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AHHOTauunA

CrpourenbHast MIPOMBIIIIEHHOCTb — CaMblii KPyII-
HBIII TOTpebuTeNb MaTepMAIoB 1 SHepruu. B atoit orpacin
VCIIO/IB3YeTCsI OOTIBIIOE KOMMIECTBO ChIPbsSI ¥ TUTAHTCKOE
KOJIMYEeCTBO 9HEPTUM I IPOU3BOJICTBA U MIEPEBO3KU Chl-
pbs, CTPOUTENBHBIX MaTepManoB 1 NPOAyKTos [1, 2]. U3
BCEX CTPOUTEIbHBIX MaTePHUAIOB OETOH SAB/IAETCS CAMBIM
CJIOKHBIM 110 XMMUYeCKOi 1 GU3NIeCKOI IPUPOJE, a I0-
TOMY IIPefICTaB/IAET OCOODINI MHTEPeC C HAYYHON TOYKM
3penus. [Ipy aToM 06'beM ero IpousBOACTBA B MUpe 60IIb-
1Ie, 4eM 06'beM BCeX [[PYTUX IIPOU3BOANMBIX MaTepPHAIOB.
B aT011 cTaThe MpeACcTaBIeHbl METOJONOTUA I IPUMEPHI
6oree YMCTOTO B 9KOMIOTMIECKOM CMBICTIe GeTOHa.

Knioueevie cnosa: zparynomempuneckuti cocmas;
MUHepAnoeuuecKuti Cocmas; cvipvesvie Marmepuanrvl; ue-
MeHMHAST 3PPeKMUBHOCY; MPEXMEPHAST CUMYITUUOH-
Hast 3D-mo0env; UCNoNb308aHUE NPOMBIUAEHHBIX 0MX0006;
cmabunusauus omxodos.

BBepgeHune

B Tabmuue 1 npuBesieHbI TOfOBbIE 00'bEMBI MUPO-
BOTO IIPOM3BOJICTBA CAMbBIX Ba>KHbBIX CTPOUTETbHBIX MaTe-
puanos. HekoTopble 13 HUX MICHIONb3YIOTCS UCKTIOYNTEND-
HO B CTPOUTENIBHOM CEKTOpE, ApyTHUe, HAIIpUMep CTalb U
U3JeNNA U3 JPEBECUHBDI, IPUMEHAIOTCA TaK)Ke B IPYTUX
orpacnax. Lndpsl mokaspBawT, YTO B I7T06aTLHOM Mac-
mrabe MMEHHO ITPOU3BOJICTBO CTPONUTENbHBIX MaTepua-
JIOB ¥ BECb >KM3HEHHBIN LMK/ MaTepuasa I COOpyxKe-
HIA MMEIOT He TONbKO IepPBOCTeIIeHHOE 9KOHOMIYECKOE,
HO M 9KOJIOTMYECKOE 3HAYEHME, TaK KaK MOTYT IPUBECTHU
K 3aTpA3SHEHMIO OKPY>KaIoIell Cpefibl X UCTOIIEHNUIO IIPU-
ponmHbIX pecypcos. Ilof 3arpAsHeHMeM o pasyMeBarTCs
BBIOPOCHI B BOZY, BO3/IYX, IIOYBY U IPOU3BOJCTBO OTXOJOB,
37TOBOHMIA, ITyMa ¥ PYTUX (HaKTOPOB, IPENCTABIAIOINX
YTposy And OKpy>Kawluei cpesibl. 3a nmocneguue 40 ner
COBpeMeHHOe 0011[eCTBO B OCHOBHOM PEILINIIO BOIIPOC 3a-
rpsasHenusA. CoXHOI 3a/ja4eli, KoTopas CTOUT Iepej; HaMu
certvac, ocraercs 6onee apdekTUBHOE UCTIONb30BaAHNE
IPUPOJHBIX ¥ SHEPTeTUIECKUX PECYPCOB.

MHorume cTpoKTeIbHbIE MaTe€PUAJIBI COCTOAT U3 Ya-
CTUI HeNIPaBUIBbHOI (OPMBI Pa3IMYHBIX pa3MepoB (AB-
JIAIOTCS MOJUANCIEPCHBIMY), OOBIYHO PACIIONOKEHHBIX
Xa0TUYHO, KaK, HallpuMep, B 6eToHe. HacTHIbI JOIKHBI
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Abstract

The building industry is the largest consumer of en-
ergy and materials. In addition to the huge amount of raw
materials involved, enormous amounts of energy are used
for production and transport of raw materials, building ma-
terials, and products [1, 2]. Among all building materials,
concrete is chemically and physically the most complex and
scientifically the most interesting, and its worldwide pro-
duction is larger than that of all the other man-made ma-
terials combined. In this paper, methodologies and exam-
ples of environmentally friendlier concretes are presented.

Key words: particle size engineering; mineral oxide
engineering; cement efficiency; 3-D simulation model; use
of by-products; stabilization of waste.

Introduction

Table 1 shows the global production of the most
important man-made materials in 2008. Some of these
materials are used in the building sector exclusively; oth-
ers such as steel and timber are used in other industries
as well. The numbers illustrate that building materials are
of the utmost economical and environmental importance
globally and their production may involve contamination
and depletion of finite resources. Contamination includes
emissions into water, air, and soil, and production of waste,
stench, noise, and other forms of nuisances. This takes place
during production but also during the entire lifecycle of a
material and an object. In contemporary societies, the as-
pect of contamination has largely been solved in the past
40 years. The challenge that we are now facing is more ef-
ficient use of resources.

Many building materials contain irregularly shaped
particles of various sizes (polydisperse), in most cases ran-
domly packed, as is the case in concrete. The particles need
to be combined in a specific way for the building material to
have the desired properties. In other words, there is a need
for recipes according to which the raw materials would be
combined and processed into the desired materials or prod-
ucts. These products not only have to fulfill a broad range of
technical demands but must also meet requirements with
respect to maintenance, repair, recycling, sensory qualities,
etc. The raw materials and ingredients need to be available
in sufficient quantities of constant quality, and the product
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ObITh CKOMOVMHMPOBAHbBI TaKUM 00pasoM, 4TOOBI MONTY-
4UTh HeOOXOAMMbIE IIOKA3aTe/Il CTPOUTEIBHOTO MaTePu-
anma. [lpyrumn croamu, TpeOyIOTCA METOLMUKM, COIIACHO
KOTOPBIM IIPOEKTVPYETCSI COCTAB U3 HEOZHOPOLHOIO ChI-
Pbsl M MPOM3BOJATCS MaTepyabl M MIPOAYKTHL. [Tomyyae-
Mble PO YKTBI TO/DKHBL He TOBKO COOTBETCTBOBATH 3a-
JAQHHBIM TEXHIYECKUM IIapaMeTpaM, HO TaK)Ke OTBeYaThb
TpeOOBaHNUAM I10 00CTY)XMBAHMIO, PEMOHTY, llepepaboTKe,
OPraHONMENITHYeCKIM CBOJICTBAM MaTepuana i T. I. CbIpbe
Y KOMIIOHEHTBI JO/KHBI OBITh JOCTYIIHBL B GOIBLINX KO-
JINYeCTBAX IPYU IIOCTOSTHHOM Ka4eCTBe, a IPORYKT — JIETKO
nepepabarbIBaThCs Ha CTponTenbHOM o6bekTe. Hanboree
UJIeaIbHO COOTBETCTBYET JAHHBIM TPeOOBAHMUAM TaKOIl
[IOPUCTHII MaTepHas, Kak 6eTOH.

