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Analyzed are  the conditions of equi l ibr ium and of breakdown in pore  walls due to in terna l  
pore  p r e s s u r e  in modera t e ly  heated concrete .  

The shr inkage and the burs t ing  of c ap i l l a ry -po rous  m a t e r i a l s  during drying are  at tr ibuted to tensi le  
or  shea r  s t r e s s e s  in the pore  wails produced by cap i l l a ry  fo rces  and by a nonuniform mois tu re  dis t r ibut ion 
over  a sec t ion  [1]. In o rde r  to es tab l i sh  the opt imum heating mode, one uses  methods based on the theory  
of e las t ic i ty  and on the concept  of l inear  expansivi ty.  In the case  of cap i l l a ry -po rous  m a t e r i a l s ,  however,  
and espec ia l ly  in the case  of curing concre te ,  which is semip las t i c ,  such assumpt ions  a re  not valid.  

The p re sence  of a v a p o r - a i r  mix ture  in the pores  has an apprec iable  effect  on the t he rma l  expansion 
c h a r a c t e r i s t i c s  and is a source  of in ternal  p r e s s u r e .  The f i r s t  a t tempt  to theore t ica l ly  analyze the effects  
of a v a p o r - a i r  medium in concre te  was made assuming  the wa te r  vapor  in pores  to be sa tura ted ,  the liquid 
wa te r  to contain no dissolved impur i t i e s ,  and the pores  to be cyl indrical  capi l la r ies  [2]. These  a s s u m p -  
tions have led to higher  calculated values  of internal  p r e s s u r e  and volume of a i r  and wate r  displaced by 
heating. The wa te r  vapor  within the pores  was not accounted for  by some authors .  This has resul ted  in 
lower  values for  the in ternal  p r e s s u r e  and the expansion of bubble volume during heating [3]. 

The pecul ia r  fea ture  of a cap i l l a ry -porous  colloidal ma te r i a l ,  such as concre te ,  is that i t  always 
contains a i r - f i l l ed  pores  resul t ing  f r o m  cont rac t ion ,  a i r  en t r apment  during sealing,  and a i r  r emova l  f r o m  
solution in wa t e r  (deaeration).  The p re sence  of f r ee  water  causes  its vapor  in pores  to be not sa tu ra ted  
but sa tura t ing,  i .e. ,  in equi l ibr ium with the water .  This,  and also the p r e s s u r e  re laxa t ion  through openings, 
cause  the pore  p r e s s u r e  to be usually lower  than theore t ica l ly  calculated [4]. 

Somet imes  the bubble p r e s s u r e  in a cap i l l a ry  is a ssumed  equal to the sum of the hydros ta t ic  and 
the cap i l l a ry  p r e s s u r e  [5]. It is well  known, however ,  that the ske l e ton ' s t ruc tu re  of concre te  and cement  
m o r t a r  during sett ing cons is t s  of a c rys ta l l ine  and a gel component  which may  not t r an smi t  the hydros ta t ic  
p r e s s u r e  to a bubble (pore). This is fu r the r  compounded by the p resence  of the f i l l e r  ma te r i a l  and by the 
abil i ty of the v iscous  mix  to take up the shea r  fo rces .  F o r  this reason ,  the hydros ta t ic  p r e s s u r e  d e c r e a s e s .  

At tempts  were  made to calculate  the hydraul ic  p r e s s u r e  in heated concrete ,  taking into account the 
poros i ty  of this m a t e r i a l  as well  as the v i scos i ty  and the t he rma l  expansivi ty  of wa te r  [6]. The hydraulic  
p r e s s u r e  was assumed  there  d i rec t ly  propor t iona l  to the poros i ty  of concre te  and to the spec imen  thick-  
ness  (height) squared.  This is not conf i rmed by tes ts .  The p r e s s u r e  in concre te  is lower than hydros ta t ic  
and in a pore  (bubble) there  m a y  be none until vacuum has developed. A calculat ion of pore  p r e s s u r e  is 
difficult,  because  the actual  composi t ion  of the v a p o r - a i r  mixture  is usual ly  unknown. 

