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The resul ts  are  given f rom an analytical and experimental study of the kinetics of the heat 
t reatment  of fe r roconcre te  slab s t ruc tures  in an alternating electromagnetic field. 

A technique for accelera t ing the hardening of concretes  in the wet heat t reatment  of ferroconcrel  
s t ructures  in an industr ia l - f requency electromagnet ic  field is current ly  under investigation and in pra t t  
operation at the Institute of Heat and Mass Transfer  of the Academy of Sciences of the Belorussian SSR [: 
2]. 

The distinguishing feature of this hea t - t rea tment  process  is the relat ively uniform withdrawal of 
heat throughout the entire volume of the concrete due to the conversion of electr ical  energy into heat in 
fe r romagnet ic  form and re inforcement  matr ix  of the specimens,  i.e., a virtually uniform distribution oJ 
both external and internal heat sources.  Under the conditions of actual heat t ransfer  with the surroundi~ 
medium, however, a tempera ture  field is formed, which naturally induces the formation of a mois ture-  
content field. 

The electromagnetic  heat t reatment  of fe r roconcre te  slabs in a metal form with a reinforcement  
matr ix  distributed uniformly throughout the concrete can be described by a set of heat-  and mass- transJ  
differential equations [3] with internal heat sources and mois ture  sinks. In the heat t reatment  of f e r r o -  
conc re t e  slabs on a fe r romagnet ic  substrate  (metal form) the process  can be described by the following 
set of differential equations (one-dimensional problem): 

at (x, t) o2t (x, "0 e 9 au (x, x) IW + q2 - a  + + - -  
oz ax 2 c az cy 

au (x ~) a,~ ----O~u (x, ~) + area O~t (x, ~) 
OT ax 2 Ox ~ 

subject to the boundary conditions 

[ a~ (o, ~) at (o, ~) ] 
- -  ~o~,.,, - - a T - -  + 6 a i - - j  = q~' 

L at (R, "0 
ax ~ a [t (R, "0 --  tovl + p (1 - -  e) qm = O, 

am OU (R,a_~_ ~) + am 8 at (R,ax ~) + ~u [u (R, ~) - -  u~l = O, 

t (0, ~) = I (X), 

t~, = f~ (% 

The initial conditions are  as follows: 

t (x,  O) = to; u (x,  O) = uo. 
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submitted May 16, 1969. 
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Fig. i. Kinetic curves for the wet heat treatment of ferroconcrete 
slabs in an electromagnetic field, a) Schematic of the ferrocon- 
crete specimen (layers numbered 1 through 6; RM) reinforcement 
matrix); b) variation of the temperature (~ in the concrete and the 
percentage humidity (%) of the treatment-chamber atmosphere with 
time (h): 1) first (bottom) layer; 2) second layer; 3) third; 4) fourth; 
5) fifth; 6) sixth (top) layer; 7) form temperature; 8) reinforcement 
matrix temperature; 9) percentage humidity of chamber atmosphere; 
c) local moisture distribution (kg/kg) in the concrete versus time 
(h): I) first (bottom) layer); 2) second layer; 3) fourth; 4) fifth; 5) 
sixth (top) layer. So as to avoid error the moisture content of the 
third layer containing the reinforcement matrix was not determined. 

In the present article we generalize and correlate the results of analytical and experimental investiga- 
tions of the temperature and moisture-content field distributions in the hardening kinetics of concrete sub- 
jected to wet heat treatment, during the period in which the temperature rises to a maximum in the speci- 
men, as it is in this part of the temperature regime (see Fig. I) that the main physicochemieal processes 
involved in the coagulation and crystallization structurization of the cement take place. In this period, as 
a rule, the destructive processes elicited by the temperature-humidity strains of concrete experience their 
peak development. 

In Eq. (1) we have introduced the term (IW + q2)/cT on the basis of the following consideration. 

