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The combined influence of mineralogical, hygric and thermal properties on the
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Abstract: It is a common practice to test building stones against an isolated decay factor when assessing the durability of building
stones. Accordingly, the interpretation of results is often driven by the considerations of a limited number of properties thought as
relevant to the action of that specific decay factor. In this way, the role of the synergies of decay processes and agents is often
neglected. Contrarily, when different decay factors are included in the same experiment and the stone properties are examined
conjunctly, the difficulties of isolating the effects of a specific decay factor or of isolating the contribution of “relevant” stone
properties become apparent.

The aim of this paper is to assess the combined contribution of mineralogical, hygric and thermal properties to the durability of
different stones after exposure to laboratory-simulated cyclic decay combining wetness and temperature variations. For this purpose,
10 stone types were selected to emphasize the impact of the mineralogical heterogeneity on stone decay, in particular the coexistence
of calcareous and siliceous grains and the occurrence of clays. The results emphasize the importance of considering the relations
between decay factors and highlight how stone properties must be considered as a whole in order to assess and understand the

durability of building stones.
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Introduction

Stone decay can be defined as the result of environmental
change from a stone in equilibrium state in the lithosphere
to its exposure to radically different conditions in the atmo-
sphere, hydrosphere and/or biosphere (Aires Barros, 2002).
This definition highlights the importance of changing envi-
ronments, and therefore changes in the equilibrium between
stone and environment, as decay drivers for stone. In this
sense, decay factors that are naturally cyclic count among
the most important threats to stone. Water and heat are there-
fore considered some of the most important decay factors as
they act cyclically, and their action can be detected even at
the shortest frequencies through changes in wetness and
temperature.

One of the main contexts where stone decay becomes
highly relevant is in the built environment because of the
enormous expenditure generated yearly for its restoration
and maintenance, in addition to the cultural loss undergone
in the context of stone-built Cultural Heritage. As a result of
this, understanding the behaviour of stone in the environ-
ment and, eventually, predicting the type, pace and extent
of decay is one of the main priorities for the scientific com-
munity. Nevertheless, stone decay is in many cases difficult
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to predict due to the large number of associated variables
(Price, 1996; Prikryl et al., 2004). In addition to the diffi-
culty of predicting the environmental patterns of change,
especially considering the present context of uncertainty
due to ongoing climate change, there is a tendency in labo-
ratory simulation of testing the effects of isolated decay fac-
tors on the stone. In this way, the role of the combination of
decay processes and the synergies between decay factors is
often neglected. Also, the heterogeneity of many stone types
used in construction increases the complexity of the assess-
ment of their durability. This is especially noticeable in
stones containing minerals susceptible to reacting in the
presence of water, as for example clay minerals.

Moisture and water circulation in porous stones are widely
recognised as a relevant decay factor for porous stone (e.g.
Kiihnel, 2002). Water will generate more or less accentuated
decay depending on the chemical and mineralogical composi-
tion of the stone (Franzini et al., 2007). Clay minerals are
common components of the clastic fraction of sedimentary
stones and they are among the most susceptible to change in
the presence of water. This is a result of their peculiar crystal-
line structure that can include water molecules within
the lattice. The interaction between clay and water can
favour aggregation—disaggregration or swelling—contraction
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processes of clayey particles (Veniale et al., 2001) inducing
deformations inside the stone and, therefore, reducing the
stone’s resistance to total breakdown (Delgado Rodrigues,
2001). Identifying the presence of clays is not enough when
analyzing stone decay. In addition to this, the identification
of'the specific mineral phases present is necessary, since some
types (e.g. smectites) are more susceptible than others to
swelling when interacting with water (Sebastian ez al., 2008).

Cyclic temperature changes are generally assumed to drive
stone decay through the temperature gradients generated
within the stone and the thermal expansion mismatch
between minerals (e.g. Halsey et al., 1998; Weiss et al.,
2004). Although the assumption of temperature fluctuations
causing decay when applied as an isolated agent through so-
called “insolation weathering” is to date still contentious
(Gomez-Heras et al., 2006), temperature is also important
because it influences on other factors that control decay
as, for example, evaporation (Smith, 1977). In this sense,
there is evidence of the influence of heating regimes and
temperature changes on other decay factors, such as wetting
and drying or salt crystallisation (Koch & Siegesmund,
2004; Goémez-Heras & Fort, 2007).

Therefore, the combined action of decay factors should be
considered when planning and interpreting laboratory-
simulated durability tests. There has been substantial
progress recently on the consideration of the importance
of the combination of decay factors and processes (McCabe
et al., 2007a and b), but this is still not the norm in the
studies of stone decay.

Under the light of these considerations, this paper explores
the implications of the combination of water saturation and
temperature changes as decay factors on the durability of a
range of sedimentary stones used as building stones. The
stone types used for this study were selected to stress the
importance of the mineralogical heterogeneity as an addi-
tional factor influencing the stone decay; in particular, the
coexistence of calcareous and siliceous grains and the occur-
rence of clays.

