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Abstract

Selecting the optimal composition of gypsum concrete with a two-component organic aggregate and glass fiber is a complex task, which in this work
was solved using desing of experiment. Adequate mathematical models of tensile strength in bending, compressive strength and water absorption are
determined. Based on the mathematical planning of the experiment, the composition of gypsum concrete with the maximum value of tensile strength in
bending, which is used in the manufacture of gypsum concrete slabs, was determined. It is shown that gypsum concrete slabs made using casting
technology from the developed gypsum concrete composition have a thermal conductivity coefficient K = 0,256 W/(m‘K) and provide a noise level
reduction to 29,55 dB in the frequency range from 100 to 300 Hz.
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NETKUE BETOHbI HA OCHOBE BMO3AMONHUTENEN M FTUNCOBOMO BAXYLUErO ANA U3AENUNA
CTPOUTENBLHOIO HA3HAYEHKA

J1. M. NapdeHoBa, 4. [. Maukesuy, M. 1. Tonmau

Pechepar

Monbop onTUMansHOro coctasa rMNcobeTOHa C [ABYXKOMMOHEHTHBIM OPraHUYECKUM 3arONHUTENEM W CTEKNSIHHOWM puOPOI ABMSIETCS CIOXHOM
3afjaveil, kotopasi B AaHHOW paboTe pelleHa C MOMOLLbI0 METofa MaTeMaTUYeckoro MiaHUpoBaHWs akcnepumenTa. OnpegeneHbl afekBaTHbe
MaTeMaTYeckne MOENM MPOYHOCTM Ha pacTskeHue npu u3rnbe, MpOYHOCTM Ha CxaTue W BOLOMOMMOLlEHMs. Ha ocHoBe MatemaTM4yeckoro
NNaH1pOBaHMUs 3KCIEpUMEHTa OnpeaeneH CoCTaB rMncobeToHa ¢ MakcMMarnbHbIM 3HaYeHEM NPeAesia NPOYHOCTY Ha PaCTSIKEHNE MK U3rnbe, KOTopbIi
UCMOMb30BaH ANSi M3rOTOBNEHWS TMNCOBETOHHbIX NAMT. MMokasaHo, WTO TMMNCOOETOHHbIE MAMTHI, M3TOTOBMEHHbIE MO NWUTLEBOW TEXHOMOTAW W3
paspaboTaHHoro coctaea runcobeToHa, umetoT koadduumeHT TennonposogHocTv K = 0,256 BT/(M°K) 1 obecneunBatoT CHKEHME YPOBHS LUyMa [0

29,55 [16 B prana3soHe yactot ot 100 fo 300 Iu.

KntoyeBble cnoBa: runcosoe BAXYyLLEee, opraHn4eckne 3anonHuTenu, apesecHble ONuIKK, KOCTpa NbHa, CTEKNAHHAN cbm6pa, MNco6EeTOoH, (bVI3MKO-
MeXaHWJecKue CBOMCTBa, onTumMmn3auna coctaea rMncobeToHa, MaTemMaTyeckoe nnaHMposaHue, rMNCOBETOHHbIE NANUTLI.

Introduction

The development and implementation of environmentally friendly ma-
terials into construction practice is one of the priorities of modern construc-
tion science. So-called “green” materials can reduce the negative impact
on the environment during the construction and operation of buildings, on
the one hand, and solve the problem of providing the population with af-
fordable, environmentally friendly housing, on the other hand. In this re-
gard, research aimed at expanding the scope of application of lightweight
concrete based on gypsum binder and environmentally friendly organic ag-
gregates is relevant for the development of “green” construction.

