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Abstract The moisture transfer process in multilayered building components with
an interface is very different than the moisture transfer considered when having
different materials/layers separately. Quantifying moisture transfer in multi-layered
systems through numerical simulations is essential to predict the real behaviour of
those building materials in contact with moisture, which depends on the climatic
conditions. Unfortunately, the contact phenomenon is neglected in numerical simu-
lations which compromise the feasibility of the results. In this work, the moisture
transfer in multi-layered building components is analysed in detail, for perfect contact
and hydraulic contact interface. The “knee point” was detected, numerically, in water
absorption curves and the moisture-dependent interface resistance was quantified and
validated for transient conditions. The methodology proposed to detect the “knee
point” can be also used in the future for different multilayer materials with an inter-
face, in order to obtain more correct maximum hygric resistance values, to be used
in future numerical simulations.
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1 Introduction

Moisture transfer in construction building components is fundamental for the dura-
bility of built elements, influencing the thermal behaviour and consequently the
energy consumption in the building and occupants’ health by the air quality. There
are such demonstrative problems due to moisture like frost/defrost damage in facades,
mould on interior surfaces, fungus in floors and walls by rising damp, deterioration
in floors and walls by flood occurrences, degradation of walls and roofs by internal
condensations, etc.

For example, the study of rising damp phenomenon allowed the investigation of
a technique to solve this problem that can already be used, with the necessarily revi-
sions, to treat building walls after a flood (Delgado et al. 2016; Barreira et al. 2016
Guimardes et al. 2012, 2013; Freitas et al. 201 1. In Portugal we have historical build-
ings near water courses with degraded walls by the permanence of water. Moisture
in buildings can have different origins and rising damp is probably the most current
one. Floods are extreme occurrences but can introduce large amounts of water in
the walls. In conclusion, rising damp, because of its high occurrence frequency, and
floods, because of the seriousness of their consequences, represent both a high risk
in terms of building humidity.

The analysis of moisture migration in building materials and elements is crucial
for its behaviour knowledge also affecting its durability, waterproofing, degradation
and thermal performance. A building wall, generally, consists of multiple layers, and
thus the investigation of the moisture transfer presumes knowledge about the conti-
nuity between layers. de Freitas (1992, 1996) considered three different interfaces
configurations:

1. Perfect contact—when there is contact without interpenetration of both layers
porous structure;

2. Hydraulic continuity—when there is interpenetration of both layers porous
structure;

3. Air space interface—when there is an air box of a few millimetres wide between
layers.

In resume, the most common interfaces types are perfect contact (ex: blocks in
contact), hydraulic contact (mortar between the masonry blocks) and air space. It is
necessary to have thorough knowledge regarding the building constituent material
(red clay, concrete, granite, etc.).

Derdour et al. (2000) analysed the effect of thickness, porosity and the drying
conditions of several building materials on the drying time constant. Bednar (2002)
studied the influence of the following properties: material size and insulation, and
climate conditions on the liquid moisture transport coefficient during drying exper-
iments. Karoglou et al. (2005) evaluated the effect of environmental conditions,
such as air temperature, air relative humidity and air velocity, on the drying perfor-
mance of 4 stone materials, 2 bricks and 7 plasters. However, the study of multi-
layered masonry walls with imperfect contact, as the hydraulic interface, is practically
inexistence in literature.
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Considering the contact phenomena in multi-layered building components, like
brick-mortar composites, or even mortar-brick-isolation-mortar solutions, the mois-
ture transfer process and the obtained values differs from the moisture transfer consid-
ered when having different materials/layers separately (de Freitas 1992). In fact, the
interface promotes a hydric resistance which means that becomes a slowing of the
moisture transport across the material interface. The study of liquid transport across
this interface configuration (ceramic brick and mortar) implies the correct knowl-
edge of the hygrothermal mechanical and thermal properties of the build materials
employed.

There is still a high unawareness regarding the influence of the interfaces between
layers. Some studies which have been carried out conclude that it is important to
analyse and consider the interface correctly. In the hydraulic contact like, for example,
a mortar joint, it is important to understand that in the curing process water will be
transported (Davison 1961; Groot 1995; Holm et al. 1996; Brocken et al. 1998;
Hendrickx et al. 2009; Derluyn et al. 2011) which contributes to the modification
of mortar properties. More, there is an interpenetration between the solid structural
material that is in contact with the mortar which means that occurs changing in the
pore structure of the material in contact (Brocken et al. 1998; Derluyn et al. 2011),
in a certain thickness. This result in the continuity of the pore structure, i.e., the
thermal and hydric flows that go out by layer 1 is the same that go in layer 2. There
is continuity in capillary pressure but the water content in the first layer is different
from the water content in the second layer.

