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Characterization of mortars and plasters used in historical structures is crucial before conservation interventions in order 

to propose proper repair materials and avoid any damage caused by material incompatibility. In the present study, 

mortars and plasters of a Byzantine Church in the ancient city of Stratonikeia dated back to 5th
 – 7th centuries were 

examined in terms of physical/physico-mechanical characteristics and raw materials used by various analytical 

techniques. Possible use of pozzolanic materials in mortar and plaster samples were investigated by pozzolanic activity 

tests performed on the aggregates (< 125 µm) and examining the reaction products formed after immersion of these 

aggregates in a saturated solution of Ca(OH)2. Investigated mortar and plaster samples were found to have relatively low 

bulk density and high effective porosity. Compressive strength values of mortar samples were found to be in the range of 

3.92 – 4.47 MPa. Binder used in the mortar and plaster samples were assessed to be fat lime. Aggregates of the samples 

smaller than 125 µm were found to have good pozzolanicity. Formation of pozzolanic reaction products by the reaction 

of the finer aggregates with Ca(OH)2 were confirmed by the results of SEM-EDX and FTIR analyses. 

Keywords: lime mortar, lime plaster, pozzolan, Stratonikeia. 

 
1. INTRODUCTION1 

Historical mortars and plasters are composite materials 

containing binders with varying properties and aggregates 

which can be inert or reactive with regards to the binder, 

the latter of which having the ability to react with the 

binder and alter the final characteristics [1]. The 

composition and characteristics of mortars and plasters 

vary to a great extend depending on the construction 

period, location and expected function in the building. 

Characterization of historical mortars and plasters has 

vital importance in order to understand the technology, 

production techniques and raw ingredients of these 

composite materials belonging to a particular structure 

built in a certain period. As the adverse effects and 

irreversible damage related to incompatible material use 

for the repair works of historic buildings disregarding the 

characteristics of original building materials are well 

documented in literature [2, 3], the information gathered 

by the characterization studies is also essential to serve as a 

basis for the development and proposal of compatible 

repair materials to be used in the intervention works  

[4 – 7]. This is especially the case for composite materials 

such as mortars and plasters since the raw materials, 

production techniques and mixing proportions used 

directly affect the characteristics of the final composite. 

In this study, basic physical, physico-mechanical and 

raw materials characteristics of mortar and plaster samples 

from a Byzantine Church dated back to 5th
 – 7th centuries 

[8] located in the ancient city of Stratonikeia are examined. 

The city, which now resides in the district of Muğla 

(Turkey), has a history reaching back to Bronze Age and 
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has been continuously inhabited throughout the periods of 

Archaic, Classical, Hellenistic, Roman, Byzantine, 

Principalities and Ottoman up until today [9]. 

2. EXPERIMENTAL 

Mortar samples were taken from the west wall of the 

narthex, south wall of the central nave and under tesserae 

in the central nave and plaster samples were collected from 

the west wall of the narthex, which belong parts of the 

church still partially standing in the ancient city. Sample 

locations and nomenclature are given in Table 1. 

Cross sections of mortar and plaster samples were 

initially examined under a stereo microscope (Leica Z16) 

for their visual characteristics such as the color of the 

binder and the color and shape of the aggregates. Cohesion 

of the samples were evaluated according to the 

recommendation NORMAL 12/83 issued by Italian CNR 

and ICR [10]. Basic physical characterization of the 

samples was performed by determining bulk density and 

effective porosity according to standard gravimetric test 

method [11]. Modulus of elasticity (E) of the samples were 

evaluated indirectly by using bulk density values and the 

results of ultrasonic pulse velocity measurements 

(PUNDIT Plus Ultrasonic test equipment using 220 kHz 

probes) [12]. Uniaxial compressive strength (UCS) of the 

samples was estimated by point load strength tests using an 

ELE Point Load Test Apparatus [13, 14]. 

