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Thermal expansion and its control on the durability of marbles 

A N N E T T E  Z E I S I G ,  S I E G F R I E D  S I E G E S M U N D  & T H O M A S  W E I S S  

Geowissenschafi l iches Z e n t r u m  der Universitiit GOttingen, Goldschmidtstrasse 3,37077 

GOttingen, Germany  (e-mail: tweiss@gwdg.de) 

Abstract: Marbles as ornamental stones as well as in their natural environments show 
complex weathering phenomena. The physical weathering of marbles due to thermal treat- 
ment is often discussed as the initial stage of deterioration. Eighteen different well-known 
marble types were selected to quantify experimentally the effect of heating and cooling 
within the temperature range of 20~ to 85~ while three different ramps at 40~ 60~ 
and 85~ were performed. The marbles differ in composition from calcitic to dolomitic as 
well as in their fabrics. The average grain size varies from 50 lam up to 3 mm, while the grain 
boundary geometry differs from a granoblastic foam structure to those with weakly 
inequigranular-amoeboid structure. The lattice preferred orientations are also highly 
different in c-axis and a-axis distributions. With respect to the heating and cooling cycles 
three distinct groups of marbles can be distinguished: Type I is characterized by an isotropic 
thermal expansion (e 0 and large isotropic residual strain (permanent length changes); Type 
II exhibits an anisotopic et and no or small isotropic residual strains; while Type III shows 
an anisotropic a and anisotropic residual strain. Most samples show deteriorations due to 
thermal treatment, which cannot be uniformly explained without taking into account the 
rock fabrics. The magnitude and directional dependence of the thermal expansion is mainly 
controlled by the lattice and shape preferred orientation. The composition, grain size, grain 
boundary geometry and pre-existing microcracks modify in a more complex way the pro- 
gressive loss of cohesion due to dilatancy caused by the anisotropic thermal expansion. 

Over  the last few decades, many  field and 
laboratory studies have shown that  marble  
shows a very special weathering behaviour and, 
moreover, the important  mechanisms of rock 
decay in a range of environments are still under 
discussion (Fig. 1). 

The high reactivity of calcite and dolomite in 
humid environments is well known. Solution, 
precipitat ion,  a l tera t ion and corrosional  
phenomena,  including stress-induced ones, rep- 
resent the largest variety of chemical and bio- 
logical action (Lasaga & Blum 1986; Watson & 
Brenan  1987; MacInnis  & Brant ley 1992; 
Schwarz et al. 1991a, b; Simon & Snethlage 
1993). 

The progressive loss of cohesion along grain 
boundaries is often discussed as an initial stage 
of marble decay caused by physical weathering. 
Kessler (1919) found that repeated heating and 
cooling may lead to permanent  length changes, 
and therefore to changes in the microfabric. 
These observations were confirmed by many 
researchers. Rosenholtz & Smith (1949), Zezza 
et al. (1985), Grimm & Schwarz (1985), Sage 
(1988), Watson & Brenan (1987), Grimm (1999). 
Thomasen & Ewert  (1984), Monk (1985), Bortz 
et al. (1988), Poschlod (1990) and Winkler (1996) 
all concluded that  a var ia t ion in moisture  
content  controls decay in marbles. Poschlod 

(1990) found a maximum value of 100 pm/m for 
the hygric expansion of Carrara marble, while 
Grimm (1999) reported length changes up to 
1 mm/m. The highly anisotropic thermal expan- 
sion of calcite, and the less pronounced expan- 
sion in dolomite, is frequently discussed as the 
main driving force of marble  deter iora t ion.  
Rosenhol tz  & Smith (1949), Sage (1988), 
Franzini  (1995) and Widhalm et al. (1996) 
repor ted  length changes of 1 mm/m due to 
heating and cooling. Thermally treated marbles, 
which do not return to the initial length change 
after cooling, can show a residual stress even as 
a result  of very small t empera ture  changes 
between 20 and 50~ (Battaglia et al. 1993). 
Widhalm et aL (1996), Tschegg et al. (1999) and, 
more quantitatively, Siegesmund et al. (2000a, b) 
show that the rock fabric has a significant influ- 
ence on the distinct differences in weathering of 
marbles, al though they are of nearly identical 
compositions. The rock fabric includes the grain 
size, grain boundary geometry, shape preferred 
orientation,  lattice preferred orientation (here 
referred to as texture) and pre-existing micro- 
cracks. 

To demons t ra te  the impor tance  of rock 
fabrics on physical weathering due to thermal 
expansion, a large collection of marbles was 
selected. The marbles differ in composit ion,  

From: SIEGESMUND, S., WEISS, T. & VOLLBRECHT, A. 2002. Natural Stone, Weathering Phenomena, Conservation 
Strategies and Case Studies. Geological Society, London, Special Publications, 2t}5, 65-80. 
0305-8719/02/$15.00 �9 The Geological Society of London 2002. 
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66 A. ZEISIG E T A L .  