In numerical simulations, some authors include hydraulic contact phenomena. As
example, Brocken (1998) calculates only a change in the mortar properties neglecting
the change in contact properties by assuming a perfect hydraulic interface contact.
Qiu et al. (2003) and de Freitas et al. (1992) only consider an interface resistance,
however, Derluyn et al. (2011) consider both cases, a change in mortar properties
and an interface resistance.

Thus, the interface resistance can be calculated experimentally by the mass vari-
ation curve as a function of time, in a water absorption test, and correspond to the
curve pendant after hit the discontinuity, i.e. the interface. The problem is to correctly
detect the pendant which can be made if the “knee point” (transition) can be reached.

In this paper, the moisture transfer in multi-layered building components is anal-
ysed. The existence of different types of interfaces (perfect contact and hydraulic
contact interface) contributes to different means of moisture transport when compared
to a monolithic porous element. As examples, the “knee point” was detected in water
absorption curves of multi-layered building components with different interfaces. It
was presented a “knee point” measurement procedure, which is automatic and has
proved to be accurate. To fully achieve this objective, herein it is proposed the use
of an automatically changing point detection method to assist the water absorption
analysis. In fact, the manual procedure can be highly time-consuming. In addition to
the time saved, there is, as well, still an increase in accuracy, which does not depend
on the result of the operator. This methodology to detect the “knee point” can also
be used in the future for different materials with interfaces.
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Finally, the moisture-dependent interface resistance between brick building
components was quantified and validated for transient conditions which mean that
can be used for future numerical simulations.

2 Moisture Transfer Across Material Interfaces

Moisture transfer across material interfaces is influenced by a number of phenomena
and directly depends on the interface type. In the hydraulic contact like, for example,
a mortar joint, it is important to understand that in the curing process water will
be transported (Davison 1961; Groot 1995; Holm et al. 1996; Brocken et al. 1998)
which contributes to the modification of the mortar properties. Concurrently, there
is an interpenetration between the solid structural material that is in contact with
the mortar which means that occurs changing in the pore structure of the material
in contact with mortar (Hendrickx et al. 2009; Derluyn et al. 2011), in a certain
thickness. This results, for hydraulic contact, in a continuity of the pore structure
where the thermal flow that goes out in the layer 1 is the same that goes in the layer
2, there is continuity in temperature profiles, the hygric flow that goes out in the layer
1 is the same that goes in in the layer 2 and there is continuity in capillary pressure
but the moisture content in the first layer is different from the moisture content in
the second layer (W, # W,). In hydraulic contact phenomena, the equality of the
capillary pressure (P.; = P.,) allows the determination of a relation between the
moisture content of both materials (W = R.W,), in the interface, through a function
R(P.) that can be determined as sketched in Fig. 1.

Pc ‘ Pc‘
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Fig. 1 Function R determination
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Fig. 2 Function §
determination w (%‘

In the air space interface where two solid layers are separated by an air space with
some millimetres it can be considered that, in isothermal regime, the hygric flow that
goes out in the layer 1 is the same that goes in in the layer 2 being this value limited by
the maximum vapour value transported by the air space that depends on the vapour
pressure of both surfaces and on the air thickness. In addition, if the water content
of the layer with higher value is lower than the critical water content (W) there is
continuity in the relative humidity in the air space interface ¢ = ¢, if the water
content of one layer is higher than the Wcr the other layer presents a water contact
that goes to the critical value of that material. The equality of the relative humidity
@1 = ¢, means that it can be established a relation between the water content in the
interface (W = S.W5) considering a function S that can be determined as described
in Fig. 2.

In numerical simulations, when more than one consolidates material is separated
by air space there is a capillary break that avoids the transport of liquid water being all
the transport made in the vapour phase. In the perfect contact, i.e., a contact without
interpenetration of both layers’ porous structure, it can be assumed that there is
continuity of temperature and equality of thermal flows at the entrance and exit, on
the interface. About the humidity, experimental studies showed that the discontinuity
of the porous structure generates a hygric resistance that imposes a maximum flow
transmitted, FLUMAX, Fhum; = Fhum, < FLUMAX. In addition, the capillary
pressure is different in both interface materials.

