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Abstract: To optimize stone consolidation it is necessary to understand the mechanisms of 
weathering in marbles, and its control by the mineralogical composition and the rock 
fabric. A knowledge of how the stone consolidants affect the weathering mechanisms and 
if they are compatible with the stone is also an important consideration. The weathering 
of marble can begin with thermal stress whereby cracks are generated. To verify whether 
consolidation influences the thermal behaviour of marbles, we compared the behaviour of 
weathered and consolidated marbles. For the investigations four marbles were selected 
with various fabrics (e.g. texture, grain size, grain boundary geometry, etc.) and different 
weathering conditions. Three consolidation approaches were adopted: a solved poly- 
methyl-methacrylate (PMMAsol) dissolved in xylenes, a polysilicic acid ester (PSAE) and 
a total impregnation with a monomer methyl-methacrylate (PMMApoly). Measurements of 
the porosity and effective pore size distribution evidenced a strong modification of the pore 
space by consolidation. Both PMMA approaches show a re-establishment of cohesion 
which can be determined by ultrasonic velocity measurements. By reaching the respective 
glass transition temperatures of PMMAsol and PMMApoiy, a strong modification of thermal 
behaviour occurs. The PSAE consolidated marbles show only minor changes of dilatation, 
but due to its low bonding effect no significant cohesion between the crystals occurs. 

For over a century stone consolidants have been 
extensively used for conservation purposes to 
save de ter iora ted  natural  building stones. 
Although a huge quantity of knowledge exists 
about consolidation, the selection of an appro- 
priate impregnat ion  mater ia l  is still largely 
based on empirical considerations. If a consoli- 
dant appears to give acceptable results with one 
type of stone, it is often applied to other stone 
types, without  proper ly  de te rmining  if the 
consolidant is compatible with them. Some of 
the factors affecting the performance of consol- 
idants are known, such as penetrat ion depth and 
moisture transfer through consolidated stone. 
However,  only a few considerations have been 
given to other important factors, e.g. compati- 
bility of their thermal properties with the rock 
minera logy and the rock fabric (cf. Clif ton 
1980). 

Thermal dilatation processes are responsible 
for the initial degradation of marbles. Kessler 
(1919) found that repeated heating of marbles 
may lead to pe rmanen t  di latat ions due to 
microfractur ing and that  thermal ly  t rea ted  
marbles  show a remarkable  non-revers ible  
change in length especially during the first 
heating cycle (Sage 1988; Tschegg et al. 1999; 
Siegesmund et al. 2000). Even small tempera- 
ture changes of 20~ to 50~ may result in 
damage (Battaglia et al. 1993). Marble has a 
very simple mineralogical  composit ion.  It 
consists of calcite and/or dolomite with other 

accessory phases (e.g. quartz, mica etc.). Calcite 
and dolomite exhibit a pronounced anisotropy 
of the thermal expansion coefficient at different 
crystal lographic  direct ions (Kleber  1959) 
leading to stresses within the sample during 
heating. When these stresses exceed the thresh- 
old of cohesion a thermally induced deterio- 
ration is observed (cf. Sage 1988). The rock 
fabric, which includes grain size, grain aspect 
ratios, grain shape preferred orientation, lattice 
preferred orientation (texture) and the microc- 
rack populat ions,  significantly controls  the 
material 's behaviour during thermal stress (e.g. 
Siegesmund et al. 1997). 

At  present  little is known concerning the 
manner  or degree of change of thermoelastic 
properties upon impregnation. Siegesmund et 
al. (1999) observed an increase of directional 
dependence  of the thermal  expansion co- 
efficient for samples of Wunsiedel  marble  
impregnated  with PMMA.  However ,  this 
specimen was relat ively unwea the red  which 
means that the rock's structure was more or less 
intact (i.e. good cohesion between the grains 
and low porosity). 

In contrast, this paper investigates the influ- 
ence of impregna t ion  mater ia ls  on thermal  
behaviour of weathered marbles with a special 
regard to the interaction between rock fabric 
and stone consolidant .  Four  marbles  with 
different fabrics were selected: Carrara, Lasa, 
Sterzing (Italy) and Prieborn (Poland). Detai led 
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fabric analyses were performed on each sample. 
These marbles had been outside for different 
time spans, and therefore represent very 
different weathering conditions. The samples 
from Lasa, Sterzing and Prieborn show an inter- 
mediate decay, whereas the Carrara specimen is 
strongly deteriorated. 

Marble samples were impregnated with the 
following consolidants: polymethyl-methacry- 
late (PMMA~o0 dissolved in xylenes, a polysili- 
cic acid ester (PSAE) and methyl-methacrylate 
(PMMApoly) polymerized within the marble. 
Thermal expansion measurements were carried 
out on both weathered and consolidated 
samples and the degradation by heat treatment 
was determined by ultrasonic velocity measure- 
ments. Moreover, porosity and pore size distri- 
bution analyses were used to characterize the 
intruded volume of consolidant and the 
occupied pore radii classes. 

Analytical methods 
A reference coordinate system for the investi- 
gations, with respect to the macroscopically 
visible elements of foliation and lineation 
(Fig. la) was chosen. The XY-plane marks a 
metamorphic foliation while the X-direction is 
parallel to the lineation. An arbitrary coordi- 
nate system was defined, if the specimens did 
not show any macroscopically visible fabric 
elements. 

Petrographic analyses (in polarized light) on 
standard thin sections were performed for a 
qualitative description of different grain 
parameters  (e.g. mineralogical composition, 
grain boundary geometry, microcrack systems). 
Quantitative values for different fabric 
parameters (grain size, grain boundary orien- 
tation etc.) were obtained from digital image 
analyscs (Duyster 1991). 

Scanning electron microscopy (SEM) on frac- 
tured surfaces (fractography) was applied for 
the identification and characterization of micro- 
cracks in stone and to determine the relation- 
ship of the deposit of the consolidant to the 
stone substrate. 

The lattice preferred orientation (here 
referred to as texture) of the marbles was deter- 
mined by means of neutron diffraction (cf. Leiss 
& Ullemeyer 1999). Due to the high penetration 
depth of neutrons, large sample volumes may be 
investigated and a better approximation of the 
bulk rock texture is achieved. 

