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Abstract 
 

Le pietre naturali sono sempre state usate nell’edilizia. I materiali da 

costruzione sono soggetti a processi di degrado dovuti a cause meccaniche, 

chimiche, fisiche e biologiche che possono presentarsi 

contemporaneamente. Un approccio interdisciplinare è necessario al fine di 

comprendere l’interazione tra la pietra e l’ambiente circostante. Utilizzo 

degli edifici, interventi di restauro non appropriati e fattori antropogenici 

contribuiscono al processo di degrado. Nelle ultime decadi nuove tecnologie 

e tecniche sono state introdotte nel campo del restauro. I consolidanti sono 

molto usati nella conservazione del patrimonio culturale al fine di restituire 

coesione ai materiali e ridurne il tasso di degrado. Per determinare 

l’efficacia di un consolidante è importante definire la sua profondità di 

penetrazione, che dipende soprattutto dalla microstruttura della pietra e dalle 

proprietà del prodotto stesso.  

Oggetto della presente ricerca è l’ortosilicato tetraetile (TEOS) applicato a 

campioni di calcare Globigerina. Dopo le reazioni di idrolisi e 

condensazione, il TEOS deposita gel di silice nei pori migliorando la 

coesione dei grani. La tomografia computerizzata a raggi X è stata usata per 

caratterizzare la microstruttura dei campioni prima e dopo il trattamento con 

un consolidante a base di TEOS. Lo scopo di questo lavoro è di studiare la 

profondità di penetrazione e la distribuzione del TEOS nei pori, sia 

attraverso metodi tradizionali sia attraverso tecniche avanzate di tomografia 

a raggi X. Queste ultime permettono la visualizzazione tridimensionale della 

microstruttura dei materiali.  

Per studiare gli effetti del TEOS sulla microstruttura, il trasporto dei liquidi 

e la porosità sono stati analizzati a scala macroscopica, tramite prove di 

assorbimento di acqua per capillarità e radiografie, e a scala microscopica 

con la tomografia a raggi X. 

La ricerca, iniziata all’Università di Bologna con la caratterizzazione del 

materiale, è proseguita in Svizzera presso i Laboratori federali per la scienza 

e la tecnologia dei materiali dell’Empa di Zurigo, dove sono state eseguite le 

tomografie e le radiografie. Misure tomografiche in luce di sincrotrone sono 

state svolte al Paul Scherrer Institute di Villigen. 
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Abstract 

Natural stones have been widely used in the construction field since 

antiquity. Building materials undergo decay processes due to mechanical, 

chemical, physical and biological causes that can act together. Therefore an 

interdisciplinary approach is required in order to understand the interaction 

between the stone and the surrounding environment. Utilization of 

buildings, inadequate restoration activities and in general anthropogenic 

weathering factors may contribute to this degradation process. For this 

reasons, in the last few decades new technologies and techniques have been 

developed and introduced in the restoration field. Consolidants are largely 

used in restoration and conservation of cultural heritage in order to improve 

the internal cohesion and to reduce the weathering rate of building 

materials. It is important to define the penetration depth of a consolidant for 

determining its efficacy. Impregnation mainly depends on the 

microstructure of the stone (i.e. porosity) and on the properties of the 

product itself. Throughout this study, tetraethoxysilane (TEOS) applied on 

globigerina limestone samples has been chosen as object of investigation. 

After hydrolysis and condensation, TEOS deposits silica gel inside the 

pores, improving the cohesion of the grains. X-ray computed tomography 

has been used to characterize the internal structure of the limestone samples, 

treated and untreated with a TEOS-based consolidant. The aim of this work 

is to investigate the penetration depth and the distribution of the TEOS 

inside the porosity, using both traditional approaches and advanced X-ray 

tomographic techniques, the latter allowing the internal visualization in 

three dimensions of the materials. 

Fluid transport properties and porosity have been studied both at 

macroscopic scale, by means of capillary uptake tests and radiography, and 

at microscopic scale, investigated with X-ray Tomographic Microscopy 

(XTM). This allows identifying changes in the porosity, by comparison of 

the images before and after the treatment, and locating the consolidant 

inside the stone. 

Tests were initially run at University of Bologna, where characterization of 

the stone was carried out. Then the research continued in Switzerland: X-ray 
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tomography and radiography were performed at Empa, Swiss Federal 

Laboratories for Materials Science and Technology, while XTM 

measurements with synchrotron radiation were run at Paul Scherrer Institute 

in Villigen. 
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1. Introduction 

In this chapter an overview of the weathering processes and the products 

used to face the problem of the decay of building materials is presented. The 

stone and the consolidating materials used in the experimental campaign are 

then described. 

1.1 Weathering of building materials 

Historic buildings are generally subjected to the synergetic action of rain, 

wind, sunlight, frost, air pollution and many other factors that lead to 

material decay. Weathering is a slow and continuous process that affects all 

materials exposed to the atmosphere. Characterization of the stones and a 

fundamental understanding of their weathering processes are key 

prerequisites for any intervention on buildings and monuments. The 

majority of materials used in constructions are highly porous, hard, rigid and 

brittle. Due to brittleness their tensile strength is much inferior compared to 

the compressive strength [1]. Stone decay is related to the chemical-

mineralogical nature of the material and to its microstructure. Indeed the 

porous system acts as a transport network for water, which represents the 

main agent in material degradation. Water can enter the material by rain, 

condensation or capillary rise. Thanks to its polar nature, it is attracted by 

the hydrophilic walls of the pores and capillary rise takes place. Water can 

induce chemical reactions, cause physical damage under thermal cycling, 

facilitate biological colonization and control salt crystallization.  

Physical and mechanical weathering are closely related and they are mainly 

caused by freeze-thaw cycles, thermal expansion and salt weathering. 

Frost action occurs when water enters the stone and, at temperature below 

0°C, leads to the formation of ice crystals that may be very harmful to the 

material. This phenomenon is related to the pore size distribution: the ice 

crystals start growing in the large pores (diameter larger than 1 �m), while 

capillary pores (diameter smaller than 1 �m) act as reservoir of water due to 

a reduction of the freeze point of water inside these capillaries caused by 

strong attraction forces between the molecules and the solid walls (Fig. 1). 

If large pores prevail on capillaries, the crystal stops growing before filling 
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the pore and no stress arises. If, on the other hand, the amount of capillary 

pores is significant, large pores are insufficient to contain all the crystals 

which keep growing and exert pressure on the wall inducing stresses. [1] 

Thermal cycles may also lead to stresses due to dimensional changes of 

materials, which expand during day when energy is absorbed and contract 

during night when energy is released. Moreover, thermal expansion 

coefficient of connected materials may be very different, causing problems 

in case of a lack of expansion joints. 

Salt crystallization is also related to a growth of crystals inside large pores 

and it is due to soluble salts (chlorides, sulphates, nitrates). If it takes place 

on the surface of the stone, the salt crystals form efflorescence, visible but 

not harmful (Fig. 2). Efflorescence 

occurs when evaporation is slow. 

If, on the contrary, climate is warm, 

windy and dry, subefflorescence 

may take place, causing deep 

damage to the stone. In case of very 

porous stone and windy, marine 

environment, subefflorescence may 

lead to alveolization, which is the 

formation of cavities clearly visible 

on the stone.  

Mechanical stresses can be also 

Fig. 1. On the left, large and capillary pores. Second and third image show 

the growth of an ice crystal inside a large pore due to the water coming 

from the capillaries. On the right, the cube of ice applies pressure on the 

pore walls. [1]�

�

Fig. 2. Efflorescence on a stone 

masonry in Ortigia, Italy. [2] 
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induced by the traffic on the roads: the impact between the wheels and the 

irregular pavement causes vibrations that are transmitted through the ground 

affecting the buildings very close to the roads. [1] 

Chemical weathering results from deleterious reactions on the stone induced 

by acidic pollutants in the air transported by water in the form of rain or 

dew. In case of calcareous building materials, acidic rainwater may cause 

the dissolution of calcium carbonate, transforming it into calcium 

bicarbonate and calcium sulphate, soluble salts that are either carried away 

by rainwater or precipitate again as calcium carbonate and gypsum, when 

evaporation takes place. The result of this precipitation of acids, also called 

wet deposition, is the formation of crusts, stalactites or erosion of the 

surfaces (Fig.3). 

Dry deposition is a consequence of a phenomenon called condensation: 

during the night the surfaces of buildings cool down and, if the relative 

humidity of the air is high, their temperatures may drop below the dew point 

of the air, depositing a veil of water on the surface. This water contains solid 

and gaseous impurities coming from the urban polluted atmosphere, and 

tends to penetrate into pores and cracks and to form black crusts where the 

rain does not wash the surface. The result of dry and wet deposition is a 

weakening of the internal 

material and a consolidation 

of the deposited particles, 

increased by the repetition of 

wetting/drying cycles. 

Biological weathering is due 

to the action of living 

organism such as plants, 

lichens, moss and fungi (Fig. 

4). Roots of trees can 

penetrate and grow into 

cracks causing stresses that 

may break the rock apart 

while microorganisms 

Fig. 3. Action of the rain on calcareous 

stone. [1] 
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produce acids and chelating agents that attack the minerals in the stone. [1] 

Fig. 4. Biological weathering on a church in Cesena, Italy. [3]  

1.2 Liquid flow through porous materials 

Building materials tend to absorb water as they are exposed to rain, water 

condensation, environmental humidity, groundwater (Fig. 5). Liquids, 

mainly water, spread spontaneously over the solid surfaces due to the 

capillary action. 

In a building material sample, the rising damp strictly depends on the pore 

system of the material itself. 

Considering a perfectly cylindrical capillary tube, made of a material that 

can be wetted by a certain liquid 

with which one extremity of the 

capillary is in contact, the liquid 

spontaneously climbs up inside the 

capillary up to a certain height h, 

where it reaches a mechanical 

equilibrium condition. The 

equilibrium height h is related 

with the liquid and capillary 

features according the following 

law, also known as the Jurin law 

(Eq. 1.0), 

�

Fig. 5. Capillary rise and 

evaporation through a masonry [4]
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� � ������
	
�                 (1.0) 

where �is the surface tension of the liquid, � is its density, �is the contact 

angle, � is the pore radius and � is the gravitational acceleration.  

The Jurin law is valid for an equilibrium condition and for a cylindrical 

capillary, adopted here as an idealized geometrical model of a pore. 

However, it is phenomenologically useful for grasping the role of the 

fundamental parameters controlling the spontaneous absorption of a wetting 

liquid in a porous material. It shows that the liquid can rise, against gravity, 

higher in smaller pores, because of higher capillary forces. 

The position of an advancing wetting profile into an initially dry porous 

material is a function of the square root of time. This time dependence is 

typical for liquid absorption in porous building materials and can be 

theoretically derived by the basic theory of liquid transport in partially 

saturated porous materials [5]. 

In such derivation, the relevant physical variable is the liquid content � (Eq. 

1.1), defined as the ratio between the volume of absorbed liquid (VL) and the 

bulk volume of the porous material (VB),  

� � ��
��

                         (1.1) 

� depends on both time and the vertical position in the sample, ��������. 
The z axis is assumed to be the one along which the liquid mainly moves, 

i.e., we use here a 1D approximation, which is enough when considering 

samples with large aspect ratio (length along z divided by the maximum 

length in any of the other axes). 

Combining the extended Darcy equation, which expresses the density 

current of absorbed liquid as a function of the gradient of the capillary 

potential, and the continuity equation, one can determine the equation 

governing the spatial-temporal evolution of � � ���� ��, (Eq. 1.2) 

��
�� �

�
�� ��

��
���        (1.2) 



	�
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where ����������� is called the hydraulic diffusivity. 

Equation 1.2 has the form of a 1D non-linear diffusion equation. 

One of the simplest solutions to Eq. 1.2 is obtained when considering the 

following boundary conditions (BCs): (1) � � �� for � �   and !� "  ; 

(2) ���# for � �   and !� $  . �� is the liquid content in saturated 

conditions, i.e., when the whole open pore space is filled in by the liquid. �%
is the liquid content when the sample is considered to be “dry” (in principle, 

�� �  ). The BC (1) says that, at any time, the bottom of the sample (� �  ) 

is at constant liquid content, e.g., it is in contact with the surface of a liquid 

reservoir, a typical situation achieved in capillary uptake experiments. The 

BC (2) says that at the initial time the liquid content is uniform across the 

sample, except at its bottom where it has larger value due to the contact with 

the liquid reservoir. 

Equation 1.2 can be transformed from a partial differential equation to an 

ordinary differential equation by the Boltzmann transformation (Eq. 1.3),  

& � �
'� ,           (1.3) 

which implies that ���� �� is actually a function of &� ���� �� � �(�&�. 
Equation 1.2, via the Boltzmann transformation becomes Equation 1.4, 

)&*#�#&�##&��&#�#&�+,-�

The latter equation, with the BCs (1) and (2) has solution of the type, 

���� �� � &���'�.             (1.5) 

Equation 1.5 indicates that liquid advances through the porous material 

according to a wetting front, with a certain shape given by the function 

&��� and advancing as '�. [5] 

The total amount of liquid absorbed up to a certain time t can be calculated, 

for a sample with constant cross-section along the vertical direction, by 
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multiplying the liquid density by the cross-section and by the total height H

achieved by the wetting front at that time, (Eq.1.6) 

. � / �#��0
�1 � '� 2 / &���#� � 3'��0

�1              (1.6) 

where 3is a constant characterizing the porous material and is called 

sorptivity.  

The scaling between H (thus the amount of liquid absorbed) and time was 

confirmed experimentally by gravimetric capillary uptake tests, presented in 

Chapter 4.1.5. 

From a qualitative point of view, the analytical formulation above indicates 

that the movement of the liquid in the porous material can be expected to be 

homogeneous across the cross-section of the sample, as confirmed by the X-

ray radiography experiments described in the following chapters. 

1.3  Consolidation of building materials 

Since the necessity of preserving cultural heritage became present, many 

consolidating products have been developed in order to artificially restore 

the cohesion of the material according to its characteristics. [6] 

The type of damage governs the use of different restoration techniques. 

Usually the material is impregnated by the consolidant applied as a solution 

and, due to the solvent evaporation and the chemical reactions taking place, 

the product solidifies and adheres to the substrate (Fig. 6). 

Fig. 6. In the left image grains of the original stone are shown. In the 

central image the consolidant coats the grains. On the right, the product 

fills the pores. This last situation is not desirable as it causes occlusion of 

the pores. [7]�
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A good consolidant should satisfy many requirements as durability, 

compatibility with the substrate, adhesion, reversibility. As water 

accelerates the process of weathering, its absorption should be reduced 

without dramatically changing the microstructural properties of the material, 

in order to not trap it inside the sample. This corresponds to a decrease of 

the open porosity without total occlusion of the pores, therefore the vapor 

permeability coefficient should not change significantly.  

