Chapter I
1. Introduction
“The wide diffusion of culture, and the education of humanity for justice and liberty and peace are indispensable to the dignity of man and constitute a sacred duty which all the nations must fulfill in a spirit of mutual assistance and concern” (Constitution of UNESCO 1945).

Ancient structures left by the great civilizations of the past always carry messages from the land’s cultural identity and give their citizens a strong feeling of belonging and emotional security. Unfortunately, such structures are continuously being worn away by the effect of time, natural disasters and man-made damages. It is the responsibility of current generations to transfer this historical heritage undamaged to the future generations. The study of their historical, archeological, architectural, structural, social and symbolic values is very important to understand them as a whole and develop innovative techniques and knowledge for preservation, reinforcement and restoration of such monuments. Besides, the lessons taken from such studies also apply to modern construction technology. 

Cyprus a little world in itself, there is no country whose fortunes have been more varied, or which has reflected more faithfully the ebb and flow of races. It has been the meeting-place of Aryan and Semite, of West and East, of Christians and Muslims (Gunnis 1973).
10000 years of history (Spilling 2000), it makes Cyprus a large-scale museum, walls, castles, churches, mosques, and monasteries, bearing silent witness to vary different ages and architectural styles, whose impressing every specialist in arts and even any traveler. Overwhelming cultural heritage of northern Cyprus is an important source of national gladness for the present local community and a great motivator for the coming generations to work for a better future. 

High percentage of cultural heritage in the world is built with natural stone. In Cyprus, natural building stones were the main building material, until the time of discovery of clay bricks at 1940’s (Eren et al. 2005). Stone decay is too familiar to anyone who has looked closely at a historic stone building or monument (Price 1996). While stone may look perfectly sound, it maybe has lost its cohesion under the surface (VanGrieken et al. 1998).
If there is anything to be done in order to reduce or prevent the loss of the world’s cultural heritage, its necessary to understand the causes and mechanisms of decay, before applying any action to prevent or to remedy the deterioration of stone (Price 1996).
Many factors contribute to stone decay. The composition of the stone and the particular environment in which it is found are the main categories in which they can be divided. The degree of alteration depends on the weatherability of the minerals, that constitute the rock, on the homogeneity and the specific surface exposed area, Stones deteriorate continuously as a result of physical, chemical, mechanical and biological processes, depending on; air constituents, relative humidity, temperature, wind velocity, solar radiation, frequency and intensity of rain, sea spray, deicing salts, composition of the soil, living organisms; (VanGrieken et al. 1998).
Saint Nicholas Cathedral is one of the finest examples of all the ideas mentioned above; it’s a very important and unique monument in the region, built with limestone in the fourteenth century, and its suffering from many different forms of weathering and deterioration. 
1.1 Properties of historical buildings
The historical buildings of the Turkish Republic of Northern Cyprus (TRNC), and the rest of the world historical buildings shares the same unfavorable properties, which are the leak of a full understanding of the structural behavior, material characteristics, and poor information’s about the techniques that were used in the construction methods, the things which is very essential for any conservation and restoration project.

Conserving cultural heritage requires a multidisciplinary approach involving a variety of professionals and organizations.

According to ICOMOS (2003) planning for preservation requires 
1. Historical analysis, is providing information’s about the type of structure, building materials, connections, joints, additions and human alterations have interacted with different actions, such as overloads, earthquakes, landslides, temperature variations, atmospheric pollution and others.

2. Qualitative analysis, is based on direct observation of the structural damage and material decay to set up a comparison between the present condition of structure and that of other similar structures whose behavior is already understood

3. Quantitative analysis, providing information’s about the materials used in construction, based on structural tests, mathematical models, monitoring and structural analysis.

Mainly this analysis needs a cooperation of three different specialists, historical researcher, architect, and civil engineer. Without ignoring the assistance of other parts like, the construction materials specialist, geotechnical engineer, geologist, chemical engineer, and topographical engineer.
In many restoration works of historical heritage it is essential to obtain historical documentation about the studied monument, the compilation of data about previous restoration, the location of plans and ancient pictures, photographs and any other documents about the monument that may contribute to study the evolution of the damage that makes the restoration necessary. All this information must be completed with data obtained during the structural analysis: updated plans, detailed photographs, stress measurements, samples of the terrain, etc. the volume of this information is difficult to manage because of its quantity and the different physical size and formats of storage.

The works of structural analysis carried out on buildings of historical heritage have increased drastically their complexity during the last decade. This is due a major specialization and cross-disciplinary of the investigation groups in charge of these works. Logically, the creation of these groups composed of architects, engineers, physicists, computer programmers, historians, etc. suppose a great richness in the production of new technologies and scientific results. 
Barrallo et al. (1997) stated that these advantages create several problems: 
· Lack of communication between the researchers belonging to different areas of knowledge.

· Production of an excessive amount of documentation, without strategic criteria for this creation.

· Generation of results and conclusions excessively individualized without a global perception of the whole problem. 

Many other problems can be reported, like the difficulty of manage the huge quantity of documentation in very different formats (slides, photographs, historical documents, ancient plans, surveys, diskette, videotapes, etc.) (Barrallo et al. 1997).
There are some ways to simplify those problems, such as the computer programs like the system of storage and information developed by the Heritage investigation group of the E.T.S. (Educational Testing Service) of architecture in San Sebastian, the program supplies a great homogeneity, coherence, simplicity and it allows the comparison between all types of data with the main objective of preparing a restoration project.

During the works for this study a different problems was faced, one of the main challenges was obtaining plans, the only plan was available was a ground plane in a very small scale, non of the local governmental department responsible of historical building contained any type of information about the case study except popular books.  

1.2 Conservation philosophy

The safeguarding of the Cultural heritage and the use of the conservation materials and techniques are determined by the conservation principles and ethic described in the international charters, conventions and recommendations issued by UNESCO, ICOMOS and Council of Europe (Sidraba 2002).
The aim of conservation is the protection of Cultural significance of a given monument by maintaining the fabric of which it is made. In practice it means to find a way of conserving the physical form of the material, which does the minimum damage to its qualities under protection. Therefore any work must be preceded by the studies of the physical and documentary evidences, monument’s condition and significance of its cultural value (Sidraba 2002).
The evidence of the cultural values comes from the comparative quality mixture of different factors over an object’s entire existence: the evolution of its construction, aesthetic, its use and associations, context and the present condition of the all these factors. Based on the research and survey, the value of the site should be defined, and a philosophy to guide all interventions should be established.

The basic principles have to be followed in conservation according to Bell (1997) are: 

· Any intervention should be the minimum necessary for the survival of the site.
· Only a minimum loss of the original existing fabric is acceptable.
· Any intervention should, as far as possible, be reversible.
· New work should be clearly differentiated from the old.

The following statements determine the choice of materials and techniques for the restoration according to Bell (1997):

· materials and techniques should respect traditional practice;

· the use of the modern substitutes is appropriate only when:

· they provide a significant advantage which can be identified;

· their use has a firm scientific basis;

· Their use has been supported by a body of experience.

· The new material is compatible with the expression, appearance, texture and form of the original;

· The new material meets the requirements of both the local physical and geographical conditions and the way of life of the population.
Fister (1997) stated that the social value of the historical building has direct ascendancy in determine the purpose of restoration, that value content this four components:

· Originality of the building, as a document from the history of material culture,

· Testimony, when the building presents a monument of culture, of the history of architecture, or simply presenting some kind of memorial monument,

· Representatively, especially important for the memorial monuments, and

· The sum of artistic values, important in some rare cases when the building when the building is valorized as a monument of the history of art and as an artistic building at once. 
1.3 The aim and objectives of study
This study aims to investigate weathering effect on buildings constructed by limestone, the case of Saint Nicholas Cathedral.

The choice of St. Nicholas Cathedral to be the study case wasn’t a random selection at all, because a main aim of this study is behind that choice, since the World Monument Fund is already aware of conservation projects for monuments of the island, and specifically interested in St. Nicholas Cathedral (Walsh 2004), therefore, this study hopes to attract the international scholarships and funds back to the Cathedral, since some of the projects need to be undertaken as a matter of extreme urgency.

The study adopt farther step in proposing the appropriate treatment for the effected stones based on case.

The first objective of this thesis is to further contribute to the existing knowledge about the studied site, the Saint Nicholas Cathedral. The second objective is the characterization of the historical building stones, including information about the physical, chemical and petrographical state of the building stone, their properties and the identified weathering forms and rates. And the third objective is to present detailed terms, definitions, methods and recommendations of preservation that can be very useful for any future projects.  

Chapter II

2. Weathering

2.1. Weathering of natural building stone 

2.1.1. Stone weathering

Weathering is the group of processes that lead to decay or degradation of a material, either by natural or artificial means upon its exposure to the surrounding environmental conditions. These processes include physical, chemical and biological actions that individually and/or collectively change the parts of the material when exposed to the atmosphere. Chemical weathering is defined as the decomposition of parent material into new material and/or soluble ions. Physical (mechanical) weathering is the disintegration of parent material (natural or artificial) into small pieces without any change in its chemical structure. Biological weathering is the change that occurs in the parent material by the action of living organisms. It may include both physical and chemical changes. Where the organic matter of plants and/or animals may form organic acids that react with the parent material (Al-Agha 2006), figure 2.1 shows the stone weathering model diagram, which illustrate the different stages of weathering by time.
For the last 30 years, the study of stone deterioration has shown a growing interest by geomorphologists whom involved in the study of rock weathering (Pope et al. 2002). The motivation of the shift from natural to cultural contexts was “the interest of monuments as ‘natural laboratories’ to assess erosion rates”. This approach was applied to many case , including 5,000 year-old megaliths, 3,000 year-old rock carvings, 2,000 year-old Roman temples (Paradise 1998), 800 year-old mediaeval churches (Robinson et al. 1996), and 150 year-old tombstones (Meierding 1981). 
The involvement of geomorphologists to the approach of stone deterioration and conservation was according to Françoise et al. (2008) due to the following reasons: 

(a) It provides the conservators with data on long-term stone degradation in the real world that is on the monument itself.

(b) It proposes innovative methods and techniques to monitor stone decay and evaluate the positive versus negative influence of restoration measures.

(c) It demonstrates that weathering has not always had destructive effects but happens to protect the stone surface through case hardening and lithobiontic. 
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Figure 2.1: stone weathering model diagram: morphology and chronology (Turkington et al. 2005)
2.1.2. Limestone weathering 

According to Fookes et al. (1988), “the effect of weathering on the geological and geomechanical properties of limestone is not well known”. Many researchers like Jennings (1966); Sowers et al. (1970); Deere et al. (1971); Fookes et al. (1988) and Chowdhury et al. (1990) have been involved in the investigations of the effects of weathering on limestone and its engineering properties. As a foundation material, limestone differs from other rocks in that voids may be found at almost any depth within the rock mass. They may result directly from solution weathering near the surface and along discontinuities, or as specific cave systems at depths related to present or past ground water levels (Fookes et al. 1988).
The weathering of limestones is a very complicated process, despite the many publications concerning this problem, because the weathering processes are controlled by a variety of factors (Blyth et al. 1984; Konecka-Betley et al. 1989). Texture and structure are very important factors influencing the evolution of limestones because they control their porosity. Durand et al. (1972) indicated that hard limestone mainly undergoes chemical weathering and dissolution. That is because non-carbonate admixture occurs between the crystals, preventing mechanical disintegration. The dissolution of carbonates increases as the non-carbonate particles decrease.

According to Bell (1993) the rate of weathering in humid regions mainly depends on two factors; they are the temperature and amount of moisture. He also indicted that the rate of limestone solution generally depends on the stability and specific solution rate constant of the mineral concerned, the degree of saturation of the solvent, the area presented to the solvent and the motion of the solvent. Chemical weathering aids rock disintegration by weakening the stone structure and by emphasizing structural weaknesses, however slight. Chemical weathering also leads to the dissolution of limestone (Bell 1993).
Tugrul (2000) reported that the most important chemical processes operating in the humid and marine environment are the oxidation and solution. He has noticed that oxidation produces brownish-red and yellow colors on the stone’s surface. According to him, the solution of limestones depends upon many environmental factors such as rainfall, temperature and biological growth. 
The existence of moisture is tremendously accelerates the weathering rate, because of two reasons; first, because water is itself an effective agent of weathering and, second, because it holds in solution many substances which react with the component minerals of carbon dioxide in limestone (Bell 1993). Blyth et al. (1984) indicated that “the speed and severity of weathering in wet climates depend essentially upon the activity of the root zone, i.e. the rate of growth of vegetation and production of CO2 in the root zone, and the frequency with which percolating rainwater can flush weathered constituents from the weathering profile”.

The weathering process of limestone depends on the presence of acids, derived from gases such as CO2 and SO2 that can enter into the stone by rainwater. Limestone is mainly composed of calcium carbonate and it is susceptible to acid attack. The calcium carbonate of the limestone dissolves slowly by rainwater containing carbon dioxide and held in the solution as calcium bicarbonate. (Blyth et al. 1984)
CaCO3+H2O+CO2= Ca (HCO3)2
“The upper surface of the limestone shows many features, known as ‘pipes’, caused by this process” (Tugrul 2000).
2.2. Mechanism of weathering in building stones

Many agents and mechanisms contribute to the weathering environment, and the specific weathering systems operating within it. Solar radiation and moisture, and changes and rates of change in these two variables create complex patterns in temperature and humidity within exposed stone. Inorganic agents such as natural or human-induced atmospheric pollutants deliver hostile substances to rock surfaces. Organic activity, especially by lower plants, may create aggressive or protective effects. A full understanding of the factors which influence rock weathering is vital to the management and conservation of historic buildings (Mottershead et al. 2003).
The building materials depreciate under the action of weathering factors, e.g. temperature and salts either in air or rainwater. Environmental conditions have deteriorating impacts on old and/or historic buildings. Chemical, mechanical and biological weathering is believed to work together in the building stones (Mottershead 2000).
2.2.1 Chemical weathering

Monahan (1986) and Torfs et al. (1997) have studied the effect of Aerosols, in building in the coastal areas and others apart from the coast, results have shown stronger and cumulative impacts on the weathering rate of the buildings near coasts than in other areas apart from the coast. The main components of aerosols in the coastal areas are Cl-1 and HCO3-1 (Monahan 1986; Torfs et al. 1997).
It’s believed that Sea spray is one of the major natural sources of aerosol particles in the earth atmosphere. The composition of these particles is the same as the average composition of seawater. The effect of salts on buildings is mainly caused by the subsequent crystallization and dissolution of processes of soluble matter, which cause remarkable volume changes in pore spaces and/or cracks of building stones. Mineral and crystal precipitation on or within surface pores and/or cracks of building causing more cracking or decay. The fact is that the resistivity of building stones will become weaker and weaker by the consequent actions through time. Moreover, some crystals that were either precipitated or those that had already been existing may absorb atmospheric and/or rain water causing hydration. This of course may cause subsequent crystallization and re-crystallization, which subsequently, will help spoil the stone, and result in disaggregation and exfoliation of the surface layer (Amoroso et al. 1987). Chemical weathering is caused by the chemical reaction/ interaction of soluble salts in atmospheric water with the building materials (Al-Agha 2006).
2.2.2 Mechanical (Physical) weathering:

The mechanical factors also, play a key role in weathering of building stones. The disaggregation almost results from mechanical weathering. Vertical cracks along the walls are common mechanical weathering features (Nizam 2004).
The continuous changes of temperature and humidity levels, annually and daily, considered to be one of the main causes of weathering and decay of building materials, because these changes effect directly and also associate with other factors to accelerate the weathering rates. For example: the increase of a particular environment temperature directly causes an increase of building materials (e.g. stone) temperature in that environment, which causes an expansion of the minerals crystals inside those materials, the Frequent expansion and retraction cycles will cause a tension forces inside materials and then a “thermal physical damage” occurs, and the Cracks which can be seen on the surface of limestone is the visual effect of that (Nizam 2004).
The high temperature degree, cause the evaporation of water inside the pores of building stones, that water contains a dissolved salts, and the result of evaporation of it is known as “crystallization” of salts on the surface of stone (Nizam 2004).
Humidity effect is an accumulative and long term effect, which causes physiochemical damage of stone, as the quantity of humidity absorbed by stone helps the crystallized salts to dissolve again and to move from surface to inside of the stone materials. Humidity also can cause destruction to limestone as this stone consist partially of clay minerals, which can dissolve in the present of humidity and the stone will start to lose some of these dissolved minerals the thing which make stone weaker (Nizam 2004).
Al-Agha (2006) in his study on natural building stone, has reported that Wind actions are noticeably affecting the external walls of the buildings. Because sand grains which the wind holds within strikes buildings in different velocities depending on the wind velocity towards the buildings, and collide with the lower parts of the buildings. As a result of this collision, removal of the materials of the building stones is caused. This process is more effective when it acts on the stones that contain chemically weathered particles. Al-Agha (2006) concluded that walls which is located near the coast are more vulnerable to be weathered than those located away from the coast.
2.3. Causes of weathering

Before taking any action to prevent or to remedy the deterioration of stone, the causes of this deterioration must be well understood. Sometimes, the cause is obvious; sometimes there maybe several different causes acting at once. Possible causes are very wide ranging and include earthquake, fire, flood, terrorism, vandalism, neglect, tourism, previous treatments, wind, rain, frost, temperature fluctuations, chemical attack, salt growth, pollution, biodeterioration, and the list goes on and on. Some of the causes are sudden and rapid in their effect. Others are slow and more insidious (Price 1996).
The literature includes many papers dealing with the causes of decay, recent literature is dominated by three topics: air pollution, salts, and biodeterioration. These are considered in the following sections.
2.3.1. Air Pollution

The effects of air pollution on stone have received enormous attention in the past three decades. This is due, at least in part, to concerns about the effects of pollution on health, agriculture, and the whole global environment. Stone research has been able to ride on the back of these concerns and to benefit from the funding that they have received (Price 2006).
There is a general perception that air pollution is a modern problem, but Brimblecombe (1991) has shown that it is a problem that dates from antiquity. By examining the effects of pollution on individual historic buildings over periods of several hundred years, he has also attempted to correlate pollution levels with observed damage. This links in with another widespread perception: that decay rates are accelerating rapidly, despite falling levels of several major pollutants.