Ratios of acid soluble and insoluble parts were 

determined by treating samples with dilute hydrochloric 

acid solution (5 %) and weighing the acid insoluble parts 

and evaluating the results. The granulometric analysis of 

the acid insoluble parts were performed by using sieves 

with mesh sizes of 4000, 2000, 1000, 500, 250, 125 µm. 
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Table 1. Nomenclature and locations of the samples 

Sample Description Location 

SP1 Plaster West wall of narthex 

SP2 Plaster West wall of narthex 

SM1 Mortar (masonry) West wall of narthex 

SM2 Mortar (masonry) North wall of central nave 

SM3 Mortar (masonry) South wall of central nave 

SM4 Mortar (tesserae) East side of central nave 

Mineralogical phases in mortar and plaster samples 

were determined by X-Ray powder diffraction 

spectrometry (XRPD) (Bruker D8 Advance Diffractometer 

with Sol-X detector). Microstructural and elemental 

analyses were performed by using a Scanning Electron 

Microscope (SEM) (Tescan Vega II XMU) coupled with 

Energy Dispersive X-ray Spectrometer (EDX) (Oxford 

Instruments x-act). 

Aggregates with sizes smaller than 125 µm were 

investigated for their possible pozzolanic characteristics by 

measuring the difference in electrical conductivity 

(mS/cm) of the saturated Ca(OH)2 solution before and after 

immersion of the aggregates into the solution [15]. 

Furthermore, in order to investigate the possible reaction 

products between the aggregates (< 125 µm) and lime, 

aggregates were left in a saturated solution of Ca(OH)2 for 

7 days in airtight containers, then washed thoroughly with 

distilled water and examined by SEM-EDX and FTIR 

analysis (Bruker Alpha T with ATR attachment). 

3. RESULTS AND DISCUSSION 

The colors of the binder matrix for the plaster and 

mortar samples were observed to be mainly white with 

tints of grey and beige. Occasional white lumps were 

spotted scattered throughout the binder matrix. Dark grey 

and beige colored aggregates were identified in all 

samples. In the cross sections of mortar samples SM1 

(Fig. 1 a) and SM4 (Fig. 1 c), aggregates with reddish 

brown hues which are probably brick fragments were also 

encountered. The aggregates in the examined samples were 

generally observed to have rounded edges (Fig. 1). 

  
a b 

  
c d 

Fig. 1. General views of some representative mortar and plaster 

samples: a – SM1; b – SM3; c – SM4; d – SP1 

Cohesion of the mortar and plaster samples appeared 

to be high [10]. 

Samples were found to have relatively low density and 

high effective porosity in line with data in related literature 

[16 – 18]. Bulk densities of the mortar samples were 

determined to vary between 1.04 g/cm3 and 1.19 g/cm3 

while bulk densities of the plaster samples were in the 

range of 1.19 – 1.21 g/cm3. Effective porosity values of the 

mortar and plaster samples were determined to be between 

41 – 48 % and 40 – 41 %, respectively (Table 2). 

Although mortar samples appeared to be sound and 

resistant to crumbling, UCS test results could only be 

obtained for samples SM2 and SM4. Samples SM1 and 

SM3 failed in the tests before any reading could be taken. 

UCS values for the samples SM2 and SM4 found to be 

3.92 and 4.47 MPa, respectively which are relatively low 

compared to contemporary cement mortars but sufficient 

for their intended purposes. Modulus of elasticity of the 

samples estimated by using bulk density values and results 

of ultrasonic pulse velocity measurements varied between 

2.34 – 2.59 GPa for the plaster samples and 1.20 –

 1.94 GPa for the mortar samples (Table 2). 

Table 2. Basic physical and physico-mechanical properties of 

samples 

Sample 
Bulk density, 

g/cm3 

Ef. porosity, 

% 

UCS, 

MPa 

E,  

GPa 

SP1 1.21 40  –  2.34 

SP2 1.19 41  –  2.59 

SM1 1.04 48 n/a 1.20 

SM2 1.09 44 3.92 1.31 

SM3 1.19 42 n/a 1.82 

SM4 1.12 42 4.47 1.94 

The percentages of acid soluble and insoluble parts of 

mortars and plasters were calculated after treating the 

samples with a dilute solution of hydrochloric acid. The 

results are given in graphical form in Fig. 2. Acid soluble 

parts were observed to vary between 48 – 90 % for mortar 

samples and 80 – 84 % for plaster samples. The high 

percentage of acid soluble parts for mortar samples 

indicated the use of calcareous aggregates at high 

percentages in the mortar mixes except sample SM4 which 

was found to have acid insoluble aggregates at a 

percentage of 52 %. 

