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Resul ts  a re  shown of a study concerning the in t r ins ic  s t r a in s  and s t r e s s e s  in f rozen concre te  
conglomera te ,  a lso  the re la t ion  is shown between unit s t r e s s e s  and f ros t  r e s i s t ance .  

1. The effect  of t e m p e r a t u r e  on cap i l l a ry -po rous  m a t e r i a l s  is accompanied  by seve ra l  o ther  ef fec ts  
which have to do with the p r e s ence  of liquid or  gas in the voids [1]. The f reez ing  of concre te  sa tu ra ted  with 
water  or  saline solutions causes  damage to concre te  and r e i n f o r c e d - c o n c r e t e  s t r u c t u r e s  and buildings. Al -  
though cor ros ion  during f reez ing  is  obviously re la ted  to the phase  t r ans fo rma t ion  f r o m  water  to ice inside 
the po res  of concre te ,  it is quite difficult to explain the sequence of events  leading to breakdown. Hundreds 
of s tudies  have been published concerning the f ro s t  r e s i s t a n c e  of concre te .  At tempts  to explain the causes  
of breakdown were  f i r s t  made decades  ago [2, 3] and continue to this  ve ry  day [4, 5]. Var ious  authors  r e c -  
ognize different  f ac to r s  as  the main cause  of breakdown, namely:  the hydraul ic  p r e s s u r e  of water  d i s -  
p laced by ice,  the c rys ta l l i za t ion  p r e s s u r e  of ice, the pa r t i cu la r  mode of c rys ta l l i za t ion  p r e s s u r e  buildup 
in connection with the segregat ion  of ice c r y s t a l s  in the m i c r o p o r e s  of a c ap i l l a ry -po rous  hard  cement  
s t ruc tu re ,  the fo rmat ion  of "ice lenses , "  the osmot ic  p r e s s u r e ,  the migra t ion  of water  through the solid 
porous  medium toward the contact  sur face  with ice,  the higher  v i scos i ty  of water  displaced by ice,  due to 
the drop in t e m p e r a t u r e  and the r i s e  in the concentra t ion of sa l t s  d issolved in water  during f reez ing ,  ad-  
so rp t ion  effects ,  etc.  This  long l is t  c l ea r ly  points to the complexi ty  of the phenomenon and to the lack of a 
definitive causal  explanation for  it. 

An external  manifes ta t ion of concre te  breakdown due to f ros t  is the expansion of the s t ruc tu re  caused 
by a l te rna te  f reez ing  and thawing, accompanied  by the appearance  of m i c r o c r a c k s  and m a c r o c r a c k s  on the 
ave rage  uni formly  throughout the volume of ma te r i a l .  Such a mode of concre te  breakdown is  obviously r e -  
lated to in t r ins ic  (distinct f r o m  the rmoe las t i c )  s t ruc tu ra l  tensi le  s t r e s s  produced during f reezing.  No 
thorough ana lys i s  of causes  and conditions could be found in the technical  l i t e r a tu re .  In this study the 
author cons ide rs  the f ro s t  r e s i s t a n c e  of concre te  in the phenomenological  in terpre ta t ion .  

2. Concrete  may be t r ea t ed  as a two-component  ma t e r i a l  consis t ing of an e las top las t ic  ma t r i x  (ce- 
ment) with g ra ins  of a f i l le r  (as, for  example ,  unslaked c l inker  gra ins)  bonded to the ma t r ix  along the con-  
tact  sur face .  The cement  m a t r i x  is  a c a p i l l a r y - p o r o u s  body, while c l inker  with a fine f i l l e r  (sand) and a 
c o a r s e  f i l l e r  (rubble or  gravel)  in plain concre te  const i tu tes  compact  stone. This s t ruc tu ra l  d ivers i ty  en-  
s u r e s  a d ivers i ty  of deformat ion c h a r a c t e r i s t i c s  among the ingredients  of concre te  conglomera te ,  p a r -  
t i cu la r ly  of the i r  int r insic  s t ra ins .  

