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T h i s  r e p o r t  examines t h e  arguments  f o r  and a g a i n s t  d u r a b i l i t y  t e s t i n g  of 
r e p a i r s  t o  c o n c r e t e  i n  a mar ine  environment.  Curren t  t e c h n i q u e s  and materials 
used f o r  t h e  r e p a i r  of c o n c r e t e  are reviewed. The need f o r  r e p a i r  and t h e  
f a c t o r s  t h a t  w i l l  i n f l u e n c e  t h e  subsequent  d u r a b i l i t y  are discussed.  The 
c h o i c e  of materials,  t y p e  of t e s t i n g  and costs  of r e s e a r c h  i n  r e l a t i o n  t o  t h e  
r e p a i r  marke t  are examined. The r e p o r t  c o n s i d e r s  t h e  d u r a b i l i t y  of r e p a i r s  t o  
c o n c r e t e  i n  t h e  mar ine  environment  both  above and below water i n  t h e  area of 
t h e  North West European C o n t i n e n t a l  Shelf .  P o s s i b l e  r e s e a r c h  p r o j e c t s  c o v e r i n g  
t h e  main r e s e a r c h  s t r a t e g i e s  are d e f i n e d  and a minimum v i a b l e  r e s e a r c h  
programme i s  suggested.  
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PART I 

1. 

1.1 

1.2 

1.3 

INTRODUCTION 

The e x c e l l e n t  d u r a b i l i t y  t o  d a t e  of e x i s t i n g  conc re t e  s t r u c t u r e s  is 
mainly due t o  the  high q u a l i t y  of design,  materials and workmanship. 
Yet i n e v i t a b l y  t h e r e  w i l l  be areas which w i l l  need some repairs 
du r ing  t h e  l i f e t i m e  of t h e  s t r u c t u r e s ,  i f  only because of mechanical 
damage. It is necessary t h a t  t hese  r e p a i r s  be of adequate q u a l i t y  so  
t h a t  t he  ope ra t iona l  l i f e  of t he  pa ren t  s t r u c t u r e  is not  a f fec ted .  
The problems of access  and the  d i f f i c u l t y  of ca r ry ing  ou t  r e p a i r s  t o  
marine s t r u c t u r e s  mean t h a t  i t  is  necessary  t o  t ake  s p e c i a l  care t o  
avoid the  need t o  repair t h e  r e p a i r s .  

Background 

In  1982, when the  c o n t r i b u t o r s  t o  the  Concrete i n  the  Oceans Programme 
s t a r t e d  t o  cons ider  some a d d i t i o n a l  work t o  be undertaken i n  p a r a l l e l  
w i t h  Phase I1 of the  Programme, the  h ighes t  p r i o r i t y  t o p i c  w a s  the  
ques t ion  of t h e  d u r a b i l i t y  of r e p a i r s  t o  concre te  i n  a marine 
environment. For o r g a n i s a t i o n a l  reasons ,  i t  was considered 
inappropr i a t e  t o  undertake any such work w i t h i n  t h e  Concrete i n  t h e  
Oceans Programme as t h i s  Programme was scheduled t o  end before  any 
long-term d u r a b i l i t y  t e s t i n g  of r epa i r ed  conc re t e  could have been 
completed . 
The pros and coos of durabil i ty  t e s t i n g  

Suppor te rs  of t he  proposal ,  t h a t  some d u r a b i l i t y  t e s t i n g  of concre te  
i n  t h e  marine environment be undertaken, f e l t  a need f o r  guidance on: 
t h e  d u r a b i l i t y  of materials; t h e  e f f e c t  of r e p a i r  methods on 
d u r a b i l i t y ;  any o t h e r  f a c t o r s  t h a t  might a f f e c t  t h e i r  d e c i s i o n s  about  
how t o  r e p a i r  damaged concre te  i n  a marine environment. 

Those doubt ing the  use fu lness  of such an e x e r c i s e  f e l t  t h a t  i t  would 
no t  be c o s t - e f f e c t i v e  t o  tes t  s e v e r a l  c u r r e n t l y  available repair  
materials, i t  would be a lmost  imposs ib le  t o  s e l e c t  gene r i c  materials 
f o r  tes t  and, even i f  i t  were poss ib l e ,  t he  r e p a i r  materials a v a i l a b l e  
a t  the  end of any t e s t i n g  programme could be very d i f f e r e n t  from 
those  a c t u a l l y  tes ted .  They contended t h a t  only the  r e l a t i v e  merits 
of a few c u r r e n t l y  a v a i l a b l e  materials would be obtained and t h i s  
in format ion  would not  a c t u a l l y  he lp  the  s e l e c t i o n  of materials f o r  
r e p a i r  when t h e  d u r a b i l i t y  t e s t i n g  programme came t o  an end. 

A meet ing w a s  held t o  d i s c u s s  both con ten t ions  and i t  was agreed 
t h a t ,  as an i n i t i a l  approach, a P r o j e c t  D e f i n i t i o n  Study should be 
undertaken t o  examine the  arguments i n  more d e t a i l ,  b r ing  toge the r  i n  
one volume a s u c c i n c t  summary of a l l  t h e  techniques and materials 
a v a i l a b l e ,  i nc lud ing  publ ished test da ta ,  and, i f  app ropr i a t e ,  make 
proposa ls  f o r  f u r t h e r  work. 

Objectives 

The o b j e c t i v e s  of the  s tudy l ead ing  t o  t h i s  Report were: 

a )  t o  undertake a b r i e f  s ta te  of t he  a r t  r e v i e w  of c u r r e n t  
techniques and materials used f o r  repair  of concre te  i n  t h e  
marine environment 
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1.4 

t o  i d e n t i f y  any d u r a b i l i t y  test d a t a  r e l a t i n g  t o  r e p a i r e d  
conc re t e  which i s  openly a v a i l a b l e  and t o  i d e n t i f y  any 
conclus ions  t h a t  can be drawn from the  work 

t o  examine the  arguments f o r  and a g a i n s t  a programme of 
d u r a b i l i t y  t e s t i n g  of r epa i r ed  marine conc re t e  

t o  make recommendations on the  need f o r  and/or  u se fu lness  of any 
d u r a b i l i t y  t e s t i n g  programme o r  any o t h e r  a p p r o p r i a t e  f u r t h e r  
work 

t o  prepare  o u t l i n e  proposa ls  f o r  any recommended f u r t h e r  work. 

scope 

The s tudy  l ead ing  t o  t h i s  Report  covered t h e  r e p a i r  of a l l  types  of 
conc re t e  s t r u c t u r e s  d i r e c t l y  exposed t o  the  marine environment e.g. 
o f f s h o r e  o i l  and gas p la t fo rms ,  o f f s h o r e  load ing  f a c i l i t i e s ,  jet t ies,  
l i gh thouses ,  c o a s t a l  and harbour works, and subsea p ipe l ines .  I n  
t h i s  con tex t  marine is  def ined  as ' in  con tac t  w i t h  seawater o r  i n  an 
environment dominated by seawater'. S t r u c t u r e s  can be def ined  as 
c o a s t a l  where ' t he re  is r e l a t i v e l y  easy access  from the  land'  as 
opposed t o  o f f s h o r e  s t r u c t u r e s  which ' r equ i r e  a s u b s t a n t i a l  voyage by 
sea o r  a i r  t o  g a i n  access ' .  

In  a s s e s s i n g  the  need f o r  o r  v a l u e  of undertaking any d u r a b i l i t y  
t e s t i n g  programme, t h e  s tudy  has taken c a r e f u l  account of t he  ra te  of 
advance i n  r e p a i r  materials technology and t h e  d i f f i c u l t y  of 
s e l e c t i n g  gene r i c  materials f o r  t e s t i n g .  

The s tudy  was t o  some e x t e n t  l i m i t e d  by budget and t imesca le  and i t  
w a s  f e l t  t h a t  t h e  o b j e c t i v e  of undertaking a b r i e f  s ta te  of t h e  a r t  
review could most economical ly  be achieved by us ing  the  Report by t h e  
Concrete Soc ie ty  Working Pa r ty  on the  Repair  of  conc re t e  damaged by 
re inforcement  co r ros ion  [ l ]  as the  foundat ion and extending i t  
p a r t i c u l a r l y  i n t o  t h e  area of r e p a i r s  t o  s t r u c t u r e s  i n  t h e  marine 
environment. Reference is  made t o  t h a t  Report throughout t h i s  
document. 

Th i s  Report is aimed a t  those w i t h  some knowledge of r e p a i r  methods 
and a t t e m p t s  t o  provide the  reader  w i t h  s u f f i c i e n t  in format ion  t o  
assess t h e  relevance of any f u r t h e r  r e sea rch  proposed. 

The Report covers  t h e  d u r a b i l i t y  of r e p a i r s  t o  conc re t e  i n  t h e  marine 
environment both above and below water and is  confined t o  t h e  
North West European Cont inenta l  Shelf .  A r c t i c  and t r o p i c a l  
c o n s i d e r a t i o n s  are o u t s i d e  the  scope of t he  study. 