Materials and methods

Stone types

Ten types of porous stones were chosen in this study on the
basis of their different lithological, petrographical and petro-
physical characteristics. These were also selected as they are
commonly used as building materials in different regions of
Spain, in recent buildings and/or the built heritage. The
stones tested (Table 1) range over four types of sandstones
which contain different main grains or allochems: calcite
(©), quartz—calcite (QC), quartz (Q) and dolomite (D).
Calcareous sandstones (C) are well-sorted biocalcarenites
rich in foraminifers (mainly Globigerinae) ranging in size
from 0.2 to 0.5 mm. Foraminifera shells are generally filled
by glauconite and/or siliceous cement. The terrigenous frac-
tion is comprised of quartz, feldspars, micas, dolostone and
other rock fragments. Both interparticle and intraparticle
porosity vary. The most abundant type of cement present
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in these stones is equant-equicrystalline mosaics of calcite
spar. The biocalcarenites C2, C3, C4 and C5 have been
widely used in the built heritage, and named respectively
as Piedra Bateig Fantasia, Piedra Bateig Azul, Piedra Bateig
Llana and Piedra Bateig Blanca (Fort et al., 2002).

Quartzose limestones or biomicrites (QC) contain forami-
nifers (mainly Globigerinae), ranging in size from 0.1 to
0.2 mm. The terrigenous fraction is mainly comprised of
quartz, feldspars and micas. QC shows intraparticle and
vuggy porosity.

Quartz sandstones (Q) present a variable quartz concentra-
tion. Q1 is a well-sorted quartz—arenite that consists of
monocrystalline quartz grains with rare feldspars, metamor-
phic clasts, chert and muscovite grains. Primary interparticle
porosity has been partially filled by silica cements that form
frequent overgrowths on quartz grains (Benavente et al.,
2007a). Q2 and Q3 can be classified as subarkoses or sub-
feldespathic arenites; they present in a high concentration
of quartz, while feldspars, calcite and phyllosilicates (mostly
chlorite and muscovite) appear in smaller amounts. The
quartz crystals are angular to subrounded in shape. They
are surrounded by feldspars (partially altered to sericite),
phyllosilicates and an interparticle calcareous matrix that
appears in sparse, unevenly distributed amounts. Quartz,
feldspar and some phyllosilicate grains are around 350 pm
in size. Sandstones Q2 and Q3 have also been used in the
built heritage, named as Piedra Tarifa Dorada and Piedra Ta-
rifa Gris, respectively (Sebastian et al., 2008).

The dolomitic sandstone (D) is a well-sorted sandstone
consisting mainly of dolomite and calcite grains (Table 1).
Detrital quartz grains and clay minerals are minor constitu-
ents of the sandstone. The ortochem is mesocrystalline cal-
cite cement. Interparticle porosity is very abundant
(Benavente et al., 2007a).

Mineralogy and texture

To identify the mineral phases in the different stone types,
X-ray diffraction analyses were performed using a Philips
PW-1710 diffractometer with automatic slit, Cu Ko radiation
(A = 1.5405 A), 40 kV, 40 mA, 3 to 60° 20 explored area
for the whole samples and 3 to 30° 26 for the clay fraction
and 0.01° 20 s goniometer speed. Samples were milled in
an agate mortar to < 40 pm particle size, and then analysed.
Interpretation of data was carried out using XPowder com-
puter program (Martin Ramos, 2004).

The clay fraction (< 2 pm) was separated in ground sam-
ples by Stoke’s law related methods. A mixture of hydrogen
peroxide (20 vol. %) and distilled water was used to dis-
solve the organic material present if any. In Ca-rich samples,
acetic acid (up to 1 N concentration) was used to remove
carbonates. Samples were then deflocculated by repeated
washing with distilled water. Following this, 5g L'
sodium hexametaphosphate was added to water to defloccu-
late the particles. Finally, the clay fraction was separated
with a Kubota KS-8000 centrifuge and, subsequently,
smeared on glass slides. An XRD analysis of the clay frac-
tion was performed using orientated aggregates: air-dried,
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Table 1. Results of XRD analysis of the whole samples and the fraction with <2 um grain size.

Sample Whole sample Clay fraction

Qtz Phy Dol Cal Pl Interstr. Sm 11 Chl
C 1 % * skeksk tr ksk skk
C2 * skksk tr sk sk
C3 % % sk tr sksk skk %
C4 * * skksk tr sk skskk
CS % * skksk tr sk sk
QC Kk * * sk kk sk %
Qz skksk tr * sksk sk sk %
D tr wkok * tr

Qtz = quartz; Phy = phyllosilicates; Dol = dolomite; Cal = calcite; Pl = plagioclase; Sm = smectite; Ill = detrital mica; Chl = chlorite;
Interstr = mixed layer chlorite + smectite; tr = trace; * = scarce; ** = abundant; *** = very abundant.

Table 2. Connected porosity, ¢p(Hg), pore volume, ¥,(Hg) and mean pore radius, ry;, obtained by mercury intrusion porosimetry; specific
surface area, SSA and pore volume, V,(N,), obtained by nitrogen adsorption; bulk, Py, and grain, pgrain, density; total porosity ¢r;
capillary absorption coefficient, C; hygric swelling, Al/ly, of the stones.

