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1. Urban regeneration - context, definitions, principles 

The term urban regeneration has been approached in different ways in the history of city 

development and has, over time, different connotations starting with the urban development 

programmes for Paris proposed and carried out by Baron Haussmann [30]. 

Recently there has been a global and European focus on urban development based on the 

principles of sustainability and integrity, coupled with ensuring environmental sustainability and 

climate change mitigation. With regard to terminology, in the image below we present an evolution 

of terms according to Roberts and Sykes [19] characterised by strategy and level of development, 

approach and social context. 

 

 

Figure 1 Outline of the evolution of the concept of urban regeneration 

 

In Robets and Sykes' understanding the term urban regeneration can be defined as: 

"Comprehensive and integrated vision and action leading to the solution of urban problems and 

aiming to bring about a lasting improvement in the economic, physical, social and environmental 

condition of an area that has undergone change." [19]. 

With reference to the issue of built heritage regeneration, we believe that the term is not 

clearly understood and defined in European documents on urban development/regeneration. 

Examples of urban regeneration aimed at preserving heritage have shown that it is a driving force 

for economic growth, employment and social cohesion, helping to revitalise towns or rural areas 



and promote tourism. [31]. This is why we believe that the regeneration of the built heritage helps 

to develop a competitive and productive city/town. 

In this context we note that in the conservation work of historical/archaeological 

monuments that are part of the historical and cultural heritage, an important role is played by the 

materials used. Until the 1970s and 1980s, the characterisation of historic mortars was generally 

carried out only on the basis of traditional chemical analyses ("wet chemical analysis") [6], using 

an acid, usually HCl (hydrochloric acid). An impressive series of such analyses was carried out in 

Poland by H. Jedrzejewska. This process allowed her to classify mortars from three 

determinations: carbon dioxide, sand and soluble matter content. The main limitation of this 

technique is that if carbonate is present in a mortar then it will be dissolved. Lately optical 

microscopy and X-ray diffraction (XRD) techniques are proposed as a first step in the 

determination of mortar components. Alongside these, infrared spectrometry, thermal analysis 

(thermogravimetry - TG, Differential Thermal Analysis - DTA), electron microscopy, physical and 

mechanical tests can also be used, depending on the purpose of the investigations to be carried out 

and the amount of material available. 

 

The main aim of this study is to determine a suitable mortar composition to be used in 

the rehabilitation works of historical monuments located in archaeological sites in Romania. 

The research objective will be achieved by studying, on the one hand, the mortars used at 

the archaeological site of the Roman fortification of Ovidiu to determine their physical and 

chemical properties and, on the other hand, by producing new lime-based mortar compositions 

that will be subjected to the same analysis in order to make a comprehensive comparison with the 

results obtained on Roman mortars and to choose the optimal composition for subsequent use. 

At the same time, in the current context of sustainable development, some of the newly 

developed recipes will contain waste obtained from the processing of mortars obtained from 

restoration work on historical monuments, which could lead to a lower consumption of new 

materials, a lower quantity of waste and, at the same time, a reduction in pollution. 

The novelty brought by the present PhD thesis consists in the use of a set of analyses aimed 

at highlighting the chemical and mineralogical properties of the mortars obtained from the Roman 

castrum and of the mortars made in the laboratory (XRD, XRF, SEM, TGA-ATD), analyses that 



complement the classical ones (porosity, apparent density, compressive strength) and contribute to 

the elaboration of a more objective comparison between the two materials. 

The way in which the proposed objectives are achieved, together with the results of the 

research, are presented in this paper structured in 7 chapters as follows: 

Chapter 1, which provides an overview of urban regeneration and the importance of 

preserving cultural heritage, as well as the study of building materials used in the rehabilitation of 

historic monuments. This chapter also argues the motivation of the research and lists the main 

objectives of the study. 

Chapter 2 deals with the "Current status of mortars in the field of construction", starting 

with a brief history of mortars, then describing the types of mortars, their classification and their 

component materials. 

In Chapter 3 the characteristics of the study area are highlighted, such as climate, geology, 

hydrology, as well as information on the Roman aqueduct that in antiquity supplied the Citadel of 

Tomis and originated on the shore of Lake Siutghiol. Also described in this chapter is the Roman 

fortification on the shore of Lake Siutghiol in Ovidiu, from where mortar samples were extracted 

and subsequently analysed for their physical and chemical properties. 

Chapter 4 is devoted to "Research methods and methodologies", starting with the classical 

methods for determining the physical and mechanical properties of the studied mortars, then 

continuing with the analyses for determining the chemical and mineralogical properties of the 

mortars, such as X-ray Diffraction (XRD), X-ray Fluorescence (XRF), Thermal Analysis (TGA-

ATD) and Electron Microscopy (SEM). 

The experimental programme is outlined in Chapter 5 by presenting how the mortar 

samples were taken from the archaeological site and the results obtained from the analyses carried 

out. Also described here are the mortar recipes made in the laboratory, how they were prepared 

and the results of the analyses to determine the properties of the materials. 

