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Abstract The crystallisation of soluble salts within

the pores of the stone is widely recognised as a major

mechanism causing the deterioration of the stone-built

architectural heritage. Temperature, in turn, is one of

the main controls on this process, including salt pre-

cipitation, the pressure of crystallisation and the ther-

mal expansion of salts. Most laboratory experiments on

decay generated by salts are just carried out with

convective heating regimes, while in natural environ-

ments building stones can undergo radiative and con-

vective heating regimes. The thermal response of stone

to these different heating regimes is noticeably differ-

ent and might influence the crystallisation patterns of a

salt within a stone. The aim of this work is to raise

awareness on the different patterns of crystallisation of

NaCl within a porous stone tested with different

heating regimes (convection and radiation) and the

implications that this could have on the design of

experimental modelling of natural weathering condi-

tions in laboratory simulations. Results show that

heating regime affects the sodium chloride distribution

within a stone with high percentage of microporosity.

In this case, radiation heating facilitates the generation

of subefflorescences, while convection heating pro-

motes efflorescences. This has a clear implication both

on the stone decay in natural environments and on the

methodologies for testing salt decay, as subefflores-

cences are more destructive than efflorescences. In this

sense, the use of convective heating in laboratory

experimentation might underestimate the potential

damage that sodium chloride may generate. This

counsels the use of radiation heating test methods in

addition to convection for the laboratory study of salt

crystallisation.

Keywords Stone weathering � Salt decay �
Temperature � Ageing tests � Experimental designs

Introduction

Laboratory testing of building materials is one of the

most common methodologies to understand the decay

processes they experience in natural environments.

However, laboratory tests can never exactly replicate

the processes that occur in natural environments.

Building materials placed in the nature or in a building

are affected by numerous decay agents, which act

synergistically and are influenced by feedback mecha-

nisms. Nevertheless, any laboratory simulation or

accelerated ageing test carried out either for industrial

or scientific purposes should seek to maximise the

replication of the environments in which the tested

materials are found either naturally or in use. In terms

of the temperature regimes employed and salts, labo-

ratory tests should use realistic absolute temperatures

instead of extreme conditions (McGreevy and Smith

1982). This could be extended to the need of using

realistic heating regimes.

Heat is propagated in nature by means of conduc-

tion, convection and radiation. Any material placed in
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a building is going to be heated by the action of the

surrounding air (convection) and directly by the sun on

its surface (radiation). This heat income will be trans-

ferred through the materials by means of conduction.

There is a wide literature on the differences between

convective and radiative heating regimes as well as on

the extent of the influence that temperature exerts on

building stones through so-called ‘insolation weath-

ering’ (e.g. Griggs 1936; Smith 1977; Warke et al. 1996;

Warke and Smith 1998; Halsey et al. 1998; Hall and

André 2003; Gomez-Heras et al. 2006). In contrast,

literature on the influence of different heating regimes

on other decay processes, such as the salt crystalliza-

tion, is relatively scarce.

The crystallization of soluble salts within porous

stones has been widely accepted as one of the most

crucial mechanisms causing the deterioration of built

heritage (e.g. Schaffer 1932; Correns 1949; Winkler

1973; Scherer 1999; Steiger 2005) along with recogni-

tion that crystallization process is influenced by tem-

perature.

The crystallization of a salt within the pores of a

stone takes place when a saline phase reaches super-

saturation and the thermodynamic characteristics of

the system are adequate for the formation of nuclei

from which crystals can grow. In this study, tempera-

ture has been chosen as the main environmental

parameter controlled in the experiments, although this

is not the only factor influencing the crystallisation of

salts. The composition of the solutions, pore distribu-

tion or humidity among others also control this pro-

cess. Nevertheless, the specific importance of

temperature in the context of salt weathering is high-

lighted by the fact that the rate of thermal expansion of

salts can be much greater than that for the host stone.

For example, the volumetric expansion of NaCl from

20 to 100�C is 0.933%, which is 15 times higher than

the average volumetric expansion of a limestone

(0.064%) for the same interval (Skinner 1966) The

influence of these stresses has been previously identi-

fied as a possible contributor to decay generated by

salts (Cooke and Smalley 1968; Winkler 1973).