In numerical simulations, it must be considered a hygric resistance that imposes a
maximum flow transmitted, FLUMAX, which should be calculated experimentally.
In practice, however, commonly neither a change in material properties nor interface
resistances are taken into account in the current numerical simulations. Only a limited
number of studies have determined an interface resistance (Qiu et al. 2003; Brocken
1998) or analysed the change in mortar properties (Derluyn et al. 2011; Brocken
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1998; Vereecken and Roels 2014) while both are probably strongly case-dependent;
furthermore, those studies all assume a constant value for the interface resistance.
Particularly, in perfect contact and hydraulic contact interface a limited number of
studies have determined an interface resistance considering the difficulty and time
consuming experimental test that should be made to estimate this parameter.

3 Materials and Methods

The water absorption curve increases over time and then presents instants (points of
change) where the rate of absorption seems to decrease significantly. These instants
correspond to the contact of the water with a different material (contact with the inter-
face). Only one point of change is expected for the interfaces in perfect contact and
air space interface (see Fig. 3a), different from what happens with for the hydraulic
interfaces (see Fig. 3b) where we can observe two discrete knees, one before the
interface and another when the interface is saturated.

This study can be applied to other cases of interfaces. This generalization will
be presented later. Since the goal is to address the effect of the interface in water
absorption, the water resistance is measured immediately after the first changing
point, which is the time interval of interest. The final measurement is performed by
calculating each Hygric Resistance (RH). Figure 4 depicts how the several values
are measured.

Considering this measuring procedure, it is important to detect the exact time
instant of the “knee point” automatically and with some precision. In the literature,
there are several methods of knee or jump point detection (Ville Satopaa et al. 2011;
Wang and Tseng 2013; Zhao et al. 2008a, b; Christopoulos 2014; Du et al. 2014).
The following three methods were taken into consideration to develop the algorithm
presented in this work. The choice of these methods took into account the fact that
there are discrete methods, intuitive and easy to implement, available in the literature.
The following two methods were considered to develop the algorithm presented in
this work:

e 1st Method: This method considers a line which passes through the two extreme
points observed (xq and x,). It also considers a set of line segments perpendicular

Fig. 3 Water absorption curve and the changing instant, knee point
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to this line, where each line segment begins at an observed point (x; = (t;, Mw;))
and ends at a point of the line. The knee point is defined as the point related to
the greater segment (Ville Satopaa et al. 2011), as described in Fig. 5 and Annex
1—SEC.Program (an algorithm developed by the authors).

e 2nd Method: In this method, the point where the pair of lines that best approaches
the curve is called “knee”. For its determination, it is necessary to perform, for
each point (x; = (¢;, Mw;) of the curve, two linear fittings, one for all points to
the left of x; and one for all points to the right of x;. The knee is considered the
point that minimizes the sum of the errors for the two fittings. This method is
implemented in Matlab in a function called “knee-pt.m”.

e 3rd Method: This method is a combination of the two methods previously
presented. Since the main goal of the algorithm proposed is to find the “knee”
point of a set of points x; = (¢t;, M), i = 1, 2, ..., n obtained in the measuring
procedure, where the data errors should be taken into account, the combination
of the two previously presented methods can give a better knee point.

e The steps of this algorithm are (see Annex 2—Hybrid.program, an algorithm
developed by the authors):
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1. Use the 1st Method to calculate, for each point obtained in the measuring
procedure, the length of the line segment that is perpendicular to the line that
connects the two extreme points of the set. Sort the length of perpendicular
line segment by a decreasing order. Let M1 be the set of indices of the points
corresponding to this ordering.

2. Use the 2nd Method to determine the sum of the errors for the two linear
fittings found for each point obtained in the measuring procedure. Sort the
sum of the errors for the two linear fittings by an ascending order. Designate
by M2 the set of indices of the points associated with this ordering.

3. Determination of the knee point. Find the point x; = (¢;, M,,;) whose index, i,
occupies the best positions in sets M| and M, using the following algorithm:

— Step 0—Let £k = 1 be the position of an element in a set, i = 1 an
index position and n the total number of points obtained in the measuring
procedure.

