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Ponb MUKpoKpeMHe3ema B CTPYKTYpoobpa3oBaHuu
LLEMEHTHOM MaTpuLlbl U hOpPMUPOBAHMU BbICOJIOB
B BUGponpeccoBaHHbIX U3AENUAX

iccnegoBaHbl NPUYMHBI U MEXAHW3M BbICON00OPA30BaHKS HA NOBEPXHOCTU BUOPOMPECCOBAHHbIX U3LENNiA. YCTAHOBNEHO, YTO OCHOBHOI MPUYMHON
06pa30BaHmMs BbICOMOB Ha NOBEPXHOCTM BUOPONPECCOBAHHBIX M3AENNIA ABNAETCA HECBA3AHHbIA TMAPOKCUA KanbLiMs B COCTaBE LIEMEHTHOr0 6eTOHa.
C uenbio CHKEeHNS 06pa30BaHKs BbICONIOB B COCTAB LEEMEHTHO MaTpULbl BBOAWACS AUCMEPTNPOBAHHbIA MUKPOKPEMHE3EM B KOTMYECTBE [0

8% 0T Maccbl nopTnaHAaLeMeHTa. [1oKka3aHo, 4T0 MUKPOKPEMHE3eM YNOTHAET CTPYKTYPY BUGPONPECCOBAHHBIX N3MEMNMIA 32 CHET CBA3bIBAHMS
CBO6OJHOI0 rMAapoKCKUaa KanbLmus ¢ 06pa3oBaHuem SOMNOSHUTENBHOMO 06bema MMAPOCUNNKATOB KanbLus, NpesoTBpaLLas Takum 06pazom

BbICOI006Pa30BaHNe Ha MOBEPXHOCTM (hOPMYEMbIX U3LENNiA.
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Role of Silica Fume in Formation of Cement Matrix Structure and Efflorescence in Vibrocompressed Products

This study investigates the causes and the mechanism of efflorescence on the surface of vibrocompressed products. It has been found that the main reason for the formation of efflo-
rescence on the surface of vibrocompressed products is unbound calcium hydroxide in the composition of concrete. In order to reduce efflorescence dispersed silica fume is added to
cement matrix in the amount of up to 8% from the weight of Portland cement. It is shown that silica fume densifies the structure of vibrocompressed products due to the binding of free
calcium hydroxide with the formation of extra content of calcium hydrosilicates, thus, preventing efflorescence on the surface of molded products.

Keywords: calcium hydrosilicates, calcium hydroxide, efflorescence, microstructure, silica fume.

I[IpuMeHeHMe HAHOMATEpUAJIOB B CTPOUTEILCTBE SIBU-
JIOCHh PEBOJIIOLIMOHHBIM HallpaBjieHueM. VX ncIioab30BaHmie
3HAYUTEIBHO YJIYYIIAeT CBOMCTBA TPAAULIMOHHBIX MaTepya-
JIOB, Y MPEXJe BCEr0 CTPOUTEIbHBIX KOMIIO3UTOB Ha OCHO-
Be MopTiaHAleMeHTa. B To ke BpeMs CyllecTByeT Hepe-
IIeHHas TpobJieMa B IOHUMAaHUU XUMUU TUIpaTalliK TTIOPT-
JIaH/LIEMEHTa B MIPUCYTCTBUM YJIbTpa- U HAHOAMCIIEPCHBIX
00aBOK KakK BO BpeMs MHKYOAlIMOHHOTO TIEpuoja, Tak
1 npu GOPMUPOBAHUM KPUCTAJUIOTUAPATOB B Ipoliecce
TBEPACHMSI U B YCJIIOBUSIX MHTEHCHUBHOW MUTPALMU BOIbI
MpY 3KCIUTyaTallMd LEMEHTHBIX u3aenuii. KanuisipHo-
MopucTasl CTPYKTypa BHOpPOINPECCOBAHHBIX WU3AEIMI Ha
OCHOBE MOPTJAHAILEMEHTa CIIOCOOCTBYET WMHTEHCHUBHOI
MMTpalMU BOJbI C PACTBOPEHMEM U BHIHOCOM Ha IMOBEpPX-
HOCTh M3MEIUI JIETKOPACTBOPUMBIX COEIMHEHMI 1LIeMEHT-
HOTO KaMHSI.

IMoTeHUMANTBHBIMA UCTOYHUKAMU TIOSIBJIEHUSI BHICOJIOB
Ha TIOBEPXHOCTU CTPOUTEIBbHBIX KOHCTPYKIIMI B TIpoliecce
MX 3KCILTyaTallui MOTYT ObITh KaK KOMITOHEHTBI COCTaBJIsI-
IOIIMX MaTepUasioB, TaK U TEXHOJOTMUYECKUE (haKTOpbl MX
Mpou3BOACTBA [1]; KpOME TOro, CyllIeCTBEHHOE BIIMSIHUE
OKAa3bIBAIOT YCJIOBUS OKPYXKAIOILIEK Cpelbl, BO3ICHCTBYIO-
L€ HA 9KCILUTyaTUpyeMble KOHCTPYKLIMU. [IpyUuMHBI, BIUsI-
IoII1i€ Ha BBICOJI000pa30BaHUE CTPOUTEIBHBIX MaTEPUAIIOB,
MpUBeICHHbBIC B TEXHUYECKOI TuTepaType [2—4], CBsI3aHBbI ¢
IMOBBIIIIEHHOW PAaCTBOPMMOCTBIO COCTABJISIONIMX CTPOU-
TeJbHbIX MaTepuaaoB. OCHOBHBIMU YCIOBUSIMU (POPMUPO-
BaHUS BHICOJIOB HA MTOBEPXHOCTH CTPOUTEILHBIX MaTepua-
JIOB SIBJISIETCSI TIOBBILICHHASI BJIAXXHOCTh MaTepuajia, Halu-
Yyle PAaCTBOPUMBIX COJIEii B COCTaBe MHTPEAUEHTOB, CIIOCO0-
HBIX K MUTPallMy B BUJIE pACTBOpA Ha MOBEPXHOCTb U3CINI

(N POVIEIIBHBIE

Applying nanomaterials in construction has led to a new
revolution improving the properties of conventional materi-
als and, first of all, construction composites based on Portland
cement. At the same time, there is an unsolved problem in the
understanding of the chemistry of Portland cement hydration
in the presence of ultrafine and nanodispersed admixtures
during the incubation period as well as the formation of crys-
talline hydrates in the process of hardening and under intense
water migration while using cement products. Capillary-
porous structure of vibrocompressed products based on
Portland cement contributes to intensive water migration
with dissolution and bringing freely soluble compounds of set
cement to the surface of a product.

