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Abstract —The definition of the concepts of theoretical and
operating moisture of building materials is given in the paper.
The estimated moisture is determined. To determine operating
moisture, the analysis methods are used. The issues with the
estimated moisture based on field studies are presented. Methods
of calculating moisture of building materials by sorption
isotherm are proposed. Literature and regulations on the use of
mathematical methods for calculating moisture conditions are
described in the article. Links to the relevant regulations to
determine the procedures necessary for numerical calculations of
the moisture properties of building materials are provided in the
paper. A new formula for operating moist calculation basing on
the results of field studies of moisture in the enclosing structures
is presented in the article. The article describes the results of full-
scale, numerical and laboratory studies to determine the
estimated moisture of building materials. Discrepancy of field
study results and laboratory data is revealed; thereby,
inadequacy of the method of calculated moisture of building
materials by sorption isotherm is proved. A good convergence of
results of numerical and field investigations, which show the
validity of application of the mathematical method when
determining the estimated moisture content in building materials,
are presented.
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I.  INTRODUCTION

In the course of the building operation, the moistur
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where the construction takes place [1-5]. Serviceability of the
enclosing structures of a building is determined by the
moisture conditions. It directly affects both the thermal
properties of enclosing structures [6] and the energy efficiency
of applied materials.

Calculations of the moisture conditions make it possible to
solve various problems related to thermal physics. A
stationary method for moisture condition estimation [7] allows
us to check the construction in terms of the inadmissibility of
moisture accumulation in it during the annual operation
period, as well as moisture limitation for the period with the
negative average monthly outside temperatures. Calculations
made on the basis of non-steady methods [8, 9] make it
possible to acquire not only qualitative estimates of the
moisture state of enclosing structures, but also specific
guantitative results of the moisture content in the layers of
building materials. The main calculation result of the moisture
condition of enclosing structures on the basis of non-steady
methods would be the distribution of moisture along the
thickness of the structure at any time after the beginning of the
operation of the building. Using this result, it is possible to get
answers to particular problems, including the determination of
the moisture value of building materials.

When designing the enclosing structures of buildings, one
of the main characteristics would be the design moisture of
building materials under various operating conditions. The
results of the work were obtained during the studies carried

€ut in various climatic zones on the territory of the Russian

condition of enclosing structure materials varies depending Orfcﬁderation' which in accordance with the construction norms

the design features, material properties, temperature a

d regulation (SNiP) 23-02-2003 on “Thermal protection of

humidity in the facilities, as well as the climate of the reQior‘ouildings” is divided into operating conditions A and B. The
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characteristics of the calculated moisture are used in thermal It is scientifically justified to use the assignment method of
and technical calculations, the results of which solve thealculated moisture basing on the sorption isotherm when the
following issues: the choice of the type of thermal insulatiorvalue of the calculated moisture under operating conditions A
material for a multilayer structure, necessary thickness of & taken to be equal to the value of the sorption moisture of the
masonry for a single-layer structure and the conformity ofnaterial at a relative humidity of 80%; and respectively, under
construction to modern construction norms. That is why theperating conditions B at a relative humidity of 97% [13].
assignment of the calculated value of moisture causes maeveral indicators are usually taken into account during the
qguestions and disputes among manufacturers and designershamidification of building materials: vapor permeability,
building materials. This article is devoted to the disclosure ofvater vapor sorption, and capillary absorption. The moisture
the concept of the calculated moisture of building materialsondition of the enclosing structures varies depending on the
and the description of methods for its determination. structure and properties of material, the microclimate in the
room and the climate of the region where the construction

Tth' calcu_lated moisture Of. building ma_terial is th.etakes place, which results in some changes in thermal
operating moisture of the material for generalized Operat'ngharacteristiés of the enclosing structures [14]
conditions A or B. The operating conditions are assigned for '

specified moisture and humidity conditions in the room IIl. MAIN PART
according to the code of rules (CR) 50.13330.2012 on the

updated version of building codes and regulations “SNiP 23- The method of determining values of operational moisture
02-2003 Thermal protection of buildings” [10]. basing on the results of numerical calculations of the moisture

] . ) o ] condition of enclosing structures using non-stationary
Operating moisture is the equilibrium moisture content ofnathematical models [10] is fundamentally different. Unlike

material in the enclosure with respect to the humidity factorgjmpjified methods, non-stationary numerical methods allow
of the internal and external environment that affect it duringne to simulate the operation of construction taking into