For a quantitative determination of porosity 
and pore size distribution mercury porosimetry 
was used (cf. Brakel et aL 1981). 

Ultrasonic velocity measurements were used 
for the detection of marble degradation by 
thermal treatment on cubic rock samples (65 x 
65 x 65 mm). Transient times of ultrasonic 
pulses were determined (piezoceramic trans- 
ducers, resonant frequency I MHz) in three 
orthogonai directions using the pulse trans- 
mission technique (Birch 1960, 1961). The 
measurements were performed with dry, 
completely water-saturated and experimentally 
impregnated samples. 

The thermal expansion behaviour was 
measured on cuboids (10 x 10 x 50 mm). The 
directional dependence of the thermal expan- 
sion was determined as a function of tempera- 
ture using a triple dilatometer (cf. Tschegg et al. 
1999: Siegesmund et al. 2000). The final dis- 
placement resolution was better than 1 lam. For 
a detailed description of the experimental setup 
refer to Widhalm et al. (1996). The thermal 
expansion coefficient 0t expresses the expansion 
of a material as a function of temperature. 
Calcite shows an extremely anisotropic ct 
(Kleber 1959): oql = 26 x 10 -6 K -1 parallel and 
0t22 = 0t33 = - - 6  X 10 - 6  K -1 perpendicular to the 

Fig. 1. (a) Reference coordinates with respect to foliation and lineation. (b) The calcite cleavage 
rhombohedron together with the values for thermal dilatation (Kleber 1959) and ultrasonic velocities (Dreyer 
1974) in the directions of the c- and a-axes of the single crystal. 
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Fig. 2. Curves for different thermal dilatation 
coefficients a observed in expansion measurements (I 
= large c~, II = small ct and III = negative 0t). Residual 
strain remains if a sample does not return to its initial 
length. 

crystal lographic c-axis (Fig. lb) ,  i.e. calcite 
contracts normal  to the c-axis and expands 
parallel  to the c-axis during heating. The 
coefficient of thermal expansion for the investi- 
gated marbles was calculated from the experi- 
mental ly  de te rmined  tempera ture  and 
dilatation data (or = Al(l x AT)). In Figure 2, 
heating/cooling ramps are schematically shown 
for a strong (small or), a weak (large a)  and a 
negative thermal  di la tat ion coefficient.  All 
investigations were per formed on three 
mutually perpendicular specimens to gain infor- 
mation on the directional dependence of the 
data. 

Consolidation 

The PMMAsoz is a specially modif ied poly- 
methyl-methacrylate with a minor portion of 
polymethyl-butyl  copolymer  and some acid 
groups added for better adhesion (cf. Koblis- 
chek 1990). The acrylic resin has a molecular 
size smaller than 24 nm, the density is about 
0.95 g cm -3, and the glass transition tempera- 
ture (Tg) is approximate ly  60~ For the 
purpose of this investigation it is dissolved in 
xylenes to a concentrat ion of 40%. The polymer 
becomes effective after evapora t ion  of the 
solvent by forming films of varying strength. 

The PSAE is an ethylsil icate comprising 
three to five silicic acid ester molecules. The 
oligomers have a molecular  size between 
1.2 and 6 nm with the predominant  por t ion 
about 3 nm (Koblischek 1990). The PSAE is 
dissolved in ethanol  with an active ingredient 
content of 40%. 

For the PMMApoiy approach the rock samples 
are fully impregnated with monomer  methyl- 
methacry la te  and polymerized in situ. The 
PMMApozy generated by this means is a Plexi- 
glas with a Tg at approximately 85~ and a 
thermal  d i la ta t ion coefficient (or) of 70 • 
10 -6 K -]. The impregnat ion  solut ion also 
contains an acrylic silane and acrylic acid 
(Lorenz & Ibach 1999). The volume reduction 
during the polymer iza t ion  is approximate ly  
20 vol%. 

The first two methods are usually used for on- 
site consol idat ion.  Both  consolidants  are 
normally applied on the rock surface and are 
incorporated by capillary uptake. To facilitate 
impregnation,  the dissolved consolidants are 
repeatedly applied with a smaller agent content. 
In order to gain a complete impregnation of the 
materials under investigation, the stone consol- 
idants are applied under a vacuum of 0.07 bar 
followed by a confining pressure up to 6 bar. To 
provide an interconnecting porosity, the marble 
samples were thermal ly  precondi t ioned  by 
heating them up to 200~ This procedure was 
not necessary for the sample from Carrara since 
it was already extremely deteriorated. 

The third consolidation method is normally 
not performed on site. Before impregnation, the 
rock samples were dried by heat ing up to 
approximately 70~ (cf. Lorenz & Ibach 1999). 
The samples were then placed in a vessel which 
was introduced in a vacuum/pressure kettle. 
Under  vacuum the vessel was fully filled with 
monomer  methyl -methacryla te .  The radical 
polymerization was initiated at approximately 
80~ after some vacuum/pressure stages 
(0.75/25 bar). 

Grain fabrics 

Carrara marble  

The Carrara marble was taken from the exterior 
of a strongly weathered window sill from the 
Marble  Palace in Potsdam (Germany) .  The 
specimen is of a bright  white colour and 
contains irregular  grey veins. The veins are 
folded and show a streak-like distortion and 
usually range in width from 0.5 to 2 cm. A 
preferred orientat ion of the veins is not clearly 
detectable. The sample shows a strong decay in 
the form of granular disintegration. 

Microstructurally, the Carrara marble shows 
a nearly equigranular  polygonal  grain fabric 
(Fig. 3a) with straight grain boundaries and 120 ~ 
triple-point junctions (Fig. 4a). The grain size in 
the white areas is about 200 pm and the grain 
size dis t r ibut ion shows a narrow maximum 
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Fig. 3. Results from quantitative image analyses. Top, thin section drawings illustrating the grain fabric and the 
relative grain size differences (XY-plane). Below, the statistical orientations of grain boundaries are shown in 
the YZ-, XY-, XZ-plane. 

(Fig. 5a). In the XY-plane of the investigated 
sample a weak preferred grain boundary orien- 
tation (subparailel Y-direction) can be observed 
(Fig. 3a). 

