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Abstract: A Carrara marble sample was measured using neutron time-of-flight diffraction on its 
crystallographic preferred orientation (texture), a strain scan through the sample and strain pole 
figures to explain the effect of deformation of marble plates. Strong compressional residual 
strain values of up to e = - 1.3 x 10 -3 measured with residual strain pole figures in a virgin 
bulk sample have been found. Obviously, the magnitude of residual strain depends on the 
sample size. Features of the observed texture pole figures and internal strain pole figures are 
related to each other by their sample orientations. Texture and residual strain measurements 
were combined with investigations of thermal expansions under dry and wet conditions in differ- 
ent directions to the main stress direction. 

Numerous cases of damage to sculptures, architec- 
tural heritage or faqade marble stones indicate that 
the deterioration of building stones depends 
mainly on climate. The clear morphological altera- 
tion of marble even within a short exposure time 
(e.g. Grimm 1999) is well known. Recently, it has 
also been proposed that physical weathering is 
the initial stage of deterioration of marble (see 
Siegesmund et al. 2000). 

Durability is an important issue to consider when 
specifying stones as a cladding material for exterior 
exposure. But the spectacular bowing behaviour of 
marble slabs has given a negative image to this 
material. The complete replacement of faqade 
panels of some prestigious buildings like the 
Amoco building in Chicago (Logan et al. 1993), 
the Finlandia Hall in Helsinki, the Grand Arche 
de la Defense in Paris or the University Library in 
Grttingen (see Fig. 1), all made of marble coming 
from the Carrara area, are often cited as examples 
of the concerns for the durability of these materials. 
However, bowing was frequently reported from 
ancient gravestones (e.g. Grimm 1999). Detailed 
knowledge of the mechanisms and rates of decay 
is important in order to protect historical monu- 
ments, as well as to reduce loss of marble during 
reconstruction. Kessler (1919) found that repeated 
heating may lead to permanent dilatation owing 
to microfracturing. Based on laboratory testing, 
Logan et al. (1993) explained the bowing of 
marble slabs on the Amoco building as a result of 
anomalous expansion-contraction behaviour of 

calcite together with the release of locked residual 
stresses. Hypotheses proposed by other researchers 
have assumed the presence of moisture or gravity 
variation in the material (e.g. Winkler 1994). The 
reasons for the observed deformation are still 
under discussion. It turns out, for example, that 
natural marble also shows complex anisotropic 
weathering behaviour. It has been shown (Sieges- 
mund et al. 2000; Koch & Siegesmund 2002) that 
weathering behaviour is influenced by thermal 
expansion, existing cracks (Siegesmund et al. 
2000) and preferred crystallographic orientation 
(here referred to as texture) of calcite and/or dolo- 
mite (Ruedrich et al. 2001; Zeisig et al. 2002). 

The present paper focuses on the effects of 
internal stresses. To verify the theory that locked- 
in stress - that is, stress generated during the geo- 
logical history of the rock - could be responsible 
for the bowing intensity, fresh material from a 
marble quarry in Carrara (Italy) was used for 
testing. Neutron diffraction was used as a non- 
destructive method to investigate the texture, and 
the spatial and orientation dependence of strain in 
a bulk marble sample. Based on earlier investi- 
gations (Scheffztik et al. 2004) of texture and 
residual strain by neutron time-of-flight (TOF) dif- 
fraction, this study will focus on a more detailed 
investigation of a Carrara marble sample. To do 
this, the neutron TOF texture diffractometer 
SKAT (Ullemeyer et al. 1998) and the strain- 
stress diffractometer EPSILON-MDS (Frischbutter 
et al. 2000; Walther et al. 2000) at JINR, Dubna 
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Fig. 1. Typical bowing behaviour of faqade panels at 
the University Library in G6ttingen. 

(Russia) have been employed. The measured 
spectra were processed with a program developed 
recently to extract detailed Bragg diffraction lines 
by fitting the peak parameters. Such an approach 
allows one to demonstrate the crystallographic 
texture as well as the internal strain. Much attention 
was paid to accuracy and methodology, and the 
SKAT texture instrument was used to determine 
strain pole figures in relation to the residual strain 
determined by strain scans with higher resolution 
than the EPSILON-MDS strain diffractometer. 

To constrain the bowing to internal strain 
relationship, the sample was also investigated with 
respect to the rock fabric, in situ stresses and 
thermal expansion behaviour under dry and wet 
conditions. 