 

Fig. 2. Percentages of acid insoluble and soluble parts of the 

examined mortar and plaster samples 

The particle size distribution of the acid insoluble parts 

of the samples showed that finer aggregates smaller than 

125 µm constitute 27 – 35 % of the total acid insoluble part 
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for mortars and 11 – 17 % for plasters. 

 

Fig. 3. Particle size distribution (cumulative) of acid insoluble 

parts of mortars and plasters 

Similar percentages of the finer aggregates in relation 

to the total acid insoluble aggregates in different samples 

indicated the possibility that they were purposely added in 

mortar and plaster mixes as pozzolanic additives during 

their preparation. These finer aggregates of mortar and 

plaster samples were tested for their pozzolanic activity by 

measuring the electrical conductivity of the saturated 

Ca(OH)2 solution before and after mixing the solution with 

the aggregates. According to the classification of Luxan et. 

al., if the variation in conductivity is greater than 

1.2 mS/cm, the material can be classified as a good 

pozzolan [12]. The results of the pozzolanic activity tests 

for the finer aggregates of the examined mortar and plaster 

samples showed that the change in electrical conductivity 

is at least 3.1 mS/cm and up to 5.7 mS/cm showing that the 

aggregates (< 125 µm) of all mortar and plaster samples 

are highly pozzolanic confirming their careful selection 

and deliberate addition. 

Table 3. Results of pozzolanic activity tests for the finer 

aggregates (< 125 µm) of mortar and plaster samples 

Sample Pozzolanic activity, ΔmS/cm 

SP1 3.4 

SP2 3.1 

SM1 3.8 

SM2 3.6 

SM3 4.4 

SM4 5.7 

The results of XRPD analysis of mortars and plasters 

revealed that calcite and quartz are the main mineral 

phases in all of the samples. Since calcite peaks from the 

binder and quartz peaks from the aggregates dominate the 

spectra of the samples, the intensity of other components 

were observed to be relatively low. Pozzolanic reaction 

products could not be observed in the XRPD spectra. For 

the samples SM3 and SM4, illite and albite peaks were 

clearly identified other than calcite and quartz. In the 

XRPD spectra of the samples SM1 and SM2, magnetite 

peaks were also detected with low intensities. The presence 

of magnetite in these samples were later confirmed by 

separating the magnetite from the acid insoluble parts of 

the aggregates belonging to SM1 and SM2 with the use of 

a magnet and performing XRPD analysis on the collected 

magnetic particles (Table 4). 

Occasional white lumps encountered in the binder 

matrix of the samples which were probably consist of 

unmixed lime introduced to the mixes during the 

preparation of mortars and plasters were analyzed 

separately by XRPD and SEM-EDX analyses to determine 

the nature of the lime used (Fig. 4). 

Table 4. Mineral phases detected in the mortar and plaster 

samples by XRPD analyses  

Samples Mineral phases 

SP1 calcite, quartz 

SP2 calcite, quartz 

SM1 calcite, quartz, magnetite 

SM2 calcite, quartz, magnetite 

SM3 calcite, quartz, albite, illite 

SM4 calcite, quartz, albite, illite 

  
a b 

Fig. 4. Examples of white lumps encountered in the binder matrix 

of mortars and plasters: a – SM1; b – SP2 

The results of XRPD analysis of the white lumps 

showed that they consist of pure calcite indicating the use 

of fat lime for the preparation of the mortars and plasters. 

SEM-EDX analysis of the white lumps further 

confirmed that the binder used in the examined samples 

were pure lime (Fig. 5). 

