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The model of concrete  as a "conglomerate within a conglomerate"  is used to calculate the 
effects  of var ious fac tors  on the s t r e s se s  in f rozen concrete  and its f ros t  res i s tance .  

The f ros t  res i s tance  of concrete  is governed by the relat ive level of the tensile s t r e s se s  which resul t  
f rom the differences in s t ructure  and thermal  proper t ies  of the components of concrete;  the problem of  
choosing a f ro s t - r e s i s t an t  composit ion reduces  to the minimization of the rat io a z / R  T (within technical 
and economic limitations) [1]. Below we use the concepts and resul ts  of [1] to analyze and c a r r y  out com-  
parat ive calculations for  the effects of various factors  on the f ros t  res is tance  of concrete .  Before now, 
these effects could be determined only experimental ly.  It is now possible to explain on a common basis  a 
var ie ty  of facts ,  many of which previously had no theoret ical  explanation or  which required different ex- 
planations in different cases .  The discussion below, like that in [1], i s  at the macroscopic  level, i . e . ,  
within the f ramework  of phenomenologieal considerat ions.  

1 .  E f f e c t  o f  H a r d e n i n g  T i m e  on  t h e  F r o s t  R e s i s t a n c e  

o f  C o n c r e t e  

It has been established experimental ly that the f ros t  res is tance  increases  as a resul t  of hardening, 
but no detailed explanation has been available.  Analysis  revea ls  that the f rost  res i s tance  could increase  
as a resul t  of three c i rcumstances :  a) a change in the rat io a i / b  i as  a resul t  of the hydration of the P o r t -  
land cement  clinker,  b) a shrinkage of the hydrated mass  for the same reason,  and c) an increase  in the 
strength of the hydrated m a s s .  Let  us examine each of these fac tors  quantitatively. 

a) As a resul t  of the hydration of the clinker par t ic les ,  the average radius of the cl inker re l ics  de- 
c reases ,  and the concentrat ion by volume of the hydrated mass  increases .  If the volume of the hydration 
products  is, on the average,  twice the volume of the cl inker f rom which they are  formed [2, 3], we can 
write the following equation on the bas is  of our calculation model for an element at s t ructura l  level IIh 

vei = vl~ + 2 (v ~ - -  vxi ), (1) 

where v ~ = 1. Simple manipulations yield 

- -  3 ' - -  3 / / - - -  

a i ~ / o l i n  o and b i = ~ veibo, (2, 3 )  

where a 0 = b 0. 

We write the degree of cl inker hydration S as 

S = 1 vl~ 
vO �9 (4) 

Results calculated from Eqs. (1)-(4) are shown in Table 1; here S i is the average experimental value. 
In calculating the stresses we used the data from [I] and assumed all the clinker particles to be of the same 
size. Since tangential cracks have a much greater effect than radial (contact) cracks on the strength of a 
structure, the data shown in Table 1 refer to tangential stresses. 
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I 
T A B L E  1 .  E f f ec t  of the  T i m e  r on the  S t r e s s  a i i i t  

Characteristic 

Sf 
ai/ao 
bi/bo 
ai/bi 

oint, kgf/(cm z. deg) 

0 
1,0 
0 
1,0 
0 

14 

0,30 
0,89 
1,09 
0,81 

14,0 
1,0 

r. days 

28 180 

0,48 0,66 
0,80 0,7 
1,14 1,18 
0,7 0,59 

13,I 11,2 
0,93 0,80 

365 

0,80 
0,58 
1,21 
0,49 
9,8 
0,70 

1100 

0,95 
0,37 
1,26 
0,29 
8,2 
0,59 

"1 ace t___,s 
'5gO OgO -~ 

500 L 14Ok ~ ~ 

F i g .  1. S t r eng th  Rcc  ( k g f / c m  2) (1) 
and  f r o s t  r e s i s t a n c e  n (2) of c o n -  
c r e t e  a s  func t ions  of �9 (days) .  

