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Abstract 

 

Marbles have been considered to be among the most important building materials since 

ancient times. Regarded as special stones, they are captivating because of their 

pureness, formability, and translucence. However, degradation of sculptures, 

architectural heritage, and façade stone made from marbles is problematic. Such 

deterioration of building stones depends mainly on ambient climate.  

Environmental conditions such as temperature changes, both increases and decreases, 

induce significant deterioration. The rock-forming minerals in marble, like calcite and 

dolomite, have large anisotropy in their coefficients of thermal expansion. Hence, apart 

from the expansion (or contraction) that results from heating (or cooling), internal 

residual stresses will develop in the stone fabric due to the thermal expansion 

anisotropy between the constitutive crystalline grains. These stresses can result in 

thermally induced microcracking, and an additional concomitant expansion. Such 

behavior is exacerbated by moisture due to moisture-assisted subcritical crack growth, 

and hence degradation can accumulate with cycling and over time, resulting in 

significant time-dependent deterioration. 

This research thesis presents the first systematic study of the prediction of degradation 

phenomena in marble structures caused by thermal expansion by applying numerical 

simulations and experimental techniques. The objective is to elucidate the influence of 

fabric parameters on factors that affect the marble degradation. Artificial microstructures 

with modeled textures as well as the real fabric of marble samples with different fabric 

parameters were examined. Microstructure-based finite-element simulations in 

combination with electron microscopy (EBSD technique), and experimental 

measurements of the thermal expansion behavior were used to study the influence of 

the rock’s fabric on thermal-elastic responses and the extent of microcracking. 

Additionally, in order to characterize the degradation potential of a marble, a volumetric 

extension index was developed as a decay index and was evaluated and validated from 

thermal expansion measurements under dry and water-saturated conditions for the 

investigated marble samples. 
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The results revealed that certain combinations of fabric parameters such as lattice 

preferred orientation (LPO), shape preferred orientation (SPO), marble composition, 

grain size and grain-boundary fracture toughness have a significant influence on the 

thermal-elastic response of marble and on the onset and extent of microcracking. It was 

seen that dolomitic marbles are more resistance to thermal-related marble decay than 

are calcitic marbles with the same structure and fabric parameters. However, fabric 

parameters, especially SPO and LPO, also play an important role in the thermal 

behavior of marble and therefore should be taken into account for the characterizing the 

durability and stability of marble.   

Finally, it was shown that microstructure-based finite-element modeling provides 

excellent insight and elucidation of influences of rock fabric on the degradation 

phenomena of marble, since the results from simulations are in good agreement with 

experimental findings.  
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1. General introduction 

The wide use of marble began in Rome during the first century BCE. Marble has been 

used as decorative and constructive material. However, marbles can be extremely 

sensitive to weathering and to degradation, and hence can have limited durability. The 

Taj Mahal, the famous masterpiece of architectural art (see Fig. 1.1), is a white marble 

mausoleum situated in Agra, India. Due to acid rain generated from an oil refinery and 

foundries, the marble façades on the Taj Mahal have been losing their luster, 

brightness, and white color into a sickly shade. Siegesmund et al. (2000, 2007) pointed 

out that physical weathering is thought to be the initial stage of marble degradation.  

 

Fig. 1.1 Representative view of the façade of the Taj Mahal (Agra, India). 

Many historical marble sculptures and monuments show clear evidence of deterioration. 

For some marbles the degradation process is expressed as a penetrative granular 

disintegration. This phenomenon is typical for Carrara marbles, although it is not 

restricted to only this marble type. At the sculpture surfaces a progressive fabric 

decohesion leads to a sugar-like crumbling of the isolated crystalline grains of calcite, 

resulting in a progressive deterioration of the stone. An example of this degradation 

phenomenon is shown in Fig. 1.2a. The Madonna and Child statue of Carrara marble is 
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generally well preserved due to a thin, hardened outer layer. However, the interior rock 

fabric has undergone a progressive decohesion along the grain boundaries, resulting in 

the loss of the facial features.  

A more spectacular deterioration phenomenon occurs for marble slabs, namely their 

bowing behavior. Due to progress in natural stone machining, unprecedented creative 

options are now available for economical cladding with natural stone slabs. This has led 

to a renaissance in the use of natural stone as a modern building material. Despite the 

aesthetic gains, there are structural and aesthetic issues. Exposed to the weather, 

stone claddings may be disaggregated in their structure, and thus irreversibly deformed. 

The bowing of marble façade slabs (Fig. 1.2b), or gravestones (see Fig. 1.2c), with 

thicknesses of typically 30 mm to 40 mm, but occasionally up to 90 mm, have been 

reported (Grimm 1999; Siegesmund et al. 2008). Both panel thickness and temperature 

influence the development of bowing (Koch and Siegesmund 2002, 2004; Grelk et al. 

2004). Moreover, both convex and concave deformation can occur after only a few 

years of exposure. 

 

Fig. 1.2  Examples of marble degradation phenomena. (a) Madonna and Child statue of Carrara marble 

on a tombstone in the historic Munich cemetery. The statue is generally well preserved due to a thin, 

hardened outer layer. However, the interior rock fabric exhibits a progressive granular decohesion along 

the grain boundaries, the so-called sugaring phenomenon. (b) Details of a spectacular bowing 

phenomena of the Zagrepcanka building in Zagreb. Photo by bent Grelk and Jan Anders Brundin 

(www.geomasek.de and www.sp.se/building/team). (c) A warped gravestone of Carrara marble in the 

Montmartre Cemetery, Paris, France. 
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Numerous cases of marble decay during environmental exposure have been 

investigated. For example, well-known buildings such as the Amoco building in Chicago 

(Trewitt and Tuchmann 1988), Finlandia Hall in Helsinki (Ritter 1992), the National 

Library in New York (Rabinowitzt and Carr 2012), and many others constructions made 

of marble shown progressive weathering. Weathering could be caused by temperature 

changes, moisture presence, frost actions, the presence of micro and macroorganisms, 

atmospheric pollution and salt solutions (Zezza et al. 1985, Bortz et al. 1988, Winkler 

1994, Franzini 1995, Grimm 1999, Royer-Carfagni 1999, Tschegg et al. 1999, Fassina 

et al. 2002, Grossi et al. 2003, Schouenborg et al. 2003, Luque 2010, Ruedrich et al. 

2011). Thereby, the study of marble decay mechanisms is vital for protecting historical 

heritage (Fig.1.3) and is also necessary from an economical perspective. Replacement 

of façade panels can be very expensive.  

 

Fig. 1.3 (a) Marble Statuary from the Schlossbrücke, Unter den Linden (Berlin, Germany) “Nike instructs 

a boy in heroic history” by Emil Wolff, 1847 and (b) damage phenomena of intensive cracking and 

network of cracks (craquelling). 

The reason for the degradation is mainly due to climate. Many studies have shown that 

increases and decreases of temperature can induce these degradation phenomena in 

marbles, e.g., Kessler (1919), Sage (1988), Battaglia et al. (1993), Winkler (1994), 

Logan et al. (1993), Siegesmund et al. (2000), Ondrasina et al. (2002), Zeisig et al. 
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(2002). This deterioration is most spectacular for marbles, but is also observed for other 

rocks, like granite, Nagelfluh, and limestone, e.g., Weiss et al. (2004a), Siegesmund 

and Dürrast (2011).  

Calcite and dolomite, the rock-forming minerals in marble, have a large anisotropy in 

their coefficients of thermal expansion along the different crystallographic directions. 

Consequently, in a polycrystalline structure the stochastic misfit strains produced by this 

thermal expansion anisotropy can produce large internal stresses, which occur mainly 

at triple junctions and along the grain boundaries (Siegesmund et al. 2000). 

Independently, or in combination with environment, e.g., moisture-assisted fracture 

(Henry et al. 1978; Atkinson 1984), these stresses can result in degradation 

phenomena, such as microcracking and granular disintegration (Koch and Siegesmund 

2004, Siegesmund et al. 2008). Hot-stage environmental scanning electron microscopy 

(ESEM) can be used to provide direct evidence of such degradation phenomena during 

thermal cycling. In Fig. 1.4 one can observe the formation and propagation of 

microcracks near a triple junction in marble during the first heating and then cooling 

cycle. Such in-situ experiments provide great in-depth knowledge of degradation 

processes, e.g., the loss of cohesion and concomitant microcrack formation along grain 

boundaries, and confirm that the initial decay process in marbles results from 

temperature changes and the misfit strains that result from the anisotropy in thermal 

expansion of the marble crystals.  
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Fig. 1.4 Thermal-induced microcrack formation observed in a hot-stage environmental scanning electron 

microscopy (ESEM) on a marble sample upon heating and then cooling. Sketches in the right column 

illustrate schematically: (a) the initial rock fabric; (b) the red arrows shows the crack opening onset during 

heating due to dilatation; and (c) the green arrows illustrate the crack closure on cooling and the resulting 

formation of new cracks, when closure is hindered. 

Additionally, thermal treatment can lead to the increasing of porosity in marble and 

hence to decreasing its strength (Bland and Rolls 1998, Ruedrich et al. 2002). Figure 

1.5 illustrates the opening of grain boundaries for two Carrara marbles deformed to a 

different degree. The Carrara marble (S7) is characterized by open grain boundaries 

and significant higher bowing (> 11 mm/m) compared to the S1 marble (< 1 mm/m). The 

samples belong to the university library (SUB) in Göttingen, Germany. The increase in 

the grain-boundary opening is further documented by the measured total porosity: 

0.45 % for the S1 sample and 2.03 % for the S7 sample. Moreover, the pore size 

maximum moves towards larger pore radii with an increase in the amount of bowing 

(Siegesmund et al. 2008). The maximum pore diameter of the sample S7 is around 

1μm, and hence in the range of capillary pores, while in sample S1 the maximum pores 

are significant smaller. The increase in porosity and the resulted bowing were caused 

by the thermal behavior of calcite crystals described above.  
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Fig. 1.5 Representative thin section images of (a) slightly deformed Carrara marble and (b) strongly 

deformed Carrara marble; (a, b) overview (crossed polarizers) and (c,d) details of the grain boundaries; 

(e) pore radii distribution of slightly deformed Carrara marble (f) pore radii distribution of strongly 

deformed Carrara marble. Shown in (e,f) is the percent of the porosity in each pore size range. The total 

porosity is shown in the insert (modified from Siegesmund et al. 2008). 

Thermal expansion anisotropy degrades calcitic marbles more than dolomitic marbles, 

and the degradation is more severe if the marbles have straight grain boundaries, e.g., 

Weiss et al. (2002), Siegesmund et al. (2000), Luque et al. (2011), Shushakova et al. 

(2012). 

Many fabric parameters influence this thermal degradation, notably, lattice preferred 

orientation (LPO), shape preferred orientation (SPO), grain size, grain-boundary 

toughness, grain-to grain misorientation (Widhalm et al. 1996, Tschegg et al. 1999, 

Siegesmund et al. 2000, Zeisig et al. 2002, Weiss et al. 2002; 2003; 2004b, Saylor et al. 

2007, Siegesmund et al. 2008, Shushakova et al. 2011, Shushakova et al. 2012) and 

marble composition (Royer-Carfagni 1999, Siegesmund et al.2000), as well as the 
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single-crystal properties of the rock forming minerals. Additionally, as has already been 

mentioned, the type of grain boundaries is an important factor that determines the 

behavior of marbles during thermal tests. Simple grain boundaries indicate a lower 

binding energy between them and interlobate grain boundaries reflect higher binding 

energy between grains (see Siegesmund et al. 2000, Alnæs et al. 2004, Grelk et al. 

2004). Microstructure-based finite-element simulations were used by Weiss et al. (2002; 

2003; 2004b), Saylor et al. (2007), Wanner et al. (2010), Shushakova et al. (2011), and 

Shushakova et al. (2012) to provide excellent insight into the influence of crystal texture 

(lattice preferred orientation) and grain-neighbor misorientation configurations on the 

microstructural strain energy and stresses affecting thermal degradation. The thermal 

expansion behavior of marbles was modeled with a good coincidence to real 

experiments (Zeisig et al. 2002, Luque et al. 2011). 

The goal of the present thesis is to establish the influence of fabric parameters on the 

marble degradation phenomena caused by thermal expansion and to predict the 

material behavior based on the rock fabric data. Two dimensional finite-element 

simulations (the object-oriented finite element analysis of microstructures (OOF), 

developed at the National Institute of Standards and Technology (USA)), EBSD 

technique, and thermal expansion measurements under dry and water-saturated 

conditions are applied. The work consists of four case studies. In the first and second 

case studies artificial microstructures and modeled textures are used. The third and 

fourth case studies consider the real marble samples. 

The first case study (chapter 4) is focused on the elucidation of the synergistic influence 

of shape fabric (e.g., SPO) and crystal texture (e.g., LPO) on factors, such as the stored 

elastic strain energy density and microstructural stresses, that influence marble 

degradation. Microstructure-based finite-element simulations are used to explore a wide 

range of modeled SPO and LPO. In order to define the dependence of marble 

degradation on SPO and LPO the extremes of shape fabric are examined: an equiaxed 

and an elongated microstructure with an intermediate case that is a mixture of the two 

extremes. Extremes of crystal texture are considered: from a random orientation 

distribution function (ODF) to ODFs that are crystallographically textured at 20 and 40 

times a random ODF. Additionally, the directionality of the LPO with respect to the SPO 
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is examined. The influence of the content of calcite and dolomite in marble on 

degradation phenomena is elucidated. 

In the second case study (chapter 5) the influence of rock’s fabric on propensity and 

extent of microcracking in marble structures is investigated, and the relation of the 

degradation to microstructural indicators is established. Two-dimensional finite-element 

simulations are used to elucidate microcracking initiation and propagation in calcitic and 

dolomitic marbles. The influence of fabric parameters include: extremes of 

crystallographic texture, a random orientation distribution function (ODF) and 

crystallographic texture 20 times a random ODF; three morphological types of 

microstructures; different grain sizes; various grain-boundary toughness; and different 

marble composition. 

In the third case study (chapter 6) eight different well-known marbles with various fabric 

parameters were selected for a study of their thermal-elastic behavior. Microstructure-

based finite-element simulations in combination with electron microscopy (EBSD 

technique), and experimental measurements of the thermal expansion behavior were 

used to elucidate the influence of rock fabrics on marble degradation. The finite-element 

simulations used to determine the thermal-elastic responses of the marbles. Electron 

backscatter diffraction (EBSD) measurements were used to determine the 

microstructures and the crystallographic orientations of grains of the marble samples. 

Additionally, the directional dependence of the thermal expansion was computed with 

the MTEX software using the crystal texture measured by EBSD. The results are 

compared with the experimental data and numerical simulations.  

In the fourth case study (chapter 7) the volume extension index (decay index) of marble 

was developed. This index reflects the relative volume change on the basis of the 

knowledge of thermal dilatation under dry and wet conditions. An assessment of marble 

stability was done for the investigated marble samples.  

 

 

 

 



Fabric parameters: terminology 

9 

 

2. Fabric parameters: terminology  

2.1  Marble composition 

Marble is a metamorphic rock formed from limestone by pressure and heat in the earth 

crust due to geological processes and consists predominately of calcite and dolomite. 

Additionally, some impurities could be present, such as quartz, feldspars, 

phyllosilicates, epidote or amphiboles. Since marble is considered to be a 

monomineralic rock, its physical properties will be defined by the properties of main rock 

forming minerals calcite or dolomite. Their single-crystals constants and the crystalline 

coefficients of thermal expansion are given in Table 2.1. Calcite and dolomite are 

minerals of trigonal symmetry. 

Table 2.1 The single-crystal elastic constants, Cij, in GPa (Bass 1995) and the crystalline coefficients of 
thermal expansion, αij, in 10

−6
 K

−1
 for calcite (Kleber 1959) and dolomite (Reeder and Markgraf 1986). 

Material C11 C12 C13 C14 C15 C33 C44 α11 α33 

Calcite 144.0 53.9 51.1 -20.5 0 84.0 33.5 -6.0 26.0 

Dolomite 205 70 57.4 -19.5 13.7 113.0 39.8 6.0 26.0 

 

Both minerals show a pronounced anisotropy in their coefficients of thermal expansion. 

Calcite expands in one direction along c-axis upon heating, while contracting along the 

a-axis; and upon cooling the dilation is in the opposite direction (Fig. 2.1). Dolomite has 

positive values for the coefficients of thermal expansion, however, by different amounts, 

and thus expands or contracts in all directions upon heating or cooling, respectively 

(Fig.2.2). Due to the large anisotropy in the coefficients of thermal expansion of both 

minerals (32×10−6 K−1 for calcite and 20×10−6 K−1 for dolomite) residual stresses 

develop between the adjacent grains upon changes of temperature, either an increase 

or a decrease. Dolomite with its smaller thermal expansion anisotropy should be more 

resistance to the deterioration in spite of its stiffer elastic behavior. 
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Fig. 2.1 The illustration of calcite thermal behavior. 

(a) Anisotropy of thermal expansion coefficients of 

crystal, (b) initial state of crystal in idealized marble 

matrix, (c) expansion of c-axis and contraction of a-

axes upon heating, (d) expansion of a-axes  and 

contraction of c-axis upon cooling (modified after 

Steiger and Charola 2011 (from Siegesmund et al. 

2004 and Luque 2010)). 

 

 

 

 

Fig. 2.2 The illustration of dolomite thermal 

behavior. (a) Anisotropy of thermal expansion 

coefficients of crystal, (b) initial state of crystal in 

idealized marble matrix, (c) expansion of c-axis  

and expansion of a-axes upon heating, (d)  

contraction of c-axis  and contraction of a-axes 

upon cooling. 

 

2.2  Shape preferred orientation (SPO) 

Fabric elements of marbles form during ongoing tectonic processes. In general, fabric is 

related to particular strain parameters, though these relationships are often not 

straightforward (Means, 1976). Fabric elements themselves may consist of foliations, 

lineations, or lattice preferred orientations (Passchier and Trouw, 1996). Calcite and 

dolomite are the principal mineral components in marble and their deformation 

mechanisms and slip systems influence strongly the formation of its fabric (Koch, 2006). 

A foliation is any layered fabric in a rock. Often, layers are thought of as planar, but in 

fact, in deformed rocks, the layering is more commonly curvi-planar. The planar fabric 

itself can be due to platy minerals elongated in a single direction, or planar 

discontinuities due to deformation or original compositional layering in the rock, usually 

in the case of metasediments (Borradaile et al., 1982). 
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A lineation is any fabric best represented by a line, where a fabric element is much 

more strongly pronounced in one direction than any other. Linear features can develop 

due to intersections of two planar features with one another or due to tectonic stretching 

or preferred alignment of neo-formed minerals (Passchier and Trouw, 1996). 

The foliation could be produced by oblate grains (Fig. 2.3a) and lineation by prolate 

grains (Fig. 2.3b) (Ruedrich 2003). Shape preferred orientation defines the anisotropic 

spatial distribution of the short and long axes of crystals (Siegesmund and Török 2011). 

 

 

Fig. 2.3 The schematic illustration of (a) foliation and (b) lineation (after Ruedrich (2003) from Passchier 

and Trouw (1996)). 

Myriad shape preferred orientations (SPO) and lattice preferred orientations (LPO) are 

observed for calcite and dolomite in limestone and marble. Both minerals are easily 

deformable at low temperatures, as is known from natural examples and from laboratory 

deformation studies (e.g., Leiss and Molli 2003). SPO is common in calcite and dolomite 

and mainly results via plastic deformation. Nonetheless, recrystallization and grain-

coarsening can reset the grain shapes to an equiaxed fabric (Shelley 1993, Bukhard 

1993, Ferrill 1998).  

 

2.3 Lattice preferred orientation (LPO) 

Lattice preferred orientation (LPO) may also be formed during deformation. LPO is the 

result of intracrystalline plasticity, and when present, it will also determine directionally 
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dependent, physical and mechanical properties of a rock (Siegesmund and Török 

2011). LPO is sometimes referred to as "micro-fabric".    