Sample  ¢(Hg) Ve(Hg) ™ SSA Vp(N3) Pbulk Pgrain or o Alll,
(%) (ccg) (um) mM’g) (ccg ) (gem ) (gem ) (%) (kgm>h*%) (mmm ")

Cl1 16.86 0.078 0.18 10.16 0.007 2.09 2.69 22.15 20.83 0.568
C2 15.65 0.073 0.33 9.85 0.018 2.17 2.72 20.05 20.83 -

C3 14.31 0.065 0.08 10.22 0.017 2.26 2.7 16.25 14.33 0.750
C4 18.83 0.093 1.48 8.42 0.013 2.11 2.72 22.26 41.33 0.186
C5 14.18 0.064 0.15 12.25 0.024 2.26 2.71 16.80 20.50 0.373
QC 26.02 0.134 0.35 12.69 0.016 1.97 2.71 27.09 35.00 1.639
Q1 13.48 0.059 243 2.31 0.004 2.28 2.67 14.62 28.00 0.067
Q2 18.43 0.080 0.17 9.93 0.011 2.09 2.71 22.87 14.83 0.978
Q3 7.39 0.030 0.38 4.95 0.007 2.37 2.7 12.39 12.83 0.325
D 19.52 0.096 6.71 0.69 0.001 222 2.8 20.46 140.00 0.202

solvated for 48 h at 60 °C with ethylene-glycol (Bruton,
1955) and heated for 1 h at 550 °C (Moore & Reynolds,
1989).

Semiquantitative analysis of mineral phases was per-
formed converting the data to the constant sample volume
and using the PDF2 database and Normalized Relative
Intensity Ratio method (Table 1).

The clay distribution and microtexture of the stones were
studied with a Leo Gemini 1530 field emission scanning
electron microscopy (FESEM) coupled with Oxford INCA
200 microanalysis. FESEM secondary electron (SE) images
were taken on 5 X 5 X 3 mm samples.

Porous media characterisation

Mercury intrusion porosimetry (MIP), nitrogen absorption
technique and helium pycnometry were used to characterise
the porous media of the studied building stones.
Connected porosity, ¢p(Hg), pore volume, V,(Hg) and
pore-size distribution, by means of median pore size (7),
were obtained from MIP with an Autopore IV 9500 Micro-
metrics mercury porosimeter (Table 2). The pore-size inter-

val characterisation by MIP ranges from 0.002 to 200 pm,
which corresponds respectively to highest and lowest head
pressures.

Nitrogen absorption technique (Autosorb-6 Quantachrome
apparatus) was used to complete the micro-mesopore analy-
sis (Fig. 1). The pore analysis was described in terms of
pore-size distribution, pore volume, V;,(N>) and specific sur-
face area (SSA). The determination of the SSA was carried
out through the BET method in the relative pressure interval
P/Py = 0.05-0.2. The pore-size distribution was obtained in
the 0.0009-0.015 um pore-size (radius) interval using
the non-local density functional theory for N, at 77 K on
silica.

Total porosity (¢t) was calculated as follows:

0r ) = (1-22) 100, (1)

Py

where p; is the true density which is defined as the ratio of
its mass to solid volume. True density was obtained by an
AccuPyc 1330 Helium pycnometer. The dry bulk density,
Poulk, Of @ stone is defined as the ratio of its mass to its vol-
ume, including the volume of voids and grains (Table 2).
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Fig. 1. Pore-size distribution curves of the stones obtained by nitrogen adsorption (close circles) and mercury intrusion porosimetry (open

circles).

Hygric properties

The capillary water absorption was carried out using a weigh
scale with continuous data-logging. The scale was connected
to a computer which, through the software CK®, automati-
cally records weight gain in the tested specimen at specific
intervals (every 30 s for the current study). It allows auto-
matic monitoring of the water uptake by the sample when
its lower surface is in contact with the water reservoir
(Benavente et al., 2007a). The results were plotted as

absorbed water per area of the sample during imbibition ver-
sus the square root of time. Through this kind of representa-
tion, the capillary imbibition kinetic defines both the initial
capillary absorption and then the saturation. The slope of
the curve during capillary absorption is the capillary absorp-
tion coefficient, C (Table 2). This flow mechanism can be
quantified by the capillary absorption coefficient, C, which
is very much linked to the characteristics of both the pore
structure and the fluid (Dullien et al., 1977; Hammecker &
Jeannette, 1994; Benavente et al., 2002) and also related
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Fig. 1. continued.

to the square root of the permeability (Zimmerman &
Bodvarsson, 1991; Benavente ef al., 2007a).

The hygric swelling was measured at room temperature
(20 °C) on ~ 10 x 10 x 30 mm samples. Three samples
were submerged in water except for a small section to allow
degasification and capillary water uptake. The vertical defor-
mation was quantified with a Sensorex LVDT-SX8 displace-
ment sensor (£l pm resolution) which recorded the
displacement value every 5 s. The hygric expansion was
obtained as the maximum value of the vertical deformation
per initial length, Al/l, (Table 2).

Thermal properties

The thermal dilatation coefficient and thermal conductivity
of the samples were measured to characterise the thermal
properties of the building stones. The hysteresis in the ther-
mal response curves was also evaluated.