BeToH — yHMKaJIBHBIII 10 CBOMM Ka4ecTBaM MaTe-
puaJ, 1 He TONBKO M3-3a TUTAHTCKUX 00'beMOB IIPOU3BOJ-
ctBa. OOBIYHBIN OETOH COCTOUT U3 I[€MEHTA, 3aIlOTHNUTE-
JIell ¥ BOIBI U COLEP>KUT 4acTULbl pasMepoM oT 300 HM
10 32 MM, B MAaCCHMBHBIX KOHCTPYKIMAX (HAIpUMep, AaM-
6ax) — o 64 mnn 128 mM. Het gpyroro cosgaHHOro yeno-
BEKOM MaTepuana, B KOTOPOM pasMepbl COCTABISIOIIUX ero
YaCTHUI] OT/INYANINCD OBI PYT OT APYTa Ha IATDb MOPSIFKOB.
B navanbHOIT aze popMupoBaHusa 6eTOH MMeeT He0OXO0-
IVIMYIO MTOABVDKHOCTD, YTO JaeT MIMPOKYI0 CBOOORY [/t
MH)XeHEePHBIX PelleHNIl, B TO BpeMs KaK B 3aTBepAeBIIEM
COCTOSTHUY OH 0071a/jaeT BBICOKOIT TPOYHOCTHIO, IOUTH He
TpebyeT 00CIy>KMBaHNA U IPefOCTaBIAeT OOIbIINe BO3-
MOYXHOCTH J/151 apXUTEKTYPHBIX PeIleHNIL.

IJeMeHT — caMblil 5HEPrOEMKUI ¥ II0O9TOMY JOPO-
TOCTOALINIT KOMIIOHEHT OeToHa. OH Tak>Ke IIPOU3BOAUTCA
B 60pIIyX KonmudecTBax (tadm. 1). IIponsBopcTBO LieMeHT-
HOTO K/IMHKePa BO Bpallaollelics ey ABNAeTCA 04eHb
3HEproeMKNM IpoleccoM. B mocnegume gecatunetns sd-
(beXTUBHOCTD 3TMX Hedell yBenmunmach. CaMble coBpe-
MeHHBIe T1eYl TponusBofAT 0koso 10 000 T KnuHKepa B CyT.

IToxasaTenn 10 3HEPronoTPeO/IeHNIO YIydIIa0T-
cst Topt oT ropa. IIpoucxoput aTo Grarofmapst 3aMeHe Tpa-
IMIMOHHBIX BUIOB TOI/IMBA O0JIee [eIleBbIMY OTXOLaMIA,
HaIlpyMep U3MeTbYeHHBIMI aBTOMOOV/IBHBIMYU TTOKPBIII-
KaMI, KOCTAHOM MYKOJ, OCaZJKOM CTOYHBIX BOJI, 6yMa>K-
HBIMIU OTXOfaMu u T. 1. IIpu mcronbsoBaHNM anbTepHa-
TUBHBIX MICTOYHMKOB TOII/IMBA TeMIlepaTypa CIeKaHU:A
MOKeT 6bpITh HiKe 1450 °C, 4TO Tak)Ke CII0COOCTBYeT
sHeprocbepeskeHno [3].

Tabnuua 2. MnpoBoe Npon3BOACTBO NOBOUYHbIX MPOAYKTOB, MITH T (2008 1)

Table 2. Global production of by-products, min t (2008)
3ona TennoBbIx aneKkTpocTaHuu // Coal ashes 1000

CranenuternHblin wnak // Steel slag 140

should be manageable at the building site. A porous mate-
rial that often fulfills these requirements is concrete.

Concrete is a spectacular material, and not just be-
cause of its enormous production volume. Conventional
concrete consists of cement, aggregates, and water and com-
prises grains with size ranging from 300 nm to 32 mm, and
in massive structures (e.g. dams), even to 64 or 128 mm.
There is no other man-made material with such a broad (five
decades) range of particle sizes. In the fresh state, it is fluid
and enables a high degree of design freedom, while in the
hardened state concrete is durable and almost maintenance-
free and has a great architectural potential.

Cement is the most energy-intensive and expensive
ingredient of concrete, and it is also produced in very big
quantities (Table 1). The manufacture of cement clinker in
a rotary kiln is an energy-intensive process. In the recent
decades, the efficiency of such kilns has increased. The
most advanced kilns produce 10,000 tons of clinker per day.

Energy efliciency is improved by replacing conven-
tional fossil fuel with waste as a low-cost secondary fuel, e.g.
ground car tires, bone meal, sewage sludge, paper sludge,
etc. When using alternative fuels, sintering temperatures
can be lower than 1450 °C, which is also beneficial for en-
ergy saving [3].

Savings and optimization are also possible on the
materials’ side. By-products from other industries can be
used as a substitute for cement producing kiln. Blast fur-
nace slag is a by-product from the steel industry and a
common substitute for clinker. The use of so-called slag ce-
ment results in very durable concrete and comprises about
a half of the Dutch cement market [4]. Powder coal fly ash-
es have a very similar composition to clay, and class F fly
ash is similar to OPC. These fly ashes are produced in big
quantities (Table 2).

Fly ash can also substitute clinker, and a substitu-
tion rate of 30 % is already common. A recent study pre-
sented a substitution level of 50 % [5]. Both slag and fly ash
contain non-crystalline (amorphous) mineral oxides which,
in contrast to their crystalline counterparts, are reactive.

The building industry and the concrete industry in
particular are also interested in further reduction of cement

[lJoMEHHbI rpaHyNMpoBaHHbIY Wwnak // Blast furnace slag 120

[MNc, nony4Yaembll B npoLiecce AecynbOupoBaHNA AbIMOBbIX ra30B //
Flue gas desulfurization gypsum
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Puc.1.  WHTerpanbHoe pacnpepeneHve yactuy no opakumam (PHQ) scex

KOMMOHEHTOB CMecU (M3MepPEeHHOe Na3epHOI rpaHynomeTpuei

1 CUTOBbIM aHanu3om), 1 PY® cmecu (MyHKTUPHaA IMHUA), COCTaBIEHHbIe
C omolLLblo Noabopa rpaHyNoMeTprYeckoro coctaBa cMecu. Kpome
TOro, NoKasaHa 3afaHHas GyHKLMA (CnnowHasn nuHKs) [8]

Fig.1.  The cumulative particles size distributive (PSD) of all ingredients in a mix
(measured with a laser granulometry and sieves), and the PSD of the mix
(dashed line) composed with the help of the mix design tool. The target
function (solid line) is also shown [8]

OKOHOMMA U ONTUMMU3ALMA TaKXKe BO3MOXHBI C
TOYKM 3peHusA MaTtepuanos. OTXO/bl IPYTUX IIPOU3BOAICTB
MIOAXOAAT /1A UCIIONb30BaHMA B KaueCTBe 3aMeHUTeNIel
CBIPbA NIPY IMPOU3BOJCTBE LleMeHTa. [JOMEHHbIT rpaHy-
JMPOBAHHBIN NIJIAK OJHOBPEMEHHO ABJIACTCA HOOOYHBIM
MPOAYKTOM MeTa/lTy pru4ecKoil IpOMBIIIIEHHOCTU U pac-
IIPOCTPaHEHHOIT MIHepaIbHOI 06aBKoIL. [IpuMeHeHne Tak
Ha3bIBA€MOT'0 LIJIAKOL[EMEHTA ITO3BOJIAET OMYYUTh OYE€Hb
IIPOYHBIN 6€TOH, a ITAKOOETOH 3aHMMaeT IIPUMEPHO I10-
noBuHY peiHka Hupepnanpos [4]. 3oma-yHOC NbIIEBUAHOTO
TOI/IMBA MIMeeT XMMUYECKII COCTAaB, OUeHb MOXOXNUIT Ha
[JIMHY, @ 3071a-YHOC K1acca F nMeeT CXOCTBO € OOBIYHBIM
nopTaaHAneMeHToM. IIpy 9TOM 30/1a-yHOC MOXKET IPON3-
BOJIUTHCS B 0OYeHb OONBIINX KOoAMdecTBax (Tadim. 2).