Fig. 2. Fresh marble block that was used to obtain the 
sample material for the present investigations. Black 
lines reflect the foliation. Note that the block is in a 
situation in which the platform represents the upper 
surface in nature. For a nature-like orientation, the block 
must be rotated 180 ~ around the <a  >-axis. 

concentrations of typically grey veins. The veins 
were folded and showed a streak-like distortion, 
and usually varied in thickness from 1 to 10 mm. 
Locally, at a decimetre-scale, a preferred orien- 
tation of the grey veins could be observed. The 
microfabrics were homogeneous and fine grained. 
The sample showed a nearly perfectly recovered 
grain fabric with straight grain boundaries and fre- 
quent 120 ~ triple junctions (Fig. 3). The grain size 
varied from 140 to 500 Ixm, the averaged grain 
size was about 250 lxm. Only a very few grains 
were twinned. A detailed description of the twin- 
ning mechanisms and the application for palaeos- 
tress estimation is described by Rowe & Rutter 
(1990). The macroscopically visible grey veins 

Rock sample and microfabrics 

An oriented block of around 1 m 3 was taken from the 
Carrara area (Fig. 2). The sample was oriented with 
respect to the foliation plane ([xy] plane while [z] is 
perpendicular to the foliation) and the principal stress 
directions O'l, o'2 and o-3. The stress directions were 
measured by the over-coring method and revealed 
to be: o ' 1 = ( 5 . 1 3 +  1.07) MPa, o - 2 = ( 3 . 7 2 +  
0.61)MPa and o-3=(1.89 + 1.32)MPa (Alnaes 
pets. comm.). 

The investigated Carrara marble sample was 
bright white and contained locally different 

Fig. 3. Microscope observations of Carrara marble 
microstructure: homogeneous nearly perfect recovered 
microfabrics and fine-grained material, grain size 
140-500 p,m, grain fabric with straight grain boundaries 
and frequent 120 ~ triple point junctions. 
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were more fine grained, but showed very strong 
undulose extinction. The undulose extinction and 
the formation of subgrains occurred to such an 
extent that individual grains were difficult to 
detect. Grain boundaries were interlobate and a 
great number of fluid inclusions or graphite are 
probably responsible for the grey colour of the 
veins. 

Experiment 
In general, crystalline materials can be investigated 
by diffraction methods, so that by fulfilling the 
Bragg law 

2d sin @ = nA (1) 

(with d the lattice spacing, | the diffraction angle 
and A the wavelength), Bragg diffraction lines cor- 
responding to their Miller indices are detectable. 
Based on the high penetration depth of neutrons 
in matter, neutron diffraction enables one to inves- 
tigate samples in the centimetre range. In particular, 
the neutron TOF technique carries out the simul- 
taneous detection of all Bragg reflections in a 
given range of wavelengths. This technique is 
well suited to investigating minerals because the 
peak separation of lines in a line-rich diffraction 
pattern is possible as a result of the high resolution 
common for minerals with lower crystal symmetry. 

At the pulsed research reactor IBR-2 in Dubna, 
the diffractometers EPSILON-MDS for strain- 
stress analysis and SKAT for texture analysis 
have a neutron flight path of about 101.3 
(EPSILON-MDS) and 103.8 m (SKAT) respec- 
tively, and makes it possible to investigate Bragg 
diffraction lines with lattice spacing of up to 
d = 5.5 A simultaneously. 

The spherical sample method of Tobisch & 
Bunge (1972) is used to place the sample comple- 
tely into the neutron beam. Consequently, a spheri- 
cal bulk sample with a gauge volume of up to 
100 cm 3 can be investigated without geometrical 
corrections. 

Figure 4 demonstrates the sum of all 1368 
spectra (for q~ = 0~ ~ O = 0 ~  ~ with 
Aq~ = z~O = 5 ~ of the SKAT diffractometer for the 
calcite powder sample; lattice spacings and their cor- 
responding Bragg reflections are also indicated. The 
mineral content of other phases, such as graphite, 
quartz and dolomite, is lower than 5%. The back- 
ground (Bkg) of the Bragg diffraction peak (see 
Fig. 5) has been approximated by a linear relation- 
ship with the background parameters b and k: 

Bkg = kt + b. (2) 

The non-syrmnetrical Bragg peak was fitted by the 
bell-shaped asymmetrical Gaussian function of the 

Fig. 4. Sum of all the 1368 spectra for calcite powder (SKAT). Bragg reflections indicated by their Miller 
indices and the corresponding d-values are presented. 
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Fig. 5. Individual peak {10|4} approximation: experimentally measured peak, fitted peak, and the difference 
between measured and fitted curves are plotted. 

