
MEASUREMENT OF THE MOISTURE CONTENT OF ASBESTOS CEMENT BY 

SHF IRRADIATION 

R. A.  B e r e n t s v e i g  and V. V. S h e v c h e n k o  

I n z h e n e r n o - F i z i c h e s k i i  Z h u r n a l ,  Vol .  14, No. 6, pp.  1079-1085 ,  1968 

UDC 538.569 

The relation between the power loss of an electromagnetic wave 
passing through a freshly formed asbestos cement sheet and the mois- 
tare content of the asbestos cement has been investigated. Experimen- 
tal data confirm the validity of the theoretical results obtained. 

The  h a r d e n i n g  of a s b e s t o s  c e m e n t  s h e e t s  is  l a r g e l y  
d e t e r m i n e d  by the  i n i t i a l  m o i s t u r e  con ten t  of the  
f r e s h l y  f o r m e d  s h e e t  [1]. Rap id  d e t e r m i n a t i o n  of the  
m o i s t u r e  con t en t  is  n e c e s s a r y  f o r  qua l i t y  c o n t r o l  p u r -  
p o s e s .  One of the  a v a i l a b l e  m e t h o d s  c o n s i s t s  in i r r a -  
d i a t i ng  the  s h e e t  wi th  S H F  r a d i a t i o n .  The  m o i s t u r e  
con t en t  can  then  be  d e t e r m i n e d  f r o m  the  p o w e r  l o s s  
of the  e l e c t r o m a g n e t i c  w a v e  in p a s s i n g  t h r o u g h  the  

s h e e t .  
C o n s i d e r  a s h e e t  of a s b e s t o s  c e m e n t  of t h i c k n e s s  

d, on which  a p l a n e  e l e c t r o m a g n e t i c  w a v e  is  n o r m a l l y  
i nc iden t .  The  t r a n s m i s s i o n  f a c t o r  e x p r e s s e d  in t e r m s  
of the  r e f r a c t i v e  i ndex  n (see  [2], w has  the  f o r m  

4n 
D (1 + n) 2 exp ( i k n d ) -  ( 1 -  n) 2 exp (-- iknd) (1) 

In wha t  f o l l o w s ,  we a r e  c o n c e r n e d  wi th  t he  c a s e  of 
the  c o m p l e x  index  of r e f r a c t i o n  n, i . e . ,  when  the  a s -  
b e s t o s  c e m e n t  has  s u b s t a n t i a l  t h e r m a l  l o s s e s .  

In the  c a s e  of c o m p l e x  n the  t r a n s m i s s i o n  f a c t o r  D 
wi l l  t a k e  into  a c c o u n t  not  on ly  the  r e f l e c t i o n  of the  w a v e  
f r o m  the  s u r f a c e  of the  s h e e t  but  a l s o  the  i n t e r n a l  e n -  

e r g y  a b s o r p t i o n .  
Le t  us  c o m p u t e  t he  p o w e r  t r a n s m i s s i o n  f a c t o r  ~7 = 

= IDI 2. F o r  th i s  p u r p o s e ,  we  e x p r e s s  (1) in the  f o r m  

4n [ (n - -  1) 2_ e_2ikn~]" (2) 
D : (n -t- 1) 2 e--iknd 1 -[- (n & 1) 2 J 

Hence we have 

16 (n '2 4- n 'a) exp ( - -2kn"d)  [ 
1 

a] = [(n' 4- 1) 2 -t- n"~] 2 [ + 

2 (n, _b!n_' - 1)2-t-1)2 +n,a n'2 cos (2kn'd) e -2kn'a ] . (3) + 

H e r e  we no te  tha t ,  l i ke  (2), e x p r e s s i o n  (3) i s  v a l i d  
f o r  e x p ( - 2 k n "  d) << 1. F o r  m o i s t  a s b e s t o s  c e m e n t - - a  
m a t e r i a l  w i th  qu i te  s t r o n g  a b s o r p t i o n - - t h i s  c o n d i t i o n  
i s  u s u a l l y  s a t i s f i e d .  

F r o m  (3) we can  ob ta in  the  w a v e  p o w e r  l o s s .  E x -  
p r e s s e d  in d e c i b e l s ,  i t  is  w r i t t e n  in  t he  f o r m  

A = 1 0  log ~1=4,35 In ~1 = 

[ kn"d %- l'~t (n' + 1) 2 -4-. n "2 
[. 4 Vn,~+n,,2 

(n' - 1)2+ n "2 ] 
( n ' +  1)+ n 'a cos (2kn'd)e -2~n'd . (4) 

Let us consider the structure of this expression. 