Fig. 1. Weathering of marble. (a) A relief at the SiJdfriedhof in Munich showing granular disintegration, 
backweathering and loss of relief structure. (b) Baluster from the Marmorpalais in Potsdam, rock type 
Grosskkunzendorf marble. A vertical foliation acts as a preferred zone of weakness leading to penetrating 
fractures (1). (c) Detail from (b): a certain amount of degradation is visible by microbial fouling preferentially 
along the grain boundaries (2) but also along intragranular (3) planes (e.g. cleavage planes). 

grain size, shape fabrics and texture. Based on 
texture analyses of calcite and dolomite, the 
directional dependence  of thermal  dilatation 
was modelled and quantitatively compared with 

the experimental  data. Emphasis is placed on 
the extent to which each fabric element in the 
polycrystal l ine marble  controls the residual 
strain to characterize the effect of stone decay. 
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Fig. 2. Temperature pattern of the ramps performed in the thermal dilatation measurements. Heating was 
performed at a rate of 1 ~ The destination temperatures are 40~ (ramp 1), 60~ (ramp 2) and 85~ 
(ramps 3 and 4). 

Experimental 

Thermal  expansion measurements  were per- 
formed by using a triple dilatometer (for details 
see Widhalm et al. 1996). The sample size corre- 
sponds to a cuboid of 10 • 10 • 50 mm. Cali- 
bration of the dilatometer was done using quartz 
glass, and the final displacement resolution was 
better than 1 1am. Due to a sample length of 
50 mm a final residual strain of about 0.02 mm/m 
could be resolved. This setup allows the simul- 
taneous measurement of the thermal expansion 
anisotropy of three specimens at identical 
experimental conditions. Thermal dilatation is a 
property which can be described by a second 
rank tensor. To quantify an arbitrary orientation 
of a second rank tensor, measurements in six 
independent  directions were performed (see 
Siegesmund et al. 2000b). 

In order to simulate temperature  changes 
comparable to those observed under natural 
conditions for building or ornamental  stones, 
the upper temperature limit was fixed at 85~ 
Heat ing was per formed with a velocity of 
l~ to ensure thermal equilibration of the 
specimen. Thermal degradation may occur at 
significantly lower tempera tures  than  85~ 
Thus, different ramps were driven in the thermal 
dilatation measurements (Fig. 2). The first ramp 
was up to about 40~ After reaching the desti- 
nation temperature,  this temperature was kept 

stable until the continuous expansion of the 
sample vanished. Then, the specimen was cooled 
to room temperature. The same sequence was 
applied for the second ramp (60~ and third 
ramp (85~ Generally it was observed that the 
slope of the curves was small in ramps 2 and 3 
until the end of the previous ramp was reached. 
Then, the slope increased significantly. The last 
ramp up to 85~ was repeated to investigate 
whether the samples are continuously degraded 
or the residual strain is only a phenomenon  
observed for one-off heating to a certain desti- 
nation temperature. Different units are used for 
the description of thermal expansion and resid- 
ual strain. The thermal dilatation coefficient o~ is 
calculated as the ratio be tween the length 
change of the sample AI and the original sample 
length l multiplied by the temperature interval 
ATin  kelvin (or = Al/(l  • AT)). The correspond- 
ing unit is 10 -6 K -1. In contrast, the residual 
strain e (in mm/m) is defined as the ratio 
between the length change of the sample Al and 
the original sample length l. Thus, values for the 
residual strain can only be directly compared 
within the same ramp. 

For the texture measurements neutron dif- 
fraction was applied. The analysis was carried 
out at the time-of-flight (TOF) neutron diffrac- 
tometer  NSHR, which is located at the pulsed 
reactor  IBR-2 of the Frank  Labora to ry  for 
Neut ron  Physics in Dubna,  Russia (for the 
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68 A. ZEISIG E T A L .  

Table 1. Fabric of  the marbles investigated 

Marble Abbr. Fabric Grain size SPO Comp. mrd TD-type 

Carrara C1 inequigranular-polygonal 200 pm (50-100 pm) + cc 1.42 I 
Carrara C2 inequigranular-polygonal 300 lam (100-200 lain) + cc 1.46 I 
Diamant D1 equigranular-interlobate 2-3 mm + cc 2.96 III 
Arabella GA equigranular-polygonal 100 pm - do 1.33 I 
Grosskunzendorf GK equigranular-interlobate 1.5 mm - cc 2.35 II 
Gitano GT seriate-polygonal 50 pm 0 cc 2.47 II 
Thassos GTH equigranular-interlobate 1.75 mm + do 7.00 II 
Volakas GV inequigranular-polygonai 75-100 pm + cc 2.58 III 
Lasa LA1 inequigranular-interlobate 1 mm § cc 2.19 III 
Lasa LA2 inequigranular-interlobate 1 mm + cc 1.57 III 
Palisandro P1 equigranular-interlobate 300 lam + do 2.85 II 
Rosa Estremoz RE equigranular-polygonal 1.5 mm + cc 1.59 III 
Soelk SKI inequigranular-interlobate 1.25 mm + cc 2.94 III 
Soelk SK2 inequigranular-interlobate 1.5 mm + cc 3.06 III 
Sterzing ST inequigranular-interlobate 2.6 mm + cc 3.42 III 
Wachau Wl seriate-interlobate 1 mm (250--501) lam) - cc 2.09 III 
Wachau W2 seriate-interlobate 1-1.5 mm (501) mm) - cc 2.38 III 