following form: 

(t __ t0)2, ~ 
A 0 e x p (  -2--~-1~ ) t  < to 

l(t) = ( (t~25- t~ (3) 
A0 exp ] t  < to 

Here, A0 (q~, O) describes the amplitude, to (~, O) the 
position and ~ (q~, a~) are different half-widths at the 
half maximum of the Bragg peak. Four parameters 
with their uncertainties ~kAo, Ato, Ao-j, Ao-2 can be 
determined for each individual Bragg reflection 
peak by processing all of the 1368 diffraction 
pattern. Not only the amount of data has to be pro- 
cessed, but also a large quantity of numerical oper- 
ations has to be fulfilled. Using the paramete~ A0 
(q~, 0), ol (q~, 0), 0"2 (~, 0), one can produce 
texture pole figures, the parameter to (q~, O) is used 
to produce the internal strain pole figures. 

Figure 5 illustrates the approximated function and 
the quality of the fit of an individual Bragg peak. 
One can see that the difference between the experi- 
mental and fitted curves is even smaller than the 
peak background. This is the criteria for high accu- 
racy of the peak fit on one side and of the reasonable 
choice of the peak shape on the other side. 

Texture 

The physical properties of calcite, such as thermal 
expansion and elastic modulus, are highly anisotro- 
pic. Consequently, it is necessary to know whether 
a sample has a crystallographic preferred orientation 
(texture) to predict the material behaviour. Although, 
a strong texture is usually formed during plastic 
deformation, a weak one does not usually demon- 
strate primary plastic deformation to any high degree. 

A cubic sample (edge length 80mm) was 
investigated with the SKAT diffractometer. The 
powder, prepared from the sample with a grain 
size of 50 Ixm, was used as the texture- and strain- 
free reference of the sample. The Bragg diffraction 
lines of the trigonal calcite shown in Figure 4 were 
used to investigate texture and strain. Only those 
Bragg diffraction lines that do not overlap and 
have the best peak/background ratio were chosen 
to analyse the peak parameters. The (0006) Bragg 
reflection peak was used because the pole figure 
for this crystallographic index corresponds to the 
distribution of the c-axis, which is the most infor- 
mative. The accuracy of the peak position esti- 
mation obtained for the calcite powder sample is 
illustrated in Figure 6. Because of the non-spherical 
sample geometry, the texture data have been cor- 
rected by their integral peak-background relation 
(see Nikolayev et al. 2005). 

The measured texture of sample g4 shows a low 
texture strength (cf. Fig. 7). The texture could be 
characterized as an incomplete fibre texture or the 
one with very elongated components. The small 
circle distribution on the { 1014 } pole figure demon- 
strates evidence for the incomplete fibre texture. 
The minimum value on all pole figures is larger 
than 0.69 m.r.d. (multiple of random distribution) 
and the maximum value is less than 1.25 m.r.d. 
The smallest minimum value among all pole 
figures gives an estimate of the volume part of the 
grains that does not have a preferred orientation. 
That means that more than 70% of the grain 
volume fracture is distributed uniformly and only 
a small volume fracture has a weak preferred orien- 
tation. Thus, the measured sample has a very weak 
texture. The marble block from which the sample 
was cut possesses an homogeneous texture. 
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'unloaded' states. In general, the medium is con- 
sidered contiguous. However, at the scale of the 
crystallographic lattice the medium could not be 
considered as a contiguous one. Nevertheless, 
elastic stress modifies the lattice distances that can 
be observed by diffraction experiments. So, internal 
or macroscopic strain can be detected by diffraction 
methods. 

The macroscopic intracrystalline strain is 
defined as: 

dhkl  _ d hkl 
e hkl _ - -  (4) 

do hkl 

Fig. 6. Dependence of the peak position from the 
detector at the SKAT diffractometer, the error bars 
demonstrate the quality of peak position reconstruction 
for the powder sample. 

