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Vibratory regrinding of ecement and that of cement with an antifreeze
admixture accelerates the growth of early compressive strength of cement
pastes kept at — 6 °C. A major proportion of the mix water remains in the form
of unfrozen solution in vibratory reground pastes. Both the hydraulic activity
of the cement and the efficiency of the antifreeze admixture are increased. The
X-ray phase composition, thermal analysis and habitus of the hydration products
formed are indicative of a higher degree of hydration of cement in wvibratory
reground pastes cured at —6 °C and at + 20 °C.

INTRODUCTION

Cement pastes free of antifreeze admixtures hydrate very slowly at subzero
curing temperatures. A solid macrostructure in a paste free of admixture is not
formed even after 28 days of hydration at —10 °C. Up to 91 9, of the mix water
will freeze in a concrete mix already at —3 °C [1].

An addition of 2 wt. 9%, of NaNO; and 2 wt. %, of Ca(HCOO); to cement [2, 3, 4]
will substantially speed up the conversion of clinker minerals to their hydration
products, thus rendering the respective concrete applicable even at subzero tem-
peratures.

The present study deals with the effect of vibratory regrinding of cement, and
that of cement containing the admixture, on its hydration in paste at —6 °C and
at +20 °C, as well as with the conversion of the clinker minerals to their hydration
products, and the creation of macrostructure in hardened cement paste at various
time intervals and different conditions of its curing.

EXPERIMENTAL

Materials

The cement pastes were prepared from class 400 Portland cement RohoZnik
having the standard strengths listed in Table I. The chemical composition and
properties of the cement are given in Table II. In addition to this, chemically
pure sodium nitrate and calcium formate were used as admixtures.

Experimental method

Cement paste with a water-cement ratio v/c == 0.4 free of antifreeze admixture,
and with 4 wt. 9, of the admixture (2 wt. 9, of sodium nitrate +2 wt. 9, of calci-
um formate) were used in the tests.
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Table T

Standard strengths of the PC 400 RohozZnik cement

Cement strength, MPa

Days
tensile bending compressive
|
1 day 3.0 13.1
3 days 5.0 26.0
7 days 6.8 36.9
28 days 7.2 52.4
Table 11
Composition and properties of the cement employed
Compo- | Inso- 1 ‘ | I | | ’ L Ignition
luble Si0; | Al O, Fe0; | CaO | MgO  SO; | NaO | K0 |
nent - ! ; | loss
residue | | i
i |
Content | | ! | |
wt. %, 1.84 19.28 6.91 | 3.42 | 60.98 | 1.69 ‘ 2.53 | 0.31 | 090 | 1.77
! ! i | ! I
P Density ! Specific area ! Content of
roper- -3 2 ko1 |
tigs kg m | m? kg j‘ Cs8 l C3;A(Bogue)
of the 1 ; l
cement, 3140 ! 336.2 | 43.2 12.0
i . |
T'able 111

Specific surface avea of the cement, that of vibratory reground cement, and that of jointly
and antifreeze admixture, particle size below 63 pum (sedimentation analysis

reground cement

in kerosene)

Original Vibratory reground Vibratory reground
untreated cement cement
Property cement PC 400
of cement Rohoznik 5 min. 10 min.
paste . : |
w1th9ut with without with without thh |
admix- , . . . admix-
admixture admixture admixture admixture
ture ture
Specitic
:‘r‘(fi“e 336.2 331.0 443.6 456.2 503.5 516.5
m2/kg
Particle
size below 89.96 88.47 92.14 94.31 94.63 97.89
63 um, %
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The effect of vibratory regrinding of cement and joint regrinding of cement
containing 4 wt. 9% of the admixture was investigated on additional samples
of cement pastes. The vibratory regrinding was effected in a vibratory ball mill
with a useful capacity of 5 kg of dry mixture. The sedimentation analysis of the
cement and its specific surface area after 5 minutes and after 10 minutes of vibra-
tory grinding are given in Table ITI. The initial and final sets of the cement pastes
prepared are listed in Table IV.