The grey veins are fine grained (average grain 
size = 50 pm) and the grains have a very strong 
undulose extinction. Grain  boundar ies  are 
interlobate and a high amount of fluid inclusions 
or graphite occurs which probably causes the 
grey colour of the veins. 

Prieborn  marb le  

The weathered sample of the Prieborn marble 
(Poland) was also taken from the Marble Palace 
and represents an exposed outside staircase. 
The marble is grey in colour and exhibits a foli- 
ation of alternating dark and light grey layers. 

The start of degradation is observable along the 
grain boundaries and, in particular, within the 
superficial layers. However,  the state of deterio- 
ration is less pronounced than that of the 
Carrara  marble. 

The grain fabric is very similar to that of the 
Carrara  marble (Fig. 3b). However, the grain 
boundaries are slightly more curved or very 
finely serrated (Fig. 4b). The average grain size 
is about 200 lain (Fig. 5b) intercalated with fine- 
grained layers with grain size less than 100 pro. 
A grain shape preferred orientation of weakly 
elongated grains can be observed in the YZ- 
section (llZ-direction) and also in the XY-plane 
(llX-direction) of the specimen (Fig. 3b). 

Twinning rarely occurs, even though a 
prefer red  or ientat ion of the lamellae sub- 
parallel to the foliation is detectable in the 
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Fig. 4. Photomicrographs (crossed polarizers) showing the grain boundary geometry. The images correspond 
to the XZ-section. 

XZ-section. The grain boundaries are open and 
decorated with dark material. Together with 
fluid inclusions, this causes the grey colour of 
the marble. Small quartz grains and pyrite occur 
as accessory mineral phases. 

Lasa marble 

The Lasa sample comes from a replaced grave 
stone exposed for more than 40 years. Macro- 
scopically the marble shows a bright white 
colour. Only a few light grey layers about 4 cm 
wide could be observed marking the foliation. 
The main weathering feature of this sample is a 
weak chemical exsolution at the rock surface 
along grain boundaries and cleavage planes of 
the calcite crystals. 

The grain fabric of the marble is more or less 
inequigranular (Fig. 3c) and the grain boundary 
geometry is slightly irregular (Fig. 4c). In 
contrast to the Carrara and Prieborn marble 
types, the Lasa sample exhibits a larger average 
grain size of about 700 ~tm (Fig. 5c). In all the 
investigated directions a slight preferred 
orientation of grain boundaries can be 
observed which is most evident in the XY-plane 
(Fig. 3c). 

Sterzing marble 

This sample was originally used as a grave stone. 
Macroscopically the marble is characterized by 
a greyish white colour and a coarser grain size. 
Superficially, a pronounced chemical exsolution 
along calcite cleavage planes and grain bound- 
aries is observable. 

This marble shows a seriate grain fabric 
(Fig. 3d). The grains have irregular shapes with 
strongly curved, interlocking grain boundaries 
(Fig. 4d). Twinning is more frequent and the 
grains show undulose extinction, deformation 
bands, subgrain formation and bent twin 
lamellae. This fabric is interpreted as the result 
of a late-stage deformation with the interlocking 
grain boundaries indicating grain boundary 
migration (Fig. 3d). Subgrains as well as recrys- 
tallized grains along the grain boundaries also 
reveal a subgrain rotation recrystallization 
(Passchier & Trouw 1996). 

The average grain size is about 1.5 mm (Fig. 
5d). The coexistence of large and small grains 
can only be visualized when the diameters of the 
grains are shown as a fraction of the total 
number of grains (Fig. 5d). With respect to the 
total number of grains, smaller grains show a 
higher frequency compared with larger ones. 
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Fig. 5. Grain size distributions determined by quantitative image analysis. The values of the different sections 
(XY-, YZ-, XZ-plane) have been averaged. The relative frequency of a spccilic diameter class has been 
calculated with respect to the total diameter (grey bars; d = total diameter) and to the total number of grains 
(black bars; n = total number). 

A pronounced preferred orientation of grain 
boundaries is only observable in the YZ-plane 
and is oblique to the Y-direction (Fig. 3d). 

Trails of fluid inclusions are common. 
Moreover, the sample exhibits biotite flakes on 
the grain boundar ies  and within the calcite 
grains. Quartz is found as an accessory mineral 
(about 1%), which occurs as small round inclu- 
sions in calcite crystals. 

Texture 

The calcite single crystal has extreme aniso- 
tropic properties. Therefore,  the texture may 
have an important influence on the strong direc- 
t ional dependence  of physical /mechanical  
parameters (Widhalm et al. 1996; Siegesmund et 
al. 1999). 

The marbles in this study show significant 
differences in their texture. Two general texture 
types can be defined. The first is observed for the 
Carrara and the Prieborn marbles and can be 
described as a c-axis fibre type (Fig. 6a,b). The c- 
axes form a slightly elongated maximum perpen- 
dicular to the foliation, whereas the a-axes show 
a girdle distribution subparallel to the foliation 

with a maximum parallel to the X-direction. 
Although both marbles exhibit similar grain 
fabrics and also similar texture patterns, the 
texture strength is different. The Prieborn marble 
shows a strong c-axis maximum of 3.6 mrd, while 
the Carrara marble exhibits a maximum of only 
2.0 mrd (mrd = multiples of random distribution). 
The Sterzing marble also shows the character- 
istics of a c-axis fibre type (Fig. 6d). The Carrara 
and the Prieborn marbles show a weak girdle 
distribution of the a-axes, which is more 
pronounced for the Sterzing marble. 

The second texture type can be found in the 
Lasa marble. The c-axes of this marble show a 
girdle distribution (Fig. 6c) and the a-axes form 
a point  maximum preferent ia l ly  or ienta ted 
parallel to the X-direction. Due to this particu- 
lar texture type, a different thermal expansion 
behaviour is expected when compared to the 
other marbles. 