LPO is usually represented by lower hemisphere, stereographic projection of poles to 

crystallographic planes. Undeformed rocks show no preferred crystallographic 

orientations of any planes and as a result, the plot of poles covers the entire 

hemispheric projection evenly. Deformed rocks show strong preferred orientation, 

resulting in different concentrations of poles according to the type of deformation the 

rock has undergone (see Fig.2.4). 

 

 

 

Fig. 2.4 Illustration of LPO in marble: (a) calcite single crystal, (b) the projection of position of c-axis in a 

Schmidt net, (c) the preferred orientation of crystals, (d) randomly oriented crystals, (e) pole points of c-

axis showing the small clusters characterize strong texture, (f) pole points of c-axis scattering over the 

whole pole figure represent random texture (from Siegesmund and Török 2011). 

As is the case for most rock-forming minerals, LPO for calcite strongly depends on the 

active slip systems, and on the geometry and symmetry of the flow pattern. This results 

in a LPO geometry that is similar to the strain geometry (Kern and Wenk 1983; Wenk et 
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al. 1987; Shelley 1993; Passchier and Trouw 1996). For example, in uniaxial 

compression, calcite develops a LPO with the c-axes close to the shortening direction 

and at a high angle to foliation, i.e., c-axes have a maximum around the compression 

axis. In constriction a c-axes-girdle develops perpendicular to an a-axis.  

Leiss and Ullemeyer (1999) described fundamental calcite and dolomite texture types 

as c-axis and a-axis fiber type, or overlapping of these two texture types. Later Leiss 

and Molli (2003) found one more type of texture, called high-temperature texture in 

natural marbles of Carrara. Fiber-texture characterizes as texture with axial symmetry 

and could be defined as a single crystal rotation around a specific axis (Leiss and 

Ullemeyer 1999). In the c-axis fiber texture the rotation axis is c-axis, which results in a 

single c-axis-maximum and an a-axis-distribution on a girdle. In the a-axis fiber texture 

one of the a-axes is rotation axis, that results in a single a-axis-maximum and c-axis-

arrangement on a girdle. High-temperature texture type is characterized by a double 

maximum of the c-axis with a bisecting line normal to the share plane and the-axis 

distribution displays an adequate broad a-axis maximum normal to the shear direction 

(Leiss and Molli 2003). All texture types are shown in Fig. 2.5. 

 

 

 

Fig. 2.5 Schematic illustration of pole figures of c-axis and a-axis of typical marble texture types: (a) c-

axis fiber type, (b) a-axis fiber type, (c) intermediate fiber type, (d) high-temperature texture type 

(modified after Koch 2006 and Leiss and Molli 2003). 
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2.4 Grain size 

Grain size is important rock fabric that gives information about the nature of rock 

formation. Moreover, grain size distribution controls the frequency and distribution of 

grain boundaries (Ruedrich 2003). The following terminology to describe grain size was 

used (Table 2.2). 

Table 2.2 Classification of grain size for rocks (modified after Koch 2006 from Wimmenauer 1985). 

 

Designation Grain diameter, mm 

Very fine-grained 0.01-0.1 

Fine-grained 0.1-0.3 

Small-grained 0.3-1.0 

Medium-grained 1.0-3.3 

Coarse-grained 3.3-10 

 

The size distribution of grains could be classified as equigranular (or equiaxed), when 

grains have more or less equal size; inequigranular, if distribution of different grain sizes 

is presented; and seriate, this is the case of gradation of fine- to coarse-grained 

distribution (Passchier and Trouw 1996). 

 

2.5 Grain boundary configuration 

Grain boundary geometry in rocks may be polygonal, when grain boundaries are 

straight, and interlobate, in the case of irregular, lobate grain boundaries (Moore 1970). 

A polygonal grain boundary configuration is the result of a geological process known as 

static recrystrallisation. This is a post-deformation mechanism that reduces grain 

boundary area and hence free energy along grain boundaries to a minimum (Passchier 

and Trouw 1996). 

In combination with grain size distribution the classification of shape of grain aggregates 

follows (Fig. 2.6). 
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Fig. 2.6 Classification of fabric for the shape of grains and grain aggregates (after Ruedrich 2003 from 

Passchier and Trouw 1996). 

 

2.6 Microcracks  

Microcracks are another common fabric element in marble, and can be formed during 

different geological processes and under various conditions. There are three general 

classes of microcracks based on their position within rock (see Fig. 2.7): intergranular 

(microcracks occur along grain boundaries), intragranular microcracks which appear 

within the mineral grains and transgranular microcracks those cut more than one grain 

(Kranz 1983). Three different classes of microcracks based on their state are 

distinguished: open (usually the youngest crack generation, has significant influence on 

the material behavior (Vollbrecht et al. 1993)); mineralized cracks (microcracks formed 

during later mineralization) are classified into “healed” (microcracks which are filled with 

the same material as the host grain), and “sealed” (microcracks those are filled with a 

foreign material). Microcracks could form complex networks and afterwards with crack 

growth lead to formation of macroscopic fractures (Siegesmund and Török 2011). 

Fig. 2.7 Thin section images of Lasa marble: (a) transgranular opened microcracks in XY plane (b) 

intragranular partly “healed” with calcite microcracks in YZ plane, (c) intergranular partly “sealed” with 

hematite microcracks in XY plane. Black arrows indicate the location of microcracks.
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3. Methods and materials  

3.1 OOF approach 

The microstructure-based finite-element approach used here is based on the Object-

Oriented Finite Element program OOF developed at the National Institute of Standards 

and Technology (Langer et al. 2001). The OOF software is in the public domain. 

Executables, source code, and manuals are available at the website: 

http://www.nist.gov/msel/ctcms/oof/. The OOF1 software was used here.  

OOF consists of two programs: ppm2oof and oof. The program ppm2oof involves a two-

step procedure: the identifying microstructural features and creating a finite element 

mesh from these features. The purpose of the first step is to assign the material type to 

each pixel and then to combine pixels to pixelgroups (for instance, each grain 

represents a pixelgroup). The second step is used to create a finite element mesh. 

There are two principally different methods: adaptive meshing and simple meshing. The 

first method based on the subdividing triangles and movement of the nodes to conform 

to the microstructure (Carter et al. 1998, Langer et al. 2001, Chawla et al. 2003). In the 

second method every pixel in the microstructure is divided into two triangular elements. 

Both methods have advantages and disadvantages. In adaptive meshing if the mesh is 

too coarse, there is not high enough accuracy for the triangular mesh to accurately 

reproduce the rock fabric adequately (Weiss et al. 2002). Simple mesh creates too 

many elements when large homogeneous regions can be discretized more coarsely. 

Moreover, the extremely large number of mesh elements would have required much 

more computer resources that are available. Both meshing types were applied in the 

present thesis for different purposes. An example of adaptive mesh is shown in Fig. 3.1. 

The ppm2oof program was designed to be a front-end for the actual finite element 

program oof (Carter et al. 2003). It creates a specialized data file including the mesh 

(goof), which is used as the starting point for oof for further computational simulations. 

After the thermo-elastic properties and orientations are assigned to each pixelgroup, 

and boundary conditions with temperature differential are set, the matrix equation Kx=f 

is solved by oof, where K is a stiffness matrix, f is a vector of external and thermal 

forces and x is the degrees of freedom being solved (Carter et al. 2003). The matrix 

equation is solved when the norm of Kx-f is less than the chosen tolerance times the 

norm of f. Tolerance and number of iterations should be specified as well.  
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More detailed presentation of matrix equation can be described as following (Reid et al. 

2009): 

                                                          i

i

ijj C    (generalized Hook’s law)              (3.1) 

                                                          jj f                                                            (3.2) 

where i  is the strain, ijC  is the elastic stiffness tensor, j  is the stress and jf  is an 

applied force. 

 

 

 

Fig. 3.1 Small region of the complete adaptive mesh of microstructure with mixed of equiaxed and 

elongated SPO. 

Material properties in OOF are given in three-dimensional form and after assigning them 

to microstructure they are reduced to two-dimensional form by specifying plane stress 

or plane strain (Reid et al. 2009). OOF can compute strains, stresses, thermal 

distortions and display the results.  
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To calculate the strain the conjugate gradient algorithm (Press et al. 2002) is used to 

determine the strain ε for each element. The total elastic strain energy could be found 

as: 

                                             
llT

jj

T

iiij ACE  )])(([
2

1
                                               (3.3) 

where ijC  is a stiffness tensor at each element, T

i  is the thermal misfit strain at each 

element and A  is the element area. The repeated indices i, j are summed from 1 to 6, 

and superscript index l is summed over the elements (Saylor et al. 2007). To visualize 

elastic strain energy, where i is the calculated strain for each element and has six 

components, the element strain energy density was used (Saylor et al. 2007):  

                                                 )()(
2

1 T

jjij

T

ii CU                                                     (3.4) 

Additionally, for each element the stress tensor is calculated and could be displayed in 

Cartesian coordinates, i.e., );,;,,( zzyzyyxzxyxx  . Three eigenvalues from this tensor 

can be found ( min , mid , max ) and represent the minimum, middle and maximum 

principal stresses, respectively. The simulations performed in the present thesis are 

plane stress and two-dimensional and hence zz = xz = yz = 0, and max = 0 corresponds 

to a state of in-plane compression, i.e., min  and mid  are negative. Thus, the maximum 

principal stress ranges from 0 to some tensile value and can never be negative.   

To simulate microcracking in OOF, a Griffith-like algorithm was implemented. The 

Griffith criterion based on the balance between mechanical and surface energy. It states 

that a crack will propagate when the total surface energy required to propagate the 

crack can be supplied by the elastic energy stored in the body (Carter et al. 2003). 

Element’s elastic properties are mutated when element reaches the critical energy 

density which equals to 

                                                           




e

s
c

A
e

4
                                                      (3.5) 

where s  is surface energy and eA  is element area (Zimmermann et al. 2001, Galal 

Yousef et al. 2005). 
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Elements, which are mutated (cracked), are actually elements that reduce their moduli 

anisotropically to simulate a crack. The amount of surface area generated by mutation 

has to be estimated (Carter et al. 2003).  

 

3.2 EBSD technique 

In order to obtain data from real marble samples for OOF simulations Electron 

backscatter diffraction (EBSD) technique was applied. EBSD is texture analyzing 

technique of scanning electron microscope (SEM), where the SEM is equipped with a 

EBSD detector. The detector is a digital camera with CCD chip which is illuminated by 

the phosphor screen. The phosphor transforms the diffracted electrons into light 

appropriate for the CCD camera to record (Maitland and Sitzman 2006). For an EBSD 

measurement a polished sample (cylinder 20mm x 15mm) is placed in the SEM 

chamber at a titled angle (70 ˚ from horizontal) towards to EBSD detector. With an 

electron beam point on the sample surface electron diffraction occurs and EBSP 

(electron backscatter diffraction pattern) is produced from this point. EBSP is uniquely 

defined when diffracted electrons form Kikuchi bands (when Bragg condition is 

satisfied), which are detected by the EBSD software and correspond to the lattice 

diffracting planes. When the band location is defined (by Hough transform), the software 

relates these locations to the corresponding crystal orientation, since angles between 

bands represent angles between lattice planes (Dingley and Randle 1992).  

Once the EBSP is solved, its phase, xy position of measured grid, orientation and other 

values are recorded. EBSD data collection is analyzed and converted by the Oxford 

Instruments HKL Channel 5 program, which includes different tools to create 

microstructural map and pole figures from the EBSD data. In the microstructure grains 

are colored according to their measured crystallographic orientation represented by 

three Euler angles. Euler angles were converted to a red, green and blue color and 

combined into a single RGB color per pixel by Tango-mapping (HKL Technology 

CHANNEL 5 Manual). Similar colors in microstructural map indicate similar orientations 

of grains. The schematic illustration of obtaining grain orientations and microstructure 

via EBSD is shown in Fig. 3.2. 

 



Methods and materials 

20 

 

 

 

Fig. 3.2 The schematic illustration of obtaining grain orientations and microstructure via EBSD technique. 

 

3.3  Thermal expansion measurements under dry and water-saturated conditions 

The temperature fluctuations and the presence of water are the main external factors 

that lead to marble deterioration. To replicate temperature changes observed in nature 

on building stones, thermal expansion measurements were performed in the 

temperature range 20 ˚C to 90 ˚C using a pushrod dilatometer with a rate of increase 

1˚C/min to ensure thermal equilibration of the specimen (Strohmeyer 2003, Koch and 

Siegesmund 2004). The three main components of the dilatometer are (i) the specimen 

holder in a climate chamber; (ii) the heating unit; and (iii) the displacement register (Fig. 

3.3). The displacement sensors are able to determine length changes of ±1 µm. Thus, a 

final residual strain of about 0.02 mm/m could be resolved for sample with a length of 50 

mm. A quartz glass sample was used to calibrate the dilatometer.  
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Fig. 3.3 Overview of the pushrod dilatometer. At the top: (a) position of the climate chamber, (b) 

specimen cylinder, (c) temperature sensor, (d) quartz glass pushrod, (e) displacement sensor. At the 

bottom: (a) water level, (b) heat exchanger copper plate, (c) quartz glass pushrod, (d) displacement 

sensor, (e) specimen cylinder (after Koch and Siegesmund 2004 from Strohmeyer 2003). 

The experimental setup allows the thermal dilatation of up to six samples to be 

measured simultaneously at same conditions. For thermal expansion measurements 

the six specimens were cut in the X-, Y-, Z-, XY-, XZ-, and YZ- directions for each 

marble type (Fig. 3.4). The dilatometry samples were cylinders 15 mm in diameter and 

50 mm in length.  

 

Fig. 3.4 The choice of cut directions for thermal expansion measurements. X-direction corresponds to 

lineation and Z-direction is perpendicular to a foliation of sample. 
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The thermal expansion coefficient ( texp ) which describes the specific length change 

under the considered temperature interval is determined by the following equation:  

                                                      
Tl

l
t






0

exp                                                          (3.6) 

Where )]20()90([ ClCll   is the sample length change, )20(0 Cll   is the original 

sample length, and    is the temperature differential. The usual units of the coefficients 

of thermal expansion here are 10-6 K-1. The residual strain 
r  (in mm/m) is determined 

as the ratio between the sample length change l  after the certain number of complete 

heating-cooling cycles and the initial length of the sample 0l :  
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                                                               (3.7) 

The investigated marble samples were heated from 20 ˚C to 90 ˚C and then cooled to 

the initial temperature of 20 ˚C, each cycle lasts 14 hours and 20 minutes. Four 

repeating heating-cooling cycles were performed for investigated marble samples (Fig. 

3.5).  

 

Fig. 3.5 Temperature as a function of time. Four heating-cooling cycles were performed at a rate of 

1 ˚C/min. 
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Previous studies (Siegesmund et al. 2000, Zeisig et al. 2002) have shown that distinct 

marble groups can be distinguished according to their thermal dilation and residual 

strain behavior under thermal treatment. The four types after Siegesmund et al. (2004) 

are used to classify the marbles investigated here. They are: (a) isotropic thermal 

expansion with small or no residual strain; (b) anisotropic thermal expansion with small 

or no residual strain; (c) isotropic thermal expansion with a residual strain; and (d) 

anisotropic thermal expansion with residual strain (Fig. 3.6). 

 

 

Fig. 3.6 Representation of four typical types of 

thermal behavior marble: (a) isotropic thermal 

expansion with small or no residual strain; (b) 

anisotropic thermal expansion with small or no 

residual strain; (c) isotropic thermal expansion 

with a residual strain; (d) anisotropic thermal 

expansion with residual strain (after Siegesmund 

et al.  2004). 

 

In repetitive heating-cooling under dry conditions significant inelastic residual strain 

appears only after the first thermal cycle (Sage et al. 1988, Widhalm et al. 1996, 

Siegesmund et al. 2000, Koch and Siegesmund 2004, Siegesmund et al. 2008). The 

presence of water enhances the residual strain. Thereby, the moisture content after a 

thermal treatment has a certain impact on the degradation rate of material. Thus, 

thermal expansion measurements were carried out under water-saturated conditions as 

well. The setup was inclined at an angle of 25 ˚ and the sample chamber was filled with 

demineralised water as the half of the sample was dipped in water. Then samples were 

heated up to 90 ˚C and for eight hours the temperature was held until the water 

evaporates in the sample chamber. Afterwards already dry samples were cooled to 20 

˚C. Before beginning of new heating cycle the sample chamber was filled with water 

(Koch 2006). Each cycle lasts 19 hours and 20 minutes. For investigated marble 

samples seven heating-cooling cycles under wet conditions were performed. 
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3.4  Artificial microstructures and modeled texture 

3.4.1 Extremes of SPO 

The two-dimensional artificial rock microstructures were generated by a nucleation and 

growth algorithm (Ito and Fuller 1993; Miodownik et al. 1999; Saylor et al. 2004; Saylor 

et al. 2007), using the Microstructure Builder program from Carnegie Mellon University 

by Saylor. Circular or elliptical seeds were used to give the extremes in shape fabric. 

For circular (isotropic) seeds the simulated equiaxed microstructure is a Voronoi 

tessellation (see Fig. 3.7a). For elongated elliptical seeds the simulated microstructure 

is elongated. By giving directionality to the seeds, in this case along the y-axis, the 

textured shape fabric (or SPO) shown in Fig. 3.7c is obtained. Using a mixture of the 

two types of seeds, the mixed shape fabric shown in Fig. 3.7b is obtained.  

 

Fig. 3.7 The three microstructures used in the simulations to vary shape fabric: (a) an equiaxed 

microstructure; (b) a mixed microstructure with shape fabric from the two extremes; and (c) an elongated 

grain shape microstructure. The number of grains in each microstructure, respectively, are 382 grains, 

347 grains, and 312 grains. The coordinate systems used to describe the results is also indicated in the 

figure. 

The microstructural images have a resolution of 1000 x 1000 pixels. The number of 

grains in the equiaxed, mixed, and elongated microstructures, respectively, are 382 

grains, 347 grains, and 312 grains. Accordingly, the average grain size increases with 

shape fabric from 2617.8 pixels per grain for the equiaxed microstructure to 2881.8 

pixels per grain for the mixed microstructure to 3205.1 pixels per grain for the elongated 

microstructure. This of course assumes that the simulation cell size in absolute units is 

the same size.  
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The coordinate system shown in Fig. 3.7 is used to describe the results: the y direction 

is parallel to the SPO; the x direction is perpendicular to the SPO and in the plane of the 

microstructure; and the z direction is perpendicular to the SPO and out of the plane of 

the microstructure.  

 

3.4.2 Extremes of LPO 

Orientation distribution functions (ODFs) with LPOs were generated a via March Dollase 

fiber-texture distribution (Dollase 1986; Blendell et al. 2004). Given a texture direction 

and the crystallographic axes to be textured, in this case the crystallographic c-axes, the 

cumulative fraction of c-axis orientations within a cone of half angle θ about the texture 

direction is given by: 

                                        )(sin)(cos/)cos(1),( 22  MMP                                        (3.8) 

where M is a parameter characterizing the degree of texture. The probability distribution 

function is given by  sin),(/),( MfMP  , where  

           2/322 )](sin)(/[cos),(  MMMf                         (3.9) 

gives the multiple of a random distribution (MRD) at that value of θ.  

If M = 1, f (M=1, θ) = 1, and the distribution is random. If M > 1, one has fiber texture in 

a cone of half angle θ (the c-axis fiber types considered here). The maximum MRD 

occurs at θ = 0, and is equal to M.  

Three ODFs (or three LPOs) were considered: a random ODF (i.e., M = 1); an ODF with 

fiber-texture that is 20 time random (i.e., M = 20); and an ODF with fiber-texture that is 

40 time random (i.e., M = 40). For brevity in labeling the simulation results, the three 

LPOs are denoted as M1, M20, and M40, respectively. For all cases the half-angle θ of 

the cone containing the crystal c-axis was selected from the March-Dollase distribution 

described by Eq. (3.10) below. Using a random number between 0 and 1 for the 

cumulative probability P, the polar angle of the orientation is given by:  
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The two azimuthal angles describing the crystal orientations, φ and ω, are selected 

randomly from the interval 0 to 2π.  