30/1a-yHOC TaK)Ke MOXKeT MCIO/Ib30BaThCs B Kade-
CTBe OOABKY /ST 3aMEIeHNsI KITMHKEePA B COCTaBE IleMEH-
Ta; 30/IbHBIE L[eMEHTHI C YPOBHEM 3aMeleHus1 B 30 % yixe
Oy YV/IU I POKOe pacnpocrpanenue. HegaBuue ucce-
TOBAHIMS IOKA3a/Ii BO3MOXXHOCTD 3aMeIeHNsI KIMHKepa
mo 50 % [5]. Ilpu aToM HIIaK U 3071a-YHOC COfep>KaT CTe-
KJIOBMIHBIe (aMOp¢HBIe) IPUPOLHbIE OKCUJIbI, KOTOPbIe
BCTYINAKT B PeakLU/ aKTUBHEE, YeM UX KPUCTA/INYe-
CKIe aHaJIOTH.

CrpoutenbHas 1 lleMeHTHasI IPOMBIIIIEHHOCTH 3a-
MHTEPeCOBAHbI B COKpAILleHNI IPUMEHEHNUs KIMHKepa 1
la)ke CAaMOTO [[eMeHTa, HalIPUMep IIyTeM BBEIeHNUS NHEPT-
HOI MIHEP/IbHOT VTN aKTUBHOI OOABKM (T. €. MUKPOHa-
HOJTHUTENA) B OeTOHHYI0 cMech. OfyH u3 Kputepues 9 dek-
TUBHOCTH, KOTOPBIJT OTTy4aeT Bce Gonblilee 3HaYeHIe, — ITO
9KOJIOTUYHOCTD JCIIONIb3yeMOro Marepuana. s 6eToHa
9Ta TeH/ICHIMA O3Ha4YaeT IPOJYyMaHHOE MCIIO/NIb30BaHue
1[eMEHTA, KOTOPBIIT SABJISETCS CAMBIM JJOPOTUM U 9HEPro-
eMKJIM KOMIIOHEHTOM OeToHa. Bropas, He MeHee BakHas
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clinker and even cement consumption, e.g. by adding in-
ert powders (i.e. fine aggregate) and reactive powders to
the concrete mix. One of the performance criteria that is
gaining importance is the environmental footprint of the
building material used. For concrete, these developments
imply smart use of cement, which is the most energy- and
cost-intensive component of concrete. A second, equally
important motivation is cost reduction, as cement is the
most expensive component in a concrete mix. For a sound
concrete recipe, all the ingredients need to fit both physi-
cally and chemically: this is achieved by “particle size en-
gineering” and “mineral oxide engineering”.

Particle size engineering

Particles of various sizes are combined to produce
the concrete mix. The combination of all individual par-
ticle distributions results in an overall particle size distri-
bution of the mix. This overall grading of the mix, con-
taining particles from 300 nm to 32 mm, determines the
mix properties in the fresh state, namely, the flow prop-
erties and workability. However, the properties of hard-
ened concrete, such as strength and durability, are also
determined by the overall particle size distribution. A
mix design tool has been developed based on the insight
that superior properties of a granular mix are achieved
when a so-called geometric particle size distribution is
obtained considering all solids in the mix (i.e. not aggre-
gates only), an idea that had already been put forward
in 1950 [6]. Geometric particle arrangements had been
proposed much earlier by [7] in their study of aggregate
packing more than 100 years ago.

Using linear optimization, a fit of a granular blend
containing all the solids used is made according to a defined
distribution function [8-10]. Fig. 1 shows the cumulative
particle size distribution or particle size distribution (PSD)
of a number of ingredients (micro-powder, cement, sand,
gravel, etc.), which are combined in a way that their mix
best approaches the geometric packing represented by the
“target function”. The logarithmic scale on x-axis in Fig. 1
illustrates again the enormous particle size range in this
typical concrete mix, namely, five decades.

The concretes designed with the presented ap-
proach show excellent properties in both fresh and
hardened states. Self-Compacting Concretes (SCC)
have been designed and produced with a Dy of 32 mm,
with recycled aggregates, with photocatalytic TiO,,
with dimension stone “waste”, etc. Concretes with a
specific density of 1100 kg/m?, a thermal conductivity
of 0.27 W/mK and a 28-day compressive strength of
37 N/mm? have also been developed using lightweight
aggregates [8, 10].

There is a spin-off project in the province of Overijs-
sel, the municipality of Hengelo and Struyk Verwo Groep,
where a street has been paved with 1000 m?* TiO,-contain-
ing photocatalytic concrete, a patented technique [11]. This
street is currently being monitored, and so far an NOj re-
duction of 25-45 % has been observed (three separate meas-
urements during spring 2010).
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COCTaB/IANIAA, — 3TO COKPAIlleHIe PACXO[0B UCIIOb3Yye-
MbIX MaT€PUAJIOB, TaK KaK IIeMEHT AB/ISAETCA CaMbIM [I0PO-
FOCTOAILVIM KOMIIOHEHTOM OeTOHHOI cMecu. I nomyde-
HIA ONTUMAJ/IbHOI PELENTyPbl BCEé KOMIIOHEHTHI JOIYKHBI
OBITH COBMECTUMBIMY B PU3MIECKOM U XVIMIUYECKOM OTHO-
IIEHNN: 3TO JOCTUTACTCA MOKOOPOM IPaHYIOMETPUIECKO-
IO I MMHEPAJIOTMIECKOTO COCTaBa ChIPhEBBIX MAaTEPHATIOB.

Moa6op rpaHynomeTpUYECKOro coctaBa

B mporecce GpopmmpoBaHmsi 6ETOHHOI CMeCH yda-
CTBYIOT YacCTUIIbI Pa3IMYHBIX pasMepoB. VIHTerpanbHOE
pacIipefiesieHyie JacTUIL 10 PPaKIUAM B CMeCH MpefiCTaB-
sieT co00lt CyMMY pacIpefelleHnit YacTUL] Ka>KJIoro us3
€€ KOMIIOHEHTOB. VIHTerpanbHblii IPaHyIOMETPUIECKUI
cocTaB cMecH, cogepkalent yactupl or 300 HM 10 32 MM,
oIpefieNnsieT Ka4eCTBO PACTBOPHOI CMECH: pacTeKaeMOCThb
U ynoOOyK/IagbIBaeMOCTb, a TaKXKe IOKasaTenu 6eToHa,
TaKye KaK IPOYHOCTD U ZOJTOBEYHOCTD. Bblma paspabo-
TaHa TEXHOJIOTVA NO00pa IPaHyIOMETPUYIECKOIO COCTABA,
OCHOBBIBAIOLAACA Ha IIOHMMAHMM TOTO, YTO HAMTYYIINX
HoKasaresiell HonuQpaKIMOHHast CMeCh JOCTUTAET, KOTa
IIO/Ty9aeTCsA ONTHMMATIbHOE pacHpefe/ieHye o reoMeTpH-
4YeCKMM pa3dMepaM 4YacCTUI] BCEX TBEP/IbIX COCTABIAIOIINX
cMecn (T. e. He TONBKO HanonHurteneir). Vpges cdopmupo-
Basach emie B 1950 1. [6], a cama Teopust reOMeTPUYECKOIt
YIIAaKOBKII 9aCTHI] BBIABUTA/IACH U TOTO paHblie — Gomee 100
JIeT Hasaf, IpY VICCIeSOBaHUM YIIAaKOBKY HAIIOTHUTeNel [7].