The d e t a i l e d  scope of t h e  s tudy ,  as approved by t h e  S t e e r i n g  Group, 
is set out  i n  Appendix 1. 
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2. 

2.1 

TBE NEED FOR REPAIR 

The need f o r  r e p a i r  and t h e  f a c t o r s  t h a t  w i l l  i n f luence  t h e  
subsequent d u r a b i l i t y  must be addressed before  f u r t h e r  r e sea rch  is  
formulated.  

The need i n  re la t ion  to the locat ion i n  the structure 

There are fou r  d i s t i n c t  zones t o  a l l  concre te  c o a s t a l  and o f f shore  
s t r u c t u r e s .  These are the  underwater  zone, t he  t i d a l  zone, t he  
s p l a s h  zone and t h e  atmospheric  zone. The s p l a s h  and t i d a l  zones 
take  on a d i f f e r e n t  s i g n i f i c a n c e  f o r  c o a s t a l  and o f f shore  s t r u c t u r e s .  
Coastal  s t r u c t u r e s  are dominated by t h e  t i d a l  range whi le  o f f shore  
s t r u c t u r e s  are sub jec t  t o  cons t an t  wave a c t i o n  and a much s m a l l e r  
t i d a l  range. I n  both types  of s t r u c t u r e  t h e r e  i s  an i n t e r m e d i a t e  
zone between the  underwater and s p l a s h  zones where the  concre te  i s  
s a t u r a t e d  but  i s  exposed t o  a i r  f o r  p a r t  of t h e  time. Here the  
conc re t e  i s  subjec ted  t o  the  more aggres s ive  cor ros ion  cond i t ions  of 
t h e  s p l a s h  zone y e t  t he  d i f f i c u l t i e s  of ca r ry ing  ou t  r e p a i r s  are 
s imi l i a r  t o  those encountered under water. For s i m p l i c i t y  only t h e  
underwater  and above water zones a r e  d i f f e r e n t i a t e d  f o r  t he  purposes 
of t h i s  report .  

There are two f u r t h e r  a s p e c t s  t o  the  need f o r  r e p a i r  t h a t  r e q u i r e  
cons idera t ion :  s t r u c t u r a l  requi rements ;  and the  need t o  arrest 
d e t e r i o r a t i o n  as a r e s u l t  of cor ros ion  of t h e  reinforcement .  

The need t o  r e p a i r  a s t r u c t u r e  t h a t  has  su f fe red  acc iden ta l  damage o r  
overload can only be judged a f t e r  a thorough des ign  r eappra i sa l .  The 
need t o  r e p a i r  t o  l i m i t  co r ros ion  i s  bes t  addressed i n  two main 
areas, the  underwater  and above water zones. It is  the  l a t t e r  which 
i s  dominated by t h e  s p l a s h  zone requi rements  which are i n  most 
ca ses  s imi l a r  t o ,  but  more onerous than,  t he  atmospheric  zone. The 
r e p a i r  of c racks  p re sen t s  d i f f e r e n t  requi rements  t o  bulk r e p a i r s  and 
is t r e a t e d  s e p a r a t e l y  i n  t h i s  r epor t .  

The gene ra l  t o p i c s  of concre te  d u r a b i l i t y  and re inforcement  cor ros ion  
are t r e a t e d  i n  t h e  Concrete Socie ty  Technical  Report No. 26, s e c t i o n  
1: In t roduc t ion  and s e c t i o n  2: Diagnosis [ l ] .  

2.1.1 The underwater zone 

Recent r e sea rch  [ 2 ]  i n t o  t h e  co r ros ion  process  i n  marine concre te  has 
shown t h a t ,  under water, co r ros ion  of t he  re inforcement  does no t  
occur  i n  normal circumstances.  However, where s i g n i f i c a n t  areas of 
re inforcement  are d i r e c t l y  exposed t o  seawater ,  f o r  example i n  c racks  
over  0.6 m m  wide o r  i n  areas where impact damage has occurred,  
co r ros ion  can occur  but  t h i s  can be c o n t r o l l e d  by t h e  a p p l i c a t i o n  of 
ca thod ic  pro tec t ion .  These areas may need r e p a i r  i f  ca thodic  
p r o t e c t i o n  i s  not  appl ied ,  o r  i t  may be d e s i r a b l e  t o  r e p a i r  t o  
reduce the  d r a i n  on a ca thodic  p r o t e c t i o n  system. The main reason t o  
r e p a i r  an underwater  concre te  s t r u c t u r e  which has  s u f f e r e d  a c c i d e n t a l  
damage, foundat ion f a i l u r e  o r  s t r u c t u r a l  inadequacy is  t o  main ta in  
s t r u c t u r a l  i n t e g r i t y .  Coas ta l  s t r u c t u r e s  sometimes s u f f e r  l o s s  of 
conc re t e  s e c t i o n  a t  seabed l e v e l  due t o  abras ion  from water borne 
sed iments  and r e p a i r  may be r equ i r ed  t o  main ta in  s e r v i c e a b i l i t y .  
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2.1.2 Above water 

The area of a c o n c r e t e  s t r u c t u r e  j u s t  above t h e  water l e v e l ,  u s u a l l y  
termed t h e  s p l a s h  zone, is  t h e  most v u l n e r a b l e  w i t h  r e g a r d  t o  
d e t e r i o r a t i o n  due t o  c o r r o s i o n  damage. T h i s  area is  a l s o  v u l n e r a b l e  
t o  p h y s i c a l  damage due t o  s h i p p i n g  impact  and t o  a b r a s i o n  from 
f e n d e r s ,  mooring ropes  and wave a c t i o n .  Convent ional  c a t h o d i c  
p r o t e c t i o n  w i t h  impressed  c u r r e n t  o r  s a c r i f i c i a l  anodes immersed i n  
water is  e f f e c t i v e  o n l y  f o r  areas above water. However, t e c h n i q u e s  
i n c o r p o r a t i n g  anodes formed from a r r a y s  of wires o r  c o n d u c t i v e  
c o a t i n g s  have been developed f o r  use  on b r i d g e  decks ,  p i e r s  and 
abutments.  D i s t r i b u t e d  s a c r i f i c i a l  anodes are a l s o  be ing  developed. 
These t e c h n i q u e s  are now be ing  a p p l i e d  e x p e r i m e n t a l l y  t o  c o a s t a l  
s t r u c t u r e s .  

S p a l l e d  areas and areas of low cover  r e q u i r e  r e p a i r  and maintenance 
as c o r r o s i o n  rates can be h i g h  and d e t e r i o r a t i o n  may proceed t o  a 
s t a t e  where s t r u c t u r a l  i n t e g r i t y  may become suspect .  The s p l a s h  zone 
p r o v i d e s  t h e  most h a r s h  envi ronment  w i t h  r e g a r d  t o  d u r a b i l i t y  f o r  bo th  
r e i n f o r c e d  c o n c r e t e  and any materlal used f o r  i t s  r e p a i r .  

2.1.3 The r e p a i r i n g  o f  c r a c k s  

The main r e a s o n s  f o r  r e p a i r i n g  c r a c k s  are: 

a )  t o  s t o p  l e a k s  

b)  t o  m a i n t a i n  t h e  s t r u c t u r a l  i n t e g r i t y  a c r o s s  t h e  c r a c k  

c )  t o  p r e v e n t  i n g r e s s  of a g g r e s s i v e  s p e c i e s  c a u s i n g  c o r r o s i o n  of 
t h e  re inforcement  

d )  f o r  cosmet ic  reasons .  

Unless  t h e  c r a c k  is wide (1.5 t o  2 mm), pure r e s i n  is  t h e  most l i k e l y  
material t o  be used as i t  can be f o r m u l a t e d  t o  be less v i s c o u s  than  
cement grout .  I n  most cases t h e  i n j e c t e d  material ac t s  as a f i l l e r  
and has  few s t r u c t u r a l  or p h y s i c a l  r e q u i r e m e n t s  o t h e r  t h a n  t h e  
a b i l i t y  t o  p e n e t r a t e .  The material  is p r o t e c t e d  from t h e  environment  
by t h e  bulk of t h e  c o n c r e t e  and t h e r e f o r e  d u r a b i l i t y  is n o t  u s u a l l y  a 
problem. There may, however, be i n s t a n c e s  where some bond s t r e n g t h  
is r e q u i r e d  so t h a t  f u r t h e r  c r a c k i n g  is  d i s t r i b u t e d .  There may then  
be a d u r a b i l i t y  problem i f  loss of bond o c c u r s  w i t h  time; water 
p e n e t r a t i o n  down t h e  i n t e r f a c e  between t h e  r e s i n  and s teel  has  been 
exper ienced  i n  t h e  past .  Whether t h e  same phenomenon o c c u r s  between 
an  epoxy r e s i n l c o n c r e t e  i n t e r f a c e  is  n o t  known, n o r  whether  i t  is  a 
r e s u l t  o r  a cause  of l a c k  of bond. Segmental  c o n c r e t e  b r i d g e s  are an  
example where i n g r e s s  of  c h l o r i d e  b e a r i n g  water through epoxy s e a l e d  
j o i n t s  could  r e s u l t  i n  d e t e r i o r a t i o n .  

