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A test  apparatus and procedure  are descr ibed for determining the moisture  content in capi l -  
l a ry -porous  mater ia ls  by the absorption of super -h igh- f requency  radio waves. Results  are 
shown which have been obtained for clay and ce ramics  at t empera tures  f rom 300 to 373~ 

The physical  principle of the SHF absorption method is based on the fact that in the cent imeter  range 
of wavelengths the absorption coefficient of free water  is by almost  two o rders  of magnitude grea te r  than 
of a d ry  dielectr ic .  The theoret ical  principles of the SHF absorption method have been explained in [1, 2], 
according to which the attenuation of SHF electromagnet ic  energy t ransmit ted through a moist  mater ia l  is 
proport ional  to the total water  concentrat ion in the mater ia l .  An analysis of the theoret ical  expression for 
the moisture  content derived in [1] shows that the dielectr ic  proper t ies  of water  are functions of its t em-  
perature ,  its chemical  content, and the kind of mois ture  bond, affecting the magnitude o[ e lectromagnet ic  
energy losses  in the wet mater ia l .  

A test  apparatus for  the study of these effects has been designed and built with standard SHF ins t ru-  
ment components.  It is shown schemat ica l ly  in Fig. 1. 

As the clay container  one uses a pan of ref rac t ive  glass  t ransparent  to radio waves and with ,~ capa-  
city of 4 l i ters.  

When the mois ture  content in red br ick and in f loor  tile is measured,  the specimens are placed di- 
rec t ly  on the t r ansmi t t e r  horn 2 and the thermocouple is installed [n a special  hole leading f rom a ~ateral 
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Fig. 1. Schematic block d iagram 
of the apparatus for measur ing the 
mois ture  content in clay and c e r -  
amics by the SHF absorption meth-  
od: 1) model G3-14A SHF osci l la-  
tor; 2 and 3) t ransmit t ing and r e -  
ceiving horn antenna respect ively  
(cross section a rea  of the horn 
opening 90 • 135 ram2); 4) model 
D5-5 precis ion attenuator for the 
instrument;  5) detector  stage; 6) 
model U2-6 narrow-band amplifier;  
7) thermocouple (KhK calibration); 
8) model KP-54 potentiometer;  9) 
test  material ;  10) movable platform. 

Beloruss ian Polytechnic Institute, Minsk. Independent Division of the All-Union Institute of Auto- 
mating the Production of Materials  for the Building Industry, Minsk. Translated f rom Inzhenerno-Fiz[ -  
cheskii  Zhurnal, Vol. 22, No. 6, pp. 1068-1071, June, 1972. Original ar t icle  submitted October 8, 1971. 

�9 1974 Consultants Bureau, a division of Plenum Publishing Corporation, 227 ~'est 17th Street, New York, ,~'. Y. 10011. 
/Vo part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, 
electronic, mechanical, photocopying, microfilming, recording or otherwise, without written permission of the publisher, l] 
copy of this article is available from the publisher for $15.00. 

741 



i N i i b 
/3.5 

,0 

2~ ~ _ ~ y___ -_ - - - , -  

o o 
208 323 3~8 293 3/3 333 353 ,773 7" 

Fig .  2. Attenuation of SHF rad io  waves  (dB) as a function of the 
t e m p e r a t u r e ,  in inorganic  c a p i l l a r y - p o r o u s  m a t e r i a l s  with va r ious  
m o i s t u r e  contents :  a) c lay  f rom the Vitebsk claybed;  b) red  b r i c k  
(solid lines) and f loor  t i le  (dashed l ines) .  Numbers  at the cu rves  
indicate  the m o i s t u r e  content (%). Attenuation N (dB), t e m p e r a t u r e  

T (~ 

sur face  to the cen t e r  of the spec imen.  Specimens  are  wetted and cont ro l  m e a s u r e m e n t s  are  made acco rd -  
ing to the a p p r o p r i a t e  GOST (Government  Standard).  

The m e a s u r i n g  p r o c e d u r e  is as fol lows.  The con ta ine r  is f i l led with ma te r i a l ,  which is then p r o p e r l y  
leveled and compacted .  The p r o p e r  th ickness  of a spec imen  is governed by the condition of maximum sen-  
s i t iv i ty ,  accord ing  to the fo rmula  