? 
I We see  f r o m  T a b l e  1 tha t  the s t r e s s  criiit f a i l s  off a p p r e c i a b l y  

wi th  i n c r e a s i n g  ~-; a f t e r  3 y r  (~" = 1100 d a y s ) ,  e . g . ,  i t s  va lue  i s  
l only  0.64 of tha t  a t  T = 28 d a y s .  In the e x a m p l e  f o r  which  c a l c u l a -  

t ions  w e r e  c a r r i e d  out  in  [1], the va lue  ~III = 0.37crN was  u s e d  fo r  
t y p i c a l  c o n c r e t e .  A c c o r d i n g l y ,  a s  a r e s u l t  of the d e c r e a s e  in 
( a / b ) i i i ,  the va lue  of ~2  a f t e r  3 y r  i s  only 0~ x 0.37 = 0.13 of the  

x va lue  of ~2 a t  28 d a y s .  We can  u s e  th is  va lue  a s  a rough  e s t i m a t e .  

b) Sh r inkage  of the  h y d r a t e d  m a s s  r e d u c e s  i t s  w a t e r  con ten t  
and  thus  the r e l a t i v e  s t r a i n  upon f r e e z i n g ,  b e c a u s e  t h e r e  i s  l e s s  of 
the  expand ing  c o m p o n e n t  in the f o r m e r  v o l u m e .  A f t e r  the i n i t i a l  

h y d r a t i o n  p e r i o d  (which we n o m i n a l l y  s e t  a t  z 0 = 14 d a y s ) ,  a r i g i d  s t r u c t u r e  of h a r d e n e d  c e m e n t  p a s t e  has  
f o r m e d ,  and  the h a r d e n i n g  p r o d u c t s  r e s u l t i n g  f r o m  f u r t h e r  h y d r a t i o n  s i m p l y  c o m p r e s s  i t .  The d e g r e e  of 
th i s  c o m p r e s s i o n  can  be  e s t i m a t e d  f r o m  TabIe  1; f o r  the  t i m e  i n t e r v a l  in which  we a r e  i n t e r e s t e d  we f ind 
Ap h = ( 1 . 2 6 - 1 . 1 4 ) / 1 . 1 4  ~ 0.11. 

We a s s u m e  a l i n e a r  r e l a t i o n  b e t w e e n  Ap2 and e2 d u r i n g  f r e e z i n g  o v e r  a su f f i c i e n t l y  n a r r o w  r a n g e  of  
d e n s i t i e s  and w a t e r  c o n t e n t s .  Since we have  [e21 >> lel l  f o r  the  c o m p o n e n t s  a t  s t r u c t u r a l  l e v e l s  II and  III  
d u r i n g  f r e e z i n g ,  whi le  we have le2[ ~ let[ fo r  the c o m p o n e n t  a t  s t r u c t u r a l  l e v e l  I, we can  a s s u m e  that  t h e r e  
i s  a l s o  a l i n e a r  r e l a t i o n  b e t w e e n  AP2 and Ae .  A c c o r d i n g l y ,  a change  in Ph c a u s e s  a p r o p o r t i o n a t e  change  
in crE. 

c) Study of the e f fec t  of the h a r d e n i n g  t ime  on the p r o p e r t i e s  of c o n c r e t e  has  shown [4] tha t  ( R c i / R T i )  r 
~. cons t  and  Rc,r=l100/'Rc,r=28 = 1.6 .~ 2.0.  

F o r  3 y r  c o n c r e t e  the d e c r e a s e  in a N i s  0.13 + 0.11 = 0.24; thus the  c o r r e s p o n d i n g  va lue  of o - r / R  T i s  
l o w e r  than  tha t  f o r  28 day  c o n c r e t e  b y  a f a c t o r  which  v a r i e s  f r o m  1 .6 /0 .76  = 2.1 to 2 .0 /0 .76  = 2.63.  The 
e x p e r i m e n t a l  r a t i o  of f r o s t  r e s i s t a n c e s  fo r  t h e s e  two a g e s ,  a l s o  f r o m  [4], i s  f r o m  1.93 to 2.5.  T a k i n g  in to  
a c c o u n t  the n a t u r e  of t h e s e  e s t i m a t e s ,  we f ee l  the  a g r e e m e n t  b e t w e e n  the change  in  the c r i t e r i o n  ~ 2 / R  T 
and tha t  in the  f r o s t  r e s i s t a n c e  i s  c o m p l e t e l y  s a t i s f a c t o r y .  We should  note h e r e  tha t  the w o r k  in [4] was  
not  c a r r i e d  out  to e s t a b l i s h  the  r e l a t i o n s h i p  b e t w e e n  the f r o s t  r e s i s t a n c e  and the s t r e n g t h  of c o n c r e t e ,  but  
t h i s  r e l a t i o n s h i p  can  b e  e x t r a c t e d  f r o m  the da ta  of [4], s i n c e  we have  1 .6 /1 .93  ~ 2 . 0 / 2 . 5  wi th in  a s m a l l  
e x p e r i m e n t a l  e r r o r  (the d e v i a t i o n  f r o m  the  m e a n  i s  t e s s  than  2%). 