The potential sources of efflorescence on the surface of
construction structures in the process of their operation can
be the components of constituent materials as well as the
technological factors of their production [1]. In addition, the
significant influence is exerted by the environmental condi-
tions that affect the exploited structures. The factors influ-
encing the formation of efflorescence of construction materi-
als given in technical literature [2—4] are connected with the
increased solubility of the ingredients of construction materi-
als. The main conditions for the formation of efflorescence
on the surface of construction materials are the increased
moisture content and the presence of soluble salts in the ma-
terial which can migrate as a solution onto the surface of
products with their subsequent crystallization. As a rule, ef-
florescence forming on the surface of structures in the early
stages of their operation only worsens the appearance of
buildings, but under the prolonged exposure to efflorescence
due to the repeated recrystallization of salts changing their
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Puc. 1. MakpocTpyKTypa: a — BbICOSIOB B CKOJE LLEMEHTHOIro KaMHs (npu 200-kpaTHOM yBENM-
YeHun); b — LEMEHTHOI MaTpuLbl C KpucTannamm rugpokcnga kanbums (npyu 1500-kpatHoM
yBENYEHUN)

Fig. 1. Macrostructure of: a — efflorescence in a chip of set cement (magnified 200 times),

b — cement matrix with calcium hydroxide crystals (magnified 1500 times)

¢ mocyeayolleil ux Kpucrauimsauuein. Kak mpaBuio, Ha
PaHHUX 3Tanax SKCIUIyaTallMy BBICOIBI YXYOILIAIOT BHEIII-
HUI BUI TOBEPXHOCTU CTPOMUTENBHBIX KOHCTPYKLIMA, HO
MpY JUINTETLHOM BO3ICHCTBUU BBICOJIOB 32 CYET MHOTO-
KpaTHOI MEpPeKpUCTA/UIM3ALUUN COJIE C M3MEHEHUEM MX
o0beMa TMPOUCXOAUT CYILIECTBEHHOE M3MEHEHWE CBOMCTB
CTPOUTENIbHBIX MaTepUaJoB BIUIOTh IO pa3pylleHUs UX
CTPYKTYDBHI.

TexHonormyeckue pakToOpbl CBSI3aHBI ¢ 00pa30BaHUEM
TTOPUCTOM CTPYKTYPHI B Mpolecce (GOpMOBaHMS U3IEITUIA,
NPOHMULIAEMOMU JJ1s1 MApOB BOABI U PACTBOPOB COJIEM, KOTO-
pble BBIXOISIT Ha MOBEPXHOCTh KOHCTPYKIIUI B Tpolecce
TeIJIo- U MaccooOMeHa B 3MaHUSIX U coopyxeHusx. I[lpu
9TOM BO3MOXHO (OpMUpPOBaHUE BBICOJIOB HE TOJBKO B
BUJIe 6€JI0TO HajleTa, HO U «I[BETEHHE» TIOBEPXHOCTH MaTe-
pUAaJIOB 3a CYeT 00pa30BaHUs HOBBIX XMMUYECKUX COCIH-
HEHUA.

Kak ormevaercs B ucciaenoBaHuM [5], OCHOBHBIM MC-
TOYHUKOM (DOPMHUPOBAHUS BBICOJIOB SIBJSIETCS] TUAPOKCUIL
kanpuusa Ca(OH),, koTopelii 00pa3yeTcsi B cOCTaBe TBeple-
I011IeTO LIeMeHTHOTO KamMHs (puc. 1, a). T'unpokcua Kanbiust
MMeeT 3HaUYNTeNIbHYIO pacTBopuMocTh (1,13 r/1, 20°C), uro
TIPUBOAUT K BBIHOCY €TO Ha IMOBEPXHOCTh MaTepuaja, 3aTeM
OH KPHUCTAJLTM3YeTCsl U3 pacTBOpa C Mocienylomein Kapoo-
HU3allMeil BCaenCTBUE B3aMMOJEHCTBUS C YIJIEKUCIIbIM Ta-
3o0M CO, aTmMochepHOro Bo3ayxa, pacTBOPSIOLLErocs B Mo-
poBoii xuakocty, no cxeme Ca(OH),+CO,=CaCO;+H,0.
PactBopumocts B Boge CaCOj; Cyl1ecCTBEHHO HUXE PACTBO-
pumoctu Ca(OH), u coctasnsiet 0,014 1/, 9T0 TPUBOAUT K
€ro KpUCTAIIM3alMU Ha TMOBEPXHOCTH BHOPOMpPECCOBaH-
HBIX U3EIIUNA.

B paGotax [6—9] mpuBoaSITCS JaHHBIE O BIUSIHUM MUK-
pOKpeMHe3eMa Ha CTPYKTYPY M MUHEPAJIOTHIO LIEMEHTHOTO
KaMHsI, TIPY 9TOM aBTOPHI ITOKa3aJIi, YTO MUKPOKpEMHE3eM
WHTEHCUBHO CBSI3bIBAE€T TMIPOKCHUI KaJbIvsi, 00pa3ylo-
IUICS MPM TUApATAllMU MOPTIAHALEMEHTa, YIJIOTHSS
CTPYKTYPY LEMEHTHOT'O KaMHSI 1OTTOJIHUTEIbHBIMU O0beMa-
MU rugpocuinkaToB Kaablust C—S—H.