The total p r e s s u r e  in a pore,  with re laxa t ion  d i s rega rded ,  consis ts  of a i r  p r e s s u r e  and s a t u r a t e d -  
vapor  p r e s s u r e :  

Po --PA + PV" (~) 

In engineering calculations, the air pressure is taken as 

PA=29.27 yT. (2) 
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The a i r  densi ty  ~a r i e s  f r o m  1.205 k g / m  ~ at 20~ to 0.946 k g / m  3 at 100~ Its values  under normal  
p r e s s u r e  are  found in tables.  Under pore  p r e s s u r e s  other  than normal ,  the a i r  densi ty va r i e s  p ropo r -  
t ionally with p r e s s u r e .  The p r e s s u r e  of sa tura ted  vapor  is e a s i e r  to de te rmine ,  because  it depends on 
the t empe ra tu r e  only and it i n c r e a s e s  f r o m  17.54 m m  Hg at 20~ to 760 m m  Hg at 100~ In te rmedia te  
values can be found in tables.  

The f i r s t  a t tempt  to m e a s u r e  the p r e s s u r e  in concre te  was made by Veks le r  and Goryainov [7]. In 
thei r  t e s t s ,  however,  they measu red  the externa l  hydros ta t ic  p r e s s u r e  r a the r  than the pore  p r e s s u r e .  Be-  
cause  of the smal l  spec imen  size and the t e m p e r a t u r e  drop f r o m  one end sur face  to the other,  m o r e o v e r ,  
the p r e s s u r e  gradient  was apparent ly  produced by osmos i s  and not by vapor  migrat ion.  The v a p o r - a i r  
p r e s s u r e  in an internal  pore  was studied and measured  in s tandard concre te  [8] and in l ight-weight con- 
c re te  [9] heated e lec t r ica l ly ,  a lso during p re s su r i za t ion  of gas concrete  [10]. Maksimov [11] and Lebedev 
[12] have establ ished the exis tence  of in ternal  p r e s s u r e  during l ow- t empera tu r e  drying of mois t  porous 
bodies.  It was at tr ibuted to water  vapor  and i ts  "injection" effect  through pores .  In p rac t ica l  calculat ions 
of heat  and m a s s  t r a n s f e r  along with in ternal  s t r e s s e s ,  however,  the effect  of pore  p r e s s u r e  is s t i l l  not 
taken into account [13] and this is incor rec t .  

In Fig. 1 a re  shown curves  of in ternal  excess  p r e s s u r e  during e lec t r i c  heating of s tandard concrete  
according to the 1 + 2 + 1 t ime cycle.  The t empe ra tu r e  of the i so the rma l  t r ea tmen t  was here  92-93~ The 
probes  were  open-ended e las t ic  rubber  tubes filled with f i l te r  paper  and protected with a nylon mesh  [14]. 
The effects  of hydros ta t ic  wa te r  p r e s s u r e  and c o n c r e t e - m i x  p r e s s u r e  were  el iminated by connecting a 
probe to a U-tube m a n o m e t e r  af ter  the spec imen  had been formed,  i . e .  , m e a s u r e m e n t s  were  s ta r ted  before  
heating. The deeper  was a probe located, the higher was the p r e s s u r e  because  of the g r e a t e r  hydraul ic  r e s i s -  
tance to the d ischarge  of v a p o r - a i r  mixture  and of wa te r  with l ess  p r e s s u r e  relaxat ion.  These  and other 
tes t s  [14] have shown that under  s eve re  heating, at r a t e s  of 30 d e g / h  or higher,  the excess  a i r  p r e s s u r e  
is 180-200 m m  H20 in s tandard concrete  and 350-400 m m  H20 in the dissolved phase of l ight-weight  con- 
cre te ,  but up to 700 m m  H20 inside c e r a m s i t e  grain.  The p r e s s u r e  curves  follow the heating curves .  After  
the end of heating, the p r e s s u r e  drops  immedia te ly  down to vacuum. However,  the overa l l  pore  p r e s s u r e  
is lower  than calculated according to f o rm u l a  (1). Never the less ,  such a p r e s s u r e  is sufficient to c r ack  the 
pore  walls .  

