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Abstract: This work presents a new protocol for monitoring rising damp, which is applied to three
masonry models made of tuff, carparo, and Lecce stone. First, the physical characteristics of each
stone were derived in the laboratory, which included porosity, imbibition, drying index, permeability,
capillarity, and sorptivity. In this case, the protocol provided three columns, one for each material,
consisting of five blocks. A layer of cotton tissue was interposed between columned blocks to simulate
the hygroscopic behavior of a mortar, allowing a quick disassembly and reassembly of the multiblock
columns for a quick weighing. The bottoms of the columns were immersed in water to a level of
about three centimeters, providing a constant replenishment for the phenomena of evaporation and
rising in the stone. The maximum height achieved by the rising damp depends on the characteristics
of the building materials, i.e., the amount and size of pores, pore connectivity, etc. Since these
materials have different physical characteristics, the objective was to quantify the rising moisture
level of the three materials tested, block by block, in a controlled indoor microclimate environment.
The three columns were periodically weighed, the quantity of collected water was evaluated, and
a thermographic survey was performed. The results show that at the end of the test, the highest
level of rising damp is reached by tuff with a height of 43 cm, followed by Lecce stone and carparo
with a height of 40 cm and 21 cm, respectively. The innovation of this study is the proposal of a new
flexible and easy-to-apply method for monitoring this phenomenon. It gives clear and numerically
comparable results. Moreover, it is applicable to any type of stone, allowing the user to evaluate both
the existing state and different design solutions.

Keywords: rising damp; building stones; thermography; moisture; carparo; tuff; Lecce stone;
experimental data; capillarity; evaporation

1. Introduction

Over the years, buildings must undergo a lot of maintenance operations [1]. Several
causes can lead to damage to the building stock, and numerous interventions can be imple-
mented to anticipate or reduce the negative effects [2,3]. For example, damage to buildings
can be caused by impending climate change, i.e., buildings designed without considering
the rise in outdoor temperatures over the years [4]. In addition, the development of new
technologies has led to the design of increasingly insulated and sealed buildings, and this
can lead to moisture problems on the walls if the openings, considered the most delicate
element of the building, are not designed properly [5] or if there are no mechanical venti-
lation systems. The presence of humidity can lead to buildings that are increasingly less
comfortable and that require numerous interventions to improve their healthiness.
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The problem of controlling and eliminating moisture from masonry is one of the
most crucial points in the maintenance of buildings [6]. Degradation caused by humidity
involves both aesthetic and hygienic-sanitary problems. Damage caused by moisture can
be both visible and invisible, since, in addition to moisture stains and cracking of plasters,
the structure of masonry layers can deteriorate [7].

Rising damp is an important cause of damage and deterioration in historic build-
ings [8]. It depends mainly on the subsoil water and some characteristics of the construction
materials such as the porosity. Rising damp negatively affects the mechanical and thermal
behavior of materials, and it can also affect the preservation of monument decorations,
air quality, and the well-being of occupants [9]. Despite its importance, rising damp is
rarely considered as compared with, for example, seismicity risk and energy efficiency, for
which measures and policies are in place. Furthermore, remedial actions that are taken are
sometimes ineffective.

Different processes are simultaneously involved in rising damp. Due to the physics
and chemistry interactions, the study and prediction of this phenomenon is very challeng-
ing [10]. Causes of deterioration may be related to the nature of the materials and their
exposure to degrading agents, or due to design inaccuracies. For this reason, the study of
material degradation becomes a crucial step in the retrofit of existing buildings [6].

The control of dampness performance in buildings has been a subject of growing
importance in recent years [11]. It has been noted that a lack of knowledge regarding the
propagation of the phenomenon has led to inadequate corrective measures that, in the worst
cases, have accelerated the phenomenon [12]. The literature [13,14] has emphasized that
knowledge of the dynamic trend of the phenomenon is fundamental for the conservation
of historical heritage. It has been determined [15] that alternating wetting and drying has
an impact on water transport within construction. Capillary rise going from the bottom to
the top of materials is a physical process determined by capillary properties. The subsoil
contact and condensation of air moisture also influence the process. Due to infiltration,
indoor comfort can be lost, and materials degraded [16,17]. The capillarity process also
carries soluble salts from the ground [18] that can lead to crystallization, which contribute
to material degradation [19,20]. This process is exacerbated when the sorption of water,
which conveys soluble salts, is not adequately compensated for by indoor evaporation.
Water works as a vector for salts dissolved in a solution by carrying them upward [21]. Salts
crystallize inside the pores, both in the outer (plaster) and inner layers (walls). This process
saturates the pores, leading to swelling, detachment, and surface degradation phenomena.
The inherent characteristics of a masonry to retain moisture, as well as the microclimatic
conditions of the site influence this process [22].