Pore space characteristics of weathered 
and impregnated samples 

Grain boundary cracks and intragranular cracks 
parallel to cleavage planes and twin lamellae are 
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Fig. 6. Texture patterns of the different marbles (lower hemisphere, stereographic projection; lowest contour 
is equal to 1.0 multiples of random distribution (mrd); the relative maxima are given). 

observable in all investigated marble samples. 
Thus, the pore spaces of the weathered marbles 
are characterized by a primary crack porosity. 
The intergranular cracks are found predomi- 
nantly in the Carrara and Prieborn marbles, and 
therefore, in fine grained marbles with relatively 
straight grain boundaries. Intragranular cracks 
frequently occur in the coarser grained Sterzing 
marble. The curved, interlocking grain 
boundary geometry of this marble type leads to 
an activation of internal planes in the calcite 
crystals. 

Stone consolidants within the pore space 

The disposition of stone consolidants within the 
pore space of the marbles provides important 
information about the adhesion between calcite 
and the impregnation material. Evaluations can 
be made about the modification of the pore 
space including secondary porosity and its inter- 
connected network. 

The PMMAsol consolidated marbles are 
characterized by locally isolated films in the 
pore space, detectable by SEM analyses. These 
isolated films vary in shape and size depending 
on the marble. In the strongly weathered 
Carrara marble with its large pore radii these 
films occur as relatively expanded coatings at 
grain boundaries (Fig. 7a). These coatings are 
sporadic and reproduce the relief of the under- 

lying grain boundary topography (Fig. 7b). The 
PMMAsol films often exhibit holes with 
irregular shape. The rims of these holes appear 
rounded and cannot be explained by fracturing, 
e.g. during sample preparation. They are inter- 
preted as shrinkage phenomena generated 
during evaporation of the solvent. The size of 
the films depends on the pore size. The Carrara 
and Prieborn marbles exhibit large films, while 
the Lasa and the Sterzing marbles, with rela- 
tively small pore sizes, show only isolated small 
accumulations. 

The PSAE occurs as irregular, flat shards, 
separated by cracks (Fig. 7c). This structure can 
be attributed to shrinkage after gelation. The 
individual fragments show a mostly disc-like 
polygonal shape, and their size varies between 
approximately 5 and 30 pm. The width of the 
shrinkage cracks between the shards ranges 
from 0.5 to 3 pm (Fig. 7d). The fact that all of 
the PSAE gel remains in place on fractured 
surfaces, and that there is no negative pattern of 
cleavage planes and grain boundaries in the gel, 
indicates little or no cohesion between the gel 
and the calcite grains. 

The PMMApoly appears as relatively dark 
coatings in the SEM images using the back- 
scattered mode. In contrast to the PSAE consol- 
idant, the negative pattern of cleavage planes on 
the detached PMMApoly plane is evidence that 
the cracks were completely filled (Fig. 7e) and 
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Fig. 7. Backscattered images (SEM) of impregnated specimens (fractography). (a-d) Consolidated samples of 
Carrara marble which show a preferred cracking along grain boundaries. (e,f) Sterzing marble with a preferred 
degradation along intragranular planes. 

that a pronounced cohesion was induced by this 
consolidation process. In sections perpendicular 
to the filled cracks, small holes with oval shapes 
about 1 jam in size are observable. They occur in 
the central parts of the PMMApo]y (Fig. 7f). 
They are interpreted as voids due to volume 
reduction of the PMMApoJy during polymeriza- 
tion (see also Lorenz & Ibach 1999). 

Porosity and pore size distribution 

The pore size distribution has been determined 
for all weathered  and impregnated  marble 

samples. The comparison between consolidated 
and unconsolidated samples gives important  
clues about sizes of pores preferentially invaded 
by each consolidant. 

As an example of the data obtained for 
PMMAso z impregnation,  the pore size distri- 
bution measurements of the Lasa marble are 
given in Figure 8a,b. For this marble type a 
porosity reduction of about 40% is observable 
after PMMAso~ impregnat ion  which corre- 
sponds to the percentage of active ingredient in 
the treatment solution. Thus the bulk of the 
pore volume is filled by this solution. 
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Fig. 8. Modification of the pore size distribution and porosity by consolidation. Data are given for the 
unconsolidated and consolidated samples of (a,b) Lasa, (c,d) Carrara and (e,f) Prieborn marbles. 

The distribution of pore sizes was also clearly 
modified by impregnation. Whereas the weath- 
ered sample shows a broad distribution of pore 
radii classes around a single maximum from 
0.630/am to 1.000/am, the majority of the classes 
of the impregnated sample are strongly 
reduced. The pore size frequency maximum is 
shifted by one pore size class downward. This 
downward shifting of the pore size maximum 
after impregnation is evident for all samples 
impregnated with PMMAsol. 

For the modification of the pore space by 
PSAE impregnation the Carrara marble will 
serve as an example (Fig. 8c,d). The weathered 
sample shows a porosity of 2.51% while the 
porosity of impregnated specimens is 1.53%. 
This means a reduction of porosity due to 
consolidation of approximately 40%. The pore 
size distribution for the weathered Carrara 
sample shows a significant maximum in the 
radius range from 0.630/am to 6.300/am and a 
second, submaximum between 0.004 /am and 
0.016 /am (Fig. 8c). The impregnated sample 
does not exhibit the lower peak (Fig. 8d). This 
indicates that (i) this pore class was filled by the 
PSAE (molecular size approximately 3 nm) or 
(ii) the pores are no longer accessible to 
mercury. Furthermore, the pore sizes above 
1 /am are strongly modified. Pore sizes above 
2.512/am almost completely vanished and a new 
maximum occurs between 1.000 /am and 
2.512 ~tm. These pore sizes are evident in 
untreated samples, and therefore become more 

prominent because other pore sizes are filled. 
For all samples impregnated with PSAE a 
comparable behaviour can be observed. 

The pore size distributions for the Prieborn 
marble without and with full impregnation with 
PMMApoly are shown in Figure 8e,f. The 
porosity is reduced from 1.52% in the weath- 
ered sample to 0.11% in the impregnated 
specimen. This reduction of approximately 
93% is higher than the expected reduction of 
about 80% by volume reduction due to poly- 
merization. Thus, the majority of the voids 
created by polymerization are not accessible to 
mercury. 

