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Abstract: Mortars are among the first building materials used in constructions, even from prehistoric times (8th millennium BC). 
Their study reveals a great source of information regarding the evolution of their technological characteristics and application 
techniques, the availability and exploitation of raw materials, as well the wider socio-economic aspects of each era. The aim of this 
paper is to comparatively evaluate the analysis results from approximately 1,000 structural mortar samples taken from various 
monuments and historic buildings of Greece, dated from the Hellenistic period, until the beginning of the 20th century. The analysis 
focused in the determination of their physico-mechanical and chemical properties, such as porosity, apparent specific gravity, 
mechanical strength, aggregates type and granulometry and chemical composition. Through the results’ evaluation, significant 
remarks can be made upon the evolution of the raw materials used (binding system, aggregates, additives), as well as regarding the 
final properties of historic structural mortars. It is concluded that hydrated lime was the main binding agent used for a long-lasting 
period of 2.5 millenniums, while mixed type binding systems based on lime and natural pozzolan were systematically used for 
producing durable mortars, resistant to humidity. In any case, it seems that ancient masons were fully aware of the significant role of 
mortars in constructions and were capable of exploiting the available raw materials and application techniques to the maximum.   
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1. Introduction 

The first use of structural mud-mortars in rubble 

and adobe masonry is dated from the 8th millennium 

BC in Mesopotamia and Babylonia, where they 

usually had similar characteristics with mud bricks 

(they both came from the same raw material, with a 

different elaboration) [1, 2]. In Greece, the first 

examples are dated during the 6th millennium BC in 

the Neolithic settlements of Sesklo and Dimini [3]. 

Mud-mortars were manufactured nearby the 

construction work and clay was often mixed with 

organic (herbs, roots, straw and reeds) and inorganic 

(sand, gravel) additives, in order to increase mass 

stability and durability [1, 4].  

Due to their importance in constructions, mortars’ 

technology and application has been thoroughly 

studied by ancient writers [5]. Aristotle (384-322 BC) [6], 

Theophrastos (372-287/5 BC) [7], Stravon 

(63/64BC-23AD) [8], Pliny (23-79AD) [9] and 
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Dioskouridis (40-90AD) [10] mainly referred to the 

binding agents of mortars, such as lime [6, 10] and 

pozzolan [6-9]. Vitruvius (authorship 27-23BC) [11] 

was the first writer who gave specifications about the 

selection of raw materials, as well as the manufacture 

and application of mortars, according to their 

functional role (structural, renders and floor 

substratum’s). Posterior writers, such as Leon Battista 

Alberti (1404-1472) [12], Andrea Palladio (1508-1580) 

[13] and Cennino d’ Andrea Cennini (15th C AD, 2nd 

half) [14] gave also specifications, based on ancient 

literature [5].  

The period of the first use of lime in structural 

mortars, has not been yet well testified. Writers 

indicate possible dates, such as Davey [15], according 

to whom, at least from 2,450 BC (when a lime kiln in 

Khafaje was dated) started the use of lime combined 

with clay, ash and asphalt in mortars. In Greece, in 

Akrotiri of Thera (1,700-1,400 BC), structural mortars 

were made of local origin clay, mixed with gravel, 

charcoal and straw [16]. These joints stopped 2-3 cm 

below surface and this gap was covered with lime 

DAVID  PUBLISHING 

D 



Technological Evolution of Historic Structural Mortars 

 

847

mortar which was externally engraved [16].  

The systematic use of lime in Greece appeared in 

parallel with the use of clayish material or pozzolan 

(santorine earth) and is dated from the Archaic and 

Classic Antiquity [10, 17-20]. Cisterns are mainly 

referred by researchers, as those in Thira [10], 

Kamiros of Rhodes (middle 6th C BC) [17, 18], 

Lavrion (5th C BC) [19], as structures in which 

lime-pozzolan have been used, as well as high 

proportion in coarse aggregates (gradation 0-20 mm).  

In Olynthos (Classic period, 5th C BC), structural 

mortars were also lime based with an addition of 

clayish material, but in parts of the walls that were in 

contact with water, pozzolan was added in order to 

increase their impermeability [20]. The aggregates 

were of natural (river) origin, of 0-8 mm gradation 

and in a B/A ratio 1/2 [20].  

