
CERAMICS - Silike.ty 34, s. 131-141 (1990) 

I R  SPECTROSCOPIC STUDY OF HYDRATION 

OF CONDENSED SILICA FUME - MODIFIED CEMENT 

PASTES 

JAN MADEJ, JANA MADEJOVA*, DoRIS JAKUBEKOVA 

Reawrch Inatitute of Civil Engineering, Lamacaka 8, 817 14 Bratuuwa 

*lnatitute of Inorganic Chemiatry OCR, Sloi-ak Academy of Sciencu, Dubrav•ka 5, 842 36 Bratu/a"°

Received 5. 4. 1989 

Oof"tdensed 11ilica fume, uaed aa concrete and cement additive material, 
react8 with Ca(OH), liberatfd in the courae of Portland cemmt kydration,forming 
supplementary caldum ailicate hydrates. Infrared apectro11copy, X-ray diffrac­
tion, thermal analyais and scanning electron microscopy were tl8ecl to atmly lhe 
kinetics of pozzolanic reaction in silica fume-modified ummt pastu curul 
under normal conditiona. A characteristic abaorption band at 1120 cm-1 wa., 
observed in the IR spectrum of silica fume, u:hich u·aa compoaed mainly of Si03 • 

Infrared spectroscopy as the only of the methoda teated enablea to follow the 
role of silica fume in the procesa of Portland cement hydration not only through 
the binding of Ca(OH)2 , but also directly, i.e. from the conaumption of •ili,ca 
from added silica fume at aome atage of the reaction. A high pozzol.anic acti­
vity of silica fume from ferrosilicon production waa proved by all the methoda 
used. 

INTRODUCTION 

The applirntion of infrand (JR) s:r;edroEropy in cEment chEmistry has increased 
in recent years. Previous studies [1-3] have shown that IR spectroscopy m ay be 
applied in both qualitative and quantitative investigations of clinker min erals 
as well as of cement composition. Moreover, in many cases IR spectroscopy serves 
as a useful supplementary method to other methods such as X-ray powder diffrac­
tion, thermal analysis, etc. 

The fundamental properties of mineral additives like natural pozzolans, slags 
or fly ash, and their function in the process of Portland cement hydration, have 
been studied by several authors; a summary is given in [4]. According to Jambor 
[5, 6], pozzolans react with Ca(OH)i liberated in the process of Portland cement 
hydration, forming supplementary hydration products - calcium silicate hydrates. 
As hydration products differ one from each other in composition and binding 
properties, the type and pozzolanic activity of the mineral admixture influence 
markedly the fundamental physico-mechanical pro pe 1ties of hardened cement 
composites. 

Condensed silica fume, a by-product of Eiliccn and ferrosilicon prcduction, 
is used world-wide as a highly effective poz :zolanic admixture in conc1Ete production 
[7-10]. HaYing a high silica content(> 90%) and an extremely small diameter

of individual particles (::::; 0.1 µm), silica fume undergoes rapid dissolution in t,he 
Ca(OH)i solution, r eaching supersaturation with respect to a new phase in a few 
minutes. This results i n  io1mation of a dEme, impermeable structure composed 
mainly of C-S-H, which has a low C/S ratio [11-13]. 

X-ray diffraction, thermal analysis and electron microscopy are frequently
used to characterize the hydration products in cement pastes. Using these methods, 
the role of pozzolana in the process of Portland cement hydration can be etudi ed 
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by comparing the amounts of Ca(OH)z liberated during hydration in pure Portland 
cement paste with that bound by pozzolana in blended paste of the same water 
solid ratio (14]. 

The aim of this paper was to investigate the possibilities of IR spectroscopy 
in the study of thi� role of condensed silica fume in the process of Portland cement 
hydration, and to compare the IR results with the results of other methods. 

EXPERIMENTAL 

Ordinary Portland cement (OPC) of class PC 400 and condensed silica fume 
(CSF), a by-product from ferrosilicon production (Oravske ferozliatinarske za­
vody Istebne, Czechoslovakia) were used for preparation of specimens - cubes 20 X 
X 20 X20 mm. The chsmical composition of thP materials is given in Table I. 

Table I 

Chemical composition and fundamental physioo-ohemioal 
properties of materials 

I 

Ordinary Condensed 
Component Portland �ilica 

I 
cement fume 

Chemical composition, wt % . 