When a c r a c k  has  t o  be f i l l e d  under water, o r  when i n j e c t i o n  i s  
a t t e m p t e d  t o  s t o p  l e a k s ,  t h e  r e s i n  h a s  t o  d i s p l a c e  t h e  water i n  t h e  
crack. The a b i l i t y  of a p a r t i c u l a r  sys tem t o  a c h i e v e  t h i s  w i l l  
i n f l u e n c e  t h e  d u r a b i l i t y  of  t h e  r e p a i r .  

2.2 The object ives  of carrying out repairs 

8 

When a s t r u c t u r e  is r e p a i r e d  f o r  s t r u c t u r a l  r e q u i r e m e n t s ,  t h e  main 
o b j e c t i v e  is t o  r e s t o r e  t h e  o r i g i n a l  s t r e n g t h  of  t h e  member t h a t  has  
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been damaged. The main requirements  are: t o  provide adequate  
s t r e n g t h ;  t h a t  t h e  modulus of e l a s t i c i t y  is  compatible;  t h a t  c reep  
and shr inkage  p r o p e r t i e s  are accep tab le ;  and t h a t  a good bond i s  made 
t o  t h e  e x i s t i n g  concrete.  One a spec t  of ' du rab i l i t y '  w i l l  concern 
the  change of t h e  above p r o p e r t i e s  w i t h  t i m e  as result  of being 
exposed t o  a marine enyironment. 

The o t h e r  o b j e c t i v e ,  of r e s t o r i n g  o r  main ta in ing  the  cor ros ion  
p r o t e c t i o n  t o  t h e  re inforcement ,  is  a more complex problem. In  a 
ch lo r ide - f r ee  environment,  any cemen t i t i ous  o r  polymer-modif i e d  
cemen t i t i ous  material w i l l  gene ra l ly  r e t u r n  the  reinforcement  t o  an 
a l k a l i n e  environment so l i m i t i n g  f u r t h e r  corrosion.  The cor ros ion  
p r o t e c t i o n  a f forded  by pure r e s i n  r e p a i r  is  a pass ive  mechanism by 
exc lus ion  of t he  environment - see Concrete Socie ty  Technical  Report 
No. 26, s e c t i o n  3.1.3: Restor ing  P r o t e c t i o n  [ l ] .  I n  a marine 
environment the  parent  concre te  w i l l  be contaminated w i t h  ch lor ides .  
Therefore ,  i f  a r e p a i r  i s  ch lor ide- f ree ,  back d i f f u s i o n  of c h l o r i d e s  
i n t o  the  r e p a i r  material, ou t  of t he  chloride-contaminated parent  
conc re t e ,  may occur. A chlor ide- f ree  repair may a l s o  provide a 
ca thod ic  area, r e s u l t i n g  i n  the  p o s s i b l e  a c t i v a t i o n  of i n c i p i e n t  
anodes i n  t h e  s t i l l  chloride-contaminated parent  concre te  [ 3 ] .  
A highly  impermeable repair  could so r e s t r i c t  oxygen d i f f u s i o n  t h a t  
cond i t ions  f o r  'negat ive a c t i v e '  co r ros ion  and c r e v i c e  co r ros ion  [ 2 ]  
could occur.  

Repair strategies 

The e x t e n t  t o  which a s t r u c t u r e  w i l l  need repair w i l l  be cons t ra ined  
by the  e x t e n t  t o  which cont inued s e r v i c e a b i l i t y  is requi red  and by 
t h e  need f o r  s t r u c t u r a l  sa fe ty .  There are s e v e r a l  approaches t o  
r e p a i r s  which w i l l  depend on t h e  requirements  of t he  s t r u c t u r e :  

do noth ing  as eventua l  f a i l u r e  i s  beyond i ts  intended use fu l  
l i f e  

do s u f f i c i e n t  t o  slow d e t e r i o r a t i o n  so  t h a t  t he  intended use fu l  
l i f e  is a t  least met 

accep t  t h a t  r e p a i r s  have only a f i n i t e  l i f e  and t h a t  f u r t h e r  
r e p a i r s  on a r egu la r  b a s i s  w i l l  be needed t o  extend the  l i f e  of 
t h e  s t r u c t u r e  

accep t  t he  p re sen t  d e t e r i o r a t e d  state of t he  s t r u c t u r e  and 
s t a b i l i s e  t h e  d e t e r i o r a t i o n  a t  t h a t  l e v e l  f o r  t he  remaining l i f e  
of t he  s t r u c t u r e  

r e s t o r e  the  s t r u c t u r e  as c l o s e l y  as p o s s i b l e  t o  i t s  o r i g i n a l  
condi t ion .  

The choice of s t r a t e g y  may be d i f f e r e n t  i n  t h e  two broad c a t e g o r i e s  
of s t r u c t u r e s  considered i n  t h i s  p r o j e c t ,  namely c o a s t a l  and 
offshore.  The o f f shore  indus t ry  takes  a more d e t a i l e d  i n t e r e s t  i n  
r e p a i r  methods. S e r v i c e a b i l i t y  and s a f e t y  requi rements  are 
r e l a t i v e l y  w e l l  def ined  and o f f s h o r e  s t r u c t u r e s  are g e n e r a l l y  mass ive .  
Many c o a s t a l  s t r u c t u r e s  are of beam, s l a b  and column type;  t h e i r  
f u t u r e  requirements  are less w e l l  def ined  and s t anda rds  may be lower. 
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3. ARGUMENTS FOR AND AGAINST DOING FURTHER RESEABCB 

3.1 The problems of doing research on the durabil i ty  of repair systems 

3.1.1 The choice  of materials 

The a v a i l a b l e  materials are d iscussed  i n  s e c t i o n  8. They range from 
pure cemen t i t i ous  t o  pure r e s i n  s y s t e m s ,  w i t h  va r ious  composi tes  i n  
between. There is  a problem i n  c l a s s i f y i n g  these  materials i n t o  
g e n e r i c  types ,  as c l a s s i f i c a t i o n  by p r i n c i p a l  i n g r e d i e n t  is  no t  
s u f f i c i e n t l y  precise .  Even w i t h i n  t h i s  broad c l a s s i f i c a t i o n  t h e r e  
are a l a r g e  number of parameters ,  and q u i t e  small changes t o  a 
fo rmula t ion  can r e s u l t  i n  s i g n i f i c a n t  changes i n  p rope r t i e s .  I n  
a d d i t i o n ,  t he  exac t  composi t ion of r e p a i r  s y s t e m s  are seldom dec la red  
and many of t hese  materials may s t i l l  be under development and 
t h e r e f o r e  s u b j e c t  t o  change du r ing  t h e  course  of any experiment.  
However, i n  t h e  p re sen t  climate of t he  indus t ry  w i t h  a downturn i n  
major c o n s t r u c t i o n  p r o j e c t s  p a r t i c u l a r l y  o f f shore ,  less development 
of spec ia l i s t  materials f o r  use o f f shore  is  being c a r r i e d  o u t  
compared w i t h  f i v e  t o  t e n  y e a r s  ago. Materials t h a t  appear  t o  be 
adequate  f o r  t h e i r  purpose are now a v a i l a b l e  and t h e r e  is  l i t t l e  
reason f o r  f u r t h e r  development u n t i l  exper ience  f i n d s  them t o  be 
lacking. The s i t u a t i o n  f o r  c o a s t a l  s t r u c t u r e s  is, t o  some e x t e n t ,  
t he  oppos i t e  ; r e p a i r  and renovat ion being p r e f e r r e d  t o  replacement. 
Manufacturers  of materials f o r  t he  onshore market see t h i s  as an 
oppor tuni ty  and are developing t h e i r  range of materials f o r  use i n  
marine condi t ions.  