Organic aggregate are used for the production of heat-insulating, as well
as heat-insulating structural and structural materials and products: wood con-
crete, cement fiberboard, xylolite, reed concrete, peat boards, heat-insulating
boards made from flax, wood fiber and particle boards, etc. [1]. Research on
the development of compositions of cement concrete with organic aggregate
of various plant species is widely presented in scientific publications. The
analysis shows that wood as an organic aggregate is used in the form of
crushed wood, machine shavings, sawdust, and wood fiber [2-5]. Flax is
used in the form of flax shives and tow [6, 7]. Stems, fibers, husks, cakes of
cereal crops, cotton, hemp, reeds, sunflowers, and rapeseed are used as
aggregates [8-12]. In terms of the number of publications, the most widely
presented in research is the use of organic aggregates based on wood, flax
and cereals in concrete. Some scientific studies show the possibility of using
beet pulp [13], cactus fibers [14], coconut shells [15], horsetail fibers [16],
eucalyptus fibers [17].

The purpose of this research is to develop the composition of a raw
material mixture for light-weight concrete based on environmentally friendly
and safe materials, such as gypsum, sawdust, flax shives and glass fiber,
for the production of gypsum concrete slabs with high thermal and acoustic
characteristics. The research was carried out as part of the research work
“Lightweight concrete based on bioaggregate and complex gypsum binder
for wall structures” (number of state registration 20230695 dated
16.05.2023, grant from the Ministry of Education of the Republic of Bela-
rus).

Raw materials and research methods

In order to carry out experimental research, the building gypsum «Tay-
fun Master Ne 35» grade G-5 Il A by GOST 125 was used. The setting
time of gypsum is determined by GOST 23789: initial setting time is 9
minutes and 30 seconds, final setting time is 15 minutes. The normal den-
sity coefficient is 0.6. The mixing water for binder and gypsum concrete
met the requirements of GOST 23732. For fiber reinforced lightweight con-
crete glass fiber 12 mm long in accordance with TS BY 691581903.001-
2018 was used. Sawdust and flax shives were used as organic aggregate.
Sawdust is a waste of forestry production "Ostrovetsky Experimental For-
estry Enterprise". For experimental studies, sawdust with a particle size of
up to 5 mm was used. The bulk density of sawdust was 0,258 kg/m?, hu-
midity 4 %. Flax shives with particle sizes up to 20 mm in length was used.
The bulk density of flax shives was 0,154 kg/m3, moisture was 0.5 %.
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The studies using the methods and tests set out in national standards
were carried out. Beam samples 40 x 40 x 160 mm in size were made with
different contents of organic aggregate and tested for tensile strength in
bending, compressive strength, water absorption, water resistance accord-
ing to GOST 23789, porosity — according to GOST 12730.4, density — ac-
cording to GOST 12730.1.

Samples-cubes with an edge of 70 mm to determine the physical and
mechanical characteristics of optimized composition gypsum concrete
were made. The compressive strength of gypsum concrete was deter-
mined on a hydraulic press PGM-1000MG4 A according to GOST 10180,
water absorption — according to GOST 12730.3. The samples at a temper-
ature of 50 + 5 °C to constant weight in a SNOL60/300 LFN drying cabinet
were dried. The thermal conductivity coefficient was measured using an
ITP-MG4 device on slab samples measuring
250 x 250 x 30 mm according to STB 1618. The sound insulation proper-
ties of gypsum concrete were studied using a training acoustic chamber
according to STB EN ISO 10140-414. Mathematical processing of the re-
search results was carried out in the computer program “PlanExp B-D13”,

composition of the mixture. Optimization of the composition of organic ag-
gregates for gypsum concrete was carried out using desing of experiment
and processing of factorial experiment data using the computer program
“PlanExp B-D13”. The content of the following components was considered
as factors influencing the physical and mechanical properties of gypsum
concrete: glass fiber (X1), sawdust (X2), flax shives (X3). The water-gyp-
sum ratio remained constant in all compositions and was equal to
W/G = 0.6.