Sl01 1 19.58 95.57 
AJi03 

I 
7.58 0.11 

Fe203 3.61 0.20 
CaO I 61.96 0.56 
MgO 1.85 0.91 
803 2.13 0.32 
Na10 0.28 0.12 
K20 0.91 0.78 
Ign. loss 1.01 1.36 

Specific surface Blaine 336 N 

area, 

mz kg-1 BET N 16 600 

Mineralogical composition of the cement (Bogue)3: 

038 = 44.15 % , 028 = 22.8 % , C3A = 12.02 % , C4AF = 11.31 % 

The composition of fresh mixtures is presented in Table II. A superplasticizer -
sulphonated melamine formaldehyde condensate (0.95 % wt) was used in mixture 
No. 3 to obtain the same consistency of fresh cement paste as that of mixture 
No. 2, using a lower water solid ratio w = 0.24. 

The hydration of pastes water-cured at 20 °C for 3, 28 and 180 days was stopped 
by drying the samples at 105 °0. The hydrated C3S pastes were also investigated 

3 The following symbols universally used for formulating more complex compounds are used 
in this pa.per: C = CaO, S = SiO,., A= Al203, F = Fe103, H = H10. 
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Table II 

The composition of jre&h mixture& 

I 

Ordinary 

I
Condensed 

Water solid 
Mixture 

Portland silica 
ratio 

cement 

I
fume 

wt.% wt.% 
w 

No. 1 100 

I 
- 0.41 

No. 2 86 16 0.41 

No. 3 86 

I
16 0.24 

by IR spectroscopy. Hydration studies, except ior electron microscopy, were 
performed on finely ground powder specimens of pastes. 

Infrared absorption spectra were recorded by the Perkin-Elmer spectrophoto­
meter (Model 983-G) in the range 4000 to 400 cm-1, using the KBr pressed-disk 
technique. X-ray diffractometer Philips PW 1050 and JEOL JSM 35 scanning 
electron microscope were used for investigation of hydration products. The MOM 
Budapest thermal analysis system was used to obtain thermograms in the tempera­
ture range from room temperature to 1000 °C. 

The amount of Ca(OH)z was determined from TG-curves as the sum of mass 
weight loss over the temperature range 510-530 °C (endotherm corresponding to 
dehydration of Ca(OH)z) and beyond 800 °C (endotherm corresponding todecarbo­
nation of CaC03). The amount of Ca(OH)z bound by silica fume was determined 
from the results of thermal analysis by the method which was applied earlier to 
investigate the influence of fineness and dosage of fly ash on hydration of blended 
cement pastes [14], using the ratio 

bound Ca(OH)z 
=

Cope. pope - CesF 
. 100

Cope. pope 

where Cope is the amount of Ca(OH)z in pure OPC paste, in% wt; pope is the 
portion of OPC in the blend; CcsF is the amount of Ca(OH)z in the paste with silica 
fume addition, in% wt. 

RESULTS AND DISCUSSION 

Infrared spectra of ordinary Portland cement and condensed silica fume used 
in the experiments, are shown in Fig. 1. 

In the region examined, 4000 to 400 cm-1, there are three types of IR absorption 
bands of cement to be considered [l, 2]: 

i) bands arising from Si-0 vibrations of alite at 920 and 520 cm-1; 

ii) bands attributed to S04 stretching vibrations of gypsum at 1460 and
1115 cm-1; 

iii) bands due to OH vibrations of water at 3437 and 1629 cm-1• 

In IR spectrum of silica fume, which is composed mainly of Si02 (see Table J),
the bands assigned to Si-0 vibrations of free Si04 at 1120, 800 and 477 cm-1 and 
also the bands of water at 3410 and 1620 cm-I were identified. 
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3200 2400 1600_ 800 
"JJ,cm 

I!'ig. I. IR apectra of materials med in lhe experiments; a) Porlland oement, b) conde=ed ailicafume. 

IR spectra  of pure  OPC pastes 

Infrared spectra. of hydrated cement pastes are given in Fig. 2. The main diffe­
rences between the IR spectra of hydrated OPC pastes and the IR spectrum of ce­
ment (Fig. 1) are as follows: 

i) Si-0 absorption band at 970 cm-1, due to calcium silicate hydrate;
ii) OH absorption band at 3638 cm-1 assigned to OH stretching vibrations

of calcium hydroxide liberated during cement hydration; 
iii) doublet at 1480 and 1420 cm-1, attributed to co3 vibration;; in CaC03.

