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The purpose of any p r o t e c t i v e  coa t ing  i s  t o  p r o t e c t  t h e  
base  m a t e r i a l  from t h e  environment vihich su r rounds  it. I t  fo l -  
l o w s ,  t h e r e f o r e ,  t h a t  t h e  p r o t e c t i v e  c o a t i n g  material must i n  
i t s e l f  have g r e a t  r e s i s t a n c e  t o  t h e  environment  t o  xhich  i t  i s  
exposed. If t h e  c o a t i n g  does no t  p rov ide  t h i s  p r o t e c t i o n  then  
i t  h a s  f a i l e d  i n  i t s  purpose.  

O f  n e c e s s i t y ,  c o s t  is  a f a c t o r  i n  t h e  s e l e c t i o n  of  a pro-  
t e c t i v e  coa t ing .  I t  i s  impor tan t ,  t h e r e f o r e ,  t h a t  t h e  c o a t i n g  
e x h i b i t  p r o p e r t i e s  which when cons idered  wi th  t h e  type  of s t r u c -  
t u r e  p r o t e c t e d ,  t h e  environment and t h e  c o s t ,  w i l l  p rov ide  an 
economical ly  sound s y s t e m .  Unfo r tuna te ly ,  no o n e  has  y e t  de- 
veloped a p r o t e c t i v e  c o a t i n g  system which i s  reasonably  p r i c e d  
and f u l l y  e f f e c t i v e  i n  a l l  a p p l i c a t i o n s .  Each exposure condi -  
t i o n  has  i t s  own un ique  c h a r a c t e r i s t i c s  which w i l l  t ake  i t s  
t o l l  o f  a c o a t i n g  system. Se rv ice  t e s t i n g ,  which impl i e s  t e s t -  
ing under a c t u a l  s e r v i c e  c o n d i t i o n s ,  w i l l  answer t h e  q u e s t i o n :  
How well i s  t h e  c o a t i n g  s y s t e m  doing i t s  j o b ?  

When c o n s i d e r i n g  a p r o t e c t i v e  coa t ing  f o r  a p p l i c a t i o n  t o  
a new f a c i l i t y ,  two t h i n g s  may b e  done. F i r s t ,  tes t  pane l s  
coa ted  wi th  v a r i o u s  systems under  c o n s i d e r a t i o n  may be exposed 
t o  envi ronmenta l  c o n d i t i o n s  cons idered  t o  be  t y p i c a l  of those  
t o  be encountered.  S h o r t  t e r m  tests of t h i s  type  provide  v a l -  
u a b l e  sc reen ing  i n f o r m a t i o n  and w i l l  g e n e r a l l y  e l i m i n a t e  from 
f u r t h e r  c o n s i d e r a t i o n  t h o s e  p r o t e c t i v e  c o a t i n g  systems which 
are t o t a l l y  u n s u i t e d  f o r  t h e  job.  Second, va luab le  informa- 
t i o n  may be o b t a i n e d  f r o m  o p e r a t i n g  equipment w h e r e  exper ience  
under  a c t u a l  s e r v i c e  c o n d i t i o n s  may be  a v a i l a b l e .  The more 
complete t h e  h i s t o r y  of an e x i s t i n g  c o a t i n g  system under op- 
e r a t i n g  c o n d i t i o n s ,  t h e  g r e a t e r  t h e  va lue  t h a t  can be p laced  
on t h e  conc lus ions  drawn from t h i s  exper ience .  

The b a s i s  f o r  e v a l u a t i n g  p r o t e c t i v e  c o a t i n g s  rests heav- 
i l y  on the  p r o p e r t i e s  which t h e  c o a t i n g s  e x h i b i t .  I t  would be 
well t o  review b r i e f l y  some of  t h e  p a r t i c u l a r  requi rements  and 
more impor tan t  c h a r a c t e r i s t i c  p r o p e r t i e s  which c o a t i n g s  must 
have f o r  exposure  t o  g e n e r a l  classes o f  environment. 

I n  a tmosphe r i c  s e r v i c e ,  a p r o t e c t i v e  c o a t i n g  must have 
good adhes ion  or bond t o  t h e  b a s e  material ,  resist  a c t i n i c  
e f f e c t s ,  r a i n ,  wind and d u s t ,  and must wi ths tand  a wide range 
of o p e r a t i n g  t empera tu res  and  t h e  a s s o c i a t e d  thermal  shock. 
Also, the  c o a t i n g  must be a b l e  t o  res is t  chemical  a t t a c k  from 
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the oxygen in the air and such compounds as may be present 
from a multitude of industrial sources as atmospheric con- 
taminan t s. 

Protective coatings when applied to process equip- 
ment may be subject to all the rigors of atmospheric ex- 
posure, plus additional specific conditions characteristic 
only of the process itself, or it may involve exposure to 
a very specific environment and set of operating conditions. 
In addition to good bond, the coating system must frequently 
resist abrasive effects and mechanical action. If the process 
involves a chemically specific environment, the coating must 
resist chemical attack and solvent action within economic 
limits and technical feasibility. In process equipment use 
of the protective coating may well be subject to extremely 
w i d e  ranges of temperature. 

