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Abstract

In this study lime binder used in stone and brick masonry mortars of some historic Ottoman baths was examined to understand
whether the binders were hydraulic or not. For this purpose the mineralogical and elemental compositions and the microstructure of
lime binder were determined by XRD, SEM-EDS and TGA analyses. The results indicate that the lime used in the brick dome mortars
of Ottoman baths was hydraulic. Taking into account the kiln and fuel conditions of the 15th century, the possibility of obtaining
hydraulic lime at relatively low temperature was examined. For this purpose limestone containing diatoms was heated at a relatively
low temperature (850 °C), then slaked and carbonated. After heating and slaking, calcium silicate giving hydraulicity to the lime was
indicated by XRD and SEM-EDS analyses. These results show that the production of hydraulic lime at a relatively low calcination tem-

perature (850 °C) was possible with 15th century kilns.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Mortars used for bedding and jointing masonry units
and rendering masonry surfaces are composed of binders
and aggregates [1,2]. Historically, different types of binder
materials have been used in the construction of masonry
buildings. Mud mortars are the oldest documented mortars
and were used in the construction of the first collective set-
tlements in Mesopotamia 10,000 years ago [1]. Gypsum
mortar is a binder long used in the brick vaults and arches
due to its quick setting and high mechanical strength [1,3].
Lime mortars have been the most widely used in the con-
struction of the buildings since their first known use in
Egypt in 4000 BC [2.,4].

Lime mortars can be classified as non-hydraulic and
hydraulic. Non-hydraulic lime mortars are produced by
mixing slaked lime with aggregates and harden by evapora-
tion and carbonation of lime due to carbon dioxide in the
air. Hydraulic lime mortars are produced either by mixing
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lime with pozzolans containing amorphous active silicates
and aluminates or by developing hydraulic phases through
the calcination of silica rich limestone directly quarried or
synthetically mixed. Hydraulic lime mortars harden by
evaporation, carbonation of lime and the reaction between
lime and pozzolans or the hydraulic phases in the presence
of water. This reaction produces calcium silicate hydrates
and calcium aluminate hydrates, allow for setting under
water and impart higher earlier strength to the hydraulic
lime mortars [5]. For this reason, such mortars have been
extensively used in the construction of foundations placed
in waterlogged grounds and for drainage systems, cisterns,
and bridges since ancient Greek period [1,2]. Romans suc-
cessfully improved on masonry structures the use of
hydraulic lime mortars produced by combining lime and
pozzolans [1,2].

Determination of historic lime mortar characteristics
became an important subject in the second half of the
20th century. The studies on historic lime mortars and plas-
ters are compiled by Hansen et al. [6] in an extensive bibli-
ography and provide a source for conservators and
conservation scientists.
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Among the studies of historic lime mortars, the achieve-
ment of hydraulic properties of historic mortars is usually
described as the process of mixing pozzolans with high cal-
cium lime [7-12]. However, the possibility of the use of cal-
cined hydraulic lime in historic mortars has not been
thoroughly considered.

The first production of calcined hydraulic lime is docu-
mented around the second half of the 18th century [4]. This
type of lime is obtained by the calcination of limestone with
high amounts of clay substances, forming calcium and alu-
minum silicates at temperatures between 950 °C and
1250 °C. It was known that such temperatures could not
be reached before the 18th century. Therefore the possibil-
ity of achieving the hydraulic properties of lime at rela-
tively low temperatures through heating of limestone
containing diatoms which are mainly composed of amor-
phous silica has not been taken into consideration.

In this study the hydraulic characteristics of lime mor-
tars used in the walls and brick domes of some Ottoman
baths are examined to determine whether hydraulicity of
the mortars originates by mixing pozzolans with lime or
by the use of hydraulic lime. The results of this study indi-
cate that the lime used in the brick dome mortars of Otto-
man baths was hydraulic. Taking into account the kiln
conditions of the 15th century, the possibility of obtaining
hydraulic lime at relatively low temperature was examined.
For this purpose limestone containing diatoms was heated
at a relatively low temperature (850 °C), then slaked and
carbonated. After heating and slaking of limestone, forma-
tion of hydraulic products was indicated by XRD, SEM,
EDS and TGA analyses.