The majority of researches have focused on the traditional pollutants like, sulfur oxides, nitrogen oxides, and carbon dioxide. These pollutants are capable of dissolving in water to give an acidic solution, and so are capable of reacting with calcareous materials especially limestone. All are naturally occurring, but human activity has greatly increased the amounts that are to be found in urban areas.

The effects of acidic pollutants on calcareous stones depend very much on the immediate environment of the stone. If the stone is in an exposed position where it is regularly washed by rain, the reaction products are washed away and the surface of the stone gradually recedes. If, however, the stone is in a relatively sheltered position, the reaction products accumulate and may form a dense black crust on the surface (Price 2006).
A great deal of research has been concerned with the nature and the origins of the black crust (e.g., Camuffo et al. 1982; Fassina 1991; Del Monte 1991; Ausset et al. 1992; Toniolo et al. 2009). These studies have shown that carbonaceous particles, particularly fly ash (particulate pollution resulting from the combustion of fossil fuels in electrical power generation), are responsible for the blackness of the crust. More important, however, is the discovery that the particles are not passive prisoners in the crust: They contain metal oxides that catalyze the oxidation of sulfur dioxide and hence promote formation of the crust in the first place. Schiavon (1992) has studied the "stratigraphy" of black crusts, in an attempt to clarify the growth mechanism. He concludes that growth occurs in two directions: inward and outward with respect to the original stone surface, but with inward growth predominating. Diakumaku et al. (1994) have observed that some black fungi produce small spherical particles that might, under some circumstances, be confused with fly ash. Microflora may also be capable of producing sulfates. In the opinion of these authors, the formation of black crusts in unpolluted environments may be attributable to biological factors. In addition, Ortega-Calvo et al. (1994) have demonstrated that sulfate crusts may provide an ideal habitat for some cyanobacteria through the gradual dissolution of the sulfate. 
2.3.2. Biologic weathering

Al-Agha (2006) defined biologic weathering as “the impact of living organisms (animals or plants) on the natural and/or artificial materials. Organisms may settle down in this material and use it as a place for living or they may use it as a source for nutrients, and sometimes both were considered”. 
Algae, bacteria and other microorganisms play a significant role in weathering of building stones. These organisms produce chelating agents, which catch the elements of the decomposed stone in organo-metallic complexes. Some of these organisms are epilithic living on the stone surface; some are endolithic boring into the stone surface and some chasmolithic living in the cracks and/or fissures within the stone. There are gradual color changes in these types ranging between green and black (Al-Agha 2006).
In some buildings, algae grow along the cementing material between the stones, and sometimes along fissures and cracks. This type of biologic growth provides a wet environment for chemical and biological interaction, which increases the rate of weathering (Al-Agha 2006).
There are several colors in this case: green, brown and even black. However, green color is more common, and it is mostly present in the places where water (wet environment) is available, while other types of algae (brown and black) are present where less water is available. In this case, weathering is less observable as it was described above; here algae fill the cracks and the fissures either in the stones or even in betweens. Drilling in algae-impacted areas shows that the weathering profile is deeper than those affected by chemical and mechanical factors. Wetting of the area was observed to penetrate for about 10–15 cm deep in the wall. The organic reactions that take place in such a case is simply represented by the equation

2CaCO3 + humic acid = Ca humate + Ca+2 + 2HCO3-1
Al-Agha (2006) sated that “The production of the bicarbonate cations in the equation above will escalate the reactive medium and accordingly the reactions will prolong causing more and more degradation of the building stones”. 
In conclusion, physical, chemical and biological weathering cannot be separated, because they proceed simultaneously. Physical weathering works with chemical weathering by breaking stones up into smaller pieces exposing more surface area. The larger the exposed surface area is, the faster the chemical reactions will be.

Chemical weathering works with the physical weathering by weakening the mineral components of the stones. Biological weathering works with both if present. Algae, bacteria and other organisms secrete acid solutions consequently speeding up the chemical weathering (Al-Agha 2006).
2.3.3. Salt weathering

According to Cardell et al. (2003) “Limestone is particularly susceptible to salt weathering that ultimately causes its breaking”. And according to Doehne (2003) “Salt damage is considered a common threat playing a major role in the mechanical and chemical weathering of buildings and monuments under a wide range of environmental conditions”, and has significant economic and cultural implications. Therefore it is critical to determine the parameters control’s salt weathering and the processes of decay, with an ultimate goal of mitigating potential deterioration (Cardell et al. 2008).
Materials scientists have shown that salt attack is a part of a larger set of interrelated behaviors (Coussy 2006). Addressing cultural heritage, abundant multidisciplinary contributions in the field of salts and building stone deterioration and conservation have appeared in the last decades, showing that salt damage is a complicated process topic dependent on multiple variables and physicochemical reactions operating in the substrates at micro- and nanometer scale (Charola 2000). An additional problem is to link stone decay forms at different scales, with vital implications in monument conservation (Cardell 2002).
 Salt Action

The sources of the salts may be different; most comes from de-icing roads with NaCI, sulfates and chlorides of Na and Mg from groundwater rising through masonry from salts entrapped in the masonry, salts from ocean spray, and desert dust. The effectiveness of salt action depends on the kinds of salts present, on the size and shape of the capillary system, on the moisture content, and on the exposure to solar radiation (Bell 1993).
Table 2.1 presents some data at various degrees of supersaturation as the function of developing pressures and the temperature. Under favorable conditions some salts may crystallize or recrystallize to different hydrates, which occupy a larger space, being less dense, and exert additional pressure, the hydration pressure. The crystallization pressure depends on the temperature and the degree of super saturation of the solution, C/Cs (Winkler 1987). 
	
	Crystallization pressure (atm) (1 atm= 101,325 Pa)

	
	C/C = 2
	C/C``` = 10

	Salt
	Chemical formula
	0oC
	50oC
	0oC
	50oC

	Bischofite
	McCl2 • 6H2
	119
	142
	397
	470

	Epsomite
	McSO4 • 7H2O
	102
	125
	350
	415

	Gypsum
	CaSO4 • 2H2O
	282
	334
	938
	1110

	Halite
	NaCl
	554
	654
	1945
	2190

	Hexahydrite
	MgSO4 • 6H2O
	118
	141
	495
	469

	Mirabilite
	Na2SO4 • 10H2O
	72
	83
	234
	277

	Natron
	Na2CO3 • 10H2O
	78
	92
	259
	308

	Thenardite
	Na2SO4
	292
	345
	970
	1150


Table 2.1: Crystallization pressures of a few common salts (Winkler 1987)
Cardell et al. (2008) have discussed fluid transport within the calcarenites and related salt decay mechanism, and they conclude the flowing:

1. The conditions controlling salt precipitation and their location in the stone pores must be considered, these conditions and the location of salt are basically depending on: i) the pore system of the material; ii) evaporation conditions and iii) the nature of the saline solution.

2. Fluid transport within the stone is determined by solution concentration. Subflorescences precipitate when the evaporative flux is greater than the capillary flux, which is mainly controlled by solution viscosity. Thus, the capillary rate increases as viscosity of saline solution decreases. With diluted solutions, salts precipitate mainly close to the rock surface and with concentrated solution plentiful subflorescences and efflorescences occur, in particular with Na-rich solutions. 
3. All sulfate solutions lead to physical and chemical weathering depending on saturation rates. Magnesium-rich solutions cause the most intense chemical weathering.

4. Concentrated solutions cause the most intense damage through precipitation of subflorescences and efflorescences, dissolution of carbonate cement and clasts and weak fissuring. Sodium-rich solutions lead to massive precipitation of both subflorescences and efflorescences, which generate granular disaggregation. By contrast, Mg-rich solutions produce a decay mechanism based principally on the generation and propagation of microfissures that result in macroscale cracks. Calcium- and K-rich solutions cause moderate precipitation of subflorescences that do not result in intense damage.

5. Simple solutions cause more damage than do mixed solutions. The most damaging solutions are simple Na and Mg solutions followed by mixed Mg and Ca solutions.

6. Salt crystallization pressure is responsible for physical weathering of the stone. 
2.3.4. The role of wind-driven rain

Wind-driven rain is affecting the calcareous stone buildings causing surface deterioration of there external walls. Driving rain can influence building surfaces in many ways. First, moisture contributed by driving rain on building surfaces enhancing the dry deposition of air pollutant. The resulted aqueous layer on the surface encourages the uptake of soluble gases (e.g. SO2), and also provides the opportunity for depositing particles to the stone surface. Second, wet deposition potentially affects all surfaces that are wetted, directly by precipitation or even by runoff from other areas. As water runs across the surface, the altered surface materials and previously deposited particles can be removed or redistributed. Finally, in addition to chemical dissolution, the force of impinging raindrops can physically remove surface layer materials and deposited particles, causing an eroded area. The mechanisms mentioned above suggests that the level of discoloration and erosion observed at a specific location on a building walls is closely related to its exposure to wind-driven rain over an extended period of time. Accordingly, in order to understand the formation and change of soiling patterns on building walls, knowledge of the characteristics of driving rain is essential (Tang et al. 2004).
“There are many Factors affecting wind-driven rain, the amount of rain strike is dependent on the unobstructed wind speed, wind direction, and rainfall intensity, as well as on the orientation and location of the surface of interest” (Tang et al. 2004). 
Tang et al. (2004), have measure Wind-driven rain at 16 locations on his case cathedral during a 21-month period. Meteorological data have been obtained for the same time period. Data show that high driving rain fluxes are associated with strong winds and intense rainfall. Building walls facing dominant wind directions generally receive greater driving rain fluxes, while local airflow patterns also affect the distribution of wind driven rain. Due to the complexity of driving rain and the limited sets of data collected, it is difficult to isolate the effect of any individual parameter. Numerical modeling could be a valuable tool to address this issue.
The qualitative comparison of soiling patterns and volumes of wind-driven rain shows that soiling is generally observed on walls with relatively low volumes of wind-driven rain; white, eroded walls have higher volumes. The observed soiling pattern is thus most likely due to the non-uniform distribution of wind-driven rain as a result of interactions between the wind, rainfall, and building geometry. Although it was not measured, momentum flux of wind-driven rain might be a better indicator of building surface erosion than wind-driven rain volume (Tang et al. 2004).
2.4. Engineering classification of weathering

The early stages of weathering are usually represented by discoloration of the stone material which increases from slightly to highly discolored as the degree of weathering increases. Because weathering brings about changes in engineering properties, in particular it commonly leads to an increase in bulk (and so in porosity) with a corresponding reduction in density and strength, these changes are reflected in the amount of discoloration. In other words the engineering properties of a slightly discolored rock may differ notably from those of the same rock which is highly discolored (Dearman 1986).
As weathering proceeds the stone material becomes increasingly decomposed and/or disintegration until ultimately a soil is formed. Various stages in the reduction process of a rock to a soil can be recognized and can be used to form the basis of an engineering classification of weathering. Five grades of weathering are presented by Bell (1992) in table 2.2, this classification depending on the chemical decomposition of rock, the physical disintegration and the solution of rock. 
	Grade
	Degree of weathering
	Chemical decomposition
	Physical disintegration
	Carbonate rocks (solution)

	I
	Fresh rock
	No discoloration, no loss of strength or other effects
	100% rock: discontinuities closed
	100% rock, discontinuities closed

	II
	Slightly weathered
	Slightly discoloration,
	100% rock: discontinuities open and spaced at more than 60 mm
	100% rock: discontinuity surfaces open. Very slight solution etching of discontinuity surfaces may be present.

	III
	Moderately weathered
	The rock is Discolored, the intact rock is noticeably weaker, the rock mass is not friable.
	Up to 50% is discontinuities, the structure of the rock is preserved
	Up to 50% has been removed by solution; a small residuum may be present in the voids. the structure of the rock is preserved

	IV
	Highly weathered
	The rock is Discolored; the original fabric of the rock near the discontinuities is altered: alternation penetrates deeply inwards, but the corestones are still present. The rock mass is partially friable.
	More than 50% and less than 100% of the rock is disintegrated by open discontinuities, the structure of the rock is preserved
	More than 50% of the rock has been removed by solution. A small residuum may be present in the voids.

	V
	Extremely weathered
	The rock is Discolored and is wholly decomposed and friable, but the original fabric is manly preserved.
	The rock is changed to a soil by granular disintegration and/or grain fracture. The structure of the rock is preserved
	About 100% of the mass removed


Table 2.2:  Engineering classification of weathering (Bell 1992)
2.5 Classification scheme of weathering forms

Weathering forms are used for precise description of deterioration phenomena at the mesoscale (cm to m). They represent the visible results of weathering processes which are initiated and controlled by weathering factors. Unlike Petrographical classification schemes, a detailed classification scheme of weathering forms did not previously exist. The working group ‘Natural stones and weathering’ has developed such a detailed classification of weathering forms as the basis for precise, objective and reproducible registration and documentation (Fitzner et al. 1995). Components of the classification scheme are four levels of differentiation, definitions of weathering forms, symbols for registration and data processing, parameters for intensity classification of the weathering forms. Table 2.4 shows the hierarchical structure of the classification scheme. Four groups of weathering forms are distinguished in the uppermost level I: group 1 – loss of stone material, group 2 – discoloration / deposits, group 3 – detachment, group 4 – fissures / deformation.
	level I
	4 groups of weathering forms

	level II
	25 main weathering forms

	level III
	75 individual weathering forms

	level IV
	differentiation of individual weathering forms according to intensities


Table 2.3 Structure of the classification scheme of weathering forms (Fitzner et al. 2002)
In level II, each group of weathering forms is subdivided into main weathering forms. These are further differentiated into individual weathering forms in level III of the classification scheme. In level IV, each individual weathering form is additionally differentiated according to its intensity. The complete classification scheme of weathering forms is presented in Table 2.4(a-d):
Table 2.4a Classification scheme of weathering forms (Group 1) (Fitzner et al. 2002)
	Level I – Group Of Weathering Forms

Group 1 - Loss of stone material

	LEVEL II
	LEVEL III
	LEVEL IV

	Main

Weathering

Forms
	Individual

Weathering Forms
	Classification

Of Intensities

(Parameters)

	Back

Weathering

Uniform loss of

stone material

parallel to the

original stone

surface.
	W
	Back weathering due to loss of scales

Uniform loss of stone material parallel to the stone surface due to contour scaling.
	sW
	Depth of

back weathering

(mm, cm)

	
	
	Back weathering due to loss of

crumbs /splinters

Uniform loss of stone material parallel to the stone surface due to crumbly disintegration.
	uW
	

	
	
	Back weathering due to loss of stone layers

dependent on stone structure

Uniform loss of stone material parallel to the stone surface due to exfoliation.
	xW
	

	
	
	Back weathering due to loss of crusts

Uniform loss of stone material parallel to the original stone surface due to detachment of crusts with adherent stone material.
	cW
	

	
	