— Step 1—Ifi > k, let j = 1 and go to Step 3.

— Step 2—If M1(k) = M2(i), the knee point is (t(M1(k)), Mwi(M1(k)))
and Stop the algorithm. Otherwise, let i = i + 1 and return Step 1.

— Step 3—If j > k, go to Step 5.

— Step 4—If M2(k) = M1(j), the knee point is (t(M2(k)), Mwi(M2(k)))
and Stop the algorithm. Otherwise, let j = j 4 1 and return Step 3.

— Step5—Letk = k+1.Ifk > n, an error message must be sent. Otherwise,
leti = 1 and return Step 1.

4 Experimental Setup

The experimental procedure has been described to guarantee consistent measure-
ments of hygric resistance in multilayer building materials and to ‘“knee point”
detection in water absorption curves. The hygric resistance was determined after the
knee point of several curves, and for each curve, it was computed several dispersion
measures to evaluate the consistency. The measures were the coefficient of variation.

In this work, two different ceramic blocks of red brick were tested with a sample
similar size: ceramic A with 4 x 4 x 10 cm and ceramic B with 5 x 5 x 10 cm (see
Fig. 6). Several standards can be applied for the experimental determination of bulk
density, as ISO 10545-3 (1995) for ceramic tiles, EN 12390-7 (2009) for concrete,
EN 772-13 (2000) for masonry units. The samples must be dried until a constant
mass is reached. The samples volume was calculated based on the average of three
measurements of each dimension.

Porosity or void fraction is a measure of the void spaces in a material, and is a
fraction of the volume of voids over the total volume, between 0 and 1 (see Fig. 7).
The standard ISO 10545-3 (1995) for ceramic tiles was used to measure the bulk
porosity. The building materials porous characteristics have an important influence
on the mechanisms of moisture transfer. The porous network, formed by cavities and
channels, is the medium through which a fluid (liquid or vapour) are propagated. This
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type of porosity, called open porosity, is characteristic of most building materials.
In this study, it was used an automated mercury porosimeter (Poremaster-60 Quan-
tachrome) and a helium pycnometer The mercury porosimeter allowed to determine
the pore size distribution up to 0.0035 micrometres in diameter, as well as the total
surface area normalized to the sample mass and bulk density.

It is important to be noted that there is a relation between the mortars and the
sample properties in the masonry performance related to water penetration resistance.
The mortar properties considered in the study include compressive strength, work-
ability, water retention, and porosity. The properties of masonry elements include
surface texture; porosity and the initial rate of absorption (Ghosh and Melander
1991).

Since the building walls present mortars with average values of porosity and a
large number of pores that allow the capillary action and movement of water inside
the coating system, the presence of moisture can be observed, mainly in the lower
part of the walls. Mortars are characterized by the presence of voids within the
materials (pores), which may vary according to the water/cement ratio, as well as
the granulometry of the aggregates used in the mortar.
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Fig. 8 Imbibition model used in the research

The moisture transport is strongly dependent on the complex morpho-optic aspect
of the porous space. The pores, free spaces distributed inside the solid structure,
characterize the permeability of the medium, allowing the fluid flow (Mendes and
Philippi 2005).

The experiments to determine the interface influence, conducted in this study, are
guided by the outline of the partial immersion method as explained by the standard
ISO 15148 (2002). Specimens of two different red bricks, A and B, were tested (see
Fig. 8). During the tests, the temperature and the relative humidity was also measured
(see Fig. 8).

T(°C) ~ 23 and ¢ (%) ~ 50

All the specimens were sealed in the lateral faces with an epoxy coating to avoid
the evaporation through these sides and assure the unidirectional moisture flow from
the bottom to the specimens’ top surface.

Capillary absorption data were obtained by placing samples in distilled water.
Their base was submerged only a few millimetres (~1-5 mm) in order to avoid build-
up of hydrostatic pressure. The environmental laboratory conditions were approxi-
mately 23 °C of temperature and 50% of relative humidity (¢), during the experiments
duration. Experiments were conducted for immersion periods from several minutes
to about 20 days. The samples were placed in a constant-temperature water bath
controlled within £0.5 °C to avoid changes in liquid viscosity that might affect the
absorption rate (Mukhopadhyaya et al. 2002; Delgado et al. 2006; Guimardes et al.
2018). After soaking, the moisture content of samples was calculated based on the
increase in the sample weight at corresponding times. For this purpose, at regular
time intervals, ranging from 5 min at the beginning to 12 h during the last stages of the
process, the samples were rapidly removed from the water bath and superficially dried
on a large filter paper to eliminate the surface liquid. The samples were then weighed
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to determine the moisture uptake. The samples were subsequently returned into the
analysed solution via wire mesh baskets and the process was repeated, consequently.