In Chapter 6 the interpretation of the results takes place by centralising all the data 

obtained, analysing them graphically by means of charts and graphs, followed by processing and 

interpreting the results. Last but not least, papers are presented in which the urban development 

areas of Ovidiu were highlighted. 



Chapter 7 presents general conclusions, personal contributions, the valorisation of the 

results obtained and future research directions. 

2. Research methods and methodologies 

 The methodology used in this paper is a mixed methodology based on the use of both 

qualitative and quantitative methods (Figure 2). 

 

 

Figure 2 Research methods 

 Qualitative methods refer to: (i) exploratory methods based on documentary analysis of 

literature with reference to the development of the Ovidian coastline, cultural heritage 

conservation, data analysis methods and a synthesis of recent urban development; (ii) exploratory 

analysis of data on the Ovidian quadriburgium from various documents/sources and representing 

a review of various published information over time; (iii) a detailed study of the existing data in 

the literature on lime mortars both from a historical perspective with reference to Roman mortars 

and from a current perspective by analysing the regulations in force containing information on 

mortar compositions and their preparation. 

 Quantitative methods refer to: (i) collection of data on the development of Ovidiu over the 

last 20 years, their analysis and interpretation, and the creation of a map highlighting the areas of 

development in the context of urban regeneration;(ii) sampling of mortar used in the construction 



of masonry in the archaeological site of Ovidiu, determination of their physical and chemical 

characteristics and interpretation of the results. The data refers in particular to the physical 

characteristics such as compressive strength, porosity, water absorption, as well as chemical and 

mineralogical composition of the mortars used; (iii) preparation of different mortar compositions 

using lime as binder and testing them to determine their physical and chemical characteristics in 

order to make a comparison in order to highlight which one is the most suitable to be used for 

future rehabilitation works. 

 The information on the current state of knowledge in the field of urban regeneration both 

globally and in our country required a detailed study of the literature in the field, as well as a 

significant number of scientific articles on urban regeneration and sustainable development. After 

consulting the above-mentioned materials, we were able to make a synthesis of the current 

situation and the evolution of the term urban regeneration, as well as of the concept itself at national 

and international level. 

In order to make a retrospective on the way Ovidiu's coastline has evolved in recent years, 

as well as a brief history of the town, it was necessary to carry out a thorough research of a series 

of documents on the development of the town such as: administrative documents, articles, 

specialized books, archaeological research reports, etc. [29, 34]. Also, a series of satellite images 

captured over several years was used to identify the main development areas of Ovidiu, and with 

the help of GIS software it was possible to produce a map showing these areas. 

To remove the mortar problems we used a hammer and a chisel and tried to remove as large 

pieces as possible to be able to process them later. The mortar samples taken are unevenly shaped 

and vary in size from 7 to 17 cm. The citadel has been substantially rebuilt, therefore access to the 

old mortar samples was limited, but it was possible to collect them from several locations, namely: 

tower C, tower D and the two sides between towers C and D and towers D and A, where the 

restoration work has not yet been completed. 

 



 

Figure 3 Sketch of the fortification showing mortar sampling locations 

 In order to achieve the aim of this thesis, i.e. to find a lime mortar composition with 

properties as close as possible to those of the mortars used by the Romans in the construction of 

the castle, we made 9 mortar compositions (one contemporary cement-based composition and 8 

different lime-based compositions). In order to be able to compare them with Roman mortar, the 

compositions were made and poured in standardized shapes in order to obtain prismatic specimens 

with dimensions of 40x40x160mm. The compositions are as follows: 

• Cement-based mortar composition - R1 

• Mortar composition based on slaked lime paste - R2 

• Mortar composition based on lump lime - R3 



• Mortar composition based on hydrated slaked lime in which 5% of the aggregate 

mass has been replaced by waste obtained by grinding mortars taken from the 

Roman castrum - R4 

• Hydrated slaked lime-based mortar composition in which 10% of the aggregate 

mass has been replaced by waste obtained by grinding mortars from the Roman 

chasm - R5  

• Mortar composition based on hydrated slaked lime in which 15% of the aggregate 

mass has been replaced by waste obtained by grinding mortars from the Roman 

mortar pit - R6 

• Mortar composition based on slaked lime lumps in which 5% of the aggregate mass 

has been replaced by waste obtained by grinding mortars from the Roman castle - 

R4'. 

• Mortar composition based on lump lime in which 10% of the aggregate mass has 

been replaced by waste obtained by grinding mortars from the Roman castle - R5' 

• Mortar composition based on lump lime in which 15% of the aggregate mass has 

been replaced with waste obtained by grinding mortars taken from the Roman 

castles - R6' 

3. State of art on mortars in construction 

 Mortars are composite geomaterials (i.e. geological materials or materials derived from 

technical transformations of geological materials) consisting of aggregates, additives that react 

with the hydraulic or airborne binder and the binder itself, which undergo changes during the 

curing process [5, 13]. 