The first term in the brackets gives the losses due to 

power absorption in the material of the sheet, the sec- 
ond the losses due to reflection from the surfaces, 

while the third expresses the interaction between the 

reflections from the two surfaces of the sheet. The 
third term is small, since it contains the small factor 

exp (-2kn "d). 

Equation (4) gives the power loss in terms of the 

real and imaginary parts of the index of refraction of 

the asbestos cement. We express these quantities in 

terms of the electrical parameters and the concen- 
trations of the components, namely: I) asbestos; 2) 

cement; 3) water; and 4) air. 
Freshly formed asbestos cement may be regarded 

as a heterogeneous mixture, since there have still 
not been any chemical changes. To find the index of 
refraction of this mixture, it is necessary to average 

over the electrical, parameters of the components. To 

perform this averaging correctly, it is necessary to 

know the internal structure of the asbestos cement. 

This structure is based on the asbestos fibers, 

which are for the most part parallel to the surfaces of 

the sheet. The cement, water, and air are more or 

less uniformly distributed between the asbestos fi- 

bers. To find the averaged electrical parameters of 
this structure it is necessary, generally speaking, to 

solve a very complicated electrodynamic problem, 
which lies outside the scope of this investigation. 
Therefore, we confine ourselves to a consideration of 
two idealized approximations of the structure in ques- 
tion, which, however, will enable us to define the 

boundaries within which the true value of the index of 

refraction must lie. 

One of these approximations is a layered medium 

with the boundaries of the layers parallel to the sur- 

faces of the sheet. For this medium [2, 3] 

~ =  ' ~  q~ , , ,  ~(') = V ~ ,  ,-- (5) 
t /Z~  l 

where m = i, 2, 3, 4 according to the enumeration of 
the components introduced above, ~ and e m are the 
dielectric constants of the mixture and the eompon- 
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ents ,  r e s p e c t i v e l y ,  and qm is  the r e l a t i v e  content  of 
the components  by vo lume.  

Since,  however ,  the a s b e s t o s  f i b e r s  do not ac tua l l y  
f o r m  l a y e r s  with c l e a r l y  def ined bounda r i e s ,  the o ther  
e x t r e m e  a p p r o x i m a t i o n  is  a l a y e r e d  m e d i u m  with a b -  
so lu te ly  no r e f l ec t i on  f rom the bounda r i e s  be tween  
the l a y e r s .  As is e a sy  to show on the b a s i s  of the 
p r i n c i p l e  of equa l i ty  of the opt ica l  pa ths ,  in th is  c a s e  
the a v e r a g i n g  i s  t aken  d i r e c t l y  over  the ind ices  of r e -  
f r a c t i o n  of the components  

4 

n(2) = Z qm nm, (6) 
r n ~ ]  

w h e r e  n m is  the index of r e f r a c t i o n  of the c o r r e s p o n d i n g  
component .  

The t rue  value  of n will  l ie  s o m e w h e r e  be tween 
these  e x t r e m e s :  n (0  > n > n(2). Sepa ra t i ng  the r e a l  and 
i m a g i n a r y  p a r t s  of the  index of r e f r a c t i o n  in (5) and 
(6), we obtain:  

1,/2 1 ) ,  n(')'= ( ~  q,,~e'~ ( l + - g - t g ~ 6  

where  

1 
n (')" = - ~  n (')' tg6, (7) 

tg5 = i 
4 

Z qmem 
1 

and 
4 4 

n(2)" =- ~ qm n', n (2)" ~ ~ qm n"m, 
1 1 

(8) 

where  

Here ,  a l l  the quant i t i es  have been  e x p r e s s e d  in t e r m s  
of the r e a l  p a r t s  of the d i e l e c t r i c  cons tan t s  ~m and the 
lo s s  tangents  tg 6m of the  componen t s ,  s ince  these  
quant i t i es  a r e  u sua l l y  given,  and we have taken into 
account  the fact  that  tg 6 m < 1. 

Equat ions  (7) and (8) conta in  the quant i t i es  qm, but 
in p r a c t i c e  i t  i s  u sua l l y  the content  of the components  
(other  than a i r )  by  weight  that  i s  known. The re fo r e ,  i t  
is  n e c e s s a r y  to e x p r e s s  qm in t e r m s  of quant i t i es  that  
e x p r e s s  the content  of a s b e s t o s ,  cemen t ,  and wa te r  by 
weight .  

