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CTPYKTYPA IIOP AYEUCTOI'O BETOHA C OTXOJAMH CTEKJIOBOAA
IJIEKTPOHHO-JIYYEBBIX TPYBOK

Ammanxmii JI.T.!, Mapuksinos M.M.!

" Haunonaabublil Hecaen0BaTe kit MOCKOBCKHI roCy/1apCTBEHHbINH CTPOUTEIbHbIN YHUBEPCUTET

AHHOTALUS

Ha ce2oonsiunuii Oenb euje 0CmMaemcsi akmyaibHblM 60NPOC 0OPAWEHUsL C MOKCUYHBIMU HECOPMUPOBAHHBIMU OMXO00AMU
cmekn0005 InekmpoHHo-1yuesvix mpyook (DJIT). B pabome npednacaemcs 3ameHums 4acms MeIKO3EPHUCHO20 3ANOIHUMES
AYeUCcmo2o 6emona, NPeOHAHAYEeHHO20 OISl 36YKO0-, MENJI0- LU PAOUAYUOHHOU 3aWumpl, HA MepMO0OPaboOmanHbie 8 RPUCym-
cmeuu pacmeopa eudpokcuoa Hampusi omxoowt JIT. Llens ucciedosanus uzyuums cmpykmypooopazo8anue nop sueucmozo
bemona npu 3amene vacmu 3anonnumens. Muxpockonus pasioma o6pazyo uccied08aidch Kaxk 6U3yaIbHO, MAK U C UCHOIb-
306aHUEM NPOZPAMMHO20 0Decneyenusl, KOmopoe NO3605L10 OYEHUBAMb PA3MePbL HOP NPU Nepesode U300PaAiCeHUsl 8 pelbedh-
Hoe. [Iposedennoe ucciedosanue nOKA3A1I0, YMo NPpu 3amMeHe 3anoIHUMeNst NPOUCXOOUM He MOJIbKO KOAUYeCEeHHble UsMeHe-
HUSL pazmepos nop, HO U Ka4eCmeeHHble USMEHEHUsl, C8A3AHHble ¢ MEXaAHUZMOM hopmuposanusi cmpykmypul nop. Tak npu do-
basneHul mepmooopaboOmManHbIX 6 WENOYHOU Cpede HeCOPMUPOBAHHBIX OMX0008 ouamempom uacmuy ne oonee 630 mrm
HabI00ANOCh yMeHbUeHUe pasmepa nop U yMenbuenue pazopoca no pasmepam, o CPAGHEHUI0 ¢ SMALOHHLIM 00paszom. H3-
MeHenus 00YCl061eHbl CMPYKIMYPOOOPA3Z08AHUEM, KOMOPOE MOJNCHO pAa3deums Ha 08e CMAOUU - POPMUPOBAHIE KOH2TOME-
pamos u ux ecnyuusanue. Ilpu ymenvuenuu ouamempa 4acmu 0mxo008 MaKcumanbnozo pasmepa 6 90 Mkm Gukcuposanocs
CHUDICEHUE pasmepa nop no CPAGHEHUIO C IMATOHHBIM, HO BCle0CmBUe opmMuposanus ckeiema 6emona panee OKOHYAHUS
2a3000pazoeanus HAOIIVOANOCH PA3PYULEHUE CMEHOK NOD.
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STRUCTURE OF THE PORES OF CELLULAR CONCRETE CONTAINING
CATHODE RAY TUBES GLASS CULLET

Alpackiy D.G.!, Myarikyanov I.M.!

! Moscow State University of Civil Engineering

ABSTRACT

To date, the issue of handling toxic unsorted waste of cathode ray tubes (CRT) glass cullet remains relevant. The present
paper proposes to replace part of the fine aggregate of cellular concrete intended for sound, heat or radiation protection with
CRT glass waste heat-treated in the presence of a sodium hydroxide solution. The purpose of the research is to study the
structure formation of the cellular concrete pores in case of replacement of part of the aggregate. The microscopy of the
samples fracture was studied both visually and using software that made it possible to estimate the pore size when converting
the image to the relief mode. The study showed that the aggregate replacement results not only in quantitative changes in pore
size, but also in qualitative changes related to the mechanism of the pore structure formation. Thus, when adding unsorted
waste heat-treated in an alkaline environment, with a particle diameter of no more than 630 um, there was a decrease in pore
size and a decrease in size distribution compared with the reference sample. The changes are caused by structure formation,
which can be divided into two stages - the formation of conglomerates and their swelling. With a decrease in the diameter of
the part of the waste of a maximum size of 90 um, a decrease in the pore size was recorded compared to the reference value,
but due to the concrete skeleton formation before the end of gas development, destruction of the pore walls was observed.
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BBEJEHUE