Table 1T

Initial and final sct of the cement, vibratory reground cement with an admixture of 4 wt. 9
of the antifreeze admixture, and that of cement reground jointly with the admixture

| Type of cement Initial set Final set
i %
Original, not reground ! 3 hr 15 min. 4 hr 25 min.
Original, with admixture 2 hr 35 min. 3 hr 30 min.

Cement reground for 5 min.,
with admixture 1 hr 45 min. 3 hr

Cement reground for 10 min.,
with admixture 2 hr d min. 3 hr 10 min.

Cement reground jointly
with admixture, 5 min. 1h 30 min. 2 hr 35 min.

Cement reground jointly
with admixture, 10 min. — 435 min. 2 hr 235 min.

The amount of water required for achieving the standard paste workability amounts to
%1.5 ml, which corresponds to a water-cement ratio v/e = 0.272. The same water-cement ratio
was employed in the preparation of all the other test specimens.

The cement pastes were formed into 120x20x20 mm prisms which were cured
at the chosen temperatures of —6 °C and 420 °C in a medium with relative humidi-
ty exceeding 95 9,. The strengths of the pastes were determined at the selected
time intervals.

After stopping the hydration of other paste samples with a mixture of aceton
and ether, X-ray diffraction patterns and thermal curves were made, porosity
according to (‘SN 72 2447 determined, and finally scanning electron micrographs
taken of the fracture surfaces of the hardened cement pastes.

RESULTS AND DISCUSSION

The basic data on the hydration of pastes from the original cement and from
that of vibratory reground PC 400 Roho?nik cement, after curing for 24 hours
at —6 °C and at +20°C in a medium with relative humidity higher than 95 9,
are given in Table V.
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The comparative paste showed no strength after 24 hours of hydration at
—=6 °C. Pastes with 4 wt. %, of the antifreeze admixture achieved useful compressive
strengths. Vibratory regrinding of cement and that of cement with the admixture,
has significantly contributed to the growth of early strengths of the pastes cured
for 24 hours at —6 °C.

The increase in strengths of pastes of identical composition after hydration
of 24 hours at 420 °C was slightly retarded compared to the strength of cement
paste free of antifreeze admixture. This fact can be attributed to the effect of Na+
ions on the hydration of cement pastes with an admixture of NaNO; and Ca(HCOO),
[5, 6].

The results of thermal analysis prove that in the presence of the antifreeze
admixture the content of water bound in the hydration products tends to increase
substantially as does the content of calcium hydroxide in cement pastes kept for
24 hours at —6 °C, compared to their content in a paste free of the admixture.

The data on hydration of cement pastes, made from the original and from the
vibratory reground cement, taking place for 24 hours at 420 °C indicate that the
content of bound water is mildly lower in cement pastes with the antifreeze admix-
ture compared to those without the admixture. On the other hand, however, the
antifreeze admixture raises markedly the content of Ca(OH), in hardened cement.

The degree of hydration of cement pastes with the antifreeze admixture, made
from the original and from the vibratory reground cement and kept for 24 hours
at —6 °C, is approximately identical and higher than that of cement paste free
of admixture and hydrating for 24 hours at 20 °C.

The strengths of the cement pastes at various time intervals are given in Table
VI.

The presence of the antifreeze admixture in cement pastes reduces slightly the
growth of bending strength after 1, 7 and 28 days of their curing at 420 °C compa-
red with the paste free of admixture. Already after 7 days of hydration at 420 °C,
the strengths of paste with antifreeze admixture are identical with or higher than
those of the standard paste, and significantly higher after 28 days. This difference
is particularly marked in the case of paste made from vibratory reground cement,
where the increase in compressive strength amounts up to 8—11 MPa compared
to the strength of paste free of the antifreeze admixture. The bending and compres-
sive strengths of cement pastes with the antifreeze admixture are approximately
the same after curing for 28 days at —6 °C and for 365 days at +20 °C. This indica-
tes a favourable effect of vibratory regrinding of cement, particularly on the early
compressive strength at —6 °C and at 420 °C.