B pa6ore [10] oTMedeHO, 4TO 10OaBIIEHNE MUKPOKPEM-
He3eMma B LIEMEHTHYIO MacTy YCOBEPIIEHCTBOBAJIO MUKPO-
CTPYKTYpPY LIEMEHTHOTO KaMHsI, TPU 3TOM YCTaHOBJIEHO
3HAYUTEIbHOE CHMXEHWE ero BbIleJauyMBaHUs 3a CUET
B3aumoneictus Ca(OH), ¢ MukpokpemHe3eMoM u hop-
MUPOBaHUs AonojaHuTesbHoro rejass C—S—H. YcraHosie-
HO TaKXe, 4TO B MPUCYTCTBUU MUKPOKpEMHe3eMa yCKO-
psiIcs TIpOIleCC THApaTalluv MOPTIAaHAIEMEeHTa, TakK KakK
KaTHoHbl Ca’" UHTEHCUBHO CBA3BIBAIOTCA MUKPOKPEMHE-
3eMOM, cHuXast pH-cpeabl 1 BoBjieKast B Mpoliecc pacTBO-
peHUsT HOBble 00BEMBI LIEMEHTHOTO KJIMHKepa. O0pasyio-
IIUICST TOOEPMOPUTOBBIN Telib MOABEPKEH GoJiee MHTEH-
CHBHOW TOJMMEPU3AlMA ¢ 00pa30oBaHUEM KPHMCTAJIJIOTH-

HAYYHO-MeXHU4ecKuil U NPOU3800CMBeH b HCYPHAN

Puc. 2. YCKOPEHHOE UCMbITaHME NMPECCOBAHHbLIX LLIEMEHT-
HbIX 06p83LI.OB Ha BblCOﬂOOﬁpaSOBaHMe

Fig. 2. A quick efflorescence test of pressed cement
samples

volume there is a significant change of the properties of build-
ings materials with its intense destruction.

The technological factors are associated with the forma-
tion of a porous structure permeable to water vapor and salt
solutions which come out to the surface of a structure during
the heat and mass exchange in buildings and structures. At
the same time, the formation of efflorescence not only as
white bloom, but also as «blooming» of the surfaces of mate-
rials due to the formation of new chemical compounds is
possible.

As the study conducted by the authors [5] notes, the main
source of efflorescence is calcium hydroxide Ca(OH), which
is formed in the composition of hardening cement (Fig. 1, a).
Calcium hydroxide has substantial solubility (1,13 g/1, 20°C),
which leads to its removal to the surface of the material, and
crystallizes from the solution followed by carbonization due
to its interaction with carbon dioxide CO, of atmospheric air
dissolving in the pore liquid according to the scheme of
Ca(OH),+C0,=CaCO;+H,0. The solubility of CaCOj; in
water is significantly lower than the solubility of Ca(OH),
and is 0,014 g/1 which causes its crystallization on the surface
of pavers (see Fig. 4, a, b). Due to the low solubility of calci-
um carbonate such efflorescence can be removed only by
treatment with acid solutions.

Studies [6—9] show the data on influence of silica fume on
the structure and mineralogy of set cement. The authors have
shown that silica fume intensively binds calcium hydroxide
formed during the hydration of Portland cement densifying
the structure of cement paste with extra C—S—H calcium
hydrosilicates.

Singh et al., in 2013 [10] noted that adding silica fume to
cement paste improves the microstructure of set cement, and
a significant decrease of its leaching was due to the interac-
tion of Ca(OH), with silica fume and the formation of addi-
tional C—S—H gel. It was also found that the presence of sil-
ica fume accelerates the hydration process of Portland ce-
ment as Ca?* cations are intensively bound by silica fume
lowering pH medium and involving new volumes of cement
clinker in the dissolving process. The resulting tobermorite
gel is exposed to more intense polymerization with the for-
mation of C—S—H crystals of denser structure in the presence
of silica fume due to its high specific surface area. It is also
noted that in the presence of silica fume in hardening cement
paste the ratio of C/S decreases in C—S—H crystals, contrib-
uting to a more compact and denser structure of calcium
hydrosilicates during the hydration of Portland cement. The
additionally formed CSH phase is characterized by a smaller
ratio of C/S (even up to 1,4) than C—S—H as a result of ce-
ment hydration.

C—S—H quantification during TG thermogravimetric
analysis showed that in the presence of silica fume in the

(Y POV EIIBHBIE
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npatoB C—S—H Oonee 1uroTHOI
CTPYKTYpPbl B TMPUCYTCTBUM MUKPO-
KpeMHe3eMa H3-3a €ro BBICOKOM
yaeabHOl moBepxHocTUu. OmHOBpe-
MEHHO OTMEYaeTCs, UTO MPU HAJTUIUU
B TBEPACIOILIECH LIEMEHTHOM MTacTe MU~
KpPOKpEMHe3eMa CHUKAETCSI COOTHO-
menue C/S B kpucramiax C—S—H,
cocoOCTBYsl (hOpMUPOBaHUIO OoJjiee
KOMITAaKTHOW U TIJIOTHOW CTPYKTYPHI
TUAPOCUINKATOB KalblUs TIPU TH-
JipaTaluyy nopTiaHaluemMeHra. Jlonoi-
HUTEJIbHO obpa3yroomascsa ¢aza CSH
XapaKTepU3yeTCs MEHBIIIMM OTHOIIIE-
nuem C/S (naxe no 1,4), yem C—S—H,
B pe3yJibTaTe TuapaTaluy HeMeHTa.

Onpenenenne KommaectBa C—S—H
MpY TEPMOTPABUMETPUICCKOM aHATH-
3¢ TG moka3zajo, 4To IIpU HAJIUYNHU B
cOoCTaBe IIEMEHTHON MacTbl MUKPO-
KpeMHe3eMa colepKaHue THAPOCUIU-
KaTOB KaJIbLIMSl yBEJMYMBAETCsl MPUOIM3UTELHO B 1Ba pa3a
B CpaBHEHMM C LIEMEHTHBIM KaMHeM 0e3 UCITOJb30BaHUS
MMKpPOKpEMHe3eMa.