5 Results and Discussion

In this study, two different ceramic blocks of red brick were tested with similar size
samples: ceramic A with 4 x 4 x 10 cm® and ceramic B with 5 x 5 x 10 cm’.
The density and porosity of the tested materials were measured carefully and the
obtained values are summarized, in Table 1. Also, Table 1 presents the absorption
coefficients obtained, i.e., 0.10 kg/m?s®> and 0.19 kg/m?s’3, for the monolithic
samples of red brick type “A” and “B”, respectively (see Fig. 8). The absorption
coefficient of red brick type “B” is approximately two times higher, an expectable
result as the density of this material is greater than the density of red brick type “A”.
The water vapour diffusion resistance factor, , is given by u = 6, / 84, Where §,
is the vapour permeability of the air. The results obtained showed that the average
values of the water vapour diffusion resistance factor for ceramic block A samples
were in the order of 33.1 (corresponding to 5.94 x 10~'? kg/msPa) for drycup, while
for ceramic block “B” samples it was 21.4 (corresponding t0 9.07 x 10~!? kg/msPa)
for the drycup. For these values, it is possible to conclude that the ceramic block “B”
samples always presented lower values of water vapour diffusion resistance factor
when compared to the ceramic block “A” samples.

Table 1, also, described the experimental results obtained for the physical and
hygrothermal characterization of cement mortar and lime mortar samples analysed.

Table 1 Properties of red brick A, red brick B and mortars tested

Physical properties Red brick A Red brick B Cement mortar | Lime mortar

Density, p (Kg/m?) 1800 1600 1878 1810

Porosity, & (m?/m?) 0.32 0.38 0.20 0.21

Water absorption 0.10 0.19 0.15 0.12

coefficient, A (kg/m2

s112)

Water vapour 594 x 10712 19.07 x 10712 |1.07 x 10~ | 1.47 x 10~

permeability, §, (dry) (dry) (dry) (dry)

(kg/msPa) 798 x 10712 123 x 10712 |1.15x 1071 | 1.50 x 107!
(wet) (wet) (wet) (wet)

Water vapour diffusion | 33.1 (dry cup) |21.4 (dry cup) |17.9 (dry cup) | 13.1 (dry cup)

resistance factor, i (-) | 24.9 (wetcup) | 15.6 (wetcup) | 16.6 (wetcup) |12.7(wet cup)

Diffusion-equivalent 0.61 (dry cup) | 0.3 (dry cup) 0.38 (dry cup) | 0.27 (dry cup)

air-layer thickness, sq | 0.48 (wet cup) | 0.29 (wetcup) |0.35 (wetcup) |0.26 (wet cup)

(m)

Moisture content, w wgog = 15.51 wgog = 9.75 wsgo% = 38.16 | wgog, = 8.16

(kg/m?) Wear, = 261.38 | wgyr, = 233.07 | Wgar. = 228.59 | wgar. = 186.61
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The results showed that the two mortars tested present similar values of bulk density
and porosity, however, cement mortar presents highest values of moisture content,
Wgo9 and Wy, and lower values of water vapour permeability.

The average mass variation per contact area in the capillary absorption process
for the mortar samples tested. The experimental assessment of the water absorption
coefficients showed a slight difference of values between the two mortars tested. The
averages values obtained are 0.153 4 0.012 kg/m? s*3 and 0.124 4 0.002 kg/m? s*,
for cement mortar and lime mortar, respectively. The coefficient of variation found
for each set of identical samples was approximately 7.8% for cement mortar and
1.4% for lime mortar.