In total and partial immersion service, such as wharf 
piling+, t:ater tank interiors, dam gates and the like, a pro- 
tcctivc coating system is subject to a new set of environ- 
mental factors r\hich kill have a definite bearing on the ser- 
viceability of the coating system. It must have good bond to 
thc base material, but also must have excellent mechanical 
strength to rrithstand floating debris, ice and other impact 
effects. Failure of the coating through cracks or chipping 
will frequently result in serious corrosion where the base 
metal is exposed. The coating material itself must be highly 
resistant to moisture absorption and it should be a non- 
conductor of electricity. For service where immersion in 
aqueous environment< is involved the coating should be com- 
patible with cathodic protection, i . e .  , it should resist 
highly alkaline conditions at the metal surface where cath- 
odic currents enter protective coating faults. Finally, the 
phy+ical properties should resist a relatively wide range of 
operating temperatures. 

Coatings for service underground are subject to a wide 
range of variables. Excellent bond to the base material is 
essential since moisture penetration to the layers between the 
coating <and the base metal can result in aggressive corrosion 
svhich may not be controllable with cathodic protection('). 
>lechanically, the coating system must have excellent strength 
to resist soil movement and stress. As in the case of total 
immersion service, the coating should resist moisture ab- 
sorption and have good electrical insulating properties even 
after long periods of expos,ure since galvanic currents and in 
Some cases stray electric currents from manmade sources can 
be aggressively corrosive to the base metal if they pass 
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through t h e  c o a t i n g .  The c o a t i n g  should be compatible  w i t h  
c a t h o d i c  p r o t e c t i o n .  For some k i n d s  o f  s e r v i c e  a chemical 
c o r r o s i o n  i n h i b i t o r  may be inc luded  t o  ass is t  i n  c o n t r o l l i n g  
l o c a l  g a l v a n i c  c o r r o s i o n .  Res i s t ance  t o  m i c r o b i o l o g i c a l  
a t t a c k  i s  a must s i n c e  a l l  s o i l s  c o n t a i n  many such organ- 
i s m s ( 2 )  (3). Depending upon t h e  s p e c i f i c  a p p l i c a t i o n ,  t h e  
c o a t i n g  may have to  res is t  a wide range o f  t empera tu re  e f -  
f ec t s  a l though  g e n e r a l l y  no t  so s e v e r e  as atmospheric  o r  
p r o c e s s  equipment c o n d i t i o n s .  

With t h e s e  basic p r o p e r t i e s  and t h e  requirements  i n  
mind, i t  should be e v i d e n t  t h a t  s e r v i c e  t e s t i n g  i s  about t h e  
o n l y  a l l  i n c l u s i v e  way t o  e v a l u a t e  t h e  m e r i t s  and l i m i t a t i o n s  
o f  p r o t e c t i v e  c o a t i n g s .  

W e  have a l r e a d y  noted t h a t  p r e l i m i n a r y  sc reen ing  tes ts  
u s i n g  p a n e l s  o r  t e s t  coupons are most u s e f u l  i n  e l i m i n a t i n g  
t o t a l l y  i n e f f e c t i v e  materials from c o n s i d e r a t i o n  on a specific 
a p p l i c a t i o n .  Such tes t s  g e n e r a l l y  r e q u i r e  b u t  a s h o r t  t i m e  
f o r  completion and p rov ide  many p r a c t i c a l  advantages such as 
completeness  of examinat ion and accu racy  of c o n t r o l .  Un- 
f o r t u n a t e l y ,  such t e s t s  can n o t  p rov ide  the complete s t o r y  

, nor t a k e  i n t o  accoun t  a l l  o f  t h e  many v a r i a b l e s  a s s o c i a t e d  
wi th  t h e  f i n a l  c o n d i t i o n s  t o  wh ich  t h e  c o a t i n g  i s  t o  be sub- 
j e c t e d .  

S e r v i c e  t e s t s  g e n e r a l l y  f a l l  i n t o  two c a t e g o r i e s .  
The f i r s t  is  the  d i r e c t  tests which may be conducted where  
i t  i s  p o s s i b l e  t o  p h y s i c a l l y  examine t h e  c o a t i n g  system under 
a c t u a l  c o n d i t i o n s  of exposure.  T h i s  would i n c l u d e  c o a t i n g s  
on s t r u c t u r a l  members exposed t o  t h e  atmosphere,  on p r o c e s s  
equipment where i t  i s  p o s s i b l e  du r ing  shut-down p e r i o d s  t o  
d i r e c t l y  examine the c o n d i t i o n  of t h e  c o a t i n g  and, t o  a 
l i m i t e d  e x t e n t ,  on underground s t r u c t u r e s  such as p i p e l i n e s  
where i t  i s  p o s s i b l e  t o  excava te  t h e  s t r u c t u r e .  The second 
type  of tes t  is  t h a t  conducted u s i n g  i n d i r e c t  methods t o  
r e a c h  conc lus ions  on c o a t i n g  e f f e c t i v e n e s s .  Such tests are 
performed where it is  n o t  p o s s i b l e  o r  economical t o  examine 
t h e  c o a t i n g  by d i r e c t  p h y s i c a l  means. 