Representative pole figures for the three ODFs considered here are shown in Fig. 3.8. 

The fiber texture is along the North-South direction in these figures, but variants are 

considered where texture direction is rotated with respect to the SPO. The pole figures 

show the individual poles of the crystallographic c-axis for each grain in the 

microstructure. The contour lines are select MRD contours from the March-Dollase 

distribution, from which the orientations were chosen. The distributions become more 

textured as the maximum MRD in the March-Dollase function (i.e., M) varies from 1 

(untextured) to 40 (highly textured). 

 

 

Fig. 3.8 Representative pole figures showing the individual poles of the crystallographic c-axis for each 

grain in the microstructure. In (a) the orientations were chosen from a random ODF. In (b) the orientations 

were chosen from a March-Dollase ODF with fiber texture along the North and South pole that is 20 times 

random. In (c) the orientations were chosen from a March-Dollase ODF with fiber texture along the North 

and South pole that is 40 times random. For both (b) and (c) the contour lines correspond to multiple 

random distribution (MRD) from the March-Dollase distribution function of 16 (blue), 4 (green), 1 (orange) 

and 1/2 (red). 
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3.5  Marble samples 

3.5.1 Microfabric 

To investigate the influence of rock fabric on marble decay eight various marble types 

were selected (Table 3.1). These marble types have been used as ornamental stones 

and exterior and interior cladding both in the past and in the present. They have 

different compositions, i.e., calcitic and dolomitic, vary in grain size from 75 µm to 

1.75 mm and exhibit diverse texture types, notably weak texture, strong texture, girdle 

texture and high-temperature texture.  

 
Table 3.1 Marble types, locations, and select fabric parameters. 

 

Marble Location Composition Average grain size 

Thassos [Th] Greece Dolomitic 1.75 mm 

Lasa [LA] Italy Calcitic 1 mm 

Grechisches Volakas 

[G] 
Greece Calcitic 75-100 µm 

Sölk [SK] Austria Calcitic 1.25 mm 

Wachau [W] Austria Calcitic 1-1.5 mm 

Arabescato Altissimo 

Carrara [AA] 
Italy Calcitic 200-300 µm 

Bianco Carrara [BC] Italy Calcitic 150 µm 

High-Temperature 

Carrara (HT) 
Italy Calcitic 200-800 µm 

 

The microfabric analysis is based on microstructures that were obtained by EBSD 

measurements. According to classification in the Table 2.2 and in Fig. 2.6 Grechisches 

Volakas is very-fine-grained marble with inequigranular-polygonal fabric. The 

Arabescato Altissimo (AA) and Bianco Carrara (BC) are fine-grained marbles and show 

nearly equigranular straight grain boundaries (i.e., a foam structure). High-Temperature 

Carrara (HT) marble shows inequigranular-polygonal grain boundaries, and the grain 

size varies from 200 μm to 800 μm.  Lasa is a small-grained marble with inequigranular-

interlobate structure. While Wachau and Sölk marbles are medium-grained and exhibit 

seriate-interlobate and inequigranular-interlobate grain boundaries, respectively. 

Dolomitic marble Thassos exhibits the largest grain size and has equigranular-

interlobate fabric. The microfabrics are presented in Fig. 3.9.  
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Fig. 3.9 Marble microfabric: (a) Arabescato Altissimo (AA) marble; (b) Bianco Carrara (BC) marble; (c) 

Sölk (SK) marble; (d) Lasa (LA) marble; (e) High-Temperature Carrara (HT) marble; (f) Grechisches 

Volakas (G) marble; (g) Wachau (W) marble; (h) Thassos (Th) marble. The microfabric is shown as a 

cropped selection (305 x 285 pixels) from microstructures obtained by EBSD in XZ plane of marble 

samples. 

 

3.5.2 Crystal texture 

To elucidate the influence of the texture on the thermal-elastic response, pole figures for 

each marble sample were generated using the EBSD HLK Channel 5 software. Four 

typical types of marble texture were observed: (a) weak texture (e.g., AA, BC marbles); 

(b) strong texture (e.g., SK, W, Th, G marbles); (c) girdle texture (e.g., LA marble); and 

high-temperature texture (e.g., HT marble). The {001} pole figures of AA, SK, LA, HT 

marbles illustrate the different texture types (Fig. 3.10). 
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Fig. 3.10 {001} Pole figures from the EBSD HLK Channel 5 software for marble samples in XZ planes: (a) 

Arabescato Altissimo Carrara marble (weak texture); (b) Sölk marble (strong texture); (c) Lasa marble 

(girdle texture); (d) High-Temperature Carrara marble (high-temperature texture). 

Carrara marbles AA and BC show weak c-axis fiber texture with a maximum of the 

multiples of random distribution (MRD) of 1.39 and 1.33, respectively. Sölk marble 

exhibits c-axis fiber type and shows a strong c-axis maximum of 3.32 MRD. Two other 

types of texture were observed by EBSD measurements. The c-axis of Lasa marble 

show a girdle distribution, while a naturally deformed Carrara marble (HT) exhibits a 

high-temperature texture. Grechisches Volakas marble and Thassos marble exhibit c-

axis fiber texture with a c-axis maximum of MRD of 3.63 and 7.6, respectively. The 

texture type of Wachau marble was found by Zeisig et al. (2002) and determined as a 

strong c-axis fiber texture. 
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4 Influence of shape fabric and crystal texture on marble degradation 

phenomena: simulations 

4.1 Microstructural simulations: simulation design 

To investigate the influence of shape fabric and crystal textures on marble decay 

extremes of SPO (Fig. 3.7) and LPO (Fig. 3.8) were considered. Both the LPO and the 

SPO have directionality. For textured microstructures there are three possible relations 

between them. Since here the SPO is always aligned along the y-axis, these three 

relations are specified by the orientation of the LPO. The designations x, y, and z, are 

used to correspond to the c-axes having fiber texture along x-axis (in plane and 

perpendicular to the shape fabric), y-axis (parallel to the shape fabric), and z-axis (out 

of plane and perpendicular to the shape fabric), respectively. 

The simulation design matrix has 3 x 3 x 3 or 27 variables. The three SPOs are: an 

equiaxed microstructure; a mixed microstructure; and an elongated microstructure. The 

three LPOs are: a random ODF; an ODF with fiber-texture that is 20 time random; and 

an ODF with fiber-texture that is 40 time random. The last three variables are the 

directionality of the LPO fiber texture with respect to the SPO. These directional 

conditions are: crystal fiber texture perpendicular to the SPO, but in the plane of the 

microstructure; crystal fiber texture parallel to the SPO; and crystal fiber texture 

perpendicular to the SPO, but out of the plane of the microstructure. For the random 

ODF these 3 directional conditions are equivalent and are not distinct. Accordingly, 

there are only 21 unique configurations specified by shape fabric, crystal texture, and 

directionality of the LPO with respect to the SPO. For each of these 21 cases five 

different, independent sets of orientations, or replications, were generated. Thus, 105 

microstructural configurations for each of the investigated marble composition, i. e., for 

calcitic, dolomitic and a mixed content of calcite (50%) and dolomite (50%) marbles, 

served as the basis for the finite-element simulations.  

Briefly, a uniform 200 x 200 mesh of 80 000 right triangular elements was positioned on 

the 1000 x 1000 pixel microstructure. Then an adaptive meshing algorithm was used to 

align the nodes of inhomogeneous elements (i.e., those which overlapped two or more 

grains) with the grain boundaries. The resulting finite-element meshes consisted of 

80 000 triangular elements, which have an average area of 12.50 ± 3.80 pixels per 

element for the equiaxed microstructure, 12.50 ± 3.74 pixels per element for the mixed 
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microstructure, and 12.50 ± 3.66 pixels per element for the elongated microstructure. 

The element size distribution was kept relatively uniform so that microstructural 

statistics over the microstructure are more meaningful. 

After the finite-element mesh was generated, thermophysical properties of calcite or 

dolomite (according to which marble composition (calcite or dolomite) was being 

considered) were assigned to the elements. The single-crystal values for the 

coefficients of thermal expansion (Kleber 1959) and the elastic stiffness coefficients 

(Bass 1995) are given in Table 2.1. The crystallographic orientations of each grain were 

selected from the appropriate ODF, as described above, and were from three-

dimensional distributions.  

Upon heating or cooling from a stress free state, the misorientation between 

neighboring grains and the associated thermal expansion anisotropy result in thermal 

misfit strains. These strains in turn give rise to internal residual stresses, which are 

computed by the finite element method. The temperature change used here was a 

temperature increase of +100 ˚C (i.e., heating). All of the finite-element simulations 

used two-dimensional elasticity with a plane-stress assumption, thereby simulating a 

free surface.  

Effective polycrystalline in-plane coefficients of thermal expansion coefficient were 

computed by measuring the relative dimensional changes of the simulation 

microstructure and dividing by the temperature change. These effective values 

represent only the contribution to the thermal expansion (or contraction) from the elastic 

thermal misfit strains. If microcracking occurs, for example in a real microstructure, or if 

it is included in the simulations, an additional expansion will occur, which is independent 

of whether the temperature change is heating or cooling. The total thermal expansion 

(or contraction) is the sum of the elastic thermal expansion (contraction) and the 

microcracking expansion.  
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4.2 Results and discussion 

4.2.1 Elastic strain energy density 

The elastic strain energy density, U (eq. 3.4), is a key indicator of potential 

microcracking sites in a microstructure, as it provides the surface energy necessary to 

create the fracture surfaces of the microstructural cracks. Accordingly, to elucidate 

factors related to marble degradation from microcracking phenomena, the influence of 

shape fabric and crystallographic texture on the elastic strain energy density were 

studied by microstructural simulations. Variables observed were (i) the average elastic 

strain energy density for the microstructure and (ii) the variation of the strain energy 

density throughout the microstructure, as characterized by the standard deviation of the 

strain energy density distribution. 

 

4.2.2 Elastic strain energy density: influence of SPO 

Firstly, results for calcitic marbles will be discussed. The influence of shape fabric on the 

elastic strain energy density, as characterized by the three SPO types (equiaxed, 

mixed, and elongated), is minimal when the crystallographic texture is random (i.e., 

M = 1, or no LPO). See M1 in Fig. 4.1. The average strain energy density shows a small 

decrease from 31.5 ± 0.7 kJ·m-3 for the equiaxed microstructure to 29.8 ± 2.1 kJ·m-3 for 

the mixed microstructure and to 28.3 ± 1.5 kJ·m-3 for the elongated microstructure. The 

variation represents the standard deviation over the five simulation replications using 

five different random ODFs.  

The variation of the strain energy density within the microstructure, microstructural 

standard deviation, similarly shows little dependence on shape fabric for random 

crystallographic texture. The microstructural standard deviation of the strain energy 

density distribution increases from 29.7 ± 0.8 kJ·m-3 for the equiaxed microstructure, to 

30.3 ± 2.0 kJ·m-3 for the mixed microstructure, and to 30.8 ± 1.1 kJ·m-3 for the 

elongated microstructure. Again, the variation is the standard deviation from the five 

simulation replications of the random ODF.  

Note that the variation of the strain energy density within the microstructure is as large 

as the average strain energy density. The frequency distributions of strain energy 

density throughout the microstructure is essentially a decreasing function with the 
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largest fraction of strain energy densities in the microstructure, as discretized by the 

finite elements, lying at low values. The upper tail of the frequency distribution of strain 

energy density is expected to be characteristic of the propensity for microcracking. 

However, a measure of this upper tail, i.e., the strain energy density at 90 % cumulative 

probability, essentially mimics the average strain energy density, so it is not reported 

here separately.  

When the LPO has fiber texture that has a maximum value of 20 times random, i.e., 

M = 20, the strain energy density shows a significant dependence on the shape fabric. 

Moreover, this dependence is strongly influenced by the direction of the LPO with 

respect to the SPO. See M20 in Fig. 4.1. For the equiaxed microstructure there is no 

SPO. Thus, the strain energy density values should statistically be the same whether 

the crystal texture is along the x- or the y-directions. This is observed to be the case. 

However, for the mixed and the elongated microstructures the strain energy density 

value is significantly larger when the c-axis crystal texture is aligned with the SPO, i.e., 

the y direction. In contrast, when the c-axis crystal texture is perpendicular to the SPO, 

i.e., the x direction, the strain energy density value decreases with shape fabric. When 

the c-axis crystal texture is out of the plane of the simulation, i.e., the z direction, the 

strain energy density values are smaller and exhibit only a minor dependence.  

However, the variation of the strain energy density, as characterized by the 

microstructural standard deviation, increases with increasing shape fabric for all three 

directions of the LPO (x, y and z) and is the largest for the elongated microstructure. 

Furthermore, the microstructural variation is substantially larger than the average value, 

and the standard deviation of these standard deviation values increases with increasing 

fabric shape. See Fig. 4.1. 
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Fig. 4.1 Elastic strain energy density and its microstructural standard deviation (the square root of its 

variance throughout the microstructure) for calcitic marbles as a function of SPO and LPO for a 

temperature change of +100 ˚C. The different LPOs, or crystal texture ODFs, are denoted as M1, M20 

and M40, respectively corresponding to a March-Dollase parameter M of 1, 20, and 40 for the distribution 

from which the orientations were chosen. The errors bars show the standard deviation from 5 

independent replications of the ODF. Three directions for the LPOs were observed: x, y and z, 

corresponding to the c-axes having fiber texture along x-, y-, and z-axis, respectively. 

When the LPO has fiber texture that has a maximum value of 40 times random, i.e., 

M = 40, the strain energy density exhibits a similar dependence with shape fabric and 

LPO to that of M20, but slightly smaller. See M40 in Fig. 4.1. However, the standard 

deviation of these standard deviation values is larger than that of M20, i.e., there is 

more variation in the five replications of the ODF.  
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4.2.3 Elastic strain energy density: influence of LPO 

With one exception, as the crystal texture increases from untextured or random (M = 1) 

to a high degree of fiber texture (M = 40), the average strain energy density and its 

microstructural variation (the microstructural standard deviation) decrease. Thus, in 

most cases increased LPO or crystal texture reduces the propensity for microstructural 

microcracking. 

The one exception is for an elongated microstructure when the crystallographic c-axis 

texture is aligned parallel with the SPO direction (i.e., the crystalline c-axes are aligned 

along the shape fabric y direction). For this combination of LPO and SPO the average 

strain energy density first increases with crystal texture from 28.3 ± 1.5 kJ·m-3 for M = 1 

to 30.8 ± 1.8 kJ·m-3 for M = 20 and then decrease with further crystal texture to 

21.7 ± 5.3 kJ·m-3 for M = 40. Similarly, the microstructural standard deviation of the 

strain energy density distribution increases with crystal texture from 30.8 ± 1.1 kJ·m-3 for 

M = 1 to 41.4 ± 2.1 kJ·m-3 for M = 20 and then decrease to 37.4 ± 4.5 kJ·m-3 for M = 40. 

The reason for this phenomenon is that several elongated grains per chance are 

crystallographically misoriented with respect to the average LPO. Initially, the elastic 

strain energy from these misaligned grains dominate the strain energy density 

distribution, giving rise both to more microstructural variation and to a slight increase in 

the average value. With increasing crystalline texture alignment, the effect diminishes. 

However, the phenomenon, which is described further in the section on microstructural 

stress maps, is probably unrealistic for two reasons. First, the crystal texture is probably 

correlated with the shape texture, so these misoriented grains are not highly probable. 

Second, typical LPOs for calcite marbles are such that the c-axes are aligned 

perpendicular to the SPO, i.e., the crystalline c-axes are aligned along the shape fabric 

x or z directions (e.g., Leiss and Ullemeyer 1999). 

 

4.2.4 Maximum principal stress: influence of SPO 

The dependence of the maximum principal stress and its microstructural standard 

deviation on the SPO and the LPO is essentially the same that for the elastic strain 

energy density. Fig. 4.2 shows the average maximum principal stress and the 

microstructural standard deviation for the microstructure configurations investigated in 
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this study. The error bars represent the standard deviation for the five replications of the 

ODF.  

For the random ODFs (M1 in Fig. 4.2) there is slight but insignificant decrease in the 

maximum principal stress with shape fabric: 34.7 ± 0.4 MPa for the equiaxed fabric; 

33.1 ± 1.1 MPa for the mixed fabric; and 30.5 ± 0.9 MPa for the elongated fabric. For 

the textured ODFs (M20 and M40 in Fig. 4.2) the values for the x and y directions are 

statistically equivalent for the equiaxed fabric, and respectively, show decreases and 

increases with shape fabric that are similar to those for the strain energy density.  

 

Fig. 4.2 Maximum principal stress and its microstructural standard deviation (the square root of its 

variance throughout the microstructure) for calcitic marbles as functions of SPO and LPO for a 

temperature change of +100 ˚C. The different LPOs, or crystal texture ODFs, are denoted as M1, M20 

and M40, respectively corresponding to a March-Dollase parameter M of 1, 20, and 40 for the distribution 

from which the orientations were chosen. The errors bars show the standard deviation from 5 

independent replications of the ODF. Three directions for the LPOs were observed: x, y and z, 

corresponding to the c-axes having fiber texture along x-, y-, and z-axis, respectively. 
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The most significant variation with shape fabric is seen for the M20 microstructural 

standard deviation when the crystal texture is parallel to the shape texture (the y 

direction): 29.9 ± 1.5 MPa for the equiaxed fabric; 35.4 ± 2.1 MPa for the mixed fabric; 

and 47.2 ± 1.6 MPa for the elongated fabric. As in the discussion for the strain energy 

density, this phenomenon may be unrealistic. For the highly textured ODFs (M40) all 

values are decreased from the M20 values.  

 

4.2.5 Maximum principal stress: microstructural maps 

Spatial variations of the maximum principal stress are shown in Fig. 4.3 for the three 

shape fabrics, the three degree of crystallographic texture, and the three directions of 

LPO with respect to SPO. The stress values are shown with a thermal scale that ranges 

from black (0 MPa) to red-orange (125 MPa) to white (≥ 250 MPa). Each of the 27 

microstructural maps shows the results for one of the five replications of the ODFs for 

that configuration. However, as the results for the M = 1 rows are for a random ODF, 

the maps in Fig. 4.3a, 4.3b, and 4.3c for each shape fabric of this row are statistically 

equivalent. Similarly, but now due to the equiaxed fabric, the maps in Fig. 4.3a and   

Fig. 4.3b for the equiaxed fabric column are statistically equivalent. Comparing these 

equivalent maps, one can see the variations that arise from the different ODFs and from 

the different equiaxed fabric directions. These variations are reflected quantitatively by 

the standard deviations of the maximum principal stress values (the error bars in Fig. 

4.2). Similar variations occur for the other replications of the ODFs for M = 20 and 

M = 40 that are not reflected in Fig. 4.3. The statistical variation between replications of 

the ODFs is not to be confused with the microstructural standard deviation, shown in 

Fig. 4.2 (and in Fig. 4.1 for the strain energy density). The microstructural standard 

deviation represents the standard deviation of the maximum principal stress values (or 

strain energy density values) within a single microstructural configuration.  

For random crystal texture (M = 1) the overall range of the maximum principal stress 

values does not change significantly with SPO. However, the patterns in the stress 

maps reflect the shape fabric. For the equiaxed fabric, and to some extent for the mixed 

fabric, the stress patterns show the network structure described by Wanner et al. 

(2010). This structure of a high-stress network surrounding low-stresses regions (the 

darker regions in Fig. 4.3) develops due to neighborhoods of grains having similar 
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crystallographic orientations, thereby locally minimizing the thermal expansion 

anisotropy misfit strains. This network structure persists for microstructure with 

increasing in-plane LPO (i.e., for M = 20 and M = 40, when the crystal texture is along 

the x or the y direction, i.e., in-plane).  