Residual strain 

In mechanics the definition of a strain is derived 
from a displacement between 'loaded' and 

Using the neutron TOF technique the d-values corre- 
spond with the detected time channels, as seen in 
Figure 4. Bragg diffraction peaks (1014) and (1123) 
were analysed using the measured spectra for 
sample g4. Utilizing powder measurements to esti- 
mate the stress-free state, macroscopic internal 
strain was obtained for this sample. Figure 7 displays 
the corresponding texture and strain pole figures. 
Qualitatively, strain pole figures are very similar 
despite the fact that their corresponding texture pole 

Fig. 7. Experimental pole figures (equal area projection; upper row) and internal strain pole figures (~ in 10 -4, 
lower row) for sample g4. 
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figures are different. It means that the microscopic 
strain, calculated by using different diffraction lines, 
gives similar magnitudes and features. If the internal 
strain tensor has constant values then the index 
surface is ellipsoidal. As one can see from the strain 
pole figures, they are not ellipsoidal, i.e. the strain 
field in the studied sample has a much more compli- 
cated character. Consequently, the internal strain in 
the studied sample is not uniform. The strain 
maxima in Figure 7 are bent over the foliation 
plane by about 45 ~ . 

Next to measurements of sample g4 on SKAT, 
detailed studies of the sample were carried out on 
the EPSILON-MDS diffractometer. Figure 8 dis- 
plays the specific directions for which neutron dif- 
fraction patterns were collected by a gauge 
volume of 5 x 5 x 5 mm 3. The sample was trans- 
lated on the goniometer table by steps of 9 mm to 
carry out strain scans. Strain values are plotted at 
various sections. Figures 9 and 10 display the 
strain values for the Bragg diffraction lines (10i4) 
and (11,23). Position points of the sample were 
measured with an exposition time of 2 h at each 
position and marked by 132 . . . . .  138 . Afterwards, 
the sample was rotated about the [z]-axis by 175 ~ 

counter-clockwise and a further scan was carried 
out. The corresponding positions are marked by 
13~ . . . . .  13~. Figure 10 demonstrates in the upper 
row (Fig. 10a, b) the strain data of scan 1 and in 
the lower row (Fig. 10c, d) the strain data of 
another scan (scan 2). The figures reflect the strain 
inhomogeneities. Furthermore, the upper row 
shows the strain of two different peaks (1014) and 
(1153) for the collimators 7 and 8, whereas the 
lower row shows these reflections (10i4) 
(Fig. 10c) and (1153) (Fig. 10d) for two directions 
[x] and [z], perpendicular each to other. 

The main stress directions determined by mech- 
anical testing with the over-coring method 
(Alnaes pers. comm.) lies in the foliation plane. 
They were used as initial data, with the following 
values in the polar coordinate system: 

ol  = (5.13 _ 1.07) MPa (go = 61.7 ~ 0 = 218 ~ 

o'2 = (3.72 _ 0.61) MPa (go = 77.3 ~ 0 = 121.2 ~ 

o'3 = (1.89 ___ 1.32) MPa (go = 31.5 ~ 0 = 10.9~ 

Figures 9 and 10 demonstrate that strain values 
obtained on different crystallographic diffraction 
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Fig. 8. Directions measured with the EPSILON-MDS diffractometer, stress main axes 0-1, 02 and 0"3, were 
obtained by an over-coring technique and orientations of samples used for thermal expansions studies (L directions 
determined by mechanical test data; A, directions determined by bowing studies; 0 ,  directions determined with 
neutron diffraction at EPSILON-MDS). 
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Fig. 9. Strain values measured at EPSILON-MDS at 
neighbouring scan positions in the sample g4 with seven 
collimator units. 

lines are very similar and confirm the reliability of 
the extracted values. One can also see that the 
internal strain within the sample has a complicated 
distribution along the studied strain scan that is far 
from the uniform values accepted by many models. 
As shown in equation (5), strain values are dimen- 
sionless and express the relative change of lattice 
spacing. A negative value of strain corresponds to 
compression and the positive one corresponds to 
tension. Tables 1 and 2 illustrate the summarized 
maximum and minimum strain values for directions 
for which the thermal expansion was studied. The 
maximum values for different directions have 
shown qualitatively similar tendencies by measure- 
ments on both instruments. 

To conclude, internal strain was measured on the 
investigated sample g4. The internal strains are dis- 
tributed in a complicated way that does not corres- 
pond to a constant value of the strain field. Strain 
maxima are bent over the foliation plane by about 
45 ~ A careful cross-check of the results has con- 
firmed the reliability of the obtained strain values. 