OPGFI‘?‘Q'?”- T?te moisture tﬁonte?‘ttrl]n the tmat?rlal ?ecom%ccount any significant mechanism of heat and moisture
equiiibrium atter passing throug € construction stagé ang,nsfer in the structure, as well as changes in climatic
the subsequent post-construction stage when the Strucmreﬁégrameters Non-stationary calculation methods of moisture
operated in the quasi-stationary (remains unchanged in t dition have been known since 1930 of th @entury [15.

time interval of one day; however, it periodically changedcOn o o
during the year) humidity mode. The duration of this16]- At present, when designing modern buildings, the method

establishment varies considerably and depends on the initidf mathematical modeling of both temperature and humidity
(construction / technological) moisture content of materialStates of enclosing structures is applied.

composition pf the structure and climate of the region where T, carry out calculations based on the mathematical model
the construction takes place. proposed, the characteristics of the boundary conditions are
Il. METHODS necessary, including the temperature and relative humidity of

the outdoor air, the characteristics of the enclosing structure,

To determine the operating moisture, field studies were s 1he composition and thickness of the layers of materials, as

applied. However, the re_sults of such studies, even fpr trf\ﬁell as heat and moisture characteristics of construction
same type of construction and under the same climati aterial: specific heat, thermal conductivity, vapor

conditions can vary greatly [11]. To assign the value o ermeability. To carry out comprehensive analysis and obtain
calculated moisture under operation conditions A and B in thB8°! Y- carry ou P y .
eliable results, in addition to standard heat and moisture

table of thermal and technical indicators of the code of o . . ) ) oo
regulations 50.13330.2012, a huge database of field studies §aracteristics, a sorption isotherm is required, which is
different climatic zones for the statistical analysis, as well ag€termined in accordance with the standard procedure
expert assessments were used. At the moment, to carry dggcording to the State Standard (GOST) 24816-2014
thermal and technical calculations, the obtained data are thBuilding materials. Method for determining the equilibrium

main reference material. sorption moisture”). Besides, the conductivity and capillary
absorption is needed for the analysis. The methods for

As it was mentioned above, in Ofdef to assign th%letermining these characteristics were previously described.
calculated moisture for each type of material basing on the

field studies, the inspection results of enclosing structures in Autoclaved aerated concrete is currently the most common
different regions are needed; therefore, the method afaterial used for the outer enclosing structures of the
assigning the calculated moisture is time-consuming anBuildings. The last major studies on the moisture condition
costly as well. In order not to waste time and money on th@ere conducted for cellular concrete with different heat and
studies, some companies and specialists prefer using thermabisture characteristics (since then the manufacturing
conductivity of materials in a dry state rather than usingqguipment has been completely replaced; technologies and
calculated thermal conductivity (depending on the Calcmategompositions have been changed due to the changes

moisture) for thermal and technical calculation. This approacf).oquced in the thermal protection norms; the grades of

is not an advanced one and does not allow improving Fhleeduced density D300 and D400 are more widely used). In this

enclosing _structures f_rqm the .pomt of view of thelrconnection, it is necessary to update data on the heat and
temperature and humidity state; therefore, the structure$

during their operation will not have necessary heat-protectivglmsmre characteristics of autoclaved aerated concrete. To

properties and durability [12]. is end, a number of experimental studies have been carried
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out. The most significant are the results of studies of vapansulation: mineral wool, molded expanded polystyrene
permeability and sorption of water vapor as for the first timgfoam) and extruded polystyrene with an outer thin plaster
in recent years, the main grades of autoclaved aerated concrktger. In the course of the calculations, it was assumed that the
were tested simultaneously according to GOST methods andmperature and humidity in the room remain constant
with the use of special equipment. Besides, for the first timéhroughout the year and are equal to + 20°C and 55%,
the methods of capillary suction and moisture conductivityespectively. The temperature and relative humidity of the air
were tested and the results of studies were obtained for tloaitside the construction vary. The data for the calculations
samples of modern aerated concrete. were taken from CR 131.13330.2012. Updated edition of