 

 

 

Fig. 4.3 Microstructural maps showing the spatial dependence of the maximum principal stress for the 

three shape fabrics and the three degree of crystallographic texture in calcitic marble: (a) the crystal 

texture is perpendicular to the shape fabric direction and in the plane of the microstructure (c-axes are 

textured along the x-direction); (b) the crystal texture is parallel to the shape fabric direction (the c-axes 

are textured along the y-direction); and (c) the crystal texture is perpendicular to the shape fabric direction 

and out of the plane of the microstructure (the c-axes are textured along the z-direction). Stresses are 

shown with a thermal scale that ranges from black (0 MPa) to red-orange (125 MPa) to white (≥ 250 

MPa). 

For increasing in-plane crystal texture (M = 20 and M = 40) and SPO, the regions with 

relatively high maximum principal stress decrease when the crystal texture is 

perpendicular to the SPO, i.e., in the x direction (see Fig. 4.3a). This is the typical LPO 
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for calcite marbles (e.g., Leiss and Ullemeyer 1999). Hence, the propensity for 

microcracking should decrease for calcite marbles with increasing LPO and SPO.  

 

In contrast, when the crystal texture is parallel to the SPO, i.e., in the y direction, the 

regions with relatively high maximum principal stress increase noticeably for increasing 

LPO and SPO (see Fig. 4.3b). This observation is apparently counter to the results in 

Fig. 4.2, where the average value of maximum principal stress for the elongated fabric 

initially remains constant and then decreases as M increases from 1 to 20 to 40. The 

explanation is in the microstructural standard deviation of the maximum principal stress, 

which increases as M increases from 1 to 20, and only slightly decreases as M 

increases further from 20 to 40. This observation is related to the same phenomenon 

described above for the strain energy density. By random chance several of the 

elongated grains are crystallographically misoriented with respect to the general LPO. 

Namely, these grains have large values of the fiber texture angle θ, which is not in 

concord with the expected probability distribution. Accordingly, the long direction of 

these grains has a low coefficient of thermal expansion (a value somewhat greater than 

that of the basal plane, i.e., -6.0 x 10-6 K-1), while the textured matrix, in which they lay, 

has an average coefficient of thermal expansion in that direction that is somewhat less 

than that of the c-axis, i.e., 26.0 x 10-6 K-1. Thus, on heating the long direction of these 

misoriented grain contracts, or only slightly expands, in a direction where the remainder 

of the microstructure is greatly expanding. Hence, these misoriented elongated grains 

have large axial tension. Therefore, even though the average value of maximum 

principal stress for the elongated fabric initially remains constant with crystal texture and 

then decreases, these microstructures could have a greater propensity for 

microcracking, since fracture is determined by the extremes in the distribution, not by 

the mean.  

 

The stress state of these grains is seen better in Fig. 4.4, where the stress components 

in the x and y directions, σxx and σyy, respectively, are shown along with the maximum 

principal stress. The thermal scale for the stress components σxx and σyy ranges from 

black (≤ -250 MPa) to red-orange (0 MPa) to white (≥ +250 MPa). The thermal scale for 

the maximum principal stress is the same as that for Fig. 4.3. From Fig. 4.4a, when the 

crystalline c-axis is textured perpendicular to the SPO direction, grains with a relatively 
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high value of the maximum principal stress, the yellow-colored grains, are aligned along 

the crystal texture direction better than the average value. Thus, upon heating they 

contract more (or expand less) than the average. Hence, these well-aligned elongated 

grains have moderate axial tension. On the other hand, highly misaligned grains, the 

red- and black-colored grains, have large axial compression. For plane-stress 

simulations, the maximum principal stress for a region with in-plane biaxial compression 

is the zero out-of-plane stress, σzz. Thus, the highly misaligned grains are not apparent 

in the maximum principal stress microstructural maps. 

 

From Fig. 4.4b, when the crystalline c-axis is texture parallel to the SPO direction, the 

effect of misaligned grains, as described above, is more striking. Clearly, the grains with 

large values of the maximum principal stress also have large values of σyy. The fact 

these highly stressed grains were actually very misoriented was validated for select 

grains by noting the misorientation angle θ of these grains and by computing the 

direction of the maximum principal stress. So, while the average value of the maximum 

principal stress decreases with LPO, the few misoriented grains with large axial tension 

results in a large variance for the maximum principal stress distribution and hence, the 

large value of the microstructural standard deviation seen in Fig. 4.2 for M20(y) and 

M40(y). 

 

The very different character of the microstructural maps for the maximum principal 

stress when the crystal texture is out of the plane of the microstructure can be seen in 

Fig. 4.3c. These patterns result from the near isotropic in-plane properties that result 

from this type of crystal texture. Nonetheless, the patterns in the stress maps still reflect 

the shape fabric. Additionally, the magnitude of the maximum principal stress is reduced 

from that in Fig. 4.3a and Fig. 4.3b.  

 

These observations clearly show that both grain shape fabric and crystal texture have 

significant impact on the maximum principal stresses that arises in calcite 

microstructure due to temperature changes, and hence, on the propensity for 

microcracking. 
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Fig. 4.4 Microstructural maps of the stress tensor components σxx and σyy and the maximum principal 

stress for the elongated shape fabric in calcitic marble, which has large (M = 40) in-plane crystal texture 

(a) perpendicular to the shape fabric (along the x directions) and (b) parallel to the shape fabric (along the 

y direction). The stress tensor components are shown with a thermal scale that ranges from black (≤ -

250 MPa) to red-orange (0 MPa) to white (≥ +250 MPa). The thermal scale for the maximum principal 

stress is the same as that for Fig. 4.3. 
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4.2.6 Influence of marble composition: dolomitic marbles and marbles with the 

mixed content of calcite (50%) and dolomite (50 %) 

Elastic strain energy density and maximum principal stress were computed for dolomitic 

marbles and marbles with the mixed content, i.e., 50% of calcite and 50 % of dolomite. 

The results for dolomitic marbles revealed that the elastic strain energy density of 

dolomite is approximately two times smaller than those of calcite (compare Fig. 4.1 and 

Fig. 4.5). However, the maximum principal stress values of the two minerals did not 

show a significant difference, values of dolomitic marbles are slightly smaller. 

Microstructural maps showing the spatial dependence of the maximum principal stress 

for dolomitic marbles are presented in Fig. 4.6. The same observations concerning the 

influence of SPO, LPO and directionality of the LPO fiber texture with respect to the 

SPO are found for dolomitic marbles. 

The values of strain energy density and maximum principal stress of mixed content of 

calcite (50%) and dolomite (50%) marbles are slightly larger than those of calcitic 

marbles (Fig. 4.7). The different behavior in comparison to pure calcitic or dolomitic 

marbles is observed when c-axis aligns parallel to z-direction. The values are 

predominantly larger than those when c-axis aligns parallel to x- and y-direction 

(exception is still for elongated microstructure with 20 times random texture). Such 

results are expectable because in structures with mixture of calcite and dolomite the 

additional contraction of crystals now is presented in the plane of microstructure since 

these two minerals have negative and positive coefficients of thermal expansion parallel 

to a-axes. The influence of LPO is significant, while influence of SPO is not pronounced 

(Fig. 4.7). 

 

 

 

 

 

 

 

 

 



Influence of shape fabric and crystal texture on marble degradation phenomena: simulations 

43 

 

 

 

 

 

Fig. 4.5 Elastic strain energy density and its microstructural standard deviation (the square root of its 

variance throughout the microstructure) for dolomitic marbles as a function of SPO and LPO for a 

temperature change of +100 ˚C. The different LPOs, or crystal texture ODFs, are denoted as M1, M20 

and M40, respectively corresponding to a March-Dollase parameter M of 1, 20, and 40 for the distribution 

from which the orientations were chosen. The errors bars show the standard deviation from 5 

independent replications of the ODF. Three directions for the LPOs were observed: x, y and z, 

corresponding to the c-axes having fiber texture along x-, y-, and z-axis, respectively. 
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Fig. 4.6 Microstructural maps showing the spatial dependence of the maximum principal stress for the 

three shape fabrics and the three degree of crystallographic texture in dolomitic marbles: (a) the crystal 

texture is perpendicular to the shape fabric direction and in the plane of the microstructure (c-axes are 

textured along the x-direction); (b) the crystal texture is parallel to the shape fabric direction (the c-axes 

are textured along the y-direction); and (c) the crystal texture is perpendicular to the shape fabric direction 

and out of the plane of the microstructure (the c-axes are textured along the z-direction). Stresses are 

shown with a thermal scale that ranges from black (0 MPa) to red-orange (125 MPa) to white (≥ 250 

MPa). 
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Fig. 4.7 Elastic strain energy density and its microstructural standard deviation (the square root of its 

variance throughout the microstructure) as a function of SPO and LPO for a temperature change of 

+100 ˚C for marbles with the mixed content of calcite (50%) and dolomite (50%). The different LPOs, or 

crystal texture ODFs, are denoted as M1, M20 and M40, respectively corresponding to a March-Dollase 

parameter M of 1, 20, and 40 for the distribution from which the orientations were chosen. The errors bars 

show the standard deviation from 5 independent replications of the ODF. Three directions for the LPOs 

were observed: x, y and z, corresponding to the c-axes having fiber texture along x-, y-, and z-axis, 

respectively. 

 

4.2.7 Coefficient of thermal expansion 

For a given simulation configuration and a given temperature change, the effective 

coefficient of thermal expansion coefficient in the x direction, αx
eff, is computed from the 

relative displacement change of the right and left sides of the microstructure. Similarly, 

the effective coefficients of thermal expansion coefficient in the y direction, αy
eff, are 

computed from the relative displacement change of the top and bottom of the 
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microstructure. The results of these measurements for the various combinations of 

SPO, degrees of LPO, and the directional relationships between them for calcitic and 

dolomitic marbles are given in Table 4.1. The uncertainty estimates represent the 

standard deviation from the five independent replications of the ODF.  

Table 4.1. The effective coefficients of thermal expansion in the x- and y-directions, αx
eff

 and αy
eff

, in units 
of 10

-6
 ˚K

-1
 for the three shape fabrics (equiaxed, mixed, and elongated), the three degrees of LPO (M1, 

M20, and M40), and the three directions of crystallographic texture with respect to SPO (denoted by c-x , 
c-y, and c-z for when the c-axes are align along x-, y- and z-direction, respectively) for calcitic and 

dolomitic marbles. 

 

 equiaxed mixed elongated 

c-x c-y c-z c-x c-y c-z c-x c-y c-z 

Calcite 

M1 
αx

eff 4.1±0.6 4.1±0.6 4.1±0.6 4.0±0.5 4.0±0.5 4.0±0.5 4.1±0.8 4.1±0.8 4.1±0.8 

αy
eff 4.1±0.6 4.1±0.6 4.1±0.6 4.0±0.5 4.0±0.5 4.0±0.5 4.1±0.8 4.1±0.8 4.1±0.8 

 

M20 
αx

eff 17.0±0.5 -2.2±0.1 -1.9±0.4 17.0±0.8 -1.9±0.3 -1.6±0.5 17.5±0.8 -1.8±0.6 -1.8±0.6 

αy
eff -2.0±0.4 17.0±0.5 -2.2±0.2 -1.9±0.5 16.5±0.8 -2.2±0.6 -2.3±0.5 16.4±1.0 -2.2±0.5 

 

M40 
αx

eff 19.2±1.0 -3.1±0.5 -3.0±0.4 19.6±0.5 -3.1±0.4 -3.0±0.2 20.0±1.1 -3.2±0.5 -2.9±0.7 

αy
eff -3.1±0.4 19.2±1.0 -3.0±0.5 -3.2±0.2 19.3±0.6 -3.2±0.4 -3.3±0.6 19.2±1.3 -3.6±0.4 

Dolomite 

M1 
αx

eff 12.2±0.4 12.2±0.4 12.2±0.4 12.2±0.4 12.2±0.4 12.2±0.4 12.2±0.6 12.2±0.6 12.2±0.6 

αy
eff 12.2±0.4 12.2±0.4 12.2±0.4 12.2±0.4 12.2±0.4 12.2±0.4 12.2±0.6 12.2±0.6 12.2±0.6 

 

M20 
αx

eff 20.5±0.3 8.3±0.1 8.5±0.2 20.5±0.5 8.4±0.2 8.7±0.3 20.8±0.5 8.6±0.3 8.6±0.4 

αy
eff 8.3±0.2 20.5±0.3 8.3±0.1 8.4±0.3 20.2±0.5 8.3±0.2 8.1±0.3 20.1±0.6 8.2±0.3 

 

M40 
αx

eff 21.9±0.6 7.7±0.3 7.8±0.3 22.1±0.3 7.7±0.3 7.8±0.1 22.3±0.7 7.7±0.3 7.9±0.4 

αy
eff 7.7±0.3 21.9±0.6 7.8±0.3 7.7±0.2 21.9±0.4 7.6±0.2 7.6±0.4 21.7±0.7 7.4±0.2 

 

A distribution-averaged coefficient of thermal expansion tensor in the sample reference 

frame can also be computed from the crystal coefficient of thermal expansion tensor 

and the March-Dollase probability distribution function. First the crystal coefficient of 

thermal expansion tensor is rotated to the sample reference frame using the 

orientational relationship described by the polar angle, θ, and the two azimuthal angles, 

φ and ω. Then, the rotated tensor is averaged over all polar angles and all azimuthal 

angles weighted by the March-Dollase probability distribution function, f (M, θ) sin(θ), 

where f (M, θ) is given by Eq. (3.9).  
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The tensor values, thus computed for calcite, both parallel and perpendicular to the 

texture direction are given by:  

 M = 1 αeff
parallel = αeff

perpendicular = 4.67 x 10-6 K-1 

 M = 20 αeff
parallel = 17.29 x 10-6 K-1  αeff

perpendicular = -1.64 x 10-6 K-1 

 M = 40 αeff
parallel = 19.40 x 10-6 K-1  αeff

perpendicular = -2.70 x 10-6 K-1 

The tensor values computed for dolomite are given by: 

        M = 1       αeff
parallel = αeff

perpendicular = 12.67 x 10-6 K-1 

 M = 20 αeff
parallel = 20.6 x 10-6 K-1  αeff

perpendicular = 8.7 x 10-6 K-1 

 M = 40 αeff
parallel = 21.8 x 10-6 K-1  αeff

perpendicular = 8.1 x 10-6 K-1 

As more crystal texture develops going from a random ODF (M = 1) to a highly textured 

ODF (M = 40), the effective coefficient of thermal expansion tensor approaches the 

single-crystal tensor. The change of sign in αeff
perpendicular from an expansion (a positive 

value) to a contraction (a negative value) for calcite occurs at approximately M = 8.30. 

Note, however, that the volume coefficient of thermal expansion, given by the trace of 

the thermal expansion tensor, is independent of crystal texture (i.e., M) and is equal to 

14.0 x 10-6 K-1 for calcite and 38 x 10-6 K-1 for dolomite. 

The effective coefficients of thermal expansion in Table 4.1 show a strong dependence 

on the degree of LPO (i.e., M) and on the directional relationship between the thermal 

expansion tensor and the crystal texture direction (i.e., parallel or perpendicular), but 

only show a minor influence on the shape fabric for both minerals, calcite and dolomite. 

The dependence of the simulation results on the degree of LPO agrees well with that 

computed for the distribution-averaged coefficient of thermal expansion. Several minor 

deviations are apparent, however, which are not fully understood at present. The lack of 

dependence on shape fabric was unexpected. One might have expected the shape 

fabric to have had a significant influence on the effective thermal expansion when 

combined with crystalline texture. For example, elongated grains aligned in the 

crystalline texture direction might have had more of an effect that an ensemble of 

equiaxed grains. Simulation results seem to show that this is not the case. However, as 

mentioned above, these effective values represent only the contribution to the thermal 

expansion or contraction from the elastic thermal misfit strains. If microcracking occurs, 

an additional expansion will occur, which may depend on shape fabric and any synergy 

between shape fabric and crystal texture.  
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4.3 Summary and conclusions 

The elastic strain energy density and maximum principal stress are important 

microstructural properties for predicting microcrack formation. Spatial regions where 

these two microstructural properties are large are expected to indicate regions in the 

microstructure with a propensity for microcracking. Microstructure-based finite-element 

simulations were used to elucidate not only these spatial regions, but also the average 

values of these thermal-elastic responses and their microstructural standard deviations, 

i.e., the standard deviation of their spatial distributions. This finite element approach is 

considered an excellent tool for elucidating influences of the rock’s fabric and crystal 

texture on the thermal-elastic behavior of marbles. 

Significant observations are:  

 For random crystallographic texture, i.e., no LPO, shape fabric did not have a 

significant influence on either the average values or the microstructural standard 

deviation of the thermal-elastic responses. While not necessarily surprising, this 

observation was not expected. There is, however, spatial dependence to the stress 

networks that form. These networks of high strain energy density and maximum 

principal stress mimic the SPO, so this spatial dependence may have an influence 

on microcrack formation. 

 With equiaxed shape fabric, increasing degrees of LPO generally lead to a 

reduction in the microstructural stresses and the stored elastic strain energy. This 

effect was expected since crystallographic texture reduces the misfit strains from 

the thermal expansion anisotropy. As expected, there is minor influence of the 

direction of the crystal texture, since statistically there is no directionality to the 

grain fabric.  

 LPO in combination with a mixed or elongated shape fabric can synergistically lead 

to significant effects, which have a strong directional dependence.  

o When the LPO is aligned parallel with the SPO direction, the thermal-elastic 

responses increase markedly with shape fabric that observed for calcitic and 

dolomitic marbles, while for marbles with the mixed content of calcite (50%) 

and dolomite (50%) such increasing is not significant. The responses with 

crystal texture are more complex, but essentially either remain constant, 

increase slightly and then decrease, or decrease. More significantly, however, 
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is the increase of the microstructural standard deviations of these responses, 

indicating wide microstructural variation of these responses. These 

microstructural variations are clearly apparent in the microstructural response 

maps. 

o When the LPO is aligned perpendicular to the SPO direction, the thermal-

elastic responses remain constant or decrease with shape fabric and 

decrease with crystal texture. The microstructural standard deviations of the 

strain energy density increase with shape fabric and decrease with crystal 

texture. The microstructural standard deviations of the maximum principal 

stress decrease with both shape fabric and crystal texture. Generally, 

microstructures with this combination of shape fabric and crystal texture will 

have less of a tendency to microcrack, particularly as the crystal texture 

increases. 

o When the LPO is aligned perpendicular to the SPO direction and out of the 

plane of the simulation, the in-plane thermal-elastic responses are nearly 

isotropic, and are reduced in magnitude accordingly. 

 Even though microstructures with aligned LPO and SPO features give the largest 

thermal-elastic responses and microstructural variability, this response may not be 

significant for several reasons. First, if the crystal texture is correlated with the 

shape texture, these misoriented grains may not be probable. Second, this LPO is 

less often reported for marbles. And third, this combination of LPO and SPO would 

lead to transgranular microcracking perpendicular to the elongated direction of the 

grains, i.e., axial segmentation of these grains. Such microcracking would 

therefore depend on a low fracture energy cleavage plane, which may not be the 

case. 

 Marble composition has significant influence on the thermal-elastic response. 

Dolomitic marbles are supposed to be more resistance to microcracking since they 

show two times smaller values of elastic strain energy density, which is a main 

precursor of microcracking. However, the presence of dolomite in calcitic marble 

can lead to increasing of the thermal-elastic responses since dolomite crystals 

produce the additional contraction with calcite crystals. 
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5. Microcracking in calcite and dolomite marble: microstructural influences 

and effects on properties 

5.1 Input parameters 

Two-dimensional hypothetical rock microstructures (Fig. 3.7) were used as input 

micrographs for the finite-element simulations in order to investigate microcracking 

initiation and propagation in marble structures. 