The intensity of absorption bands of hydration products (Ca(OH)i , C-S-H)
increaee and those of the constituent mineral phases in Port.land cement decrease 

'l,T 

4000 3000 2000 1600 1200 · BQO _1400 
», cm 

Fiq, 2. IR spectra of pure OPC paste (w = 0.41). 
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when the stage of progressive hydration has passed (Fig. 2). IR absorption bands 
of the main hydration products observed in IR spectra of OPC pastes in Fig. 2 are 
similar to those of hydrated C3S pastes (Fig. 3). 

%T 

4000 3000 2000 1600 1200 8�0 -1400 
JJ

1 
cm 

Fig. 3. IR apectra of hydrated C3S.

IR spectra  o f  blended  pastes 

IR spectra of blended pastes, i.e. the pastes with partial cement replacement 
by silica fume, are given in Figs. 4 and 5. 

The main bands of hydration products, Ca(OH)2 at 3638 cm-1 and 0-S-H 
.at 970 cm-1, identified in TR spectra of blended pastes, are similar to those of OPC 

4000 3000 2000 1600 1200 BQO _1400
JJ

1 
cm 

Fig. 4. JR spectra of cement paste with ailicafume addition (w = 0.41). 
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M&tes, .in,,Fig, 2. Lower amounts of Ca(OH)z, especially in the paste with silica 
impe and,·superplasticizer, were found in TR spectra of silica fume-modified cement 
pastes in Figs. 4 and 5. Additionally, a. strong decrease in intensity of the Si02 

band at 1120 cm-1 was observed in blended pastes as hydration proceeded. Car­
bonates (absorption band at 1480 cm-1 ), formed by carbonation of pastes by 
atmospheric carbon dioxide, appeared in the IR spectrum of pastfl with silica 
fume and superplasticizer (Fig. 5). 

4000 3000 2000 1aoo 1200 eo_o -t400 
JJ, cm

Fig. 5. IR spectra of cement paste with silica fume and auperplasticiwr (w = 0.24). 

0 

I I 
5 10 

C:P, C C 
'" " 

15 20 9° 

180 DAYS 

28 DAYS 

3 DA)'.S 

5 10 

C = Ca(OH)2 

15 20 9 ° 

lig. 6. TM X-ray diffraction palterns of paates; a) pure OPG pMte, b) pMte with ailicafume addition 
(w = 0.41). 
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The results of X-ray ppwder diffraction of the pastes are gi·.-e11 in Fig. 6. Thou�h 
a part of portlandite in the pastes may be formed in the amorphous state, from the 
intentensity of X-ray diffraction peak corresponding to Ca(OH)i one can distinguish 
a markedly lower amount of Ca(OH)z in pastes with silica fume addition (Fig. 6b) 
comp1ued to pure OPC pastes at the same time of hydration (Fig. 6a). 

The differences in the amounts of Ca(OH)2 in pastes with and without silica

fume addition are also evident from the DT A curves of pastes given in Fig. 7 and 
from the amounts of Ca(OH)i in the pastes and the amounts of Ca(OH)i bound 
by silica fume, which are given in Table HI. 

Table III 

The amounts of Ca(OH)l in cement pastes 

Compo8ition of paste 
Hydration Amount of Bound 

Portland Condensed Water time Ca(OH)i Ca(OH)2 

cement 11ilica solid 
fume ratio days wt.% % 

wt.% wt.% w 

I 

3 I 16.5 
100 - 28 20.8 -

180 22.7 
0.41 

9.9 29 
85 15 28 8.4 52 

180 6.8 65 

3 8.9 
100 - 28 12.3 -

180 14.7 

i 0.24 

3 4.5 40 
85 15(+) 28 3.8 64 

I 
180 2.2 82 

( +) with superplasticizer 

The results of X-ray diffraction and thermal analysis are in good agreement with 
the character of hydration products observed in the pastes after 3 and 28 days 
of hydration (Figs 8, 9): portlandite was the dominant hydration product in the 
OPC paste, while lack of Ca(OH)z and densification of the structure composed 
mainly of C-S-H was characteristic of paste modified with silica fume. 

Supplementary calcium silicate hydrates formed in the pores of the paste with 
silica fume addition were observed (Figs 8b, 9b). 