	Back weathering due to loss of undefinable stone aggregates / pieces

Uniform loss of stone material parallel to the original stone surface. The type of the preceding detachment of stone material can not be characterized.
	zW
	

	Relief

Morphological change of the stone surface due to partial or selective weathering
	R
	Rounding / notching

Relief by rounding of edges or notching / hollowing out. Concave or convex soft forms.
	Ro
	Depth of Relief (mm, cm)

	
	
	Alveolar weathering

Relief in the form of alveolae. Form comparable to honeycombs
	Ra
	

	
	
	Weathering out dependent on stone

structure

Relief dependent on structural features such as bedding, foliation, banding etc. Frequently striped pattern.
	tR
	

	
	R
	Weathering out of stone components

Relief due to selective weathering of sensitive stone components (clay lenticles, nodes of limonite etc.) or due to break out of compact stone components (pebbles, fossil fragments etc.). Hole-shaped forms.
	Rk
	

	
	
	Clearing out of stone components

Relief in the form of protruding compact stone components (pebbles, fossil fragments, concretions) due to selective weathering.
	Rh
	

	
	
	Roughening

Finest relief / alteration of gloss due to corrosion or loss of smallest stone particles on smoothed stone surfaces.
	Rr
	

	
	
	Microkarst

Relief due to corrosion, especially on carbonate rocks.
	Rm
	

	
	
	Pitting

Relief in the form of small pits due to biogenically induced corrosion, esp. on carbonate rocks.
	Rt
	

	
	
	Relief due to anthropogenic impact

Relief in the form of scratches etc.
	aR
	

	Break out

Loss of compact stone fragments.
	O
	Break out due to anthropogenic impact

Break out due to war, vandalism etc.
	aO
	Volume of break out (cm3, dm3)

or

depth of break out (cm)

	
	
	Break out due to constructional cause

Break out due to statics, wedge effect of rusting iron etc.
	bO
	

	
	
	Break out due to natural cause

Break out due to wedgework of roots, earthquakes, intersection of fractures etc.
	nO
	

	
	
	Break out due to non-recognizable cause
	oO
	


Table 2.4b Classification scheme of weathering forms (Group 2) (Fitzner et al. 2002)

	Level I – Group Of Weathering Forms

Group 2 – Discoloration / Deposits

	LEVEL II
	LEVEL III
	LEVEL IV

	Main

Weathering

Forms
	Individual

Weathering Forms
	Classification

Of Intensities

(Parameters)

	Discoloration
Alteration of the original stone color.
	D
	Coloration

Chromatic alteration / coloring due to chemical weathering of minerals (e.g. oxidation of iron and manganese compounds), due to intrusion accumulation of coloring matter or due to staining by biogenic pigments
	Dc
	Degree–Change of color

	
	
	Bleaching

Chromatic alteration / decolorization due to chemical weathering of minerals (e.g. reduction of iron and manganese compounds) or extraction of coloring matter (leaching, washing out).
	Db
	

	Soiling

Dirt deposits on the stone surface.
	I
	Soiling by particles from the atmosphere Poorly adhesive, mainly grey to black deposits of dust, soot, fly ash etc.
	pI
	Mass of deposits

or

degree–covering of the surface

	
	
	Soiling by particles from water

Poorly adhesive, mainly grey to brown deposits of dust, soil or mud particles
	wI
	

	
	
	Soiling by droppings

Deposits of droppings from birds, e.g. from pigeons
	gI
	

	
	
	Soiling due to anthropogenic impact

Paint, graffities, posters etc.
	aI
	

	Loose salt

deposits

Poorly adhesive deposits of salt aggregates.
	E
	Efflorescences

Poorly adhesive deposits of salt aggregates on the stone surface.
	Ee
	Mass of deposits

or

degree –

covering of the

surface

	
	
	Subflorescences

Poorly adhesive deposits of salt aggregates below the stone surface, e.g. in the zone of detachment of scales.
	Ef
	

	Crust

Strongly adhesive deposits on the stone surface
	C
	Dark-colored crust tracing the surface

Compact deposit, grey- to black-colored, tracing the morphology of the stone surface. Mainly due to deposition of pollutants from the atmosphere.
	dkC
	For dkC, hkC and fkC: degree  covering of the

surface

for diC, hiC and fiC: thickness of the crust (mm)

	
	
	Dark-colored crust changing the surface

Compact deposit, grey- to black-colored, changing the morphology of the stone surface. Mainly due to deposition of pollutants from the atmosphere.
	diC
	

	
	
	Light-colored crust tracing the surface

Compact deposit, light-colored, tracing the

morphology of the stone surface. Mainly due to

precipation processes. Light-colored crusts of

salt minerals, calc-sinter or silica.
	hkC
	

	
	
	Light-colored crust changing the surface Compact deposit, light-colored, changing the morphology of the stone surface. Mainly due to precipation processes. Light-colored crusts of salt, calc-sinter or silica.
	hiC
	

	
	
	Colored crust tracing the surface

Compact deposit, colored, tracing the morphology of the stone surface. Mainly due to precipation processes.
	fk-C
	

	
	
	Colored crust changing the surface

Compact deposit, colored, changing the morphology of the stone surface. Mainly due to precipation processes.
	fiC
	

	Biological

colonization

Colonization by microorganisms or higher plants
	B
	Microbiological colonization

Colonization by microflora (fungi, algae, lichen) and bacteria. Biofilms.
	Bi
	Degree–covering of the surface

	
	
	Colonization by higher plants
	Bh
	

	Discoloration

to crust

Transitional form

Between discoloration (D) and crust (C)
	D-C
	Coloration to dark-colored crust

tracing the surface

Transitional form between coloration (Dc) and dark-colored crust tracing the surface (dkC).
	Dc-dkC
	Degree -covering of the surface

	
	
	Coloration to colored crust tracing the

surface

Transitional form between coloration (Dc) and colored crust tracing the surface (fkC).
	Dc-fkC
	

	Soiling to crust

Transitional form

between soiling

(I) and crust (C).
	I-C
	Soiling by particles from the atmosphere

to dark-colored crust tracing the surface

Transitional form between soiling by particles from the atmosphere (pI) and dark-colored crust tracing the surface (dkC).
	pI-dkC
	Degree covering of the surface

	
	
	Soiling by particles from the atmosphere

to dark-colored crust changing the surface Transitional form between soiling by particles from the atmosphere (pI) and dark-colored crust changing the surface (diC).
	pI-diC
	Thickness of the deposit (mm)

	Loose salt

deposits to

crust

Transitional form

between loose salt deposits (E) and crust (C).
	E-

C
	Efflorescences to light-colored crust

tracing the surface

Transitional form between efflorescences (Ee) and light-colored crust tracing the surface (hkC)
	Ee-hkC
	Degree-covering of the surface

	
	
	Efflorescences to light-colored crust

changing the surface

Transitional form between efflorescences (Ee) and light-colored crust changing the surface (hiC).
	Ee-hiC
	Thickness of the deposit (mm)

	Biological

colonization to crust

Transitional form

Between biological colonization (B) and crust (C).
	B-C
	Microbiological colonization to dark-colored

crust tracing the surface

Transitional form between microbiological colonization (Bi) and dark-colored crust tracing the surface (dkC).
	Bi-dkC
	Degree -covering of the surface

	
	
	Microbiological colonization to dark-colored

crust changing the surface Transitional form between microbiological colonization (Bi) and dark-colored crust changing the surface (diC).
	Bi-diC
	Thickness of the deposit (mm)


Table 2.4c Classification scheme of weathering forms (Group 3) (Fitzner et al. 2002)

	LEVEL I – GROUP OF WEATHERING FORMS

Group 3 – Detachment

	LEVEL II
	LEVEL III
	LEVEL IV

	Main

Weathering

Forms
	Individual

Weathering Forms
	Classification

Of Intensities

(Parameters)

	Granular

disintegration

Detachment of

individual grains

or small grain aggregates
	G
	Granular disintegration into powder

Detachment of smallest stone particles (stone powder).
	Gp
	Mass of detaching stone material

	
	
	Granular disintegration into sand

Detachment of small grains as individual grains or small grain aggregates (stone sand).
	Gs
	

	
	
	Granular disintegration into grus

Detachment of larger grains as individual grains or small grain aggregates (stone grus). Especially on granites.
	Gg
	

	Crumbly

disintegration

Detachment of larger compact stone pieces of irregular shape.
	P
	Crumbling

Detachment of larger compact stone pieces in the form of crumbs.
	Pu
	Volume of detaching stone

Pieces (cm3, dm3)

or

mass of detaching stone material

	
	
	Splintering

Detachment of larger compact stone pieces in the form of splinters.
	Pn
	

	
	
	Crumbling to splintering

Transitional form between crumbling (Pu) and splintering (Pn).
	Pu- Pn
	

	Flaking

Detachment of small, thin stone pieces (flakes) parallel to the stone surface.
	F
	Single flakes

Detachment of one layer of flakes parallel to the stone surface
	eF
	Mass of detaching stone material

	
	
	Multiple flakes

Detachment of a stack of flakes parallel to the stone surface.
	mF
	

	Contour

scaling

Detachment of larger, platy stone pieces parallel to the stone surface, but not following any stone structure.
	S
	Scale due to tooling of the stone surface

Detachment of mainly thin scales due to tooling of the stone surface
	qS
	Thickness of the

scales resp.

stack of scales

(mm, cm)

or

mass of

detaching stone

material

	
	
	Single scale

Detachment of one layer of scales.
	eS
	

	
	
	Multiple scales

Detachment of a stack of scales.
	mS
	

	Detachment of

stone layers

dependent on

stone structure

Detachment of

larger stone

sheets or plates

following the

stone structure
	X
	Exfoliation

Detachment of larger stone layers (sheets, plates) following any stone structure (bedding, banding etc.) and the stone surface. Structural feature is oriented parallel to the stone surface
	Xl
	Thickness of detaching stone layers resp. stack of layers (mm, cm)

	
	
	Splitting up

Detachment of larger stone layers (sheets, plates) following any stone structure (bedding, banding etc.), but not the stone surface. Structural feature is not oriented parallel to the stone surface.
	Xv
	Number of

Detaching stone layers resp. splits

	Detachment of crusts with stone material
Detachment of crusts with stone material sticking to the crust.
	K
	Detachment of a dark-colored crust tracing the stone surface
	dkK
	Mass of detaching material

or

thickness of detaching layers (mm)

	
	
	Detachment of a dark-colored crust changing the stone surface
	diK
	

	
	
	Detachment of a light-colored crust tracing the stone surface
	hkK
	

	
	
	Detachment of a light-colored crust changing the stone surface
	hiK
	

	
	
	Detachment of a colored crust tracing the stone surface
	fkK
	

	
	
	Detachment of a colored crust changing the stone surface
	fiK
	

	Granular

Disintegration to flaking

Transitional form

Between granular

Disintegration (G) and flaking (F).
	G-F
	Granular disintegration into sand to single flakes

Transitional form between granular disintegration into sand (Gs) and single flakes (eF).
	Gs-eF
	Mass of

detaching stone

material

	
	
	Granular disintegration into grus to single flakes

Transitional form between granular disintegration into grus (Gg) and single flakes (eF).
	Gg-eF
	

	Granular

disintegration

to crumbly

disintegration

Transitional form

Between granular
	G-P
	Granular disintegration into sand to single flakes
Transitional form between granular disintegration into sand (Gs) and crumbling (Pu).
	Gs-Pu
	Mass of detaching stone material

	
	
	Granular disintegration into grus to crumbling

Transitional form between granular disintegration into grus (Gg) and crumbling (Pu).
	Gg-Pu
	

	Flaking to

crumbly

disintegration

Transitional form

between flaking

(F) and crumbly

Disintegration (P).
	
	Single flakes to crumbling

Transitional form between single flakes (eF) and crumbling (Pu).
	eF-Pu
	Mass of

detaching stone material

	
	
	Single flakes to splintering

Transitional form between single flakes (eF) and splintering (Pn).
	eF-Pn
	

	Crumbly

Disintegration to contour

scaling

Transitional form between crumbly disintegration (P) and contour scaling (S).
	P-S
	Crumbling to single scale

Transitional form between crumbling (Pu) and single scale (eS).
	Pu-eS
	Mass of

detaching stone

material

or

volume of

detaching

stone pieces

(cm3, dm3

	
	
	Splintering to single scale

Transitional form between splintering (Pn) and single scale (eS).
	Pn-eS
	

	Flaking to

contour scaling

Transitional form

between flaking

(F) and contour scaling (S).
	F-S
	Single flakes to single scale

Transitional form between single flakes (eF) and single scale (eS).
	eF-eS
	Mass of

detaching stone material

	
	
	Multiple flakes to multiple scales

Transitional form between multiple flakes (mF) and multiple scales (mS).
	mF-mS
	


Table 2.4d Classification scheme of weathering forms (Group 4) (Fitzner et al. 2002)

	Level I – Group Of Weathering Forms

Group 4 – Fissures / deformation

	LEVEL II
	LEVEL III
	LEVEL IV

	Main

Weathering

Forms
	Individual

Weathering Forms
	Classification

Of Intensities

(Parameters)

	Fissures

Individual fissures or systems of fissures due to natural or constructional causes.
	L
	Fissures independent of stone structure

Individual fissures or systems of fissures independent of structural features such as bedding, foliation, banding etc.
	vL


	Number of

fissures

and

dimension of

fissures –

length, width

(mm, cm)

	
	
	Fissures dependent on stone structure

Individual fissures or systems of fissures dependent on structural features such as bedding, foliation, banding
	tL
	

	Deformation

Bending / buckling of mainly thin stone slabs due to plastic deformation. Especially on marble slabs.
	V
	Deformation, convex
	lV
	Amplitude

of bending /

buckling

	
	
	Deformation, concave
	rV
	


2.6 Weathering Rate

The weathering response of building stones can be assessed geomorphologically as a rate of weathering, a measure which is, in effect, the converse of durability. The identification of particular stone characteristics associated with durability in a specified weathering environment may then facilitate prediction of the durability of other stones in that environment (Mottersheada et al. 2003).
It has long been recognized that in the coastal environment salts of marine origin accelerate rock weathering; the Roman engineer Vitruvius in his treatise, De Architectura

(Heinemann 1931), records what is probably the first formal recognition of the influence of marine salts on rock breakdown (Scha1er 1932). Recent field studies provide evidence of rapid rates of rock weathering in coastal locations however, there appears to have been little attempt to quantify the difference in weathering rates between coastal and non-coastal locations for similar rock types, and thereby to determine the amount by which weathering in the coastal environment is accelerated. The role of aspect is important in influencing temperature and humidity conditions at the stone surface, although the variations brought about by aspect are in practice little understood. As Robinson et al. (1996) state, ‘the issue of whether stone deterioration in buildings varies with aspect has rarely been discussed in any detail and remains understudied’. Weathering rates are influenced by solar radiation received and moisture availability, and will differ according to exposure to sun and prevailing wind and rain. These in turn influence heating/cooling cycles, wetting/ drying cycles and biological overgrowth. Microclimate variation with aspect has been subject to very limited monitoring.

The studies by Halsey et al. (1998) and Mitchell et al. (2000) stand out in providing detailed comparative data for vertical surfaces facing the four cardinal points on an exposed Cathedral tower. The influence of aspect on weathering outcomes has been reported by Robinson et al. (1996), Robinson et al. (2002) and Williams et al. (2000) with somewhat varying results. Within a restricted area of southeast England, maximum weathering rates were shown to occur on diametrically opposed aspects at different sites, indicating that the role of aspect in weathering may be complex. Paradise (2002) observed weathering rates decreasing in the order east>west>south>north at Petra, Jordan. He further showed that aspect is a major control on the distribution of lichens, and their consequential protective effect. Mottershead (2000) presents further examples of aspect controls on weathering rates. It is evident that aspect has a significant controlling effect on weathering processes and rates. It is also evident that detailed microclimatic data are required before the linkages between aspect and weathering mechanisms, and the mechanisms themselves, can be properly understood.
 
According to Al-Agha (2006) there are several factors that influence the weathering rate in the building stones. 
1) Porosity and permeability: the higher the porosity and permeability of the stone, the faster the weathering rate will be. This is easily interpreted because water penetrates the pore spaces exposing more surface area to chemical reactions and physical conditions.

2) Rainfall and high temperatures: promote chemical weathering.

3) Time of exposure to the weathering factors: the longer the time, the more weathering will be.

4) Type of minerals forming the stones: shells are faster than silicate minerals in responding to the weathering impacts.