3.1.2 Type of t e s t i n g  

Because t h e  f a c t o r s  t h a t  i n f luence  t h e  d u r a b i l i t y  of r e p a i r s  i n  
service are n o t  w e l l  understood, i t  i s  d e s i r a b l e  t o  work as c l o s e l y  
as p o s s i b l e  t o  f u l l  scale t o  avoid scale e f f e c t s  t h a t  may in f luence  
such f a c t o r s  as cu r ing  ra te ,  cu r ing  shr inkage  and d i f f e r e n t i a l  
thermal  expansion. It is a l s o  d e s i r a b l e  t o  c a r r y  o u t  t he  repairs t o  
specimens by methods t h a t  are r e a l i s t i c  i n  comparison w i t h  a c t u a l  
r e p a i r s  i n  p r a c t i c e  and, as a r e s u l t ,  r e l a t i v e l y  large specimens are 
requ i r ed  so  t h a t  t h e  materials and d e f e c t s  can be modelled a t  f u l l  
s ize .  The n a t u r a l  environment is so  complex t h a t  a r t i f i c i a l  
s i m u l a t i o n s  are o f t e n  inadequate  and exposure e f f e c t s  cannot e a s i l y  
be acce lera ted .  Therefore  specimens need t o  be exposed i n  real sea 
cond i t ions  f o r  a long per iod  of t i m e .  Repairs are most o f t e n  c a r r i e d  
ou t  on o l d  conc re t e s  w i t h  many yea r s  of exposure t o  a marine 
environment. True s imula t ion  would r e q u i r e  an i n i t i a l  marine 
exposure t o  newly cast specimens which f u r t h e r  ex tends  t h e  t imescale .  
These e f f e c t s  r e i n f o r c e  t h e  problems i n  s e c t i o n  3.1.1, t h a t  t h e  
fo rmula t ion  of  t h e  materials can change w i t h i n  t h e  d u r a t i o n  of t he  
experiment.  The problem of the  long timescale, which stems from t h e  
i n a b i l i t y  t o  accelerate t h e  environment e f f e c t i v e l y ,  could t o  some 
e x t e n t  be overcome by ca r ry ing  o u t  r e sea rch  on materials t h a t  have 
a l r eady  been exposed f o r  some time. S i g n i f i c a n t  in format ion  w i l l  
only be gained from t h i s  s t r a t e g y  i f  t h e  o r i g i n a l  r e p a i r  ope ra t ion  
was w e l l  documented. 

A f u r t h e r  problem w i t h  t h e  manufacture of specimens i n  the  l a b o r a t o r y  
is  t h a t  l abo ra to ry  prepared specimens tend t o  be of a h igher  q u a l i t y  
than t h e  obviously g r e a t e r  volume of concre te  t h a t  is  cast on si te.  
Furthermore,  r e p a i r s  are usua l ly  requi red  as a r e s u l t  of work c a r r i e d  
o u t  imper fec t ly  on s i t e  and a l s o  as a r e s u l t  of a c c i d e n t a l  damage, and 
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t hese  e f f e c t s  are d i f f i c u l t  t o  s i m u l a t e  i n  t h e  laboratory.  S i m i l i a r  
d i f f i c u l t i e s  arise when a t t empt ing  t o  simulate i n  the  l abora to ry  the  
cond i t ions  under which s u r f a c e  p repa ra t ion  has t o  be c a r r i e d  o u t  i n  
the  f i e l d .  These e f f e c t s  ar ise  as a r e s u l t  of scale as w e l l  as t h a t  
of a h o s t i l e  environment and are probably more s i g n i f i c a n t  w i t h  
regard  t o  s t r u c t u r e s  in t h e  marine environment compared w i t h  land  
based s t r u c t u r e s .  

3.1.3 The number of parameters  

The range of material types ,  t he  v a r i a t i o n  w i t h i n  each material type,  
t he  e f f e c t s  of propor t ion ing ,  mixing and workmanship, t he  range of 
p r o p e r t i e s  requi red ,  v a r i a t i o n s  i n  types  of damage r equ i r ing  repair ,  
v a r i a t i o n s  i n  the  base material t o  be r epa i r ed ,  t he  numbers of 
combinat ions of tack coa t s ,  t he  d i f f e r e n t  tempera tures  and 
environments  w i t h i n  which r e p a i r s  can be c a r r i e d  ou t ,  a l l  l ead  t o  a 
l a r g e  number of poss ib l e  parameters ,  Only a few parameters  can be 
i n v e s t i g a t e d  i n  any one p r o j e c t  o the rwise  t h e  experiments  become 
unmanageable and the  r e s u l t s  d i f f i c u l t  t o  i n t e r p r e t .  Even if only a 
few parameters  are s e l e c t e d  i t  is sometimes d i f f i c u l t  t o  c o n t r o l  t he  
remaining parameters  a t  a cons t an t  l e v e l .  

3.1.4 The knowledge gained 

The exposure of large numbers of specimens of a reasonable  s c a l e  in 
real sea environments  over  long pe r iods  is expensive. The l i k e l i h o o d  
of t h ings  going wrong means t h a t  r e p l i c a t i o n  of specimens is 
impor tan t  o the rwise  va luable  informat ion  can be l o s t .  The high c o s t  
of t hese  experiments  must be equated t o  the  knowledge gained which 
may be on a l i m i t e d  range of materials and a p p l i c a t i o n s  and may be 
r e l a t e d  t o  outda ted  technology. 

3.1.5 The outcome of e x i s t i n g  r e sea rch  and exper ience  

There is  a body of opinion t h a t  cons ide r s  t h a t  enough r e sea rch  has 
been done already. However, much of what has  been done t o  d a t e  is 
conf iden t i a l .  The ma jo r i ty  of t h i s  experience is  no t  publ ished and 
r e s i d e s  wi th in  the  f i r m s  t h a t  o f f e r  r e p a i r  s y s t e m s  commercially. The 
u l t i m a t e  test is whether t he  c l i e n t  be l i eves  he understands enough of 
t he  technology t o  know what he is g e t t i n g  and whether he is s a t i s f i e d  
t h a t  t h e  work t h a t  he had commissioned w i l l  las t  f o r  t he  remainder of 
t he  l i f e  of t he  s t ruc tu re .  H e  must be c l e a r  as t o  whether he expec t s  
a once-only ex tens ion  t o  the  l i f e  of t he  s t r u c t u r e  o r  whether he i s  
prepared t o  accep t  cont inued maintenance. 

3.1.6 Research should be done by t h e  s u p p l i e r s  

Because t h e r e  are no i d e n t i f i a b l e  b a s i c  gene r i c  materials, each  
s u p p l i e r  o f f e r s  a d i f f e r e n t  product. There is a v a l i d  argument t h a t  
t h e  s u p p l i e r  should be a b l e  t o  s a t i s f y  the  c l i e n t  t h a t  h i s  material 
is f i t  f o r  i ts  purpose and t h e r e f o r e  t h e  burden of r e sea rch  l i es  w i t h  
t h e  supp l i e r s .  This  argument relies on t h e  c l i e n t  having s u f f i c i e n t  
knowledge t o  understand the  problems, a p p r e c i a t i n g  the  c l a i m s  made 
and being clear about what t h e  r e s u l t s  of t h e  test mean. 

3.1.7 Cost of r e sea rch  i n  r e l a t i o n  t o  t h e  market 

The major market f o r  r e p a i r s  t o  marine s t r u c t u r e s  probably l i e s  i n  
c o a s t a l  works and je t t ies .  Owners of t hese  t y p e s  of s t r u c t u r e s  are 
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numerous and v a r i e d  and have l i t t l e  r e s e a r c h  funding  a v a i l a b l e .  
R e p a i r s  t o  o f f s h o r e  s t r u c t u r e s  are r e q u i r e d  less o f t e n  a l t h o u g h  t h e  
cost of  do ing  t h e  work is  v e r y  much higher .  The o f f s h o r e  o p e r a t o r s '  
r e q u i r e m e n t s  f o r  methods and materials are, however, more exac t ing .  
S u p p l i e r s  p r e f e r  t o  d i r e c t  r e s e a r c h  funds  t o  t h e i r  own materials 
r a t h e r  t h a n  t o  c o l l a b o r a t e  i n  j o i n t  i n d u s t r y  r e s e a r c h .  

The b e n e f i t s  of d o i n g  r e s e a r c h  on the d u r a b i l i t y  of r e p a i r  sys tems 

The d a u n t i n g  l i s t  of t h e  problems of  do ing  r e s e a r c h  on t h e  d u r a b i l i t y  
of  r e p a i r  s y s t e m s  may be s e e n  as a s u f f i c i e n t  argument f o r  n o t  do ing  
work i n  t h i s  f i e l d .  There is  however b e n e f i t  a l o n e  i n  examining t h e  
arguments  so  t h a t  r e s e a r c h  p r o j e c t s  may be d e f i n e d  w i t h  conf idence  of 
t h e  o b j e c t i v e s  be ing  achieved. 

It is  p o s s i b l e  t o  c a t e g o r i s e  r e p a i r  materials broadly  and t o  p i c k  
r e l a t i v e l y  w e l l  known materials t o  t y p i f y  t h e s e  c a t e g o r i e s .  Research 
on t h e s e  w i l l  p rovide  v a l u a b l e  b a s i c  i n f o r m a t i o n  on t h e  p a r a m e t e r s  
c o n t r o l l i n g  d u r a b i l i t y  and w i l l  p rovide  benchmarks a g a i n s t  which t h e  
p r o p e r t i e s  of more r e c e n t l y  developed materials can be judged. A 
s t u d y  of t h e  d u r a b i l i t y  of r e p a i r s  t o  o l d  s t r u c t u r e s  would e n a b l e  a 
wider  range of materials and methods t o  be i n v e s t i g a t e d ,  compared 
w i t h  l a b o r a t o r y  s t u d i e s ,  as w e l l  as p r o v i d i n g  i n f o r m a t i o n  on r e l a t i v e  
performance, Surveys may w e l l  i d e n t i f y  problems t h a t  are p e c u l i a r  t o  
a p a r t i c u l a r  c a t e g o r y  of r e p a i r  sys tem and could  i n d i c a t e  whether  
c e r t a i n  f a c t o r s  are i n f l u e n c e d  by materials o r  workmanship. 