When concre te  sa tu ra ted  with water  f r e eze s ,  the m a t r i x  expands [6] as  a consequence of the a n o m a -  
lous p r o p e r t i e s  of water  within the t e m p e r a t u r e  range f r o m  --10 to --45~ while the f i l l e r  con t rac t s  r egu-  
lar ly .  

Thus, the t h e r m a l  expansivi ty  ~ of the c a p i l l a r y - p o r o u s  ingredients  of concre te  at be low-ze ro  t e m -  
p e r a t u r e s  is,  as  a rule ,  va r iab le .  Expansion of concre te  during f reez ing  is p r e c i s e l y  the resu l t  of i ts  p r i o r  
sa tura t ion  with wa te r  (here and l a t e r  on expansion will r e f e r  to concre te  cooled through the said t e m p e r a -  
ture  range).  Dry concre te  does not expand and a lmos t  does not b r e a k  down during f reez ing .  It has  thus 
been recognized that  the amount of expansion of wet concre te  during f reez ing  c h a r a c t e r i z e s  i ts  f ros t  r e s i s t -  
a n c e .  
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F i g .  1. T h e r m a l  e x p a n s i v i t i e s  a m,  s o, and s h a s  f u n c -  
t i ons  of aC" 

F i g .  2. Uni t  s t r a i n  e a s  a funct ion  of  the  i n s t a n t a n e o u s  
t e m p e r a t u r e  t i (~ fo r  c o n c r e t e  and r e i n f o r c e d - c o n -  
c r e t e  i n g r e d i e n t s :  1) s t r u c t u r a l  s t e e l  (a = 12" 10-6); 2) 
s a n d s t o n e  and q u a r t z i t e  a s  f i l l e r  (a = 11" 10-6); 3) g r a n -  
i te  and l i m e s t o n e  a s  f i l l e r  (a = 8" 10-6); 4) b a s a l t  and 
g a b b r o  a s  f i l l e r  (a = 6 .10 -6 ) ;  5) c l i n k e r  (a = 9 - 10-6); 6) 
d r y  c o n c r e t e  (a = 10" 10 -6 1/~ s a t u r a t e d  with  w a t e r :  
7) heavy  c o n c r e t e ;  8) c e m e n t - - s a n d  m o r t a r ;  9) h a r d  c e -  
ment ;  10) h y d r a t e d  m a s s .  

S t r u c t u r e  l e v e l s  of c o n c r e t e  u n d e r  i n t r i n s i c  s t r a i n s  a r e  l i s t e d  in T a b l e  1, a c c o r d i n g  to which  a c o n -  
c r e t e  s t r u c t u r e  m a y  be r e g a r d e d  a s  one of the  " c o n g l o m e r a t e  wi th in  a c o n g l o m e r a t e "  type .  D e f o r m a t i o n s  
of  t h i s  s t r u c t u r e  at  l e v e l  I m u s t  n e c e s s a r i l y  o c c u r  at  l o w e r  l e v e l s .  M o r e o v e r ,  the  m a g n i t u d e  of the  uni t  
s t r a i n  m u s t  i n c r e a s e  du r ing  t r a n s i t i o n  f r o m  l e v e l  I to l e v e l  III,  owing to  t h e  con t inu i ty  of t r a n s i t i o n s  f r o m  
l e v e l  to  l e v e l  and  owing to the  e x i s t e n c e  at  e ach  l e v e l  of c o m p a c t  and n o m i n a l l y  ( r e l a t i v e  to  the  m a t r i x )  n o n -  
d e f o r m i n g  i n g r e d i e n t s .  We no te  tha t  the  d i s c r e t e  v a l u e s  r e g a r d e d  h e r e  a s  c h a r a c t e r i z i n g  the  v a r i o u s  l e v e l s  
r e p r e s e n t  s o m e w h a t  a r b i t r a r i l y  s e l e c t e d  s e c t i o n s  a c r o s s  the  c o n g l o m e r a t e  m a t e r i a l .  