The pore size distribution of the weathered 
sample shows a strong maximum in the range 
from 0.159/am to 1.585/am and the distribution 
for the impregnated sample shows that almost 
all pores are closed (Fig. 8f). Only a few pores 
with a size of about 0.100/am are still present. 

Thermal  dilatation 

The thermal dilatation measurements were 
performed using four heating cycles up to 42~ 
65~ and 90~ with a heating rate of about l~ 
min -1. The third cycle up to 90~ was repeated 
to verify if the samples show a modified behav- 
iour. The maximum temperature (Tma• was 
held for 60 min permitting thermal equilibration 
of the specimens. After each cycle the samples 
were cooled to the initial temperature of about 
25~ 

 at Heriot-Watt University on March 6, 2015http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/


264 J. RUEDRICH E T  A L .  

0.6 .... X 
- - y  

~,0.4 - - z  

'~ 0.2 ...-.--.~. 

"~ 0.0 = . . . . . . . .  

-0.2 30 40 50 60 
a) 

t I I 
1 1 1  ./ 

/ s  / o; . ~  

30 40 50 60 30 40 50 60 
Temperature [~ b)  Temperature [~ C) Temperature [~ 

30 40 50 60 
d) Temperature [~ 

0.6 .... X 

0.0 . . . . . . . . . . . . . . .  ". . . . . . . . . . . . . . . . . . . . . . . .  :::'--I-.'-.L.' " 

e-0.2) 30 40 50 60 30 40 50 60 30 40 5 0 6 0 "  
Temperature [~ f) T3Op:0at 50 [6C~ g Temperature ,~ h Temperature [~ 

0.6 ----X 

EE02 '" 

-E o o . . . . . . . . . . . . . . . . . . . . . .  

i)-0.2 30 40 50 60 30 40 50 60 30 40 50 60 
Temperature [ ~  Temperature [~ I! Temperature [~ 

~ 0.0 

m-~.2 30 40 50 60 30 40 50 60 30 40 50 60 
Temperature [ ~  Temperature [ ~  T3Op:r0atu50 [6C~ p) Temperature [~ 

Fig. 9. Experimentally determined thermal dilatation as a function of heating up to 65~ for weathered and 
consolidated marbles. The dilatation curves are given for the X-, Y- and Z-direction. 

The calcite single crystal coefficients of 
thermal  di latat ion can be t rea ted as l inear 
because the temperature interval at a maximum 
AT-- 65~ used for the dilatation experiments is 
insignificant. Thus, the thermal dilatation E (mm 
m -1) observed in the experiments should be 
closely linked to the texture strength of the 
respective sample. 

The different marbles show a more or less 
pronounced directional dependence of thermal 
dilatation. This is a well known phenomenon 
(Widhalm et al. 1996; Tschegg et al. 1999; Sieges- 

mund et al. 2000) and can be attributed to the 
anisotropic expansion behaviour of the calcite 
single crystal (see Fig. 1 b) in conjunction with a 
lattice preferred or ienta t ion (texture; see 
Fig. 6a-d). Furthermore,  the intensity for direc- 
tional dependence of consolidated and weath- 
ered samples is comparable for the respective 
marble types. 

The anisotropy of thermal dilatation for the 
Prieborn and Lasa marbles will serve as an 
example in the discussion on the effect of 
texture (Fig. 9e,i). The thermal dilatation of the 
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Table 1. Residual strains Ag (mm m -1) for  weathered and consolidated Carrara and Prieborn marbles as a result 
o f  heat treatment 

Direction Cycle 42~ Cycle 65~ Cycle 90~ Cycle 90~ 

Carrara marble 
Weathered 

PMMAsol 

PSAE 

PMMApoly 

Prieborn marble 
Weathered 

PMMA~ol 

PSAE 

PMMApoly 

X 0.000 0.000 0.000 0.000 
Y 0.000 0.000 0.000 0.000 
Z - 0.071 - 0.047 - 0.055 - 0.032 
X 0.000 0.063 0.111 0.000 
Y 0.000 0.108 0.057 0.000 
Z 0.040 0.225 0.181 0.000 
X 0.021 0.027 0.049 0.000 
Y 0.000 0.039 0.056 0.000 
Z 0.000 0.039 0.059 0.000 
X 0.000 0.000 0.150 0.043 
Y 0.000 0.000 0.159 0.034 
Z 0.000 0.000 0.102 0.000 

X 0.000 0.054 0.099 0.000 
Y 0.027 0.086 0.134 0.000 
Z 0.042 0.066 0.094 0.000 
X 0.000 0.116 0.085 0.000 
Y 0.032 0.141 0.095 0.000 
Z 0.000 0.074 0.030 0.000 
X 0.000 0.027 0.047 0.000 
Y 0.000 0.052 0.055 -0.026 
Z 0.035 0.045 0.042 0.000 
X 0.000 0.000 0.141 0.031 
Y 0.000 0.000 0.185 0.026 
Z 0.000 0.000 0.128 0.000 

Pr ieborn sample parallel  to the Z-direct ion 
(parallel to the c-axis maximum, cf. Fig. 6b) 
is larger than the expansion parallel  to the 
X-direction (parallel to the a-axis maximum, 
cf. Fig. 6b). The expansion parallel to the Y- 
direction represents an intermediate direction. 
This expansion behaviour is typical for c-axis 
fibre type marbles (Leiss & Weiss 2000). In 
contrast ,  the texture of the Lasa sample 
represents an a-axis fibre type (Fig. 6c). Thus, 
the thermal expansion (e) shows nearly identi- 
cal values for the Y- and Z-direction controlled 
by the girdle dis tr ibut ion of the c-axis (see 
Fig. 6c). The lowest e is observed parallel to the 
a-axis maximum (X-direction). 

The texture strength is also evidenced in the 
expansion behaviour  of the samples. The 
Carrara marble with a relatively weak c-axis 
maximum of 2.0 mrd shows only a small 
anisotropy, whereas the Prieborn marble with a 
c-axis maximum of 3.6 mrd has a stronger direc- 
tional dependence of thermal dilatation e. 

A permanent  expansion (residual strain; cf. 
Battaglia et al. 1993; Siegesmund et al. 2000) is 
well documented by the thermal expansion of 
the X-direction of the Prieborn marble (Fig. 9e). 