X = X 1 Nmax. 
g l  

The con ta ine r  with m a t e r i a l  r eady  for  tes t  is weighed and then p laced  on the t r a n s m i t t e r  antenna with the 
f lat  bot tom sur face  pe rpend i cu l a r  to the opt ica l  axis  of the horn antennas.  The f ree  cold ends of the t h e r -  
mocouple a re  connected to a po t en t i ome te r  fo r  t e m p e r a t u r e  m e a s u r e m e n t s .  At the same t ime,  the ambient  
t e m p e r a t u r e  at the cold ends is read  with a m e r c u r y  t h e r m o m e t e r .  The needle  of the indicat ing ins t rument  
connected to a n a r r o w - b a n d  a m p l i f i e r  is f i r s t  adjusted to the middle of the sca le  by turning the knob of the 
a t tenuator ,  whereupon the p l a t f o r m  c a r r y i n g  the r e c e i v e r  antenna is d i sp laced  as much as is n e c e s s a r y  to 
obtain the maximum needle  deflect ion,  and then the needle  is r e s e t  back  to its o r ig ina l  middle  posi t ion by 
another  turning of the a t tenua tor  knob. The d i f fe rence  between the a t tenuator  read ings  be fore  and af ter  the 
m e a s u r e m e n t  with a spec imen  r e p r e s e n t s  the amount, in dec ibe l s ,  by which the SHF radio  waves  have been 
at tenuated in the wet spec imen .  Fol lowing the m e a s u r e m e n t ,  the con ta iner  is  r emoved  f rom the tes t  stand 
and placed in a d ry ing  oven at a p r e s c r i b e d  t e m p e r a t u r e .  After  a t ime t, the conta iner  is r emoved  f rom 
the oven, weighed,  and placed again in the SHF tes t  stand for  another  m e a s u r e m e n t  of attenuation and t em-  
p e r a t u r e  in the same  sequence as be fore .  Such m e a s u r e m e n t s  a re  r epea ted  until  the spec imen has los t  all  
the moi s tu re ,  which is a s c e r t a i n e d  when its weight r e m a i n s  the same  af ter  s e v e r a l  drying cyc les .  

This  p rocedu re  y i e lds  the in tegra l  mo i s tu re  content  in a m a t e r i a l  l aye r  of th ickness  X. The effect of 
mo i s tu re  g rad ien t  on the m e a s u r e m e n t  a c c u r a c y  may be d i s r e g a r d e d ,  inasmuch as the main effect is due 
to the total  loss  of SHF energy  [1]. The degree  of loca l iza t ion  of m e a s u r e m e n t s  (or the r e so lv ing  power 
with r e s p e c t  to spec imen  surface)  depends on the d i r e c t i v i t y  c h a r a c t e r i s t i c s  of the antennas and can be 
regula ted  over  a wide range .  This  p rob l em wil l  not be fu r the r  d i s cus sed  he re .  

The r e s u l t s  of such m e a s u r e m e n t s  made on c lay  f rom the Vi tebsk claybed as well  as on red b r i c k  
and f loor  t i le  at va r ious  t e m p e r a t u r e s  a re  shown in F igs .  2 and 3. The SHF o s c i l l a t o r  opera ted  on the 3 
cm wavelength (frequency f = 10 GHz). 

According  to Fig.  2a, the t e m p e r a t u r e  c h a r a c t e r i s t i c s  of SHF e lec t romagne t i c  energy l o s se s  in c lay 
va ry  with the m o i s t u r e  content.  At a high moi s tu re  content (32-18%) the t rend of the N = f(T) curve  is 
analogous to that for  f r ee  w a t e r  (negative t e m p e r a t u r e  coeff ic ient  of absorp t iv i ty) ,  which indica tes  a p r e -  
dominance  of f ree  w a t e r  in the c l a y - w a t e r  sys t em.  
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F i g .  3. At t enua t ion  of SHF r a d i o  w a v e s  (dB) as  a funct ion of the  m o i s -  
t u r e  con ten t  in c a p i l l a r y - p o r o u s  m a t e r i a l s :  a) c l a y  f r o m  the V i t e b s k  
c [aybed  at  T = 298~ b) r e d  b r i c k  (sol id  line) and f l o o r  t i l e  (dashed 
l ine)  at  T = 293~ T e s t  po in t s  (1, 2), m o i s t u r e  con ten t  W (%), a t t e n -  
ua t ion  N (riB). 