R e g a r d i n g  c o n c r e t e  a s  a con t i nuous  s o l i d  t h r e e - d i m e n s i o n a l  m e d i u m  and a s s u m i n g  the  s t r a i n  in a 
c o n g l o m e r a t e  to  be an a d d i t i v e  func t ion  of  the  s t r a i n s  in i t s  i n g r e d i e n t s ,  we m a y  u s e  h e r e  the  " m i x t u r e  
ru l e "  and w r i t e  

FIU I - /  ~2V2 
econ .... , , . (1) 

7ill -3- 7J 2 

In t h i s  equa t ion  e can  o b v i o u s l y  be r e p l a c e d  by s fo r  both  c o n c r e t e  and i t s  i n g r e d i e n t s ,  a c c o r d i n g  to  
the  r e l a t i o n  e = s a t .  H e r e  f o r  the  c a p i l l a r y - p o r o u s  i n g r e d i e n t s  e i s  de f ined  a s  the  t o t a l  s t r a i n  in e a c h ,  
equal  to  the  s u m  of the  t h e r m a l  s t r a i n  in the  c r y s t a l l i n e  s k e l e t o n  and the  bu lk  e f f ec t  of p h a s e  t r a n s f o r m a t i o n  
i n s i d e  the  p o r e s .  S ince  the  c h a n g e  in v o l u m e  of the  i n t r a p o r o u s  p h a s e  i s ,  a s  a r u l e ,  only  p a r t l y  t r a n s -  
m i t t e d  to the  s t r u c t u r e ,  h e n c e  the  de f in i t ion  o r  the  c a l c u l a t i o n  of e m u s t  be b a s e d  on a quan t i t y  which  can  
be  d e t e r m i n e d  e x p e r i m e n t a l l y .  

The  a b s e n c e  of e l a s t i c i t y  c o n s t a n t s  in Eq.  (1) d e r i v e s  f r o m  an a s s u m p t i o n  tha t  the  d e f o r m a t i o n  e n e r g y  
in the  m a t r i x  i s  spen t  e s s e n t i a l l y  on f r e e  e x p a n s i o n  of the  s t r u c t u r e  and c a u s e s  only  m i n o r  i n t e r n a l  s t r e s s e s  
in the  c o n g l o m e r a t e .  T h i s  d e f o r m a t i o n  a n o m a l y  m a y  be a t t r i b u t e d  to  the  bond,  c h a r a c t e r i s t i c  of c o n c r e t e ,  
be t ween  r i g i d  and e l a s t i c  i n c l u s i o n s  t h r o u g h  the c e m e n t  i n t e r l a y e r  with e l a s t o p l a s t i c  p r o p e r t i e s .  

C o n s i d e r i n g  tha t  v 1 + v 2 = 1 and a p p r o p r i a t e l y  r e p l a c i n g  e by s ,  we ob ta in  f r o m  (1) 

Cr n =: vl (al - -  ~z~) + a 2. (2) 
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TABLE 1. Structure Levels of Strained Concrete 

Level 
number 

System 
compact 

Insredients 

capillary,porous 

I 

II 

III 

Concrete 

Cement-sand mortar 

Hard cement 

Coarse filler 

Fine filler 

Clinker grains. 

Cement-sand mortar 

Hard cement 

Hydrated mass 

Therefore ,  Oco n = o 2 when v 1 = 0 and Oco n = o 1 when v 1 = 1. According to (2), Oco n is proport ional  to the 
volume content of f i l ler  in the mixture.  The tes t  data in [7] and their  interpretat ion confi rm the validity of 
Eq. (25. (It must  be pointed out that in [7] the authors have not derived any analytical formulas  to general ize  
their  data; they have focused their  attention on other aspects  of the problem, instead, without considering 
those which we are  discussing here.)  

Knowing o C, Ocf, Vcf, and v m (the composit ion of concrete) ,  one can find a m f rom formula  (15: 

aC-- %f vcf (35 

V m 

and then, with aid of analogous formulas ,  also ao  and o h. 

