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Abstract

The habilitation thesis consists of a set of five published scientific articles. All articles are
devoted to experimental methods for obtaining a complete set of material characteristics.
In the presented articles, mainly thermal insulation materials, whether commonly used as
polystyrene, mineral wool, calcium silicate, various types of aerated concrete, aerated
concrete, and plaster, are studied. Next, natural materials with a low or even negative carbon
footprint are introduced and a newly developed thermal insulation board is presented in the
final article. The experimental methods are described in detail in the papers presented and
the most interesting findings are described in the commentary. Material properties were
measured beyond current standards, which is particularly important for a more detailed
analysis and understanding of some phenomena. The experimental results showed that the
pore size distribution curve affects many material properties, especially the liquid water
transport properties. The water contained in the pore structure affects other properties such
as frost resistance and thermal and moisture conductivity. Experimental results show that
the thermal conductivity of a material fully saturated with water is up to six times higher
than in the dry state and that the thermal conductivity increases by up to 50% when the
temperature of the sample is increased from 2 °C to 40 °C. When the linear hygric expansion
coefficient was determined, it was found that the greatest longitudinal changes occur in
areas close to zero, which are not accounted for in the standard. The test methods have
provided important insights into the properties of the materials, which are crucial in several
respects. Firstly, for the correct design of the building structure as a whole, then in scientific
studies in the field of materials engineering, in the certification of building materials, and
last but not least in the production and optimization of manufacturing processes of new
materials and in the targeted development of new materials for special building applications.
With these findings, the thesis contributes to the extension of the current knowledge in the
field of characterization of thermal insulating building materials. At the same time, it has
been demonstrated from a practical point of view that it is possible to successfully use
residues from agricultural production for the production of environmentally friendly building

materials.
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Abstrakt

Habilitacni prace je tvorfena souborem péti uverejnénych védeckych ¢lank. Vsechny
¢lanky se vénuji experimentdlnim metoddm pro ziskani kompletni sady materialovych
charakteristik. V predloZzenych ¢lancich jsou studovadny predevsim tepelné izolacéni
materialy, at béZné pouzivané jako jsou polystyreny, mineralni viny, kalcium silikat, rizné
druhy pdérobetonu, pénobeton a omitky. Dale pfirodni materialy s nizkou nebo dokonce
zapornou uhlikovou stopou a v zdvérecném c¢lanku je predstavena nové vyvinuta tepelné
izolacni deska. ZkusSebni postupy jsou podrobné popsany v pfedlozenych clancich,
v komentati jsou popsany nejzajimavéjsi poznatky. Materidlové charakteristiky byly
méreny nad ramec platnych norem, cozZ je dllezité predevsim pro detailnéjsi analyzy
a pochopeni nékterych jev(. Na zakladé experimentalnich vysledkd bylo prokazano,
Ze mnohé materialové charakteristiky jsou ovlivnény distribucni kfivkou pérd, zejména
transport kapalné vody. Voda obsazena v porézni struktute ovliviiuje dalsi vlastnosti, jako
napriklad mrazuvzdornost, tepelnou a vlhkostni vodivost. Experimentdlni vysledky
ukazuji, ze tepelnd vodivost materidlu plné nasyceného vodou je aZz Sestkrat vyssi nez
v suchém stavu, Ze tepelna vodivost stoupne az o 50 % pokud se teplota vzorku zvedne
ze 2°C na 40 °C. Pfi stanoveni soucinitel délkové vlhkostni roztaznosti bylo prokazano,
Ze k nejvétsim délkovym zméndm dochdazi v oblastech blizkych nule, které ovSsem norma
nijak nezohlednuje. Prostfednictvim zkusebnich metod byly ziskany dulezité poznatky
o vlastnostech materiall, které jsou klicové hned z nékolika hledisek. Jednak pro spravny
navrh konstrukce jako celku, pfi védeckych studii v oblasti materidlového inzenyrstvi, pro
certifikaci stavebniho materidlu, v neposledni fadé pti vyrobé, optimalizaci vyrobnich
postupl novych material(, pfi cileném vyvijeni nového materidlu pro specialni stavebni
pouziti. Témito zjiSténimi prace prispiva krozsiteni soucasného poznani v oblasti
charakterizace tepelné-izolacnich stavebnich materidld. Zaroven z hlediska praxe bylo
prokazano, Ze je mozné Uspésné vyuZit zbytky ze zemédélské vyroby pro produkci

ekologicky Setrnych stavebnich materiald.

Klicova slova: vihkostni vlastnosti, tepelné vlastnosti, tepelné izolacni materidly, pfirodni

materialy
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1. Introduction

The favorable conditions that prevail on our planet should by no means be taken for
granted. Due to the Earth's favorable distance from the Sun, water on our planet is found
in three states. This is one of the many prerequisites for life. Just to give you an idea, the
temperature on Venus does not drop below 400 °C, whereas on more distant Mars, the
temperature drops well below freezing, down to -60 °C on average. For the last fifteen
thousand years, the climate on Earth has been relatively favorable and stable [1]. From
the last ice age to the 18" century, the average temperature stabilized at 14 °C. Around
the year 1750, fossil fuels began to be burned and the average temperature has
increased by 1 °C since then due to human activity. The question is whether this is due
to rising CO; levels, human population growth, rainforest clearance, swamp drainage,
land reclamation, intensive agriculture, etc. In short, the Earth is demonstrably warming
due to human activity. One of the biggest polluters of the environment is the

construction industry.

The construction industry contributes significantly to overall environmental
pollution, whether it is the extraction and consumption of primary resources, the
production of greenhouse gases in the production of building materials, the
transportation of individual components to the construction site, the construction
process, as well as the energy spent on the operation of the building, its maintenance,
heating, water heating, and lighting. It also includes the disposal of the building, the
disposal of materials in landfills, and so on. As can be seen, there is great scope for
achieving energy savings in all phases of the building life cycle. The land take associated
with the construction of large, low-rise buildings, where, for example, large warehouses

are being built on high-quality black soil around Prague, should not be overlooked [2].

This work focuses primarily on thermal insulation materials that can significantly
reduce heating costs and thus partially reduce a building's carbon footprint. Due to
legislative requirements, thermal insulation materials are becoming an integral part of
buildings. ETICS (External Thermal Insulation Composite System) is commonly used.
Today there are many very efficient synthetic materials with low thermal conductivity.

One of them is polystyrene, which has a low thermal conductivity coefficient and its



major advantage is its low cost. Mineral wool is a time-tested effective thermal insulation
and although more expensive than polystyrene, it is popular for its longer life. Mineral
wool and polystyrene are the two most commonly used thermal insulation materials
with a thermal conductivity of approximately 0.04 W MK [3]. Slightly better values are
achieved by other synthetic materials such as phenolic foams or polyurethane insulation.
The best values are achieved by highly efficient thermal insulations such as vacuum

boards with 0.008 W-m-K? [4-6] and aerogel with 0.015 W-m1-K! [7].

The above materials are made from non-renewable resources and have a carbon
footprint on the environment. In addition to these synthetic thermal insulations, purely

natural growing materials can also be used.

These are still perceived as alternative materials, yet they can be used for many
purposes, such as building materials, acoustic insulation, thermal insulation, or as
roofing. A major advantage of plant-based materials is their low ecological burden and
especially their renewability [8]. Plant-based materials absorb large amounts of CO;
during their growth by photosynthesis, and for many biomaterials, CO, emissions can
exceed CO; emissions during processing, reprocessing, and production. This is of course
true for plant materials. In addition to these, materials of animal origin such as sheep's

wool can also be used [9].

Another advantage of natural materials is that they can create a favorable
microclimate indoors. An example is sheep wool. It can absorb toxic substances and not
release them further into the air. It has been shown that 1 kg of sheep wool absorbs

49.80 g of formaldehyde [9,10].

The proposal must meet a number of legislative requirements and demands. It must
guarantee mechanical resistance and stability, fire safety, hygiene, and protection of
health and the environment, be safe to use, protect against noise and, of course, be
energy-efficient throughout its lifetime [11]. It must ensure efficient construction,
durability, and trouble-free operation. In order to meet all the above criteria, the design
must be carefully developed taking into account the orientation of the building in
relation to the cardinal points, altitude, and location. Detailed analysis is required when

designing more complex structures. Steady-state analysis alone cannot be relied upon;



water suction, water vapor accumulation, and cross effects between heat and moisture
transfer must be taken into account. In this context, it should be noted that nowadays it
would be quite difficult even for a very active and responsible designer to collect
sufficient data for a more accurate analysis of the hydrothermal and mechanical
properties of building envelope systems. Complete data are not available in many cases
[12-14]. This was the main reason for writing the first two articles, where the above
parameters for thermal insulation materials and two types of autoclaved concrete are

determined in detail.

The thermal and humidity behavior of the structure can be verified using numerical
models. The accuracy of the numerical model outputs strongly depends on the quality
of the input parameters, which are the material characteristics. The material
characteristics are the focus of this paper. After all, material characteristics are also used
to compare competing products with each other and therefore must be measured

objectively, without distortion and using the correct test procedure.

In short, the principles of materials testing must be followed. Tests must be carried
out under defined conditions and in a defined manner, preferably using a test standard.
The test standard generally defines the size of the sample, the number of tests, and the
method of sampling, and it defines the measurement conditions, i.e., temperature and
relative humidity, the age of the sample, if any, and many other factors. The standard
also defines on which instruments the tests are to be carried out, how and at what
intervals the test instruments are to be calibrated, the qualifications of personnel, and
certification. Everything that has to be met for a material to be certified. The standard
test is quite costly to perform, but the result is relatively accurate and can be used
primarily to assess the quality of the tested material and as an input parameter for
numerical analyses. Several types of tests must, of course, be carried out for one

material.

Standard results provide valuable information about the material but are often
insufficient for detailed numerical analyses to assess the behavior of the structure as a
whole. In some cases, the results obtained by standard procedures do not cover the full
range of material behavior. There are several examples of this: in determining the

coefficient of moisture expansion, it has been shown that the greatest length changes
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occur when the material moisture content is close to zero. However, this fact is not

reflected in the standards. Neglecting these effects can lead to cracking of the structure.

In order to make the input parameters for the computer standards complete, tests
beyond the current standards are required. Several examples can be given: individual
parameters are in many cases given as constants, e.g., thermal conductivity coefficient.
For aerated concrete, according to EN 73 1353, the thermal conductivity coefficient is
measured in the dry state at a mean temperature of 10 °C [15]. However, this parameter
is dependent on both temperature and humidity. The thermal conductivity of materials
increases with increasing temperature and humidity and should be taken into account.
Another example is resistance to freezing and thawing. This is determined for the
extreme case, i.e., for water-saturated samples. This result is certainly valuable, but on
the other hand, with proper design and maintenance of the building structure, this
condition is unlikely to occur. Of more interest in assessing the service life of the
structure is how the material will resist cyclic frost action under different moisture

conditions.



2. Aims of the work

The primary aim of the work is to supplement missing technical information
regarding the behavior and properties of construction materials, particularly thermal
insulation materials. Furthermore, the goal is to obtain a complete set of material
characteristics that will provide essential information to assess the overall durability of a
structure, prevent potential failures, and enable the comparison of different materials.
Additionally, based on the data obtained, it will be possible to evaluate alternative
applications for the given materials. In order to achieve this objective, it is necessary to
determine all material properties beyond the scope of current standards. The main

objectives can be summarized as follows:

e To present measurements of the complete set of parameters for heat and
moisture transport and accumulation in selected thermal insulation materials,
with respect to their moisture content.

¢ To determine the freeze-thaw resistance of selected materials, again
beyond the scope of current standards. The value set by the standards applies to
fully saturated conditions, which should not occur in real structures. Additionally,
it is essential to investigate how the material will react to cyclic freeze-thaw
loading at lower moisture levels.

e To assess the impact of cyclic wetting and drying on the coefficient of
moisture-induced linear expansion. Current standards do not specify this
parameter across the full moisture range, and information regarding the behavior
of materials at near-zero moisture levels could be crucial.

¢ To determine a complete set of material characteristics for new natural
materials with low carbon footprints.

e To develop a new thermal insulation material from rapeseed straw
without the use of adhesives, utilizing the self-bonding properties of lignin. A
sub-objective is to design and evaluate the production process, particularly the
effect of steaming temperature on the adhesive properties of lignin.

e To determine the thermal, moisture, and mechanical properties of the

newly developed materials.



3. Comprehensive characterization of material
properties

3.1. Basic physical properties

Basic physical properties include bulk density, matrix density, and porosity. For their
determination, it is sufficient to know only the dimensions of the samples and their
mass. Several methods exist for measuring these properties. For example, for autoclaved
aerated concrete, the standard states that the bulk density is determined by the ratio of
the mass to the volume of the test sample. The volume of each sample is calculated from
its dimensions. The test pieces are dried at 105 £ 5 °C. The required number of solids,
flatness requirements, and other conditions are given in EN 678 [16]. Another method
is the vacuum saturation method using Archimedes' law. This procedure determines the
bulk density of hardened concrete according to EN 12390-7 [17]. The vacuum saturation
method is used to determine the density, bulk density, and open porosity of natural
stone masonry units according to EN 772-4 [18]. In general, the vacuum saturation
method is suitable for materials with open porosity. For materials with closed porosity,
such as foamed glass or even aerated concrete, where both open and closed porosity is
present, it is appropriate to use, for example, the pycnometric method for density
determination. The principle of the gas pycnometric method is that a gas atom, usually
helium, is small and penetrates all parts of the solid. If the solid has a closed porosity, it
should be suitably prepared for the test, e.g., by grinding. The prepared body, i.e., dried
and tempered, is placed in the chamber of the pycnometer. The density of the material
to be tested is determined by the volume of inert helium which penetrates the structure
of the material at a given pressure. See [19,20] for details. This is a standard procedure

used, for example, for the determination of the density of plastics in EN ISO 1183-3 [21].

For fine-grained materials with complex pore structures, helium pycnometry should
provide more accurate matrix density values than the vacuum water saturation method,
despite the smaller sample size, because small helium molecules can penetrate even the
smallest pores of crushed samples. Despite this assumption, the porosity of the

autoclaved aerated concrete (AAC) measured in the second submitted paper using



vacuum saturation came out higher. This exception was probably due to the complex

porous system of the studied AAC.

Measurements of the basic physical properties are presented in four of the five
articles submitted, where the measurement methods are described in detail. For
materials with closed porosity, a helium pycnometer was used. Materials with open
porosity can be measured using Archimedes' law. For cellulosic materials, the bulk mass

was determined from the mass and dimensions of the solids.

The basic physical properties have a direct influence on material behavior and
directly affect other material properties. In general, the greater the porosity, the lower
the thermal conductivity and the better the thermal insulation properties of the
material. Conversely, dense materials have better mechanical properties. Porosity can
be open or closed, or a combination of both. Open porosity is related to the transport of
liquid water and water vapor. Water in open pores changes the material properties,
increases thermal conductivity, and affects frost resistance. Water may contain various
chemicals, e.g., salts, sulfates, chlorides, etc. These substances can then cause corrosion,

etc.

Determination of the total pore content would not be sufficient. For a
comprehensive understanding of the material, it is necessary to know the pore size and
its volume distribution, i.e., the pore distribution curve. Pores can have different sizes
and different shapes. Different materials can have a wide range of pore sizes, from gel
pores on the order of nm to macropores visible to the naked eye. The representation of
individual pores then influences the transport processes and other functional properties
of the material as a whole. In order to detect the full range of pores, it is necessary to

combine several methods.

The Mercury Intrusion Porosimetry (MIP) method was used in the presented papers.
It works on the principle that a non-wetting liquid is forced into the test sample. Since
the liquid is non-wetting, it needs to be pressurized to occupy and penetrate smaller
capillaries. The measurement range is from a few nm to hundreds of um. The actual
experiment is described in the second and third submitted papers, where it is also

described in detail [20,22].



The porosity of AAC determined by MIP was three to six times lower than the total
open porosity measured by the water vacuum saturation method Since MIP can only
identify pores below 100 um, the difference can be attributed to pores of higher radii
[20]. This is confirmed by SEM analysis.

As can be seen, each method has its specifics and limitations, and therefore, for a
material with a complex porous structure, these methods must be combined to fully

describe the porous system.

The main findings concerning the basic physical properties are mainly related to

aerated concrete AAC due to its interesting porous structure.

e AAC is a very interesting material in terms of porous systems. It contains very
bulky pores resulting from the foaming of the fresh mix. However, the matrix
surrounding these voids is also porous. It consists mainly of tobermorite,
(CasSis016*4(H20). It can therefore be said that aerated concrete contains 2
porous systems. To detect them, several methods need to be combined, as was
done in the second paper. The total porosity came out differently using the
vacuum saturation method (Selected paper 2).

e The matrix density measured by the MIP method differed from that measured by
the vacuum saturation method by up to 20%. This is because the large pores on
the sample surface are infiltrated by the inherent hydrostatic pressure of mercury
and are not recorded in the measurement (Selected paper 2).

e The use of the vacuum saturation method for bulk and matrix density
determination is not suitable for cellulosic materials, which are discussed in
selected papers 4 and 5, but is suitable for calcium silicates, concretes, mortars,

and inorganic materials.

3.2. Length changes

The properties of some materials may change over time. The changes can be
different and can be caused by chemical processes such as pozzolanic reactions in
concrete, carbonation of concrete, intrusion of foreign reactive substances into the
structure, and many others. Changes can also be caused by physical processes such as

exposure to frost cycles, temperature changes, or wetting and drying. Length changes



are important in determining the compatibility of two materials. When two materials
interact, undesirable stresses and subsequent cracking of the structure may occur due
to different longitudinal moisture content or longitudinal thermal expansion coefficients.

It is these length changes that are the subject of the third paper presented.

For example, for aerated concrete, standard CSN EN 680 [23]: For autoclaved aerated
concrete, standard CSN EN 6806: the determination of drying shrinkage of autoclaved
aerated concrete applies. According to this standard, the results are given in the product
catalogues, but it should be noted that this standard has its limits. The total shrinkage
value is the relative change in length caused by drying from a saturated state to a
constant length under defined climatic conditions, the relative change in length between
a humidity of 30% and 6% by weight. However, it has been found that the greatest length
changes occur at low humidities with relatively small changes in moisture content. Such
low moisture contents can occur when the material is exposed to higher temperatures,

e.g., when it is near a heating element.

Length changes of mortars and aerated concrete were measured beyond the scope
of applicable standards. Manufacturers report standard results in their product catalogs,
specifically the relative length change between 30% and 6% moisture levels. This change
typically does not exceed 0.2 mm/m. This is consistent with results published by the
author [23,24], but the largest length changes occur at different moisture levels that are

not accounted for by the standard.

e The greatest changes in length occur at humidity values close to zero (Selected
paper 3).

e The coefficient of longitudinal moisture expansion can be expressed as a
hyperbolic function (specific equations for the materials studied are given in the

submitted documents (Selected paper 3).

e In the second cycle, the linear hygric expansion coefficient over the whole range
of moisture content was about two times lower than in the first cycle (Selected

paper 3).

e The conventional reference shrinkage and total shrinkage specified in

EN 680:2005 were found to not be suitable for a basic practical assessment of



hygro-mechanical effects on the AAC elements in building structures, the first
leading to an underestimation and the second to an overestimation of hygric

strain in most practical cases (Selected paper 3).

e A permanent change was observed between the first and second cycles for both
the aerated concrete and the plaster. This can be explained by carbonation or
shrinkage of chemical origin. The plaster may also have been affected by
pozzolanic reactions. Both carbonation and pozzolanic reactions are irreversible
processes during which dimensional changes can occur. No significant changes

occurred during the subsequent cycles (Selected paper 3).

3.3. Determination of resistance to cyclic freezing and
thawing

The essence of the freeze resistance test is to monitor the loss of weight and strength
of the tested samples due to freezing cycles. There are many standards for determining
freezing resistance; each type of material can be said to have its own standard. For
example, concrete CSN 73 1322 [26], mortars CSN 72 4522, tiles, etc. Although there are
many standards, the principle is almost always the same. As already mentioned, the
weight loss and strength of the test bodies are monitored. These are in most cases fully
saturated with water. The standards then mainly regulate the dimensions of the test
samples and the cyclic loading temperatures. On the one hand, this is fine; the test
samples are exposed to worse conditions in the laboratory than in the real structure; on
the other hand, when the building is used responsibly, the moisture content in the real
structure will be significantly lower than the moisture content required by the standard.
And since it is possible to estimate the moisture content based on PC simulations, it is
useful to determine the frost resistance for different moisture conditions. A concrete
example is the frost resistance test of aerated concrete. According to EN 15304 [27], the
aerated concrete block is immersed in water for 48 hours. The block is then placed in
polythene bags for 24 hours to equilibrate the moisture, and then test specimens are
cut. The test set consists of 12 test blocks with an edge of 100 £ 2 mm, 6 blocks being

a reference, and 6 test blocks. These are then subjected to cyclic frost loading.
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The standard procedure has been modified in the second selected paper. After
cutting the test samples from the block, the entire test set was dried in an oven at 100
°C and the dry mass was determined. Then three variants were prepared for freeze-thaw
resistance testing. The first variant consisted of a set of dried samples, i.e., with zero
moisture content, and the second variant consisted of a set of blocks with 10% moisture
by mass. The cubes forming the third set were immersed in water for 48 hours and then
placed in polyethylene bags for 24 hours to equalize the moisture content. Their

moisture content by volume was then determined [20].

The test samples were placed in freezer boxes and subjected to freezing cycles. The
freezing and thawing cycle was set according to EN 15304 [27], according to which the
test bodies must be frozen in air at a temperature of -15 + 2 °C. The spacing between the
frozen bodies must be at least 50 mm. The temperature in the center of the test pieces
shall reach 0 °C within 3 £ 1 hours and shall be checked on the control body before the
test is started. The total freezing time shall be at least 8 hours until a freezing

temperature of -15 £ 2 °C at the center of the test pieces is reached [20].

Reference samples with the appropriate moisture content were stored in

polyethylene bags in the laboratory environment for the duration of the freeze test.

Strength and weight losses were determined after the freezing cycles.
The compressive strength was determined on an ED 60 apparatus according to EN 679
[28] on all test pieces. The calculation of compressive strength loss was carried out

according to EN 15304 [27].

The weight loss is determined from the difference between the original weight and
the final weight determined directly on the frozen test pieces. The weight loss was

calculated on the dried test pieces.

Determination of frost resistance was the subject of selected paper 2, devoted to
aerated concrete. Based on the results, it can be argued that freezing cycles have a
negligible effect on dry bodies. The losses in mass and strength are minimal, almost
negligible for both 25 and 50 cycles. At 10% moisture, higher weight and strength losses
are already observed, but it can still be said that these results are favorable after 25

cycles. Porous concrete P 1.8 300 was the worst performer, with a strength loss of 16.3%
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after 50 cycles. For 40% moisture by volume, the best result was obtained for aerated
concrete P 4-500, with a weight loss of 1.5%, which is several times better than the other
two materials. This can be explained by the favorable pore distribution of P 4-500.
Compared to the other porous concrete materials studied, it contains the least number
of pores with a size above 100 um, which are critical in terms of frost resistance because
water already freezes in them at temperatures close to zero. However, water can hardly
freeze in the gel pores, for this it would require a temperature of -78°C. The ice in the
capillary pores then pushes the previously unfrozen water out, and the value of the

above pressure depends on the cross-section and length of the capillaries [29].
Main findings:

e On dry silicate materials, freezing cycles have a minimal effect on service life
(Selected paper 2).

e The freeze resistance is strongly influenced by the pore distribution curve.
AAC 4 - 500 had the most gel pores and therefore demonstrated the highest
resistance to freeze cycles (Selected paper 2).

e On the other hand, materials with pores larger than 100 um resisted freezing

cycles poorly (Selected paper 2).

3.4. Liquid water transport

3.4.1. Water absorption coefficient

The transport of liquid water in a material can be described in several ways. Probably
the simplest is the determination of the water absorption coefficient. This expresses the
ability of the body to carry liquid water above the waterline. The principle of determining
the coefficient is the same for almost all materials. The body is coated on four sides with
a waterproof and vapor-proof layer and the front of the sample is immersed in the liquid
approximately one to two millimeters below the surface. Standard procedures for
specific materials vary in particular in the dimensions of the test bodies or in the time
periods for reading the water weight increments. For example, EN 1015-18 [30] applies
to masonry mortars. In this case, a block with dimensions of 40 x 40 x 160 mm is used
as the test body. This is waterproofed on the longitudinal walls and provided with a vapor

barrier to ensure one-dimensional water transport. The test block is divided transversely
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into two halves. The dried and prepared test body is immersed with the fracture face in
the liquid and the cumulative water gain is measured after 10 and 90 minutes. A third
and final weight measurement is made. The body shall then be broken lengthwise, and

the height of the soaked water measured to the nearest 1 mm.

A similar principle is used in the EN ISO 15148 standard [31]. Compared to the
previous procedure, the contact area is considerably higher, at least 50 cm?. For higher
accuracy, the standard recommends an area of at least 100 cm?2. The weight gain is
measured after 5 minutes when the sample is removed from the water, surface-dried,
weighed, and then partially re-immersed in water. Subsequent weighing occurs after 20
minutes, and then after 1 h, 2 h, 4 h, 8 h, and 24 h. The cumulative weight gain over time
is determined from the weight gains relative to the sample area, and the water

absorption coefficient is evaluated.

Manual measurements of weight gain lead to a larger measurement error due to
water loss and time delay. This is especially true for materials with higher and faster
absorption rates. The resulting value of the absorption coefficient may come out smaller

than in the case of automatic measurement [32].

The principle described above was also used in the presented papers. Compared to
the standards, the weight gain was monitored continuously. The test specimen was first
dried and conditioned according to the standard requirements, then waterproofed and
vapor-sealed using epoxy resin. In contrast to the standard procedure, it was immersed
face down in water using a suspension device connected to a digital balance. The weight

gain of the water is thus recorded automatically at freely adjustable intervals.

3.4.2. Moisture diffusivity

Moisture diffusivity as a function of moisture content is another way of expressing
the transport of liquid water. It is possible to determine the average moisture diffusivity
coefficient or the moisture conductivity as a function of humidity. This is determined
from moisture profiles obtained at different time periods. Long prism-shaped samples
are used to measure moisture profiles. One end of the prism is in contact with water. In
order to measure the transmission in only one direction, it is necessary to prevent the

evaporation of water on the other four walls. From the obtained moisture profiles, the
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moisture conductivity coefficient is calculated as a function of moisture content using
the Boltzmann-Matan method [34,35]. The method is described in the first and second

submitted papers and has been further described in detail in [33].
Main findings from the submitted articles:

o Hydrophilic materials such as calcium silicate, special mineral wools, and other
materials achieved extremely high water absorption coefficient values (Selected
paper 1).

o As expected, materials with predominantly closed porosity, such as polystyrene,
showed the lowest values of the absorption coefficient (Selected paper 1).

e For aerated concrete, foam concrete, and other mineral materials, water
transport is due to capillary forces. This is not the case for fibrous materials.
There, transport occurs in the cavities between the fibers (Selected paper 1,2).

e The moisture conductivity increases with the moisture content of the material.
The difference between the dry and saturated state is at least an order of
magnitude. For example, in aerated concrete, the moisture conductivity
coefficient is up to an order of magnitude higher than in the dry state at higher
moisture contents. Hydrophilic materials such as mineral wool or calcium silicate
are similar (Selected paper 1,2).

e |t makes a difference whether the transport is perpendicular or parallel to the
fibers. This has been observed for hydrophobic mineral wool. A higher value was
measured in the fiber direction than in the perpendicular direction (Selected
paper 1).

e The liquid water transport rate is strongly influenced by the pore distribution
(Selected paper 2).

e It also depends on the layout of the experiment, whether it is vertical or
horizontal. If we compare the average moisture conductivity coefficient
calculated from the water absorption coefficient and the same coefficient
obtained from moisture profiles obtained in the horizontal position, the value
may vary considerably for some materials. If the material contains a significant

amount of macropores, water is no longer transported by capillary forces and, in
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the vertical position, transport is considerably slowed down by gravity (Selected

paper 2).