I t  fo l lows  f r o m  th i s  d i s c u s s i o n  tha t  the  i n c r e a s e  in f r o s t  r e s i s t a n c e  i s  p r i m a r i l y  a r e s u l t  of the 
s t r e n g t h e n i n g  of the c o n c r e t e  a s  a r e s u l t  of i t s  h a r d e n i n g .  H o w e v e r ,  i t  i s  d i f f i cu l t  to m a k e  such  a c o m -  
p a r i s o n  a t  an  a p p r e c i a b l e  n u m b e r  of po in t s  a long  the t ime  a x i s  on the b a s i s  of the  da ta  in  the l i t e r a t u r e ,  
s i n c e  p a r a l l e l  s t u d i e s  of f r o s t  r e s i s t a n c e  and s t r e n g t h  o v e r  v a r i o u s  p e r i o d s  of t i m e  have  been  e x t r e m e l y  
r a r e .  F i g u r e  1 shows  the b e h a v i o r  of the f r o s t  r e s i s t a n c e  and s t r e n g t h  a s  func t ions  of the h a r d e n i n g  t i m e .  
C u r v e  i i s  t a k e n  f r o m  [3], wh i l e  our  c u r v e  2 i s  p lo t t e d  on the b a s i s  of an  a v e r a g i n g  of the r e s u l t s  found in  
t e s t s  of f ive  t y p e s  of  c e m e n t  a c c o r d i n g  to the  A S T M  c l a s s i f i c a t i o n  [3]. Th i s  l a t t e r  c u r v e  t i e s  c l o s e s t  to 
the  h a r d e n i n g  c u r v e  fo r  type  I c e m e n t  ( o r d i n a r y  P o r t l a n d  c e m e n t ) .  Al though the  t e s t  r e s u l t s  a r e  not fu l ly  
c o m p a r a b l e ,  the s i m i l a r  b e h a v i o r  of the  two c u r v e s  can  be  t aken  a s  i n d i r e c t  e v i d e n c e  fo r  a func t iona l  r e -  
l a t i o n s h i p  b e t w e e n  the s t r e n g t h  and f r o s t  r e s i s t a n c e .  I t  t h e r e f o r e  s e e m s  p o s s i b l e  to c a l c u l a t e  and p r e d i c t  
the  e f f ec t  of the  age  of c o n c r e t e  on i t s  f r o s t  r e s i s t a n c e  and even  to e s t i m a t e  the e f f ec t  of the  d e n s i t y  on the 
f r o s t  r e s i s t a n c e .  
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Fig. 2. Dependence of ~t,r,2 (kgf/cm2"deg) on Et/E2: 1) E2,II 
= 1.8.10 5 kg~/cm 2, a i i  = 2.0 ram; 2) the same, a I I =  1.0 mm; 3) 
the same ,  a i i  = 0.15 ram; 4) E2, I = 2.5 �9 105 k g f / c m  2, a I = 20 m m ;  
5) the s a m e ,  a I  = 10 m m .  

2 .  R e l a t i o n s h i p  b e t w e e n  t h e  S t r e n g t h  a n d  F r o s t  

R e s i s t a n c e  o f  C o n c r e t e  

These  data furnish a new bas i s  for  examining the old dispute over  whether  re la t ive ly  s t rong  concre te  
is a l so  re la t ive ly  f r o s t  r e s i s t an t .  The p rac t i ca l  impor tance  of this question is obvious.  The p rob lem has 
been  that data on the effect  of s t rength  on f ro s t  r e s i s t ance  have been cont radic tory .  Many samples  of r e l a -  
t ively s t rong concre te  display a re la t ive ly  poor  f r o s t  r e s i s t ance ,  while many other  s amples  display a r e l a -  
t ively good f ro s t  r e s i s t ance .  

Now, us ing  the c r i t e r ion  (r~./Rh, we can conclude that this quest ion has not rea l ly  been  fo rmula ted  
co r r ec t l y .  The  effect  of s t rength on f ros t  r e s i s t ance  is  a bi t  complicated.  The f ro s t  r e s i s t ance ,  which 
is  desc r ibed  by this f ract ion,  depends not only on the s t rength (the denominator  of the fraction) but a l so  on 
the quantity ~ (the numera to r ) ,  and this numera to r  is in turn  governed by a la rge  number  of f a r  f rom ob- 
vious fac to r s .  

