
Pergamon 
Cement and Concrete Research, Vol. 27, No. 2, pp. 227-234.1997 

0 1997 Elsevkr Science Ltd 
Printed in the USA. All rights reserved 

0008-8846/‘97 $17.00 + .OO 

PI1 SOOOS-8846(97)OOOOs-7 

PHYSICO-CHEMICAL AND PETROGRAPHICAL STUDIES OF OLD MORTARS 
AND PLASTERS OF ANATOLIA 

Ahmet Glllec” and Tlllay Tulun** 
* Centrale Laboratory for Restoration and Conservation Eski Darphane, 

Sultanahmet, Istanbul, Turkey 
** Technical University of Istanbul, Chemistry Department, Maslak 80626, 

Istanbul, Turkey 

(Refereed) 
(Received January 6, 1995; in final form December 3 1,1996) 

ABSTRACT 
The problems which arise from the use of today mortars and plasters because 
of their easy applicability for restoration work do irreparable damage to the 
historical monument. Therefore the detailed scientific data are necessary in 
order to choose the right materials for restoration and also for the insttictions 
which will be followed during the conservation of monuments. In this study, 
the results of visual, sieve, porosity, thin section and X-ray diffraction analy- 
ses of mortars and plasters from Roman, Byzantine and Ottoman period of 
Anatolia are given. 0 1997 Elsevier Science Ltd 

Introduction 

It is the fact that a right characterization of old mortars and plasters from different monu- 
ments and periods can be succeeded by and interdisciplinary studies which should include 
chemical, physical, petrographical, mineralogical and biological examinations of materials 
and also numereous of samples should be analysed for the statistical data. Many of the re- 
search work has been carried out to characterize the original mortars and plasters by using 
traditional wet chemistry [l-4] and sophisticated instrumental methods [5-71 though, 
physico-chemical analysis of mortars and plasters is incomplete due to the difficulties which 
arise from the inadequate sample size. Physico-chemical characteristics such as microporos- 
ity, pore structure, density, aggregate size, etc. of old mortars and plasters are very important 
with respect to the mechanical strength of a monument in restoration and conservation pro- 
cedure [8,9]. Physical test methods are very few so that eitherthe characteristic parameters 
or their applicability limit are not completely identified [lo]. 

The present study is dealing with the mineralogical, petrographical and physico-chemical 
indentification lime based mortars and plasters of Roman bath (RB), Tahtakale bath (TB) 
and Esekapi Madrasah (EK). The RI3 is from the Roman ages of Anatolia and is located in 
Ankara (capital of Turkey). The RB had restoration during the Byzantine period and then a 
restoration was done by Turkish restorers in 1952. The TB and EK are from Ottoman period 

** To whom all correspondence should be addressed 

227 



228 A. Gule$ and T. Tulun Vol. 27, No. 2 

of Anatolia and are located in Istanbul. The EK was and old Byzantine church but, during 
Stlleyman the first (15th century) it was converted to a mosque and madrasah which is a 
school by the world famous architect, Sinan. The classroom and cells of madrasah are 
domed while the roof of mosque is damaged at the present state. The TB was built in 1453 at 
Byzantine harbour, Nerion, after Istanbul was conquered by Mehmet the second. Frigi- 
darium of men’s division and caldarium of ladies division have been damaged by the tire in 
1726. The original plan of building was altered due to the new functions though, a division 
with dome remained well conserved and restored properly. 

Materials and Methods 

The mortar (M) and plaster (P) samples were obtained from different points of monuments 
in order to show analogous or different characteristics of materials. 79 TB samples were 
available during the restoration of the monument but, in the case of the RB and EK the num- 
ber and the size of the samples were limited. 19 samples for RB and 5 1 samples for EK were 
taken from the damaged part of the monument. The abbreviations given by the sample num- 
ber indicate.RB: Roman Bath, TB: Tahtakale Bath, EK: Esekapi Madrasah, M: Mortar and 
P: Plaster. 

Visual Examination. All mortar and plaster samples were examined with respect to the 
type, size and amount of aggregates, colours and organic matter, etc. For the sake of brevity, 
the results of chosen samples are shown in Table 1. 

TABLE 1 

Visual and Porosity Characteristics of Mortars and Plasters. 

a.: Inner, b: Outer layer of plaster 
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TABLE 2 

The Results of XRD Analysis. 