3.5. Water vapor transport properties

The ability to transmit water vapor through the material is characterized by the water
vapor diffusion resistance factor [-], the water vapor diffusion coefficient D [m? s!], and
the water vapor diffusion permeability 6 [s]. The bowl method was used to determine
the diffusion properties, which proved to be accurate and reliable in practice. It is based
on the one-dimensional diffusion of water vapor through the sample and consists of
measuring the diffusion flux of water vapor through the sample, knowing the partial
pressures of water vapor in the air below the sample and the specific surface area of the
sample above the sample according to CSN EN ISO 12572 [34]. The sample is airtight in
a tray filled with a solution of known relative humidity. The sample pan is weighed
periodically, and the observed weight loss or gain is plotted on a graph according to the
time of weighing. When the curve reaches a straight line, the measurement is considered
complete. The calculation is given in four of the five articles presented. In 2017, this
standard was changed. For vapor-permeable materials, the air resistance on the bottom
and top surfaces of the specimen cannot be neglected. Therefore, the thickness of the
air layer below the sample and the water vapor permeability at a certain temperature
had to be newly taken into account [34]. This is explained in more detail in the fourth

paper and in the fifth paper [35,36], this procedure is also used.

Diffusion properties are most often determined in two variants, namely in a dry cup
and a wet cup. A significant difference can be observed between the two variants. The
value for the dry cup is significantly higher. This trend can be observed in all the
submitted papers. The most significant difference was observed for the porous concrete.
In the case of the dry cup, autoclaved aerated concrete came out with three times higher
values than in the case of the wet cup. Similar results were obtained for polystyrene,
where it is approximately twice as high. This is due to the fact that the water vapor
transport measured during the experiment partly takes into account the hydrodynamic

transport of capillary condensed water in the porous system of the measured material.

Main findings:
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e The ability of a material to transmit water vapor is closely related to the nature
of the porous system. A material with open pores larger than 100 um conducts
water vapor better than material with smaller pores. In this type of pore, the
water vapor transport was faster than in smaller pores due to the relatively lower
importance of friction on pore walls (Selected paper 2).

e In the wet cup experimental design, this value is approximately twice as high as
in the dry cup design. The apparent reason for this finding was that the water
vapor transport parameters measured in the wet-cup setup partially also
included hydrodynamic transport of capillary condensed water in the pore

system, in addition to the bulk water vapor diffusion (Selected paper 1, 2, 4, 5).

3.6. Sorption isotherms

The ability of a material to absorb water vapor from the air is referred to as moisture
sorption. It is the accumulation of water in a gaseous state. If water is bound to the
material by intermolecular van der Waals forces, it is adsorption. In this case, water
vapor molecules are attracted to the solid molecules of the material. If the water vapor
is absorbed into the porous structure of the material by diffusion, it is absorption. If the
absorption of moisture involves chemical bonds, it is chemisorption. Standard
procedures are simplified and focus primarily on the maximum amount of water vapor
that can be absorbed by a body at a relative humidity of 98%. The standard CSN 77 0940
for the design of moisture sorption isotherms has been withdrawn without a
replacement. The sorption properties of thermal insulation materials are dealt with in
standard EN ISO 16536 [37]: Thermal insulation products for use in construction -

determination of long-term moisture diffusion.

In determining the sorption isotherms, the equilibrium sorption moisture at which
the mass stabilizes is sought. Sorption isotherms were measured in the four papers

presented and in all cases the desiccator method with saturated salt solutions was used.

Sorption isotherms can be obtained using the DVS Advantage 2 instrument, which
measures mass gain and loss using highly sensitive scales accurate to 10 pg. The test

samples must be dried in a vacuum oven before measurement. The individual samples
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are suspended from one arm of the balance, the position of which is controlled by an

optical sensor.

An electronic humidity controller provides partial water vapor pressure around the
sample by mixing dry air with fully saturated air. The relative humidity profiles can be
freely selected from 0 to 98% and the experiment can be performed at any temperature

[38].

Sorption isotherms are presented in four of the five articles. For natural materials,

desorption was also measured and was no longer reported in the fourth paper.
Main findings:

e Mineral wool has the lowest values regardless of whether the fibers are
hydrophilic or hydrophobic (Selected paper 1).

e |n contrast, the natural thermal insulation wools mentioned in the fourth article,
as well as the rapeseed wool mentioned in the fifth article, reach relatively high

values (Selected paper 4,5).

3.7. Thermal properties

Thermal properties include thermal conductivity and specific heat capacity. Thermal
conductivity is a physical property that expresses the ability of a material to conduct
heat. The specific heat capacity determines the heat required to heat 1 kg of material

by 1 °C.

Heat transfer and heat storage are very important material properties that are
essential for a proper building design. However, the thermal conductivity coefficient
tends to increase with increasing temperature and humidity, which is often neglected in
building behavior simulation [39]. Usually, the declared value obtained under standard
conditions of 10 °C or 23 °C and a relative humidity of 50% according to ISO 10456 [40]

is used.

The thermal conductivity is usually indicated as the standard value measured under
dry conditions. However, it was found that ambient temperature and humidity of the
environment are important parameters that affect the thermal conductivity of the

building materials [41].
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According to EN 12667 [42], it should be measured via a stationary method. The
measurement conditions are specified in EN ISO 10456 [40] or in the Czech standard CSN
72 7012 [43].

An interesting problem is the determination of the thermal conductivity coefficient at higher
humidity. In addition to heat transport, there is also moisture transport, and therefore, such an
experiment can take several dozen hours to reach a steady state. It has been shown that
the measurement time increases with sample thickness and moisture content. The
thickness must be representative of the material. The smaller the temperature
difference between the plates, the smaller the moisture transport and the shorter the
experiment time. However, the smaller the heat flux, the higher the measurement

uncertainty.

ISO 10051 proposes a method for estimating the moisture-dependent thermal
conductivity coefficient in Annex C [44]. The standard assumes a linear relationship
between moisture content and thermal conductivity. All these results can be derived
from the results presented in the submitted articles, where the thermal conductivity

coefficient was measured as a function of moisture content and temperature.

In the presented work, the thermal properties were measured by a non-stationary
method as a function of humidity and temperature using the ISOMET 2104 instrument.
The measurement is based on the analysis of temperature response to generated heat
flow pulses. The heat flow is induced by electric heating using a resistor heater that has
direct thermal contact with the surface of the sample. The accuracy guaranteed by the
manufacturer is 5% of reading +0.001 W-m™-K™tin the range of 0.015-0.7 W-m™*-K' and
10% of the reading in the range of 0.7-6 W-m™! K™* [45].

The thermal conductivity coefficient of the most common materials, such as
polystyrene or mineral wool, was measured in the first paper presented and its value in
the dry state was approximately 0.04 W-m-K. For the environmentally friendly thermal
insulation materials presented in the fourth and fifth papers, the dry value of the thermal
conductivity coefficient was approximately 11 to 39% higher. However, these are still
favorable values. For aerated concrete, the thermal conductivity coefficient came out to

be approximately 0.08 W-m-K?!, which is twice the value of thermal insulation
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materials; on the other hand, it is a structural material capable of carrying mechanical

loads [20].

A sharp increase in thermal conductivity with increasing humidity was
observed for all materials. In the case of hydrophilic mineral wool, this was

several times higher, similar to the other absorbent materials.

Thermal conductivity also increased with increasing temperature, but not as
dramatically as with increasing humidity. In the fourth paper presented, the thermal
conductivity coefficient was measured over a temperature range from 5 °C to 35 °C. The

difference between the thermal conductivity values was approximately 30%.

The specific heat capacity was measured in the dry state and the values as a function

of humidity were calculated using the mixing rule given in the submitted articles.
Main findings:

e The thermal conductivity of all materials increased very quickly with increasing
moisture content (Selected paper 1, 2, 4, 5).

e The dependence on thermal conductivity was less pronounced than on moisture
content. In the temperature range of 2 — 40 °C, its increase was up to 50 % only
for AAC, and for biomaterials, the difference was even smaller (Selected paper
2,4).

e The thermal conductivity of common materials such as mineral wool and
polystyrene, measured in the first submitted paper, was less than 0.04 W-m* K2,
(Selected paper 1)

e The natural thermal insulation materials presented in the fourth paper showed a
higher thermal conductivity coefficient of approximately 11 to 36% than
conventional insulations such as polystyrene or mineral wool (Selected paper 1,
4).

e Compared to conventional thermal insulation materials, the thermal conductivity
coefficient of aerated concrete had twice the value. This is due to its higher bulk

density (Selected paper 1, 2).
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4.Natural thermal insulation materials and their
properties

Although natural plant or animal materials have a significantly lower carbon footprint
than conventional synthetic materials [46—49], they are still seen more as an alternative
and are not very popular in the construction market. There are several reasons for this.
The first is the distrust towards new, previously unknown materials rather than the
commonly used synthetic materials. Another factor is the low resistance of natural
materials to biocorrosion. Of course, the higher price of natural thermal insulation

compared to mass-produced products is also a major factor.

For new materials to become established on the market, their properties and
advantages and disadvantages need to be independently identified so that they become
known to the professional and wider public, optimizing new natural materials during
production. Knowledge of the properties of the materials detailed in the first part of this

thesis plays a key role in optimizing the production of new composite materials.

The next step is to refine these materials and optimize their properties, if they were
natural composite materials such as hempcrete, to determine the optimum proportion

of each component to increase resistance to biodegradation.

In theory, natural materials could also be used for special applications such as
building desalination. In this case, the high moisture conductivity of the material plays a

key role.

Jute, flax, and hemp fibers can have a wide range of applications. They can serve as
reinforcement in composite materials and can improve the tensile strength of

geopolymers [50].

Two articles are devoted to natural thermal insulation materials. In the first, thermal
insulation made of hemp, flax, jute, wood fibers and sheep wool was tested. These
insulation materials are already available on the market, but their share is very low. One
reason for this may be ignorance of the material's properties in relation to humidity and

temperature. For this reason, it was decided to write a fourth article.
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The fifth article is devoted to the research and development of thermal insulation
made of rapeseed straw. The fibers were prepared in laboratory K 123 of the Faculty of

Civil Engineering, and the effect of delamination and temperature was tested.

4.1. Hemp

Hemp (Cannabis sativa) is a very well-known and often studied material in scientific
workplaces. Substances extracted from hemp seeds have been used to treat malaria,
rheumatism, and other diseases for several thousand years BCE). The cannabis plant
consists of the root, the stem, and the fruiting tops, which in female plants ripen into
cannabis seeds after pollination. The stem of the plant is mainly used for construction
purposes. The fibers of the stalk are used to make ropes and cordage or can be woven
into a relatively high-quality canvas [51,52]. Hemp fibers are also used for thermal

insulation. This is used to insulate attics and inter-roof spaces.

Hemp shives are obtained from the stem of the plant. This can be used in the
production of hempcrete. Air lime with pozzolanic admixtures is most commonly used
as a binder for hempcrete. Hemp shavings are used as a filler. Since conventional cement-
based concrete carries a significant environmental burden, hempcrete is widely studied.
The advantages of hempcrete include a low water vapor diffusion resistance factor
[53,54], good thermal insulation properties, and moisture control ability [55]. On the
other hand, a major disadvantage is the long setting and hardening time [56,57], and
probably the biggest disadvantage is the low strength. In most papers dealing with

hempcrete, the compressive strength has not exceeded 1 MPa [57,58].

In addition to the aforementioned shive, it is possible to use hemp fibers for thermal
insulation. They can be used similarly to mineral wool as inter-roof insulation, or for
insulation of floors and ceilings. However, its further use needs to be assessed very
carefully, and it is necessary to know its material characteristics in relation to humidity
and temperature. These measurements were carried out in the fourth selected paper.
[35]. Based on the research, it can be stated that the bulk density ranges from 30 to 100
kg:m3, and the thermal conductivity coefficient reaches a value common for thermal
insulation materials of 0.04 W-m™-K1. One advantage could be a higher specific heat

capacity of 1600 J-kg*-K* [52].
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4.2. Flax

Flax (Linum usitatissimum) is an annual herb growing in mountain and foothill areas.
In our region, it is cultivated mainly for fiber and oilseeds. The oil from the seeds is used
as a film-forming agent in paints. The fibers were used for weaving cloth. The fibers can
be used to make composite materials along with epoxy resin and other fibers. These
composites have applications in the automotive industry [59]. Flax fibers alone can be
used to produce thermal insulation material. Other fibers can be added to flax fibers, for
example from recycled materials, bast fibers, and so on. The resulting fibrous thermal
insulation must be treated with fire and anti-fungal agents. Natural soda impregnation
shall be used. The resulting flax wool can be used as inter-roof or floor insulation. In
general, flax fibers can be used to produce thermal insulation with a bulk density of 5 to
100 kg-m3 with a thermal conductivity coefficient of 0.035 to 0.075 W-m™-K1 in the dry
state, and a relatively high specific heat capacity of 1550 J-kg'-K [60]. As this type of
insulation cannot carry mechanical loads, it is mainly used as a filling material. One of its
disadvantages is its flammability, and the fibers have to be treated with flame retardants

[61].

4.3. Jute

Jute (Corchorus) needs specific conditions for its growth, especially nutrient-rich
soils, air temperatures between 15 and 32 °C and, above all, high humidity. These
tropical conditions are provided in India, Bangladesh, China, Thailand, and Vietnam
where Jute is grown and exported worldwide. During its growth, the jute plant can reach
a height of up to 3.5 m. The fibers of the jute tree are used to make coarser fabrics, most
notably jute sacks. In the construction industry, mainly recycled fabric obtained from jute
sacks is used. Geotextiles or thermal insulation materials are made from recycled jute
fabric. These can then replace conventional thermal insulation or composite materials
based on jute fibers and polymers. N. M. Ali has experimentally fabricated and tested a
number of composite materials based on jute and polyesters. Materials with bulk
weights ranging from 180 kg-m to 600 kg-m™ were obtained. Materials with the lowest
bulk density showed a very favorable thermal conductivity coefficient of 0.03549 W-m"
LK1, while materials with higher bulk density showed excellent acoustic properties [62].

The thermal conductivity coefficient of jute wool with a bulk mass of 20 kg-m at 10 °C
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was 0.04 W-m1.K? and 0.045 W-m1-K? at 30 °C [63]. Thermal moisture material
characteristics for thermal insulation made of Jute were determined in the fourth paper

presented [35].

4.4. Sheep wool

Unlike the above materials, sheep's wool is of animal origin. It is a renewable and
recyclable material. It is estimated that there are approximately 1.3 billion sheep in the
world [51] and 174,196 sheep were registered in the Czech Republic in 2022 [64]. An

adult sheep produces 2.5 to 5 kg of wool per year [51].

The sheep herds also serve to maintain the landscape, grazing mountain meadows
and helping to restore the mountain flora. They thus maintain the ecological stability of
the landscape and nature. The Merino sheep breed produces the highest quality wool,
and most are currently bred in New Zealand and Australia. In the Czech Republic, sheep
are bred with coarser wool, unsuitable for the textile industry but fully sufficient for
building purposes for thermal insulation. In the past, sheep's wool was widely used in
timber buildings. Ropes woven from strands of wool wrapped with thread were used to

fasten windows and seal joints. The bulk density of the strings is 196 kg-m3 [51].

Sheep's wool has a characteristic smell and positively affects the human psyche.
Another advantage is that it regulates indoor humidity due to its high hygroscopicity
[13,38]. It can absorb moisture from the air or, conversely, if the humidity is reduced, it
can release it into the environment. This is confirmed by the results of scientific articles
where sorption isotherms have been measured, and it has been shown that at a relative

humidity of 95%, the moisture content of sheep wool reaches 30% [65].

Sheep wool can also be used as protection against impact noise in the form of
compressed felt strips [18]. Sheep's wool as thermal insulation is produced in various
bulk densities, usually ranging from 10 to 30 kg-m=3. However, values of bulk density that
are too low are not suitable in terms of thermal conductivity. Ye et al. showed that sheep
wool with a bulk density of about 10 kg-m3 has a thermal conductivity coefficient of
0.065 W-m™-K!, whereas when the bulk density increases above 20 kg-m3, the coefficient
drops below 0.04 W-m1-K! [66]. The thermal conductivity coefficient is also

temperature-dependent. Sheep's wool with a bulk density of 20 kg:-m3 showed a
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thermal conductivity coefficient of 0.05 W-m %K' at 40 °C and decreased to 0.038
W-m- 1K1 at 10 °C [65]. A similar trend was observed in the fourth submitted paper [35],
where the complete thermal moisture characteristics of selected sheep wool are

measured. In general, the thermal conductivity coefficient is around 0.04 W-m™.K.
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5.Newly developed thermal insulation board
made of rapeseed straw without binder

Due to global sustainability development, low-carbon bio-composites from
agricultural wastes are in great demand. Using them, it is possible to produce thermal
insulation boards that reduce the heat loss of buildings through heat transfer [67]. Wood
fibers are undoubtedly the most important lignocellulosic raw material for the
production of natural thermal insulation boards. Recently, the demand for non-wood
lignocellulosic fibers has increased due to the global scarcity of forest resources as well

as economic and environmental considerations [68,69].

Wood particles may be replaced by agricultural residues such as stalks, leaves, stems,
or straw, which are abundantly produced annually by locally available crops for
alternative fiberboards [4]. Annual plants represent a good opportunity to reduce the
carbon footprint and replace non-renewable materials because the storage of carbon
dioxide in fast-growing bio-based material is a key part of sustainable development

[36,70].

Another benefit is their easy biodegradability, development of a low-carbon
economy, and non-toxic nature. With increasing concern over health issues and biomass
conservation, the fiberboards from agriculture residues with or without adhesive are
under intensive investigation [71]. Many plants can be used for construction or thermal
insulation purposes [72]. Sources of such materials may include, for example, straw,
hemp-shive, flax fiber, etc. This biomass is an agricultural by-product and is a significant
source of renewable energy. Certain adhesives are needed for particleboard production.
The most commonly used adhesives are formaldehyde-based, phenol formaldehyde
(PF), resorcinol formaldehyde (RF), melamine formaldehyde (MF), and urea
formaldehyde (UF)[73]. Urea-formaldehyde-modified adhesives such as MUF
(melamine-urea-formaldehyde adhesives) are also used [70,74]. Another option is
polyvinyl acetate adhesives (PVAC) [75,76]. However, these types of adhesives are not
harmless [57]. Therefore, this project aims to use the self-adhesive ability of lignin

contained in plants to create a thermal insulation board without a binder [36].

25



Internal bonding is a key factor in reflecting the interior self-bonding quality between
fibers. Lignin is characterized by a highly branched, amorphous, three-dimensional
structure. Under certain conditions, and at temperatures between 100 °C and 200 °C,
lignin softens and allows its molecules to deform in cell walls. This phenomenon has
many advantages and disadvantages. Elucidation of this process can lead to the efficient

production of self-adhesive fiberboards.

Lignocellulosic materials are widely studied to achieve self-bonding materials
without synthetic binders. Bonding is caused by lignin plasticization, lignin
polycondensation, and hemicellulose reactions, among others, at high temperature
[69,77]. Internal bonding without additional adhesive is mainly due to hydrogen bonding
- binding between fibers, condensation reaction in lignin and lignin-polysaccharides
cross-linking reaction, lignin polycondensation and hemi-reaction, among others, at high

temperature and steam [36,71].

Rapeseed straw was selected as the source of lignocellulosic fibers. Rapeseed
(Brassica napus L.), a yellow-flowered plant cultivated for its seeds that yield edible oil,
presents one of the suitable alternatives that do not face problems related to the
cultivation of hemp. In the Czech Republic, rapeseed was grown on 379,632 hectares in
2023 and 344,073 hectares in 2024 [78]. The yield of rapeseed is approximately 34.5 t/ha
[57], and it therefore represents an abundant and available raw material for further
processing. In addition to the fact that rapeseed straw is a renewable source and can be
grown locally, its application has many other beneficial aspects. As a fast-growing plant,
rapeseed provides a promising opportunity to radically decrease the carbon footprint of
building materials [46]. This material is 100% recyclable, and its straw is considered a
waste product resulting from the harvest of the seed part. Compared to other types of
straw, rapeseed straw contains a high content of cellulose and a relatively low amount

of wax on its surface [57,79].

The main objective of the last presented paper is to study the softening of lignin and
the subsequent development of glycosidic bonds. The development of these chemical
bonds can be influenced by several factors, firstly during pulping and secondly during the

production of fiberboards.
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Based on the experiments described in the fifth and final article, the above
assumptions were confirmed. The lignin released from the rapeseed fibers indeed acted
as an adhesive. Four steaming temperatures were investigated: 100, 140, 180, and
200 °C. The steaming temperature had the greatest effect on tensile strength. Samples
produced at 200 °C showed the highest tensile strength and the least swelling due to
moisture gain. Since the samples produced at 180 °C showed only slightly worse
properties, 180 °C was determined to be the optimum temperature with respect to

energy consumption [36].
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6. Selected publications of the author and their
contribution to practical testing and
development of new materials

In this section, five selected papers will be presented in turn, focusing on the material
characteristics of building materials, both common materials for special applications and

newly developed thermal insulation materials with a low carbon footprint.

Detailed thermal versus moisture properties are particularly useful to know for newly
developed materials or materials intended for hazardous environments such as internal
thermal insulation. There, the applicability of each material needs to be very carefully

verified and this cannot be done without knowing the thermal and moisture properties.

In particular, the effect of humidity and temperature on the material properties is
often underestimated. In product catalogs, the thermal conductivity is often given only
as a constant, and the same applies to other parameters. However, thermal and humidity
parameters increase with increasing humidity and also change with increasing
temperature. Parameters can also change over time as the material is exposed to a

changing environment.

Accurate and unbiased determination of material characteristics is an important step
in the research and development of new materials. It was found that material
characteristics are affected by the porous system. The pore distribution has a direct
effect on the transport of liquid water and water vapor. It influences frost resistance. This
finding can particularly be used by material manufacturers to optimize the properties of
the composite material by changing the manufacturing process to influence the pore
distribution curve. Through targeted changes in the pore system, they can influence the

transport properties and thus increase the resistance to frost cycles.
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Selected paper 1 — Energy and Buildings

Jerman, M., Cerny, R., Effect of moisture content on heat and moisture transport and storage

properties of thermal insulation materials — 2012

In this paper, the basic physical moisture and thermal properties of selected thermal
insulation materials are measured in dependence on moisture content. These data can be
utilized for both scientific and practical purposes. Incidentally, this article has been cited 191

times from its publication until the end of 2023.

Contribution to practical use: The obtained parameters are useful for other application

research. The obtained data can be considered a step toward the establishment of a material
database for thermal insulation systems which is currently not available, and which should
serve for hydro-thermo-chemo-mechanical models, making it possible to perform complex
durability and reliability-based studies of building constructions involving thermal insulation

in various applications.
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Computational models of heat and moisture transport are frequently used in calculating energy gains
and losses in buildings. However, any model can provide reliable information only in the case that the
quality of input data is adequate. This is not always true because the standard lists of thermal and hygric
parameters given by the producers as well as the material databases included in the simulation tools
are usually far from complete. In this paper, we present the measurements of complete sets of heat and
moisture transport and storage parameters of selected thermal insulation materials in dependence on
moisture content. Two common thermal insulation materials, namely hydrophobic mineral wool and
expanded polystyrene, are selected as reference materials. Two types of hydrophilic mineral wool and an
autoclaved-aerated-concrete thermal insulation board are the representatives of prospective materials
which appeared on the market within the last couple of years. The studied material parameters include
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capacity, moisture diffusivity, water vapor diffusion coefficient, sorption isotherm, and water retention
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1. Introduction

All heat and moisture transport and storage parameters of build-
ing materials are dependent on both temperature and moisture
content. This was repeatedly confirmed by many investigators dur-
ing the last decades. The heat and moisture transport parameters
were found generally to increase with temperature but within the
limited temperature range characteristic for the climatic condi-
tions of the temperate zone (contrary to the high-temperature
conditions) their variations were not very dramatic, typically up
to 20-30% [1-4]. The dependence of heat and moisture transport
parameters on moisture content was far more important. The ther-
mal conductivity of brick [5], autoclaved aerated concrete (AAC)
[3], lime-based renders [6-8], and thermal insulation materials
[1,2,9] was reported to increase several times when the values mea-
sured in dry state and water saturated state were compared. The
measured increase in thermal conductivity of high performance
concrete, which can be considered as almost watertight, due to
the increasing moisture content was still up to 30-40% [10-12].
The differences between the moisture diffusivity values of various
building materials determined for the lowest and highest mois-
ture contents were found to be even substantially higher than in
the case of thermal conductivity, typically one or two orders of

* Corresponding author. Tel.: +420 224355044; fax: +420 224354446.
E-mail address: cernyr@fsv.cvut.cz (R. Cerny).

0378-7788/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
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magnitude [3,7,13,14]. Similarly, the differences in water vapor
diffusion coefficients in the ranges of lowest and highest rela-
tive humidity were reported as high as one order of magnitude
[15,16]. Therefore, neglecting the moisture dependence of heat and
moisture transport parameters in any energy-related assessment is
certainly not a very good idea, for the thermal insulation materi-
als in particular. The heat loss estimates in such a case can be far
from the real values, with all the unpleasant consequences for the
analyzed building, as it was analyzed in more detail in [2,17].
While the dependence of the specific heat capacity of building
materials on temperature is within the common range of temper-
atures very low, its dependence on moisture content is always
significant because the specific heat capacity of water is four to
five times higher, as compared with most building materials in
the dry state [3,7,18]. Contrary to the heat transport parameters,
an increase in heat storage parameters is, however, positive for a
building envelope as it increases its heat accumulation function. If
a water sorption isotherm is measured, it is always determined as
a function of moisture content and the dependence of adsorbed
water on relative humidity is mostly very important [19]. The
position and shape of a sorption isotherm also strongly depend
on temperature. At higher temperatures, the transport of water
molecules is faster, the bonds can be released more easily, and
therefore the amount of adsorbed water decreases and capillary
condensation occurs at higher relative humidity [20]. Strictly from
the point of view of a thermal insulation function of a building enve-
lope a decrease in water accumulation function can be considered
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as positive because a decrease of moisture content results in lower
thermal conductivity. However, in some cases the lower moisture
accumulation in the thermal insulation layer may lead to worse
hygrothermal performance of an envelope and reduced service life
[21].

As it follows from the short summary presented above, the mea-
surement of heat and moisture transport and storage parameters
of thermal insulation materials in dependence on temperature and
moisture is necessary if the energy-related assessments of building
envelopes are to be done with a sufficiently high accuracy. How-
ever, such measurements are currently not being published very
frequently, and even the databases of advanced computer simula-
tion tools are relatively limited and often rely only on the generic
data characteristic for a certain class of materials.

In this paper, we would like to contribute to the gradual fill-
ing of gaps in the current knowledge on the properties of thermal
insulation materials, which is supposed to be coming within the
near future, and present the measurements of complete sets of heat
and moisture transport and storage parameters of selected thermal
insulation materials in a dependence on moisture content.

2. Experimental details
2.1. Materials

Two common thermal insulation materials, namely hydropho-
bic mineral wool and expanded polystyrene, were selected as
reference materials. Two types of hydrophilic mineral wool and a
thermal insulation board on AAC basis were the representatives of
prospective materials which appeared on the market within the
last couple of years. The hydrophilic mineral wool is character-
ized by fast liquid water transport; it is supposed to be applied for
interior thermal insulation systems [18,22,23]. The thermal insu-
lation board on AAC basis is a material with enhanced thermal
insulation capability, as compared with common AAC types. It is
recommended as thermal insulation layer of walls and roofs, in a
combination with heavier AAC products.

The studied hydrophobic mineral wool was Nobasil PTN (pro-
duced by Knauf Insulation Trading, s.r.o., we will denote it as
MW-HB in what follows), the analyzed expanded polystyrene was
Isover EPS 70F (Saint-Gobain Isover CZ, s.r.o., EPS). The thermal
insulation material on AAC basis was Ytong Multipor (Xella CZ,
s.r.0., YM). The hydrophilic mineral wools were produced specif-
ically for testing purposes by Rockwool, a.s., as advanced versions
of the hard and soft parts of the hydrophilic thermal insulation
board Inrock. The hard material will be denoted as MW-HLH, the
soft material as MW-HLS.