The major  b e n e f i t  i n  do ing  r e s e a r c h  i n t o  t h e  d u r a b i l i t y  of  r e p a i r  
s y s t e m s  is t o  a c h i e v e  c o s t  e f f e c t i v e  r e p a i r s .  C a r r y i n g  o u t  r e p a i r s  
is a l a b o u r  i n t e n s i v e  o p e r a t i o n ,  w i t h  t h e  major  c o s t  be ing  i n  access 
and p r e p a r a t i o n  f o r  r e p a i r  such  as breaking  back t o  sound c o n c r e t e  
and f i x i n g  of formwork which are common t o  a l l  systems. The f i n a l  
p r e p a r a t i o n  and t h e  c h o i c e  of  t h e  r i g h t  material can have a 
d i s p r o p o r t i o n a t e  e f f e c t  on t h e  d u r a b i l i t y ,  and t h e r e f o r e  o v e r a l l  
economy, of t h e  complete o p e r a t i o n .  

A t  p r e s e n t ,  t h e r e  i s  l i t t l e  i n f o r m a t i o n  on t h e  d u r a b i l i t y  of r e p a i r  
s y s t e m s  e i t h e r  onshore  or f o r  marine a p p l i c a t i o n s .  The c h o i c e  of  
material is made l a r g e l y  on guesswork and on e x p e r i e n c e  of  what h a s  
been adequate  i n  t h e  past .  T h i s  is i n h i b i t i v e  of  improvement. Many 
s t r u c t u r e s  are now be ing  r e p a i r e d  less t h a n  20 y e a r s  s i n c e  they  were 
c o n s t r u c t e d .  - Few r e p a i r  s y s t e m s  have demonst ra ted  r e l i a b i l i t y  f o r  
p e r i o d s  i n  e x c e s s  of  t h i s .  These f a c t s  s u g g e s t  t h a t  cont inued  
maintenance must be a c c e p t e d  f o r  s t r u c t u r e s  t h a t  were designed-  f o r  a 
120 y e a r  l i f e ,  O f f s h o r e  s t r u c t u r e s  have a much s h o r t e r  planned 
u s e f u l  l i f e  than  onshore s t r u c t u r e s  b u t  c o n v e r s e l y  s a f e t y  cons ider -  
a t i o n s  and t h e  l e v e l  of i n v e s t m e n t  a t  s t a k e  are much more important .  

Research on t h e  d u r a b i l i t y  of r e p a i r  s y s t e m s  w i l l  g i v e  conf idence  i n  
t h e  c h o i c e  of materials and w i l l  r e s u l t  i n  r e p a i r s  be ing  c a r r i e d  o u t  
more e f f e c t i v e l y .  It w i l l  a l l o w  improvement i n  r e p a i r  materials and 
s y s t e m s  as knowledge is  ga ined  of t h e  mechanisms involved. Confidence 
w i l l  be ga ined  i n  c a r r y i n g  o u t  r e p a i r s  as t h e  i m p o r t a n t  p a r a m e t e r s  
a f f e c t i n g  d u r a b i l i t y  w i l l  have been i d e n t i f i e d .  A s  knowledge is 
g a i n e d ,  r e p a i r  s y s t e m s  can be f o r m u l a t e d  t h a t  are less s e n s i t i v e  to  
ambient  c o n d i t i o n s  so  t h a t  t h e  consequences of  bad workmanship and 
i n e x p e r i e n c e  can be minimised. 
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4. BeSKARCH STRATEGIES 

4.1 Overall strategies 

There are t h r e e  p o s s i b l e  r e s e a r c h  s t r a t e g i e s  which could be adopted. 

4.1.1 Exposure tests 

T h i s  s t r a t e g y  i n v o l v e s  t h e  r e p a i r  of l a r g e  scale specimens w i t h  
s e v e r a l  d i f f e r e n t  p r o p r i e t a r y  o r  r e p r e s e n t a t i v e  sys tems,  and t h e  
exposure  of t h e s e  r e p a i r s  t o  a real sea environment  f o r  s e v e r a l  
years .  The s t r a t e g y  h a s  most of t h e  problems o u t l i n e d  i n  s e c t i o n  3.1 
and f a v o u r s  e x i s t i n g  materials. An a l t e r n a t i v e  t o  t h e  use  of new 
specimens would be t o  moni tor  r e p a i r s  t o  e x i s t i n g  s t r u c t u r e s ,  
a l t h o u g h  c o n t r o l  of  t h e s e  t y p e s  of e x p e r i m e n t s  is  more d i f f i c u l t .  

T h i s  s t r a t e g y  is  closest t o  a c t u a l i t y  i f  i t  can be c a r r i e d  o u t  
e c o n o m i c a l l y  and t h e  r e s u l t s  are n o t  r e q u i r e d  i n  t h e  short- term.  A 
w e l l  c o n t r o l l e d  exper iment  i n  which c o n d i t i o n s  are as c l o s e  as 
p o s s i b l e  t o  t h e  real environment  has  advantages  i n  t h a t  t h e r e  w i l l  be 
more conf idence  i n  t h e  outcome. It  is  n o t  known how g r e a t  an  e f f e c t  
t h e  method of  r e p a i r  has  on d u r a b i l i t y  as opposed t o  t h e  e f f e c t  of 
t h e  material alone. T e s t i n g  of l a r g e  scale specimens i n  a real 
environment  w i l l  a l s o  a l l o w  a much closer s i m u l a t i o n  of r e p a i r  
methods thereby  e l i m i n a t i n g  a number of v a r i a b l e s .  

4.1 .2  Study t h e  d u r a b i l i t y  of e x i s t i n g  r e p a i r s  

The f o l l o w i n g  s t u d i e s  could  be pursued under t h i s  s t r a t e g y :  

a )  I n - s e r v i c e  r e p a i r s  t o  o f f s h o r e  s t r u c t u r e s .  There are r e l a t i v e l y  
few of  t h e s e  c o v e r i n g  a v e r y  l i m i t e d  range of materials. 

R e p a i r s  c a r r i e d  o u t  t o  o f f s h o r e  s t r u c t u r e s  duri'ng c o n s t r u c t i o n .  
There are a g r e a t e r  number of  t h e s e  which are known t o  t h e  
o p e r a t o r s .  They were, however, mos t ly  made i n  t h e  dry.  

b) 

c )  R e p a i r s  to  je t t ies ,  harbour  works,  and c o n c r e t e  barges  and boats .  
There are a l a r g e  number of t h e s e  c o v e r i n g  a much greater 
timespan and range of  materials. U n f o r t u n a t e l y  t h e s e  tend  t o  be 
much less w e l l  documented. C e r t a i n  commercial f i r m s  have 
documented t h e i r  own e x p e r i e n c e  of e x i s t i n g  r e p a i r  systems 
d u r i n g  i n s p e c t i o n  of  marine s t r u c t u r e s  but  t h e i r  combined 
e x p e r i e n c e  h a s  n o t  been compiled and publ ished.  

d)  R e p a i r s  to  br idges.  T h i s  area has  been w e l l  r e s e a r c h e d  and i n  
p r a c t i c e  i s  g e n e r a l l y  w e l l  documented. There may be advantages 
i n  pursu ing  t h i s  a s p e c t  of r e p a i r s  as t h e  r e s u l t  o f  t h e  
a p p l i c a t i o n  of de- ic ing  sal ts  on road b r i d g e s  is similar t o  
problems exper ienced  i n  marine s t r u c t u r e s  as a r e s u l t  of t h e  
i n g r e s s  of c h l o r i d e  ions. 

T h i s  s t r a t e g y  o n l y  examines o l d  technology but  r e s u l t s  can be 
o b t a i n e d  r e l a t i v e l y  quickly.  Surveys of t h i s  type  can be of v a l u e  
provided t h a t  t h e  o r i g i n a l  r e p a i r  was w e l l  documented. However, they 
do n o t  tend  t o  be c o n c l u s i v e  as t h e  p a r a m e t e r s  cannot  be c o n t r o l l e d  
and because of t h e  i n h e r e n t  d i f f i c u l t y  of c a r r y i n g  o u t  s c i e n t i f i c  
work i n  t h e  f i e l d .  I f  t h e  u l t i m a t e  o b j e c t i v e  of  t h e  p r o j e c t  is t o  
convince t h e  c l i e n t  t h a t  r e p a i r s  as p r e s e n t l y  c a r r i e d  o u t  are 
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d u r a b l e ,  t h e n  t h i s  s t r a t e g y  would probably provide  s u f f i c i e n t  
ev idence  t o  a l l a y  h i s  f e a r s .  It would, however, be very  l i m i t e d  i n  
i t s  c o n t r i b u t i o n  t o  knowledge i n  t h i s  area as i t  g i v e s  i n f o r m a t i o n  on 
whether  a sys tem works or  n o t  b u t  does  n o t  n e c e s s a r i l y  i n d i c a t e  why. 
There could  be b e n e f i t  i n  a c q u i r i n g  background i n f o r m a t i o n  on 
e x p e r i e n c e  i n  c a r r y i n g  o u t  r e p a i r s  bu t  t h i s  is d i f f i c u l t  t o  
communicate e f f e c t i v e l y .  