The commercial name and the abbreviation (abbr.) used in the present study are shown as well as the general 
fabric, grain size, shape preferred orientation (SPO) composition (comp.: cc, calcitic; do, dolomitic), c-axis 
maximum in multiples of random distribution (mrd) and thermal dilatation type (TD-type). For marbles with 
different grain sizes, the second grain size is given in parentheses. 

experimental  setup see Ullemeyer et al. 1998). 
Based on the neutron diffraction measurements 
quantitative texture analysis was carried out by 
means of the iterative series expansion method 
(Dahms & Bunge 1989). In this method, the 
texture is described by the coefficients C of 
spherical harmonic functions. From the C coef- 
ficients, anisotropic physical rock properties like 
elastic wave velocities or thermal dilatation may 
be easily model led by averaging the single 
crystal properties over all observed orientations 
(e.g. Siegesmund & Dahms 1994). Thus, it is 
reasonable to assume that the intrinsic proper- 
ties of a polycrystal are between the maximum 
and the minimum value of the single crystal. To 
evaluate the tensorial properties for a second- 
order quanti ty of a textured rock the Voigt, 
Reuss or Hill averaging techniques can be 
applied (Voigt 1928; Reuss 1929). In this study 
the Voigt approximation was used. However,  
the existence and the effect of pre-exist ing 
microcracks and grain boundaries is not con- 
sidered in this model calculation. 

The shape preferred orientation was quanti- 
fied by a semi-automated image analysis method 
(Duyster  1991). Hand drawn images of grain 
boundaries of representative cross-sections with 
respect to the sample coordinate system are 
scanned and vectorized to determine quantified 
shape parameters. The quantified shape fabric 
parameters are given as the characteristic grain 
boundary orientation plotted in a rose diagram 

parallel to the three orthogonal sections (Fig. 3). 

Rock samples, microfabrics and texture 

Eighteen different commercial types of marble 
have been investigated. They are from Italy 
(Carrara,  Lasa, Sterzing), Greece (Diamant,  
Arabella,  Gitano,  Thassos, Volakas, Palisan- 
dro), Portugal (Rosa Estremoz),  Poland 
(Grosskunzendorf )  and Austria (Soelk, 
Wachau) and have been widely used as building 
stones in the past as well as at present. Miner- 
alogically all samples belong to calcitic and 
dolomitic marbles (Arabella, Thassos and Pal- 
isandro) with quartz, biotite, muscovite, phlogo- 
pite and ore minerals as accessory phases. The 
most impor tant  characterist ics  of the fabric 
elements are summarized in Table 1. 

The average grain size, which was calculated 
from microscopical observations or from the 
digitized images of the grain boundaries, ranges 
from 50 pm (Gitano) up to 3 mm (Diamant). All 
samples are also characterized by a large vari- 
ation in the shape fabric. The grain boundary 
orientation given for the xy-, xz- and yz-planes 
may differ from a more or less random distri- 
bution to a distinct planar or linear shape fabric. 
An example for a random distribution is the 
Arabel la  marble,  while most of the other  
marbles (e.g. Soelk, Thassos and Carrara)  
exhibit a shape preferred orientation (Fig. 3). A 
more detailed discussion of the fabric is given for 
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Fig. 3. Microfabric of the marbles investigated: (a) Carrara marble (C1), (b) Arabella marble (GA), (e) 
Thassos marble (GTH) and (d) Soelk marble (SK1). The microfabric is shown in the xz-section of the 
structural reference frame (left column); the preferred orientation of grain boundaries is shown for all 
mutually perpendicular planes (right column). 
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Thassos, Arabella,  Soelk and Carrara marbles 
because they exhibit remarkable differences in 
the thermal dilatation behaviour. The shape of 
the grain aggregates can generally be classified 
between equigranular-polygonal  and 
inequigranular-polygonal in the sense of Moore 
(1970). 