2.2. Measurement methods

2.2.1. Basic physical characteristics

The bulk density of studied thermal insulation materials was
determined by measuring the mass and linear dimensions of spec-
imens, the matrix density by the helium pycnometry (Pycnomatic
ATC, Porotec). The porosity was calculated using the known values
of bulk density and matrix density. The saturation moisture content
was determined by the gravimetric method after full immersion of
studied specimens in water for 7 days.

2.2.2. Heat transport and storage parameters

The thermal conductivity was measured using the commercial
device Isomet 2104 (Applied Precision, Ltd.). The measurement is
based on the analysis of the temperature response of the analyzed
material to heat flow impulses. The heat flow is induced by electri-
cal heating using a resistor heater having a direct thermal contact

with the surface of the sample. The measurement was done in
dependence on moisture content from dry state to water saturation.

The specific heat capacity of dry specimens was determined by
Isomet 2104 as well. The volumetric heat capacity of wet speci-
mens PwerCwer Was calculated using the linear theory of mixtures,
under the assumption that this heat storage parameter is an addi-
tive quantity [20],

PwetCwet = PdryCdry + PwCwW (1)
Pwet = Pdry + PwW (2)

where pwer is the bulk density of the wet material, Pdry the bulk
density of the dry material, p,, the density of water, and w is the
moisture content by volume,

Vw

W= (3)

Vi is the volume of water in the pores, V the volume of the whole
specimen, Cyer, Cary and ¢y are the specific heat capacities of the wet
material, the dry material and water, respectively.

So, the specific heat capacity vs. moisture content function could
be written as

PdryCdry + PwCwW

4
Pdry + PwW @

Cwet(W) =

2.2.3. Moisture transport parameters

The moisture diffusivity was chosen as the main parameter
of liquid water transport. It was measured using two different
methods. At first, the apparent value of moisture diffusivity was
determined on the basis of results of a water absorption experi-
ment. Then, the dependence of moisture diffusivity on moisture
content was calculated using an inverse analysis of moisture pro-
files.

The water absorption experiment was performed using a stan-
dard setup [24]. The specimen was water and vapor-proof insulated
on four lateral sides and the face side was immersed 1-2 mm in
the water. The automatic balance allowed recording the increase
of mass. The water absorption coefficient A (in kgm=2 s~1/2) was
then calculated as

i=A -Vt (5)

where i is the cumulative water absorption (in kg m=2), t the time
from the beginning of the experiment. The water absorption coef-
ficient was then employed for the calculation of the apparent
moisture diffusivity [25]:
A 2

) (6)

Kapp ~ [ ————
awp (Wsat —Wo

where wqg is the saturated moisture content (in kgm=3) and wg
the initial moisture content (in kg m=3).

In the determination of moisture-dependent moisture diffusiv-
ity from moisture profiles, the capacitance method [26] was used
for the measurement of moisture content. The moisture profiles
were measured using a common capillary suction 1-D experiment
in a horizontal position, lateral sides of specimens were water-
and vapor-proof insulated. The moisture diffusivity vs. moisture
content function was determined by the Matano method [27] as

1 * dw
K(Wx)zm/ xadx. (7)

X0

where w is the moisture content by volume, wy is the value of
moisture content at the position x = xg.

The cup method was used for the determination of water vapor
transport properties [28]. The measurement was carried out in
steady state under isothermal conditions. It was based on one-
dimensional water vapor diffusion, measuring the diffusion water
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vapor flux through the specimen and using the values of partial
water vapor pressure in the air under and above the specific speci-
men surfaces. The measurement was done during a time period of
two weeks. The steady-state values of mass loss or mass gain deter-
mined by linear regression for the last five readings were used for
the determination of water vapor diffusion coefficient. In the dry
cup method the sealed cup containing silica gel which maintained
the relative humidity of about 1.5% was placed in a controlled cli-
matic chamber with 50% relative humidity. In the wet cup method
the sealed cup contained saturated water solution of K,SO4 with
an equilibrium relative humidity close to 98%.

The water vapor diffusion coefficient was calculated from the
measured data according to the equation

Am-d-R-T

:S-r-M-App (8)

where Am is the amount of water vapor diffused through the sam-
ple, d the sample thickness, S the area of specimen surface, t the
period of time corresponding to the transport of mass of water
vapor Am, Ap, the difference in water vapor pressure in the air
under and above specific specimen surface, R the universal gas con-
stant, M the molar mass of water, and T the absolute temperature.

Using the measured water vapor diffusion coefficient, the water
vapor diffusion resistance factor, which is the parameter most fre-
quently used in building practice, was determined as

- D
where Dy is the diffusion coefficient of water vapor in air.

(9)

2.2.4. Moisture storage parameters

The measurement of adsorption isotherms was performed by
the desiccators method [28]. The initial state for all the mea-
surements was dry material. The desorption isotherms were
determined in a similar way, only the initial state was specimen
with maximum hygroscopic moisture content.

The water retention curves could not be determined by the
methods commonly used for porous building materials [20]. The
analyzed thermal insulation materials did not have sufficient
strength so that they would be damaged or even destructed dur-
ing the experiment. Therefore, an interpolation procedure between
the maximum value of hygroscopic moisture content obtained on
the adsorption isotherm, wyyg, and the saturation moisture con-
tent, wgqr, Was chosen. As only two points on the w(p.) curve were
known, namely w(0)=Wsqr and W(pc pyg) =Whpyg, Where pcpye is the
capillary pressure corresponding to the maximum value of relative
humidity on the adsorption isotherm, ¢y, a simple interpolation
formula given in [29] was used,

w=A- exp(—-B-pc) (10)

where the two unknown parameters, A and B, were identified using
the two known points of the w(p.) curve mentioned before:

A = Weqr (11)

Ty Whye
Pchyg  Wsat

B=-— (12)

Substituting (11) and (12) in (10), the water retention curve was
expressed as

w
W = Wsqe - €XP (lnhyg- Pe ) (13)

Wsat  Pc,hyg
2.3. Measurement conditions and material samples

The measurement of all parameters was done in a condi-
tioned laboratory at the temperature of 224+1°C and 25-30%

Table 1

Basic physical characteristics of thermal insulation materials.
Material ~ Bulk density =~ Matrix density ~ Saturation moisture Porosity

(kgm~3) (kgm~3) content (kgm~3) (%m3/m?3)

MW-HLH 170 2380 930 92.9
MW-HLS 70 2260 970 96.9
YM 125 2150 229 94.2
EPS 16.5 1020 65 98.4
MW-HB 100 2960 880 96.6

relative humidity. The following specimens were used in
the experiments: basic physical properties - 6 specimens
50 mm x 50 mm x 25 mm, water absorption coefficient — 3 spec-
imens 50 mm x 50 mm x 20 mm, moisture profiles - 3 speci-
mens 20 mm x 40 mm x 300 mm, water vapor transport prop-
erties — 3 cylindrical specimens with a diameter of 100 mm
and height of 20mm, sorption isotherms - 3 specimens
40mm x 40 mm x 10 mm, thermal properties - 3 specimens
70mm x 70 mm x 50-100 mm.

3. Results and discussion
3.1. Basic physical characteristics

The bulk density, pq;y, of the studied thermal insulation mate-
rials was within the expected range (Table 1). The lowest pg
exhibited EPS, the highest the hard hydrophilic mineral wool MW-
HLH. All materials had very low pg as compared with other
building materials which was due to the high amount of air embod-
ied in their structure.

The bulk density declared by the producer (Tables 5 and 6) was
for MW-HB exactly the same as in our experiments, for EPS our
measurements fell within the declared range, for YM our pg;,, value
was 10 kg m~3 higher than declared. Inrock is a combined hard-soft
board, and the producer did not provide any pg;, for this material.

The lowest porosity, ¥, showed MW-HLH (Table 1) which
reflected its highest bulk density. The highest porosity had EPS with
the lowest bulk density. The saturation moisture content deter-
mined by immersion, wsq, corresponded with the porosity values
only for the hydrophilic materials MW-HLH and MW-HLS. The
hydrophobic mineral wool MW-HB had about 10% lower wg,s than
it would correspond to the measured porosity but this was clearly
due to its hydrophobity. For the AAC material YM the difference
between wqq: and ¥ was very high, wsqr was about four times lower
than it could be anticipated using just the i value. This feature,
which was already observed before for other AAC materials [3], can
be attributed to the trapping of air in dead-end pores at the water-
immersion experiment. The highest difference between wsq: and
Y exhibited the expanded polystyrene EPS with a partially closed
pore system which was not accessible for water but allowed the
penetration of small helium molecules in the pycnometry mea-
surements. The wg, value obtained for EPS in this paper was in
a good agreement with the data presented in [30] where Wsqr = 6%
by volume was reported for the expanded polystyrene with a bulk
density of 15kgm~3. On the other hand, Gnip et al. [31] obtained
for the same material produced by several different manufactur-
ers Wsqe ~ 1.5-4% by volume which indicated that the properties of
seemingly the same expanded polystyrene can vary within a wide
range.

The matrix density, omqa, of YM corresponded with other AAC
materials [3] which was due to the similarities in their produc-
tion technology. The hydrophilic mineral wools had pmq values
close to the lower limit of the density of basalt which is the main
raw material used for their production (2400-3100 kg m~3 in [32]),
Pmar of hydrophobic mineral wool was close to the upper limit
(Table 1). The matrix density of expanded polystyrene was close to
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Table 2

Thermal properties of thermal insulation materials in dry state.
Material A (W/mK) c(J/kgK)
MW-HLH 0.041 770
MW-HLS 0.037 810
YM 0.047 1070
EPS 0.037 1570
MW-HB 0.036 790

the values characteristic for common polystyrene before expansion
(1040 kg m~3 according to [33]).

3.2. Heat transport and storage parameters

The lowest thermal conductivity in dry state, A4y, had MW-HLS,
MW-HB and EPS (Table 2) which corresponded with their lowest
Pdry- The A4y, value of MW-HLH was about 10% higher which was
a good result, taking into account its significantly greater pg,,. The
highest A4y, exhibited YM, but the achievement of only about 25%
higher value of A4, as compared with low-density mineral wools
was a very good result for an AAC material.

The measured A4y, values agreed with the producers’ declara-
tions (Tables 5 and 6); the differences were within the error-range
of the measurement method. For MW-HB our A4, was 3% higher,
for EPS 5% lower, and for YM 4% higher. A4, of Inrock was given
as one number, so the 7% higher measured value for MW-HLH
and 3% lower for MW-HLS was a satisfactory result (the hard part
of Inrock has lower thickness than the soft part). Comparing our
results with the data obtained for similar materials by other inves-
tigators, Yucel et al. [30] reported for the expanded polystyrene
with 15 kgm~=3 bulk density A4, =0.038 W/mK, Mihlayanlar et al.
[34] for the same material A4, =0.039 W/m K which was in a good
agreement with our measurements. Dominguez-Munoz et al. [35]
presented an extensive analysis of thermal conductivity of min-
eral wools with different bulk densities including the uncertainty
bands. The measurements of A4, of all three mineral wools studied
in this paper fell within the bands given in [35].

The specific heat capacity in dry state, cg, was lowest for the
mineral wools MW-HLS, MW-HLH and MW-HB (Table 2). This
corresponded with the measurements of basalt presented in [36]
where ¢;,,, was within a range of 600-800]/kg K. The ¢,y value of
YM was about 10% lower than it was found for AAC materials with
higher bulk density [3] which can be considered a reasonable agree-
ment. The measured cg, of EPS conformed with [30] where a value
of 1500]/kg K was reported.

The producers of analyzed thermal insulation materials did
not include any satisfactory data for cg in their material lists
(Tables 5 and 6). For MW-HB, EPS and YM no data at all was given,
for Inrock only declaratory values according to CSN 730540 were
provided.

The thermal conductivity of all mineral wools increased very
fast with increasing moisture content w (Fig. 1). The hydropho-
bity or hydrophility did not play an important role in that respect.
The A(w) functions were very similar and the thermal conductiv-
ity at saturation, Asq;, was within a range of 0.7-0.9 W/mK. The
reduction of thermal insulation function was significant already for
such relatively low moisture contents as 5-20% by volume where
A was typically 0.10-0.14 W/m K. The AAC material YM was los-
ing its thermal insulation capabilities with increasing w even faster
than the mineral wools (Fig. 2), A achieved ~0.20 W/m K already for
w~ 20%butits lower saturation moisture content prevented it from
an achievement of such high A4 values as the mineral wools. The
expanded polystyrene EPS presented the best performance among
the analyzed materials (Fig. 2). Its Asqr Was only about 0.051 W/m K
which was a very good result.
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Fig. 1. Thermal conductivity of mineral wools as a function of moisture content.

As for the results presented by other investigators for simi-
lar materials, Mar et al. [9] determined A(w) functions for the
expanded polystyrene with the bulk density of 20kgm—3 in a
wide range of moisture content from dry state to wgqe =0.07 m3/m3.
They obtained aroughly linear relation with A4, =0.037 W/m Kand
Asar =0.052 W/mK which was in an excellent agreement with the
measurements presented for EPS in this paper (Fig. 2). The A(w)
functions of several different types of mineral wool were reported
in [18]. The results were in a good agreement with A(w) functions
of mineral wools shown in Fig. 1.

The dependence of the specific heat capacity of the analyzed
thermal insulation materials on moisture content was expressed
analytically using Eq. (4). Substituting the values of bulk density
and specific heat capacity of water in (4), we obtained

OdryCary +4.18 x 108w
Cwer(w) = =

(14)
Pary +10°w

where the bulk density, o4y, can be found in Table 1, and the specific
heat capacity in dry state, ¢4y, in Table 2.

3.3. Moisture transport and storage parameters

The lowest water absorption coefficient A exhibited MW-HB
and EPS which was due to their hydrophobity and basically no
capillary activity (Table 3). The AAC material YM had the A value
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Fig. 2. Thermal conductivity of expanded polystyrene and Ytong Multipor as a func-
tion of moisture content.
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Table 3

Liquid water transport properties of thermal insulation materials.
Material A(kgm-2s-1/2) Kapp (M?s71)
MW-HLH 5.9 4.1x107
MW-HLS 2.8 8.5x 1076
YM 0.016 49x107°
EPS 0.0025 1.5x 1079
MW-HB 0.0075 6.1x 10

several times higher than MW-HB and EPS but still very low as com-
pared with most other building materials. On the other hand, the
hydrophilic mineral wools MW-HLH and MW-HLS had extremely
high A values (Table 3), which was due to an application of very
effective hydrophilic substances on the surface of the fibers. The
liquid water transport was thus realized predominantly along the
fibers, not in the capillaries which were almost missing in this type
of material.

In a comparison of results obtained in this paper with simi-
lar studies, the A value of MW-HB corresponded well with the
hydrophobic mineral wools analyzed in [18]. The hydrophilic min-
eral wools MW-HLH and MW-HLS exhibited 5-10 times higher A
coefficients than their previous versions INH and INS which were
investigated in [18]. This was a very good outcome because the
rapidity of liquid moisture transport is a crucial factor in designing
effective interior thermal insulation systems [22].

The moisture diffusivity « of all analyzed materials rapidly
increased with increasing moisture content (Fig. 3); the differences
between the k values at lowest and highest moisture contents were
up to two orders of magnitude. YM achieved «x(w) about one order
of magnitude lower than the AAC materials with higher bulk den-
sity [3] which was a good result. Its k(w) function corresponded
with the apparent moisture diffusivity, Kqpp, determined in vertical
orientation (Table 3). Therefore, the gravity force did not play an
important role in liquid water transport in YM.

The hydrophobic mineral wool MW-HB had « comparable with
YM, in absolute numbers (Fig. 3). However, these « values were sev-
eral orders of magnitude higher than gy, of MW-HB presented in
Table 3. The explanation of the substantial differences in the vertical
and horizontal liquid water transport could be found in the interior
structure of MW-HB. Contrary to YM where the liquid water was
transported due to capillary forces, in MW-HB the transport was
realized in the voids between the fibers, no matter their hydropho-
bity. It should be noted that no external pressure was exerted on
the specimens in the experimental setup described above. Water
entered the void system of MW-HB through the pore system of a
sponge which was in contact with the measured specimen. Similar
contacts of mineral wools with capillary active materials appear in
the real walls as well.
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Fig. 3. Moisture diffusivity of thermal insulation materials as a function of moisture
content.

Table 4

Water vapor transport properties of thermal insulation materials.
Material Dry cup Wet cup

D(105m?s1) m D (10 5m?s!) w

MW-HLH 8.67 2.7 13.9 1.6
MW-HLS 9.64 2.4 219 1.2
YM 2.17 11 124 1.9
EPS 0.40 58 0.81 29
MW-HB 8.92 2.6 18.8 13

The moisture diffusivities of MW-HLH and MW-HLS were
extremely high. The measured « values roughly corresponded with
kapp in Table 3 so that the liquid water transport in the horizontal
direction was basically the same as in the vertical direction.

The «(w) curve of EPS was not included in Fig. 3 because no
moisture profiles were established during the experiment; in an
absence of external pressure EPS was essentially watertight. This
finding evokes questions about the apparent moisture diffusivity
of EPS (1.5 x 10~2 m2 s~ 1) given in Table 3. Apparently, this value is
not realistic and should not be used in any computational models
of moisture transport. This example indicates the limits of Eq. (6)
which is supposed to be used for capillary active materials only. For
almost water tight materials such as EPSEq. (6) leads to a great over-
estimation of kgpp just because of their very low value of saturation
moisture content.

Both hydrophilic and hydrophobic mineral wools were highly
permeable for water vapor (Table 4), with the water vapor diffusion
resistance factor © only two or three times higher than for the air.
YM exhibited substantial differences between p values obtained in
the dry and wet cup arrangements; while for wet cup its u factor
was comparable with the mineral wools, for dry cup it was about
four times higher. The apparent reason for these findings was that
the water vapor transport coefficients measured in the wet-cup
setup for YM partially included also the hydrodynamic transport
of capillary condensed water in the pore system, besides the bulk
water vapor diffusion. On the other hand, the mineral wools where
no capillary pores were presented obviously lacked any capillary
condensation.

The expanded polystyrene EPS exhibited much higher u values
than all other studied thermal insulation materials; they roughly
corresponded to cement mortar or concrete [20]. The closed pore
structure of EPS was apparently an effective barrier to water vapor
transport but it was not completely water-vapor tight. This feature
may have serious consequences when EPS is used in an improper
way in a structure. The water vapor can, though with difficulties,
enter the closed pores where it can possibly condense with rather
limited possibilities of future removal. Accumulation of condensed
water within the seemingly closed pore system presents a potential
danger of deterioration of the thermal insulation function of EPS
in long-term considerations. This can only be avoided by proper
design when no water vapor condensation is allowed in the EPS
layer.

The u data of analyzed thermal insulation materials given by
the particular producers were, similarly as with ¢4y, far from sat-
isfactory (Tables 5 and 6). For MW-HB they were not included at
all in the material list, for Inrock they were supposed to be equal
exactly to 1, which is a clear nonsense because i« =1 means that a
material has exactly the same water vapor diffusion properties as
the air. The measured p values of EPS were about 50% higher than
declared, for YM only one p value was given by the producer which
was 50% higher than in our wet-cup experiment and almost four
times lower than in the dry-cup arrangement.

The mineral wools and expanded polystyrene exhibited a rather
low capability of adsorption of moisture from the air in their pore
systems (Fig. 4). The measured moisture contents were so low that
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Table 5
Comparison of measured parameters of thermal insulation materials with producers’ declarations.
Parameter MW-HB EPS YM
Measured Declared Measured Declared Measured Declared
Pary (kgm3) 100 100 16.5 13.5-18 125 115
Cary (J/kgK) 790 - 1570 - 1070 -
Adry (W/mK) 0.037 0.036 0.037 0.039 0.047 0.045
I/Ldry cup 2.6 - 58 40 11 3
Howet cup 13 - 29 20 1.9 3
Table 6

Comparison of measured parameters of hydrophilic mineral wools with their pre-
vious versions Inrock-hard and Inrock-soft.

Parameter MW-HLH MW-HLS

Measured Inrock-hard Measured Inrock-soft
Pary (kgm3) 170 - 70 -
Cary (J/kgK) 770 840 810 840
Adry (W/mK) 0.041 0.038 0.037 0.038
Mdry cup 2.7 1 24 1
Mwet cup 1.6 1 1.2 1

they could be considered effectively zero; their difference from zero
was within the error range of the measurement method. Similar
results for hydrophobic mineral wools and expanded polystyrene
were obtained in [37].

The AAC material YM presented certain capability of gaseous
moisture adsorption (Fig. 5), and hysteretic effects were observed
in the adsorption and desorption phase. However, in a comparison
with most other porous building materials ([20,38]) the amount of
adsorbed moisture was very low.

The water retention curves of the analyzed thermal insulation
materials were expressed in an analytical form using Eq. (13).
The capillary pressure corresponding to the maximum hygroscopic
moisture content, p e, Was determined with the aid of the Kelvin
equation in the form [20]

RT,
Pe = 1\5‘” In ¢ (15)
Using the maximum relative humidity, ¢p,;=0.97, in (15), we
obtained p¢pyg=4.15 x 106 Pa, which after substitution in Eq. (13)

gave
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Fig. 4. Sorption isotherms of mineral wools and expanded polystyrene.

where the maximum hygroscopic moisture content, wpys, can be
found in Figs. 4 and 5, and the saturation moisture content, wgg, in
Table 1.

3.4. Experimental data obtained in this paper in a relation to
current EN standards

Current EN standards prescribe only a very limited number of
heat and moisture transport and storage parameters for the certi-
fication of thermal insulation materials. The most important is, of
course, the thermal conductivity A. According to EN 12667 [39] A
should be measured by the guarded hot plate technique. The con-
ditions for A measurements are prescribed by EN ISO 10456 [40], so
that we have either limit A values in dry state or declared A values
determined at 23 °C and 50% relative humidity. Both these values
can be derived from our results, using the measured A(w) functions
and sorption isotherms. Comparing the impulse method (IM) used
in our measurements with the guarded hot plate method (GHPM)
used in EN 12667, it should be noted that in dry-state conditions
the accuracy of GHPM is higher, typically +-2%; for IM in this paper
we have +5%. However, for samples with higher moisture content
the situation is changing. While IM can be used with about the same
accuracy (the measurement is fast and moisture transfer is negli-
gible during the experiment), the steady-state character of GHPM
measurement features systematic errors to the A determination.
The temperature gradient in a specimen induces moisture trans-
port due to the Soret effect which leads in a long-term experiment
to the establishment of moisture gradient in the direction of spec-
imen thickness. The measured heat flux includes then not only the
Fourier heat flux but also the Dufour effect which is difficult to
quantify exactly (see [20] for a detailed thermodynamic analysis).

Among the parameters characterizing the liquid water trans-
port, the short term water absorption (24 h) by partial immersion
W, (EN 1609 [41] in kg m~2), long term water absorption (28 days)
by partialimmersion Wy, (EN 12087 [42] - inkg m~—2),and long term
water absorption (28 days) by total immersion W), (EN 12087 - in
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Fig. 5. Adsorption and desorption isotherms of Ytong Multipor.
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% m3/m?3) are required for thermal insulation materials. Our mea-
surement of saturation moisture content was similar to the total
immersion experiment in EN 12087. The full immersion of stud-
ied specimens in water was done for 7 days but the dimensions of
the specimens in our case (50 mm x 50 mm x 25 mm) were smaller
thanin EN 12087 (200 mm x 200 mm x board thickness) so that the
results should be roughly comparable. Contrary to our free water
uptake measurement, which was performed in strictly 1-D arrange-
ment, the partial-immersion experiments described in EN 1609 and
EN 12087 are performed without any water- and vapor-tight insu-
lation on lateral sides of the specimens, i.e., the water transport is
realized in 3D. In this case the results cannot be compared directly;
anadditional computational analysis would be necessary to achieve
that. It should be noted that the standard parameters Wp, Wj,, and
W} have a relative value only. They can be used for a comparison
of different materials but in any case they cannot serve as input
parameters of computational models of coupled heat and moisture
transport. For that purpose, the moisture diffusivity as a function
of moisture content, or, if it is not available, the apparent moisture
diffusivity should be utilized.

The water vapor diffusion parameters of thermal insulation
materials are measured according to EN 12086 [43]. The cup-
method arrangements used in this paper were almost identical with
the A and C modifications of the cup method described in EN 12086.
Therefore, our results obtained for the water vapor diffusion resis-
tance factor can be considered as conforming with the EN 12086
standard.

4. Conclusions

The measurement of complete sets of heat and moisture trans-
port and storage parameters of five thermal insulation materials
in dependence on moisture content was presented. Two common
thermal insulation materials, namely hydrophobic mineral wool
and expanded polystyrene, were selected as reference materials.
Two types of hydrophilic mineral wool and a thermal insulation
board on AAC basis were the representatives of prospective mate-
rials which appeared on the market within the last couple of years.
The main results can be summarized as follows:

e All studied materials had very low bulk density as compared with
other building materials which was due to the high amount of air
embodied in their structure.

e The saturation moisture content determined by immersion, wWsg,

corresponded with the porosity, i, values only for the hydrophilic

mineral wools. The hydrophobic mineral wool had about 10%

lower wsq than it would correspond to ; this was due to the

hydrophobity of fibers.

For the AAC-based material the difference between wgy: and ¥

was very high, wg,; was about four times lower than it could

be anticipated using just the v value. This can be attributed to
the trapping of air in dead-end pores at the water-immersion
experiment.

¢ The highest difference between wg, and Y exhibited expanded
polystyrene with a partially closed pore system which was not
accessible for water but allowed the penetration of small helium
molecules in the pycnometry measurements.

¢ The thermal conductivity of all mineral wools increased very fast
with increasing moisture content w; the thermal conductivity at
saturation, Asq¢, was within a range of 0.7-0.9 W/m K. The reduc-
tion of thermal insulation function was significant already for
relatively low moisture contents of 5-20% by volume where A
was typically 0.10-0.14 W/mK.

e The AAC material YM was losing its thermal insulation capabili-
ties with increasing w even faster than the mineral wools, A was

~0.20 W/mK already for w~ 20% but its lower saturation mois-
ture content prevented it from an achievement of such high Ag:
values as the mineral wools.

* The expanded polystyrene EPS presented the best heat-insulating
properties among the analyzed materials; its Asq; was only about
0.051W/mK.

e The moisture diffusivity, k, of all analyzed materials rapidly
increased with increasing moisture content; the differences
between the k values at lowest and highest moisture contents
were up to two orders of magnitude.

e The AAC based material achieved x(w) about one order of mag-
nitude lower than the AAC materials with higher bulk density.

¢ The hydrophobic mineral wool exhibited substantial differences
in the vertical and horizontal liquid water transport. While in the
vertical orientation such transport was almost eliminated due to
the absence of capillary pores, in the horizontal orientation the
transport was realized in the voids between the fibers, no matter
their hydrophobity.

e The moisture diffusivity of hydrophilic mineral wools was
extremely high. The liquid water transport was realized here pre-
dominantly along the fibers covered by hydrophilic substances
which attracted the water in liquid state.
Expanded polystyrene was in an absence of external pressure
essentially watertight. For this material, the commonly per-
formed estimates of the apparent moisture diffusivity, kapp, using
the data of water absorption experiment should be avoided. They
can lead to a great overestimation of kqpp just because of the very
low value of saturation moisture content of EPS.

Both hydrophilic and hydrophobic mineral wools had very low

water vapor diffusion resistance factor u so that they were highly

permeable for water vapor.

e The AAC material exhibited substantial differences between u

values obtained in the dry and wet cup arrangements; while for

wet cup its u factor was comparable with the mineral wools, for
dry cup it was about four times higher.

Expanded polystyrene exhibited much higher i values than all

other studied thermal insulation materials; they roughly corre-

sponded to cement mortar or concrete.

¢ The mineral wools and expanded polystyrene exhibited a rather
low capability of adsorption of moisture from the air in their pore
systems. The measured moisture contents were so low that they
could be considered effectively zero.

e The AAC material presented certain capability of gaseous mois-
ture adsorption, and hysteretic effects were observed in the
adsorption and desorption phase. However, in a comparison with
most other porous building materials the amount of adsorbed
moisture was very low.
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As problems started to occur around 2010 in the form of cracks in the exterior and
interior plaster on aerated concrete structures, a detailed examination of the aerated
concrete was undertaken. One of the results is this submitted article. The thermal and
moisture properties of selected aerated concrete are studied in detail. Furthermore, the
pore distribution curve is determined, as it has a great influence on the final behavior of
the material as a whole. The influence of freezing cycles on the lifetime of aerated
concrete is also evaluated. These results are again applicable for scientific purposes and
practical optimization of production processes. From its publication to 2023, this paper

has received 159 citations in WoS.