4.1.3 Determine t h e  p a r a m e t e r s  which i n f l u e n c e  d u r a b i l i t y ,  s t u d y  t h e i r  
l i m i t s  and p e r f e c t  tests methods t o  measure them. 

T h i s  s t r a t e g y  is  n o t  c o n s t r a i n e d  by t h e  need t o  test a l l  t h e  
v a r i a t i o n s  of e a c h  type  of  material. Provided a l l  t h e  l i m i t i n g  
f a c t o r s  are covered i n  t h e  f u l l  range of materials, t h e  e f f e c t s  of 
t h e  v a r i a t i o n s  can be s t u d i e d  as requi red .  A proper  u q d e r s t a n d i n g  o f  
t h e  f a c t o r s  a f f e c t i n g  d u r a b i l i t y  w i l l  s t i m u l a t e  improvements i n  
materials, and t h e  new materials can then  be e v a l u a t e d  u s i n g  
s t a n d a r d  tes t  methods. 

It i s  n e c e s s a r y  t o  e v a l u a t e  t h e  tes t  methods u s i n g  w e l l  known 
materials so t h a t  e x p e r i e n c e  can be ga ined  on t h e i r  accuracy  and 
r e p e a t a b i l i t y .  The r e s u l t s  from t h e  test methods can t h e n  be r e l a t e d  
t o  t h e  d u r a b i l i t y  achieved  i n  p r a c t i c e .  It is  n e c e s s a r y  t o  d e t e r m i n e  
l e v e l s  of acceptance  of  t h e  v a r i o u s  p a r a m e t e r s  e v a l u a t e d  i n  t h e  
s t a n d a r d  tests. It is  a l s o  n e c e s s a r y  t o  e v a l u a t e  how t h e  measured 
p r o p e r t i e s  change w i t h  age, exposure to  t h e  environment  and c y c l i c  
loading. A f u r t h e r  a s p e c t  t h a t  r e q u i r e s  e v a l u a t i o n  is t h e  e f f e c t  
t h a t  t h e  c o n d i t i o n s  under which t h e  r e p a i r  is  c a r r i e d  o u t  have on 
both  t h e  r e s u l t s  of test methods and t h e  d u r a b i l i t y  of r e p a i r  systems. 

4.1.4 Combined.approach 

It may w e l l  be advantageous n o t  t o  c o n c e n t r a t e  e x c l u s i v e l y  on o n l y  
one of t h e  above approaches but  t o  back up t h e  major  s t r a t e g y  w i t h  
some work i n  o t h e r  f i e l d s .  

4.2 Detailed requirements 

There are many a s p e c t s  of d u r a b i l i t y  t h a t  are common t o  both  l a n d  
based r e p a i r s  and t h o s e  i n  a mar ine  environment.  
s p e c i f i c a l l y  a t  t h e  d u r a b i l i t y  of r e p a i r s  t o  mar ine  s t r u c t u r e s  should  
c o n c e n t r a t e  on t h o s e  a s p e c t s  of material d e g r a d a t i o n  t h a t  are 
p e c u l i a r  t o  t h e  marine environment  such  as t h e  a c t i o n  of  s u l p h a t e  
reducing  b a c t e r i a ,  t h e  i n g r e s s  of s i g n i f i c a n t  q u a n t i t i e s  of c h l o r i d e s  
and h i g h  h y d r o s t a t i c  p r e s s u r e  due t o  deep immersion. 

Research aimed 

The i n t e r f a c e  bond has  been t h e  s u b j e c t  of  c o n s i d e r a b l e  academic 
r e s e a r c h  but  g e n e r a l l y  t h e  test p i e c e s  have been made under  i d e a l  
c o n d i t i o n s .  The s p e c i f i c  c o n d i t i o n s  of a c o a s t a l  environment  may 
w e l l  r e q u i r e  f u r t h e r  r e s e a r c h  f o r  t h e  c o a s t a l  and o f f s h o r e  i n t e r e s t s .  
P a r t i c u l a r  a s p e c t s  t h a t  need i n v e s t i g a t i n g  are: 

a )  t h e  i n f l u e n c e  of v a r i o u s  methods of s u r f a c e  p r e p a r a t i o n  i n  
r e l a t i o n  t o  s u r f a c e  contaminat ion  

b) t h e  mechanica l /phys ica l  requi rements  f o r  t h e  i n t e r f a c e  bond 
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c )  t h e  e f f e c t  o f  t i m e  on t h e  above parameter  
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d )  whether  an  adequate  bond can be achieved  under water 

5. 

5.1 

e )  t h e  e f f e c t  of c y c l i c  l o a d i n g  on t h e  i n t e r f a c e  bond. 

The e x a m i n a t i o n  of c o r e s  taken  from e x i s t i n g  s t r u c t u r e s  t h a t  have 
been r e p a i r e d  under w e l l  documented c i r c u m s t a n c e s  would provide  
v a l u a b l e  i n f o r m a t i o n  on t h e  a c t u a l  p r o p e r t i e s  of t h e  i n t e r f a c e  bond 
under p r a c t i c a l  c o n d i t i o n s  which can then  be compared w i t h  t h o s e  
achieved  under l a b o r a t o r y  condi t ions .  The problems of  o b t a i n i n g  
h i s t o r i c a l  d a t a ,  of f i n d i n g  s u i t a b l e  s t r u c t u r e s  and of c a r r y i n g  o u t  
t h e  work i n  t h e  f i e l d  are d i c u s s e d  i n  s e c t i o n  3. However, t h e s e  
problems are surmountable  f o r  o l d  s t r u c t u r e s  and an exper iment  could 
be se t  up t o  examine a s t r u c t u r e  immedia te ly  a f t e r  r e p a i r .  

The adequacy of i n t e r f a c e  bond is u s u a l l y  t e s t e d  by t h e  s l a n t  s h e a r  
test ,  BS 6319 p a r t  4 [41  and t h i s  test has  been s u b j e c t  t o  
c o n s i d e r a b l e  development [5-101, t h e  work of Domone e t  a1 [5-61 being  
t h e  more recent .  I n  Germany t h i s  parameter  is t e s t e d  by t h e  pul l -of f  
tes t  which may be more a d a p t a b l e  t o  t e s t i n g  r e p a i r  s y s t e m s  i n  s i t u .  

CONCLUSIONS AND RECOMWNDATIONS 

Conclusions 

There is a need f o r  documented r e p a i r  t e c h n i q u e s  s u i t a b l e  f o r  c o a s t a l  
and o f f s h o r e  c o n c r e t e  s t r u c t u r e s .  S t r u c t u r a l  damage and d e t e r i o r a t i o n  
as a r e s u l t  of c o r r o s i o n  of t h e  r e i n f o r c e m e n t  o c c u r s  p a r t i c u l a r l y  i n  
t h e  s p l a s h  zones ,  and t h e r e  are s p e c i a l  problems i n  c a r r y i n g  o u t  
r e p a i r s  t o  marine s t r u c t u r e s .  These i n c l u d e  t h e  i m p o s s i b i l i t y  of 
keeping  t h e  r e p a i r  area d r y  and a v o i d i n g  t h e  c o n t a m i n a t i o n  from 
c h l o r i d e s .  S p e c i a l  methods and materials are t h e r e f o r e  r e q u i r e d  t o  
overcome t h e s e  problems. 

The d u r a b i l i t y  r e q u i r e m e n t s  of a r e p a i r  t o  a marine s t r u c t u r e  are 
d i f f e r e n t  t o  and more s e v e r e  than  t h o s e  t o  a b u i l d i n g  on land. The 
main f a c t o r s  a f f e c t i n g  t h e  d u r a b i l i t y  concern t h e  humidi ty  of t h e  
environment  combined w i t h  t h e  a c t i o n  of c h l o r i d e s  which can a f f e c t  
t h e  s t r u c t u r a l  performance and t h e  a b i l i t y  to  c o n t r o l  f u r t h e r  
c o r r o s i o n  damage. 

There is  a t  p r e s e n t  very  l i t t l e  publ i shed  i n f o r m a t i o n  on t h e  
d u r a b i l i t y  of r e p a i r s  i n  mar ine  c o n d i t i o n s  so t h a t  t h e r e  is  no yard- 
s t i c k  by which t o  j u d g e  t h e  c h o i c e  of  method o r  material f o r  r e p a i r s .  