A schematic plot of the increase in weight of the test specimen versus the time
indicates that the specimen weight increases before it comes close to the saturation
limit (see Figs. 9 and 10). These Figures show that the samples with perfect contact
and hydraulic contact interface present similar behaviour, before the interface, with
the monolithic samples, however, when water reaches the interface a water resistance
is verified, reducing the absorption rate. As expected, the results showed a decrease
of the absorption rate for samples with hydraulic contact (cement mortar and lime
mortar) and perfect contact, in comparison with the monolithic samples. Also, it is
possible to observe a decrease of the absorption rate for samples with cement mortar
interface comparatively to the lime mortar materials (Guimaraes et al. 2018). As
described by Nunes et al. (2017) the changing of porosity in mortar near the transition
zone of brick-mortar can be attributed to the flow of water from fresh brick during the
bonding process. In the beginning, small binder particles can be transported to the
mortar-brick interface and the plaster becomes more compact (enriched in binder)
in the interface.

Another conclusion observed was as further away from the base is located the inter-
face, higher is the water absorbed. The interface could significantly retard the flow
of moisture transport. i.e., the discontinuity of moisture content across the interface
indicated that there was a difference in capillary pressure across the interface.

For the gravimetric method analyse the “knee point” is determined manually and
the hygric resistance (RH) is calculated experimentally (during a water absorption
test) by the slope of the mass variation curve as function of time, after the knee point:

AM,,
RH =
At

(D

where At and AM,, are the variation of the time and water absorption immediately
after the knee point, respectively. Considering this measuring procedure, it is impor-
tant to detect this instant with precision and automatically. To fulfil this propose, it
is intended to use a changing point automatic detection method to assist the water
absorption analysis.

The three methods presented above were applied to the experimental data reported
with the interface at three different heights (at 2 cm of the base, at 5 cm and at 7 cm)
of perfect contact and hydraulic contact interface and two types of bricks. The results
for the determination of the “knee point” of 20 cases showed:
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Fig. 9 Water absorption curves of the monolithic sample and samples with perfect contact: a for
red brick type “A” and b red brick type “B”

In 3 cases, the three methods obtained the same knee point;

In 10 cases, each method obtained a distinct point as a knee;

In 1 cases, the 2nd and 3rd methods obtained the same point as the knee, but the
1st method produced another distinct point;
In 6 cases, the 1st and 3rd methods obtained the same point as knee but the 2nd
method produced another distinct point;
No cases were observed in which the 1st and 2nd methods obtained the same knee
point and the 3rd method produced another distinct point.
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Fig. 10 Water absorption curves of the monolithic sample and samples with hydraulic contact
(cement and lime mortar): a for red brick type “A” and b red brick type “B”
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Figure 11 shows some particular cases. In this figure, black asterisks represent all
points obtained in the measuring procedure, magenta circle denotes the knee attained
by the Ist method, red square symbolizes the knee determined by the 2nd Method
and blue diamond characterizes the knee reached by the 3rd method.

It should be noted that when the three methods do not obtain the same knee, the
point determined by the 2nd method is always to the left of the point calculated by
the 3rd method. Meanwhile, the point obtained by the 1st method is always to the
right of the point attained by the 3rd method.

The 3rd method is an optimization of the existent ones, 1st and 2nd, and showed
to be the best method in the experimental cases analysed, with a good detection of
the knee point. It is important to keep in mind that in this type of analyse is, usually,
used with experimental data, which means that there are “discrete” points, and not
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Fig. 11 a The three methods obtained the same knee point; b each method obtain a distinct point
as a knee; ¢ only the 2nd and 3rd methods obtained the same point as the knee; and d Only the
Ist and 3rd methods obtained the same point as the knee (magenta circle—knee attained by the 1st

method, red square—knee determined by the 2nd method and blue diamond—knee reached by the
3rd method)
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a curve, with some possible outliers that sometimes contribute to wrong solutions
using other methodologies. Finally, the gravimetric method includes 12 with an error
ratio lesser than 20% in relation to the new methodology. When speaking of an error
ratio in the order of 30%, the cases increase to 14 for gravimetric method (GM)
compared to new method (NM).