Ha ceropnsmuwmii AeHs ToMa WK B O(UCE OCTACTCS BCE
MEHBIIIE TEJIEBU30POB U MOHHUTOPOB C 3JEKTPOHHO-ITyYEBOMH
TpyOKoii (DJIT). BriepBrie MUpOBBIE IPOAAXKH TPHUOOPOB HA
ocuose LCD onepeaunu CRTs B 2007 roxy [1]. OTot Tpensa
npumien B Poccrio depe3 HECKOIBKO JIET, OMHAKO B HEOOIh-
mux roponax Poccuiickoit ®@enepanuu 3aMeHa NPOUCXOANUT
IO CHX TIOP, IIO3TOMY OCTAaeTCs aKTyalbHOU Mpo0dJieMa yTHIIH-
saruu DJIT. TlepBoHaYabHO MPOMBIIUIEHHOCTh CKOHIIEH-
TPHUpOBAJach Ha TaKOM crocobe yTuinu3amuu oTxogoB DJIT
KaK BO3BpAT CTEKJI000s1 KWHECKOIIOB B KAY€CTBE BTOPHUYHOTO
CBIPbsl NIPU MPOU3BOJICTBE KMHECKOIIOB WM HCIOJIb30BaHHE
OTXOJIOB CTEKJIa B APYTHX 3J1eKTponprdopax [2]. OCHOBHBIM
Croco0OM YTHITU3AIHS 3JIEKTPOHHO-TYYEBIX TPYOOK TEIICBU-
30pOB U MOHHTOPOB Ha JTaHHBII MOMeHT B Poccuu crano 3a-
XOpOHEHHE, HO aKTHBHO Pa3padaThIBAaINCh TEXHOJIOTUU HC-
MTOJIb30BAHUS CTEKII000I KHHECKOITOB B KAUECTBE BTOPHYHBIX
pecypcos. [IpuMepoM Takod TEXHOIOTHU SBISACTCS MCIIONb-
30BaHUE CTEKJIA B KaYECTBE CHIPBS IS TPOW3BOJCTBA IIEHO-
CTeKOJBHBIX MarepuaioB [3]. OOmen3BecTHO, YTO IEHO-
CTEKJI0 00J1a1aeT MacCol JOCTOMHCTB, HAIIPUMEP, MTUPOKUMA
HMHTEpBAJl TEMIIEpaTyp NPUMEHEHMS, XMMHUYECKas yCTONYH-
BOCTb, JOJIT'OBECYHOCTH, OJJHAKO }:[aHHLIﬁ MaTtepual ABIACTCA
SHEPro- U MaTePUAIOEMKHUM, TI03TOMY UMEET BHICOKYIO CTOH-
MOCTb IIpU MPOU3BOJCTBE. Eciin ydecTh CHUXKEHHE KOJIUYe-
CTBa OTXOJIOB, TaK Kak B KPYIIHBIX ropojax nepexox Ha LCD
YK€ MPOM30ILIEN M PACXOBI HAa UX TPAHCIIOPTHPOBKY K MECTY
nepepabOTKH, TO MCIIOIb30BAaHUE OTXOJOB CTEKJIO00s KUHE-
CKOIIOB TEJIEBU30POB/MOHUTOPOB B KAYECTBE BTOPUYHOT'O ChI-
Pl IUTSL TIPOM3BOJICTBA IIEHOCTEKJIA CO BpPEMEHEM OyneT
TOITEKO CTAHOBHUTHCS Topoxe. [103ToMy OBLIO MIPHHSATO pertie-
HHEe 00 pa3paboTke crocoba YTHIIN3AIUN OTXOI0B HECOPTH-
POBaHHOTO CTEKJIA ANEKTPOHHO-ITyYEBHIX TPYyOOK 3aMEHOI Ua-
CTH MEIKOTO 3allOJHHUTEINIS Ha OTXO/BI 3JIEKTPOHHO-TYYEBBIX
TpyOOK C HMCIONB30BAaHUEM YHHUBEPCATHHOTO O0O0PYIOBAHHMS
MEPUOANICCKOTO }IeﬁCTBI/IH, KOTOPOC 0OBIYHO HaXoauTCs B
pacropsKeHNH 3aBO/I0OB IPOU3BOJICTBA CTPOUTEIIHHBIX MaTe-
pHaioB B HEOOJBIIMX rOPOIAX.

JlaHHOe HampaBlieHHE COIPSHKEHO C HECKOJIBKUMH IPO-
OyreMaMu, BO-TICPBBIX, PUCK MICTIOYHON KOppo3uu OeToHa [4].
Bo-BTOpPBIX, BRICOKUM COJICPKAaHHEM CBHHIIA B OTXOJaX, KO-
TOpPOE OMACHOCTB TSI YEIOBEKa HE TOJIBKO B IMTBUICBUIHOM CO-
CTOSTHUH [5], HO TIPH PACTBOPCHUHU B MICIOYHBIX CPEAax I0-
cpencTBoM Ouomnormueckux meneit [6]. [ToaTomy st 3amMeHBI
MEIIKOTO 3aIlOTHUTEIS ObUT BRIOpAH SYEHCTHIH OETOH, KOTO-
pBIH TTOIBEpraceTcss BO BpPEeMs SKCIUTyaTallMd HE3HAUYUTEIhb-
HBIM Harpy3KaM U HCIIONb3YeTCs IS YTEIUICHNS, 3aIIUTHl OT
C1aboro pajivarioOHHOTO BO3JCHCTBHS M 3BYKOIOTJIONIE-
HUS IIIyMa B TEXHUYECKUX noMereHusx [7, 8, 9]. Jlnsa abdex-
TUBHOH pabOThI STYEUCTOr0 OETOHA Ba)KHOE 3HAUCHHE MMEET
CTPYKTYpOoOOpa3oBaHHe, KOTOpPOE OIpelessieT pa3Mep H
dhopma mop B matepuaie [10].

Takum 00pa3oMm, LENNb UCCICIOBAHS SBIISICTCS H3YUCHUC
CTPYKTYpOOOpa3oBaHUs IOp SYEHCTOr0 OETOHa IpH BBejle-
HHE OOPOTaHHOTO CTEKJIO00S HECOPTHPOBAaHHBIX OTXOIOB
SIEKTPOHHO-TYIEBEIX TPYOOK.

MaTtepuajiabl H METOABI HCCIETOBAHUS

st mpoBeneHusl SKCIEPUMEHTAIBHON YacTH HCIOJIb30-
BAINCh  CIEAYIOMNME KOMIIOHEHTBL:  IMOPTIAHILEMEHT,

INTRODUCTION

Today, there are fewer televisions and monitors with a
cathode ray tube (CRT) at home or in the office. Global
sales of LCD-based devices first outstripped CRTs in 2007
[1]. This trend came to Russia a few years later. However,
in small towns of the Russian Federation, the replacement
is still taking place, so the problem of CRT recycling re-
mains relevant. Initially, the industry concentrated on such
CRT waste recycling method as return of kinescope cullet
as a secondary raw material in the production of kinescopes
or the use in glass in other electrical appliances [2]. For the
present, it is burial that has become the main method of dis-
posal of cathode ray tubes of televisions and monitors in
Russia, but technologies for using kinescope cullet as sec-
ondary resources have seen active development. An exam-
ple of such technology is the use of glass as a raw material
for the production of foam glass materials [3]. It is well
known that foam glass has a lot of advantages, for example,
a wide range of operating temperatures, chemical stability,
durability, however, this material is power-consuming and
raw material intensive, therefore it has a high cost in pro-
duction. If we take into account the reduction in the amount
of waste, since in large cities the transition to the LCD has
already occurred, and the cost of its transportation to the
place of recycling, then the use of cullet waste from kine-
scopes of televisions / monitors as secondary raw materials
for the production of foam glass will only become more ex-
pensive over time. Therefore, it was decided to develop a
method to recover unsorted cathode ray tube glass waste by
replacing part of the fine aggregate with cathode ray tube
waste using discontinuous general-purpose equipment,
which is usually at the disposal of plants of construction ma-
terials in small towns.

