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Abstract Drying of masonry specimens was monitored
by means of a two-dimensional (2D) magnetic reso-
nance imaging (MRI) technique. The external surfaces
stayed wet for longer if NaCl was present instead of pure
water only. This corroborates many practical observa-
tions that salts aggravate dampness in masonry. A
slower evaporation process and not hygroscopicity was
the cause. That suggests that salt-induced dampness
may, in general, arise simply from changes in the drying
process of masonry materials. That also implies that the
height and depth at which crystallization occurs in walls
may depend on the relative equilibrium humidity
(RHeq) and other properties of salts that influence
drying of porous materials. Evaporation rates of free
surfaces of pure water and saturated NaCl solution were
measured by a gravimetric technique. The results indi-
cate that slow drying of salt-contaminated materials is
not due only to the lower RHeq of salt solutions. The
effective surface of evaporation is likely to be reduced
perhaps due to blocking of pores by salt crystals.
Final salt-distribution maps of the specimens show
that: (a) salts may affect the inner materials of the
masonry, even in evaporation-induced processes that
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lead crystallization to occur predominantly on the
external surface; (b) distinct internal distribution pat-
terns occur if masonry composition varies.
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Introduction

Moist surfaces are recurrently found in salt-loaded
walls. But, as recently stated by an experienced building
pathologist concerning the common case of rising
damp, “... the examination of two closely affiliated
phenomena, salt damage and rising damp, leaves us
with far less in the way of definitive intervention strat-
egies than we might wish, primarily because our
understanding of the phenomena is limited” (Harris
2001). It is therefore, essential to understand the
mechanisms of salt-induced dampness. Hygroscopicity
of soluble salts can explain some situations of patho-
logic dampness. Hygroscopicity refers to the capability
of the salts or salt solutions for absorbing moisture from
the air. This happens if and when the environmental
relative humidity (RH) is higher than the relative
equilibrium humidity (RH.,) of the salt or salt solution.
In that case, a negative vapour pressure gradient exists
between the salt-contaminated surface and the sur-
rounding air. Hence, water vapour diffuses from the
environment to the surface. In contrast, when the
environmental RH is lower than the RH,q of the salt or
salt solution, the vapour pressure gradient is positive.
Therefore, water vapour diffuses in the opposite
direction, that is to say, from the material to the envi-
ronment. Hence, the salt-contaminated material dries.
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The driving vapour pressure gradient for vapour
transport between a wet material and the environment
is lower if soluble salts are present because non-volatile
solutes depress the RHq of the solution. This is the
reason why porous materials dry more slowly if soluble
salts are present. Further, as indicated by theoretical
considerations (Hall and Hoff 2002), that reduction of
the vapour pressure gradient during drying of porous
materials results in advancement of the evaporation
front towards the outer surface. This suggests that salt-
induced dampness may arise, in general, from changes
in the drying process of porous building materials.

It is also mostly during drying that salts spread
throughout the masonry. Fundamental research work
has been carried out for explaining (Arnold 1989;
Steiger et al. 1997) why some salts tend to crystallize at
the surface and higher on the wall, while others tend to
be deposited at inner depths or closer to the pavement.
However, old masonries are heterogeneous systems.
They are composed of distinct elements: plaster, bed-
ding mortar and stone or brick. Furthermore, masonry
materials may vary from monument to monument.
Hence, it is also important to understand drying and
deposition processes in more detail.

Drying of salt-contaminated masonry specimens was
investigated by means of a magnetic resonance imaging
(MRI) technique. The technique provided sequences of
two-dimensional (2D) images which map the concentra-
tion of liquid water in the specimens at certain moments.
Thus, moisture distribution during drying could be mon-
itored. This initial study was restricted to pure water and
NaCl contamination, as well as to isothermal drying
conditions. Specimens with two alternative types of ma-
sonry stone were used. Salt distribution was evaluated at
the end of the experiments. Complementarily, evapora-
tion from free surfaces of pure water and saturated NaCl
solution was measured by means of a gravimetric tech-
nique to help evaluate the influence of this salt on drying.