Assuming some typical composition of concrete,  charac te r i zed  by the rat io of volumes v h : Vcl : vff 
:Vcf = 0.16: 0.09: 0 .25:0 .5  and ac f  = off  = Ocl = 9- 10 -6 (~ -1, one can calculate a m, ao,  and ~h for v a r i -  
ous values of o C. The resul ts  of such a calculation are  shown in Fig. 1, where the values of o C based on 
the tes t  data in [8] charac te r ize  the strain due to f reezing of var ious  concrete  s t ruc tures  with var ious  mo i s -  
ture content levels.  A negative value of o indicates that the given ingredient expands during freezing.  
Noteworthy in Fig. 1 are  the unusually high values of ao  and o h, several  t imes  higher than their  values 
used in pract ice .  Without going into detail, we will r e fe r  here  to tes t  data confirming directly [8] or  in- 
directly that the var ious  thermal  expansivit ies calculated according to formula  (3) fall within conventional 
l imits  and cor respond  to their  t rue values for the respect ive  concrete  ingredients  during freezing.  The 
different values of thermal  s t rain in re inforced concrete ,  concrete ,  and the ingredients  of both have been 
plotted in Fig. 2 f rom test  data, handbook data, and calculat ions based on ~C = --10" 10 -6 (~ -1. The con-  
sequences of different s t ra ins . in  steel and in concrete  respect ively had been discussed ea r l i e r  in [6, 8]. 

3. Having determined the intrinsic s t rains  at var ious  s t ructure  levels,  one can now calculate the in- 
t r ins ic  s t r e s se s  produced in concre te  during freezing.  For  this is needed a mathemat ical  model. Of in- 
t e res t  a re  an experimental  model [9] and a theoret ical  model [10] of the concrete  s t ructure .  The model in 
[10] is alas unsuitable for  calculating the thermal  s t r e sses ,  because the f i l ler  has been assumed there non- 
deformable.  We will, therefore ,  use the model shown in Fig. 3 as our mathematical  model of the concrete  
s t ructure  where the concrete  conglomerate  consis ts  of f i l ler  mater ia l  confined to a spherical  volume inside 
a spherical  shell of cement  [11, 12]. This shell contains cement- -sand mor t a r  when around coarse  f i l ler  
grains ,  it contains hard cement  when around fine f i l ler  grains,  and it contains hydrated mass  when around 
clinker grains .  

We will assume that such a s t ructure  element (Fig. 35 is located in an isothermal  field without t e m -  
pera ture  gradients  ac ros s  it. At the tempera ture  t o (the conglomerat ion tempera ture ,  tentatively) there 
are  no s t r e s se s  in this element. In pract ice  no s t r e s s e s  are  induced during cooling as long as a i  = a2. 
After the tempera ture  the (beginning of expansion ~ --10~ has been reached,  o 1 ~ o 2 and in the element 
there  appear  intr insic s t ructural  s t r e s ses .  These s t r e s s e s  will decrease ,  as the tempera ture  drops below 
tee (end of expansion ~--45~ 

The maximum tensile s t r e s s e s  appear  in the shell along its contact with the inner core .  These are  
tangential (circumferential5 s t r e s s e s  which can cause a rupture of the shell, and radial s t r e s s e s  which de- 
tach it f rom the core (Fig. 35. The s t r e s se s  inside the core are  less  dangerous,  of course ,  if only because 
the ult imate strength of the f i l ler  mate r ia l s  is much "higher than that of cement.  

Let us express  the maximum s t r e s s e s  in a shell on the basis  of the solution to the Lam~ problem of 
an elast ic sphere under internal and external p r e s s u r e  [13]: 
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T A B L E  2. S t r e s s e s  in a She l l  of  a S t r u c t u r e  E l e m e n t ,  a s  F u n c t i o n s  
of the  D i a m e t e r  2a  (mm) of  the  F i l l e r  Core  in V a r i o u s  S y s t e m s  

Kind of 
stress 

Radial 

tY r 

Tangential 

Clinker grains and hy- 
drated mass 

0,03 I 0,09 ] 0,15 

11,9 7,2 4, 

--8,95 --11,4--12 

Fine filler and hard[Coarse filler and cement-sand 
:ement mortar 
0,15 1,0 [ 4,0 5,0 

6,5 1,25 0,2 5,95 

--9.7 -- 2,5---13,4 --3.6 

20,0 40,0 

3,7 2,3 

--5,3 --6,0 

F i g .  3. S t r u c t u r e  e l e m e n t  
( m a t h e m a t i c a l  mode l ) :  1) 
s p h e r i c a l  c o r e ;  2) s p h e r i -  
ca l  she l l .  