In Hellenistic monuments such as Dilos residences 

(2nd C BC) [10], ancient theatre of Argos (3rd C BC) 

[5], archaeological site of Loggos (4th C BC) [21], 

lime-pozzolan mortars were mainly found, with 

aggregates of natural origin and of granulometry 

mainly 0-8 mm (Fig. 1a). 

During Roman period (2nd C BC-3rd C AD), the 

use of lime and pozzolan dominated in constructions, 

while brick dust and crushed brick also started to be 

used [21, 22] (Fig. 1a). According to Vitruvius    

[11, 23], structural mortars were made of 1 part of 

lime and 3 parts of river sand, or 1 part of lime, 2 

parts of river sand and 1 part of crushed brick. In 

Galerious Palace (Thessaloniki, 3rd C AD) structural 

mortars consisted of lime, pozzolan and natural 

aggregates (gradation 0-8 mm) in a B/A ratio of 1/2 to 

1/2.5, while in some cases brick dust and crushed 

brick were also detected (Fig. 1b) [21].  

The systematic and in high proportion use of brick 

dust and crushed brick in lime or lime-pozzolan 

mortars was expanded during the Byzantine era 

(4th-15th C AD) [24-26] (Fig. 1b). Structural mortars 

were characterized by a reddish color, low specific 

density, high durability and impermeability, as well as a 

great thickness of joints (2-5 cm even 6 cm) (Fig. 2) [27]. 

  
(a) 

  
(b) 

  
(c) 

  
(d) 

  
(e) 

Fig. 1  Macroscopic and microscopic photos of structural 
mortars from various historic periods: (a) Hellenistic 
(Archaeological site of Loggos, 4th C BC); (b) Roman 
(Galerius Palace, 3rd C AD); (c) Byzantine (Saint Sophia, 
Thessaloniki, 8th C AD); (d) Ottoman (Bezesteni, 15th C 
AD); (e) Medieval (Medieval city of Rhodes, 15th C AD).  
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Fig. 2  Distribution of structural mortar sampling places in Greece.  
 

Aggregates (natural origin and crushed brick) were of 

gradation 0-8 mm to 0-16 mm, with a B/A ratio 1/2 to 

1/3 [5, 24-27]. It is remarkable, as shown in Fig. 1c, 

the good adhesion between the binder paste and the 

crushed brick aggregates. 

During the Ottoman period (15th-19th C AD) 

structural mortars were manufactured by using often 

the available raw materials [5]. They were mainly 

lime based (pure lime or lime with clay), while in 

specific constructions which demanded in resistance 

to humidity (baths, cisterns), pozzolan and brick dust 

were also added [28, 29] (Fig. 1d). Aggregates were 

of natural origin (in some cases crushed brick was 

also added), of 0-8 mm granulometry and of B/A ratio 

1/2 [28, 29]. In Medieval (15th-19th C AD) Greek 

monuments (Dodecanese, Ionian islands, Crete), 

structural mortars mainly consisted of lime (in some 

cases pozzolan was added), natural or crushed 

aggregates and crushed brick in gradations 0-4 mm to 

0-8 mm and B/A ratio 1/1 to 1/2 [5, 21, 30] (Fig. 1e). 

As proved from nowadays survey, these mortars had 

exhibited good resistance to marine environment, to 

which have exposed for centuries. 

During the 19th and beginning of the 20th century, 
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structural mortars varied depending on the building 

type and the local constructional tradition. Private 

houses, usually presented mortars based in lime, clay 

or both [5]. In significant buildings (villas, public 

buildings) mortars were of higher quality and 

consisted of lime and pozzolan [31, 32]. Aggregates, 

in all cases, were usually of natural origin and of 0-8 

mm gradation [31, 32]. 

The aim of this paper is to comparatively study the 

physico-mechanical and chemical properties of 

structural mortars taken from various monuments and 

historic building of Greece, throughout a large period 

starting from the Hellenistic period, until the 

beginning of the 20th century. All results were 

statistically evaluated in order to proceed to safe 

conclusions regarding the evolution of the consistency 

and structure of historic mortars throughout 2.5 

millenniums.   