Contribution to practical use: In addition to designers, the results of this article can also

be used by aerated concrete manufacturers to optimize their production processes.
Along with thermal and moisture properties, the influence of pore size on frost
resistance and moisture conductivity is evaluated. Based on these results, the

manufacturing process of aerated concrete can be optimized.
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ABSTRACT

The hygric and thermal properties of autoclaved aerated concrete (AAC) given in the manufacturers’ lists
include mostly just the thermal conductivity in dry state and generic data for the specific heat capacity
and water vapor diffusion resistance factor. Durability characteristics are not listed at all. This greatly
limits any service life assessment studies of AAC-based building envelope systems. In this paper, com-
plete sets of hygric and thermal properties of three commercially produced AAC with different bulk den-
sity and compressive strength are measured, together with the basic physical characteristics and
durability properties. Experimental results show that the thermal conductivity can be as much as six
times higher in capillary water saturation state than in dry conditions. Thermal conductivity is also found
to increase up to 50% when temperature is increased from 2 °C to 40 °C. The dependence of moisture dif-
fusivity on moisture content is remarkable; the differences as high as one order of magnitude are
observed if its values obtained for low and high moisture contents are compared. The freeze/thaw resis-
tance of capillary saturated samples is found satisfactory up to 25 cycles and increases with compressive
strength. For the moisture content lower than 10% by volume AAC in the range of compressive strength of
1.8-4 MPa can successfully resist to 50 cycles.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

mechanical and thermal properties. As it can also be considered
environmentally friendly material, it may have considerable poten-

Autoclaved aerated concrete (AAC) is a structural material
which is commonly used around Europe, particularly as it
combines ease of construction with excellent combination of
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0950-0618/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.conbuildmat.2012.12.036

tial for future applications. However, the empirical principles often
employed in the construction design during the past few decades
have led to substantial failures, such as cracking of both external
and internal finishes, detachment of renders from the AAC blocks,
sometimes with the AAC itself, cracks around windows or doors,
frost failure of external render.
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Although some of the failures caused by the improper design
were at least mitigated step by step, on the basis of the negative
experience, the empirical design still prevailed until recently and
in the service life assessments of AAC-based building envelope sys-
tems a complex view was mostly missing. Complex analyzes of
hygrothermal performance of the AAC-based building envelopes
based on sound scientific knowledge and complemented with
durability considerations are not performed up to now. However,
the design of this type of envelopes is not obvious; they should
be considered as a system consisting of AAC, internal and external
finishes and possibly also thermal insulation layer. In the design
process, the details are to be solved using suitable methods as well.

Computational simulation of heat and moisture transport pro-
cesses is a powerful tool making possible to find weak points of
building envelopes in advance, during the design process already.
The results of simulations can also serve as a basis for service life
assessment studies. However, the quality of any computer simula-
tion study depends on the quality of input data. These include two
types of parameters which have to be known in advance. The first
are initial and boundary conditions. Initial conditions can be deter-
mined using on site analysis. Boundary conditions can be applied
in the form of meteorological data for temperatures, relative
humidities, rainfall and solar radiation. The second type of input
parameters is the moisture and heat transport and storage param-
eters of the materials of the wall which appear in the balance equa-
tions. For the problem of coupled moisture and heat transport,
these parameters include moisture diffusivity and water vapor dif-
fusion resistance factor as water transport parameters, sorption
isotherm and water retention curve as water storage parameters,
specific heat capacity as heat storage parameter and thermal con-
ductivity as heat transport parameter.

The moisture and heat transport and storage parameters can be
determined by common laboratory methods. However, even for
the most common AAC products they are not known in sufficient
complexity.

The catalogue lists of AAC manufacturers are mostly confined to
water vapor transport parameters and heat transport and storage
parameters, both given in the form of a single value. This is far from
satisfactory. The thermal conductivity of porous building materials
is known to depend on both moisture content and temperature in a
significant way. The moisture transport occurs also in the liquid
form. Moisture accumulation can be very important in the winter
period, in particular.

Complete sets of hygric and thermal properties were, however,
not published as results of research studies for very common types
of AAC either, at least not in the form that they could be directly
used as input parameters of computer codes. Considering the high
application frequency of AAC in building practice, it seems to be sur-
prising how rarely AAC becomes subject of scientific papers (only
about 150 publications in the WoS database during the last
30 years). Thermal conductivity is probably the most frequently
studied AAC-related topic [1-6], together with the mechanical
properties [5,7-13]. Performance assessments of particular AAC
materials and structures in specific conditions have also been pub-
lished [14-18]. On the other hand, the number of publications on
hygric parameters, gas permeability and hygric and thermal move-
ments is extremely low. The papers by Wagner et al. [19] on gas per-
meability, Gottfredsen et al. [20] on hygric expansion, Janz [21],
Goual et al.[22] and loannou et al. [23] on water sorptivity and Tada
and Watanabe [24] and Goual et al. [22] for sorption isotherms
belong to the very few exceptions in that respect. Computational
simulation of hygrothermal performance of AAC-based structures
was presented in several papers [25-27] but the results of calcula-
tions were used more or less just for model validation purpose.

In this paper, complete sets of hygric and thermal properties of
three commercially produced AAC with different bulk density and

compressive strength are measured, together with the basic phys-
ical properties and durability properties. The obtained data will
make it possible to substantially improve the quality of service life
assessment studies of AAC-based building envelopes commonly
used in the practice.

2. Experimental
2.1. Materials

Three different autoclaved aerated concretes manufactured by Xella CZ, Ltd.,
were studied, P1.8-350, P2-350 and P4-500. In the marks of the particular products,
the first number means compressive strength in MPa, the second number the bulk
density in kg m~>. According to the manufacturer’s list [28] their supposed applica-
tion is for non-bearing- and load-bearing walls, fireproof walls and retention walls
and linings in the interior. The data for hygric and thermal properties given by the
manufacturer [28] include only the thermal conductivity in dry state, the specific
heat capacity (one value according to CSN EN 1745) and the water vapor diffusion
resistance factor (two values according to CSN EN 1745).

2.2. Methods

All the experiments were realized in the air-conditioned laboratory at constant
temperature 25C = 1 °C and relative humidity 30 £ 5%.

2.2.1. Basic characteristics

The bulk density py, (kg m~3), open porosity i (% m®> m~3), saturation moisture
content Wy, yac (kg m~2), and matrix density pmac (kg m~>) were determined using
the water vacuum saturation method [29]. The experiments were done on six cubic
samples of side 50 mm. The capillary saturation moisture content W,cap (kg m3)
was measured on six cubic samples of side 100 mm which were submerged under
water for 48 h. The matrix density and open porosity was determined by the helium
pycnometry as well, for the purpose of comparison. The measurements were per-
formed by Pycnomatic ATC equipment (Porotec, Germany).

The compressive strength was measured according to CSN EN 679. Character-
ization of the pore structure was done by mercury intrusion porosimetry (MIP).
The experiments were carried out using the instruments Pascal 140 and 440 (Ther-
mo Scientific).

2.2.2. Hygric properties

The water absorption coefficient A (kg m~2 s~'/2) was measured using an exper-
imental setup with automatic data acquisition [30]. In order to test the isotropy of
analyzed materials, the measurements were done for two sets of three cubic sam-
ples of side 50 mm which were cut from the original AAC blocks in two directions; A
was along the block (within the plane of the wall) and B across the block (across the
wall). The apparent moisture diffusivity x,pp (m?s~') was calculated using the data
for water absorption coefficient and vacuum saturation moisture content according
to the basic formula given in [31].

The moisture diffusivity x (m?s~!) as a function of moisture content w
(m®m~3) was determined by an inverse analysis of moisture profiles measured
by a capacitance method [32]. The measurement was done in horizontal position
on three rectangular prismatic specimens with the dimensions of
20 mm x 40 mm x 300 mm. The experimental moisture profiles were approxi-
mated by the linear filtration method with Gaussian weights [33] and the moisture
diffusivity calculated in dependence on moisture content using the Boltzmann-
Matano method [34].

The dry cup and wet-cup methods were employed in the measurement of water
vapor transport properties [29]. The experiments were done for two sets of three
cylindrical samples with the diameter of 100 mm and height of 20 mm which were
cut from the original AAC blocks in two directions A, B in the same way as in the
measurement of water absorption coefficient. The water vapor diffusion permeabil-
ity o (s), water vapor diffusion coefficient D (m?s~!) and water vapor diffusion
resistance factor u (-) were the investigated parameters.

Water adsorption isotherms were measured using the desiccators’ method [29].
Three specimens with the dimensions of 40 mm x 40 mm x 10 mm were used.
Water retention curves were determined using the results of porosimetric measure-
ments according to the method described in [35].

2.2.3. Thermal properties

The thermal conductivity 2 (W m~! K~') and specific heat capacity c (J kg~' K™')
were measured using the commercial device Isomet 2104 (Applied Precision, Ltd.).
Isomet 2104 is equipped with various types of optional probes, needle probes are
for porous, fibrous or soft materials, and surface probes are suitable for hard mate-
rials. The measurement is based on the analysis of the temperature response of the
analyzed material to heat flow impulses. The heat flow is induced by electrical heat-
ing using a resistor heater having a direct thermal contact with the surface of the
sample. The measurements of thermal conductivity at room temperature were
done in dependence on moisture content by mass u (kg kg~ !). Thermal conductivity
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of dry specimens was also measured as a function of temperature from 2 °C to 40 °C.
The specific heat capacity was measured in the dry state only. Its dependence on
moisture content was determined using the linear theory of mixtures (the specific
heat capacity as a heat storage parameter is an additive quantity) according to the
equation.

Cary + Cwll
Cweelt) ===

M

where u is the moisture content by mass, cqry the specific heat capacity in dry state,
cy the specific heat capacity of water. Three cubic samples of side 100 mm were used
for each moisture content and temperature.

2.2.4. Durability properties

The basic freeze resistance tests were done according to CSN EN 15304. 12 cubic
samples (6 for testing and 6 for reference) of side 100 mm were dried at first, then
submerged in water for 48 h and left for another 24 h in the laboratory in polyeth-
ylene bags for moisture content equilibration. The freeze resistance test consisted in
exposing always three samples to 25 and 50 freeze/thaw cycles; freezing was real-
ized for 8 h at —15 °C, thawing for 8 h at 20 °C. After the test, the mass of water sat-
urated samples was determined, samples were dried and their mass was measured
again. Freeze resistance was evaluated on the basis of the total amount of scaling
residue (mass loss) and compressive strength.

The standard test described above is only partially suitable for making compu-
tational service life estimates of building envelopes as the materials involved are
only rarely in fully water saturated state [36,37]. Therefore, extended tests of freeze
resistance were done as well where the samples in the beginning of the experiment
were in the dry state and in the state with the equilibrated moisture content of 10%
by volume. In this case, the samples remained in polyethylene bags during the
whole time of their exposure to freeze/thaw cycles to ensure constant moisture
content. Otherwise, the conditions of the test were the same as in CSN EN 15304.

3. Results and discussion
3.1. Basic characteristics

The bulk densities measured by water vacuum saturation meth-
od (Table 1) agreed with the marks of the particular AAC materials
within 4%. This was acceptable, taking into account the supposed
nonhomogeneity of AAC. The open porosities determined by water
vacuum saturation method (Table 1) and helium pycnometry (Ta-
ble 2) differed up to 3% which was a reasonable agreement. They
also decreased with increasing bulk density as expected. However,
the matrix densities measured by water vacuum saturation meth-
od and helium pycnometry (Tables 1 and 2) exhibited differences
in the range of 10-20%. The explanation can be found in the differ-
ent character of both methods. While water in the vacuum satura-
tion method penetrates into evacuated samples, helium in the
pycnometric method intrudes into the samples under a pressure
of 0.21 MPa. In water vacuum saturation method rectangular sam-
ples having a volume of 125 cm? are used, in helium pycnometry
powder samples of about 20-30 cm® are analyzed. On the other

Table 1

Basic characteristics measured by water vacuum saturation method.
Material Saturation moisture Matrix Open Bulk

content (kg m—3) density porosity density
(kgm?) (%m’m?®) (kgm)

P1.8-300 873 2451 87.4 304
P2-350 818 2048 81.9 363
P4-500 802 2527 80.2 500

Table 2
Basic characteristics measured by other methods.

Table 3
Global characteristics of the pore space measured by mercury intrusion porosimetry.

Material Total pore volume Porosity (pores under 100 pum)
(em’g™) (%m’m?)

P1.8-300 0.8229 24.7

P2-350 0.7575 22.7

P4-500 0.2825 14.1

hand, the results obtained by these two methods for concrete in
previous measurements [38] agreed very well, within 2%. The ob-
served differences in matrix density in the case of AAC may be
attributed to a possible imperfect evacuation of its complex pore
structure at the water vacuum saturation measurement. For fine-
grained materials with complex pore structure the helium pyc-
nometry should give more precise values of matrix density than
the water vacuum saturation method despite the smaller size of
the specimens because the small helium molecules can enter even
the smallest pores of the crushed samples.

The measured compressive strengths (Table 2) were 10-15%
higher than the marks specified by the manufacturer. This was
quite a satisfactory result.

The capillary saturation moisture content (Table 2) of all stud-
ied AAC was more than two times lower than the vacuum satura-
tion moisture content (Table 1). Such differences in saturation
moisture content under vacuum and in the conditions of capillary
water uptake were observed already before for other materials
[29,39]. They were usually caused by trapping of air in dead-end
pores at capillary water uptake which was also the supposed rea-
son in the case of AAC analyzed in this paper.

The porosity determined by MIP (Table 3) was three to six times
lower than the total open porosity measured by the water vacuum
saturation method (Table 1). As MIP can only identify pores under
100 pm, the difference can be attributed to the pores of higher ra-
dii. This opinion is supported by the SEM analysis in [23] which re-
vealed for similar AAC of the same manufacturer an unusual micro/
macro-structure, which comprised a fine pored matrix within
which were dispersed large aeration pores formed by foaming
the wet slurry.

The pore size distribution of P1.8-300 and P2-350 was similar
(Fig. 1). Two main peaks at about 20 nm and 200 nm could be ob-
served, the first one being more distinct for P1.8-300, the second
for P2-350. The material P4-500 had two to three times lower
amount of pores in the whole range of 3-100 um. The maxima
were in a similar range of radii as in the case of other two AAC
although they were not so pronounced.

3.2. Hygric properties

The water absorption coefficient and apparent moisture diffu-
sivity (Tables 4a and 4b) increased with increasing bulk density
(and decreasing porosity) which was an unexpected behavior.
The explanation may be found in the highest volume of large pores
above 100 pum in P4-500 which can be estimated as the difference

Material Capillary saturation Compressive Matrix density Open porosity
moisture content (kg m~>3) strength (MPa) (helium pycnometry) (helium pycnometry)
(kgm~3) (%m>m™3)
P1.8-300 356 2.05 2034 85.1
P2-350 385 2.24 2228 83.7
P4-500 389 4.6 2229 77.6
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Fig. 1. Pore size distribution.

Table 4a
Liquid water transport parameters - direction A.

Material ~ Water Apparent moisture Apparent moisture
absorption diffusivity (calculated diffusivity (calculated
coefficient using Weaevac) (M?s™')  using Wsag.cap) (M?s™1)
(kg m 2 s 1/2)

P1.8-300 0.028 1.03 x 107° 6.19 x 107°

P2-350 0.032 1.53 x 107° 6.91 x 107°

P4-500 0.044 3.01x10°° 1.28 x 1078

Table 4b
Liquid water transport parameters - direction B.

Material Water Apparent moisture Apparent moisture
absorption diffusivity (calculated diffusivity (calculated
coefficient using Wsagyac) using Waa.cap)

(kgm ZS 1/2) (I‘l’lZS 1) (I‘l’lZS 1)

P1.8-300  0.030 1.18 x 107° 7.10 x 107°

P2-350 0.031 1.44 x 107° 6.48 x 107°

P4-500 0.044 3.01 x 10°° 1.28 x 1078

between capillary moisture content and pore volume determined
by MIP (Tables 2 and 3).

The differences of water absorption coefficients in two principal
directions (across and along the block) were for all three AAC with-
in the error range of the measuring method. Therefore, the ana-
lyzed materials could be considered isotropic from the point of
view of liquid water transport.

The moisture diffusivity x of all AAC materials increased fast
with increasing moisture content w (Fig. 2), the differences in x
for the lowest and highest moisture contents were approximately
one order of magnitude. The x(w) function of P4-500 was lowest
over the whole moisture range studied. This was in a qualitative
agreement with the pore size distribution measurements (Fig. 1);
P4-500 had in the range of 10 nm-1 pm substantially lower pore
volume than other two materials. For moisture contents higher
than ~0.15 m3/m> the moisture diffusivity of P2-350 was up to
three times higher as compared to other two AAC. This corre-
sponded with the highest pore volume in the range of 200-
600 nm observed for P2-350 (Fig. 1).

It should be noted that the moisture dependent moisture diffu-
sivity in Fig. 2 was as much as one to two orders of magnitude
higher than the apparent moisture diffusivity in Tables 4a and
4b. This difference was too great to be attributed solely to the over-
all higher quality of the method involving inverse analysis of mois-
ture profiles (it is capable of providing the x(w) function contrary
to the sorptivity method which works with an assumption of

1.00E-05
) —— P4-500
o~

E —a— P1.8-300

2 1.00E-06 - P2 -350
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Fig. 2. Moisture diffusivity as a function of moisture content.

constant k). The effect of gravity was a factor that could also play
an important role. The sorptivity experiment was performed in
vertical position while the measurement of moisture profiles was
done in horizontal position. In the unusual micro/macro-structure
of AAC, which was observed in [23] and confirmed by the measure-
ment of basic physical parameters in this paper, the fine pores of
the matrix made good prerequisites for capillary transport but
the aeration pores which are known even not to be interconnected
during the capillary transport exhibited only weak capillary suc-
tion. In the vertical orientation of the sorptivity experiment the
gravity force slowed down the water transport in aeration pores
which decreased the calculated apparent moisture diffusivity. Yet
another factor was the value of saturation moisture content used
for the calculation of apparent moisture diffusivity rc,pp. In this pa-
per the water vacuum saturation moisture content We,yac Was uti-
lized as it was common in previous studies [31]. However, the
observed high differences in saturation moisture content under
vacuum and in the conditions of capillary water uptake (Tables 1
and 2) may advice against this choice; the sorptivity experiment
uses a free water uptake setup. If the capillary saturation moisture
content Wi, cap (Table 2) was used for the calculation of K,pp, its
values were four to six times higher than using wgaeyac (Tables 4a
and 4b).

The fastest water vapor transport was observed for P1.8-300 in
both wet-cup and dry-cup arrangements (Tables 5a and 5b) which
was in accordance with its highest porosity (Table 1). However, the
water vapor diffusion permeability of P4-500 was higher than P2-
350 despite its lower open porosity. Similarly as in the case of li-
quid water transport this could be explained by the higher volume
of pores with the radii above 100 pm in P4-500 (Tables 1 and 3). In
this type of pores the water vapor transport was faster than in
smaller pores due to the relatively lower importance of the friction
on pore walls. Any pronounced anisotropy in water vapor transport
was not observed for all three studied AAC. The differences in
water vapor diffusion permeabilities in two directions A, B were
either within or on the edge of the error range of the measuring
method.

The water vapor diffusion permeabilities 6 measured using the
wet-cup method were systematically higher than the correspond-
ing ¢ values acquired in the dry cup method. The apparent reason
for this finding was that the water vapor transport parameters
measured in the wet-cup setup partially include also hydrody-
namic transport of capillary condensed water in the pore system,
besides the bulk water vapor diffusion.

The water vapor adsorption capability of P1.8-300 was highest
in the range of low relative humidity but for higher relative humid-
ity the highest moisture content was observed for P2-350 (Fig. 3).
This was in accordance with the pore size distribution measure-
ments (Fig. 1). P1.8-300 had the highest amount of pores in the
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Table 5a
Water vapor transport parameters in the dry-cup arrangement (5-50%).
Material Direction A Direction B
Water vapor diffusion Water vapor diffusion Water vapor diffusion Water vapor diffusion ~Water vapor diffusion Water vapor diffusion
permeability (s) coefficient (m?s™1) resistance factor (-) permeability (s) coefficient (m?s™') resistance factor (-)
P1.8-300 24 x 107" 33x10°¢ 72 24 %10 M 34x10°¢ 7.1
P2-350 112 x 107" 1.52 x 1076 15.3 141 x 107" 1.93 x 1076 12.0
P4-500 1.7 x 1071 23 %1076 10.2 1.9 x 1071 2.6 x1076 9.7
Table 5b
Water vapor transport parameters in the wet-cup arrangement (97-50%).
Material Direction A Direction B
Water vapor diffusion Water vapor diffusion Water vapor diffusion Water vapor diffusion ~Water vapor diffusion Water vapor diffusion
permeability (s) coefficient (m?s™1) resistance factor (-) permeability (s) coefficient (m?s™1!) resistance factor (-)
P1.8-300 592 x 107! 8.14x10°° 2.9 9.75 x 10~ 134 x107° 22
P2-350 5.64 x 107" 7.69 x 10°° 3.0 512 x 107" 6.98 x 10°° 33
P4-500 5.91 x 107" 813 x 10°° 2.9 5.58 x 107" 7.68 x 107° 3.1
0.07 - P2.350 in a limited extent only because for some parameters the available
T 0061 e p15-300 data was very sparse .if any. .
D o0s] —aPas00 The water absorption coefficient A was the most often studied
= hygric parameter. However, the obtained results differed even for
S 0.04 seemingly very similar types of AAC. For instance, for AAC with
§ 003 ] 450 kg/m> (Ytong-DK) A =0.045kg m 25 "2 was obtained [23]
o (which was roughly the same as P4-500 in this paper) while for
2 002 Ytong-CZ with the same bulk density of 450kg/m?
S o1 A=0.168 kgm2s~'/2 was found [30]. This indicated remarkable
differences in AAC production process even in the factories of the
0 0 20 0 60 80 100 same manufacturer located in different countries. The manufactur-
Relative humidity [%] ing details were, however, obviously not accessible to anybody
outside the company so that it was not possible to assess the dif-
Fig. 3. Adsorption isotherms. ferences in an analytic way.
For the moisture diffusivity of AAC given as a function of mois-
ture content x(u) only two references were found in the WoS data-
09 base [21,40]. In [21] the author determined x(u) of AAC with the
bulk density of 500 kg/m? in a series of absorption tests and ob-
S P2-3%0 tained xK~2x10¥m?s~! for lowest moisture contents and
S P1.8-300 k~1x10"°m?s~! for highest moisture contents, i.e., values al-
"E 06 | most one order of magnitude higher compared to P4-500. The
e —— P4-500 x(u) function measured in [40] for AAC with the bulk density of
g 089 450 kg/m> ranged from 23 x10°m?s™!' to 1.2 x 107" m?s7},
S 041 i.e., for lower moisture contents it was about four times lower
g 03 ] compared to P4-500 but for higher moisture contents very similar.
5 It should be noted that x(u) functions may be available in some
2 02 other databases as well because many researchers dealt with that
01 parameter in the past. However, such databases are often difficult
to access. Therefore, we confined ourselves to a comparison within
1(.)E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1.E+08 the standard WoS database only.

Capillary pressure [Pa]

Fig. 4. Water retention curves.

range of smallest pores, thus also the highest specific pore surface
area which was responsible for the highest water vapor adsorption.
The moisture content of P4-500 decreased with capillary pressure
very quickly (Fig. 4) which reflected its highest pore volume above
100 pm (Tables 1 and 3). The highest moisture content for lower
capillary pressures exhibited P2-350.

Comparison of hygric properties of AAC determined in this pa-
per with the results presented by other investigators could be done

The water vapor adsorption isotherm of AAC with 480 kg/m>
presented in [24] was similar in shape to P4-500 in this paper
but the amount of adsorbed water was 20-50% higher in the ana-
lyzed range of relative humidity.

Table 6
Thermal conductivity as a function of temperature (W m~1K1).

Material 2°C 10°C 15°C 25°C 30°C 40°C

P1.8-300 0.0625 0.0700 0.0737 0.0802 0.0815 0.0938
P2-350 0.0802 0.0814 0.0837 0.0843 0.0856 0.0864
P4-500 0.0941 0.1060 0.1088 0.1218 0.1288 0.1438




M. Jerman et al./Construction and Building Materials 41 (2013) 352-359 357
Table 7
Comparison of measured parameters with manufacturer’s declarations.
Parameter P1.8-300 P2-350 P4-500
Measured Declared Measured Declared Measured Declared
p (kgm™3) 304 300 363 350 500 500
Ccary J kg ' K) 1080 1000 1160 1000 1050 1000
Jdry (W m 'K 0.0802 0.080 0.0843 0.085 0.1218 0.120
Hary cup (=) 7.1 10 13.6 10 10.0 10
Hwet-cup (=) 25 5 33 5 3.0 5
fe (MPa) 2.05 1.8 224 2.0 46 4.0
10 roughly within the error range of the measuring method so that
| the differences could be considered not very significant. The
0.9 y = 014141 2666 +P1.8-300 - ) )
0s | Rz 09174 P4.500 dependence of the specific heat capacity on moisture content by
071 2 p2350 mass can be calculated using Eq. (1) and the measured cq,y values

*
0.6

0.5 1
0.4 1

y =0.2811x + 0.0878
R2=0.972
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J y = 0.1049¢0-6911x
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Fig. 5. Thermal conductivity as a function of moisture content.

The data for water vapor diffusion resistance factor u given by
the manufacturer (Table 7) differed from the measured values in
the range of 30-50%. However, it should be noted that the manu-
facturer used only general data given in CSN EN 1745 and their u
values were the same for products with large differences (300-
500 kg/m?) in bulk density, thus not very reliable.

3.3. Thermal properties

The thermal conductivity 4 of analyzed AAC was for higher
moisture contents up to six times higher than in the dry state
(Fig. 5). This was very significant finding, in particular from the
point of view of practical applicability of / values included in var-
ious standards and material lists of manufacturers which are
mostly in the dry state only. The highest / in the whole range of
moisture content from dry state to capillary water saturation
exhibited P4-500, the lowest 4 had P1.8-300 which was in accor-
dance with the bulk density and pore size distribution (Table 1
and Fig. 1).

The dependence of thermal conductivity on temperature (Table
6) was far less important than its dependence on moisture content.
In the temperature range of 2-30 °C the lowest 4 exhibited P1.8-
300, the highest 4 had P4-500 which corresponded to their bulk
density (Table 1). At 40 °C, sudden increase of 1 was observed for
P1.8-300 and P4-500. This could be caused by the increased role
of radiation in larger pores above 100 pm.

The values of the specific heat capacity in dry state, cqy, differed
for the particular types of AAC only within 10% (Table 7) which was

Table 8a
Freeze resistance - 25 freeze/thaw cycles.

in Table 7.

The thermal conductivity in dry state /4,y was widely studied by
other investigators. For instance, in [4] Zqry=0.141 W/mK was
found for AAC with the bulk density of 500 kg/m>. This was 15%
higher than Aqr, of P4-500 in this paper. In [5] for AAC with
500 kg/m> Adary=0.12W/m K was obtained which was in a very
good agreement with Aqr of P4-500. The values of 4,y declared
by the manufacturer (Table 7) agreed with the measurements in
this paper within 1-2% which was excellent.

The measured specific heat capacity in dry state was for the
three studied AAC up to 20% higher than the data given by the
manufacturer (Table 7). However, similarly as in the case of water
vapor diffusion resistance factor also this data was only general
values taken from CSN EN 1745.