This direction corresponds to the maximum of 
the a-axis concentration, i.e. the direction of the 
negative single crystal thermal  di la ta t ion 
coefficient. Due to the strong texture of this 
specimen, a contraction with increasing temper- 
ature can be predicted from the texture, and is 
demons t ra ted  by the exper imenta l  results 
shown in Figure 9e for the temperature range up 
to 45~ Above  45~ the thermal  di latat ion 
reaches positive values. After heat t reatment  
the residual strain of the specimen is similar in 
extent to the observed maximum of dilatation 
(Fig. 9e). 

In the following section the thermal dilatation 
behaviour is summarized with respect to the 
ramps. The curves for a maximum temperature 
of 65~ are shown in Figure 9a-p while residual 
strains are given in Table 1. 

The thermal  di la ta t ion behaviour  for un- 
consolidated samples during the first heat ing 
cycle up to 42~ shows a more or less linear 
expansion, whereas no residual strain remains. 
Only for the Z-direction of the Carrara marble 
does a contrac t ion occur. This behaviour  
observed in the Carrara marble holds for all 
applied cycles (cf. Table 1), and is interpreted as 
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a fabric collapse due to its advanced decay 
pattern. 

For cycles up to 65~ the Lasa and Sterzing 
marble (Fig. 9i,m) exhibit a slight increase of 
thermal dilatation above 40~ resulting in a 
weak residual strain. The same behaviour 
occurs for the Prieborn marble, whereas the 
permanent length change after cooling is more 
pronounced (Fig. 9e; cf. Table 1). 

The heating cycle up to 90~ leads to a 
stronger non-linearity of the curves and a more 
or less pronounced residual strain. Again, the 
Prieborn marble shows the highest values, and 
therefore the strongest thermal degradation (cf. 
Table 1 ). 

The largest residual strain for the Prieborn 
marble occurs parallel to the Y-direction, since 
many other investigated marble types show the 
main residual strain parallel to the c-axis 
maximum (Siegesmund et al. 2()(XI). However, 
image analyses reveal that a preferred orien- 
tation of grain boundaries in the XZ-plane 
exists (see Fig. 3b) causing a preferred crack 
propagation in this direction�9 Since this marble 
shows a thermal degradation along grain bound- 
aries, their preferred orientation could be the 
cause for the preferred crack propagation in the 
XZ-plane. 

The second heating cycle up to 90'~C was 
performed in order to prove whether the 
thermal degradation is linked only to the 
maximum temperature or to the differential 
temperatures. In the first case, the residual 
strain should be vanishingly small and in the 
second case, the residual strain should be as 
large as that observed for the first 90~ cycle. 
For all samples, the residual strain observed for 
the second 90~ cycle is vanishingly small (cf. 
Table 1). Thus, the main damage takes place 
between 40~ and 90~ 

Consolidated samples 
The PMMAsol impregnated marble samples 
show a distinct modified thermal behaviour 
especially for cycles of higher temperatures. By 
heating the PMMAsol consolidated samples up 
to 42~ a relatively linear thermal expansion is 
observed and, correspondingly, no residual 
strain remains (Fig. 10a). Only the Z-direction 
of the Carrara marble and the Y-direction of the 
Prieborn marble show a slight residual strain 
after heat treatment (Table 1) indicating that 
the directions of strongest thermal degradation 
were preferentially activated after consoli- 
dation. 

By heating the PMMA~,,I consolidated 
marbles up to 65~ (especially for the Prieborn 
and Carrara marbles) the slope of the curves, 
and thus the thermal expansion coefficients 
increase when the temperature transcends 50~ 
(Figs 9b,f and 10b). Both samples exhibit a large 
residual strain after heat treatment in all direc- 
tions, which is significantly larger than the 
residual strain of the respective non-impreg- 
nated specimens. This effect can be attributed to 
a weakening of the resin when approaching its 
glass transition temperature (Tg = approxi- 
mately 60~ The amount of residual strain 
indicates that (i) new cracks are generated or 
(ii) the PMMA is stretched. For the Lasa and 
Sterzing samples a comparable expansion 
behaviour is observable, whereas a smaller 
residual strain occurs (Fig. 9h,j), resulting from 
the small initial degradation. 

For the PMMA~,,I impregnated Carrara 
marble a large directional dependence of 
thermal dilatation and of the residual strain is 
observed (Fig. 9b). The effect of PMMAsol is 
different in several directions, which can be 
explained by the preferential orientation of the 
system of cracks. 
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Fig. 10. Thermal dilatation curves of heating cycles up to (a) 42~ (b) 65~ (c) 90~ and (d) 90~ for the 
Prieborn marble consolidated with PMMAsol. 
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The dilatation behaviour of the samples by 
the first heating up to 90~ is characterized by a 
slight increase of the hysteresis loop above 
approximate ly  50~ (cf. Fig. 10c). A pro- 
nounced residual strain is found only for the 
Carrara and Prieborn marbles, but it is lower 
than the observed change in length for the 
heating cycle up to 65~ The only exception is 
represented by the X-direction of the Carrara 
marble (Table 1) because a larger residual strain 
remains. For the second heating cycle up to 
90~ no fur ther  residual strain occurs (cf. 
Table 1), while the hysteresis follows a more 
l inear trend (see for example the Pr ieborn  
marble in Fig. 10d). 

The PSAE consolidated samples show only 
minor changes compared with non-impregnated 
specimens (Fig. 9c,g,k,o). For the heating cycle 
up to 42~ the thermal dilatation is more or less 
linear. Also, no significant residual strain 
remains after treatment.  A slightly increased 
residual strain is seen only for the X- and Z- 
direction of the Carrara  and the Pr ieborn  
marbles, respectively (Table 1). 

The dilatation scenario for the second cycle 
up to 65~ is only slightly modified, except for 
the Carrara marble (Fig. 9c). In contrast to the 
unconsolidated Carrara sample, no contraction 
is observed parallel to the Z-direction and the 
maximum expansion is slightly increased. The 
observations indicate that the PSAE in the pore 
space has stabilized the grain fabric. 

For the first heating up to 90~ all PSAE- 
consolidated samples show a slight increase of 
dilatation and a weak residual strain (Table 1). 