Penetration depth is particularly important for the good performance of a 

product and is related to the internal microstructure of the material, i.e. the 

total porosity and the pore size distribution. The application of the 

consolidant must allow the penetration into all the deteriorated layers in 

order to avoid the formation of a solid crust over an incoherent base that 

could break away. Penetration depth also depends on the intrinsic properties 

of the consolidant as viscosity and surface tension. 

At the beginning of the nineteenth century many attempts of consolidation 

have been made on stones, but they showed some undesired effects. For 

instance natural products like waxes lead to darkening of the surfaces.   

Consolidants can be divided in two main groups: organic and inorganic. 

Organic products (i.e. polymers) form an adhesive, usually hydrorepellent 

film around the grains and show good short time effects which diminish in 

the long term due to low durability and sensitivity to high temperature, 

humidity and UV light. Moreover hydrorepellent properties are not fully 

desirable as they reduce the permeability of the building material, and also 

the penetration depth is usually quite low. 

Inorganic consolidants (i.e. silicates) lead to the formation of an insoluble 

phase inside the voids which has a composition similar to the matrix 

providing a good compatibility with the substrate. They also show better 

durability compared to the organic products, but the material remains brittle 

and hydrophilic. 

Silanes are generally considered to be an intermediate product between 

organic and inorganic consolidants. Among them, tetraethyl orthosilicate is 

now the most widespread consolidant used in the restoration field. Reacting 

with water it loses the ethyl groups, its organic parts, and deposits inorganic 

silica gel inside the pores. [8] 
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1.4 Silicon-based compounds for stone consolidation

1.4.1 Historical overview 

In 1824 silicon tetrachloride was synthesized by J. J. Berzelius and since 

then numerous silicon-based compounds were prepared, including 

tetraethoxysilane obtained by Ebelmen in 1844 from the reaction between 

silicon tetrachloride and ethyl alcohol [9]. The use of alkoxysilanes for 

conservation purposes dates back to 1861, when A. W. Hoffman suggested 

the use of “silicic ether”, a form of tetraethoxysilane (TEOS), for the 

deteriorated Clipsham limestone of the Houses of Parliament in London 

built in 1839. In the 1920s A. P. Laurie developed many formulations based 

on ethyl silicate. In 1932 he was contradicted by R. J. Schaffer who, in his 

classic “The Weathering of Natural Building Stone”, stated that “silicon 

ester appeared to have exerted no protective effect”. In 1956 Harold 

Plenderleith in his “The Conservation of Antiquities and Works of Art” 

considered silicon ester as “the most successful strengthening agent” for 

sandstone and siliceous limestone but, in 1971, he found out that sandstone 

behaves differently from siliceous limestone and defined ethyl silicate as “a 

possible strengthening agent”. [8] 

In the 1970s conflicting opinions arose regarding alkoxysilanes and the 

influence of different minerals on their consolidating performance. Already 

in 1926 A. P. Laurie studied the gels formed by ethyl silicate in contact with 

stones of different mineralogy and he observed soft, weak, incoherent gels 

on limestone and hard, glassy, coherent gels on sandstone. 

Scanning electron micrographs (SEM) revealed the presence of linkages 

between grains of quartz in sandstones and alkoxysilane-derived gels, while 

for calcite in limestones only isolated deposits surrounding mineral grains 

occurred [8].  

In the last years some formulations were modified in order to face the main 

limitations of alkoxysilanes as stone consolidants: the inability to bound to 

calcite, which is the major constituent of limestone and marble and contains 

few hydroxyl groups to condense with, and the tendency for gels to crack 

during shrinkage and drying [10].  
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1.4.2 Chemistry and physics of alkoxysilanes 

The consolidation process of building materials with silicon based 

compounds consists in hydrolysis and condensation. 

The root name of these compounds is silane (SiH4). Working from the root, 

each hydrogen may be replaced by other elements or groups that can be 

reactive; the number of reactive groups determines the functionality of a 

compound. This reactivity refers to their tendency to hydrolysis: the bond 

between Si and the atom or the group, susceptible to water, is broken and 

replaced by a hydroxyl (OH) group. 

Hydrolysis reaction

Si–X + H2O � Si–OH + HX 

One of the products of this reaction is Si–OH, or silanol, which can react 

with one another to form siloxane bonds (Si–O–Si) in a condensation 

reaction. 

Condensation reaction 

Si–OH + HO–Si � Si–O–Si + H2O 

The condensation reaction leads to the generation of viscous gels. The 

hydroxyl groups of the condensed polymers react with OH groups of the 

substrate; by liberating water, the chemical bonds between the Si atoms of 

the gel and the O atoms of the substrate are formed. 

The most common reactive groups are H, F, Cl and RO, where R is the 

symbol for alkyl groups such as methyl, CH3, or ethyl, CH3CH2. These RO 

groups are called alkoxy (alkyl+oxygen), such as methoxy, CH3O, and 

ethoxy, CH3CH2O. [8] 

The compounds (CH3O)3SiH and (CH3CH2O)3SiH are called 

trimethoxysilane, Si(OCH3)4, and tetraethoxysilane, Si(CH2CH3)4, or TEOS.  

Attached groups may also be unreactive. By matching reactive and 

unreactive groups, hundreds of compounds can be created that form 

siloxane bonds, but just a few of them have been used for consolidation 
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purposes. To function as a consolidant, compounds must have the ability to 

form a three-dimensional network: this means that they must have at least 

three reactive groups. This requirement eliminates all difunctional 

compounds that form only linear polymers. Tri-and tetrafunctional 

alkoxysilanes are generally lower in toxicity, and the byproducts of their 

hydrolysis are alcohols, which are non corrosive to the stone. Moreover, the 

hydrolysis rate is slow and they can penetrate deeply before gelation occurs. 

Si(OR)4  + 4H2O �  Si(OH)4  + 4ROH 

Other beneficial properties of alkoxysilanes are low viscosity and ability to 

form siloxane (Si-O-Si) bonds, which are relatively strong, have thermal 

and oxidative stability, and resist cleavage by ultraviolet solar radiation. The 

gels formed have little tendency to discolor, making them attractive for use 

outdoors. [8] 

1.4.3 Tetraethyl orthosilicate (TEOS) 

The reaction between silicic acid, Si(OH)4, and ethyl alcohol, 4C2H5OH, 

leads to the formation of tetraethyl silicate or tetraethoxysilane Si(OC2H5)4: 

Si(OH)4 + 4C2H5OH � Si(OC2H5)4 + 4H2O 

The four –OC2H5 groups surrounding 

the silicon atom are called ethoxy 

groups (Fig. 7); they can be 

hydrolyzed by water with the help of a 

catalyst, forming again silicic acid and 

ethyl alcohol. [8] 

Generally ethyl silicate is suitable for 

the consolidation of a porous 

hydrophilic solid because it is a low 

viscosity liquid that penetrates deeply 

in pores and cracks to form silicic acid 

�

Fig. 7. Molecule of tetraethyl 

orthosilicate. [11]. 
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if some water is available.  

Given that the hydrolysis of an ester is a slow reaction, the risk that a 

consolidated crust will be formed on the surface inhibiting further 

penetration of the treatment is almost avoided. 

Also, the secondary product of the reaction, ethyl alcohol, is volatile and 

disappears without causing any problem. 

Hydrolysis reaction:  

Si(OC2H5)4 + 4H2O � Si(OH)4 + 4C2H5OH 

Condensation reaction: 

                                       Si(OH)4 � SiO2 + 2H2O  

The silicic acid can create bonds with the hydroxyl groups on the surface 

creating “oxygen bridges” (Fig.8). As the process continues and the bonds 

increase, the material returns cohesive and silica gel (SiO2) is deposited in 

the pores causing a temporary obstruction until the gel contracts (syneresis). 

However, a problem could arise because ethyl silicate is rather volatile and, 

if the hydrolysis is too slow, it may evaporate before reacting and no 

consolidation is achieved. [1] [8] 

Fig. 8. The image shows the bonds between silica gel and the hydroxyl 

groups on the surface of the stone. [1] 
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1.5  Material under investigation: Globigerina limestone 

1.5.1 Formation of Globigerina limestone  

The formation of sedimentary rocks such as limestone undergoes a slow 

chemical process of consolidation and cementation of calcareous grains that 

are bound together at the points of contact by precipitation of secondary 

minerals.  

The microstructure of the stone may be altered during time by compaction, 

dissolution and recrystallization and what is now visible is the result of 

removing and reforming material. [5]  

The Maltese Island, during the geological eras of Oligocene and Miocene, 

was subjected to an extensive sedimentation process that led to the 

formation of beds of lime- and mudstones [12] .  

The rock formation consists of five layers (Fig. 9): Lower Coralline 

Limestone, Globigerina Limestone, Blue Clay, Greensand and Upper 

Coralline Limestone. Each layer has different composition and properties 

depending on the grain size of the sediment, the depth of deposition, the 

fossils in it and changes due to organisms after the deposition [13].�The 

material used in the construction field is located in the lower part of the 

stratigraphy: Coralline Limestone is used mainly for the external walls, 

Globigerina Limestone 

for temples, internal 

walls and decorative 

elements. Indeed the 

local limestone is used 

since prehistoric ages 

up to 6000 years ago. 

The fortified city of 

Valletta, that is now in 

the UNESCO World 

Heritage List, and the 

old capital Mdina are 

also built of this honey 

Fig. 9. Stratification of the Maltese rock 

formation. [13]�
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colored limestone (Fig. 10). Nowadays many buildings are constructed with 

this stone and many quarries in the island are still active. 

Globigerina limestone is primarily composed of calcium carbonate (more 

than 90%): the microstructure consists of calcite crystallites cemented by 

calcium carbonate containing up to 12% clay minerals and 8% quartz. Its 

fine-grained texture contains numerous shells, algae and planktonic fossils 

such as the foraminifera globigerina from which the name Globigerina 

derives. 

The total porosity can reach values up to 41% and most of the pores have a 

size smaller than 4 µm. There are two different stone types called “franka”,  

which is mainly used for buildings because of the good weathering 

properties, and “soll”, used mainly for building foundations as it easily 

deteriorates outdoor producing the characteristic alveolization. [14] 

Fig. 10. Globigerina limestone as building material in Gozo, Malta. [15] 

1.5.2 Deterioration of Globigerina limestone 

Globigerina limestone is often subjected to alveolization and powdering 

(Fig. 11). This degradation forms are strictly related to the marine 

environment of the island, characterized by wind, sun, change in 

�
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temperatures, pollution, and overall 

the presence of soluble salts that 

leads to salt crystallization inside 

the pores of the stone.  

Vannucci (1994) and Fitzner 

(1996) proposed a damage model 

[17], revised by Rothert (2007), 

based on five phases of the 

weathering process (Fig. 12): 

1) Formation of a superficial, 

thick crust due to the 

dissolution and reprecipitation of the calcite. 

2) Slight back-weathering of the surface through the formation of 

neighbouring cavities 

3) The cavities are due to cracking and/or partial loss of the crust owing to 

mechanical stress caused by salt crystallization. The accumulation of 

salt behind the crust causes the detachment of the material as well as 

granular disintegration and flaking within the cavities. Phase 2 and 3 

could not be distinguished on site. This mapped form is called “initial 

relief”. 

4) Material loss and formation of alveoli are very pronounced. Connection 

of the alveoli and the septa of the honeycomb structure are severely 

back-weathered, but still recognizable. This mapped form is called 

“advanced relief”. 

5) The septa of the honeycombs are totally back-weathered in this final 

deterioration state represented by the mapped form of “back-

weathering”. [17]  

�
�

�

�

Fig. 11. Alveolization weathering on 

a masonry of globigerina limestone 

in Malta. [16]�

�

Fig. 12. Alveolization process of Globigerina limestone. [17] 
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2. X-ray imaging techniques 

2.1 X-ray computed tomography

2.1.1 Historical overview 

The word tomography derives from the Greek words ����� (slice) and 

���	
�� (to write) and consists in the mathematical reconstruction of cross-

sectional slices of an object starting from a set of linear projections collected 

at different orientations. 

The origin of X-ray computerized tomography goes back to the 1960s when 

it was developed for medical purposes in order to overcome the limitations 

of  X-ray radiography. X-ray radiography relies upon the linear projection 

of X-rays propagating through the object and impinging upon the plane of 

the detector. The signal recorded at each position on the detector plane is 

proportional to the cumulative density of the object along the path of the ray 

connecting the X-ray source and the position on the detector plane. Due to 

this proportionality between the recorded signal and the cumulative density 

along each ray, i.e., its linear projection, the information provided by a 

radiography is purely two dimensional. 

In 1963 Cormack described a mathematical algorithm for the 3D 

reconstruction of the density spatial distribution of an object starting from 

its line integrals (linear projections). He also published results about the 

implementation of such imaging method by a X-ray scanner and a 

computer, used to perform the tomographic reconstruction of the cross-

sections of the object.  

The first tomographic scanner for medical use was built under the direction 

of Hounsfield in the 1970s. His idea was to acquire radiographs of an object 

(in this case the human body or its parts) from different angular positions 

and to apply the reconstruction algorithm of Cormack to calculate the spatial 

map of the X-ray linear attenuation coefficient µ, related with the material 

density. [18]       

The Nobel Prize in Physiology or Medicine was awarded to Hounsfield and 

Cormack for their inventions in 1979. 
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Initially, the use of X-ray computed tomography (XCT) was limited to the 

medical field, due to the low spatial resolution (scale of cm down to a few 

mm). Subsequent technological innovations led to the development of a 

new, high resolution version of XCT, called X-ray Micro-Computed 

Tomography (X-ray µCT or X-ray Tomographic Microscopy, XTM), which 

is used nowadays in several fields such as materials science and 

engineering, geology, non-destructive testing, archaeology, mechanical 

engineering, biology and many others. X-ray µCT allows to obtain 3D 

images of the interior of a sample with a spatial resolution up to a few µm.  

2.1.2 Application to materials science and building 

restoration 

X-ray computed tomography is a nondestructive method which provides 

three-dimensional images of materials that can be digitally manipulated in 

order to perform measurements and visualization tasks.  

Related with building materials, the quantitative measurements of main 

interest are related with the internal structure, e.g., measurements of 

porosity.  

The internal structure of a building material plays an important role in its 

macroscopic behavior, influencing its physical and mechanical properties 

such as its water absorption, transport, condensation and evaporation. Water 

is one of the main sources of degradation for building materials. Its effects 

strongly depend upon the microstructure of the material itself. For example, 

high porosity and pore interconnections accelerate the degradation. 