3.4. Durability properties

In the standard freeze/thaw resistance tests with capillary
water saturated samples the best performance from the point of
view of both mass loss and loss of compressive strength after 25
and 50 cycles exhibited P4-500 (Tables 8a and 8b) which corre-
lated with its highest compressive strength. The loss of mass of
only 1.5% and loss of compressive strength of 16.6% after 50
freeze/thaw cycles was quite satisfactory. The values obtained for
P1.8-300 and P2-350 were several times higher than for P4-500.
The observed loss of compressive strength which was as high as
46% meant that both P1.8-300 and P2-350 effectively lost their
load bearing function after 50 cycles. On the other hand, the loss
of compressive strength after 25 cycles was for all AAC in the range
of 5-12% which could still be considered acceptable. It should also
be noted that an exposure of AAC in a structure to 50 freeze/thaw
cycles in water saturated state is during their service life very
unlikely.

The extended freeze/thaw resistance tests showed that in dry
state all three AAC had an excellent resistance to freeze/thaw cy-
cles; the loss of both mass and compressive strength was negligible
(Tables 8a and 8b). If the initial moisture content in the samples
was 10% by volume, which was more likely to appear in a real
structure than full water saturation, the results for P4-500 and
P2-350 were similar. The mass loss of 4-5% and loss of compressive

Material ~ Dry samples Samples with 10% moisture content Capillary water saturated samples
Mass loss (%)  Loss of compressive strength (%) Mass loss (%) Loss of compressive strength (%) Mass loss (%) Loss of compressive strength (%)
P1.8-300 0 0 1.7 7.5 8.0 121
P2-350 0 0 0.53 4.5 10.1 8.1
P4-500 0 0 0.24 5.1 0.7 52
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Table 8b
Freeze resistance - 50 freeze/thaw cycles.

Material ~ Dry samples Samples with 10% moisture content Capillary water saturated samples

Mass loss (%)  Loss of compressive strength (%) Mass loss (%)

Loss of compressive strength (%) Mass loss (%) Loss of compressive strength (%)

P1.8-300 0.50 0.10 13 16.3 145 46.0

P2-350 036 0.03 14 6.3 235 45.7

P4-500  0.43 0.00 15 8.0 15 16.6
strength of 6-8% after 50 cycles was acceptable. P1.8-300 achieved e The freeze/thaw resistance increased with compressive
worse results than the other two AAC but 16% loss of compressive strength of AAC. In the standard test with capillary saturated
strength after 50 cycles was still relatively good, taking into ac- samples the loss of mass and compressive strength after
count the compressive strength value in dry state (Table 2). 25 cycles was acceptable for all studied AAC but for 50 cycles

The obtained results were in a qualitative agreement with the only the material with the compressive strength of 4 MPa per-
findings presented in [41] where cellular concretes with bulk den- formed satisfactorily. In the extended tests with samples which
sity in the range of 500-600 kg/m> and compressive strength be- were initially dry or contained 10% of water the freeze/thaw
tween 1 MPa and 2 MPa provided good freeze/thaw resistance if resistance was tolerable for all materials, i.e., in the range of
the initial moisture content was less than 16%. compressive strength of 1.8-4 MPa.
4. Conclusions

Acknowledgement

Three autoclaved aerated concretes of the same manufacturer,
with the bulk density of 300-500 kg/m> and compressive strength
of 1.8-4 MPa, were studied. The main results achieved at the inves-
tigation of their basic physical characteristics, hygric, thermal and
durability properties can be summarized as follows:

e The analyzed AAC exhibited high liquid water transport capabil-
ity which was comparable for instance with ceramic brick. The
dependence of moisture diffusivity on moisture content was
remarkable. For high moisture content it was as much as one
order of magnitude greater than for the lowest moisture
content.

The water vapor was transported very quickly in the investi-
gated AAC. The water vapor permeability coefficient was for
high relative humidity up to five times higher than for low rel-
ative humidity.

All three AAC products were found isotropic from the point of
view of water and water vapor transport.

The moisture storage capability of analyzed AAC was relatively
high which made possible their utilization as moisture buffer-
ing layers in building envelopes.

Any palpable correlation of water- and water vapor transport
and storage properties with the bulk density in the range of
300-500 kg/m> was not manifested in the experimental results.
The apparent reason was using specific additives and technol-
ogy adjustments by the manufacturer which, however, could
not be exactly identified due to the lack of necessary details
on the production process.

The thermal conductivity in dry state was in a good correlation
with the bulk density in the range of 300-500 kg/m?>. This indi-
cated that the manufacturers probably achieved their current
limits in the homogenization of the pore structure of their
products.

The thermal conductivity increased with moisture content up to
six times compared with the dry state. This was very significant
finding, in particular from the point of view of practical applica-
bility of thermal conductivity values included in various stan-
dards and material lists of manufacturers which are mostly in
the dry state only.

The dependence of thermal conductivity on temperature was
less pronounced than on moisture content. In the temperature
range of 2-40 °C its increase was up to 50% only. However, for
hygrothermal calculations this difference may also be very
important.
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For two materials to form a structure, they must be compatible with each other. In
addition to chemical compatibility, physical properties must also be considered. If the
two bonded materials have different moisture content coefficients, the change in
moisture content would cause mutual stresses and subsequent cracking of the structure.
In this paper, the longitudinal moisture expansion coefficient is measured beyond
current standards from zero moisture to a fully water-saturated state. The test bodies
are subjected to a total of five wetting and drying cycles under isothermal conditions.
Length changes are monitored during each cycle. In addition, the microstructure of the
material is studied, and chemical changes and changes in the pore distribution curve are

monitored.

Contribution to practical use: The greatest contribution of the paper is the finding that

the greatest length changes take place at humidities close to zero, i.e., in the region
outside the standard range. Neglecting this fact can lead, in some cases, to shrinkage

cracks and defects in facades.

A further benefit is the finding that the largest length changes take place immediately
after the first cycle, with further length changes during cyclic wetting and drying being
smaller, which can be crucial for the material's practical use. Based on the results of the
coefficient of longitudinal moisture expansion of the plasters studied, manufacturers can
make an educated guess as to whether a given plaster is compatible with their

construction materials.
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ARTICLE INFO ABSTRACT

Keywords: Plasters as surface layers of building structures are often exposed to cyclic wetting and drying during their

Lime plasters service life. In this paper, the impact of cyclic wetting and drying on microstructure, composition, and length

Wetting changes of lime-based plasters is investigated using mercury intrusion porosimetry, optical microscopy, quali-

Drying tative and quantitative X-ray diffraction analysis, simultaneous thermal analysis, and contact dilatometry. Lime-

Microstructure . : A . . .

p it cement- and lime-metakaolin plasters as typical representatives of this group are saturated by water at first and
omposition

then subjected to five consecutive drying-wetting cycles. Hydration processes, together with carbonation and
possible partial dissolution of portlandite and calcite after immersion of samples in water, are identified as the
most important reactions affecting the microstructure and composition of the lime-cement plaster, while for the
lime-metakaolin plaster the pozzolanic reaction resulting in monocarbonate production, together with possible
portlandite and calcite dissolution, are probably the most significant factors. The measurements of hygric strain
show that the wetting-drying process is near-reversible since the beginning of the second cycle, whereas ca-
pillary pressure is the dominant shrinkage/swelling mechanism.

Length changes

1. Introduction

According to the standards, most parameters of lime- and cement-
based materials are determined for 28-days old samples. However,
these parameters may be changed over time, which can be caused ei-
ther by microstructural changes induced by hydration, carbonation and
pozzolanic reactions, or by external factors.

Hydration processes and pozzolanic reactions in concrete and
mortars can be considered as beneficial over a long time horizon. The
increase of compressive strength of ternary cement-based composites
over time has been observed by many researchers [1-4]. The strength
development of new cementitious materials without Portland cement,
such as carbide lime and fly ash, has been recently discussed as well [5].
The application of burnt clay shale [6] or metakaolin [7] as pozzolan
additions to lime mortars can present another positive example of the
improvement of compressive strength over time. In most cases, the
increase of compressive strength was related to a reduction of porosity,
which was for cement-based materials described long time ago by
Powers [8].

The variation of external conditions can contribute to changes in

* Corresponding author.
E-mail address: cernyr@fsv.cvut.cz (R. Cern}’/).

https://doi.org/10.1016/j.cemconcomp.2019.103411

properties of lime- and cement-based materials in a less straightforward
way. El-Turki et al. [9] observed that the cyclic regime of wetting and
drying encouraged hydration and consequently caused an increase in
strength of lime mortars during the initial 28 days. However, the
magnitude of this effect depended on many factors, such as the mix
design, number of cycles, and the age of mortar. On the other hand, Wu
et al. [10] reported an increase of porosity of concrete after cyclic
wetting and drying. Besides the relative humidity changes, they also
studied the effect of temperature during drying. More intensively dried
samples (50 °C and 105 °C) showed higher gaseous transport properties
than gently step-wise dried samples (21 °C). The external factors, such
as humidity, temperature, and carbon dioxide concentration can affect
significantly also the rate of carbonation [9,11]. The process of carbo-
nation is complex; it requires carbon dioxide to be dissolved in water
before the reaction can be developed [12]. Adequate relative humidity
conditions in the range of 40%-80% must be maintained [13,14];
ideally with moderate temperatures [12]. Therefore, when cyclic
drying and wetting occurs, it can lead to acceleration of carbonation
[15], resulting in microstructural changes of lime- and cement-based
materials. Carbonation under cyclic drying and wetting conditions can
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be also accelerated by chloride penetration [16].

Hygric and thermal expansion/shrinkage characteristics of lime-
and cement-based composites making possible to determine their
length changes in building structures were studied frequently over the
last several decades [10,17-22]. However, the investigations in the
conditions of cyclic wetting and drying were very rare. The measure-
ment of length changes of autoclaved aerated concrete reported in [23]
can be mentioned as one of the very few exceptions in that respect. A
more considerable attention has been paid to the compatibility of ad-
jacent layers in multi-layered building structures. Giiney and Caner
[24] measured thermal and hygric expansion characteristics of mortars
and bricks. They found homogeneity of the construction and coherent
behavior of materials constituting a structure in ambient conditions
crucial for the structural stability and long term durability. The im-
portance of the effect of volume changes resulting from wetting and
drying processes and temperature variations was demonstrated also by
computational analyses of different concrete structures [25,26].
Cracking of plasters and their detachment from the underlying load
bearing materials was observed, which was caused by asymmetric
moisture loss during drying and development of tensile stresses.

In this study, the impact of cyclic wetting and drying on micro-
structure, composition, and length changes of lime-cement- and lime-
metakaolin plasters is investigated. The main contribution of the paper
to the current state of knowledge is the determination of hygric strain
and linear hygric expansion/shrinkage coefficient of lime-based plasters
in dependence on the moisture content in both hygroscopic and over-
hygroscopic range and on the number of previous wetting-drying cy-
cles. For lime-based plasters, which are commonly exposed to varying
climatic conditions, a detailed knowledge of cyclic changes of hygric
strain is essential for a proper understanding of their long-term beha-
vior in building structures. The availability of hygromechanical para-
meters of plasters in dependence on moisture content and wetting and
drying cycles can affect positively the assessment of possible cumulative
damage. In particular, their application as input data of computational
damage models can increase the accuracy of service life prediction
analyses, as compared with the use of commonly available hygric ex-
pansion/shrinkage data.

2. Experimental
2.1. Materials and mix design

The lime-cement plaster (LC) was a commercial product available
on the Czech market as a dry mixture of lime, white cement, and ag-
gregates specified by the producer as plaster sand. The recommended
water/dry substances ratio of 0.24 was used. The lime-metakaolin
plaster (LM) was mixed according to [7] where it was, among the
analyzed non-commercial lime-metakaolin plasters, identified as the
best in terms of mechanical, fracture-mechanical, hydric, thermal, and
durability properties. It had the following composition: 2.08 kg of lime,
7.5kg of quartz, and 0.42 kg of metakaolin, the water/dry substances
ratio was 0.223.

The chemical composition of LC dry mixture, lime, and metakaolin
was determined by the high resolution X-ray fluorescence method. A
Thermo ARL 9400 XP device was used, data evaluation was done by the
standard-less software UniQuant 4. The results are summarized in
Table 1.

The mineralogical composition of the raw powders was determined
using the XRD method. It was found that lime contained mainly por-
tlandite (95.3wt%) and calcite (4.7 wt%), metakaolin consisted of
76.1 wt% of amorphous phase, 10.9 wt% of kaolinite, 4.0 wt% of mul-
lite, 2.7 wt% of cristobalite, 2.5 wt% of quartz, 2.0 wt% of illite, and
1.8 wt% of anatase. The commercial LC dry mixture contained 13.8 wt
% of C3S, 2.9 wt% of C4AF, 2.5wt% of C,S, and 2.0 wt% of CsA, in-
dicating that the amount of the white cement was 21.2 wt% of the dry
mixture. The lime content was lower, as only 6.6 wt% of portlandite
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Table 1

Chemical composition of raw materials (in wt.%).
Material LC dry mixture Lime Metakaolin
SiOy 13.30 - 58.70
Al,03 3.40 - 38.50
Fe,03 0.60 - 0.72
CaOo 78.40 97.40 0.20
MgO 1.50 0.60 0.38
K,0 0.40 - 0.85
NaO 0.30 - 0.50
SO; 1.70 0.13 -

was found. Quartz and muscovite were the main aggregate components.
The mix contained also 19.6 wt% of calcite which was partially in-
volved in lime but its major part was apparently used in the form of fine
aggregates. Anorthite, albite, chlorite, and traces of basanite were de-
tected as minor compounds.

2.2. Curing and conditioning

The samples were prepared in 40 X 40 X 160 mm molds. After two
days they were demolded and stored for another 26 days in a climatic
chamber with the relative humidity of 80%.

After reaching 28 days of age, the cyclic wetting and drying process
was started by full immersion of samples in water for 48-72h. Then,
they were put in airtight bags and placed into a climatic chamber set to
25 °C for another 48-72 h to achieve thermal equilibrium. At this point,
where the studied samples reached the overhygroscopic range of
moisture, some initial measurements were done, in accordance with the
applied methods (e.g., length changes, initial mass). This procedure of
saturation and consecutive placing of samples into the climatic chamber
was repeated several times in order to obtain a sufficient number of
length measurements for the overhygroscopic range.

In the next step, the conditioning in the hygroscopic range was
started. The samples were put into a climatic chamber with constant
relative humidity of 80% and temperature of 25 °C. They were left in
the chamber until they achieved the constant mass; in other words,
until they were in hygric equilibrium with the chamber environment.
After finishing all corresponding measurements at this stage, the sam-
ples were put back in the climatic chamber.

The relative humidity was gradually decreased, representing step-
wise drying at 25°C from 80% to 50%, 30%, and 5% (for the
achievement of the last relative humidity value, an application of silica
gel was necessary). Similarly, to the previous stage, the samples were
always left in the climatic chamber until hygric equilibrium with the
chamber environment was reached. The moisture equilibration process
took three to four weeks for every relative humidity value.

In total, the whole wetting and drying procedure was repeated five
times. Finally, the specimens were dried at 105 °C in an oven and then
cooled at 25°C in a desiccator containing silica gel. The conditioning
regime is summarized in Fig. 1.

2.3. Methods

2.3.1. Microstructure

Microstructural changes of studied plasters were analyzed using
mercury intrusion porosimetry (MIP) and optical microscopy (OM).
Pore size distribution curves were measured by Pascal 140 and 440
(Thermo Scientific) devices, having the ability to determine the amount
of pores with a radius greater than 0.003 um and lesser than 100 um.
The surface tension of mercury was assumed 480 mN/m, with a contact
angle 130°. All measurements were done on homogenous samples
having a mass of ~1 g. Optical microscope images of sample surfaces
were obtained using a Carl Zeiss Axio Zoom.V16 device. Samples did
not need to be specially prepared before observing (dried, polished,
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Fig. 1. Scheme of wetting and drying cycles.

etc.). The microscope allowed individual shots composition of ex-
amined samples which resulted in a high depth of field and a good
resolution of the final image.

2.3.2. Composition

The changes in composition of the analyzed materials were de-
termined by qualitative and quantitative X-ray diffraction (XRD) ana-
lysis, differential scanning calorimetry (DSC), and thermogravimetry
(TG).

X-ray diffraction patterns were collected using a PANalytical X'Pert
PRO diffractometer equipped with a conventional X-ray tube (Cu K,
radiation, 40 kV, 30 mA, line focus) and a linear position sensitive de-
tector PIXCel with an anti-scatter shield. X-ray patterns were measured
in the range from 5 to 90° 2 © with step of 0.013° and 600 s counting
per step, which produced a scan of about 4h 20 min. A conventional
Bragg-Brentano geometry with 0.04 rad Soller slit, 0.25° divergence slit,
and 15mm mask in the incident beam, 0.5 anti-scatter slit, 0.04 rad
Soller slit and Ni beta-filter in the diffracted beam was used. XRD
patterns were not pre-treated before interpretation as no background
correction was needed.

The qualitative XRD analysis was performed with the HighScorePlus
software package (PANalytical, The Netherlands, version 4.7.0) and
JCPDS PDF-4 database [27]. For the quantitative analysis of XRD pat-
terns, the Profex/BGMN software package was used with structural
models based on ICSD database [28,29]. This software tool permits to
estimate the mass fractions of crystalline phases by means of Rietveld
refinement procedure. The degree of crystallinity was calculated also by
the Diffrac-Plus Topas program.

DSC and TG analyses were performed simultaneously using a Labsys
Evo (Setaram) instrument. Before the analyses, all studied materials
were dried to the constant mass. Specimens for the analysis were taken
from the central region of the materials and were ground by hand in a
porcelain mill. A 50 + 1 mg powder sample of each studied material
was then placed into an alumina crucible with a volume of 100 mm?.
All experiments were done in the temperature range from 25 to 1000 °C
with a heating rate of 5°C/min in an argon atmosphere (40 mL/min).
As blank curves, the data from the second measurement of the same
material under identical conditions was used. Therefore, any reversible
processes that took place in the studied material, such as a to f
transformation of quartz, could not be registered by the simultaneous
analysis.
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2.3.3. Length changes

The linear hygric expansion coefficient was determined in ac-
cordance with the general requirements of the European standard CSN
EN 13009 [30]. Three 40 X 40 X 160 mm specimens were used in the
experiments. The length changes were determined using a contact di-
latometer provided with an electronic dial indicator ( + 1 pm accuracy)
and a standard. The specimens had square gauge plugs glued on both
face sides to facilitate the measurement.

At first, the reference lengths of the samples, Ls, which corre-
sponded to the state of capillary water saturation (see Section 2.2), and
the reference length of the standard, L., were measured by a slide
gauge with an accuracy of = 10 um. The initial readings on dial in-
dicators for both the measured samples and the standard, Ls o and Lye,o,
respectively, and the initial mass, mg,, of the samples were recorded as
well.

Then, after the achievement of every particular state of hygric
equilibrium (see Section 2.2 for details), always the mass of the sam-
ples, m;, was determined, and another readings on the dial indicators
corresponding to the length changes of the samples and the standard,
Lg; and L., respectively, were taken. Each sample was measured three
times, and the average of the measured values was used for calculations
of the hygric strain, ¢,,; [m/m], as follows:

- (LS,O - LS,i) - (Lref,O - Lref,i)
w,i Lg : (€8]

After finishing the measurement for the lowest chosen value of re-
lative humidity in the chamber and the following “chemical” drying
process (using silica gel), the mass of the samples, m,, and the length
readings Lg, and L., at the end of the first cycle were determined.

The experiments in the subsequent four cycles were done in exactly
the same way as in the first cycle, starting with the capillary water
saturated state and finishing with the “chemical” dry state.

Finally, after carrying out oven drying of the samples at 105 °C and
their consequent cooling at 25 °C in a desiccator containing silica gel
(see Section 2.2), the mass of the samples in the “thermal” dry state, mg,
and the respective length readings, Ls 4 and L,s4, wWere recorded.

The moisture content by mass, u;, [kg/kg] corresponding to each
ew,i value calculated using Eq. (1) was determined according to the
formula

m; — my

mg—Mplug 2

uj =

where my,g is the mass of the gauge plugs, and then recalculated to the
moisture content by volume w; [m3/m°] as

P
1
Py &)

where pq is the bulk density of the material and p,, the density of water.
In this way, a function &, (w) defined by the set of points [w;, ey i] was
determined for every wetting-drying cycle. The corresponding linear
hygric expansion coefficient as a function of moisture content, a,,(w)
[(m®/m®) '], which already presents a parameter directly applicable in
the hygromechanical computer simulation tools, was calculated as
dey, (W)
wlw) == @
It should be noted that the linear hygric expansion coefficient was
considered as a function of moisture content only. The other possible
factors, such as the effect of carbonation, were not analyzed separately;
they were included, in fact, into the a,,(w) function.

wi=u

3. Results
3.1. Microstructure

Fig. 2 shows that for the LC plaster the application of wetting-drying
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Fig. 2. Pore size distribution of lime-cement plaster LC in the reference state
and after five cycles.

cycles led to the development of larger pores. While for the reference
samples the main peaks were observed in the area between 0.9 and
3.8 um, for the samples after the last cycle the main peak was moved to
14 um. The most important difference between unexposed material and
material exposed to five cycles was observed in the range of 10-100 pm.
The total porosity of LC samples in the reference state, as determined by
MIP, was 44%, after five cycles it increased to 52%. The obtained re-
sults were in a good agreement with [10], where also an increase of
porosity of concrete after cyclic drying and wetting was observed.
The OM images of LC (Fig. 3) confirmed a higher volume of coarser
pores. Fig. 3d shows, that these coarser pores were partially filled with
calcium carbonate (calcite, CaCO3). Contrary to the MIP measurements,
OM detected open pores with a diameter of 100 um and higher on the
surface of studied samples. Apparently, the quantitative disagreement
between these two methods was caused by the limitations of the Pascal
140 device (detectable diameter of pores was 116-3.8 um [31]), which
could not detect larger pores close to 100 um with a sufficient accuracy.

Cement and Concrete Composites 104 (2019) 103411

0.025
——LM (0-C)
0020 | T TIMGO A
£
S
9 A
£ 0015 ]
- I
; i) \
[0} 1
g 0010 ; :
= 1
\

S 0.005 pag = J :
Q Vd N A
.E} ~) \r -~ Ny~

0.000 -- —

0.001 0.01 0.1 1 10 100

Pore diameter [pum]

Fig. 4. Pore size distribution of lime-metakaolin plaster LM in the reference
state and after five cycles.

The “ink-bottle effect” [32], which leads to an overestimation of
smaller pores and an underestimation of larger pores could also play a
role in that respect.

Contrary to the LC plaster, the LM plaster exhibited finer pore size
distribution curves after being exposed to cyclic wetting and drying
(Fig. 4). The maximal peak was found at 0.9 um for reference samples
but it was moved to 0.4 um after cycling. The amount of pores within
the 0.01-0.1 um range increased significantly after cycling. The total
porosity in the initial state found by MIP was 34% and decreased to
31% after the last cycle.

The OM images confirmed a finer pore structure of LM samples after
five wetting-drying cycles, as compared with the reference state
(Fig. 5), but they showed also an appearance of cracks several pym wide
and several tens of pm long after cycling. The length of some of the
microcracks reached ~400 um; these could not be detected by MIP.

Fig. 3. Optical microscope images of the LC plaster: a) and c) reference state, b) and d) after five cycles.
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Fig. 5. Optical microscope images of the LM plaster: a) reference state, b) after five cycles.
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Fig. 6. XRD patterns for LC and LM in the reference state (0-C) and after five
cycles (5-C); Al - albite (NaAlSi3Og), Ar - aragonite (CaCO3), C — calcite
(CaC03), Cl - clinochlore (Mgs(MgoAl) (SizAl)O;¢0(OH),053), In - indialite
(Mg2(Al14Sis048)), Mi - microcline (KAlISizOg), Mo - monocarbonate
(CasAlL(CO3) (OH)1,(H50)s), Mu — muscovite (KAl,(SizA1)O,¢(OH),), P — por-
tlandite (Ca(OH),), Q — quartz (SiO,), V — vaterite (CaCO3).

3.2. Composition

The XRD analysis of the LC plaster in the reference state is sum-
marized in Fig. 6. No residual amounts of clinker minerals were found
which indicated that cement hydration was completed after 28 days
already. Quartz was the main component of the aggregates. The pre-
sence of albite, muscovite, indialite, chlorite, and microcline indicated
the choice of mixed aggregates by the producer, probably for economic
reasons. The most important difference between the reference samples
and samples exposed to five wetting-drying cycles was the decrease of
portlandite amount from 4.8% to 1.1% and the increase of the amount
of calcite. The amount of calcite in the LC plasters could be only esti-
mated by means of XRD due to the overlapping peaks and high amount
of amorphous content, especially in its reference state (12.9%) which
could contain besides C-S-H gels also amorphous CaCOs, not detectable
by XRD [33]. Therefore, a more accurate information about the CaCO5
content in the LC plaster is provided by TGA reported below. The
amount of calcite in the LC plasters increased after five cycles by 6.3%
when compared to the reference state.

The LM plasters contained quartz as the only aggregate component,
portlandite as the main component of the lime binder, and calcite,
vaterite and aragonite as carbonation products (Fig. 6). Mono-
carbonate, (CasAl;(CO3) (OH)12(H20)s), was found as the only crys-
talline product of the pozzolanic reaction between calcium hydroxide
and metakaolin, which was in accordance with the results obtained by

Gameiro et al. [34] for lower metakaolin dosage in lime-based blended
binders. The amount of portlandite decreased from 4.1% to 0.9% after
five cycles, the amount of monocarbonate increased from 4.0% to 5.2%,
and the total content of calcium carbonate was changed only slightly
(from 28.8% to 28.1%).

The results of DSC and TG analyses in the form of heat flow (in W/g)
and relative mass change curves (in %) obtained for the reference
materials (without cycling) and samples exposed to one and five wet-
ting and drying cycles are summarized in Figs. 7 and 8. For achieving a
better resolution and identification of consecutive mass losses, the de-
rivative of relative mass change curve (DTG, in mg/min) is also pro-
vided.

For the LC plaster the decomposition of C-S-H gels and the release of
physically bound water from pores took place in the temperature range
from 29 to 230 °C (Fig. 7a), which was in a good accordance with [35].
The accompanying mass loss (Fig. 7b) in this temperature interval was
higher for samples exposed to wetting-drying cycles, implying that
some late hydration processes might take place during cycling,
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Fig. 7. a) Heat flow, b) relative mass change and DTG curves of the LC plaster.
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enhanced by the water environment. It should though be pointed out
that the low mass loss detected in this temperature interval indicated
that the drying processes caused a partial collapse of C-S-H gels [10]
and possibly also some other hydration products, which contained
water in their structure and decomposed in the same temperature in-
terval.

The decomposition of portlandite was observed in the temperature
range from 425 to 497 °C (Fig. 7a and b). The associated mass loss was
1.1% for LC (0-C), 1.3% for LC (1-C) and 0.7% for LC (5-C) samples. The
portlandite content was calculated using the known value of mass
change during the decomposition of pure portlandite [36]. The samples
without the cyclic treatment contained 4.5% of portlandite, samples
after the first cycle 5.4%, while for samples after five cycles its amount
was only 2.8%. The difference between the unexposed sample and the
first cycle was on the edge of the measurement uncertainty. In a com-
parison with the XRD data, the portlandite content determined by the
TG method was higher because in thermal analysis no overlapping
peaks were in this temperature interval, which was not the case of XRD
where many other peaks could be overlapping.