The small modifications induced by PSAE 
impregnat ion  probably  or iginated by a low 
thermal expansion coefficient in these materials. 
Fur thermore ,  no structural changes of the 
PSAE can be observed such as de te rmined  
for the PMMA resins (glass transition tempera- 
ture). 

For the PMMApoiy consolidated marbles and 
heating cycles up to 42~ and up to 65~ a very 
similar behaviour  occurs. This consol idat ion 
method generates the most conspicuous change 
of thermal expansion behaviour. All samples 
show a pronounced reduction of thermal dilata- 
tion and a change of the elastic behaviour after 
impregnat ion.  This is shown by the strong 
modification of the hysteresis loops (Fig. 9d,h, 
1,p), i.e. the curves are very linear. For the 
Prieborn marble parallel to the X-direction a 
p ronounced  contract ion can be observed 
(Fig. 9h). The contraction direction is coincident 
with the preferred orientation of the a-axis. This 
can be attributed to the adhesion generated by 
PMMApoly consol idat ion,  which leads to a 
stronger transfer of the single crystal properties 
in the whole rock. Furthermore,  for all samples 
of PMMApo]y consolidation no residual strain 
remains for the heating cycles up to 42~ and up 
to 65~ (Table 1). 

Only when the PMMApoly consol idated 
samples were heated up to 90~ did the thermal 
dilatation behaviour change significantly. This is 
characterized by a surge of thermal dilatation 
around 80~ (Fig. 11). After  cooling to the 
initial temperature a pronounced residual strain 
also remains. The experimentally determined 
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Fig. 11. Dilatation curves of two heating cycles for treatment up to 90~ of a PMMApoly consolidated Prieborn 
marble. RS = residual strain, as given for all directions after the first heating cycle. 
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Fig. 12. Experimentally determined ultrasonic velocities (Vp) for the Lasa marble. Values arc given for 
different sample conditions: (a) dry and pre-conditioned by heating the samples up to 70~ and 200~ (b~l) 
consolidated and thermally treated up to 65~ and 90"C. 

temperature for a significant change of the 
material coincides with the glass transition 
temperature of the PMMApoay used. 

For the second heating cycle up to 90~ the 
transition point is only weakly developed 
(Fig. 11). Nevertheless a measurable residual 
change in length can be determined for most 
samples (cf. Table 1). 

U l t r a s o n i c  wave  ve loc i t ies  

A method for determining the state of deterio- 
ration and of the improvement by consolidation 
is by measuring the velocities of ultrasonic 
waves through the samples, i.e. of compres- 
sional waves (Vv). This method is efficient, 
quick and non-destructive (Snethlage et ai. 
1999). The basic principle is that the magnitude 
of the rock degradation is monitored by 
decreasing Vp (cf. Weiss et al. 2000). Inversely, 
the velocities should increase by cohesion re- 
establishment (cf. Snethlage et al. 1999). 

The velocity data observed for weathered and 
consolidated Lasa marble are shown in 
Figure 12a-d as an example, but the same 
relationships apply to the other marbles. For dry 
samples the velocities range from 4.0 to 4.6 km 
s -~. Before consolidation, the specimens were 
heated up to 70~ (PMMApoly) or 200~ 
(PMMAsol and PSAE).  The corresponding 
velocity reduction as a consequence of thermal 
degradation is about 0.7 km s -a by the 70~ 
heating and 1.5 km s- 1 by the 200~ heating (see 
Fig. 12a). These velocities have to be treated as 
the initial condition of the specimens before 
consolidation. 

The velocity data in the initial stage after 
consolidation (25~ are given in Figure 12b,c,d 
for the different consolidation approaches. All 

impregnated samples show an increase of ultra- 
sonic velocities, although significant differences 
occur for the respective consolidation materials. 

PSAE consolidation results in a relatively 
wcak increase of ultrasonic velocities of about 
1.4 km s t (Fig. 12c). in contrast, PMMAsol and 
PMMApoly exhibit a more pronounced change 
of velocities (Fig. 12b,d). The velocities 
increased at approximately 2.5 and 2.1 km s -~ 
respectively. The other marbles show a similar 
pattern of increases of ultrasonic velocities. 
After heating cycles up to 65~ and 95~ which 
are comparable with the cycles applied for the 
dilatation measurements, the ultrasonic veloci- 
ties for all samples show a slight reduction 
(Fig. 12c,d). However, the slight reduction of 
ultrasonic velocities is in the range of resolution 
of this method. 

D i s c u s s i o n  

The porosimetry analyses verified that signifi- 
cant differences exist between the investigated 
marbles in their initial (weathered) stage. For 
example, the Carrara marble shows a strong 
deterioration with a sugar-like crumbling of the 
rock surface. In contrast, the Prieborn, Lasa and 
Sterzing marbles are less deteriorated which is 
evident by an initial porosity of less than 1%. 
However, their weathering histories are 
different which makes comparison difficult. 
Observations from the Marmorpalais in 
Potsdam (Germany) have shown that the 
Prieborn marble exhibits similar weathering 
properties to the Carrara marble (Ruedrich et 
al. 2001a). Both marble types are characterized 
by a sugar-like crumbling, indicating a degra- 
dation along the grain boundaries. Thus, the 
main difference between the marble samples is 
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essentially the weathering intensity rather than 
the deterioration mechanism. 

Magnitude and directional dependence of 
thermal behaviour frequently coincide with the 
texture of a marble, i.e. the residual strain is 
largest parallel to the preferred orientation of 
the c-axes (Siegesmund et al. 2000). However, 
marbles can exhibit c-axis maxima as well as 
girdle distributions (e.g. Lasa marble) and the 
texture strength may vary. Since grain boundary 
cracking is the predominant type of degradation 
in marble, a preferred orientation of grain 
boundaries also leads to an anisotropic distri- 
bution of the thermal degradation. Thus, a 
certain amount of anisotropy in both the 
thermal expansion coefficient and the residual 
strain is a general property of all marbles (e.g. 
Widhalm et al. 1996). Consolidation of a marble 
with a preferred crack system results in an 
anisotropic distribution of the consolidant. 
Since the consolidation material has a more or 
less pronounced effect on the thermal dilatation 
behaviour, a directional dependence has to be 
expected for the consolidation. 