Mopnenu cTpyKTYpbl TUAPOCUINKATOB KalbIlUs, TPUBE-
IeHHbIe B padboTax [11—13], B ToM yuciie Mpu pa3HOM COOT-
HoweHun C/S, TakKe OATBepANIN U3MEHEHUE MUHEPaIo-
I'Mu U copepxkaHus KpuctanioB C—S—H B TBepaetoiem lie-
MEHTHOM KaMHe.

BBeneHue MuUKpokKpeMHe3eMa B COCTaB aBTOKJIABHBIX
CWJIMKATHBIX Ta300€TOHOB TPUBOAUT COIJIACHO pabo-
TaM [14—15] x yaydieHU0 PU3UKO-MEeXaHUYECKUX Xa-
PaKTEPUCTUK UBAEIUI 32 CUET YIIPOUHEHHUSI MEXKITOPOBBIX
MeperopooK B CTPYKType siueuctoro O6etoHa. Kpome
TOro, OTMEYEHO CHUXEHME TEIUIONPOBOIHOCTU U3AEIUM
B CBSI3M C MOBBIIIEHUEM OJIHOPOIHOCTU TOp (MO pa3Me-
paM) M yBelmdeHreM aMop(dHOIf (ha3bl B cOCTaBe Ta30CH-
JINKaTa.

B mpoBeneHHBIX UCCIeTOBAHUSIX WCIIONb30BAICS MUK-
pokpemHeseM MK-85. YnenbHast moBepxHoct MK-85 co-
crapnsina 20 m%/r, comepxkanue SiO, COOTBETCTBOBAJIO
88—92% [16]. PentreHorpaMMa MUKpOKpeMHe3eMa CBUJIC-
TEJBCTBYET O ero aMOpGHOI CTPYKTYpe, YTO XOPOIIO MPO-
SIBJISIETCS B BUOE «ropOyiiku» B obyactu 20=15-50°.
Hmeetcs kpuctamnuyeckas (aza, MposiBsIonasics MHTEH-
CUBHBIM OTpaxeHueM ¢ d,=2,52.

B uccinenoBaHuM Takxke MCIOJb30BaJach BOAHAsSI M-
criepcusa ¢ 50% comepkaHreM MHUKpPOKpeMHe3eMa Mpou3-
BoactBa pupMbel STACHEMA CZ (Yenickas PecmyOnmka).
7151 mosy4eHus1 yCTOMYMBOIM TUCTIEPCUM Y MAKCUMAJIbHOTO
pasfesieHus] 4acTUll MUKPOKPEMHe3eMa ero Iucriepraius

Puc. 3. BHewHwuii Bua o6pasLoB Nocse YCKOPEHHOro UCMblTaHus Ha BbiCON006pa3oBaHne: a — KOH-
TPOnbHbIN 06paseu; b — o6pasel, C MUKPOKPEMHE3EMOM

Fig. 3. Samples after the quick efflorescence test: a — check sample, b — sample with silica fume

composition of cement paste the content of calcium hydro-
silicates increases about twice in comparison with set cement
without silica fume.

The models of calcium hydrosilicate structure presented
in studies [11—13], including the different proportions of C/S
content, also proved the change in mineralogy and the con-
tent of C—S—H crystals in hardening cement.

According to studies [14—15] adding silica fume to auto-
claved aerated concrete leads to improving physical and me-
chanical characteristics of products due to the strengthening
of interpore partitions in the structure of cellular concrete.
Furthermore, thermal conductivity was found to decrease
due to the increased uniformity of pore size and the amor-
phous phase in gas silicate.

In the conducted studies MK-85 silica fume was used.
The specific surface of MK-85 was 20 m?/g, the content of
Si0, was 88—92% [16]. Radiogram of MK-85 silica fume
shows, that silica fume has an amorphous structure, which
can be clearly seen as «a hump» in the area of 26=15-50 de-
grees. There is a crystalline phase as intense reflection with
d,=2,52.

In this study aqueous dispersion with content 50% of'silica
fume produced by STACHEMA CZ (Czech Republic) also
was used. To obtain a stable dispersion and the separation of
the particles of silica fume, its dispersion was held in the pres-
ence of a surfactant based on a sodium sulfosuccinate.

Test samples were produced using the following technol-
ogy: a cylindrical mold of 70 mm in inner diameter was filled
with stiff cement and sand mixture; the mold is filled with a
mixture in such an amount to obtain a pressed product of

Puc. 4. MukpocTpykTypa 06pasuoB C BbicOsiaMy Ha NOBEPXHOCTM HOBOOOPA30BaHWiA: a, b — KOHTPONbHbIE 06pa3supl; ¢ — obpasel, ¢ 4oOaBNEHNEM MUKPO-
KpemHesema

Fig. 4. Microstructure of the samples with efflorescence on the surface of new formations: a, b — check sample; ¢ — sample with silica fume

(Y PONIENBHBIES
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YBennyeHme B CpaBHEHUN

O6paseL, Rex cpens MIMa | ¢ KOHTPOMBHBIM 06pasuom, %
Sample Reomp: MPa Increase in comparison with
check sample, %

KOHTPONbHbIN

Check 12,83 -

OnbITHBIN ¢ MK-85 (copepxaHne MK 8% oT Macchl NOPTAaHALEMEHTA) 23 1 45

Test, with MK-85 (MK content 8% from the mass of Portland cement) ’

OnbITHBIN, ¢ ancnepcunen MK (copepxaHne MK 5% oT maccbl NOpTAaHALEMEHTA) 15.44 16

Test, with MK dispersion (MK content 5% from the mass of Portland cement) ’

OnbITHBIN, ¢ ancnepcunen MK (copepxaHne MK 8% oT maccbl NOpTAaHALEMEHTA) 18.18 o9

Test, MK dispersion (MK content 8% from the mass of Portland cement)

MPOUCXOAUIa B TPUCYTCTBUU TTOBEPXHOCTHO-aKTUBHOTO
BellleCTBA HA OCHOBE CYIb(OCyKIIMHATa HATPUSI.