 In general, mortars are composed of a combination of aggregates and binders that are 

unique to the location of the structure and the historical setting in which they were created. The 

study of mortars provides information about the raw materials, their origin and manufacturing 

procedures [10, 12, 22]. With the help of mortar characteristics, it is possible to determine historical 

building sequences [14, 18, 23] and ages of structures themselves [2, 15, 20, 21, 24]. 

 



 The main ancient source we have on Roman mortars is found in the work of Vitruvius 

Marcus Polo, a Roman architect and engineer, written in about 30 BC and entitled De Arhitectura. 

In Book II he describes the main materials used in construction: sand, limestone, pozzolana, stone, 

as well as building technologies. "The "Imperial Mortar" as described by Vitruvius in „De 

Arhitectura” [17] is a mixture of sand, lime and water. During the First Roman Republic, Cato the 

Elder in de Agri Cultura [28] describes mortar as "calx harenatus" i.e. a mixture of lime and sand. 

 Today, mortars are very varied and can be classified according to a number of factors, as 

each of them fulfils a certain function and has well-defined roles. According to current 

standards:”SR EN 998-1:2011 – Specificaţie a mortarelor pentru zidărie: Mortare pentru tencuire 

şi gletuire”, [32] respective “SR EN 998-2:2011 – Specificaţie a mortarelor pentru zidărie: Partea 

1 Mortare pentru zidărie”, [33] depending on the field of use, we can distinguish between masonry 

mortars, plastering mortars - exterior or interior and special mortars. 

 The main characteristic that mortars must have is compressive strength, which is their basic 

property. 

 

 

Figure 4 Mortars' component materials [16] 

 

 



Table 1 - Classification of contemporary mortars according to compressive strength 

Type mortar Compressive strength [N/mm2] 

Mortar of  

masonry 

M 1 1 

M 2.5 2.5 

M 5 5 

M 10 10 

M 15 15 

M 20 20 

M d d - is a compressive strength declared by the manufacturer and greater 

than 25 N/mm2 

Mortar of  

plaster 

CS I 0.4-2.5 

CS II 1.5-5.0 

CS III 3.5-7.5 

CS IV ≥6.0 

 

For the preparation of mortars, the main materials used are binder, sand, water and in some 

cases additives. 

The binders used to make mortars are lime, clay, gypsum, Portland cement and some 

polymers used in special mortars. The type of binder used is determined by the field of use, the 

role or purpose of the mortar and the physical, chemical or mechanical properties it must have 

[16]. 

Sand makes up 75-80% of the mortar volume and has a significant influence on the 

properties of the mortar in both the fresh and hardened state. The maximum grain diameter can be 

8 mm, so the following sand sorts are used in mortars: 0/1; 0/4; 0/8mm [16]. 

The grain size of the sand is an essential characteristic that has a notable effect on the 

characteristics of the mortar. Grain size can be represented by the grain size curve of the sand 

which must fall within the limit curves given by the standards. 



The water used to prepare the mortar can be potable or non-potable water. If seawater is 

used, the mortar should not be applied in contact with metal surfaces to prevent corrosion [16]. 

Admixtures and additives are added in small and very small quantities to the mortar mass 

(admixtures 1-5% of the binder mass, additives 0.01-0.03% of the binder mass) and are intended 

to improve certain properties of the mortar. 

4. Description of the study area 

The town of Ovidiu is located in Dobrogea, 11 km north of Constanta, on the shore of Lake 

Siutghiol (Figure 5).  

 

 

Figure 5 Location of Ovidiu Town 

  



 Although it has an ancient history, it is little valued and not readily available. This is why 

we try in the following to bring together the main writings about the present town of Ovidiu, which 

took its name as early as 1930 after the poet Publius Ovidius Naso, and became a town only in 

1989. 

Today, from an administrative point of view, Ovidiu has two municipalities: the town of 

Ovidiu and the village of Poiana. According to the Ovidiu town hall website, the town of Ovidiu 

is said to have been founded in 1650, under the name Siliște, but the town hall does not provide a 

document to support this claim. 

 From a morphological point of view, the Dobrogea area is made up of two large 

morphological units: the Dobrogea Plateau and the Lunca, Delta, plain and Razim-Sinoe lagoon 

complex. In the studied area of the Administrative Territorial Unit (UAT) Ovidiu the relief varies 

between 0 and 140m (Figure 6). 

 

 

Figure 6 Digital terrain model for Ovidiu TAU 



 From a geological point of view, Ovidiu is located between the Peceneaga Fault to the north 

and the Palazu Fault to the south. In general, the geology of the area is mostly composed of 

loessosoid deposits. In the area of the lake there are currently limestone and chalk deposits with 

flint. In the north of the area there are dolomitic limestone formations. 

 

 The most important hydrographic element of the area is undoubtedly Lake Siutghiol. The 

lake's reception area is 73,7k sq.m. The main morphometric characteristics of the lake are: surface 

1900ha, length of the shoreline 30km. Median length 8km, maximum width 4km, minimum width 

2,5m, maximum depth 17,05, average depth 4,65 and depth to the black sea -14,90m. According 

to Nicolae Tatiana's calculations, the groundwater inflow into Lake Siutghiol is over 1200 l/s. 