We will now examine the in ternal  and the external  sect ion of a porous body shown in Fig. 2 with r e -  
spect ive pore p r e s s u r e s  Pl and P2 during heating. We will es tab l i sh  the equi l ibr ium conditions for  the pore 
walls ,  considering the in terna l  p r e s s u r e  Pa and the p r e s s u r e  due to dead weight W. With the assumpt ion  
that  the poros i ty  is accura te ly  enough es t imated  on the bas is  of the average  c lear  a rea ,  i t  is poss ible  to 
de te rmine  the average  wall  thickness and pore d i ame te r  by well-known methods.  This is n e c e s s a r y  for  
classifying the s t ruc tu ra l  poros i ty  in t e r m s  of "thin-walled" or " thick-wal led" vesse l s  f o r  subsequent  ca l -  
culations. In the case of s tandard concrete ,  the initial  poros i ty  p r io r  to heating is de te rmined  by the porous 
coagulative s t ruc tu re  of cement  m o r t a r ,  ioeo, by the res idua l  w a t e r - t o - c e m e n t  rat io .  During hardening, 
in addition to wate r - f i l l ed  pores  there  appear  a i r - f i l l ed  pores  produced as a r e su l t  of cement  contract ion 
and water  evaporat ion.  During heating, the a i r  poros i ty  i n c r e a s e s  also owing to expansion of the v a p o r - a i r  
mix ture  and r e l ea se  of a i r  f r o m  the seal ing water .  In the wet  phase of s tandard concre te  the ra t io  a / 2 r  

is g r e a t e r  than unity. There fore ,  the analys is  of a thin-walled ves se l  witl apply here.  For  the purpose of 
calculat ions,  cel lu lar  and loose concre te  a re  t rea ted  as spher ica l  thin-walled vesse l s .  

Rupture of cracking due to in ternal  p r e s s u r e  on sect ion 2 can occur  if  

a t ~ (Sy;~ P~ (3) 

Equi l ibr ium at sect ion 1 is defined as 

a't. ~ ~y+p~  + w. (4) 

The externa l  p r e s s u r e  on the pore  wall  su r face  can be defined as 

p'a = P a S ~  (5) 
SS 

AS has been mentioned a l ready,  p r e s s u r e  W due to the dead weight of cement  m o r t a r  or  concre te  is 
lower  than the hydros ta t ic  p r e s s u r e .  According to the data by Akhverdov, this p r e s s u r e  is equal to 

w = h~,~ - -  4hF.  ,(6) 
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Fig. 1. Kinetics of the internal excess  p ressure  during heating 
of concrete:  t) at depth 7 cm; 2) 2 cm. P r e s s u r e  P (mm H20); 
time t (h). 

Fig. 2. Schematic d iagram for calculating the s t r e s ses  in pore 
walls: 1) inner zone; 2) surface layer.  

According to our data, W is lower than calculated by formula  (6), because of the severa l  fac tors  
discussed ear l ie r .  Of course,  we consider  here the equilibrium state. As soon as the equil ibrium is d i s -  
turbed and cracking (swelling) occurs ,  the second te rm in Eq. (6) becomes positive. Even under such con- 
ditions, however, the internal  pore p ressu re  remains  lower than hydrostat ic.  It is to be noted that, with 
probes as ours,  the internal  pore p res su re  is measured within a macrovolume on a surface at least  0.5 
mm 2 a rea  (medical syringe).  Capil lary forces  and p ressu re  in the gel pores remain  unaccounted for, how- 
ever.  This does not mat te r  as far  as the conditions of pore and c rack  formation or satisfying the equilib- 
r ium conditions according to (3) and {4) is concerned, because the effect of capi l lary forces  is included in 
the value of ~y. 

The actual s t r e s s e s  c t  and ~i in the pore walls due to internal p ressu re  can be calculated by well-  
known formulas  for  single vesse ls .  A cor rec t ion  is added for  the superposit ion of s t r e s se s  in adjacent 
single pores.  This makes the s t r e s se s  in a sys tem of pores twice as high as in a single one. In a pa r -  
tially hardened mater ia[  without cracks  we then have 

+ 4 ..< % (7> 
(T ~ /9 '/.3 /*3 

O - -  t 

Stress calculations for fresh concrete during the f i rs t  stage of heating may be based on the theory 
of plastici ty as, for example, according to the well-l~nown Bezuldlov formula. Transforming this formula 
to apply to two neighboring bubbles (pores), we obtain 

P 
- - -  ~ %. (8) 

lg r~ 
r i 

It follows from expression (8) that the s t resses  become higher with increasing porosity (thinner pore 
walls). (The r a t i o r o / r  i is,  to the f i r s t  approximation, equal to the rec iproca l  of the porosity.) 

