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Several  materials  and  technologies  have  been  proposed  over  last  century  to  fight  the  capillary  rise of
water  from  ground  in  historic  masonry  buildings.  These  methods  involve  different  operational  principles
and  different  strategies  to cope  with  rising  damp,  which  is one  of  the  most  critical  problems  in the
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ising damp
asonry walls

apillary absorption

conservation  of  architectural  heritage.  However,  despite  the  extensive  use of these  technologies  in historic
buildings,  the  data  about  their  actual  effectiveness  in  the  field  are  still  quite  limited  and  the  reasons  for
their  success  or failure  in real masonries  have  not  been  fully  elucidated  yet.  This  paper  provides  an
overview  of  the  technologies  for the  removal  of rising  damp  and  a state-of-the-art  on the results  so  far
obtained  by  research,  both  in laboratory  and  on-site.

©  2018  Published  by  Elsevier  Masson  SAS.
. Introduction

Rising damp is one of the main problems affecting historic
asonry buildings, as it leads to severe consequences, in terms of

oth bad indoor conditions (high air relative humidity) and mate-
ials deterioration [1]. In particular, the presence of moisture in
aterials’ pores, in combination with other environmental factors,
ay  lead to biological attack, salt crystallization, chemical attack,

welling in clay bearing stones, frost damage, etc., finally causing
aterials loss and even structural problems [2].
The phenomenon of rising damp is very common in ancient

uildings due to the presence of water in the ground in the proxim-
ty of the masonry and it has been studied long since [3]. The damp
ccurrence is due to the absence of waterproofing sheets and/or
o the fact that traditional “water proofing systems” (e.g., blocks
f very compact stones in the course near the ground) could be
ot sufficient. In a vertical capillary tube immersed at its bottom

n a water basin, the rise of water is caused by the capillary forces
rising between water and solid surface, due to the high wetta-
ility of solid surfaces (low contact angle water/solid), which is
erified in the case of hydrophilic materials. In this simple case,
he height of water rise (h) can be calculated by the Jurin’s law:

 = 2�sin�/r�g, where � is the surface tension of water, � is the con-
act angle water/solid, r is the radius of the capillary tube, � is the

ensity of water and g is the gravity acceleration.

Bricks, mortars and stones are porous, hydrophilic and
ence highly sorptive, thus the driving force making water rise in
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masonry is capillarity, as in the example described above. However,
differently from the case of a capillary tube, masonry is also subject
to water evaporation through the internal and external surfaces and
this difference makes the phenomenon of rising damp a dynamic
rather than a static one [4] (Fig. 1a). In fact, a continuous water
flow from ground is present in walls and the maximum height
reached by damp is controlled by the relative ‘weight’ of the three
factors involved: water supply from ground, water evaporation
and, obviously, characteristics of the building materials (amount
and size of pores, pores connectivity and tortuosity, etc.) (Fig. 1b).
Modifications of one or more of these three factors result in a dif-
ferent height of rise. Where water supply is abundant, materials are
very porous and evaporation is completely inhibited, rising damp
may reach impressive heights, as in the case of St. Mark basilica
in Venice [5].

2. Aim of the paper

Over approximately last century, the damp-proofing of build-
ings has become much more efficient and the general expectations
about indoor comfort changed. High levels of moisture in walls
are considered unacceptable and many repair systems have been
proposed for coping with rising damp. However, despite the
widespread use of these systems and their application in numerous
buildings all over the world, we are far from a deep understanding
of their functioning in real masonry and even of their rate of suc-

cess or failure [1]. Hence, there is still a strong need of experimental
results providing evidences on the functioning, effectiveness and
limitations of these repair systems, and also on the reasons for their
success or failure on site.

https://doi.org/10.1016/j.culher.2018.04.001
http://www.sciencedirect.com/science/journal/12962074
http://crossmark.crossref.org/dialog/?doi=10.1016/j.culher.2018.04.001&domain=pdf
mailto:elisa.franzoni@unibo.it
https://doi.org/10.1016/j.culher.2018.04.001
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F tation of the three factors involved, which determine the resulting height of rising damp.
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Fig. 3. Number and type of papers found in international literature up to 2017
ig. 1. (a) Dynamics of capillary water rise in a masonry, and (b) schematic represen

In recent years, coordinated efforts have been made towards
his aim, through literature reviews [1,6–8], structured databases
9] and European projects [10].