The problems of access and t h e  d i f f i c u l t y  of  g e t t i n g  t h e  work done i n  
m a r i n e  c o n d i t i o n s  make t h e  c h o i c e  of t h e  r i g h t  method and material 
much more i m p o r t a n t  from t h e  economic p o i n t  of view. For t h e  above 
r e a s o n s  t h e r e  i s  a s t r o n g  economic argument f o r  c a r r y i n g  o u t  r e s e a r c h  
i n t o  t h e  d u r a b i l i t y  of  r e p a i r s  i n  t h e  marine environment.  

There are s p e c i a l  d i f f i c u l t i e s  i n  u n d e r t a k i n g  r e s e a r c h  i n  t h e  marine 
environment.  
exposure  tests on a wide v a r i e t y  of materials s t i l l  under  
development. Many of t h e  problems are i n h e r e n t  i n  a l l  r e s e a r c h  
programmes and can be successfu l ly-overcome.  A proper  a n a l y s i s  of 

They l i e  mainly i n  t h e  c o s t  a s s o c i a t e d  w i t h  l o n g  term 
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d )  whether  an  adequate  bond can be achieved  under water 

5. 

5.1 

e )  t h e  e f f e c t  of c y c l i c  l o a d i n g  on t h e  i n t e r f a c e  bond. 

The e x a m i n a t i o n  of c o r e s  taken  from e x i s t i n g  s t r u c t u r e s  t h a t  have 
been r e p a i r e d  under w e l l  documented c i r c u m s t a n c e s  would provide  
v a l u a b l e  i n f o r m a t i o n  on t h e  a c t u a l  p r o p e r t i e s  of t h e  i n t e r f a c e  bond 
under p r a c t i c a l  c o n d i t i o n s  which can then  be compared w i t h  t h o s e  
achieved  under l a b o r a t o r y  condi t ions .  The problems of  o b t a i n i n g  
h i s t o r i c a l  d a t a ,  of f i n d i n g  s u i t a b l e  s t r u c t u r e s  and of c a r r y i n g  o u t  
t h e  work i n  t h e  f i e l d  are d i c u s s e d  i n  s e c t i o n  3. However, t h e s e  
problems are surmountable  f o r  o l d  s t r u c t u r e s  and an exper iment  could 
be se t  up t o  examine a s t r u c t u r e  immedia te ly  a f t e r  r e p a i r .  

The adequacy of i n t e r f a c e  bond is u s u a l l y  t e s t e d  by t h e  s l a n t  s h e a r  
test ,  BS 6319 p a r t  4 [41  and t h i s  test has  been s u b j e c t  t o  
c o n s i d e r a b l e  development [5-101, t h e  work of Domone e t  a1 [5-61 being  
t h e  more recent .  I n  Germany t h i s  parameter  is t e s t e d  by t h e  pul l -of f  
tes t  which may be more a d a p t a b l e  t o  t e s t i n g  r e p a i r  s y s t e m s  i n  s i t u .  

CONCLUSIONS AND RECOMWNDATIONS 

Conclusions 

There is a need f o r  documented r e p a i r  t e c h n i q u e s  s u i t a b l e  f o r  c o a s t a l  
and o f f s h o r e  c o n c r e t e  s t r u c t u r e s .  S t r u c t u r a l  damage and d e t e r i o r a t i o n  
as a r e s u l t  of c o r r o s i o n  of t h e  r e i n f o r c e m e n t  o c c u r s  p a r t i c u l a r l y  i n  
t h e  s p l a s h  zones ,  and t h e r e  are s p e c i a l  problems i n  c a r r y i n g  o u t  
r e p a i r s  t o  marine s t r u c t u r e s .  These i n c l u d e  t h e  i m p o s s i b i l i t y  of 
keeping  t h e  r e p a i r  area d r y  and a v o i d i n g  t h e  c o n t a m i n a t i o n  from 
c h l o r i d e s .  S p e c i a l  methods and materials are t h e r e f o r e  r e q u i r e d  t o  
overcome t h e s e  problems. 

The d u r a b i l i t y  r e q u i r e m e n t s  of a r e p a i r  t o  a marine s t r u c t u r e  are 
d i f f e r e n t  t o  and more s e v e r e  than  t h o s e  t o  a b u i l d i n g  on land. The 
main f a c t o r s  a f f e c t i n g  t h e  d u r a b i l i t y  concern t h e  humidi ty  of t h e  
environment  combined w i t h  t h e  a c t i o n  of c h l o r i d e s  which can a f f e c t  
t h e  s t r u c t u r a l  performance and t h e  a b i l i t y  to  c o n t r o l  f u r t h e r  
c o r r o s i o n  damage. 

There is  a t  p r e s e n t  very  l i t t l e  publ i shed  i n f o r m a t i o n  on t h e  
d u r a b i l i t y  of r e p a i r s  i n  mar ine  c o n d i t i o n s  so t h a t  t h e r e  is  no yard- 
s t i c k  by which t o  j u d g e  t h e  c h o i c e  of  method o r  material f o r  r e p a i r s .  

The problems of access and t h e  d i f f i c u l t y  of  g e t t i n g  t h e  work done i n  
m a r i n e  c o n d i t i o n s  make t h e  c h o i c e  of t h e  r i g h t  method and material 
much more i m p o r t a n t  from t h e  economic p o i n t  of view. For t h e  above 
r e a s o n s  t h e r e  i s  a s t r o n g  economic argument f o r  c a r r y i n g  o u t  r e s e a r c h  
i n t o  t h e  d u r a b i l i t y  of  r e p a i r s  i n  t h e  marine environment.  

There are s p e c i a l  d i f f i c u l t i e s  i n  u n d e r t a k i n g  r e s e a r c h  i n  t h e  marine 
environment.  
exposure  tests on a wide v a r i e t y  of materials s t i l l  under  
development. Many of t h e  problems are i n h e r e n t  i n  a l l  r e s e a r c h  
programmes and can be successfu l ly-overcome.  A proper  a n a l y s i s  of 
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t h e  d i f f i c u l t i e s  a l l o w s  a much more e f f e c t i v e  d e f i n i t i o n  of t h e  
r e s e a r c h  needed. 

5.2 

5.3 

The main b e n e f i t s  i n  doing r e sea rch  are economic, a l lowing  more 
confidence i n  t h e  use of t h e  r i g h t  materials and a b e t t e r  
understanding of t h e  mechanisms involved so t h a t  improved methods and 
materials can be developed. 

Recommendations 

It is  recommended t h a t  t he  most e f f e c t i v e  r e sea rch  s t r a t e g y  l i e s  i n  
de te rmining  t h e  performance c h a r a c t e r i s t i c s  which a f f e c t  t h e  
d u r a b i l i t y  of r e p a i r s ,  the  l e v e l s  of a c c e p t a b i l i t y  of t he  r e l e v a n t  
p r o p e r t i e s  and the  development of p r a c t i c a l  test methods t o  measure 
t h e s e  p rope r t i e s .  This  would a l low proper  comparisons i n  t h e  choice 
of materials and methods, and provide acceptance c r i t e r i a  f o r  work 
c a r r i e d  ou t  on si te.  Th i s  s t r a t e g y  avoids  many of t he  problems of 
doing t h e  r e sea rch  descr ibed  i n  s e c t i o n  3.1 and w i l l  encourage t h e  
development of improved materials and r e p a i r  methods. This  approach 
would a l low a programme t o  be s p l i t  i n t o  s e v e r a l  smaller p r o j e c t s  
which could be c a r r i e d  ou t  i n  u n i v e r s i t i e s  and polytechnics .  

There would however be cons iderable  advantage i n  backing up t h i s  
s tudy  w i t h  some surveys on the  d u r a b i l i t y  of e x i s t i n g  r e p a i r s  t o  
ensure  t h a t  t h e  c o r r e c t  mechanisms are being s tudied.  Although t h e r e  
i s  d i f f i c u l t y  i n  g e t t i n g  a c c u r a t e  s c i e n t i f i c  in format ion  from 
surveys,  t h e r e  are many b e n e f i t s  i n  l e a r n i n g  from what a c t u a l l y  
happened. 

I n g r e s s  of c h l o r i d e s ,  h igh  h y d r o s t a t i c  p re s su re ,  t he  a c t i o n  of 
su lpha te  reducing b a c t e r i a  and su lpha te  a t t a c k  have been i d e n t i f i e d  
as being t h e  major p o s s i b l e  causes  of material degrada t ion  t h a t  are 
p a r t i c u l a r  t o  the  d u r a b i l i t y  of  r e p a i r s  i n  a marine environment. The 
i n g r e s s  of c h l o r i d e s  is  t h e  most impor tan t  of t hese  and should be 
i n v e s t i g a t e d  i n  any f u t u r e  research. High h y d r o s t a t i c  p re s su re  could 
only  be i n v e s t i g a t e d  s a t i s f a c t o r i l y  by ca r ry ing  o u t  deep water 
t e s t i n g  i n  exposure tests ( sec t ion  13.1) but  t h i s  s u b j e c t  i s  not  
recommended due t o  the  l e n g t h  of time needed t o  o b t a i n  r e s u l t s .  The 
a c t i o n  of su lpha te  reducing b a c t e r i a  i s  cons idered  t o  be a s p e c i a l  
case and i s  being i n v e s t i g a t e d  as p a r t  of t he  COIN programme [50]. 