This area is associated with several problems, firstly, the
risk of alkaline corrosion of concrete [4]. Secondly, there is
a high lead content in the waste, which is dangerous to hu-
mans not only in a pulverised state [5], but also when dis-
solved in alkaline environments through biological chains
[6]. Therefore, it is cellular concrete that was chosen for re-
placing the fine aggregate, the concrete being subjected to
minor loads during operation and used for heat insulation,
protection from low radiation exposure or sound absorption
in technical rooms [7, 8, 9]. For the effective operation of
cellular concrete, structure formation is important, which is
determined by the size and shape of pores in the material
[10].

Thus, the purpose of the research is to study the structure
formation of the cellular concrete pores when introducing
processed glass cullet of unsorted cathode ray tubes waste.

Materials and methods of research

The following components were used for the experi-
mental part: Portland cement, quartz sand, unsorted glass
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KBapIeBBIIl 1eCOK, HECOPTUPOBAHHBIN CTEKI000H 3Jek-
TPOHHO-JTy4eBBIX TPYOOK, THAPOKCH/I HATPHS, ATFOMUHUEBAs
nyJpa, BojJa.

Hoptnanauement CEM 142.5 npoussoactsa OOO «A3zus
Llement». Conep:kaHre OCHOBHBIX MHUHEPAJIOB B IPOTJIAHII-
nemente: C3S — 66.0£2.0%; C,S — 12.5£2.0%; C;A —
6.0+0.3%; C4AF — 15+0.5%.

Ksapueserrit necok. B paboTe mcmons3oBaiicst KBapIeBbIit
MECOK ¢ MoayyieM KpymHocTH M=1,354, HAaCHIITHOW TUIOTHO-
crero 1320 kr/m?.

Creko00i 3MeKTPOHHO-ITyueBBIX TpyOok. Bcemencteue
HCIOJB30BaHUA HECOPTUPOBAHHBIX OTXOJ0B KUHECKOIIOB TC-
JICBU30POB U MOHUTOPOB Pa3/IMYHBIX MAapOK U I'0J0B IPOn3-
BOJICTBA BTOPUYHOE ChIphe ycpenHsnochk. Ilo maHHbIM [6]
YCpPETHEHHBINH XUMUYECKOTO cocTaB 0TX010B: Si0; — 60,5%;
ALO3 —2,8%; PbO —4,9%; NaxO — 7,8%; K,0 — 5,6%; CaO
— 1,7%; SrO — 6,8%; BaO — 8,8%; MgO — 1,1%. B sxcnepu-
MEHTaJIbHOI YacTH pabOThI NCIIONB30BAJICS CTEKOJILHBIN 00
pa3IMYHOM TOHKOCTH IoMoiia. B epBoM ciydae (cTexsio0oi
Nel) ocratok Ha cure 630 MM He npessiman 0,5%, Bo BTO-
poM cmydae (creknoOoit Ne2) ocrarok Ha cute 90 MKM He
BbIIe 1% OT Macchl pa3MallbIBAEMbIX OTXOZOB.

Hatpust ruapokcua. Peaktus cogepxan NaOH He meHee
99%.

Amomunuenas mynpa (ITAII-1). Ilopomoxk cepeGpucro-
Ceporo LBeTa, B KOTOPOM COJICpPIKaHHE AKTUBHOTO JTFOMHHUS
B mpoaykre He MeHee 85%. Ocrtatok Ha cute 008 He Gonee
1%. M3roroBuTteneM IOIMyCKAalOTCA MPUMECH JKele3a, KpeM-
HUs1, MEJIM, MapraHiia cyMMapHo He 6osee 1%.

BcenencTBre BBHICOKOH MOPHCTOCTH HMCCIIEIYyEMOTrO Mate-
puana, MOp¢OJIOTHIO SYEUCTOro OETOHA M3ydalld Ha IIOBEpPX-
HOCTH pazioma o0pasioB. Pasnom npocmarpuBamu ¢ momo-
IIBI0 OTPAXKAIOLIET0 MHUKPOCKOMA. Pe3ynbrar MHKpOCKOINU
(buKCHpOBAJICSI C UCIIOIB30BAHUEM BUACOOKYJSIpa C MaTpu-
et 2MP. [JInga momydeHus M300paKeHHUS HCIIONB30BAIOCH
JIBa COYCTaHMUS:

- pexxum Mukpockomna 1 - okymsp 0,63 paspernenne Ka-
Mepsl 1920x1080;

- PeXHUM MHUKpoOcKona 2 — okyJisip 1,6 pa3penieHne kaMmepsl
1920x1080.

O0paboTka pe3ysbTaToB, 3aQ)MKCUPOBAHHBIX HA Kamepy,
MIPOM3BO/INIIACH BH3YAJIBHO M C UCIIOJIb30BAaHHEM IPOrpaMM-
Horo oOecrieuenust Strange View. st onieHKH pazdpoca 1mio-
a1 TTOp U3yJanoch S0 ciy4aifHBIX H300paKCHHUN B PEIKUME
1 mepeBoaMIOCH B penbeHOE, BBIIEISIICS YIaCTOK ILIONIA-
IBI0 5 MM, B aNbHENIIEM TIPOM3BOMIICS aHAIIM3 YTITyOlie-
HUH.

Omnpenenerne BOJOMOIIIOMEHUS U IUIOTHOCTH IIPOBOAN-
nock B coorsercTBuH ¢ 'OCTamu 12730.3-2020 u 12730.1-
2020 cOOTBETCTBEHHO.