Neve r the l e s s ,  we can a s s e r t  at this point that, under  o therwise  equal  conditions, re la t ive ly  s t rong 
concre te  is  a l so  re la t ive ly  f ros t  r e s i s t an t .  

3 .  E f f e c t  o f  t h e  E l a s t i c  M o d u l u s  o f  t h e  A g g r e g a t e  on  

t h e  F r o s t  R e s i s t a n c e  

It follows f r o m  the equations for  the s t r e s s e s  ~t and ~r [1] that the s t r e s s e s  in the concre te  a r e  r e -  
duced as  the e las t ic  modulus of the inclusions is  reduced.  F igure  2 shows the s t r e s s e s  calculated for  
o rd inary  concre te  with ce r ta in  ave rage  values for  the p a r a m e t e r s  [1]. An i nc r ea se  in the damping capabi l -  
ity of the aggrega te  can significantly reduce cr I and /o r  ~II. If the aggregate  is f r o s t  r es i s tan t ,  this s t r e s s  
dec r ea se  leads to a cor responding  inc rea se  in the f ros t  r e s i s t ance  of the concre te .  F o r  example ,  if  the 
aggrega te  is a porous  c l a y - s a n d  mix ture  or  gravel ,  for  which the e las t ic  moduli a r e  usual ly fa r  tower  
than for  igneous rock,  the concre te  can be much m o r e  f ro s t  r e s i s t an t  than, for  example ,  concre te  made 
f rom crushed  grani te .  This  conclusion a l so  follows f r o m  Fig.  2. 

4 .  E f f e c t  o f  C o m p o s i t i o n  on  F r o s t  R e s i s t a n c e  

The composi t ion,  which is  usual ly  e x p r e s s e d  in t e r m s  of the ra t io  of the components  in the concre te  
mix ture ,  can a lso  be desc r ibed  in t e r m s  of var ious  pa r t i cu l a r  c h a r a c t e r i s t i c s .  Le t  us  examine the sen-  
si t ivi ty of the f ro s t  r e s i s t ance  to the ra t io  (a /b) I , i i ,  i . e . ,  a p a r a m e t e r  governed by the concentrat ion by 
volume of the aggrega te  in the concre te  conglomera te  or  by the amount of cement  used.  In our  model  the 
cement  is  desc r ibed  by  (b3-a3)/b 3 = 1 - (a /b )~ , i i .  

F igure  3 shows how the value of a / b  af fec ts  the s t r e s s e s  in the model ;  for  these calculat ions we 
used  the e las t ic  constants  given in [1]. F igure  3 is  plotted for  a thawing ha l f -cyc le .  If there  is  no h y s t e r -  
es i s  in the t he rma l  s t ra in ,  the f reez ing  ha l f -cyc le  s imply  changes the sign of the s t ra in ,  without affect ing 
i ts  magnitude.  The composi t ion range of p rac t i ca l  i n t e r e s t  is  f r o m  a / b  = 0.6 to 0.9. 

We see f rom Fig.  3 that an i nc rea se  in the aggrega te  concentra t ion (a dec rea se  in the cement  con-  
centrat ion) is accompanied  by a significant i nc rea se  in the s t r e s s e s  ~rtI and ~tII, which would be assoc ia ted  
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I I | 
Fig. 3. Dependence of at , r ,2/Ae (kgf/cm 2) on the rat io 
a /b :  1, 1') s t ruc tura l  level I; 2, 2') II; 3, 3') III. 
(a t , r /Ae �9 10-6). 

with a reduction of the durability of the concrete  [5]. A difference in the elast ic constants of the compo- 
nents of heavy concrete has comparat ively  little effect on the s t r e s ses ,  at teast the tangential s t r ess :  the 
curves  remain  essential ly equidistant over  a large range, up to a /b  ~ 0.75. As the cement  hardens and 
the clinker becomes  hydrated, the rat io a /b  dec reases  (Table 1), so that Fig. 3 also ref lects  the influence 
of this factor  on the decrease  in o-tiii and the increase  in the f ros t  res is tance  of concrete as it hardens.  