The efficacy of conservation or restoration treatments mainly depends on 

their penetration depth and the way they distribute inside the pores, two 

features that can be monitored by means of X-ray tomography and 

radiography. Both imaging methods are non-destructive techniques, thus 

they allow multiple measurements on the same sample at different stages of 

the degradation and/or restoration process. [19]   

By means of XCT, it is possible to obtain full 3D information about the pore 

structure without the need of a destructive sample preparation, like required 

by Scanning Electron Microscopy (SEM) of thin sections obtained by 
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cutting cross-sectional slices from the sample (petrography). SEM-based 

petrography achieves much larger spatial resolution (down to a few tens of 

nm) compared with XTM, but has several disadvantages, e.g., it necessitates 

stereology techniques to provide information in 3D and allows for imaging 

only small surfaces with very long scanning time, in addition to the 

destructive sample preparation. [6] 

Alternative techniques for measuring porosity include mercury intrusion 

porosimetry (MIP). This method assumes that the porous material has a 

regular geometry of interconnected, cylindrical pores all equally accessible 

from the outside. Given a certain volume of intruded mercury, at a given 

pressure, the MIP theory estimates the minimum intruded pore diameter by 

using the Washburn equation (Eq. 2.0): 

� � � �����	
        (2.0) 

where � is the applied pressure, � is the superficial tension of mercury, � the 

contact angle and  the pore radius. 

The simplified, adopted model of a porous material as a system of 

interconnected cylindrical pores, plus other effects related with the intruding 

liquid, lead to an overestimation of the smallest pores. [5] [6] [20]  

Up to a pore size slightly larger than the typical spatial resolution of XTM 

(a few µm), XTM can be used as a complementary technique for 

quantitatively measuring the porosity, with the additional advantage, as 

mentioned before, of not perturbing the sample. 

XTM also allows studying the transport of conservation/restoration 

products, like water repellents or consolidants, inside a sample with larger 

spatial resolution compared with traditional techniques such as mechanical 

strength tests, water vapor permeability or visualization of boundary color 

change.  

However, spatial resolution of XTM is still a limitation for its widespread 

exploitation in the field of building materials and restoration/conservation 

products characterization. The typical smallest resolvable pore in XTM 

datasets has size of the order of 10 µm [6]. Very often, the 
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restoration/conservation products fill pores that are smaller. Visualization of 

such products inside the single pores is thus not possible with XTM. 

2.1.3 X-ray tomographic microscopy setup    

The basic components (Fig. 13) of a typical XTM system are: 

• An X-ray source, whose most relevant features are the focal spot size, 

the energy spectrum and the X-ray flux. For laboratory-scale setups, the 

typical X-ray source is a X-ray tube exploiting the bremsstrahlung 

mechanism of X-ray production: an accelerated electron beam hits a 

heavy metal target and gets highly decelerated, with consequent energy 

dissipation in the form of heating of the target and x-ray emission. The 

focal spot of the tube is the target area hit by the accelerated electron 

beam. Its size must be of the order of a few µm in order to produce a 

quasi-point like X-ray source that emits X-rays within a cone, thus 

introducing a natural magnification factor in the image formation 

process, depending upon the source-to-object and object-to-detector 

distances [21]. A small focal spot is also necessary for increasing the 

spatial resolution, which depends both upon the magnification factor and 

the X-ray source size. [22] 

• A sample holder on a rotating stage. The rotation axis of the object has 

to be aligned as much as possible with the vertical axis of the stage. 

• A X-ray detector, placed behind the sample, collecting the transmitted 

radiation emerging from the object.  

During a typical XCT measurement (scan), the detector records a set of 

radiographs (projections), each radiograph for a different sample orientation 

compared with the source-detector pair. The sample rotates while being 

irradiated by small angular steps over a range between 0 and 360 degrees. 

By means of a tomographic reconstruction algorithm, the radiographs are 

used to create a stack of cross-sectional images, called slices, aligned along 

the sample rotation axis (Fig 14). [23] 



���

�

Fig. 13. XTM equipment at the Laboratory for 

Metrology/Electronics/Reliability, Swiss Federal Laboratories for Materials 

Science and Technology (EMPA), ETH Domain. 

Each reconstructed slice is a 2D image. The stack of slices is a 3D image, 

i.e, a matrix of voxels (volume elements) whose grey values are proportional 

to the X-ray linear attenuation coefficient within the corresponding volume 

of material.  

The setup at EMPA is controlled by in-house developed LabView software. 

Before starting the scan the following steps are required: 

• calibration of the X-ray source; 

• calibration of the detector; 

• alignment of the rotation axis of the sample to the rotational stage axis; 

• positioning of the sample in the center of the field of view (FOV) of the 

detector, at each orientation angle.
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Fig. 14. Schematization of a typical experimental setup using a cone beam 

geometry. [24] 

X-ray source 
CCD detector 

Rotating stage 

Radiographs at different orientation angles 

tomographic reconstruction algorithm � stack of slices 
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2.1.4 Principles of X-ray computed tomography 

From a macroscopic point of view, the transmission of an X-ray beam 

through an object is described by the Beer-Lambert law (Eq. 2.1), 

���� � �������� ����� �������
      (2.1) 

which relates the intensity of the incident beam, ��, to the attenuated 

intensity �, both of them recorded at position � � ��� �� on the detector 

plane. �� is usually recorded by illuminating the detector with the X-ray 

beam without the sample within the field of view (FOV). 

The X-ray beam intensity is defined as the total number of photons that 

cross a unit area in the unit time and it is measured by pixel-wise X-ray 

detectors. The integral in Eq. 2.1 is calculated along the ray (line), �����, 
connecting the X-ray source (approximated to a point) with the center of the 

pixel of the detector at position �. The integrated function of space position, 

 ��� ��, is the X-ray linear attenuation coefficient of the object, µ. The 

parameter µ (Eq. 2.2) describes the degree to which a material interacts with 

the beam and it is dimensionally defined as 

! � "#      (2.2) 

for a given chemical species (atom or molecule). " is the total microscopic 

cross-section, measured in barn (1 barn = 10
-28

 m
2
) while # is the species’ 

numerical density, measured in m
-3

, such that µ is measured in m
-1

.  σ is the 

sum of different terms each of them referring to a specific physical process 

of interaction between the X-ray photon and the chemical species [25]. For 

hard X-rays (photon energy in the range of a few keV up to hundreds of 

keV), the two most important photon-matter interaction processes are the 

photoelectric absorption and the Compton scattering [22]. The photoelectric 

absorption cross-section, σph, is proportional to the third power of the ratio 

between the atomic number and the photon energy,$%&'
(
. Chemical species 

made of atoms with larger atomic number produce larger X-ray attenuation. 
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Given a certain material, a higher energy X-ray beam undergoes more 

attenuation than a lower energy one. 

The Beer-Lambert expresses the macroscopically measured attenuation in 

intensity for a beam crossing a certain object. As formulated in Eq. 2.1 it is 

valid only for monochromatic beams, where the photons have the same 

energy. All the laboratory-scale X-ray sources are polychromatic [26]. 

Quasi-monochromatic X-ray beams are produced only at synchrotron 

radiation facilities. In the case of a polychromatic beam, the energy-

dependence of the linear attenuation coefficient must be taken into account. 

Eq. 2.1 then becomes (Eq. 2.3) 

���� � �������� � ������&��&��)*+�)*,-����       (2.3) 

where the energy range is (Emin;Emax). 

As described above and mathematically explained in the following section, 

the reconstruction of the linear attenuation coefficient µ as a function of the 

space position ��� �� requires the acquisition of not only one radiograph in 

the absence of the object (also called open beam radiograph, �����) and of 

one radiograph with the object within the FOV (����) but of several 

radiographs with the sample in the FOV, each one at a different orientation 

compared with the detector position. 

Once radiographs are collected, they need a pre-processing step to be 

prepared for the reconstruction process, in order to improve the image 

quality. Some detector pixels may be damaged and may create continuously 

a signal even when no radiation impacts them. In order to offset the biased 

signal produced at these pixels, a radiograph is recorded in the absence of 

any radiation beam. This radiograph is called dark current or dark field 

image, �./���, and it is subtracted in Eq. 2.3 both from the transmission 

radiograph, ����, and from the open beam one, �����.  
Thus, in the actual tomographic reconstruction process, the following pixel-

wise normalized radiograph is used (Eq. 2.4), 

�0���= 
1����123���
14����123���       (2.4) 
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2.1.5 Principles of tomographic reconstruction 

This section summarizes the basic analytical theory of the tomographic 

reconstruction of a function of space position, as the linear attenuation 

coefficient µ��� ��, starting from a set of its linear projections on a plane. 

The following formulation is given only for the simplified case of a parallel 

beam geometry, i.e., for linear projection integrals along rays which are 

straight lines orthogonal to the plane of projection. Physically, this 

configuration corresponds to a parallel beam geometry. For simplicity, but 

without restricting its general applicability, the formulation is given for a 2D 

object only, such that its linear projection is given as a linear profile, instead 

of a full 2D one, like in the case of a radiograph. In the case of a parallel 

beam geometry, the following formulation is independent from the 2
nd

dimensionality of the projection plane (the detector plane), since the object 

can be thought of as “sliced” along its vertical axis by the radiation beam. 

Figure 15 provides a schematic representation of the geometry of the 

problem.  

Fig. 15. Schematization of the geometry of the tomographic reconstruction. 

There are two Cartesian frames of reference: ��5� �5� �5� is rigidly attached 

to the object, its origin is assumed to be located in correspondence of its 

center of mass and its rotation axis is assumed to coincide with the �5 axis. 

The second frame of reference, ��� �� ��, has its origin coinciding with the 

origin of the previous frame of reference and two axes (� and �) parallel to 

the projection (detector’s) plane sides. The � axis is parallel to the �5 one. θ



���

�

is the object’s orientation angle and corresponds to the angle of rotation of 

the ��5� �5� �5� frame in respect to the ��� �� �� one, being the rotation around 

the �5 � � axis. The linear projection (radiation beam’s) direction is parallel 

to the � axis. 

Given a certain orientation θ and considering the geometric setup 

schematized in Fig. 15, Eq. 2.1 can be rewritten as Eq. 2.5 

�  6�7�8� ��5� �5�9�= : ;< =1�7�8�14�7� > �� ?��� @�      (2.5) 

where ���� @� indicates the line intercepting the projection plane at the 

coordinate �, ���� @� is the value of the radiograph at the pixel with position 

�, for the given orientation @, while ����� is the value of the open beam 

radiograph at the same pixel. 

The path integral on the left hand side of Eq. 2.5 is also called the 2D Radon 

transform of the object function µ, for the given orientation θ, ?��� @�. The 

2D Radon transform can also be thought of as a 2D image associate to the 

object plane (or to one of its cross-sectional slices, for a 3D object). In that 

case, it is called sinogram (Fig. 16).  

                      

Fig. 16. Sinogram corresponding to vertical cross-section of a fired clay 

brick. Each sinusoidal curve represents the projection of a single point. 

��

y 
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Figure 16 shows an example of a sinogram corresponding to a vertical 

cross-section of a fired clay brick illuminated with the XTM setup at EMPA 

using energy beam equal to 80 keV and current 120 µA. The name sinogram 

derives from the fact that a highly attenuating point-like part inside the 

object appears in the sinogram as sinusoidal curve.

In 1917, the Austrian mathematician Johann Radon demonstrated how to 

retrieve a function from a set of its linear projections (path integrals along 

straight lines) on a line (cross-section of the projection plane). 

Eq. 2.5 indicates that the 2D Radon transform of !��5� �5� is given by the 

negative logarithm of the ratio between the transmission radiograph and the 

open beam one. In practical applications, the normalized radiograph of Eq. 

2.4 is used instead of such ratio. 

In theory, the retrieval of the object function could be simply obtained by 

the 2D inverse Radon transform. However, the inverse Radon transform is 

affected by several analytical problems, including the non-uniqueness of its 

solution, such that its use in the tomographic reconstruction is rarely 

adopted. 

The Radon transform can be rewritten as (Eq. 2.6): 

?��� @� � A !BC ��5� �5�D�� : �� 5 E FG�9�59�5           (2.6) 

where ABC  indicates the integration over the overall 2D plane, D�H� is the 

Dirac function, �� 5 � ��5� �5�, FG � �IJK��@�� KL<�@�� is the unit vector 

indicating the direction of the integration path in respect of the ��5� �5�
frame of reference and E indicates the scalar product between two Euclidean 

vectors. 

The 1D Fourier transform of ?��� @� in respect to the � variable is called 

?MNO7� @P and is defined as (Eq. 2.7): 

?MNO7� @P Q � ?��� @���RST79�B       (2.7) 
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Introducing in Eq. 2.7 the definition of ?��� @� given by Eq. 2.6, one obtains 

(Eq. 2.8) 

?MNO7� @P � U VW !
BC

��5� �5�D�� : �� 5 E FG�9�59�5X ��RST79�
B

�

� W !
BC

��5� �5� VU D�� : �� 5 E FG���RST79�
B

X9�59�5 �
� A !BC ��5� �5���R��YESTZG9�59�5 � ![NO7 IJK�@� � O7KL<��@�P    (2.8) 

Equation 2.8 indicates that the 1D Fourier transform of ?��� @� in respect to 

the variable �, ?MNO7� @P, corresponds to the 2D Fourier transform of the 

object function !��5� �5� calculated at the point NO7 IJK�@� � O7KL<��@�P. 
Equation 2.8 is also called the Fourier Slice Theorem and is the central 

theorem for the theory of tomographic reconstruction. The Fourier Slice 

Theorem states that if one records several linear projections of the object, at 

different orientations θ, it is possible to sample the 2D Fourier transform of 

the object function in polar coordinates O7 IJK�@� � O7KL<��@�. Once the 2D 

Fourier transform has been sampled, in principle it is possible to use the 2D 

inverse Fourier transform to retrieve/reconstruction the object function 

!��5� �5�, i.e., in the case of X-ray tomography, the X-ray linear attenuation 

coefficient !. The Fourier Slice Theorem thus explain why the tomographic 

reconstruction requires the acquisition of several projections at different 

orientation angles θ. 