The relative contents of hydration products and the main clinker minerals in the
cement pastes were determined by comparing the characteristic diffraction intensi-
ties on X-ray diffraction patterns (Figs. 1, 2, 3).

The content of Ca(OH), was determined according to the intensity of diffraction
at 0.492 nm. The degree of conversion of unreacted alite or belite is characterized
by the doublet in the region of 0.274 and 0.278 nm, which generally corresponds
to the two clinker minerals.

Fig. 1. X-ray diffraction patterns of the PC 400 Roheinik cement, cement paste prepared from unground

cement with the antifreeze admixture hydrating in high-humidity atmosphere for 365 days at + 20 °C,

and for 28 days at —6 °C and additional 365 days at + 20 °C; C — Ca(OH),, 4 — alite, E — ettrin-

gite, K — calcite; 1 — original cement PC 400 RohoZnik, 2 — 365 days, +20°C, 3 — 28 days at
—6°C + 365 days at +20°C.
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Fig. 1 shows an X.-ray diffraction pattern of the cement not subjected to vibra-
tory regrinding and containing 4 wt. 9, of the antifreeze admixture, following
hydration for 365 days in a medium of high humidity, and for 28 days at —6 °C,
and then at 4-20°C respectively. The two samples contain an approximately
equal amount of Ca(OH),. The conversion of alite and belite to the hydration
products is more extensive in the case of paste which had first been cured for 28 days
at —6 °C.

The effect of vibratory regrinding of cement taking 5 minutes and 10 minutes
respectively on the formation of hydration products is illustrated by Fig. 2. All
the cement pastes are formed with a distinct content of Ca(OH), of approximately
identical diffraction intensities. The amounts of unhydrated clinker minerals is
markedly higher in the cement pastes made from cement (not subjected to regrind-
ing) after hydration for 365 days at 420 °C. The cement jointly reground with
the antifreeze admixture has a similar effect on the hydration of cement pastes
(Fig. 3) as revealed by a roughly equal or mildly increased content of Ca(OH);
and a decrease of the intensity of unreacted alite and belite in the samples of vibra-
tory reground pastes compared to those prepared from unground cement.

The diffraction patterns of cement pastes containing 4 wt. 9, of the antifreeze
admixture indicate that their structure contains approximately the same high
amount of Ca(OH); after hydration for 365 days in 3 humid medium as after 28
days at —6 °C and then at +20 °C. Vibratory regrinding of cement and that of
cement jointly with the admixture result in a slight increase in the Ca(OH),
content in the cement pastes. The different course of hydration of the cement
pastes is distinctly revealed by the kinetics of conversion of unreacted alite and
belite into their hydration products. In all the pastes which had been initially
cured at —6 °C, the content of unhydrated clinker minerals is always lower than
that in pastes kept permanently in the humid medium. Vibratory regrinding of ce-
ment and that of cement ground jointly with the admixture will raise the degree
at which alite and belite are converted to the hydration products (Figs. 2 and 3)
in comparison with their conversion in pastes prepared from the cement not
subjected to regrinding, and using the same conditions of long-term curing (Fig. 1).

It may therefore be concluded that the degree of hydration achieved in cement
pastes containing the antifreeze admixture and initially exposed to the temperature
of —6 °C is higher than that in the same paste kept permanently in the humid
atmosphere. This effect is promoted by vibratory regrinding of the cement, or
joint regrinding of the cement with the admixture.