2. Materials and method

The study is composed of two phases. First phase exam-
ines the general characteristics and the hydraulic properties
of lime binders of the mortars used in the walls and brick
domes of some Ottoman baths. Based on the findings of
the first phase, second part of the study investigated the
possibilities of obtaining hydraulic lime from limestone

Table 1
Density, porosity, uniaxial compressive strength (MPa) and lime aggregate
ratio values of mortars

Sample Density Porosity C.S. (MPa) L/A
Se-S 1.52 +0.04 40.70 £+ 1.56 - 0.7
Du-S 1.51 +£0.03 41.85+0.30 5.3 £1.7 0.6
Ul-S 1.84 +0.03 26.82 £+ 1.56 74+4.7 0.3
He-S 1.50 + 0.06 36.94 +5.89 9.7+ 14 0.4
Ka-S 1.69 £ 0.04 32.80+1.43 42+0.5 0.7
Du-B 1.48 +0.08 38.60 + 6.79 14.7+4.5 0.4
Ul-B 1.72 +£0.07 31.85+2.33 21.0+3.0 0.4
He-B 1.59 +0.04 35.07 +1.77 10.5+2.6 0.3
Ka-B 1.40 £ 0.03 4346+ 1.14 8.8+ 1.0 0.7

Se: Seferihisar bath; Du: Diizce bath; Ul: Ulamis bath; He: Hersekzade
bath; Ka: Kamanlt bath; S: Stone masonry mortar; B: brick masonry
mortar; C.S.: compressive strength; L/A: lime/aggregate.

containing diatoms by calcining at relatively low tempera-
ture (850 °C).

2.1. Sampling of lime mortars

First phase of this study was to understand whether the
lime binders used for masonry mortars of historic Ottoman
bath constructions were hydraulic or not. Respectively,
lime mortar samples were collected from the walls and
domes of five historic Ottoman baths constructed in the

Fig. 1. SEM image of a cone shape diatom shown by arrow at the
limestone aggregate.

a
C: Calcite (72-1937) C

b
C: Calcite (86-2334) C
Q: Quartz (79-1906)

°2Theta

Fig. 2. Typical XRD patterns of white lumps in stone (a) and brick
masonry (b) mortars.
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15th century near Izmir, Turkey (Table 1). During the sec-
ond half of the 14th and 15th centuries a large number of
baths were built in Anatolia and the Balkans under Otto-
man rule [13]. The primary materials used in these build-
ings were stone and brick, with lime mortar as the binder
[14]. Rubble and cut stones are the major structural mate-
rials in the walls. Brick was generally used in the upper
parts of the masonry, such as arches, vaults, and domes.

2.2. Analysis of lime mortars

The basic physical properties, microstructure, chemical
and mineralogical compositions of the mortars were exam-
ined through several analyses. Bulk densities and porosities
of the mortars were determined by measuring the dry,
water saturated under vacuum and hydrostatic weights
[15]. Uniaxial compressive strength (UCS) test was carried
out on at least three cubic specimens with side lengths
about 5 cm [15]. The UCS analyses were done using a Shi-
madzu AG-I Mechanical Test Instrument. Lime and aggre-
gate ratios were determined after the dissolution of
carbonated lime in dilute hydrochloric acid. Mineralogical
compositions of white lumps representing the binding
material (lime) in the mortars were determined by FTIR
and X-ray diffraction (XRD) analyses performed by a
Magna-FTIR spectrometer 550 (Nicolet) and Philips X-
pert Pro X-ray diffractometer. A stereomicroscope was
used to separate white lumps from mortar matrices by
using a small bistoury. Microstructures and chemical com-
positions of the white lumps were determined with a Philips
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Fig. 3. Infrared spectrum of white lumps in stone (a) and brick masonry
(b) mortars.

XL 30S FEG scanning electron microscope (SEM) coupled
with X-ray energy dispersive system (EDS). Their hydrau-
lic properties were evaluated by determining weight loss at
the temperatures between 200 and 600 °C due to the loss of
the structurally-bound water of hydraulic products, such as
calcium silicate hydrates and calcium aluminate hydrates,
and weight loss at the temperatures over 600 °C due to car-
bon dioxide released during the decomposition of calcium
carbonates by using a Shimadzu TGA-51 [7].