I t  is n o t  uncommon t o  se t  up comparat ive t e s t s  f o r  
e v a l u a t i o n  of  a number o f  d i f f e r e n t  c o a t i n g  systems f o r  a 
p a r t i c u l a r  a p p l i c a t i o n .  This  w i l l  u s u a l l y  occur  a t  a t i m e  
when the  o r i g i n a l  p r o t e c t i v e  c o a t i n g  has  shown s i g n s  of 
d e t e r i o r a t i o n  and i t  i s  e v i d e n t  t h a t  a complete r e c o a t i n g  
j o b  w i l l  be r e q u i r e d  i n  t h e  nea r  f u t u r e .  T e s t  areas se- 
l ec t ed  t o  cove r  as many o f  t h e  v a r i a b l e s  of exposure a s  
p o s s i b l e  are p repa red  and coated under  t h e  c l o s e  s u p e r v i s i o n  
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of either the manufacturer or the plant engineer. The coatings 
selected for service tests are generally those which have, 
through experience, given the best service, or are the coatings 
which preliminary exposure tests have indicated should be most 
suitable for the specific job. The condition and changes in 
physical properties of the various coatings are then followed 
on a regular basis during the period of evaluation, and the 
final coating selected on the basis of the results. 

In carrying out tests on protective coatings on equip- 
ment which is in service, it must be remembered that rigorously 
controlled conditions of the laboratory are not present, and it 
is most important that comparative data be obtained for all 
systems under test. It is also essential that excellent records 
be kept for future reference and comparison. Wherever possible 
inspection should be done on a statistical basis. This is par- 
ticularly important in the case of extensive structures where 
considerable variations may occur from one point to another due 
to prevailing wind conditions, local environmental factors and 
temperature differences. It is for this reason that most in- 
service exposure tests for comparison of different coating 
,systems will involve scattered test sites at quite a number of 
different locations rather than in one area. 

The tests which may be performed on structures where 
direct access to the coating is possible are generally modifi- 
.cations of standard tests used in exposure testing. Appearance 
alone may represent a relatively significant comparative test 
where several coatings are involved; however, caution must be 
exercised to see that rust stains or other apparent areas of 
coating failure are truly the result of coating deterioration 
and are not merely rust stains originating from other areas. 

Since bond to the base metal is a particularly im- 
portant characteristic, some sort of bond or adhesion test 
should be employed when comparing protective coatings in 
service. A common test is to scribe two parallel lines 3/4- 
inch apart and 4 inches long through the protective coating 
to the base material. A square-ended putty knife of 3/4-inch 
width is then forced under the coating for approximately 1/2- 
inch. An attempt is then made to lift the coating from the 
surface without fracturing the coating film. If the coating 
pulls away from the base material this is indicative of rela- 
tively poor bond. .Details of this type of test are described 
in the American Water Works Association Standard, C-203-62, 
Section 2.4(4J. On extremely heavy coatings and mastics, lack 
of bond may be detected by tapping areas of the coated surface 
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wi th  t h e  handle  of a sc rewdr ive r  o r  s i m i l a r  implement. Large 
areas of disbonded c o a t i n g  w i l l  have a d i s t i n c t  hol low sound 
t o  them. Punctur ing  of  t h e  c o a t i n g  a t  l o c a t i o n s  where such 
sounds are d e t e c t e d  w i l l  c l e a r l y  show t h e  area o f  lack of bond. 
B l i s t e r s  i n  a c o a t i n g  a r e  ano the r  method o f  d e t e c t i n g  l a c k  of 
adhes ion  o r  bond between t h e  coa t ing  and base  m a t e r i a l  o r  be-  
tween l a y e r s  o f  t h e  p r o t e c t i v e  coa t ing .  For comparat ive pur -  
poses ,  i t  is d e s i r a b l e  t o  r eco rd  t h e  r e l a t i v e  s i z e  of  such 
bl is ters  and t h e  number of b l i s t e r s  p e r  u n i t  a r e a  of in spec -  
t i on .  

The p resence  o f  moi s tu re  at t h e  m e t a l  s u r f a c e  i s  a l s o  
ev idence  t h a t  bond i s  n o t  adequate .  Such mois ture  may be 
p r e s e n t  even though no obvious  p a t h  of e n t r y  can  be found;  
t h i s  may be t h e  r e s u l t  o f  p e n e t r a t i o n  of  moi s tu re  through 
c o a t i n g  pores  w i t h  subsequent  disbonding.  Other  ev idence  o f  
poor bond may be u n d e r c u t t i n g ,  f l a k i n g  o r  t h e  l i f t i n g  of  a 
c o a t i n g  from t h e  m e t a l  s u r f a c e  over  a p p r e c i a b l e  areas. 