From a numerical implementation point of view, the direct application of 

the Fourier Slice Theorem leads to some artifacts, since a sampling of the 

2D Fourier transform of the object function in polar coordinates implies that 

a larger density of sampling points is available at low frequencies (small O7) 

than at large ones (large O7). In addition, the use of the inverse 2D Fourier 

transform for retrieving the object function requires its Fourier transform to 

be re-sampled starting from the polar grid of samples to obtain a Cartesian 

grid of samples. Several numerical methods have been proposed for 

performing such transformation from a polar grid to a Cartesian one and the 
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tomographic reconstruction algorithms exploiting them belong to the 

category of re-gridding algorithms. [21]  

An alternative approach derives from the Fourier Slice Theorem itself and 

from writing in polar coordinate the definition of the inverse Fourier 

transform of the object function itself (Eq. 2.9), 

!��5� �5� Q \
]^�W ![�O�Y � O7Y��RSG YE��Y9O�Y9BC

O7Y_
� `

abC � � ![�Ocde�@�� OefF�@���b
� �RSZGE��YO9O9@B       (2.9) 

Introducing in Eq. 2.9 the definition of ![�Ocde�@�� OefF�@�� given by the 

Fourier Slice Theorem, one obtains Eq. 2.10: 

!��5� �5� Q `
�b � $� ?M�O� @�O�RSZGE��Y9OB ' 9@�b

�          (2.10) 

The overall term within the curved parentheses in Eq. 2.10 is simply the 1D 

inverse Fourier transform of the product of ?M�O� @� and O, which 

corresponds to the filtered version of ?��� @� where the filter has Fourier 

domain kernel equal to O (the Fourier transform of a filtered function is 

equal to the product of the Fourier transform of the function itself and of the 

Fourier transform of the filter kernel). The filtered version of ?��� @� is here 

indicated as ?g��� @�, such that Eq. 2.10 can be rewritten as the following 

(Eq. 2.11), 

!��5� �5� Q `
�b � ?g�FG E �� 5� @�9@�b

�        (2.11) 

Equation 2.11 is also known as the Filtered Back-Projection (FBP) theorem 

and indicates that the object function can be reconstructed by recording its 

2D Radon transform at multiple orientations, then by filtering it for each 

orientation, smearing it out inside the object area, then summing over all the 

orientations angles. 

The FBP method for tomographic reconstruction was originally proposed in 

the 1970s for parallel beam geometries. It has been extended also to the case 
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of a fan beam geometry (a slice-wise divergent beam) and for a cone beam 

geometry, as used in the measurements with the EMPA XTM setup. 

In 1984, Feldkamp, Davis and Kress proposed a FBP-like algorithm for a 

cone beam geometry, known as the FDK algorithm, thus extending the class 

of FBP algorithms to the 3D case [21] [27]. Indeed, for a parallel or fan 

beam geometry, the extension to 3D is immediate, since a radiograph is 

interpreted as a vertical (along the � � � �5 axis) stack of linear projections of 

cross-sections (slices) of the object. In the case of a cone beam geometry, 

this assumption does not hold anymore, since the linear projections are 

along lines which are not orthogonal to the projection (detector’s) plane. 

The FDK algorithm significantly expanded the range of applicability of 

XCT by X-ray sources, making it faster and allowing to exploit the natural 

magnification of the cone beam geometry to improve the spatial resolution 

of the reconstructed images. Before the FDK introduction, X-ray tubes 

producing fan beams were used in scanning mode, moving them vertically 

along the object in combination with a linear array of X-ray detectors, 

acquiring one sinogram at each vertical position. With the cone beam 

geometry, the object can be fully illuminated along its vertical direction at a 

single time, thus reducing the acquisition time. [26] 

Figure 17 finally summarizes the workflow of a typical tomographic 

reconstruction algorithm based upon FBP algorithms.
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Fig. 17. Workflow of a typical reconstruction algorithm. 
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2.1.6 Image analysis

In a radiograph, the pixel value is proportional to the transmitted X-ray 

intensity, i.e., to the total number of X-ray photons, per unit area and unit of 

time, transmitted through the sample along a ray path connecting the pixel 

position and the X-ray source. The X-ray source is here considered as a 

point-like source, an approximation that is reasonable for a cone beam 

micro-focus XTM setup as the one shown in Fig.13, which has a source size 

of about 2 µm. According to the Beer-Lambert law (Eq. 2.1), the transmitted 

intensity relates with the cumulative X-ray attenuation coefficient along a 

ray path through the inspected object. Such cumulative value for the X-ray 

attenuation coefficient depends upon (1) the thickness of the object crossed 

along the ray path and (2) the values that it achieves along such path and 

within such thickness. Thus, there is a direct relation between the 

radiographic pixel value and the object’s thickness and/or the atomic density 

of the material phases constituting the object itself (see Eq. 2.5). When 

looking at a radiograph, one has to keep in mind that brighter areas 

correspond to lower X-ray absorption occurred along ray paths crossing 

regions with either lower thickness or lower atomic density or both of them. 

On the contrary, darker regions correspond to higher X-ray absorption along 

paths that crossed either higher density regions in the object or thicker ones 

or both of them. Figure 18 (a) shows an example of a radiograph of a 

globigerina limestone sample. The linear profile of that radiograph along the 

red line drawn on top of it, is presented in Fig. 19. It shows that the 

transmitted intensity is lower in the center of the line, due to the larger 

thickness, while it increases going towards the boundaries, because the 

thickness of the sample decreases, being it a cylinder. 

A tomographic dataset consists in a set of mathematically reconstructed 

images each of which corresponds to a cross-section of the sample along the 

vertical direction. The pixel value in each tomographic image is related with 

the X-ray linear attenuation coefficient µ. Thus, in a tomographic image, 

“bright” pixels correspond to highly X-ray attenuating features while “dark” 

pixels to  small attenuation ones. Thus, for a tomographic image, the 
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physical interpretation of the pixel value, color-coded with grey tones, is the 

opposite of the one for the grey tones of a radiograph. 

In a tomographic image, air voids appear as dark grey objects while the 

solid matrix appears as a lighter one (Fig. 18 (b)).  

Fig. 18 (a) Radiograph of a globigerina limestone sample. In red, the linear 

profile line. (b) Tomography of the same sample along the cross-section in 

red in the radiograph. 

Fig. 19. Linear profile of the radiograph in Fig. 18 (a) 

The spatial resolution of an image, being it either a radiograph or a 

tomographic image, theoretically has a maximum bound determined by the 

size of field of view (FOV), expressed in number of pixels along each 

(a) (b) 
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dimension, by the magnification factor of the cone-beam XTM setup and by 

detector’s physical pixel size. The magnification factor, M, is the ratio 

between the source-to-detector distance and the source-to-object distance. 

An additional limitation to the spatial resolution comes from the finite size 

of the X-ray source, which is never a perfect point-like source. The actual 

spatial resolution of a XTM setup, being different from the simple voxel 

lateral size, needs to be known, at least approximately, since it states  

the minimum size of an object that can be clearly distinguished.     

2.1.7 Image artifacts in X-ray micro-tomography                    

An artifact is any unphysical feature or distortion in a tomographic image 

that does not have a direct correspondence with a physical feature. Artifacts 

can be introduced both during the acquisition and  the reconstruction 

process. 

Fig. 20 (a) shows how a tomographic image (“slice”) appears after raw 

tomographic reconstruction, before any artifact correction. The typical 

artifacts encountered in XTM are the following: 

- Beam hardening is an artifact related with the X-ray energy spectrum of 

the incident beam and with the fact that, for every material, the X-ray linear 

attenuation coefficient decreases with the energy. It means that within the 

incident population of photons, constituting the beam within a certain 

acquisition time, there is a different rate of absorption and scattering 

depending on the photon energy: lower energy photons are removed from 

the beam with larger probability by the interactions with the object, higher 

energy photons are removed with lower probability. The spectrum of the 

transmitted beam thus is different from the one of the incident beam. It 

contains, by proportion, less photons at the lower energies than at the higher 

ones, i.e., by passing through the object it “hardens”. Since higher energy 

photons interact less frequently with the atomic components of the object, 

rays along shorter paths experience less loss of low energy photons. On the 

contrary, rays along thicker paths through the sample, loose more low 

energy photons. This results in areas at the boundaries of the sample having 

higher pixel values than those of the central regions, even when the object is 
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completely homogeneous. It is as if the 

X-ray attenuation properties of the sample 

get disproportional to its thickness, in an 

artificial way. See Fig. 20 (b) for an 

example of the artificial boundary 

brightening in a tomographic image. 

This type of artifact can be reduced by 

empirical formulas and the calibration of 

the tomographic system considering the 

source spectra.  

- Ring artifacts appear as very bright 

concentric rings centered on the rotational 

axis, superimposed on the reconstructed 

slice (see Fig. 20 (c)). They are due to 

single or groups of pixels with 

anomalously low values in the 

radiographs, due to physical problems of 

the respective detecting pixel. Such low 

response values by some of the detector’s 

pixels can be caused by several factors,  

such as a change in the pixel temperature 

or beam  fluctuations that may 

temporarily or permanently damage the 

detector at those pixels. [23]            

                                                                                  

- Misalignment between the rotation axis 

of the stage and the rotation axis of the 

sample and motion artifacts are seen as a 

blurring in the reconstructed image due to 

sample movement or the mutual position 

of the components (Fig. 20 (d)).  

Fig. 20 (a) Slice of Globigerina  

after raw tomographic  

reconstruction. (b) Beam 

hardening. (c) Ring artifacts. 

(d) Motion artifacts. 

(c) 

(b) 

(d) 

(a) 
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- Streak artifacts are streak-shaped and can appear when the material 

includes features like metals that are more attenuating then the surrounding 

matrix and reduce the transmission of the beam along its path. 

2.2 X-ray Tomographic Microscopy with synchrotron 

radiation  

Hard X-rays (energy above a few keV) can be emitted also by the 

centripetal deceleration of electrons moving along curved trajectories, 

accelerated at high energies. This type of X-rays belongs to the spectrum of 

electromagnetic radiation that can be produced at synchrotron radiation 

facilities, where the synchrotron is the type of particle accelerator used to 

keep the electrons moving along fixed and closed trajectories. Figure 21 

shows a scale model of the Swiss synchrotron radiation facility, called 

Swiss Light Source (SLS), hosted at the Paul Scherrer Institute (PSI), in 

Villigen.  

Fig. 21. Scale model of the Swiss Light Source (SLS), the Swiss 

synchrotron radiation facility at the  Paul Scherrer Institute (PSI), in 

Villigen. 

Along the circular path, consisting of high vacuum tubes, there are insertion 

devices, to inject the electrons and accelerate them at a given energy, and 

bending magnets, allowing them to follow the curved trajectory (Fig. 22). 

Whenever the electron beam is forced to bend by the magnets, it loses 
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acceleration, i.e., energy, along the direction orthogonal to the tangential 

one. The lost energy is actually converted into electromagnetic radiation 

emitted along the direction tangential to the trajectory at the point of 

bending. Depending on the amount of bending imposed to the beam, the 

frequency of the emitted radiation varies. It can span the entire 

electromagnetic spectrum, from the infrared bandwidth to the hard X-ray 

one.  

Fig. 22. Scale model of the components of the tomographic device at PSI. 

Along the perimeter of the synchrotron there are different types of bending 

magnets, for producing different types of radiation beams. Each beam is 

conveyed through a system of high vacuum tubes to a specific beamline. A 

beamline is an experimental station designed for performing measurements 

on materials with the specific type of radiation is associated with. It consists 

of a front-end, some optics, for example for collimating the photon beam 

and selecting only the photons within a certain, narrow energy range and the 

experimental station, where the samples are set and get irradiated by the 

beam. 

A synchrotron radiation beam usually has very large flux and brilliance, it is 

almost monochromatic (all the photons have approximately the same 

energy, within a small bandwidth) and high spatial coherence. Contrary to 

laboratory-scale X-ray micro-focus sources, a hard X-ray synchrotron beam 

has a parallel geometry. It is highly collimated, a feature that allows not 

only for large flux, but also high spatial resolution. [26] 

Electron tube

Bending magnets 
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2.2.1 Tomographic reconstruction: phase contrast and 

absorption mode 

When an electromagnetic wave, such 

as a beam of X-ray photons, passes 

through a material, it is partially 

transmitted and partially reflected. 

The propagation direction of the 

transmitted wave is not simply 

aligned along the direction of 

incidence onto the material surface. It 

gets bended, a phenomenon known as 

refraction (Fig. 23). 

The Beer-Lambert law does not take into account this change in the 

propagation direction and therefore is actually valid just in the case when 

the detector plane is perfectly in contact with the back side of the sample. 

The closer the detector plane to the sample back-side, the smaller the 

refraction angle θt at which the rays intercept the detector plane.  

Since a configuration with a detector plane exactly behind the sample is 

only ideal, when the X-rays are collected by the detector, they are always a 

little bit refracted. This implies that the actual profile of the X-ray intensity, 

as measured in every radiograph, presents peaks in correspondence of the 

borders of the sample, at the interface between the air and the solid phase 

(Fig. 24). 

Fig. 24. Interference fringes related to the index of refraction gradients. [28] 

Fig. 23: the wave passing 

through a material is both 

transmitted of an angle t and 

reflected of an angle i. 

i i

t
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This effect is called edge-enhancement, since it results in a brightening of 

the boundaries between different material phases, and is part of the effects 

in a tomographic dataset due to refraction. These effects consist in the 

interference of the refracted X-rays, past the sample. They lead to specific 

features in the radiographs, thus in the reconstructed tomographic images, 

that are related with the spatial distribution of the X-ray index of refraction 

inside the sample. If these interference effects can be appropriately 

measured and deconvolved from each other, the tomographic reconstruction 

process can lead to the 3D spatial distribution of the index of refraction, 

instead of the linear attenuation coefficient, as in the ideal case of pure 

absorption-based tomographic imaging, which follows the Beer-Lambert 

law.  

Tomographic imaging based on refraction is also called phase contrast 

tomographic imaging, because the source of contrast in the images is the 

phase shift induced in the X-rays by the distinct material phases composing 

the sample. Phase contrast imaging is very easy to achieve with synchrotron 

radiation, given its high level of spatial coherence.  Phase contrast imaging 

allows better resolving the boundaries between different material phases 

inside the sample and visualizing with larger contrast material phases which 

have similar X-ray attenuation but even little difference in the index of 

refraction. In the specific case of the Globigerina limestone, phase contrast 

imaging was exploited for better resolving the porosity boundaries. 

By the theory of electromagnetic wave propagation it can be shown that, in 

the general case of a detector-to-sample different from 0, the transmitted X-

ray intensity measured at a certain position on the detector plane, ���� ��, 
depends both on the linear attenuation coefficient !��� �� �� and on the 

Laplacian of the Radon transform of the index of refraction F��� �� ��
calculated on the detector plane, i�jk��j� @�, where 

k��j� @� � � F��5� �5� �5�9el��j�8�  is the 3D Radon transform of F��� �� ��, 
m��j� @� indicates the ray path connecting the position �j�on the detector plane 

with the source, for a given orientation @ of the object of investigation. 

