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The mois ture  diffusivity a m in hydraul ic  cement  is calculated over the entire range of 
moisture  content levels ,  including the wet and the hygroscopic state. The values obtained 
here  account for the variation of the diffusivity as a function of the tempera ture  and of the 
moisture content s imultaneously.  

A method of heat t reat ing a mass of concre te  with an e lectromagnet ic  field has been developed at 
the Institute of Heat and Mass T rans fe r  (Academy of Sciences of the Belorussian SSR) and is now used in 
the industry [1, 2, 3]. It would be of interest  to explore how this mode of heat t rea tment  affects the s t r u c -  
turomechanicaI  proper t ies  of concre te .  

The authors have calculated the moisture  diffusivity in hydraulic cement  (concrete) cured with an 
e lec t romagnet ic  field at industrial f requency or  (for comparison) in a hot-vapor  chamber  as well as under 
normal -humid i ty  conditions. The calculations w e r e  based on the theory of heat and mass t rans fe r  during 
dehydration of a mater ia l  [41. Dehydration the rmograms  and curves  [5] were used for determining this 
mois ture  diffusivity. 

F i r s t  we determined a m during the period of cons tant - ra te  dehydration and used for this the fo r -  
mula [61 
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Formula  (1) had been derived by t ransforming  the solution to the equation of mass t ransfer  for an 
infinitely large  plate with a low value of the Posnov number.  The la t ter  condition is quite well satisfied 
in any cap i l l a ry-porous  mater ia l  during ~he period of cons tan t - ra te  dehydration, when the internal t e m -  
pera ture  drop is either equal to zero or is negligibly small .  

This period also cor responds  to the l inear  horizontal  segment  of a dehydration the rmogram.  With 
the relation a m(U) between the moisture  diffusivity and the moisture content at a constant t empera ture  
a l ready  known, it is poss ible to determine the fictitious moisture  diffusivity a 0 in a bone-d ry  mater ia l .  
For  this purpose here ,  we plotted a graph of 1 / a  m v s  u. The resul t ing s t ra ight  line was then extended 
to its intersection with the axis of ordinates.  The intercept on this axis determined 1 / a  o and thus also a 0. 

The tempera ture  charac te r i s t i c  of the fictitious moisture  diffusivity a 0 in a bone-dry  material  can, 
for cap i l l a ry-porous  and colloidal mater ia l s ,  be expressed  as follows [7]: 
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TABLE 1. Constants  in the Formulas  Relat ing the Mois ture  
Dtffusivity to the Mois ture  Content and to the T e m p e r a t u r e ,  
for  Hydraul ic  Cement  Cured by Various Methods of Heat  
T r e a t m e n t  

Method of 
heat treat- r:,, ao. o~ a~o k 

�9 m e n t  

�9 N 
g 

V 

335 
335 
335 

0,91 
0,84 
1,48 

0,0288 
0,0266 
0,0468 

4,67 
5 

5.55 

Note: N denotes normal-humidity cure; E denotes heat treatment with an 
electromagnetic field; V denotes hot-vapor treatment, 

The coeff icient  a00 is independent of the t e m p e r a t u r e  but depends on the p rope r t i e s  of the ma te r i a l ,  and 
for hydraul ic  cement  (a typical  cap i l l a ry -po rous  mater ia l )  is calcula ted according  to formula  (2). The 
appl icabi l i ty  of fo rmula  (2) to hydraul ic  cement  has been demons t ra t ed  in [12], where data on the mois ture  
diffusivi ty in hydraulic  cement  were  approx imated  by this fo rmula  with sufficient  a ccu racy  for eng inee r -  
ing calcula t ions .  

The re la t ive  mois tu re  diffusivi ty in cap i l l a ry -po rous  and colloidal ma te r i a l s  can be re la ted  to the 
mois tu re  content at a constant  t e m p e r a t u r e  according  to the express ion  

% = 1 - - , ~ .  (4) 
aT~i 

The coeff icient  k, constant  for  any given t e m p e r a t u r e ,  is found as the slope of the s t ra igh t  line which 
r e p r e s e n t s  Eq. (4). The values of a00 and k found accordingly  for  hydraul ic  cement  (concrete)  cured by 
var ious  methods a r e  l i s ted  in Table  1. 