Since a dolomitic composition may have an 
influence on the durability of marbles, dolomitic 
and calcitic marbles were compared. Carrara  
(calcite) and Arabel la  (dolomite)  are fine 
grained marbles with more or less straight grain 
boundar ies  (foam structure).  In contrast ,  
Thassos and Soelk are more coarse grained, 
while the grain boundaries can be characterized 
as equigranular-interlobate and inequigranular- 
interlobate. The much higher irregularity of the 
lobate grain boundar ies  is clearly shown in 
Figure 3. Thassos and Soelk exhibit two sets of 
conjugate planar fabrics with an opening angle 
of around 50 ~ which are slightly asymmetrically 
disposed to the foliation. These fabrics can be 
easily observed in thin sections and in the corre- 
sponding grain boundary surfaces (see Fig. 3). in 
summary, the grain boundary geometry or the 
grain interlocking for all marbles ranges 
between equigranular-polygonal  (Rosa 
Estremoz) up to seriate-interlobate (Gitano) 
with a slight tendency to be inequigranular- 
amoeboid (Wachau). This implies that the meta- 
morphic  and deformat ion  history over 
geologically long time spans that control the 
development  of the rock fabrics was quite 
different for the samples with different fabric 
types. Recrystallization processes, for instance, 
may control the grain size and the configuration 
of grain boundaries.  The evidence for grain 
boundary migration recrystallization is the pres- 
ence of highly irregular grain boundaries. The 
driving force is the difference in the dislocation 
density resulting in a bulging of the grain bound- 
aries into crystals with the higher dislocation 
density (Gottstein & Mecking 1985). In other 
cases, subgrain recrystallization may lead to an 
equilibrium fabric of polygonal crystals with 
interfacial angles of approximate ly  120 ~ 
(Carrara  or Arabella) .  From the mechanical 
point of view it seems to be clear that a decrease 
in grain boundary energy is correlated with the 
decrease in strength of a polycrystall ine 
material. 

Besides other  processes (for a review see 
Skrotzki 1994) deformation may be responsible 
for the development of a lattice preferred orien- 
tation (here referred to as texture) which also 
has a significant influence on physical properties 
and their directional dependence (e.g. Sieges- 
mund & Dahms 1994; Kocks et al. 2000). All 

samples were analysed with respect to their tex- 
tures. Leiss & Ullemeyer (1999) discussed the 
fundamenta l  texture types of calcite and 
dolomite which are found in nature.  In 
summary, they can be described by a rotating 
single crystal with the c-axis or a-axis as the rota- 
tion axis, respectively. These c-axis and a-axis 
fibre types can combine to form intermediate 
texture types. The c-axis and a-axis pole figures 
for Thassos, Arabella,  Soelk and Carrara are 
illustrated in Figure 4a-d. Usually a single c-axis 
maximum, which is in most cases elongated to an 
oval-shaped pattern, can be observed. Accord- 
ing to the calcite crystallography the a-axis poles 
are arranged on a great circle around the c-axis 
pole density maximum. The maximum pole 
density is highly variable. The maximum of the 
c-axis distributions varies from 1.4 mrd 
(Carrara)  to 7.0 mrd (Thassos) (mrd = multiples 
of random distribution). The latter maximum of 
(001) indicates a strong texture and, conse- 
quently, a pronounced anisotropy of the physical 
properties must be expected, in order to charac- 
terize the textures of all 18 samples, the tensor 
shape Tcalculated from the pole figure tensor is 
applied to describe the different c-axis concen- 
trations (Jelinek 1981). It varies from 1 (per- 
fectly planar) to -1 (perfectly linear). The shape 
factor 7" calculated from the pole figure tensor 
characterizes the texture diffcrenccs very well. It 
covers the range from 7"= -0.859 (Wachau) to T 
= 0.881 (Rosa Estremoz) indicating a well-pro- 
nounced cluster-like and a moderate girdle-like 
shape of the intensity distribution as the extreme 
cases (Fig. 5). Extremely planar c-axis distri- 
butions (i.e. complete gridles) are not observed. 
The maximum intensity, obtained from a simpli- 
fied texture reproduction with L = 2 ranges from 
1.4 to 7.0 (Table 1 ). 

Results 

Thermal  expansion as a funct ion o f  

temperature 

The thermal expansion coefficients r of all 
marbles investigated show a more or less pro- 
nounced directional dependence of r (Fig. 6). 
The directional dependence is weak for the C1 
and G A  marble and it is very pronounced for the 
GTH and SK1 marble (see Table 1 for abbrevi- 
ations). However,  it is not only the thermal 
dilatation coefficient that may be directionally 
dependent;  the residual strain also can be a para- 
meter which varies in magnitude and directional 
dependence  (Fig. 6). On the basis of this 
extended experimental data  set, the thermal 
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Fig. 4. Texture of the marbles investigated: (a) Carrara marble (C1), (b) Arabella marble (GA), (e) Thassos 
marble (GTH) and (d) Soelk marble (SK1). The c-axis (left column) and a-axis (right column) distributions 
are shown. The isolines are given as multiples of random distribution (mrd) varying between 1 mrd and the 
maximum intensity (max), which is marked with a triangle (equal area projection, lower hemisphere). The 
coordinates of the structural reference frame are shown in (a). 
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Fig. 5. Variation of texture patterns: the shape factor 7" as a function of marble type. Examples of pole figures 
for marbles with linear (W21), neutral (ST) and planar (RE) c-axis distributions are given at the top of the 
graph (isolines in mrd, equal area projection, lower hemisphere). 