From a physical point of view, k��j� @� represents the cumulative phase shift 

the X-ray has undergone while traveling through the object along m��j� @�n



���

�

By means of different approximations, the reconstruction can be processed 

in two different ways. 

1) Pure attenuation contrast-based tomographic reconstruction assumes 

valid the Beer-Lambert law and does not consider refraction effects, thus 

neglecting the dependence of ���� �� from i�jk��j� @�. The neglection of 

refraction effects implies that the calculated voxel values are not 

quantitative values of the linear attenuation coefficient µ. In addition,  

both the radiographs and the reconstructed cross-sections will be 

characterized by edge-enhancement effects, i.e., at the interface between 

different material phases there will be boundaries artificially very bright 

compared with the surroundings. 

2) Pure phase contrast-based tomographic reconstruction ignores the 

contribution of the attenuation, expressed by the Beer-Lambert law. 

Different approaches have been proposed for the retrieval of the index of 

refraction F��� �� �� given i�jk��j� @�. 
In the specific case of the Globigerina limestone tomographic reconstruction 

of Fig. 25, I used the phase retrieval algorithm proposed by Paganin et al. 

[29], based on the following assumptions: 

• the object is made of a single, homogeneous material, in addition to air; 

• the incident beam is monochromatic; 

• the incident wave is plane or mildly curved (parallel beam geometry);  

• the object-to-detector distance is within the near field; 

• the ratio between the real and imaginary parts of the complex index of 

refraction is constant everywhere within the object, 
o
p � IJ<Kq, where 

< � \ : r,  � stu, where t is the X-ray wave number. [30] 

The theory relates the intensity to the Radon transform of the index of 

refraction (Eq. 2.12), 

� F��5� �5� �5�9el��j�8� � hN���j�P         (2.12) 

The reconstructed slices represent a map of the spatial distribution of the 

index of refraction F.  
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Since this phase retrieval algorithm assumes that 
v
w � cdFex , it allows to 

calculate the spatial distribution of both the index of refraction and of the 

linear attenuation coefficient, which are related to the the bulk density and 

the atomic density, respectively.  

Tomographic reconstruction based on this phase retrieval algorithm allows 

studying materials, such as the Globigerina limestone, that have low X-ray 

absorption and are relatively homogeneous from the point of view of mass 

volumetric density and chemical species.   

Fig. 25. The image shows a slice of globigerina limestone reconstructed by 

means of the phase contrast mode.  

2.3 Dynamic radiography: qualitative analysis of the liquid 

transport process 

The investigation of liquid absorption in stones is extremely important for 

material testing and, finally, the conservation of the cultural heritage.  

The stone’s liquid transport behavior has been studied qualitatively by 

capillary uptake tests while recording at high frame rate radiographs. The 

aim of such experiments was to investigate the penetration depth of the 
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consolidant and the change in the liquid transport process due to the 

application of the product. 

This experimental campaign included two parts. 

The first part consisted in liquid uptake experiments from the untreated side 

of several samples, both untreated and treated with the consolidant. The goal 

was to visualize the slow down and/or the blocking effect of the liquid 

transport by the consolidant. By visualizing the slow down or blocking 

effect, the aim was also to qualitatively estimate the penetration depth of the 

consolidant.  

The second part of the campaign consisted in performing the liquid uptake 

from the treated part of other samples, in order to test whether the stone 

acquired hydrophobic properties after the consolidant’s curing. 

The liquid chosen for the uptake experiments was a 0.5 M water-based 

solution of KI. Such a solution has viscosity equal to about 0.93 times that 

of water, while its surface tension was measured to be 68.61 ± 0.25 mN m
-1

. 

The surface tension measurements were performed with an apparatus 

implementing the pendant drop method, at the Laboratory for Surface 

Science and Technology of the Swiss Federal Institutes of Technology in 

Zürich (ETHZ). The measured value is the average of six values, while the 

error is the standard deviation. For comparison, water has a surface tension 

of about 72.8 mN m
-1

. 

Finally, the solution has mass volumetric density equal to 1.0598 g cm
-3

. 

The KI solution has thus liquid properties similar to those of water. 

However, its X-ray linear attenuation coefficient, µ, is much larger than that 

of water. Figure 26 shows the plot of µ as a function of the X-ray photon 

energy, in red for the KI solution and in blue for water. The plot is Log-Log 

scales. Over that range of X-ray energy, which is the same range for the X-

ray source used at EMPA for the dynamic radiography measurements, µ of 

KI is about two orders of magnitude larger than µ of water. This means that 

the solution attenuates much more the X-rays compared with water. 

The 0.5 M KI solution was chosen after testing in total three KI solutions 

with different concentrations (0.25, 0.5 and 0.75 M). The 0.5 M resulted to 
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be optimal in matching water’s liquid properties while providing enough 

contrast in the radiographs of the wet stone. 

Fig. 26. X-ray linear attenuation coefficient, µ, as a function of the X-ray 

photon energy, Eν. Blue line: water. Red line: 0.5 M water-based solution of 

KI. The vertical, dashed line, located at 40 keV, corresponds to the center 

energy of the X-ray source spectrum, as used for the dynamic radiography 

experiments described below. Calculations based upon the NIST FFAST 

database. [31] [32] 

X-ray radiography with such a liquid as contrast agent allowed  monitoring 

the capillary uptake as a dynamic process. 

The samples were treated in two different ways, in order to investigate how 

the consolidated stone behaves with a different number of brush strokes. 

Samples with name containing “T1” were brushed 5 times with TEOS, 

while those with name containing “T2” were treated applying 10 brush 

strokes. 

For preventing the capillary action from the side walls, the lateral sides of 

the samples were covered with paraffin, such that the liquid was forced to 

penetrate just through the surface of the sample in contact with it. 

The samples were statically fixed to a holder and fitted entirely in the field 

of view of the X-ray detector.  
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The X-ray source was set at 80 kV voltage and 120 µA current. 

One radiograph was acquired every 1.2 seconds, until the liquid reached the 

top of the sample. 

The result of each of such measurements was a set of differential images 

where the pixel value corresponds to the change of the cumulative value of 

the linear attenuation coefficient µ along the beam direction. 

Indeed, a single radiograph represents an X-ray intensity map (Eq. 2.13), 

���� x� � ����� x���� y�����z���{��� ��������sn\|�

where ���is the open beam (or flat field) image, γ is the path and �� � ��� ��
is the position on the detector plane. 

Assuming that the flat field was constant in time and that x� is the starting 

time of the radiographic acquisition,  

}~������� x� � ����� �x
���� x�� � � �������� y�����z4���{���

���� x� � ����� ��� y�����z���{���

Equation 2.14 is obtained: 

���� x�
���� x�� � � ��� �y�����z��y�����z4����{��� ��������������sn\]�

where �!��� �� x� : !��� �� x��� � i!��� �� x� is the change of the linear 

attenuation coefficient between time x and�x� due to the liquid entering the 

sample. 

The linear projection (Radon transform) of �µ is defined as (Eq. 2.15 ): 

U i!��� �� x�9� � : ;< � ���� x����� x�������
�������������������sn\��

The differential images are referred to an initial radiograph and an initial 

time, and are obtained subtracting the dark field, in order to correct from hot 

pixels (Eq. 2.16): 
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U i!��� �� x�9� � : ;< � ���� x� :��./����
���� x�� :��./���������

����������������������sn\��

 and dividing by the flat field (Eq. 2.17): 

U i!��� �� x�9� � : ;< � ���� x� :��./����
���� x�� :��./���� H

����� x�� :��./����
����� x� :��./���� �����

����sn\��

As in the reality the flat field fluctuates in time, a rectangular area outside 

the sample is selected in the first radiograph and with an average of the 

pixel values a new flat field which substitutes ����� x� at each time x in the 

previous equation is created. 

If no liquid uptake takes place, �µ=0 and the resulting differential image is 

dark. As soon as the liquid rises into the material, the X-ray attenuation 

increases and, where the liquid arrives, the differential image gets brighter.  
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3. Experimental campaign at University of Bologna 

The experimental campaign presented in this project was run at University 

of Bologna, EMPA (Duebendorf, Switzerland) and Paul Scherrer Institute 

(PSI, Viligen, Switzerland).  

Preliminary tests were run at LASTM laboratory, University of Bologna, in 

order to characterize the globigerina samples. Ultrasonic and Brazilian tests 

were used to define the mechanical features of the stone, while sorptivity 

tests analysed the behaviour of the material towards the action of water and 

mercury intrusion porosimetry described the total porosity of the 

investigated material. Then, a TEOS-based consolidant diluted in white 

spirit was applied by brushing the consolidant on the samples in two 

different ways: until refusal and with a lower number of strokes. 

The research continued in Switzerland: the microscopic effects of the 

consolidant and the liquid transport inside the stone were investigated at 

Empa by means of X-ray tomography and radiography, while XTM with 

synchrotron radiation was performed at PSI.   

3. 1 Materials and methods 

3.1.1 Sample preparation

The samples of globigerina were cut in the shape and dimensions required 

for the tests: cores of 20 mm in diameter and 50 mm in height were prepared 

for the ultrasonic, the brazilian and the sorptivity tests, while cubes of 50 

mm were designed for the ultrasonic and the sorptivity tests. The samples 

were washed and dried, then two black lines were drawn to indicate the 

sedimentation plane (Fig. 27). A balance was used to weigh them and a 

caliper to measure the dimensions. The samples were thermally degraded by 

heating at 400°C for one hour: calcite deforms anisotropically at high 

temperatures and cracks on the edge of the grains form. The above 

mentioned measurements together with the determination of the weight of 

the samples were then repeated. 



���

�

Fig. 27. Preparation of th samples: the black lines on the cubes indicate the 

sedimentation plane. 

3.1.2 TEOS-based treatment 

In order to study how different application methods of the consolidant act 

on the

material, the chemical was applied by brushing both until refusal (T2) and 

with a lower number of strokes (T1). The treatment was considered applied 

until refusal when the stone stopped absorbing remaining wet on the 

surface, i.e. after 10 strokes (Fig. 28 (a)). Treatment T1 was instead stopped 

after 5 strokes. The cubes were treated just on one surface, while all the 

surface of the cores was brushed. The penetration depth of TEOS 

immediately after its application was observed on the lateral surface of the 

cubes (Fig. 28 (b)) and was determined as approximately 4 mm in the case 

of treatment T1 and about 5.5 mm in the case of treatment T2.

The product used during this project is Estel 1000 by CTS srl, a TEOS-

based consolidant diluted in white spirit D40, 75 wt%.

The curing time, during which the reactions leading to the efficacy of the 

treatment took place, was 4 weeks at room temperature. 
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Fig. 28 (a) Application of TEOS until refusal. (b) Penetration depth of 

TEOS is measured by observing the darkening of the lateral surfaces 

immediately after brushing. 

Table 1 reports some physical parameters of the chemical obtained from 

CTS, company that collaborates with the University of Bologna.  

Appearance colorless liquid 

Density 0,97 kg/l at 20° C 

Boiling point 145°-200° C 

Viscosity 4,9 cp. a 20°C 

Table  1. Characteristics of Estel 1000 by CTS 

3.1.3 Ultrasonic test 

Ultrasonic test is a non-destructive method which allows to determine the 

dynamic elastic modulus of a material. After the calibration of the device, 

the sample was placed between two piezoelectric transducers, one working 

as transmitter, the other working as receiver (Fig. 29). The frequency of the 

waves was 55 kHz. Metallic weights were used to maintain constant the 

pressure on the samples throughout the test. The sound wave travels through 

the material with a speed  given by the ratio between the covered distance 

 and the time  measured by the device (Eq. 3.0): 

    

���� �	��




��

�

(3.0) 

The speed of sound  in a homogenous medium is directly related to both 

elastic modulus and density � (3.1): 

           (3.1) 

Fig. 29. Setup of the ultrasonic test. 

The test was run on the samples before and after the thermal degradation of 

the material and before and after the 

curing of TEOS. In the case of the 

cubic samples, the test was performed 

considering each dimension as the 

distance  between the transducers. 

3.1.4 Brazilian test 

The Brazilian test (Fig. 30) is an 

indirect, destructive method used to 

determine the tensile strength of Fig. 30. Brazilian test setup.�
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materials. Cylindrical samples are subjected 

to a uniform compressive strip load at 

opposite ends of a diameter (Fig. 30).

This induces a stress that is pure tension in 

a direction that is perpendicular to the 

compressive force, which is applied until 

failure occurs (Fig. 31). At the failure (Fig. 

32), the tensile strength of the stone, , is 

calculated as follows (Eq.3.2): 

          (3.2) 

where  is the maximum applied load before failure,  is the diameter 

of the sample and  is its length. 

Fig. 32. The Brazilian test leads to the failure of the material along the 

diametral plane perpendicular to direction of the applied load. 

Fig. 31. Failure mode [33]�
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3.1.5 Capillary uptake test  

Water represents one of the main causes of material weathering. When 

capillary rise occurs, water enters the pore network due to capillary forces.  

The sorptivity test was performed by placing the samples on a pile of filter 

paper submersed in water inside a reservoir (Fig. 33), as described in the 

Italian standard UNI 10859:2000 “Beni Culturali - Materiali lapidei naturali 

ed artificiali - Determinazione dell'assorbimento dell'acqua per capillarità” 

[Cultural heritage - Natural and artificial stones - Determination of water 

absorption by capillarity]. 

The TEOS treated samples were placed with the consolidated surface in 

contact with the paper. The mass of the samples was measured after 5, 10, 

20, 30, 60 minutes, 2, 4, 24, 48, 72 hours and eventually after one week 

from the beginning of the experiment. The absorption of water by capillary 

suction measures the increase of the mass of the sample as a function of the 

time and is given by the formula (Eq.3.3): 

           (3.3) 

 is the water absorbed by the sample per unit area at time ,  is the 

mass of the sample at time ,  is the initial mass of the sample and  is 

the surface in contact with the filter paper. The obtained data were used to 

plot the water absorption expressed in  as a function of the square root 

of time ( ).




��

�

Fig. 33. The samples were placed in a reservoir filled with filter paper in 

water up to about 1 cm. 

3.1.6 Mercury Intrusion Porosimetry (MIP) 

Investigation of the porous system is a crucial step in stone conservation 

field as material decay is closely related to its microstructure. Porosimetry 

allows  determining various aspects of the porous nature of materials, such 

as the pore diameters, the surface area, the porosity and the bulk density. 