The results presented in Table 2 shows good accordance similarity between the
hygricv resistance values obtained by gravimetric method and the new methodology

Table 2 Hygric resistance values determined by gravimetric method and the new methodology

proposed
Material Sample/(interface type) Hygric Resistance (kg/m? s)
Gravimetric method | New method (NM)
(GM)

Red brick type “A” | Perfect contact (2 cm) 6.6 x 1073 6.2 x 1073
Perfect contact (5 cm) 43 x 1073 3.8 x 107
Perfect contact (7 cm) 2.4 x 1073 23 x 1073
Hydraulic contact 7.9 x 1073 7.7 x 1073
(cement mortar at 2 cm)
Hydraulic contact 7.1 x 1073 6.9 x 1073
(cement mortar at 5 cm)
Hydraulic contact 42 % 1073 5.7 x 1073
(cement mortar at 7 cm)
Hydraulic contact (lime | 7.9 x 1072 7.6 x 1073
mortar at 2 cm)
Hydraulic contact (lime | 5.8 x 1073 7.5 x 1073
mortar at 5 cm)
Hydraulic contact (lime | 5.4 x 1073 6.5 x 1073
mortar at 7 cm)

Red brick type “B” | Perfect contact (2 cm) 73 x 1073 6.5 x 1073
Perfect contact (5 cm) 5.0 x 1073 2.0 x 1073
Perfect contact (7 cm) 2.9 x 1073 1.3 x 1073
Hydraulic contact 7.9 x 1073 6.6 x 1075
(cement mortar at 2 cm)
Hydraulic contact 3.8 x 1073 40 x 107
(cement mortar at 5 cm)
Hydraulic contact 32 x 1073 2.6 x 1073
(cement mortar at 7 cm)
Hydraulic contact (lime |7.9 x 1073 7.1 x 1073
mortar at 2 cm)
Hydraulic contact (lime 4.2 x 1073 4.8 x 107
mortar at 5 cm)
Hydraulic contact (lime |4.2 x 1073 3.6 x 1073

mortar at 7 cm)
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proposed. It is possible to observe that for higher positions of the interface the water
absorbed is higher and the hygric resistance is lower. It was expected that considering
an interface between layers the water absorption would become lower, and for the
case of interfaces located in higher positions the absorption would become higher as
the discontinuity is reached latter.

It is important to be in mind that if we place the interface at different distances
from the wetting plane the beginning of the slowing of the wetting occurs in different
time periods, as expected, however, from that moment onwards, there is an increase
in mass that, in the limit, is constant for all cases.

6 Conclusions

In conclusion, the main achievements related to the new methodology proposed for
“knee point” detection are the following:

e There is still a high unawareness regarding the influence of the building
components interfaces between layers in moisture transfer processes;

¢ The existence of different types of interface (perfect contact, hydraulic contact,
and air space interface) contributes to different ways of moisture transport when
compared to a monolithic porous element;

e The “knee point” was detected in water absorption curves which mean the hygric
resistance was measure in perfect contact multilayer building components. More-
over, when the contact between the different materials is hydraulic, i.e., there are
two points of change, the user can define the time-space in which the knee is to
be determined and run the program more than once if you want to determine the
two knees;

¢ The moisture-dependent interface resistance between brick building components
was quantified and validated for transient conditions which can be used for future
numerical simulations;

Two methodologies were studied to detect the knee point;
A 3rd methodology is proposed, optimizing the other two, which showed to be
the best method for cases presented;

e The proposed methodology is especially important considering that it is usually
used in conjunction with experimental data which means that there are “discrete”
points, and not a curve, with some possible outliers that sometimes contribute to
wrong solutions using other methodologies;

e The proposed methodology to detect the “knee point” can be also used in the
future for different materials;

e From the computational experimental performed, it is shown that the method
developed in this work (3rd method) determines a point that best fits the definition
of the knee;

e In order to make this process even more efficient and effective, the program allows
the user to choose whether to define the time frame in which to determine the knee;

¢ Finally, in case there is an air space between the different materials, the procedure
is the same that was presented for the perfect contact.
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Annexes
SEC.Program

function [a,c]=FindKnee(idx,Segment)

a=1;

c=1;

x1=idx(1);

x2=idx(end);

y1=Segment(1);

y2=Segment(end);

if((x1-x2)==0)
x=x1;
y=yl;
c=0;
return;

end

hmax=0;

x=0;

y=0;

hcum=[];

for i=1:length(Segment)
%

x0=idx(i);

y0=Segment(i);

A=sqrt( (x1-x2)"2 + (y1-y2)*2);

B=sqrt( (x0-x2)"2 + (y0-y2)"2 );

C=sqrt( (x0-x1)"2 + (y0-y1)"2);

h=sqrt( B2 - (( B"2 + A"2 - C"2)/(2*A) )2 ),

%

if h>hmax
hmax=h,;
x=x0;
y=y0;
a=i;

end

end
%Concavity

u=y2+(yl-y2)*( BA2 + A*2 - C"2)/(2*A"2);
if(uw>y0)
c=1;
else
c=0;
end
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%FIGURE