2.3. Sampling and calcination of limestone

Based on the findings of the first phase, the study contin-
ued on investigating the possibilities of obtaining hydraulic
lime at relatively low temperatures by the calcination of
limestone. For this purpose, a type of limestone known
to contain high amounts of diatoms was collected from
masonry units of the walls of the historic Kamanli Mosque
[16]. This mosque is located nearby the Ottoman baths and
dates to the same period as of the baths.

Calcination of limestone is carried out in a laboratory
furnace. About 1 g of crushed limestone with 1 mm average
particle size was calcined in the crucible at 850 °C for 12 h
and then cooled to room temperature in a decicator. Calci-
nated limestone (quicklime) was hydrated with distilled
water in the glass beaker until lime putty was produced.
Lime putty was then spread out on glass slides and carbon-
ated for one month in the laboratory. During carbonation,
lime was wetted with distilled deionised water. After one
month, the samples were dried in an oven at 40 °C for 24 h.

Mineralogical compositions of the unheated and heated
limestone, slaked and carbonated lime were determined by
using a Philips X-pert X-ray diffraction (XRD) and a Spec-
trum BX II FTIR spectrometer (Perkin—Elmer). Chemical
compositions and the microstructural properties of the
unheated and heated limestone (quicklime), slaked and car-
bonated lime were determined by Philips XL 30S-FEG
scanning electron microscope (SEM) equipped with X-ray
energy dispersive system (EDS). The presence of hydraulic
phases in the composition of carbonated lime was deter-
mined by using a Shimadzu TGA-51.

Table 2
% Elemental composition, cementation and hydraulicity indices of white
lumps used in mortars and lime produced by limestone containing diatoms

Samples CaO Si0,  ALO; Hydraulicity =~ Cementation
index (HI) index (CI)

Du-S 97.3 2.7 ND 0.03 0.1

Se-S 96.2 2.5 1.3 0.04 0.1

He-S 95.1 3.5 1.4 0.1 0.1

UL-S 64.9 28.3 5.6 0.5 1.3

Ka-S 98.4 1.6 ND 0.02 0.05
He-B 72.5 24.8 2.7 0.4 1.0

Du-B 77.2 19.2 3.6 0.3 0.7

Ul-B 85.1 11.2 3.7 0.2 0.4

Ka-B 73.4 23.6 3 0.4 0.9

Lime 66.9 26.5 5.7 0.5 1.2

ND: not detected.
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3. Results and discussions
3.1. General characteristics of the mortars

The binder/aggregate ratios of all mortars varied
between 0.3 and 0.7 by weight (Table 1). Aggregates
greater than 1180 um formed the largest fraction (~50%)
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Fig. 4. Secondary electron image and EDS spectrum of micritic calcite
crystals in a white lump of stone masonry mortars (Se-S).

Fig. 5. Secondary electron image and EDS spectrum of fibrous network
structure of a white lump in brick masonry mortars (Ul-B).

of the aggregates. Coarse and fine aggregates were siliceous
rock fragments mainly composed of quartz, albite, potas-
sium feldspar, muscovite and hematite. A very few pieces
of limestone aggregates with diatoms were also observed
in the mortars (Fig. 1). Their density and porosity values
generally were between 1.4 and 1.5 g/cm?® and 30-40%, by
volume, respectively (Table 1). All brick masonry mortars
had relatively high compressive strength values, higher
than 10 MPa (Table 1). On the other hand, the compressive
strengths of stone masonry mortars were generally less
than 10 MPa.

These results indicate that stone and brick masonry
mortars are similar based on the use of same type of natu-
ral aggregates, varied proportions of lime and aggregate
ratios and thorough mixing of aggregates with lime until
obtaining a uniform mixture. The mortars differed in their
mechanical properties depending on their use in stone and
brick masonry walls. Considering the compressive strength
values in the relevant literature [17], all brick masonry mor-
tars used in domes of the studied historic baths can be
accepted as hydraulic mortars.

