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The poros i ty ,  s t rength,  pe rmeab i l i ty ,  and f r o s t - r e s i s t a n c e  kinet ics  in concre te  hardening at 
a be low-ze ro  t e m p e r a t u r e  have been studied by the methods of heat and m a s s  t r ans fe r .  

During concre te  laying in the North or  in winter  e l sewhere ,  the concre te  hardens  under conditions 
which are  ve ry  different  f r o m  norma l  conditions mainly because  of the low t e m p e r a t u r e  and also because  
of the soluble sa l t s  usual ly  added to the sealant  wa te r  (to avoid ice format ion) .  F o r  this reason,  the kinet ics  

I 

~5 %. 
Fig. 1. Genera l  shape of d r y i n g - p r o c e s s  t h e r m o g r a m s  
for  cement  stone at var ious  t imes  of the hardening cy-  
c l e .  Specimen without addit ives (a): I) 3 h; II) 24-170 
h; III) 7-28 days. Specimen with ca lc ium ni t ra te  and 
u rea  added (b): I) 5-13 h; II) 49-130 h; III) 7-28 days.  
Specimen with ca lc ium ni t ra te  added (c): I) 4-24 h; 
II) 29-70 h; III) 5-28 days.  Difference between spec i -  
men t e m p e r a t u r e  and a i r  t e m p e r a t u r e  AT (~ t ime ~-. 
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Fig .  2. Di f fe ren t ia l  p o r o s i t y  (V. 103 
m3/kg) as a function of hardening  
t imeO' ,h) ,  for  cement  s tone:  (a) wi th-  
out addi t ives;  (b) with ca lc ium n i -  
t r a t e  and urea;  (c) with ca l c ium ni -  
t r a t e .  

of conc re t e  fo rmat ion  and the p r o p e r t i e s  of a l r e a d y  formed "cold" 
concre te  a re  pecu l i a r  in some aspec ts ;  they can be p r o p e r l y  
s tudied only by a combinat ion of s e v e r a l  independent methods.  
In te res t ing  r e s u l t s  have been obtained, for  ins tance ,  the appl ica-  
tion of mass  and heat  t r a n s f e r  methods [1] in conjunction with 
o ther  conventional  methods.  

In this a r t i c l e  the authors  show the r e s u l t s  of such a c o m -  
bined ana lys i s  applied to the k ine t ics  of p o r o s i t y  development ,  to 
the va r ious  f o r m s  of wa te r  bonds, and to c e r t a i n  phys i comechan i -  
eal  p r o p e r t i e s  of "cold" concre te  with an addit ion of ca l c ium ni -  
t r a t e  and u r ea  p r e p a r e d  by the Special  Ma te r i a l s  L a b o r a t o r y  at 
the All-Union Sc ien t i f i c - l~esea rch  Inst i tute of P ipe l ine  Cons t ruc -  
tion [2]. 

The s t ruc tu r e  of a porous  m a s s  and the fo rms  of wa te r  
bonds involved in the hardening k ine t ics  of cement  stone with an 
addition of ca lc ium n i t r a t e  and urea ,  as welt  as its speci f ic  s u r -  
face,  were  examined by the method of d r y i n g - p r o c e s s  t h e r m o -  
g r a m s  [3, 4] supplemented  by l o w - p r e s s u r e  and h i g h - p r e s s u r e  
m e r c u r y  p o r o s t m e t r y  dur ing  l o w - t e m p e r a t u r e  n i t rogen a d s o r p -  
tion. S imul taneous ly  with the s t r u c t u r a l  ana lys i s ,  m e a s u r e m e n t s  
we re  also made of the c o m p r e s s i v e  s t rength,  the w a t e r  and gas 
p e r m e a b i l i t y ,  the f ro s t  r e s i s t a n c e ,  and the hydra t ion  k ine t ics  of 
concre te  by the method of d i f fe ren t ia l  t he rma l  ana lys i s .  