The hydration chemical reaction of cement in a hardening mass of concrete is accompanied by the 
uniformly volume-distributed internal release of heat from the cement. We denote this heat source by ql 
= rW, i.e., the power of the internal heat source formed by hardening of the concrete is equal to the prod- 
uct of the power W of the internal moisture sink due to losses in the molecular (hydrate) bond by the en- 
thalpy I of the given system. 

We know that the hydration of mineral binding agents is a strongly exothermal process. The total 
heat release determines the amount of chemically bound water, i.e., the degree of hydration of the cement 
(the relative completion of the chemical reactions of the cement minerals with water). As the quantity of 
water in the molecularly bound state is increased (according to the scheme of P. A. Rebinder), the heat of 
hydration increases in the crystal hydrates of cement, attaining, according to the data of [4], (40-50) �9 103 
kcal/m 3 of concrete, which is equivalent to a temperature increase of 70-80~ The maximum rate of heat 
release in this case is observed in the first two or three hours of hardening. The heat imparted to the sys- 
tem is spent in increasing the enthalpy I, which is a thermodynamic function of the state of the system. 
Now, by virtue of the equation dI = dU + pdV, this heat goes toward increasing the interval energy of the 
system and completing the work of increasing the volume of the new-formed cement. 

Thus, according to Powers [5] the hydration of Portland klinker doubles the volume of the hard con- 
stituents in the cement mix, even though the process as a whole proceeds without significant volume 
changes of the specimens. 
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Next we r e p r e s e n t  the heat r e l e a s e  in the re in forcement  mat r ix ,  which is d is t r ibuted uniformly in the 
concre te ,  by the source  q2. The total  in ternal  source  is Q = ql + q2. It must  be noted at  the s a m e  t ime that, 
owing to the fundamental  dependence of the in ternal  exothermy on the t e m p e r a t u r e  [6, 7], this r e su l t  will 
tend to smooth out the i r r egu l a r i t y  of the t e m p e r a t u r e  field in the given hea t - t r ea tmen t  technique. 

Equation (2) includes the additional t e r m  co = 100-Wam/) tm,  which accounts for  the in ternal  mois tu re  
sink due to water  enter ing into chemical  bond with the cement,  resul t ing in the production of h igh-hydrate  
and low-hydra te  modif icat ions of the new-formed  cement.  

The r ight-hand side qm of the boundary condition (3) is  equal to zero,  because  for  x = 0 the mo i s tu re  
flow in the d i rec t ion of the meta l  form,  which ac ts  as a moi s tu re  insulator ,  is  equal to zero.  

The solution of the s y s t e m  (1)-(8) with l inear  var ia t ion of the t e m p e r a t u r e  of the fo rm and surrounding 
medium, taking t he rm a l  diffusion and mo i s tu re  evaporat ion f r o m  the slab sur face  into account, p resen ts  
cons iderable  mathemat ica l  difficulties.  The specif ic  conditions of the wet heat t r ea tmen t  of f e r r o c o n c r e t e  
spec imens  in e lec t romagne t ic  chambers  pe rmi t  the prob lem (1)-(8) to be simplified.  Following a r e  the 
pr incipal  assumpt ions .  

Recognizing that when a f e r roconc re t e  slab is heated in an e lec t romagnet ic  field the t e m p e r a t u r e  
drop over  i ts  c ros s  sect ion in a given par t  of the r eg ime  is  slight (see Fig. 1), plus the fact  that the ins tan-  
taneous mo i s tu re  content is c lose  to the initial  value in this period, the value of the t he rma l  gradient  coef-  
f icient 5 is  small .  In Eq. (2), therefore ,  the second t e r m  can be dropped. 

Proceeding f r o m  the exper imenta l  data, we can a s sume  that the phase convers ion  c r i t e r ion  e in 
concre te  [8] is equal to zero,  s ince the t r ans f e r  of moi s tu re  in vapor  fo rm is sma l l e r  by three  o rde r s  of 
magnitude than that in liquid form.  Consequently,  we can neglect the second t e r m  of Eq. (1). 