It appears  in this table that the values of a00 and k change,  depending on the method by which con-  
c re t e  is cured.  These  values yielded the mois tu re  diffusivi ty a m during the per iod of d e c r e a s i n g - r a t e  
dehydrat ion,  on the basis  of appropr ia te  t h e r m o g r a m s  and curves  with the t e m p e r a t u r e  T and the mois tu re  
content u held constant  through definite t ime  in tervals .  Then the value of a 0 cor responding  to a given t e m -  
p e r a t u r e  in the given mode of heat t r e a t m e n t  was calculated accord ing  to formula  (2). Final ly ,  by i n se r t -  
ing these  values of a0, u, and k into (4), the mo i s tu re  diffusivt ty a m was obtained for  any given instant 
of t ime during the dehydrat ion p r o c e s s .  

The mois tu re  diffusivity a m in hydraul ic  cement  (concrete)  cured  by var ious  methods is shown in 
Fig. 1, indicating that  its value during e lec t romagne t ic  heat  t r e a t m e n t / I )  is lower  than during ho t -vapor  
t r e a t m e n t  (1I) over  the ent i re  range  of mois tu re  content leve ls ,  and [s lower  than during normal -humid i ty  
cure  (IID through the d e c r e a s i n g - r a t e  period.  This  again conf i rms  the conclusion that  heat  t r e a t m e n t  with 
an e lec t romagne t ic  field yields a more  compac t  s t ruc tu re  in hydraulic  cement ,  where  migrat ion of m o i s t -  
ure is more  inhibited than in ho t -vapor  t r ea t ed  or  even in no rma l -humid i ty  cured mate r ia l .  

A compar i son  between the curves  in Fig. 1 and the dehydrat ion t h e r m o g r a m s  plotted in [5] for  the 
120~ t e m p e r a t u r e  indicates the exis tence  of c r i t i ca l  points in both cases .  Moreover ,  these points on the 
am(U) curves  coincide with those cor responding ,  in t e r m s  of dehydrat ion t ime  and mois tu re  content,  on the 
dehydrat ion t h e r m o g r a m s .  This fu r the r  conf i rms  the validi ty of the empi r i ca l  fo rmulas  used for  ca lcu la -  
t ions.  It follows, the re fo re ,  that the c r i t i ca l  points on our am(u) cu rves  as well as on Kazansk t i ' s  t h e r m o -  
g r a m s  [8] r e p r e s e n t  t rans i t ions  between different  s ta tes  of the moi s tu re  and its d i f ferent  types of bond 
with the ma te r i a l  during the dehydrat ion p r o c e s s .  Thus,  the segment  between points 1 and 2 on the t(~') 
t h e r m o g r a m  and thus a l so  on the a re(u) curve  cor responds  to cap i l l a ry  mois tu re ,  the segment  between 
points 2 and 3 on the d i ag ram s  cor responds  to adhesion in m a c r o p o r e s ,  and the di f ference in mois tu re  
content levels  between points 3 and 4 co r re sponds  to cap i l l a ry  condensation in m i c r o p o r e s .  These  th ree  
s t a t e s  of the mois tu re  a r e ,  accord ing  to Kazansk i t ' s  schemat ic ,  a s soc ia ted  with a phys tcomechaniea l  bond 
between it and the ma te r i a l .  Point 4 co r responds  to the max imum content of po lymoleeu la r  adsorpt ion 
mois tu re ,  and point 5 co r responds  to the max imum content of monomolecu la r  adsorpt ion moi s tu re  (with 
a phys icochemica l  bond to the mater ia l ) .  

Fo r  hydraulic  cement  heat  t r ea t ed  with an e l ec t romagne t i c  field,  a l so  for  hydraul ic  cemen t  cured  
under n o r m a l - h u m i d i t y  condit ions,  there  a r e  six such c r i t i ca l  points on the am(U) curves .  For  ho t -vapor  
t r ea t ed  hydraul ic  cement  there  a r e  only five such points.  The re  is no point 6 the re  which co r re sponds  to 
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Fig. 1. Mois ture  d i f fus iv i ty~  m (m2/h) as a func- 
tion of the mois tu re  content u (kg/kg) in hydrau-  
lic cement  (concrete)  during heat  t r ea tment :  I) 
with an e l ec t romagne t i c  field; II) with hot vapor;  
HI) under n o r m a l - h u m i d i t y  condit ions.  

the m a x i m u m  content of mo i s tu re  with a weak chemical  bond. This can be explained by a higher degree  of 
cement  hydrat ion dur ing  heat  t r e a t m e n t  with an e l ec t romagne t i c  field than during conventional ho t -vapor  
t r ea tmen t .  