Thermal expansion and bowing 
behaviour 

Thermal expansion expresses the relative length 
change of a sample. The relationship with the temp- 
erature is non-linear, i.e. the thermal expansion coef- 
ficient, oL, which describes the specific length change 
(10-6 K-  1) depends on the considered temperature 
interval. In sum, up to now all experimentally deter- 
mined data of marbles as a function of the heating 
and subsequent cooling cycle can be classified into 
four overall categories: (a) isotropic thermal expan- 
sion without residual strain; (b) anisotropic thermal 
expansion without residual strain; (c) isotropic 
thermal expansion with residual strain; and (d) aniso- 
tropic thermal expansion with residual strain (Sieges- 
mund et aL 2004). The residual strain may be 
observed even as a result of very small temperature 
changes, as shown for the temperature range 20-  
50 ~ by Battaglia et  al. (1993). 

Owing to their anisotropic behaviour, many 
samples have shown a large difference in residual 
strain after subsequent cooling down to room temp- 
erature. The thermal dilatation as a function of 
temperature basically had the following character- 
istics (Figs 11 & 12): during the heating-cooling 
cycle (20 -90-20  ~ the slope increased succes- 
sively until the destination temperature was 
reached. All samples generally exhibited a pro- 
nounced increase of residual strain after cooling 
down. In detail, the thermal expansion experiment 
found a weak directional dependence where the 
highest residual stresses were observed parallel to 
the Ix], [z] and o'1 directions (around 0.3-  
0.4 mm m -  ~), while parallel to the [ y]-direction 
and 90 ~ to o'1 somewhat lower values (0.1- 
0 . 2 m m m  -1) are evident. During the first cycle 
the residual strain increased significantly for 
almost all directions. After the second temperature 
cycle the residual strain did not increase while 
heating. Koch & Siegesmund (2004) have reported 
that the increase in the residual strain is limited and 
may end after the fifth cycle. Under wet conditions 
the marble showed very different expansion beha- 
viour. They started to expand continuously. 
This increase in water-enhanced residual strain 
after five further temperature cycles was relatively 
high and could reach maximum values of 
around 0 . 8 m m m  -1 (see Figs 11 & 12). The 
moisture content after heating cycles apparently 
influences the intensity of marble degradation. Sur- 
prisingly, the weak directional dependence under 
wet conditions was less pronounced and more or 
less uniform in all directions. 

To record the bowing potential of the samples 
(slabs of 400 x 100 x 30 mm), test-specimens 
were fixed in an apparatus in which they were 
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Fig. 10. Strain values measured at EPSILON-MDS with one collimator unit for different positions in the 
g4 sample: (a) and (b) strain scan 1; (c) { 10i4} and (d) {1123} strain scan 2 reflects two sample directions, [x] 
and [z], oriented perpendicular to each other. 

exposed to varying temperatures on their upper 
side, and exposed to varying moisture on their 
underneath side. Both parameters,  temperature 
and moisture, influenced bowing and change 
within a testing cycle of  24 h. The temperature 
interval on the upper side of  the sample ran from 
20 to 80 ~ and max imum values were obtained 

approximately 1 - 3  h after the onset of heating. 
Subsequently, the m a x i m u m  value is preserved for 
another 3 h. During all the heating cycle, the test 
specimens were bedded into coarse-grained sand, 
which steadily reduced its moisture content in 
response to the temperature rise. Cooling of  the 
specimens took over 16 h. 

Table 1. Residual strain values." the sample main axes and three directions in relation to the main stress 
direction, or1, measured on the EPS1LON-MDS diffractometer 

Direction 8(10 -4) max. ~(10 -4) min. I~(10 -4) max. ~(10 -4) min. ~;(10 -4) max. E;(10 -4) min. 
g4 edge g4 middle g4 rotated 

Ix]  
[y] 
[z] 
parallel to o-1 
45 ~ to or 1 
9 0  ~ to O" 1 

0.24 - 7.77 1.86 - 5.57 - 5.17 - 8.45 
- 2 . 6 4  - 5 . 5 8  - 1.17 -6 .56  - 1.56 - 10.65 

5.68 - 1.89 
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Table  2. Residual strain values at (0006), (10i4) and (l123) for the sample main 
axes and three directions in relation to the main stress direction, o1, measured on the 
SKA T diffractometer 

Direction e(10-4)  8(10-4) E(10-4) ~; . . . . .  g e ( 1 0 - - 4 )  

{0006} { 10i4} { 1123 } 

[x] - 4.35 - 5.21 - 0.07 - 3.21 
[y] - 5.76 - 4.44 - 0.17 - 3.46 
[z] - 13.45 - 11.27 - 10.4 - 11.7 
parallel to o1 - 3.22 - 2.71 - 2.18 - 2.7 
45 ~ to o1 - 2 . 3 2  - 2 . 0 4  - 1.24 - 1.87 
90 ~ to o"1 - 4 . 0 4  - 3 . 3 1  - 1.91 - 3 . 0 9  

0.8- 
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0.2- 
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0 
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�9 [ ]  direction 45 ~ to ~31 

1 2 3 4 5 

Number of Temperature Cycles [20-90~ 

Fig. 11. Residual strain represents the permanent length 
change after heating and cooling cycles (five cycles in 
total). The thermal expansion was measured in different 
directions with respect to the in situ stress field, i.e. 
parallel to oq, 90 ~ to o1 and 45 ~ to o'1. Filled symbols 
characterize samples measured under wet conditions, 
and open symbols under dry conditions. 