In this paper, a brief state-of-the-art on the systems for the mit-
gation of rising damp in masonry is provided, as a contribution
owards a better understanding of such systems.

. Literature survey

In this work, a review of international papers concerning the
epair of rising damp in masonry was carried out. These papers
nclude papers published in international journals (both peer-
eviewed and not; both available on-line and not), book chapters
nd contributions in conference proceedings. The scientific litera-
ure produced up to 2017 was considered.

A total of 65 papers was  found, and their distribution over years
s reported in Fig. 2. It can be clearly observed that the literature on
his subject is concentrated mostly after 2005 and that year 2017
uggests a pronounced growth of interest.

Within these 65 papers, a distinction was made among: the liter-
ture review papers, the papers recommending one or more repair
ystems (with no experimental results) and the papers present-

ng experimental results found in laboratory studies and/or on-site
urveys. In Fig. 3, the results are shown and some remarks can be
one. Firstly, the number of scientific papers (46) is relatively small

n proportion to the impact of rising damp in historic buildings and

Fig. 2. International papers per year.
(included).

the number of repair systems that have been proposed during the
last decades, and this suggests that more scientific investigations
are needed. Secondly, the number of papers in which repair systems
are recommended without providing any experimental evidence or
results about their effectiveness (13) is very high in comparison to
scientific papers and this surely feeds some confusion in this field.
In fact, in these papers the authors state that the relevant systems
are effective, also providing examples of buildings in which they
were applied, but the statements are not supported by any quanti-
tative data or result. By the way, the present literature survey was
not specifically addressed to ‘recommendation’ papers, hence they
were found unintentionally among the others, which means that
their actual number is probably higher, especially in the national
literature, not considered here. Finally, the number of literature
review [6] is quite high in comparison to scientific papers and this
might be a sign of the need of making some clearness in a quite
confused field.

In this work, only the papers presenting quantitative results on
the effectiveness of the repair systems were considered. These were
published mostly in international journals, but to a large extent
also in conference proceedings (about one third), as shown in Fig. 4

(left).

Within the 46 scientific papers presenting experimental find-
ings, different research approaches were followed, as shown in
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Fig. 4. Left: kind of publication; right: research app

Fig. 5. Repair systems considered in the 46 scientific papers examined (papers
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nvestigating more than one system were counted more than one time) (CDP: Chem-
cal  Damp Proofing).

ig. 4 (right) (papers following two approaches were counted
wice). The results based on laboratory research are approxi-

ately one half. In these researches single materials, composite
ystems (bricks and joint mortars; bricks and plasters), or real-scale
asonry models were used. A 35% of the results is based on in situ

urveys, while, notably, a 13% (all constituted by papers published
etween 2010 and 2017) is based on modelling, which suggests an

ncreasing interest towards this tool. However, not all the relevant
apers provide a validation of the modelling results and this means
hat these researches should be considered still in progress.

. Current methods for coping with rising damp in masonry

.1. Systems investigated in the scientific literature

The repair systems in the literature are described below, high-
ighting the main advantages and drawbacks emerging form the
apers. The systems are grouped according to the factor that they
ddress in Fig. 1b, also taking in to account that some systems
ddress two factors contemporarily. In addition, systems based on
lectro-osmosis are described.

The percentages of papers dealing with the different systems
re reported in Fig. 5.

.2. Systems aimed at reducing water supply from ground
Water supply from ground can be reduced either creating drains
r placing waterproof membranes (bitumen- or polymers-based
heets, or clay barriers [11]) along the perimeter of the building,
roach in the international papers examined.

under the ground level, in order to reduce its absorption surface
[12,13]. Drains are usually protected with a geotextile to prevent
clay depletion from the surrounding soil and filled with coarse
aggregate, with water drains at the bottom.

This method is widely recommended for rising damp mitigation
[14,15] (since the Romans, actually [1]), but a systematic investi-
gation of its the drying effectiveness is lacking in the literature, as
confirmed also by the small number of related papers (Fig. 5). When
the drying effect was  monitored quantitatively on-site, soil drains
and waterproof membranes were not the only systems applied, as
a general remediation work had been performed [16].

A further class of systems involves a mixed approach: not only
is water supply from ground reduced, but evaporation is increased
too. For example, the drains created along the perimeter of the
building can be left empty, with upper grids to allow water evapora-
tion. These channels can be also provided with purposely designed
natural or mechanical ventilation, creating ventilated air-ducts. In
this case, the water supply reduction is secondary, as the main
scope is the increase in evaporation, hence these systems are
described in the following paragraph.