There are many tools that have been used to calculate this phenomenon, but they
are complex and require a large amount of information, which commonly prevent their
application [23]. A monitoring campaign can be useful to obtain the data required in water
transport modeling. The use of simplified models can approximate the phenomenon with
good accuracy and parameter estimations [7].

In this paper, a methodology has been developed for the analysis of rising damp
applied to different masonries using different stones. The maximum height reached by
moisture depends on the building properties and its composing elements as well as the
porosity, the connections among pores, etc. The goal is to develop a new methodology to
quantify the level of rising damp in a controlled microclimate environment. The method is
new and easily applicable to different types of materials.

2. Preliminary Data: Stone Characterization
2.1. Imbibition Coefficient

The test for the calculation of the imbibition coefficient was carried out following
the standard UNI EN 13755 [24]. The standard suggests using at least 3 cubic samples,
with 5 cm sides, to derive the water absorption by immersion at the atmospheric pressure.
The assessment is considered completed when the difference between two consecutive



Energies 2022, 15, 892 3 of 22

weighing, within 24 h, is up to 0.1% of the first of the two masses. The detailed calculation
procedure has been proposed in a previous study [6]. The water absorption in the sample
(Ab) is derived as:

Ab =
ms − md

md
·100 (1)

where ms is the saturated sample mass relative to the last weighing and md is the dry mass
of the specimen, relative to the first weighing.

The imbibition coefficients obtained from the arithmetic mean of all the samples for
each material are shown below:

(1) Lecce store, 14.95%;
(2) Carparo, 20.42%;
(3) Tuff, 29.46%.

2.2. Drying Index

The drying index determination was performed following the standard UNI EN
16322 [25]. According to the standard, at least 3 cubic samples, with 5 cm sides, are used.
This test investigates the drying capacity of inorganic porous materials. The test ends when
the sample’s final mass (mf) does not change within two successive weighings. The detailed
calculation procedure has been proposed in a previous study [6]. Recordings were made
with an interval of 10 min during the first hour, then, every hour during the following 7 h,
and then, twice a day with an interval of 6 h between two measurements. To obtain the
drying curve, the amount of residual water in the sample per unit area (kg/m2) at the time
(ti) is calculated as:

Mi =
mi − m f

A
(2)

where mi is the initial mass at time t0, mf is the final mass, and A is the exchange surface area.
The calculation of Mi values is reported as a function of time expressed in hours.
The drying index is calculated using the following formula:

ID =
∫ f

0

Midt
Mmaxt f

(3)

where Mmax is the maximum mass and tf is time related to maximum mass.
The drying index values obtained from the arithmetic mean of all the samples for each

material are shown below:

(1) Lecce stone, 0.06185;
(2) Carparo, 0.06920;
(3) Tuff, 0.08305.

2.3. Permeability

The Normal 21/85 [26] is the reference standard to derive permeability, expressed in
g/m2 × 24 h, using at least three samples of dimensions 5 × 5 × 1 cm.

This test characterizes the material by determining the water vapor that flows per unit
area under stationary conditions in the unit of time. It considers a material of a given thick-
ness and the difference in partial pressure of water vapor between two parallel surfaces.

The test ends when a steady state is reached and the difference between two successive
weighings, within 24 h, is lower than 5%. The detailed calculation procedure has been
proposed in a previous study [6] and is as follows:

(∆Mi − ∆Mi−1)·100
∆Mi

≤ 5% (4)

To derive the permeability, the arithmetic average of the weight variations at least
within three time intervals (during which the ∆M had fluctuations around a mean) was
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calculated. The mean value was, then, calculated for each samples set. The permeability
to water vapor, thus calculated, is expressed in g/m2 × 24 h, at 20 ◦C. As our test was
carried out at 23 ◦C (different, therefore, from 20 ◦C), the experimental value was adjusted
as follows:

Perm20 ◦C = Permtx ·
p20 ◦C

ptx

(5)

where p(20 ◦C) is the partial vapour pressure at 20 ◦C and p(tx) is the partial vapour pressure
at the test temperature.

Table 1 shows the results for Lecce stone, carparo and tuff corrected with Equation (5).

Table 1. Vapor permeability of Lecce Stone (L.S.), carparo (C.) and tuff (T.).