In o r d e r  to study the s t r u c t u r a l  po ros i t y  of cement  stone in 
concre te  by the method of d r y i n g - p r o c e s s  t h e r m o g r a m s ,  we p r e -  
pa red  spec imens  of cement  pas te  with sea lant  containing a 16% 
ca l c ium n i t ra te  and u rea  solution or  a 10% c a l c i um  n i t ra te  so lu-  
tion. Por t land  cement  f rom the Novo Zdolbunovsk Works ,  g rade  
M 500 with a 0.32 wa te r  content  was used. The leve ls  of the r e -  
spec t ive  addi t ive  contents  were  opt imal  fo r  hardening  concre te  
at -10~ F o r  compar i son ,  cont ro l  spec imens  were  p r e p a r e d  
without addi t ives  and hardened under  no rma l  humidi ty  coc~ditions. 

The ge ne r a l  shape of the d r y i n g - p r o c e s s  t h e r m o g r a m s  for  
the cont ro l  spec imens ,  for  the spec imens  with ca l c ium n i t ra te  

and urea ,  and for  the spec imens  with ca lc ium n i t r a t e  a re  shown in F ig .  1, where  s e v e r a l  ranges  c o r -  
responding  to evapora t ion  (in acco rdance  with the c l a s s i f i ca t i on  in [1]) can be ident i f ied:  excess  f ree  
w a t e r  (to point 1), m o i s t u r e  f rom m a c r o p o r e s  and i n t e r s t i c e s  between sand g ra ins  in the cement  stone 
(from point 1 to point 2), men i sca l  m o i s t u r e  f rom i n t e r s t i c e s  between sand g ra ins  and mo i s tu re  f rom 
m a c r o p o r e s  with a rad ius  10 .5 > r > 10 -~ m (from point 2 to point 3), mo i s tu re  f rom m i c r o p o r e s  with 
a r ad ius  r < 10 -7 m (from point  3 to point 4), mo i s tu re  adsorbed  by po l ym o l e c u l a r  l a y e r s  f rom mi -  
c r o p o r e s  with a r ad ius  10 -9 < r < 5 - 1 0  -9 m (from point 4 to point 5), mo i s tu re  adsorbed  by mono-  
molecu les  in m i e r o p o r e s  with a r ad ius  4 . 1 0  -t~ < r < 10 -9 m (from point 5 t o  point 6), and moi s tu re  
re ta ined  in the cement  stone by weak chemica l  fo rces  (below point  6). 

The d r y i n g - p r o c e s s  t h e r m o g r a m  for  the control  spec imen,  r eco rded  over  a per iod  of 3 h af ter  the 
beginning of the tes t  (Fig. la) does not have points 3 and 4, which indica tes  an absence  of m i c r o p o r e s  in 
the cement  stone. On the t h e r m o g r a m  reco rded  beginning at 24 h af te r  sea lan t  wa te r  had been added to 
the cement ,  one notes five c r i t i c a l  points  and a suff ic ient ly  d i s t inc t  3-4 segment ,  the l a t t e r  co r r e spond ing  
to w a t e r  evapora t ion  f rom m t c r o p o r e s .  As the hardening  per iod  is extended, the shape of the t h e r m o g r a m  
changes fu r ther ,  namely  the 3-4 segment  bec om e s  longer .  The s t r a igh t  6-7 segment ,  which c o r r e s p o n d s  
to evapora t ion  of w a t e r  with a weak chemica l  bond, is  noted only on the t h e r m o g r a m  of the f i r s t  3 h. 

The trend of the d r y i n g - p r o c e s s  t h e r m o g r a m s  for  both cement  stone with ca lc ium n i t ra te  and urea  
(Fig. lb) and cement  stone with ca l c ium n i t ra te  alone (Fig. lc) changes much s lower .  F o r  instance,  mi -  
c r o p o r e s  (segment  3-4) appear  only af ter  7 days in cement  stone with ca lc ium n i t r a t e  and urea ,  and only 
af te r  5 days  in cement  stone with ca l c ium n i t ra te .  
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TABLE I. Dif fe rences  in Moisture Content (96) at the Critical 
Points on Thermograms 