expansion versus temperature relationships can 
be classified into different groups. The samples 
TH, GA,  SKI and CI are used as examples to 
illustrate this interdependence for the directions 
parallel  to the x-, y- and z-direction. The 
different types can be summarized as follows: 

Type I: isotropic a and large isotropic 
residual strain 

Type II: anisotropic ot and no or a small 
isotropic residual strain 

Type III: anisotropic et and anisotropic resid- 
ual strain 

Type I. The curves for the Carrara marble 
clearly exhibit a weak directional dependence of 
both ot and the residual strain. The magnitude of 
the residual strain is dependent on the destina- 
tion temperature. The curves for the first, second 
and third ramp show a successive increase in 
residual strain. The final result is a permanent 
expansion of the sample of about 0.2 mm/m. This 
value corresponds to the summed contribution of 
all residual strains observed in the preceding 
ramps. The Arabel la  marble shows a similar 
behaviour,  but a slightly smaller  permanent  
expansion (about 0.1 mm/m). 

Type H. The marble from Thassos is, accord- 
ing to its strong texture, very anisotropic but 
shows almost no residual strain. Thus, it may be 
regarded as a marble which is relatively resistant 

against thermal degradation. The curves show 
an almost linear thermal expansion and, due to 
an overlapping of the curves, the individual 
ramps are hard to discern. Subtypes of this 
behaviour (e.g. GT, P1) show a small isotropic 
residual strain. 

Type III. The Soelk marble shows both a 
strong directional dependence  of a and the 
residual strain. A larger residual strain is 
observed parallel to the z-direction than in the 
other directions. After the first ramp, the resid- 
ual strain is very small. It increases significantly 
in the second and third ramp (see Fig. 6). This 
effect can best be seen when the z-direction is 
considered. After the fourth ramp no residual 
strain is observed. It can be concluded that a 
certain thermal degradation is monitored by a 
reinforced gradient of the curves after a certain 
temperature  is reached, corresponding to an 
increase of a in this part of the curve. A clear 
directional dependence of the residual strain is 
also observed for the Wachau marble, but the 
magnitude is smaller for this marble. 

In principle, all marbles investigated can be 
assigned to these types of thermal behaviour 
(see Table 1). 

Determination o f  thermal degradation 

The Soelk marble is used as an example to illus- 
trate thermal degradation in detail (Fig. 6e, f). 
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Fig. 6. Thermal dilatation (e) as a function of temperature: (a) Carrara marble (C1), (b) Arabella marble 
(GA), (e) Thassos marble (GTH) and (d) Soelk marble (SKI). The curves give an overview on all the thermal 
cycles (ramps) investigated. The final residual strain corresponds to the total contribution of all temperature 
cycles. (e and f) Specific examples for the second (e) and third (f) ramps for the SK1 marble (x-, y-, z- 
direction). In (d) the expansion curves for ramp 3 (1) and ramp 4 (2) at increasing temperature are marked by 
arrows. 

Therefore, the data obtained for the second and 
third ramp up to 60~ and 85~ respectively, are 
used. In the second ramp (Fig. 6e), the curves 
exhibit a small slope until the temperature of the 
first ramp (40~ is reached. In the second part 
of the curve, the slope increases. The same 
relationship applies for the third ramp, where an 

increase in the slope is observed at 60~ i.e. at 
the des t ina t ion  t empera tu re  of ramp 2. An  
example for the increase in o~ associated with 
thermal microcracking can be given for the z- 
direction (i.e. maximum dilatation direction), 
where o~ increases from 13 x 10 4 (ramp 3a) to 22 
x 10 -6 (ramp 3b). 
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Buffering of pre-existing microcracks 
It is not unequivocally true that a change in e~ is 
only associated with an increase in thermal  
degradation. The gradient in the first part of the 
curves can also be smaller when a buffering of 
pre-existing microcrack systems has to be con- 
sidered (e.g. Leiss & Weiss 2000). That  applies to 
marbles which are already degraded or which 
show, as a consequence of their complex geo- 
logical history, pre-existing microcracks. 

Direct evidence for the first cause can be 
drawn from the experimental data (Fig. 6d) of 
the Soelk marble using the fourth ramp. In the z- 
direction, the gradient of the curve is differcnt in 
the first and second part of the curve, even if no 
residual strain is observed. Thus, there must be 
a buffering by pre-existing crack systems. The 
'buffering effect' of the Soelk marble in this 
specific direction (z-direction) in the fourth 
ramp is relatively small compared to the strong 
thermal degradation of this marble observed in 
the previous ramps. 