 

 

Figure 7 Lake Siutghiol - bathymetric map 



 In the town of Ovidiu there is also our area of interest, namely, the location of the 

archaeological site "Castrul Roman", an area from which we took the materials necessary for the 

analysis, as well as part of the Roman aqueduct that fed the old fortress Tomis, the current city of 

Constanta. 

 Roman aqueducts are hydrotechnical constructions built to supply water to large cities [7–

9]. The construction of the aqueducts was carried out by army and hydraulic experts [4]. 

 From research and studies conducted [26], it appears that the Tomis citadel was supplied 

with drinking water by two methods, namely by the aqueducts outside the citadel that brought 

water from underground springs and by the reservoir galleries inside the citadel, made with a 

draining bottom to capture and filter water from the groundwater. The aqueduct that brought water 

from the Ovidiu spring, on the shore of Lake Siutghiol, mentioned in the studies carried out by C. 

Allard and J. Michel in the middle of the 19th century, has been analysed repeatedly by Gh.Papuc 

[27] and M.Bucovală [25], the proof being their publications on the archaeological discoveries 

stretching from the shore of Lake Siutghiol to Constanta in the Pescărie and Modern beach area. 

 

 

Figure 8 Image of the aqueduct basin near the bay of Lake Siutghiol [27] 



 The archaeological site is located on the southern outskirts of Ovidiu, about 10 km north 

of Constanta. It is located in a newly created residential area on the western shore of Lake Siutghiol 

(Figure 9), which was originally the Black Sea Bay. The site's proximity to the island of Ovidiu 

makes it an important area for further research and exploration. Due to the proximity of the site to 

a residential area, it is easily accessible for research and educational purposes, allowing a better 

public knowledge and understanding of the cultural heritage and history of the region. The 

archaeological site of Ovid offers a rare opportunity to explore the rich history of the area and 

preserve it for future generations. The site has the potential to become a significant attraction and 

a useful resource for the surrounding community if given adequate resources and support[1, 3]. 

 

 

Figura 9 Locația sitului arheologic 

 

 



5. Experimental programme 

 In the present experimental program, we started by determining the physical and chemical 

characteristics of the 7 mortar samples taken from the Roman castrum in the town of Ovidiu, in 

order to make a comparison between their properties and those of the mortars made in the 

laboratory. 

 Further, 9 new mortar compositions were made, of which 1 cement-based mortar 

composition and 8 lime-based mortar compositions. For each composition, 3 moulds with 3 

prismatic specimens were poured to be subjected to the compressive strength determination test at 

30, 60 and 90 days for lime mortars and 7, 14 and 28 days for cement mortars, respectively. 

 The lime mortars tested at 90 days were further subjected to various analyses to determine 

their chemical and mineralogical properties. 

 Finally, the results obtained on the new mortars were compared with those of the mortars 

used at the archaeological site in order to determine the most suitable composition to be used in 

the rehabilitation works of historical monuments. 

 The mortar samples taken from the Roman fortification had irregular shapes, ranging in 

size from 7 to 17 cm. In order to be tested, they had to be processed to bring them as close as 

possible to the standard dimensions of mortar specimens. Following processing, 3 mortar prisms, 

numbered A, B and C, were obtained from the processing of the samples taken. 

 

 

Figure 10 Unprocessed mortar samples 



 

Figure 11 Processed mortar prisms 

 

Table 2. Measured volume of the 3 specimens 

Sample Initial volume 

[cm3] 

Final volume 

[cm3] 

Sample volume 

[cm3] 

Sample mass [kg] 

A 500 581 81 0.1174 

B 500 554 54 0.0889 

C 500 556 56 0.0831 

 

Using the information in the previous table, we determined the following bulk densities for 

specimens A, B and C: 

- Sample A - 1467,5 kg/m3 

- Sample B - 1646,3 kg/m3 

- Sample C - 1483,9 kg/m3 

Following the test to determine the compressive strength of the specimens, only for specimens A 

and B we obtained values, while specimen C, not having a conforming surface, the press could not 

display the compressive strength. For specimens A and B we obtained an average strength of 0.6 

MPa. 

 To perform X-ray diffraction (XRD) mineralogical analysis, the mortar samples were 

carefully crushed in a mill, allowing segregation of the aggregates from the construction matrix, 

but trying to avoid crushing the aggregates (e.g. sand grains) , and the powder was separated from 



the aggregates by sieving. The samples were hetero-genetic and the aggregates showed different 

shapes, sizes and colours.  

 

 

Figure 12 Diffraction image for sample B 

 

 The samples are similar, with quartz being the predominant mineralogical phase, followed 

by calcite. This may indicate a conventional mortar composition, with calcite as binder and quartz 

as skeleton; the study reveals that calcite mixed with quartz (silica) was a common mortar mix 

before the widespread use of mortars. 

 XRD (X-ray diffraction) results showed that several crystalline phases are present (Table 

3). The diffraction maxima correspond to a mixture of carbonate (calcite) and siliceous aggregates. 