5) Proximity of the seashore: weathering along the sea shore is more common than in the areas far from the sea. 
Chapter III
3. Conservation of cultural heritage 

Conservation of the cultural heritage depends on many skills. Ranging from basic traditional and contemporary construction techniques to scientific analysis and project management. These different skills must be identified, the personnel trained and the whole team organized to work together in planning and executing conservation projects. The skills involved in conservation can be very specialized and the materials such as stone from specific quarries and bonding materials are difficult to procure. Therefore it’s essential to have a skilled labour or of understanding of the use of traditional materials and the vale to manual skills (Hooper 2008).
Essential for the success of any conservation project is assurance of support in terms of funding and interest. This is necessary at all stages, including follow up and proper provision for maintenance. 

The success of any conservation project is the result of the drawing up of clearly defined objectives; from this a measured programme can be developed. Aesthetic considerations of the final appearance of the stone require judgment on levels of cleaning, the removal of previous unsightly or irrelevant restorations and, of course, visual changes by the intervention of treatments. When embarking on any treatment for the conservation of stone, essential procedures for the preparation, carrying out and recording of the work should be followed (Henry 2006).
The choice of repair materials is of great importance, for most conservation work involves replacing or putting right former repairs. As conservation treatments should be reversible, conservation materials should not fundamentally alter the material or the appearance of the object; they should be stable and, when removed, not cause harm to either stone or conservator. Repair materials should be compatible with the stone in both chemical and physical aspects, having similar properties of porosity and permeability and not being liable to sharp increases in expansion that result in stress on the stone. For external stone and sculpture the repair material should allow free passage of gases and moisture. All repair materials will display differing physical and chemical characteristics in a varying environment, particularly such synthetic materials as resins and curing polymer consolidants. It may be necessary to undertake trials in situ to test curing times and performance changes. More synthetic products are being made available for the lucrative market of stone preservation. Such materials require special care and attention, and the conservator needs to be particularly vigilant when assessing their long-term benefits (Henry 2006).
The diagnosis of stone decay play an important role in the conservation practice, no diagnosis of stone decay is possible without an understanding of the effects of such environmental factors as humidity and temperature, as well as identification and assessment of the evidence of external pollutants and contaminates. Although two works in stone may show similar decay, the causes may be different, particularly if the works are set in differing environments (Winckler 1971). A 6th-century Buddha in Gueisses stone at Galvihere, Sri Lanka, was found to have delaminated badly through exposure to continuous daytime temperatures in excess of 30°C; heavy rains and frequent condensation exacerbated the problem. Two 19th-century red sandstone sculptures of a sea god and Ceres in the gardens of the Treasurer's House, York, England, have delaminated in a similar manner. Although protected from bad weather by a walled and shady garden, the stone decayed through a combination of general weathering by rain and frost and the effects of airborne pollutants of sulphur and nitric acid from the urban atmosphere. More detailed analysis of stone decay can be by non-destructive means or by the testing of samples (Bromelle 1986).
3.1 Documentation and evaluation of stone damage on monuments

Precise documentation has to address all available information about a monument and all types and results of investigation and work, ranging from the identification of a stone object to the quality control of preservation measures. Today, documentation plays an important role in education and project funding in the field of monument preservation. Modern computer technology represents an important tool for manifold steps of documentation (Fitzner 2004).
[image: image3.emf]
Figure 3.1: Approach to monument preservation 
The well-accepted approach to sustainable monument preservation comprises the steps of anamnesis, diagnosis and therapy (figure 3.1). Documentation has to be involved in each of these three steps. (VDI-Guideline No. 3798 - Part 1 / 1989; Part 2 / 1997, Part 3 / 1998)
3.1.1 Documentation within the scope of anamnesis

The anamnesis is to acquire, compile and evaluate all information, data and documents for the identification and description of stone monuments and for the portrayal of their history. In particular, it considers the following objectives:

· object identification: name, designation, owner, responsible authorities;

· location of the object: geographical and topographical location, geological conditions, building ground, exposure characteristics, surroundings in the course of time;

· description of the object: type, age, overall appearance, dimension, architectural style;

· art history: architectural composition, artistical elements, historical / cultural / artistical value of the object;

· construction history: phases of construction / rebuilding, construction techniques, type and provenance of building materials, craftwork, artwork;

· restoration history: concepts and chronology of previous restoration measures, techniques and materials applied for restoration;

· case history: utilization and function of the object in the course of time, natural or anthropogenic impacts, history of environmental conditions such as climate and pollution (Fitzner 2004).
3.1.2 Documentation within the scope of diagnosis

The diagnosis uses the information provided by the anamnesis and it represents the basis for the decision and implementation of appropriate preservation measures. The overall aim of the diagnosis is the characterization, quantification, interpretation and rating of stone damage on the monuments. The methodological approach of diagnosis includes laboratory analysis and in-situ investigation. Diagnosis has to consider different scales of stone deterioration (table 3.1).
	Scales
	parameters
	Investigation
	Involved sciences

	Non-visible deterioration
	Nanoscale < mm
	Changes of stone properties
	Laboratory analysis
	Geosciences, material sciences, chemistry, physics, microbiology, ecology

	Visible deterioration
	Microscale 

mm to cm
	Mass loss, micromorphology
	
	
	

	
	Mesoscale 

cm to m
	Deterioration phenomena
	In-situ investigation
	

	
	Macroscale- whole structures or monuments
	Structural stability, aesthetic appearance
	
	Structural engineering, architecture


Table 3.1: Scales of stone deterioration (Viles et al. 1997)

particular objectives of diagnosis are:

· stone materials and their properties: type and distribution of stone materials, stone working, surface structure, stone mounting, macroscopical characteristics, mineral composition, chemical composition, textural properties, porosity properties, thermal properties, mechanical properties, correlations between stone properties, stone quality;

· state of stone deterioration: stone alteration, physical disintegration, chemical decomposition, deterioration profiles, type and intensity of deterioration phenomena;

· factors and processes influencing stone deterioration: natural and anthropogenic factors, coaction of factors, interaction of processes, mechanisms of deterioration, threshold levels;

· progression of stone deterioration: stone properties in the course of deterioration, sequences of deterioration phenomena, rates of deterioration, models of stone deterioration, prognosis;

· rating of damage: degree of damage, distribution of damage, risk prognosis, need and urgency of intervention.

3.1.3 Documentation within the scope of therapy

The results of diagnosis are the basis for the deduction of therapeutical steps in accordance with the directives governing monument preservation. The therapeutical activities can be of remedial or preventive character. They can be addressed to maintenance, repair, rehabilitation, conservation, restoration, renovation, replacement, relocation, and reconstruction or rebuilding of monuments or structures. (Petzet 1999)
Particular phases of therapy are:

· conception, calculation and test-application of preservation measures: decision of necessary and proper preservation measures, including selection of best techniques and materials and considering acceptable technical efforts and expenditure, thorough test application of techniques and tests of materials selected for monument preservation to clarify the expected effectiveness;

· implementation of preservation measures: implementation of all individual therapeutical steps following a defined working plan and time schedule;

· quality control of preservation measures: reevaluation of the monument condition, comparison of the conditions before and after the therapeutical steps, critical rating of the success of the preservation measures, amendments;

· monitoring, maintenance: regular re-evaluation at suitable intervals by means of standard procedures which ensure that any changes can be identified and quantified as function of time, initiation and implementation of occasional or constant maintenance works.

All considerations, works, results, costs and participants in the course of anamnesis, diagnosis and therapy are to be precisely documented and should be summarized in a final documentation which should be stored properly.

This will ensure the thorough understanding of a stone monument ranging from its history and cultural significance to all interventions for its preservation. At the same time this documentation represents an excellent basis for all future activity. There is much effort to guide comprehensive documentation by means of data bases or expert systems (Fitzner 2004).
3.2 Principles of preservation 

The Venice Charter, the International Charter for the conservation and Restoration of Monuments and Sites (1964), phrased by the 2nd International Congress of Architects and Technicians of Historic Monuments, was also the foundation stone of the International Council on Monuments and Sites ICOMOS since the resolution to found an International Council of Monuments and Sites was adopted in Venice at the same time as the Charter. With the creation of ICOMOS a gap lamented by every nation has been closed and a need which had been felt by every local organization concerned with conservation satisfied. But above all, it is to be recognized that the most important positive result by far of this assembly has been the formulation of the official international code in the field of conservation of cultural properties in the entire world.

With the increasing consciousness of the unity of human values in heritage conservation and the common responsibility to safeguard historic monuments for the future generations, major principles laid down on an international basis guarding conservation by ICOMOS, in the year of 1979 the Burra Charter was declared in Australia, in the year of 1987 was the date of Washington Charter on Conservation of Historic Towns and Urban Areas, and lastly China ICOMOS declared the Principles for the Conservation of Heritage Sties (Petzet 2004). 
3.2.1 Conservation
To conserve means to keep, to preserve. Thus the basic attitude of preservation comes most purely to expression in conservation: to conserve is the supreme preservation principle. Together with stabilization and safeguarding measures, conservation work that protects the fabric of a monument and prevents its further loss should therefore have absolute priority over all other measures. 
For any historic building conservation includes all measures that prevent further decay and preserve the historic fabric (Venice Charter 1964).
3.2.2 Restoration
To restore means to re-establish. The Venice Charter (1964) says the aim of restoration is to preserve and reveal the aesthetic and historic value of the monument and is based on respect for original material and authentic documents, restoration is then adding new elements, without reducing the original fabric. Whereas conservation of the existing fabric of a monument only attempts, as far as is necessary to stabilize individual areas technically and to eliminate sources of danger that directly threaten the fabric, restoration is concerned with the overall appearance of the monument as historical and artistic evidence. 
3.2.3 Renovation
To renovate means to renew, and together with conservation and restoration it is a third wide spread method in preservation, renovation aims particularly at achieving aesthetic unity in a monument in the sense of "making new again" (the outer appearance, the visible surface of a monument, etc.) whereas "making visible again" by means of conservation work, cleaning or re-exposure in combination with completions still belongs in the realm of restoration (Venice Charter 1964).
3.2.4 Maintenance
Entire cultural landscapes are perishing for lack of building maintenance, affecting the age, old traditional earthen architecture particularly dependent on constant maintenance as well as stone buildings of abandoned villages and towns. A lack, for various reasons, of the most basic maintenance work is a problem that is sometimes overlooked for so long in preservation practice that expensive repairs become necessary. In such situations the question may arise of whether the damages are already so advanced that repair is no longer possible; then either the alternation loss must be accepted or a drastic renovation and rehabilitation may have to be undertaken as the only alternative.

Maintenance of historic building must always take into account the monument value of the fabric as well as the monument character of a structure. Under these conditions, proper maintenance can be the simplest and gentlest type of preservation because it guards against potential damages; especially those caused by weathering (Venice Charter 1964).
3.2.5 Repair and Stabilization
Even if the boundaries between maintenance and repair are fluid, in general the repair of a monument would be defined as work which occurs at greater intervals and is often necessitated by inadequate maintenance. Individual components of a monument might be repaired, added to or replaced.

A first principle of repair should be: Following thorough analysis all work is to be Limited to the truly necessary! It is a mistake to assume that nowadays the higher costs for unnecessary work would anyway ensure that only necessary work will be done. Quite apart from increased costs, various factors –ranging from a change in use, an increase in the standards of the use, inadequate preliminary investigations, improper planning, inappropriate techniques, poor execution of work, or sometimes even a misguided "preservation" plan that inclines toward perfection can also lead to an un necessary, radical renewal after which practically nothing is left of the historic fabric.

Out of the principle of limitation to the necessary in fact self-evident but nonetheless always in need of special emphasis arises the principle that repair takes priority over renewal (that is, replacement of components): As far as possible repair rather than renewal in general repair is understood to mean the most careful and localized exchange of materials or building components possible (Venice Charter 1964).
Just as the maintenance of a monument preserves original materials which have been worked in traditional techniques, the repair of a monument must be carried out in appropriate materials and techniques, provided that a modem conservation technique does not have to be used to en sure preservation. That means: Repair using traditional materials and techniques! A door, a window frame, a roof structure are thus best mended using an appropriate wood; old plaster is best supplemented in an analogous technique; likewise brick masonry is best repaired with bricks, a rubble wall with rubble stone, etc. Used as an addition to old plasterwork or as new plaster over old masonry walls, modem cement plaster for example is not only an aesthetic problem but also soon becomes a serious problem leading to further deterioration, in many cases modem hand tools or small electric machines can also be used to a reasonable extent, but the technical aids of the modem large-scale construction site should in general not be employed as they can only lead to unnecessary destruction in a historic building. In such cases sensitive skilled repair that is adapted to the old methods of construction and especially to the old surfaces is much more the issue than is the demand for imitation of historic techniques.

The principle of repair using traditional materials and techniques does not mean that in special cases the most modem techniques must be excluded, for instance if traditional repair cannot remedy the cause of damage or if repairs would destroy essential monument qualities whereas modern technology would guarantee greater success in the preservation of historic fabric. In certain cases the use of conservation-oriented technology for stabilization and consolidation is unavoidable.

Repair of monuments also encompasses technology for stabilizing and safeguarding monuments. Whereas repair work in general involves removal of damaged elements and replacement with new materials -resulting in a very careful exchange of materials or building components limited to the actual location of the damage -stabilization measures have a conservation-oriented objective that excludes as far as possible the replacement of materials or structural elements. Here, too, interventions in the original fabric cannot be avoided, for example in cases involving consolidation, hardening, impregnation, pinning or injections of substances such as lime trass or cement suspensions. Often just such "invisible" interventions as these are rather massive. Techniques also include substitute structural systems and protective fittings against weathering, the effects of light, etc (Venice Charter 1964).
Deciding whether and how repairs should be made or how a safeguarding measure should be carried out are certainly among the more difficult, specialized planning tasks for which the preservationist together with the engineer, chemist or restorer must work out a technical plan that accords with the nature of the monument.

3.2.6 Rehabilitation and Monetization
The term rehabilitation implies much more than "recovery": rather, it refers to work that is in part necessary but also is in part much too extensive and radical. Such work often results from the need to accommodate modem standards and provisions or to change a building's use; sometimes it is an outcome of revitalization measures that are not necessarily focused on a building's historic fabric.
Rehabilitation work undertaken to accommodate a building to today's residential needs (for example through installation of a new heating system or renewal of electrical or sanitary systems) usually involves necessary modernization measures which go beyond purely preservation-oriented repair work. But the basic preservation principle is valid here, too: interventions in the original fabric made in connection with modernization work should be kept as limited as possible while nonetheless enabling reasonable further use (Venice Charter 1964).
Rehabilitation and "monetization" (typically installation of a heating system) often involve major interventions in the floor and thereby in a zone of important archaeological findings. It is obvious that the rehabilitation of public buildings can lead far beyond the repair that becomes necessary from time to time, involving massive interventions that are determined by the building's function and by special requirements and that are regulated by the relevant provisions and standards, including fire walls, emergency routes, new staircases, elevators, etc (Venice Charter 1964).
3.2.7 Reconstruction
Reconstruction refers to the re-establishment of structures that have been destroyed by accident, by natural catastrophes such as an earthquake, or by events of war; in connection with monuments and sites in general to the re-establishment of a lost original on the basis of pictorial, written or material evidence. The copy or replica, in contrast to the reconstruction, duplicates an original that still exists. Partial reconstruction as a preservation procedure has already been discussed under the topic of completions and replacements. Reconstruction is by no means expressly forbidden by the Venice Charter (1964).
3.2.8 The option of reversibility

The term reversibility, not mentioned even once in the Venice Charter (1964) has in the meantime become common in connection with conservation /restoration /renovations sues and the conservation/ preservation, Of course, our monuments with all their later changes and additions which indeed are to be accepted on principle as part of the historic fabric are the result of irreversible historic processes. Their "age value" is also the result of more or less irreversible aging processes. It can hardly be a question of keeping there "natural" aging processes.

"Reversibility" in preservation works as the option of being able to reestablish -in as unlimited a manner as possible -the previous condition means deciding in favor of "more harmless" (sometimes also simply more intelligent) solutions and avoiding irreversible interventions which often end with an irreversible loss of the monument as a historic document.