Specimen Area
(m2)

Average (∆M2,
∆M3, ∆M4) (g)

Perm(20◦)
(g/m2·24 h)

Average
Perm(20◦)

(g/m2·24 h)

1 L.S. 0.0016 0.392 202.540

192.761
2 L.S. 0.0016 0.378 195.462

3 L.S. 0.0016 0.332 171.645

4 L.S. 0.0016 0.385 199.113

5 L.S. 0.0016 0.378 195.048

1C. 0.0016 0.582 300.890

326.047
2C. 0.0016 0.542 280.225

3C. 0.0016 0.573 295.931

4C. 0.0016 0.580 299.771

5C. 0.0016 0.878 453.419

1T. 0.0016 0.759 392.198

373.416
2T. 0.0016 0.755 390.097

3T. 0.0016 0.640 330.408

4T. 0.0016 0.721 372.307

5T. 0.0016 0.740 382.072

2.4. Capillarity

This test refers to the standard UNI EN 15801 [27] which foresees the use of at least
3 samples of dimensions 5 × 5 × 2 cm. The aim of the test is to derive the water absorption
by capillarity. The test ends when the difference between two consecutive weighings within
a 24 h interval is less than 1%. The detailed calculation procedure has been proposed in a
previous study [6].

The time interval of the successive weighings is a function of the water absorption
speed. The first measurements are taken at close intervals that we identified at 5 min for
the first 30 min, then 15 min, then 1 h, and finally 24 h.

The amount of water absorbed at time ti per unit area Qi is derived using:

Qi =
mi − m0

A
(6)

where m0 is the dry sample mass.
The Qi average values are derived for each series and reported on the capillary absorp-

tion curve (Figure 1) as a function of the square root of time ti
1/2(s 1/2).
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2.5. Sorptivity

A material can absorb and transmit water and other liquids by capillarity depending
on its sorptivity. To derive this property, the results were obtained from the capillary rising
coefficient test [6].

The first part of the curve in Figure 1 is selected (in this case the first nine measurements
are considered) because it best describes the unknown property. Through the trend line,
the equations of the curves in Figure 1 are traced as follows:

- Lecce stone, y = 0.6026x + 2.6269;
- Carparo, y = 0.6118x + 1.8726;
- Tuff, y = 0.5415x + 0.3195.

From the trend lines, it was also possible to identify through the intercept, the sorptivity
(S) value sought, as shown below:

- Lecce stone, 0.3195 mm/min
1
2 ;

- Carparo, 1.8726 mm/min
1
2 ;

- Tuff, 2.6269 mm/min
1
2 .

3. The Protocol Definition

This section illustrates the protocol proposed for monitoring rising damp in the
laboratory. First, the instruments used for monitoring are reported, as well as the procedures
for the installation of specimens. The protocol is divided into two main phases:

• Experimental phase n.1, in which the effects on capillarity in the initial transition phase
are observed.

• Experimental phase n.2, in which the effects on capillarity in the regime phase are
analyzed.

3.1. Measurement Equipment

A Scale House DHS 150K dynamometer was used for the experimental test, whose
technical specifications are summarized in the Table 2.
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Table 2. Technical specifications of the dynamometer.

Model Capacity (kg) Division (g) Min. cap. (kg)

DHS 150 K 150 50 1

Power supply
3 × 1.5 V AA battery. Low energy consumption, designed for

lengthening the battery life (150 battery life). “Auto-off” function after
the set time: 0, 5, 15, 30, and 60 min.

Zero range Within the configured percentage: ±0, 2, 4, 10, 20, and 50% of maximum
load capacity

Zero tracking 0,5 e/s

Auto zero start-up Within the configured percentage: ±0, 2, 4, 10, 20, and 50% of maximum
load capacity

Display LCD with 5 digit

Operative
temperature −10 ◦C to +40 ◦C

Relative humidity ≤90% at 20 ◦C

For the experimental test, a Flir ThermaCAM B20 thermal imaging camera was used.
The principal characteristics are a spectral field from 7.5 to 13 µm, a thermal resolution less
than 0.08 ◦C at full frequency of 50 Hz, a temperature measuring range from −40 ◦C to
+55 ◦C, and a precision of ±2 ◦C ± 2% of range.

A datalogger was used to measure temperature, humidity, and dew point (Table 3).

Table 3. Datalogger data sheet.