Initiation of thermal degradation 

Since the starting temperature for a thermal 
degradat ion  of marble is supposcd to bc a 
characteristic of the specific marble type, it is 
necessary to have a look at the behaviour of the 
marbles in the different ramps. For most of the 
marbles, a very weak residual strain is observed 
after the first ramp up to 40~ The values are in 
the range of the detection limit, i.e. around 
0.02 mm/m. In the second ramp up to 60~ the 
residual strain generally increases. While the CI, 
C2 and GK marbles reach a residual strain of 
about 0.05 mm/m, indicating a thermal degra- 
dation at relatively low temperatures,  the other 
marbles  show values between 0.01 and 
0.04 mm/m. In the third ramp, almost all marbles 
show a residual strain larger than 0.05 mm/m. 
Exceptions are GT, GTH,  P1, W1 and W2. Thus, 
the latter marbles seem to be rather stable in 
terms of thermal  degradation.  In the fourth 
ramp, the residual strain vanishes for all of the 
marbles, i.e. no further thermal  degradat ion 
occurs. The residual strain is generally smaller 
than observed in the first ramp. 

ture level and a strong fabric-induced directional 
dependence of the dilatation coefficient e~ (Fig. 
7). The variation of c~ is shown as a function of 
the first and second part of the curve. As men- 
tioned above, the first part of the curve is sup- 
posed to be control led by the intrinsic 
properties, while the second part of the curves 
show the interaction between intrinsic proper- 
ties and thermal degradation. The latter factor 
may also show a directional dependence when a 
preferred direction of microcracking is 
observed. 

The weakest variation of o~ calculated from 
ramp 3a is observed for the C2 marble, and a 
very strong directional dependence is observed 
for the Soelk marble. The o~-values for the first 
part of ramp 3 vary in a wide range from almost 
zero (Lasa, Rosa Estremoz and Sterzing 
marbles) to a value of about 15 • 10 -~' K -1 
(Thassos marble). The equivalent  expansion 
associatcd with an observed a for a I m marble 
slab can be directly determined from Figure 7b. 
These values have to be regarded as being close 
to the intrinsic properties, since only the parts of 
the curves before thermal degradation starts 
have been evaluated. 

A nisotropy of the thermal dilatation: 
thermally degraded 

The second part of the curves gives completely 
different information. In general, all e~-values 
are higher than those of ramp 3a (Fig. 7a). This 
indicates that a certain amount of thermal degra- 
dation occurred. The GTH marble shows a very 
small difference in e~ between ramps 3a and 3b, 
while it is very pronounced for the C2 marble. 
For the RE marble,  the anisotropy of the 
thermal dilatation is enlarged in ramp 3b giving 
evidence for a strong directional dependence of 
thermal degradation. For some marbles the vari- 
ability of oL at different sample directions is 
smaller (e.g. GT) or equal in ramps 3a and 3b 
indicating a uniform crack nucleation. The 
magnitude and directional dependence of the 
residual strain associated with the third ramp is 
shown in Figure 8. 

Anisotropy of the thermal dilatation: 
intrinsic 

A compilation of all marbles investigated using 
the data from the third ramp gives an overview 
of the particular properties described above. 
The data of this ramp are used, since almost all 
marbles show a residual strain at this tempera- 

Magnitude of thermal degradation 

The residual strain of a sample is characteristic 
for the degradation of a marble as a conse- 
quence of thermal  t rea tment .  For a fabric- 
dependent  comparison of thermal degradation, 
the residual strain associated with ramp 3 is 
used. This ramp shows a magnitude of residual 
strain which is clearly above the experimental 
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according to the observations described in Figure 6f. (b) The expansion of a 1 m marble slab as a function of (x 
for different temperature intervals is shown based on the given formula. 

resolution. Thus, these values can be evaluated 
with a high degree of confidence. 

General ly,  the residual strain varies from 
almost zero (GTH) to around 0.2 mm/m for C2. 
Another  extremely deteriorated specimen com- 
parable to C2 is the RE marble, which shows a 
very high residual strain of about 0.15 mm/m. 
Two dolomite marbles (GTH, P1) show a very 
small proneness  to thermal  weathering.  
However,  most of the marble types investigated 
are in the range of about 0.05 to 0.1 mm/m. All 
these values concur quite well with the observed 
increase of e~ as a consequence of thermal treat- 
ment (cf. Fig. 7). 

There is clear evidence that the grain size does 
not significantly influence the residual strain, 
even if there is a slight tendency towards a 
higher residual strain for samples with small 
grain sizes (Fig. 8). This is even more surprising, 
since marbles with a larger grain size predomi- 
nantly exhibit interlobate fabrics, while the finer 
grained marbles predominantly show polygonal 
fabrics. An exception is the RE marble with a 
polygonal fabric and a large grain size. 