Each sample was subjected to three heating—cooling cycles
to characterise the thermal behaviour of the stones. A ther-
momechanical analyser (TMA Q400, TA Instruments) was
used to obtain the thermal response curves from which the
coefficient of thermal expansion was derived. Measurements
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Table 3. Coefficient of linear expansion, o; thermal conductivity, k; compressional, vp, and shear, v, wave velocities; dynamic Poisson
ratio, v; dynamic Young’s modulus, E; uniaxial compressive strength, oc; and percentage of dry weight loss, AW, porosity, Ad, and
compressional wave velocity, Avp, after wetting and drying durability test of the stones.

Sample o (107°K™) kWmK™ wms™") wvwms" v E(GPa) oc(MPa) AW (%) A (%) Avp (%)
cl 5.168 8.6 3780 2220 0.24 25.48 37.29 0.67 1.80 9.13
2 4.957 6.6 4080 2614 0.15 34.18 279 0.49 0.81 3.89
C3 5.584 8.3 4029 2477 0.2 33.24 35.5 0.71 1.12 7.71
C4 6.662 7.4 3920 2377 0.21 28.87 235 0.51 0.62 4.63
Cs 4.840 6.9 4008 2472 0.19 32.93 343 0.49 0.76 3.99
QC 5.644 6.5 2845 1770 0.19 147 427 0.96 251 10.76
Ql 11.901 10.4 4232 2765 0.13 39.27 67.8 0.05 0.65 0.82
Q2 8.598 5.0 2778 1718 0.18 14.62 14.41 0.53 0.70 5.85
Q3 7.420 - 2994 1918 0.15 19.95 33.08 0.51 1.25 5.02
D 7.360 8.3 4017 2546 0.16 33.58 335 0.24 0.99 0.44

were carried out on three ~ 10 mm cubes that were used
using an applied force of 0.05 N, under nitrogen atmo-
sphere, and in the temperature range 35-90 °C. Heatin%
and cooling was performed with a velocity of 0.5 °C min™
as representative of the average heating and cooling rate for
a south-facing stone surface (data after Gomez-Heras, 2006)
and to ensure thermal equilibration of the specimen.

Thermal conductivity, £, is the property of the material that
indicates the heat flux through the material for a temperature
gradient (Table 3). Thermal conductivity was measured with
a relative steady-state technique. Three ~ 10 x 10 X 40 mm
samples were placed between a water-cooled block and a
reference glass sample, which is, in turn, connected to a
hot water thermally stabilized bath. Losses through radiation
and convection are neglected. The temperature gradient in
the reference and in the sample is measured by three and
two thermocouples, respectively. Thus, linearity in the refer-
ence also can be assessed, being typically within +1 %
(Molina et al., 2008).

The thermal dilatation coefficient, o (in 10°° K™, was
calculated according to:

Al
YTTAT

(2)

where Al is the length change of the sample, /, is the initial
sample length and AT is the temperature interval (Table 3).

The hysteresis in the thermal cycle was calculated as the
strain difference between the heating and cooling ramps
for a given temperature. The hysteresis in the thermal cycles
is very sensitive to the experimental conditions, particularly
to the heating and cooling rates, sample size and shape, the
period of time elapsed between the point at which the max-
imum temperature was reached; and the initiation of cooling
(Arpon et al., 2003). Therefore, for the scope of this paper,
hysteresis is used just as a qualitative parameter to under-
stand the thermal behaviour of the studied stones.

Strength characterisation

Stone strength was characterised by uniaxial compressive
and ultrasonic tests. The uniaxial compressive strength test
is used to determine the maximum value of stress attained

before failure. In the characterisation tests, six 70 mm cubes
were used and the load rate was 0.36 kN s™' (Table 3). The
tests were carried out in accordance with the standard UNE-
EN 1926 (Anon., 1999).

The ultrasonic measurements were carried out by means of
the transmission method, which consists of two piezoelectric
sensors coupled to the sample at constant pressure. Com-
pressive (P) and shear (S) waves were measured using pola-
rised Panametric transducers (500 kHz) and a Sonic Viewer-
170, which acquired and digitalized the waveforms to be
displayed, manipulated and stored (Table 3). Visco-elastic
couplants were used to achieve good coupling between
the transducer and the sample. The P-wave signal was
recorded using an ultrasound eco-gel, whereas the
S-wave signal was enhanced by using a normal incidence
couplant (SWC, shear wave couplant, GE Panametrics®).

The dynamic elastic constants of the stones were calcu-
lated from the known ultrasonic wave velocities and bulk
density, using the theory of elasticity (e.g. Christensen,
1990; Guéguen & Palciauskas, 1994; Tiab & Donaldson,
1996) (Table 3). Thus, the Poisson ratio, v, and Young’s
modulus, E, were calculated as follows:

. (VP/VS)2 -2
Ve 2[(ve/vs)? = 1]’ G)

_ 5 (1 =2v)(1+v)
E= pbulkVPW’

Wetting—drying and thermal durability tests

Three 25 x 25 x 40 mm samples for each stone type were
subjected to 100 wetting—drying and heating—cooling cycles.
Each of the cycles (24 h) consisted of a wetting and drying
phase followed by a heating and cooling phase. In each
cycle, samples were covered with distilled water at 20 °C
for 16 h. Then, the samples were taken out of the water
and introduced into an oven at 70 °C for 5 h. Finally, the
samples were left for 3 h to cool to room temperature
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(20 °C). Decay was quantified by the percentage of
dry weight loss after the durability tests (AW (%)), the
variation of connected porosity (Ad (%)) and stone strength
(Avp (%)) (Table 3).