This paper presents the experimental results and
discusses the following main questions: (a) changes in
drying of water-filled porous materials induced by the
presence of NaCl; (b) influence that masonry compo-
sition may have on the final distribution of salt; (c)
dampness and salt distribution in real masonry walls
contaminated with NaCl or other soluble salts.

Materials and methods
Materials

The drying experiments were performed on two dif-
ferent specimens composed of three building materials
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representing the three main elements of ancient stone
masonry: stone, bedding mortar and plaster (Fig. 1).

Each specimen included a different type of stone:
stone D (specimen DL1) and stone M (specimen
ML1). Both are very common stones in Portugal so
they are expected to be representative of ancient or-
dinary masonry in this country, normally built from
locally available materials (Gongalves and Rodrigues
2005). The plaster and the bedding mortar were made
from the same pure lime mortar (mortar L) in both
specimens.

Table 1 and Fig. 2 present the composition and
properties of the three materials. It can be seen that:
(a) the porosity and, thus, the moisture storage capa-
bility of stone M is higher than that of mortar L which
is higher than that of stone D; (b) mortar L has less
medium-dimension pores (between 0.1 and 0.6 pm) but
more coarse pores (larger than 0.6 um) and signifi-
cantly more fine pores (smaller than 0.1 pm) than stone
D; (c) mortar L has less medium-dimension and coarse
pores (between 0.2 and 5 pm) but more fine pores (less
than 0.2 um) and also more coarse pores (larger than
5 um) than stone M.

Prior to making the specimens, the cut surfaces of
the stone elements were sandpapered in order to im-
prove mortar/stone adherence. Next, bedding mortar/
stone bases were made by applying mortar L on the
stone. The bases were kept in a conditioned room at
20°C and 65% RH for 2 weeks. Afterwards, the plaster
was made by applying similar mortar L on these bases.
In both cases, the mortar was applied: (a) after pre-
wetting the surfaces; (b) with the help of acrylic pla-
ques placed laterally during application and removed
around 15 min later. The specimens were maintained
in the same conditioned room during the following
5 months before testing. At 2 months of age, they were
laterally sealed with epoxy resin.

Drying experiments

Each specimen was tested twice, first with pure water,
then with a 3 m NaCl solution. In order to obtain
complementary background information, evaporation
experiments on free (pure water and NaCl saturated)
solutions were also performed. After capillary satura-
tion by total immersion in pure water or in a 3 m NaCl
solution, the bottom face of the specimens was sealed
with Parafilm M® plastic film.

Magnetic resonance imaging images were collected
every 30 min during drying. After the initial MRI im-
age was obtained, air flow at 0% RH (tempera-
ture =~ 18°C) was applied. For pure water, drying was
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Fig. 1 Pictures of one
specimen: a top view; b lateral
view. During drying all faces
are sealed except top face (a)
through which water vapour
leaves the porous system

Table 1 Composition, porosity and capillary coefficient of the materials

Material Volumetric composition/nature Open porosity” (% V) Capillarity
- coefficient
By cap}llary By total [ke/(m? min'?)]
saturation (vacuum)
(total immersion) saturation
Lime mortar L 1:1.5:1.5 (dry hydrated lime:sand from the 17.6 28.7 1.7
Tagus river:yellow pit sand from Corroios)
Stone D Calcitic calcareous stone with fossil fragments 11.2 15.4 0.5
(medium porosity)
Stone M Calcitic calcareous stone (high porosity) 26.6 324 1.5

# Measured by means of hydrostatic weighting

monitored for 20 h. For the NaCl solution, drying was
monitored for 60 h (specimen DL1) and 35 h (speci-
men ML1).

The evaporation rates of free surfaces of pure water
and NaCl saturated solution were measured under
environmental conditions of either 20°C-50% RH or
20°C-15% RH. Identical Petri dishes of 77 mm internal
diameter and 18 mm depth were used. Two dishes of
liquid were tested in either case. Drying took place in a
climatic chamber with a low air velocity. Nevertheless,
the evaporating areas were possibly smaller than the
internal area of the dishes, due to some hindering effect
caused by the lateral wall of the dishes. Comparative
analysis is, however, possible because an identical
height of liquid (13 mm) was used in all cases.