H _ - * 1o H H 1]
The averaged results of experimental studies of WateSrNIP 23-01-99* s "Construction climatology"

vapor sorption by the samples of autoclaved aerated concrete Based on the calculation results of the moisture
of the main grades are presented in Table 1. Tests were carrigahditions of the considered types of the structures, the values

out according to the GOST 24816-81procedure. of the operating moisture of materials for the climatic
conditions of the selected cities where the construction takes
TABLE I. RESULTS OF SORPTION STUDIES BY SAMPLES OF place were calculated. Table 3 shows the values of operating
AUTOCLAVED AERATED CONCRETE moisture of the aerated concrete of grade D400 and effective
Sorption humidity,%, by weight, insulation after a month of maximum moist accumulation.
Concret ata temperature of (20 £ 2)°C and Values for aerated concrete are given for a structure with
e grade relative air humidity,% extruded polystyrene foam.
40 60 80 90 97
8288 gégg 8;2 11;2 3}; 553 h TABLE III. OPERAT:\ANSI ISVITOLSCTCUUR'\AEUCl)_ﬁ_II%l g/ISNTH AFTER THE LONGEST
D500 0.036 0.16 123] 219 425
D600 0.021 | 0.083 11 208 4.0 Operating moisture, w, %
. . Materia St _ ' '
On the basis of the obtained data, one may conclude that | Mosc | potershy | EKteri | Novosi | Viadiv | Krasno
the lower the density of aerated concrete, the greater the ow g nburg | birsk | ostok | dar
sorption. This is due to the greater porosity of cellular concreteAerated
with the lower density. coDrLcc;gte 3.18 3.13 3.47 3.56 2.93 218
The aver_aged results of_the resistance to vapor permeatiefy. -,
and calculation of the coefficient of vapor permeability of the ool 0.79 0.87 0.80 111 0.53 0.75
main grades of _aerated concrete are presented in Table 2. Thelastic 259 262 358 4.49 230 182
tests were carried out according to the GOST 25898-2012 foam
procedure. The thickness of the test sample was 25 mm. XPS 0.32 0.35 0.24 0.28 0.23 0.3§

With the help of the obtained experimental data, it is

TABLE II. RESULTS OF AERATED CONCRETE VAPOR PERMEATION . A . .

possible to do further calculations of non-stationary moisture
Resistance | Vapor conditions of enclosing structures using autoclaved aerated
Concre | AVErage | anor permeati concrete. The numerical calculation results presented in this

te jsr':"s?t'e permeatio on, paper can be used for calculation of the effective thermal

grade p kﬂmys’ o Ru, mg/l(l;n[hlj conductivity of masonries of aerated concrete blocks, as well

m'BEFa/m Pa) as for the calculation of indicators of energy efficiency of

5300 330 5.198 0176 thermal insulation materials.

8‘5‘88 ‘5%2 8-218 g-igg A set of works was performed to determine the thermal

D600 634 0.268 0.005 and physical parameters of autoclaved aerated concrete with

the range of grades in density from 100 Kgin600 kg/ni.
It is possible to draw the conclusion that the higher thgased on the results of the studies, the thermal conductivity

density of aerated concrete, the greater the resistance to va%@s established in the dry state at an average temperature of

: : 2:25°C, A0, W/ (moC) and the increment of thermal
ermeation and, correspondingly, the lower the permeabilit 1o ;
goefﬁcielnt pondingly W P " onductivity by 1% of moistureAX, W/ (meoC+%). Based on

the results obtained, the coefficient of thermal and technical
Using the obtained current heat and moistureguality (TTQ) was calculated: 1 /%. Table 4 presents the
characteristics of aerated concrete, trial calculations of thaveraged results of these studies.
non-stationary moisture conditions of multilayer enclosing
structures in different climate regions where the construction
takes place were carried out. The walls from the aerated
concrete D400 with a facade system and bonded thermal
insulation were investigated using the main types of
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TABLE IV. RESULTS OF THERMAL AND PHYSICAL INDICATORS OF According to the studies, the value of TTQ for aerated
AERATED CONCRETE . ! .
concrete is (1 /%). This value can be used to find the
calculated thermal conductivityl, W/ (m-oC) using the
following formula:
AS\;?:]a?: Thermal M oisture TTQ g
Grade den sitp conductivity in increase by 1 /0/’
kg/r%/g’,"’ dry condition, 1%, A, . 7o A
ho, WI(M-°C) | WI(m-°C-%) A=Ay +AAW, :/]O(H/‘EMJ = A (1+nw,) )
0

D100 112 0.049 0.002 0.043 where w is the operating moisture of the material by
weight,%.