Moreover ,  in the concre te  heating period the principal  internal  heat-  and m a s s - t r a n s f e r  coefficients 
~, a, c, and a m a r e  var iab les ,  due to the t ime  var ia t ion  of the physicochemical  p roper t i e s ,  t empera tu re ,  
and mo i s tu re  content of the concrete .  In view of the fact  that the analyt ical  solution of the heat'- and m a s s -  
t r a n s f e r  s y s t e m  with t i m e - v a r i a b l e  the rmophys ica l  and m a s s - t r a n s f e r  cha rac t e r i s t i c s  a lso  p resen t s  s izable  
difficulties,  in o rder  to calculate  the mois tu re -con ten t  f ields we a r b i t r a r i l y  par t i t ion the heating period 
into four equal t ime  segments  (zones). Now within the l imi ts  of each segment  the values  of the coefficients 
can be assumed  constant  but different  in numer ica l  value for  each succeeding segment  of the heating period. 

Inasmuch as only a ve ry  minute quantity of mois tu re  is evapora ted  f r o m  the concre te  in the given 
par t  of the t e m p e r a t u r e  r e g i m e  due to the high re la t ive  humidity of the surrounding med ium (r : 85-95%), 
the heat  of vapor iza t ion  can be neglected. 

The indicated internal  heat source  Q, according to the foregoing considerat ions ,  is  a s sumed  to be 
uni formly  dis tr ibuted throughout the slab volume.  Thus, the mathemat ica l  s ta tement  of the p rob lem is  as  
follows for  this case: 

Ot (x, -c) _ a 02t (x, ~) + I W  + q______2, (9) 
0"~ Ox ~ c? 

O~u (x, ~) (10) Ou (x, ~_____A) = a , .  . - -  . o~, 

Or Ox ~ 

Ou (o, ~) = o, (11) 
Ox 

Ou (R ,  ~) 
yoam ~ ~ q,~ =- O, (12) 

X Ot (R, z_______) + art(R,  x ) -  tad = 0. (13) 
Ox 

Newton's  law is taken into account in Eq. (13). Since a quas i - s t a t iona ry  r e g i m e  is  a s sumed  to p r e -  
vail ,  the h e a t - t r a n s f e r  coefficient ~ is p resumed to be constant: 

t (0, z) ---- A, + B; tav --- Al"c + B1; t (x, 0) = t o, (14) 

u ( x ,  O) = u o. (15) 
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The solution of problem (9), {13), (14) has the fo rm 

t (x, z) = Ax + B + \ cv ] 
2a L 1 + Rh J 

4 IW + q, A .hR 3 sin Ix,~ x (1 - -  cos I~) e 
+ cv �9 . ' (16) 

9 . 

a Ix~ sm 21x,~ [Rh (1 + Rh) + Ix~l 
r ~ l  

where/~n r e p r e s e n t s  the posi t ive roots  of the equation V cotp  + 1Rh = 0. 

Here ,  beginning at  a cer ta in  t ime  in the concrete  heating period, the t e m p e r a t u r e  difference t(0, r) 
- tav becomes  insignificant and may the re fo re  be neglected in Eq. (16) for  the calculat ion of the t e m p e r a -  
ture  field. Under the condition co = const,  applying the Laplace  t r a n s f o r m  to prob lem (10), (11), (12), (15), 
we have the following solution for  the moi s tu re -con ten t  field: 

2 
amP.k'~ 

~ ~ am ~k --ff lx~, e u (x, x) R(o R ~ -  x ~ ~ + u ~  ue cos 
- - -  (o  + 2 - -  , ( 1 7 )  

k=l Ixh 1 + am ~ sin ixk + : a ~  c~ 

in wMch/z k r e p r e s e n t s  the posi t ive roo t s  of the equation 

Under the condition c0 = co(?), 
tion in the f o r m  

c t g ~ =  a-~--~ ; [~u= 

applying a finite in tegral  t r a n s f o r m  to the s ame  problem,  we find the so lu-  

u(x, x) = Ue+ 4 ~  o R 
2~h 4- sin 2Ix h 

k = l  

(18) 

where/~k r e p r e s e n t s  the posi t ive roo ts  of Eq. (17'). 