Results and discussion

Tables 2 and 3 display the results obtained for each of the
tests carried out and the parameters selected to assess the
degree of decay after the durability tests. Despite the rela-
tively small number of cycles, the differences between the
tested stone types after the durability tests were noticeable.
These differences reflect the influence of the petrophysical
properties and microstructure of each of the stone types.
The results show weight loss, a reduction in mechanical
strength and a porosity increase for all the tested samples
as a result of laboratory durability tests.

The quantification of stone breakdown with variation of
weight loss, porosity and compressional wave velocity after
durability test shows the same tendency regarding durability
(Table 3). Weight loss is widely used as the sole indicator of
deterioration in standard durability tests. However, for this
type of building stone, its application may be highly restric-
tive as it only reflects the variable and superficial loss of
material without measuring the internal reduction in stone
strength, which is not visible in hand specimen. It was also
reported that incomplete quantification of stone breakdown
resulted from using weight loss for experimental weathering
studies in, respectively, arenaceous and calcareous stones
(Nicholson, 2001) and dolostones (Benavente et al., 2007b).

In this study, the weight loss is used as an indicator of
deterioration, since the goal is to link intrinsic stone proper-
ties to thermal and hygric deterioration. However, the varia-
tion of compressional wave velocity seems to be the most
sensitive parameter to quantify stone deterioration, and
therefore it should be considered pertinent for a more thor-
ough assessment of decay.

In order to assess the relative influence of each of the stone
properties on the decay experienced during the durability
tests, a principal component analysis (PCA) was performed
to simplify the number of variables to be compared. Once
the main correlations were identified through PCA, several
bivariate scatter diagrams were plotted for a focused study
of these variables.

Principal component analysis

The PCA grouped the parameters considered in the database
in three principal components (PC) which accounted for
92.5 % of the total variance (Table 4). The calculations were
carried out using SPSS® v.14.0 code. PC1 links pore struc-
ture, mechanical properties and hygric and thermal expan-
sions to the wetting—drying weathering, quantified by
weight loss after the durability test, and accounts for
61.8 % of the total variation. Thus, in general terms,
this relation indicates that stones with large pores; low val-
ues of porosity, SSA and hygric swelling; and strong
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Table 4. Principal component analysis of petrophysical properties
and durability.

Component 1 2 3

v (Hm) 0.633 0752  0.164
SSA (m* g7 ") —0.839 —0.501 0.159
o1 (%) —0.768  0.518  0.020
C (kg m 2 h™") 0.406  0.837  0.354
vp (ms™h 0.859 —0.307  0.398
E (GPa) 0916 —0270  0.256
oc (MPa) 0.893 —0366 —0.149
k(W mk™" 0.816 —0216  0.083
o (1076 K™h 0.557  0.171 —0.803
AlVly (mm m™") —0.885 0.074 —0.124
AW (%) —0.895 —0.163  0.305

% explained of the total variance  61.8 19.9 10.8

1.0+ (stone, %Q, %cal, clay content)
(QC,27,50,+++)
0.8 -
(C3,6,83,+
(C1,5,90,+)
—_ 0'6_(Q3,85,6,++) .
2 o o, (C5A375,+) Q2706+
C4,12,80
> (C4,12,80,
S 04
02 (D,0,20,)
00 2(01.100,0.)
0.0 04 0.8 1.2 16 2.0

Al (mm m™)

Fig. 2. Correlation between the percentage of weight loss by wet—
dry weathering (AW) and hygric expansion (Al/ly). Quartz (%Q),
calcite (%cal) and clay mineral content is shown in brackets. Clay
fraction content is displayed as abundant (+++), medium (++), low
(+) and absent (—).

mechanical properties are the most durable. Moreover,
PC1 shows that there is a moderate positive correlation
between coefficient of linear thermal expansion and weight
loss after durability testing of the stones, which contrarily
means that a porous stone subject to large thermal expansion
is more durable. PC2 accounts for 19.9 % of the total vari-
ation and is associated with capillary water transport and
pore structure. Finally, PC3 accounts for 10.8 % of the total
variation and presents a moderate link between the coeffi-
cient of linear thermal expansion and compressional wave
velocity.

Lithological heterogeneity: relations between clay
content and hygric swelling

As the final analysis results, expressed as weight loss, show
the best correlation with hygric swelling, this is to be consid-
ered the main factor accounting for stone decay. This mainly
depends on two factors: mineralogical heterogeneity (most
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noticeably the presence of clay minerals) (Table 1) and pore-
size distribution (Fig. 1), as capillary forces may lead to rel-
evant negative capillary pressures in micropores.