The changes in Ca(OH)i content, identified by X-ray diffraction, thermal analysis 
and scanning electron microscopy, are in good agreement with the results obtained 
by IR spectroscopy (Figs. 2, 4, 5). 

A remarkable increase in the amount of bound Ca(OH)2 , caused by better 
re-dispersion of CSF in the pastes is observed when condensed silica fume has 
been combined with superplasticizer (Figs, 4, 5, Table III). 
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In addition, comparing the changes in the intensity of the IR absorption band 
at 1120 cm··- 1, IR spectroscopy enables the consumption of silica fume in the hydra­
tion process to be studied. The results obtained correlate well also with the changes 
of total porosity, pore-size distribution and altogether help to explain the diffe­
rences in physicomechanical properties of cement pastes and mortars with and 
without silica fume addition [15, 16]. 

All the methods confirmed a high pozzolanic activity of condensed silica fume 
from ferrosilicon production which was used in the experiments. 

CONCLT.JSIONS 

The results of the present examination lead to the following conclusions: 

- IR spectroscopy was found to be a useful tool for studying the changes in the
changes in the formation of hydration products (Ca(OH)z, c..:..S-H) of cement
pastes cured at normal conditions. A good correlation was found when comparing
the results of IR spectroscopic study of cement pastes with the results of X-ray
powder diffraction, thermal analysis and scanning electron microscopy;

- a characteristic absorption band at 1 120 cmJ1 was observed in the IR spectrum
cf condensed silica fume, composed mainly of amorphous Si02 • Infrared
spectroscopy as the only method used in this study, enables to follow the role
of condensed silica fume in the process of Portland cement hydration not only
through the binding of Ca(OH)z, but also directly from the consumption
of Si02 at various stages of the reaction;

- a high pozzolanic activity of condensed silica fume was proved by all.the methods
used.
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SLEDOVANIE HYDRATA.CIE CEI\IENTOVYC H KASf 
S PRfMESOU KREMICITEHO ULET U :\,IETODOU IC-SPEKTROSKOPIF� 

Jan Maciej, Jana Madejova*, Doris Jakubekova. 

Vyskumny ustav inzinierskych strmieb, Lamac,.ka 8, 817 14 Bratislava 

*Ustav anorganickej chemie CCHV S/ovenskej akademie vied, 842 ,,6 Bratislava

Kremicity ulet, pouzivany ako aktivna puzolanova primes do betcmu, ovplyvimje proces 
hydratacie cementu a vytvaranie fazoveho zlozenia zatvrdnutej cementovej kase. K sledovaniu 
vplyvu kremicite�o uletu z vyroby ferosilicia na proces hydratacie cementu bola popri bezne 
pouzivanych metodach rtg-fazovej difrakcnej analyzy, vazkovej termickej analyzy a riadkovacej 
elektr6novej mikrosk6pie pouzita. takisto infracervena spektroskopia. Kremicity ulet, ktoreho 
hlavnou zlozkou je oxid kremicity pritomny v amorfnom stave, vykazuje v oblasti vlnoctov od 
4000 do 400 cm-1 v IC-spektre intenzivny absorpcny pas pri vlnocte 1120 cm-1

• To umoznuje 
sledovat zmeny vo vytvarani fazoveho zlozenia zmesnycli cementovych kasi nielen podla zmien 
v obsahu Ca(OH),, podobne ako pri vyssie uvedenych metodach vyskumu, ale takisto priamym 
sledovanim, zalozenym na zisfovani zmien 8potrebovaneho Si02 v priebehu reakcie. 

Vysledky sledovania priebehu hydratacie cementu za pritomnosti kremiciteho uletu su v dobrej 
zhode s vysledkami vyssie uvedenych experimentalnych metod a prispievaju k blizsiemu posude­
niu zmien vo vytvarani fazoveho zlozenia a s tym suvisiacimi zmenami v tvorbe porovej struktury 
a vyslednych fyzikalno-mechanickych vlastnosti cementovych kompozitov. Vsetky pouzite 
metody vyskumu potvrdili poznatky o vysokej puzollmovej aktivite kremiciteho uletu z vyroby 
flirosilicia. 

Obr. 1. IC tJpektra pouzitych materialov; a) portlandsky cement, b) k,-emicity illet. 
Obr. 2. IC spektra cementovej kase bez primesi kremicit,ho uletu (w = 0,41). 