However, the determination of the temperature re-

gimes in the context of a building to be applied in a

laboratory simulation is not straightforward, as heating

regimes across a building can be very complex, and will

vary spatially and temporally at different scales.

Depending on the building orientation, some facades

can experience episodes of ‘pure’ convective heating

(as in a continuously shadowed façade) while others

can undergo daily cycles of radiative heating (due to

insolation) or a higher frequency cycling due to peri-

odic shadowing during the course of a day. All of this

generates disparate heating responses in the stones

(Gomez-Heras et al. 2006).

Radiation heating promotes faster heating rates

than convective heating for the same ambient tem-

perature regime. In a stone heated merely by convec-

tion, the loss of energy in the transfer from air to stone

is higher than in a stone heated by radiation, as it

comprises movement of the particles of the air mass.

Therefore, radiation heating generates higher surface

temperatures and more complex temperature distri-

butions at the surface and within the stone (e.g. Peel

1974; Warke and Smith 1998; Gomez-Heras 2006), al-

though precise rates of heating are controlled by a

number of variables including inter-granular differ-

ences (Hall and André 2003; Gomez-Heras et al. 2006).

In contrast, convective heating tends to mask differ-

ences in thermal properties between the stone types to

heating (Warke and Smith 1998). This means that

differences between stone types driven by their ther-

mal properties may be lost under convective heating

regimes.

Because of the widespread use of convective heating

in laboratory weathering simulations, the complexity of

the temperature regimes that insolation (i.e. radiative

heating) generate in naturally exposed stone is also

largely lost. This includes most, if not all standards and

experimental methodologies for salt testing that are

based in ovens with forced air circulation and convec-

tive sources of heating (e.g. ASTM 1964; RILEM 1980;

CEN 1999; Houck and Scherer 2006).

It is expected, that these differences in heating re-

gime will in turn influence the way in which salts will

crystallize under radiative and convective heating re-

gimes. The influence of salt loading in an insolation

environment has been previously reported (Smith et al.

2005) as well as the implications of different heating

rates on the salts’ morphologies (Smith and McGreevy

1988; Rodriguez-Navarro and Doehne 1999) and the

importance of heating and cooling patterns as the re-

sult of aspect and shading differences has been

acknowledged (Smith 1977, 1978). There are, however,

no previous studies that have investigated the influence

of experimental insolation and convection heating re-

gimes on crystallization processes at a microscopic

scale and the implications that this may have for the

interpretations of laboratory decay tests.

As a consequence, the aim of this preliminary study

is to raise awareness of the importance of heating re-

gimes in the laboratory experimental simulation of salt

decay by exemplifying the morphological and distri-

bution differences of NaCl crystallised within a specific

porous bioclastic limestone, as the result of two

different heating regimes.
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Materials and methods

The study is designed to compare the morphologies of

NaCl crystals within blocks of a biomicritic limestone,

as a result of different experimental heating regimes

(convective and radiative) in a climatic cabinet. The

experiments used 10 cm cubes of a biomicritic lime-

stone commercially known as Bateig Azul. This is

quarried in the province of Alicante and is a common

building material in several regions of central and

eastern Spain (Fort et al. 2002) and in use it is subject

to a range of salt decay mechanisms. It was selected

also on the basis of its relatively low albedo that should

enhance differences between the convective and radi-

ative heating regimes.

The petrography of the stone was characterised by

polarizing microscope and colour, porosity, ultrasound

velocity parameters and hydric behaviour were deter-

mined. Colour was measured with a spectrophotome-

ter (MINOLTA CM-2002) with D65 illuminant and

10� standard observer. L*, a* and b* according to CI-

ELAB system (CIE 1986) and white and yellow in-

dexes according to ASTM E313 standard (ASTM

2000) were measured. Porosity parameters were char-

acterized with a Mercury Intrusion Porosimeter (Mi-

crometritics Autopore IV). p-waves ultrasound velocity

(Vp) and anisotropy index (IA) were measured with an

ultrasonic pulse velocity meter (PUNDIT, CNS). The

anisotropy index (IA) was calculated as:

IA ¼ 100 � 1� 2V1

V2 þ V3

� �
ð1Þ

where V1, V2 and V3 are the p-waves ultrasound

velocities for each axis, being V1 the lowest velocity.

RILEM (1980) guidelines were used for hydric

behaviour tests.