As the m o i s t u r e  con ten t  is d e c r e a s e d  (within the 18-7.5% r a nge ) ,  the shape  of the N = f(T) c u r v e  
c h a n g e s  g r a d u a l l y  to a s t r a i g h t  l ine  (the d a s h e d  l ine  in F ig .  2a).  At a m o i s t u r e  con ten t  wi th in  the 8-10% 
r a n g e  the t e m p e r a t u r e  c o e f f i c i e n t  b e c o m e s  c o n s t a n t ,  and at s t i l l  l o w e r  m o i s t u r e  con ten t s  it b e c o m e s  p o s i -  
t i ve .  The s l o p e  of the  N = f(T) c u r v e  wi th in  the W = 7 .5-4 .5% r a n g e  i n c r e a s e s ,  and then d e c r e a s e s  b e g i n -  
n ing  at  W = 2.5% unt i l  at W = 0.5% a b s o r p t i o n  b e c o m e s  i n d e p e n d e n t  of the c l a y  t e m p e r a t u r e .  Thus ,  the 
t e m p e r a t u r e  c o e f f i c i e n t  of a t t enua t ion  c h a n g e s  t h r e e  t i m e s  as  the m o i s t u r e  con ten t  d r o p s  f r o m  32 to 0.5%. 
It i s  n e g a t i v e  at  high m o i s t u r e  con t en t s ,  b e c o m e s  z e r o  (W ~ 10%), then b e c o m e s  p o s i t i v e ,  and at W <- 0.5% 
b e c o m e s  z e r o  aga in .  Such a t r e n d  of the  N = f(T) c u r v e  can be  e x p l a i n e d  b y  the s t r u c t u r a l  c h a r a c t e r i s t i c s  
of the c l a y - w a t e r  d i s p e r s i o n  s y s t e m  and i t  is  due to a change  in the d i e l e c t r i c  p r o p e r t i e s  of w a t e r .  In 
such  a s y s t e m  one o b s e r v e s  a s t e a d y  t r a n s i t i o n  f r o m  s t r o n g l y  bonded  w a t e r  to unbonded (free)  w a t e r  wi th  
known v a l u e s  of ~' and tar, 5. The  m e a s u r e m e n t  da ta  i nd i ca t e  that  at  low m o i s t u r e  c o n t e n t s  the d i e l e c t r i c  
p r o p e r t i e s  of w a t e r  change  whi le  the SHF e n e r g y  l o s s e s  b e c o m e  h i g h e r .  As W d e c r e a s e s ,  the c o n c e n t r a -  
t ion of bonded  w a t e r  in the s y s t e m  i n c r e a s e s ,  and at  W _< 10% the a b s o r p t i o n  of SHF e n e r g y  is  a p p a r e n t l y  
g o v e r n e d  by  the p r e s e n c e  of bonded  w a t e r .  

Whi l e  the  m o i s t u r e  con ten t  in c l a y  d e c r e a s e s  f r o m  32 to 0.5%, one no te s  a p a r a b o l i c  r e l a t i o n  b e t w e e n  
the a t t enua t i on  of SHF e n e r g y  and the m o i s t u r e  con ten t  (F ig .  3a) which  can be a p p r o x i m a t e d  by two s t r a i g h t  
l i n e s  (the d a s h e d  l i n e s  in F i g .  3a) wi th  d i f f e r e n t  s l o p e s  and an i n t e r s e c t i o n  poin t  at  W ~ 10% c o r r e s p o n d i n g  
to a c o n s t a n t  t e m p e r a t u r e  c o e f f i c i e n t .  

The  a t t enua t i on  of SHF e n e r g y  as  a func t ion  of the  t e m p e r a t u r e  is  shown in F i g .  2b fo r  r e d  b r i c k  and 
f l o o r  t i l e  wi th  v a r i o u s  m o i s t u r e  c o n t e n t s .  On the b a s i s  of the  p r e c e d i n g  d i s c u s s i o n ,  one can exp la in  the 
t r e n d  of t h e s e  N = f(T) c u r v e s  by  the p r e s e n c e  of f r e e  w a t e r  (nega t ive  t e m p e r a t u r e  coef f i c ien t )  in the c e r -  
a m i c - w a t e r  s y s t e m .  The  d e p e n d e n c e  of the a b s o r p t i o n  of SHF e n e r g y  on the m o i s t u r e  con ten t  can be  
c l o s e l y  a p p r o x i m a t e d  b y  a s t r a i g h t  l ine  ( c o r r e l a t i o n  c o e f f i c i e n t  89%). 

X 
Xi 
Ni 
Nmax 
T 
W 

NOTATION 

is  the t h i c k n e s s  of we t  m a t e r i a l  l a y e r ,  cm;  
is  the t h i c k n e s s  of we t  m a t e r i a l  l a y e r  c o r r e s p o n d i n g  to an a t t enua t ion  Nt, cm;  
is  the a t t enua t ion ,  dB; 
is  the m a x i m u m  a t t enua t i on  r e c o r d e d  on the t e s t  s tand ,  dB; 
is  the t e m p e r a t u r e  of the m a t e r i a l ,  ~ 
i s  the m o i s t u r e  con ten t  in the m a t e r i a l ,  %. 
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