�9 ~ [Z]-direction 
0.8 - [y]-direction 

~ 0.6- 

co o.4- 

~, 0.2 

Number of Temperature Cycles [20-90~ 

Fig. 12. Residual strain represents the permanent length 
change after heating and cooling cycles (five cycles in 
total). The thermal expansion was measured in different 
directions with respect to the rock fabrics (directions [x], 
[y] and [z]). Filled symbols characterize samples 
measured under wet conditions, and open symbols under 
dry conditions. 

The  results  have  s h o w n  rapid  b o w i n g  of  all speci- 
mens  dur ing the first five to e ight  hea t ing  cycles  
(Fig. 13). After  10 cycles,  t rends can  be observed  
that  a l low a separat ion into three groups.  Pieces  
wi th  a relat ively low b o w i n g  potent ia l  at this t ime  
(direct ions [x], [y] and 90 ~ to o-1) demons t r a t ed  
de fo rmat ion  of  approx ima te ly  0 . 7 5 -  
1.00 m m  m - k  Other  slabs (direct ions [z], paral lel  
to o'1 and 45 ~ to 0"1) have  shown  b o w i n g  rates of  
1 . 2 -1 .5  m m m  -1 after 10 heat ing  cycles,  whereas  
at the same t ime  even  s t ronger  b o w i n g  of  approxi-  
mate ly  1.7 (direct ion parallel  to 0"1)  and 
1 . 9 m m m  -1 (direct ion [z]) can be observed.  
Dur ing  the fo l lowing  cycles,  a decrease  o f  the 
bowing  intensi ty  can be r ecogn ized  for some  
plates,  especial ly  the one  prepared  f rom the [z] 
direction.  Af ter  45 cycles,  two  pieces  that  were  pre- 
pared  wi th  respect  to the general  or ienta t ion  (direc- 
t ions Ix], [y]) showed  the lowest  values,  whereas  
the di rect ion parallel  to o-1 as wel l  as the [z] direc- 
t ion displays the h ighes t  values.  In contras t  to the 
thermal  expans ion  the b o w i n g  has shown  m u c h  
greater  direct ional  dependence ,  wh ich  is significant 
if  the [z] and [ y] d i rec t ion are compared .  

Discussion and conclusion 

Thermal  expans ion  behav iour  and the residual  
strain, i.e. progress ive  mic rocrack ing ,  m a y  be 
easi ly expla ined  by the texture  and single crystal  
coefficients o f  calcite.  The  coefficient ,  e~, of  
calcite is ex t remely  anisotropic  (Kleber  1990): 
OLll = 26 x 10 -6  K -1 paral lel  and O~22 ~-  

- -6  • 1 0 - 6 K  -1 pe rpend icu la r  to the  crystal lo-  
graphic  c-axis, i.e. calci te contracts  no rma l  to the 
c-axis and expands  paral lel  to the c-axis whi le  
heat ing.  For  a marb le  sample  wi th  the texture 
g iven  in Figure  14 a var ia t ion in the rmal  di latat ion 
of  be tween  4.47 x 10 -6  and 4.77 x 10 -6  K -1 
because  of  the girdle- l ike  and w e a k  c-axis distri- 
but ion  was calculated.  It is clearly d o c u m e n t e d  
that  texture-based the rmal  expans ion  is m o r e  or 
less isotropic.  The rma l ly  i nduced  mic roc rack ing  
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Fig. 13. Potential bowing behaviour of samples, which were prepared with respect to o1 and the rock fabrics 
(directions [x], [y] and [z]). 