The test consists in the intrusion of a non-wetting liquid (mercury) into a 

small specimen of globigerina previously placed under vacuum inside a 

dilatometer (Fig. 34). Pressure is gradually applied until 2000 bar, forcing 

the liquid to enter the pores. Pore size distribution is then calculated by 

measuring the quantity of mercury penetrated into the pores at each pressure 

step. Washburn equation (Eq. 3.4) relates the applied pressure  to the pore 

size: 

          (3.4) 

where is the surface tension of mercury,  is the contact angle between the 

mercury and the pore wall,  is the pore radius. 
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The obtained data are used to plot the curve pore radius-specific volume, 

which describes the pore size distribution inside the sample. 

  

Fig. 34. MIP setup. 

�
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3.2 Results: macroscopic effects of the two treatments 

3.2.1 Evaluation of mechanical properties 

The TEOS based treatment led to a general increase of the dynamic elastic 

modulus of the globigerina samples. The stone resulted to be quite 

homogeneous with similar features among all the samples. The untreated 

samples show values of the modulus ranging from 13.9 GPa to 15.5 GPa, 

which are decreasing down to 10.9 GPa after thermal degradation due to the 

formation of microcracks at the grain boundaries (and therefore presumably 

a strength decrease).  

The modulus of the samples treated until refusal (T2) increased more 

compared to the less treated stones (T1). Indeed the modulus of the cubic 

samples increased of 1.8% after treatment T1 and of 5.7% after treatment 

T2. The consolidant applied on the cores, smaller than the cubic samples 

and treated on all the surfaces, improved their modulus up to 40.8% in the 

case of treatment T1 and of 43.3% in the case of treatment T2. Although the 

dynamic elastic modulus of the samples treated until refusal increased more 

than the modulus of the less treated samples, the obtained results show that 

the improvement due to the extra product of treatment T2 is not so 

significant.   

Table 2 shows the results of the Ultrasonic test. 

   Average Ed

Before [GPa]  

Average Ed  

After [GPa]  

�E 

[GPa] 

�E% 

GL-SORPT-T1 10.9 11.1 0.2 1.8 

GL-SORPT-T2 12.2 12.9 0.7 5.7 

GL-RT-T1 12 16.9 4.9 40.8 

GL-RT-T2 12 17.2 5.2 43.3 

Table 2. Dynamic elastic modulus of the cubic (GL-SORPT-T1 and GL-

SORPT-T2) and cylindrical (GL-RT-T1 and GL-RT-T2) samples of 

globigerina limestone before and after the treatment obtained by means of 

the Ultrasonic test. 
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In accordance with the observations from the ultrasonic investigations, the 

Brazilian test clearly showed that the treatment of the samples with the 

consolidant TEOS increased the tensile strength of the stone. However, with 

the Brazilian test, no significant difference could be observed between the 

two treatment methods T1 and T2, as shown in table 3.  

Sample                 Average �t  (KN/cm²)

GL-RT-NT 0.27 

GL-RT-T1 0.38 

GL-RT-T2 0.37 

Table 3. Average tensile strength at failure of globigerina limestone.  

3.2.2 Evaluation of porosity  

Investigations on the samples by Mercury Intrusion Porosimetry (MIP) 

revealed a significant decrease in porosity after TEOS based treatments, due 

to the deposit of the consolidant inside the pores. This is a desirable effect as 

long as the pores are not totally occluded, since it decreases the 

susceptibility of the stone to decay. As the plot in Fig. 35 shows, the curve 

radius-specific volume shifted towards lower values of the specific volume 

of voids and the total porosity decreased from about 38% to about 31%.  

Fig. 35. Porosimetric curve of the globigerina samples. 
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As preferable, the consolidant does not cause a pore blocking effect and 

pores with the radius bigger than 1 �m are only slightly altered by the 

treatment. The average pore radius of the globigerina samples resulted to be 

about 3�m. The curves related to treatment T1 and treatment T2 are almost 

overlapped: it means that no significant changes in the porosity are caused 

by a higher quantity of the applied product. 

3.2.3 Evaluation of sorptivity 

Results of the capillary uptake test are shown in Fig. 36 and Fig. 37. 

TEOS and reaction products precipitating during the curing time provided 

temporary hydrophobicity to the material at the beginning of the test. Indeed 

the samples remained dry for more than two hours from the starting time. 

The repeatability of the test is confirmed by the overlapping of the curves 

concerning each treatment. 

The plots reveal that treatment T1 and treatment T2 act differently after 25 

hours from the beginning of the test, when the hydrophobic effect of TEOS 

stopped: the curves are initially overlapped, but then the curves assigned to 

T1 increase their slope as they absorb more water compared to the samples 

treated until refusal. After one week the cubic samples treated with T1 and 

T2 show again the same absorption values and their curves result close to 

the one related to the untreated samples. After the same time interval, 

cylindrical treated samples reach lower absorption values not coinciding 

with the final value of the untreated sample. Also in this case the samples 

treated with T1 absorb more water than the samples where more product 

was applied.  

The initial hydrophobicity provided by TEOS is a desirable effect if the 

risks connected to water entering the pores are considered.  

As TEOS is generally applied until refusal when used on field, and because 

of the material showed better effects when more consolidant was applied, 

treatment T2 has been chosen during this project for further investigations. 
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Fig. 36. Sorptivity of the cubic samples of globigerina.  

Fig. 37. Sorptivity of the cylindrical samples of globigerina.  
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4. Experimental campaign at Empa 

The research activity at Empa can be divided 

in 3 experimental campaigns:  

• XTM measurements on the samples 

before and after the TEOS-based 

treatment, in order to visualize its effects 

on the microstructure. 

• X-ray dynamic radiography of untreated 

and treated samples while the capillary 

uptake of an acqueous KI solution takes 

place, in order to visualize the changes in 

the liquid transport process inside the 

samples due to the consolidant. 

• Automatic gravimetric measurements 

during capillary uptake tests, with the 

aim of a better understanding of the 

absorption process.�

4.1 Materials and methods 

4.1.1 XTM: experimental procedure 

1) Sample preparation

Cores of about 9.4 mm in diameter and 50 mm in length were drilled from 

virgin samples of globigerina limestone that had been previously artificially 

weathered by heating at 400°C for one hour, in order to simulate the natural 

weathering occurring in the field during a long time scale (Fig. 38). 

2) Tomography of virgin samples

The first type of measurements consisted in acquiring a set of 721 

radiographs, each 1024 x 1024 pixels, while the stage rotates at regular 

angular steps of 0.5º over a total of 360º. These radiographs, related to the 

sample absorption of the X-ray photons, were then used to reconstruct 

�

Fig. 38. Preparation of the 

samples of globigerina 

limestone. 
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planar cross-sections of the sample,  

aligned along its vertical axis, according 

to the Fourier slice theorem. 

The radiographs were acquired with the 

following parameters of the x-ray source: 

voltage 80 kV and current 120 µA. 

The sample was scanned  two times, each 

time with a specific Region of Interest 

(ROI) within the detector’s Field of View 

(FOV). The two ROIs are contiguous 

with each other along the vertical 

direction. They cover up to two cm from 

the top of the sample. Each ROI contains 

the entire sample along its longitudinal 

direction (orthogonal to the vertical one). 

The radiograph pixel lateral size is about 

11 µm for each sample. Thus, considering 

the radiograph vertical size (1024 pixels), 

each ROI has vertical length of about 11 

mm. For each sample, the tomographic 

scanning thus includes a top ROI and a 

bottom one.  

Fig. 39 shows one sample mounted on the 

XTM sample holder, itself mounted on 

the XTM rotation stage. The sample is 

located in front of the XTM source. H1 = 

H2 = 11 mm are the vertical heights of 

two contiguous ROIs, highlighted by the 

red rectangles. 

3) Application of TEOS-based treatment  

After the scans, the specimens were 

treated applying on one of their surfaces 

Estel 1000 by CTS srl, by brushing the 

Fig. 39.�The core�is placed on the 

sample holder. The rectangles in 

red show the ROI included in the 

tomographic scan. Each ROI has 

an heigth H equal to 11 mm.

Fig. 40: TEOS-based treatment 

applied by brushing on the top 

surface of a core of globigerina 

limestone. 
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product with 10 strokes (Fig. 40). Estel 1000 is a TEOS-based consolidant 

diluted in white spirit D40, 75 wt%, as in the tests carried out in Bologna. 

4) Tomography of the treated samples

After a 4 weeks curing, each sample was scanned again under the same 

conditions of the first scan. 

5) Analysis by comparison of the datasets

Once the tomographic reconstruction of the datasets has been performed, as 

shown in the following paragraph, it is possible to compare the results 

concerning the treated and the untreated samples in order to visualize the 

changes in the microstructure of the specimen caused by the TEOS. 

4.1.2 XTM dataset processing at EMPA 

The preprocessing of the radiographs, for the removal of the previously 

cited sources of artifacts, was done at EMPA with the software µCT-data 

processing, developed by the Metrology/Electronics/Reliability Laboratory. 

That software is used for setting up the parameters needed for the 

tomographic reconstruction. The software takes the sinogram in 

correspondence of the center, along the vertical axis, of the sample and 

performs a preliminary tomographic reconstruction with the current set of 

parameters. The parameters for correcting for cited artifacts (beam 

hardening, ring artifacts and  misalignment of the stage rotation axis 

compared with the sample’s) can be changed and the corresponding effect 

on the central tomographic slice can be seen immediately. Once the optimal 

set of such parameters is found, all the sinograms are corrected accordingly 

before the filtered back-projection of each of them takes place. Such back-

projection is then performed with the FDK reconstruction software, also 

developed in-house at EMPA (Fig. 41). 
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Fig. 41. Correction of the artifacts by means of the software µCT-data 

processing
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4.1.3 TEOS visualization

a) Direct method 

Fig. 42 shows that a direct visualization of the consolidant is not feasible by 

means of a simple comparison between the tomographic images, before and 

after the treatment. 

�

Fig. 42 (a): tomography of an untreated sample of globigerina. (b) the picture on 

the bottom represents the same sample scan after the treatment. 

(a) 

(b) 
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Indeed, although the internal microstructure of the stone is quite 

homogeneous in terms of composition and pore distribution, the majority of 

the pores is below the spatial resolution, thus it could not be imaged. The 

complexity of the system, made of several inclusions like shells, does not 

help for the purpose. 

Moreover, TEOS has a similar attenuation for X-rays as the substrate and 

does not introduce enough contrast to be visually located.  

b) Indirect method: voxel value histogram analysis 

Because TEOS cannot be located by simple visual inspection of the 

tomographic images, a further step of the current investigation consists in 

the voxel value histogram analysis. 

The histogram represents the discrete distribution of the voxel values of the 

images. The voxel values are related with the linear attenuation coefficient 

µ. A peak in the histogram indicates a large number of voxels with the same 

intensity values: the voxels in the neighborhood of a peak correspond to a 

single material phase. It is possible to distinguish two peaks in the voxel 

value histogram of a stack of slices: one corresponding to the pore space, 

the other one corresponding to the solid material phase (Fig. 43).

Fig. 43. Voxel value histogram of a stack of slices of globigerina limestone 
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4.1.4 Dynamic radiography: experimental procedure 

The setup consisted in a remotely controlled lift developed by the Building 

Science and Technology Laboratory of EMPA (Fig. 44). The lift was 

controlled from outside the X-ray hutch and was used for lifting up an open 

reservoir containing the KI solution, in order to bring the bottom side of the 

sample in contact with the liquid. This system was developed because X-ray 

equipment requires shielded rooms that cannot be accessed during scans. 

The limestone sample was covered laterally by paraffin in advance with the 

aim to avoid lateral evaporation and capillary uptake from the lateral side of 

the samples. Two reference cylindrical PMMA samples, one empty and the 

other one filled with the KI solution, were placed next to the globigerina 

sample. They were used for calibration of the pixel values in the 

radiographs. 

As soon as the sample got immersed in the solution for about 1-2 mm from 

its bottom, the capillary rise started and radiographs started to be acquired to 

monitor the liquid transport inside the stone. 

Fig. 44. Experimental setup for dynamic radiography at Empa 
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1) Sample preparation 

Cores of about 9.4 mm in diameter and 50 mm in length thermally degraded 

at 400°C were used for this experiment. The lateral surface of the samples 

was sealed with Paraffin so that the liquid transport process can be 

approximately described as monodimensional, considering also the 

geometry of the specimens. 

The test was run using the following samples, both treated until refusal 

(treatment T1 corresponding to 10 brush strokes) and with just 5 brush 

strokes (treatment T2): 

GL_NT_16 (untreated) 

GL_SORPT_T1_2_2 (5 brush strokes) 

GL_SORPT_T1_2_1 (5 brush strokes) 

GL_SORPT_T2_3_1 (10 brush strokes) 

GL_SORPT_T2_3_2 (10 brush strokes) 

2) Experimental campaign 1 

Samples: GL_NT_16 

                GL_SORPT_T1_2_2 

                GL_SORPT_T2_3_1 

The untreated side corresponding to the lower part of the sample was 

immersed in the KI solution (Fig. 45). The untreated sample called 

GL_NT_16 was used as reference to visualize the change in the rising front 

due to the treatment. The scan time has been chosen considering the 

capillary uptake test data: as the saturation time is about 40 minutes each 

radiographic session was equal to about one hour. 

3) Experimental campaign 2 

Samples: GL_NT_16 

                GL_SORPT_T1_2_1 

                GL_SORPT_T2_3_2 

The treated side corresponding to the lower part of the sample is kept in 

contact with the solution and the uptake takes place. GL_NT_16 is used 

again as reference sample. 
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Fig. 45. Setup of dynamic radiography test: the X-ray source and the sample 

immersed in the KI solution. 

4.1.5 Gravimetric capillary uptake test 

The sorptivity, S, defined in Eq. 1.6 of Chapter 1.2, represents the material’s 

ability to absorb and transmit a liquid through it by capillary suction. The 

coefficient of capillary absorption, ���� � � � ��, represents the same feature 

of the porous material, but it refers to a specific liquid with density ��.  

While � can be derived as the slope of the linear best fitting curve for the 

initial part of the plot of the wetting front height, H, versus the square root 

of time, ���� can be similarly derived from the liquid mass absorption plot.  

Manual measurements of absorbed liquid mass may underestimate the 

capillary absorption coefficient as the weighing operation stops the 

absorption process. An experimental setup for automatic and continuous 

mass measurements is presented as implemented at EMPA.  

Globigerina limestone samples were covered with paraffin in order to avoid 

lateral penetration of the liquid and its evaporation (Fig. 46). The samples 

used in these measurements had size of 50 mm in length and 9.4 mm in 
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diameter, so that the liquid absorption could be considered uni-directional 

along the sample length. 