4.3. Systems aimed at boosting water evaporation

Ventilated air-ducts have been recently proposed to cope with
rising damp, especially in heritage buildings, where intervention in
masonry walls must be limited, and they have been investigated in
several papers (Fig. 5). The air-channels can be made of concrete
[17] or masonry [18,19] and can be provided with either a specific
or a hygro-regulated mechanical ventilation [20]. The selection of
the most suitable size and air ventilation speed can be carried out by
modelling [18,21,22], based on the characteristics of the masonry
to reclaim; moreover, the use of inside air and outside air can be
provided in cold and hot seasons, respectively [23,24]. A significant
moisture decrease has been reported in walls of low thickness (up
to 40% [18] or more [21]), and a certain drying was  found also on-
site [24]. However, the testing of this system in the field is still in
progress, hence a limited amount of experimental data is available.

A different approach proposed to increase evaporation consists
in drilling holes in the masonry and inserting porous tubes (e.g.,
made of fired-clay, or perforated plastic/metal) inside them [7].
These so-called “Knapen tubes” are usually inclined towards the
external surface of the wall (the external end being lower than the
end inside the wall) and are expected to boost the evaporation of
water, by conveying the moist air out and the dry air in. Although
a systematic testing of these tubes is not available, the results

found in the literature suggest that they are scarcely effective [25],
because the air circulation inside the tubes is not necessarily the
expected one, for example in presence of high air relative humid-
ity. Some authors suggest that their (very limited) effectiveness is
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ctually due to the reduction of the cross-section of the wall and
hat the tubes are useless, as bare holes seem more effective [26].
inally, tubes disruption was reported for buildings affected by high
oncentrations of soluble salts [25].

A further approach is based on the application of repair plasters,
hat are dry ready-to-use mortars which are expected to promote
vaporation with respect to traditional ones, but mainly to reduce
he damage related salt crystallisation [27]. According to the Ger-

an  WTA  specification 2-2-91, repair plasters are characterised
y high porosity and water vapour diffusivity (� < 12), small but
till present capillary suction, high salt storing capacity and high
esistance to salts and frost damage [28].

Repair plasters are generally manufactured using hydraulic
ime, cement or a mixture of them as binder, and adding also
ir-entraining agents and possibly water-repellents, depending on
he type of render. In fact, repair plasters have different operating
rinciples and may  be salt-accumulating or salt-transporting [29].
he first ones are aimed at storing the salts inside their macro-
avities for some years, thus avoiding the typical surface damage
ue to salt crystallisation cycles, and they basically behave as sacri-
cial renders [27,30]. The second ones, highly wettable and hence
sually formulated without water-repellents [31], promote the for-
ation of efflorescence on the surface (supposedly not damaging

he underneath material and easy to remove) rather than harm-
ul sub-efflorescence. Salt-blocking and moisture sealing renders,
hich are aimed at stopping the salts and the water, respectively, at

he interface between masonry and render, have been proposed as
ell, but they are considered counterproductive as they exacerbate

he rising damp-related problems [31].
The behaviour and effectiveness of repair renders in laboratory

nd on-site were investigated in many literature papers, highlight-
ng that:

the on-site performance of repair plasters is sometimes not satis-
factory [27,30,32], due to their premature deterioration. In other
cases, a good conservation of these renders was reported after
years from their application [28,33];
the salt transport mechanism may  vary from case to case even
for the same render, as it depends on several parameters, such as
the difference of porosity between plaster and substrate [29], the
air relative humidity and ventilation of the surrounding environ-
ment [34], the thickness of the plaster [33], etc.;
the selection of the render to apply should be based on a prelimi-
nary assessment of the moisture and salt amounts in the masonry,
as well as the characteristics of the existing materials [35,36].
Based on this, the render formulation should be designed, in order
to achieve the expected target [29,31,32];
the commercial renders seldom report their operating principle
and only few physical parameters are given [31];
the literature papers on repair plasters applied to real build-
ings and real-scale masonry walls are basically addressed to
monitoring the salt distribution in the renders and the deteriora-
tion patterns of the renders [28,31,34], rather than the moisture
amount in the walls [33], which confirms that the main goal of
this type of renders is the mitigation of the salt-related damage;
the final paint used may  play a key role and it must be selected
not to alter the transport mechanism of the render [37].
Recently, “ventilated” renders with vertical grooves embedded
ave been proposed, to mitigate the damage by salts crystallisation
nd also boost evaporation, and the first results seem promising
38].
eritage 31S (2018) S3–S9

4.4. Systems aimed at modifying the materials in the wall

Two main systems have been proposed for coping with rising
damp by modification of the masonry materials and structure.