The last observed reaction referred to the decomposition of CaCO3
and muscovite. These overlapping decomposition reactions took place
in the temperature range from 506 to 878 °C (Fig. 7a and b). In [37],
muscovite powder was studied using thermal analysis. The most sig-
nificant mass loss (about 4.5%) was observed between 770 and 1000 °C,
corresponding to the dehydroxylation [38] and decomposition of
muscovite, respectively. However, according to these measurements,
the amount of muscovite detected by thermogravimetry was probably
lower than 0.4%. Thus, the main mass loss in this temperature interval
corresponded to the decomposition of CaCOs3. The CaCO3 content was,
similarly to portlandite, calculated using the known value of mass
change during the decomposition of pure CaCO3 [36]. The reference
sample contained 20.3% of CaCO3. Compared to the XRD of the raw LC
powder, its amount increased only by 0.7% within the 28-days curing
period. After the first cycle, the amount of CaCOj3 increased to 30.3%
and for samples exposed to five cycles it reached 37.1%.
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The heat flow curves measured for the LM plaster showed, similarly
to the LC plaster, three significant endothermic peaks (Fig. 8a). In this
case, the first peak corresponded not only to the decomposition of C-S-H
gels and water release from the samples but also to the decomposition
of monocarbonate, a product of pozzolanic reaction. The peak tem-
perature was 156 °C for LM (0-C) and 177 °C for LM (5-C). The ac-
companied mass loss (Fig. 8b) was for LM (5-C) higher than for the
reference sample, 1.6% by mass of the whole sample. The next relevant
peak in the temperature range of 400-530 °C referred to the decom-
position of portlandite. Its content was 4.7% for LM (0-C), 4.1% for LM
(1-C), and 1% for LM (5-C) samples which was in a very good agree-
ment with the XRD results. The peak in the temperature interval from
530 °C to 880 °C was due to the decomposition of CaCO3 polymorphs
(calcite, aragonite and vaterite) [34,39]; the total CaCO3 content was
28.4% for LM (0-C), 27.7% for LM (1-C), and 30.8% for LM (5-C). The
difference in CaCO3 content between the unexposed LM and after the
first cycle was very low. Nevertheless, the CaCO3 content for LM (5-C),
as obtained from the TGA, was 2.7% higher in a comparison with the
XRD measurements. It was probably caused by the presence of amor-
phous CaCOs3, which is not detectable by XRD [33], or by the un-
certainty of measurements.

3.3. Length changes

The &,/ (w) functions of LC and LM plasters (Figs. 9 and 10, &, = 0
corresponds to the water saturated state before the first drying) had two
common characteristic features. The first was their very different shape
in the hygroscopic and overhygroscopic ranges (the maximum hygro-
scopic moisture content corresponding to 97% relative humidity was
0.076 m®/m? for LC and 0.107 m®/m? for LM), which was observed for
all five wetting-drying cycles; the second was the difference between
the first cycle and the subsequent ones.

In the first cycle, the relative length change in the overhygroscopic
range was ~4-10~>m/m for LC and ~1.1-10~*m/m for LM, while the
total &, values (determined on samples exposed to 5% relative hu-
midity) were ~1-10 3 m/m for LC and ~1.3-10 > m/m for LM.

At the beginning of the second cycle, a permanent relative de-
formation was observed, (4-5)-10*m/m for LC and (6-7)10*m/m
for LM. The total hygric strain (determined under assumption that
ew = 0 corresponds to the water saturated state before the first drying)
in the “chemical” dry state was ~1.210"°m/m for LC and
~1.510"3m/m for LM, which was somewhat higher than in the first
cycle. However, the maximum hygric strain during the second cycle
(obtained by subtracting the permanent relative deformation from the
total hygric strain reached at the desiccator containing silica gel at
25 °C) was lower than during the first cycle, ~0.8:10 > m/m for LC and
~0.910"*m/m for LM.

During the subsequent three wetting-drying cycles, further
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significant changes of &,,(w) functions were not observed for both LC
and LM, as compared to the second cycle. Therefore, the drying-wetting
process could be considered as near-reversible since the beginning of
the second cycle. The highest strain in total was measured at the end of
the fifth cycle, when the samples were dried at 105 °C.

The regression analysis of the measured &,,(w) relations showed that
the hyperbolic function

A

aww) =B - (W + wo) &)

with the A, B constants given in Table 2 appeared as the most suitable
mathematical representation of the experimental data. The parameter
wo was determined from the dried state at 105 °C, dried state at 25 °C
and 5% RH and from the hygric strain reached for both states. Without
this limiting coefficient the approximation would provide an infinite
value for w = 0.

This led, according to Eq. (4), to the following relation for a.,:

A

w00 = o ®)

Fig. 11 shows an example of the approximation of ¢,(w) data
measured for the LM plaster using Eq. (5) which confirms the good fit
indicated by the high R? values in Table 2.

Figs. 12 and 13 present the a,,(w) functions of LC and LM plasters,
calculated using Eq. (6). The linear hygric expansion coefficient of both
plasters decreased with the increasing moisture content very fast. The
differences in a,, between the dry state and water saturated state were
up to five orders of magnitude. The permanent relative deformations
observed on the ¢, (w) functions (Figs. 9 and 10) at the beginning of the
second cycle were reflected by the decrease of the linear hygric ex-
pansion coefficient over the whole range of moisture content in the
second cycle, as compared with the first cycle; for LC the a,, values
decreased approximately two times, for LM even four times. The dif-
ferences in a,(w) functions corresponding to the second cycle and the

Table 2
Results of the regression analysis of the measured ¢,(w) relations of the plas-
ters.

Material Cycle A-10° B-10* wo-10° R?

LC 1 12.68 0.60 6.659 0.980
2 5.49 -3.97 3.500 0.970
3 6.00 -4.17 3.756 0.975
4 4.48 —4.50 2.861 0.974
5 3.53 —4.66 0.449 0.973

LM 1 22.49 0.46 16.734 0.960
2 2.39 -5.95 2.105 0.972
3 3.82 —5.45 3.288 0.976
4 4.40 —5.56 3.546 0.988
5 4.54 —6.52 4.500 0.992

Cement and Concrete Composites 104 (2019) 103411

Moisture content [m3/m3]

0 0.1 0.2 0.3 0.4 0.5
0.0E+00 ~ .
o °
-2.0E-04 . °
-4.0E-04
£ 60504 . $
[Rant] ) L J
.§ -8.0E-04
£ .
@ -1.0E-03
‘5‘;\)‘ 1.2F-03 ® |.Cycle
o ® 5. Cycle
-1.4E-03 o
L. Cycle Approximation
-1.6E-03 L
—35. Cycle Approximation
-1.8E-03

Fig. 11. Hygric strain of the LM plaster — measured values and their approx-
imation.

1.E+00
o b 1. Cycle
E S e N R 2. Cycle
= 01 b
=) LE-0 \ — —3.Cycle
“g "\ 4. Cycle
g 1.E-02 ‘% = ==5.Cycle
g D
& LE03 S
2 SR,
5 S
2 1E-04 S
g Rt . S
g T,
g T=
= 1.E-05

0 0.1 0.2 0.3 0.4 0.5

Moisture content [m3/m?3]

Fig. 12. Linear hygric expansion coefficient of the LC plaster.

1.E+00

= 1. Cycle
g

& A e Y oo 2. Cycle
& 1.E-01

'E.' \ — —3.Cycle
g “ 4. Cycle
E 1.E-02 \ - = =5.Cycle
2]

g

£ 1.E-03

[

9

&b

Z 1.E-04

g

g

= 1.E-05

0 0.1 0.2 0.3 0.4 0.5

Moisture content [m3/m?3]

Fig. 13. Linear hygric expansion coefficient of the LM plaster.

subsequent ones were much lower.

4. Discussion

The studied lime-cement and lime-metakaolin plasters responded
differently to the applied wetting and drying cycles. The differences
were found in both chemical and physical properties.
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4.1. Microstructure and composition

The lime-cement plaster contained economically cheap fillers, such
as quartz and muscovite. The raw powder contained also about 20 wt%
of calcite which was partially involved in lime but its major part was
apparently used in the form of fine aggregates. The initial amount of
calcite in the LC plaster was about 15 wt% higher than in the lime-
metakaolin plaster, prepared with the utilization of only one type of
aggregates (quartz). Whereas the main hydration products between
lime and cement in the LC plaster were C-S-H gels, portlandite and
calcite, in the case of the lime-metakaolin plaster the pozzolanic reac-
tions between lime and metakaolin led besides the formation of these
products also to the creation of monocarbonate. Its content slightly
increased after the application of five wetting and drying cycles (about
1.2 wt%). The portlandite and CaCO3 contents in the studied plasters
were determined by means of thermal analysis, together with the XRD
method. In terms of the determination of portlandite content these two
methods provided very similar results. However, the analysis of the
content of calcite was more challenging when using XRD, especially due
to the overlapping peaks and the presence of amorphous matter, which
cannot be qualified using this method [33]. Therefore, thermal analysis
provided more reliable results.

For the LC plasters it was determined that the amount of portlandite
slightly increased, comparing 28 days old samples and samples exposed
to the first cycle (about 1 wt%). This difference was on the edge of the
measurement uncertainty. Portlandite in the lime-metakaolin plaster
had been gradually consumed during the whole analyzed period. After
five cycles, it decreased to about 3 wt% in the LC plaster, whereas only
1 wt% remained in the LM plaster. In terms of CaCOs, its content sig-
nificantly increased between the reference state and after the first cycle
for the LC plaster (10 wt%). When compared to its initial state (raw
powder), the difference in the CaCO3 content after the first cycle was
lower than 1%, which could refer to slow initial progress of carbonation
processes, contrary to the results observed for the lime-metakaolin
plaster. In the case of the LM plaster, the initial amount of about 5 wt%
of CaCOj in the dry mixture significantly increased (about 23 wt%)
after 28 days. However, its amount slightly decreased after the first
cycle (less than 1 wt%) to finally reach about 30 wt%. Therefore, it can
be seen that even though the CaCO; content was significantly lower in
the dry mixture of LM, its final values after five cycles were comparable
with those obtained for the LC plaster.

The determined changes in amounts of portlandite and CaCO3 in the
studied plasters after the application of wetting-drying cycles could be
caused by:

® Pozzolanic reactions which could lead to the gradual decrease of
portlandite in the LM plaster, where lime reacted with metakaolin
(pozzolan active material). Portlandite, which was initially formed,
was quickly consumed during pozzolanic reactions.

e Hydration processes ongoing between lime and cement in the LC
plaster. A possible increase of portlandite between the reference
state and the first cycling could be caused by continuing hydration
processes which were supported by a relatively high relative hu-
midity during the first weeks.

e Carbonation processes, during which portlandite was gradually

transformed into CaCOs3, which could be related to the high increase

of CaCOs after the first cycle in LM. The lower amount of portlandite
available for further transformation into CaCOs3 could explain the
lower increase of CaCO3; within the subsequent cycles in the case of

LM.

Partial dissolution of portlandite and CaCO5 due to the application

of wetting-drying cycles. Especially the immersion of samples in

water during the first stage of cycling (saturation) could lead to their

dissolution, supported by the presence of larger pores [40-42].

e Combination of the pozzolanic/hydration reactions, carbonation
and partial dissolution of portlandite and CaCOs.
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The changes in composition were reflected on the results of MIP and
OM. In the case of the LC plaster, the application of wetting-drying
cycles led to the development of larger pores, which was in contra-
diction to the results obtained for the LM plaster. Both MIP and OM
confirmed that the LC plaster exhibited a coarser microstructure after
cycling. Microcracks were though not found by OM on the surface after
wetting-drying cycles (samples after the fifth cycle were not dried at
105 °C before the OM analysis), as it would be expected [10]. A possible
explanation could lie in the lower resolution of OM or in the presence of
cracks deeper under the surface. The observed increase of pore size
could be caused by several phenomena, such as the cracking on mi-
crostructural level due to wetting-drying processes and volumetric
shrinkage due to carbonation. Whereas the wetting-drying processes
lead to the creation of larger pores, especially on the surface of the
samples, the carbonation causes an increase in solid volume (about
11-12%) as a result of portlandite conversion to calcite [43-45].
Therefore, these reactions have the opposite effects. Dissolution of
calcite and portlandite during the first stage (immersion in water) of
each cycle is another important factor which could have caused the
increase of pore size. When portlandite and calcite dissolve, it leads to
the development of new or larger pores [40-42].

The LM plaster exhibited a finer microstructure after cycling, which
was probably a consequence of the formation of C-S-H and C-A-H
compounds due to the pozzolanic reaction. The presence of these
amorphous and poorly crystalline phases was indicated by the XRD
measurements, showing an ~11% increase of amorphous content for
LM (5-C), as compared with the unexposed LM material. The finer pore
structure of LM samples after five wetting-drying cycles was confirmed
by the OM images. Nevertheless, these images also showed an ap-
pearance of cracks several um wide and several tens of um long after
cycling, which could be caused by the competition of the carbonation
process producing compounds with higher density than portlandite
[46] with the pozzolanic reaction resulting in lower-density products
[46,47], and also by the applied wetting-drying cycles (volumetric
changes) [10]. As already reported above, the dissolution mechanisms
of calcite and portlandite during the first stage (immersion in water) of
each cycle also could cause cracking leading to an increase of pore size
[40-42]. Nevertheless, at this point, it is nearly impossible to clarify
which of these phenomena had the highest impact on the determined
microstructural changes.

In a comparison with the lime-cement plaster, the lime-metakaolin
plaster exhibited a denser microstructure after cycling, which was
mainly a result of pozzolanic reaction between lime and metakaolin.
However, the exposed surface of LM contained more microcracks than
LC. In the summary, the lime-metakaolin plaster was more prone to
volumetric shrinkage and microcracking during the applied wetting-
drying procedures than the lime-cement-plaster.

4.2. Carbonation depth

It was assumed that the progress of carbonation processes in the
plasters exposed to wetting-drying cycles was probably slower than if
the samples were kept in the air environment during the whole studied
period. It is given by the diffusion rate of carbon dioxide which is in
water far lower than in air [48]. On the other hand, the rate of car-
bonation in the air environment highly depends on the external relative
humidity, with the optimum conditions at ~50% RH [49-51]. There-
fore, the carbonation process could vary during the subsequent phases
of the drying procedure, accelerating after reaching the hygroscopic
moisture content and then slowing down again for lower RH values.

At the interpretation of the effects of carbonation on lime- and ce-
ment-based composites, the carbonation depth is a frequently used
parameter, which is often determined by the colorimetric method
(phenolphthalein test) [52,53]. In this paper, we estimated the carbo-
nation depth using mathematical formulas developed before by other
investigators. According to the mathematical model proposed by Balen
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Fig. 14. Carbonation depth in lime-based plasters calculated as a function of
time for different k factors identified in [52,53,55].

and Gemert [13], the progress of lime/cement plaster carbonation can
be expressed as

x =kt @

where x is the carbonation depth; k is a factor and t is the time. The k
factor is usually determined experimentally and it is related to the
property of the material [13]. It was shown that the k factor increases
with increasing water to binder ratio [54]. In [52,53,55], the k factor
was assumed to be ranging between 0.8 and 1.2 mm/(day)*/? for lime-
based plasters with bioclastic, oolitic and sand aggregates exposed to
natural unforced carbonation at 60% RH and 20 °C.

Fig. 14 shows the carbonation depth calculated using Eq. (7) for the
time horizon corresponding to the experimental work presented in this
paper for different k factors (0.8, 1.0 and 1.2 mm/(day)l/ 2). The results
obtained with the k factor value of 0.8 can be assumed as the lowest
limit for the progress of carbonation in the LM materials. In this study,
every cycle took approximately half a year. Taking into account the
data in Fig. 14, it can be assumed that the LM prisms having dimensions
of 40 x 40 X 160 mm were probably fully carbonated already after the
second cycle.

In the case of the LC plaster, the most visible difference in carbo-
nation rate was observed on the thermogravimetric curves between the
unexposed plaster and the plaster after the first cycle. Generally, when
Portland cement is used, the penetration rate of CO, can reach about 1
mm/| (year)l/ 2 with w/c of 0.4 and it moves to 8 mm/ (year)l/ 2 with w/c
of 0.7 [56]. In blended cements, moderate levels of limestone (up to
15wt%) keep the CO, penetration rate at similar values to ordinary
concrete. The penetration rate increases with higher ground limestone
additions, as it can be seen in Fig. 15 for concrete with water to cement
ratio of 0.7. The k factor of 0.37 is related to the concrete prepared from
Portland cement of CEM I 52.5R. The k factor of 0.42 represents
Portland cement partially replaced by 15 wt% of ground limestone, and
finally, the k factor of 0.52 is a result of 25 wt% replacement of cement
with ground limestone [56]. As the LC plasters studied in this paper
contained a significant amount of calcite, it can be assumed that their
carbonation rate could be comparable to concretes analyzed in [56].
Assuming the k factor of 0.52, the carbonation depth could reach
16 mm after the fifth cycle.

4.3. Length changes

Apparently, drying shrinkage caused by internal water evaporation
due to low relative humidity of the environment in the climatic
chamber [57] was probably the dominant mechanism already during
the first cycle, which was started after 28 days of curing. As no residual
amounts of clinker minerals were found in LC by the XRD analysis at
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Fig. 15. Carbonation depth in cement-based composites containing limestone
calculated as a function of time for different k factors identified in [56].

the beginning of the first cycle (Fig. 6), self-desiccation was probably
very low and could be neglected. This finding was in accordance with
the experimental work of Carette et al. [58] for cement-based compo-
sites after the 28 days curing period. On the other hand, carbonation
shrinkage could present another important factor during the first cycle.
Using the relation recommended by Despotou et al. [53] for old lime-
based plasters, the calculated carbonation depth after the first cycle
could be 10-15mm for both LC and LM, which could represent a po-
tential cause of the observed shrinkage.

The permanent relative deformation observed at the beginning of
the second cycle could be attributed to the carbonation shrinkage along
with effects of pozzolanic reactions which are irreversible processes.

Surprisingly, during the following three wetting-drying cycles no
further significant changes were observed for both plasters. Apparently,
the capillary pressure (or the pore liquid pressure) was the dominant
shrinkage mechanism in this phase, which was in accordance with the
theoretical considerations of Rahman and Grasley [59].

A comparison with the results obtained by other investigators could
be done in a limited extent only as the experimental data on hygric
expansion/shrinkage of lime plasters are very sparse in common data-
bases. Giiney and Caner [24] studied hygric expansion characteristics of
mortars and bricks in the dome structures of Turkish Baths from 14th
and 15th century. They increased the relative humidity from 30% to
80% with a rate of 10% per 4 h at a constant temperature of 30 °C. The
total relative displacement of both brick and mortar was within the
range of (1-2) 10~ *m/m, which was two to three times lower than in
the measurements of hygric shrinkage of lime-based plasters in this
paper. The difference could be attributed to different experimental
conditions; in our study the samples were left in the climatic chamber
until they reached the hygric equilibrium with the chamber which was
probably not the case of samples analyzed in [24]. Arizzi and Cultrone
[60] tested the shrinkage of aerial lime-based mortars in order to assess
their quality as repair rendering materials. The dimensional variations
of the samples during the first 7 days after mixing were between 1.3 and
1.4% of their total length. However, also in this case the experimental
conditions were very different from this paper; the length changes were
dominated by autogenous shrinkage.

5. Conclusions

The effect of five consecutive wetting-drying cycles on micro-
structure, composition and length changes of lime-cement (LC) and
lime-metakaolin (LM) plasters was studied in the paper. The main re-

sults can be summarized as follows:

e The microstructure of the LC plaster became coarser after being
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exposed to the wetting-drying cycles and the amount of pores in the
range of 10-100 pm increased. Contrary to LC, the LM plaster
showed a finer microstructure after the cycling procedure and its
pore volume increased in the 0.01-0.1 um range as a consequence of
an ~10% increase of amorphous content identified by XRD.

The XRD, DSC, and TG analyses showed that besides C-S-H gels,
portlandite and calcite were the most important compounds ob-
served in LC. No residual amounts of clinker minerals were found
which indicated that cement hydration was completed already after
28 days. The most important difference between the reference
samples and samples exposed to five wetting-drying cycles was the
decrease of portlandite amount, which was probably caused by a
combination of several factors, such as carbonation and partial
dissolution of portlandite due to the immersion of samples in water
at the beginning of each cycle. These effects had an impact on the
corresponding increase of the amount of calcite, which was most
intensive during the first cycle.

The LM plaster contained portlandite as the main component of the
lime binder, and calcite, vaterite and aragonite as carbonation
products. The amount of CaCO3 polymorphs significantly increased
after 28-days curing period when compared to the raw mixture
(about 23 wt%) which was a more significant increase than in LC.
However, the further increase of CaCO3 content during the first
cycle was much lower in LM. Monocarbonate, C3A-CaCO311H,0,
was found as the only crystalline product of the pozzolanic reaction
between calcium hydroxide and metakaolin. The influence of wet-
ting-drying cycles was manifested by the decrease of portlandite
content and increase of monocarbonate content, while the total
content of calcium carbonate was changed only slightly. Therefore,
the pozzolanic reaction together with possible portlandite/calcite
dissolution were the main factors affecting the composition of the
LM plaster during the wetting and drying period.

The measurements of hygric strain as a function of moisture content,
ew(w), showed that for both LC and LM plasters drying shrinkage
was the dominant mechanism already during the first cycle, which
was started after 28 days of curing. Self-desiccation was very low
but carbonation shrinkage could present an important factor during
the first cycle.

At the beginning of the second cycle, a permanent relative de-
formation was observed, (4-5)10*m/m for LC and (6-7)-10 *m/
m for LM. It was attributed to the carbonation shrinkage which is an
irreversible process.

The wetting-drying process could be considered as near-reversible
since the beginning of the second cycle. Apparently, the capillary
pressure (or the pore liquid pressure) was the dominant shrinkage
mechanism in this phase.

The regression analysis of the measured ¢,,(w) relations showed the
hyperbolic function &e,(w) =B - A/(W+w,) as the most suitable
mathematical representation of experimental data during all five
wetting-drying cycles. Accordingly, the linear hygric expansion
coefficient, as a parameter directly applicable in the computational
models, was expressed as a,,(w) = A/(W+wo)>.
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In this paper, natural growing materials that can relatively easily undergo
biocorrosion under adverse conditions are studied. For this reason, it is always necessary
to consider very carefully their incorporation into the design. However, complete data
are needed for this assessment, which are lacking. In this article, complete data are
presented as a function of humidity and as a function of temperature. The paper has had

39 citations in a relatively short time.

The materials for the article were selected based on market research. The materials
investigated are offered by manufacturers or suppliers for internal thermal insulation.
Internal wall insulation is very risky. Fiberboards have already been used for internal
insulation in an apartment building in Plzen, a First Republic villa in Zbraslav, and during
the reconstruction of historic buildings in Switzerland. Flax insulation is used in the
Netherlands. Hemp insulation and sheep's wool are recommended by manufacturers
and suppliers for wooden buildings or as inter-roof and above-roof thermal insulation.
The author of this article neither confirms nor refutes the functionality of the chosen
insulation system. The paper aimed to accurately and unbiasedly determine the material
characteristics of natural materials, which are essential for assessing the functionality of
the system as a whole and are very often missing. The material characteristics serve as
input values for the computer simulations. Detailed computer analyses are then used to

confirm or refute the functionality of the system.

Contribution to practical use: The paper provides the data needed to assess the thermal

moisture behavior of the thermal insulation system as a whole.
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Historical and traditional buildings account for 10-40% of the building stock in various countries and regions.
Retrofitting of their building envelopes aimed at the improvement of thermal performance is often feasible using
interior thermal insulation systems only. The effectiveness of systems without vapor barrier depends on the
application of modern insulation materials with enhanced water transport properties contributing to fast liquid
moisture redistribution and mitigating the risks related to water vapor condensation. In this paper, thermal and
hygric properties of several biomaterials potentially applicable as thermal insulation boards on the interior side
of historical building envelopes are investigated. The obtained experimental data include all transport and
storage parameters necessary for appropriate hygrothermal- and energy-related assessment of buildings pro-
vided with interior thermal insulation systems using advanced computer simulation tools. Wood fiberboard, flax
fibers, hemp fibers, jute fibers, and sheep wool are found to have, at the same time, low thermal conductivity
(~0.05Wm~ 'K~ 1) and high moisture diffusivity (1.1 x 107°-1.2 x 10~°m?s~!) which can classify them as
good candidates for the use in interior thermal insulation systems without water vapor barrier. They exhibit
convenient water vapor diffusion parameters and hygroscopic properties as well, which favors their use on the
interior side. The natural origin presents another benefit. In a comparison with conventional materials (calcium
silicate, hydrophilic mineral wool) having similar thermal and hygric properties, they bring more harmony to
the process of retrofitting historical building envelopes.

1. Introduction

Thermal insulations have become an essential part of most building
envelopes during the past decades since current requirements on
thermal protection of buildings practically cannot be met without them
[1,2]. In case of facade walls, the exterior thermal insulation systems
are preferred mainly due to their easier application, protection of the
walls against weather conditions, and more effective elimination of
thermal bridges. On the other hand, some issues arise concerning their
cost, low adaptability to original facades and hygrothermal perfor-
mance in cold climates [3]. Furthermore, the application of exterior
thermal insulation systems is excluded in case of historical and tradi-
tional buildings, or generally buildings under preservationists' surveil-
lance as they irreversibly change the facades’ appearance. Since these
buildings may account for 10-40% of the building stock [4], depending
on the region and age threshold that classifies them as historical, the
number of applications when only interior thermal insulation systems
can be considered might be higher than it seems at the first glance.

Being not exposed to weather conditions directly, the interior

* Corresponding author.
E-mail address: cernyr@fsv.cvut.cz (R. éern}’/).

https://doi.org/10.1016/j.buildenv.2019.03.020

thermal insulations have longer durability which makes them more cost
effective from a long-term point of view. Additionally, the absence of
environmental effects enables a more diverse material solution. On the
other hand, interior thermal insulation systems exhibit higher water
vapor condensation risk [5,6] which is necessary to be prevented as it
might induce frost damage, biodegradation, or other damage patterns.
According to Vereecken and Roels [7], creation of vapor tight system is
one of the possibilities how to do that. This opinion is in agreement
with some other researchers who reported various types of solutions in
their studies, e.g. in form of OSB boards [8], plasters [9], impregnations
[10], or paintings [11]. According to another group of researchers,
proper hygrothermal performance of interior thermal insulation sys-
tems can though be achieved without any vapor barrier, using materials
with enhanced water transport properties. Besides the thermal in-
sulating function, the role of thermal insulation consists then also in fast
moisture redistribution to prevent creation of condensation zones or at
least minimize the duration of their appearance.

The condition of enhanced water transport properties is met parti-
cularly by the use of capillary active or hydrophilic materials. The
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Nomenclature

A (kgm~%s~%%) water absorption coefficient

c (kg K™1) specific heat capacity

C; (kgm™2) cumulative inflow per unit area

8,=1.993 x 10 °kgm~*s 'Pa~! water vapor permeability of
air at 25°C

Om (s)  water vapor diffusion permeability

Om,corr (8) corrected water vapor diffusion permeability using the air

layer resistance

mass increase

partial pressure difference

d (m) sample thickness

d, (m) thickness of the air layer

D (m*s~!) water vapor diffusion coefficient

D, =2.82 x 10 °m?s™! water vapor diffusion coefficient in air at
25°C

Kapp (m>s™!) apparent moisture diffusivity

Am (kg)
Ap, (Pa)

A (Wm~™1K™!) thermal conductivity

u(=) water vapor diffusion resistance factor

mp (kg) mass of a dry sample

My (kg) steady state mass of a sample (at i-value of relative hu-
midity)

M = 0.01802kgmol ~! molar mass of water

p (kgm~%) matrix density

py (kgm™3) bulk density

R =8.314Pam®mol K~ ! gas constant

S (m?)  surface area of a specimen
t (s) time

T (K) temperature

v (%) open porosity

Weap (kgm™3) capillary moisture content

Wma) (kg~kg_1) gravimetric moisture content (calculated at i-value
of relative humidity)

Wmax (% m>m~3) maximal moisture content

capillary activity of insulation materials is gained due to specific pore
space arrangement which provides the ability of a liquid to flow
without assistance or even in opposition to external forces. A positive
contribution of capillary active materials on hygric performance of
walls with interior thermal insulation has been reported, e.g., by Zhao
et al. [12], Zhou et al. [13], or Hamid and Wallenten [14]. Calcium
silicate, a typical representative in that respect, has become an objec-
tive of many research studies. As Vereecken and Roels [15], Feng and
Janssen [16], or Janetti et al. [17] concluded, this material is typical for
high moisture diffusivity and low water vapor diffusion resistance
factor. Such parameters guarantee enhanced moisture transport prop-
erties and fast moisture redistribution. Besides the capillary action,
intensified surface transport within the porous space of insulating ma-
terials can help to achieve it as well. Hydrophilic mineral wool can be
stated as a typical example, evincing this kind of transport phenom-
enon. Jerman and Cern}’l [18] reported that it had similar water
transport properties to capillary active materials which predisposed it

to be used as interior thermal insulation. Calcium silicate and hydro-
philic mineral wool represent relatively new, modern insulating mate-
rials. However, in the light of retrofitting of historical building envel-
opes, it would be convenient to consider more natural alternatives, i.e.
insulating materials that could be produced and applied in the distant
past when the historical buildings were built. This assumption predis-
poses them to be more compatible with the materials of historical walls.