All samples swelled when saturated with water. The por-
ous building stones show a large scattering of hygric expan-
sion values (Fig. 2). Thus, while Q1 and D exhibit very
small hygric swelling, Q2 and QC swell quite remarkably
(Table 2). This shows a relation between the amount of clay
minerals in the sample and hygric swelling. The latter sam-
ples present a high amount of interparticle clay minerals
which lead to high degree of stone swelling and softening
(Fig. 3a). An XRD orientated aggregates allowed us to
detect the following clay minerals: detrital mica, smectite
and low concentrations of chlorite and paligorskite, as well
as a mixed layer made up of chlorite and smectite in the T1
and T2 samples (Table 1). According to Veniale et al.
(2001), clays can undergo two types of expansion: (a) osmo-
tic process (interparticle expansion) due to water molecules
(and electrolytes in solution) adsorbed on the external sur-
face of clay particles, and (b) intraparticle swelling produced
by the interlayer expansion of the crystal-chemical units.
The latter occurs only in “swelling minerals™ like smectites.
Therefore, smectites can experience both interparticle and
intraparticle expansion simultaneously. Due to their smectite
content, the QC, C1 and Q2 samples are the most damaged
samples. The other non-expandable clay minerals can show
interparticle expansion causing sandstones to suffer a pro-
gressive disintegration.

The interparticle clay minerals are usually found in the
stone cement, binding the grains together. This type of bind-
ing phase increases their susceptibility to deterioration, espe-
cially under conditions of cyclic wetting and drying, causing
swelling and shrinkage of clay minerals (Jiménez-Gonzalez
et al., 2008). Consequently, these clay minerals lead to a
higher degree of decay in the stone due to their swelling
and produce stone softening.

However, intraparticle clay minerals may produce swelling
but not stone softening. FESEM observations identified
small authigenic glauconite spherules in the calcareous sand-
stones (biocalcarenites) between grains and inside of fora-
minifer shells (Fig. 3b, c). It is important to mention that
orientated aggregates diffractograms were unable to evaluate
the displacement of the diffraction lines of glauconite after
treatment with ethylene-glycol. According to Hower
(1961), this mica usually contains up to a maximum of
10 % smectite-like expandable layers. Part of the glauconite
is associated with foraminifer shells as intraparticle clay
minerals. In these cases, although it may swell, this will
not produce softening. Moreover, the intraparticle porosity
within the foraminifers is not well-connected and, therefore,
less accessible to water, so it reduces its relevance to the
overall decay of the stone.

Q2 and Q3 present some sedimentary bedding recogniz-
able by the basal planes of phyllosilicates (and clays) which
are placed parallel to the stratification planes (Sebastian
et al., 2008). The hygric expansion in the perpendicular
direction was slightly higher than in the parallel direction.
Similar behaviour in sedimentary bedding stones was also
reported by Weiss et al. (2004).
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Fig. 3. FESEM micrographs and EXD analysis of sandstones were:
(a) laminar (smectite) and fibrous (paligorskite) clay minerals can be
recognized; (b) glauconite spherules (~ 2 pum in size) crystallize
near calcite crystals; (¢) development of glauconite inside a calcite
grain.

Jiménez-Gonzalez & Scherer (2004) point out that during
the cycles of wetting and drying, stone damage might
mainly take place during drying. During wetting, stone is
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initially dry and then its surface gets wet. The wetted part
will attempt to expand although it is constrained by the bulk
of the dry block. In this case, the maximum stress occurs
when the thin swelling layer is completely suppressed by
the larger volume of dry stone. Thus, damage is expected
to occur when this stress exceeds the compressive strength
of the wet stone. On the contrary, when a wetted and
expanded stone begins to dry from its surface, the drying
layer will attempt to shrink. As the dimensional change is
resisted by the bulk of the stone, the thin layer will be under
a tensile stress. Thus, damage is expected when the stress
exceeds the tensile strength of the dry stone. Stones gener-
ally have tensile strengths that are much lower than their
compressive strengths, so damage should occur during the
drying cycles. These decay processes can be enhanced if
the stone is constrained. This situation is found in the built
environment when, for example, stone blocks are confined
by rigid mortar joints (Garrecht et al., 1996).

In addition to clays, there are other mineralogical/textural
factors influencing the weight loss, including the composi-
tional heterogeneity and the grain size of the stones. The
results show a direct relation between weight loss and more
complex mineralogical compositions of the stone. For exam-
ple, QC and C3, which are the stones with more heteroge-
neous mineralogical composition, show the highest values
of weight loss, while D and Q1, which are almost monomin-
eral stones, show the lowest values of weight loss. Addition-
ally, a trend relating stones with larger grain size to higher
values of weight loss is also observed. Since these latter min-
eralogical and textural factors do not seem to show the same
relation to hygric swelling as the clay content (Fig. 2), their
contribution to stone decay is probably more related to the
thermal properties of stone than to its hygric properties.

Pore structure and stone strength

Water produces hygric expansion when it invades the pore
structure. On the contrary, when the pore liquid begins to
evaporate, a meniscus develops in each pore such that the
liquid goes into tension and creates compression within
the stone. The capillary pressure in the pore liquid decreases
(i.e. becomes increasingly negative) according to Laplace’s
equation:

(5)

where Ky is the curvature of the liquid—vapour meniscus
in the pore entry and ypy is the interfacial energy between
the liquid and vapour. If a meniscus with a wettable sur-
face is supposed, Eq. (5) can be written for a cylindrical
pore of radius r as:

Ap = vy Key,

2
Ap — _ Ysv ) (6)

r

Capillary pressure can become important when porous
stones have thin pores below 0.1 pym and are in advance
stages of drying. As a consequence, hygric expansion and
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shrinkage cycles generate tension and compression episodes
within the stone structure. Pejon & Zuquette (2002) point
out this phenomenon as a common and important disaggre-
gation mechanism in stone engineering because of the pres-
sure developed which promotes swelling and breakdown of
sedimentary stones (Seedsman, 1993). Eeckhout refers to
this phenomenon as air breakage (Eeckhout, 1976).