The influence of the rat io a /b  on the f ros t  res is tance  is actually more  complicated than it would 
appear  f rom Fig. 3, since the aggregate concentrat ion also affects the value of econ at s t ruc tura l  levels 
III and II; this effect can also be calculated Ill. Figure  3 is plotted for the case eco n = const. 

5. E f f e c t  o f  P o r e - F o r m i n g  A d d i t i v e s  

One of the basic  methods used to increase  the f ros t  res is tance  of concrete,  in the Soviet Union and 
elsewhere,  is to add pore - fo rming  (ai r -entraining or gas-evolving) additives to the concrete  mixture.  
Extensive experimental  work has shown that when such additives are  used the concrete displays no or  a 
very  low level of the anomalous expansion strain upon freezing which occurs  in concrete without such 
additives [6-8]. The good f ros t  res is tance  of concrete  with such additives follows direct ly f rom the c i r -  
cumstance that the quantity Ae = (cQ-ff2)At is very  low in this case because o~ 1 and ~2 are  approximately 
equal. Since the s t r e s se s  at all s t ruc tura l  levels are  direct ly  dependent on Ae [1], a decrease  in this 
quantity sharply increases  the f rost  res i s tance .  

6. E f f e c t  o f  F r e e z i n g  T e m p e r a t u r e  

The effect of the minimum tempera ture  on the rate of damage is closely related to cur ren t  problems 
of the testing of concrete  for f ros t  res is tance  and to the determination of the appropriate  coefficients for 
convert ing the resul ts  of labora tory  tests  to applications in various types of construction.  

According to [1], the s t r e s se s  a r i se  in the model in the interval  At = t l - tbe ,  and the relative rate 
of damage or  convers ion coefficient k for concre te  f rozen to tempera tures  til and ti2 is 

ti2 - -  t be 
k 

t i l--  tbe 

For  example, with the = -10~ til = -18~ and ti2 = -45~ we would have k ~ 4 in agreement  with the 
experimental  data of [9]. 

(5) 

7. F r e e z i n g  N o t  I n v o l v i n g  P a s s a g e  t h r o u g h  0~ 

It has been established that concrete  suffers  damage during temperature  fluctuations below 0~ even 
if the tempera ture  does not r i se  to this point [9]. The theoret ical  explanation for this experimental  fact  is 
obvious: tbe < 0 ~ Equation (5) can be used for a rough compar ison of the relative damage ra tes  for con- 
cre te  subjected to cycl ic  f reezing and thawing, with or  without a t ransi t ion through 0 ~ We note that a 
complete thawing resul ts  in a significant redistr ibut ion of the water,  whose distribution in the s t ructure  
s trongly influences the rate  of damage during cyclic f reezing [8]. 
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8.  A n a l y s i s  o f  t h e  C h a r a c t e r i s t i c  T y p e s  o f  D a m a g e  

Many experiments  have demonstrated that there are  basical ly  two types of damage. F i r s t ,  the con-  
crete  conglomerate  may be broken into severa l  par ts  by a few large c racks ;  in this case the result ing 
par t s  retain a comparat ively high strength.  Second, there may be a general ,  quite uniform disintegration 
of the s t ruc ture ;  in this case the concrete loses strength throughout its volume ("crumbles") .  Mixed types 
of destruct ion have also been observed.  Which type of destruction actually occurs  has been treated as un- 
predictable,  and in most  cases  the invest igators  have simply reported the type of destruction as an exper i -  
mental  fact.  

Let  us assume that macroscopic  c racks  appear at s t ructura l  level I, while the ruptures which occur  
at levels II and III a re  "microscopic"  c racks .  Then the probabili ty for the formation of macroscopic  c racks  
can be written 

P (M) ---- ~t 

while the difference between this probabili ty and 1, 

P (,1,) - (~ii ~ ~Ii~ 
(~E 

represents  the probabili ty for the formation of microscopic  c racks .  

According to the s t ructural  model of [1], the size of the macroscopic  c racks  is comparable  to the 
l inear dimension of the large aggregate in the concrete  (the crushed stone or gravel}, and several  such 
cracks ,  by combining, cause the type of destruct ion in which the concrete breaks  into several ,  compara -  
tively large pieces.  This type of destruct ion occurs  if P(M) > P(m) and is more  c lear ly  expressed,  the 
s t ronger  this inequality. The second type of destruct ion is observed if P(m) > P(M); with P(M) ~ P(m) 
the destruct ion is evidently of a mixed nature.  