By def in i t ion  

ym 4 
q~= V--, Z Vm=V, (9) 

1 

where  V m is  the  volume occupied  by the c o r r e s p o n d i n g  
component .  This  vo lume can be r e p r e s e n t e d  in the f o r m  

V.~ Pm 3 
= - - ;  r e = l ,  2, 3; Z Pro=P,  (10) 

Yrn 1 

where  Pm and Ym a r e  the weight  and dens i ty  (speci f ic  
weight) of the component ,  r e s p e c t i v e l y ,  and P is the 
to ta l  weight  of the s p e c i m e n  inves t iga t ed .  

F r o m  these  e x p r e s s i o n s  i t  is  e a s y  to obta in  

w~ 
qm-- Y, V,n (11) 

w h e r e  W m = P m / P  is the r e l a t i v e  content  of the c o m -  

p o n e n t s b y w e i g h t ( ~ , ~ W m = l ) ,  ; y i s t h e d e n s i t y o f t h e  

s p e c i m e n  as  a whole.  The m o i s t u r e  content  is  e x -  
p r e s s e d  in t e r m s  of W 3. The fol lowing equat ions can 
be  used  to f ind T: 

4 3 

I l ( 1 2 )  

q3 + q4 = Y WJy3 + q~ = qO, 

where  q~ i s  the content  of a i r  by vo lume in the c o m -  
p l e t e ly  d e h y d r a t e d  (dried) s p e c i m e n ,  i . e . ,  a t  % = 0. 

The second  equat ion e x p r e s s e s  the  fac t  that  the 
s p e c i m e n  can only f i l l  with wa te r  a t  the expense  of a 
c o r r e s p o n d i n g  r educ t ion  in the a i r  content .  F r o m  (12) 
we have 

1 - - q  ~ 
Y = W1/YI+ W~/y2 " (13) 

Subst i tu t ing  (13) in (11), we obta in  

1 __qO 
q , = a q 2 ,  q~--  l + a  ' 

q3 y~ ( I + K )  W3 q2, q ~ -  o 
-- -- q4 = q3, 

Y3 1 - -  W3 

(14) 

where  we have in t roduced  the nota t ion ~ = KT2/TI; 
K = W1/W 2 is the r e l a t i v e  content  of a s b e s t o s  by 
weight  (in t e r m s  of the cemen t  content) ,  which does  
not depend on the m o i s t u r e  content .  

Thus,  the power  l o s s  of an e l e c t r o m a g n e t i c  wave 
p a s s i n g  through an a s b e s t o s  cemen t  shee t  can be  e s -  
t i m a t e d  f r o m  e x p r e s s i o n s  (4), (7), (8), and (14). 
These  e x p r e s s i o n s  a r e  r a t h e r  c o m p l i c a t e d  and incon-  
venient  fo r  p r a c t i c a l  p u r p o s e s .  Moreove r ,  they  tend 
to conceal  the r e l a t i o n  be tween  power  lo s s  and m o i s -  
t u re  content .  Fo r tuna t e ly ,  not a l l  the f a c t o r s  involved 
have an i m p o r t a n t  inf luence  on the power  l o s s e s .  Fo r  
ca lcu la t ion  p u r p o s e s ,  Eqs .  (4), (7), and (8) can be 
somewha t  s imp l i f i ed .  

F o r  the p r a c t i c a l  m e a s u r e m e n t  of the m o i s t u r e  
content  f rom the p e w e r  l o s s ,  i t  is n e c e s s a r y  to s e l e c t  
a r ange  of work ing  f r equenc ie s  in which the l o s s e s  in 
the wa te r  and, hence,  tg  63 a r e  m a x i m u m .  It is  known 
[4] that  tg63 has  a m a x i m u m  nea r  10 GHz or  X = 3 cm.  
Fo r tuna t e ly ,  s t a n d a r d  equipment  is  ava i l ab l e  for  th is  
f r equency  band.  