The data on hydration of cement pastes containing 4 wt. 9, of the antifreeze
admixture and cured in a humid atmosphere after previous exposure for 28 days
to the temperature of —6 °C, are listed in Table VII. The results of thermal analysis
show that the content of bound water in cement pastes kept at first for 28 days
at —6 °C is mildly higher compared to that in the paste exposed to the humid at-
mosphere only. A similar dependence is also characteristic of the loss in the total

Fig. 2. X-ray diffraction patterns of cement PC 400 Rohoinlk, cement paste prepared from unground

cement with antifreeze admixture (kept in high-humidity atmosphere for 365 days at + 20 °C), cement

paste made from vibratory reground cement (5 min and 10 min) and unground admizture, after

hydration taking 28 days at — 6 °C' and then 365 days at + 20 °C; C—Ca(OH),, A—alite, E—ettrin-

gite, K —calcite, 1 — original cement PC 400 Rohotnik, 2 — 365 days at + 20 °C, cement not rey-

round, 3 — 28 days at —6°C + 365 days at +20°C, vibratory reground cement, 5 min. 4 —
28 days at —6 °C + 365 days at +20 C, vibratory reground cement, 10 min.
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Ca(OH); content. This indicates that from the standpoint of the long-term effect
of the antifreeze admixture in cement pastes, more favourable results are obtained
when the hydration starts at subzero temperatures and then proceeds at positive
temperatures.

The porosity of cement pastes subjected to curing for 28 days at —6 °C and then
at +20 °C is higher than that of the paste cured in moist atmosphere at normal
temperature. This increase in porosity can be explained so that with the use of the
antifreeze admixture, some of the water will freeze at —6 °C, whereas another part
of the water will form a solution with a lower freezing point. The ice crystals are
responsible for damaging the porous structure, and air bubbles arise in their place
after the paste has thawn. The water produced by thawing contributes to the
development of the hydration process. The smaller the proportion of frozen water,
the lower the paste porosity. The antifreeze efficiency of the admixture can there-
fore be assesed according to the data on porosity of the cement pastes; the efficiency
of the admixture is significantly raised after 10 minutes of vibratory regrinding
of the cement.

In the case of joint vibratory regrinding of cement with the antifreeze admixture,
the resulting increase in the specific surface area of the admixture influences directly
the reduced porosity of cement pastes. From this it follows that the efficiency
of the admixture is promoted by the increase in the specific area of the cement
as well as that of the admixture proper.

The scanning electron micrographs of cement pastes with 4 wt. 9, of the anti-
freeze admixture also show that a compact microstructure in the paste is formed
during long-term curing in humid atmosphere (Fig. 4a). The ice formed in the
initial stage of hydration can be observed on the fracture surface of the paste kept
at first at —6 °C (Fig. 4b). The considerable variability and non-uniformity of the
surface are due to the damage done to the structure by the ice crystals and sub-
sequently by the increased porosity. The unfavourable effect of ice is suppressed
by vibratory regrinding of the cement (Figs. 4c and 4d). The fracture surfaces
of pastes made from cement reground jointly with the admixture show a more
uniform and compact structure (Fig. 4e), particularly when the vibratory regrind-
ing took 10 minutes (Fig. 4d, Fig. 4f).

The figures show that the smallest amount of ice is formed in cement pastes
made from cement reground jointly with the antifreeze admixture. A proportionally
larger amount of water remains in the form of an unfrozen solution. The subsequent
hydration at +20 °C can no longer affect the primary porous structure that had
originally contained the ice crystals.

Fig. 3. X-ray diffraction patterns of cement PC 400 Rohoknik, cement paste with antifreeze admizture

(kept in high-humidity atmosphere for 365 days at + 20 °C'), ce'nent paste prepared by joint vibratory

regrinding of cement with the admixture (5 min. and 10 min.), after hydration for 28 days at —6 °C

and 365 days at +20°C, C — Ca(OH),, A — alite, K — ettringite, K — calcite 1 — original cement

PC 400 Rohotnik, 2 — 365 days at + 20 °C, cement not reground, 3 — 28 days at —6°C + 365

days at +20°C, cement reground jointly with admixture 5 min, 4 — 28 days at — 6 °C + 365
days at +20°C, cement reground jointly with admixture, 10 min.
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The Effect of NaNO3 and Ca(HCOO); Addition on the Hydration...