iDifference in moisture content (W, %) at the critical 
mts on the thermograrns 

~ o ~ ' ~ o  
. a , -  " E ~  

a 

f 
Calcium nitrate / 0,8 
Calcium nitrate and 

urea 0,5 

1,2 
i 

2,7 

1,6 

2,1 

9 ,1  

8,8 

In o r d e r  to eva lua te  the s t r u c t u r a l  p o r o s i t y  of cement  stone, it is most  meaningful to es tab l i sh  the 
d i f f e r ences  in mo i s tu re  content  at the c r i t i c a l  points  on a t h e r m o g r a m .  The r e spec t ive  d i f fe rences  in mo t s -  
ture  content,  as functions of the hardening  t ime,  a r e  shown in Fig .  2 for  a control  spec imen as well  as for  
spec imens  with ca l c ium n i t r a t e  and u r ea  o r  with ca l c ium n i t r a t e  alone. 

The k ine t ics  of s t r u c t u r a l  po ros i t y  in the r e f e r e n c e  spec imen  (Fig. 2a) is  typica l  for  cement  stone. 
An inc rea s ing  volume of m a c r o p o r e s  is noted af te r  250 h (maximum point on the 2-3 curve) .  During fu r -  
ther  hardening  the volume of m a c r o p o r e s  d e c r e a s e s  again while the volume of m i e r o p o r e s  (curve 3-4) in-  
c r e a s e s ,  but the total  volume of po re s  r e m a i n s  constant  (curve 2-4).  This  t rend is caused  by the blockage 
of l a rge  p o r e s  by the p roduc t s  of hydra t ion .  

The r a t e  of p o r o s i t y  buildup in the cement  stone s t r u c t u r e  is lower  in spec imens  with ca lc ium n i t ra te  
and u rea  than in the r e f e r e n c e  spec imen.  Aecording to Fig .  2b, the volume of m a c r o p o r e s  i n c r e a s e s  
g r e a t l y  (curve 2-3) within the f i r s t  100 h of hardening.  During fu r the r  hardening  this i nc rea se  becomes  
somewhat  s lower .  M i c r o p o r e s  in cement  stone with ca l c ium n i t r a t e  and u rea  begin to fo rm 150 h af te r  
sea l ing  has occu r r ed .  During the 150-370 h per iod  one notes  a sharp  i n c r e a s e  in the volume of m i c r o -  
p o r e s  and its subsequent  s tab i l i za t ion .  During the same per iod  one a lso  notes  a sharp  i n c r e a s e  in the 
amount of gel p o r e s  (curves  4-5 and 5). The k ine t ics  of hydra t ion  and p o r o s i t y  buildup in cement  stone 
with ca l c ium n i t r a t e  plus u rea  and in cement  stone with ca l c ium n i t ra te  alone (Fig. 2e) a re  analogous,  in 
the l a t t e r  ease  m i c r o p o r e s  appea r  app rox ima te ly  100 h a f te r  sea l ing  has  occu r r ed .  

When the porous  s t r u c t u r e  of cement  stone without addi t ives  is compared  with that of cement  stone 
containing ca l c ium n i t r a t e  and u r ea  or  ca l c ium n i t r a t e  alone, on the b a s i s  of the h a r d e n i n g - p r o c e s s  k ine t -  
ics ,  one finds that at -10~  there  a re  more  m t c r o p o r e s  and gel p o r e s  in the cement  stone when ca lc ium 
n i t r a t e  and u r ea  a r e  added than when ca l c ium  n i t r a t e  alone is added. It is noteworthy that  the method of 
d r y i n g - p r o c e s s  t he ' :mograms  is not sui table  for  de t e rmin ing  the amount of pores  with an effect ive rad ius  
r > 10 .5 m. F o r  this r eason ,  the apparen t  lower  level  o f  total  po ros i t y  in cement  stone with ca lc ium n[- 
t r a t e  than in cement  stone with ca l c ium n i t r a t e  and urea  can be i n t e rp re t ed  as a s m a l l e r  amount of r >10 -s 
m p o r e s  in the l a t t e r  ease .  

In the cont ro l  spec imens  hardened  under  no rma l  humidi ty  condit ions the total  po ros i ty  af ter  28 days 
is h igher  than in the spec imens  containing addi t ives  and hardened at -10~ The quantity of gel pores ,  

Specific Surface of Cement  Stone TAB LE 2. 