The t e m p e r a t u r e  dependence  of e~ and tg 53 in the 
3 - c m  band has been  p lo t ted  in F ig .  1 on the b a s i s  of 
e x p e r i m e n t a l  da ta  t aken  f r o m  [4]. The va lue  of e~ 
f luc tua tes  be tween  40 and 60; that  of tg 53, be tween  
0.2 and 1.0. At t e m p e r a t u r e s  of 20 -25  ~ e~ has  a va lue  
of 52 -54 ,  while  tg  53 is  equal  to 0 . 6 - 0 . 5 5 .  
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0 25 50 75 r 
F i g .  1. D i e l e c t r i c  c o n s t a n t  (e~) and  

l o s s  t a n g e n t  (tg 53) of w a t e r  a s  f u n c -  
t i ons  of t e m p e r a t u r e  (t) a t  a f r e -  
q u e n c y  of 10 GHz: 1) e l ;  2) tg  53 . 

,q 

15 

tO 

0 

QCQ ~ / 

o 5 Ig /5 2g wz 
Fig .  2. P o w e r  l o s s  in a s b e s t o s  

c e m e n t  s h e e t  a s  a f unc t i on  of 
m o i s t u r e  con ten t  a t  W1/W 2 = 
= 0.16, d/X = 0.19,  t = 22 ~ . 

The  e l e c t r i c a l  p a r a m e t e r s  of a s b e s t o s  and c e m e n t  
a r e  a s  f o l l o w s :  e~ = 1 . 8 - 2 . 1 ,  tg  5~ = 0 .05--0 .07;  e~ = 
= 3 . 9 - 4 . 3 ,  tg  52 < 0.02.  T h e s e  da ta  w e r e  ob t a ined  a t  

t he  L e b e d e v  P h y s i c o t e c h n i c a l  I n s t i t u t e ,  Moscow,  which ,  
a t  t he  a u t h o r s '  r e q u e s t ,  m e a s u r e d  the  p a r a m e t e r s  of 
c e r t a i n  t y p e s  of a s b e s t o s  and c e m e n t  u s i n g  the  m e t h o d  
d e s c r i b e d  in [5]. The  r a n g e  of v a l u e s  c o r r e s p o n d s  to 
the  v a r i o u s  t y p e s  of a s b e s t o s  and  c e m e n t .  

C l e a r l y ,  tg  61, 2 << 1, tg  51, z < tg  53. K e e p i n g  th i s  
in mind ,  t o g e t h e r  wi th  the  f a c t  tha t  tg  54 = 0, e 4 = 1, 
we can  i n t r o d u c e  c e r t a i n  s i m p l i f i c a t i o n s  into e x p r e s -  
s i o n s  (7) and (8). The  s i m p l i f i e d  e x p r e s s i o n s  fo r  n (1)', 
n {1)" and n (2)', n {2)'' t a k e  the  f o r m  

n( l ) , ._  1 q3e~tg53 . (15) 

2 n (~)" 

X 1 -/- ~ -  tg ~ 5.~ § q~, 

1 
n(2)"  = ~ -  q3 V ~ t g  53' (16) 

It  is  a l s o  e a s y  to show tha t  a t  the  a b o v e - m e n t i o n e d  
n u m e r i c a l  v a l u e s  of the  e l e c t r i c a l  p a r a m e t e r s  of t he  
c o m p o n e n t s  the  r e l a t i o n  (n") 2 << (n') 2 is  s a t i s f i e d ,  
wh ich  e n a b l e s  us  to  s i m p l i f y  the  e x p r e s s i o n  f o r  the  

p o w e r  l o s s  (4): 

A = - - 8 . 7  

(n' - -  1) 2 

(n' + 1) ~ 

I 2a;n" d Jr- In (n' if- 1) ~ 
X 4n' 

cos ( 4n n' -~ ) e--4~"d/~ ] . (17) 

E q u a t i o n s  (14), (15), (16), and (17) w e r e  u s e d  to 
c a l c u l a t e  the  A v s .  W 3 c u r v e s  f o r  s e v e r a l  s p e c i m e n s  
of d i f f e r e n t  c o m p o s i t i o n  a t  d i f f e r e n t  s h e e t  t h i c k n e s s e s  
and  d i f f e r e n t  t e m p e r a t u r e s .  The  r e s u l t s  of t he  c a l c u -  
l a t i o n s  and  the  e x p e r i m e n t a l  da ta  f o r  t h r e e  s p e c i m e n s  
a r e  p r e s e n t e d  in F i g s .  2 and 3. 