Temperature

Accuracy (overall error) 0.45 ◦C (1.04 ◦F) typical (5 to 60 ◦C)

Long term stability <0.02 ◦C (0.04 ◦F)/year

Measurement range From −35 to 80 ◦C (from −31 to 176 ◦F)

Internal resolution 0.5 ◦C (1 ◦F)

Relative
Humidity

Accuracy (overall error) 3% RH (20 to 80% RH)

Long term stability <0.25% RH/year

Measurement range 0 to 100% RH

Internal resolution 0.5% RH

Dew Point Accuracy (overall error) 1.7 ◦C typical
(From −35 to 80 ◦C and from 40 to 100% RH)

Dimensions 108 × 25 × 22 mm
(4.25 × 0.98 × 0.86”)

Readings 16,382 temperature, 16,382 relative humidity

Operating temperature range From −35 to +80 ◦C (from −31 to +176 ◦F)

Logging rate User selectable between 10 s and 12 h

3.2. Experimental Setup

1. The experimental setup involves the use of two wetting tanks with three columns each,
one for each stone used. Each column consists of five blocks of size 20 × 20 × 20 cm3.
The first three columns undergo the weighing procedure, the other three remain
unperturbed and undergo the same wetting procedure as the first ones. The contact
between the blocks is made with a suitable absorbent material (cotton fabric) to ensure
a good contact surface and to simulate the hydric behavior of the mortar (Figure 2).
Although mortar has been found to counteract rising damp [28,29], this study aims to
monitor a base case, where all properties can be subsequently modified.
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2. The blocks are numbered from bottom to top and preliminarily weighed; this opera-
tion allows for the weighing process to proceed regularly for the determination of the
water absorbed at different heights.

3. The cotton tissues are numbered from bottom to top to reposition them in the same
level after the weighing operation and, therefore, to disrupt the pre-weighing condi-
tions as little as possible.

4. Blocks are positioned in a tank to allow wetting of the lower base of each column. An
indication system (mark on the block at 3 cm height) of the immersion level of the
column base is provided, which is the level that must be the same for all the columns.

5. Columns should be placed with the base in the dry tank for 24 h in advance to
acclimatize and stabilize the surface temperature.

6. The datalogger is placed close to the columns to strictly control the microclimatic
conditions at the boundary.

3.3. Experimental Phase n.1: Effects on Capillarity in the Initial Transition Phase

The goal of this phase is to analyze the phenomenon on the column initially dry, that
is, wetted at the bottom with tap water having a low concentration of salts. This represents
the starting point for time measurement. Water characterization data carried out by the
Apulian Aqueduct [30].

In this phase, qualitative and quantitative data regarding the rise of water in the
columns are collected. This involves continuous monitoring together with thermographic
reports that provide the framework of the water movement inside the columns and weigh-
ing at defined time intervals.

Table 4 shows the time frame to be observed for weighing, thermography (IR), and
wetting tests.
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Table 4. Time frame for weighing steps, thermography (IR) and wetting tests.

Day Time Weighing Ir Water
Refilling

Experimental
Phase

1

Starting point X X X

Initial
Transition

Phase

0:15 X

0:30 X

0:45 X

1:00 X

1:30 X

2:00 X

3:00 X

4:00 X

5:00 X

6:00 X

7:00 X

8:00 X

9:00 X

10:00 X

2 One measure per day X X X

3 One measure per day X X

4 One measure per day X X

5 One measure per day X X

6 One measure per day X X

7 One measure per day X X X

14 One measure per day X X X

21 One measure per day X X X

28 One measure per day X X X

Every two weeks One measure per day X X X Regime
Phase

Executive Modalities For Thermographic Tests

1. The first thermal image is acquired before adding water to the tank.
2. For the camera setting (T ◦C/RH in %), the value defined by the datalogger is used as

a reference.
3. The thermal imaging camera is positioned in front of the columns for real-time rising

damp monitoring.
4. Since the phenomenon is very rapid at the beginning, and then it slows down and

stabilizes, a time cadence is fixed for the succession of thermograms, as shown in
Table 4.

5. Water replenishment in tanks when the water level deviates from the initial refer-
ence value.

6. All steps from 2 to 5 are repeated periodically for the entire duration of the experiment
which, it is recommended, should not be less than one year. After an initial transient
period with an extremely rapid rising phenomenon, there is a period of stabilization
of the phenomenon with limited temporal variations. Therefore, the periodicity of
the thermographic recordings can be frequent in the first period, and then reduce
afterward.
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3.4. Experimental Phase n.2: Effects on Capillarity in Regime Phase

The objective of this phase is the analysis of rising damp starting from the regime
phase situation previously reached (flow of capillary rise in the sample columns already
stabilized).