If a p a r t i c u l a r  t y p e  of  s e r v i c e  i s  s u b j e c t  t o  impact, 
t h e  r e s i s t a n c e  o f  t h e  c o a t i n g  t o  t h i s  type  o f  a c t i o n  must be  
eva lua ted .  S tandard  impact  tests have been developed f o r  cer- 
. t a b  s p e c i f i c  a p p l i c a t i o n s  on a c o n t r o l l e d  b a s i s ( 4 ) .  
p o s s i b l e ,  however, to  per form a modif ied impact  t e s t  us ing  a 
s tee l  ba l l  dropped from a s p e c i f i c  h e i g h t  on a h o r i z o n t a l  s u r -  
face, o r  swung, pendulum f a s h i o n ,  a g a i n s t  v e r t i c a l  su r f aces .  
The weight  of  t h e  ba l l  and d i s t a n c e  of d rop  w i l l  va ry  depending 
upon t h e  s p e c i f i c  c o a t i n g  under test. The p r i n c i p l e  behind such 
tes ts  i s  t h a t  shock on t h e  m e t a l  s u r f a c e  w i l l  disbond a p r o t e c -  
t i v e  c o a t i n g  a c e r t a i n  d i s t a n c e  from t h e  p o i n t  of  impact. By 
p e e l i n g  away t h e  disbonded c o a t i n g  around t h e  impact p o i n t ,  a 
comparison among v a r i o u s  c o a t i n g s  i s  p o s s i b l e  us ing  t h e  area 
of  disbonding as t h e  index.  S ince  tempera ture  and o t h e r  f a c t o r s  
have a c r i t i ca l  i n f l u e n c e  on t h i s  p r o p e r t y ,  care must be taken  
t o  test the  d i f f e r e n t  c o a t i n g  sys tems under  comparable condi-  
t i o n s .  

I t  i s  

P inho les  i n  a p r o t e c t i v e  c o a t i n g  may be found under 
some c o n d i t i o n s  by e lec t r ica l  i n s p e c t i o n  w i t h  a p r o t e c t i v e  
c o a t i n g  ho l iday  d e t e c t o r .  Care must be taken  t o  see t h a t  s u r -  
f a c e  mois ture  on t h e  c o a t i n g  material  i s  no t  r e s p o n s i b l e  f o r  
i n d i c a t i o n s  of  c o a t i n g  f a u l t s .  Where t h e r e  i s  doubt ,  a "patch" 
t e s t  may be employed to  l o c a t e  and e v a l u a t e  t h i s  t y p e . o f  de-  
f e ~ t ( ~ ) .  Fig. l shows d i a g r a m a t i c a l l y  how t h i s  t e s t  i s  pe r -  
formed. The c o a t i n g  i s  f i r s t  covered wi th  a t h i n  s l u r r y  of 
k a o l i n  o r  o t h e r  i r o n - f r e e  c l a y ;  t h e  purpose  o f  which i s  t o  
f i l l  i n  p i n h o l e s  and o t h e r  h o l i d a y s  i n  t h e  p r o t e c t i v e  coa t ing  
and provide  an  e l e c t r i c a l l y  conduct ive  p a t h  which w i l l  r e t a i n  
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moisture .  Over t h e  k a o l i n  is  p laced  a l a y e r  o f  a b s o r b e n t  
pape r ,  such as paper  t o w e l l i n g ,  fo l lowed  by a w a t e r  soaked 
l a y e r  of c o t t o n  f l a n n e l .  A ca thode  c o n s i s t i n g  o f  a n  aluminum 
o r  Copper p l a t e  i s  t h e n  he ld  f i r m l y  a g a i n s t  t h e  area of tes t  
and a b a t t e r y ,  c a p a b l e  o f  supp ly ing  60 t o  100 v o l t s  p o t e n t i a l ,  
i s  connected between t h e  base m e t a l  and t h e  m e t a l  c a thode  wi th  
t h e  p o l a r i t y  as i n d i c a t e d .  If c o a t i n g  h o l i d a y s  are p r e s e n t ,  a 
c u r r e n t  w i l l  flow. S ince  t h e  b a s e  metal. i s  t h e  anode, elec- 
t r o l y s i s  w i l l  o ccu r  and metal i o n s  w i l l  m i g r a t e  i n t o  t h e  ab- 

I s o r b e n t  paper.  The p resence  o f  t h e s e  i o n s  may be d e t e c t e d  
! w i t h  a chemical  i n d i c a t o r  such as po ta s s ium f e r r i c y a n i d e  

can then be  counted and recorded p e r  u n i t  area as a n  index  
of  p o r o s i t y .  For heavy enamel c o a t i n g s  of t h e  c o a l - t a r  and 
a s p h a l t  t ype ,  i t  i s  u s u a l  t o  app ly  d i r e c t  c u r r e n t  f o r  a p e r i o d  
of t i m e  which may be c a l c u l a t e d  i n  minutes  by  d i v i d i n g  100 by 
t h e  a p p l i e d  vo l t age .  

I) w h e r e  s teel  i s  t h e  base material. The number of p i n h o l e s  

\\ 

Where d i r e c t  examinat ion o f  t h e  c o a t i n g  is p o s s i b l e ,  
t e s t s  may be performed on such t h i n g s  as moi s tu re  a b s o r p t i o n  

I 
7 by removing samples o f  t h e  c o a t i n g  and s u b j e c t i n g  them t o  

c o a t i n g s  i s  A. S .  T. M. D 9 5 ( 6 ) .  
recorded when a d i r e c t  examinat ion i s  made are cha lk ing ,  
a l l i g a t o r i n g ,  s o f t e n i n g  o r  e m b r i t t l e m e n t ,  c o l o r  change or 

1 
I l a b o r a t o r y  tests. A common t e s t  f o r  m o i s t u r e  i n  bi tuminous 

Other  effects which should be  > 
/ 
\ 
1 o t h e r  ev idence  o f  decomposi t ion o f  o u t e r  l a y e r s  of t h e  coa t ing .  