(~r 

a3 

I (2 a a . a s ,,~I (l~aa_)(l__21~ 0 2E,[ -~-[-I)--~,(4~--I )] Ex\ b a 
, ( 4 )  

(5) 

In o u r  c a s e  h e r e  

A s =  ta:  %) At, (6) 

w h e r e  At  = t i - - t b e  when tbe  > t i > t ee  and t i = t ee  when t i < t e e .  

We wil l  now c a l c u l a t e  the  s t r e s s e s  p r o d u c e d  in f r e e z i n g  c o n c r e t e  
u n d e r  v a r i o u s  s t r u c t u r a l  c o n d i t i o n s .  F o r  t h i s  we u s e  the  v a l u e s  of a m,  

So ,  and ~h  f o r  ~ C  = - -5"  10 -s  (~ -1 (Fig .  1) and  t y p i c a l  handbook  o r  t e s t  v a l u e s  fo r  the  p a r a m e t e r s  in f o r -  
m u l a s  (4), (5). Le t  6m = 4 . 0 ,  5 o =  0.25, 5 h = 0 . 0 1 5 m m ;  E m = 2 5 0 " 1 0 3  , E 0= 180" 103 , Eh = 1 3 0 " 1 0 3  , 
Ecf  = 500 .103  , Eff  = 600" 103 , Ec l  = 560" 103 kg /cm2;  #m = 0.22, #0 = 0.25, gh = 0.28, Pcf = # f f  = #cl  = 0.17. 
The r e s u l t s  of c a l c u l a t i o n s  a r e  l i s t e d  in T a b l e  2, w h e r e  the  v a l u e s  of a'  f o r  the  c oo l i ng  h a l f - c y c l e  a r e  g iven  
in k g / c m  2. An e x a m i n a t i o n  of e x p r e s s i o n s  (4)-(6) shows  tha t ,  depend ing  on the  s ign  of  the  p a r a m e t e r s  
h e r e ,  e i t h e r  the  r a d i a l  o r  the  t a n g e n t i a l  s t r e s s e s  in the  she l l  of a s t r u c t u r e  e l e m e n t  can  be t e n s i l e .  We 
note  tha t  t h e r e  i s  e x p e r i m e n t a l  e v i d e n c e  a v a i l a b l e  i n d i c a t i n g  two w a y s  in which  f r e e z i n g  c o n c r e t e  can  b r e a k  
down: t h r o u g h  c r a c k s  runn ing  a long  the  c o n t a c t  be tw e e n  f i l l e r  and c e m e n t  (i. e . ,  a s  a r e s u l t  of r a d i a l  s t r e s -  
s e s )  and  t h r o u g h  c r a c k s  runn ing  p e r p e n d i c u l a r l y  to  the  f i l l e r  s u r f a c e  (i. e . ,  a s  a r e s u l t  of t a n g e n t i a l  s t r e s -  
s e s )  [14, 15]. 