Mineral Formula TBM I l’BM2 TBP2 EKMI EKM2 EKPI RBMI RBPI RBP2 

Quartz SiO, + + + + + + + + + 

Calcite CaCO, + + + -t + + + + + 

Anorthite CaALSL08 + + _ - 
Microline KAISi,O, + + + 
Albite NaAlSi,08 + + 
Andesine (N&a) (SiAl),Os + + + + + 
Orthoclase KAISi,O, + 
Muscovite (KNo)A12(SiAI)40,0(Ol I)? + + + + + + + 
Gypsum CaS0+2&0 + + + + + 
Vermiculite (Mnl;e)~(SiAl),Olo(OII), - - - - - - + + + 

Sieve Analvsis. The weighted amount of the samples was introduced to react, with 10% of 
HCI solution for 20 hours then filtered, washed with distilled water and dried at 105°C for 
24 hours. The insoluble residue was sieved through 10OOl.1, 5OOp, 25Ol.1 and 125~ mesh in 
the given order. The granulometric aggregate size distribution of insoluble part of samples 
are discussed in the Result and Discussion section. 

X-Rav Diffraction Analysis, Mineralogical compositions of mortars and plasters were de- 
termined by XRD powder technique using CuK, radiation. Results were given elsewhere 
[ 1 l] (Table 2). Phillip XL 30, X-Ray Diffractometer was used for the measurement. 

mphic Analvsis. The textural structure of mortars and plasters were determined by 
Thin Section Analysis (TSA) as well as the mineral nature. For the TSA procedure, the 
samples were blocked in an epoxy resin under vacuum and were made thinner to 301.1 with 
low speed cutter, (Buehler, Isomet). Then the sample slices were adhered on a microscope 
slide and polished with 3~. 1l.t and 0.25~ silicon carbide dust respectively. Finally, all sam- 
ples were examined under Polarizan microscope (James Swift) and thin section photographs 
were taken. Thin Section photographs are shown in Figures 1-14. 

Porosity Measurement. The deterioration reactions of old monuments due to the environ- 
mental conditions closely depend on the surface area hence, porosity of construction materi- 
als. Therefore, porosity determinations give valuable data for structural characteristics of old 
monument. Porosity measurements of mortars and plasters were carried out with Mercury 
Pressure Porosimeter (Micromeritics Porsizer 9320) on samples which have sized as test 
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FIG. 3. FIG. 4. 
TSA.TBP No: 10, Fiber Additives. TSA.TBP No:27a, Inner Layer, Aggregates. 

pieces of (2 cm)3. The usual technique was to measure the reduction in the level of mercury 
in a bulb containing the sample as pressure was progressively applied. Porosity Curves (PC) 
are given in Table 1 and Figures 15-18. 

Results and Discussions 

Thin Section analysis of mortar and plaster samples of RI3 showed that they were quite 
homogenous with most of the mass made up of quartz, calcite and very little plagioclase and 
feldspar. The quartz content was rather large as it was seen in Fig. 13. The aggregate content 
was over 65% and were very close to each other (Fig.12). Quartz and calcite grain sizes 
ranged from 0.1 mm to several mm. and their shapes were angular with low spherical prop- 
erty. Just a few samples of RB had crushed and ground brick pieces (Fig.14). Mortars-and 
plasters samples of TB and EK had very different characteristics from those of RI3 samples. 
Mortar samples mostly consisted of little amount of quartz, carbonates, calcites (Fig.7), 
plagioclase and feldspar (Fig.2). The apperance of carbonate and broken shells indicated that 
these aggregates were prepared by crushing the “Kiifeki” stone, which is a kind of calcare- 
ous sedimentary local stone. The mortar samples of domes (outside) were different from the 
wall samples. They did not contain any crushed bricks and stone pieces, but large amounts of 
(over 65%) pebble like aggregates where their size ranged from 0.3 to 3 mm. Although the 
tows included mostly in the inner plaster layer (Figures 3, 9), some of mortar samples had 
also these kind of additives. 

FIG. 5. 
TSA.TBP No:27, Inner and Outer Layer. 

FIG. 6. 
TSA.TBP No:27b, Deterioration as Flaks 
and Crust. 
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FIG. 7. FIG. 8. 
TSA.EKM No:l9, Quartz, Carbonate and TSA.EKM No:& From Dome, Pebble like 
Calcite Minerals. Aggregates. 