Mortar L Stone D Stone M

0.4
0.3 S

3 02 / \

0.1

0.0 %

- T
0.001 0.01 0.1 1 10
r (um)

Fig. 2 Pore size distribution (by mercury intrusion porosimetry)

Magnetic resonance imaging

In nuclear magnetic resonance (NMR) techniques, the
sample is magnetized by a strong static magnetic field.
The nuclei in the sample are afterwards manipulated
by radio frequency (RF) pulses at the resonance fre-
quency of these nuclei:

y- B
o= 2n° (1)

In this equation, w is the resonance frequency of the
nuclei of interest (MHz), y their gyromagnetic ratio
(MHz/T) and B, the strength of the main magnetic
field (T). Because of this condition, NMR methods can
be made sensitive to one specific type of nuclei. In the
present experiment, hydrogen (y = 42.6 MHz/T), thus,
water was detected. In future research, 2D images of
the Na* ion will also be presented.

The amplitude of the resulting spin-echo signal () is
proportional to the number of nuclei excited by the RF
pulse:

S=p-e BT, (1- e~ TR/Th ). 2)

In this expression, p is the density of the nuclei in the
sample, T; the spin-lattice relaxation time, TR the
repetition time, 7, the spin-spin relaxation time and
TE the echo-time (Westbrook 2002, for instance). In
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this technique, a TR of 1.3 s is used. Therefore, TR is
long in comparison to 7} (TR > 4T;). Thus, T} has no
significant influence on signal intensity which is mostly
a function of 7,. In building materials, due to the
presence of magnetic impurities, 7, relaxation is short,
so a short TE is also preferred. In this case, the TE
chosen was 205 ps, the minimum value allowed by the
experimental set-up.

A home-built NMR scanner was used (Fig. 3). It
incorporates an iron-core electromagnet operating at a
field of 0.78 T. The set-up uses two sets of Anderson
gradient coils which allow the application of a magnetic
gradient G. G is applied at each rotation angle ¢
(Fig. 4), by suitably changing the values of G, and G,;:

G, =

y = Gsing

A constant total gradient G = 0.15 T/m was used,
leading to a one-dimensional resolution of around
2 mm.

Radial projections were measured in 32 directions
over 180° (Fig. 4). Three averages were taken for each
measurement to improve the S/N ratio. These resulted
in a total image acquisition time of 30 min.

Afterwards, by using a so-called backward projec-
tion program, 2D distributions were calculated.

NMR calibration

The NMR signal may be affected by impurities. Thus,
it was necessary to verify if the proportionality
constant of Eq. 2 varied among the different materials.
For each material, the mean NMR signal value ob-
tained at the very beginning of the pure-water drying

Fig. 3 NMR setup used to measure 2D moisture distribution by
means of backwards projection method for building materials
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experiments was correlated with the capillary satura-
tion moisture content (Table 1). As the correlation
values were found to have limited dispersion (Fig. 5),
the NMR signal could be assumed as being propor-
tional to the moisture content regardless of the mate-
rial. Figure 6 shows the colour scale used in the MRI
images.

Salt distribution

Final salt distribution in specimens DL1 and ML1 was
determined after oven-drying the specimens at 40°C
and further removal of loose efflorescence. First, the
specimens were longitudinally cut into two halves.
Afterwards, these halves were split by progressively
disaggregating them on sandpaper. Hence, salt distri-
bution could be evaluated along two perpendicular
directions.

The salt content in these samples was measured by
means of the hygroscopic moisture content (HMC)
method (Lubelli et al. 2004; Gongalves and Rodrigues
2006; Gongalves et al. 2006). After oven-drying at 40°C,
the samples were kept inside a climatic chamber set-
pointed at 20°C and 95% RH until hygroscopic equi-
librium was achieved, that is, until their mass remained
constant over time. A FITOCLIMA 500 EDTU®
climatic chamber by Aralab (Portugal) was used.