JKcnepuMeHTHI U 00cy:KIeHHe Pe3yabTaTOB

IIpoBenenue H3KCIEpUMEHTAIBFHONM YacTH COCTOSUIO M3
MOJIrOTOBUTENIFHOI'O 3Tama U 0OCHOBHOTro. Ha moarorosuress-
HOM dTare ctekino00it Nel u Ne2 copmectHO ¢ 40% pacTBOpoM
NaOH nozasepraicst TepMuueckoii 00paboTke B TepMocTaTe
npu Temnepatype 80°C B Tedenue 10 yacoB. 3TO cBA3aHO C
TEM, YTO MOJIOTBIE OTXOIbI CTEKJI00051 UMEIOT 3HAUMTEIIEHYIO
pa3HHUIy B TeoMeTpHUIecKoi (opme (yrioBaTele IIaCTHHYA-
TBIE YaCTHIBI) U B IIEPOXOBATOCTU IMOBEPXHOCTH YACTHII MO
CPaBHEHHUIO C MPHPOAHBIM 3aMOJHHUTENIEM, YTO 110 JaHHBIM
[11, 12] mpuBOIUT K CHMYKEHHUIO TEKYUECTH IPUTOTOBICHHON
6eToHHOH cMmecH.
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cullet of cathode ray tubes, sodium hydroxide, aluminum
powder, water.

Portland cement CEM 1 42.5 produced by Azia Tsement
LLC. The content of the main minerals in the Portland ce-
ment: C3S — 66.0£2.0%; C,S — 12.542.0%; C:A -
6.0£0.3%; C4AF — 15+0.5%.

Quartz sand. Quartz sand with a gradation factor
M=1.354 and a bulk density of 1,320 kg/m> was used in the
study.

Cathode ray tubes glass cullet. Due to the use of un-
sorted waste from kinescopes of televisions and monitors of
various brands and years of production, secondary raw ma-
terials were averaged. According to [6], the averaged chem-
ical composition of the waste is as follows: SiO, — 60.5%;
AlLO3—2.8%; PbO —4.9%; NaxO — 7.8%; K0 — 5.6%; CaO
—1.7%; SrO — 6.8%; BaO — 8.8%; MgO — 1.1%. In the ex-
perimental part of the study, glass cullet of various grinding
fineness was used. In the first case (glass cullet No.1), the
sieve residue of 630 um did not exceed 0.5%, in the second
case (glass cullet No.2), the sieve residue of 90 um did not
exceed 1% of the grindable waste mass.

Sodium hydroxide. The reagent contained at least 99%
NaOH.

Aluminum powder (PAP-1). A silver-grey powder, with
active aluminum content in the product amounting to at
least 85%. The 008 sieve residue did not exceed 1%. The
manufacturer allows admixtures of iron, silicon, copper,
manganese not exceeding 1% in total.

Due to the high porosity of the examined material, the
cellular concrete morphology was studied on the fracture
surface of the samples. The fracture was observed using a
reflecting microscope. The microscopy result was recorded
using a 2 MP video eyepiece. Two combinations were used
to obtain the image:

- microscope mode 1 - eyepiece 0.63 camera resolution
1920x1080;

- microscope mode 2 — eyepiece 1.6 camera resolution
1920 x 1080.

The results recorded on camera were processed visually
and using the Strange View software. To estimate the pore
area distribution, 50 random images in mode 1 were studied,
then they were converted to the relief mode, a 5 mm? area
was chosen, and then the cavities were analysed.

The determination of water absorption and density was
conducted in accordance with GOST 12730.3-2020 and
12730.1-2020, respectively.

Experiments and discussion

The experimental part consisted of the preparatory stage
and the main stage. At the preparatory stage, glass cullet
No.l and No.2, together with a 40% NaOH solution, was
heat treated in a thermostat at a temperature of 80°C for 10
hours. This is due to the fact that ground cullet waste has a
significant difference in the geometric shape (angular sliv-
ery particles) and in the roughness of the particle surface
compared with natural aggregate, which, according to [11,
12], results in a decrease in the fluidity of the prepared con-
crete mixture.
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HectpyktuBHoe nusHue NaOH Ha crekno o6meuns-
BecTHO [13, 14]. pH pacTBOpa, B KOTOPOM CTEKJIO MPOXOIUIIO
00pabotky coctaBui 12. [To manubM [13] npu Bo3AEHCTBIH
IIeIOoYHBIMH pacTBopamu ¢ pH >10 HabmogaeTcs pacuieruie-
HHE KHCIIOPOAHOW MOCTHKOBOH CBSI3M MEXLy JBYMSI HOHAMH
KPEMHHUS:

=Si—-0-S5i= +0H™ - =

=Si—0"

CkopocTh pacTBOpeHUs cTekia Bosaeiicteuem 10% pac-
tBopa NaOH npu 80°C 0.3 mxm/gac [14]. IIpu paccmoTpeHnn
B MHKPOCKOII IIPOMBITOTO BOJIOM TepMOOOpabOTaHHOTO CTe-
KoJbHOTO 005 TIociie HarpeBa cMecu coBmecTHO ¢ NaOH xo-
POILIO HAOIIOAAETCS CIIIaXKMBaHKE TOBEPXHOCTH 3epeH (pHCy-
HOK 1). Ha moBepXHOCTH cTekia, U3-3a JUIMTEIHHOTO BO3/IEH-
CTBHS TUAPOKCUA HATPUsI 00pa3yeTcsi pacTBOPUMBIN CHIIU-
Kat Hatpus [14]:

nSi02 + ZNaOH 4 Nazo ) nSiOZ + Hzo

— +H,0>=Si—O0H + OH-

The destructive effect of NaOH on glass is well known
[13, 14]. The pH of the solution, in which the glass was
treated, amounted to 12. According to [13], when exposed
to alkaline solutions with pH >10, the cleavage of the oxy-
gen bridge between two silicon ions is observed:

Si—0"— +=Si—0H" (1)

(2)

The rate of glass dissolution by exposure to a 10%
NaOH solution at 80°C was 0.3 um/hour [14]. When exam-
ined with a microscope, the heat-treated glass cullet rinsed
with water after heating the mixture together with NaOH,
smoothing of the grain surface is well observed (Figure 1).
Soluble sodium silicate is formed on the glass surface due
to prolonged exposure to sodium hydroxide [14]:

(3)

PUCYHOK 1

CMEIIAHHBIE OTXOJbI 2JIT TEP-
MOOBPABOTAHHBIE COB-
MECTHO C I'MaPOKCHIOM
HATPUA

FIGURE 1

MIXED CRT WASTE  HEAT
TREATED TOGETHER WITH SO-
DIUM HYDROXIDE

[Ipennonaramock, 9To B pe3yiabTaTe 00padOTKH ITOMIMO
W3MEHEHHS TEOMETPHH 3epHA POHU30HIET 00pa3oBaHKE CIOS
CHJIKAaTa HaTpUsi, KOTOPBIH OylIeT BCTyNaTh B PEAKLHUIO C
OKPY>KaroLIMMH 00JIee MEJIKUMH 110 OTHOILIEHHIO K OTX0aM H
3aMOJIHUTENI0 YacTUIIAMU MapTIaHALEMEHTa, YTO B CBOIO
ouepeb MOXKET MOBIUATH Ha oOpazoBanue C-H-S dazbr u
(hopMHpOBaHUE MOPUCTOCTHU SUSHCTOTrO OETOHA.