The first system is the wall cutting [39], i.e. the creation of a phys-
ical barrier against capillary rise by mechanical cut (usually sawing)
of the wall base and insertion of metallic or polymeric imper-
meable sheets (such as steel, lead, polyethylene or PVC sheets)
[40]. Although corrugated sheets can be used for this purpose, to
promote the adhesion with the surrounding materials, the shear
resistance of the masonry and hence its seismic behaviour may  be
affected by the intervention, mostly due to the difficulty of com-
pletely filling the cut with repair mortars. However, this aspect
was not systematically investigated for existing buildings and
only studies on the shear behaviour of sheets applied during the
masonry construction are available: these papers conclude that the
shear strength of the masonry decreases when sheets are present
[41,42].

The principle of this technique is clear and straightforward, but
attention must be paid to details, such as the overlapping of the
sheets and the sealing in correspondence of pipes, which may jeop-
ardise the success of the intervention [12]. Moreover, the masonry
portion below the cut is obviously close to saturation [36].

The second system is chemical damp-proofing (CDP), which
consists in forming a moisture barrier layer by injecting a
hydrophobic or pore-blocking chemical substance into holes drilled
in the cross-section of the wall, as near as possible to the ground
[43,44]. A variety of products is available for this purpose [1,45],
ranging from inorganic silicates (pore-blocking) to hydrophobic
resins and even melt paraffin [43], while only slight differences
exist among the application techniques, which are basically injec-
tion at low pressure and gravity feed [46]. The spacing between
holes is usually about 10–15 cm.

CDP solutions are expected to have a limited impact on the shear
performance of masonry, so they are much more diffused than wall
cut.

Chemical injections have been largely investigated in the sci-
entific literature [1]. Studies were carried out in laboratory, on
single building materials (brick, mortars) [45,47–50], assemblies
of materials (bricks and mortars) [49,51–53], real-scale masonry
walls [44,46], and on-site [7,25,36,54,55].

Laboratory studies are hard to compare, because the experi-
mental approaches followed are very different. In fact, there is
presently no standard procedure for testing the effectiveness of
CDP in laboratory and the methods proposed by guidelines and
recommendations available at national level are very different [56].
However, laboratory studies in the literature provide very interest-
ing results about the spreading ability and the drying effectiveness
of the injected substances in dry, partially wet  and saturated
building materials. Notably, the spreading ability is a key factor
for the creation of a continuous barrier between the holes and
the success of the treatment [49], as a non-continuous damp-
proof layer, although somehow reducing the water supply to the
upper part of the wall, will not stop the capillary flow totally.
The papers highlight that there are several parameters to con-
sider. Firstly, the nature of the solvent and its miscibility with
water [53,54] and the viscosity of the injected product are funda-
mental for the displacement of the water already present in the
pores. A complete displacement is hard to achieve in fully sat-
urated materials [45,48], while a certain spread can take place
when pores are only partially filled with water. However, for
some water-based products, a good spreading was found even at

high saturation degree [47]. Secondly, the injection pressure [46]
and duration [51] are very important for a satisfactory spread-
ing. Finally, the presence of cracks and voids may jeopardise
the success of the treatment, because the fluid are prone to
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ercolate inside them rather than to spread in the materials [44],
nd this aspect is very difficult to evaluate, especially in real
asonry walls, where the paths followed by the fluid are basically

nknown.
Interesting results were obtained also by testing real-scale

asonry walls [44]. A decrease of moisture between 50 and 70%
as found in some walls, but in others no clear trend was found

omparing treated and untreated specimens.
The on-site surveys on the effectiveness of chemical barriers

re quite few. An experimental investigation performed in sev-
ral Australian buildings in the Seventies highlighted the difficulty
n assessing the performance of CDP, due to its dependence on
he nature of the building materials under testing [7]. This survey
lso indicated the need of a systematic evaluation of CDP on-site.
he monitoring of a XVIIth century building in Germany, in which
hree different products were injected and part of the wall was
eft untreated for comparison, showed that the drying effect was