When fracture is included as a phenomenon in finite-element simulations, the material 

now has a length scale (namely, the fracture surface energy divided by an elastic 

modulus), by which to measure grain size. Heretofore (e.g., chapter 4), outputs from 

microstructure-based simulations (e.g., elastic strain energy density and maximum 

principal stress) were independent of grain size; the only units being those of strain 

energy density (kJ∙m−3 = 10−6 GPa) or stress (GPa). Now, grain size, or equivalently, 

the size of the microstructural image, is important as it influences the parameter that is 

input into the simulation for the fracture surface energy. Accordingly, we introduce grain 

size as an important fabric, or microstructural parameter. We consider here three grain 

sizes: 200 μm; 1 mm; and 2 mm. However, due to the complexity of three SPOs in the 

present simulations (e.g., two different grain distributions in the mixed microstructure 

and non-equiaxed grains in the elongated microstructure), a better dimensional metric is 

the size of the microstructural image. Thus, the grain diameters for equiaxed grains and 

the grain widths for elongated grains were measured for a representative number of 

grains in each SPO microstructure. Using an average of these values to compute a 

nominal average grain size, the size of the microstructure was adjusted to give the three 

nominal average grain sizes. For a nominal average grain size of 1 mm, the size of the 

micrograph for the equiaxed and the mixed microstructure is 16.13 mm x 16.13 mm, 

and the size for the elongated microstructure is 13.89 mm x 13.89 mm. Similarly, when 

the nominal average grain size is 200 μm and 2 mm, the sizes of the micrographs (edge 

lengths), respectively, are 3.125 mm and 31.25 mm for the equiaxed and mixed 

microstructure, and 2.778 mm and 27.78 mm for the elongated microstructure.  

Two different types of LPO were generated using M values of 1 and 20 (see Fig. 

3.8a,b).  
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Typical LPOs for marbles, as described in Leiss and Ullemeyer (1999), are textured with 

the c-axes perpendicular to the SPO. Accordingly, while there are many ways to align 

LPO with respect to SPO (e.g., three mutually orthogonal idealized configurations were 

considered in chapter 4), in the current simulations we have aligned the c-axes 

perpendicular to the shape fabric and out of plane, i.e., parallel to the z direction.  

 

5.2 Finite-element simulations 

An adaptive meshing algorithm was used to create a finite-element mesh with a grain-

boundary phase that has the same thermal-elastic properties and orientations as the 

host grains, but with a different fracture toughness, i.e., the grain-boundary 

toughness, γig. The final mesh consisted of 140,358 triangular elements for the 

equiaxed microstructure; 207,208 triangular elements for the mixed microstructure; and 

163,668 elements for the elongated microstructure. 

After creating the mesh, thermal-elastic properties were assigned to the grains and to 

the grain boundaries according to which marble composition (calcite or dolomite) was 

being considered. The single crystal elastic constants for both minerals, Cij, (Bass 1995) 

and the crystalline coefficients of thermal expansion for calcite (Kleber 1959) and 

dolomite (Reeder and Markgraf 1986) were used (see Table 2.1).  

Thirty unique configurations specified by SPO, LPO, grain size, grain-boundary 

toughness and marble composition were used in the simulations. Three different sets of 

orientations were generated for the calcite microstructures with equiaxed, mixed and 

elongated grains, random and twenty times random texture, a nominal grain size of 

1 mm, and a grain-boundary toughness of 40 % of that for the grains. For other 

microstructural configurations only one replication of the ODF was used in the 

simulations. Thus, with replications, 42 configurations were used as the basis for the 

finite-element simulations. 

Strain energy density and maximum principal stress were calculated for all 

microstructure configurations on heating and cooling by 50 °C. Simulations were done 

with and without allowing microcracking to occur.  
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The fracture surface energy of single crystals is typically of order 0.3 Jm−2 to 1.1 Jm−2 

(Becher and Freiman 1978, White et al. 1988). Accordingly, in the present simulations 

the crystalline or grain fracture toughness, γxtal, for both calcite and dolomite was 

assumed to be 0.5 Jm−2, and isotropic. Little is known about experimental values for the 

grain-boundary toughness. Accordingly, to examine the influence of the intergranular 

fracture resistance, the grain-boundary toughness was assumed to be 40 % and 20 % 

of γxtal, thus the fracture resistance energy of the grain boundaries was γig = 0.2 Jm−2 

and γig = 0.1 Jm−2
, respectively. For simulations of microcrack initiation and crack 

propagation a Griffith-type fracture criterion was used. This criterion is based on the 

energy balance between mechanical and surface energy (Griffith 1921). How it is 

implemented in OOF is described in section 3.1. Since the elastic constants input into 

OOF have units of GPa, the fracture surface energy has units of GPa times the size of 

the microstructure. Thus, by varying the input value of the fracture surface energy, one 

can vary the size of the microstructure, and hence, the nominal average grain size, as 

discussed above. 

Fracturing in OOF is accomplished by reducing the directional elastic moduli (both the 

tensile and shear moduli) across the fracture plane by multiplicative factors (Carter et al. 

1998; Zimmerman et al. 2001; Galal Yousef et al. 2005). Multiplicative factors were 

chosen to be 1×10−6 and 2×10−6 in this study.  

The finite-element simulations used two-dimensional elasticity with a plane-stress 

assumption, thereby simulating a free surface.  

 

5.3 Results and discussion 

5.3.1 Effect of SPO and LPO 

The influence of SPO and LPO are illustrated for a calcitic marble with a nominal grain 

size of 1 mm and a grain-boundary toughness of 40 % of the single crystal toughness. 

Nonetheless, the results are general for all compositions and grain sizes. The results for 

this configuration are averaged over three replications of orientations (i.e., the ODFs) for 

the LPO distribution. For the equiaxed microstructure with a random ODF (M=1) the 

onset of microcracking on heating occurs at an average temperature change of 

ΔT = 15 ± 2 °C. For the mixed grain microstructure microcracking commences at 

ΔT = 16 ± 1 °C, while for the elongated microstructure microcracking commences at 
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ΔT = 20 ± 2 °C. The elastic strain energy density and the maximum principal stress 

were monitored during heating and cooling for temperature step changes of 1 °C for 

both cracked and uncracked samples. The uncracked simulations are those for which 

the microcracking algorithm was not activated. The thermal-elastic response values are 

plotted for the temperature interval from 10 °C to 50 °C during heating and from −10 °C 

to −50 °C during cooling (see Fig. 5.1). The strain energy density and the maximum 

principal stress for the cracked state show a strong dependence on SPO for random 

crystallographic texture. 

 

Fig. 5.1 Representative responses (a single replication of a random ODF) of the elastic strain energy 

density and the maximum principal stress for microcracked (red) and unmicrocracked (black) idealized 

marble microstructures versus the temperature change from the unstressed state. Results are shown for 

three idealized calcitic microstructures (equiaxed grains, a mixture of equiaxed and elongated grains, and 

elongated grains) with a nominal grain size of 1 mm and random texture, denoted as M01. 

Microcracking in simulations with a highly textured LPO (M=20) commences at a larger 

temperature increment from the unstressed state compared to the simulations with no 

texture, i.e., a random ODFs (M=1). The equiaxed microstructure begins to microcrack 
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at average of ΔT = 18 ± 1 °C, while the microstructure with mixed shape fabric starts to 

crack at ΔT = 18 ± 4 °C, and the elongated microstructure commences to crack at an 

even higher temperature differential of ΔT = 23 ± 4 °C. The strain energy density and 

maximum principal stress for the fabric parameters are plotted in Fig. 5.2. A significant 

influence of SPO on the response of the cracked microstructures is observed upon 

heating; upon cooling the responses are similar. 

 

Fig. 5.2 Representative responses (a single replication of a textured ODF) of the elastic strain energy 

density and the maximum principal stress for microcracked (red) and unmicrocracked (black) idealized 

marble microstructures versus the temperature change from the unstressed state. Results are shown for 

three idealized calcitic microstructures (equiaxed grains, mixture of equiaxed and elongated grains, and 

elongated grains) with a nominal grain size of 1 mm and crystallographic texture that is twenty times 

random texture (denoted as M20). 

 

The decrement in elastic strain energy density on microcracking (i.e., the difference 

between the strain energy density of the uncracked state and the cracked state) is the 

largest in the equiaxed microstructure with random texture (see Fig. 5.3). Since elastic 

strain energy is converted to fracture surface energy on microcracking, this result would 
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suggest more microcracking in the equiaxed microstructure with random texture. To 

verify this conjecture, the averaged percentage of microcracked elements from three 

replications of the ODF are shown in Fig. 5.4 for a temperature change of 50 °C in both 

heating and cooling. The greatest extent of microcracking is observed in the equiaxed 

microstructure with random texture upon cooling (i.e., 9.1 ± 0.3 % of the total area at 

ΔT = −50 °C). This is closely followed by the same microstructure upon heating (i.e., 

7.8 ± 0.2 % at ΔT = +50 °C). In the mixed grain-type microstructure only 7.2 ± 0.5 % of 

whole area is microcracked upon cooling and 5.9 ± 0.3 % upon heating. Even fewer 

microcracks are observed in the elongated microstructure: 6.8 ± 1.3 % and 4.0 ± 0.6 % 

upon cooling and heating, respectively. In all microstructures more microcracking is 

observed upon cooling, than upon heating. The asymmetry is shown in Fig. 5.5 for an 

elongated-grain microstructure with random texture. An apparent reason for this 

asymmetry can be explained as following. If the long axis of a grain is perchance 

aligned along the c-axis, upon heating it would be in compression. And, upon cooling, it 

would be in tension. A similar phenomenon would occur for equiaxed grains, but would 

not be so pronounced. Therefore, one would expect a SPO effect.  

 

 

Fig. 5.3 The decrement in the elastic strain energy density between the unmicrocracked and the 

microcracked states of idealized calcitic marble microstructures with a nominal grain size of 

1 mm. Results are shown for random crystallographic texture (denoted M01) and a texture that is 

twenty times random (denoted as M20). 
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When the crystallographic texture is twenty times random, the least amount of 

microcracking is observed in the elongated grain-type microstructure upon heating. Only 

0.3 ± 0.1 % of the total area microcracks for a temperature change of ΔT = +50 °C. In 

contrast, cooling the same microstructure results in 2.8 ± 0.4 % of the total area 

microcracking for a temperature change of ΔT = −50 °C. In the mixed grain-type 

microstructure the amount of microcracking is 2.2 ± 0.4 % and 3.4 ± 0.3 % of the total 

area upon heating and cooling, respectively. For the highly textured material the most 

amount of microcracking is observed in the equiaxed microstructure with 3.8 ± 0.1 % of 

whole area upon heating and 4.0 ± 0.2 % upon cooling (See Fig. 5.4). The influence of 

SPO on the degree of microcracking is quite apparent upon heating: there is a 

sevenfold increase in microcracking when changing from the elongated grain-type to the 

mixed grain-type microstructure. Upon cooling, the amount of microcracking is greater, 

but does not increase as significantly with decreasing SPO (only about 20 % for each 

grain-type change).  

 

 

Fig. 5.4 Averaged percentage of microcracked elements from three replications of the ODF for the three 

idealized calcitic marble microstructures with a nominal grain size of 1 mm and random texture (denoted 

as M01) and texture that is twenty times random (denoted as M20). Results are for a temperature change 

of +50 °C (denoted as heating) and −50 °C (denoted as cooling). The error bars represent one standard 

deviation. 

The amount of stored elastic strain energy of the uncracked state, as measured by the 

strain energy density, decreased approximately twofold with increasing LPO. However, 

the amount of stored strain energy of the cracked state decreased only slightly with 

increasing LPO (Fig. 5.1 and Fig. 5.2). Accordingly, the decrement in elastic strain 

energy (Fig. 5.3) and the percentage of microcracked area (Fig. 5.4) both decrease 
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approximately by 60 % with increasing LPO. Fig. 5.6 provides visualization of the onset 

and degree of microcracking and of the influence of SPO and LPO. 

 

Fig. 5.5 Simulations of microcracking in an elongated-grain calcite marble with random texture and a 

nominal grain size of 1 mm: (a) upon heating by a temperature differential +50 °C; (b) upon 

cooling by a temperature differential −50 °C. 

 

 

Fig. 5.6 Representative responses (a single replication of each ODF) of the percentage of microcracked 

elements for the three idealized calcitic marble microstructures with a nominal grain size of 1 mm upon 

heating and cooling. Random texture is denoted as M01; twenty times random texture is denoted as M20. 

In the present simulations initiation of microcracks was generally observed to occur at 

grain triple junctions and along single grain-boundary facets or partial facets. 

Subsequent microcracking was mixed mode with a combination of intergranular, 

intragranular and transgranular fracture. 
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5.3.2 Spatial distribution of microcracks 

To investigate the relation between maximum principal stress and microcrack initiation 

and propagation, high-stress regions in an uncracked material were compared to the 

microcracks in the cracked material. Microstructural response maps show the spatial 

dependence of microcracking and maximum principal stress for an equiaxed 

microstructure with a random ODF (Fig.5.7) and for a mixed grain microstructure with a 

high degree of LPO texture (M=20) (Fig. 5.8). Microstructural response maps are shown 

for ΔT = 50 °C and ΔT = −50 °C in both uncracked and cracked materials. As was 

pointed out by Weiss et al. (2002) cracks that occurred in microstructure upon heating 

do not form upon cooling and vice versa. Regions with high maximum principal stress in 

the uncracked state correspond to microcracks in the cracked material. Most of these 

regions in cracked material have high maximum principal stress as well but the values 

are smaller than those in the uncracked state. For the uncracked state in a mixed grain 

microstructure with M=20 texture there are fewer regions with high maximum principal 

stress than in the equiaxed grain microstructure with random texture, i.e., the propensity 

for microcracking is less.  

 

Fig. 5.7  A cropped selection (170x170 pixels) from a microstructural response map showing the spatial 

dependence of the maximum principal stress for an uncracked and cracked equiaxed-grain calcitic 

marble microstructure with a nominal grain size of 1 mm and a random ODF for a temperature changes of 

ΔT = -50 °C and ΔT = +50 °C. 
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Fig. 5.8  A cropped selection (170x170 pixels) from a microstructural response map showing the spatial 

dependence of the maximum principal stress for an uncracked and cracked mixed-grain calcitic marble 

microstructure with a nominal grain size of 1 mm and a highly texture ODF (M=20) for a temperature 

changes of ΔT = -50 °C and ΔT = +50 °C. 

 

5.3.3 Effect of grain size and marble composition 

Extensive microcracking is expected to occur in coarse grain microstructures composed 

of grains that have a high thermal expansion anisotropy (Cleveland and Bradt 1978). 

Indeed, given a temperature change, one expects the amount of microcracking to 

diminish with grain size until a critical grain size is reached, below which microcracking 

does not occur in finer grain materials. For a temperature change of ΔT = 50 °C the 

critical grain size for calcite is approximately 45 µm and that for dolomite is 

approximately 80 µm. Thus, in all the grain sizes considered here microcracking is 

expected to occur for temperature changes of ±50 °C. However, decreasing amounts of 

microcracking are expected as the grain size decreases from 2 mm to 1 mm to 200 µm.  

Accordingly, simulations were performed for calcitic marbles with nominal grain sizes of 

200 µm and 1 mm, and for dolomitic marbles with nominal grain sizes of 1 mm and 

2 mm. The percentages of microcracked area for the different grain sizes and marble 

compositions are presented in Table 5.1. For the 1 mm grain-size calcitic marble the 

results are averaged over three replications of the ODF to give a mean and standard 
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deviation. For all others fabric configurations the results are only for one replication of 

the ODF, but one expects similar variability as that for the 1 mm grain-size calcite. 

Table 5.1. Percentage of microcracked area for three microstructures: equiaxed grains, a mixture of 

equiaxed and elongated grains, and elongated grains of calcite and dolomite marbles with random texture 

(denoted as M01) and with strong texture (denoted as M20) after heating and cooling in 1 °C increments 

for a total temperature differential of 50 °C. 

 

200 μm grain-size Calcite 

equiaxed grains mixed grains elongated grains 

M01 M20 M01 M20 M01 M20 

heating 0.5 % 0.1 % 0.3 % 0.004 % 0.007 % 0.00 % 

cooling 0.4 % 0.1 % 0.2 % 0.07 % 0.03 % 0.01 % 

 

1 mm grain-size Calcite 

equiaxed grains mixed grains elongated grains 

M01 M20 M01 M20 M01 M20 

heating 7.8±0.2% 3.8±0.1% 5.9±0.3% 2.2±0.4% 4.0±0.6% 0.3±0.1% 

cooling 9.1±0.3 % 4.0±0.2 % 7.2±0.5 % 3.4±0.3 % 6.8±1.3 % 2.8±0.4 % 

 

1 mm grain-size Dolomite 

equiaxed grains mixed grains elongated grains 

M01 M20 M01 M20 M01 M20 

heating 4.9 % 1.6% 2.8 % 0.6 % 1.4 % 0.04 % 

cooling 5.1 % 2.2 % 3.5 % 1.4 % 2.5 % 1.3 % 

 

2 mm grain-size Dolomite 

equiaxed grains mixed grains elongated grains 

M01 M20 M01 M20 M01 M20 

heating 8.4 % 2.6 % 6.4 % 2.8 % 5.0 % 0.4 % 

cooling 10.8 % 4.1 % 8.4 % 3.8 % 7.7 % 3.1 % 

 

As expected, the percentage of microcracked area for a total temperature change of 

ΔT = 50 °C is significantly reduced for the 200 µm nominal grain-size calcite material in 

comparison to the 1 mm grain-size material. In the equiaxed-grain material with random 

crystallographic texture the microcrack percentage is only 0.5 % of whole area upon 
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heating compared to 7.8 % for the 1 mm grain-size material. Upon a negative 

temperature change (cooling) the microcrack percentage is dimensioned even more 

from 9.1 % to 0.4 %. While the amount of microcracking for a highly textured material 

(M=20) is less than that for a material with random texture (M=1), and is not as 

asymmetric in heating versus cooling, the reduction in the amount of microcracking with 

grain size is more pronounced: approximately one fortieth when reducing the grain size 

from 1 mm to 200 µm. The mixed grain-shape materials exhibit an even greater 

decrease in the percentage of microcrack area with grain-size reduction (see Table 5.1). 

Moreover, the amount of reduction is strongly dependent on the LPO. The 200 µm 

grain-size, elongated grain-shape microstructure showed the most significant reduction 

in microcracking compared to the 1 mm grain-size material. Almost no microcracking 

was observed for the 50 °C temperature change. Furthermore, the reduction in the 

amount of microcracking for these fabric conditions was strongly dependent on the 

LPO. For the 200 µm elongated-grain microstructure the percentage of microcracked 

area was 0.007% upon heating and 0.03% upon cooling when the texture is random; 

and basically 0 % upon heating and 0.1 % upon cooling when there is high LPO texture. 

The percentage of microcracked area is also reduced for the 1 mm nominal grain-size 

dolomite material compared to the 2 mm grain-size material (see Table 5.1). 

Furthermore, the 1 mm grain-size dolomite marble was observed to have less 

propensity for microcracking than the 1 mm grain-size calcite marble, i.e., microcracking 

begins at higher temperature differential and the percentage of cracked area is less 

(see Table 5.1). For instance, upon heating an equiaxed microstructure with random 

texture (M=1) the onset temperature for thermal microcracking occurs at 14 °C for 

calcite marble, while the dolomite marble does not begin to crack until 19 °C. While 

dolomite is stiffer than calcite, calcite has a greater thermal expansion anisotropy 

resulting in a higher microstructural maximum principal stresses. The percentage of 

microcracked area in dolomitic marbles with a nominal grain size of 2 mm is comparable 

with results for calcitic marble with a nominal grain size of 1 mm. 