OCHOBHOE COOTHOILIEHHE KPEMHE3EeMHCTOr0 KOMIIOHEHTa
K BsDKyIIeMy BemecTBy npunaro 0,8. Bogo-tBepaoe oTHome-
HHE IT010MPATIOCh UCXO/s U3 IMaMeTpa PacIlIbiBa CMECH PaB-
HeIM 22 cM no CyTTapay U COCTaBUJIO sl BCEX COCTaBOB
0,43. OtcyTcTBHE M3MEHEHUH 00BsCHsIETCS 00paboTKOM OT-
XOZIOB B IIEIIOYHOM PacTBOPE.

B moaroToBUTENBHBIA 3TAll TaK)Ke BXOIMJIA ITOATOTOBKA
CyCIIeH3UH amoMuHueBoH myapsl. [lynpa mapku [TATI-1 us-
TEHCHBHO pa3MeIInBaNachk B BoJe ¢ TeMmepaTtypoit 60°C.

B ocHOBHOI 3Tan BXOIUIHN AEUCTBUS 110 TPUTOTOBICHUIO
SYENCTOOETOHHOM CMECH B aliapare TypOyJIEHTHOTO THIIA IO
creayrouieil cxeme:

e  QepeMelINBaHME KBaplEBOIO 1eCKa COBMECTHO C BO-
Joit ¢ Temnepatypoit 60°C u ruapokcuaoM HaTpus (U3 pac-
yera 10 rp/Kr mopTiaHIeMEeHTa) B TEYEHHE 5 MUHYT;

e  100aBICHHE B CMECHUTENb MOPTIAHAIIEMEHTA, Jallb-
Helllee epeMEIIMBaHue B TEUEHUE 5 MUHYT;

e  BIMBAaHHE B CMECHUTENb BOJHOMN CYCHEH3UH AITIOMH-
HHEBOW ITyJpBbI, IPOJOIKUTEILHOCTD MEPEMEIINBAHUS BCEX
KOMITIOHEHTOB STYCHCTOOETOHHON CMECH - 5 MUHYT;

It was assumed that as a result of treatment, in addition
to changing the geometry of the grain, a layer of sodium
silicate would be formed, which would react with the sur-
rounding particles of Portland cement that are smaller in re-
lation to the waste and the aggregate. This in turn may affect
the formation of the C-H-S phase and that of the cellular
concrete porosity.

The basic relation of the siliceous component to the
binder was accepted as of 0.8. The water-solid ratio was se-
lected based on the Suttard mixture spread diameter equal
to 22 cm and amounted to 0.43 for all the compositions. The
absence of changes is accounted for by the treatment of the
waste in an alkaline solution.

The preparatory stage also included the preparation of a
suspension of aluminum powder. The powder of the PAP-1
brand was intensively stirred in water at a temperature of
60°C.

The main stage included actions for the preparation of a
cellular concrete mixture in a turbulent mixer according to
the following scheme:

e  mixing quartz sand together with water at a tem-
perature of 60°C and sodium hydroxide (at the rate of
10g/kg of Portland cement) for 5 minutes;

e adding Portland cement into the mixer, further
mixing for 5 minutes;
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e  (opmoBaHHe MOTyYEHHOH cMecH.

Ha pucynke 2 moka3ana cTpykTypa sdencToro 6etoHa 6e3
J00aBJICHUsS] OTXO/OB (ITAIOHHBIN oOpasen). JlanHblit 0Opa-
3e1l MOJKHO OTHECTH K OCTOHY C ry04aroi (SUeucToii) CTpyK-
Type, cocTosineii u3 mop cepuueckoit Gopmsi, 1100 coenu-
HUBLIKMXCS chep B rpoliecce GOPpMHUPOBAHUS CKelleTa MaTepu-
ana. CoCTOsIHME TOBEPXHOCTH IUIOTHOE (M3-32 OTCYTCTBHUS
YETKUX KPUTEPHUEB OLIEHKH COCTOSIHHUS MOBEPXHOCTH [15] B
JaHHOU paboTe OyIeT MCHONb30BaHa yCIOBHAS I'pajalvs Ha
PBIXJIYIO, IUIOTHYIO, BRICOKOIUIOTHYIO). B HEKOTOpHIX mopax
HaOIOal0TCsl KOHTAKTHBIC IBIPKH, KOTOPBIE XapaKTEPHEI
Uit (hOPMUPOBAHUS CTPYKTYpPHl OCTOHA C HCIOJIH30BAHUEM
ra3zoobpa3zoparemns. OOpa3oBaHHE KOHTAKTHBIX IBIPOK CBSI-
3aHO C HEPAaBHOMEPHBIM ra3000pa30BaHUEM M TOBBILICHHEM
naBieHus B mope. COpoc M30BITOYHOTO JaBJICHHS B TOPE MO-
JKET TPOXOIMTh JABYMs cHocobamu JHMOO ¢ KPUTHYECKHM
YTOHBIIEHHEM CTEHKH ITOpPHI M 00pa30BaHUEM OKPYTJIOTO OT-
BEPCTHS, B CIIydae €C/IM JIaBJICHHE INOBBICHIIOCH JI0 Hadala
CXBATBIBAaHUS SYCUCTOOCTOHHON cMecH, JHOO pa3phIBOM
cTeHKH (00pa3oBaHME HIETM B CTEHKE WM €€ OTCIOCHHS),
€CITH KPUTUYECKOE TIOBBIIICHHE JIaBJICHUS MPOMCXOANUT B UH-
TepBaJie Hayala M KOHILA CXBAThIBAHHS SYEHCTOOCTOHHOMN
cMecsi. OOImast nopucTocTs 6e3100aBOYHOrO OETOHA COoCTa-
Buna 67,3%, a ko uuueHT HackiieHust nop paseH 0,52.
OTO NOATBEPXKIAET Pe3yIbTaThl MUKPOCKOIIMHU, YTO COCTOSI-
HHE IIOBEPXHOCTH ITOP MOYKHO OTHECTH K INIOTHOMY THITY, KO-
TOpOE 3alLIMIIAET UX OT IPOHUKHOBEHHS BOJIbI.

e infusing an aqueous suspension of aluminum pow-
der into the mixer, with the duration of mixing of all the
cellular concrete mixture components as of 5 minutes;

e  forming the mixture obtained.