C nmomMo1ipl0 MeTOfia TMHENHOIo IpOorpaMMupo-
BaHIsI OCYIECTB/ISIETCS IIOAO0P COCTaBa MHOTOKOMIIO-
HEHTHOJI CMeCU IIyTeM OIpele/eHNsA HeOOXO[MMOTO CO-
Tep>KaHMA KaXK/IOTO U3 MCIONb3yeMbIX KOMIIOHEHTOB IO
3aJJaHHON ONTUMAaIbHOI QYHKUUM pacrpeneneHus. Ha
puc. 1 moxasaHo MHTErpaabHOE pacIpefeneHne JacTul]
o ¢pakiuam (PYD) u PYP HeCKONbKMX KOMIIOHEHTOB
(MUKpPOHATIOTHUTENb, IIeMEHT, eCOK, TPaBMil U T. Ji.), KO-
TOpbIE COCTAB/IEHBbI TAKMM 00pPa3oM, UTO UX CMeCh B Hal-
Oosblireit cremeHn 6M3Ka TeOMETPUIECKOMY pacipe-
IeJIeHUIO, IIPeACTAaBIeHHOMY OITVMalbHOM (QyHKLMEIL.
Jlorapudmmdeckuii xapaxrep mKanbl 1o ocu OX Ha puc. 1
ellle pas WITIOCTPUPYET IUTAHTCKUI pasbpoc pasMepos

— Pacuert // Calculation

/\ SKcriepumenT // Measurement

OtHowenwe C/SB -S—H // C/Sratio in G-5-H

08 f f f f f
0 20 40 60 80 100

CopepraHue wnaka (Macc. %) // Slag proportion (mass %)

Puc.2.  PacyeTHoe 1 aKcnepumeHTanbHoe oTHowweHne C/S B C-S-H
B 3aBMCVMMOCTV OT COAlePXKaHWA LNaka B CMeLaHHOM LieMeHTe [4].
C-S—H — cambin pacnpocTpaHeHHbI NPoAyKT ryapaTtaumnm

Fig.2.  Calculated and measured C/S ratio in C-S—H versus slag proportions in
blended cement [4]. C-S-H is the most abundant hydration product
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Compressive Conventional Vibrated Concrete (CVC)
and SCC strengths of 30 to 60 N/mm? have been achieved
with a total binder (cement clinker and cementitious by-
products) content of 200-270 kg/m? [8]. Earth-moist con-
crete with a compressive strength of 100 N/mm? has been
produced with 325 kg/m* OPC as the binder. More im-
portantly, it was seen that the flexural strength hardly de-
creased when the OPC content was reduced to 175 kg/m’
[10]. Much better workability and higher strength were
obtained as compared to concretes with the same cement
contents. In this regard, a property entitled “cement effi-
ciency” was introduced, which is defined as compressive
strength (N/mm?) per unit of cement content in a con-
crete mix (kg/m?). Equivalently, it has become possible to
design equally performing concretes with less superplas-
ticizer (and without viscosity modifying admixtures) and
high cement efficiencies.

For the design of concrete, traditional methods and
prescriptions concern, e.g. the cement content, the total
content of particles smaller than 250 um, and the water-
cement ratio. The developed design method allows for a
more performance-based mix design. Many existing mixes
have been optimized with regard to efficient cement and
admixture use. In many cases, this has resulted in the in-
corporation of such ingredients, as inert powders (fine ag-
gregate) and cementitious by-products. For use waste as a
binder in mortar, insight into the hardening reactions of
cement clinker, cementitious by-products, and contami-
nants (if any) is required, which is the rationale for min-
eral oxide engineering.

Mineral oxide engineering

At first, the hydration of the mineral oxides appear-
ing in OPC, the most abundant binder, was studied. Based
on the water retention data [12], the hydration reactions of
the four major clinker phases (CsS, C,S, C;A, C,AF) and
their hydration products, such as C-S-H and CH, etc., were
quantified [13, 14]. Next, reaction models for alkali-activat-
ed slag and slag-blended cement were established based on
stoichiometric calculations [4]. The models correlate the
mineral compositions of slag and Portland cement clink-
er and their blending proportions with the quantities and
compositions of the hydration products formed including
their rate (reaction speed) of formation.

In blast furnace slags, the typical C/S ratios are close
to one, and part of the CH produced by the hydration of
C;S and G,S in the clinker is available to increase the C/S
ratio of C-S-H formed from the slag. It was proposed that
the fraction of consumed CH is proportional to the differ-
ence in C/S ratio of the slag and the C/S ratio of C-S-H
produced by the clinker, namely, 1.7, a concept that is com-
patible with reality (Fig. 2) [4].

For numerical simulation of the hydration reactions
and the pore water composition, in the author’s group a
3-D simulation model (CEMHYD3D) from NIST [15] was
adopted and extended [4, 16]. The application of rules that
are similar to cellular-automata on the matrix of voxels
simulates the hydration (Fig. 3).



YacTHUL], ZOCTUTAIOLMII B 9TOJ CTaHJAPTHON OeTOHHOII
cMecH MATU HOPAKOB.

BeToHnsl, Hogo6paHHBbIe 110 IIPeACTaBIEHHO BbIIIE
MeTOJ[VKe, IMEIOT OT/IMYHbIE ITOKa3aTeNnN KaK Ha Hadaslb-
HOJI cTafiuu, Tak U B nepuop GopMUPOBAHUS CTPYKTY-
poL. Pa3paboTaHbI U M3rOTOBIEHBI CAMOYIUIOTHSIIOL]MECS
OeTOHHBIE CMeCH: C MAKCUMA/IbHBIM Pa3MePOM JacTHI] —
32 MM; € 3aIIOHUTENSMY U3 IPOMBIIIIEHHBIX OTXO/0B;
¢ porokaranurudeckum TiO,; ¢ oTxomamMu 06paboTKM
HIPUPOSHOro KaMHs u T. fi. Kpome Toro, ¢ mpuMeHeHn-
eM JIETKMX 3aIIOTHITeNIel 6B paspaboTaHbl GETOHBI CO
cpepHeit IOTHOCTBIO 1100 KI/M?, TEIIONPOBOSHOCTHIO
0,27 BT/M 1 IPOYHOCTDIO IIPU CKATUM B Bo3pacTe 28 CyT.,
pasHoit 37 H/mm? [8, 10].

B kauecTBe sKCIIlepMMEHTA/IbLHOT'O IIPOeKTa Ipu
nopjepxke kommanuu «Struyk Verwo Groep» 1o 3arma-
TEHTOBAHHOJ TEXHOJOTUM B TO/IJIAHACKOM ropoge XeH-
reno (mpos. OBepoaricen) 1000 M> ofgHOI n3 yau 6bUIN
MTOKPBITH POTOKATATUTUYECKIM OETOHOM, COTePIKAIUM
TiO, [11]. Ceityac 9Ty ynIuiy usydaroT ¢ IpUMeHEeHIeM
METOJIOB BbIYVMIC/INTE/IbHON ITupoaHaMuKy. Ha ganHbli
MOMEHT 3aperuCTPUPOBAHO COKpaljeHne BbIopocoB NOx
Ha 25-45 % (110 JaHHBIM TpeX He3aBUCHMbIX U3MepPeH NI,
IIPOBefieHHBIX BecHOIT 2010 T.).