This assertion explains the negative correlation after wet-
ting—drying tests of weight loss (AW) and mean pore radius
(rm) as observed in PCI1 (Table 4). Moreover, this compo-
nent groups the durability with pore size, porosity and
SSA. The latter is directly related to porosity and inversely
related to pore size, so that it could be used to indicate
stone’s susceptibility to capillary pressure. Envisioning por-
ous structure as a bundle of parallel capillary tubes, SSA is
related to porosity and pore radius and as follows:

20 =D,

SSA = ,
Pbulk T

(7)

where ppy 1S the bulk density and D; is the normalized
pore-size distribution. The SSA, therefore, includes pore
structure information related to decay mechanisms. Thus,
high SSA values mean that a greater surface area of the
material will decay, implying a high susceptibility to salt
weathering (Benavente et al., 2007a) and to capillary
stress. High SSA wvalues also indicate a high capacity
and susceptibility to water condensation and retention
within porous materials, and consequently, a high biore-
ceptivity (Sanchez-Moral et al., 2005).

The second component groups capillary water transport
with pore structure. If a meniscus with a wettable surface
is supposed, the capillary absorption coefficient, C, is related
to pore radius and porosity as follows (Benavente et al.,
2002; Mosquera et al., 2000):

YLv

C=dp m

(8)

where m is the water viscosity and p is the water density.

Results also show that stones with low compressive
strength are the least durable, whilst those with high com-
pressive strength are the most durable (Tables 3 and 4).
The action of hygric expansion and shrinkage, combined
with heating and cooling cycles, generates compression
and tension episodes within the stone structure. Therefore,
the higher the compressive strength, dynamic Young’s mod-
ulus, and compressional wave velocity, the less susceptible
the samples are to failing due to these episodes. This
explains the inverse correlation between stone strength and
weight loss after the wetting—drying test, as observed in
PC1 (Table 4).

The importance of hygric swelling and stone strength on
stone durability was also reported by Olivier (1979) who
proposed a geodurability classification based on the free-
swelling coefficient and uniaxial compressive strength. For
example, according to Oliver’s classification QC can be
classified as a very poor stone; C3 as good, Q2 as fair;
and QI1, Q3 and D as excellent.
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Fig. 4. Correlation between the percentage of weight loss by wet—
dry weathering (AW), and coefficient of linear thermal expansion
(o). Clay fraction content is displayed as abundant (+++), medium
(++), low (+) and absent (—).

Influence of thermal properties

The stones display a wide range of thermal properties
(Table 3). Results do not display a straightforward relation
between thermal dilatation (o) and weight loss (AW) after
decay tests (Fig. 4). Furthermore, PC1 shows a moderate
negative correlation between oo and AW (Table 4), which
would mean, if interpreted simplistically, that porous stones
with a higher thermal expansion coefficient will be less sus-
ceptible to decay.

This apparently contradictory relation highlights two main
issues concerning the scale of observation in interpreting the
influence of thermal properties on stone decay. Firstly, the
effects of thermal properties on the decay of building stones
are usually only observable on a longer-term basis through
fatigue effects. Secondly, the differences of thermal proper-
ties at the individual mineral scale can enhance these pro-
cesses (Gomez-Heras et al., 2006).

Therefore, on one hand, the relatively short length of these
tests might have made the correlation between thermal prop-
erties and decay less noticeable. On the other hand, the
stones present very heterogeneous mineralogical composi-
tions and this has an effect on the observed decay patterns
in terms of weight loss. The mineralogy of the stone and
the relation between the adjacent minerals (texture) play
an important role in controlling the thermal expansion of
stones. The anisotropy of the linear expansion coefficient
of minerals has an influence on the thermal behaviour of
the entire stone, and the bulk thermal expansion of a stone
does not necessarily reflect the processes of thermal expan-
sion mismatch that happen at the individual mineral scale.

Calcite is a highly anisotropic mineral, whereas quartz has
low anisotropy in relation to thermal expansion. However,
the extraordinary anisotropic behaviour of calcite leads to
relatively small volume expansion, as a random arrangement
of crystallographic orientations within the stone generates
random counteracting effects buffering the expansion of
individual crystals. The opposite will occur with quartz
and this explains the high thermal expansion of Q1, which
is mainly constituted of quartz (Table 3).
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In addition to this, the translation of the thermal expansion
of individual minerals into bulk expansion of the stone is
also buffered when the porosity is high and, therefore, there
is more room within the stone for the thermal expansion to
be accommodated. Moreover, the presence of clay minerals,
which can act plastically, is also a competing factor to the
expression of the individual grains thermal expansion into
a bulk volume expansion of the stone.