The main diffraction maxima were assigned to calcium carbonate (calcite - ICDD 00-081-2027, 

aragonite - ICDD 00-003-1067), silicon oxide (quartz - ICDD 00-077-1060) and ankerite (ICDD 

00-041-0586). 

 

 



Table 3. Semi-quantitative XRD analysis of mortar samples A-G 

Sample Crystalline phase Abundance 

A 

CaCO3 (Calcite) +++ 

CaCO3 (Aragonite) ++ 

SiO2 (Quartz) + 

Ca(Fe,Mg)(CO3)2 (Ankerite) - 

B 

CaCO3 (Calcite) +++ 

CaCO3 (Aragonite) + 

SiO2 (Quartz) +++ 

Ca(Fe,Mg)(CO3)2 (Ankerite) - 

C 

CaCO3 (Calcite) +++ 

CaCO3 (Aragonite) ++ 

SiO2 (Quartz) +++ 

Ca(Fe,Mg)(CO3)2 (Ankerite) + 

D 

CaCO3 (Calcite) +++ 

CaCO3 (Aragonite) + 

SiO2 (Quartz) + 

Ca(Fe,Mg)(CO3)2 (Ankerite) - 

E 

CaCO3 (Calcite) +++ 

CaCO3 (Aragonite) - 

SiO2 (Quartz) ++ 

Ca(Fe,Mg)(CO3)2 (Ankerite) - 

F 

CaCO3 (Calcite) +++ 

CaCO3 (Aragonite) - 

SiO2 (Quartz) + 

Ca(Fe,Mg)(CO3)2 (Ankerite) - 

G 

CaCO3 (Calcite) +++ 

CaCO3 (Aragonite) - 

SiO2 (Quartz) ++ 

Ca(Fe,Mg)(CO3)2 (Ankerite) - 

+++ Abundent, ++ present, + in small quantity, - untraceable 

 



 X-ray fluorescence (XRF) allowed the determination of major elements in oxide form, 

(CaO, MgO, Al2O3, SiO2, Fe2O3, P2O5, K2O, MnO and SO3) and trace elements expressed in ppm 

(parts per million): Ti, V, Cr, Ni, Cu, Zn, Pb, Ga, Ge, As, Ba, Rb, Sr, Y, Zr, Nb, Ce and Sn ( Table 

4). 

Table 4. XRF analysis of mortar samples taken from the walls of the Roman fortification 

archaeological site 

Oxide  

(%) 

Sample  

A B C D E F G 

CaO 62.83 52.57 55.99 59,03 53,42 57,80 57,20 

MgO 6.85 6.25 7.13 6,34 7,11 6,06 7,29 

Al2O3 0.87 1.20 2.33 1,15 1,59 1,14 1,50 

SiO2 9.42 14.26 12.54 9,69 8,94 9,25 7,95 

Fe2O3 1.11 0.49 0.89 1,772 0,934 0,685 0,804 

P2O5 0.06 0.10 0.16 0,07 0,13 0,11 0,12 

K2O 0.23 0.28 0.64 0,32 0,49 0,36 0,46 

MnO 0.03 0.02 0.04 0,035 0,031 0,026 0,03 

SO3 0.06 0.07 0.10 0,05 0,087 0,067 0,107 

Oligoelements (ppm) 

Ni n.d. 3.20 12.09 6,55 9,16 6,51 7,07 

Cu 34.27 30.45 33.11 8,96 9,15 6,71 5,59 

Zn 36.76 52.2 122 27,60 38,34 63,8 30,37 

Ga 2.25 2.51 4.13 2,68 4,52 2,37 2,76 

Ge 0.400 n.d. 0.470 0,341 n.d. n.d. n.d. 

As 1.62 1.71 3.41 3,71 4,10 2,43 2,97 

Ba 91.7 141 151 137 166 183 165 

Br 5.03 7.12 11.02 5,88 8,46 7,90 8,74 

Rb 10.92 10.10 21.46 16,90 22,78 18,47 20,30 



Sr 812 742 654 524 315 342 437 

Y 7.62 7.97 10.55 14,17 12,87 10,05 14,60 

Zr 36.56 24.01 102 34,34 85,1 59,1 70,1 

Nb n.d. 2.41 3.43 2,21 4,02 3,08 2,76 

Pb 3.18 3.60 8.13 4,64 7,49 4,71 6,07 

Ce n.d. 27.64 n.d. n.d. n.d. 42,53 n.d. 

Sn n.d. 1.10 n.d. n.d. 1,50 1,49 3,15 

Loss on ignition  

(LOI) 
18.53 24.75 20.19 21,54 27,27 24,50 24,54 

Hydraulicity index 

(HI) 
0.16 0.29 0.27 0,18 0,20 0,18 0,17 

Cementation index 

(CI) 
0.39 0.68 0.58 0,44 0,43 0,42 0,36 

 

 The microstructural characteristics of the mortars were determined by SEM-EDX analysis. 