ITpoyHOCTY IpY CKATUY CAMOYIIZIOTHAIOIIETOCH 1
BuGpupoBarHoro 6etona ot 30 o 60 H/mMm? 66111 mocTur-
HYTBI IPU PAcXOfie BSKYILEro (LleMEeHTHOTO K/IMHKepa MIn
BSDKYIIMX BeljecTB), paBHOM 200-270 kr/m’ [8]. BeroHHas
CMeCh 3eMJINCTO-B/Ia>KHOM KOHCUCTEHIIUY C IIPOYHOCTDIO
npu oxaruy, pasHoit 100 H/MM?, mponsBofuTcs ¢ mpume-
HEHJeM B KayeCTBe BSDKYILIETo BellecTBa OOBIYHOTO IOPT-
JaHALeMeHTa [IpK pacxope 325 kr/m’. Bojee Ba>kHO, 4TO
MPOYHOCTD TIPY U3TMOE MOUTH He MEHSETCS IIPU CHIDKE-
HUU pacxofia mopTaaH/eMenTa o 175 kr/m* [10]. B uro-
re [0 CPaBHEHMIO C IPYTUMYU 6eTOHAMI IIPU OVIHAKOBOM
COofiep)KaHNUN IieMeHTa OblIa JOCTUTHYTa Topasno 6omee
BBICOKAas POYHOCTDb U YJIYYILIEHbI APyTUe IIOKa3aTesu.
B cBs13u ¢ aTUM OB BBE[leH TepMUH «IjeMeHTHas1 3¢ dek-
TUBHOCTb», OIIpefie/IAeMbIll KaK IPOYHOCTD IIPYU COKATUN
(H/MM?) Ha equHNLY COlep)KaHUs LeMeHTa B GETOHHOII
cmecn (xkr/m?). TOUHO TaK e CTama BO3MOXKHOII paspaboT-
Ka 0eTOHOB, KOTOpbIe IIPY MEHBIIEM PacXofie CyIepIlia-
cTuduxaropa (1 6e3 fOOABOK, PeTyINPYIOIMX BA3KOCTD)
COXpaHSIOT paboune OKa3aTeny 1 NMEIT 60ee BEICOKYIO
«1}eMEHTHYI0 9P (PeKTUBHOCTb.

IIpu npoeKTHpPOBaHUYU GETOHHON CMECU TPAJN-
LMOHHbIE METOAVKY U PEKOMEHJALMI B KaYeCTBE OCHOB-
HBIX XapaKTePUCTHUK MUCIOIb3YIOT, HAIPUMeED, YAENIbHYIO
IOJIIO [[EMEHTa B CMeCH, o0IIiee cofepsKaHme YacTul pas-
MepoM MeHee 250 MKM Wi BOJIOLIEMEHTHOE OTHOIIIEHNE
(B/L]). HoBprit paspaboTaHHBII METOJ [IO3BOMISIET CO3MA-
BaTb COCTaBBI, 60/Iee OPMEHTUPOBAHHbIE Ha KaUeCTBEHHBIE,
a He KONMM4YeCTBEHHbIe IMOKasaTenn. MHOrMe yxe Cylie-
CTBYIOIIVE CMeCK OBUIM ONTUMU3MPOBAHBI C TOYKN 3pe-
HUs 9 EeKTHBHOrO MCHONb30BAHNUS LIEMEHTA U H00aBOK.
B 60/bLIMHCTBE CITy4aeB HEOOXOAMMBIIT Pe3y/IbTaT MOXKET
ITOCTUTATHCS IPU IIPUMEHEHNN TAKUX KOMIIOHEHTOB, KaK
MHEePTHBIE MIHEPAIbHBIE TOGABKY (MUKPOHATIOTHITEII)
¥ BSDKYILIJE 13 OTXOJ[0OB POMBILUIEHHOTO IIPOM3BOJCTBA.
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Puc. 3.

MopenvipoBaHe MUKPOCTPYKTYpPbl 06bIYHOrO MOPTNAHALIEMEHTA

npu nomoum TexHonoru CEMHYD3D B siueiike o6bemom 100 MKM:
HauanbHas cmcTema obblYHbI NOpTNaHALEeMeHT/Boa (c/1e8a); YaCTUUHO
rMapaTrpoBaHHas cuctema (cnpasa) [16]

Fig.3.  Development of OPC microstructure by CEMHYD3D in a 100 um box: the
initial OPC/water system (left); the partly hydrated system (right) [16]

The pore water composition (e.g. pH) was modeled,
and the reactions of fly ash and slag were incorporated [4, 16].
In the original model, the system resolution had a consider-
able effect on the simulation results. The simulations per-
formed with different system resolutions (from 0.5 to 2 pm)
demonstrated the robustness of the improved model [4].
Currently, CEMHYD3D has been extended with several ad-
ditional possibilities, which enable the hydration of particles
as small as 0.2 pum, designated as a “multi-scale” feature [17].

Furthermore, several secondary binders have been
designed and tested on members of the sponsor group.
Guided by clauses 5.2 and 5.3 of the EN 206-1 standard,
these companies dose cementitious by-products into the mix
themselves and follow the relevant attestation route. This
development has increased the utilization of cementitious
by-products from different sources, i.e. not just the tradi-
tional blast furnace slag and powder coal fly ash. For their
application as a binder in concrete, three technical crite-
ria are important as well as price (sometimes negative if it
relates to “waste”), constant composition, and availability
in sufficiently large quantities:

> The workability, hardening, and related strength

development;
> The durability of the product;
> The presence of contaminants.

A first indication of the suitability of a material as a
cement substitute is obtained by preparing standard mor-
tars and studying the fresh workability and the subsequent
strength development during 28 days. For this purpose,
CEMHYD3D is also used. For these cementitious by-prod-
ucts, it can also be opportune to blend them in order to
obtain a composition of particle sizes and mineral oxides
with optimum reactive characteristics.

Durability, for instance, can be assessed by meas-
uring the water absorption, water intrusion, and freeze-
thaw resistance and by rapid chloride migration (RCM)
test [18]. The apparent diffusion coeflicient determined by
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s aToro TpeOyIOTCA 3HAHMA O IIPOILeCcaX TBEPHEHNA
K/IMHKepa U BsKYLIMX Ha OCHOBE OTXOJOB IIPOMBIILJIEH-
HOTO IIPOM3BOJICTBA, a TAK)KE O BIMAHMY Ha 9TH IIPOLECChI
Bpe[JHBIX MpUMeceit (ecy TaKOBble MEITCSI), YTO SIBLS-
eTcs HeoOXOMMBIM YC/IOBMEM IS IIPaBUIBHOTO HOA00-
Pa MMHEPAJIOTMYECKOIO COCTaBa ChIPbEBbIX MAaTE€PUAJIOB.