Therefore, the bulk thermal expansion of a stone does not
necessarily reflect its likeliness to undergo thermal-related
decay and the analyses must take into account the differ-
ences at the mineral scale. The more heterogeneous the min-
eralogy of a stone, the greater is the likeliness of undergoing
thermal decay through differences of thermal properties
between the minerals. Different coexisting mineral phases
with disparate thermal expansion responses enhance the
thermal expansion mismatch between individual grains
and may accelerate decay. Grain size heterogeneity is also
mentioned as a factor enhancing thermal decay (Gomez-
Heras et al., 2006).

This is observable in the above-mentioned correlation
between weight loss and heterogeneous mineralogical com-
position of the stone. For example, QC and C3, which are
the most heterogeneous stones, show the highest values of
weight loss, whereas D and Q1, which are almost monomin-
eral, show the lowest. Equally, it is observed that stones with
larger grain size present higher values of weight loss.

In most cases, the thermal expansion curve for the dried
samples is quite straight showing no hysteresis (Fig. 5).
However, a small amount of hysteresis is found in C4,
QC and Q2. Figure 5 compares the thermal expansion
curves for clay-free stone (Q1l) and clay-bearing stone
(C4), which contains smectite and detrital mica. Although
the hysteresis in the thermal response of the dried samples
can be neglected, it must be considered in the future for a
better understanding of the thermal behaviour of stones sub-
jected to longer thermal experiments in wet conditions. For
example, during the wetting—drying test, thermal expansion
is produced when samples are wet. Koch & Siegesmund
(2004) found a certain alteration of thermal expansion
behaviour in saturated marbles. They proved marbles that
show a large hygric expansion also show a linear increase
in length due to temperature. This means that stones sensi-
tive to hygric dilatation may also exhibit thermal expansion
behaviour as a precursor. This process can also be enhanced
by the presence of clay minerals (Fig. 4). As a consequence,
moisture and temperature are observed to be linked both in
the laboratory durability test and in the field.

Thermal conductivity values of the studied stones range
from 5.0 to 104 W m ' K™!, as shown in Table 3. The
thermal conductivity of the stone depends on several factors,
including mineralogy and pore volume. In particular, quartz
has a relatively high thermal conductivity, which explains
why the highest value of 104 W m~' K~' was obtained
from Q1 (100 % quartz). The results show a significant
inverse correlation between thermal conductivity and weight
loss. This inverse correlation reveals two things: on the one
hand, the influence of porosity as a buffering agent for
thermal decay, meaning the higher the porosity, the more
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Fig. 5. Thermal expansion curves of quartz sandstone Q1 (a) and the calcite sandstone C4 (b) for three heating—cooling cycles. The course
of the expansion curves is indicated by arrows: heat — heating ramp; cool — cooling ramp.

available space to accommodate mismatches of thermal
expansion between minerals, and high porosities are related
to lower thermal conductivities; on the other hand, low ther-
mal conductivity of stone generates steeper thermal gradi-
ents between surface and subsurface, increasing the
possibility of thermal expansion mismatches at the surface
level, which is more prone to granular disaggregation phe-
nomena through which thermal decay is expressed.

Conclusions

The results of this research show the importance of consid-
ering the joint action of different decay factors and the influ-
ence of stone properties to explain the differential durability
of building stones. Although the statistical analysis shows
that the highest correlation is between hygric expansion
and decay, expressed as weight loss, this relation does not
explain fully why some of the studied materials are less
durable than others.

The samples show a series of characteristics suggesting
that thermal processes cooperate with hygric expansion to
enhance decay. In addition, mineralogical and textural heter-
ogeneity are shown to be one of the main factors contribut-
ing to the decay of sedimentary building stones. This can be
through the modification of hygric swelling properties that
minerals, such as clays, introduce in stone or through
enhancing the thermal expansion mismatch of mineral
grains. Hygric swelling is modified locally by the presence
of clays, which contribute to generate local stresses that,
in turn, contribute to increased breakdown of the samples.
The probability of thermal-related decay processes increases
with the heterogeneity of the stone. Therefore, clay-contain-
ing heterogeneous stones show the lowest degree of durabil-
ity, while clay-free homogeneous siliceous stones show the
highest durability.

These results are in agreement with observations made in
the built environment in which the localized presence of
clays and/or mineral heterogeneities has been reported as
major factors triggering and enhancing stone decay (e.g.

Warke & Smith, 2000; Veniale et al., 2001; Smith et al.,
2002; Franzini et al., 2007).

The complexity of the relations between durability and
mineralogy, hygric and thermal expansion highlights the
importance of studies on the combination of decay factors
in understanding the whole context of stone decay. The
results of durability tests fail to make sense if they are inter-
preted in relation to a single decay factor. It is only when
considering the combination of agents, and the relations
between the stone properties and the environment, that we
get meaningful interpretations of durability tests which can
be applied to the natural environment. This is especially
the case when considering decay factors that are inherently
associated in natural environments, which is the case of tem-
perature and humidity.

These results also reflect the importance of considering dif-
ferent scales when studying stone decay. Hygric and thermal
expansion operate in different temporal and spatial scales.
The stresses generated by the mismatch of thermal expan-
sion rates operate mainly at the grain scale and in the long
term. Therefore, the consideration of bulk thermal expansion
is not as important as the consideration of the processes that
the stone undergoes at the grain scale.
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