To carry out the experiment, sample beams 40 x 40 x 160 mm were
made, which were tested 2 hours after mixing with water, 7 days and after
drying the samples to constant weight at a temperature of 50 + 5°C. The
following physical and mechanical properties of gypsum concrete with or-
ganic aggregates were determined as output parameters: tensile strength in
bending (Rben), compressive strength (Rcs), water absorption (W,,). The
levels and intervals of variation of factors are given in Table 1. The experi-
mental plan and the obtained results are shown in the Table 2.

Table 1 - Levels and intervals of factor variation

developed in the Microsoft Visual Basic 6.0 programming environment. Factors Variation Levels
Natural Value, % Variation
Optimization of organic aggregate compositions using desing of by weight of|Code -1 0 +1 Interval
experiment gypsum binder
When creating lightweight concrete, considerable attention is paid to Glass fiber X1 0,2 04 106 |02
selecting the composition of the initial mixture. The quality of the resulting Wood sawdust | X2 4 6 8 2
material depends on the quality of the raw materials and the correct Flax_shives X3 2 4 6 2
Table 2 — Plan of experiment and Experimental results
Plan of Experiment Rben, MPa, age Rcs, MPa, age
Ne |Coded Factors Values Natural Factors Values d d W %
X1 X2 X3 X1 X2 X3 2hours |7 days | cofrere [20Urs (7 days | (i |
1 -1 -1 -1 0,2 4 2 2,16 291 |3,04 2,75 3,21 5,91 26,0
2 +1 -1 -1 0,6 4 2 1,73 248 3,26 2,60 2,82 5,74 26,2
3 -1 +1 -1 0,2 8 2 1,95 2,70 3,13 2,50 2,69 573 27,1
4 -1 -1 +1 0,2 4 6 2,01 2,76 3,13 2,56 2,52 5,06 26,5
5 -1 0,19 0,19 0,2 6,38 4,38 2,01 2,76 |3,24 2,66 2,59 545 26,1
6 0,19 -1 0,19 0,438 4 4,38 1,92 2,67 |3,56 2,77 2,83 5,08 26,7
7 0,19 0,19 -1 0,438 6,38 2 1,94 269 3,53 2,75 3,07 6,31 36,1
8 -0,29 +1 +1 0,342 8 6 1,78 253 |2,72 2,43 2,63 5,16 27,9
9 +1 -0,29 +1 0,6 542 6 1,54 229 12,39 2,60 2,40 5,27 28,3
10 |+ +1 -0,29 0,6 8 3,42 1,94 269 3,01 2,49 2,61 5,28 271

As a result of statistical processing of experimental data, assessment
of the significance of the coefficients of mathematical models using the
Student t-test and the adequacy of mathematical models using the Fisher
criterion, the corresponding regression equations in coded form were

Tensile strength in bending at the age 2 hours:

obtained (1) — (7). Regression equations show the influence of two-com-
ponent organic aggregate and glass fiber on the physical and mechanical
properties of gypsum concrete:

Rben, hour = 1,948 - 0,135-X; — 0,107-%3 — 0,106:X52 + 0,096 X, — 0,026:X X5 . (1)
Tensile strength in bending at the age 7 days:

Rbeny 4o, = 2,722 - 0,132:x1 — 0,109-x3 - 0,1 19:%32 +0,112:X %o — 0,035-X; X3 . 2
Tensile strength in bending dry concrete:

Rbengy, = 3,547 - 0,106-x1 — 0,125-%, — 0,277-x3 - 0,369-x12 - 0,339-X32 — 0,156X; X3 — 0,168"X,°X; . (3)
Compressive strength at the age 2 hours:

RGS; hour = 2,811 = 0,106-X, — 0,077:%5 — 0,113X:2 = 0,126:X,? + 0,083:%5% + 0,045:; X5 . (4)
Compressive strength at the age 7 days:

RCS7 gay = 2,85 -0,063-x4 — 0,084-x, - 0,222:x3 - 0,219-%¢2 +0,091-X4 X, + 0,041-X; X3 + 0,096-Xy"X5 . (5)
Compressive strength dry concrete:

Resgry = 5,605 - 0,053-x4 - 0,429-x3 - 0,094-%12 - 0,442-%,2 + 0,31-%3% + 0,081-X; X, +0,059-X;°X3 . (6)
Water absorption:

Wi, = 34,682 + 0,525-%; + 0,132:X, — 0,784-X3 — 7,466-X,2 — 1,736-X,? + 1,018-X32 + 0,235X "Xy + 0,152:X; X3-1,037-Xp"X5 . (7)
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Analysis of the coefficients of the regression equation for the output
parameter of compressive strength shows that a higher content of flax
shives (X3) leads to a decrease in compressive strength. The combined
use of sawdust with glass fiber and flax shives with glass fiber in the com-
position of gypsum concrete has a positive effect on compressive strength.
With an increase in the amount of flax shives, the water absorption of con-
crete decreases, as indicated by the negative value of the coefficient of
factor (X3) in the mathematical model (7). On the contrary, an increase in
the amount of glass fiber leads to an increase in water absorption of gyp-
sum concrete.

The presence of sawdust (X2) in gypsum concrete has a greater effect
on compressive strength than on tensile strength during bending. The fac-
tor (X2) has the greatest influence on compressive strength at the age of 2
hours; for gypsum concrete at the age of 7 days and for dry gypsum con-
crete, the influence of this factor becomes less significant, as indicated by
the small value or absence of the linear coefficient of the factor (X2) in
regression models (4) and (5) respectively.

The effect of factors on the concrete tensile strength in bending are
different as can be observed in Figures 1-3. For the tensile strength in
bending, the glass fiber content (X1) is one of the most important factors.
At an early age influence glass fiber content (X1) is higher, compared to
flax shives content (Figure 1, 2). Flax shives content (X3) is the second by
its influence on tensile strength in bending. As the concrete dries, the in-
fluence of (X3) is increased.

Using regression equations, for a given output parameter, it is possible
to determine the composition and predict the physical and mechanical
properties of fiber-gypsum concrete with organic aggregates.

Figure 1 - Response surfaces for tensile strength in bending at 2 hours
vs. glass fiber content (X1), flax shives content (X3), sawdust content
(X2=-1)

Figure 2 — Response surfaces for tensile strength in bending at 7 days
vs. glass fiber content (X1), flax shives content (X3), sawdust con-
tent (X2=1)

Figure 3 - Response surfaces for tensile strength in bending dry con-
crete vs. glass fiber content (X1), flax shives content (X3), sawdust con-
tent (X2 =-1)

According to GOST 32614 Gypsum construction boards. Technical
conditions, GOST 6266 Plasterboard sheets Technical conditions the ten-
sile strength in bending is the main characteristic for gypsum boards. Ac-
cording to the obtained regression equation (formula 3), the maximum flex-
ural tensile strength dry concrete Rbengy, = 3,67 MPa will be achieved at a
value of factor X2 = -1, which corresponds to a sawdust content of 4 % by
weight of the gypsum binder, and at value of factors: X1 =- 0,084 (glass
fiber content 0,383 % by weight of gypsum binder), X3 =-0,141 (flax
shives content 3,718 % by weight of gypsum binder).

Thus, the composition of gypsum concrete with organic aggregates
with a maximum tensile strength in bending, includes the following content
of components, wt. %: gypsum binder — 59,49; glass fiber - 0,23; saw-
dust - 2,38; flax shives — 2,21; water — 35,69.

To experimentally confirm the adequacy of the mathematical models,
sample beams 40 x 40 x 160 mm were made from gypsum concrete with
an optimized composition of organic aggregates. The water-gypsum ratio
corresponded to the standard consistency of the gypsum binder
W/G = 0.6. The density of the dry samples was 1117 kg/m3.

The obtained actual and calculated values of the physical and me-
chanical characteristics of gypsum concrete are presented in Table 3.