Ten control-samples of only NaCl were simulta-
neously tested, as well as two non-contaminated sam-
ples of each base-material (mortar and stones). Since
the HMC varies linearly with the salt content, it was
possible to calculate the sample’s actual salt content by
considering the HMC of the base-materials (salt con-
tent = 0%) and of the control-samples (salt con-
tent = 100%).

Scope and precision of the HMC method were
thoroughly discussed in a previous article (Gongalves
and Rodrigues 2006). As argued in it, minor variations
of the environmental conditions (in particular of RH
which, additionally, is much less homogeneous and
stable in climatic chambers than temperature) may
result in relevant variations of salt-solutions’ equilib-
rium concentration. That uncertainty was evaluated by
means of the ten NaCl control-samples which were
distributed throughout the chamber. Average, mini-
mum and maximum HMC of respectively 732%, 688 %
and 756% were obtained for those samples. Accord-
ingly, the possible deviation of the salt content in the
samples from the values in Fig. 13, which were calcu-
lated by means of the average HMC of the pure-salt
samples, is of +6.4% or <minus>3.2% (as a percentage
of the values in Fig. 13). This means that the climatic
conditions in the chamber were quite homogenous.
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plaster - -

=180%*1/32

Fig. 4 Representation of 2D measurement on a sample. Using
variable G, and G, gradient, cross-sections can also be measured
in various directions. Using a backwards projection method out
of these cross-sections, the moisture distribution can be calcu-
lated. Cross-sections CS1 and CS2 were measured in these
experiments
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Fig. 5 Ratio moisture content/NMR signal at capillary satura-
tion
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Fig. 6 Colour scale for the MRI measurements (volumetric
moisture content)

The average HMC of the pure-NaCl samples cor-
responds to an actual RH of 91.9% (at 20°C). That
value was obtained by linear interpolation on NaCl
water-activity (20°C)/molality tables (Robinson and
Stokes 2002). As later confirmed the climatic chamber
was actually working around 3% below the set-point of
95% RH. But this fact had no influence on the results
because the sample’s salt content was calculated by
reference to the actual HMC of the salt and not by
reference to thermodynamic data in the literature.

Results
Drying in the presence of pure water

Overall, the two specimens showed similar multi-stage
drying behaviour. As can be seen in Figs. 7 and 8: (a) at
first the surfaces remained wet; (b) after around 2 h the
exposed surfaces began to dry faster; (c) the drying
front receded into the material after 5 h in specimen
DL1 and after 8 h in specimen ML1 (this is seen in
Fig. 7, although from Fig. 8 suggests that complete
drying of the surface occurs only at around 10 h in
specimen DL1 and 14-18 h in specimen ML1).

In spite of this overall similarity, some important
differences were also observed: (a) stone M contained
a higher initial amount of moisture than stone D; (b)
drying of stone M was faster than drying of stone D; (c)
at the end of the experiments, stone M was clearly
drier than stone D.

Drying in the presence of NaCl solution

NaCl did not modify the internal distribution of mois-
ture throughout the drying process. This may be ob-
served in Figs. 9 and 10 similar MRI image sequences
were obtained for pure water and NaCl solution in ei-
ther specimen. Still, these figures also show that when
salt was present: (a) drying was much slower, as shown
by the fact that the images correspond to later moments
of drying in the case of NaCl; (b) no receding drying
front was observed, in contrast to what occured for pure
water, until the end of either experiment.

Overall drying curves

Overall drying curves (Fig. 11) were obtained by add-
ing, for each of the four experiments, all the NMR
signal values obtained at each moment at the two
cross-sections (CS1 and CS2).

Evaporation from free liquid surfaces

Evaporation from free surfaces of pure water and NaCl
saturated solution is reported in Fig. 12. In this figure it
is seen that: (a) as expected, the evaporation rate from
pure water is higher than from the salt solution in both
environmental conditions; (b) the faster the evapora-
tion, the lower the ratio between the drying rates of the
two liquids; (c) however, in neither of the environ-
mental conditions is the evaporation rate of pure water
higher than twice the evaporation rate from the NaCl
solution.
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a)

DLA1 [
water |

by

ML1 |
water |

Fig. 7 Drying with pure water: MRI snapshots of specimens
DL1 (a) and ML1 (b) in side-view. The receding drying front is
identified when a dry (dark) surface layer exists on the top of the

Salt deposition

The final salt distribution in specimens DL1 and ML1
is shown in Fig. 14. It can be seen that in both speci-
mens: (a) a higher concentration of salt occurred in the
outer layer of the plaster; (b) a certain amount of salt is
dispersed throughout the entire specimen.