leads to a residual strain after heating due to tensile, 
compress ive  or shear stresses along grain bound- 
aries and thus to deterioration of  the rocks'  
quality. Microstructure-based f ini te-element simu- 
lations reported by Weiss et al. (2002, 2003) 
conf i rm the exper imental  results with respect to 
the magni tude  and mechanisms of  thermal degra- 
dation. Variations in texture may  significantly 
affect  the distribution of  thermal stresses within 
marble.  There  is a strong inverse correlation 
be tween thermal stresses and degree o f  texture, as 
higher  elastic strain energies are associated with 

weakly  textured marbles and vice versa. Moreover,  
grain-to-grain orientation relationships, frequently 
called misorientations,  and their distributions are 
also important parameters.  Different  misorienta- 
tions lead to variations in the elastic energy 
densi ty that are of  the same order of  magnitude to 
those related to the texture itself (Weiss et al. 
2003). However ,  many  authors (e.g. Sage 1988 or 
Koch & Siegesmund 2004) demonstrate  that the 
increase in residual strain stops after a few 
heating cycles if moisture is absent. Therefore,  
Bucher  (1956) and Winkler  (1994) pointed out the 

171 14 Left avera ed thermal ro ertles the thermal coefficients for calc~ 6 1 "g"  " : 6 g I P p " : " 'tesingle crystals allc = 26 x 10- K-  , 
a• = - 6  x 10- K-  were used for calculations: thermal expansion in [10- K- ]. For the isotropic case the thermal 
coefficient is e~i = 2/3e~• + 1/3allc = 4.67 x 10 - 6  K -1.  Right: experimental {0006} pole figure of sample g4. 
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importance of moisture in the degradation. In the 
presence of moisture a residual strain increase 
may be observed causing progressive marble 
decay. Winkler (1996) explained this behaviour in 
terms of oriented molecular layers (thickness of 
2 -3  nm) in capillaries of less than 0.1 ixm that 
could be responsible for swelling by elongation 
and stone disruption. Poschlod (1990) argued that 
capillary condensation cannot be responsible for 
the decay process because the STERN-layer and 
GOUY-CHAPMANN-layer are not active under 
normal climatic conditions (below 100 ~ 
However, although the process of moisture-driven 
deterioration is not yet understood, the residual 
strain is much higher (2-3 times higher) if com- 
pared with the dry conditions. In addition, the 
bowing potential of the same marble is unexpect- 
edly high and strongly directional dependent. 

Owing to the above-mentioned single crystal 
thermal properties and the c-axis maximum, the 
maximum thermal degradation is closely linked to 
this direction that may roughly coincide with the 
area enclosed by the [z] and o-1 directions, i.e. the 
maximum concentration of the c-axes within the 
broad girdle-like arrangement. The weak texture is 
also clearly documented in the residual stresses, 
although the misorientation of individual grain-to- 
grain orientation may produce internal stresses 
leading to microcracking. Owing to the observed 
texture and thermal expansion data, the bowing 
behaviour was unusually high parallel to the [z] 
and o'1 directions, with maximum values of 
2 mm m -1. This cannot be explained solely by 
either rock fabric or by thermal expansion behaviour. 

The methods of neutron diffraction for the inves- 
tigation of crystallographic preferred orientation, 
intracrystalline strain by strain scans and residual 
strain pole figures are suitable for the acquisition 
of high-quality data based on properties and dimen- 
sions of the crystallographic lattice. Combined data 
from crystallographic texture and strain pole figures 
give unique data sets that provide an improved 
understanding of marble deformation behaviour. 

In general, the investigated sample is character- 
ized by a very weak crystallographic texture, on 
the one hand, and large bowing anisotropy, on the 
other. Macroscopic strain also reveals a high 
degree of anisotropy. This means that the bowing 
behaviour of the studied sample could be strongly 
related to internal stresses. In particular, the 
observed texture of the cubic sample g4 can be 
characterized as weak, and all pole figures show 
low intensities. The {0006} basal plane pole 
figure is characterized by a girdle-like distribution 
and low intensities under 1.0 m.r.d., maxima were 
found in the { 0006 } pole figure with intensities up 
to 1.25 m.r.d. Furthermore, features of orthorhom- 
bic sample symmetry have been observed in the 