Heating experiments were conducted via one sur-

face of rock cubes placed vertically within a climatic

cabinet and exposed to either radiative or convective

heating. The blocks were insulated on all other sides by

a casing of expanded polystyrene of 0.5 cm thickness.

The heated surface was selected to be perpendicular to

any possible lamination in the stone. The calculation of

the anisotropy index (IA) of the material showed

directionality, which was not macroscopically notice-

able. Therefore, the surface exposed was selected to be

perpendicular to the direction with lower Vp (V1).

Stone blocks were dried in an oven until constant

weight before the experiments began. Once dried, the

blocks were immersed, without the polystyrene case, in

a saturated NaCl solution for 48 h. Although total

immersion does not replicate mechanisms such as

capillary rise, whose importance in the context of a

building can be high (Benavente et al. 2001), this

method was selected as it is frequently used for labo-

ratory salt testing (e.g. Goudie 1993; Goudie and Viles

1995). Single immersion was also preferred as it facil-

itated the comparison of the different tests. Immersion

time was set to 48 h following the RILEM guidelines

for saturation tests.

Sodium Chloride was selected, as it is a salt com-

monly found in buildings (Winkler 1973; Cooke 1994;

Goudie and Viles 1997; Gomez-Heras et al. 2004) and

frequently used in accelerated decay tests (e.g. Goudie

1974; Sperling and Cooke 1985; Grossi and Esbert

1994; Goudie and Viles 1997; Benavente 2003). In

addition, sodium chloride does not present phase

transitions that could complicate the interpretation of

results, as opposed to other salts used in accelerated

decay tests, such as sodium sulphate, that has a more

complex system with phase transitions between the-

nardite and mirabillite.

Two experimental cabinets with a similar internal

volume of 60 dm3 were used. The cabinet used for

convection tests was a Memmert 400 with steady

thermostat to which an external temperature pro-

grammer was attached. The heating in this cabinet was

attained through forced air convection by means of a

shielded fan that prevented direct blowing of air across

the blocks. Radiation tests were carried out in an

automatic cabinet designed specifically to carry out

insolation tests through heating with infrared lamps

without forced air circulation (Gomez-Heras and Fort

2002; Gomez-Heras 2006). In both cases, the cabinets

were programmed with the same 4 h temperature cycle

based on the average summer temperatures for the

period 1993–1996 recorded at a climatic station at the

Royal Palace of Madrid (Lopez de Azcona et al. 1996).

The air temperature during the cycle oscillated be-

tween 23 and 37�C with an initial 30 min constant-

speed heating ramp and 3.5 h of unforced cooling.

The relative humidity within the cabinets was set at

5%. This value, which could be considered unusually

low in the context of buildings in temperate climates,

was selected to minimize any effect that humidity

might have in the crystallisation process and to isolate,

as much as possible, the effects of heating regimes. To

maintain the humidity, 100 g of silica gel with blue

colour indicator was placed in each cabinet. The silica

gel was periodically renewed during the experiments as

required.

Changes in the specimens were visually controlled

during the experiment with naked eye and under low

magnification (10·). Weight loss through the drying of

the samples was also controlled throughout the
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experiments. Each experiment was stopped when the

weight loss between successive cycles was less than

0.1& (around 565 cycles, depending on the specific

experiment). The weights of the blocks were measured

in external scales towards the end of the cycles when

the sample temperature approximated to room tem-

perature. In order to homogenize the weight loss fig-

ures for comparison, water saturation (Sw) percentage

over total saturation was used instead of the absolute

weights:

Sw ¼
W �W0

WS �W0
� 100 ð2Þ

where W0 is the dry sample weight, WS is the saturated

(48 h) sample weight and W the weight of the sample

at each stage of the experiment.

At the end of each test, the polystyrene case was

removed and stone chips were removed for examina-

tion by scanning electron microscopy (SEM) from the

heated surface and interior of the block. Samples were

obtained from the blocks by successively splitting them

using mechanical jaws. In this way, it was possible to

obtain a series of stone ‘chips’ along a depth profile

below the exposed surface. These samples were gold

sputtered to be observed in a Jeol JSM 6400 Micro-

scope in secondary electrons (SE-SEM) and backscat-

tered electrons modes (BE-SEM).