Regarding the maintenance of monuments there are measures that must be repeated constantly and thus to a certain degree are reversible. It can be assumed that a certain degree of reversibility is guaranteed regarding repair measures as well, if the important principle of repairs using traditional materials and techniques is observed. For instance in case of repairs that become necessary again in the future or in connection with use-related changes, repair work that is limited to the strictly necessary is more likely to be reversible than would be the renewal of entire components using the arsenal of modem materials and techniques. This is not to mention the fact that a historic building, rehabilitated "from top to bottom", for which every principle of repair has been disregarded, can completely loose its significance as historic evidence without demolition taking place. Insofar as traditional repairs are limited to the replacement of worn-out old materials with new materials only on truly damaged places, the reversibility option refers essentially to preservation of the "ability to-be repaired" (repeated "reparability"). In this sense the replacement of stones by the Cathedral stonemason workshops, seen as "continuous repair”, can be understood as a "reversible" measure (insofar as it keeps its orientation to the existing forms, materials and craftsmanship), although the continuous loss of material is naturally an irreversible process (Venice Charter 1964).
The principle of reversibility will also be very helpful in judging a rehabilitation measure. For instance, the partition wall necessary for use of a building can be "reversibly" inserted as a light construction without massive intervention in the wall and ceiling, and thus could be removed during future alterations without difficulty.
3.3. Preventive conservation 

Doing something to the environment in which the stone finds itself (or, more succinctly, preventive conservation) is not simply a matter of temperature and relative humidity. It can embrace a very wide range of topics: legislation to protect individual buildings and monuments, pollution control, traffic control, control of ground water, visitor management, and disaster planning (Baer 1991).
Preventive conservation measures of more immediate effect are usually concerned with keeping water out of the stone and with controlling the relative humidity and temperature of the air around the stone. This is relatively easy for stone artifacts within a museum, and it may also be feasible for stone masonry that is exposed on the interior of a building (Price 1993). It is less easy for stonework on the outside of a building, although one may note the proposal to enclose the remains of Hamar Cathedral, Norway, in an air-conditioned envelope of glass and aluminum (Lewis 1992).
The main purpose of relative humidity control is to prevent salt damage. The humidity regime required to prevent damage in a stone that is contaminated with a single salt is well established, but stone is more commonly contaminated with a mixture of salts. The behavior of salt mixtures is described by Price et al. (1994), who present a computer program capable of determining the "safe" relative humidity ranges of any given salt mixture.

Protective shelters are frequently used on the outside of a building to protect those features that are particularly important. They may be part of the original design, or they may be a later addition. As an extreme measure, they may enclose the feature altogether. Their purpose is to reduce the amount of rain that reaches the stone and, insofar as is practicable, to stabilize the temperature and moisture content of the stone. If the shelter is a later addition, it is likely to be visually intrusive; unless it is so small as to serve little purpose. Few studies have been undertaken of the design requirements of such shelters, and it is possible that their benefits are more psychological than actual (Price 1996).
3.4 Interventive conservation
Interventive Conservation refers to any act by a conservator that involves a direct interaction between the conservator and the cultural material. These interventive treatments include: 

3.4.1 Cleaning 
Cleaning is often one of the first steps to be undertaken. By removing the dirt, one can better see the condition of the underlying stone and thus judge what further conservation may be necessary. Cleaning may also serve in some circumstances to remove harmful materials from the surface. However, the primary reason for cleaning will often be the dramatic change in appearance that can be achieved. A dirty building or monument does not look well cared for, and the dirt may well obscure both fine detail and major architectural features. Nonetheless, there are those who would argue that cleaning contravenes one of the fundamental principles of conservation (reversibility) and that by removing the dirt one is removing both the sense and the evidence of history. 

A wide range of techniques is available for cleaning stone, ranging from those that are intended for use on large facades to those that are intended for meticulous use on finely carved and delicate sculpture. This is an area where much progress has been made in the past thirty years, although little of it is reported directly in the literature (Price 1996).The basic techniques have remained largely the same, although they have become more refined. This reflects an increasing awareness of the damage that may be caused by inappropriate or overenthusiastic cleaning and also of the environmental issues posed by the use of certain chemicals or excessive quantities of water. The developments have largely come about through care and attention on-site rather than in the laboratory (Price 1996).
A number of authors have emphasized the damage that can be caused by cleaning: loss of surface, staining, deposition of soluble salts, or making the stone more vulnerable to pollutants or biological growths (Price 1996). It is undoubtedly the case that very severe damage can arise, but a degree of skepticism would perhaps be justified over "damage" that is observable only through a scanning electron microscope.
Protective treatment must always follow the cleaning of a material, because cleaning accentuates its roughness, making it more prone to damage from weathering agents. And remember that if cleaning is done on highly decayed surfaces the utmost caution should be used (Fassina et al. 2004).
Before cleaning it is essential to acquire the following information (Fassina et al. 2004):
· knowledge of the type of stone from the chemical-mineralogical-petrographical standpoint and of its physical-mechanical properties; 

· in addition to knowledge of the zones and layers of substances to be removed, qualitative and quantitative information about the type of work formerly done on the stone and any layers added to it (coloring, polychrome, etc.); 

· an in-depth study of the cause of decay, with particular reference to how the forms of alteration are distributed over the manufacture. 
The products and methods used in cleaning must (Fassina et al. 2004):
· not be reactive with the original materials and in any case those to preserve; 

· not provoke mechanical damage to the manufacture (such as erosion, break-up, break-off, cracking, etc.); 

· not leave permanent residue on the surface or interior of the material that could be harmful to its conservation; i.e., reaction byproducts that with time could cause the material to alter in appearance or lessen its physical-mechanical performance; 

· ensure the greatest control on cleaning speed so that the work can halt if necessary; 

· lead to the smoothest, least rugged, surface possible so the material is less prone to weathering; 

· prevent the formation of micro-fissures that are very harmful to the material because they allow water and acid solutions to seep in. 

The cleaning method should be chosen on the basis of the manufacture and its state of conservation; choice can be oriented after on-site or laboratory analysis - direct testing to evaluate the material's state of conservation and/or the effectiveness of the treatments and products intended to be used. 
Cleaning methods 
Depending on their working principles, cleaning methods can be divided into (Fassina et al. 2004):
1. Mechanical and physical-mechanical methods:

a) Mechanical cleaning with dry sandblasting (This is a method not recommended for historic buildings). 
b) Micro-sandblasting (mechanical cleaning using air-abrasion tools) 
c) Mechanical cleaning with micro-tools 
d) Mechanical cleaning with ultrasound equipment 
e) Laser (Light Amplification by Stimulated Emission of Radiation) cleaning
2. Physical-chemical methods using non-reactive solvents:

a) Water-bathing and brushing
b) Water spraying
c) Steam cleaning
d) Cleaning with nebulized water
e) Cleaning with compresses of non-reactive solvents
f) Cleaning with ion-exchanging resins
g) Wet sandblasting
3. Chemical methods using reactive solvents: 

a) Cleaning non-reactive stones with hydrofluoric acid
b) Cleaning chemically reactive stones with hydrofluoric acid
c) Cleaning chemically reactive stones with hydrochloric acid (It is not recommended on historic buildings). 
d) Cleaning chemically reactive stones with alkaline substances (Not recommended for historic buildings). 
e) Cleaning with organic solvents for oils and lipids
f) Cleaning with biological compresses
g) Cleaning with ammonium bicarbonate or ammonium carbonate
h) Cleaning with compresses of chemical products
i) Cleaning rust stains
3.4.2 Desalination

In situations where soluble salts are a major contributor to decay, it makes sense to try to remove the salts. The word try is used deliberately. The removal of water-soluble salts sounds tantalizingly easy, but it can prove difficult in practice. (Price 1996)
Bowley (1975) demonstrated that it was possible to extract a worthwhile quantity of salt from masonry through the repeated use of clay poultices, although little would be gained in the long run unless one could eliminate the source of further salt.

Desalination of masonry is usually attempted through the use of poultices, which may consist of clay, paper pulp, or cellulose ethers. In those instances where calcium sulfate is to be removed, additional materials may be added in order to increase its solubility. Clearly there are overlaps here with cleaning, especially in the removal of black crusts. The additives may include EDTA and its sodium salts, sodium bicarbonate, ammonium bicarbonate, and ammonium carbonate (De Witte et al. 1992). A word of warning may be appropriate: If a limestone is heavily sulfated, the calcium sulfate may be all that is holding it together, and removal could be disastrous (Price 1996).
More exotic methods of desalination may invoke the movement of ions and of solutions under the influence of electric fields. Skibinski (1985) in particular has advocated the use of membrane electrodialysis for artifacts, although it has not gained wide acceptance. Friese (1988) has described a system that can be applied to masonry, although few details are given whereby its effectiveness and potential hazards can be assessed. 
3.4.3 Consolidation

Where stone is severely weakened by decay, some form of consolidation may be necessary to restore some strength. Ideally, one might hope to make the stone at least as strong as it was originally, so it might resist further decay. 

Consolidants are usually applied to the surface of the stone by brush, spray, pipette, or by immersion, and are drawn into the stone by capillarity. Domaslowski (1969) experimented with a "pocket system" that was intended to hold the consolidant against the stone, and Mirowski (1988) has described a system of bottles for maintaining a steady supply of the consolidant at a large number of points. Schoonbrood (1993) has developed a low-pressure application technique that maximizes capillary absorption. Vacuum systems may also be used to facilitate penetration into movable objects, the vacuum system developed by Balfour Beatty Limited for use on monuments (Price 1996).
The majority of materials that have been tried as stone consolidants have been organic polymers, but two inorganic materials deserve a particular mention, as their mode of operation is rather different: calcium hydroxide (slaked lime) and barium hydroxide.
The basic characteristics a consolidation product must have are (Fassina et al. 2004): 
· the ability to regulate the passage of water and steam; 

· Good protective barriers against external agents (weather, pollution, powder/dust, biological agents, etc.); 

· a low thermal dilation coefficient, similar to the stone being treated, so that there is no cracking and break-off; 

· good compatibility with the petrographical and physical-mechanical characteristics of the stone material; 

· Little effect on the stone's final appearance. 

In addition to these basics, a consolidator should also:
· be able to easily penetrate the material and remain inside it even after the solvent evaporates; 

· not form a crust or surface patina, although it must be able to harden the stone, protecting it from the weather; 

· not allow water to seep inside, although it should allow water to be expelled; 

· not lead to the formation of stains on the surface; 

· not lead to the creation of internal stress due to dilation and contraction, which through time can cause the stone to flake off; 

· not be toxic, so as not to effect the operator's health; 

· not be corrosive and hence damaging to the material; 

· endure through time, perhaps eternally; 

· be able to act on moist or dry materials; 

· be effective in every climate (hot, cold, etc.); 

· not lead to the production of solid reaction products; 

· not be attackable by acid or alkaline substances (the solid part of the consolidator); 

· not crystallize over time, creating inner tension in the stone; 

· enable the material to consolidate without triggering any kind of reaction with it; 

· be able to consolidate all of the altered part, whose thickness differs from case to case and from material to material; 

· not lead to the surface's total impermeability to steam; 

· not create a shiny surface, which could be unattractive. 

Although there are many different kinds of product on the market, these can be divided into a few main categories (Fassina et al. 2004): 
· ethyl silicates (recommended for sandstone, brick and crude brick); 

· alkylalkoxy silanes (sandstone, brick and crude brick); 

· mixtures of ethyl silicates and alkylalkoxy silanes (sandstone, marble and limestone); 

· alkylayrl polysiloxanes, partially or totally polymerized (sandstone, marble and compact limestone); 

· acrylic resins, applied as monomers or polymers (marble and compact limestone); 

· mixtures of acrylic and silicone resins (sandstone, marble and limestone); 

· calcium and barium hydroxide (which can be used in calcareous stones only when their micro-fractures are micro-metric in size). 
Methods of applying consolidators
Consolidators can be applied in various ways, according to need and, in particular, according to the depth in the material that must be reached. This is why spraying is not very common for these products, and why using compresses (until the material is saturated) is preferred to percolation (that is, continually passing the product over the surface without allowing the solvent to evaporate). Compresses guarantee that the consolidator reaches the maximum depth possible, something that does not happen with brush application where, once the solvent evaporates, the consolidator also tends to return to the surface. Here, too, work continues until the substance is refused. For statues or particular mobile manufactures, vacuum impregnation can be used, placing the object in specific vats or containers equipped with an autoclave connected to a pump that creates a vacuum in the receptacle. In this case, having removed air and water (porosity) from inside the material, direct contact is guaranteed and therefore the best interaction possible between the consolidating substance and the stone. Consolidators must be applied only in good climatic conditions and on the driest possible material (Fassina et al. 2004).
3.4.4 Surface Coatings

A lot of research in the seventies and eighties was aimed at finding a single treatment that would both consolidate and protect stone. However, the naivete of this approach has become increasingly apparent, and many conservators now accept the need for two treatments: one to consolidate and one to protect. The soundness of the new approach has been borne out by Felix el al. (1994) and Alonso et al. (1994), who reported damage to certain stones following treatment with TEOS unless the stones were also given a water-repellent coating.

It is a small step to go on and think in terms of renewable protective coatings. The surface coating can be renewed at regular intervals; but the initial consolidation will, it is hoped, last much longer. The next step, perhaps, is to do away with the consolidant and to rely solely on the protective treatment (Sramek 1993). There may, indeed, be situations where a surface coating alone is sufficient on a dense, impermeable stone, for example. Nonetheless, the long and disappointing history of surface coatings on the more porous limestones and sandstones should not be dismissed too readily (Honeyborne 1990).
3.4.4.1Water Repellents 

The property that has been most sought in surface coatings is water repellency. The logic behind the approach is simple: Since water is involved in most forms of stone decay, a treatment that prevents the ingress of water should help to reduce decay. It has also been argued that water repellents should help to prevent resoiling. 

Water repellency has been provided largely by alkoxysilanes, silicones, and fluoropolymers. The development of the fluoropolymers provides an interesting, and regrettably rare, instance of "tailor-made" products. The polymers are close relatives of polytetrafluoroethene (PTFE, or Teflon), renowned for its nonstick properties. The early fluoropolymer coatings worked well. Subsequent development has entailed the synthesis of compounds containing functional groups that can adhere to the stone surface, thereby providing more persistent protection (Piacenti et al 1993).
Another example of "tailor-making" is provided by Aglietto et al. (1993) and Fassina et al. (1994), who have synthesized a range of fluorinated acrylic polymers. The intention, which was partially achieved, was to improve water repellency and resistance to photooxidation, by comparison with nonfluorinated analogues such as Paraloid B72. The use of fluorinated polyurethanes has been reported as well by Guidetti et al. (1992).

3.4.4.2 Barriers against Air Pollution

Water-repellent coatings prevent the ingress of liquid water, but they do not prevent the passage of water vapor. Moreover, many surface coatings are also permeable to harmful gases such as sulfur dioxide. Cimitàn et al. (1994), for example, have shown that calcium sulfate forms on the surface of calcareous samples that are exposed to sulfur dioxide after treatment with a silicone resin. Drioli et al. (1991), however, have emphasized the potential of polymeric membranes that are permeable to some gases and not others. It is possible, in principle, to deposit on the surface of stone a membrane that is permeable to water vapor, for example, but not to sulfur dioxide. It should also be possible to deposit "directional" membranes, which are more permeable in one direction than in the other (Petropoulos et al 1991).
3.4.4.3 Reaction Inhibitors

Cimitàn et al (1994) raise the prospect of treating stone surfaces with compounds that will inhibit the sulfation of calcium carbonate. They report encouraging results with the use of p-nitroaniline, and they suggest that the use of such compounds as "primers" might prolong the service life of silicone coatings.
3.4.4.4 Crystal Growth Inhibitors

Another possibility is to treat the stone surface with compounds that inhibit the growth of salt crystals. Relevant technology already exists in such diverse fields as anticaking agents for road salt and in underwater oil extraction, where phosphonates are used to prevent the precipitation of barium sulfate and calcium sulfate (Black et al. 1991). Applications in the field of conservation have been proposed from time to time 
3.4.4.5 Biocides

There is a long history of research into surface treatments that will kill biological growths and, if possible, inhibit regrowth. Such treatments must meet a large number of criteria, and this can prove difficult in the outdoor environment, where there is a continual supply of moisture to promote regrowth. They must not only kill the growth in the first place, but they must also be resistant to new strains. They must not have any harmful effect on the stone itself, nor must they change its appearance. They must not be washed out by rainfall or destroyed by ultraviolet light, and they must be safe both to the person applying them and to the wider environment. 