Obr. 3. IC spektra hydratovaneho C3S. 
Obr. 4. IC apektra cementovej kase s primesou kremiciteho metu (w = 0,41). 

Obr. 5. IC apektra cementovej kase s primesou kremiciteho uletu a tJuperplatJtifikato,-om (w = 0,24). 

Obr. 6. Difraktogramy cementovych kasi; a) bez primesi, b) a primesou kremiciteho uletu (w = 0,41). 

Obr. 7. Diferencne te,-mogramy cementovych kasi; a) bez prime•i, b) s p,-ime..ou kremiciteho uletu 
(w = 0,41). 

Obr. 8. Snimky lomovej plochy cementovych kasi po ,3 dnoch tvrdnutiu vo vode riadkovacim elekt,-6-
novym mikroskopom; a) ka.fo bez primesi, b) kasa tJ primesou kremicit,ho metu (w = 0,41). 

ubr. !I. Snimky lomovej plochy cementovych ka!,i po 28 dnoch tvrdnutw vo vode riadkovacim elektr6-
novym mikroskopom; a) kasa bez prime11i, b) kasa II primuou kremicitiho uletu (w = 0,41). 
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IICC:IE,Il,OBAHME I'll,Il,PATAql1H qEMEHTHblX TECT 
C ,Il,OBAB liO fl C If JIii I�A THO ro YH OCA 

C II O M O II� L IO \I E T O ;1 A II l� -C 11 E K T P O C K O fl II I1 

HH .\1a,:i.eii, fl Ha .\fa,:i.erna*, ;:i;opnc H Kyiieiwna 

H ay'tHo-ucc.1Pao11ame1tbc1.ui1 uHcmumym w1J1CPHep11&1x i:oopyJ1Ce,.wii, 817 14 B panwr.1a�a 

* Jf Hcmumym Heop,0aH1t'tec1.oii xuMuu If ewnpa xu.ttit'tPCi.020 ucc1teaoeaH1tR CAJI,
81:! 36 B pamuc.uzea 

Cu:nrnaTHb!ll YHOr, IICI!O:Ih3ye!IH,1H B K1l'leCTB8 ilKTHBHOII rry3o;rnHOBOli ,J.06aBEm B 6eTOH, 
ot.a3bIB/JeT Bill!HHne Ha rrpmicrr l'1qpaTa111rn 11eMeHTa n Ha 06pa�onau11e lf>a3onoro cocTaBa 
:wcTI,!B/lK)lUCl'O l\CMeHTHOl'O TCCT/L .J..:u1 IICC.'lC,\Oll/JHl1H B."IIIHHl1H CIIJll!K1lTHOro yHoca 113 
rrpo113BOi\('TBa cpeppoc11.11HI\IIJI Ha rrpo11ecc l'Hi!paTaI(llll UCMCHTa II0ilb30BaJincb HpOMC 06b1qHo 
npHMCHHCMJ,1.\: MCTO;J.OB pTr-cp,130BOl'O ;1ncppaKT�IIOHHOro 1lH/lilu:'11l, neconoro TCPMll'ICCKOl'O 
aHaJIH31l I! C'HilHIIPYIDII!CH ;J,,CHTpOHHOii MI!KpOcKOl!IIII T1lRllW 1rncppaKpacHOI[ CIICKTpOcKO­
IIl!Cll. Cn:IJ1t;HTHblli YHOC, O(' HOBHJ,IM !iOMIIOHCBTOM KOTOporo JIBJIJICTCH OKCIIA 'ICTb!pex­
BaJICHTHOl'O KPCMHHH, HaXOiJ.Hil(IIIirH B aMopqrnoM COC'TOHHl1Il, Bhl).I.CJIHCTCJI B 00,,HCTII BOJIHO­
BOl'O 'HH'Jla B rrpegem1x OT 4000 ;IO 400 CM"1 B 11acpp,mpacHOM C'IICKTpe IIHTCHCIIBHOH a6-
copoQUOHHOH rro.:ioroii rrpu no;rnoBOM 'Jl1(';'JC 1120 CM-1. TaKl!M o6pa:JOM MOlKHO IICCJie/\OB/lTb 
113MCHCHHH B o6pa30B3Hl1H cpa30B0r0 COCTana ('MCIIJaHHh!X l!CMCHTHb!X TCCT He TOllhKO Ha 
OCHOBaHHH U;JMCHCHIIH CO;Iepmamrn Ca(OH)i, Kai; 3TO 01,1.-ro rrpn rnepx rrp11BO,].l!Mb!X MCTO,\aX 
l!CCJIC/\OBHHIIH, HO 11 Ha OCHOBHHllll npHMOJ'O 111' (',IC;(OBIIHHH, OCHOBJ,!BaIOll!CI'OCH Ha ycT/lH::JB­
.JICHIHI U3MCHCHHll parXOAOB/lBIIJCJ'OCH SiO, BO npeMH xo;\a pe,IKI\IIU. 