Jl1st mcnbITaHUi 00pa31bl U3TOTABIMBAJINCH 110 CIIEIY-
IOLLECH TEXHOJIOTUM: KECTKOM LIEMEHTHO-TIECYaAaHOM CMECHIO

3aMOJIHSIIM LIMJIMHAPUYECKYIO Tpecc-
dopMy C BHYTPEHHUM JIUAMETPOM
70 MM; 3aTIOJTHEHHUE CMEChIO NPOUCXO-
IIWJIO B TAKOM KOJIMYECTBE, YTOOBI MO-
JIY4UTh CIIPECCOBAaHHbBIC W3MEIUS BbI-
coToii B 60 MM. 3aTeM IpeccoBasiid Ha
10-TOHHOM mMpecce C yAeJbHBIM YCU-
muem 20 MIla. IMocne mpeccoBaHust
obOpasel] u3BJIeKaIu, HaKpPbIBaJIu BJlaX-
HOIl TKaHblOo. MexaHuueCcKue UCIbITa-
HUS IIpou3BoaWIN Ha 7 cyT. 71 ycko-
PEHHOTO MCIBITAHUS Ha BBICOJIO0Opa-
30BaHUe 00pa3libl MOMEIIATNCh B BaH-
HOYKY C OVCTWUIMPOBAHHOW BOLOW
(ypoBeHb Boibl 20 MM) U OO1yBaJIUChH C
IMOMOIIIbIO BEHTUJIATOpPAa B TEYEHUE
6 cyT (puc. 2).

W3BecTHO, 4TO MUKpPOKpEMHEe3eM
BCTYIaeT B PEaKklUi0 C TMIPOKCUIOM
Kajabuus [14], moBeliiast 06beM ruapa-
TUPOBaHHBIX cunukaToB Turma CSH B
pe3yJbTare peakluu:

SiO, + Ca(OH), + H,0 =
= mCaO - nSiO, - qH,0.

B ciyyae oTcyTcTBUS 10OABKU MUK-
poKpeMHe3eMa o00pa3yloTcs KpyIi-
Hble kpuctauisl Ca(OH), (puc. 1, b).
Kpucramiel mopriaanautra o0JiamaioT
MEHbIIENH MPOYHOCThIO, YEM TUapa-
TUPOBAaHHbIC CUJUKATBl  KaJbLIUS
C—S—H, uro mnpenomnpenesnsier Gosee
HU3KKWE MEeXaHWYeCKue TMoKa3aTean
KOHTPOJIBHBIX 00pa3lioB, M3TOTOBJICH-
HBIX 0e3 MHKpOKpeMHe3eMa (CM. Tab-
JIMLY).

Ha oGpa3uax 6e3 no6aBneHUsT MUK-
pokpeMHe3eMa HaOJJaeTcsl 3Ha-
YUTEJIbHOE KOJIMYECTBO  BBHICOJIOB
(puc. 3, a). 910 0OBSICHIETCS BEICOKOM
MOPUCTOCTbIO 00pa3loB, YBIaXKHSIE-
MBbIX BOJIIO M pacTBOpaMM COJIEH 3a
cueT KamujuisipHoro 3ddekra, 4YTO
MOJATBEPXKIAETCS CHUMKAMU MUKPO-
cTpykTphl (puc. 4, a). Ha obpasuax
¢ nobaBieHMEM MHUKpPOKpeMHe3eMa
(puc. 3, b) OTCYTCTBYIOT OOJbllIne
CKOTUIEHUSI COJIU.

AHanu3 MMKPOCTPYKTYpPbl KOH-
TPOJIbHBIX 00pa3lioB 63 MUKPOKPEM-

60 mm in height. Then pressed with a 10-ton press with the
specific force of 20 MPa. After pressing, the sample was re-
moved and covered with a wet cloth. Mechanical testing was
conducted on the 7" day. For a quick efflorescence test the

MY TGA mw;
94 0-
92/

90| 220

62 DSC |
100 200 300 400 500 600 700 800 900 1000 oc

Puc. 5. InddepeHumanbHO-cKkaHMpyoLWwas KanopumeTpus ob6pasuoB nocne Bbicosoo6pa3oBaHns:
1 — KOHTPObHBIN 06paseL, (6e3 MukpokpemHesema); 2 — o6paseLl, ¢ MUKpokpemHesemom MK-85

Fig. 5. Differential scanning calorimetry of the samples after efflorescence: 7 — check sample (without
silica fume); 2 — sample with silica fume MK-85
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Puc. 6. MK-cnekTpbl 06pa3LoB nocse BbiconoobpasoBaHus: 1 — KOHTPOJbHLIA 06pasel; 2 — o6pased,
MOANDULMPOBAHHBIN MUKpokpemMHeseMoM MK-85