Scanning electron microscopy (SEM) was used to visualize the morphology and textural 

relationships of the different mineral phases identified by XRD. 

 

 

Figure 13 Scanning electron microscopy images for sample B 



 In the mortar samples there is a mixture of large and small grains with different 

morphologies. The SEM investigation shows a matrix of the lime-based mortar that is consistent 

with information from the literature [11]. 

 Thermal analysis (TGA-DTA) showed a total mass loss in the investigated mortars between 

32% and 37% as well as some endothermic effects. The endothermic effect of temperatures 

between 30 and 300 degrees Celsius is usually attributed to physically related water loss and 

hydraulically related water loss processes. Table 5 shows the weight losses (%) of mortar samples 

A-G. 

 

Table 5. Mass losses (%) of mortar samples A-G. 

Sample 
Temperature (ºC) Total mass loss 

(%) 35 – 660  660 – 860 860 – 1000 

A 4,115 32,578 0,285 36,978 

B 3,687 32,406 0,183 36,275 

C 4,329 27,450 0,248  32,028 

D 4,997 32,373 0,402 37,773 

E 7,038 26,881 0,463 34,382 

F 4,891 31,215 0,516 36,622 

G 5,448 28,637 0,599 34,685 

 

6. Interpretation of the results 

 After centralising the results obtained from testing the specimens for compressive strength, 

we produced a series of graphs designed to facilitate the interpretation of these data. 

 

 



 

Figure 14 Compressive strength for R2-R6' at 30 days 

 

Figure 15 Compressive strength for R2-R6' at 60 days 



By comparing all the values of compressive strengths for R2-R6' compositions tested at 

the 30-day term, we can see that they have quite close values, while at the 60-day term, we can see 

that the values of R2-R6' compositions have higher values than those of R4'-R6' compositions 

based on unbound lime. 

 

 

Figure 16 Compressive strength for R2-R6' at 90 days 

 

 At 90 days, we see that only mortars of compositions R2-R5 still showed significant 

increases compared to the previous values and only the averages of these mortars exceed the 

threshold of 1 N/mm2 and can be classified as mortar class M1. 

 After studying the images obtained by electron microscopy (SEM), we came to the 

conclusion that a mixture of large and small grains with different morphologies is present in the 

mortar samples. The SEM investigation shows a calcium carbonate matrix in the investigated 

mortar structure which is in agreement with the information in the literature[11]. 



 Following the thermal analysis and the observation of the resulting graphs, we centralized 

in a table the percentage mass losses for each of the 8 samples studied, by the temperature ranges 

used. 

 The results were centralized and highlighted in the table with two colours according to the 

type of lime used to make the mortar composition, unslaked lime for the first part of the table and 

slaked lime for the second half of the table. 

 

Table 6 Centralisation of thermal analysis results 

Sample 
Temperature (ºC) 

Total mass loss 

(%) 30 – 420  420 – 500 500 – 650 650 – 850 850 – 1000 

R3 1,067 1,144 0,818 14,407 0,308 17,744 

R4’ 1,178 2,349 0,747 12,090 0,346 16,711 

R5’ 0,671 2,089 0,662 10,710 0,298 14,429 

R6’ 0,766 2,278 0,719 12,162 0,308 16,233 

R2 0,505 0,787 0,668 6,761 0,230 8,950 

R4 0,519 0,843 0,853 11,213 0,333 13,761 

R5 0,599 0,892 0,699 10,095 0,278 12,564 

R6 0,320 1,341 0,918 12,317 0,404 15,300 

 

 Another step in the interpretation of the results was the ratio between the percentage of 

carbon dioxide and structurally bound water, CO2/H2O, which provides information on the 

hydraulicity of the mortars. 

 



 

Figura 17 CO2/H2O ratio 

 

 From the figure above we can see a clear differentiation between the mortars taken from 

Castrul Roman and those prepared in the laboratory in terms of the percentage of carbon dioxide, 

while in terms of CO2/H2O ratio, we can see that all samples are in the range 3-10. 

7. Conclusions 

 This paper mainly studies mortar as a building material, starting with its history and 

evolution up to the contemporary period and going into detail by investigating the mechanical and 

chemical properties of mortars. 

 The research topic aims to identify lime-based mortar compositions in various forms as 

potential candidates for rehabilitation works on historic buildings within historical areas, and the 

possibility of reusing recovered materials in the restoration process by introducing a percentage of 

the recovered waste into the new mortar compositions. 

 Last but not least, of particular importance is the trend towards sustainable development, 

in which context, in this research we have been collecting data on the development of the entire 

study area over several years, with the aim of highlighting the value of cultural heritage and the 

phenomenon of urban regeneration in the evolution of a city. 



 The present study focuses on the accounting and interpretation of the results obtained from 

the tests carried out both on the mortar samples taken from the archaeological site of the Roman 

Castrum in Ovidiu and on the new mortar compositions made in the laboratory. 