In spite of these common features, relevant differ-
ences were also observed between the two salt dis-
tributions: (a) concentration of salt in the surface
layer is higher for specimen ML1; (b) stone M accu-
mulated less salt than stone D; (c) in specimen DL1
the salt accumulation peak occurred in stone D next
to the plaster; (d) but in specimen MLI1 the salt
accumulation peak occurred in the bedding mortar
next to stone M.

Discussion
Influence of NaCl on drying

Drying of homogenous porous materials has two main
stages (Sherwood 1929; Scherer 1990): (a) during stage
I liquid water is transported towards the surface, where
it evaporates; (b) stage II starts when the unsaturated
capillary flow is no longer able to supply water at a rate
high enough to compensate surface evaporation and,
thus, the drying front recedes into the specimen.

For pure water, specimens DL1 and ML1 clearly
went through these two stages, despite their non-
homogenous composition (Figs. 7, 8). Initially, during
stage I, the moisture content decreased homoge-
neously. After around 2 h, the surfaces started drying
faster. This is a transition period in which a decreasingly
significant part of the porosity is involved in trans-
porting liquid to the surface (for example: Scherer 1990;
Rousset-Tournier 2001). During stage II the receding
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5h 20 h

specimen. It is seen that it develops first in specimen DL1 and
somewhat later in specimen ML1 (see supplementary material 2,
3)

drying front first developed at around 5 h in specimen
DL1 and 8 h in specimen ML1.

In the case of NaCl, the internal distribution of
moisture during drying was similar to the case of pure
water (Figs. 9, 10). However, because evaporation was
slower, the liquid inside the specimens had more time
to flow towards the evaporating surface. As a conse-
quence, stage I was longer: no receding drying front
developed until the end of the experiment when NaCl
was present (60 h for specimen DL1 and 35 h for
specimen ML1).

These results agree with: (a) theoretical consider-
ations of Hall and Hoff (2002); (b) conclusions drawn
from drying experiments performed on pure-water filled
materials under distinct environmental conditions and
monitored by means of gravimetric techniques, namely
the recent experiments of Rousset-Tournier (2001) that
showed that slower evaporation leads to a longer drying
stage I and to the elimination of a higher amount
of moisture during stage I; (c) previous 1D NMR
measurements made at TUE in which slower drying and
no receding drying front were observed in NaCl-con-
taminated materials (Pel et al. 2003; Petkovic¢ 2005).

In real walls, slower evaporation also causes the
increase of capillary rise. Therefore, the results ob-
tained are also consistent with many practical obser-
vations that larger moist areas are recurrently found in
salt-loaded masonry (for example: Massari and Massari
1993; Burkinshaw and Parret 2004).

For pure water, the drying rate is expected to be
constant during stage I. This was observed in the
present experiments: for pure water, the overall NMR
drying curves (Fig. 11) resemble ordinary gravimetric
drying curves even though the tested specimens are not
homogeneous. But for NaCl, stage I drying rate
decreased over time in both specimens.