Results

The Bateig Azul stone is a terrigenous-rich biomicrite

(Fig. 1) with foraminifera, bryozoans and gastropods as

the main bioclasts and quartz as main terrigenous

clasts. Echinoderm spines and plates and calcareous

red algae are also present, as well as feldspar and rock

fragments (mainly dolomite and metamorphic rocks).

The stone presents a matrix of micritic calcite together

with siliceous cementation and drusy calcitic cement

rims. The occurrence of glauconite as an accessory

authigenic mineral is noticeable and is one of the

causes of the bluish colour of the stone. Table 1 shows

the average petrophysical parameters measured for

this material.

Figure 2 shows the evaporation of the solutions,

expressed as the percentage of total water saturation

for radiative and convective heating tests. These graphs

show the evaporation rate. The inflexion point in the

convection is much shorter (18 cycles; 72 h) than in the

radiation tests (around 100 cycles; 400 h). For the first

cycles (before the inflexion time of the convection

test), the evaporation rate is lower under radiative

heating than under convective heating. From this

inflexion point onwards, the evaporation rate is lower

under convective than radiative heating. The samples

heated through convection reach a constant rate of

weight loss before those heated by radiation.

Optical inspection of the samples showed that the

main surface changes occurred after the first cycles.

Samples heated only by convection showed evident

NaCl efflorescences covering about one half of the

surface, while samples heated by radiation showed

little if any efflorescence—at most 1% of the surface.

In this case, the efflorescences were formed due to

nucleation on a mark produced during the handling of

the sample. After cycle 18, surface changes were slight

and there was no increase of the areas affected by

efflorescence. The only noticeable change is a thick-

ening of the NaCl cover in the samples heated by

convection, and an increase in surface roughness on the

samples heated by radiation.

After removal of the polystyrene case, different

depth profiles were observed for the case of convection

and radiation heating (Fig. 3). In both cases, the areas

of the sample furthest from the heated surface dis-

played acicular radial NaCl crystals concentrated

around a limited number of nuclei, while the areas

closest to the heated surface displayed a more homo-

geneous pattern of salt distribution without fibrous

crystals. In the samples heated by convection (Fig. 3a),

the salt is distributed homogeneously only in the first

36 ± 7 mm; below this, NaCl shows fibrous morpho-

logies.

The samples heated by radiation (Fig. 3b) show a

layer of crystals of NaCl located within the first milli-

meter from the heated surface of the stone, generating

an incipient spalling of the surface. Deeper in theFig. 1 Photomicrography of Bateig Azul with parallel polaroids
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profile, an approximately 2.5 cm thick layer displays a

homogeneous salt distribution without fibrous crystals.

The first acicular crystals of NaCl begin to appear in

the zone between 2.5 to 3.5 cm depth. Deeper than

3.5 cm, the predominant features are acicular radial

NaCl crystals with a similar morphology to that dis-

played in the deepest areas of the samples heated by

convection but with more nuclei.

Observations by SEM (Fig. 4) reveal noticeable

morphological differences between the NaCl crystals

formed under convection (Fig. 4a, c) and radiation

(Fig. 4b, d). Under convection, NaCl appears as an

efflorescence with an average thickness of c. 100 lm.

Two main morphologies are observed: Firstly, homo-

metric crystals placed in contact with the stone surface

(Fig. 4a, bottom) or nucleated over other crystals in

the external parts of the efflorescence. Secondly, the

most abundant acicular crystal that display longitudinal

fluting and are often curved (Fig. 4a, top). The external

surface of these crystals presents an irregular mor-

phology (Fig. 4c).

The NaCl crystals formed in the samples heated by

radiation appear as subefflorescences at around 100 lm

depth from the heated surface. The crystals form col-

umns perpendicular to the heated surface (Fig. 4b)

creating a salt layer of up to 300 lm in thickness. These

crystals display oscillatory zoning parallel to the heated

surface, as seen by means of BSE-SEM (Fig. 5). Each

zone could be related to a pulse of growth of 23 ± 5 lm

average thickness. The crystals nucleated within the

pores created an interstitial layer that pushed away the

stone surface. Some stone fragments are found included

within the crystals in this interstitial layer.