\ *  
/i 

Where t h e  c o a t i n g  i s  a p p l i e d  ove r  i r o n  o r  s teel ,  i t  i s  
p o s s i b l e  t o  measure c o a t i n g  t h i c k n e s s  w i t h  e l e c t r o n i c  i n s t r u -  
ments which are n o n - d e s t r u c t i v e  and q u i t e  a c c u r a t e .  V a r i a t i o n s  

\ i n  t h i c k n e s s  are i n d i c a t i o n s  of c o l d  f low and can be checked by 
!I t h i s  type o f  i n s t rumen ta t ion .  A t h i c k n e s s - t i m e  r e l a t i o n s h i p  
\ can t h e n  be e s t a b l i s h e d  over  a p e r i o d  of i n s p e c t i o n s .  

Other  v i s u a l  ev idence  o f  c o a t i n g  d e t e r i o r a t i o n  may be 
t h e  p re sence  of imbedded f o r e i g n  material i n  t h e  c o a t i n g .  
Th i s  may be  o f  p a r t i c u l a r  concern on s t r u c t u r e s  such as p ipe -  
l i n e s  which have been exposed t o  underground c o n d i t i o n s  p r i o r  
t o  examinat ion.  

',\ 
Another tes t  which may be i n d i c a t i v e  o f  c o a t i n g  q u a l i t y ,  

i s  a n  electrical  conductance test .  The s p e c i f i c  a p p l i c a t i o n  of 
t h i s  type of t e s t  t o  a coa ted  p i p e l i n e  i s  shown i n  Fig. 2. I n  

normally immersed i n  a n  aqueous environment o r  which are b u r i e d  

more p r e p a r a t i o n  f o r  i n s p e c t i o n  t h a n  most o t h e r  t e s t s  where 

I g e n e r a l  conductance i s  most impor t an t  on s t r u c t u r e s  which are 

\' i n  s o i l .  I t  is ,  t h e r e f o r e ,  a t es t  which r e q u i r e s  c o n s i d e r a b l y  
\ 

h d i r e c t  examinat ion i s  involved. 1 

\I 
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A s  w i t h  t h e  e l e c t r i c a l  "patch" test  f o r  c o a t i n g  f a u l t s ,  I 
u s e  i s  made o f  e l e c t r i c a l  i n s t r u m e n t s  and techniques.  Re fe r r ing  i 
t o  Fig. 2, a s e c t i o n  o f  t h e  c o a t i n g  i s  selected f o r  examination 1 
and t h e  p i p e  i s  tho rough ly  c l eaned  wi th  w e t  r a g s  t o  remove ad- 
h e r i n g  s o i l  and f o r e i g n  matter. A s  w i th  t h e  "patch" test ,  t h e  
s u r f a c e  i s  wiped w i t h  a s l u r r y  o f  k a o l i n  t o  r e t a i n  moi s tu re  and 
p rov ide  uniform c o n t a c t  between t h e  c o a t i n g  s u r f a c e  and t h e  
cathode.  A pad o f  wet c o t t o n  f l a n n e l  o r  paper  t o w e l l i n g  i s  
g e n e r a l l y  wrapped around t h e  p i p e  between t h e  c o a t i n g  and t h e  
ca thode  t o  a s s u r e  a uniform e lec t r ica l  c o n t a c t .  The area o f  
t h e  t e s t  i s  c o n t r o l l e d  by t h e  p h y s i c a l  s i z e  o f  t h e  pad. Two 
guard r i n g s  a r e  employed on e i t h e r  s i d e  o f  t h e  ca thode  t o  p r e -  
ven t  e l e c t r i c a l  l eakage  c u r r e n t  from reach ing  t h e  cathode from 
t h e  surrounding environment t h u s  c r e a t i n g  an e r r o r  i n  t h e  m e a s -  
urement. The c o a t i n g  conductance is  c a l c u l a t e d  by d i v i d i n g  t h e  
c u r r e n t  c o l l e c t e d  from t h e  ca thode  by t h e  v o l t a g e  a p p l i e d  be-  
tween t h e  ca thode  and t h e  p i p e  s u r f a c e .  S ince  t h e  guard r i n g s  
are o u t s i d e  t h e  c u r r e n t  measuring network, l eakage  c u r r e n t  from 
t h e  e a r t h  a long  t h e  c o a t i n g  s u r f a c e  i s  e l imina ted .  If an ap- 
p r e c i a b l e  v o l t a g e  d r o p  o c c u r s  across t h e  m i l l i a m m e t e r ,  a c o r r e c -  
t i o n  must be made i n  t h e  f i n a l  c a l c u l a t i o n .  

Exposure t o  a n  e a r t h  environment may r e s u l t  i n  degrading 
effects due t o  s o i l  b a c t e r i a .  Th i s  e f fec t  has  been t h e  s u b j e c t  
o f  r e s e a r c h  i n  r e c e n t  y e a r s  and has  been r e p o r t e d  i n  many papers 
(1)(2)(3)(7). Removal of samples  f o r  l a b o r a t o r y  e v a l u a t i o n  ap -  
p e a r s  t o  b e  t h e  o n l y  p r a c t i c a l  tes t  f o r  b a c t e r i a l  a t t a c k  on 
p r o t e c t i v e  c o a t i n g s .  