Kind of additive 

Calcium nitrate 
Urea 
Ca leium nitrate 

and urea 
No additive 

Specific surface (m2/g) of cement stone, as determined by 

method of drying-pro- 
cess thermograms 

aging time, days (24 h 
periods). 

28-28 
7 28 (comb.)' 

30,7 44,3 54,5 

34,2 58,0 - 71,6 

61,3 63,2 

method of low-temperature nitrogen 
adsorption 

aging time, days (24 h periods) 

I28 -28 
7 28 ](comb.) 

13,3 14,6 15,8 

14,3 15,2 1714 

16,2 18,2 19,5 

23,4 25,0 - -  

9o 

17,2 
I8,4 

20,3 
25,7 

18o 

19,2 

20,0 
i 

21,4 

26,8 
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F i g .  3. T h e r m o g r a m s  fo r  c e m e n t  s tone  wi thout  a d d i -  
t i v e s  (a), wi th  c a l c i u m  n i t r a t e  and u r e a  (b), wi th  c a l -  
c i u m  n i t r a t e  (c), a f t e r  ag ing  fo r :  1) 3 h; 2) 7 h; 3) 24 
h; 4) 48 h; 5) 78 h; 6) 6 days ;  7) 1 0 d a y s ;  8) 16 days ;  
9) 22 days ;  10) 28 d a y s .  T e m p e r a t u r e  T (~ 
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F i g .  4. D i f f e r e n t i a l  p o r o s i t y  AV/A In r 
as  a func t ion  of the p o r e  r a d i u s  r (#), 
for cement stone in concrete with cal- 
cium nitrate and urea, aged for 7 days 
(a), 28 days (Io), 90 clays (c), 180 days (d). 

however, is the same in the control specimens and in those 

with calcium nitrate and urea. 

The quantity of moisture retained due to polymoleeular 

adsorption and due to weak chemical bonds (curve 5 in Fig. 2) 

is the same [n the specimens with calcium nitrate or with cal- 

cium nitrate and urea. The control specimen contains some- 

what less moisture with a weak chemical bond, because it con- 

rains less of high-hydrate compounds. 

Similar studies were made on cement stone specimens 

with calcium nitrate and urea or with calcium nitrate alone 

after a compounded hardening cycle: first 28 days at -!0~ 

and next 28 days under normal humidity conditions. The dif- 

ferences [n moisture content at the critical points on the ther- 

mograms, depending on the kind of additive, are shown in 

Table i. The tabulated data indicate also that the largest 

amount of m[cropores and gel pores is formed in cement stone 
with calcium nitrate and urea. Moreover, the larger volume 

of m[cropores and gel pores here is offset by fewer macro- 

pores, as a result of their blockage by the products of hydra- 
t ion.  

The p h y s i c o c h e m i c a l  p r o c e s s e s  which  o c c u r  whi le  con -  
c r e t e  is  h a r d e n e d  at b e l o w - z e r o  t e m p e r a t u r e s  w e r e  s t ud i ed  
b y  the method  of d i f f e r e n t i a l  t h e r m a l  a n a l y s i s  on a l~  

ob ta ined  a r e  shown in F i g .  3. It i s  e v ide n t  h e r e  that  the h a r d e n i n g  dertvatograph. The thermograms thus 

processes at below-zero temperatures are very differentfromeonventional hardening. [n the ease of speci- 
mens with calcium nitrate and urea, for instance, the peak point on the thermogram, which corresponds 

to calcium hydroxide (at about 500~ appears distinctly only on the 16th day, while during conventional 
hardening of the control specimen it appears already within the first few days. 

An important indicator of the hydration rate during hardening is the specific surface of neoformations 
in cement stone. The specific surface of cement stone with the various additives and hardened at -10~ 
was determined by the method of drying-process thermograms and by low-temperature nitrogen adsorp- 
tion. 