CONCLUSION

The effect of 4 wt. 9%, of an antifreeze admixture on the hydration of cement,
that of vibratory regrinding of cement, and that of cement regrinding jointly
with the admixture and curing at —6 °C and at 20 °C for various time intervals
was studied.

Thermal analysis showed that after 24 hours of hydration at —6 °C, the content
of water bound in the hydration product increases in cement pastes containing
the admixture, and the content of Ca(OH), is also higher than in pastes free of the
admixture. At +20 °C, the admixture mildly reduces the amount of bound water
and distinctly raises the content of Ca(OH), in the hardened paste. The decrease
of the content of water bound at +20 °C in the cement paste results in a slight
retarding of compressive strength growth after 1, 7 and 28 days of hydration
compared to an admixture-free paste. The degree of hydration of cement pastes
containing the antifreeze admixture and prepared from the original cement, from
vibratory reground cement and the admixture, and kept for 24 hours at —6 °C,
is approximately the same as, and higher than, that of a cement paste without the
admixture and following hydration for 24 hours at +20 °C.

The results of X-ray phase analysis and those of thermal analysis of hardened
pastes after various periods of time of curing show that the degree of hydration
of cement pastes containing the admixture and exposed to the initial temperature
of —6°C is higher than that of a paste cured permanently in a high-humidity
atmosphere at room temperature. This effect is promoted by vibratory regrinding
of the cement, and particularly by joint vibratory regrinding of the cement with
the admixture.

The porosity of cement pastes prepared with admixture from cement not subjec-
ted to regrinding and the admixture, and first exposed to the temperature of
—6°C, exceeds that of paste permanently kept in a humid atmosphere; the porosity
is due to the formation of ice in the paste structure. This negative effect of frost on
the structure of the cement paste can be suppressed by introduction of the ad-
mixture in question [7]. Additional suppression of these negative effects can be
achieved by vibratory regrinding of the cement, or by joint regrinding of the ce-
ment with the admixture.
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VPLYV PRISADY NaNO; A Ca(HCOO); NA HYDRATACIU VIBRACNE
DOMIELANEHO CEMENTU PRI —6°C A +20°C

Ivan Janotk«, Dana Fralovd, Ladislav Stevula*

Vyskumny dstav inkenierskych stavieb, 817 14 Bratislava

*Ustar anorganickej chémie CCILV Slovenskej akadémie vied, Dibravskd cesta 5, 842 36 Bratislava

Vibra¢né domielanie cementu a cementu spolo¢ne s protizmrazovacou prisadou urychluje
pociatok a dobu tuhnutia ako aj narast pociatoénych pevnosti v tlaku cementovych kasi uloze-
nych pri teplote —¢ °C.

Udaje rtg. fiizovej analyzy a termickej analyzy kadi vystavenych teplote —6 °C preukazujt,
ze v pritomnosti prisady sa podstatne zvy3uje obsah viazanej vody v hydrataénych produktoch.
ako aj obsah Ca(OH), v porovnani s ich obsahom v kasi bez prisady. Tvorba hydrata¢nych pro-
duktov sa umocnuje fubovolne zvolenyvm sposobom vibraéného domielunia. Pre dlhodoby 1i¢inok
protizmrazovacej prisady v cementovej kadi mozno potvrdit ako vyvhodnejsi taky sposob ulozenia,
kedy hydratdcia cementu zalina pri zapornej teplote a neskor pokracuje pri kladnej teplote.
Tento uc¢inok sa zvysuje vibraénym domielunim cementu spoloéne s prisadou.

Porovitost cementovych kasi vystavenych uc¢inku zapornej teploty zavisi predovdetkym od
tvorby fadu v struktire kage. Pri vibraénom domielani cementu a cementu spolo¢ne s prisadou
rostava v stave nemrznuceho roztoku vadsi podicl zamesovej vody. ¢o svedei o vyssej hydrau-
lickej aktivite cementu s protizmrazovacej uc¢innosti prisady.