 The masonry mortars are of particular importance because they ensure the connection 

between the masonry blocks, and in our case, in addition to the structural role, being used in the 

restoration works of the monuments, there is also the condition of the visual appearance and the 

preservation in the highest proportion of the characteristics of the materials used previously.  

 In order to obtain the most relevant results, the types of tests to which the studied mortars 

were subjected were carefully selected. 

 In contrast to the classical cement-based mortar recipe, the properties of lime-based mortars 

are much more difficult to follow, as lime has a significant influence on the final characteristics of 

the material through its strong exothermic reaction in contact with water, especially in the case of 

unbound lime. 

In order to reduce the consumption of materials, as well as the level of pollution caused by 

the storage of materials resulting from the restoration process, we have designed a set of mortar 

compositions based on slaked lime and un slaked lime, in which we have replaced part of the 

aggregate with ground waste obtained from the old materials extracted. 

The difficulty was that, in the case of unburnt lime used in mortar compositions, the 

literature and standards in the field do not provide recipes, considering that the lime currently used 

in mortars is hydrated slaked lime. 

Personal contributions 

 Carrying out an interdisciplinary study on the development of the study area in the context 

of sustainable urban regeneration and the use of new lime-based mortar compositions for 

rehabilitation works on historic monuments. 

 Development of interest maps on the main aspects of our study area, namely the 

Administrative Territorial Unit of Ovidiu: 

 1.Map with the location of the Ovidiu Local Authority 

 2.Map with the administrative territorial boundary of Ovidiu 



 3.Map containing the digital terrain model for the Ovidiu TAU 

4. Two maps of the geological zoning of Ovidiu, as well as a detail of the geology in the 

vicinity of Lake Siutghiol. 

5.Bathymetric map of Lake Siutghiol 

6.Vegetation map of the Ovidiu Local Authority area 

7.Map of the development area of Ovidiu  

Elaboration in a 3D modelling program of the three-dimensional model for the Castrum 

Roman Castle of Ovidiu. 

 Taking a number of 7 mortar samples from 4 different areas of the archaeological site of 

Ovidiu, to be analysed in terms of physical and chemical characteristics in order to develop new 

compatible mortar compositions. 

 Processing of the samples taken for testing. Following the processing of the mortar 

samples, 3 specimens were obtained for mechanical testing and 7 samples for chemical and 

mineralogical analysis. On the 3 specimens marked A, B and C, bulk density, water absorption and 

compressive strength were determined, while on the 7 specimens marked A-G, XRD, XRF, SEM-

EDX and TGA-ATD were performed. 

 Interpretation of the data obtained from the testing of the 7 Roman mortar specimens, 

further information used to prepare new lime-based mortar compositions. 

 Making 9 mortar compositions of which a classical cement-based mortar composition and 

8 lime-based mortar compositions in different forms as follows: 

1. R1 - Cement-based mortar composition  

2. R2 - Mortar composition based on slaked lime paste  

3. R3 - Mortar composition based on lump unhardened lime  

4. R4 - Hydrated slaked lime based mortar composition in which 5% of the aggregate mass 

has been replaced by waste obtained by grinding mortars taken from the Roman castle.  

5.R5 - Hydrated slaked lime based mortar composition in which 10% of the aggregate mass 

has been replaced by waste obtained by grinding mortars from the Roman quarry.  



6. R6 - Hydrated slaked lime mortar composition in which 15% of the aggregate mass has 

been replaced by waste from the grinding of mortars from the Roman castrum.  

7.R4' - Mortar composition based on unhardened lime lumps in which 5% of the aggregate 

mass has been replaced by waste obtained by grinding mortars taken from the Roman 

castle.  

8.R5' - Mortar composition based on lump lime in which 10% of the aggregate mass has 

been replaced by waste obtained by grinding mortars taken from the Roman castle.  

9. R6' - Mortar composition based on lump lime in which 15% of the aggregate mass has 

been replaced by waste obtained by grinding mortars taken from the Roman castle.  

For each type of composition, 3 patterns of 3 specimens were warped and tested at different time 

intervals from the time of casting. R1 mortars were tested at 7, 14 and 28 days and R2-R6' mortars 

at 30, 60 and 90 days from the time of pouring respectively. Cement-based mortars were analysed 

only for their physical-mechanical properties, while all lime-based mortars were analysed both 

physically and chemically to determine their chemical and mineralogical composition. 

 A test report was also made for each of the 81 resulting specimens, indicating their 

composition, size, bulk density and compressive strength, which are presented in the appendices. 

 Following the bulk density tests, all the results were centralised in tables for each 

composition, then, for a better understanding and interpretation, a graph was made for each pattern 

of 3 specimens. The bulk densities of all the mortars were within the normal values for each type. 

For the lime-based mortars, the bulk density values are very close to the values obtained from the 

tests carried out on the mortars taken from the Roman Castle, which indicates that from this point 

of view, all 8 lime-based mortar compositions, scored from R2 to R6', can be used as a material 

for restoration. 