Most of the existing research on biocides has been concerned with algae, lichens, and higher plants like weeds, mosses, and ivy. Some of the research has been based on cultures in the laboratory, while most of it has been based on site trials. Examples of such research are provided by Agarossi et al. (1989) and Anagnostidis et al. (1992). The latter also emphasize the need for regular observation and retreatment and they suggest "early warning systems" to indicate the moment for retreatment. Caneva et al. (1991) provide a valuable account of the many available biocides, which are normally applied to the surface of the stone by brush or spray. Portable objects may also be treated by fumigation: Elmer et al. (1993), for example, report the use of ethylene oxide. Bassier (1989) reports the use of ultraviolet radiation to sterilize mineral surfaces. Caneva et al. (1991) mention the possibility of preventive conservation by the deliberate introduction of suitable vegetation in the vicinity. It is possible that some water repellents may have a biocidal effect. Sorlini (1991) report the inhibition of fungal growth by a methyl phenyl silicone resin, but other workers like Koestler et al. (1988); Petushkova et al. (1990) and Krumbein et al. (1993) have reported the opposite effect: the biodegradation of silicones.

Relatively little research has been conducted on antibacterial treatments for stone. This is surprising, perhaps, in view of the extensive work on the role of bacteria in decay, but it may reflect the difficulty of finding antibacterial treatments with sufficient persistence. Nonetheless, Orial et al. (1992) present a satisfying account of the use of streptomycin and kanamycin to eliminate bacteria from stonework at Elne Cathedral for a period of more than seven years, with a resulting cessation of decay.

Chapter IV
4. The case study (Saint Nicholas Cathedral) 

4.1 Famagusta /Gazimağusa 
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	Figure 4.1. Famagusta district- North Cyprus  (www.ownersdirect.co.uk)

	Figure 4.2. walled city of Famagusta (http://maps.google.de)




The city of Famagusta (Figure 4.1) (35°12'0 N, 33°52'30 E), is an important city in the Turkish republic of Northern Cyprus (TRNC) with a population of 35,453 (2006) (trncinfo.com), It is located in a bay between Capes Greco and Eloea, east of Nicosia. Much of the history of the town is little known as there are no written records and the only source of material is from travelers’ accounts of merchants passing through. Some historians declare that it was founded by King Ptolemy Philadelphus of Egypt in 285 B.C.

 By the year 1300 A.D. the town was one of the principal markets of the Eastern Mediterranean, the meeting place of rich merchants and the headquarters of many Christian religious orders as revealed by numerous churches of various denominations still to be seen in the town today. This was the time of the Crusades and when the rich Lusignan family ruled Cyprus, and though the period 1200 to 1489 in Cyprus history is called the Lusignan period.

The period 1300 to 1400 is known as the golden age of Famagusta. After 1400, rival factions of Genoese and Venetian merchants settled there. The Genoese caused much strife until finally the Venetians took command of all Cyprus and transferred the capital from Nicosia to Famagusta in 1489. The Venetians were in command for 82 years and it was from Famagusta that the whole island was governed. 
The Turkish navy led by Lala Mustafa Pasa arrived outside the town in 1570 and after along siege and under continues attacks the defenders surrendered. Turkish rule over the city remained until 1878 where England took full control of the Island. The end of the English rule in 1960 led to the rise of intercommonal conflict between Greek Cypriots and Turkish Cypriots which concluded in 1974 with the war that divided the island into two states, where the Turkish Cypriots declared the Turkish Republic of Northern Cyprus (Dreghorn 1985).
3.2 Saint Nicholas Cathedral / Lala Mustafa Paşa mosque

[image: image1.png]


[image: image60.emf]The Cathedral of St. Nicholas (figure 4.3), has not only a living witness to seven centuries of many actions and historical changes in Cyprus, but stands as a great architectural icon, epitomizing a wealth and power, which Famagusta has not experienced for 600 years (Edbury 1999). As a barometer of civic pride, refined aesthetics, and northern European engineering prowess, the Cathedral represents only a fragmented. Hint, a shattered remnant, of this brief cultural zenith and period of extreme economic prosperity. 

The French Knight Guy de Lusignan , Guy of Jerusalem or Guy of Cyprus (born in 1159/1160 – died in Nicosia, 18 July 1194)  acquired Cyprus on his return from defeat at Hattin at the hands of Saladin’s army in 1187 (Hamilton 2000). With him, came the Lusignan dynasty, and therefore the wide ranging influences of Medieval France, a country already half a century into the Early Gothic Period which had boasted architectural triumphs like the choir of St. Denis, the façade of Amiens Cathedral, the construction of Notre Dame in Rouen and the Royal Portal at Chartres Cathedral. Socially and economically, the fortunes of Famagusta were inversely proportionate to those of the crusaders and their holy mission, and so, St. Nicholas Cathedral came to represent the zenith of this wealthy, yet un-triumphant society, as it was appointed the coronation place for the Lusignan dynasty as Kings of Jerusalem (and later of Armenia), after they had been crowned in Nicosia as Kings of Cyprus (Gunnis 1973). Famagusta become the merchants option for trading with orient, in place of Acre, to represent the eastern most outpost of Latin Christendom in the Mediterranean and a hub of commerce (Edbury 2002).
The Genoese records of Famagusta published by Cavalieri Desimoni suggest that construction of the Cathedral got under way on 3rd August in the year 1300 A.D. (Enlart 1987). Others left the same instructions in their wills in the same year, implying that there was a Cathedral, or at least one-in-the-making, It must be noted that the great Cathedrals of the Middle Ages often took more than 100 years to complete, so possibly St Nicholas was completed about 1,400 (Dreghorn 1985). 
Balletto recorded that the Cathedral, in whatever state of completion, was consecrated in 1326. In 1373 the Genoese invaded and this did nothing to assist with the construction of the ecclesiastical buildings which seemed now to grind almost entirely to a halt (Balletto 1996).
The history of earthquakes affected Cyprus can easily be found in the literature, on the other hand, information abut the direct effect of these earthquakes on buildings such as Saint Nicholas Cathedral is not none. Walsh (2005) reported that in 1546 and then again in 1568 deterioration was catalyzed when Famagusta suffered earthquakes and storms, which damaged many buildings. Table 4.1 shows a survey of historical earthquakes affected the region.
	Date
	Magnitude

Ms
	Comments

	1303
	
	The epicenter of this shock is very uncertain, as is the level of damage in Nicosia or Famagusta.

	1480-817
	
	Considerable damage in Nicosia

	1491
	
	Great damage in Nicosia

	1546
	
	Santa Sophia destroyed and abandoned 

	1567
	
	Multiple shocks over a period of days 

	1577
	
	Some damage at Nicosia, Epicenter probably near Curium

	1718
	
	Great damage at Nicosia, considerable life loss

	1735
	
	Damage at Famagusta, Probably strong felt in Nicosia

	1756
	
	No significant damage at Nicosia

	145
	
	Felt at Dali

	1894.Jan 13
	5.5
	Felt strongly in Nicosia

	1896.June 29
	6.4
	Every awoke and ran outdoors at Nicosia

	1900.Jan 5
	5.7
	Minor damage in Nicosia

	1903.Aug 27
	4.9
	Panic in Nicosia

	1906.Feb 23
	5.3
	Strongly felt in Nicosia

	1918.Sept 18
	6.3
	Widely felt in Nicosia

	1921.Apr 20
	5.3
	felt in Nicosia

	1924.June 9
	4.6
	A local earthquake in the western part of the Mesaoria valley 

	1933.June 13
	4.3
	Epicenter in the vicinity f Morphou

	1937.Apr 28
	5.4 MB
	Felt in the Mesaoria valley. Earthquake epicenter perhaps poorly located 

	1940.July 24
	4.9
	Minor damage in the Mesaoria valley

	1941.Jan 20
	5.9
	Major damage in southeast Cyprus

	1947.Dec 9
	5.4
	Felt throughout the island

	1953.Sept 10
	6.1
	A double shock, damaging in southwest Cyprus

	1959.June 13
	4.5
	Strongly felt in Nicosia

	1961.Sept 15
	5.7
	Minor damage in Nicosia

	1984.Mar 28
	4.5
	Strongly felt in Nicosia

	1996.Oct 9
	
	damage in Nicosia


Table 4.1 survey of historical earthquakes affected the region. (Rogers et al. 2000)
Walsh (2005) reported that in 1570 the Ottomans bombed the cathedral during the siege of Famagusta, and after they took full control over the city, Ottomans removed all the inside decoration and Christian referencing in keeping with Islamic attitudes. Sculptures also were removed, destroyed or disfigured, while stained glass was replaced with clear glass (Cobham 1894).
In 1878 a pioneering Scottish photographer, John Thomson, could describe Famagusta as “a place of ruins, a city of the dead, in which the traveler is surprised to encounter a living tenant” (Thomson 1985). Fortunately, however, “there was never any real attempt to erase completely the traces of the defeated civilizations and their belief systems from the landscape” (Walsh 2005).
As shown above, damage has occurred at the cathedral in different aspects, on the other hand, there is no evidence in the available literature of which are the effected or damaged parts at the cathedral, or which are the parts that have been restorated, when and by which means. Based on this fact, the current study hypothesized that all stones at the cathedral have exposed to the environment since construction.        
4.2.1 Contemporary description of the Cathedral 

[image: image61.jpg]


The west facade of the Cathedral (figure 4.4) is the most impressive in scale and detailing, therefore Thubron (1986) can say describing “a lucid and perfect dialect” 
The Cathedral is constructed from limestone; the building exudes a yellow/orange color with some black crusts in many stones faces. The façade is dominated by the remnants of two identical gabled bell towers, rising from the second story and flanking the centrally situated rose window. Each tower is four sided, containing mullioned windows in which the tracery has almost completely disappeared on all but the east side of the southern tower. Both towers are pocked with cannon ball marks and are in an advanced state of neglect, parts of the masonry tracery being found on the ground on the south side of the building. The north tower has been extended into a minaret, though this too has changed in character through- out the years, with some stepped supports, hastily added to prevent collapse, recently removed. On the north tower the top of the gable has gone completely and this is consistent with every existing photograph and sketch of the Cathedral, suggesting that it may have been destroyed in the bombardment of 1571 (Walsh 2005).
A wooden walkway exists in the interior of the southern tower though it is uncertain whether or not it is original, while the bells that would have been housed there have long since vanished. It is believed that the Cathedral, unlike its European counterparts, never had a pitched roof (L’Anson 1883). At the centre of the west façade is the rose window in rayonnant style used widely from the end of the 13th to the middle of the 14th Century in Europe. Three doorways pierce the western façade and each is gabled and capped with what look like three bases, presumably for statues that have now gone. Perhaps a guideline can be ascertained from Reims Cathedral where the three statues in the same situation are: Christ in Judgment, the Virgin, and St. John. In other cases the figures traditionally include the patron Saint of the Cathedral accompanied by two angels. There is no clue as to who exactly presided over the main entrance to St. Nicholas Cathedral, though perhaps they were the bishops of the Cathedral and/or the Kings of Cyprus and Jerusalem (Jeffery 1918).
There are two other main entrances to the building, on the north and south sides. These are in various states of disrepair and showing damage signs from the 16th Century earthquakes and the Ottoman batteries of the same century. The south door occupies the entire space between two buttresses, and boasts a large gable decorated with foliar motifs, which sometime between 1883 and 1896 was destroyed and then blocked up. Later a crude window was cut into the blocked door and pieces of discarded masonry from the process are lying not far away.
The plaque (Figure 4.5) bearing the construction inscription can be seen on two sides of the west-facing buttress of the south doorway between the third and fourth bays. It is very difficult to read as a gutter, now gone, has let environmental condition erode lower sections. The translation of the readable parts is: “In the year of Christ 1311 on the 4th August the money provided for the building of the church of Famagusta was paid down and Bishop Baldwin began the work in the same year on the 1st day of September, of which work six vaults and the two aisles had been completed and 10 vaults of the aisles and eight vaults of the nave remained to be built” (Enlart 1987).
The exterior of the whole Cathedral is suffering from many types of deterioration, weathering and some parts is totally eroded, as there is no preservation projects took place to save it.
The interior of St. Nicholas Cathedral is in a much better state of preservation than the exterior, principally as it has been a functioning mosque for over 400 years. The structural emphasis is on the vertical, drawing the worshipper’s eyes heavenward on entering the building, to the ceiling which divides into quadripartite vaults, then into a fan which descends to meet five tall, double light windows in the apse. Though the fine lines and vertical thrust of the interior are both elegant and imposing, it is very difficult to conclude anything specific of the now hidden or removed decoration. In the south there were some frescoes which could still faintly be seen at the end of the 19th century (Christ on the Cross with the Virgin and St. John) but of this there is no trace today. It is perhaps encouraging to think that under this plaster, paintings and frescoes will yet experience amoderately stable conservation environment, assuming they were not too badly damaged before they were covered (Walsh 2005).
Certainly, the original idea of the stained glass, pouring light, and color through the clerestory and rose window, recreating celestial Jerusalem adorned with jewels, belongs only to the domain of imagination. In any Gothic Cathedral the creation of interior light is crucial not only for illumination but also to demonstrate a hitherto unknown engineering prowess that permitted the support of colossal weights, apparently on glass. Now modestly colored lozenges of glass take the place of the medieval glazier’s endeavours, while in some cases it has been easier to brick up the windows altogether (Walsh 2005).
4.2.2 Weathering state of the Cathedral  

Saint Nicholas Cathedral shares the same forms of weathering with all the old historical buildings existing in Famagusta’s walled city, because of three main reasons: 

1) Most of buildings were built in the same period of time (Lusignan Age),

2) Construction materials and methods used in these buildings are mostly the same,

3) All shared the same environmental conditions since construction.

Therefore it maybe possible to say that any survey of weathering forms for Saint Nicholas Cathedral can be generalized to all Famagusta’s historical buildings. 

For the purpose of surveying weathering forms common on Saint Nicholas Cathedral walls, the place was vested more than few times, and all the forms of decay and weathering on the stones was documented by photographs, which was analyzed carefully, and the following group of figures were selected to illustrate the most common forms and causes of weathering depending on the Classification scheme of weathering forms by Fitzner et al. (2002).
	[image: image6.png]



	[image: image7.png]




	Figure 4.6 (Relief) Alveolar weathering (Ra)

(Photograph by Y.M. Ibreighith)
	Figure 4.7 (Relief) Alveolar weathering (Ra)
(Photograph by Y.M. Ibreighith)



Figure 4.6 is a wall section from the angle between eastern and southern sides of the Cathedral, the stones of this section are extremely weathered and the stones have lost most of its volume and strength. hence, this wall is perpendicular to the sea shore and also it is facing the sea breeze direction, these winds as they are coming from sea direction they are carrying seawater spray to the building. 

Figure 4.7 is a wall section from the southern wall of the Cathedral. The stones are highly weathered and most of the original stone surfaces have been departed.  

In both cases shown in figures 4.6 and 4.7, weathering can be classified according to the classification scheme in chapter II as follows:

· Group : No.1 (Loss of stone material), 

· The main weathering form: Relief (R),
· Individual weathering form: Alveolar weathering (Ra). 

Alveolar weathering which is also known as honeycomb weathering, fretting, cavernous weathering, alveoli weathering, stone lattice, stone lace or miniature tafoni weathering, is a type of salt weathering common on coastal and semi-arid granites, sandstones and limestones. Alveolar Honeycomb weathering can be seen to develop on buildings where a rate of development can be established. This rate can be as fast as several centimeters in 100 years (Mustoe 1982).
For alveolar weathering to occur, a source of salt is needed because the basic mechanism for this kind of weathering is salt heaving. Salt is deposited on the surface of the rock by saltwater spray or by wind. Moisture must be present to allow for the salt to settle on the rocks so that as the salt solution evaporates the salt begins to crystallize within the pore-spaces of the rock. Porous rock is also needed so that there are pore-spaces for the salt to crystallize within. These salt crystals pry apart the mineral grains, leaving them vulnerable to other forms of weathering. It takes prolonged periods for this weathering to become visible, as the rock goes through cycles of wetting and drying (Mustoe 1982).
Weathered stones from this form can be noticed all around the Cathedral, it’s the most common weathering form, and can be seen in different grades and shapes. This was an expected outcome, due to the stone type (limestone) which is a porous stone, and the surrounding marine environment, the main conditions needed to alveolar weathering to occur as previously discussed. Figures 4.8, 4.9 and 4.10 below are additional examples.
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	Figure 4.8 from western wall

(Photograph by Y.M. Ibreighith)
	Figure 4.9 from western wall

(Photograph by Y.M. Ibreighith)
	Figure 4.10  from northern wall

(Photograph by Y.M. Ibreighith)


The second most common weathering form; illustrated in figures 4.11 and 4.12 is the biological growth on the stones surface, covering large parts of the stones, hiding the original shape, and also helping to change the original stone color due to chemical reactions between stone materials and acids released by organisms which also accelerate the weathering rate. 
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	Figure 4.11 Biological colonization 

(Photograph by Y.M. Ibreighith)
	Figure 4.12 Biological colonization 
(Photograph by Y.M. Ibreighith)


In both Figure 4.11 and 4.12 weathering of the stones can be classified according to the classification scheme in chapter II, as follows:

· Group: No. 2 (Discoloration / Deposits),
· The main weathering form: Biological colonization to crust (B-C).(Transitional form between biological colonization (B) and crust (C)),

· Individual weathering form: Microbiological colonization to dark-colored crust tracing the surface (Bi-dkC). (Transitional form between microbiological colonization (Bi) and dark-colored crust tracing the surface (dkC)).