Obr. 1. Rtg. difrakéné zdznamy cementu PC 400 Rohoinik, cementovej kase z nemletého cementu
s protizmrazovacou prisadou hydratujicou jednak vo vlhkom prostredi 365 dni pri + 20 °C,
jednak 28 dni pri —6°C a dalej 365 dni pri +20°C. C — Ca(OH),, A — alit, E — ettringit,
K — kalcit; 1 — povodny cement PC 400 Rohoinik, 2 — 365 dni, +20°C, 3 — 28 dni, —6 °C
+ 365 dni, +20°C.

Obr. 2. Rtg. difrakéné zdznamy cementu PC 400 Rohoinlk, cementovej kase z nemletého cementu
8 protizmrazovacou prisadou (uloZenej vo vlhkom prostredi 365 dni pri + 20 °C), cementovej
kase z vibradne domletého cementu (5 min a 10 min) a nemletej prisady po hydratdicii v trrani
28 dni pri —6°C a potom 365 dni pri ~20°C. C —Ca(OH);, 4 — alit, E — ettringit,
K — kalcit; 1 — povodny cement PC 400 Rohoinik, 2 — 365 dni, + 20 °C nemlety cement.
3 -~ 28 dni, —6°C + 365dni, +20°C vibraéné domlety cement, 5 min. 4 — 28 dni, — 6 °C
+ 365 dni,+ 20 °C vibraéne domlety cement, 10 min.

Obr. 3. Rtyg. difrakéné ziznamy cementu PC 400 Rohoznik,cementove) kase s protizmrazovacou prisa-
dou (ulofenej vo vlhkom prostredi 365 dni pri <+ 20 °C), cementovej kase pripravenej spoloénym
vibraénym domielanim cementu s prisadou (5 min a 10 min) pri trvani hydratdcie 28 dni
pri —6°C a 365 dni pri +20°C. C —Ca(OH),, A — alit, E — ettringit, K — kalcit; 1 —
— povodny cement PC 400 Roho#nik, 2 — 365 dni, +20°C nemlety cement, 3 — 28 dni,
—6°C + 365 dni, +20°C spoleéne vibraéne domlety cement 5 min., 4 — 28 dni, —6 °C
+ 365 dni, +20°C spoleéne vibraéne domlety cement s prisadou, 10 min.

Obr. 4. Snimky cementovych kasi zhotovené riadkovacim elektrénovym mikroskopom; a — nemlety
cement po hydratdcii 365 dni pri teplote +20°C a relativnej vlhkosti vydsej ako 95 %,
b — nemlety cement so 4 9, protizmrazovacej prisady, ¢ — 5 min vibradne domlety cement
so 4 Y% prisady, d — 10 min vibraéne domlety cement so 4 9, prisady, e — 5 min spoloéne
vibraéne domlety cement a 4 9, prisady, [ — 10 min spoloéne vibraéne domlety cement a 4 Y,
prisady,
snimky b—f po trvani hydratdcie 28 dni pri teplote — 6 °C a ndsledne 365 dni vo vlhkom pro-
stredy.
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BJINAHUE JOBABHKHN NaNOs; U Ca(HCOO). HA TUOPATAIIHUIO
LUBPAIIMOH HO N3MEJIBYUEHHOIO IIEMEHTA IIPU —6°C U +20 °C-

HBan fluorka, [/lama ®prasosa, Jlagucias IllreByia*

H ayuno-uccaedosameavckuii urcmumym unmenepulr coopyaceruti, 817 14 Bpamucaasa

* Hnemumym neopearuneckoii zumuu CAH, [dy6pascka yecma 5, 842 36 Epamucaasa

BubpaiuoHHOe U3MeJIbYeHNE IleMEHTA M IIGMEHTa BMecTe ¢ aHTUMOPO3MJILHON J00aBKOI
YC¢KOpACT HAvajl0 M BpeMA 3acTHIBAHUA M POCT HAaYalNbHHEX IPOYHOCTell MpH CIKATHH Ie-
MCHTHBIX PacTBOPOB, YJIOjKeHHBIX NmpH Temmeparype —6 °C.