For  each of the segments  into which we a r b i t r a r i l y  part i t ioned the t e m p e r a t u r e - r i s e  period the 
coefficients ~, a, and c have been obtained exper imental ly .  The init ial  data for  the calculat ion of the t e m -  
pe ra tu re  and mois tu re -con ten t  f ields a r e  given in Table 1. Using the r ad iome t r i c  method, we expe r i -  
menta l ly  determined the local mo i s tu re  contents during the hardening of concre te  under heat t r ea tmen t  
by t ransmi t t ing  a col l imated beam of thulium-170 isotope ~-quanta through each l aye r  of the slab [9]. The 
mo i s tu re  diffusion coefficient  for  each subinterval  of the t e m p e r a t u r e - r i s e  period was de te rmined  by the 
p rocedure  of [10]. The value of the m a s s  conductivity 2t m for  concre te  of the given composi t ion was taken 
f r o m  [11]. 

The quantity W of chemical ly  bound water  was determined exper imenta l ly  in the h e a t - t r e a t m e n t  
kinet ics  by the p rocedure  of Butt [12]. The composi t ion of the h igh- tes t  concrete  is given in [2]. 

The calculated values of the t e m p e r a t u r e  and mois tu re -con ten t  field distr ibutions in a f e r r o c o n c r e t e  
slab according to Eqs. {16) and (17) we re  compared  with the exper imenta l  data (Table 2). 

As apparent  f r o m  Table 2, the r e su l t s  of the calculat ions according  to the s implif ied p rocedure  a r e  
in good ag reemen t  with the exper imenta l .  The solution of this p rob lem can be extended to p re fo rmed  f e r r o -  
concre te  objects  such as  f lat  s labs  and panels whose thickness  is s eve ra l  t imes  s m a l l e r  than the other 
two dimensions  (length and width). 

Similar  calculat ions can be ca r r i ed  out for  long s t ra ight  objects  such as  beams ,  columns, etc.,  by 
t rea t ing  them as  infinite cyl inders  having an equivalent c ro s s  section. 
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h = c~/~,, m-l ;  
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U e 

UO 

W 

I 
Bi m = f i m R / a m  

NOTATION 

is the running tempera ture ,  ~ 
is the running mois ture  content, kg/kg;  
is the thermal  diffusivity, m2/h;  
is the mois ture  diffusion coefficient,  m2/h;  
is the thermal  conductivity, k c a l / m -  h- deg; 
is the mass  conductivity, k g / m .  h.  deg; 
is the specif ic  heat, k c a l / k g ,  deg; 
is the the rmal  gradient  coefficient,  deg-1; 
is the density of the concrete ,  kg/m3; 
is the total power of internal  sources ,  k c a l / m  ~. h; 
~s the dimensionless  phase convers ion coefficient;  
is the specif ic  heat of vaporizat ion,  kca l /kg ;  
is the k i ln-dry  density of the concrete ,  kg/m3; 
~s the hea t - t r ans fe r  coefficient,  k c a l / m  2. h.  deg; 
is the mois tu re  flux, k g / m  2 . h; 
is the mass -exchange  coefficient,  m / h ;  
a r e  constant coefficients;  

is a cha rac te r i s t i c  dimension, m; 
is the equil ibrium mois tu re  content, kg/kg;  
is the initial mois tu re  content, kg/kg;  
is the quantity of mois tu re  entering into chemical  bond with the cement  per unit volume 
of concre te  per  unit t ime, k g / m  3. h; 
is the sys tem enthalpy, kca l /kg ;  
is the Blot m a s s - t r a n s f e r  cr i ter ion.  
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