Discussion

A qualitative model of the distribution of the NaCl

within the stone regimes can be established for the

experimental convective and radiative heating from

the observations carried out (Fig. 6). The maximum

occurrence of NaCl is at the surface of the material in

the samples heated by convection. The abundance of

NaCl crystals decreases rapidly towards the interior of

the stone. The NaCl concentrates at a depth of around

100 lm in the samples heated with radiation to

Table 1 Petrophysical parameters of the stone Bateig Azul

L 74.7 ± 0.9
a* –0.7 ± 0.1
b* 5.5 ± 0.3
Whiteness index 28.6 ± 2.0
Yellowness index 10.1 ± 0.5
Water saturation wt (%) 5.48 ± 0.08
Porosity accessible to water (%) 12.60 ± 0.10
Compactness 0.87
Porosity accessible to mercury 14.4
Microporosity (< 5 lm) (% of total pores) 95.4
Bulk density (g/cm3) 2.27
Apparent density (g/cm3) 2.66
Specific surface (m2/g) 5.53
Pore size median (lm) 0.14
Pore size mean (lm) 0.05
Ultrasound velocity Vp (m/s) 3,770 ± 30
Anisotropy index 5.92

Fig. 2 Evaporation curves representative of tests carried out
with convective (solid line) and radiative (dashed line) heating

Fig. 3 Stone profiles of samples tested with convective (a) and
radiative (b) heating. The arrows indicate the face that was
exposed to heating

123

Environ Geol (2007) 52:259–267 263



decrease progressively towards the deeper areas of the

stone.

The different mechanisms of evaporation and tem-

perature profiles associated to the different heating

regimes condition the dissimilar distributions and

morphologies of the NaCl in the samples studied. The

air movement and mass transfer generated under

convective heating are not as crucial in promoting

evaporation under radiative heating. The heat-

ing—cooling cycles through convection barely affect

the first few millimetres of stone (Gomez-Heras 2006)

while the cyclic heating generated by radiation gener-

ates higher surface temperatures and complex

temperature distributions that affect to a noticeable

thickness of stone (Peel 1974; Warke and Smith 1998;

Gomez-Heras et al. 2006).

The final distribution and morphologies of NaCl are

strongly conditioned by the behaviour of the solution

in the first cycles as, once the first halite crystals ap-

pear, continued growth requires less energy than the

initiation of new crystals. Moisture loss was channelled

predominantly through the exposed heated surface by

virtue of the polystyrene jacket and the solution pro-

gresses from the interior of the material to the surface

by capillarity due to the loss of moisture at the surface.

Fig. 4 SEM-SE images of
NaCl crystallised after
convective (a, c) and radiative
(b, d) heating. They show the
tendency of NaCl to form
efflorescences after
convective heating and
subefflorescences after
radiative heating

Fig. 5 SEM-BSE image of a NaCl crystal showing oscillatory
zoning due to cyclic growing episodes

Fig. 6 Schematic non-quantitative model of bulk distribution of
NaCl crystals for a stone heated with convective and radiative
heating
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Air circulation is an important control on evaporation

in the case of the convective heating. The solution

evaporates more rapidly in the case of convective

heating than in the radiative heating due to the air

movement at the stone’s surface. This is reflected in the

initial greater rate of moisture loss in the convection

evaporation curves (Fig. 2). As NaCl crystallizes at and

near the surface, it could act as a seal and slow down

the evaporation process, as suggested by Smith et al.

(2005).

In addition, the microporosity (pore size < 5 lm) of

this material is high (95.4% of the total porosity). The

evaporation is hindered in these stones in comparison

to stones with greater pore size, as the evaporation of a

saline solution is disfavoured in general (Benavente

2003).

As mentioned before, for the same regime of

ambient temperatures, the rate of surface temperature

increase is less under convective heating than under

radiative heating, as the loss of energy in the heat

transfer from the air to the stone is higher in convec-

tion than in radiation. In addition, due to the cyclic

increase and decrease of ambient temperature, stone

keeps a temperature lower than the ambient in most of

the cycle (Warke and Smith 1998; Gomez-Heras 2006).

Evaporation from the external surface of the stone will

therefore be the main mechanism by which the solu-

tion attains the necessary level of supersaturation for

the crystals to form. This conditions the nucleation of

the halite crystals in the external surface of the mate-

rial and therefore the formation of efflorescence. The

observation of the NaCl distribution profile confirms

that high supersaturations are only attained in the first

half centimetre (high number of crystals, reflecting a

high number of initial nuclei, and acicular crystalliza-

tion patterns indicating fast growth). In the rest of the

material, the signs of high supersaturation are dra-

matically lower below the immediate subsurface zone.