The simulations also reveal a significant influence of the SPO and LPO fabric 

parameters on the temperature change (ΔT) require for microcrack initiation. The 

equiaxed-grain calcite microstructure with random texture and a nominal grain size of 

200 µm begins to crack upon heating at ΔT = 31 °C and upon cooling at ΔT = −37 °C. In 
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the mixed grain-shape calcite with random texture microcracking commences at 

ΔT = 34 °C upon heating and at ΔT = −34 °C upon cooling. Microcracking in the 

elongated-grain calcite commences at ΔT = 45 °C and at ΔT = −40 °C upon heating and 

cooling, respectively. For the highly textured calcite (M=20) a larger temperature 

differential is required for microcracking, namely, ΔT = 38 °C and at ΔT = −41 °C in the 

equiaxed microstructure, ΔT = 48 °C and ΔT = −34 °C in mixed-shape microstructure, 

and ΔT = 50 °C and ΔT = −44 °C in the elongated-shape microstructure. Indeed, for the 

elongated-shape fabric microcracking was just initiated at these temperatures, i.e., the 

first mutated elements in OOF (the procedure in OOF1 for modifying element properties 

to simulate fracture) occurred at these temperatures.  

 

5.3.4 Effect of grain-boundary toughness 

Simulations for dolomite marble with grain size 1 mm have been performed. The 

fracture algorithm assumes that the critical fracture energy of the grain boundary is 

different from that of the grain interior. Simulations with two grain boundaries toughness 

are presented, to study the transition from the intragranular to the intergranular mode of 

crack growth (see section 2.6).  

More microcracking was observed when the grain-boundary toughness (γig) was 20 % 

of the grain fracture surface energy (γxtal) than when it was 40 % of γxtal. Additionally, 

the microstructure with γig = 0.2 γxtal commences to crack at a smaller temperature 

differential. Spatial maps of the extent of microcracking for a total temperature change 

of +50 °C are shown in Fig.5.9. When the grain-boundary toughness is as weak as 

20 % of that of the grains, intragranular cracking is essentially reduced completely. 

Microcracks initiate on single grain-boundary facets or on partial grain-boundary facets, 

and then propagate along the grain boundaries.  
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Fig. 5.9 Simulations of microcracking in dolomite marble with a nominal grain size of 1 mm upon heating by 

a temperature differential +50 °C: (a) equiaxed microstructure with random texture and grain-boundary 

toughness of 0.40 γxtal; (b) equiaxed microstructure with random texture with grain-boundary toughness of 

0.20 γxtal. The red ellipses identify representative area of comparison. 

 

5.3.5 Coefficients of thermal expansion  

The thermal expansion coefficients were computed for a given total temperature 

change, i.e., for ΔT = 50 °C and ΔT = −50 °C, and a given microstructure configuration, 

i.e., for a calcitic and a dolomitic marble with a nominal grain size of 1 mm and a grain-

boundary toughness 0.40 γxtal. The thermal expansion coefficient in the x-direction, 

denoted as αx, is computed from the relative displacement change of the right and left 

sides of the microstructure. The thermal expansion coefficient in the y-direction 

direction, denoted as αy, is computed from the relative displacement change of the top 

and bottom of the microstructure. Fig. 5.10 illustrates the influence of LPO and SPO on 

αx and αy. Numerical results are presented in Table 5.2 for the calcitic and dolomitic 

marbles upon heating and cooling for a total temperature differential of 50 °C. Results 

are also shown for the case when no microcracking occurs. For these simulations 

fracture, or microcracking, was inhibited by turning off the cracking algorithm in OOF. 
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Table 5.2 The coefficients of thermal expansion in units of 10
−6

 K
−1

 in the x and y directions, are denoted 

as αx and αy, respectively, upon heating and cooling by a temperature differential 50 °C and -50 °C for 

microstructure allowing microcracking and for microstructure with no microcracking. Results are 

presented for calcite and dolomite marble with a nominal grain size of 1 mm. 

 

 1 mm grain size Calcite 

 equiaxed mixed elongated 

M01 

heating 
αx = 9.84 

αy = 9.27 

αx = 10.2 

αy = 8.48 

αx = 9.59 

αy = 7.28 

cooling 
αx = -0.64 

αy = 0.04 

αx = -1.00 

αy = 0.38 

αx = -0.11 

αy = 0.80 

no cracked 
αx = 4.38 

αy = 4.26 

αx = 4.81 

αy = 3.96 

αx = 5.63 

αy = 3.85 

 

M20 

heating 
αx = -0.005 

αy = -0.301 

αx = -0.488 

αy = -1.043 

αx = -1.580 

αy = -2.529 

cooling 
αx = -3.838 

αy = -3.940 

αx = -3.290 

αy = -3.622 

αx = -2.512 

αy = -3.553 

no cracked 
αx = -2.221 

αy = -2.370 

αx = -1.734 

αy = -2.350 

αx = -1.648 

αy = -2.597 

 1 mm grain size Dolomite 

 equiaxed mixed elongated 

M01 

heating 
αx = 14.9 

αy = 14.4 

αx = 14.5 

αy = 10.9 

αx = 14.1 

αy = 12.7 

cooling 
αx = 10.5 

αy =10.9 

αx = 11.1 

αy =10.8 

αx = 12.1 

αy = 11.2 

no cracked 
αx = 12.4 

αy = 12.3 

αx = 12.7 

αy = 12.1 

αx = 13.3 

αy = 12 

 

M20 

heating 
αx = 8.9 

αy = 8.63 

αx = 8.8 

αy =8.2 

αx = 8.76 

αy =7.99 

cooling 
αx = 7.66 

αy = 7.55 

αx = 8.2 

αy = 7.8 

αx = 8.54 

αy = 7.67 

no cracked 
αx = 8.3 

αy = 8.18 

αx = 8.6 

αy = 8.2 

αx = 8.75 

αy = 7.99 
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Fig. 5.10 Polycrystalline thermal expansion coefficients in the x- and y-directions (denoted as αx and αy, 

respectively) upon heating and cooling by a total temperature differential 50 °C and −50 °C for a calcitic 

marble with a nominal grain size of 1 mm. Results are shown for one replication. 

In microstructures with no microcracking the coefficients of thermal expansion (the 

natural polycrystalline values) are constant during heating and cooling, and the same for 

both conditions. When microcracking is allowed the coefficients of thermal expansion in 

the cracked microstructure are greater than the natural polycrystalline values during 

heating and less than the natural polycrystalline values during cooling (see Fig. 5.10 

and Table 2.1). This result is indicative of the extra expansion of the microstructure 

upon microcracking. Microcracks expand the microstructure. So, on heating this 

additional extension adds to the thermal expansion of the microstructure, thereby giving 
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a larger result. On cooling, this additional expansion due to the microcracks subtracts 

from the thermal contraction of microstructure, thereby giving a diminished result. With 

increasing SPO (i.e., equiaxed grains to mixed grain shapes to elongated grains) and 

increasing LPO (i.e., random crystallographic texture, M=1, to highly textured, M=20), 

microcracking becomes more spatially anisotropic. When this happens, the difference 

between αx and αy , i.e., (αx − αy), increases (see Fig. 5.10). Numerical results in Table 

5.2 for both calcitic and dolomitic materials show a strong dependence on the degree of 

LPO, and almost no dependence on SPO. 

 

5.4 Summary and conclusions 

The thermal-elastic response of marble and concomitant degradation by microcracking 

depend on many fabric parameters. The present study revealed certain combination of 

shape preferred orientation (SPO), lattice preferred orientation (LPO), grain size, grain-

boundary toughness, and marble composition that have significant influence on the 

thermomechanical and degradation behaviour of marble. 

The elastic strain energy density and the maximum principal stress that result from the 

thermal expansion anisotropy of the marble crystalline grains and their spatial 

distribution in the microstructure are excellent indicators of microcracking. Regions in 

the microstructure with the high values of these two microstructural properties in 

uncracked state are expected to indicate regions with a propensity for microcracking 

(Shushakova et al. 2011). It was observed that regions with high maximum principal 

stress in the uncracked state correspond to microcracks in the cracked material. The 

onset and degree of microcracking strongly depend on the fabric parameters. With 

decreasing grain size and increasing LPO and SPO microcracking is less prominent 

and occurs at a larger temperature differential. Microcracking upon heating is 

predominantly less than that upon cooling (see Fig. 5.4). For the case of the mixed-

grain and the elongated-grain microstructures with strong crystallographic texture, this 

asymmetry is significant. The percentage of microcracked area upon heating is one 

tenth that upon cooling.  

Marble composition plays an important role in the degree of microcrack degradation. 

Microcracking in a dolomitic marble commences at higher temperature differential and 

exhibits less of a tendency to microcrack than for a calcitic marble with the same 



Microcracking in calcite and dolomite marble: microstructural influences and effects on properties 

67 

 

microstructure and texture. Thus, finite-element simulations indicate that dolomitic 

marbles are more resistance against thermal degradation. While dolomite is stiffer than 

calcite, calcite has a greater thermal expansion anisotropy, resulting in higher strain 

energy densities. In agreement, Zeisig et al. (2002) showed experimentally that 

dolomitic marbles do not have residual strains after thermal treatment. Fig. 5.11 is used 

to illustrate the influence of fabric parameters, such as marble composition, SPO and 

LPO, on microcracking. Another fabric parameter that affects microcracking is the grain-

boundary toughness (γig). In the simulations the grain-boundary toughness was chosen 

to be 40 % and 20 % of the grain fracture surface energy (γxtal) to elucidate the fracture 

behavior of both intragranular and intergranular crack-growth modes and to bracket the 

value of the grain-boundary fracture toughness that delineates the transition from 

intragranular fracture to intergranular fracture. For the case of γig = 0.4 γxtal 

microcracking initiated as a grain-boundary microcrack either along a single grain-

boundary facet or partially along such a facet. Subsequent microcrack extension 

occurred predominantly along grain boundaries, i.e., intergranular fracture, but 

occasional excursions through some grains were observed, i.e., transgranular cracks. 

When the grain-boundary toughness decreased to 20 % of γxtal, the amount of 

intragranular cracks was greatly reduced, or vanished all together (e.g., see Fig. 5.9).  

Finally, microstructure-based finite-element modeling provides excellent insight and 

elucidation of influences of rock fabric and crystal texture on the thermal-elastic 

behavior and microcracking response of marbles. 
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Fig. 5.11 Idealized illustration of results for calcitic and dolomitic marbles with a grain size of 1 mm for a 

temperature change of ΔT = -50 °C. Results are shown for three cropped selections of extremes of 

microstructures (equiaxed grains, a mixture of equiaxed and elongated grains, and elongated grains) with 

random texture (different “colors” correspond to different random orientations) and strong texture (similar 

"colors" correspond to similar crystalline orientations (i.e., a textured ODF)). With increasing the degree of 

texture and shape preferred orientation  microcracking (red curves) is decreasing. 
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6. Marble decay induced by thermal strains: simulations and experiments 

6.1 Image processing 

Validation of the models using artificial microstructures and modeled texture is explored 

by performing numerical simulations and conducting complementary experiments for 

real marble samples. Microstructures and crystallographic orientations of grains were 

determined for the eight investigated marble samples using the electron backscatter 

diffraction (EBSD) technique (see 3.5.1, 3.5.2 sections). The procedure for measuring 

crystallographic orientations by EBSD and the manipulation of the EBSD data are 

described elsewhere (e.g., section 3.2, Halfpenny 2010). EBSD data for a marble 

section consist of an ordered data set of (x,y) coordinates and three Bunge Euler angles 

(Bunge 1985) for describing the rotation of the orientation of the crystalline material at 

each data point from the sample reference frame to the crystal reference frame. Single-

crystal orientations were thereby measured on a grid with a step size of 20 μm, thus 

yielding an orientation map, or an Euler-angle map, where grain orientations are 

represented by a specific color (Fig. 6.1). In the present case study the XZ-plane was 

measured for all samples, where X is the direction of lineation and Z is the normal to the 

foliation planes.  

 

Fig. 6.1 Microstructure of Arabescato Altissimo Carrara (AA) marble used for the finite-element 

simulations. The average grain size is 200 to 300 µm. The color mapping indicates the grain orientation. 



Marble decay induced by thermal strains: simulations and experiments 

70 

 

As EBSD maps are collected automatically, the data often contains non-indexed points, 

i.e., data points for which the crystallographic orientation could not be determined. Four 

ways were developed to handle these non-indexed data points. The simplest method is 

to give these data points the crystallographic orientation of the sample reference frame. 

This approximation is not correct, but when the number of undefined points is sparse, 

the results are not significantly different from a correct value. Nonetheless, this method 

was not generally used. A better approximation is to treat these undefined data points 

as voids. Indeed, some of the undefined data points are most likely voids. This 

approximation works well for most finite element meshes, but empty finite elements (i.e., 

elements with elastic constants which are zero) can lead to numerical instabilities in the 

finite element solver. To avoid these numerical instabilities, a third approximation was to 

assign soft isotropic elastic properties to these void regions. Typically, a Young's 

modulus of 0.001 GPa and a Poisson's ratio of zero were used to model these soft 

(stabilizing) void space elements. To verify that this approximation has minimal 

influence on the results, meshes that were solvable when empty elements were used 

were also tested using soft isotropic elements for the voids. The thermal-elastic 

responses computed for both cases were in excellent agreement; the differences were 

typically less than 0.1 %. Here, when the number of undefined data points was small, 

simulations were typically performed using these soft isotropic elements to model the 

void space. 

In several cases (e.g., the Thassos marble sample) the undefined regions are clearly 

not voids, but are regions where the sample for some reason (e.g., large deformation or 

missing pieces) did not index properly. For these samples a fourth method was 

developed to clean the EBSD images. A Voronoi decomposition algorithm was 

developed whereby defined data regions adjacent to an undefined region randomly 

expand into the undefined nearest-neighbor region. This process continues until all of 

the undefined regions are consumed by the surrounding defined regions. The result is a 

cleaned EBSD microstructure with no undefined regions. A computer program written in 

Perl was used to implement this algorithm. A comparison of an original EBSD Euler 

map (the black areas are the undefined regions) and a cleaned version of this image is 

presented in Fig. 6.2 for a Thassos marble. This procedure of cleaning the 

microstructure is used for all EBSD data sets which have a relatively large number of 

undefined data points. 
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Fig. 6.2 Two images of a Thassos marble sample: (a) original EBSD Euler-angle map (the black regions 

are the undefined regions); and (b) a cleaned EBSD Euler-angle map. 

 

6.2 Finite-element simulations  

A simple meshing algorithm was applied to create a finite-element mesh. Each EBSD 

data point, or image pixel on the EBSD orientation map, was converted into two 

triangular elements. The diagonal dividing each pixel was alternated from pixel to pixel 

so that the orientations of the right-triangle elements were not all the same.  

Typical EBSD data files for measured marbles contain 700 x 600 pixels, or 420,000 

(x,y) coordinates (or pixels) with a step size 20 μm. A simple mesh would have 840,000 

elements. As computer resources were not available to solve this mesh, the images 

were cropped into nine subsections of 200 x 200 pixels by cropping 50 pixels off either 

side of the 700 pixel width. An example is shown in Fig. 6.3 for a Lasa calcitic marble 

sample.  
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Fig. 6.3 EBSD Euler-angle map for the Lasa calcitic marble, which has been subdivided into nine 

200 x 200 pixel subsections. The color mapping shows the crystal orientation of each data point via the 

Bunge Euler angles (φ1, Θ, φ2) which are mapped into the (red, green, blue) color of each pixel by the 

mapping: red = 256 φ1/180; green = 256 Θ/180; blue = 256 φ2/120. 

The subsections of the EBSD data sets were converted into the pixel-based triangular 

finite element mesh with the thermal-elastic properties of the constituent marble. The 

result is a triangular finite-element mesh with each element having the thermal-elastic 

properties (i.e., the fourth-rank elastic constant tensor and second-rank thermal 

expansion tensor) of either dolomite or calcite marble with the crystallographic thermal-

elastic tensors rotated to the sample reference frame by the Euler rotations for that pixel 

data point. The single crystal elastic constant tensors for both minerals, Cij, (Bass 1995) 

and the crystalline coefficients of thermal expansion for calcite (Kleber 1959) and 

dolomite (Reeder and Markgraf 1986) are given in Table 2.1.  

The crystallographic orientations obtained by EBSD are given via three Euler-angles. To 

convert the Bunge definition of Euler angles in the Euler angle definition used in OOF1, 

the following equations were used: 
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                                                                                                                             (6.1) 

                                                ]360),90mod[( 2                                                   (6.2) 

                                                 ]360),90mod[( 1                                                    (6.3) 

where ),,(  are the input Euler angles in OOF1 and ),,( 21   are Bunge angles, and 

the mod function is a function that returns the remainder of a number n after it is divided 

by a divisor d: 

                                              ]/int[],mod[ dndndn                                                 (6.4) 

where the int function is a function that rounds a number down to the closest integer. 

With the undefined regions cleaned by one of the methods given above, thermal-elastic 

responses were computed for each of the subsections of the EBSD data sets for the 

misfit strains produced by a 100 °C temperature change. The finite-element calculations 

are based on two-dimensional elasticity with a plane-stress assumption, and thereby 

simulated the results for a free surface. The typical thermal-elastic responses that are 

computed are the maximum principal stress and the elastic strain energy density. 

Thermal expansion coefficients were calculated as well from the dilations of the 

subsection in both the X and Z directions. 

 

6.3 Calculations of polycrystalline thermal expansion properties 

To calculate the thermal expansion properties of a polycrystalline aggregate of calcite or 

dolomite one needs the single crystal tensor )( ij , LPO data, and some knowledge of 

the individual grain areas in two dimensions. LPO data measured in the form of EBSD 

orientation maps are very suitable for estimating anisotropic physical properties as the 

orientation data is weighted by the fractional surface area. A map pixel with an 

orientation )(g and surface area )( A is the smallest map component. The first step in 

the calculation of thermal expansion properties of a polycrystalline aggregate is the 

rotation of the single crystal tensor ij  into the orientation of the map pixel by the 

inverse rotation matrix 
Transposegg 1

: 
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                                                   klljkiij ggg  )(                                                     (6.5) 

where )(gij is thermal expansion tensor in the sample, or pole figure coordinates and 

),,( 21 gg  is the rotation matrix from the sample coordinate system to the crystal 

coordinate system defined by the Bunge Euler angles  ,1
 and 

2 The second step is 

to sum the contribution of all the tensors associated with each map pixel, 

                                                )()/( gAA ijij                                                 (6.6) 

where  ij is the ensemble average of the thermal expansion tensors of the pixels 

and )/( AA is the fractional area of each pixel. This average corresponds to the Voigt 

average of elasticity. The thermal expansion of the polycrystalline sample in any pole 

figure direction X is given by:  

                                                 jiij XXX  )(                                                   (6.7) 

In the present case experimental measurements were made of thermal expansion of the 

samples in various directions. To compare these measurements with the ensemble 

average thermal expansion calculated from the EBSD data, the reference frame of the 

experimental thermal expansion tensor needs to be rotated into coincidence with the 

frame of EBSD calculated tensor. Normally this would be complex task, but in the case 

of a 2nd rank symmetrical tensor, like the thermal expansion tensor, it has an intrinsic 

orthogonal reference frame given by the 3 eigenvectors of the tensor. The eigenvectors 

corresponds to the directions with the maximum, intermediate, and minimum 

eigenvalues of the tensor. The angles between the eigenvectors of the experimental 

tensor and the EBSD tensor allows the construction of a transformation matrix   and 

the application of the formula, 

                                             TransposeExpt

ij

EBSD

ij RR                                           (6.8) 

to calculate the experimental tensor in the same frame as the EBSD tensor. All of these 

calculations were done using MTEX, the open-source MATLAB toolbox for texture 

analysis (Hielscher and Schaeben 2008), which has been extended for the calculation 

of 2nd and 4th rank tensors of anisotropic physical properties (Mainprice et al. 2011). 
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6.4 Results and discussion 

6.4.1 Thermal dilatation and residual strains 

Thermal dilatation [in mm/m] describes the relative change of the sample’s length 

(Grüneisen 1926). The investigated marble samples showed different types of thermal 

dilation behavior and residual strain behavior. According to the classification given in 

section 3.3 these types are shown in Table 6.1 along with the representative marbles 

investigated here.  