Figure 2 shows the structure of cellular concrete without
the addition of waste (reference sample). This sample can
be attributed to concrete with a sponge (cellular) structure
consisting of spherical pores, or spheres connected in the
process of forming the material skeleton. The surface con-
dition is dense (due to the lack of clear criteria for assessing
the surface condition [15], a relative gradation into loose,
dense, high-density will be used in this paper). In some
pores, contact holes are observed, which are characteristic
for the concrete structure formation using a gas developing
agent. The formation of contact holes is associated with un-
even gas development and increased pressure in the pore.
The excess pressure in the pore can be released in two ways,
either through critical thinning of the pore wall and for-
mation of a round-shaped hole, if the pressure has increased
before the start of the cellular concrete mixture solidifica-
tion, or through the wall rupture (formation of a crack in the
wall or its detachment), if a critical pressure increase occurs
in the interval between the beginning and the end of the cel-
lular concrete mixture solidification. The total porosity of
the additive-free concrete amounted to 67.3%, and the pore
saturation coefficient amounted to 0.52. This confirms the
dense condition of the surface of the closed pores, which
protects them from water penetration.

PUCYHOK 2

CTPYKTYPA SAYEUCTOI'O BE-
TOHA (3TAJIOHHBII OBPA3EII)

FIGURE 2

CELLULAR CONCRETE STRUC-
TURE (REFERENCE SAMPLE)

Ha pucynke 3 mpezacraBieHa CTpyKTypa sdencToro oe-
TOHa ¢ TepMooOpaboTaHHbIM B 40% pacTBOpe THAPOKCHIA
HATpHs HECOPTHPOBAHHBIM cTekI000eM Nel. JlaHHYIO CTpYK-
TYpPy MOXKHO OTHECTH K cMelIaHHOW. OHa IpeCTaBIsLeT co-
00it koMOMHAIHIO TYOUaTOl (S4YEHCTON) U KOPITYCKYJISIPHOM
(3epHHUCTOH) CTPYKTyphl. YacTHIBl, U3 KOTOPHIX BBICTPOEH
kopnyc (pucyHok 3-1), npeacTaBisifoT coOol 3epHa pa3iind-
HOTO JIMaMeTpa U pa3InuHON '€OMETPHH, YTO OOJIbIIE COOT-
BETCTBYET KOPIYCKYJSIDHOH CTPYKType Marepuaia, a IpH
OoutbIIeM yBeJIMYeHNH (PUCYHOK 3-2) Ha MTOBEPXHOCTHU KPYTI-
HBIX arJioMepanuii MOXXHO YBUAETh (POPMUPOBAHUE STYEUCTOM
CTPYKTYPHI cO CheprIecKuMH MOpaMH Pa3IMIHOTO pajuyca
W C KOHTaKTHBIMHU JBIPKaMH B KaxJoi sueiike. CocTosiHue
MOBEPXHOCTH phIxiioe. O0IIas MOpHUCTOCTh SYEHCTOr0 OeToHa
¢ obpabotanHbIM cTeknoboem Nel cocraBuma 54,4%. Koag-
(urrenT HackIeHws op paseH 0,97, 4To COOTBETCTBYET Ma-
Tepuaily C BBICOKOH OTKPBITOM MOPUCTOCTHIO W HHU3KOH
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Figure 3 shows the structure of cellular concrete con-
taining unsorted glass cullet No.1 heat-treated in a 40% so-
dium hydroxide solution. This structure can be classified as
a mixed one. It is a combination of a sponge (cellular) and
corpuscular (granular) structure. The particles, from which
the body is built (Figure 3-1), are grains of different diame-
ters and different geometry, which more closely corre-
sponds to the corpuscular structure of the material, and with
greater magnification (Figure 3-2), the formation of a cellu-
lar structure with spherical pores of different radii and with
contact holes in each cell can be observed on the surface of
large agglomerations. The surface condition is loose. The
total porosity of cellular concrete containing treated glass
cullet No.l amounted to 54.4%. The pore saturation coeffi-
cient amounts to 0.97, which corresponds to a material with
high open porosity and low frost resistance. The mechanism
of formation of a porous body with glass cullet No.1 can be
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MOPO30CTOHKOCThI0. MexaHu3Mm (OPMUPOBAHUS TOPHCTOTO
Tena co creknoboeM Nel MOXKHO pasfenuTh Ha ABE CTAAUU.
IlepBas cragus oOpa3oBaHHE KOHIJIOMEpAaTa 3a CUET IOBbI-
LIEHHOTO CIEIUICHHSI MOBEPXHOCTEH OTXOZOB C IOBEPXHO-
CTBIO LIEMEHTAa U KBaplieBoro Iecka. Ha Bropoii craguu mnpo-
HCXO0M 00pa3oBaHUE MOP B KOHTIIOMEPATHOH YacTHIIE.

divided into two stages. The first stage is the formation of a
conglomerate due to the increased adhesion of waste sur-
faces to the surface of cement and quartz sand. In the second
stage, pores in a conglomerate particle are formed.