I'Ion,Gop MUVHepasornyeckoro cocraBa

CHauvasta 6bUT U3y YeH ITPOLIeCC TU/PATALIIN OCHOBHBIX
MIHEPAIOB OOBIYHOTO MOPTIAH/IIEMEHTA, CAMOTO PACIIpo-
CTPaHEHHOTO BsDKYIIero BellectBa. OCHOBBIBAACH Ha JjaH-
HBIX 00 06 beMax CBA3AHHOI 1 HeCBA3aHHOI1 BOfbI [12], 6p11n
KO/IMYECTBEHHO PACCUMTAHBI PEaKINI TUAPATALINN YeThIPeX
rmaBHBIX (a3 xmHkepa (CsS, CoS, C;A, C,AF) u mponyk-
TOB MX Tupparanuy, Takux kak C-S-H u CH n 1. 1. [13, 14].
3aTeM ¢ IOMOIIBIO CTEXMOMETPUIECKNX M3MEPEHNIT ObIIN
YCTaHOBJIEHBI ITAPAMETPBI PeaKIUil /s [eI049eaKTUBUPO-
BaHHBIX 1I/IaKa I MTakoLieMeHTa [4]. [Tory4yenHble faHHbIE
MIO3BOJISIIOT COTIACOBATh MITHEPAIOTMYeCKIe COCTABBI II/Ia-
Ka I IOPT/IaH[LIeMEeHTHOTO K/IMHKepa, a TAK)Ke UX Tpebye-
Moe Cofiep>KaHue, C KOIMYeCTBOM ¥ COCTaBOM IIPOAYKTOB
TUIpaTALAY C YIETOM CKOPOCTY 00pa3oBaHmA (peaKIivn).

JJOMeHHBIVT IPaHyIMPOBAHHBII IITaK 0OBIYHO 00-
napaet otHomeHueM C/S, paBHbIM efuHUIE, 1 9acTb CH,
BBIZIE/IIEMOTO PV TUApAaTALNM MUHepanoB KnuHkepa CsS
u C,S, Mmoxer yBenmnuusarb orHotenne C/S B C-S-H, 06-
pasyrolmmxcs npy rujpatannm nraka. [py pacyerax npep-
II0/IaTa/I0Ch, YTO 1071 npopearuposasuiero CH nponopun-
OHaJIbHA pa3HUIle B oTHomeHNy C/S mTaka M OTHOUIEHN A
C/S B C-S-H, 06pasoBaHHBIX U3 KIMHKePa, a UMEHHO 1,7,
YTO BIIO/IHE COOTBETCTBYET JJAHHBIM, IOy Y€HHBIM 9KCIIe-
puMeHTaIbHO (puc 2) [4].

JIns KOMM4eCTBEHHOTO MOJIeTMPOBAHNA peaKIuit
TUJpaTalliM ¥ COflepKaHMsA BOAbI B IIOpaX IPYIIION pas-
paborunkos 13 NIST (HarmoHanbHbII MHCTUTYT CTaH-
[apTOB U TEXHOIOTMII) ObITa NCIIONb30BAHA U PaCIINpeHa
TpexXMepHas CUMyNALMOHHaA 3D-Mofenb rugparanum 1e-
menTa (CEMHYD3D) [4, 15, 16]. CmopenupoBaThb npolecc
TUIpaTalliM II03BOJIsAET IIPUMEHEHME aITOPUTMA, CXOXKETO

c/co

X

this method follows from assuming Cl concentration pro-
files in the specimen as shown in Fig. 4 (leff).

A typical example of a true measured profile can be
seen in Fig. 4 (right). A new diffusion model, which is based
on non-linear (Freundlich) CI" absorption by the concrete
and non-equilibrium with the pore water, yielded excellent
agreement. This new model yields a more realistic diffusion
coeficient together and mass transfer coefficient.

In addition to strength and durability, the purity
and maximum level of contamination, both in composition
and in leaching, are also relevant. E.g., in the Netherlands,
the Soil Quality Decree sets limits for the composition and
leaching of granular materials designated as “non-shaped”
with respect to chloride, mercury, molybdenum, and stron-
tium. If these requirements are not met, the granular mate-
rial is considered as “waste”, and landfill of these materials
is a remaining option. Composition and leaching are also
leading in selecting the applicable landfill type and the rel-
evant safety measures as laid down in the Landfill Decree.

By stabilization, e.g., combining different materials
and adding primary binders (quicklime, hemi-hydrate, ce-
ment), a granular (“non-shaped”) or a shaped product can
be fitted to a non-hazardous landfill, and sometimes it is
even possible that the treated material will meet the Soil
Quality Decree requirements to a building material.

Contaminated soil and dredged soil material are in-
teresting “waste” that can be combined with primary bind-
ers and cementitious by-products (whether or not contam-
inated). After treatment of these “waste”, cheaper landfill
or even use as a building material becomes possible. This
saves the production of primary building materials as well
as space and costs associated with landfill.

A few stabilization projects have been carried out, in
which contaminated soil and dredged soils have been made
into acceptable building materials [17, 20]. Non-shaped sta-
bilized wastes can be used as road base material, traffic noise
barriers, etc. Shaped stabilized wastes may be used as plain
(unreinforced) concrete products such as slabs and blocks.

\ -=--~- YucnenHas mogens // Numerical model
\ ©  V3mepeHusa // Measurements
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Puc.4.  Tpodwunu nepeHoca xnopugos B 6eToHe BO Bpems TecTa RCM: cnporHo3upoBaHHbIv npodunb (cs1e8a), n3amepeHHbin npodunb 1 nporHo3 3D-mopenu (cnpasa) [19]

Fig.4.  Chloride profiles in a concrete during RCM test: the assumed profile (left), a measured profile and the 3D-model prediction (right) [19]
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C MOJeJIbI0 K/IETOYHOTO aBTOMATa [JIA MaTPUIBI 00beM-
HOTO 9/IeMeHTa 1300pakeHus (puc. 3).

boein cMopenupoBaH cocTtaB BOJHOTO pacTBOpPa B
nopax (B YaCTHOCTH, ee pH) mpu mpoTekaHUM peakumii
y4acTueM 3071bI-YHOCA 1 LIjTaKa (4, 16]. B ncxomHoit Monenu
3HAYUTENbHBII 9 PeKT Ha pesyIbTaThl pabOTHI MMerIa pas-
pelraomas CIocoOHOCTD CUCTeMbL. MozenupoBanue, Ipo-
BefIEHHOE C pa3HoIT pasperanliei criocobHocTsio (ot 0,5
IO 2 MKM), JOKa3aJI0 HaJleX)XHOCTD YCOBEPIIEHCTBOBAHHOII
mopenu [4]. Ha manubiit Moment Texuonornss CEMHYD3D
TOIIOTHEHA HECKOIbKMIMI HOBBIMI BO3MOXXHOCTSIMI, KO-
TOpbIe MPEACTABIAIT COO0IT LIKaNy ¢ HECKONIbKMMM 3Ha-
YeHUAMMU 1IeHbl JleleHU U T03BOIAI0T MOJeTNPOBaTh T1-
ApaTanuio yactuy pasmepom zio 0,2 mxm [17].

3arem ObIM paspabOTaHbl HECKOIBKO BKYIINX
MaTepuanoB Ha OCHOBE IPOMBIIIIEHHBIX OTXOJ0B, KO-
TOpbIe IPOTECTUPOBAIN HA CMECAX, IPefOCTaBIeHHBIX
KOMITaHMAMU-CIIOHCcOopaMy. Onmpasch Ha pasmensl 5.2 u
5.3 cranpapra EN 206-1, KoMIIaHUK-TIPOU3BOAUTENN CAMU
TO3UPYIOT BOOABKM MOOOYHBIX BKYLIUX IPOLYKTOB, JC-
MI07Ib3Ys NOAXOAALLYI0 IPOIrPaMMy OLIEHKM. DT MCCIIe-
TOBaHUA MO3BOMVMIN YBETUYUTD NIPMMEHEHMEe BSKYINX
U3 TOOOYHBIX IPOJYKTOB IPOMBIIIICHHOCTY PA3/ITYHOTO
MIPOMCXOXIEHU A, TOMMMO TPAJULVIOHHBIX — JOMEHHOTO
I'PaHyIMPOBAHHOIO LI/IaKa U 30/IbI-YHOCA TEIIOBBIX 37I€K-
TpoCTaHIuIL. JI/Is1 HCIIO/Ib30BaHMSI TOOOYHBIX IIPOAYKTOB
B KayecTBe BSDKYILEro BellecTBa B OeTOHe, IIOMJMO LeHbI
(koTOpast, ecy MPOJYKT OTHOCUTCA K OTXO[AM, CTPEMUTCS
K HYJII0), IOCTOSIHHOTO COCTaBa ¥ JHOCTYIHOCTY B OCTa-
TOYHBIX KOJIMYECTBAX, BaYKHBI TPY TEXHMYECKUX KPUTEPUA:

> YHB000YKIIabIBa€MOCTD, CKOPOCTb CXBaTBIBAHNA U
CBsI3aHHDIE C 9TUM KOJIeOaHNS IPOYHOCT;

> CPOK CITy>ObI IIPOJYKTa;

> Ha/IM4Me IIPUMECEIL.