In this phase, the quantitative data related to the weight variation of the blocks
continue to be collected by repeating the weighing of the various blocks at defined time
intervals, from which the percentage increase in the weights of the blocks as compared with
the initial weights are obtained. Before each weighing, i.e., before the disassembly of the
various blocks, a thermographic recording of all the columns is carried out. At the end of
weighing, the columns are immediately reassembled, respecting the order of disassembly.

Executive Modes for Weighing Tests

1. Setting of the camera (T ◦C/RH in %) taking as reference the average value coming
from the two dataloggers and execution of the thermogram of the entire columns.

2. Disassembly, and immediate weighing, of the various blocks making up the columns,
proceeding from top to bottom.

3. Reassembly of the various blocks immediately after completion of weighing opera-
tions, taking care to reposition the blocks in the exact starting order.

4. The Case Studies

The case study setting does not perfectly match the previously proposed procedure.
This is because it was the case study itself that suggested a number of adjustments that
allowed the proposed methodology to be refined.

Six columns were constructed, two for each material (one for tank), each consisting
of five blocks, with a cotton fabric state interposed between each block (Figure 3). Each
block has a size of 20 × 20 × 20 cm, while the cotton fabrics measure 23 × 23 × 0.1 cm.
All blocks have been labeled with a code, carparo (C.), Lecce stone (L.S.), and tuff (T.), the
numbering respects the arrangement of the blocks, increasing from the bottom to the top.
The labeling of blocks and textiles simplified the repositioning of blocks and textiles in their
original position after each weighing operation. The test was conducted by placing the
blocks inside a tank, measuring 90 × 60 × 55 cm.
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Initially, once the blocks were positioned in the tank, they were left to dry for 24 h, to
allow the achievement of thermodynamic equilibrium with the surrounding environment,
and thus, to allow the achievement of the physiological mass (mf) of the various blocks.
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Subsequently, the basins were filled with water. The monitoring was carried out starting
from the initial moment when the specimens were dry, and water was added for the first
time into the basin. A periodic replenishment of water in the basin, to maintain a constant
level of immersion of the base of the columns (about 3 cm), was done by using a 5 L tank. By
weighing the blocks periodically, the wet mass (mu), and thus, consequently, the percentage
of water absorbed Uf at different heights, was determined using Equation (7):

U f =
mu − m f

m f
·100 (7)

Through continuous monitoring, based on a combination of visible and thermographic
shots and weighing at defined time intervals, it was possible to obtain qualitative and
quantitative results of the water propagation inside the columns. The monitoring period
was from 6 September 2018 to December 2018.

Specifically, on September 6 the dry specimens were placed inside the basin, exactly
24 h before the start of the measurements. Then, after 24, the first weighing was performed
on 7 September, to detect the physiological mass of the dry specimens. Then, after the
weighing operations and having repositioned the various specimens, the basin was filled
with water. After two hours, the first thermographic images were acquired. From 7–14
September, weighing operations of the wet specimens were performed weekly, from 14
September 2018 to 21 December 2018, bi-weekly.

Table 5 shows the dates and the quantity of water supplies during the analysis period.

Table 5. Water replenishment.

Date Quantity [l]

7 September 2018 20
14 September 2018 5
21 September 2018 5
28 September 2018 5

5 October 2018 5
12 October 2018 5
26 October 2018 10

9 November 2018 10
23 November 2018 10
7 November 2018 10

21 November 2018 10

5. Results and Discussion

The tests have shown, although in different ways for the three materials, two distinct
phases, namely a transient phase and a stabilized phase. In the first phase, an initial rapid
increase in moisture was observed, which then slowly decreased over time until a stabilized
phase was reached in which the upward flow in the columns stabilized at a certain height.
This can be observed by plotting the absorption curves in terms of weight, moisture, and
rise height. The trends depend on the type of material, the constancy of the water supply,
the microclimate, and the multiblock configuration instead of monoblock columns.

5.1. Weight-Time Absorption Curves

The weight-time absorption curves represent the weight variation as a function of
time, due to water absorption in the blocks of each column. Table 6 shows the results of the
weighing tests performed on all blocks.
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Table 6. Weighing data of the three blocks, from 7 September to 21 December.

