10, pp. 914-919.

Taylor H.F.W., 1997Cement Chemistr)ﬁ1d ed., Thomas Telford, pp. 237-238,
243-255.

Tasong W.A., Lynsdale C.J., Cripps J.C., 1998, Aggte-cement paste
interface, ii: influence of aggregate physical s, Cement and Concrete

ResearchVol 28, No 10, pp. 1453-1465.

Teutonico J.M., 1986A Laboratory Manual for Architectural Conservators
ICCROM, Rome, 168 p.

92



Teutonico J.M., McCraig I., Burns C., Arhurst J994, The Smeaton Project:
Factors affecting the properties of lime based awsrfor use in repair and

conservation of historic buildingResearch Project ACI: Phase | Report

Teutonico J.M., Ashall G., Garrod E., Yates T.,998 comparative study of
hydraulic lime based mortansiternational RILEM Workshop on Historic
Mortars: Characteristics and Testgp 339-349.

Timoshenko S., 197@&trength of materiaJ]svan Nostrand Reinhold Company.

Topal T., 1995Formation and Deterioration of Fairy Chimneys ofu@k Tuff
in Urguip Goreme Area (Neehir-Turkey) Unpublished Ph.D. Thesis, Middle

East Technical University.

Topal T., 1999, 2000, Nokta yukleme deneyi ile lilguygulamalarda
kar la lan problemlerJeoloji Muhendislii Dergisi, Vol 23-24, No 1, pp. 73-
86.

TS EN 196-1, Cimento Deney Metotlar - Bolum 1: Bayn, TSE.
TS EN 539-1, 2000, Cat Kiremitleri, Kilden Yap Im Sirekli Olmayan
(Bindirmeli) - Fiziksel Ozelliklerinin Tayini — Béim 1: S zd rmazl k Deneyi,

TSE.

TS EN 1304, 2002, Cat Kiremitleri - Kilden Yap ImSirekli Olmayan
(Bindirmeli) - Tarifler ve Ozellikler, TSE.

TS EN 1062-3, 1999, Boyalar ve Vernikler-Kagir vet&r D Cephe ¢in

Kaplama Malzemeleri ve Kaplama Sistemleri-BolumS2t Aktarm Hznn

(Gecirgenliinin) Tayini ve S n fland r Imas , TSE.

93



TS EN 7783-2, 2002, Boyalar ve Vernikler - Kagir Beton D Cephe igin
Kaplama Malzemeleri ve Kaplama Sistemleri - BOlumS2 Buhar Aktar m

H z n n (Gegirgenliinin) Tayini ve S n fland r Imas , TSE.

Tuncoku S., 2001,Characterization of Masonry Mortars Used in Some
Anatolian Seljuk Monuments in Konya, Bsyir and Akehir, Unpublished
Ph.D. Thesis, Middle East Technical University.

Tuncoku S., Caner-Salt k E.N., 2006, Opal-A rickitides used in ancient lime
mortars,Cement and Concrete Resear®lol 36, No 10, pp.1886-1893.

Van Balen K., 2004, Carbonation reaction of limanekics at ambient
temperatureCement and Concrete Resegrvfol 35, No 4, pp. 647-657.

Van Balen K., Toumbakari E.E., Blanco-Verela M.Aguilera J., Puertas F.,
Sabbioni C., Zappia G., Riontioni C., Gobbi G., @0@rocedure for a mortar
type identification: a proposalProceedings of the International RILEM
Workshop, Historic Mortars: Characteristics and T®#aisley, pp. 61-79.

Van Balen K., Toumbakari E.E., Blanco-Verela M.Aguilera J., Puertas F.,
Palomo A., Sabbioni C., Riontioni C., Zappia G.,020 Environmental
deterioration of ancient and modern hydraulic mortarotection and
conservation of European cultural heritagegesearch Report European

CommissionNo 15.
Van Balen, K., Papayianni, I.,Van Hees, R., BintlaWaldum, A., 2005,
Introduction to requirements for and functions @ndperties of repair mortars,

Materials and Structured/ol 38, pp. 781-785.

Van Balen K., Van Gemert D., 1994, Modelling limeomar carbonation,
Materials and Structured/ol 27, No 7, pp. 393-398.

94



Velosa A. L., 2004, Parameters influencing the grenince of lime mortars
with pozzolanic additives: a testing campaid@OMOS 18 International

Congress, Deterioration and Conservation of St@teckholm.

Vitruvius, 1990,Mimarl k Uzerine On Kitap (Ten Books on ArchiteeCev.
Suna Guiven, evki Vakf Mimarl k Yay nlar , 222 p.

Winkler, E. M., 1986, Durability index of stonBulletin of the Association of
Engineering Geologistd/ol 30, pp 99-101.

95