{ 1014} pole figure. The data sets for texture pole 
figures could be also used for the analysis of strain 
by generation of strain pole figures. Mainly com- 
pression strain states were observed in the strain 
pole figures. Mean strain values were found for all 
crystallographic directions in the range of e from 
- 2  x 10 -4 to - 4  x 10 -4, but minimum compres- 
sional strain values are of about e = - 1.3 x 10 -3. 
This orthorhombic sample symmetry was also 
found in all three strain pole figures {0006}, 
{1014} and {1123}. So, the relationship between 
the crystallographic preferred orientation and the 
strain distribution in the pole figures is obvious 
because the texture pole figures are also character- 
ized by orthorhombic sample symmetry. The 
measured compressional residual strain values in 
the large sample with dimensions of 
80 • 80 • 80 mm were up to -1 .3  x 10 -3 higher 
than in marble plates with dimensions of 
100 • 100 x 30 mm, similar to previous investi- 
gations by Scheffztik et al. (2004) where compres- 
sional residual strains were found to be 
- 7  x 10 -4. Residual strain values, measured on 
quartz (Frischbutter et al. 2000), were also in the 
range of _ 4 • 10 -4. So, it is assumed that the mag- 
nitude of the compressional residual strain depends 
on the dimension of the sample. 

Logan (2004) carried out cyclical marble exper- 
iments and reported that stored residual strain con- 
tributes to a loss of strength within the marble, but, 
more importantly, it is a critical factor in the devel- 
opment of the bow. This elastic strain may be the 
result of the geological history of the material, or 
may be developed as a result of the differential 
thermal expansion of calcite, because he found 
that thermal cycles at 36 ~ after 30 days produced 
an increase in the residual strain of up to 10 -4 . In 
contrast, this study has shown that the residual 
strain in a bulk natural sample has a magnitude of 
10 -3, which can be seen to be a result of geological 
history, taking into account the stress redistribution 
and/or stress relaxation by sample extraction. In 
addition, Logan (2004) reported that the loss of 
tensile strength by accumulation of damage, regard- 
less of the size of thermal cycles, is one factor 
leading to bowing. This means that strongly 
bowed panels are characterized by a loss of their 
mechanical properties and that intracystalline 
residual stress could be the driving force. 

Based on the observed homogeneous microstruc- 
ture and its texture, the marble sample can be seen 
as nearly isotropic. Although the strain-stress 
behaviour is influenced by grain boundaries and 
pores, a linear relation between strain and stress, 
described by Hooke's law (eij = SijktO'kt, with 
ei# the local elastic strain, Sokl the elastic com- 
pliances and o-kt the local stresses), can be 
applied. Using the elastic constants for the trigonal 
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calcite Ect_axis : 87.8 GPa and Ec_axis : 57.6 Gpa, 
one can estimate the maximum stress value. 
The observed minimum strain value of 

-----1.34 • 10 -3 in the {0006} strain pole 
figure corresponds with a residual stress magnitude 
of about O-c-axis : 77.5 MPa. At the present time, no 
work has been reported in which strain pole figures 
have been converted to stress pole figures because 
the local stress O'kl and the local strain eij vary 
from one crystallite to another. Moreover, they 
vary within the individual crystallites, even if submi- 
croscopic defects, like point defects or dislocations, 
are ignored. Thus, different lattice orientations in 
each crystallite in polycrystalline materials imply 
that the compliances Siju are in principle different 
in each crystallite. Thus, heterogeneous strain and 
stress distribution occur not only from one crystallite 
to another, but even inside each crystallite. The tran- 
sition from strain to stress has been described in 
several respects by Brakman (1987a). 

Two directions [ y] and [z], each perpendicular to 
the other, have been investigated by strain scans 
across the sample cross-section with a higher resol- 
ution. It is obvious that mainly contraction was 
observed. In general, and in comparison to the [z] 
direction, the [y] direction shows strain values 
with a stronger compression for (10i4) as well as 
for (11,23). 

The influence of crystallographic texture on dif- 
fraction measurements of residual stress provides 
several approaches for a better understanding of 
material behaviour in the future. Up to now, the 
relationship has been discussed mainly for cubic 
materials (Brakman 1987b; van Houtte & de 
Buyser 1993). The interaction between strain and 
texture for materials with lower symmetrical crys- 
tals is more difficult to establish. Nevertheless, 
further investigations of structural geological fea- 
tures, rock fabric, weathering, thermal effects, crys- 
tallographic preferred orientation, and residual 
stresses and their interactions are necessary to 
improve our understanding of the bowing effects 
observed in marble panels. Results from thermal 
expansion, together with the observed different 
intensities of bowing in comparison with neutron 
diffraction data of residual strain and texture, under- 
line the suggestion that so-called locked-in stress 
should have an important impact on the bowing of 
marbles. To detect this locked-in stress, the 
neutron TOF diffraction measurements can be 
regarded as a suitable method, but ongoing investi- 
gation is necessary to establish this approach as a 
measure of the bowing behaviour. 
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