C o n s i d e r i n g  the t e n t a t i v e n e s s  of  the  m a t h e m a t i c a l  m o d e l ,  the  q u a l i t a t i v e  r e l a t i o n s  r e v e a l e d  in ou r  
a n a l y s i s  and shown in Tab le  2 a r e  s u f f i c i e n t l y  r e l i a b l e .  Indeed ,  the  m o d e l  h a s  no t  been  s u f f i c i e n t l y  r e -  
f ined  to  t ake  into  accoun t  the  e f f ec t  of a d j a c e n t  s t r u c t u r e  e l e m e n t s  in a c o n g l o m e r a t e  and n e i t h e r  have  the  
p l a s t i c  p r o p e r t i e s  of  the  i n g r e d i e n t s  which  c o n t a i n  h y d r a t e d  m a s s  been  a c c o u n t e d  fo r .  C a l c u l a t i o n s  show 
tha t  a c c o u n t i n g  f o r  the  c r e e p  of  c o n c r e t e ,  which  i n c r e a s e s  du r ing  f r e e z i n g  [16], r e s u l t s  in s e v e r a l  t i m e s  
l o w e r  s t r e s s e s  c a l c u l a t e d  a c c o r d i n g  to the  m o d e l .  Not ing  the  h igh  v a l u e s  of s t r e s s e s  in T a b l e  2, we m u s t  
c o n s i d e r  tha t  t hey  had  been  o b t a i n e d  on the  b a s i s  of  a C = - - 5 -  10 ~ (~ -1, i . e . ,  on the  b a s i s  of c o n c r e t e  n o n -  
r e s i s t a n t  to  f r o s t .  A c c o r d i n g  to  (6), A e  and t hus  a l s o  a r  and a t a r e  m a x i m u m  when ~1 and ~2 have  o p p o s i t e  
s i gns .  A s  a 2 i n c r e a s e s  to  b e c o m e  p o s i t i v e ,  the  s t r e s s e s  d e c r e a s e  r a t h e r  f a s t .  

4. So f a r ,  a n a l y z i n g  the  c o n c r e t e  s t r u c t u r e  a s  one of the  " c o n g l o m e r a t e  i n s i d e  a c o n g l o m e r a t e "  
t ype ,  we have  c o n s i d e r e d  tha t  (in t e r m s  of  the  m a t h e m a t i c a l  m o d e l )  the  c e m e n t - - s a n d  m o r t a r  f o r m i n g  a 
s h e l l  a r o u n d  c o a r s e  f i l l e r  g r a i n s  d o e s  i t s e l f  con ta in  m a n y  sand  g r a i n s  wi th  h a r d  c e m e n t  s h e l l s ,  whi le  h a r d  
c e m e n t ,  in t u rn ,  c o n s i s t s  of m a n y  c l i n k e r  g r a i n s  wi th  s h e l l s  of h y d r a t e d  ma=~ a round .  S t r e s s e s  a p p e a r i n g  
in the  m a t r i x ,  i . e . ,  in t he  s h e l l s  of  s t r u c t u r e  e l e m e n t s  a t  e ach  s t r u c t u r e  l e v e l  a r e  s u p e r p o s e d  on one 
a n o t h e r ,  The s u p e r p o s i t i o n  p r i n c i p l e  y i e l d s ,  wi th  the  c o n g l o m e r a t e  r e g a r d e d  a s  a con t inuous  m e d i u m ,  

~z = a:  § ~n § a m  (7) 

N a t u r a l l y ,  the  l i f e  of f r e e z i n g  c o n c r e t e  c o n g l o m e r a t e  i s  d e t e r m i n e d  not  by the  a b s o l u t e  l e v e l  of s t r e s s e s  
but  by what  f r a c t i o n  of  the  s t r e n g t h  of  the  m a t e r i a l  t h e y  r e p r e s e n t .  The  c r i t e r i a l  r a t i o  c h a r a c t e r i z i n g  the  
s t r e n g t h  of c o n c r e t e  c o n g l o m e r a t e  u n d e r  i n t r i n s i c  s t r e s s e s  wi l l  be  de f ined  a s  f o l l ow s  
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o':~ < 1, 
R (8) 

where,  to the f i r s t  approximat ion,  R = R h. On the bas i s  of (8), we can now propose  a set  of a s t rength  
c r i t e r i a  for  the f ro s t  r e s i s t ance  of concre te .  The m o r e  the f rac t ion  a z / R e  d e c r e a s e s  below unity, the lower  
is  the probabi l i ty  of c r a c k s  appear ing  in the m a t e r i a l  due to cold effects ,  the higher  is  the s tabi l i ty  of the 
ma t e r i a l  and the longer  is i t s  life. The m o r e  this  f rac t ion  i n c r e a s e s  above unity, on the other  hand, the 
f a s t e r  does the life of concre te  become shor te r .  Phenomena  re la ted  to durabi l i ty  and to fatigue s t rength  
under  cyclic  loading do, apparent ly ,  lower  the c r i t e r i a l  l imi t  defined in (8). Thus, the p rob l em of se lect ing 
f ros t  r e s i s t an t  concre te  while sat isfying the other  r e q u i r e m e n t s  in t e r m s  of s t rength,  set ,  c reep ,  etc.  as  
well as  in t e r m s  of technicoeconomic l imi ta t ions  r educes  to a minimiza t ion  of the c r i t e r i a l  f rac t ion  (8). 