It is a lso  evident in Fig. 1 that,  as soon as the adhesion mois tu re  in m a c r o p o r e s  has been r emoved  
f r o m  the hydraul ic  cement  (concrete)  (point 2), the mois tu re  diffusivi ty i nc reases  with dec rea s ing  moi s tu re  
content.  This can, apparen t ly ,  be explained by ' a  r i s e  in the t e m p e r a t u r e  of the ma te r i a l  dur ing this per iod  
of dehydrat ion,  which in turn leads  to an inc rease  in the diffusivi ty a m .  

One may conclude, finally,  that heat t r e a t m e n t  with an e l ec t romagne t i c  field enhances the porous 
s t r u c t u r e  of hydraul ic  cement  by inc reas ing  the volume of m i c r o p o r e s  (r < 10 -5 cm) more  than does hot-  
vapo r  t r ea tmen t  or n o r m a l - h u m i d i t y  cure .  This  again conf i rms  the thesis  in [5, 9] that the porous  s t r u c -  
ture  of hydraul ic  cement ,  its capabi l i ty  of re ta ining wate r  by var ious  types of bond, and, consequently,  
a lso  the overa l l  quali ty of the concre te  a r e  affected by the method of heat  t r ea tmen t  during cure .  

Before  de te rmin ing  the moi s tu re  diffusivity a m in hydraul ic  cement ,  a complex cap i l l a ry -po rou s  
ma te r i a l  in t e r m s  of both its poros i ty  s t ruc tu re  and its water  re tent ion c h a r a c t e r i s t i c s ,  we have d e t e r -  
mined the mois tu re  diffusivi ty in s i m p l e r  ma te r i a l s  ( c o a r s e - g r a i n  quartz sand, C h a s o v - Y a r s k  c lay,  Pot -  
tava clay,  and cel lulose) .  For  this we use dehydrat ion t h e r m o g r a m s  and kinet ics  curves  which Kazanski i  
had obtained for those m a t e r i a l s  [10, 11]. For  quartz sand, a r ep re sen t a t i ve  cap i l l a ry -po rous  ma te r i a l ,  
as  well as for  hydraul ic  cement  we calcula ted  the moi s tu re  diffusivi ty in both per iods  of cons tan t - r a t e  
and d e c r e a s i n g - r a t e  dehydrat ion,  accord ing  to fo rmulas  (1) and (2), r e spec t ive ly .  This mois tu re  diffusivity,  
as a function of the moi s tu re  content and the t e m p e r a t u r e ,  is shown in Fig. 2 for  quartz sand. The num-  
be r s  2 and 3 r e f e r  to points on the am(fi ) curve  which co r r e spond ,  in t e r m s  of mois tu re  content  and de-  
hydrat ion t ime ,  to the c r i t i ca l  points on the t h e r m o g r a m s .  According to Kazansk i i ' s  schemat ic ,  point 2 
co r r e sponds  to the t rans i t ion  of mois tu re  f rom cap i l l a ry  to adhesion s ta te  during evaporat ion in m a c r o -  
po res  of the body, and point 3 co r r e sponds  to the max imum hygroscopic  mois tu re  content. We note that in 
this  case  points 2 and 3 on the am(U ) curve  a r e  not  v e r y  pronounced,  jus t  not iceable .  On curve  I they a r e  
m o r e  pronounced than on curve  II. Point 2 on curve  I r e p r e s e n t s  the t rans i t ion  f rom dec reas ing  to in- 
c r ea s ing  moi s tu re  diffusivi ty,  on cu rve  ti it r e p r e s e n t s  the t rans i t ion f rom sha rp ly  dec reas ing  to s l ight ly 
dec rea s ing  mois tu re  diffusivi ty with dec reas ing  mo i s tu re  content.  This is so ,  p r e s u m a b l y ,  because  curve  
I co r r e sponds  to a higher dehydrat ion t e m p e r a t u r e  (t d = 79~ than curve  II (t d = 41~ 