The consolidation of a porous material leads 
inevitably to a modification of the pore space, 
e.g. reduction of porosity and a shift of effective 
pore radii. Furthermore, secondary effects by 
gel segregation or curing generates a new pore 
geometry, e.g. shrinkage cracks in PSAE and 
PMMAsob voids in PMMApoly. Consequently, 
the interconnectivity is changed and thus other 
physical parameters of the impregnated 
marbles, e.g. the water uptake behaviour, 
should be significantly changed. 

The PSAE approach does not improve the 
cohesion between the grains significantly (see 
also Goins et al. 1996). This effect is evident in 
the SEM analyses as well as in the relatively 
small increase of ultrasonic velocities. Further- 
more, the thermal behaviour is only slightly 
modified due to consolidation. However, a 
PSAE consolidation can stabilize the 
microstructure of strongly weathered marbles 
and subsequent impregnation with a cohesion- 
reinforcing consolidant is possible. 

An improved bonding between the grains was 
generally observed for both PMMA consoli- 
dants. This was verified qualitatively by fractog- 
raphy and quantitatively by a pronounced 
increase of the ultrasonic wave velocities (Fig. 
12b,d). However, the expansion behaviour was 
strongly modified near the specific glass tran- 
sition temperatures of the two PMMA consoli- 
dants. When the temperature reaches the Tg of 
the respective PMMA consolidants, a significant 
residual strain occurs (see Table 1). A small 
decrease in ultrasonic velocity suggests that this 

residual strain is not unequivocally linked to 
thermal degradation, but more evidently to a 
change of the consolidant behaviour from more 
elastic to more plastic. 

A clear change in the dilatation curves after 
PMMApoly consolidation proves that a signifi- 
cant change in the material's properties occurs. 
A pronounced reduction of thermal expansion 
and a significant increase in ultrasonic velocity 
indicate a good bonding between the calcite 
surfaces and the PMMApoly. However, the 
extreme reduction of thermal expansion is diffi- 
cult to understand. Even if the thermal expan- 
sion coefficient of polymerized MMA is about 
ot = 70 • 10 -6 K -1, the volume of PMMApoly 
which invaded the pore space of the marbles is 
too small for a measurable decrease of dilata- 
tion. Thus, the observed reduction of dilatation 
is possibly caused by a good bonding between 
the calcite surfaces and the reduction in pore 
space. 

All natural stones from a quarry contain a 
certain amount of microcracks as a consequence 
of their complex geological history. Further- 
more, weathering causes an increase in pore 
space. This pore space obviously accommodates 
a certain part of sample expansion (buffering) 
until it is closed (cf. Ruedrich et al. 2001b). 
PMMApoly impregnation leads to a strong 
porosity reduction, and thus the buffering 
vanishes. The final result is a compound 
material, while the other consolidants do not 
show this effect. Since strongly anisotropic 
marbles can show a contraction even after 
PMMApoly consolidation, the changed thermal 
expansion behaviour has to be considered for 
preservation concepts. Furthermore, a differ- 
ence in thermal behaviour between consoli- 
dated and unconsolidated components has to be 
expected. 

In the field, marbles are subjected to 
numerous temperature changes (e.g. day-night 
cycles). From the laboratory experiments it is 
obvious that the thermal degradation of a 
marble vanishes once a certain temperature is 
reached. Subsequent cycles at the same temper- 
ature result in a significantly reduced or no 
residual strain. However, on-site the marbles 
are generally subjected to water, which may 
reinforce the dilatation and lead to the steady 
progress of rock damage (Grimm 1999). 

Conclusions 

The microstructure, the state of preservation 
and the type of consolidant used are competing 
parameters determining the thermoelastic 
properties of a marble. Based on the present 
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invest igat ion the following conclusions can be 
drawn. 

Thermal  degrada t ion  of marb le  depends  not  
only on the texture,  but  also on the shape fabric 
of  the  respec t ive  marb le .  Thus ,  a c o m p l e t e  
t h r e e - d i m e n s i o n a l  fabric  cha rac t e r i za t ion  is 
indispensable  for a quality assessment  of marble  
and associated preservat ion purposes.  

C o n s o l i d a t i o n  of marb le  using PMMA~o 1, 
PMMApo~y and P S A E  changes its thermoelas t ic  
proper t ies ,  since e i the r  a conso l ida t ion  or a 
stabilization of wea the red  marbles  is observed.  
The  mos t  drast ic  change  is o b s e r v e d  for 
PMMApoly. However ,  the change  in the thermo-  
elastic proper t ies  varies. Both P M M A  consoli- 
dants  lead to an increase in cohes ion  be tween  
the grains while PSAE stabilizes the microstruc- 
ture by simply reducing the porosity. 

All conso l idan t s  r educe  the  porosi ty.  
PMMA~,,I and PSAE t rea ted  marbles  show a 
d e c r e a s e  in poros i ty  and  po re  radius  size 
according to their  agent  content ,  whereas  for 
PMMApoly the poros i ty  a lmos t  c o m p l e t e l y  
vanishes. Fur the rmore ,  o the r  physical proper-  
ties i m p o r t a n t  for w e a t h e r i n g  l ike wa te r  
absorpt ion  will be changed  as well af ter  impreg-  
nation.  

A reinforced cohesion be tween  thc grains due 
to impregna t ion  can be mon i to red  by ultrasonic 
wave veloci ty  m e a s u r e m e n t s .  Bo th  P M M A  
consol idants  show a signiticant increase in ultra- 
sonic wave velocities after  t rea tment ,  whereas  
this effect is l imited for PSAE.  Therefore ,  ultra- 
sonic wave velocities seem to be the proper  tool 
for quant i fying the effect of  consol idat ion.  

Af ter  passing the glass t ransi t ion tempera-  
ture, a residual strain is observed  in thermal  
di latat ion measurements .  This does  not necess- 
arily coincide with a de ter iora t ion ,  since ultra- 
sonic wave veloci t ies  do  not  show a drast ic  
dec rea se  in t he rma l ly  t r e a t e d  c o n s o l i d a t e d  
marbles.  
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