odest and it was attributed to the reduction of the wall cross-
ection, due to the holes drilling, rather to the products injection
25]. Chemical barriers with different products were tested also in

 historic abbey in Belgium [54], but none of the products gave
atisfactory results after a monitoring period of 30 months. This
as ascribed to the penetration of the fluids in cracks rather than

n the materials, the incomplete polymerisation of the resins and
he modest spreading ability of the products [54]. An in-the-field
nvestigation was carried out also in a historic stone masonry in
ungary were CDP had been applied [36]. The results show that the
asonry below the injection holes was basically saturated, while

he upper part exhibited lower moisture amounts, but the absence
f data before the intervention and the use of combined repair solu-
ions (including also repair plaster and subsoil insulation) make the
esults not very conclusive. A thorough on-site investigation was
arried out in an old brick masonry warehouse in Copenhagen [55].

 dielectric probe was used for monitoring a wall before and after
esin injection, for a total period of 5 years. The results indicate
hat the decrease of moisture was very small (about ten percent
eduction), but they also allow to make some hypotheses about the
easons for it. The presence of hygroscopic salts and the high air
elative humidity are regarded as the main causes of the insuffi-
ient drying, highlighting the importance of these parameters in
he performance of CDP.

The importance of a careful on-site investigation arises from
he papers mentioned above. In particular, it seems important to
nvestigate and monitor all the parameters possibly involved in the
rying of the masonry, in order to achieve a deep understanding
f the reasons for the success or failure of CDP in real masonries. It
ould be important also to understand if the formation of a partial

arrier by chemical damp-proofing provide anyway a decrease in
he rising damp level, as suggested by some authors [7,44].

.5. Electro-osmosis

Scientific papers addressed to investigate the effect of electro-
smosis on masonry walls are very few (Fig. 5).

Active electro-osmosis is expected to cause the migration of
ater in the pores from the electrodes applied in the moist wall

anode) to the electrodes applied in the soil (cathode), through the
pplication of an external dc electric field. Electro-osmosis exploits
he electrokinetic effects connected to water migration in porous

aterials and has been widely applied to control the moisture
mount in clay soils [57]. However, the application of this tech-

ique to building materials is not so obvious, mostly because they
re stiff and do not shrink when moisture decreases, differently
rom soils, thus interrupting the electrical continuity of the system
58].
eritage 31S (2018) S3–S9 S7

Some papers reported on the occurrence of water flow in dif-
ferent building materials by electro-osmosis [58–60], but also
highlighted the importance of the chemical nature [59], the pore
size distribution and the pH of the material [61]. The acidification at
the anode due to the formation of H+ is a further aspect to consider
for the application of permanent electro-osmosis to real buildings
[62].

Few on-site surveys of these systems are available in the lit-
erature. After testing a brick wall of a building built in the fifties,
evidences of water movement due to voltage application (current
0.16–0.47 mA/cm electrode for 9 days) were found, although the
drying was considered not sufficient [59]. In this case, the anodic
steel electrodes were applied at different heights in the wall, to
make some electrodes always available during the water front low-
ering. A prominent moisture decrease was obtained in a Russian
masonry building, upon application of a very high voltage: 200 V
for 4 months and then 150–160 V for 3 months [63]. Of  course the
building was  not in use, because so high voltages could not be used
in presence of people.

5. Conclusions

The presently available international scientific literature indi-
cates that the drying effectiveness of the systems for fighting rising
damp still needs to be fully elucidated. Although these systems
have theoretically clear operating principles and have been already
applied for decades in masonry buildings, how they actually work in
real masonry is still to be fully understood. Through laboratory test-
ing, it was  found that several parameters influence the functioning
of the techniques against rising damp: the nature and microstruc-
ture of building materials, the amount of moisture in the pores, the
air relative humidity in the surrounding environment, the pres-
ence of hygroscopic salts, etc. However, the complexity of historic
masonry buildings makes very difficult to assess the effectiveness
of the repair systems in the field. The difficulty of performing an
accurate and reliable monitoring of real masonry walls is a further
issue to consider in on-site surveys [64].

However, the use of real-scale masonry walls for laboratory
testing [31,65,66] and the recent introduction of new and promis-
ing embedded sensors to monitor moisture on-site [55,67,68] may
contribute to a better understanding of these systems and, in the
long-term, to their improvement.
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