5. In o rde r  to c lar i fy  the physical  a spec t s  of the phenomenon which occurs  in concre te  during f r e e z -  
ing, it is  n e c e s s a r y  to r e p r e s e n t  the s ta t i s t ica l  lot of data on local  s t r e s s e s  in a s t ruc tu re  at va r ious  leve ls  
and the i r  cor responding  spec t ra l  distr ibution.  According to rough e s t i m a t e s ,  1 dm 3 of concre te  contains 
approx imate ly  1" 10 5 sand gra ins  and 1" 10 8 c l inker  gra ins ,  i . e . ,  the number  of compact  ingredients  of dif-  
fe ren t  s t ruc tu re  leve ls  in concre te  can be c h a r a c t e r i z e d  by the approx imate  ra t io  n i : n i i : n i i  I = 1 .1 .5"  10 3 
: 1 .5 .10 6, which sufficiently jus t i f ies  the s ta t i s t ica l  approach.  

Impor tan t  a lso  a re  notions concerning the spec i f ics  of c r a c k  buildup in a porous  s t ruc tu re ,  inasmuch 
as the fo rmat ion  of c r a c k s  is r e la ted  to internal  s t r e s s e s .  In concre te  nonres i s t an t  to f ros t ,  high s t r e s s e s  
in the cement ,  espec ia l ly  under  repea ted  and cyclic  loads,  cause  c r acks .  Cracks  do, natural ly ,  lower  the 
s t rength  of concre te  and, while inc reas ing  i ts  poros i ty  and const i tut ing s t r e s s  cen te r s ,  they lower  i t s  r e -  
s i s tance  to long cycl ic  f ros t  effects .  On the other  hand, such c r a c k s  do also d ras t i ca l ly  reduce t h e r m a l  
s t r e s s e s  in a s t ruc ture .  While c r a c k s  due to externa l  loads resu l t  in higher  s t r e s s e s  and acce l e r a t ed  
breakdown, c r a c k s  due to in t r ins ic  s t r e s s e s ,  on the con t ra ry ,  reduce or  even remove  the la t te r .  Ini t ial ly 
(during the f i r s t  few f reez ing  cyc les  or  at h igher  be low-ze ro  t empera tu re s}  the re  appear  re la t ive ly  few 
c r a c k s  in the s t ruc ture .  These c r a c k s  re l i eve  s t r e s s e s ,  and new repea ted  loads a r e  n e c e s s a r y  to produce 
c r i t i ca l  s t r e s s e s  resul t ing in new c r a c k s  due to a supplementa ry  sa tura t ion  of concre te  with water  or  due 
to a red is t r ibut ion  of the water  [6]. This,  one mus t  a s sume ,  essen t ia l ly  explains  why a concre te  s t ruc tu re  
under  high unit s t r e s s e s  does not d is in tegra te  comple te ly  during the f i r s t  few f ros t  cyc les .  

Under intr insic  s t r e s s e s ,  the re fo re ,  the p r e sence  of c r i t i ca l  s t r e s s e s  at individual locat ions  does not 
de te rmine  the breakdown of an ent i re  s t ruc tu re ,  such a breakdown being the cumulat ive  resu l t  of all  de-  
fects .  The ra te  of defect accumulat ion depends on many va r i ab le  s t ruc tu ra l  and external  f ac to r s ,  making 
it  e x t r e m e l y  difficult to calcula te  the f ro s t  r e s i s t ance  and thus justifying a m e r e l y  compara t ive  es t imate .  
Such an es t ima te  may  be based  on Eqs.  (4), (5), and .(8). 