Fig. 6. IR spectrum of samples: 7 — check sample; 2 — sample modified with silica fume MK-85
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He3eMa IoKa3asl BBICOKYIO TTIOPUCTOCTh MPECCOBAHHBIX 00-
pasuoB (puc. 4, a). [Tocne BblaepKKU 00pa3loB B YCIOBU-
SIX YCKOPEHHOTO UX UCTIBITAaHUSI Ha BbICOJI000pa3oBaHue B
MMKPOCTPYKTYpPE OTMEYE€Hbl WHTEHCUBHBIE TPOSBICHUS
cojieii Ha TOBEPXHOCTU THAPOCUIUKATOB KaJbILIUs
(puc. 4, b). BBeneHrne MUKpOKpeMHe3eMa C 3aTBOPSIEMOI
BOZIOI B COCTaB MPECCYEMBIX 00pa3IloB CYIIECTBEHHO Me-
HSIET MUKPOCTPYKTYPY 3aTBEepJEBIIETO IIeMEHTHOTO KaM-
HS, B KOTOPOM (hOPMUPYIOTCSI TUAPOCWIMKATHI KaJTbIUs
uroibyaToit cTpykKrypsl (puc. 4, c¢). ComepxxaHue coseit
Ha TIOBEPXHOCTH HOBOOOpa30BaHWIN HE3HAYUTEJIbHO B
CpPaBHEHUU C KOHTPOJbHBIMM OobOpasiiaMu. Takue n3mMeHe-
HUS MUKPOCTPYKTYPHI MOXXHO OOBSICHUTH OOJBIICH TIJIOT-
HOCTBIO CTPYKTYPBI BCJIEICTBHUE OOpa30oBaHUSI TOTOJHU-
TeJbHOTO 00beMa I'MAPOCUINKATOB KaIbIMsI, UX MEHbIIEH
OCHOBHOCTbBIO U CHMXKEHUEM 00I1ero oobeMa cBOOOIHOTO
TUIPOKCUAA KAJTBIUS, YTO XOPOIIIO MOATBEPXKIACTCS TAKKE
NaHHBIMU AuddepeHIInaTbHO-CKaHUPYIOIIENH KalopuMe-
Tpuu (puc. 5).

IIpu noGaBieHNU MUKPOKpPEMHE3eMa IIPOUCXOIUT 00-
pa3oBaHNe TMAPOCUIMKATOB 00Jiee HU3KOW OCHOBHOCTH,
yTo HauboJjiee xapakTepHo Npospisiercs: Ha JuHuu JCK
95K30TepMUUecKUM 3¢ deKToM, corjacHo pabore [17],
nipu Temrieparype 930°C (puc. 5). Ha munuu TT y o6pa3-
IIOB C MUKPOKPEMHE3eMOM OTMEYaeTCs MEHbIee KO-
YEeCTBO CBSI3aHHOM BOJBI KaK MPU HU3KOM, TaK U MIPU BbI-
cokoil Temmepatype. OOpa3oBaHUE TUAPOCUIMKATOB
KaJblMs pa3HOW OCHOBHOCTHM ITOATBEPXKIAETCS TaKXkKe

samples were placed in a bath with distilled water (water level

of 20 mm), and blown over with a fan for 6 days (Fig. 2).
Silica fume is known to react with calcium hydroxide [14]

increasing the volume of hydrated silicates of CSH type:

Si0, + Ca(OH), + H,0 = mCaO - nSiO, - qH,0.

No silica fume being added, large crystals of Ca(OH), are
formed (Fig. 1, b). Portlandite crystals have less strength than
hydrated calcium silicates of C—S—H, which determines
lower mechanical properties of the check samples prepared
without silica fume (Table).

The samples without silica fume show significant amount
of efflorescence (Fig. 3, a). This is caused by the high poros-
ity of the samples moistened with water and salt solutions due
to the capillary effect which is proved with the microstruc-
tural images (Fig. 4, a). The samples with silica fume added
(Fig. 3, b) have no significant concentration of salt.

The microstructure analysis of the check samples without
silica fume showed the high porosity of the pressed samples
(Fig. 4, a). After placing the samples under the conditions of
the quick efflorescence test their microstructure shows in-
tense salt efflorescence on the surface of calcium hydrosili-
cates (Fig. 4, b). Adding silica fume with tempering water to
the pressed samples substantially changes the microstructure
of the set cement where calcium hydrosilicates with the nee-
dle-like structure are formed (Fig. 4, c¢). The salt content on
the surface of the new formations is low in comparison with

Puc. 7. MUKpOCTPYyKTypa LIeMEHTHOIO KaMH$ ¢ A06aBKOW AMcnepcun MMKpokpemHesema (5% oT Macchl NOPTNaHAUEMEHTA): a8 — 10 BbICONI006pa3oBaHus;

b, ¢ — nocne yCKOPEHHOro MCTbITaHWsi Ha BbICONI006pa3oBaHme

Fig. 7. Microstructure of set cement with silica fume dispersion added (5% from the mass of Portland cement): a — before efflorescence; b, ¢ — after quick

efflorescence test

Puc. 8. MukpocTpykTypa ¢ gobaBkoi ¢ no6aBkoii gucnepcum mMukpokpemHesema (8% OT Macchbl NMopTiaHAUeMeHTa): a — A0 Bbiconoo6pa3oBaHus;
b, ¢ — Nocne yCKOPEHHOro UCTbITaHWs Ha BbiICON006pa3oBaHme

Fig. 8. Microstructure with silica fume dispersion added (8% from the mass of Portland cement): a — before efflorescence; b, ¢ — after quick efflorescence test
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9HIOTEPMUYECKUMU dPPeKTaMu B 00J1aCTU TEMIIEPATYPhI
700—850°C. Ilpu sTOM ymajieHUE KPUCTA/UIOTHAPATHOI
BOJbI B 00pasiie ¢ MUKPOKPEMHE3EMOM MPOUCXOAUT MPHU
temrepatype 788°C, a B KOHTPOJIbHOM o0Opaslie — Mpu
temnepatype 825°C.

Ananmu3 MK-crnekTpoB KOHTPOJBHBIX 00pa3lioB MoKa-
3aj OoJiblllee KOJMYECTBO KapOoHara KaabLus (JIMHUU
norowenust 1419,61 cm™!, 873,75 cm’!, 694,37 cm') B
CPaBHEHUU € MOJIU(DUIIMPOBAHHBIM 0OpasLoM (JIUHUSA 1,
puc. 6). BeposTHO 3TO CBSI3aHO ¢ KapOOHM3aIMed CBOOOI -
HOTO IMIPOKCUIIA KaJIbLIUsI, 00pa3yIollerocsi Npu rujapara-
LMY TIOpTIIaHAIIeMeHTa. B ciydae 06pa3ioB ¢ MUKPOKpEM-
HezeMoM MK-85 comepkanue KapOoHaTa KaJbliUsl CHHU-
xaercs (JIMHUA 2, puc. 6) BCIEACTBUE CBSI3bIBAHUS TUAPO-
Kcuaa KajblMSl B THUAPOCUIIMKATBHI, YTO TMOATBEPKIAECHO
TaKXe cMelleHueM JUHUM rornoueHus 1085,92 cm™! mna
KOHTPOJILHOTO 00pasiia B 00acTb 60jiee HU3KOM Y4acTOThI
(1114,86 cm™!) nast MOAMUIIMPOBAHHOTO MUKPOKpEMHE-
3eMOM oOpaslia 1 MPOoSIBJIeHUEeM HOBOU JIMHMU TOTJIOIIe-
Hust 995,27 cm™'.