JlaHHble, HOJIyYeHHBIE C IIOMOILBIO PEHTIeHOBCKOIO (ha30BOTO aHAIM3a M TepPMUYECKOI'0
aHa.IM3a TecT, NojBepraeMblX TemmepaType —6 °C, HIOKa3HBalOT, YTO B IIPHUCYTCTBHH
n0o0aBKu ¢yIlecTBeHHO IIOBHIIIAeTcA cofepKaHne CBA3AHHON BOJLI B I'HAPATAIlMOHHEEIX IPO-
aykETax u cojiepsxanue Ca(OH): B comocraBieHnn ¢ MX cojilepskaHHMCM B pacTBope Ges fo-
O6aBru. OOpasoBaHMe TMAPAaTAMOHHLIX IIPOAYKTOB yBelIM9UBaeTcA HPON3BOJILHO MOA00paH-
HBM cI0oc000M BHOpAlMOHHOrO uaMelibueHUsA. [JiIA JOCTIMIKeHNA JJIMTEJIBHOTO [eHCTBUA
aHTUMOPO3M.IbHOM J00aBKM B IIEMCHTHOM TeCTe OKa3hiBaeTcsi 0OoJlee IIDMIOjIHbIM TaKOU
¢1oco0 y:;T0/KeHMs, KOT;|a THApaTaIlisA IleMeHTa HaunHaeTcA IPH OTpUIaTesIbHOM TeMmepaType
U ja’lee IPOJOJIKAETCsI IPH HOJSIOKUTeNbHOH Temmeparype. IIpuBonuMoe pmeiicTBHE IIOBH-
maeTcss BUOpDAIlMOHHBIM M3MelIbUeHUMeM IeMeHTa BMecTe ¢ /00aBKOIL

llopucTocTh IEMEHTHHIX TeCT, HO[BEPTraeMLIX [eliCTBHIO OTPHIIATEILHEIX TeMIepaTyp
3aBUCHMT N peK/c Bcero or 00pa3oBaHMs JIbjla B CTPYKType pacTBopa. Ilpm BMOGpamuoHHOM
HU3MeJIbYeHU N [eMeHTa H IleMeHTa BMecTe ¢ JJOOaBKOM OCTACTCA B COCTOAHNH He3aMep3alomiero
Tecta 0OOJbHIAA [0/ (MECHTEIbHOM BOJIBI, ¢BHJETEIHLCTBOM uero ABiAercA Ooipliad TuJ-
PaBJMYecKA sl dKTUBHOCUTH IIeMCHTA M AHTHMOPO3WJILHOUO [(elicTBHA H00aBKH.

Puc. 1. Penmeenoepammor yemenma PC 400 Poeowmcruk, yemenmrozo mecma u3 Heusmendb-
HEHH020 YeMEHMA C AHINUMOPO3UAbHOU Jo6askoll, eudpamupyloueii ¢ 00H0E CMOopPOHbL
60 6aaxcroil cpede 365 Oneli npu memnepamype +20 °C, a ¢ dpyeoii cmoporbt 28 Onett
npu memnepamype —6 °C u kpome mozo 365 Oweii npu memnepamype ~+20 °C;
C — Ca(OH)2, A — aaum, E —ommpuneum, K — raavyum; 1 — ucxoonsiii yemenm
PC 400 Poeoxcrur, 2 — 365 oneii, 20 °C, 3 — 28 ownedi, —6 °C, 365 oneti, +20 °C.