Table 3 — Experimental and theoretical values the physical and me-
chanical characteristics of gypsum concrete with an optimized

composition
The value of | Rben, MPa, age Rcs, MPa, age
gypsum con- 7 W,
crete 2 da dry con- |2 7 dry con- | %
characteristics | hours s Y | crete hours |days |crete
Experimental
value 2,10 {2,90 |3,58 2,87 3,05 |5,46 31,4
The value, cal
culdtedwith |5 01 1578|367 280 298 [524 327
equation
(1)-=(7)
Deviation, % 4,5 (4,3 |25 25 23 142 40

Deviations of experimental and theoretical values do not exceed 5 %,
which indicates high convergence with the calculation result and confirms
the reliability of the obtained mathematical models.
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Physico-mechanical, sound-proofing and heat-insulating proper-
ties of concrete slabs with lightweight fiber-gypsum with organic ag-
gregates

The samples gained strength under natural humidity conditions at a
temperature of 18-20 °C. The tests at the age of 7 days, after drying the
samples to constant weight at a temperature of 50+5 °C and in a water-
saturated state were carried out. The experimental results are presented
in Table 4.

Table 4 - Physical and mechanical properties of gypsum concrete for gyp-
sum concrete slabs
Compressive strength,

Density,

To determine the class of compressive strength and grade of average
density, sample-cubes 70 x 70 x 70 mm were made and tested from opti-
mized composition gypsum concrete.

According to GOST 25820-2014 the compressive strength class of
gypsum concrete corresponds to B3,5; medium density grade — D1100.

Determination of the breaking load and deflection of sheets made of gyp-
sum concrete with optimized composition of organic fillers was carried out
according to the GOST 6266 method. The essence of the method is to de-
stroy the sample-slab with a concentrated load applied in the middle of the
span according to a single-span pattem. For testing, slabs with dimensions
of 400 x 300 mm and thicknesses of 10 mm, 12,5 mm, 15 mm were made.
To compare the results, a plasterboard board (GSP-A), 12,5 mm thick, man-
ufactured at JSC BelGips was taken as a control sample.

These slabs are used for constructing partitions and cladding wall
surfaces. To conduct the experiment, a sample measuring 400 x 300 mm
was cut out of a plasterboard sheet. The device and testing process are
presented in Figure 4. The test results are presented in Table 5.

b)

kg/miage | MPa, age Soften- | \yater Po-
ing . ros-

dry dry Satura- .. | absorption,
T eon |7 leon-  |tedwith |60y "o 1y,
days days ent m: 70 %

crete crete water
1388 | 1120 |4,28 |5,42 3,94 0,73 30,6 34,1
a) ) o -
s & SRy RSeT——

AT Ry x:
P

a) location of the slab on supports located at a distance of 350 mm; b) destruction of the slab under load applied in the middle of the span

Figure 4 — Procedure for testing sample-slabs for bending

Table 5 — The value of the breaking load when testing sample-slabs for

flexural
Name of samples | Thickness, mm | Breaking load, N 3?:60“%’
Slab JSC BelGips | 12,5 300 2,0
Slab Net 10 160 3,0
Slab No2 12,5 240 2,08
Slab Ne3 15 320 3,6

Analysis of the test results shows that, with the same thickness, the gyp-
sum slab of JSC BelGips has higher flexural strength than gypsum concrete
slab Ne 2 with an optimized composition of organic aggregate. In the experi-
ment, a sheet of plasterboard with glued layers of cardboard was used; board
Ne 2 was not glued with cardboard. All other things being equal, the experi-
ment did not take into account the influence of the adhesion strength of the
gypsum core and cardboard, which can provide an increase in the flexural
strength of gypsum plasterboard sheets of JSC BelGips. When the slab thick-
ness increased to 15 mm (slab Ne 3), the value of the destructive load ex-
ceeded that for a 12,5 mm thick gypsum plasterboard.