To summarize t h e  d i r e c t  examinat ion approach t o  s e r v i c e  
t e s t i n g :  S t anda rd  t y p e s  o f  t es t s  o r  t h e i r  m o d i f i c a t i o n  may be  
used f o r  exposure  e v a l u a t i o n  o f  c o a t i n g  materials r ecogn iz ing  
t h a t  t h e  c o n d i t i o n s  o f  t h e  tes ts  are s u b j e c t  t o  many v a r i a b l e s  
n o t  p r e s e n t  i n  a l a b o r a t o r y  examinat ion.  A complete set  of 
r e c o r d s  of t h e  c o n d i t i o n s  e x i s t i n g  du r ing  t h e  t e s t i n g  and t h e  
p r o p e r t i e s  of t h e  c o a t i n g  system as observed bo th  i n i t i a l l y  
and through a l l  s t a g e s  of t h e  t e s t s  are a must. T e s t s  o f  t h i s  
t y p e  should b e  performed on a p e r i o d i c  basis so t h a t  a running 
r e c o r d  w i l l  b e  a v a i l a b l e .  Photographs showing c o n d i t i o n s  
d e s c r i b e d  i n  t h e  r e p o r t s  are ex t r eme ly  h e l p f u l  i n  b u i l d i n g  a 
sound record which may be r e l i e d  on f o r  f u t u r e  r e f e r e n c e .  

S e r v i c e  t e s t i n g  of s t r u c t u r e s  such as p i p e l i n e s  and 
o t h e r  underground i n s t a l l a t i o n s  by i n d i r e c t  means i s  q u i t e  
impor t an t  t o  c e r t a i n  i n d u s t r i e s .  The most u s e f u l  t e s t s  which 
f a l l  i n  t h i s  c a t e g o r y  a r e  ones t h a t  can be  performed a t  reg-  
u l a r  i n t e r v a l s  so t h a t  a h i s t o r y  o f  t h e  c o a t i n g  system w i l l  
evolve.  S i n c e  g r e a t  q u a n t i t i e s  o f  bi tuminous base  p r o t e c t i v e  

- 1  
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c o a t i n g s  a r e  employed i n  p i p e l i n e  work, much o f  t h e  fo l lowing  
d i s c u s s i o n  w i l l  relate t o  t h i s  t ype  o f  s t r u c t u r e .  I t  should,  
however, be remembered t h a t  m o d i f i c a t i o n s  o f  t h e  t e c h n i q u e s  
d e s c r i b e d  may be employed f o r  o t h e r  t y p e s  o f  exposure,  such 
as p i l i n g s ,  bulkheading,  underground s t o r a g e  t anks  and s i m i l a r  
s t r u c t u r e s .  

While t h e  m a j o r i t y  o f  measurements employed f o r  t h e  
i n d i r e c t  e v a l u a t i o n  o f  p r o t e c t i v e  c o a t i n g s  are electrical ,  
one s p e c i f i c  tes t  i n v o l v e s  a p h y s i c a l  t ype  o f  measurement. 
T h i s  i s  t h e  e v a l u a t i o n  o f  w a t e r - l i n e  f r i c t i o n  c o e f f i c i e n t :  
by t h e  Hazen and Williams formula.  Mathematical ly ,  t h e  f o r -  
mula f o r  water f low i s  expres sed  as 

v = 1.318 C r0.63 so*54 

where: v = v e l o c i t y  i n  feet  p e r c e n t  

r = t h e  h y d r a u l i c  r a d i u s  i n  feet  

s = t h e  hydra.ul ic  s l o p e  i n  feet  p e r  f o o t  

C = t h e  Hazen and W i l l i a m s  c o e f f i c i e n t  

Comparisons ob ta ined  wi th  v a r i o u s  c o a t i n g  systems i n  p i p e l i n e s  
are based on t h e  "C" f a c t o r .  A good "C" f a c t o r  g e n e r a l l y  i n -  
d i c a t e s  an e f f e c t i v e  p r o t e c t i v e  c o a t i n g  i n  a w a t e r  main, f a i l u r e  
o f  t h e  c o a t i n g  w i l l  b e  r e f l e c t e d  i n  d e t e r i o r a t i o n  o f  t h i s  f a c t o r  
w i t h  t i m e .  An i n t e r e s t i n g  r e p o r t  cove r ing  r e s u l t s  of t h i s  type 
o f  work wi th  v a r i o u s  l i n i n g  and c o a t i n g  materials h a s  been com- 
p i l e d  by t h e  New England Water Works A s s o c i a t i o n ( 8 ) .  
f l u i d s  o t h e r  t han  w a t e r  are involved,  v a r i o u s  f r i c t i o n  f a c t o r  
e q u a t i o n s  are a v a i l a b l e  which are u s e f u l  f o r  e v a l u a t i o n  purposes.  