PUCYHOK 3

CTPYKTYPA SAYEUCTOI'O BETOHA
C OBPABOTAHHBIM CTEKJIOBOEM
Nel

1 — pe:xum Mukpockona 1

2 — pexuM MHKpocKona 2

FIGURE 3

STRUCTURE OF CELLULAR CON-
CRETE CONTAINING TREATED CUL-
LET No.1

1 — microscope mode 1

2 — microscope mode 2

Ha pucynke 4-1 npencrasieHa cTpyKTypa sideucToro oe-
TOHA ¢ TepmooOpadoTanHbM B 40% pactBope NaOH Hecop-
THPOBAaHHBIM cTekI000eM No2. JIaHHYH CTpYKTypa OTHO-
CHTCS K STYEUCTON C PHIXJION ITOBEPXHOCTHIO M YACTHYHOM J1e-
CTpyKIHeH cTeHOK. Ha pucyHKe BUIHO, YTO UMEETCS 3HAYH-
TEJIFHOE KOJIMYECTBO TI0P, KOTOPBIE HMEIOT pa3Mephl CEUCHNUS
B COOTHOILIECHUH 1:2 1 3HaunTeNbHOE yriryoOneHue. O0mmas mo-
PHCTOCTH MaTepuaina coctaBuia 62,6%, a 3HaueHne K03hhu-
I[MEeHTA HaCKIIEHUs 00pa3ia cocraBuio 1. Obpasen umeer B
CBOEH CTPYKTYpE TOJBKO OTKPBIThIE MOPBI. YacTUIbl, U3 KO-
TOPBIX BBICTPOEH KOPITYC, IPEICTABISIOT COO0H SUelKu pas-
TYHOM GopMbl M quamerpa. Ha HavanbHOI cranuu Gpopmu-
POBaHMH CKeJIeTa MOPUCTOr0 MaTepHraia MPOUCXoanuT GOpMu-
pOBaHMe SYECHUCTOH CTPYKTYPHBI, CXBaTHIBAHUE BSDKYIIETO MTPO-
HCXOJUT B MAJIOM BpeMEeHHOM nHTepBaie (10 10) MUHYT, 4TO
MIPUBOJUT K (POPMHUPOBAHHUIO MTOPUCTOTO CKEJIeTa MaTepraa
JI0O MOMEHTA CHIDKEHHUSI aKTHBHOTO ra3oBblIeneHus. [Ipn ak-
TUBHOM BBIJICICHUN Ta3a pa3pyLIalOTCST CTCHKH SYEHUCTON
CTPYKTYpPBI, OOJIOMKH CTEHOK CBS3BIBAIOTCSI C HEpa3pyLICH-
HBIMH CTE€HKaMH, YTO TIPHUBOANT K BHIUMOCTH KOPITYCKYJISIp-
HOH CTPYKTYpHI [TIOp B MaTepuase.

Figure 4-1 shows the structure of cellular concrete con-
taining unsorted glass cullet No.2 heat-treated in a 40%
NaOH solution. This structure can be attributed to a cellular
structure with a loose surface and partial destruction of the
walls. The figure shows that there is a significant number of
pores, which have cross-sectional dimensions in a ratio of
1/2 and a significant deepening. The total porosity of the
material amounted to 62.6%, and the saturation coefficient
of the sample amounted to 1. The sample has only open
pores in its structure. The particles, from which the body is
built, are cells of various shapes and diameters. At the initial
stage of the formation of the porous material skeleton, a cel-
lular structure is formed, solidification of the binder occurs
in a short time interval (up to 10 minutes), which results in
the formation of the porous material skeleton before the ac-
tive gas emission decreases. With the active emission of
gas, the cellular structure walls are destroyed, fragments of
the walls bind to the undestroyed walls, which leads to the
visibility of the corpuscular structure of the pores in the ma-
terial.
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PUCYHOK 4

CTPYKTYPA SIMEUCTOI'O BETOHA C
OBPABOTAHHBIM CTEKJIOBOEM Ne2
1 — pe:xnm Mukpockona 1