In one p a r t i c u l a r  i n s t a n c e ,  the  a s b e s t o s  c e m e n t  
c o n t a i n e d  127 kg of a s b e s t o s  and 800 kg of c e m e n t .  
The  s h e e t  t h i c k n e s s  d = 0.6 c m .  The  m e a s u r e m e n t s  
w e r e  m a d e  at  a s p e c i m e n  t e m p e r a t u r e  of 22 ~ The  

2oi 

0 5 /0 15 20 z5w e 

Fig. 3. Power loss in asbestos ce- 

ment sheet as a function of mois- 

ture content: i) at Ws/W2 ~ 0.16, 

d / ~  = 0.24, t = 17~ 2) a t  W1/W2 = 

= 0.15, d / h  = 0.15,  t = 25 ~ 

d e n s i t y  of the  a s b e s t o s  was  Yl = 2.5 g / c m  3 ; the  d e n s i t y  

of the  c e m e n t  was  Y2 = 3.2 g / c m ~ ;  and tha t  of the  w a t e r  
was  73 = 1 g / c m  3. The  w a v e l e n g t h  of t he  e l e c t r o m a g -  
n e t i c  f i e l d  was  ~ = 3.2 c m .  

F r o m  Fig .  1 we f ind  tha t  a t  22 ~ f o r  w a t e r  e~ = 53, 
tg  63 = 0.58.  In the  c a l c u l a t i o n s  the  d i e l e c t r i c  c o n -  
s t an t s  of the  a s b e s t o s  and the  c e m e n t  w e r e  t aken  equa l  
to e~ = 2, e~ = 4. The  a i r  con t en t  by v o l u m e  of the  
c o m p l e t e l y  d e h y d r a t e d  a s b e s t o s  c e m e n t  was  t aken  
equa l  to o ~ = 0.55 (see  [6]). A c c o r d i n g  to t h e s e  data ,  

K = W J W  2 = 127 /800  = 0 .16 ; t he  quan t i ty  ~ = K72/71 = 
= 0.20.  The  s u b s e q u e n t  c a l c u l a t i o n s  w e r e  b a s e d  on 
E q s .  (14 ) - (17) .  

It  i s  c l e a r  f r o m  F i g s .  2 and 3 tha t ,  a s  e x p e c t e d ,  

the  e x p e r i m e n t a l  v a l u e s  fa l l  b e t w e e n  the  t h e o r e t i c a l  
c u r v e s .  

Thus ,  we a r r i v e  a t  the  f o l l o w i n g  c o n c l u s i o n s :  
1. The  w a v e  l o s s e s  a r e  c o m p o s e d  of the  t h e r m a l  

l o s s e s  in t he  m a t e r i a l  i t s e l f  and the  l o s s e s  a s s o c i a t e d  
wi th  r e f l e c t i o n  f r o m  the  s u r f a c e s  of the  s h e e t .  At  
a r o u n d  3 c m ,  the  t h e r m a l  l o s s e s  a r e  q u a n t i t a t i v e l y  
d e t e r m i n e d  e x c l u s i v e l y  by  the  l o s s e s  in the  w a t e r  (cf. 
E q s .  {17), {18)) and do not  depend  on the  l o s s e s  in the  
a s b e s t o s  and the  c e m e n t .  

2. A p p r o x i m a t e  a n a l y t i c  e x p r e s s i o n s  have  b e e n  o b -  
t a i n e d  f o r  t he  r e l a t i o n  b e t w e e n  w a v e  l o s s  and m o i s t u r e  
con ten t .  T h e s e  m a k e  i t  p o s s i b l e  to d e t e r m i n e  the  
l i m i t s  w i th in  wh ich  the  ac tua l  l o s s e s  l i e .  
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NOTATION 

)~ is the wavelength  of the e l e c t r o m a g n e t i c  f ie ld ;  D 
and V a r e  the ampl i tude  and power  t r a n s m i s s i o n  f a c -  

T t o r s ; n  = n'  - i n " ,  e ' ,  5, ~ / a n d n m  = n ~ n - i n ~ ,  am,  
5m, "/m a r e  the complex  index of r e f r a c t i o n ,  d i e l e c -  
t r i c  cons tant ,  loss  angle ,  and dens i ty  of the a s b e s t o s  
cemen t  as  a whole and of i ts  components :  m = 1, 2, 3, 
and 4 fo r  a s b e s t o s ,  Cement, wa t e r ,  and a i r ,  r e s p e c -  
t ive ly ;  d is  the t h i cknes s  of the shee t ;  qm and W m a r e  
the r e l a t i v e  content  of the components  by vo lume and 
weight ;  A a r e  the l o s s e s  in d e c i b e l s .  
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