3.2. Characteristics of the lime binder

Small, white, round and soft fragments called ‘“white
lumps’ were observed in all samples representing the bind-
ing material used in the mortars [18,19]. Mineralogical
compositions of white lumps of all brick and stone
masonry mortars were determined by XRD and FTIR
analysis. In the XRD patterns of all white lumps, strong
calcite peaks derived from carbonated lime were observed
(Fig. 2). In their FTIR spectrum, the main CaCO; bands
at 714, 878, 1473, 1803, 2520, 2883 and 2990 cm ' and
the O-H stretching (3460 cm™'), and H-O-H bending
(1643 cm ') vibrations were observed (Fig. 3a and b). In
addition, Si-O stretching vibrations at 1100 cm~' and
970 cm™!, a band at 473 cm~! due to the deformation of
SiO, tetrahedra, and a weak single band at 808 cm™' pos-
sibly due to the disordered silica (Fig. 3b) were observed in
the FTIR spectrum of the white lumps in brick masonry
mortars [20,21].

Presence of silicate peaks in IR spectrum of white lumps
in brick masonry mortars but their absence in XRD spec-
trum differently than white lumps in stone masonry mor-
tars shows the existence of amorphous or poor crystalline
silica in their composition.

SEM-EDS analyses indicated that the white lumps of
stone masonry mortars were composed of micritic calcite
crystals containing high amounts of calcium oxide, over

Table 3
Classification of lime according to hydraulic and cementation indices

Lime Hydraulic index Cementation index
Weakly hydraulic 0.1-0.2 0.3-0.5
Moderately hydraulic 0.2-0.4 0.5-0.7
Highly hydraulic <0.4 0.7-1.1
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90% (Table 2, Fig. 4). On the other hand, white lumps of all
brick masonry mortars were composed of larger calcite
crystals connected with fibrous networks rich in silicon
dioxide, up to 28% (Table 2, Fig. 5). High silicon oxide
content and fibrous network structures show the presence
of hydraulic reaction products such as calcium silicate
hydrates in the white lumps of brick masonry mortars.

Hydraulic properties of lime can be determined by cal-
culating hydraulic (HI) and cementation (CI) indices con-
sidering the chemical compositions of white lumps
according to Boynton formula (Eq. (1) and (2)) [4]. The
higher indices values indicate the more hydraulic character
of lime (Table 3).
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Fig. 8. TGA-drTGA graphs of limestone.
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Fig. 7. Secondary electron images of a disk (a) and bow (b) shaped diatom frustules; small holes on their surfaces (c); precipitated small size of calcite

crystals on the surface and the holes of the diatoms (d).
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HI — %A1L0; + %Fe,05 + %Si0, (1) According to the cementation and hydraulic indices val-

B %CaO + %MgO ues of lime (Table 3), brick limes can be classified as mod-

2.8%Si0; + 1.1%Al1,0; + 0.7%Fe,0; erately or highly hydraulic lime. However, the stone

Cl= % (2) masonry limes are not hydraulic (except Ul-S lime), since
0CaO + 1.4%MgO y y P ,

their values are less than 0.1.

Hydraulicity of white lumps can also be evaluated by
thermal analysis (TGA). For this purpose, percentages of
weight losses at 200-600 °C and at temperatures over
600 °C were determined on white lumps of brick and stone
masonry mortars. Weight loss at temperatures of 200-
c 600 °C was mainly due to loss of chemically bound water
of hydraulic products, such as calcium silicate hydrates
and calcium aluminate hydrates [22]. Organic substances
and hydrated salts, which also undergo weight losses in this
temperature range, were not taken into consideration
because they were not determined in the FTIR and XRD

a [C: Calcite (72-1937)
Q: Quartz (79-1906)

W . c § ¢ cc oC analyses. Weight loss at temperatures over 600 °C was
e A L, due to carbon dioxide released during the decomposition