2. Materials and Methods 

During the last twenty years more than 1,000 

historic structural mortars were analyzed according to 

a holistic methodology developed in the Laboratory of 

Building Materials of the Aristotle University of 

Thessaloniki [5, 22-24]. According to the 

methodology, the microstructural, physico-mechanical 

and chemical characteristics of mortars were analyzed 

through a series of tests. Microstructure observation 

was performed with stereoscope (Leica Wild M10) 

assisted by image analysis (ProgRes), aggregates 

granulometry by sieving after decomposition and 

granulation of the original sample by hand 

(EN1015-1:1998), porosity and apparent specific 

gravity were according to RILEM CPC 11.3, while 

mechanical strength was evaluated in sound, modified 

samples by applying crushing test. Finally, wet 

chemical analysis assisted by atomic absorption was 

performed in a fine fraction of the sample (< 75 μm). 

[33, 34] 

The comparative study of this source of information 

emerged many difficulties, due to the high number of 

samples and the large range of results. An expert 

system was therefore designed in order to upload and 

manage the analysis results of mortars of various 

types, historic periods and monuments [5, 35]. Its 

main goal was to be easily applicable by any user, 

include a great number of results, allow statistical 

evaluation and permit modifications according to 

future needs.  

The major outcome of the data system was that 

through the statistical analysis numerous conclusions 

could be extracted, regarding the technological 

characteristics of mortars (such as binder/aggregate 

ratio, aggregates’ type and gradation, binder system, 

even pathology symptoms). Remarks in relation to 

other parameters, such as historic period, type of 

mortar, type of monument could also be made.    

In its present form the data base contains the 

analysis results of totally 1,000 structural mortar 

samples, taken from various monuments and historic 

buildings, spread out in all Greece (Fig. 2). The 

samples were taken from various monuments spread 

all over Greece and were dated from the Hellenistic 

period up to the beginning of the 20th century, when 

cement and concrete started to prevail in constructions. 

Fig. 3, depicts the samples’ range according to the era 

to which they are dated.  

3. Experimental Analysis and Results  

The conclusions deriving from the statistical 

evaluation of the results concerning structural mortars 

could be endless, according to the parametric 

classification and the needs of each user [5]. In this 

paper, only some indicative observations are  

presented regarding the binding system, the 

aggregates’ granulometry and the presence of 

inclusions.  

3.1 Binding System 

Based on the evaluation of the results of chemical 

composition it seems that structural mortars are mainly 

lime based throughout all historic periods (Fig. 4). A 
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Percentage of structural mortars according to each era 

Hellenistic
2%

Roman
9%

Byzantine
64%

Ottoman
5%

Medieval
7%

Modern
13%

 
Fig. 3  Distribution of structural mortar samples according their historic period (total number of analyzed samples 982).  
 

21

3

34 35

17

8

34

26

14

88

69

15

49

21

1
53 3

24

51

7

64

37

20

0

10

20

30

40

50

60

70

80

Lime Lime+Pozzolan Lime+Clay with

pozzolanic

reactivity

Lime+Clay Clay Lime+Brick dust

p
er

ce
n

ta
g

e 
o

f 
m

o
rt

ar
 s

am
p

le
s 

(%
) 

o
f 

ea
ch

 e
ra

Hellenistic Roman Byzantine Ottoman Medieval Modern  
Fig. 4  Binding systems of structural mortars of different historic periods.  
 

mixed type binding system (lime + pozzolan) has been 

used even from the Hellenistic period. These represent 

the 8% of the total number of the samples dated from 

that period. The highest percentage of Hellenistic 

mortars (69%) consisted of lime + clayish material 

with pozzolanic reaction. The use of pure lime mortars 

is firstly presented during Roman times (21% of the 

total number of Roman samples), while the highest 
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percentage of Roman structural mortars contain lime 

+ pozzolan. Brick dust also starts to be used in the 

matrix during Roman period (5% of the total number 

of Roman samples consist of lime + brick dust) and its 

use continues until Byzantine and Ottoman period. In 

Byzantium, mainly lime mortars (34% of the total 

number of Byzantine samples) and lime + pozzolan 

mortars (35% from the total number of Byzantine 

samples) are used. Ottoman mortars are mainly 

composed of pure lime (51% from the total number of 

Ottoman samples). In Medieval times, the highest 

percentage of mortars are lime + pozzolan ones (64% 

of the total number of medieval samples). In modern 

pre-cement period the highest number of samples 

contain as binder pure lime (20%) and lime + 

pozzolan (37%).  