To identify the possible pozzolanic reaction products 

to be formed by the reaction of the finer aggregates with 

lime, the aggregates (pozzolanicity of which were 

confirmed to be high) were left in a saturated solution of 

Ca(OH)2 for 7 days and examined by SEM-EDX and FTIR 

analyses. 

Visual examination of the aggregates, which were in 

powder form before the treatment, showed that aggregates 

were conglomerated and formed a solid disc after 7 days of 

immersion in the saturated Ca(OH)2 solution. 

The SEM image in Fig. 6 a shows the granularity of 

the fine aggregates of sample SM3 before introduction to 

the saturated Ca(OH)2 solution. EDX analysis of the 

aggregates revealed the presence of silicium, aluminum, 

potassium and iron, however no calcium was detected 

(Fig. 6 b). The SEM image of the same aggregates after 

treatment with saturated Ca(OH)2 were appeared to have a 

different texture in which the granules are no longer visible 

(Fig. 6 c). Also in the EDX spectrum, calcium peaks were 

observed in addition to the peaks of previously detected 

elements (Fig. 6 d). 

Since the solid disc of fine aggregates were thoroughly 

washed with distilled water before SEM-EDX analysis in 

order to remove any residual calcium ion not reacted with 

the aggregates, calcium peaks that were observed in the 

EDX spectrum belong to calcium that had reacted with the 
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aggregates to form the pozzolanic reaction products. 

 
a 

 
b 

 
c 

Fig. 5. Example for the a – XRPD spectrum; b – SEM image;  

c – result of EDX analysis of a white lump (sample SM1), 

C denotes calcite in the XRPD spectrum 

In the FTIR spectra of the discs, a characteristic set of 

bands centered at around 970 cm−1 belonging to silicate 

vibrations of C-S-H due to Si-O stretching [19, 20] similar 

to tobermorite were observed. Also the band at 670 cm−1 

with a relatively weaker intensity due to Si-O-Si bending 

[20] resembling those of tobermorite can be seen in the 

FTIR spectra confirming the formation of end products 

regarding to pozzolanic reactions.  

Although the pozzolanic reaction products could not 

be identified in the XRPD spectra of the mortar and plaster 

samples because of their relatively weaker contribution to 

the spectra compared to the higher intensity peaks of 

calcite and quartz, the combined interpretation of the 

results indicated that fine aggregates with high 

pozzolanicity were used consciously in the investigated 

mortars and plasters to enhance the final characteristics 

and produce mortars and plasters with hydraulic properties. 

4. CONCLUSIONS 

Mortar and plaster samples of the Byzantine Church in 

the study were assessed to be prepared using fat lime with 

deliberate addition of finer aggregates with good 

pozzolanicity in consistent proportions.  

 

Fig. 6. SEM image and EDX analysis of fine aggregates (SM3) 

before (a, b) and after (c, d) reaction with Ca(OH)2 

 

Fig. 7. FTIR spectra of fine aggregates of SM3 (above) and SM4 

(below) after reaction with Ca(OH)2 

Mortar and plaster samples were observed to have 

relatively low bulk density and high porosity values which 

is usually the case for historical lime mortars and plasters. 

Mechanical strength values of the mortars were in the 

range of 3.92 and 4.47 MPa which appeared to be 

relatively low but sufficient for their intended purposes. 

Mortars or plasters with much higher compressive strength 

or having physical/physico-mechanical properties that 

differ substantially from the original materials should not 

be used for the repair works of historic structures 

considering the crucial priority of material compatibility. 

In addition, materials that may introduce deterioration 

problems related with chemical incompatibility should also 

be avoided. Long time durability of pozzolanic lime 

mortars and plasters in time shows that these composite 

materials are efficient for their use cases in historical 

a b 

c d 
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structures. As in the case of this particular structure, lime 

mortars and plasters with pozzolanic additives can be 

considered as appropriate repair materials, however 

physical, physico-mechanical and microstructural 

characteristics of the repair mortar and plaster mixes to be 

proposed should be examined after curing so that the 

compatibility with the original materials in terms of 

essential parameters is ensured. 
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