BBeaeHue nucnepcuu MUKpOKpeMHe3eMa B KOJIMUYECTBE
5% (oT Macchl MOPTAAHALUEMEHTA) MPUBOIUT K YIJIOTHE-
HUIO MUKPOCTPYKTYPHI THAPOCUINKATAMU KaTbIIUST UTOJTb-
yaToi (DOPMBI C HaTMIMeM Ae(eKTHBIX TUTACTUHYATBIX HO-
BOOOpa30BaHMII HA OCHOBE TMAPOKCHUIA KaJlblus (puc. 7).
Ha noBepXxHOCTH TMAPOCWIMKATOB KaJbLIMSI MPOCIEKMBa-
IOTCSI CJIeibl BBICOJIOB. B OTJIMUMe OT KOHTPOJIbHBIX 0Opa3-
1I0B BBICOJIBI HOCSIT SMU30AWYEeCKUil XapakTep (puc. 7, b),
YTO MOXHO OOBSICHUTH 00Jiee MOJTHBIM CBSI3bIBAHUEM THJI-
POKCHIA KATbIIUSI MUKPOKPEMHE3EMOM.

VYBennueHue coaepxaHusi MUKpOKpeMHe3eMa 10 8% OT
Macchl TTOpTIaHALieMeHTa (MpY BBEAEHUM B BUIE TWCTIEep-
CUM) KOpPEHHBIM 00pa3oM UM3MEHSIET MUKPOCTPYKTYPY
MPECCOBaHHBIX U3MENUIA. B yacTHOCTH, OTMEUEHO YBeIUYe-
Hue o0I1ero oobeMa THUIPOCUIIMKATOB KaJbLIMS UToJIbuya-
TOM CTPYKTYpPHI (pUcC. 8, @) B cCpaBHEHUU ¢ 00pa3liamMu ¢ CO-
nepXXaHueM MUKpokpeMHe3eMa 5%. B cTpykType obpasioB
MOSIBJISIIOTCS IUIOTHBIE Ne(heKTHBIE HOBOOOPAa30BaHUs, KO-
TOPbIE MOXXHO XapaKTepU30BaTh KaK rejernono0HbIe CTPYK-
TYpbl, MOABEPTHYTHIE YCANOUHBIM SIBAEHUSIM (puc. 8§, b) ¢
¢dopMUpoBaHKEM OOJIBIIOTO KOJMYECTBA MMKPOTPELIUH.
[1pu sTOM BeaeacTBue 0oJiee INIOTHOM CTPYKTYPHI M COOT-
BETCTBEHHO MEHBIIEM BIMSHUU KalWLIApHOTO 3ddexra
(opMHUpoBaHUE BBICOJIOB MPOVCXOAUT BHYTPU TIOP U APY-
IUX 1e(eKTOB CTPYKTYPhI LIEMEHTHOTO KaMHsl. OTCYTCTBUE
BBICOJIOB Ha MOBEPXHOCTU MPECCOBAHHBIX U3AEIUI 0OBsIC-
HsieTcsl KapOOHUM3alKMell BEICOIOB B CTPYKTYpe MaTepuaa ¢
00pa3oBaHMEM MPEUMYIIECTBEHHO KaJjlblIUTa B BUIE NIpY3
(puc. 8, ¢), KOTOPBIi MMeEeT 3HAUMTEIbHO MEHBIIIYIO pac-
TBOPUMOCTD, YTO MCKJIIOYAET BHIHOC €ro Ha MOBEPXHOCTH
U3IEIIUN.

3akouenue

MukpokpeMHe3eM BBOIUTCSI B BUOPOIPECCOBAHHbBIC
WU3AENUS Ui TIOBBIIIEHUS MEXaHWJYeCKUX IToKaszaTeleid,
CHIDXEHUS TTIOPUCTOCTH, TIOBBIIIEHUST BOTOHETTPOHUIIAEMO-
CTHU U JOJTOBEYHOCTU M3AEIUIA. YCTpaHeHNE BBICOI000pa-
30BaHUSI B BUOPOIPECCOBAHHBIX M3ICIUSIX BO3MOXHO 3a
CYET CBSA3bIBAHMS TMAPOKCHUIA KaJblLIUS B CTPYKTYpe TBEp-
JICIOIIETO LIEMEHTHOTO KaMHSI JAUCIIEPCUSIMUA MUKPOKPEM-
Hezema. MUKpPOKpPEMHE3eM IPU 3TOM (POPMUPYET CTPYKTY-
Py ¢ TUAPOCHJIMKATAMU KaJIbLIMs, KOTOPBIE MMEIOT OoJjiee
HU3KOE B CPAaBHEHUM C KOHTPOJbHBIMU COCTaBaAMH COOTHO-
meHue Mexay C/S u cylecTBeHHO OOJbIINA 00beM KpU-
ctaoB C—S—H B 1ileMEHTHOM KaMHe, AOMOJHUTEILHO
VIUIOTHSAIOWIU# cTpYKTYypy. [110THAsI CTPyKTypa LIeMEHTHO-
ro KaMHs$ MpefoTBpallaeT MUTpaluio pacTBOPUMBIX KOM-
TTOHEHTOB B BUOPOTIPECCOBAHHBIX MU3IEIHAX, TTPEXIE BCETO
TUIPOKCUIA KaJIbLIMS; 00pa30BaHNe BBICOJIOB CASPXKUBACT-
csl ero 0ojiee MHTEHCUBHBIM B3aMMOJIEHCTBUEM C MUKPO-
KpPEMHE3eMOM, 00JIaJalolllMM BbICOKOW YAEJIbHOI MOBEPX-
HOCTBIO.