The temperature increase is more intense and faster

in the radiative heating regime than in the convective

heating regime for the same ambient temperatures.

The stone surface attains temperatures up to 46.7�C for

dry Bateig subjected to the same experimental condi-

tions (Gomez-Heras 2006) and the air circulation on

the surface is less relevant than in the case of convec-

tive heating. Rapid heating of the surface favours faster

drying of the near surface zone than the actual ability

of the solution to move upwards by capillary rise from

the interior of the stone to the surface, and an air-

solution-pore interface is formed in the interior of the

stone. The high microporosity of this stone also con-

tributes to this process. The stone dries in this case

more due to water vapour transfer rather than mass

transfer (as it was the case in the convective heating).

The initial slower evaporation rate and the overheated

surface create the thermodinamycal conditions

favourable for the nucleation of halite crystals in a

subsurface plane. First halite crystals are formed within

the pores instead of at the surface and, once these first

crystals have been nucleated, the solution will tend to

feed the growth of the subefflorescences instead of

forming new crystals on the external surface. The

subefflorescences display sub-euhedral morphologies

that suggest 3D growth mechanisms (Sunagawa 1981)

and therefore moderate supersaturations of the solu-

tion could be inferred. The salts’ distribution profile

show that the area in which moderate supersaturations

can be inferred is thicker than in the samples heated

through convection.

Conclusions

The results of these tests show that the experimental

heating regime can influence the dynamics of salt crys-

tallization within the stone in addition to other factors,

such as, for example, porosity. In the specific case of this

experimental design, radiative heating facilitates the

formation of subefflorescence of sodium chloride, while

efflorescence is formed with convective heating for the

same ambient temperature cycles. This is mainly be-

cause radiation heats faster than convection.

This raises awareness on the need of exploring the

impact of the differences between convective and

radiative heating regimes on the design of laboratory

salt decay tests. These tests generally use convective

sources of heating and discard radiation to heat the

samples. In this specific case, the use of forced air

convection in the experimental design could signify the

underestimation of the effects of NaCl crystallisation

within a porous stone in terms of disruption of its

surface.

This is exemplified in these experiments, in which

NaCl subefflorescences generated under radiation

produce a partial disruption of the stone surface (which

could evolve into micro-spalling), while the efflores-

cences formed with convective heating did not affect

the structure of the material. The disruption generated

under radiation is a sum of the stress generated within

the pores by the crystallizing NaCl and the stress

generated by the difference of thermal expansion be-

tween NaCl and limestone, which is enhanced by the

higher temperatures attained within the stone under

radiation.

The extrapolation of these results to the decay in

natural environments can be linked to the relation that
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some authors establish between slow heating rates and

features, such as scaling and granular disaggregation,

as opposed to rapid heating rates, which would favour

spalling (Smith et al. 1987; Smith and McGreevy 1988).

These experiments show that radiation, which involves

rapid heating, facilitates the formation of a continuous

layer of subefflorescences. As a result, the stone sur-

face is displaced and an incipient ‘micro-spalling’ is

generated. On the contrary, only individual grains are

mechanically affected by efflorescences generated un-

der convection.

The different results obtained from radiative and

convective heating encourage the consideration of

using both types in the design of laboratory simulated

salt decay tests. This would provide a truer reflection of

the different ‘heating scenarios’ a stone block can un-

dergo in natural environments. Convection and radia-

tion combine on buildings even at block and grain

scales as, for example, when a stone block in a corner

position receives sunlight only on one side. As a con-

sequence, it is likely that two very disparate salt crys-

tallisation patterns will be generated.

This study highlights the importance of heating re-

gimes and temperature distributions within the stone as

influencing factors for the patterns of crystallisation of

a salt within a porous stone. Nevertheless, the crystal-

lisation of salts in porous stones is a complex process

which is not only influenced by temperature. As in this

example, microporosity can enhance the differences

attained under both regimes. Further research should

focus on the interaction of the different heating re-

gimes with other parameters, such as variations of

relative humidity, pore distribution or composition of

solutions.
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