Table 6.1 Marble classification according to thermal expansion and residual strain behavior after 
Siegesmund et al. (2008). 

 

 Isotropic thermal behavior Anisotropic thermal behavior 

Without residual 

strain 

Type (a) 
 

Arabescato Altissimo 

Carrara (AA) 

Type (b) 
 

Sölk (SK) 

Thassos (Th) 

Wachau (W) 

 

With residual strain 

Type (c) 

Bianco Carrara (BC) 

Type (d) 
 

Lasa (LA) 

Grechisches Volakas (G) 

High-Temperature Carrara (HT) 

 

Figure 6.4 illustrates the thermal expansion and residual strain behavior for marble 

samples Arabescato Altissimo Carrara marble (AA), Sölk marble (SK), Bianco Carrara 

marble (BC), and High-Temperature Carrara marble (HT) (as they are representatives 

of four different types of thermal behavior and show four typical types of texture), and 

their dependence on the X, Y, Z directions upon four repeated heating-cooling cycles. 

Carrara marbles AA and BC exhibit isotropic thermal expansion, as there is a less 

pronounced directional dependence of the thermal expansion, for example in 

comparison to the Sölk marble, which has strong directional dependence. For the 

Arabescato Altissimo Carrara marble the maximum residual strain after four cycles is -

0.03 mm/m, while for the Bianco Carrara marble a larger expansion of 0.1 mm/m is 

observed. The behavior for the Lasa marble is different. The smallest thermal expansion 

(0.06 mm/m) is observed for the Y-direction and the largest expansion (0.12 mm/m) is 

observed for Z- direction. The High-Temperature Carrara marble exhibits the largest 

residual strain of all the investigated marbles. The Z-direction sample has a residual 
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strain of 0.4 mm/m (0.04 %). The Sölk marble (SK) sample shows anisotropic behavior 

with small residual strain. The maximum residual strain for the SK sample after four 

cycles is 0.03 mm/m (0.003 %) and is in the X direction. Values of residual strains for all 

investigated marbles in three directions after four heating-cooling cycles are listed in 

Table 6.2. 

Table 6.2 Residual strains for eight investigated marbles in X-, Y-, Z-directions after four repeated 

heating-cooling cycles. Values are given in mm/m.  

 

Marble sample Residual strain, mm/m 

X-direction Y-direction Z-direction 

AA -0.03 0 -0.02 

BC 0.05 0.08 0.10 

G 0.08 0.08 0.06 

HT 0.20 0.08 0.40 

LA 0.11 0.06 0.12 

SK 0.03 0 0.01 

Th -0.03 -0.02 -0.04 

W 0.01 0.02 0.03 

                    

The influence of crystalline texture is evidenced in the thermal dilatation behavior of 

marbles (Ruedrich et al. 2002, Zeisig et al. 2002, Siegesmund et al. 2008). The Carrara 

marbles, which exhibit isotropic thermal expansion behavior, have the smallest maxima 

of multiples of random distribution (MRD) in their pole figures with maximum 

MRD = 1.39 for AA and maximum MRD = 1.33 for BC. In contrast, Sölk marble (SK) 

with a c-axis maximum MRD of 3.32 has a strong directional dependence of its thermal 

expansion behavior. The impact of grain size is not significant in the present study. The 

medium-grained marble such as SK shows almost no residual strain, while both fine-

grained Carrara marbles AA and BC exhibit difference in thermal expansion behavior, 

notably for AA the residual stress is almost zero and BC has expansion of 0.1 mm/m. 

The small-grained size HT Carrara marble has the largest thermal dilatation, which 

expands to 0.4 mm/m. The role of grain boundaries is also not important (Zeisig et al. 

2002, Siegesmund et al. 2008). The HT Carrara marble with polygonal structure as well 

as the Lasa marble with interlobate grain boundaries both have a residual strain. 
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Fig. 6.4 Experimentally determined residual strain as a function of temperature: (a) Arabescato Altissimo 

Carrara marble (AA); (b) Sölk marble (SK); (c) Bianco Carrara marble (BC); (d) Lasa marble (LA); (e) 

High-Temperature Carrara marble (HT). The curves are given for X, Y, and Z directions. 

 

6.4.2 Thermal-elastic response 

Thermal-elastic response maps for each of the marbles were generated for the nine 

subsections of the EBSD maps. Maximum principal stress maps for the nine 

subsections of LA microstructure in Fig. 6.3 are shown in Fig. 6.5. From each response 

map the average thermal-elastic response for that subsection and its standard deviation 

over that subsection (the microstructural standard deviation) were computed. The 
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average value of the nine subsection values and its standard deviation were then 

calculated. Additionally, the coefficients of thermal expansion for each subsection were 

computed for both the X and Z directions and averaged over the nine subsections. 

These values will be compared with the experimentally measured values for these 

marbles samples. 

 

Fig. 6.5  Thermal-elastic response maps showing the spatial dependence of the maximum principal 

stress for each of the nine subsections of the EBSD Euler-angle map for the Lasa calcitic marble shown 

in Fig. 6.3. The reference frame used for the finite-element simulations is given. 

The results indicate that the smallest maximum principal stress 18.7 ± 2.5 MPa is 

observed for the Thassos dolomitic marble. The difference between dolomitic and 

calcitic marbles can be explained by the thermal expansion anisotropy and the 

differences in the single-crystal elastic constants of these two major rock-forming 

minerals. While dolomite is stiffer than calcite, calcite has a greater thermal expansion 

anisotropy resulting in a higher maximum principal stress.  
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The largest values of the average maximum principal stress (35.0 ± 0.5 MPa and 

34.9 ± 0.9 MPa) were observed for the Arabescato Altissimo (AA) and Bianco Carrara 

(BC) marbles, respectively, where only a weak preferred orientation is evident 

(maximum MRD = 1.39 for AA and maximum MRD = 1.33 for BC). The High-

Temperature Carrara marble shows a comparable value of the average maximum 

principal stress (34.6 ± 1.5 MPa). While the Sölk marble, which has a much more 

pronounced LPO with a maximum MRD of 3.32 exhibits a smaller value of average 

maximum principal stress (29.9 ± 1.2 MPa). Lasa marble with girdle texture (and 

maximum MRD of 2.3) shows an average maximum principal stress of 31.0 ± 1.0 MPa.  

Values of maximum principal stresses of eight investigated marbles are given in Table 

6.3. 

Table 6.3 Maximum principal stress for marble samples: averaged from the nine subsections computed 

from the finite-element simulations with standard deviation. Values are given in MPa. 

Marble sample Maximum principal stress, MPa 

AA 35.0±0.5 

BC 34.9±0.9 

G 27.2±3.1 

HT 34.6±1.5 

LA 31.0±1.0 

SK 29.9±1.2 

Th 18.7±2.5 

W 31.5±1.8 

 

Figure 6.6 illustrates the difference between maximum principal stress maps for marbles 

with weak and strong texture and the influence of marble composition as well. In 

chapter 5 was revealed that regions with high maximum principal stress in the 

uncracked state correspond to microcracks in the cracked material. The Thassos 

marble shows fewer regions with high maximum principal stress in comparison to the 

AA and SK marbles (Fig. 6.6), i.e. its propensity of microcracking is less. In agreement 

with the results for the idealized microstructures (Shushakova et al. 2011), increasing 

LPO leads to a decrease in the observed maximum principal stress and dolomitic 
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marbles show smaller maximum principal stress and hence are more resistant against 

thermal degradation (Shushakova et al. 2011, Shushakova et al. 2012).  

 

 

Fig. 6.6 Thermal-elastic response maps showing the spatial dependence of the maximum principal stress 

for each of the stitched together nine subsections of the EBSD Euler-angle map for (a) AA calcitic marble 

with weak texture (MRD=1.39); (b) SK calcitic marble  with strong texture (MRD=3.32); (c) Th dolomitic 

marble with strong texture (MRD=7.6). 

Results revealed that such fabric parameters as grain size and grain boundary 

configuration don’t have significant influence on the thermal-elastic response. The fine- 

grained marbles (e.g., AA, BC) exhibit higher maximum principal stress than medium- 

grained marbles (e.g., SK, W) and marbles with polygonal structure (e.g., G) show 

comparable  values of maximum principal stress with marbles with interlobate grain 

boundaries (e.g., SK). 
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6.4.3 Thermal expansion: correlation between modeled and experimental results 

In OOF simulations the coefficients of thermal expansion were calculated for each of the 

marbles. They were computed for the nine subsections of the EBSD maps and then 

were averaged. The thermal expansion coefficient in the X direction, αx_OOF, is 

calculated as the relative displacement change of the right and left sides of each of nine 

subsections. The thermal expansion coefficient in the Z direction, αz_OOF, is computed 

from the relative displacement change of the top and bottom of subsection.  A 

temperature differential of 100 ˚C was used.  

The coefficient of thermal expansion tensor was computed from the EBSD texture 

measurements in the Voigt approximation (Bunge 1982) in EBSD reference frame using 

the MTEX software. 

Coefficients of thermal expansion from the experimental measurements were calculated 

from the dilations in the X-, Y- and Z- directions after the first heating from 20 ˚C to 

90 ˚C (see eq. 3.7) for a temperature differential of 70 ˚C. The coefficient of thermal 

expansion tensor was reconstructed from the thermal expansion values measured in six 

directions. The reconstructed tensor was rotated to EBSD reference frame in order to 

compare the results with coefficients from Voigt average calculations and OOF 

simulations. 

Table 6.4 shows the modeled coefficients of thermal expansion αOOF; the experimental 

values αexpt in the sample reference frame and in the EBSD reference frame; and 

coefficients of thermal expansion αVoigt modeled from the texture measurements by 

applying the Voigt model for the investigated marbles. 
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Table 6.4 Thermal expansion coefficients for investigated marbles: averaged from the nine subsections 

computed from the finite-element simulations αOOF with standard deviation, calculated from thermal 

expansion measurements αexpt, in the sample reference frame and in the EBSD reference frame, and 

modeled from textures applying Voigt model αVoigt. Values are given in units of 10
-6

 K
-1

. 

 

Marbles αOOF, (10
-6

K
-1

) αexpt, (10
-6

K
-1

) αVoigt, (10
-6

K
-1

) 

in the sample 

reference frame 

in the EBSD 

reference frame 

AA αx= 4.4±0.5 αz=3.5±0.6 αx= 6.3 αz=5.0 αx= 6.9 αz=4.8 αx= 4.9 αz=4.1 

BC αx= 3.7±0.4 αz=3.7±0.4 αx= 8.0 αz=9.2 αx=8.6 αz=8.8 αx= 4.3 αz=4.3 

LA αx= 6.7±1.6 αz=2.6±0.8 αx= 6.0 αz=8.3 αx=8.0 αz=6.0 αx= 7.1 αz=3.5 

HT αx= 5.7±0.7 αz=4.5±0.8 αx=11.6 αz=13.5 αx=13.0 αz=12.0 αx= 6.3 αz=5.2 

SK αx= 6.4±2.3 αz=4.5±1.1 αx=1.9αz=14.4 αx=8.5 αz=6.3 αx= 6.8 αz=5.0 

Th αx=12.9±0.7αz=15.6±0.9 αx=14.0 αz=4.7 αx=8.0 αz=9.7 αx=12.9 αz=15.1 

W αx= 4.2±1.1 αz=5.7±0.9 αx= 6.2 αz=9.7 αx=5.8 αz=8.0 αx=3.3 αz=5.3 

G αx= 9.4±0.6 αz=0.8±0.7 αx=11.2 αz=13.4 αx=13.6 αz=10.4 αx=9.3 αz=0.8 

 

The coefficients from the finite-element simulations and those modeled from texture 

measurements show good directional correlation. Coefficients of thermal expansion 

obtained in thermal dilatation measurements are larger. Siegesmund et al. (2000) also 

observed larger experimental coefficients of thermal expansion, and attributed the 

difference to be due primarily to the presence of microcracks, since they contribute an 

additional expansion. Since the computation simulations here do not allow the 

occurrence of microcracks, we expect the computational results to be smaller.  

The MTEX software was also used to plot a pole figure projection of the thermal 

expansion tensor in any pole figure direction X (see eq. 6.7). 

Such thermal expansion pole figure plots were generated for both the experimental 

thermal expansion coefficients and the thermal expansion tensor computed from the 

EBSD texture measurements. The directional dependence of the thermal expansion 

tensor is evident in Fig. 6.7, which shows the thermal expansion projection for the Sölk 

marble. Pole figures are shown for the thermal expansion tensor calculated from the 

EBSD measurements and for the experimentally measured tensor both in the sample 

reference frame and in the EBSD reference frame. The resemblance of Figs. 6.7.a and 

6.7.c to the {001} pole figure in Fig. 3.10.b is noted. 
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Fig. 6.7 The plots of tensors of thermal expansion coefficients for SK marble: (a) the plot of the thermal 

expansion Voigt average tensor derived from the texture in the frame of the EBSD data (b) the plot of the 

experimental thermal expansion tensor in the sample reference frame, (c) the plot of the rotated 

experimental thermal expansion tensor to the EBSD frame. 

 

6.5 Summary and conclusions 

The thermal-elastic behavior of marble was modeled and experimentally measured. In 

the present case study a combination of different techniques, such as finite-element 

simulations, EBSD measurements, thermal expansion experiments, was used to 

elucidate the main factors that leading to marble degradation. A significant observation 

is that the thermal behavior of marbles can be modeled in good agreement with 

experiments. 

The effect of the different fabric parameters was investigated. The marble composition, 

grain size, grain boundary geometry and texture significantly influence the thermal 

behavior of marble (Siegesmund et al. 2000, Zeisig et al. 2002, Weiss et al. 2002, 2003, 
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2004b, Siegesmund et al. 2008, Shushakova et al. 2012). The present case study 

revealed that fabric parameters and certain combination of them trigger a propensity for 

the thermal deterioration of marble. 

Thermal-elastic response maps, showing the spatial dependence of the maximum 

principal stress, confirm that the Thassos dolomitic marble with strong texture (Fig. 

6.6.c) has a minimal tendency for microcracking. Indeed, finite-element modeling of 

Weiss et al. (2002) and Shushakova et al. (2012) and the systematic experimental study 

of Zeisig et al. (2002) indicated that dolomitic marbles are more resistance to thermal 

degradation due to the smaller crystalline thermal expansion anisotropy. Furthermore, 

with increasing LPO microcracking is less prominent and occurs at a larger temperature 

differential (Shushakova et al. 2012). This observation is in good agreement with the 

results of the thermal expansion measurements. It was seen that marbles with strong 

texture exhibit minimal residual strain after the thermal treatment.  

The grain size and grain boundary character do not play such important role in thermal 

degradation processes. The presence or absence of a residual strain after thermal 

treatment was independent of whether the marbles had a fined grain size or a medium 

grain size. Furthermore, marbles with polygonal structure and interlobate grain 

boundaries do not show significant differences in their thermal expansion behavior. 

It was observed that the texture controls the magnitude and directional dependence of 

the coefficient of thermal expansion, since the coefficients that are modeled from texture 

are in a good agreement with experimental coefficients (see Table 6.3). Differences 

between the experimental values and the modeled ones are explained as the 

occurrence of microcracks during thermal treatment, which are not allowed in the 

modeling.   

The influence of fabric parameters on residual strain upon thermal treatment, and hence 

on marble degradation, has been demonstrated. A major conclusion from both the 

modeling and the experimental findings is that the dolomitic marbles with strong texture 

are more resistant to marble thermal degradation.  
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7. Decay index: a new quantitative measure of marble decay 

7.1 Preface 

As was discussed in 3.3 section temperature changes with and without the presence of 

water can lead to a volume change of rock. The volume extension index of marble, 

based on thermal expansion measurements under dry and water-saturated conditions, 

is proposed as a decay index for quantifying sample stability and for defining the 

directions of maximum and minimal dilatation. 

The thermal expansion response of a rock sample can exhibit anisotropic behavior, i.e., 

the amount of expansion can depend on the measurement direction of the sample with 

respect to the formation or structure from which it was taken. In such cases, the sample 

must have directions with a maximum and minimum value of thermal expansion. 

Additionally, these directions should be independent on the individual sample choice. A 

second rank tensor is used to describe the thermal expansion behavior of marble 

samples. Components of this tensor can be obtained from thermal expansion 

measurements in six independent directions and can be used to find directions of the 

maximum and minimum thermal dilatation. The validity of such an approach can be 

demonstrated by determining the decay index for three rock samples that were cut from 

the same piece of marble but oriented differently relative to the coordinate system of the 

global reference frame. Once it is proved that decay index for each of three cubes is 

comparable with two others, the decay index can be used as the measure of sample 

stability for any marble sample.  

 

7.2 Volume expansion index 

On the basis of several measured relative length changes of a sample one can 

reconstruct the analog of a deformation tensor ij  of the material (Nye 1985, Sirotin and 

Shaskolskaya 1975). Isotropic behavior can be described with a spherical pointing 

surface, which can be considered as a zero-degree approximation. The second-degree 

approximation corresponds to an ellipsoid that is defined by a symmetric matrix with six 

values. The corresponding tensor is defined on the basis of experimental 

measurements of six independent sample dilatations. Here the X-, Y-, Z-, XY-, XZ-, YZ- 

directions were considered. Eigenvalues of this tensor define the volume change. 
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However, for small deformations the volume change is approximately given by the trace 

of the tensor. 

A strain ellipsoid can be envisioned as an imaginary sphere within a rock body that gets 

transformed into an ellipsoid upon heating or cooling. Corresponding to the Flinn 

diagram (Flinn 1962), there are two main types of finite-strain ellipsoids after the 

deformation event (Park 2005): (i) a prolate spheroid for extension along the axially 

symmetric direction (like a cigar); and (ii) an oblate spheroid for compression along the 

axially symmetric direction (like a pancake). These deformation states are illustrated in 

the Flinn diagram in Fig. 7.1. 

 

 

 

Fig. 7.1 Flinn diagram (modified after http://www.geosci.usyd.edu.au/users/prey/Teaching/Geol-

3101/Strain02/strain_ellipsoid.htm). 

 

Quantitatively, a continuous surface can be described by the following series. 

...),,( )3()2()1(
0

)0(

321  kjiijkjiijii xxxaxxaxaaxxxF        (7.1) 

where summation over repeated indexes is implied (the Einstein summation 

convention). The central symmetry implies that only even term will be present. 

Accordingly, up to fourth-order terms the continuous surface is described by: 
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                                            ...),,( )2(
0

)0(

321  jiij xxaaxxxF          (7.2) 

The matrix ija )2(
 has to be symmetric and therefore, given by 6 independent elements, 

which can be found if at least 6 values of ),,( 321 xxxF  are known from the dilatation 

experiments. In general the second-order surface describing the shape change is 

complex surface, but as seen below, is well approximated as an ellipsoid.  

In most practical instances the deformation surface for marble is an ellipsoid to very 

high accuracy due to the axial symmetry of the deformation with respect to the 

crystallographic c-axis. Accordingly, the dilatation experiment data are analyzed by the 

ellipsoidal approximation. The symmetrical second rank tensor ija )2(
 is given by the 

following matrix:  
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It’s values can be found from the following set of equations 
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Thus, the matrix ija )2(
is defined as: 
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where x , y , z , xy , xz , yz  are values of residual strain measured in these directions 

(see Fig. 3.4). 

When the matrix elements are found it is possible to determine matrix eigenvalues and 

eigenvectors, by solving the equation: 

           jjiij yya )2(                               (7.6) 

Each 3x3 matrix has 3 eigenvectors and 3 corresponding eigenvalues. The relative 

volume change of the finite deformation is given by the three eigenvalues according to: 
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1)1)(1)(1( 321 



V

V
         (7.7) 

For infinitesimal deformations, the volume change can be approximated by: 

321  


V

V
          (7.8) 

This value of the relative volume change represents a decay index. A larger value of 

this index corresponds to greater instability of the material and to its consequent failure 

upon heating or cooling. 