It can be summarized that a more or less pro- 
nounced directional dependence of the residual 
strain is a general property of all marbles inves- 
tigated. The start, the magnitude and directional 
dependence of the residual strain cannot be 
simply assigned to one fabric property (e.g. the 
grain size). A combination of all fabric par- 
ameters  must be considered to unders tand  
thermal degradation in marble. 

Directional dependence of thermal 
degradation 

In order to quantify the directional dependence 
of the residual strain, the Soelk marble is used as 
an example. There is a clear difference between 
both values (or and the residual  strain) at 
different sample directions. The strong direc- 
tional dependence of e~ is obvious considering 
the strong texture of this marble (see Fig. 4d). 
For ramp 3b, a strong increase of the slope indi- 
cates a certain thermal degradation. To check 
the relationship between texture-induced and 
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grey filled symbols. 

grain-fabric-induced thermal  di latat ion the 
following approach was taken. 

At first, the texture-based pole figure of ot was 
calculated. The calculation of second rank ten- 
sorial properties like thermal expansion based 
on textures is described in detail in Siegesmund 
& Dahms (1994). The basic principle is that the 
single crystal properties are averaged over all 
measured orientat ions.  It clearly shows a 
maximum of oL for the z-direction and a 
minimum parallel to the x-direction (Fig. 9a). A 
very similar pole figure is obtained, when the 
almost linear slope of the curves is used for the 
calculation of the experimentally determined ot 
(Fig. 9b). Therefore,  experimental  data have 
been used from six independent  directions. The 
experimentally observed values agree quite well 
with the modelled ones. For ramp 3b an increase 
in the slope of the curves concurring with an 
increase in the di latat ion coefficient oL is 
observed, so the difference between a in ramps 
3a and 3b can be used to determine the direction 
of preferred thermal degradation (Fig. 9c). It is 
obvious that for the Soelk marble the strongest 
degradat ion  occurs parallel  to the c-axis 
maximum, i.e. perpendicular to the z-direction 

of the structural reference frame. This can be 
explained by the observed shape anisotropy of 
this marble which shows a preferred orientation 
of grain boundaries perpendicular to the z-direc- 
tions. A preferred al ignment  of frequently 
occurring twin-planes parallel to the foliation 
may also be of importance (see Fig. 3d) because 
coarse grained marbles may show a thermal 
degradation at inter- and intragranular planes 
while fine grained marbles are predominantly 
degraded along the grain boundaries (Ruedrich 
et al. 2002). 

Intrinsic versus extr insic  an i so t ropy  

A basic question for the comparison of thermal 
behaviour of the different marbles is whether 
the anisotropy of ~, here referred to as 
A = otmi n /O~max, observed in the experiments is 
closely linked to the texture. This effect can be 
best documented  when the experimental ly 
determined values (Aexp) are shown as a func- 
tion of calculated (Amod) data. Experimental 
values are shown for the first part (ramp 3a) and 
the second part (ramp 3b) of one thermal cycle. 
A low anisotropy in the graph is characterized 
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by a value close to 1, while a p ronounced  
anisot ropy results in values smaller  than 1. 
There is a general agreement between Aex p and 
Amo d (Fig. 10). Samples with a weakly calculated 
anisot ropy exhibit  a weak exper imenta l  
anisot ropy and vice versa, when the values 
calculated for the linear part of the experimental  
data are considered. The experimental  values 
for the second part are more scattered, which 
can be taken as an indication that the thermal 
degradation of a particular marble is controlled 
not only by the texture but by the complete grain 
fabric. A few examples may illustrate this behav- 
iour more explicitly (the examples are outlined 
in the graph). The C1 marble shows a weak 
anisotropy in both parts of the curve. This indi- 

cates that the thermal degradation is uniformly 
distributed over all orientations. The ST marble 
shows a stronger anisotropy in the first part of 
the ramp (Fig. 10a) than in the second part. 
Thus, the intrinsic anisotropy must be higher 
and the thermal  degrada t ion  must be more 
uniform. The RE marble shows the opposite 
effect. A stronger anisotropy in the second part  
than in the first part  of the ramp indicates 
strongly d i rec t ion-dependent  thermal  degra- 
dation. The G T H  marble shows a clear coinci- 
dence of the values in both diagrams. Thus, its 
thermal degradation must be very small or very 
uniform. This could be shown in Figure 8 for this 
marble. Consequently,  the correlation between 
Aex p and Amo d can be used to visualize both the 
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anisotropy of the thermal dilatation coefficient 
and the change in e~ as a consequence of thermal 
degradation. 

Discussion and conclusions 

There are many factors supposed to influence 
thermal degradation of marble. The rock fabric, 
i.e. composi t ion,  grain size, grain shape 
anisotropy, grain boundary  morphology and 
texture, significantly triggers the proneness to 
thermal weathering of a marble (e.g. Sieges- 
mund et al. 2000b). The effect of the different 
fabric parameters can be summarized as follows. 