(6) 

(7) 

9.  F r o s t  R e s i s t a n c e  o f  C e m e n t  M a t e r i a l s  a t  V a r i o u s  

S t r u c t u r a l  L e v e l s  

The l inear  dimensions of the aggregate par t ic les ,  including the clinker grains,  range from 100 mm 
to 10 ~, i . e . ,  over four o rde rs  of magnitude. The components of concrete  which we are  examining at 
var ious s t ruc tura l  levels,  on the basis  of the part icle  size [1], a re  used in pract ice  as individual mater ia l s .  
For  example,  a cemen t - sand  mixture is widely used s t ructural ly  in f ine-part ic le  concrete and in re inforced 
concrete .  Experience in construct ion and many experiments  have established the good f ros t  res is tance  of 
f ine-par t ic le  concrete ,  which is up to 1.5-3 t imes bet ter  than that of concrete in which the cemen t - sand  
mixture has analogous charac te r i s t i cs .  In turn, hardened cement paste is even more  f ros t  res is tant .  

The theoret ical  explanation for these facts follows f rom the concept of the combination of s t r e s ses  
in the model of a "conglomerate within a conglomerate ,"  since the s t r e ss  (r E is lower, the lower the 
s t ructural  level under otherwise equal conditions. In par t icular ,  the increase  in the f rost  res is tance  of 
f ine-par t ic le  concrete  over that of concrete  with a l a rge-par t ic le  aggregate should be proport ional  to 
aE/ (a i i  + (riH); for the example used in calculations in [1], we find the average value 1/0.72 ~ 1.4, in 
agreement  with the experimental  resul ts  given above. 

A s imi lar  explanation can be found for the decrease  in the f ros t  res is tance  of concrete  made f rom 
an aggregate in which the distribution of part icle  s izes is not continuous [3]: the absence of cer tain p a r -  
ticle s izes can produce new s t ructural  levels in the concrete and thereby affect its f ros t  res is tance .  

1 0 .  E f f e c t  o f  a C o m b i n a t i o n  o f  E x t e r n a l  F a c t s  on  t h e  

F r o s t  R e s i s t a n c e  

The actual s t ruc tures  which are  subjected to f reezing a re  in a loaded, s t ressed  state, while the 
standard tests  for  f ros t  res is tance  are  usually ca r r i ed  out with unloaded samples .  Accordingly,  special 
studies have been ca r r i ed  out to determine how the f ros t  res i s tance  is affected by the par t icular  nature 
and magnitude of the s t r e s ses  caused by external forces  [10-12]. 

Using the concept of f ros t  res i s tance  as the res is tance  of the mater ia l  to s t ruc tura l  s t r e s se s  during 
freezing and thawing [1], we find a natural  explanation for  these resul ts .  
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External  loads, the thermoelas t ic  s t r e s ses  due to tempera ture  gradients,  the s t r e s ses  which ar i se  
in re inforced concrete  during f reezing because of the difference between the thermal  proper t ies  of steel 
and concrete  [7-10, 13], etc. ,  produce a s t r e ss  field which is super imposed on the "inherent" s t ruc tura l  
s t r e s se s  in concrete .  Assuming in a f i rs t  approximation that the superposit ion principle is valid here,  
we can write the strength c r i te r ion  for  the f ros t  res i s tance  in the case of a combination of external  facts 
a s  

- - <  1, (8) 
R~ 

where 
-~- Ea = a~/~ %x § a st ate" 

Depending on the relat ive importance of each of these contributions to the total s t ress  Ecr ar is ing in 
the concrete ,  var ious types of cor ros ion  damage may also be observed during freezing.  In par t icular ,  
this situation is found in a par t icu lar  type of damage which occurs  at the ends of p r e s t r e s s ed  and loaded 
re in fo rced-concre te  g i rde rs  [9, 13]. It is pert inent  to note that data on the effect of fixed external  
loads on the f ros t  res i s tance  of concrete  can be used to determine the actual s t r e s ses  ar is ing in concrete  
during f reezing and to convert  f rom a discussion of a model to the actual mater ia l .  We will not pursue 
these points fur ther  in this paper .  