The eigenvalues are also useful in another very important sense, notably the smallest 

eigenvalue is equal to the smallest dilatational strain and the largest eigenvalue is equal 

to the largest dilatational strain. Additionally, the directions of corresponding 

eigenvectors correspond to the directions of minimal and maximal dilatation, 

respectively. As will be seen below the samples directions do not necessarily coincide 

with the directions of minimal and maximal dilatation. The sample choices for the 

thermal expansion experiments are illustrated in Fig. 3.4. 

 

7.3 Results and discussions 

7.3.1 Verification of approach  

Three marble cubes were cut from the same piece of Carrara marble (See Fig 7.2).  

 

 

 

Fig. 7.2 Samples for thermal expansion experiments, showing the local coordinate system in the blue 

color and the global coordinate system in the black color. Also seen are holes from where the thermal 

dilatometry samples were cut. 
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On each cube local coordinate system marked with blue color and the global one with 

black color. Cube number 2 is the reference sample. Cube number 1 is rotated with 

respect to cube number 2 by 30 degrees about the Z axis; cube number 3 is rotated 

with respect to cube number 2 by 30 degrees about the Y axis. From each cube six 

samples (X-, Y-, Z-, XZ-, XY-, YZ- direction) were cut for the thermal dilatation 

measurements.  

Five repetitive heating-cooling cycles were carried out under dry conditions and 

afterwards ten cycles were carried out under water-saturated conditions (see section 

3.3). During thermal dilatation experiments of a marble sample the residual strain is 

measured. The thermal dilatation as a function of the number thermal cycles under dry 

(cycle 1 to 5) and wet (cycle 6 to 15) conditions is plotted for each of three cubes in 

Fig.7.3. 

 

 

 

Fig. 7.3 The residual strain as a function of the numbers of heating-cooling cycles (20-90-20˚C) under dry 

(from 1 to 5 cycle) and water-saturated (from 6 to 15 cycle) conditions for the three cubes in X-,Y-, Z-, XY- 

YZ-, XZ- directions. 
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The directional dependence under dry conditions is not pronounced for all three cubes, 

i.e., they show isotropic thermal behavior with the largest total residual strains after five 

cycles being comparable. The largest residual strain of 0.17 mm/m is observed in YZ-

direction for cube 1, XZ-direction for cube 2 exhibits 0.14 mm/m expansion and the 

thermal dilatation of 0.11 mm/m is observed in XZ-direction for cube 3. Under wet 

conditions the thermal behavior for the three cubes has totally changed (see Fig. 7.3).  

The directional dependence of thermal expansion is pronounced for cube 1 and cube 2, 

while for cube 3 it is not significant. The largest and the smallest amount of residual 

strain after ten wet cycles for cube 1 are 1.1 mm/m in the Y-direction and 0.23 mm/m in 

the XZ-direction, whereas the largest and the smallest thermal expansion observed for 

cube 2 are in the Z-direction (1.71 mm/m) and the Y-direction (0.24 mm/m), 

respectively. For cube 3 strains of 0.89 mm/m in the Z-direction and 0.49 mm/m in the 

X-direction are the largest and the smallest thermal expansion. 

 

As one can see from the Fig 7.3 different cubes can show quite different behavior, so 

the problem of comparing the data from these cubes is actual. Moreover, since as all 

these cubes belong to same marble block one needs a unique quantity to characterize 

them. Accordingly, the total relative volume change is proposed. This total relative 

volume change, or decay index, is calculated for the three cubes. The results under dry 

and wet conditions are presented in Table 7.1. 

Table 7.1 Calculated decay index for three cubes after dry and wet conditions. Values are multiplied by 

10
-3

. 

Cube Decay index 

after five dry cycles after ten wet cycles 

Cube 1 0.38 3.61 

Cube 2 0.21 2.59 

Cube 3 0.29 3.90 

 

The decay index is comparable for the three cubes after the five dry cycles, while a 

difference in values is observed after wet cycles. Such a difference could be caused by 

the influence of the shape preferred orientation and pre-existing microcracks on thermal 

response of marble (Siegesmund et al. 1999, 2000). The presence of water has 

significant impact as well (Sage et al. 1988, Koch and Siegesmund 2004). 
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In order to compare the direction of the maximum and minimum thermal dilatation and 

its coincidence after the thermal treatment under wet conditions for the three cubes pole 

figure projections of the second rank tensors were plotted in the reference frame of 

cube 2. The plots of residual strain tensors are shown in Fig. 7.4. 

 

 

 

Fig. 7.4 Plots of residual strain tensors after ten wet cycles (a) cube 1, (b) cube 2 and (c) cube 3 in the 

reference frame of sample 2. 

In spite of differences in the values of the decay index, all three samples show large 

values for the relative volume change (Table 7.1) and the quite same direction of 

maximum and minimum dilatation (Fig.7.4) and hence, this marble type (Carrara), from 

which the three cubes were cut, is supposed to be instable under thermal exposure and 

has high risk associated with failure. The studies of Weiss et al. 1999, Koch et al. 2004, 

Siegesmund et al. 2008 revealed that objects fabricated from this Carrara marble exhibit 

rapidly deterioration. Thus, the decay index is a good quantification tool to predict the 

thermal behavior of marble, and such an approach was applied for the characterization 

of the investigated marbles. 
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7.3.2 Decay indexes for the investigated marbles 

The reference frame of each marble was defined according to the macroscopically 

visible elements of foliation and lineation. Six independent directions for each sample 

(Fig. 3.4) were cut for the thermal expansion measurements. Four cycles under dry 

conditions (see chapter 6) and seven cycles under wet conditions were carried out. The 

resulted residual strains in X-, Y-, Z- directions after the wet cycles for the eight 

investigated marbles are listed in Table 7.2 (see the results after the dry cycles for the 

eight marble samples in Table 6.2). Decay indexes were calculated for each of the eight 

marble samples on the basis of thermal expansion measurements after the dry and wet 

cycles. The results are given in Table 7.3. 

Table 7.2 Residual strains for eight investigated marbles in X-, Y-, Z-directions after seven repeated 

heating-cooling cycles under water-saturated conditions. Values are given in mm/m.  

Marble sample Residual strain after wet cycles, mm/m 

X-direction Y-direction Z-direction 

Arabescato Altissimo 

(Carrara) [AA] 

1.00 0.63 0.46 

Bianco Carrara [BC] 0.39 1.06 0.79 

Grechisches Volakas 

[G] 

0.78 0.60 0.77 

High-temperature 

Carrara marble [HT] 

0.58 0.29 0.33 

Lasa [LA] 0.19 0.18 -0.04 

Sölk [SK] -0.16 -0.20 0.22 

Thassos [Th] -0.26 -0.16 -0.10 

Wachau [W] -0.07 0.04 0.28 
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Table 7.3 Defined decay indexes of investigated marble samples after dry and wet cycles. Values are 

multiplied by 10
-3

. 

Sample Decay index 

after four dry cycles after seven wet cycles 

AA 0.05 3.46 

BC 0.23 3.49 

G 0.22 3.65 

 HT 0.82 1.63 

LA 0.31 0.23 

SK 0.04 -0.52 

Th 0.09 -0.60 

W 0.06 0.09 

 

Decay indexes are quite different under dry and water-saturated conditions. After the 

dry cycles marbles such as AA, SK, Th, W show small deterioration indexes (less than 

0.01 % volume expansion). A larger value of the decay index is observed for a majority 

of the samples after the wet cycles. A significant increase is evidenced for the AA 

marble (from 0.05 to 3.46); the BC and G marbles also exhibit large decay indexes with 

water presence (3.49 and 3.65, respectively). HT with the largest deterioration decay 

index of all the investigated marbles after the dry cycles (0.82) has a medium value of 

1.62 after the wet cycles. The decay index for the LA marble decreases from 0.31 after 

the dry cycles to 0.29 after the wet cycles. Even the negative decay indexes are 

obtained for the SK and Th marbles, which corresponds to a volume compression. Only 

the W marble doesn’t exhibit any significant change between dry and wet conditions 

(from 0.06 to 0.09). 

To elucidate maximum and minimum thermal dilatation, plots of residual strain tensor 

after dry and wet conditions were created for each marble sample. Two examples, the 

AA marble and the SK marble, are illustrated in Fig. 7.5. 
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Fig. 7.5 Plots of residual strain tensors after four dry cycles (left) and  after seven wet cycles (right) in the 

sample reference frame, respectively (a), (b) for the AA marble;  (c), (d) for the SK marble. 

The direction of maximum and minimum thermal expansion changes with the presence 

of moisture. The AA marble with the weak texture exhibits a significant directional 

change, while the SK marble with strong texture shows only a slight difference. This is 

not such case for all the marbles with strong texture. Some of them have directional 

change as well. Eigenvectors corresponding to the largest and the smallest dilatation 

could be found and defined in the reference frame of the marble. On the basis of this 

knowledge one could cut samples for thermal dilatation experiments along these 

directions and they would show the most extreme values. If one would cut the plates 

perpendicular to the direction that shows the largest thermal expansion, then that plate 

will show the smallest thermal expansion properties within the plate and the maximum 

thermal expansion perpendicular to the plane of the plate. 
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7.4 Summary and conclusions 

The results for three cubes that were cut from the same marble piece but in different 

directions were observed to be in good agreement. Thereby, it was shown that on the 

basis of dilatation experiments it is possible to extract invariant information concerning 

relative volume change after thermal cycling. However, verification of the decay index 

as a quantitative measure of marble degradation is preliminary since the investigated 

marble sample (Carrara) shows one type of thermal behavior (i.e. isotropic with residual 

strain), when four types are possible types (see 3.3 section). Thus, to fulfill the 

verification of the decay index approach, it is necessary to conduct the same 

experiments and calculations for other marble samples, which are representatives of the 

other three types of thermal behavior. This will be done in the future. Nevertheless, such 

an approach was implemented to characterize stability of investigated marbles. The 

difference in decay index, as well as the direction of maximum and minimum thermal 

expansion under dry and water-saturated conditions, is predominantly significant. 

Because of such differences, the use of various marble types can be recommended for 

interior (e.g., AA, SK, Th, W) or exterior applications (W). According to the value of 

decay index some marble samples would not be suggested for use at all (e.g., BC, G). 

The minimum and maximum dilatations, as well as directions of the corresponding 

extreme dilatations, are determined and hence the optimal direction to cut sample in 

order to have minimum thermal dilatation could be defined in the reference frame of the 

marble piece.     
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8. Conclusions 

The marble deterioration phenomena caused by thermal expansion was studied on the 

basis of idealized models (i.e. artificial microstructures and modeled textures with 

extremes of SPO and LPO) and real marble samples (eight well-known marble types 

with different fabric parameters). The aim of this thesis was to elucidate the influence of 

the main fabric parameters on thermal-related marble decay by using microstructure-

based modeling and experimental techniques. To investigate the influence of SPO, LPO 

and marble composition finite-element simulations using the idealized models were 

performed and predictions of the extent of microcracking were proposed (chapter 4).  

Then, in order to simulate an actual degradation phenomenon of marble structures, i.e., 

microcracking, in chapter 5 computational simulations with a microcracking algorithm 

using the same idealized models were carried out and the influence of fabric 

parameters such as SPO, LPO, marble composition, grain size, grain-boundary 

toughness on marble deterioration related to microcracking nucleation and propagation 

was investigated. The estimations from the modeling without microcracking were 

confirmed in the modeling with allowed microcracking. Validation of the models using 

artificial microstructures and modeled texture was explored by performing numerical 

simulations and conducting complementary experiments for real marble samples. 

Therefore, fabrics of real marble samples obtained by EBSD technique were taken into 

account in the numerical modeling (see chapter 6). Eight marble samples (calcitic and 

dolomitic) were considered. They exhibit four typical types of texture for marble, show 

four basic types of thermal expansion behavior, vary widely in grain size range and 

grain boundary configuration. Thus, the present research thesis involves the modeling 

of wide range of marble structures and hence elaborates quantitatively the influence of 

the different parameters on marble degradation phenomena. Microcracking precursors 

such as elastic strain energy density and maximum principal stress; and coefficients of 

thermal expansion were computed from the all presented finite-element simulations. 

Experimental measurements of the thermal expansion were performed on the 

investigated marble samples and compared with the modeling results. A quantification 

of rock fabrics and their correlation with physical and mechanical properties may 

contribute significantly to the understanding of rock weathering. Finally, in chapter 7 the 

evaluation of stability of investigated marble samples upon dry and water-saturated 

conditions was done on the basis of a volumetric extension index which was developed 
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as a marble decay index. This decay index was evaluated from thermal expansion 

measurements and its uniqueness with respect to sample orientation was validated.   

The following main conclusions can be drawn.  

 

Conclusions from modeling using artificial microstructures and modeled textures: 

In marble structures when the c-axis align perpendicular to SPO (attributed to realistic 

configuration in marble) with increasing LPO and SPO thermal-elastic responses such 

as elastic strain energy density and maximum principal stress are decreasing, it 

indicates that the propensity of microcracking is diminishing, since crystallographic 

texture reduces the misfit strains from the thermal expansion anisotropy. Surprisingly 

and unexpectedly, for randomly textured microstructures SPO does not have any 

influence on the thermal-elastic responses, thought the networks of high maximum 

principal stress mimic the SPO and hence this spatial dependence may have an 

influence. The variation of marble content, considering pure calcitic, pure dolomitic 

marbles and marbles with the mixed content of calcite (50%) and dolomite (50%) 

showed that the dolomitic marbles are more resistance to microcracking than calcitic 

marbles with the same structure, since dolomite has a smaller anisotropy of the 

coefficients of thermal expansion compared to calcite and has all positive values parallel 

to the crystallographic axes. While the single-crystal elastic constants of dolomite are 

stiffer than those of calcite, which would tend to make dolomitic marbles less resistant to 

microcracking, the larger thermal expansion anisotropy of calcite, makes the calcitic 

marbles less resistant to microcracking. Marbles with the mixed content of calcite and 

dolomite exhibited larger thermal-elastic response than pure calcitic marbles since 

dolomite crystals produce the additional contraction with calcite crystals in such 

structures. The spatial variation of the maximum principal stress is inhomogeneous. 

This observation is confirmed by the standard deviations within microstructure, since 

they are as large as, or larger than the variables themselves. 

The influence of fabric parameters on the onset and propensity of microcracking in 

marble structures was studied by including fracture as a phenomenon in the finite-

element simulations. Given an identical microstructure and crystallographic texture, 

calcite showed larger thermal stresses than dolomite, had an earlier onset of 

microcracking upon heating and cooling, and a greater amount of microcracked area at 

a given temperature differential. Microstructures with the smallest grain size and the 
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highest amount of SPO and LPO had the smallest tendency for microcrack and 

microcracking, when it did occur, began at larger temperature differentials. Decreasing 

the grain boundary toughness changed the mode of microcracking from intragranular to 

intergranular fracture. Since elastic strain energy density is converted to fracture surface 

energy on microcracking, stored elastic strain energy density is correlated with the 

amount of microcracking; when it is larger, the percentage of microcracked area is 

larger. Regions with large values of the maximum principal stress in the uncracked state 

correspond to microcracks in the cracked state. Such an observation was expected 

from the modeling without microcracking. A significant observation for all 

microstructures was an asymmetry in microcracking upon heating and cooling: more 

microcracking was observed upon cooling than upon heating. This phenomenon can be 

explained by the influence of SPO. With increasing SPO such asymmetry becomes 

more pronounced. Additionally, with increasing SPO and LPO microcracking becomes 

more spatially anisotropic, as shown by the directional dependence of coefficients of 

thermal expansion. 

 

Conclusions from the modeling using real marble fabrics: 

Marbles with strong c-axis fiber texture showed a higher directional dependence of the 

thermal expansion coefficients and had smaller microstructural values of the maximum 

principal stress and strain energy density throughout the marble fabric. In contrast, 

marbles with weak c-axis fiber texture showed isotropic thermal expansion behavior, 

had a higher propensity to microcracking, and exhibited higher values of maximum 

principal stress and strain energy density. Marble with high-temperature texture type 

exhibited values of maximum principal stress that were just as large as those from 

marbles with weak c-axis fiber texture. While marble with girdle texture showed smaller 

thermal-elastic response, which indicates that such a marble structure is less prone to 

microcracking. As it was expected dolomitic marble showed the smallest thermal-elastic 

response in comparison to calcitic marbles. The observed influence of grain size when 

modeling using artificial models is contradictory with observations from the modeling 

using the fabrics of real marble samples, i.e., the fine-grained marbles show larger 

thermal-elastic response than medium-grained marbles. Such contradiction can be 

explained as following. When fracture is included as a phenomenon in finite-element 

simulations (in case of the modeling using artificial microstructures), the material has a 
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length scale (namely, the fracture surface energy divided by an elastic modulus), by 

which to measure grain size. When microcracking algorithm is not allowed (in 

simulations using real marble fabrics) outputs from microstructure-based simulations 

(e.g., elastic strain energy density and maximum principal stress) are independent of 

grain size and therefore grain size has no meaning. The influence of grain boundary 

configuration is not significant, marbles with polygonal structure and marble samples 

with interlobate grain boundaries have comparable values of maximum principal stress 

and hence the same propensity of microcracking. 

 

Conclusions from experimental measurements of thermal expansion: 

Both of the weak textured fine-grained Carrara marbles show different amount of 

residual strain upon thermal treatment, such observation seem not to be in agreement 

with the modeling results where values of maximum principal stress are quite similar 

and it was expected that the thermal-elastic behavior should be rather the same. Such 

contradiction could be explained by the presence of preexisting microcracks and 

inclusions of other minerals; and increasing porosity during temperature changes in real 

marble structures, these factors were not taken into account in the modeling. Grain 

boundary configuration does not play important role as well as grain size, since marbles 

with polygonal structure have the same amount of residual strain as marbles with 

interlobate grain boundaries; and fine-grained marbles exhibit the comparable thermal 

expansion as medium-grained marble. Thus, grain boundary structure and grain size 

are considered not to be the important factors in marble degradation phenomena. The 

coefficients of thermal expansion have a directional dependence, which is obviously 

controlled by the texture (direction of maximum in plots of coefficients of thermal 

expansion tensor corresponds to the maximum of texture in pole figure). The difference 

between the thermal expansion coefficients computed from the texture in the Voigt 

approximation and those measured experimentally can be attributed to the presence of 

microcracks after the thermal treatment, which produced an additional expansion in the 

microstructure. 

When thermal expansion measurements upon water-saturated conditions were carried 

out it was observed that the presence of water continuously enhanced the degradation 

of marble and changed the directions of maximum and minimum thermal expansions. In 

order to describe stability and durability marble under exposure a decay index was 
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proposed based on the relative volume change. While the investigation of decay index 

is preliminary, results are in good coincidence with the previous studies (i.e., 

observation of degradation rates of buildings which were constructed of the presented 

marble types). For a majority of the investigated marble samples a significant change of 

the amount of residual strain, and hence change of the decay index, was observed 

when the water was presented. The invariant volume change determined from the 

thermal expansion measurement data can be used for choosing the proper marble type 

for a specific application. 

 

General conclusions:  

SPO, LPO and marble composition have significant influence on marble degradation 

caused by thermal expansion, they play the dominant role in combination with other 

fabric parameters. As was shown in finite-element simulations and experimental 

measurements SPO, LPO and marble composition control the amount and directional 

dependence of microcracking. Dolomitic marbles with strong texture and elongated 

SPO are supposed to be the most resistance against marble deterioration (when the 

water presence is not considered). Considering the different thermal behavior under dry 

and water-saturated conditions some marble types can be recommended to be used 

only for the interior applications and some for both interior and exterior applications. 

Additionally, taken into account the asymmetry of microcracking upon heating and 

cooling “summer” and “winter” houses should be constructed according to the 

peculiarities of climate. 
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