(1) The modal composition is an important 
factor for the thermal properties of a marble, 
since the thermal expansion behaviour is at least 
partially controlled by the single crystal proper- 
ties. Both calcite and dolomite show an extreme 
directional dependence of et at different crystal- 
lographic directions. Parallel to the c-axis, both 
minerals show an e~ value of about 26 • 10 ~6 K -j. 
However, parallel to the a-axis calcite shows a 
negative e~ value of about ~5 • 10 -~ K --I while 
the corresponding value for dolomite is about 
6 • 10 ~ K -l. Thus, even strongly anisotropic 
dolomite marbles will not show any contraction 
with increasing temperature as shown for the 
GTH marble. Since the GA (dolomite) and CI 
(calcite) marble show a similar thermal degra- 
dation, the residual strain is likely not to bc con- 
trolled exclusively by the composit ion.  
However, other mechanical properties like com- 
pressive and tensile strength of calcite and 
dolomite marbles may vary significantly accord- 
ing to the different Young's modulus and shear 
modulus of these minerals (Bass 1995). Acces- 
sory minerals like mica may have more effect on 
other weathering processes (e.g. Ondrasina et al. 
2002). 

(2) The grain size cannot be the most import- 
ant factor for marble degradation (see Fig. 7). 
Marbles with a large grain size exhibit the same 
magnitude of residual strain as marbles with a 
small grain size. A similar relationship was also 
proposed by Tschegg et al. (1999). This corre- 
lation applies even for extraordinarily deterio- 
rated examples like C2 and RE. However,  
thermal  degradat ion is a strongly direction- 
dependent  parameter,  and thus, its directional 
dependence must be taken into account. 

(3) The grain shape anisotropy significantly 
triggers thermal degradation, as shown for the 
SKI marble. This observation is supported by 
the observations of Ruedrich et al. (2002) for a 
weathered Prieborn marble (see also Sieges- 
mund et al. 2000b). Thus, since grain boundary 
cracking is the most prominent  factor for marble 

degradation, a substantial part of the observed 
directional dependence of residual strain must 
be attributed to shape fabrics. 

(4) The grain boundary morphology, i.e. the 
irregularity of grain boundaries, does not play 
such an impor tant  role as was previously 
assessed. Marbles with interlobate fabrics as 
well as marbles with polygonal fabrics may show 
a residual strain after thermal treatment. An 
exception may be the WA marble, which shows 
amoeboid (i.e. highly irregular) grain bound- 
aries leading to a very small residual strain. 
However, the large amount of mica and a clearly 
inequigranular  grain size distribution may 
accommodate  a certain amount  of thermally 
induced stress that does not exceed the thresh- 
old of cohesion. Thus, further studies must be 
performed to quantify and localize a fabric- 
dependent  deterioration. 

(5) The texture clearly determines magnitude 
and directional dependence of c,, since there is a 
general agreement between calculated (texture- 
based) and exper imental ly  determined 
anisotropies. Thermal degradation changes this 
relation, i.e. the anisotropies  increase or 
decrease according to a coincidence or contrari- 
ness of thermal degradation and intrinsic dilata- 
lion, respectively. A general observation is that 
the maximum of thermal degradation is closely 
linked to the c-axis maximum. A deviation in 
this behaviour can be traced back to shape pre- 
ferred or ienta t ions  oblique to the c-axis 
maximum. However, the individual grain-to- 
grain orientation may be of importance. Tschegg 
et al. (1999) found that large internal stresses, 
leading to thermal microcracking when the 
threshold of cohesion is exceeded, are caused by 
an almost random orientation of the grains. The 
specific relat ionship of this almost random 
orientation may also be valid for strongly tex- 
tured marbles at certain sample directions. This 
could cause a directional dependence of thermal 
degradation even if no clear shape preferred 
orientation is observed. However, this assump- 
tion must be validated in the future by single 
grain texture measurements and model calcu- 
lations. 

(6) Pre-existing microcrack systems may be of 
importance as well. Siegesmund et al. (2000b) 
have shown that a change in the anisotropy 
patterns between modelled and experimentally 
determined values may be explained by pre- 
existing microcracks, resulting from a complex 
geological history. 

In summary, it can be stated that there is a 
clear fabric dependence of residual strain after 
thermal treatment and, thus, of thermal degra- 
dation. Thermally induced microcracks lead to a 
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res idual  strain after  hea t  t r e a t m e n t  and,  thus, to 
a de te r io ra t ion  of  the  rock 's  quality. H o w e v e r ,  
the fabric canno t  be r e d u c e d  to one  or  a small 
n u m b e r  of pa rame te r s  (e.g. only  grain size, grain 
shape  etc.) .  T h e  t h e r m a l  d e g r a d a t i o n  of  a 
marb le  is con t ro l l ed  by an in te rac t ion  of  all 
fabric paramete rs .  
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