0,

figure(92554)
plot(idx,Segment);hold on;
plot(x1,y1,"*r");
plot(x2,y2,™*g");
plot(x,y,'r™*");

hold off;

figure(45)
plot(idx,hcum);hold on;
plot(x,hmax,"*");hold off;
pause;

%
end

Hybrid.Program

nRMC=0;
nMmC=0;
format compact
format long
disp(’***************************')
disp("* Interface: *")
disp("* 1 - Perfect contact *")
disp("* 2 - Cement mortar  *')
disp('* 3 - Lime mortar *)
disp("* 4 - Air space *")
disp('***************************')
b=input("What kind of interface do you want? \n');
if(all(b~=1:4))

error("Wrong value')
end
%for b=1:1;

for e=1:3;

for d=1:3;
for =1:4 ;
for a=1:5;

%disp([a,f,d,e,b])
M=Tnsr(b,e,d,f,a).M;

total=(e-1)*3*4*5+(d-1)*4*5+(f-1)*5+a;
if isempty(M);
% disp('ndo existe')
nn=nn+1;
continue;
end
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if total==1
nop=input('Do you want to change the search time instants (Y or N)? \n, 's");
if all(nop~=["Y", 'N, 'y', n'])
error(' You did not write the correct option: Y or N')
end
if any(nop == ['Y"'y"))
TT=input('What is the interval of instants of time that you intend to do the
research? [1st_value, 2nd_value] \n");
if( any(TT) <0 || TT(2)<TT(1))
error(' Wrong interval of instants of time')
end
aux=find(M(:,1)<=TT(1));
T(1)=aux(end);
T(2)=findM(:,1)>=TT(2),1);
else
T(1)=1;
T(2)=length(M(:,1));
end
end
t1=M(,1); Mwil=M(:,2);
t=M(T(1):T(2),1); Mwi=M(T(1):T(2),2);
pp=length(t);
figure(10)
plot(t1,Mwil,'k:0");hold on;
xlabel('t(s)"); ylabel('Mwi(Kg/m”2)");grid on; hold off;
grid on;
axis([0 max(tl) 0 max(Mwil)]);
xx=zeros(pp,1);
for i=2:pp
xx(i-1)= Mwi(i)-Mwi(i-1))/(t(i)-t(i-1));
% if xx(i-1)<=aijtol;
% xx(i-1)=0;
% end
end
% Knee deviations
[idxn,~]=FindKnee novo(t,Mwi);
[~,c11]=knee ptl(Mwi,t);
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for i=1:pp
k1=find(idxn(i)==c11(1:1));
if ~isempty(k1)
cll1=kl;
break
end
if any(c11(i)==idxn(1:i-1))
clll=i;
break
end
end
cm=cll(cl1l);
kk=xx(cm+1);
figure(10)
plot(tl,Mwil,'-bd','MarkerFaceColor','g");hold on;
plot(t(cm),Mwi(cm),'k*");
title([num2str(total), ' ' ,'Combination ', num2str(cm),"' ',num2str(kk)])
xlabel('t(s)"); ylabel('Mwi(Kg/m”"2)");grid on; hold off;
grid on;
axis([0 max(t) 0 max(Mwi)]);
if total==1
pause(8)
else
pause(5)
end
end;
end;
end;
end;
%end
disp([no Figure ', num2str(nn)])
disp([TD,TI,CM,CK,MK,nMmC, nRMC])
% TD — All different
% TI— All equals
% CM — Combination equal to Matlab
% CK - Combination equal to Knee-pt program
% MK - Matlab equal to Knee-pt program
% nMmC - knee number which in the Knee-pt program is below that obtained in
the combination
% nRMC - knee number which in the Knee-pt program is above that obtained in
the combination
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clc;clear;close all;warning off;
Path="\TempoxMw_grama.xlIsx'";
OUT=Read Data_File(Path,[],[]); DtSt=cell2mat(OUT.Dt); DtSt=DtSt(1:4159,:);
Fetrlndx=[1:5];

[Tnsr,FetrLst][=Mtx2 Tnsr(DtSt,Fctrindx);
aijtol=1.0e-6;

nn=0;

TD=0;

TI=0;

CM=0;

CK=0;

MK=0;
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