Biological growth can bee seen in many different places on Cathedral’s walls, and in different sides, but they are more common on the stone rows adjacent to the ground (Figure 4.13), this can be explained by taking in account the possible penetration of ground water by capillary forces into the stone, providing the wet environment needed for organisms to grow, this water also contains many minerals which can play an important role in both, the growth of organisms, and the harmful chemical reactions with the stone’s minerals.

Growth of upper plants (Figures 4.14 and 4.15) can be noticed also between stones and inside cracks due to the accumulation of dust particles within time and the presence of suitable humidity level and temperatures. 

	[image: image13.png]



	[image: image14.png]



	[image: image15.png]




	Figure 4.13 Biological colonization

(Eastern wall)
 (Photograph by Y.M. Ibreighith)
	Figure 4.14 Colonization by higher plants (southern  wall) (Photograph by Y.M. Ibreighith)
	Figure 4.15 Colonization by higher plants (western  wall)

(Photograph by Y.M. Ibreighith)


The weathering of the stones in figures 4.14 and 4.15 can be classified according to the classification scheme in chapter II, as follows:

· Group: No. 2 (Discoloration / Deposits),
· The main weathering form: Biological colonization (B),
· Individual weathering form: Colonization by higher plants (Bh).

The third common form found in St. Nicholas Cathedral is the Soiling by particles from the atmosphere, it is easy to notice the accumulation of dirt and dust on the decorative Arches on top of the doors and on the sides of the three main doors in the western side. These dirts ruin the remarkable view of art work and the entire wonderful view of the western side too. Figure 4.16 shows the right door.
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	Figure 4.16 Soiling to crust

(western wall)

(Photograph by Y.M. Ibreighith)
	Figure 4.17 Soiling to crust  (eastern  wall)

(Photograph by Y.M. Ibreighith)
	Figure 4.18 Soiling to crust (western  wall)

(Photograph by Y.M. Ibreighith)



This type of dirt can be noticed also on the other doors around the Cathedral and on the other architectural formations (figures 4.17 & 4.18). The main source of dirt and dust is the air pollution from cars gases, and from Sahara dust which is common on the region during the spring months.     

The weathering of the stones in figures 4.16, 4.17 and 4.18 can be classified according to the classification scheme in chapter II, as follows:

· Group: No. 2 (Discoloration / Deposits),
· The main weathering form: Soiling to crust (I–C), (Transitional form between soiling (I) and crust (C)).

· Individual weathering form: Soiling by particles from the atmosphere to dark-colored crust tracing the surface (pI-dkC), (Transitional form between soiling by particles from the atmosphere (pI) and dark-colored crust tracing the surface (dkC)).
Coloration is a common weathering form in the Cathedral, this form of discoloration occurring due to chemical weathering of minerals (e.g. oxidation of iron and manganese compounds), due to intrusion / accumulation of coloring matter or due to staining by biogenic pigments (Fitzner et al. 2002).
Figures 4.19, 4.20 and 4.21 are examples for coloration from the western side. 
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	Figure 4.19 Coloration

(Photograph by Y.M. Ibreighith)
	Figure 4.20 Coloration

(Photograph by Y.M. Ibreighith)
	Figure 4.21 Coloration

(Photograph by Y.M. Ibreighith)


The classification of weathering in figures 4.19, 4.20 and 4.21 according to the classification scheme in chapter II is as follows:

· Group: No. 2 (Discoloration / Deposits),
· The main weathering form: Discoloration (D)

· Individual weathering form: Coloration (Dc)
In addition to the forms discussed previously, there are many different forms of weathering which can be found on the building, some times in a single stone, more than one form can be responsible for damage. Figures 4.22 and 4.23 show different forms of weathering in the same wall sections.
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	Figure 4.22 weathered wall section

(southern side)
(Photograph by Y.M. Ibreighith)
	Figure 4.23 weathered wall section 
(northern side)
(Photograph by Y.M. Ibreighith)


Figure 4.22 suffering from these weathering individual forms:

1. Colored crust tracing the surface (fkC),

2. Detachment of a dark-colored crust changing the surface (diK)
3. Colonization by higher plants (Bh)

Figure 4.23 suffering from these weathering individual forms:

1. Light-colored crust tracing the surface (hiC)
2. Microbiological colonization (Bi)
3. Efflorescences to light-colored crust tracing the surface (Ee-hkC)
The following figures 4.24, 4.25 and 4.26 discussing three different destruction forms, the first one illustrated in figure 4.24 is a break out of stone pieces due to constructional cause (bO), the second one (figure 4.25) is break out due to a non-recognizable cause (oO).
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	Figure 4.24 Break out
(Photograph by Y.M. Ibreighith)
	Figure 4.25 Break out
(Photograph by Y.M. Ibreighith)
	Figure 4.26 destructive works
(Photograph by Y.M. Ibreighith)


The third figure 4.26 is showing an example of destructive constructions on this window, ignoring one of the main principles of preservation “Repair and Stabilization” and “the option of reversibility”. In the Cathedral there are four windows and doors were closed, without any planning or respect to the original construction. 
A detailed weathering and discoloration grades survey for the whole Cathedral will be a part of chapter V, where a stone by stone mapping of weathering grades and discoloration stages will be an important part of this study. 

4.3. Case environment
Investigations on the environment all around a building should be made by on-site air sampling and analysis, but it would require long testing periods and very expensive instrumentation. A cheaper and easier procedure consists in using the meteorological and air quality data recurrently collected by the local Agencies and Institutes. In northern Cyprus, the air quality is monitored in almost all the urban areas for the purpose of people health safeguard and many of the monitored pollutants, i.e. SOx, NOx, ozone and particulate matter, are accountable also for chemical attack on building materials. As well known, sulphur oxides cause sulphation of calcareous materials (Rabl 1999) and the reaction is catalyzed by nitrogen oxides, ozone (Massey 1999) and heavy metals and carbonaceous particles contained in the atmospheric particulate matter (Primerano 2000). CO2 amount in air, contributing to acid rains and thus to building materials deterioration. CO presence, very dangerous for human health. Along with atmospheric pollution data, climatic data must be collected and in particular relative humidity, rainfall and temperature. In fact moisture, coming not only from ground but also from air humidity and rain, either causes or worsens all the decay processes in porous building materials (Mulvin et al. 1994), such as washing away, migration and crystallization of soluble salts (Watt et al. 2000), chemical and biological attack (Saiz-Jimenez 1993), corrosion of metallic elements, etc. Finally, it may cause also freeze–thaw damage. Data about climate and pollution in the area of the building (Famagusta) was collected from the local resources such as the metrological department of northern Cyprus. 

Famagusta shares the same climate with the most coastal regions in the island of Cyprus, which has an intense Mediterranean climate with the typical seasonal rhythm strongly marked in respect of temperature, rainfall and weather generally. Hot dry summers from mid-May to mid-September and rainy, rather changeable, winters from November to mid-March are separated by short autumn and spring seasons of rapid change in weather conditions.
The predominantly clear skies and high sunshine amounts give large seasonal and daily differences between temperatures of the sea and the interior of the island which also cause considerable local effects especially near the coasts.
In summer the City is mainly under the influence of a shallow trough of low pressure extending from the great continental depression centred over southwest Asia. It is a season of high temperatures with almost cloudless skies. Rainfall is almost negligible but isolated thunderstorms sometimes occur which give rainfall amounting to less than 5% of the total in the average year.
In winter Famagusta is near the track of fairly frequent small depressions which cross the Mediterranean Sea from west to east between the continental anticyclone of Eurasia and the generally low pressure belt of North Africa. These depressions give periods of disturbed weather usually lasting from one to three days and produce most of the annual precipitation, the average fall from December to February being about 60% of the annual total.
Table 4.1 below shows the main climatic data averages for the period between the years 1975 to 2005, According to Meteorological department of TRNC. 

	
	Jan.
	Feb.
	Mar.
	Apr.
	May
	June
	July
	Aug.
	Sept.
	Oct.
	Nov
	Dec
	Year Av.

	Average Temp. (°C)
	12
	12.1
	13.9
	17.1
	21.5
	25.5
	28.1
	28.4
	25.8
	22
	17.4
	13.5
	19.8

	Av. Highest Temp. (°C)
	16.5
	16.6
	18.7
	22.4
	26.7
	30.8
	33.4
	33.5
	31.2
	27.4
	22.2
	17.
	24.8

	Av. Lowest Temp. (°C)
	7.1
	6.9
	8.1
	11.3
	15.3
	19.6
	22.5
	22.8
	19.8
	16.2
	11.7
	8.3
	14.1

	Av. Precipitation (mm)
	65.1
	45.6
	36.6
	19
	18.1
	7.2
	0.6
	1.1
	3.6
	17.
	43.1
	3.1
	341.1

	Av. Humidity %
	73.6
	72.6
	73.2
	71.8
	68.5
	66
	66.6
	68.8
	68.2
	68.7
	71.1
	74.2
	70.2

	Av. Wind speed (m/s)
	3.2
	3.2
	2.9
	2.7
	2.6
	2.6
	2.6
	2.5
	2.5
	2.6
	3
	3.1
	2.8

	Wind direction
	W
	W
	W
	W
	W
	SW
	SW
	SW
	W
	W
	W
	W
	W


Table 4.2 Meteorological Data of Famagusta (1975-2005) (TRNC metrological department 2005)

4.3.1 Air Temperatures
Cyprus has a hot summer and mild winter, the seasonal difference between mid-summer and mid-winter temperatures is about 14 ºC on the coasts.

Differences between day maximum and night minimum temperatures are quite large especially in summer for about 9ºC to 12 ºC. These differences are in winter 8 ºC to 10 ºC.

In July the mean day time temperature ranges between 37.0ºC - 40.0ºC, in January the mean daily temperature is 12 ºC.

Frosts are very rarely severe in Famagusta since the temperature do not reach to frees limits but rare (TRNC metrological department 2010).
Figure 4.27 shows the average min and max temperatures in Famagusta for the year of 2009
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Figure 4.27 Average Min and Max temperatures in Famagusta (2009)
 From (www.weather-and-climate.com)
4.3.2 Relative Humidity of the Air

Elevations above mean sea level and distance from the coast have a considerable effect on the relative humidity. Humidity average is 65 to 95% during winter days and at night throughout the year. Near midday in summer it is usually a little over 60% which is relatively high if compared to inland cities.

Fog is infrequent and usually confined to the early mornings but there are longer periods on the mountains in winter when cloud often envelops the highest peaks. Visibility is generally very good or excellent but on a few days each spring the atmosphere is very hazy with dust brought from the Arabian and African Deserts.
4.3.3 Sunshine

Famagusta like all parts of Cyprus enjoy a very sunny climate compared with most countries. In the central plain and eastern lowlands the average number of hours of bright sunshine for the whole year is 75% of the time that the sun is above the horizon. Over the whole summer six months there is an average of 11.5 hours of bright sunshine per day whilst in winter this is reduced only to 5.5 hours in the cloudiest months, December and January.
Figure 4.28 shows the average sunhours in Famagusta for the year of 2009.
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Figure 4.28 Average sunhours in Famagusta (2009) from (www.weather-and-climate.com)
Figure 4.29 beneath simulate the sun path over the Cathedral, while sun is shinning from east passing over the building from southern side, and sets in the western side. Therefore, the northern façade of the Cathedral is noticed to reseve the lowest amount of sunshine during the day in relative to the other sides of the building, offshore this effects in two different ways, once the humidity levels and moisture content in the northern side will rise to be higher than other sides, but in the other hand evaporation levels of the moisture from inside the stone will be the lowest in the building.     
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	Figure 4.29 simulating the sun path in relative to the Cathedral. (www.gaisma.com)


3.3.4 Winds

Over the eastern Mediterranean generally surface winds are mostly westerly or southwesterly in winter and northwesterly or northerly in summer. Usually of light or moderate strength, they rarely reach gale force.
Differences of temperature between sea and land which are built up daily in predominant periods of clear skies in summer cause considerable sea and land breezes as shown in figures 4.30, 4.31.
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	Figure 4.30 Sea breeze (from www.uwsp.edu)
	Figure 4.31 Sea breeze direction with regard to the Cathedral (drawing by Y. Ibreighith)


Gales are infrequent over Cyprus but may occur on the city due to its position on an exposed coast with winter depressions. Small whirlwinds are common in summer appearing mostly near midday as "dust devils" on the hot dry central plain. Very rarely vortices, approaching a diameter of 100 meters or so and with the characteristics of water spouts at sea and of small tornadoes on land, occurs in a thundery type of weather. Localized damage caused by these has been reported on a few occasions but in general Cyprus as whole, suffers relatively little wind damage.

3.3.5 Air quality

3.3.5.1 Particulate Matter (PM10)

Suspended Particulate Matter consists of small pieces of matter, which are solid or liquid, and can suspend in the atmosphere for long periods of time. Depending on their origin, they can be non-homogeneous in appearance, size and chemical composition (MLSI 2006).
Between 80 to 85 % of matter are of natural origin. The amount emitted directly (sea salt, wind-blown dust, volcanic emission, forest fire) is approximately equal to that originating from gas-phase conversions. Aerosols (defined as liquid and solid substances dispersed in the air). The remaining 15 or 20 % of the global aerosols seems to be of anthropogenic origin. They are directly emitted or originate from gas-phase conversions within the atmosphere. Industry, traffic and agriculture are important emitters of aerosols larger than 1 pm (Van Grieken 1998).
Suspended particulate matter can be dangerous for the stone in that it can soil surfaces (Van Grieken 1998). And it is considered being harmful fur human health if preceded the limit value of (40 µg/m3). (MLSI 2006) Figure 4.30 below gives the average annual concentrations of PM10 in northern Cyprus.
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(Figure 4.32) PM10 concentrations (µg/m3) in Northern Cyprus (2002-2004) (Baumbach el al. 2004)
Dust is streaming northward from the Sahara Desert in northern Africa in late January and early February. The image in figure 4.33 from February 2, 2003 shows the island of Cyprus is situated toward the upper right hand of this image, partially obscured by one particularly thick portion of the dust plume approaching from southeast. This true-color image was acquired by the Moderate Resolution Imaging Spectroradiometer (MODIS) instruments aboard NASA’s Aqua and Terra satellites.
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Figure 4.33 satellite image shows Sahara dust covering large portion of Mediterranean sea (http://veimages.gsfc.nasa.gov)
3.3.5.2 Sulphur Dioxide (SO2)
Sulphur dioxide is a gas, which is colorless and odourless in small concentrations, but has a distinctive smell in high concentrations. The EU limit value for the protection of ecosystems (20 µg/m3) (Van Grieken 1998).
Sulphur dioxide is the primary pollutant involved in stone decay: it results in sulphate formation on stone (Fassina 1988). Sulphation involves the dry deposition reaction between SO2 gas and the limestone itself, in the presence of high relative humidity, an oxidant and a catalyst (metal oxide, such as Fe2O3 or even NO2) (Van Grieken 1998).
Figures 4.34, 4.35 and 4.36 show the mean interpolated SO2 distribution over Cyprus during summer, winter and the annual average for the period (2002-2003).
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(Figure 4.34) Mean interpolated SO2 distribution over Cyprus during summer

(2002 and 2003) (Baumbach el al. 2004)
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(Figure 4.35) Mean interpolated SO2 distribution over Cyprus during winter

(2002 and 2003) (Baumbach el al. 2004)

	[image: image37.emf]
(Figure 4.36) Mean annual interpolated SO2 distribution over Cyprus

(Summer 2002 to summer 2003) (Baumbach el al. 2004)


3.3.5.3 Nitrogen Dioxide (NO2)

Nitrogen dioxide is a brown gas, soluble in water, strong oxidizing agent with a distinctive smell. It participates to and also activates the photochemical cycle of reactions in the atmosphere, creating photochemical pollution. In high concentrations it is responsible for the brown colour of the urban sky. The EU annual limit value by the end of 2005 is (50µg/m3) (MLSI 2006).
Nitrogen oxides although contribute a significant amount to the total loading of air pollution. Thermodynamics suggest that the nitrate reaction would not be favored. The difficulty in finding Ca(NO3)2 on calcareous rock is probably also due to its high solubility in water. Sikiotis et al. (1995) state, however, that the corrosive action of nitrates and sulphates is comparable on Pentelic marble. Maybe the most important role of nitrogen oxides is in the catalytic oxidation of SO2 (Amoroso 1983). Figure 4.37 below shows the Mean annual interpolated NO2 distribution in Famagusta in the period (2002-2004), the area looks so healthy since NO2 concentration is (10-26) µg/m3.  
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 (Figure 4.37)Mean annual interpolated NO2 distribution in Famagusta (2002-2004) (Baumbach el al. 2004)
3.3.5.4 Ozone (O3)

Ozone is a colorless gas, heavier than air with a distinctive smell. It is a powerful oxidant. It hardly dissolves in water, so it can penetrate the stones causing negative effects (MLSI 2006).
Observations for a large number of materials were founded by International Cooperative Programmes (ICP), a relationship dose–response was established and there was an effect for O3 on limestone (ICP 2004).
In Famagusta, O3 concentrations is natural (Figure 4.38) and no serious effects on human health or on stone are expected. 
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(Figure 4.38) Mean interpolated Ozone distribution in Cyrus during summer (Baumbach el al. 2004)
Finally, the environment of the case study can be summarized in relation with weathering causes as follows: 

1. The relatively high temperature in summer day time, and the high temperature difference between day and night times along the year, in the presence of the humidity, plays a vital role in weathering of the stone building throughout the continuous wetting-drying cycles. 