Where 

The underground p i p e l i n e  l e n d s  i tsel f  p a r t i c u l a r l y  w e l l  
t o  i n d i r e c t  measurement o f  e x t e r i o r  p r o t e c t i v e  c o a t i n g  q u a l i t i e s .  
I t  i s  a r e l a t i v e l y  easy  matter t o  l o c a t e  major p r o t e c t i v e  coa t -  
i n g  f a u l t s  on such a system. Th i s  i s  done by t h e  Pearson elec- 
t r o n i c  h o l i d a y  d e t e c t o r  method i l l u s t r a t e d  i n  Fig. 3. An al-  
t e r n a t i n g  c u r r e n t  s i g n a l  is a p p l i e d  between t h e  p i p e l i n e  under 
tes t  and a r e l a t i v e l y  remote e a r t h  e l e c t r o d e  o r  ground bed. 
The a l t e r n a t i n g  c u r r e n t  s i g n a l ,  u s u a l l y  abou t  1,000 c y c l e s  pe r  
second, u ses  t h e  e a r t h  p a t h  i n  f lowing  from t h e  ground bed t o  
t h e  s t r u c t u r e .  If t h e r e  are p r o t e c t i v e  c o a t i n g  f a u l t s  p r e s e n t ,  
t h e  s i g n a l  c u r r e n t  w i l l  c o n c e n t r a t e  a t  t h e s e  l o c a t i o n s .  Th i s  
produces a p p r e c i a b l e  v o l t a g e  g r a d i e n t s  i n  t h e  e a r t h .  These 
v o l t a g e  g r a d i e n t s  a t  t h e  p o i n t  o f  c o a t i n g  h o l i d a y s  are d e t e c t e d  
by a n  e l e c t r o n i c  a m p l i f i e r  connected t o  m e t a l  cleats worn by two 
peop le  making t h e  survey. Gene ra l ly  t h e  spac ing  between t h e  i n -  
d i v i d u a l s  i n  t h e  survey p a r t y  i s  about  50 feet. The t o n e  produced 
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by t h e  v o l t a g e  g r a d i e n t  i n  t h e  e a r t h  around t h e  h o l i d a y  i s  de- 
t e c t e d  and r e a c h e s  a maximum when one of  t h e  o p e r a t o r s  o f  t h e  
d e t e c t i n g  equipment i s  d i r e c t l y  o v e r  t h e  c o a t i n g  f a u l t  whi le  
t h e  o t h e r  o p e r a t o r  i s  50 fee t  away over  a n  area of  sound coat- 
ing .  Using t h i s  method i t  i s  t h e n  p o s s i b l e  t o  l o c a t e  and t h e n  
e x c a v a t e  t h e  p i p e l i n e  t o  de te rmine  t h e  r e a s o n  for  t h e  i n d i c a t e d  
unusual  flol;. o f  c u r r e n t  th rough t h e  p r o t e c t i v e  coa t ing .  Where , 
damage or c o a t i n g  d e t e r i o r a t i o n  i s  n o t  obvious,  i t  may be de- 

Jl 
a l r e a d y  d i s c u s s e d .  
s i r a b l e  t o  per form t h e  "patch" and e l e c t r i c a l  conductance t e s t s  

I t  i s  a l so  p o s s i b l e  on a long p i p e l i n e  t o  measure q u i t e  
a c c u r a t e l y  t h e  a v e r a g e  c o a t i n g  conductance a t  v a r i o u s  p o i n t s  
a l o n g  t h e  l i n e .  I n  t h i s  way i t  i s  p o s s i b l e  t o  e v a l u a t e  s e v e r a l  
d i f f e r e n t  c o a t i n g  sys tems on a s i n g l e  p i p e l i n e  provided  adequate  
t es t  f a c i l i t i e s  are i n s t a l l e d .  The method c o n s i s t s  of estab- 
l i s h i n g  m i l l i v o l t  test s t a t i o n s  on t h e  p i p e  which are used t o  
measure t h e  f l o w  of c u r r e n t .  Fig. 4 shows a t y p i c a l  arrangement 

s t a t i o n s  u s e  t h e  p i p e  as an e l e c t r i c a l  s h u n t  t o  i n d i c a t e  c u r r e n t  
f low.  They are c a l i b r a t e d  b y  i n s e r t i n g  a v o l t m e t e r ,  "E", be- 
tween t h e  t w o  i n n e r  l e a d s  o f  t h e  t e s t  s t a t i o n  and apply ing  a 
known d i r e c t  c u r r e n t ,  "A", t o  t h e  o u t e r  l e a d s .  A f a c t o r  for  
t h e  t e s t  s t a t i o n  i s  t h e n  o b t a i n e d  by  d i v i d i n g  t h e  number of 
amperes used by t h e  number o f  m i l l i v o l t s  d e f l e c t i o n .  The f a c t o r  
i s  expressed  i n  amperes per m i l l i v o l t .  

il 
of m i l l i v o l t  t e s t  s t a t i o n s  used  f o r  t h i s  purpose.  These tes t  F 