3.2 Aggregates’ Granulometry  

Regarding the aggregates’ granulometry of 

structural mortars (Fig. 5), it seems that the most often 

gradations are those of 0-6 mm and 0-8 mm. Of 

course there are small scale differentiations, such as in 

the case of some Hellenistic mortars found which 

present a variety in granulometry from 0-2.5 mm to 

0-16 mm, but mainly consist of aggregates 0-4 mm 

(38% from the total number of Hellenistic mortars). 

Roman mortars mainly include 0-8 mm size 

aggregates (45%), while those of 0-6mm and 0-16mm 

size have also been found (20% and 26%, 

respectively). The same remark seems to be asserted 

for Byzantine mortars. Ottoman mortars comprise 

mainly 0-6 mm aggregates (46% of the total Ottoman 

samples). In medieval mortars, a wider range from 0-1 

mm to 0-16 mm aggregate gradations have been found. 

Modern mortars consist of aggregates of 0-2.5 mm to 

0-16 mm.  

3.3 Presence of Inclusions 

The use of additives, as a mean to improve mortars’ 

properties in fresh and hardened state, is usual in all 

historic periods [5, 36]. However, the microstructural 

study of mortars shows that apart from the inclusions 

that were deliberately inserted in the mass, there are 

others that can be characterized as impurities of raw 

materials. The main inclusions that have been 

observed  during  the  analysis  of  the  mortar  samples 
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Fig. 5  Aggregates granulometry of structural mortars of different historic periods.  
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Fig. 6  Presence of inclusions in structural mortars of different historic periods. 
 

were: calcite lumps, clay lumps, charcoal, chips of 

wood, straw and shells (Fig. 6). Calcite lumps were 

usual in all eras, since they were found in the majority 

of the analyzed structural mortars. Their presence can 

be attributed to the lime grain accumulation during 

slaking. On the other hand, clay lumps were scarcely 

found (apart from mortars of the Hellenistic period) 

and can be interrelated to the use of clay in the matrix 

and to inadequate mixing. Charcoal particles have 

been recorded in all eras (they mainly prevail in 

Ottoman mortars). Wooden fibers, in a measured 

proportion by mass, were also met in all periods 

(mainly in Ottoman), probably as a mean to increase 

the volume stability of mortars. The use of straw, for 

the same purposefulness, seems to be more limited. 

Finally shells were mainly found in Medieval times 

and can be attributed to aggregates, which were 

coming often from the sea in islands, without many 

other aggregate deposits. 

4. Conclusions 

From the survey and comparative study of 

technology of structural mortars, it seems that 

throughout centuries there is small variety of raw 

materials used. Clay was the first binding agent ever 

used, while gradually new binders, more resistant to 

humidity and capable of bearing higher loads were 

introduced. Lime, pozzolan and brick dust started to 

be used selectively in Hellenistic period and prevailed 

in Roman and Byzantine times, forming mixed type 

binding systems that were used until the beginning of 

the 20th century.  

On the other hand, through the statistic evaluation 

of the analysis results, more precise pieces of 

information can be drawn regarding mortars’ 

components and their mixing. For structural mortars, 

it seems that from the Hellenistic to pre-cement 

Modern period the same raw materials have been used. 

Lime is the main constituent, while mixed type 

binding systems based on lime + pozzolan are used 

for producing more durable mortars, resistant to 

humidity. The aggregates’ granulometry varies from 

0-2.5 mm to 0-31.5 mm (0-8 mm is the most usual). 

Inclusions have been found in all eras and can be 

either characterized as impurities of the raw materials, 

or as additives, used to improve mortars’ properties. 

2.44 
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Synoptically, from the survey of historic mortars 

many conclusions could be extracted about their 

nature. The use of different binders was depending on 

the availability of raw materials and constructional 

tradition of its era. The need for more resistant mostly 

to moisture mortars, made ancient masons to extend 

their expertise by trying mixed type binders, various 

aggregate types and gradations and different 

inclusions.  
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