Ilepsblii curHal, yKasplBarolii Ha TO, YTO MaTepu-
aJI CIIOCOOHO BBICTYIIATh B KA4eCTBE 3aMEHUTE/IS L{EMEHTa,
MOXXeT OBITb IIOJIy4YeH yXKe IIpU 3aTBOpeHmun cmecu. s
aToro (takxe ¢ ucnonb3oanueM CEMHYD3D) usygaior
ero ynob60yK/IabIBaeMOCTb B BiJie 6€TOHHOI CMeCH C II0-
CTIef[yIOLIVIM OIIpefie/IeHNeM IIPOYHOCTY COCTaBa B BO3pacTe
28 cyrT. B ciydae BSOKYIUX 113 HOOOYHBIX IIPOLYKTOB IPO-
U3BOJCTBA, /1 IOMTyYeH) A ONTYMA/IbHbIX XapaKTePUCTUK
PeaKIMOHOCIIOCOOHOCTI CMeCH IPYMEHUMBI ONUCAHHbIE
BBIIIIe METORMKI ITOO0PA IPAHYIOMETPIIECKOTO I MIHE-
Panorn4ecKoro cocTaBa ChIpbeBBIX MaTE€PUAJIOB.

Jl0/IrOBEYHOCTD Oy YeHHOTO MAaTEpPHajia MOXHO Olle-
HUTD, HaHpI/IMep, 110 IIOKa3aTe/IAM BOOOIIOI/IOIIEHM A, BOOO-
TIPOHUI[AEMOCTH, MOPO30CTOMKOCTI MM METOTOM OBICTPOTO
nepeHoca xnopunos (RCM) [18]. Kaxxymuiics koapduiient
nuddysnu, orpeeIeHHbII TUM METOLOM, OCHOBBIBAETCS
Ha IpPeIONaraeMbIX IPOPUIAX pacrpeneneHns KOHIeH-
tpanuu Cl' B 06pasie, kKak 9T0 mokas3aHo Ha puc. 4 (cresa).

TunuaHeLi TpuMep MpaBUIbHO U3MEPEHHOTO IIPOo-
¢buns nmpepcrasneH Ha puc. 4 (cnpasa). Hosast mozens fgud-
¢dysum, ocHOBaHHasA Ha HelyHelHoit (1o PpeitHuImxy)
apcopbuuy noHos Cl 6eTOHOM M y4YUTBIBAIOLAs HEpaB-
HOBECHOCTD BOJbI B TIOpaX, fla/la UfieaIbHOe COBIIaJieHNe.
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Hydration models are also used to relate (Freund-
lich) binding and transport of anions (chloride) and cati-
ons (heavy metals) and microstructure. This is related to
the binder recipe and hardening conditions [21]. Fixation
of heavy metals is important for the stabilization of waste,
binding of chloride for stabilization, and the durability of
concrete structures.

Conclusions

Changing environmental regulations and techni-
cal standards give way to performance-based rather than
regulation-based recipes of cement-based construction ma-
terials, driving product innovation. The scientifically and
technically driven design and production methodology will
continue to produce more sustainable, durable, and func-
tional concrete. There are still plenty of practical problems
to be solved, scientific questions to be answered, new raw
materials that enter the market, and conceivable product
innovations. Already now the present approach is used to
develop architectural building products/components, such
as cladding materials.

The air-purifying and self-cleaning concrete that is
referred to herein is already of interest to architects. This
type of concrete has been applied in the Dives in Misericor-
dia church in Rome (architect Richard Meier) (Fig. 5), and
the George Harrison Memorial Garden in London. Mean-
while, the abovementioned lightweight SCC is suitable for
monolithic concrete buildings.
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OTa Mozenb obecrednBaeT Gojee TOUHbIE JAHHBIE /IS KO-
appunnenta puddysnun u koadduimenTa MaccoobMeHa.

IToMrMoO XapaKTepUCTUK HPOYHOCTHU M IONITOBEY-
HOCTHU, He MeHee Ba>KHbI COOTBETCTBME ITPUMEHAEeMbIX
OTXOZOB 9KOTOTMYeCKMM HOpMaTUBaM 1 obecIriedeHne co-
Iep>KaHUs BPeIHBIX IIpUMeceil HIKe MaKCUMAJIbHO JI0-
IIyCTVIMOTO YPOBHSA IIPU B3aMMOJENCTBUN C OKPY>Kalo-
et cpepoit. Hanpumep, B Hupepnannax 3akon o6 oxpaHe
[I0YB YCTAaHAB/IMBAET OTPAHNYEHNUS IO CIOCOOHOCTH ChI-
Iy4MX MaTepuasoB, HasbIBaeMbIX TaKXe «6echOpMeHHBI-
MI1», K B3aIMOJIEICTBUIO Pa3IMYHOTO POZIA M3-3a OIACHO-
CTU TIONAZlaHNUA B OKPY>KAIOUIYI0 Cpelly XJIOPUAIOB, PTYTH,
MonubpeHa 1 cTpoHuus. Ecny cpimyunit Matepuan He OT-
BevaeT TpeGOBaHIsIM 3aKOHA, OH CUMTAETCS OTXOJOM U €T0
MO>XHO YTU/IM3MPOBATh. YCTOMYMBOCTD K B3aMMOJEICTBIIO
C OKpY>Kalolllell Cpelioil TaKXKe OKa3bIBaeTCs CaMbIM BayK-
HBIM [TapaMeTPOM IIpK BBIOOpe TUIIAa 3aXOPOHEHMS U CO-
OTBETCTBYIOIIUX Mep 6€30MacHOCTH, IPeIyCMOTPEHHBIX
3aKOHOM O 3aXOPOHEHUN OTXOZOB.

C npuMeHeHMeM MeTOfa CTabVMIN3ALUM, HATIPUMED,
KOMOMHMPYS pas3MyHble MaTepyabl ¢ JOOABKOI OCHOB-
HOTO BSDKYIIIErO BeleCTBa (ralieHas U3BECTh, XeMUTHPAT,
LIeMEeHT), ChlTyuuii («6echopMeHHbIIT») My GOPMOBaHHBII
IPOAYKT MOXKHO ITOJOTHATH IO, TPe6OBaHst 6€30IacHOro
3aXOPOHEHU S, MHOTAA [laXKe BO3MOXKHO, UTO CTAOM/IU3MPO-
BaHHBII MaTepPHaj CMOXET YJOBIETBOPSITh TPeOOBAHMAM
K CTPOMTEIbHBIM MaTepuaaaM 3aKoHa 06 OXpaHe II0YB.