Three main factors have been identified as possible
causes of the lower and decreasing drying rate of salt-
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Fig. 8 Drying. with pure CS1-DL1-water Initial CS1-ML1-water Initial
water: 1D moisture profiles at a)2os oh b) 25 oh
cross-sections CS1 and CS2 of 1h 1h
specimens DL1 and ML1 ~ 20 plaster L mortar L 2h ~ 207 plasterL  mortar L 2h
(position of the two cross- 2 4h 3 15 4h
sections is indicated in Fig. 3). ; 1.5 6h :; e 6h
NMR signal is given in S 10 8h S 1.0 8h
arbitrary units (a.u.). The grey 5 10h 5 10h
vertical line-segments D 05 12h D 051 12h
represent the physical limits ) 14h 14h
of the test-specimens (in each 0.0 = 16h 0.0 ¥ 16h
chart, the drying surface 7 12 17 22 27 32 37|——18h 14 19 24 29 34 39 18h
corresponds to the segment Position (mm) 20h Position (mm) 20h
on the left)
c) CS2-DL1-water Initial d) CS2-ML1-water Initial
2.5 4 oh 25 oh
] 1h | L stone M h
] plaster
=~ 209 plaster L 2h -~ 20 i AN 2h
=3 ] h S
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Fig. 9 MRI snapshots of specimen DL1 (side-view) during
drying with: a pure water; b 3 m NaCl solution. The receding
drying front is already visible after 5 h in specimen DL1 (the
dark area on the top of the specimen corresponds to the dry

contaminated materials during stage I (Hall and Hoff
2002; Huinink and Pel 2003): (a) the RHeq of salt
solutions is lower than that of pure water, thus, the
driving RH gradient for vapour transport between the
surface and the environment is also lower; (b) as
evaporation proceeds, solutions become more and
more concentrated at the drying front, hence, their
RHeq decreases further; (c) once saturation is at-
tained, the deposition of salt crystals may hinder
evaporation.

Our results suggest that the low drying rates ob-
served for the NaCl-contaminated specimens are

surface layer). Notice that similar MRI images correspond to
distinct moments of the drying in either specimens (see
supplemetary material 4)

mainly due to the reduction of a specific surface of
evaporation, possibly caused by deposition of salt
crystals with a blocking effect. As shown in Fig. 12, the
faster the evaporation, the closer the evaporation rates
of pure water and of the saturated NaCl solution.
However, even for the faster drying conditions (20°C-
15% RH), the ratio is only 1.4. The MRI-monitored
drying experiments were performed under environ-
mental conditions (18°C-0% RH) that are expected to
generate faster evaporation than either of these and,
thus, also an even lower ratio between the evaporation
rates of the two liquids. In spite of that, in the MRI
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b)
ML b
NaCl |

0Oh 19h 35h
Fig. 10 MRI snapshots of specimen ML1 (side-view) during
drying with: a pure water; b 3 m NaCl solution. Notice that

similar MRI images correspond to distinct moments of the drying
in the two specimens (see supplementary material 5)
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Fig. 11 Overall drying curves
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Fig. 12 Evaporation of pure water and saturated NaCl solution
from free surfaces

experiments, the stage I drying rate was at least six
times (specimen DL1) and three times (specimen
ML1) higher for pure water than for the NaCl solution
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(Fig. 11). Therefore, it is clear that some factor other
than the lower RHeq of the salt solution made a major
contribution towards lowering evaporation.

Salt distribution

Salt distribution was evaluated from direct measure-
ments of the salt content in distinct layers of the
specimens (Fig. 13). Overall similarities were observed
between the two specimens:

(a) A higher concentration of salt occurred always at
the outer layer of the plaster clearly because the
moisture was eliminated mostly by (stage I) surface
evaporation.

(b) The second most superficial layer of plaster also
presented always high salt content. This probably
means that the drying front progressed inwards the
specimens during the final oven-drying at 40°C.

(c) The deposition of a certain residual amount of
salt throughout the whole specimen can be explained
by the decrease in the moisture content at the pore
level (Rose 1963). Critical moisture content is attained
at a certain moment, at which liquid continuity is
interrupted in the capillaries. Isolated clusters of liquid
remain thus dispersed in the porous system, trapped in
the finer pores. Further drying occurs by local evapo-
ration, hence, in the case of a salt solution, a certain
amount of salt will crystallize at each cluster.