0 10 20 30 40 50 60 of carbonates [22].
°2 Theta TGA analyses indicated that the weight loss between
200 °C and 600 °C was nearly 7% in the white lumps of
b [Ca0: Caloium oxide (48-1467) ca0 brick masonry mortar (Fig. 6a), and 1.5% in the white
C2S: Dicalcium silicate (86-0399) lumps of stone masonry mortar (Fig. 6b). Weight loss over
600 °C was nearly 20% in the white lumps of the brick
masonry mortars and 40% in the white lumps of the stone
Ca0 Ca0 masonry mortars. These weight losses correspond to car-
bonated lime content nearly 50% in the white lumps of
5 the brick masonry mortars, and 90% in the lumps found
o 18s 24 in the stone masonry mortars. It has been reported that
s S e if the ratio of CO,/H,O is between 1 and 10 in a given mor-

0 10 20 30 40 50 60

tar, it can be accepted as a hydraulic lime mortar [7,23].
When this is adapted to the evaluation of the hydraulicity
of lime, the CO,/H,O ratio is 3 for the white lumps of brick

°2 Theta

C | P: Portlandite (04-0733) P masonry mortars and 25 for the white lumps of the stone
CeS: Dicalcium silicate (77-0388) masonry mortars. This reveals that the lime used in the
brick masonry mortars contains high percentages of struc-
P turally-bound water belonging to calcium silicate hydrates.
8«(0 - TGA analyses of their mortar matrices were also carried
P ] @ out in order to evaluate the contribution of aggregates to
o o | UGS 7088 ) the hydraulicity of the mortars by producing hydraulic
S o e reaction products with their reaction with lime. The analy-
o 10 20 3 1w s e ses reveal that the CO,/H,O ratios of the brick masonry
°2 Theta
d C: Calcite (86-2334) C
c
427
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Fig. 9. XRD patterns of unheated limestone (a), heated limestone (b),

slaked lime (c) and carbonated lime (d). Fig. 10. Infrared spectrum of limestone containing diatomite.
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Fig. 11. SEM-EDS spectrums of calcite crystals in limestone (a); holes on a diatom (b); formed porous quicklime (c) formed C2S on the holes of diatom
after heating of limestone (d); formed micritic calcite crystals (e) and fibrous network (f) after carbonation of lime.
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mortars were around 4, indicating their hydraulic charac-
ter. However, the stone masonry mortars are not hydraulic,
since their CO,/H,O ratio was more than 10. These ratios
show no significant difference between the white lumps and
the mortar itself. In other words, the aggregates do not
contribute significantly to the hydraulicity of the brick
masonry mortars. Therefore, it can be deduced that the
hydraulic character of the brick masonry mortars is derived
from the use of hydraulic lime.

Considering the SEM-EDS, XRD, IR and TGA analy-
sis results, it can be said that the lime used in the stone
masonry mortars is high calcium lime. The observation
of carbonate and silicon containing compounds in the
IR, but the absence of the latter in the XRD patterns
and the presence of fibrous network with high silica con-
tent, and low CO,/H,0O ratio may show the hydraulic char-
acter of lime used in brick masonry mortars.

3.3. Production of hydraulic lime from limestone containing
diatoms

As previously noted, hydraulic lime is obtained by the
heating of limestone that contains quartz and clays, form-
ing calcium and aluminum silicates at 950-1250 °C [5]. Lar-
nite (C,S) and Gehlenite (C,AS) are the major hydraulic
phases of hydraulic lime [24]. Considering the types of kilns
and fuels used in the 15th century when these baths were
constructed, it may have been difficult to achieve such high
kiln temperatures [25]. This study examines the possibility
of obtaining hydraulic lime at a relatively low temperature.

A type of limestone used in the region where the baths
are located contains high amounts of amorphous silica
from diatoms. The same type of limestone is observed in
some of the mortars as aggregate (Fig. 1). High silica con-
tent is also observed in the white lumps in the brick
masonry mortars (Table 2). This may indicate that the lime
used in the brick masonry mortars was manufactured from
this type of limestone. To investigate this, limestone that
contains diatoms was collected from walls of the historic
Kamanl mosque, which is adjacent to the baths.