3arpsi3HeHHbIE [OYBBI U TPYHT 3€MJICYCTPOUTEb-
HbIX pa60T TaKXXe€ ABMAKTCA MHTEPECHBIM BUITOM «MYCO'
pa», KOTOPbII MOXXHO KOMOMHMPOBATh C OCHOBHBIMM BSi-
KYILMMU BeLIeCTBAMI VI BSKYLIVIMI 13 IIPOMBILIIEHHBIX
OTXOJI0B (3arpsI3HEHHBIMY MV He3arpsisHeHHbIMM). [Tocre
06pabOTKM ITVX OTXOJIOB OIlepalysl [I0 3aXOPOHEHNUIO CTa-
HOBIHTCSI 60JIee [leIIeBOIT, a B MeaIbHOM CTydae OHI JaXKe
MOT'YT MCIIO/Ib30BAThCS B KA9€CTBE CTPOUTENIBHOTO MaTepy-
aa. ITO MO3BOJISIET 9KOHOMUTH OCHOBHBIE CTPOUTE/IbHbIE
MaTepuaJbl, @ TAK)Ke COKpPALIaTh [IOLab TePPUTOPUIL 1
3aTpaThl IIpN 3aXOPOHEHUN OTXO[0B.

Ha gaHHbI MOMEHT BBIIIOTTHEHO HECKOIBKO 9KCIIe-
PUMEHTA/IbHBIX IIPOEKTOB 110 CTAOMIN3ALUY, B KOTOPBIX
3arpsi3HEHHAs II0YBA U PYHT 3€MJIEYCTPOUTENBHBIX pPa-
60T OpUIM IIPe0Opa3oBaHbl B CTPONUTEIbHbIE MaTepHUa/Ibl
Tpebyemoro HopMaTuBaMu Kadectsa [17, 20]. Coimyune
CTabM/IM3UPOBAHHBIE OTXOfBI MOTYT IIPMMEHSITHCA B Ka-
4eCTBe OCHOBBI JI/IsI MATEPUAJIOB JOPOXXHBIX IIOKPBITHIL,
OTpaXKZIeHNIT OT IIyMa TpaHcnopTa u T. i. PopMoBaHHbIE
cTabuMM3MpOBaHHbIE OTXOMBI MOT'YT UCIIOJIb30BATHCS aHa-
JIOTUYHO C M3AEUSMI 13 OOBITHOTO (HEAPMUPOBAHHOTIO)
OeTOHa, HAIIPVMep, B Ka4eCTBE I/INT 11 G/IOKOB.

s moctpoenus 3aBucumocty (o OpeitHaInxy)
Ipoljecca CBSI3BIBAHUSA I [IEPEeHOCa aHMOHOB (X/TOPU/OB)
U KaTMOHOB (TSKEJIBIX MeTaJUIOB) C MUKPOCTPYKTYpPOIt
OTXOJOB TaK)e OOBIYHO MUCIIONIb3YIOTCS MOJENN TUApaTa-
1. DTO MO3BOMSIET MOAOMPATD COCTAB CMECH BSKYIUX
BeIleCTB U YCTIOBUIT TBepaeHus Getona [21]. Oukcarus
TSDKEIBIX META//IOB Ba’KHa [/l CTAOMIM3ALUM OTXOHOB,
CBA3BIBaHYE XJIOPUJIOB — J/IA YCTOMYMBOCTU YU yBeJU-
YeHNs CPOKa CITYXKOBI >Ke/1e300e TOHHBIX KOHCTPYKIIMIL.

Ne1(28) 2013 «ALITINFORM» MEXAYHAPO[JHOE AHAJIUTYECKOE OBO3PEHNE

Puc.5.
Fig. 5.

10.

11.

12.

13.

Llepkosb «LLleapbit B Munocepanmn» 8 Pume

Dives in Misericordia church in Rome

Plum, N.M. The predetermination of water require-
ment and optimum grading of concrete under vari-
ous conditions. Building Research Studies No. 3 /
Statens Byggeforskningsinstitut Studie Nr. 3, The
Danish National Institute of Building Research, Co-
penhagen, Denmark, 1950.

Fuller, W.B., Thompson, S.E. The laws of proportion-
ing concrete. Trans. Am. Soc. Civ. Eng., Vol. 33, 1907.
P. 222-298.

Hunger, M. Integral design of ecological self-compact-
ing concrete. PhD Thesis, Eindhoven University of
Technology, Eindhoven, the Netherlands, 2010.
Hisken, G., Brouwers, H.J.H. Earth-moist concrete:
application of a new mix design concept. Cement and
Concrete Research, Vol. 38, 2008. P. 1246-1259.
Hiisken, G. A multifunctional design approach for
sustainable concrete, with application to concrete
mass products. PhD Thesis, Eindhoven University
of Technology, Eindhoven, the Netherlands, 2010.
Murata, Y., Obata, H., Tawara, H., Murata, K.
NOx-cleaning paving block. US Patent 5861205, 1999.
Powers, T.C., Brownyard, T.L. Studies of the physical
properties of hardened Portland cement paste. Bull.
22, Res. Lab. of Portland Cement Association, Skokie,
IL, U.S, 1948, reprinted from J. Am. Concrete Inst.
(Proc.), Vol. 43 (1947). P. 101-132, 249-336, 469-505,
549-602, 669-712, 845-880, 933-992.

Brouwers, H.J.H. The work of Powers and Brownyard
revisited: Part 1. Cement and Concrete Research,
Vol. 34, 2004. P. 1697-1716.



BbiBOAbI

VI3meHeHVe 9KOTOTMYeCKIX U TEXHIYECKIUX CTaH-
HapTOB OTKPBIBA€T JOPOTy MaTepuajaaM, IJIABHON Xa-
PaKTEPUCTUKOI KOTOPBIX ABIAETCA KadeCcTBO, a He CO-
OTBETCTBUE CTPOUTE/IbHBIM HOPMATUBAM, U TEM CAMbBIM
CrIocoOCTByeT MHHOBAL[UAM. MeTOROIOr s pa3paboTKM 1
IPOM3BOACTBA, OCHOBAHHAS HA HAYYHBIX I TEXHNIECKUX
HOCTVDKEHM X, II03BOJISIET KOOMBATHCS M3TOTOBIEHIS
Bce 6oJee IIPOYHOrO, JOATOBEYHOTO 1 (PYHKIMOHATIb-
Horo 6eToHa. Elle HY)XHO pelnTh MHOTO IIPAKTIYECKIX
npo6yeM, OTBETUTH HA MHOXECTBO HAyYHBIX BOIIPOCOB,
U Ha PbIHKE MOSIB/ISIETCS BCe GOJIbIe HOBBIX UJEll U MH-
HOBAILIMOHHBIX IIPOJYKTOB. Y>Ke celfuac TaKoil IOfXOf
UCIIONIB3YETCs /sl CO3[aHMNSI APXUTEKTYPHO-CTPOUTETID-
HBIX IPOAYKTOB, HAIPIUMEP TAKNX, KaK 00/INI[OBOYHbIE
MaTrepuabl.

Camoounarnomuiics 1 06e33apa>kMBaINil BO3-
IyX 6eTOH, 0 KOTOPOM YIIOMMHA/IOCh B CTaTbe, yXKe 3alH-
TepecoBaJl ApXUTEKTOPOB. ITOT TUI OETOHA MCIONIb30-
BaJICS IIPU CTPOUTENbCTBe LiepkBu Dives in Misericordia
(«Ilempoiit B Munocepnum») B Pume (apx. Puuapn Meitep)
(puc. 5) u mpu 6raroycTpoiicTBe cafa-memopuaia JIxop-
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3apeKOMEH/0BasI Ce0s MpU CTPOUTENBCTBE MOHOTUTHBIX
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