PeayJibT3TI,l llCCJie).IOBaHl!H XOi\/1 rH)lp11Tau1111 l(CMCHTa B npnryTcTBHJI CHJll!K3THOJ'O yHoca 
Haxo,a;HTCH B xopOIIICM ror;rnr1111 C pe3y:1J,TaTaMI! rrpnBO;(IIMhlX ;mcrrepI1MCHT1lJ!bHb!X MeTO,WB 
H IIOMaraIOT 6oJiee no;1po6H0My IICCJIC;(OBaHl!IO 113MCHCIIHH B o6pa30BaH1111 lf>a30BOro COCTaBa 
11 CBH3aHHhlX C HIIM H3MCHCHHii B o6pa:ionaHIIH nopHCTOH CTPYKTYPhl II OKOHqaTCJlbHblX 
qJ11311KO-MCXaHl!'ICCKIIX CBOHCTB QCMCHTHblX KOMIIO:ll!TOB. Bee IICIIOJib:JYCMblC MeTO,Q;hl IICCile­
AOBaHl1H IIO).I.TBep;\IIJIII IIOJJY'ICHHh!C /J;aHHhie OTHOCl!Te.'IbHO Bb!COKOH rry3oJJaHOB0H RKTHBHOCTII 
CIIJI11K3THOl'O yaoea 11:{ npo!!3BO;\CTBa cpeppocl!JIHI\HH. 

Puc. 1. JI K cneKmpb! ucnoJlbaye.whix .wamepua.riM: a) nopm1taHac1.ui1 lfe.MeHm, b) cu1tui.am11b1U 
1JHOC. 

Puc. 2. JI K cnei.mpbt tfe.MeHmHou, muma 6ea ao6aei.u cuJtuKamHoao yHoca (w = 0,41). 

Puc. 3. JI K cnei.mpbl 2uopamupoeaH11oeo C3S. 

Puc. 4. JI K cnei.mpbt lfe.MeHmHoeo mecma c 006a111.011 cu,iu,.anmoeo yHoca (w = 0,41). 

Puc. 5. JI K cnei.mpbi 1v.weHmHoeo mecma c oo6aei.oi:i cu.1iu1iamH020 yHoca u cynepn1tacmu<fiu­
Kamopo.¾ (w = 0,24). 

Puc. 6. Pu<fipai.lfUOHHMt i.apmuHa tfe.11eHmHbix mecm; a) 6ea oo6aei.u, b) c oo6aei.oi1 cUJiu­
i.amHoeo yHoca (w = 0,41). 

Puc. 7. PasnocmHbte mep.¾oepa,tt.Mbt lfe,uemnHblX mecm; a) 6ea oo6a6i.u, b) c 006at1lioi1 
CUJtU'KamHoeo ynoca (w = 0,41). 

Puc. 8. C'be.Mi.u noeepxHocmu uaJto,ua tfe.MewnHbt:r merm 110c.!!e 3 cymoi. aacmbieaHu11, a 11ody, 
no1ty'l£1-tHbte nocpeocmeo.M ci.a1-tupy10u.fe20 a.!!e1.mpoH11020 .A1.u1.poc1wna; a) mecmo 6ea 
oo6ae'Ku, b) mecmo c oo6aei.oii cu1tw.amHoe0 y1toca (w = 0,41). 

Puc. 9. C'be.Mi.u no11epxHocmu uaJto.Ma lfP.J,iemnHbix mecm noc.ie 28 cymoi. aacmbwa1iu11, a coiiy, 
noJty'tPHHbte nocpeocmeo.Ai c1.am1py10U/eeo ,l.!!ei.mponnoeo .Mui.poci.ona; a) mecmo 6ea 
oo6aei.u, b) mecmo c 006aeKOi1 cu.iuh·arnHo?o yHoca (u· = 0,41). 
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