2. The sunshine path over the building has an effect of increasing the humidity levels and moisture content of the stones on the northern facade.

3. The Cathedral is placed near to the coast side, the winds which blow from the sea direction is one of the main causes of weathering located in the eastern-southern sides of the Cathedral, that is a result of the sea breeze phenomena which drives hot air from sea surface to the cooler land in day time, this air carries the saline sea spray which blows to the land and to the stones surface as well.    

4. Famagusta’s air quality noticed to be good, non of the harmful gases have high concentrations, the only risk noticed is coming from the high concentration of (PM10) due to Sahara dusts in the month of February and march, helping in the soiling effect.
Chapter V

5. Methodology:

In order to achieve the aims of the current study and to present a proper documentation for the effect of weathering on the cathedral and to characterize the used building stone, a set of approaches and methods were followed.

Methodology of this study was developed in three parallel levels. The first level was the qualitative evaluation of weathering and discoloration; throughout using a stone by stone evaluation of discoloration and weathering grades. Second level was the quantitative measurements of weathering rate, and the third level was the characterizing of the building stones    

After evaluating the weathering state of the cathedral throughout defining the most common weathering forms, it was necessary to carry out a second step, to achieve a detailed qualitative evaluation of weathering effect, which can also provide a starting point for any future preservation project.

 Considering the possibilities provided to this study, and the challenges related with funds, the only way to achieve this detailed evaluation was following a set of approaches developed by Fitzner and the working group “natural stones and weathering” from the Geological Institute in Aachen University of Technology (Fitzner et al 1999). The group developed a method which called as “the monument mapping method”.
    According to this method the following steps are generally followed:

· Inspection of the entire monument 

· Surface mapping of individual stones or their sections determining: 

· Stone types, quality, susceptibility to weathering

· Weathering forms and their combinations

· Sequence of weathering forms (beyond the scope of this thesis)
· Causes and processes of weathering

· Quantitative damage evaluation

· Determination of weathering rates

· Weathering prognosis (beyond the scope of this thesis)
· Evaluation of urgency and type of preservation measures.

All stones or sections of the monument to be numbered; this is done using a computer program. Monument plans are first digitized and stored as raster images in the computer. The program identifies all building stones and numbers them. The program also calculates their surface areas. The next step of the process is to identify different stone materials used in the building if available. Analysis of deposits is needed for the selection of successful cleaning procedure. Third step is mapping the severity of damage on the bases of a severity scale and on the measurements done on either the quantity of deposits or quantitative loss of stone. From the outline of steps it’s clear that reliable data on weathering of different types of stones are obtained because they are collected for large number stones.  In this study the identification of discoloration and weathering forms was prepared manually, as the special computer program couldn’t be obtained. 

Top view plane was sketched for this study, while the only plan available for the Cathedral was in a very small scale and relatively unclear and insufficient, the plane is available in the “Gothic art and the renaissance in Cyprus” by Camille Enlart pp 230. The other façade sketches were prepared by the researcher, for this study particularly. The plans are not to be considered as architectural plans of Cathedrals façades; it’s a sketches sufficient for stone mapping, which is the scope of this study. 
Characterizing the construction materials of the cathedral was another objective to be achieved in the current study. It’s believed that the Cathedral is built from a very familiar type of limestone available near to the eastern shores of Famagusta, where the Cathedral it self is standing. It’s also believed that the stones were queried from the vicinity of the Cathedral, as the rock formations from the same type can be noticed all over the place, especially near and under the old walls of the walled city of Famagusta.

Stone samples were collected from the collapsed parts found on the southern side of the Cathedral, the samples where collected and the tests were executed after receiving the appropriate permission from the antiquities department of the Turkish Republic of Northern Cyprus. From the samples obtained from the Cathedrals stones, there were two different limestone types, Figure 5.3 shows a wall section in the angle between the eastern and northern sides of the Cathedral, and it’s easy to notice the color difference between the two types. The two sample types are described as follows: 
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	Figure 5.1 sample No.1 (washed)

(Photograph by Y.M. Ibreighith)
	Figure 5.2  sample No.2 (washed)

(Photogarph by Y.M. Ibreighith)
	Figure 5.3 shows the stone color difference
(Photogarph by Y.M. Ibreighith)


· Sample No.1 (figure 5.1): It has a yellowish-cream color, fine grained, partially contains clay with pores, its reacting well with acids. 

· Sample No.2 (figure 5.2):  It has a gray color, contains a large amount of shells, aggregates which reach to 1 mm in size, the sample can react well with acid. 

· Note: each stone sample has a size of (70(70(70) mm3
Discoloration assessment and mapping:

Discoloration can happen de to many reasons; air pollution, salts, acidic rain, biological growth and others, the chemical composition of the stone plays an important role in discoloration process, as the change of stones surface color is an outcome of chemical reactions with the surrounding environment. 
A stone-by-stone assessment of discoloration has been carefully carried out for four sides of the building. The classification method followed according to Fitzer et al. (1999), contains four forms\ deposits (Dark crust (slight), Dark crust (moderate), Dark crust (severe), Soiling, Efflorescence (slight), Biological colonization), according to this method these deposits are not a standard which should be followed for all cases, every case has its own forms or stages, according to the forms of discoloration common on the building the classification was deposited. Therefore the discoloration on the Cathedral was mapped according to these stages: 

1. No discoloration (mostly original color), 

2. Slightly discolored (stone color mostly is orange), 

3. Moderately discolored (stone color mostly is gray), 

4. Highly discolored (dark gray\ black crust).

Figures 5.4, 5.5, and 5.6 show an example of each one of these stages at the cathedral:
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	Figure 5.4 shows some moderately discolored  

(Photograph by Y.M. Ibreighith)
	Figure 5.5 shows some highly discolored stones

(Photogarph by Y.M. Ibreighith)
	Figure 5.6 shows some slightly discolored stones 

(Photogarph by Y.M. Ibreighith)


Weathering grade assessment\mapping

There are different techniques for assessing weathering grade or the severity of stone damage, the method of mapping by Fitzer et al. (2002), is the most favorable non-destructive assessment method. A manual mapping of damage was carried out for the whole building sides according to the same classification recommended by Fitzer et al. (2002) and also by Bell (1992), as follows:
1. No visible damages\ weathering 

2. Slightly damaged\ weathered 

3. Moderately damaged\ weathered

4. Severely (highly) damaged\ weathered

5. Very severely (extremely) damaged\ weathered
Figures 5.7, 5.8, 5.9 and 5.6 show an example of each one of these grades at the cathedral:
	[image: image46.png]



	[image: image47.png]




	Figure 5.7 shows some slightly weathered stones

(Photograph by Y.M. Ibreighith)
	Figure 5.8 shows moderately weathered stone
(Photogarph by Y.M. Ibreighith)
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	Figure 5.9 shows some highly weathered  

(Photograph by Y.M. Ibreighith)
	Figure 5.10 shows some extremely weathered stones

(Photogarph by Y.M. Ibreighith)


Weathering rate

The field methods employed in assessing rock weathering are presented here following the same methods discussed by Mottershead et al. (2003) and Mottershead (2000, 1997). 

Sample sites were defined by a radius of approximately 2 m from a standing position. It was not realistic to observe a constant number of stones, since stone size varies substantially between the sites, and a constant number of stones would have generated greatly differing sample areas between sites. Comparability is thus better served by employing sample areas which are broadly constant. Data were observed from 25 such sample areas at the Cathedral, Figures 5.11 and 5.12 show two examples of these sampling sites.
	[image: image50.png]



	[image: image51.png]




	Figure 5.11 shows the starting point (site no. 1)
(Photograph by Y.M. Ibreighith)
	Figure 5.12 shows the site no. 14
(Photogarph by Y.M. Ibreighith)


Quantitative observations of depth of surface recession were made at selected representative sites, using a simple caliber and steel tape (Figure 5.13). Measurements were taken to the nearest millimeter of the maximum depth of surface loss per stone. 
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	Figure 5.13 weathering rate measuring instruments(Photogarph by B. Al-Salibi)
	Fig. 5.14 two examples of Stone surface weathering features from the Cathedral walls (Photogarph by Y.M. Ibreighith)


This approach permits consistent and comparable application across different rock types, and has previously been proved to yield rapid and effective results (Mottershead et al. 2003; Mottershead 2000, 1997). It should be noted that the maximum depth of loss may be represented by an individual narrow pit, or by a large stone whose surface has suffered overall recession. Figure 5.14 shows two different stone surface weathering features from St. Nicholas Cathedral walls.

The 10 deepest cavities were measured at each sample site. This approach permits consistent and comparable application (Mottershead 2000, 1997). Critical to the success of this procedure is the recognition of a datum which can be interpreted as an original surface, and can be dated to the year of construction. Individual measurements were obtained from locations which permitted secure interpretation as an original surface. It is also assumed that the observed rock surfaces have been continuously exposed since construction.

Physical and mechanical properties 

Tests on physical properties such as unit weight, bulk and apparent specific gravity (density), water absorption and porosity of the stones samples were carried out in Tüfekçi Quality Control Laboratory, according to Turkish Standard TS 699 (2000).

Determination of specific weight (unit weight) and specific gravity (relative density)

Specific weight (also known as the unit weight) is the weight per unit volume of a material. The symbol of specific weight is γ; Specific weight can be used as a characteristic property of the stone. In mechanical engineering, the specific weight is used to determine the weight of a structure designed to carry certain loads.

General formula: [image: image55.png]



· Dry unit weight (γd), which is the unit weight of a stone when all the void spaces of the stone are completely filled with air, with no water. The formula for dry unit weight is:
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where;
γd is the dry unit weight of the material 

γw is the unit weight of water 

w is the moisture content of the material 

Gs is the specific gravity of the material 

e is the void ratio 
· Saturated unit weight (γs), which is the unit weight of the stone when all the void spaces of the stone are completely filled with water, with no air. 

The formula for saturated unit weight is:
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where;


γs is the saturated unit weight of the material 

γw is the unit weight of water 

w is the moisture content of the material 

Gs is the specific gravity of the material 

e is the void ratio. 

Specific gravity (relative density) is a measure of the degree of consolidation of a solid. It provides information about grain packing. Real density or the apparent specific gravity is the volume mass of the impermeable material and it is measured as the ratio of the mass of the dry sample to the impermeable volume of the sample. Bulk or apparent specific gravity is the ratio of the mass of the dry sample to the bulk volume of the sample. Bulk and real densities are important in assessing the extent of some forms of decay in the stone and in determining the extent to which the pore space can be filled by an impregnation treatment. (Pavia 2005)
The samples were dried at oven temperature of 110°C to a constant mass md, and submerged in water; the hydrostatic weight mh and the weight at atmospheric pressure ms were measured. Bulk (δ) and real (δr) densities where calculated according to the equation below:
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where;
md  is the mass (g) of the oven dried sample

mh is the hydrostatic mass of the sample
Determination of Water Absorption at Atmospheric Pressure

The scope of this method is to determine the water absorption of the natural stone samples by immersion in water at atmospheric pressure. The procedure of the measurement is based on TS 699 (2000).
Eight specimens of stones were used in this test. They were dried to constant mass at the temperature of 110ºC. Their dry mass md was measured. The samples were placed in a tank, and then water was added until the specimens were completely immersed to a depth of (25 ± 5) mm of water. In each certain interval of time which was initially very short and later longer, the specimens were taken out of the water, quickly wiped with a damp cloth and then weighted within 1 min to an accuracy of 0.01g. After the measurement, the specimens were immediately immersed again in water, the measurements ended when the maximum constant mass of specimens is reached. The result of water absorption was expressed as by the following equation: 
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where;
WA is the water absorption at Atmospheric Pressure

Mmax is  the mass (g) of the sample at maximum water absorption 

Md  is the mass (g) of the oven dried sample. 

Compressive strength test 

The Compressive strength of a rock maybe is the highest stress that a specimen can carry when unidirectional stress is applied, normally in an axial direction, to its ends. For this experiment, 2 cubic from each sample type were tested according to TS 699 (2000). The sizes of test specimens were 70(70(70 mm. The load was applied at a rate of 2.4 MPa/s. 
Petrographical and chemical analysis

Samples have been petrographically and chemically tested; for the use of this research; in cooperation with (KORUMA UYGULAMA VE DENETİM MÜDÜRLÜĞÜ) KUDEB restoration and conservation research laboratory in Istanbul according to the Turkish standard TS 699 (2000) specifications.
Water soluble salts and conductivity analysis

Salt action is previously viewed in chapter II of this study, the harmful effects of water soluble salts is cleared. 

The conductivity of an electrolyte solution is a measure of its ability to conduct electricity. For this case, conductivity is linked directly to the total dissolved solids (T.D.S.), which is a measure of the combined content of all inorganic and organic substances contained in a liquid in molecular, ionized or micro-granular suspended form. Generally the operational definition is that the solids must be small enough to survive filtration through a sieve the size of two micrometer (Wendell 2007).
High quality deionized water has a conductivity of about 5.5 μS/m, (S= siemens) typical drinking water in the range of 5-50 μS/m, while sea water about 5 S/m typical conversion of conductivity to the total dissolved solids is done assuming that the solid is sodium chloride: 1 μS/cm is then an equivalent of about 0.6 mg of NaCl per kg of water.( lenntech.com)
Loss on ignition and acid Insoluble residue analysis

Loss on ignition was measured by heating powdered samples of limestone in a laboratory muffle furnace, the loss of weight due to the release of carbonaceous material (CO2) and water is used to calculate the percentage of CaCO3 using this formula:

% CaCO3 content= (% weight loss\ 44%) ( 100%
The losses on ignition (LOI) obtained from the chemical analyses can be used to determine the degree of weathering, as the weathering increases the percentages of loss on ignition decreases. 

Insoluble residue (IR) was measured by adding dilute HCl to limestone powder (<63 μm particle size), CaCO3 content can be calculated throughout measuring the insoluble residue percentage according to the formula below:  


% CaCO3 content = 100% - IR %

Petrographical analysis 

The aim of using petrographical analysis is to obtain some details about the minerals and rock types present within the texture of limestone samples, and also to acquire information about the size distribution of the aggregate, details of the type, condition, and if present degradation of the binder pore (void) sizes and distribution. In order to achieve this aim a visual stereo microscope and polarized microscope were used, and samples were viewed under the two microscopes in KODEB laboratory. 
Chpter VI 

6. Results and discussion
Discoloration assessment and mapping:
Following the monument mapping method the four sides of Saint Nicholas cathedral were mapped. Figures 6.1, 6.2, 6.3 and 6.4 show the discoloration mapping results for the cathedral.   
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Figure 4.3 a general view of St. Nicholas Cathedral 


From (http://www.yapi.com.tr)





Figure 4.4 West Facade of the Cathedral (Photograph by Y.M. Ibreighith)





Fig. 4.5 The construction plaque on the south wall (Photograph by Y.M. Ibreighith)
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