Puc. 2. Penmeenoepammur yemenma PC 400 PoeomcHur, yemenmioeo mecma u3 HeUamenb-
UEHHO020 YEMEHMA ¢ AHINUMOPO3UALHOU 006a8Kol (Yao0diceHH020 60 6aaxcHoli cpede
365 oOneii npu +20 °C), yemenmmnozo mecma u3 6uUGPAYUOHHOZO UBMEALUEHHOZO
yemenma (6 u 10 mun.) u weusmeabuennoii 0ob6asku npu 2udpamayuu ¢ npodosdb-
scumeavrocmoie 28 dneti npu memnepamype —6 °C u nocae moeo 365 oneii npu mem-
nepamype +20°C; C — Ca(OH)2, A — aaum, E — smmpuneum, K — raabyum;
1 — uczodnvii yemenm PC 400 Pozowcruk, 2 — 365 oneii, +20 °C, neuameavuenmbiil
yemenm, 3 — 28 oneii, —6 °C, 365 Oneii, +20 °C, eubpayuonno uamesbueHHbill
yemenm & mun., 4 — 28 oneii, —6 °C, 365 oneii, +20 °C, eubpayuornro usmesbuer-
ot yemenm, 10 mun.

Puc. 3. Penmeenoepammor yemenma PC 400 Pozoxcnur, yemenmuozo mecma ¢ aHmumopo-

auabnoti o6aeskoti (yaoxcenHoli 60 eaancroli cpede 365 drneti npu memnepamype + 20 °C),
YEMEHMH020 MeCma, NPULOMOBAEHHO20 COBMECIHbIM GUCDAYUOHHBIM UIMEALUCHUCM
yemernma ¢ do6askoti (5 u 10 mun.) npu npodoaxcumeaviocmu eudpamayuu 28 oneit
npu memnepamype —6 °C u 365 Owneii npu +20 °C;
C — Ca(OH)z, A — aaum, £ — ommpuneum, K — kaavyyum; 1 — ucxodrvlii yemernm
PC 400 Pozoncrur, 2 — 365 Oneii, +20°C, neusmeavnennbiii yemenm, 3 — 28 Oweil,
—6 °C, 365 Oneir, +20 °C, coemecmito 6UGpayuUOHHO UBMEAbUEHHBIL Yemenm ¢ Jo-
6aekoli & mun., 4 — 28 onei, —6 °C, 365 oneii, +20 °C, cosmecmmo 6ubpayuorro
UsMeAbUCHHBILE Yemenm ¢ Go6askoii 10 mum.

Puc. 4. Cvemru yemenmubuir mecm, ROAYHEHHBIE C NOMOULI0 CKAHUDPYIOUIESO IAEKM POHHO20
MUKDOCKONG; @ — HEUBMEAbUEHHBLIL Yemenm nocae eudpamayuu 365 Oneli npu mem-
nepamype +20 °C u omrocumeavroli eaancrocmu stiute 95 %, b — neusmeavuernbiic
yemenm ¢ 4 % armumopoduabhoil 006asku, ¢ — & MUH. BUCPAYUOHHO UBMEABUEHHBLLE
yemenm ¢ 4 % dobasku, & — 10 mun. ubpayuonno usmeavuennwii yemenm c 4 %
006asku, e — § MUH. CosmeCmHO SUGPAYUOHHO uameabuenmbili yemenm u 4 % do-
6asku, ¥ — 10 mun. cosmecmmo ubpayuonno usmeavuenntit yemenm u 4 % do6asku;
cvemru b—1 nocae 28 Oneii eudpamupoeanus npu memnepamype —6 °C u nocaedo-
eamedvHo 365 Oneli 60 eaancroti cpede.
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Fig. 4a.
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Fig. 4c.
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Fig. 4. Scanning electron micrographs of cement pastes; a — original cement after hydration for

365 days at + 20 °C and relative humidity higher than 95 9, ., b — original cement with 4 9, of anti-

freeze admizture, ¢ — cement reground for 5 minutes, with 4 9, of admixture, d — cement reground

for 10 minutes, with 4 %, of admixture, e — cement reground for 5 minutes jointly with 4 % of admizx-

ture, f — cement reground for 10 minutes jointly with 4 9, of admixture. Micrographs b—f after
28 days of hydration at —6 °C and subsequent 365 days in humid atmosphere.
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