The used device consists in a balance to which the sample can be hung by a 

metal thread. The balance automatically logs data according to a sampling 

frequency. The balance is connected to a computer where all the data are 

recorded by means of a software, used as well for setting the sampling 

frequency (30 s in the case of my measurements). Once hung and let 

stabilize against pendulum-like oscillations, the specimen is brought in 

contact with the liquid by a manual scissor jack. The liquid is kept in an 

open reservoir. The sample was immersed up to 1-2 mm from its bottom, 

before starting the measurement. The liquid reservoir was open only through 

a hole with diameter slightly larger than that of the sample. The capillary 

absorption coefficient can then be estimated after recording mass data over 

time (Fig. 47). 

Fig. 46. Preparation of the samples for the gravimetric capillary uptake test: 

a metal thread is attached to the sample and will be used during the capillary 

test to hang the specimen to the balance. Then, the core is sealed with 

paraffin so that absorption is monodimensional.  

                                                                                                                                               

Archimedes force pulls the samples up, when it is submerged from its 

bottom into the liquid, reducing the effectively measured mass. Thus, it is 

expected that at the starting point of the measurement, time t0, the sample 

mass is a little bit lower than its value before submersion starts. Therefore, 

the plot is vertically shifted in order to have the first point corresponding to 

the origin of the axis (0;0). 
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Fig. 47. Experimental setup for the gravimetric capillary uptake test. The 

sample is hung to a balance which automatically logs data as soon as the 

sample is in contact with the solution. The balance is connected to a 

computer where all the data are recorded. A thermocouple is used to 

monitor the temperature of the solution during the test. 

Experiments were run for 24 hours and water or KI solution absorption is 

given by the following equation (Eq. 4.0): 

	
 �
������

�
����       (4.0) 

where 	
 is the amount of water/KI solution absorbed by the sample per unit 

surface at a time t expressed in mg/cm
2
, �� is the mass of the sample at time 

�
, expressed in g, �� is the mass of the sample at time �� and A is the 

surface of the sample in contact with the solution measured in cm
2
. 

The repeatability of the setup was tested running the experiment on the 

same sample (GL_NT_11) after it recovered to the initial conditions (Fig. 

48); therefore the water that entered into the sample during the first 
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until constant weight. The needed heating time resulted to be about 5 hours.  
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Fig. 48. Gravimetric capillary uptake test of water run two times on the 

sample GL-NT-1-11.   

As Fig. 48 shows, the two curves are almost overlapped and the test can be 

considered reliable. 

In order to verify that the potassium iodide solution has properties similar to 

water, the plots derived from the capillary uptake test ran with the water and 

with the solution of potassium iodide are compared. As can be seen in Fig. 

49 the plots are almost overlapped and their slopes, corresponding to the 

sorptivity, coincide. We can therefore assume that the potassium iodide 

transport inside the stone can be used in the analysis instead of the water 

without causing any spurious effects to the transport process and to the 

material.  

The test was eventually run on both untreated and treated samples of 

globigerina with the aim to study the liquid transport process inside the 

material. Treatment T2, applied until refusal (10 brush strokes), and 

treatment T1 (5 brush strokes) were considered.  

A comparison between a plot obtained at Empa by running automatic 

measurements of liquid absorption and a plot representing the manual 

measurements acquired in Bologna is presented in Fig. 50. The image shows 
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that the two curves are almost overlapped and saturation of the samples 

occurs after the same time interval. This means the results obtained by the 

two test are comparable and reliable.  

Fig. 49. Comparison between the capillary uptake test run with water and 

with a potassium iodide solution. 

Fig. 50. Comparison between automatic measurements (GL-NT-1-3) and 

manual measurements (GL-SORPT-NT-1). 
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4.2 Results: microscopic effects of TEOS based treatment 

4.2.1 XTM measurements: comparison of the datasets before 

and after the treatment 

For each sample, the voxel value histograms of the full datasets referred to 

the sample state before and after the TEOS-based treatment have been 

compared (Fig. 51 and Fig. 52). 

Fig. 51. Voxel value histograms of GL_SORPT_NT_2_3 scan in the top part.

Fig. 52. Voxel value histograms of GL_SORPT_NT_2_3 scan in the bottom 

part. 
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A shift of the peaks of both the air and the solid phase is observed. This is 

more significant in the top part of the sample, corresponding to about the 

first cm in depth from the side where the consolidant was applied.  

In order to make sure that the shift towards higher voxel values is due to the 

consolidant and not to external factors, like the X-ray beam temporal 

fluctuations, the scans were repeated at two different times on each sample 

(Fig. 53 and 54). 

Fig. 53. Voxel value histograms of a globigerina sample scan at different times. 

Fig. 54. Voxel value histograms of a globigerina sample scan at different times. 
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The plots show that the curves are almost overlapped and the X-ray beam 

temporal fluctuation does not affect the results. Therefore the test is reliable 

and the repeatability is assured. 

4.2.2 TEOS variability along the vertical direction

In order to study the variability of the TEOS 

distribution along the vertical direction, the 

stacks of 1024 tomographic images have 

been divided into 5 sub-stacks of about 200 

slices each, as shown in Fig. 55. In the 

following plots, warm colors are associated 

to the untreated samples, green to the upper 

ROI of the treated sample, while blue 

represents the lower ROI of the consolidated 

stone (Fig. 56, 57 and 58).  

As we can see the shift of the histogram is more accentuated in the top part 

of the sample, but the histograms of each sub-stack are almost perfectly 

overlapped. This result indicates that the consolidant percolated uniformly 

within the first cm along the vertical direction of the sample (Fig. 56).  

If we consider the bottom part, the shift is smaller but still present, and the 

plots of the sub-stacks of the region are overlapped. It means that less 

product reached deeper areas. The distribution of the consolidant still 

appears uniform (Fig. 57).  

The increase of the average voxel value, clearly demonstrated by the shift of 

the histograms, leads to the conclusion that, after curing, the material 

became more X-ray attenuative because of the consolidant. The consolidant 

is more concentrated in the first cm from the side where it was applied by 

brush strokes. However, it percolated deeper than the first cm and got 

distributed still uniformly. The histograms related to the treated sample are a 

bit wider than the untreated ones and the peak corresponding to the solid 

phase is shifted a little bit more than the air peak due to the fact that most of 

the pores are below the spatial resolution of the imaging system and, if they 

���� �

Fig. 55. Division of the 

stack into 5 substack.
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are filled with the consolidant, they attenuates more the X-ray, thus  higher 

voxel values correspond to them. 

Fig. 56. Voxel value histograms of the sample GL_SORPT_NT_2_3 scan in 

the upper ROI. In warm colors: untreated samples. In green: treated samples.�

Fig. 57. Voxel value histograms of the sample GL_SORPT_NT_2_3 scan in 

the lower ROI. In warm colors: untreated samples. In blue: treated samples. 
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Fig. 58. Voxel value histograms of the sample GL_SORPT_NT_2_3 scan in 

both the upper and the lower ROI. In warm colors: untreated samples. In 

green: treated samples, upper ROI. In blue: treated samples, lower ROI. 

The variability along the count axis of each voxel value histogram is not 

considered as relevant in this analysis. The main interest is in the voxel 

value distribution itself. The variability in the voxel value counts can be 

explained by considering first of all the geometry of the X-ray beam. The 

beam is not orthogonal to the plane of the detector, instead it has a cone-like 

geometry. In correspondence of  different vertical positions in the sample, 

the X-rays cover different path lengths across the sample. This brings an 

intrinsic variability in the X-ray beam intensity across the vertical direction 

of the sample. Moreover, although the repeatability and reliability of the test 

has been performed, the beam temporal fluctuations may still affect the data 

interpretation. 
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4.2.3 TEOS variability in the cross-sectional plane

The TEOS distribution has been investigated not only along the vertical 

direction, but also on the cross-sectional plane, in order to investigate 

whether the presence of shells, denser areas or inclusions may affect the 

distribution of the product. 

Two vertical substacks, one from the top part and one from the bottom part, 

have been chosen. They have been divided, along the cross-sectional plane, 

into 9 substacks of 3 mm per side, along the cross-sectional plane, and 2 

mm depth (Fig. 59). The substacks, except number 5 in Fig. 56, are only 

partially filled with the material. 

Fig. 59. Division of the cross-section into 9 substacks  

Figure 60 and 61 show the voxel value histogram for each of the 9 substacks 

both of the upper and of the lower ROI. Warm colors in the plots are 

referred to the sample before treatment, while green and blue colors 

represent the histograms related to the treated samples. 
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Fig. 60. Voxel value histogram of the sample GL_SORPT_NT_2_3 scan at 

the top. In warm colors: untreated samples. In green/blue: treated samples. 

Fig. 61. Voxel value histogram of the sample GL_SORPT_NT_2_3 scan at the 

bottom. In warm colors: untreated samples. In green/blue: treated samples. 
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The histograms are almost perfectly overlapped, excluding the variability 

along the voxel count axis. The difference in the shape of the histogram is 

due to the fact that where the air surrounding the sample is included in the 

calculation the peak corresponding to the air is accentuated (i.e. substack 1, 

3, 7, 8). 

It results that the percolation of the consolidants appears to be rather 

uniform along the directions on the cross-sectional plane. 

4.2.4 Segmentation by thresholding 

Segmentation of an image consists in the identification of the pixels (voxels) 

belonging to a certain feature of interest in the image itself. A pixel (picture 

element) represents the smallest unit of an image (i.e. a slice), while a voxel 

(volumetric pixel) is the corresponding volume element in the three-

dimensional space (i.e. a stack of images). Once all the pixels belonging to 

the feature of interest have been found, a new image can be produced from 

the original one by assigning a specific value to those pixels and another one 

to all the remaining pixels. In this way, the feature is put in the foreground, 

in opposition to the background. The obtained image is called binarized, 

because it has only two different pixel values. The segmentation processing 

is also called “binarization”. Segmentation can be also performed for more 

than one feature at a time. 

In the case of images where the pixel value corresponds to a physical 

variable that characterizes intrinsically a material phase, e.g., its density, 

segmentation leads to the identification and classification of the different 

phases.  

A typical segmentation task for X-ray tomographic images of porous 

materials consists in distinguishing between pixels of pores, filled with air 

(or any other fluid), and pixels of solid material phases. The binarization 

leads, for example, to a black-and-white image, where black is assigned to 

the porosity and white to the solid phase (or viceversa), depending upon 

which is the foreground feature of interest.  

In an attenuation-based X-ray tomographic image of a porous material, the 

pixel values of pores are on average lower than the values of solid phases. 
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This is a direct consequence of the relation existing between the pixel value 

and the X-ray linear attenuation coefficient of the materials: typical fluids in 

the porosity attenuate X-rays less than the solid phases. 

The pixel values distributions for the two categories of materials (fluids in 

the porosity and solids) are in general overlapped with each other. However, 

in several cases, the most probable pixel value for either material is clearly 

displaced from the one for the other. This corresponds to having at least two 

clearly separated peaks in the pixel value histogram, as discussed in Chapter 

4.1.3 and shown there in Fig. 43. 

One of the more frequently used approaches for the segmentation of 

porosity in a X-ray tomographic image consists in exploiting the separation 

of the two peaks: if a pixel value threshold is optimally determined, in 

between the two peaks, then all the pixels with values above the threshold 

can be classified as belonging to the solid phases, the others as belonging to 

the porosity (Fig. 62). 

(a) 
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Fig. 62 (a) Greyscale image. (b) Image histogram obtained by means of the 

software Fiji. (c) Binary image. 

The method is called pixel (voxel) value thresholding. The critical point of 

this porosity segmentation approach consists in the threshold determination. 

There exists many different methods, both manual and automatic, based 

upon the evaluation of different features of the histogram. Depending on the 

value assigned to the threshold, the result of the segmentation of the same 

image may change even considerably. A manual selection can be used for a 

qualitative analysis, but it is not reliable because is subjective. Automated 

Black White 

(b) 

(c) 
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methods are based on a large number of algorithms, each producing a 

different threshold, but they are preferable because lead to more 

reproducible results. 

If a too low threshold is chosen, the porosity will be underestimated and the 

noise will increase, while if the threshold is too high porosity will be 

overestimated and the pore walls will appear thinner. 

Therefore we developed a segmentation method based on the MIP data. 

First of all the application of a mask excluded the air surrounding the 

sample from the calculation. By means of an algorithm all the pixels were 

examined in order to compute the minimum (��
�) and the maximum 

(����) value of the images in the stack. Once this values were obtained, the 

algorithm used them to compute a current value of the threshold ������: 

������ �
��
� � ����

�

This threshold was used to divide the voxels into porosity, when the voxel 

value was lower than the threshold, and solid phase, when the voxel value 

was higher than the current threshold. If  the porosity thus obtained was 

lower than the porosity provided by MIP, then the algorithm did not change 

the value for  ���� and it assigned �������as new value of ��
�. Otherwise 

(i.e. the value of the porosity was higher than the porosity given by MIP) the 

algorithm did not change the value for ��
� and it assigned ������ as new 

value of ����. The algorithm iteratively went on until the stop conditions 

were not verified, that is when the interval defined by ��
� !"# ���� is 

smaller than a certain value used as reference. 

The total porosity of the limestone was previously determined at the 

University of Bologna by means of the MIP test (Fig. 63) ran on untreated 

(GL-NT) and treated (GL-T2) samples. From the test it resulted a reduction 

of the porosity from 38.8 % (untreated) to 31.8 % (treated). Figure 61 shows 

that this change in the total porosity is visible also comparing the same slice 

segmented before and after the curing with TEOS. In the binary images 

white (value 255) corresponds to the solid phase, black (value 0) to the pore 

space. Looking at the images it is visible that the segmented image 
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corresponding to the treated sample (Fig. 64 (b)) appears whiter than the 

image of the same, untreated sample (Fig. 64 (a)). It means that the 

consolidant filled part of the pore space leading to an increase of the solid 

phase. TEOS distribution appears uniform throughout the cross-section 

without causing the occlusion of the large pores. Indeed pores bigger than 1 

�m are not altered by the consolidant, which fills pores with a smaller size, 

as confirmed by the MIP plot. 

Fig. 63. Plot obtained by the MIP data acquired at University of Bologna on 

untreated and treated sample of globigerina limestone. 

Fig. 64 (a) binary image of an untreated sample of globigerina limestone. 

(b) binary image of the same sample after the TEOS-based treatment. 
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4.2.5 Three-dimensional rendering by means of Image Vis 3D 

Once that the optimal voxel value threshold has been found and the 

tomographic dataset has been binarized, it is possible to represent 

qualitatively the volume of each material phase that has been segmented. 