The inner layers of plaster samples were very similar to the mortar samples. The only 
difference were the size of aggregates, which changed from very fine to 2 mm (Fig.4). The 
outer white layer was soft and very homogeneous. The amount of aggregates were not more 
than 15% and the sizes were less than 0.1 mm (Fig.6). The lines between inner (pink) and 
outer (white) plaster layers of TB and EK samples showed different characteristics. The lines 
of samples were straight (Fig.5) while the lines of EK were uneven (Fig.10). This difference 
should have been caused by different application technique of plaster layers. The outer layer 
of TB should have been applied after setting the inner layer while before setting in EK case. 
The white, outer layer plasters were highly affected from air pollution. The flakes and crusts 
composed gypsum, soot and dust, were originated by environmental pollution. These affects 
were observed at both, TB and EK white plaster samples (Figures 6,11). 

In general the distrubution of aggregates in mortar sample were mainly silicates and car- 
bonates. The binders contained broken pieces of bricks and brick dust as pouzzolanic tiller. 
The diameter of aggregates were smaller and the amount of aggregates were less in plaster 
samples. 

The XRD data showed that the TB and EK samples consisted of mainly calcite, quartz, 
lesser amount of anorthite and muscovite. The major content of RB samples were quartz, 
calcite, albite and small amount of muscovite and vermiculite. Gypsum found in some RB 
and EK samples should have come from environmental pollution. 

The porosity data shown in Table 1 exhibited that, in general, the RB samples were quite 
different than TB and EK samples. The RB samples from the deeper part of the monument 
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FIG. 11. 
TSA.EKP No:6, Flakes and Crust in Outer 
Layer. 

FIG. 12. 
TSA.RBM No:9, Close Aggregates. 

had similar specific pore volume (SPV) with TB and EK samples (Fig.18). The low SPV 
value of RB samples (0.08-0.09 cm2-g-l) did not permit to the high concentration of water 
soluble salts which were outer origin thus, the RB monument had more efflorencence than 
the TB and EK monuments. The TB and EK samples showed nearly the same SPV and pore 
size distribution (Fig.15, 17). The inner (pink) layer of the plaster samples exhibited differ- 
ent characteristics due to being from interior and exterior part of the monuments. The pink 
layer of plaster samples, from inside (Fig. 16) showed rather homogeneous size distribution 
while those from outside exhibited cumulation. The SPV of white plaster layers of TB and 
EK were analog to each other and had rather homogeneous size distribution. The mortar 
samples of domes were different from all other samples so that pore size distribution of 
dome samples were homogeneous but, SPV of the samples were lower (0.16-0.26 cm3g-‘) 
than the other mortars and the pink plaster samples. The high SPV value of mortar and plas- 
ter samples of TB and EK tolerated the volume expansions of water soluble salts during the 
conversion reactions of freezing-melting or crysallization-solubilization. There were not 
significant difference in the densities of all samples. 

The results of sieve analysis showed that the aggregate size distribution of TB and EK 
were quite analog, but the amount of aggregate is less than the standard amount given 
within the same sieve pores (9). Materials which have smaller diameter than 125~~ are higher 
in TB and EK samples than RB samples. Although the aggregate size of RB were smaller 
than the TB and EK aggregates, they show homogeneous distribution in the studied sieve 
ranges. 

FIG. 13. 
TSA.RBM No:6, Quartz in Floor-screed. 
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Port Rad,la 

FIG. 15. 
PC.TBM No:66. 

Pore Radl”, 

FIG. 16. 
PC.EKP No:32. 

Conclusion 

The mortar samples of TB and EK composed of uniformly distributed binder, fine and 
coarse aggregates of various colours and textures. Crushed and partly ground bricks 
(artificial pouzzolanic material) were mostly used as aggregates. Plaster samples of TB and 
EK contained large amount of tows as organic material. There were two layers of plaster, the 
inner layer was similar with the mortars in composition, colour and texture. The undercoat 
layer was rather thin and consisted of very fine aggregates and binders. 

The mortar samples of RB were mostly composed of randomly distributed limeless 
binder, fine and coarse, pebble like aggregates in various texture, which showed modem 
mortar characteristics. This might be due to the modem cement use in the previous restora- 
tion (1952) of monument. 

The TB and EK mortars were generally called “Khorosany Mortar” after Roman period. 
Vitrivius explaned such composition as “Roman mortar” in his book [ 121. This type of 
mixture has been in use since the antiquity, and generally, it has not been damaged by the 
water soluble salts [ 131. 
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