SEM-EDS analysis indicates that the limestone used in
the walls of the mosque contains nearly 30% silicon oxide
in its composition that is originated by the presence of
the high amounts of diatoms (Fig. 7). Diatoms are com-
posed of skeletal shells from many kinds of unicellular
algae [26]. TGA analysis shows that the calcination temper-
ature of limestone is around 800 °C (Fig. 8). Observation of
a 31% weight loss due to carbon dioxide driven from the
limestone at this temperature indicates that limestone con-
tains nearly 70% calcite. There was no observed weight loss
due to dehydroxylation of clay minerals between 400 and
600 °C on the TGA graph, which indicates that limestone
does not contain clay minerals.

XRD analysis of the limestone shows that it is mainly
composed of calcite minerals (Fig. 9a). However, in FTIR
analysis silica-containing minerals (1051, 470 cm™") were
observed in addition to calcite minerals (1427, 875,

712 cm ') (Fig. 10). This supports that limestone is com-
posed of calcite crystals and the amorphous silica originat-
ing from the diatoms.

The microstructure analysis of limestone shows that
small and large grain size calcite crystals with diatoms
are distributed inhomogeneously in the stone (Fig. 1la
and b). After limestone was heated from ambient tempera-
ture to 850 °C for 12 h in a laboratory furnace, calcium
oxide and calcium silicate peaks (C,S) were identified by
XRD analysis (Fig. 9b). SEM analysis presented that
quicklime formed at this temperature has a porous struc-
ture due to carbon dioxide driven from the calcite minerals
(Fig. 11c). Observation of mainly calcium and silicon peaks
in the EDS spectrum of the diatoms may show that the dia-
toms are converted to C,S by reaction with quicklime when
heated to 850 °C (Fig. 11d).

The calcined limestone is slaked with water. After slak-
ing process, calcium hydroxide (portlandite) and dicalcium
silicate were indicated in the XRD patterns (Fig. 9c). This
may suggest that the formation of calcium hydroxide is
more favorable than the formation of calcium silicate
hydrate. After the carbonation of lime with the presence
of water in room conditions for one month, only calcium
carbonate peaks were observed in the XRD patterns
(Fig. 9d). Disappearance of calcium silicate peaks (C,S)
in the XRD patterns was explained by the formation of cal-
cium silicate hydrate (CSH) with water. The expected main
XRD peaks of CSH were not observed in the carbonated
lime. This was probably due to amorphous character of
CSH or its principal peaks overlap with calcite [27].
SEM-EDS analysis indicated that carbonated lime was
composed of micritic calcite crystals connected with fibrous
network rich in silicon oxide (Fig. 11e and f).

Hydraulic (HI) and cementation (CI) indices of lime can
be calculated according to Boynton formulas (Eq. (1) and
(2)). Their HI and CI values were nearly 0.5 and 1.2 respec-
tively (Table 2). High HI and CI results show that lime is
hydraulic. Thermal analysis (TGA) was also carried out
in order to evaluate the hydraulicity of the carbonated
lime. TGA analyses data indicated that the weight loss
between 200 °C and 600 °C was 6.4% and 25.6% over
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Fig. 12. TGA-drTGA graphs of carbonated lime produced by limestone
containing diatoms.
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600 °C (Fig. 12). These weight losses were mainly due to
loss of chemically bound water of calcium silicate hydrates
and calcium carbonates. The CO,/H,O ratio of lime is 4,
meaning that lime can be regarded as hydraulic.

4. Conclusions

In this study lime binder used in the stone and brick
masonry mortars of some historic Ottoman baths was
examined to understand whether the binders were hydrau-
lic or not. The results of this study indicate that the lime
binder used in the mortars of brick masonry of the baths
is hydraulic. At the same time the brick masonry mortars
were found to be relatively high in compressive strength.

Taking into account the kiln and fuel conditions of the
15th century, the possibility of obtaining hydraulic lime
by calcining limestone containing diatoms composed of
amorphous silicon oxide at relatively low temperature
was examined. The results show that the production of cal-
cium silicate at a relatively low calcinations temperature
(850 °C) is possible. Considering this result, it can be con-
cluded that hydraulic lime could be produced by the calcin-
ing of limestone containing diatoms with 15th century kiln
conditions.

Further inquiries can be made to investigate the hydrau-
licity of lime under laboratory conditions by checking the
compressive strengths of the mortars that are prepared
using lime produced from limestone containing diatoms.
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