The  s p e c i f i c  s u r f a c e  of c e m e n t  s tone ,  on the b a s i s  of d r y i n g - p r o c e s s  t h e r m o g r a m s ,  was  c a l c u l a t e d  
f r o m  the quan t i t y  of m o i s t u r e  in the s econd  m o l e c u l a r  l a y e r  [1] ( c u rve s  4-5  in F ig .  2). The r e s u l t s  of 
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TABLE 3. Comparat ive Data on the Strength of Concrete with Cal- 
c ium Nitrate and Urea or  with Either  Ingredient Alone (Water: ce -  
ment rat io = 0.36 

Ultimate compressive strength ( lo 5 N/m2)/re 
Hardening lative strength ~o of rated st mngth in aging) 

Kind of additive temperature I 7da--~4--h ~ ( 2 - - 4 h  [ 97day----~(24h 

Calcium nitrate 
Urea 
Calcium nitrate and 

urea 
No additive 

--10 ~ 
--I0 ~ 
--10 ~ 
Normal 

65/11 190/32 
108/18 404/68 
186/31 497/83 
398/67 595/i00 

333/56 
508/85 
590/99 
625/102 

these studies are  shown in Table 2. It is evident here  that the resul ts  obtained by both methods agree 
closely.  The difference in the absolute values of specific surface is explained by the higher resolving 
power of the d ry ing -p roces s  t he rmograms  than of the nitrogen adsorptionl because water  is adsorbed not 
only at the outside but also at the inside surface of tobermor i te - I ike  formations.  The specific surface, 
which cha rac t e r i ze s  the rate of hydration processes ,  is largest  for  cement  stone with calc ium nitrate and 
urea  -- of all the tested grades.  

After longer periods of  hardening, the s t ructura l  porosi ty  kinetics of cement  stone in concrete  with 
calc ium nitrate and urea were studied b y m e r c u r y  por i so tomet ry .  The data on differential porosi ty in 
this cement  stone aged for 180 days (Fig. 4) also indicate a ra ther  high hydration rate, manifested by an 
increas ing with time volume of mic ropores  with an effective capi l lary  radius smal le r  than 0.1 # [5]. 

The presence  of a microcapi l la ry  s t ruc ture  of cement  stone in concrete  with calcium nitrate and urea  
should ensure an appreciable increase  in strength above that of concre te  prepared with only the individual 
additive ingredients,  calc ium nitrate and urea  respect iveiy.  The strength charac te r i s t i c s  of concre te  with 
calc ium nitrate and urea  or with either of them alone are shown in Table 3. The data here indicate that 
the best  resul ts ,  in t e rms  of strength, at -10~ are  obtained by adding the combination of calcium nitrate 
and urea  to concrete  [6]. Such a concre te  attains 80% of the rated strength after aging for 28 days and 
100% of the rated strength after  agingfor  90 days, the strength of a control  specimen without additive and hard-  
ened under normal  humidity conditions counting as the rated strength for reference .  

The f ine-capi l la ry  s t ruc ture  of cement  stone in concrete  with calcium nitrate and urea  ensures  a 
higher f ro s t - r e s i s t ance  and a lower permeabil i ty.  Tests  have shown that concrete  with calcium nitrate 
and urea  can withstand 300 f r eez ing - thawing  cycles  with a fina[ strength 27% higher than that of control  
specimens after equivalent aging. Under a compound hardening cycle (first 28 days at -10~ next 28 days 
under normal  humidity conditions) and under p r e s s u r e s  of 5-20 aim, the gas and the water  permeabil i ty  of 
concrete  with calcium ni t rate  and urea  is (1-6) �9 10 -i4 and (4-10) �9 10 -17 m 3 �9 sec /kg  respec t ive ly .  Such con- 
cre te  meets the V-8 specifications and is, accordingly,  considered waterproof.  

These resul ts  of s t ruc tura l  and technological studies agree c losely  with each other, which points to-  
ward improved life cha rac t e r i s t i c s  of concrete  with calcium nitrate and urea. 

Thus, the application of heat and mass  t ransfer  methods, namely the d ry ing -p rocess  the rmograms ,  
together with other independent methods of analysis makes it possible to study the kinetics of proper ty  
changes in "cold" concrete  during hardening. 
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