A reduced moi s tu re  content in the ma te r i a l  during dehydrat ion resu l t s  in a reduced moi s tu re  dif-  
fusivi ty.  Rais ing the t e m p e r a t u r e  of the drying ma te r i a l  to the ambient  level ,  on the other hand, r e su l t s  in 
a higher mo i s tu re  diffusivi ty.  At r e l a t ive ly  high dehydrat ion t e m p e r a t u r e s ,  thus,  the t e m p e r a t u r e  becomes  
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Fig .  2. M o i s t u r e  d i f fus iv i ty  a m {m2/h) as  a function 
of  the m o i s t u r e  content  u ( k g / k g ) ,  in c o a r s e - g r a i n  
quartz  sand at an a m b i e n t  t e m p e r a t u r e :  I) t d = 79~ 
I f )  41.  
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Fig.  3. M o i s t u r e  d i f fus iv i ty  a m (m2/h)  as  a function of the 
m o i s t u r e  content  u ( k g / k g ) .  a) C h a s o v - Y a r s k  c lay  (D at t d 
= 42~ and Po l tava  c l a y  (ID art  d = 60~ b) c e l l u l o s e  ar t  d = 35~ 
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the dominant factor  affect ing the var ia t ion  of a m during the d e c r e a s i n g - r a t e  per iod of dehydrat ion.  Inas -  
much as the t h e r m o g r a m s  depict ing the t e m p e r a t u r e  var ia t ion during the dehydration p roce s s  contain 
c r i t i ca l  points ,  these  a r e  a lso  re f lec ted ,  to some extent (depending on the t empera tu re )  on our a re(u) 
c u r v e s .  

The moi s tu re  diffusivi ty in C h a s o v - Y a r s k  and Pol tava clays as well  as in cel lulose ,  all r e p r e s e n t a -  
t ive  colloidal m a t e r i a l s ,  was ca lcula ted  accord ing  to fo rmula  (3). This  fo rmula  had been obtained follow- 
ing an evaluation of ve ry  many  data on the moi s tu re  diffusivi ty in colloidal ma te r i a l s  and, espec ia l ly ,  
var ious  c lays  [7]. On this bas i s ,  we could accept  it as  sui table  for  our calculat ions in this study. 

The mois tu re  diffusivity as a function of the moi s tu re  content is shown in Fig. 3a for C h a s o v - Y a r s k  
and Pol tava c l ays ,  in Fig. 4b for  ce l lu lose .  The number s  3, 4, and 5 r e f e r  to points on the am(U) curves  
which coincide,  in t e r m s  of moi s tu re  cvntent,  with the cor responding  c r i t i ca l  points on the dehydration 
t h e r m o g r a m s .  Hence,  it may be a s s u m e d  that ,  as  on the dehydration t h e r m o g r a m s ,  up to point 3 r emo v ed  
of the mo i s tu re  of  osmot ic  swell ing occurs ,  The segment  between points 3 and 4 co r r e sponds  to cap i l l a ry  
mo i s tu re  in m i c r o p o r e s .  The re  a r e  no m a c r o p o r e s  in c lay and in cel lulose .  The max imum content of po ly -  
l aye r  adsorpt ion  mois tu re  c o r r e s p o n d s  to point 4, that  of monolayer  adsorpt ion mois tu re  co r r e sponds  to 
point 5. We note that it would have been difficult  in this case  to indicate the cr i t ica l  points on the am(U) 
cu rves  without knowing, f rom the dehydrat ion t h e r m o g r a m s ,  the type of mois tu re  bond in these  m a t e r i a l s .  

With the aid of Kazanski i , s  dehydrat ion t h e r m o g r a m s  and curves  for s eve ra l  m a t e r i a l s ,  it was thus 
poss ib le  to calcula te  the moi s tu re  diffusivity in those m a t e r i a l s ,  as a function of both the moi s tu re  content 
and the t e m p e r a t u r e ,  under normal  p roce s s  conditions.  It has been noted that, du r ingdehydra t ion  at a 
r e l a t ive ly  high t e m p e r a t u r e ,  the moi s tu re  diffusivi ty a m depends more  s t rongly  on the t e m p e r a t u r e  than 
on the mo i s tu r e  content.  In this case  there  may appear  c r i t i ca l  points on the am(U) curves  which c o r r e -  
spond to t rans i t ions  f rom one type to another  type of bond between the mois tu re  and the ma te r i a l .  
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NOTATION 

is the constant dehydration rate; 

~s the characteristic dimension of the specimen; 
is the initial moisture content; 

m the instantaneous moisture content; 

m the maximum hygroscopic moisture content; 

~s the equilibrium moisture content; 

Ls the moisture diffusivity; 

is the temperature; 

Ls the time. 
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