The number of fac tors  affecting the durabili ty of concrete  is extremely large;  an ASTM committee 
on the durabili ty of concrete  distinguished 190 such fac tors  [14]. But even if we consider  only 24 factors ,  
the number of different combinations in which they could affect f ros t  res is tance  is ext remely  large;  a cal-  
culation shows that this number is of the order  of 103~ Accordingly,  there is little hope for a purely ex- 
per imental  approach to the study of f ros t  res is tance ,  and theoret ical  work is necessa ry .  This paper should 
be considered an effort  in this direction.  

This entire analysis  has been based on the model of concrete as a "conglomerate within a conglom- 
era te ,"  in which various s t ruc tura l  levels are  distinguished. On the whole, this model leads to a descr ip-  
tion of the behavior  of concrete  upon freezing which agrees  with experiment,  so that this model will p re -  
sumably be useful for  studying sulfate attack, shrinkage, swelling, and other effects associa ted with s t r e s s  
and strain in a concrete  s t ructure .  

or, or', and Ea 
E 
R 
V 

Q 

b 
S 
T 

E 

p 
Ap 
O~ 

t 

N O T A T I O N  

are the s t r e s s e s  in the envelope of the model, specific s t r e s ses ,  and integral  s t r e s ses ;  
is the elast ic  modulus; 
I S  

l S  

I S  

I S  

l S  

l S  

I S  

the (local) strength; 
the concentrat ion by volume; 
the core radius in the model; 
the outer radius of the envelope; 
the degree of hydration; 
the t ime; 
the strain;  

is the density;  
is the change in density; 
is the thermal-expansion coefficient;  
is the tempera ture .  

S u b s c r i p t s  

E 
T 
C 

I, II and III 
0 
i 

In the model: 

e 
1 

denotes total; 
denotes tensile;  
denotes compress iona l ;  
denote s t ructura l  level; 
denotes initial; 
denotes instantaneous; 

denotes the element;  
denotes the core ;  
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2 denotes the envelope; 
denotes the time (days); 

h denotes the hydrated mass; 
t denotes tangential; 
r denotes radial; 
ex denotes the external forces;  
te denotes thermoelastie; 
st denotes steel; 
be denotes the temperature of the beginning of expansion; 
con denotes conglomerate. 

L I T E R A T U R E  C I T E D  

1. A . M .  Podval'nyi, Inzh.-Fiz. Zh., 2_.55, No. 2 (1973). 
2. T . C .  Powers, Physical Structure of Hardened Portland Cement Paste. Chemistry of Cements 

[Russian translation], Stroiizdat, Moscow (1969). 
3. A . M .  Neville, Propert ies  of Concrete, 1st ed., Pitman, London (1963). 
4. V . V .  Stol'nikov, A. S. Gubar', and V. B. Sudakov, Effect of the Age of Concrete on Its Engineer- 

ing Propert ies  [in Russian], Gos~nergoizdat, Moscow-Leningrad (1960). 
5. G. L Gorchakov, L. A. Alimov, V. V. Voronin, and A. V. Akimov, Beton i Zhelezobeton, No. 10, 

7 (1972). 
6. T . C .  Powers and R. A. Helmuth, Highway Research Board Proceedings, 32, Washington (1953). 
7. V . M .  Moskvin and A. M. Podval'nyi, in: Corrosion of Reinforced Concrete and Protection Methods 

[in Russian], Gosstroiizdat, Moscow (1960). 
8. A . M .  Podval'nyi, Inzh.-Fiz. Zh., 5, No. 2, 113 (1962). 
9. A . M .  Moskvin, M. M. Kapldn, B. M. Mazur, and A. M. Podval'nyi, Fros t  Resistance of Concrete 

and Reinforced Concrete below the Freezing Point of Water [in Russian], Stroiizdat, Moscow (1967). 
10. A . M .  Podval'nyi, in: Fros t  Resistance of Concrete [in Russian], Gosstroiizdat, Moscow (1959). 
11. A . A .  Goncharov and F. M. Ivanov, Gidrotekhnicheskoe Stroitel 'stvo, No. 6, 8 (1969). 
12. K . A .  Mal'tsov, P. G. Staritskii, A. M. Arkhipov, I. V. Mikhatevskaya, I. B. Sokolov, and V. A. 

Logunova, in: Proceedings of the Coordination Conference on Hydraulic Engineering [in Russian], 
No. 31, t~nergiya, Moscow-Leningrad (1966). 

13. A . M .  Podval'nyi, Gidrotekhnieheskoe Stroitel 'stvo, No. 8 (1962). 
14. C . H .  Seholer, ASTM Proceedings, 52, 1145 (1952). 

726 