6. On the bas i s  of the p reced ing  ana lys i s ,  the f ro s t  r e s i s t ance  of concre te  can be phenomenologica l -  
ly c h a r a c t e r i z e d  as follows. The f ros t  r e s i s t ance  is de te rmined  by the re la t ive  magnitude of in t r ins ic  t en -  
s i le  s t r e s s e s  appear ing  in a concre te  s t ruc tu re  during f reez ing  and thawing. Breakdown s t r e s s e s  during 
t e m p e r a t u r e  va r i a t ions  appear  in the conglomera te  as  a resu l t  of the difference between the r e spec t ive  
the rmophys ica l  p r o p e r t i e s  of i t s  ingredients .  The difference between the t he rma l  s t r a ins  in the ingredients  
of f rozen concre te  sa tu ra ted  with wa te r  is  de te rmined  mainly  by the p r e sence  he re  of ingredients  an o ma l -  
ously expanding during f reezing.  

The intensi ty of the s tate  of s t r e s s  is de te rmined  by the magnitude of the total  s t r e s s e s  resul t ing  f r o m  
a superposi t ion  of s t r e s s e s  at each s t ruc tu re  level .  

According to the concepts  developed here ,  the f ros t  r e s i s t a n c e  of concre te  is  affected by all f ac to r s  
which de te rmine  the s t rength  of concre te  before  f reez ing  as  well as  by the magnitude of in t r ins ic  s t r e s s e s  
due to f reez ing  and thawing. The vas t  number  of these  f ac to r s  and the difficulty in accounting for  the i r  
va r ious  combinat ions  de te rmine  the complex i t y  of an exper imenta l  study dealing with this  ma t t e r .  

An ana lys i s  of published data on the f ro s t  r e s i s t a n c e  of concre te  has  shown and an exper imen t  has  
ve r i f i ed  that,  on the bas i s  of the concepts  p re sen ted  he re ,  it is  poss ib le  to i n t e rp re t  with a single c r i t e r ion  
the l a rge  multi tude of t es t  data on this  subject .  A c lose  quanti tat ive a g r e e m e n t  between theore t ica l  t e s t  
va lues  has  been found in s eve ra l  ca ses .  This appl ies ,  for  instance,  to the e f fec ts  of concre te  ' ,swelling," 
of the f i l le r  ma te r i a l ,  e tc .  on the f ro s t  r e s i s t ance .  

The r e su l t s  can obviously be used  for  solving technological  p r o b l e m s  as  well as  p r o b l e m s  of durab i l -  
ity of concre te  at t e m p e r a t u r e s  and under  c o r r o s i v e  or  o ther  conditions when in t r ins ic  s t r a in s  and s t r u c -  
tu ra l  s t r e s s e s  a re  produced.  
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I S  
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NOTATION 

the unit strain; 
the difference of unit s t rains;  
the volume concentrat ion;  
the the rmal  expansivity; 
the instantaneous t empera tu re ;  
the initial t empera ture ;  
the t e m p e r a t u r e  at which expansion during cooling begins; 
the t empe ra tu r e  at which expansion during cooling ends; 
a s t ress ;  
a unit s t ress ;  
the core  radius; 
the outside radius  of the shell; 

is  the modulus of elast ic i ty;  
is the Poisson  ratio; 
is  the s t rength (local). 

r e f e r s  to 
r e f e r s  to 
r e f e r s  to 
r e f e r s  to 
r e f e r s  to 
r e f e r s  to 
r e f e r s  to 
r e f e r s  to 
r e f e r s  to 

the f i l l e r  (the core  in the model); 
the cement  (the shell in the model); 
conglomerate ;  
concrete ;  
mor ta r ;  
hard  cement;  
hydrated  mass;  
coarse  f i l ler;  
fine f i l ler ;  

r e f e r s  to clinker;  
denotes radial  (stress);  
denotes tangential  (s tress);  
denotes total; 
r e f e r  to the f i r s t ,  the second, and the third s t ruc tu re  levels  respect ively;  
denotes tensi le  (s t ress) .  
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