Block Weighing (kg)

Blocks 07/09 14/09 21/09 28/09 05/10 12/10 26/10 09/11 23/11 07/12 21/12

C.01 12.00 13.35 13.40 13.40 13.40 13.40 13.40 13.45 13.45 13.45 13.45
C.02 12.00 12.05 12.05 12.05 12.05 12.00 12.00 12.05 12.05 12.05 12.10
C.03 12.2 12.2 12.15 12.15 12.15 12.15 12.2 12.2 12.2 12.15 12.15
C.04 12.35 12.3 12.3 12.3 12.3 12.3 12.35 12.35 12.35 12.3 12.3
C.05 12.8 12.8 12.8 12.8 12.75 12.75 12.8 12.8 12.8 12.8 12.8

L.S.01 13.55 15.3 15.3 15.3 15.35 15.35 15.35 15.35 15.7 15.6 15.75
L.S.02 14 14.05 14.15 14.15 14.25 14.3 14.3 14.3 14.6 14.6 14.6
L.S.03 13.55 13.55 13.55 13.55 13.55 13.55 13.55 13.5 13.6 13.6 13.6
L.S.04 13.55 13.55 13.55 13.55 13.55 13.55 13.55 13.55 13.55 13.55 13.55
L.S.05 13.55 13.55 13.55 13.55 13.55 13.55 13.55 13.55 13.55 13.55 13.55
T.01 10.9 13.55 13.6 13.65 13.65 13.7 13.7 13.7 13.7 13.7 13.8
T.02 11.05 11.1 11.1 11.2 11.6 12.8 12.8 12.8 13 13.1 13.4
T.03 10.95 10.95 10.95 10.95 10.95 11 11.1 11.1 11.1 11.1 11.1
T.04 11.15 11.15 11.15 11.1 11.1 11.15 11.15 11.15 11.15 11.15 11.1
T.05 11.35 11.35 11.35 11.35 11.35 11.35 11.35 11.3 11.35 11.35 11.35

Figures 4–6 show the trends of weight-time absorption for carparo, Lecce stone, and tuff.
All the graphs show, although in different ways, in the first two blocks, a considerable

increase in initial weight, with a high slope, and therefore, with considerable rapidity; this
occurs because they are in direct contact with the water for part of their height. Moving on
to the blocks immediately above, the phenomenon is not emphasized as in those closer to
the water basin, because the absorption comes from the block below.

Considering the carparo, the first measurement of the first block (C.01) shows an
increase in weight of 1.35 kg, while the increase in the second block (C.02) is 0.5 kg, after
which both go towards a stabilization of weight, which is reached on November 9 for
the first block (eighth weighing) and after the first weighing for the upper blocks. The
difference between the last and first weighing of the first block (C.01) shows an increase
in weight of 1.45 kg. Carparo stone immediately accumulates the amount of water and
stabilizes in weight.
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As regards the Lecce stone, the first measure of the first block (L.S.01) shows an increase
in weight of 1.75 kg. Lecce stone shows a more gradual trend than carparo, reaching a
higher final weight. The final total weight in the last weighing increased in the Lecce stone
(L.S.01) by 2.2 kg as compared with the first weighing. As compared with carparo, whose
second block finds an immediate stabilization, Lecce stone shows a higher and gradual
growth also in the second block (L.S.02).

Tuff achieves the highest weight. Indeed, the weight increase in the first weighing of
the first block is already high, equal to 2.65 kg (greater than the total increase for the carparo
and Lecce stone), and the final total weight is increased by 2.9 kg. As compared with the
other two stones, tuff has a change in weight in both the second and third block (T.03).

The mesopores present in the tuff facilitate the capillary rise phenomena, while the
low increase in weight of the carparo is due to the high percentage of macropores that do
not facilitate capillary rise. In the Lecce stone, as in the tuff, there is an initial increase in
weight; however, whereas in tuff the increase is almost instantaneous, in Lecce stone it is
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protracted in time. This is due to the presence of very small pores inside the Lecce stone. In
general, the smaller the capillaries, the more they tend to absorb moisture, retaining it. The
same very thin capillaries, however, greatly hinder the movement of moisture within them,
making it very slow.

As for the blocks in levels 3, 4, and 5, the trend has been almost constant from the
beginning, because the increase in water involved only the blocks at the base and those
immediately above.

5.2. Humidity-Time Absorption Curves

This section shows the percentage of water absorbed Uf (calculated by Equation (7))
as a function of time, referring to the first two blocks of the columns, in relation to carparo
(Figure 7), Lecce stone (Figure 8), and tuff (Figure 9). The physiological mass (mf) for each
of the three materials was recorded on 7 September 2018. The amount of water absorbed
is greater in tuff, a phenomenon due to its high porosity. The phenomenon is also clearly
evident in the second block of tuff (T.02), which is significantly impacted by the presence of
water coming from the previous block (T.01). The second block of Lecce stone (L.S.02) also
shows a gradual increase in the percentage of water in it, but less than the tuff (C.02). The
second block of carparo (C.02) is less influenced by capillary rise, in fact it shows a constant
trend, with a very low percentage of water inside.