Thermal insulation capabilities of biomaterials were indicated, e.g.,
by Troppova et al. [19] who assessed thermal behavior of wood-based
fiberboard under different temperature and moisture content scenarios
and confirmed its promising thermal insulating properties. The suit-
ability of flax and hemp fibers for thermal insulation systems was re-
ported in experimental studies published by Kymalainen and Sjoberg
[20], or Latif et al. [21]. Korjenic et al. [22] investigated flax, hemp,
and jute fibers to develop new insulation materials, fulfilling the
building physical, mechanical and ecological requirements. Zach et al.
[23] analyzed a thermal insulation made of sheep wool and found out

Fig. 1. Biomaterials for thermal insulations: a) WFB, b) FF, c¢) HF, d) JF, e) SW.
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that it showed similar characteristics to conventional mineral wool.

In this paper, thermal and hygric properties of five different bio-
materials are analyzed from the point of view of their possible appli-
cation for interior thermal insulation systems. It is assumed that, due to
the hydrophilic nature of their compounds, these materials may exhibit
enhanced water transport properties. Their high porosity makes good
prerequisites for the achievement of low thermal conductivity. The low
embodied energy [24] brings an added value in the form of environ-
mental benefits. Contrary to other experimental studies on biomater-
ials, the measured sets of heat and moisture transport and storage
parameters are complete, allowing their immediate use in computer
simulation tools. The application of computational modeling brings
substantial advantages to the building design process. As it can provide
preliminary hygrothermal- and energy-related assessments without a
necessity of constructions to be built, it represents the first step towards
a wider application of biomaterials in the building sector. Energy sav-
ings estimation [25] or verification of proper hygrothermal function
[26,27] belong to characteristic examples of practical implications of
the data presented.

2. Materials and methods

Wood fiberboard (further denoted as WFB), flax fibers (FF), hemp
fibers (HF), jute fibers (JF), and sheep wool (SW) were selected for the
experimental study in this paper. Their pictures are shown in Fig. 1.

As they belong to typical representatives of natural fibrous mate-
rials, all of them can be potentially used for thermal insulation. A de-
tailed experimental investigation is, however, necessary prior to their
practical applications. The experimental methods used in this paper
cover determination of basic physical properties, as well as heat and
moisture transport and storage parameters. A detailed description of the
methods used is given in following subsections.

2.1. Basic physical properties

Bulk density, p, (kg'm ~ %), matrix density, p (kg'm ~>), open porosity,
v (%), and maximal moisture content, W,y (% m®m %), were the in-
vestigated basic physical properties. Bulk density was calculated in
accordance with EN 1602 [28]. Five test samples, of which dimensions
complied with EN 822 [29], EN 823 [30], and EN 12085 [31]
(300 mm X 300 mm x 80 mm), were measured and weighed to calcu-
late the bulk density according to the common gravimetric formula.
Matrix density was determined using the water saturation principle and
open porosity was calculated as

(€8]
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that is a material able to keep, was measured by the gravimetric
method.

2.2. Moisture transport and storage properties

The water vapor transport parameters were determined using both
wet-cup and dry-cup methods following the principles given in EN ISO
12572 [32]. Having dimensions of 100 mm x 100 mm and thickness of
30-70 mm, three samples of each material were stored in laboratory
conditions (22 * 2°C and 50 * 5% of RH) until tested.

The specimens were placed on metal cup containing water or silica
gel and the samples’ lateral sides were sealed to achieve one-dimen-
sional moisture flux (see Fig. 2a). The cups with specimens were then
placed into a climatic chamber that maintained constant temperature of
25°C and constant relative humidity of 55% during the testing proce-
dure (dry cup: 140 h, wet cup: 160 h) while distilled water and silica gel
in the cups provided 100% and 10% relative humidity conditions, re-
spectively (see Fig. 2b). Such an arrangement induced one dimensional
moisture flux through the sample. Establishing a relative humidity of
100% in the cup using distilled water, the underside of high water
vapor transport resistant specimens might be susceptible to water
condensation which may raise the measurement beyond the hygro-
scopic range. However, in case of low water vapor transport resistant
specimens, which are the investigated materials supposed to be, the
high flow rate through the specimens prevents from this risk [32]. The
mass increase of the assembly was recorded every 12 h until the steady
state was reached. Finally, the water vapor diffusion permeability, &,
(s), water vapor diffusion coefficient, D (m?s™ 1), and water vapor
diffusion resistance factor, u (—), were calculated according to equa-
tions (2)-(4)

_ Amd
"7 rSAp,” (2
SR T
p= w2
M 3)
_ D
k=D @

In Egs. (2)-(4) Am (kg) is the mass increase, d (m) is the sample
thickness, t (s) is time, S (m?) is the surface area of the specimen, Ap,
(Pa) is the partial pressure difference, D, = 2.82 x 10> m?s~ ! is the
water vapor diffusion coefficient in air at 25°C [33],
R =8.314Pam®mol "MK~ ! is the gas constant, T (K) stands for tem-
perature and M = 0.01802 kg mol ~! is molar mass of water. equations
(2)-(4) do not involve resistance of air layers in the test cup and/or
above the test cup. They are therefore applicable only for specimens
that are not very permeable, i.e. the air layer resistance is much smaller
than the material resistance. Since the specimens investigated are ex-
pected to be very permeable, the resistance of the air layer in the cup

Fig. 2. Determination of water vapor transport parameters: a) specimen preparation, b) measurement in the climatic chamber.
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must be involved and the corrected water vapor diffusion permeability,
Om,corr (), is then expressed as

d
6m,corr= t-S-4p, d’
am & ()
where d, (m) is the thickness of the air layer and

8,=1.993 x 10 °kgm~!s 1Pa~! is the water vapor permeability
of air at 25 °C. The resistance of the layer above the cup could be ne-
glected because the air in the test chamber was stirred, so that the
velocity above each specimens was kept at least to 2 m s~ which meets
the requirements prescribed in EN ISO 12572 [32].

The determination of the liquid water transport parameters was
carried out according to EN ISO 15148 [34]. Five samples with intake
area of 95-190 cm? and thickness of 60-140 mm were sealed on the
lateral sides in order to achieve one-dimensional water flux and stored
in laboratory conditions (22 + 2°C and 50 * 5% of RH) until tested.
The bottom face of the samples was then partially immersed in water
(5 = 2mm) and the samples were continuously weighed by an auto-
matic balance for 36h [35]. The water absorption coefficient, A

(kg~m’2~s’0‘5), was determined as
Ct
A=—1
NG (6)

where C; (kg-m_z) is the cumulative inflow (mass difference) per unit
area calculated as
Am
Ci="
s )
The capillary moisture content, we,, (kgm™>), was expressed as
moisture content at the end of water intake stage, where the capillary
forces are acting. The apparent value of moisture diffusivity, kapp
(m?s~1), was calculated as

. (A)2
app Weap ®

The moisture storage properties are described by water vapor ad-
sorption isotherms that were measured using the desiccator method.
Following the procedure described by Roels et al. [36], dried samples
were placed into desiccators with different salt solutions to reach var-
ious steady relative humidity conditions. The mass of samples was re-
corded and the experimental procedure was finished when steady state
values of mass were achieved. Then, the gravimetric moisture content,
Wi,; (kg'kg ™ 1), was calculated for particular values of relative humidity,
i, in the desiccators,

Wiy = My,i — Mo

' )
where m,,; (kg) is the steady state mass of the sample at i-value of
relative humidity and mg (kg) is the mass of the dry sample.

mo

2.3. Heat transport and storage properties

Heat transport and storage properties, namely thermal conductivity,
A (Wm™1K™1), and specific heat capacity, ¢ (J’kg~“K™'), were mea-
sured using a commercially available Isomet 2104 device made by

Table 1
Basic physical properties.

Building and Environment 154 (2019) 81-88

Applied Precision, Ltd. The measurement is based on the evaluation of
temperature response of an analyzed material to heat flow pulses. The
heat flow is induced by an electrical resistor heater having direct
thermal contact with the sample. Due to the soft nature of all the
samples investigated, a needle probe was used. The values of thermal
conductivity were determined as a function of temperature and
moisture content.

3. Results and discussion

The results of experimental measurements are summarized in fol-
lowing subsections. The data presented was completed by results of
uncertainty analysis performed according to ISO/IEC 98-3, which is
known as GUM [37]. In case the replicate observation had not been
applied, the uncertainty was evaluated by means of standard un-
certainty of type B which is based on manufacturer's information, ca-
libration certificates of measuring instruments, or expert's estimates.
Otherwise, the standard uncertainty of type A was included, being
based on statistical evaluation of sets of measured data. Since detailed
descriptions of analyses of single measurements would be very space-
demanding, only the expanded uncertainties corresponding to 95%
confidence level are presented alongside the measured mean values of
particular quantities.

3.1. Basic physical properties

The basic physical properties of studied bio-based materials are
summarized in Table 1. The values of bulk density were very low,
ranging between 23kgm 2 for FF and 54 kg m™> for WFB. Such low
numbers went along with high porosity, in all cases higher than 96%,
which is typical for conventional thermal insulating materials.

It can be noticed, that maximal moisture content was significantly
lower than porosity of the materials. It could be ascribed to their
structure, which was mostly formed by large voids being unable to fully
retain the liquid water after saturation.

3.2. Water vapor transport and storage properties

The results of dry-cup and wet-cup methods, i.e. values of &, corr for
particular samples, are shown in Fig. 3. While solid bars show results
corresponding to the wet cup setup, the cross-hatched bars show the dry
cup setup.

The 61, corr Values were then processed according to Egs. (3) and (4)
to obtain water vapor diffusion coefficient, D (m?s~1), and water vapor
diffusion resistance factor, u (—). The results are summarized in
Table 2.

According to the results presented in Fig. 3 and Table 2, the studied
materials exhibited very fast water vapor transport in both dry cup and
wet cup modes. FF appeared as the most permeable among the mate-
rials investigated, having 4, and i values equal to 1.31 and 1.03,
respectively. All the values are comparable to those measured by other
researchers. Korjenic et al. [22] reported very high permeability of flax
and jute fibers, determining their water vapor diffusion resistance fac-
tors to be 2.9 and 2.0, respectively. In other study, Korjenic et al. [38]
concluded that p-values of sheep wool insulation were between 1 and 5.
Studying thermal insulations on hemp basis, Latif et al. [21] reported

Material Bulk density (kgm’B) Matrix density (kg~m’3) Open porosity (%) Maximal moisture content (% m®>m ~3)
WFB 54.0 + 1.3 1480 + 36 96.35 + 0.20 51.7 = 1.8
FF 23.0 = 0.6 1017 + 22 97.74 = 0.13 382 = 1.5
HF 38.0 = 0.8 1036 = 26 96.33 = 0.18 45.7 = 1.7
JF 33.0 + 0.8 1017 + 24 96.76 + 0.17 48.5 + 1.7
Sw 25.0 = 0.7 1156 + 27 97.8 = 0.13 14.0 = 0.6
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Fig. 3. Water vapor diffusion permeability.
Table 2

Water vapor diffusion coefficient and water vapor diffusion resistance factor.

Material ~Water vapor diffusion coefficient Water vapor diffusion resistance
(x107°m?s™ 1) factor (—)
Dry cup Wet cup Dry cup Wet cup
WFB 1.06 = 0.16 2.54 + 0.64 2.69 + 0.40 1.12 = 0.28
FF 217 = 0.32 2.77 = 0.75 1.31 = 0.19 1.03 £ 0.28
HF 1.61 + 0.95 1.95 + 0.83 1.77 + 1.05 1.46 + 0.62
JF 1.61 = 0.13 2.35 + 0.59 1.77 + 0.14 1.23 = 0.31
SwW 1.47 = 0.99 1.76 = 0.68 1.93 = 1.30 1.62 = 0.62

their p-values between 1.10 and 2.74, depending on the composition
and test mode, which also agreed with the results presented in this
paper. Palumbo et al. [39] investigated hemp fibers and wood wool and
found their p-values to be 3.0-2.3 and 2.4-2.1, respectively.

Since all the values of u obtained using experimental measurements
were very low, the insulating materials investigated seem to have op-
timal predispositions for application on the interior side of buildings. In
comparison with calcium silicate and mineral wool, which are typically
used as interior thermal insulations and their p-values are between 2
and 6 [36] and 1.2 and 2.7 [18], respectively, the studied bio-based
insulations have comparable or even better water vapor transport
properties.

The water vapor storage parameters of studied bio insulations are
depicted in Fig. 4, showing gravimetric moisture content, wy, (kgkg ™)
vs. relative humidity, RH (%), plots. The adsorption isotherms dis-
played were obtained at 25 °C. The results obtained for particular RH
values are completed by error bars and fitted using exponential func-
tions.

All analyzed materials were very hygroscopic. JF showed the
highest water vapor sorption properties as it was able to accommodate
37.8% kgkg™! at 98% relative humidity of air. Such hygroscopic
properties were very prospective for materials to be used in buildings’
interior as they had good prerequisites to facilitate moderation of in-
door air, the humidity in particular [24,40-42]. The water vapor sto-
rage properties determined in this research were comparable with the
results presented by other researchers. Despite small differences, the
found match can be considered as sufficient regarding to the diversity
of biomaterials and measurement uncertainties. Investigating alter-
native thermal insulations based on sheep wool, Zach et al. [23]
characterized them by high hygroscopicity values up to 35% kgkg .
The hygroscopicity of hemp-based insulation was reported to be 41% in
case of untreated samples and between 31 and 34% kgkg™! after ap-
plication of various hydrophobic additives [43]. On the other hand
Bourdot et al. [44] determined the hygroscopic moisture content of
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various hemp-based materials to be between 17 and 19% kg'kg ™! only.
Troppova et al. [19] reported the moisture content of commercially
produced wood-based fiberboard to be 22% kg'kg ~! at 98% of relative
humidity. Finally, the moisture content of jute and flax was slightly
over 20% kgkg ~! at 90% according to Korjenic et al. [22].

3.3. Water transport properties

The average results of free water uptake experiment, i.e. cumulative
inflow curves as a function of square root of time, are shown in Fig. 5.
The presented values are completed by results of uncertainty analysis
based on statistical evaluation of series of data (uncertainty of type A).

In general, the free water uptake experiment can be divided into
two stages. According to Roels et al. [36], the position of waterfront in
the first stage gradually approaches the opposite side of a sample, being
governed by capillary and viscous forces. In the second stage, the fur-
ther increase of the moisture content can be ascribed to dissolution and
removal of the air that is entrapped in water, and to a variation at the
infiltrating waterfront. According to Eq. (6), the water absorption
coefficient, A (kg'm~%s~%%), is defined as the slope of the first stage of
the cumulative inflow curve as a function of square root of time. The
apparent moisture diffusivity, xapp (m*s™1), is then calculated ac-
cording to Eq. (8). Here, the capillary moisture content, W, (kgm~3),
is equal to the moisture content of the specimen at the end of the
transition from the first to the second stage of the experiment. The end
of transition can be graphically defined as a point, in which a tangent at
the right end of particular Ci-t*° diagram departs from the curve (see
Fig. 5). The summary of results is given in Table 3 including t°* values
that correspond to the end of the transition.

All studied insulation materials exhibited enhanced water transport
properties as they had relatively high water absorption coefficients and
apparent moisture diffusivities. Accounting for 0.14-0.52kgm~2s~%°
depending on the material type, the values of water absorption coeffi-
cient were comparable to other researchers’ results only to a limited
extent. For instance, Stefanowski et al. [45] measured moisture prop-
erties of bio-based materials to determine their susceptibility to mold
growth. They investigated hemp, among others, reporting the detailed
course of free water uptake experiment. It was shown that mass change
after 0.3h was approximately 27kgm™2 which, according to the
methodology used within this research, produced
A=082kgm 2s %% Such a value was even higher than
0.39kgm ™25~ %% reported for HF in this study. However, Stefanowski
et al. [45] presented 5.28kgm~>h~! which was approximately ten
times lower than recalculated value of HF in this research
(0.39 kgm’zsfo‘5 = 50.65kg m~2h™Y). Even if the C; vs. t (or t°%)
function agreed well, the difference in the presented A values can be
ascribed to different ways of data processing and evaluation [46]. Latif
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Fig. 5. Experimental results of water absorption test.

et al. [21] analyzed five different hemp samples reporting their A values
after 24h to range between 0.29 and 0.41kgm~2s~ %% When the
evaluation period used in this paper would be extended from the first
stage to 24 h, one would obtain A = 0.045kgm~2>s~ %% for HF which
can be considered as a very good agreement.

Comparing the water transport properties with mineral thermal
insulations supposed to be used in the interior (calcium silicate, hy-
drophilic mineral wool) the enhanced properties of bioinsulations can
be pointed out, even if they do not reach such values. Roels et al. [36],
Feng and Janssen [16,46] and Feng et al. [47] determined the A values
of calcium silicate to be 1.01-1.30kgm ™25~ %° which was approxi-
mately two times higher than A values of JF. On the other hand, the k,p,
values of all the materials investigated, ranging between
1.14 x 10" °m?®s™! (WFB) and 1.20 x 10 >m?s™ ! (FF), were com-
parable to both hydrophilic mineral wool (4.1 X 10™°>m?s~* [18]
(3.0-3.7) x 10 °m?s~! [481), and calcium silicate
(1.99 x 10" °m?s~! [471, 1.97 x 10" %m?s™ ! [16],
1.78 x 107 °m?s™" [46], 2.32 x 10" °m?s~' [36]). This made the
studied biomaterials able to eliminate potential risks of water con-
densation by fast liquid water redistribution. HF and FF seemed to have
the highest predispositions in that respect.

3.4. Heat transport and storage properties

Heat transport and storage properties, thermal conductivity in
particular, represent very important material quantities which are
considered in most building design approaches. Even if hygric proper-
ties are essential as well in case of interior thermal insulations, thermal
properties still play the decisive role. The dry state values are sum-
marized in Table 4. According to the extensive review performed by
Schiavoni et al. [24], EPS, XPS, stone wool, glass wool or other con-
ventional insulation materials typically have values of thermal con-
ductivity lower than 0.04Wm ™ 'K~ '. The thermal conductivities of
bio-based materials in Table 4 were ~11-36% higher than those of
traditional ones. Nevertheless, their thermal insulating properties could
still be considered as very good.

Table 3
Liquid water transport properties: experimental data and results.
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Table 4
Thermal conductivity and specific heat capacity in dry state.

Material ~ Thermal conductivity Specific heat capacity
(Wm~ 1K™ 1) kg~ 'K™hH
WFB 0.0466 = 0.0034 2130 + 338
FF 0.0545 *= 0.0093 1443 + 260
HF 0.0543 =+ 0.0088 1906 + 312
JF 0.0518 = 0.0050 1819 = 303
SwW 0.0446 = 0.0032 1940 + 331
g—F————— 7T
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Fig. 6. Moisture-dependent thermal conductivity.

Thermal conductivity of studied materials increased significantly
with increasing moisture content (Fig. 6). JF and FF showed to be the
most vulnerable as their thermal conductivity in water saturated state
reached 0.692 and 0.569 Wm™ 'K ™!, respectively. This can be con-
sidered as some kind of a tax for their hydrophilic nature and thus
enhanced water transport properties which cannot be observed, e.g., in
case of polystyrene or hydrophobic mineral wool.

The temperature-dependent values of thermal conductivity at
5-35°C are summarized in Fig. 7.

The increase of thermal conductivity with increasing temperature
was in agreement with findings of other researchers, regarding the
variability of biomaterials and uncertainties of measurements. The re-
latively large error bars displayed in Fig. 7 can be ascribed to variance
of data obtained using the needle probe. Since a penetration of the
probe into the samples can cause a different sample compression, the
changes of the air/body ratio of the material surrounding the probe can
be reflected in their heat transport properties.

Studying thermal conductivity of selected bio insulations within the
hygroscopic region (~10-90% of RH), Palumbo et al. [39] reported its
increase from 0.038 to 0.057 Wm ™ 'K~ ! for hemp fibers and from
0.035 to 0.047 Wm ™' K~! for wood wool. These values were slightly
lower than those reported in this paper. The overhygroscopic region
was not investigated in Ref. [36] so a full comparison could not be
done. Kyméldinen and Sjoberg [20] studied thermal conductivity in dry
state of thermal insulation based on flax (0.035-0.075Wm 'K™1),

Material ~Cumulative inflow Square root of end-of- Water absorption coefficient Capillary moisture content ~Apparent moisture diffusivity
(kg-m’z) transition time (s%°) (kg-m’z-s’o's) (kg~m’3) (x10 °m?s™ 1

WFB 18.80 + 2.75 104.08 0.18 + 0.03 169 = 25 1.14 + 0.48

FF 12.43 + 2.64 35.03 0.35 + 0.08 102 + 29 11.98 + 8.50

HF 10.96 = 1.93 27.91 0.39 = 0.07 119 = 30 10.90 = 6.66

JF 16.96 + 3.39 32.41 0.52 * 0.10 238 * 58 4.81 = 3.04

SW 6.71 + 1.34 47.11 0.14 + 0.03 94 + 23 2.28 + 1.44
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Fig. 7. Temperature-dependent thermal conductivity.
hemp  (0.040-0.094Wm 'K™!), and their  combination

(0.033-0.060 Wm ™ * K1) in dependence on their bulk density. These A
values were similar to those obtained in this paper. Slightly higher
values of thermal conductivity in dry state of hemp (0.062Wm™'K™1),
flax (0.065 Wm ™' K™ 1), and jute (0.058 Wm ™! K~ !) were reported by
Korjenic et al. [49]. The temperature-dependent values of thermal
conductivity of SW determined in this paper corresponded with the
findings of Zach et al. [23] who identified them between
0.038Wm™ 'K ' at 10°C and 0.049Wm ™ 'K~ ' at 40°C.

4. Conclusions

Meeting standard requirements on thermal protection of buildings is
one of the most important tasks of today's building design approaches.
This concerns not only new buildings but also the existing ones, in-
cluding traditional and historical, that should be retrofitted. Preferred
solutions consisting in the application of exterior thermal insulation
systems are not always possible in this case, thus interior systems are to
be used instead. Since using a combination of traditional and modern
materials may be understood as controversial by many authorities re-
sponsible for the preservation of architectural heritage, the application
of natural materials in interior thermal insulation systems seems to be a
prospective solution to the problem of thermal retrofitting of historical
buildings.

In this paper, the properties of five bio-based materials potentially
applicable in interior thermal insulation systems suitable for traditional
and historical buildings were studied. The heat transport properties of
wood fiber board, flax fibers, hemp fibers, jute fibers, and sheep wool
were found quite satisfactory. Even if the measured values of thermal
conductivity, ~0.05Wm~'K™!, were slightly higher than those of
conventional thermal insulations, they could still be considered as very
good thermal insulators. The moisture diffusivity of all studied bio-
materials was relatively high, accounting for 1.1 x 107 -
1.2 X 10" °m?s ™!, which was comparable with calcium silicate or
hydrophilic mineral wool. Their application on the interior side of
buildings thus seems to be very promising, allowing using them also in
the systems without water vapor barrier. The water vapor diffusion
resistance factor of all materials was very low, making possible a fast
water vapor removal from the system. All analyzed materials exhibited
convenient hygroscopic properties which was a positive feature for
materials used in buildings’ interior, making them suitable for mod-
eration of indoor air, the humidity in particular.

The detailed experimental analysis of the properties of five pro-
spective biomaterials presented in this study can be considered as a
good starting point for further investigations aimed at their practical
application for interior thermal insulation systems. Contrary to other
experimental studies on biomaterials, the measured sets of heat and
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moisture transport and storage parameters are complete and prepared
for an immediate application in computer simulation tools. Their hy-
grothermal and energy performance in various traditional and histor-
ical construction systems can thus be assessed in a more reliable way
than it was common in most previous studies where only a part of the
necessary input parameters of computational models was known with a
sufficient accuracy.
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Jerman, M., Bdhm, M., Dusek, J., Cerny, R., Effect of steaming temperature on microstructure

and mechanical, hygric, and thermal properties of binderless rape straw fiberboards — 2022

To reduce the carbon footprint of construction, it is advisable to use locally available
materials. Thermal insulation boards can be made from natural materials, one of which
is rapeseed straw. In the last article, the production process is presented. The thermal,
moisture, and mechanical properties of the newly developed material are also presented

to assess its possible use.

Contribution to practical use

A source of lignocellulose, which is rarely used in practice for the production of building
materials, was tested. Rapeseed straw fibers can be used as blown-in insulation or for the
production of new thermal insulation boards. In this article, the production process is presented
and the characteristics of the material, in particular the thermal and moisture properties, are

given.

Knowledge about the effect of temperature on the plasticity and self-adhesive properties of
lignin in straw can particularly be used by manufacturers of natural thermal insulation materials.

Straw fibers can serve as a partial substitute for wood in fiberboard.
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Rape straw as a waste product of the oilseed industry is available abundantly in the European Union. In this
paper, the utilization of rape straw-based fibers for the preparation of binderless thermal insulation materials is
investigated. The effect of steaming temperature, which can be considered as one of the most important pa-
rameters of the production process, on microstructure and mechanical, hygric and thermal properties of the
insulation boards is analyzed. The experimental results show that the designed binderless rape straw fiberboards
achieve the most suitable combinations of mechanical, hygric and thermal properties for the steaming tem-
peratures of 180 °C and higher, which indicates 180 °C as the most promising solution.

1. Introduction

The building industry is considered to be the biggest polluter of the
natural environment. One of the reasons is that the materials used are
mainly from non-renewable sources. Negative environmental impacts
can be addressed by using locally available natural materials with low-
embodied energy building materials [1]. The use of natural materials
allows for the storage of carbon dioxide in building structures [2-5] and
also leads to safeguarding natural resources. The main natural material
is wood which provides a wide range of utilization. Traditional parti-
cleboards are based on wood and synthetic adhesives, such as urea
formaldehyde or phenol formaldehyde, as the binder [6]. Fibers for the
production of  wood fiberboards are produced by
hydro-thermo-mechanical pulping of wood chips. Fiberboards with
lower density can be produced without the addition of glue; its cohe-
siveness is ensured by natural fiber felting and lignin released during
thermal treatment. However, the addition of a few weight percent of
adhesive is more often used. The boards are produced under pressure,
and the higher the pressure, the higher the bulk density of the boards.
Fiberboards are used most often in construction as thermal insulation
materials. There is a wide range of wood fiber boards, produced with
different bulk densities, from very light 30 kg/m? boards up to a bulk
density of 250 kg m~>. Boards with a higher bulk density can withstand
mechanical stress. These boards are manufactured with different mod-
ifications for different purposes. The bulk density is usually in the range
of 110-160 kg/m®. The resulting properties of fiberboards without the
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addition of adhesives are affected by the pressing time, temperature,
fiber size, and their treatment [7,8]. Boards with a density of 330-340
kg/m® represent thermal conductivity between 0.064 W/(m-K) and
0.066 W/(m-K) [9].

A possibility to reduce the consumption of wood raw materials
presents bark utilization. The bark is an outer layer of trees. The wet
board was dried in an oven at 103 °C [10]. Insulation boards with
densities of 160-300 kg/m3 were studied by Gowald et al. [10]. The
thermal conductivity of the bark insulation board with a density of 160
kg/m3 was 0.044 W/(m-K). Thermal conductivity increased with
increasing bulk density. From this point of view, it is reasonable to
replace the wood, especially because it contains significant amounts of
cellulose, hemicellulose, and lignin. Christy et al. [11] studied similar
boards from Gelam (Melaleuca viridiflora) bark waste. The effects of
four different temperatures (140, 160, 180 and 200 °C) on mechanical
and other properties were analyzed. The best physical and mechanical
properties were obtained at a pressing temperature of 200 °C. The bulk
density was 550 kg/m® and the thermal conductivity was 0.14 W/(m-K).

Recently, due to the worldwide shortage of forest resources, as well
as economic and environmental considerations, the demand for non-
wood lignocellulose fiber has increased [12,13]. Wood particles may
be replaced by agriculture residues like stalks, leaves, stems, or straw,
which are generated abundantly, annually, by locally available plants
for alternative particleboards.