D300 316 0.091 0.004 0.043

If, using formula (2), one calculates the TTQ according to

D400 416 0.111 0.005 0.045 the data from the table of thermal and technical indicators
(Appendix T of CR 50.13330) and compare them with the

D500 494 0.130 0.006 0.044 found values, it can be concluded that for a grade with the
density of 400 kg/th the values in CR 50.13330 are

D600 616 0.158 0.007 0.044 1 ynderestimated (TTQ is approximately 0.03), and for a grade

with the density of 600 kg/fnare, on the contrary,

line. The red dots indicate thermal conductivity of aeratec1359-2007 on “Cellular concretes of autoclaved curing.
concrete (CR 50.13330). Operating conditions”. However, in this standard, for a grade

with the density of 600 kg/fn the calculated thermal

conductivities are indicated with the error: for moisture of 4%,

2 TTQ is 0.036 and for moisture of 5% - 0.06%, the linear
3 dependence of thermal conductivity on humidity is violated.
S y 5 0.0002x + 0/0237 . .
TX RZ=10.998 f Thus, as a result of the conducted studies, a linear
3 £ dependence of thermal conductivity in the dry state on the
= = r— density of autoclaved aerated concrete was identified.
S ] According to the density of aerated concrete, the TTQ value of
2 0/ the investigated grades is approximately the same and is equal
= to 0.04 (1 /%). The obtained data on the values of thermal and

Density, Kg/n? physical parameters can be used for assignment and analysis
Fig.1. Dependence of thermal conductivity on density of design values for thermal conductivity of aerated concrete,

as well as for updating and issuing new regulatory documents

It can be seen that the experimental data obtained are Wl the field of thermal protection of buildings and production
represented as a linear dependence (the experimental points §ezerated concrete.

exactly on the approximating straight line). The obtained _ _ _ _
dependence of thermal conductivity in the dry state is In spite of the fact that from the theoretical point of view
described by the equation (provided that at a density of the mathematical model fully describes the operation of the

kg/m®, thermal conductivity is equal to thermal conductivity of construction, the results of any numerical studies require
the air in a calm state of 0.026 W/ (m-° C)): comparisons with the results of field studies [17]. Therefore,

in parallel to several series of numerical calculations [10], the

team of authors carried out a number of full-scale surveys of
A, =0.0002p + 0.02 W/(m-C). (1) different types of enclosing structures in different climatic

zones (Moscow, Tver, St. Petersburg, Murmansk,

According to Fig. 1, it can be concluded that the datdVovosibirsk, — Petropaviovsk-Kamchatsky). ~ The  wide
presented in CR 50.13330 for thermal conductivity in dry statgeography of field studies allows applying the results obtained
for aerated concrete in the density range from 400 kggm tO other countries located in different climatic zones. Samples
800 kg/n? are close to the dependence constructed on tHf materials were taken from the operating enclosing
basis of the experimental results. However, equation (1§tructures taking into account their thickness; then the
allows us to find thermal conductivity of aerated concrete witdnoisture of each sample was determined with the help of the

much greater accuracy, as well as for grades with the densijermal and gravimetric method in laboratory conditions. As a
below 400 kg/m result, the distribution of moisture within the structure was

o established, as well as the values of the operating moisture of

The TTQ value for each type of material is almost thematerials were included in its composition. For this purpose, a
same. The obtained dependence confirms this result fofew method for determining the operating moisture content of
autoclaved aerated concrete of modern manufacturgne material (structural layer) was proposed based on the
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principle of equality of thermal resistance of the constructiorthe moisture sorption from the air, building materials undergo
layer in case of unevenly distributed humidity and thermabther kinds of humidification, such as vapor and liquid inside
resistance with medium (operating) moisture. Using thighe structure, oblique rain, etc. [19]. Therefore, it would be
equality, a formula to calculate the operating moisture wawrong not to take into account these mechanisms and assign
obtained: the calculated moisture content of materials only basing on the
values of moisture sorption. Besides, Table 4 shows that the

W= 6 1 discrepancy between the results of field studies and numerical
zli d 3) calculations does not exceed 15%, which is a good result.
1 S 4w
n IV. CONCLUSION
where W[dublv i] is the material moisture content within i Thus, basing on the results of field, numerical and
cross-section of construction, width [delta iks i]; laboratory studies, the authors established that the design

moisture of building materials is not based only on the values
of sorption humidity [13]. The method employed to determine

n [eta] is the coefficient of thermal and technical qualitythe calculated moisture content of building materials by
(TTQ), 1/%. performing numerical calculations of the moisture conditions

To check the applicability of procedure for assigning the's"9 4 non-stationary method [10] followed by data

: . ._correction based on the results of the series of field studies in
calculated moisture content of materials on the sorptloré

. : . . ifferent climatic zones of construction gives reliable values.
isotherm, water vapor sorption was studied according to State

Sta_ndard (GOST) 24816-2014 [13, 18] after determining the Acknowledgment
moisture content of samples, taken from the samples of

materials. Sorption of water vapor of building products is used The work was supported by the Ministry of Education and
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d [delta] is the width of the material layer, meter;
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