Formulas  (3) and (4) bring out the role of internal and external p ressu re  on the s t ruc ture  formation. 
For  instance,  the onset of scaling and peeling of surface layers  during heating of the mater ia l  is a resul t  
of internal p re s su re  not compensated by additional loading or  by the dead weight of the mix. In concrete 
this occurs  during "severe"  heating at a rate of 30 deg /h .  Calculations show that, under an internal pore 
p ressu re  above 100 mm H20 , tensile s t r e s ses  of the order  of 0.2-1.2 k g f / c m  2 appear in the pore wails. 
This exceeds the ultimate tensile s t rength or  the yield point considerably,  the latter being of the order  of 
0.04-0.1 k g f / c m  2. As a consequence, there appear cracks .  The orientation of these c racks  is usually 
horizontal  or,  more  precise ly ,  perpendicular  to the direct ion of air  and water  migration,  i.e., para l le l  to 
the free surface of concrete.  The size of cracks  visible with a naked eye decreases  gradual ly f rom the 
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surface  down deeper  into the bulk. In cel lular  and loose concrete ,  where the rat io  r o / r  i approaches unity, 
this trend is even more  pronounced. 

On the whole, these exper imenta l  and theoret ica l  studies have shown that, during moderate  heating 
of concrete ,  the internal  p re s su re  must  be one of the s t ruc tu re  determining factors .  It produces th ree -  
dimensional deformations and internal  breakdown effects .  F o r  this reason,  the optimum heating mode for  
hardening e i ther  concrete  or other  capi l la ry-porous  mate r ia l s  cannot be calculated f rom thermal  s t r e s s e s  
based on the theory of e las t ic i ty ,  as in the case of a homogeneous body. For  the calculation of internal  
s t r e s s e s  we propose the use of the procedure  descr ibed here ,  which takes into account the internal  pore 
p re s su re  and the thermodynamic state of the v a p o r - a i r  mixture  in pores .  

P0 
PV 
.PA 
7 
T 

~t, (~t 
~y 
SO 
SS 
h 

7c 
F 

r i 
r o 
t 

NOTATION 

is the total p ressu re ;  
is the sa tura ted-vapor  p ressure ;  
is the air  p ressure ;  
is the air  density; 
is the absolute t empera ture ;  
are  the tensi le s t r e s s  on outer and inner  sect ion of a pore wall, 
~s the yield point or ult imate tensi le s trength of concrete;  
is the 
is the 
is the 
is the 
is the 
~s the  
is the 
is the 

total section area;  
a rea  of the solid phase (pore walls); 
height of column f rom surface  to given section; 
density of mix; 
shear  strength; 
inner radius of a pore; 
outside radius of a pore; 
time, h. 

respect ively;  

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

1. A . V .  Lykov, Theory  of Drying [in Russian], Energiya,  Moscow (1968). 
2. L . A .  Semenov, Beton i Zhelezobeton, No. 2 (1966). 
3. A . D .  Dmitrovich,  Heat and Mass T ran s f e r  during Hardening of Concrete in a Vapor Atmosphere [in 

Russian],  Stroiizdat,  Moscow (1967). 
4. V . P .  Ganin, in: Accelera ted  Hardening of Concrete Abroad [in Czech], Izd. Dom Techn.,  Brat is lava  

(1968). 
5. T. Powers ,  in: The Fourth  International  Congress on the Chemis t ry  of Cement [in Russian], 

Stroiizdat ,  Moscow (1964). 
6. A.D. Gumulyauskas et al., in: Methods of Studying Deformations and the Kinetics of Rising Strength in 

Various Concretes during Heat Trea tment  [in Russian], Stroiizdat,  Moscow (1967). 
7. K . E .  Goryainov and E. S. Veksler ,  tnzh. -Fiz .  Zh., 5, No. 4 (1962). 
8. V . P .  Ganin, in: Development of Prefab Housing in Western  Siberia  [in Russian], Novosibirsk (1967). 
9. G . I .  Polkovnikova and A. K. Yavorsldi ,  in: Methods of Studying Deformations and the Kinetics of 

Rising Strength in Various Concretes  during Heat Trea tment  [in Russian], Stroiizdat ,  Moscow (1967). 
10. K . F .  Lomunov, St roi te l 'nye  Materialy,  No. 1 (1968). 

/ 

11. G . A .  Maksimov, in: Industrial  Application of High-Frequency Currents  [in Russian], Energoizdat ,  
Moscow (1954). 

12. P . D .  Lebedev, Drying with Infrared Radiation [in Russian], Izd. GEI (1955). 
13. S . G .  Geras imov (editor), Handbook of Thermophys ics  [in Russian],  Pt. 2 (1958). 
14. V . P .  Ganin and N. N. Miller ,  in: Product ion Technology of Prefab Housing Components [in Russian], 

Moscow (1968). 

1014 