HAayYHO-MexXHU4ecKuil U NPOU3800CMBeH b HCYPHAN

the check samples. Such microstructure changes can be ex-
plained by the greater density of the structure due to the for-
mation of extra calcium hydrosilicates, their lower basicity
and decrease of the total amount of free calcium hydroxide,
which is also proved by the differential scanning calorimetry
data (Fig. 5).

Silica fume being added, hydrosilicates with lower basic-
ity are formed which is mostly typically shown in as exother-
mic effect on the DSC line according to study [17], at the
temperature of 930°C. The TG line of the samples with silica
fume has less amount of bound water at low and high tem-
peratures. The formation of calcium hydrosilicates of differ-
ent basicity is also confirmed by the endothermic effect in the
temperature range of 700—850°C. At the same time crystal-
hydrate water in the sample with silica fume is removed at the
temperature of 788°C, and in the check sample at the tem-
perature of 825°C.

IR-spectra analysis of the check samples (Fig. 6, line 1)
showed the increasing amounts of calcium carbonate (ab-
sorption line 1419,61 cm™', 873,75 cm’!, 694,37 cm™).
Probably this is due to the carbonisation of the free calcium
hydroxide formed during the hydration of Portland cement.
In the case of the samples with silica fume, the content of
calcium carbonate decreases (Fig. 6, line 2) due to the bind-
ing of calcium hydroxide in hydrosilicates, which is also
proved with the shift of the absorption line 1085,92 cm™' of
the check sample to the area of lower frequencies (1114,86 cm™
1) for the sample modified with silica fume sample and a new
absorption line of 995,27 cm™'.

Adding dispersion of silica fume an amount of 5% (the
content of silica fume in comparison with Portland cement)
leads to the densifying of microstructure with calcium hydro-
silicates of the needle-like structure with the presence of de-
fective platelike new formations based on calcium hydroxide
(Fig. 7). On the surface of calcium hydrosilicates there are
traces of efflorescence. Unlike the check samples the efflores-
cence is incidental (Fig. 7, ), which can be attributed to more
complete binding of calcium hydroxide with silica fume.

Increasing the silica fume content up to 8% from the mass
of Portland cement radically alters the microstructure of
molded products. In particular, an increase of the total
amount of calcium hydrosilicates of needle-like structure
(Fig. 8, a) was noticed in comparison with the samples con-
taining 5% of silica fume. In the structure of the samples
dense defective formations appear which can be character-
ized as gel-like structures exposed to shrinkage (Fig. 8, b)
along with the formation of a large number of microcracks.
Thus, due to a denser structure, and, therefore, less influence
of capillary effect, the formation of efflorescence occurs
within pores and other defects of the structure of set cement.
The absence of efflorescence on the surface of the molded
articles is explained with the efflorescence carbonizing in the
structure of the material with the formation of calcite in the
form of druses (Fig. 8, ¢) which has considerably lower solu-
bility that eliminates its subtraction to the surface of products.

Conclusions

Silica fume is added to molded articles in order to en-
hance their mechanical properties, reduce porosity, improve
water resistance and durability. Removal of efflorescence in
vibrocompressed products is possible due to the binding of
calcium hydroxide in the structure of hardening cement by
silica fume dispersions. Thus, silica fume forms a structure
with calcium hydrosilicates which have a lower, in compari-
son with check compositions, ratio of C/S and significantly
greater amount of C—S—H crystals in cement stone which
densifies the structure of set cement. The dense structure of
set cement prevents the migration of soluble components of
set cement in vibrocompressed products, primarily calcium
hydroxide; the formation of efflorescence is limited with its
more intense binding by silica fume, which has a high spe-
cific surface area.
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«Gen-rooen» oTHpbin B POCCMH TpeTHi 3dBOJl
N0 BbINYCKY CYXHX CTPOMTENbHbIX CMECEH

4 cpeBpansa 2015 r. komnaHusa «CeH-Mo6eH» OTKpbina
Poccun Tpetuin 3aBog no npou3BOACTBY CYXUX CTPOU-

TenbHbix cmecei WEBER-VETONIT B r. Eropbesck (Moc-
KOBCKOW 0611.).

CyMMapHble UHBECTMLMM B CTPOUTENBLCTBO 3aBOja CO-

ctaBunu 6onee 500 mnH p. MNpoekTHaa MOLLHOCTbL 3aBoAa

120 TbIC. T Ccyxmx cMmecel/r. lNocne BbIxofga NpeanpusaTua

Ha NOSHYI0 NPOM3BOACTBEHHYIO MOLLHOCTb OHO o6ecrneynT
ropody 6onee 50 HOBbIX pabo4nx MECT, a Takxe OOMNOSHN-
TenbHble paboyne Mmecta B cdhepe 06CnyXnBaHUS.

(Y BB EIIBHBIE
NAVEEVAVIBIE

MpoM3BOACTBO HaLEefleHO Ha BbIMYCK MPOAYKUMM Ha

LleMEeHTHOW ocHoBe. HoBble MOLLHOCTU yCcuUAAT No3uuMu
Toprosoi mapku WEBER-VETONIT B Takux cermeHTax
pbIHKA, Kak Kreu, HanuBHble nonbl U dacagbsl. Kpome
TOro, 3anyck 3asofa rno3BOSNT JIOKanM3osaTb NPON3BOA-
CTBO psifa NpPoAyKTOB, KOTOPblE paHee UMNOpPTMPOBaNCh
13 EBponbl, 4TO 0CO6EHHO BaXXHO B TEKYLLEN 9KOHOMMUYE-
CKOWM cuTyauuu.

Cob6cTBeHHasi UHghopmauums

HAayuHO-MeXHU4ecKuil U NPOU3800CMBEHHbILL HCYPHAN
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