Annual plants represent a good opportunity to reduce the carbon
footprint and replace non-renewable materials, because the storage of
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carbon dioxide in fast growing bio based materials is a key part of sus-
tainable development [3]. The next benefit is their easy biodegradability
and nontoxic nature. With increasing concern over health issues and
biomass conservation, the fiberboards from agriculture residues with or
without adhesives are under intensive investigation [7]. There are many
plants that can be used for construction or thermal insulation purposes
[1]. Sources of such materials may include, for example, straw,
hemp-shive, flax fiber, etc. This biomass is an agricultural by-product
and is a significant source of renewable energy. Lignocellulosic mate-
rials are widely studied to achieve self-bonding materials. Bonding is
caused by lignin plasticization, and consequently lignin poly-
condensation and hemicellulose reactions, among others, at high tem-
peratures [12,14]. The internal bonding without additional adhesive is
mainly due to hydrogen bonding - binding between fibers, condensation
reaction in lignin and lignin polysaccharides cross-linking reaction,
lignin polycondensation and hemi-reaction among others, at high tem-
peratures and using steam [7,15].

Lignin is a complex phenolic amorphous polymer, an essential
element needed in cell wall development, as it is responsible for the
rigidity and toughness of the fiber while providing compressive
strength. Lignin contains different functional groups, i.e., hydroxyl,
methoxyl, and carbonyl groups, which allow its chemical modification
to be applied to increase its reactivity. Lignin is a natural adhesive that
acts as a binding force between cellulose fibers. When agricultural res-
idues are heated, lignin plasticization and reaction with furfural form a
lignin-furfural complex which is believed to participate in self-bonding
[7]. The high pressing temperature will increase the lignin fluidity of
fibers to help form better interfiber bonds [16].

Manufacturing of particleboards is one way in which to use agri-
cultural waste. It is possible to produce a wide range of boards, ac-
cording to the bulk density, low density, medium or high density.
Dominguez-Robles et al. [17] described the production process and
properties of a wheat straw board with a bulk density higher than 1000
kg/m?. In this case, no glue was added, and yet the board achieved good
mechanical properties, in particular flexural strength over 80 MPa. The
mechanical properties were influenced mainly by length of the fibers;
the shorter the length, the greater the strength. The swelling thickness
was approximately 40%.

Thermal insulation materials manufactured from renewable mate-
rials can be a good alternative to conventional thermal insulation ma-
terials. Mahieu et al. [14] studied sunflower bark and flax particle board
self-bound by a thermo-compression process with water. The target
density was 350 and 500 kg/m>. These boards achieved high mechanical
properties; however, thickness swelling was more than 60% for the
density of 350 kg/m® and more than 90% for 500 kg/m?®, which limited
the use of this material in building construction. The material was
thermo-pressed at 190 °C for 10 min (flax fiber contained a higher
proportion of cellulose, 80% and only 6% of lignin). Sunflower straws
are by-products of the vegetable-oil industry. Sunflower particleboard
without binder was thermo-pressed at 190 °C for 45 min. The bulk
density of flax shives was about 100 + 4 kg/m® and 180 + 5 kg/m? for
the sunflower bark. The target density of the board was 350 and 500
kg/rn3 and the thermal conductivity was 0.066-70 W/(m-K) for 350
kg/m® and 0.074-0.077 W/(m-K) for 500 kg/m> [14]. Another possi-
bility presents jute. Jute thermal insulation boards mixed with polyester
fibers with a range of 150-230 kg/m® were developed and tested by Jin
et al. [18]. The thermal conductivity was comparable with synthetic
thermal insulation, such as rock wool, mineral wool or polystyrene, e.g.,
jute board with a density of 152 kg/m> achieved a very promising
thermal conductivity of 0.0372 W/(m-K).

Binderless insulation with a low density of 250-450 kg/m? can also
be made from coconut husk. Temperatures of 180 °C, 200 °C and 220 °C
were used for hot pressing [19]. It was shown that optimal mechanical
properties were achieved by boards made from coconut husk at a
pressing temperature 200 °C for 13 min. These binderless boards with a
density of 250-350 kg/m> had the thermal conductivity in the range of
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0.046-0.068 W/(m-K). The thickness swelling (TS) values of the bind-
erless coconut husk insulation boards decreased with increasing tem-
perature and pressing time. At a board density of 350 kg/m®, the
binderless coconut husk insulation board gave the lowest TS value of
21.7% with a pressing temperature of 220 °C/13 min. At a board density
of 350 kg/m°, the binderless bagasse insulation board gave the lowest TS
value of 21.7% with a pressing temperature of 200 °C/13 min, whereas
the binderless bagasse insulation board gave the lowest TS value of
42.7% with a pressing temperature of 160 °C/7 min [19]. It should be
noted that the thickness swelling of both insulation boards exceeded the
maximum permitted levels (10%) for insulation boards in JIS A 5905:
2003. Cotton stalk fiber board with a density of 150-450 kg/m® had a
thermal conductivity in the range of 0.0585-0.0815 W/(m-K) [16]. For
preparing binderless particle board, it is also possible to use also rice
straw. Kurokochi and Sato [20] investigated the effect of pressing tem-
perature. Water resistance increased significantly with increasing
pressing temperature. Fiberboards may also be produced from munic-
ipal waste [21]. Municipal waste treated at 180 °C for 2 h had a density
of over 800 kg/m®. Due to its high bulk density, it had higher thermal
conductivity compared to thermal insulation materials. The summarized
information on binderless boards is given in Table 1.

Rape is an annual plant cultivated as a source of vegetable oil. Rape
straw, which contains 19-21% of lignin ([23,24]) and approximately
40% of cellulose [22,2.3], is a waste product of the oilseed industry. Due
to its wide availability (several million tons per annum in the EU), it can
play an important role as an alternative sustainable building material,
particularly thermal insulation. Therefore, the use of rape straw for the
production of resin-bonded fiberboards was studied in various research
papers during the last decade. Dukarska et al. [25] developed rape straw
particleboards with strength properties comparable to those of parti-
cleboards type 5 and OSB/3 boards. The hybrid pMDI/PF applied resin
enabled a decrease in the density of the boards to 600-550 kg/m>. Hysek
et al. [23] developed and tested similar particleboards with different
kinds of glue and surface pretreatment but achieved lower mechanical
properties while the bulk density was still more than 500 kg/m?®.

The use of rape straw for the preparation of adhesive-free boards was
not published yet in common literature sources. However, the high
amount of lignin makes good prerequisites for producing boards on rape
straw basis without any glue. Therefore, in this paper, the possibility of
using rape straw for the production of binderless low-density fiber-
boards is analyzed. The main aims of the research work are as follows: i)
preparation of a board material with low bulk density and low thermal
conductivity, ii) investigation of the influence of steaming temperature
on material properties, iii) achievement of a low value of wetting-
induced volumetric changes.

2. Materials and experimental methods
2.1. Preparation of binderless board samples

Rape straw was obtained from Polepy near the Czech Middle
Mountain. The whole straw was washed three times with hot water to
remove the impurities and wax layer from the surface [22] in order to
achieve a better adherence. The straw was cut in hot water using a
pulper with a helical rotor at 3600 rpm for 10 min to ensure good fiber
distribution in water. However, due to the size of the pulper and the
amount of straw, in addition to the fibers there were also small straw
particles. The particles that passed through 4 mesh sized filters were
used to make the binderless board. The dimension of the iron forming
box was 300 x 300 mm and the thickness of the boards was 40 mm.
After the mat was molded, its upper surface was covered with an
aluminum sheet. Then the mat was pressed for 1 min at 8 kPa and affixed
by clamps. The wet straw was exposed to steam in an oven at 100 °C,
140 °C, 180 °C and 200 °C for 30 min. Then, the board was conditioned
via air-drying at a temperature of 60 °C for two days. This wet process
was applied without using additives or glue.
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Table 1
Binderless boards.
Steaming Time [min] Bulk density [kg/m>] Thermal conductivity [W/(m-K)] Thickness swelling [%] Reference
Temperature [°C]
Rice straw 200-220 10-20 800 not specified 50, 6-12 [20,22]
Bark 103 24 185-277 0.049-0.062 8-19 [10]
Gelem bark 140-200 20 590 not specified 12 [11]
Flax shives and sunflower bark 190 45 350-500 0.042 60-95 [14]
0.07-0.08
Coconut husk 180,200,220 7,10,13 250-450 0.046-0.068 22-43 [19]
Wheat 150-230 30,5 > 1000 > 0.0867 40-70 [17]
Bagasse 160,180,200 7,13 250-450 0.049-0.055 21-43 [19]

2.2. Material characterization methods

The microstructural morphology of the fiber surface and adhesively
bonded joints was studied by scanning electron microscopy (SEM) using
a Phenom XL desktop SEM (ThermoFischer Scientific) with a secondary
electron detector operated at an acceleration voltage of 15 kV, and a
working distance of 5-15 mm. All the samples for microscopic analysis
were vacuum dried at room temperature in order not to affect their
properties. Vacuum-dried samples were glued to an aluminum stab
using double-sided conductive carbon tape. Sputter coater Quorum
SC7620 (Quorum Technologies Ltd, Laughton, United Kingdom) was
used to generate an approximately 5-10 nm gold/palladium coating on
the samples to make them conductive.

The basic physical properties included the bulk density, water ab-
sorption (WA) after 24 h soaking and thickness swelling (TS) after 24 h
of soaking. Bulk density was determined according to the EN 1602
standard [26]. For the bulk density test five samples with dimensions of
250 mm x 250 mm x 40 mm were prepared. In the first step the samples
were dried, then the average length and width of the boards were
measured. Bulk density was calculated according to the common
gravimetric formula. The TS 24 h and WA 24 h (CSN EN 317:1995) [27]
values of the boards were determined using test samples of 50 mm x 50
mm. The tests were carried out by immersion of the samples into water
for 24 h. At the beginning of the test the weight and thickness of the
dried samples were recorded.

2.3. Determination of mechanical and hygrothermal properties

The mechanical properties were represented by the internal bonding

strength expressed in terms of tensile strength and modulus of elasticity.
The setup of the experiment is given in Fig. 1. The test samples of a 400
em? square cross-section area were cut from the rape fiber boards. The
test specimens were dry-cut from the board using a circular saw cutting
machine (Brillant 240, ATM, Germany) with fine dynamic cutting to
avoid pulling fibers out of the sample. The samples were glued to the
frame with flexible couplings using epoxy resin. After the epoxy adhe-
sive had hardened, the sample was affixed in a tensile testing machine.
The displacement increase rate was 0.2 mm/s according to the CSN EN
1607 standard [28].

The water vapor adsorption isotherms were measured using the
desiccator method at a temperature of 23 °C. In the first step, the dried
samples were placed into a desiccator with different salt solutions to
reach various steady relative humidity conditions (Fig. 2). The mass of
individual samples was recorded, and the experimental procedure was
finished when steady-state values of mass were achieved. Then the
gravimetric moisture content was calculated for a particular relative
humidity [29].

Thickness swelling in the hygroscopic range was evaluated during
the sorption isotherm test. In the overhygroscopic range, it was exam-
ined on samples with dimensions of 100 x 100 mm before and after
immersion in water for 24 h. The thickness of each sample was measured
using a dial indicator with an accuracy of 0.05 mm at four points before
and after the experiment. The swelling of the samples during the sorp-
tion test was calculated using the following equation:

—d,

S(-) =" )

Fig. 1. Internal bonding strength measurement.
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Fig. 2. Determination of sorption isotherms.

where d; is thickness of the sample after exposure to the humid envi-
ronment, d is thickness of sample preconditioned at 11% RH.

The cup method was used to determine the water vapor transport
parameters. The measurement was carried out in steady state under
isothermal conditions. The dimensions of the tested samples were 100
mm x 100 mm, and the thickness was 40 mm. The lateral sides were
sealed to ensure one-dimensional test. Three samples of each material
were stored in laboratory conditions (22 + 2 °C and 50 + 5% of RH)
until they were tested. The measurement of dry cup and wet cup was
carried out according to the EN ISO 12572 [30] standard (Fig. 3); it is
described in detail, e.g., in Ref. [29]. For the dry cup, the specimens
were placed in a metal cup containing silica gel, and for the wet cup
distilled water was used. The cups with specimens were then placed into
a climatic chamber that maintained a constant temperature of 25 °C and
constant relative humidity of 55% during the testing procedure. The
mass increase or decrease (wet cup) of the assembly was recorded every
24 h. The water vapor diffusion permeability, &, (s), water vapor
diffusion coefficient, D (m?s~1), and water vapor diffusion resistance
factor, p (—), were calculated according to equations.
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In Egs. (2)-(4), Am (kg) is the mass increase, d (m) is the sample
thickness, t (s) is time, S (m?) is the surface area of the specimen, Apy
(Pa) is the partial pressure difference, D, = 2.82 x 10-5 m? s71 is the
water vapor diffusion coefficient in air at 25 °C, R = 8.314 Pa m®
mol 1K1 is the gas constant, T (K) stands for temperature and M =
0.01802 kg mol ! is the molar mass of water. According to the standard
EN ISO 12572 [30], for permeable materials the water vapor perme-
ability formula must be corrected with a coefficient depending on the
thickness of the air gap between the sample and the salt solution or the
silica gel according to the formula

d

Omcon = 500 5)
Am B

where d, (m) is the thickness of the air layer and 6a = 1.993 x 10710 kg
m ! s7! Pa~! is the water vapor permeability in the air at 25 °C. The
resistance of the layer above the cup could be neglected because the air
in the test chamber was stirred, so that the velocity above each specimen
was 2 m s+ or higher which met the requirements prescribed in EN ISO
12572 [30].

Thermal conductivity and specific heat capacity were measured
using an Isomet 2104 device. The measurement was based on the
evaluation of the temperature response of the analyzed sample to heat
flow pulses. Heat flow was induced by an electrical resistor heater
having a direct thermal contact with the sample. The thermal conduc-
tivity values were determined as a function of moisture content.

MS Excel 2016 (Microsoft Corporation, USA) was used for all cal-
culations. For a more detailed evaluation, basic descriptive statistics,
simple linear regression, fixed nonlinear regression, one-way analysis of
variance (ANOVA), and Tukey’s honestly significant difference (HSD)
test were used. All tests were performed at a significance level of a =
0.05 in the Statistica 13.3 Academic software (TIBCO, USA).

3. Results and discussion

The surface of the rape straw fiberboards with fibers steamed at
100-200 °C is shown in Figs. 4-7. It can be seen from the images that
with increasing fiber treatment temperature, it was possible to find a
larger proportion of lignin on the surface of the fibers and straw

Fig. 3. Determination of water vapor permeability (left) and an example of the manufactured sample (right).
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Fig. 5. SEM image of rape straw fiberboard made of fibers steamed at 140 °C.

particles. In particular, lignin plasticized at the temperatures of 180 °C
and higher contributed significantly to the cohesiveness of the com-
pressed fibers and particles.

The basic physical properties of the fiberboards studied are sum-
marized in Table 2. The bulk density values of the individual test
specimen sets were within the range of 100-110 kg/m>. They were
significantly lower than those of many other binderless organic boards,
but higher than inorganic thermal insulation materials, such as EPS or
glass wool. WA after 24 h was over 600% for all samples, the differences
were within the range of 5%. Thickness swelling decreased substantially
with increasing steaming temperature, TS 24 h was almost two times
lower for 200 °C in a comparison with 100 °C.
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Fig. 7. SEM image of rape straw fiberboard made of fibers steamed at 200 °C.

Table 2
Basic physical properties of rape straw fiberboards (mean + standard deviation).

Steaming Bulk density [kg/ WA 24 h [%kg/ TS 24 h [%]
temperature m®] kgl

100 °C 104 + 4 634 + 23 6.34 +0.18
140 °C 104 + 4 606 + 20 4.67 +0.20
180 °C 107 +5 606 + 24 4.00 £0.28
200 °C 107 + 4 601 + 22 3.40 £ 0.29
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Table 3
Mechanical properties of rape straw fiberboards.

Steaming temperature Tensile strength [kPa] Modulus of elasticity [kPa]

100 °C 4.6 + 0.37 273% + 25
140 °C 6.3" + 0.42 373+ 35
180 °C 12.5° + 0.68 409" + 40
200 °C 14.0¢ £ 0.53 442° + 32

*Values with the same index are not statistically significantly different.

The mechanical parameters are presented in Table 3 and Fig. 8.
Apparently, both tensile strength and modulus of elasticity increased
remarkably with the increasing steaming temperature up to 200 °C. In
the case of tensile strength, the highest difference was observed between
140 °C and 180 °C. The enhancement can be explained by the fact that
lignin melts better at higher temperatures, as it can be seen in SEM
images (Figs. 4-7). This allows lignin to flow over the fiber surface and
to establish stronger inter-fiber bonds [31]. In a comparison with some
other self-bonded materials e.g., bark fiber boards with a density of
~200 kg/m? achieved internal bonding slightly lower than 50 kPa. With
increasing bulk density (pressing) increases the tensile strength [10].
The influence of steaming temperature on the tensile strength of the bark
fiber board was studied by Christy et al. [11] the best mechanical
properties were achieved at the temperature of 200 °C. The tensile
strength of self-bonded flax shives board was determined on the samples
with a density of 500 kg/m®> made at the temperature of 190 °C for 45
min [14]. The result was ~20 kPa. Wheat straw self-bonded boards
achieved tensile strength much higher, over 800 kPa, enzymatically
treated fiber boards ~1.4 MPa. It was mainly due to high bulk density
which was in this case over 1000 kg/m3 [17]. The binderless insulation
boards made from bagasse at density of 350 kg/m® treated at a hot press
temperature of 200 °C for 13 min showed internal bond ~14 kPa [19].
The internal bonding strength of rice straw binderless boards also
increased with increasing pressing temperature. At 220 °C only hemi-
cellulose and lignin but also amorphous cellulose were decomposed
during the steam treatment. Among the degradation products, 5-hydrox-
ymethylfurfural was supposed to contribute to self-bonding during
hot-pressing, while furfural was vaporized from the rice straw [22].

The differences in mechanical properties between the individual
steaming temperatures are shown in the ANOVA results in Fig. 8.

The tensile strength values were statistically significantly different
for all steaming temperatures (p < 0.05). Tukey’s HSD test also showed a
significant difference in modulus of elasticity for the steaming temper-
ature of 100 °C (p = 0.0003). Overall, the value of the modulus of
elasticity for the steaming temperature of 200 °C is nearly 62% higher
than that for the steaming temperature of 100 °C.

The water vapor storage parameters of the studied rape straw fi-
berboards are shown in Fig. 9. The moisture content slightly decreased
with increasing steaming temperature. The studied fiber insulation
material was hygroscopic, but had a lower equilibrium moisture content
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in comparison with other natural materials, such as hemp, jute, or flax
[29]. Similar sorption isotherms of natural thermal insulation materials
composed of renewable resources were reported by Korjenic et al. [32].
Slightly higher sorption isotherms were obtained by Fedorik et al. [33]
for wood shavings and paper wool. The maximum hygroscopic moisture
content reached similar values to those for rape particleboard with bone
glue [34].

The thickness swelling in the hygroscopic area was relatively low
(Fig. 10). The lowest values (up to 2%) were achieved by the materials
steamed at 180 °C and 200 °C, which correlated well with the me-
chanical properties (Table 3). These results were in a qualitative
agreement with Christy et al. [11], where binderless bark boards made
at 140 °C swelled by 37% and at 200 °C by only 5%. The swelling in the
overhygroscopic range was obviously higher but still significantly lower
than for some other binderless fiberboards, e.g., bark fiber boards
showed 8-19% [10], Gelam bark 12% [11], flax shives and sunflower
bark 60-95% [14], wheat boards 40-70% [17], coconut husk 22-43%
[19]. The lower thickness swelling was mainly due to the lower bulk
density and lower production pressure.

The water vapor diffusion properties of rape straw fiberboards are
presented in Table 4. All studied materials exhibited fast water vapor
transport in both dry-cup and wet-cup arrangement which was related to
the low density of the samples. The p-values ranged from 4.3 to 5.6 for
the dry cup and from 3.0 to 4.9 for the wet cup and increased with the
increasing steaming temperature; this corresponded with the results of
the SEM analysis, where for the manufacturing temperatures of 180 °C
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E :
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Fig. 9. Sorption isotherms of rape straw fiberboards. The relationship between
relative humidity and moisture content corresponds to a cubic polynomial
model with coefficients of determination (R%) of 0.82-0.84.
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Fig. 8. ANOVA results for tensile strength (left) and modulus of elasticity (right) values according to the steaming temperature. Vertical bars denote 0.95 confi-

dence interval.
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Fig. 10. The effect of steaming temperature on thickness swelling of rape
straw fiberboards.

Table 4
Water vapor diffusion properties of rape straw fiberboards with a standard
deviation.

Steaming Water vapor Water vapor Water vapor
temperature diffusion diffusion diffusion
[°C] permeability coefficient [107° resistance factor
[107''s] m*s] -1
Dry cup Wet Dry cup Wet Dry cup Wet
5-50% cup 5-50% cup 5-50% cup
RH 75- RH 75- RH 75-
35% 35% 35%
RH RH RH
100 3.87 + 5.58 5.33 + 7.68 4.33 + 3.0+
0.19 + 0.27 + 0.23 0.28
0.52 0.21
140 3.52 + 4.97 4.84 + 6.83 4.77 + 3.4+
0.22 + 0.31 + 0.29 0.21
0.28 0.17
180 3.11 + 3.40 4.14 + 4.68 5.59 + 4.9 +
0.17 + 0.23 + 0.32 0.22
0.15 0.21
200 2.97 + 3.52 4.09 + 4.84 5.63 + 4.8 +
1.46 + 2.01 + 0.23 0.47
0.33 0.46

and 200 °C a greater distribution of lignin on the fiber surface was
observed. The greater lignin distribution resulted in higher mechanical
properties, slightly higher bulk density and affected also the water vapor
transport properties. The lignin behavior was summarized in a review
article published by Borczok and Pasztory [35]. Under appropriate
conditions, the moist lignin incorporated in the wood softens at about
100 °C and allows its molecules to deform in the cell walls. The obtained
results were comparable, e.g., with the wood waste particle boards
studied by Cetiner et al. [8] and the natural renewable material made
from barley straw analyzed by Palumbo et al. [36]. On the other hand,
the water vapor diffusion resistance factor of binderless rape straw fi-
berboards in this paper was much lower than for the particle board
produced from rape straw with bone glue [34].

The thermal conductivity of all samples in the dry state (Fig. 11) was
within the range of 0.045-0.052 W/(m-K), which was lower than for
bark- or coconut binderless fiber boards [10], comparable with
resin-bound wood fiberboard [29] or barley straw [36], but somewhat
higher than for EPS or mineral wool [37]. The increase of thermal
conductivity with the increasing moisture content, u, was very moder-
ate; for u = 0.13 kg/kg the thermal conductivity was in a range of
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Fig. 11. Moisture dependent thermal conductivity of rape straw fiberboards.

0.055-0.063 W/(m-K) only, which was several times lower in a com-
parison with EPS or mineral wool [37]. The specific heat capacity in dry
state was for all types of rape straw fiberboards the same, 1380 J/(kg-K),
taking into account the error range of the applied measurement method.
This value was relatively high compared to mineral wool or polystyrene
(770-810 J/(kg-K)) [37] but comparable with some biomaterials, such
as the hemp composite analyzed in Ref. [36]. Thermal conductivity
increased with increasing moisture content (Fig. 11) and the calculated
linear regression models had relatively high coefficients of determina-
tion (R% = 0.68-0.85). However, in terms of the use of insulating boards
in construction, the increase of thermal conductivity in dependence on
steaming temperature was not significant.

4. Conclusions

Binderless rape straw fiberboards with a bulk density of ~100 kg/m?>
were designed. The effect of steaming temperature on microstructure
and mechanical, hygric and thermal properties were analyzed in the
paper. The most important results can be summarized as follows:

The microstructural analysis showed that with the increasing fiber
treatment temperature the proportion of lignin on the surface of fi-
bers and straw particles increased, which was most apparent at the
temperatures of 180 °C and higher.
Both tensile strength and modulus of elasticity of the studied rape
straw fiberboards increased remarkably with the increasing steaming
temperature up to 200 °C. In the case of tensile strength, the highest
difference was observed between 140 °C and 180 °C, which indicated
180 °C as the most effective solution.
e Thickness swelling decreased substantially with increasing steaming
temperature.
e The lowest values of thickness swelling in the hygroscopic area (up to
2%) were achieved by the materials steamed at 180 °C and 200 °C,
which correlated well with the mechanical properties.
The thermal conductivity of all samples in the dry state was within
the range of 0.045-0.052 W/(m-K), which was only somewhat
higher than for EPS or mineral wool. The increase of thermal con-
ductivity with the increasing moisture content was very moderate in
the hygroscopic range, up to 0.055-0.063 W/(m-K), which was
several times lower in a comparison with EPS or mineral wool.
e Water vapor transport and storage parameters varied only slightly
with the changing manufacturing temperature. The relatively low
values of water vapor diffusion resistance factor and maximum hy-
groscopic moisture content implied potential good applicability of
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the analyzed fiber boards as thermal insulation materials in the
building sector.

Based on the obtained experimental results, it can be concluded that
the designed binderless rape straw fiberboards produced at the steaming
temperatures of 180 °C and higher achieved the most suitable combi-
nation of mechanical, hygric and thermal properties and can be rec-
ommended for a potential use as thermal insulation materials in building
structures. It should though be noted that while the designed fiberboards
can be considered environmentally friendly, as they do not contain
synthetic resins, their biodegradability is both a great advantage and
disadvantage. Therefore, it is necessary to determine under which con-
ditions they can be used in construction, whether the material is sup-
posed to be impregnated with chemicals or not and, if the impregnation
is necessary, which chemicals should be used to maintain the environ-
mental friendliness of the material. These problems need to be addressed
in future work.
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7.Conclusions and direction of future research

This list of articles provides information on the determination of a complete set of

material transport and accumulation parameters. The effect of the pore size distribution

curve on moisture, and subsequently on thermal properties, has been demonstrated.

Pore size also influences freeze-thaw resistance. The freezing resistance and cyclic

behavior of the material during wetting and drying are also discussed. The knowledge

gained can be applied in materials engineering, particularly in the research and

development of new materials and in the evaluation of building structures. In the final

paper presented, a new eco-friendly thermal insulation material has been developed,

with further advancements expected. It is anticipated that the knowledge gained from

this theoretical research will be applied in practical research, eventually leading to the

introduction of new products to the market.

The theoretical research will deal with the development and quality of the self-
adhesive properties of lignin contained in fibers from post-harvest residues,
specifically rapeseed straw. These are influenced by several factors. The first is
the interfacial interface of the fibers, which is influenced by straw pulping
technology. In particular, temperature, humidity during the pulping process, and
the distance between the discs are important factors influencing fiber size and
surface properties. The fibers obtained will be analyzed using microscopic and
chemical techniques. The sub-objectives will be:

o Development and research of thermal insulation boards from secondary
agricultural production such as straw. This biomass contains lignin, which
acts as a binder under certain conditions. The effect of temperature,
humidity, and pressure on the morphology and self-adhesive properties
of lignin will be investigated.

The practical research will build on the findings obtained within the framework
of the GACR grant 20-12166S, during which cooperation was established with the
German institute IHD Dresden, where thin fibers from rapeseed straw were
produced. The possibilities of their use will be the subject of further research.

The aim is to use the theoretical knowledge in practice. CIUR a.s. was approached
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and several applied projects were submitted through the TACR agency. The main

topics are:

o

Research and development of new blown-in thermal insulation made of
rapeseed fibers obtained in connection with the solution of GACR 20-
12166S.

Development of new blown-in thermal insulation from renewable raw
materials from agriculture and forestry. This will be insulation with a
predominant share of cellulose from different types of cereals and similar
plant residues and wood pulp.

Further developments could focus on the development of blown-in
thermal insulation from difficult-to-process municipal waste based on
cardboard.

Newly developed insulations would need to be chemically treated to have
the required reaction to fire and be resistant to biocorrosion. Chemical
treatment will be part of further development.

An important issue is the recycling of natural materials at the end of their
useful life. One solution is to convert this material into biochar that can
be reused in agriculture or for water purification. This would complete
the life cycle of the product in the sense of a circular economy. Biochar

can be produced by pyrolysis.
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