J 

By i n s t a l l i n g  such tes t  s t a t i o n s  a t  v a r i o u s  p o i n t s  a long 
t h e  p i p e l i n e  or between s e c t i o n s  u s i n g  d i f f e r e n t  c o a t i n g  systems,  
i t  i s  p o s s i b l e  t o  a c c u r a t e l y  measure d i f f e r e n c e s  i n  c u r r e n t  a t  
s u c c e s s i v e  l o c a t i o n s  a l o n g  t h e  l i n e .  Thus, i f  a d i r e c t  c u r r e n t  
"I" i s  a p p l i e d  between t h e  p i p e l i n e  and a r e l a t i v e l y  remote 
ground b e d ,  t h e  r e l a t i v e  amounts o f  c u r r e n t  p icked  up  along 
t h e  s t r u c t u r e  i n  d i f f e r e n t  areas can  be determined. With known 
q u a n t i t i e s  of  c u r r e n t  p icked  up w i t h i n  s e c t i o n s ,  i t  i s  neces- 
s a r y  only  t o  d e t e r m i n e  t h e  a v e r a g e  e lectr ical  d r i v i n g  force or 
v o l t a g e  r e s p o n s i b l e  for f o r c i n g  t h e , c u r r e n t  from t h e  e a r t h  
through t h e  c o a t i n g  t o  t h e  pipe. This  i s  done by measuring 
t h e  v o l t a g e  change "AV" produced between t h e  p ipe  and an e a r t h  
r e f e r e n c e  produced by  c u r r e n t  "Iff .  C a l c u l a t i o n  o f  t h e  average  
conductance for t h e  s e c t i o n  i s  o b t a i n e d  as i n d i c a t e d  i n  Fig. 4. 
The r e s u l t s  are e x p r e s s e d  i n  mhos p e r  s q u a r e  f o o t  o f  c o a t i n g .  
D e t a i l s  of t h i s  t y p e  of t e s t  are g iven  i n  Nat iona l  A s s o c i a t i o n  
of Corros ion  E n g i n e e r s  Technica l  Committee Report T-3D(9). 

I 

f 

An example of t h e  v a l u e  of c o a t i n g  conductance as a 
t o o l  i n  e v a l u a t i n g  p r o t e c t i v e  c o a t i n g s  i s  g iven  by  t h e  g r a p h  
Fig. 5. T h i s  f i g u r e  shows change i n  e lec t r ica l  conductance 
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with time on a section of coated pipeline in service and in 
this case represents an unusually rapid deterioration for 
one type of protective coating. 

The graph in Fig. 6 shows the same kind of data 
plotted on semi-logarithmic paper; in this case the coating 
conductance in a rubble filled area is compared with that 
in other areas on the same pipeline. The data indicates 
that even after repair of coating faults in the rubble area, 
coating conductivity continues to rise at a higher rate than 
that in areas of normal fill. Long term data of this type 
is of great value to the corrosion engineer in selecting pro- 
tective coatings for various applications in underground work. 

As noted earlier, similar methods can be employed on 
structures other than long pipelines provided means are avail- 
able for measuring the actual flow of current in and out of a 
given part of the structure in contact with the earth or 
aqueous environment. 

Since the primary purpose of protective coatings is 
to control corrosion, one method of evaluation is to deter- 
mine the rate of corrosion on a given structure coated ac- 
cording to a set of specifications. Polarization measurements 
are one approach to determining such rates of corrosion on 
buried structures. Methods are described in work done by the 
National Bureau of Standards(5) (lo) and by Dr. Milton Stern(ll). 
The value of corrosion rate data in evaluating protective coat- 
ing conditions rests in establishing a corrosion rate time 
relationship. Tests must be performed in an identical fashion 
at suitable intervals so that comparison is possible. 

A modification of corrosion rate data for evaluation 
of coating condition would be the use of minimum current re- 
quired for cathodic protection on a given system. Cathodic 
protection requires that a structure be polarized to a pre- 
determined level. The amount of current required to maintain 
this polarization over a period of time can be used as an in- 
dex to the continued effectiveness of the coating. Increasing 
current requirements to maintain polarization is indicative of 
deterioration of the coating. 

The electrical methods reviewed will indicate some- 
thing about the effectiveness of the protective coating system; 
it will not, however, reveal what causes changes in character- 
istics. To obtain complete data requires some form of direct 
examination. Unfortunately, most of the tests described for 
indirect measurement are not of the type that can be readily 
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formulated i n t o  s t a n d a r d  procedures .  There are e n t i r e l y  t o o  
many v a r i a b l e s  associated w i t h  t h e  t y p e s  of s t r u c t u r e s  i n -  
volved and local  c o n d i t i o n s  which may s i g n i f i c a n t l y  a f fec t  
t h e  accuracy  of  t h e  tes ts ;  a g r e a t  d e a l  of r e l i a n c e  must be 
p l a c e d  on t h e  e x p e r i e n c e  of t h e  e n g i n e e r  i n  c a r r y i n g  o u t  t h e  
tes ts  and i n  h i s  a b i l i t y  t o  i n t e r p r e t  t h e  r e s u l t s .  

,! Perhaps i n  t i m e ,  improvements on t e c h n i q u e s  and o t h e r  
methods of t e s t i n g  ail1 be  developed so t h a t  specif ic  problems 
of i n d i r e c t  i n - s e r v i c e  t e s t i n g  of c o a t i n g s  w i l l  be p o s s i b l e  
v:ith r e s u l t s  t h a t  c a n  be compared t o  t h e  d i r e c t  access methods. 

I 

I 
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