Energies 2021, 14, x FOR PEER REVIEW 14 of 23 
 

 

5.2. Humidity-Time Absorption Curves 

This section shows the percentage of water absorbed Uf (calculated by Equation (7)) 

as a function of time, referring to the first two blocks of the columns, in relation to carparo 

(Figure 7), Lecce stone (Figure 8), and tuff (Figure 9). The physiological mass (mf) for each 

of the three materials was recorded on 7 September 2018. The amount of water absorbed 

is greater in tuff, a phenomenon due to its high porosity. The phenomenon is also clearly 

evident in the second block of tuff (T.02), which is significantly impacted by the presence 

of water coming from the previous block (T.01). The second block of Lecce stone (L.S.02) 

also shows a gradual increase in the percentage of water in it, but less than the tuff (C.02). 

The second block of carparo (C.02) is less influenced by capillary rise, in fact it shows a 

constant trend, with a very low percentage of water inside. 

 

Figure 7. Moisture-time absorption curves for carparo blocks (C.). 

 

Figure 8. Moisture-time absorption curves for Lecce stone blocks (L.S.). 

Figure 7. Moisture-time absorption curves for carparo blocks (C.).

Energies 2021, 14, x FOR PEER REVIEW 14 of 23 
 

 

5.2. Humidity-Time Absorption Curves 

This section shows the percentage of water absorbed Uf (calculated by Equation (7)) 

as a function of time, referring to the first two blocks of the columns, in relation to carparo 

(Figure 7), Lecce stone (Figure 8), and tuff (Figure 9). The physiological mass (mf) for each 

of the three materials was recorded on 7 September 2018. The amount of water absorbed 

is greater in tuff, a phenomenon due to its high porosity. The phenomenon is also clearly 

evident in the second block of tuff (T.02), which is significantly impacted by the presence 

of water coming from the previous block (T.01). The second block of Lecce stone (L.S.02) 

also shows a gradual increase in the percentage of water in it, but less than the tuff (C.02). 

The second block of carparo (C.02) is less influenced by capillary rise, in fact it shows a 

constant trend, with a very low percentage of water inside. 

 

Figure 7. Moisture-time absorption curves for carparo blocks (C.). 

 

Figure 8. Moisture-time absorption curves for Lecce stone blocks (L.S.). Figure 8. Moisture-time absorption curves for Lecce stone blocks (L.S.).



Energies 2022, 15, 892 14 of 22Energies 2021, 14, x FOR PEER REVIEW 15 of 23 
 

 

 

Figure 9. Moisture-time absorption curves for tuff blocks (T.). 

5.3. Rising Height-Humidity Absorption Curves 

Figure 10 shows the variation of the rising height as a function of time for the columns 

in carparo, Lecce stone, and tuff. Thermographic images presented in Appendix A were 

used to measure rise heights. The previous observations were confirmed by the data on 

the height of rising damp. 

 

Figure 10. Ascent height-time absorption curves for carparo (C.), Lecce Stone (L.S), and tuff (T.). 

Looking at Figure 10, all three materials are strongly affected by rising damp, in fact, 

there is an exponential increase in the height of rising damp from the first day. 

Starting from the base of the columns, it can also be seen that the rising damp has 

completely involved the first two blocks of Lecce stone (L.S.) and tuff (T.) and that it has 

completely involved only the first block of carparo (C.). 

In the three materials, the following asymptotic values of ascent height were reached: 

• 21 cm for carparo; 

• 40 cm for Lecce stone; 

• 43 cm for tuff. 

For carparo and tuff, the final ascent height is reached in a short time (faster in 

carparo), while for Lecce stone, it is reached more slowly. 

Figure 9. Moisture-time absorption curves for tuff blocks (T.).

5.3. Rising Height-Humidity Absorption Curves

Figure 10 shows the variation of the rising height as a function of time for the columns
in carparo, Lecce stone, and tuff. Thermographic images presented in Appendix A were
used to measure rise heights. The previous observations were confirmed by the data on the
height of rising damp.
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Figure 10. Ascent height-time absorption curves for carparo (C.), Lecce Stone (L.S), and tuff (T.).

Looking at Figure 10, all three materials are strongly affected by rising damp, in fact,
there is an exponential increase in the height of rising damp from the first day.

Starting from the base of the columns, it can also be seen that the rising damp has
completely involved the first two blocks of Lecce stone (L.S.) and tuff (T.) and that it has
completely involved only the first block of carparo (C.).