2 — peskuM MHKpPOCKONa 2

FIGURE 4

STRUCTURE OF CELLULAR CON-
CRETE CONTAINING TREATED CUL-
LET No.2

1 — microscope mode 1

2 — microscope mode 2

CraTucTHyeckuil aHanu3 yriryOJeHUd B perabeHOM pe-
JKUME KaMephl IOKa3a, YTO JOJIS TUIOMIAIN TIOp Ha aHAIIU3U-
PyEMOM ydYacTKe IS 3TATOHHOTO oOpasma 63,3%, 6eToHa co
crexioboeM coctaBa Nel moist mop cocraBmia 42,7%, a s
coctaBa Ne2 54,3%. OTKIOHEHUsI CBsI3aHBI C OTPAaHHYCHUEM
MHUKPOCKOIIH, TIPH KOTOPOH HEBO3MOXKHO yUECTh Ha OTHOM
YBEJIMYCHHUHU TIOPHI MaKCHMAaJIbHOTO pa3Mepa W IOpHl MeHee
60 mxm. Takum 06pa3oM mopbl MeHee 60 MKM? COCTaBJISIOT
st stanona 4%, mist cocraBa Nel u Ne2 11,7% u 8,3% coot-
BETCTBEHHO. Pacmpenenenue mop mo miomaisM Mmoka3saHo Ha
pucyHke 5. M3 ructorpaMMbl BUIHO, YTO MOJAAJIbHBIC 3HAYC-
Hus mop B coctaBe Nel u Ne2 Onu3ku, HO OHU 3HAYUTEIHHO
OTIMYAIOTCS OT 3TajmoHa. CTaTUCTHUYCCKUIA pacueT IOoKa3al,
4TO 3Ha4YeHus Anis coctaBob Nel u Ne2 coctasnsioT 0,133 Mm?
1 0,150 MM? COOTBETCTBEHHO, a 1714 dTanoHa 0,427 Mm%, Mak-
CUMalbHasl TUCTICPCHs OT CPEIHET0 3HAYCHUS ¥ cocTaBa Ne2
- 21,9%, muanManbHas y coctaBa Nel — 2,3%. V sTamoHHOTO
00pas1a OTKIIOHEHHE OT CPEeIHET0 3HAYCHUS COCTaBHIO 15%.
OTKJIOHEHHE OT CPEeJHETO 3HAYCHHUS 3aBUCHUT TIIaBHBIM 00pa-
30M OT pPaBHOMEPHOCTH pacHpeAeieHUs Tra3000pa3oBaTes.
Huzkoe 3HaueHne oTKIOHEHHS Y cocTaBa Nel cBs3aHO € ero
(hopMHpOBaHHEM CTPYKTYpBI, TaK Kak 00pa3oBaHHE KOHIJIO-
MEpAaTOB MPOUCXOUT BOKPYT YaCTHUIL 3aMTOJHUTES, TO CHeph
(hOpMUPYIOT Pa3BETBICHHBIC OTKPBITHIC MOPHI, Yepe3 KOTO-
phIC IPOUCXOIUT yCPEIHEHUE H30BITOYHOTO IABJICHUS B Ma-
Tepuaie.
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Statistical analysis of the cavities in the camera relief
mode showed that the proportion of the pore area in the seg-
ment under analysis amounted to 63.3% for the reference
sample, for the concrete containing glass cullet of composi-
tion No. 1 the proportion of pores amounted to 42.7%, and
54.3% for composition No. 2. The deviations are due to the
limitations of microscopy, in which it is impossible to take
account of pores of the maximum size and pores of less than
60 pum at one magnification. Thus, pores of less than 60 pm?
amount to 4% for the reference sample, to 11.7% and 8.3%
for compositions No. 1 and No. 2, respectively. The distri-
bution of pores by area is shown in Figure 5. It can be seen
from the bar chart that the modal values of pores in compo-
sitions No. 1 and No. 2 are close, but they differ signifi-
cantly from the reference sample. Statistical calculation
showed that the values for compositions No. 1 and No. 2
amount to 0.133 mm? and 0.150 mm?, respectively, and for
the reference sample - 0.427 mm?. The composition No. 2
shows the maximum variance from the average value,
amounting to 21.9%, the composition No. 1 shows the min-
imum — it amounts to 2.3%. The deviation from the average
value of the reference sample amounted to 15%. The devi-
ation from the average value depends mainly on the uni-
formity of the distribution of the gas developing agent. The
low deviation value of composition No. 1 is due to its struc-
ture formation, since conglomerates are formed around the
aggregate particles, the spheres form branched open pores,
through which the excess pressure in the material is aver-
aged.
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TakuM 00pa3oM, BBEICHHE HECOPTHPOBAHHBIX OTXOAOB
3JIEKTPOHHO-ITy4IEBBIX TPYOOK U3MEHSET CTPYKTYpY TIOp sde-
HCTOro OeToHa. BBC}IGHI/IC HN3MEJIBYCHHBIX OTXOJ0B B CPEII-
HEM YMEHbBIIIaeT MOAAJIbHBIE pa3Mepbl Op Ha ciioMe o0pasia
¢ 0,427 mm? y atanona 1o 0,133 mm? u 0,150 mm? y ucnbITye-
MBIX 00pa3uoB. OTHAKO, U3MEHEHHUS ITPOUCXOMAT HE TOJIBKO
KOJINUECTBEHHBIE, CBSI3aHHBIE C pa3MepoM IOp, HO M Kaue-
CTBEHHBIE, KOTOPBIE CBS3aHBI C U3MEHEHHEM MEXaHH3Ma I10-
pooOpa3oBaHKsi U U3MEHEHHEM CTPYKTYpHl Marepuana. Tax
IIPU BBEJICHUU TEPMOOOPaOOTaHHBIX COBMECTHO C THJIIPOKCH-
JIOM HaTpus oTXoJ0B MeHee 630 MM Habmomaercs: hopmu-
pOBaHNE MOPHUCTOCTH B JIBa 3Tarna: 00pa3oBaHue KOHTIOMEpa-
TOB ¥ MX AalbHEHIIee BCoyyrnBaHnue. Toraa Kak Ipu yMEHb-
IIEHNH TOHKOCTH ITOMOJIA W MCIOJIBb30BaHUU OTXOJIOB MEHEE
90 MKM TpOHCXOIIIIO GOPMHUPOBAHNE MENKHUX IIOp U Jajb-
HelIee pa3pylieHne CTEHOK ¢ oOpa3oBaHHeM OoJjiee KpyTi-
HBIX II0P. Ecnmu OLCHUBATH MEPCICKTUBHOCTH HCIBITYCMBIX
MarepuaioB, TO HECMOTPS Ha BBICOKYIO OTKPBITYIO HOpH-
CTOCTb MHTCPECCHBIM 1A ﬂaﬂbHeﬂLHeFO N3Yy4YCHUA SBJIACTCA
SYEUCTBIH OETOH C J0OaBIeHUEM TePMOOOPaOOTaHHBIX COB-
MECTHO C TaJpOKCHIOM HATpHsl HECOPTHPOBAHHBIMH OTXO-
JlaMHU JIEKTPOHHO-IIy4YeBbIX TPYOOK C pa3MepoM OTXOJIOB HE
npeblmaromux 630 MKkM. OTO CBA3aHO C HAIMYHEM B KOp-
MYCKYJSIPHOM CTPYKTYpe KOHIJIOMEPATOB, KOTOPHIE B CBOIO
odepeib UIMEIOT SIEUCTYIO CTPYKTYPY, YTO MOXKET IMTOBBICHTh
pagualoOHHYTO 3aIIUTY.
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Conclusions

Thus, the introduction of unsorted waste from cathode
ray tubes changes the cellular concrete pore structure. The
introduction of crushed waste reduces, on average, the
modal pore sizes at the sample fracture from 0.427 mm? for
the reference sample to 0.133 mm? and 0.150 mm? for the
test samples. However, there are not only quantitative
changes, related to the pore size, but also qualitative
changes, which are associated with a change in the pore for-
mation mechanism and a change in the material structure.
Thus, when introducing waste of less than 630 um heat-
treated with sodium hydroxide, porosity formation in two
stages can be observed: the formation of conglomerates and
their further swelling. Whereas, with a decrease in the fine-
ness of grinding and the use of waste of less than 90 pm,
small pores were formed and the walls were further de-
stroyed with the formation of larger pores. If the prospects
of the tested materials are to be evaluated, then, despite the
high open porosity, cellular concrete with the addition of
unsorted waste from cathode ray tubes, heat-treated with so-
dium hydroxide, with the size of the waste not exceeding
630 um, is interesting for further study. This is due to the
presence of conglomerates in the corpuscular structure, and
they in turn have a cellular structure, which can increase ra-
diation protection.
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