The software Image Vis 3D has been used to this purpose. 

Figure 65 shows the solid phase of the material, which has been associated 

to the grey color. 

  

Fig. 65. Different views of the 3D render corresponding to the solid phase 

and associated to the grey color. 

The volume of the sample composed of both solid and air is then 

represented in Fig. 66, where red corresponds to the solid phase and grey to 

the pore space. 
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Fig. 66. The two views of the 3D render of globigerina show qualitatively 

the result of the binarization: the volume can be seen as the sum of the solid 

phase (in red) and of the air voids (in grey). 

The image allows to distinguish a fragment of calcite (represented in red, 

being part of the solid phase) corresponding to a marine sediment. High 

porosity of the material can also be detected by observing the render. 
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4.2.6 Results: dynamic radiography 

1) Experimental campaign 1: capillary uptake from non-treated side 

The differential images in Fig. 67 show the rising damp at different time 

steps: after 3, 9, 21, 30 and 45 minutes from the beginning of the 

experiment. Red arrows indicate the rising front level during the test. The 

uptake of the treated samples resulted to be faster in the first minutes and 

then slowed down differently because of the treatment. 

About 38 minutes after the start of the test the untreated sample GL_NT_16 

got completely saturated. The liquid front rose uniformly until the top and 

proportionally to the square root of time, as already described in Chapter 

1.2. 

Within the same time range, the uptake in the sample treated with 5 brush 

strokes, GL_SORPT_T1_2_2, stopped before reaching the upper side of the 

sample. The rising front was quite horizontal until it got to a stable state 

after about 33 minutes. Once the rising front reached the consolidated stone, 

capillary rise temporarily stopped and the front line lost its horizontality: 

therefore TEOS did not percolate uniformly inside the sample, but entered 

preferential paths. The initial hydrophobicity due to the treatment allowed to 

determine the penetration depth of TEOS, which resulted to be on the 

average 0.8 cm. 

The rising slow down due to the consolidant has been even more evident in 

the sample GL_SORPT_T2_3_1, where a bigger amount of product was 

applied. Indeed the consolidant appeared to be penetrated deeper as the front 

was closer to the bottom compared to the sample treated with a lower 

amount of product. The rising front started slowing down after 27 minutes 

in a not horizontal line and stopped farer from the top. The penetration 

depth was estimated of about 1.3 cm. 

Therefore TEOS proved to really slow down the wetting front and, as the 

front is inclined, penetrated not uniformly, at least in the deepest part where 

is visible from the radiographs.  

Capillary uptake test from the untreated side showed also that the 

penetration depth due to treatment T2 until refusal, corresponding to 1.3 cm, 

is not significantly higher than the one provided by treatment T1, 0.8 cm.  
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         GL_NT_16_UNTREATED 

                   

         GL_SORPT_T1_2_2_TREATMENT 1 

                  

        GL_SORPT_T2_3_1_TREATMENT 2 

                  

       Fig. 67. Differential images representing the capillary uptake from the non-treated side. 
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2) Experimental campaign 2: capillary uptake from treated side 

The temporal evolution of the capillary process run on globigerina samples 

with the treated side in contact with the solution is shown in the differential 

images in Fig. 68. The images correspond to the time steps 3, 9, 21, 30 and 

35 minutes after the starting of the uptake, that has been constantly 

monitored for 35 minutes. 

The untreated sample GL_NT_16 was used as reference and got completely 

saturated after 38 minutes. In the treated samples GL_SORPT_T1_2_1 and 

GL_SORPT_T2_3_2 saturation was not reached within this time interval, 

while the capillary rise was significantly slowed down by TEOS. Therefore 

the stone became temporarily hydrophobic. 

Also in this case the rising front is not horizontal but slightly inclined; this 

means that percolation of TEOS starts uniform, but then the consolidant 

enters preferential paths inside the microstructure of the stone and 

distributes not homogeneously. 
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        GL_NT_16_UNTREATED 

                          

        GL_SORPT_T1_2_1_TREATMENT 1 

                          

        GL_SORPT_T2_3_2_TREATMENT 2 

                         

        Fig. 68. Differential images representing the capillary uptake from the treated side. 



���

�

4.2.7 Results: gravimetric capillary uptake  

Figure 69 shows the outcome of the gravimetric capillary uptake test run on 

globigerina samples. The untreated side of the samples was kept in contact 

with the KI solution. 

The untreated samples (GL-NT-1-3 and GL-NT-1-10) absorbed the KI 

solution uniformly for about 55 minutes since the beginning of the test, as 

revealed by the linear part of the curves. Green colours in the figure are 

associated with the untreated samples. Then the specimen got saturated and 

absorption remained constant with the time. 

The rising slow down due to the consolidant is clearly visible in the plots 

related to the treated samples.  

Where treatment T1 was applied, pink plots in Fig. 69, the curve results to 

be linear for about 40 minutes, after which the samples kept absorbing but 

the slope of the curves decreases significantly.  

The effect of TEOS is even more evident in case of samples treated until 

refusal, blue colored in the graph, where the uptake started slowing down 

already after 32 minutes. This means that the consolidant penetrated deeper 

into samples brushed with a higher number of strokes compared to samples 

where treatment T1 was applied. 

A similar result was obtained by means of dynamic radiography, where the 

differential images allowed visualizing the physical effect that takes place 

inside the samples during capillary rise.  

�
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Fig. 69. Results of the gravimetric capillary uptake test. In green: untreated 

samples. In pink: samples treated with 5 brush strokes. In blue: samples 

treated until refusal. 
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5. Experimental campaign at PSI 

5.1 Materials and methods: X-ray Tomographic Microscopy 

with synchrotron radiation at the Paul Scherrer Institute 

(PSI) 

The sample GL_NT_2_3 has been scanned at the TOMCAT beamline of the 

Swiss Light Source, at the Paul Scherrer Institute (Fig. 70 and 71), by means 

of a synchrotron radiation-based X-ray tomographic microscope that can 

produce images with pixel size down to 350 nm. As a term of comparison, 

the pixel size of the images obtained by the cone-beam X-ray tomographic 

microscope at EMPA cannot be lower than a few µm.  The goal of the scans 

performed at the TOMCAT beamline was to obtained a tomographic dataset 

of a Globigerina limestone sample with better spatial resolution, in order to 

perform a better qualitative characterization of the microstructure. 

Fig. 70. Scale model of the Swiss Light Source (SLS), the Swiss 

synchrotron radiation facility at the Paul Scherrer Institute (PSI), in 

Villigen. 
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Fig. 71. Swiss Light Source (SLS) at PSI 

The TOMCAT beamline has a highly collimated beam, which does not 

allow to inspect samples with size larger than a few mm. Since the 

GL_NT_2_3 sample has diameter of about 10 mm, it was possible to scan 

only one limited Region of Interest (ROI) of it, i.e., local tomography was 

performed. 

Table 2 reports the parameters of the X-ray microscope used at TOMCAT. 

The imaged ROI had lateral size of about 1,5 mm.  

Optical magnification of the 

visible light microscope 

10x 

Lateral size of the pixel 650 nm 

Beam energy 33 KeV 

Sample to detector distance 100 mm 

Table 2: parameters used during the scan at TOMCAT   

Figure 72 shows the experimental setup used for the tomographic 

measurements at PSI. 
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 Fig. 72. Experimental setup at PSI 

The tomographic scan was performed keeping a large distance between the 

sample and the detector plane. This setup was used for acquiring 

radiographs containing contrast information due to the mix of two physical 

processes occurring during the interaction of the beam with the sample: 

refraction and (photoelectric) absorption (Fig. 73). 

Fig. 73. Schematization of a typical tomographic setup at a synchrotron 

beam-line. [25] 

High vacuum 

flight tube Sample stage 

detector 
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5.2 Results 

As mentioned in chapter 2.2.1, tomographic reconstruction of the sample 

scan at PSI was carried out by means of two different techniques. 

Figures 74 and 75 show a comparison between a tomographic image 

reconstructed by means of the absorption mode and the same image 

reconstructed by means of the phase contrast mode. Because of the field of 

view smaller than the overall size of the sample, the reconstructed image is 

valid only inside the circle inscribed in the field of view. Outside of that 

circle, there are artifacts that make the image unphysical. 

The image reconstructed in phase contrast mode (Fig. 75) appears sharper 

and with a better resolution than the one reconstructed in absorption mode 

(Fig. 74). Therefore X-ray tomographic microscopy with synchrotron 

radiation demonstrated to be a powerful tool for characterization of building 

materials. 

Fig. 74. Reconstruction in absorption mode 
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Fig. 75. Reconstruction with the phase contrast mode of the slice shown in  

Fig. 74 reconstructed in absorption mode. 

�
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6. Conclusions 

Natural stones have been widely used as building material since antiquity. 

However, they undergo a decay process due to mechanical, chemical, 

physical and biological causes which make of restoration a very 

complicated issue due to all the variables that have a role in this process. 

Therefore a fundamental understanding of the interaction between the stone 

and the surrounding environment is a key prerequisite. 

A thorough characterization of building materials by means of 

interdisciplinary laboratory tests is an essential requirement for the 

understanding of the chemical and physical properties of the materials to 

develop suitable restoration strategies, e.g. for investigating which products 

can be applied on them. 

The building material under investigation throughout this study was 

Globigerina Limestone, which was used mainly for temples, walls and 

decorative elements in the Maltese Island since prehistoric ages. 

Globigerina limestone is primarily composed of calcium carbonate and it is 

susceptible to degradation processes as alveolization and powdering. In the 

last decades new technologies and techniques have been developed and 

introduced in the restoration field. Consolidants are largely used in 

restoration and conservation of cultural heritage in order to improve the 

internal cohesion and to reduce the weathering rate of building materials. 

The goal of this study was to investigate the well established consolidant 

tetraethoxysilane (TEOS) applied on Globigerina limestone samples. TEOS 

improves the cohesion of the grains by precipitating silica gel inside the 

pores of the material. The focus of this work is to investigate the penetration 

depth and the distribution of TEOS inside the pore microstructure for 

different application techniques of the consolidant, using both traditional 

approaches and advanced X-ray tomographic techniques, the latter allowing 

the internal visualization in three dimensions of the materials, in a non-

destructive way. Furthermore the influence of TEOS on the porosity and 

fluid transport properties of the building material was studied to investigate 

possible benefits from the consolidant on the limestone samples. 
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For the complete study Globigerina limestone samples untreated and treated 

with a TEOS-based consolidant have been compared for visualizing the 

effect of the consolidant on the intrinsic changes of the stone. 

The experimental campaign run at University of Bologna to fully 

characterize the properties of the Globigerina limestone showed that the 

stone features a very high porosity (almost 40% according to MIP test) and 

with the majority of pores smaller than 10 µm. The average pore radius 

resulted to be about 3 �m. This high porosity could be very harmful to the 

material because the porous system acts as a transport network for water, the 

main agent in material degradation. The consolidant improved the 

mechanical features, increasing both the dynamic elastic modulus and the 

tensile strength of the samples. Two different methods of treatments have 

been applied: until refusal (treatment T2) and with a lower number of brush 

strokes (treatment T1). In summary the application until refusal resulted to 

be a bit more efficient than treatment T1, but no major differences were 

observed. This indicates that TEOS resulted to be effective already after 5 

brush strokes and the additional product does not introduce significant 

benefits to the stone. 

As material decay mostly depends on the action of water inside the pore 

network, porosity and liquid transport process have been investigated too, 

before and after consolidation. 

At macroscopic scale, MIP showed a 18% decrease in the total porosity 

after the treatment with TEOS without causing the occlusion of the pores, 

while the manual capillary uptake test revealed that the chemical provided 

an initial hydrophobicity to the material, which can be exploited to assess 

the penetration depth of the consolidant. Regarding material decay, a 

reduction in the porosity without a pore blocking effect is required to any 

consolidating product, leading the material to be less exposed to the risks 

connected with water possibly trapped behind the consolidated layer 

(eventually causing flaking or even complete detachment). 

At microscopic scale, distribution and penetration depth of the consolidant, 

to which its efficacy is closely related, were successfully evaluated at 
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EMPA and Paul Scherrer Institute (PSI) in Switzerland by means of X-ray 

tomography and radiography. 

These two techniques demonstrated to be powerful tools for the 

investigation of the internal microstructure of building materials and for 

testing the performance of the products applied in the restoration field. 

X-ray µ-CT allows studying the internal structure of the materials both in 

2D (cross-sections) and in 3D (rendering) in a non-destructive way. The 

distribution of the consolidant inside the samples has been also investigated. 

The results obtained by this research showed that it is possible to compare 

the same samples at different steps, i.e. before and after the TEOS-based 

treatment. The penetration of the consolidant showed to be uniform both 

along the vertical direction and in the cross-sectional plane. Although a 

spatial resolution up to a few µm does not allow to analyze the smaller 

pores, X-ray computed tomography was proven to be very useful for 

studying building materials and the effects of TEOS. A better visualization 

of the internal structure of the samples was obtained at PSI, where XTM 

measurements with synchrotron radiation were performed.  

X-ray dynamic radiography was instead used to estimate the penetration 

depth of the applied product and the liquid transport process inside the 

samples. Differential images obtained with this technique showed that the 

amount of product applied influences its penetration depth, which resulted 

to be of about 1.3 cm in the case of samples treated until refusal (treatment 

T2) and of about 0.8 cm where the brushing stopped after 5 strokes 

(treatment T1). This result shows that, although the product applied by T2 

was double the product applied by T1, the penetration depth due to T2 was 

not double respect to the penetration depth due to T1. The rising front in 

both the experiments was observed to be not horizontal, therefore 

percolation was not uniform. 

The differential images confirmed also the results obtained by the capillary 

uptake test run in Bologna: TEOS provided an initial hydrophobicity to the 

material. 
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A gravimetric capillary uptake test with automatic measurements was 

additionally developed at EMPA confirming the results obtained by 

dynamic radiography: by applying the consolidant to the limestone samples, 

a slowdown of the rising damp was observed. The water uptake started 

decreasing earlier in time for the samples on which more brush strokes of 

TEOS were applied, suggesting that an increasing amount of consolidant 

applied on the limestone samples leads to an increase in its penetration 

depth. 

The results obtained within this research allow stating that X-ray imaging 

techniques combined with traditional techniques are very effective tools that 

can be successfully applied in the restoration field in order to study the 

behaviour of the products applied on the stone and the consequent changes 

inside the materials. The findings reported here together with the methods 

described can be used as starting point for further in-depth investigations not 

only about the application of TEOS on globigerina limestone, but also on 

the efficacy of many other chemicals applied on the different kinds of 

materials.  
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