In the three materials, the following asymptotic values of ascent height were reached:

• 21 cm for carparo;
• 40 cm for Lecce stone;
• 43 cm for tuff.

For carparo and tuff, the final ascent height is reached in a short time (faster in carparo),
while for Lecce stone, it is reached more slowly.
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This is due to the different types of porosity and, therefore, to the different kinetics of
absorption. Tuff and carparo are characterized by larger pores than those of Lecce stone,
therefore, while tuff and carparo have an easy and rapid absorption of water, Lecce stone
has a rapid intake in the initial phase but prolonged over time.

5.4. Thermographic Report

The rising phenomenon in the three materials tested was monitored quantitatively and
qualitatively through the acquisition of photographs and infrared thermographic images.
Figure 11 shows an example of the thermographic image, the complete report is presented
in Appendix A.
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Figure 11. Thermographic report dated 14 September 2018 for carparo (C.), Lecce stone (L.S.), and
tuff (T.).

More specifically, this occurred before weigh-in operations from 14 September to 21
December 2018.

As specified previously, on 7 September 2018, approximately two hours after first
filling the tanks with water, IR photos were taken to monitor the situation. In these first two
hours, the three materials immediately absorbed water and reached the following heights:

• 13 cm in the carparo column;
• 8 cm in the Lecce Stone column;
• 14 cm in the tuff column.

Therefore, from the initial stages, the upward trend occurred, i.e., fast absorption for
tuff and carparo and slow absorption for Lecce stone.

6. Conclusions

This study starts from the awareness that the presence of moisture in masonry is
responsible, in the short and long term, for the presence of serious pathologies in a building,
which can impact the safety, health, and comfort of the occupants. It is well known that
rising damp leads to a degradation of the building material due to chemical interactions
with water and salts dissolved inside the masonry.

This study proposes a new protocol for monitoring the phenomenon of rising damp
in masonry in the laboratory. These guidelines are easily applicable and flexible, as they
can be applied for any material.
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To highlight the effectiveness of the proposed guidelines, the analysis of a case study is
proposed, monitoring the phenomenon on three different types of stones, namely carparo,
Lecce stone, and tuff. The choice of these materials is not casual as they are the materials
most used in South-Eastern Italy, where the phenomenon of rising damp is present in a
very strong way, and impacts the comfort of occupants, especially, on the ground floors of
buildings. These are local materials, easily available in local caves, but characterized by a
very high degree of sensitivity to water. According to the protocol, three columns (one for
each material) were constructed, consisting of five blocks. The bottoms of the columns were
submerged in water. An important step was the scheduling of a periodic replenishment
of water to have the blocks always wet at their base. The three columns were weighed
periodically, the amount of water collected was evaluated, and a thermographic survey was
performed. To quantify the level of the induced disturbance, it was proposed to proceed
with three more columns, consisting of the same materials, taken at the same time from the
same quarry, but not undergoing the process of disassembly and reassembly, which follow
the same wetting process as the first columns. In this way, by comparing the thermographs
between the weighted and unweighted columns, it is possible to get a qualitative idea of
what the perturbation induced by weighing may have been.

The innovativeness of the proposed method is to use multiblock columns that can be
“disassembled” to proceed with a periodic weighing of the individual blocks. The objective
is to proceed as quickly as possible and to disrupt the phenomenon as little as possible.

In addition, thanks to a preliminary investigation of the composition and structure of
the stones, it was possible to contextualize the data obtained from the monitoring proposed
by the protocol. In fact, each stone was characterized in the laboratory by measuring the
porosity imbibition, drying index, permeability, capillarity, and sorptivity. This provided
support to all the results obtained.

The mesopores present in the tuff facilitate capillary rise phenomena, while the low
increase in weight of carparo is due to the high percentage of macropores that do not
facilitate capillary rise. In Lecce stone, as in tuff, there is an initial increase in weight,
whereas, in tuff, the increase is almost instantaneous, in Lecce stone it is protracted in time.
This is due to the presence of very small pores inside the Lecce stone. In general, the smaller
the capillaries, the more they tend to absorb moisture and retain it. The same very thin
capillaries, however, significantly hinder the movement of moisture within them, making it
very slow. For each material, at the end of the experimental test, the following final values
of ascent height were recorded: about 21 cm for carparo, about 40 cm for Lecce stone, and
43 cm for tuff.

The protocol allows for easy mapping of rising water for effective retrofit solutions,
which without careful observation, could be ineffective. The proposed method is easy to
apply and offers a clear methodology within a well-defined time frame. It can be adapted
to other types of stone or building materials.
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