 The working procedure in the above paragraph was also applied to the results obtained 

from the compressive strength tests. The data were centralised both in tables for each composition 

and in graphs for each pattern. In the case of the compressive strength we found variations in 

compressive strength according to the type of composition. These variations were due to the 

presence of unslaked lime (both that which was taken into account for the recipe and that in the 

Roman mortar, in the case of compositions with the addition of waste) and were detailed in Chapter 



7. The results taken into account for comparison with those obtained on Roman mortars were those 

of compositions R2, R3, R4, R5, R6, R4', R5' and R6' recorded 90 days after casting, as specified 

by the standards in force, and these showed the following aspects: 

- In terms of SR EN 998-2:2011 - Specification of mortars for masonry. Part 2: Mortars 

for masonry, our mortars meeting the criteria for classification in strength class M1 are 

R2, R3, R4 and R5 mortars, whose average compressive strength exceeds 1 N/mm2; 

- From the point of view of the average value of the compressive strength (0.6 N/mm2) 

obtained on the mortars used at the Roman Castrum, the average values of all 8 R2-R6' 

compositions exceed that value; 

From a chemical and mineralogical point of view, the samples were subjected to several 

types of tests (XRD, SEM-EDX, TGA-ATD) from which we were able to obtain essential 

information on their structure, as well as images of the crystal structure of the samples tested. 

 Analyzing the samples in terms of mineralogical composition by XRD, it was found that 

the samples are similar, quartz being the predominant mineralogical phase, followed by calcite. 

This may indicate a conventional mortar composition, with calcite as binder and quartz as skeleton. 

 SEM-EDX analysis showed that the structure of the mortars made in the laboratory is 

similar to that of Roman mortars, both having a mixture of large and small granules, characterized 

by a well-defined matrix. In terms of EDX analysis, the chemical elements found in each specimen 

are highlighted by the EDX spectra recorded on the mortar samples. Specific maxima of each 

studied element (Ca, Mg, Si and O) as well as intensity variations that are probably attributable to 

local inhomogeneities were found in both studied mortar categories. 

 From the thermal analysis the mass loss values of each sample subjected to gradual heating 

up to 1000°C were extracted. Following the comparative analysis of the range 660-860°C, where 

strong endothermic processes can be attributed to the decomposition of carbonates, we observed a 

significant difference between the percentage of mass loss of Roman mortars and new mortars, 

explained by the quantitatively higher presence of carbonates in Roman mortars exposed to 

environmental factors for almost 2000 years, as a consequence the mass loss was also higher. 

 Also, following the terminal analysis, from the results obtained we made a graph on the 

distribution of the CO2/H2O ratio, a ratio that indicates the level of hydraulicity of the mortars, and 

from the graph we can see a difference between the mortars taken from Castrul Roman and those 



made in the laboratory, from the point of view of the percentage of carbon dioxide present, while 

from the point of view of the CO2/H2O ratio, it can be seen that the values are in the same range 

for both categories of mortars, which confirms what was said above about the presence of 

carbonation in the samples exposed to environmental factors. 

 We can conclude by saying that all the 8 mortar compositions made in the laboratory were 

chemically and mineralogically very similar in structure to the mortars from the Roman Castle 

studied, the only difference being the percentage of carbon dioxide, while from the point of view 

of mechanical properties, all 8 compositions had an average compressive strength higher than the 

average strength value recorded on the old mortars, but only compositions R2, R3, R4 and R5 

exceeded the threshold of 1 N/mm2, required by the standards in force for class M1 masonry 

mortars. 

Future directions for research 

 The author proposes the following topics for future research: 

1. Update the urban development maps of the study area with new information and create 

an easily accessible database to enter new data on urban regeneration. 

2. Analyse the effects of unbound lime in lime-based mortar compositions with higher 

mixing water and follow the evolution of their properties over a period longer than 90 

days. 

3. Determination of the substrate adhesion values of hydrated slaked lime and un slaked 

lime mortars, a property of particular importance in the field of masonry mortars. 

4. Development of mortar compositions based on slaked lime and un slaked lime using 

sea sand as an aggregate, to simulate the conditions of the Roman period, when Lake 

Siutghiol was a bay of the Black Sea. 

5. Study of the literature on the architectural details of Roman fortifications in order to 

model in detail the Roman Castrum and other historical monument constructions in the 

archaeological sites in the area. 

6. Detailed study of the self-healing properties of mortars, due to the presence of non-

hydrated unbound lime granules, which, once cracks appear and come into contact with 

water, start the hydration reaction leading to crack closure. In this regard, some eatages 

have already been made using 3D modelling software to create unique patterns of the 

dimensions of our mortar prisms, which were then 3D printed in the laboratory of the 



Faculty of Construction Constanta. In these patterns, 2 prisms of mortar based on 

unburnt lime were inserted which were previously broken and put in place. The prisms 

supported by the patterns were submerged in water and left for 30 days, after which 

they were removed from the water and it was observed that the cracks had closed. 

Of course, in order to study the phenomenon in detail, it will be necessary to make a 

much larger number of lime-based mortar prisms and also to follow them more closely 

at much smaller intervals using specialised equipment (electron microscope). 
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