To conduct research to determine thermal conductivity, a slab measuring
250 x 250 x 30 mm was made from a gypsum concrete mixture with an opti-
mized composition of organic aggregates and dried to constant weight.
Measurements performed on the ITP-MG4 device showed that the thermal
conductivity is 0,256 W/(m-K) with density of gypsum concrete 1120 kg/m?3.
According to GOST 6266, the thermal conductivity of plasterboard boards
should be in the range of 0,22-0,35 W/(m-K).

The sound insulation properties of gypsum concrete slabs were deter-
mined using a training acoustic chamber on samples measuring
250 x 250 x 30 mm and 250 x 250 x 12,5 mm. A comparison of sound
insulation properties was carried out with plasterboard boards of JSC Bel-
Gips, 12,5 mm thick and 250 x 250 mm in size.

Measurements were carried out on sound pressure levels in octave
frequency bands with geometric mean frequencies of 100; 125; 160; 200;
250; 315; 400; 500; 630; 800; 1000; 1250; 1600; 2000; 3150 Hz in accord-
ance with SN 2.04.01-2020 Noise protection. Construction standards of the
Republic of Belarus. At the first stage, measurements of the sound pres-
sure level were carried out in an empty acoustic chamber (‘radiating” com-
partment). At the next stage, the acoustic chamber was divided into two
compartments by a polystyrene foam partition, and the gypsum concrete
sample under study was installed in the “window” of the partition. Next, the
frequency was changed and the sound pressure level was recorded in the
compartment separated from the source of the sound signal by a partition
with the material under study (“receiving” compartment).

The efficiency of the soundproofing properties of the material was as-
sessed by the decrease in the sound pressure level in the “receiving” com-
partment compared to the sound pressure level in the “emitting” compart-
ment. The results of measuring the sound insulation properties of plaster-
board slabs and gypsum concrete slabs with organic aggregates are pre-
sented in Figure 5.

Analysis of the results obtained shows that gypsum concrete with or-
ganic aggregate is superior in its soundproofing properties to the gypsum
plasterboard board of JSC BelGips with the same thickness in the fre-
quency range from 100 to 160 Hz. At a sound pressure level exceeding
250 Hz, the samples have comparable values in the amount of reduction
in the sound pressure level in the “receiving” compartment. The results ob-
tained show that the sound insulation ability of gypsum concrete slabs with
organic aggregate increases with increasing slab thickness. Thus, in the
frequency range from 100 to 300 Hz with slab thicknesses of 12,5 mm and
15 mm, the magnitude of the decrease in sound pressure level is, respec-
tively, from 11,23 dB to 18,91 dB, from 14,77 dB to 29, 55 dB. In general,
the results obtained allow us to draw a conclusion about the effective
sound-proofing ability of gypsum concrete slabs with organic aggregate.
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1 — empty chamber (blue line); 2 — BelGips slab 250 x 250 x 12,5 mm (orange line); 3 — gypsum concrete slab with organic aggregate
250 x 250 x 12,5 mm (gray line); 4 — gypsum concrete slab with organic aggregate 250 x 250 x 30 mm (yellow line)

Figure 5 — Dependence of the sound pressure level in the “receiving” chamber on the frequency of sound when passing through the partition

Conclusion

Mathematical dependences of the physical and mechanical properties
of gypsum concrete on the amount of organic aggregate have been ob-
tained, which make it possible to optimize and calculate the compositions
of gypsum concrete with given properties. A raw material mixture compo-
sition has been developed for structural and thermal insulation dispersed-
reinforced light-weight gypsum concrete with two-component organic ag-
gregate based on local raw materials of the average density grade D1100,
strength class B3,5, thermal conductivity K = 0,256 W/(m-K). Gypsum con-
crete slabs, made using casting technology from the developed gypsum
concrete composition, provide a noise level reduction of up to 29,55 dB in
the frequency range from 100 to 300 Hz.
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