Nevertheless, the final salt distribution is not com-
pletely identical for the two specimens. We attribute
this to the different properties of stone D and stone M.
That suggest that, when the masonry stone is varied,
the local salt distribution may differ. This conclusion
agrees with previous 1D drying experiments on plaster
substrate specimens. It was found that a fine-pored
plaster applied over coarse-pored substrate leads to
crystallization only at the surface of the plaster, while a
coarse-pored plaster applied over a fine-pored sub-
strate induces crystallization both at the surface and
at the interface plaster/substrate (Petkovi¢ 2005). In
our case, the main differences identified were the
following:

1. The concentration of salt in the plaster, especially
in the surface layer, is higher for specimen MLI.
This is attributed to the fact that specimen ML1
contained a higher initial amount of salt solution.

2. Stone M, despite its higher initial solution content,
accumulated less salt than stone D. This occurred
probably because a pore can only remove water
from another pore if it has higher capillary pres-
sure, that is, if it is smaller. Stone M has a larger
amount of big pores than stone D (Fig. 2). Thus,
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5

Fig. 13 Final salt distribution in specimens DL1 and ML1 (kg
NaCl/m® open porosity in the stone). Both halves of either
specimen are in side-view (Fig. 4)

mortar L is able to drain stone M faster and more
completely. This behaviour was observed in the
drying experiments with pure water (Fig. 8).

3. In the bedding mortar, a particularly high con-
centration of salt exists in the contact layer with
stone M (Fig. 13c). This is most likely due to the
following facts: stone M dries before the bedding
mortar dries (Fig. 7); hence, when the stone is al-
ready dry, the mortar still contains enough mois-
ture to ensure liquid continuity in the capillaries;
hence, a transverse drying front develops at the
mortar/stone interface and some salt accumulates
in the first contiguous mortar layer.

4. In stone D, a higher accumulation of salt occurred
close to where it came into contact with the plaster
(Fig. 13b). This is probably due to the fact that the
critical moisture content of porous materials is
higher for less homogeneous pore size distributions
(Snethlage and Wendler 1997). This is the case
with mortar L when compared with the two stones
(Fig. 2). Thus, although the results of drying with
pure water (Fig. 8c) suggest that stone D is slightly
dryer at the end of the experiment, liquid conti-
nuity may have been interrupted first in the plaster.
In this case, a drying front develops at the plaster/
stone interface. However, the MRI drying experi-
ments ended before that could be observed.
Therefore, further confirmation is needed. This
effect is not so clear in the horizontal direction
(Fig. 13a) probably because, due to the hindering

effect of the interface, the plaster dries somewhat
faster than the bedding mortar.

Other soluble salts

Only NaCl was studied here. Other salts may have
different RHeq and crystallization properties and so
distinct influences on drying. This may explain why
some salts tend to form efflorescence while others are
deposited deeper inside porous materials.

The evaporation rate condition also the rise of
moisture in walls and, thus, the height at which salt
crystals are deposited (Arnold 1989). For example,
external factors such as a high environmental RH, low
air velocity or the presence of impermeable coverings
hinder surface evaporation and, hence, increase the
height of capillary rise and salt deposition in walls.
However, as seen, the salts themselves influence
evaporation. Further work is needed to understand
what exactly the influencing factors are. Nevertheless,
it seems clear that some properties of the salts and
perhaps of their crystallization process that influence
drying need also to be considered in order to under-
stand why some salts tend to crystallize higher on walls,
while others tend to be deposited closer to the pave-
ment.

It is probable that the concentration of salt solutions
is, in certain cases, relevant. Concentration determines
the RHeq of salt solutions. It may also condition the
rate of crystallization in porous materials. Therefore, it
may influence drying of masonry although the possible
relevance of this influence requires further evaluation.
Nevertheless, it is reasonable to expect that the lower
the concentration, the more similar to the case of pure
water is the drying process that is, the deeper in walls
the drying front is positioned. This would explain why
very weak salt solutions are able to cause significant
damage in ancient constructions.

NaCl did not seem to significantly affect the inter-
action between the different materials during drying
(Figs. 9, 10). Although the duration of the experiments
with NaCl was insufficient for a complete comparison
of the two drying processes, the measured salt distri-
butions are compatible with this hypothesis, as dis-
cussed in the previous section. It is necessary to verify,
in future work, if the same happens with other soluble
salts. Different interaction between the various ma-
sonry materials during drying may lead to distinct local
salt distribution patterns.
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