Sulphate  a t t a c k  has  been i d e n t i f i e d  as a p o s s i b l e  d e t e r i o r a t i o n  
mechanism f o r  some materials [ I 4 1  and a l l  r e sea rch  p r o j e c t s  def ined  
i n  s e c t i o n  13 should be c a r e f u l l y  monitored f o r  s i g n s  of t h i s  type of 
d e t e r i o r a t i o n .  

I f  longer  term t e s t i n g  is  t o  be considered,  it i s  recommended t h a t  
t h e  r e s u l t s  of t h e  BRE programme of work [ I 4 1  be extended i n t o  a more 
p r a c t i c a l  s i t u a t i o n  by us ing  s e l e c t e d  materials from t h a t  programme 
t o  r e p a i r  s e l e c t e d  e x i s t i n g  c o a s t a l  s t r u c t u r e s  and t o  subsequent ly  
monitor  t h e i r  performance i n  t h e  f i e l d  i n  a p r o j e c t  similar t o  t h a t  
def ined  i n  s e c t i o n  13.2. 

The minimum viable programme 

16 

The p r o j e c t s  descr ibed  i n  s e c t i o n  13 have no t  been l i s t e d  i n  p r i o r i t y  
o rde r  nor  is i t  intended t h a t  they w i l l  a l l  be c a r r i e d  out  as t h i s  i s  
w e l l  beyond any l i k e l y  funding ava i l ab le .  They have been def ined  
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i n d i v i d u a l l y  t o  p r o v i d e  t h e  b a s i c  i n f o r m a t i o n  a l l o w i n g  them t o  be 
combined and a d j u s t e d  t o  p r o v i d e  a minimum v i a b l e  programme. 

The Exposure tests project ( s e c t i o n  13.1) p r o v i d e s  the most s t r a i g h t -  
f o r w a r d  approach  t o  d u r a b i l i t y  t e s t i n g  w h i l e  t h e  Monitoring of new 
repairs to existing coastal structures ( s e c t i o n  13.2) r e p r e s e n t s  a 
more p r a c t i c a l  and less c o s t l y  approach  bu t  s u f f e r s  from be ing  a less 
w e l l  c o n t r o l l e d  and r e p r o d u c i b l e  experiment .  The Study of repairs to 
existing offshore structures ( s e c t i o n  13.3) i n v e s t i g a t e s  t h e  
d u r a b i l i t y  of  r e p a i r s  t o  a l i m i t e d  t y p e  of  e x i s t i n g  s t r u c t u r e s ,  
namely t h o s e  o f f s h o r e ,  and f o r  t h e  desk s t u d y  env i saged  would p rov ide  
u s e f u l  i n fo rma t ion .  The Survey of past repairs to existing coastal 
structures ( s e c t i o n  13.4) i n v e s t i g a t e s  t h e  much w i d e r  range of 
e x i s t i n g  c o a s t a l  s t r u c t u r e s  b u t  t h e s e  may be less w e l l  documented. 
Adjustment  of  t h e  number of  s t r u c t u r e s  su rveyed  w i l l  a l l o w  t a i l o r i n g  
of  t h e  p r o j e c t  t o  funds  a v a i l a b l e .  The Development of test methods 
( s e c t i o n  13.5) r e p r e s e n t s  a more t h e o r e t i c a l  approach  by a s s e s s i n g  
t h o s e  f a c t o r s  which i n f l u e n c e  d u r a b i l i t y ,  and deve lop ing  a p p r o p r i a t e  
test methods t o  e v a l u a t e  t h e  r e l a t i v e  merits of any r e p a i r  system. 
T h i s  p r o j e c t  can be d i v i d e d  i n t o  a number of s u b - p r o j e c t s  w i t h i n  t h e  
o v e r a l l  framework and h a s  t h e  advan tage  t h a t  i t  p a r a l l e l s  and e x t e n d s  
r e s e a r c h  on r e p a i r s  f o r  l a n d  based s t r u c t u r e s .  The Comparison of 
properties obtained i n  the laboratory with those achieved i n  practice 
( s e c t i o n  13.6) t a k e s  e x i s t i n g  test methods, which to  d a t e  have been 
used ma in ly  i n  l a b o r a t o r y  i n v e s t i g a t i o n s  and which are d i r e c t e d  a t  
r e p a i r  s y s t e m s  f o r  u se  on l a n d  based s t r u c t u r e s ,  and relates t h e m , t o  
what can be ach ieved  i n  a c t u a l  mar ine  c o n d i t i o n s .  

A summary of t h e  s i x  p r o j e c t s  proposed is  g i v e n  below i n  o r d e r  of 
b e n e f i t  : 

13.5 

13.4 

13.3 

13.2 

13.6 

13.1 

Development of  test methods 

Survey of  p a s t  r e p a i r s  t o  e x i s t i n g  
c o a s t a l  s t r u c t u r e s  

Study of r e p a i r s  t o  e x i s t i n g  o f f s h o r e  
s t r u c t u r e s  

Monitor ing new r e p a i r s  t o  e x i s t i n g  
c o a s t a l  s t r u c t u r e s  

Comparison of  p r o p e r t i e s ,  s i t e / p r a c t i c e  

Exposure tests 

E s  t ima t ed  
c o s t s  

E 195K 

E 185K 

E 30K 

E 130K 

E 85K 

E 300K 

Dura t ion  

3 y e a r s  

2 y e a r s  

18 months 

7 y e a r s  

2.5 y e a r s  

7 y e a r s  

The minimum v i a b l e  programme is c o n s i d e r e d  t o  be t h e  Development of 
test methods (13.5) combined w i t h  a t  least p a r t  of t h e  Survey of past 
repairs to  ex i s t ing  coastal structures (13.4) a t  a t o t a l  c o s t  i n  t h e  
o r d e r  o f  E300K o v e r  a p e r i o d  of  t h r e e  years .  T h i s  programme can be 
s p l i t  i n t o  a number o f  s u b - p r o j e c t s  and t h e r e b y  e n a b l e  i t  t o  be 
funded from wider  s o u r c e s .  

I f  i n s u f f i c i e n t  fund ing  is a v a i l a b l e  f o r  t h e  above, t h e  Study of 
repairs to existing offshore structures (13.3) recommends i t s e l f  as a 
r e l a t i v e l y  i n e x p e n s i v e  and q u i c k  method of  g a i n i n g  knowledge f o r  
t h e s e  p a r t i c u l a r  s t r u c t u r e s .  
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PART I1 

6 .  METHOD OF CARRYING OUT THE STUDY 

6.1 

6.2 

6.3 

The s t u d y  l e a d i n g  t o  t h i s  Repor t  w a s  c a r r i e d  o u t  i n  t h r e e  s t a g e s .  

Data gathering 

The e x i s t i n g  e x p e r i e n c e  w i t h i n  t h e  Arup o r g a n i s a t i o n  was extended by 
a l i t e r a t u r e  s e a r c h  t o  i d e n t i f y  r e s e a r c h  and development done abroad. 
S p e c i a l i s t s  i n  t h e  UK were v i s i t e d  w i t h  t h e  o b j e c t i v e  of o b t a i n i n g  
d e t a i l s  of r e c e n t  r e s e a r c h  and unpubl ished i n f o r m a t i o n  a t  f i r s t  hand. 
T h i s  work main ly  covered t h e  f i r s t  two o b j e c t i v e s  s t a t e d  i n  s e c t i o n  3 

looked p a r t i c u l a r l y  a t  t h e  f o l l o w i n g  f a c t o r s :  

t h e  a v a i l a b l e  materials and methods of r e p a i r .  C l a s s i f i c a t i o n  
of t h e  materials i n t o  g e n e r i c  groups  w a s  s t u d i e d  i n  o r d e r  t o  
expose i n h e r e n t  problems i n  c l a s s i f i c a t i o n .  T h i s  a s p e c t  i s  
covered i n  s e c t i o n  8 of t h i s  r e p o r t  

t h e  d a t a  g a t h e r e d  on r e p a i r s  known t o  have been c a r r i e d  
out. T h i s  i s  p r e s e n t e d  and d i s c u s s e d  i n  s e c t i o n  12 

t h e  d e t a i l s  of r e s e a r c h  t o  date .  T h i s  inc luded  s u i t a b i l i t y  of 
specimen s i z e s ,  test methods and r e l e v a n c e  of  t h e  work. T h i s  
i n f o r m a t i o n  is  conta ined  i n  s e c t i o n  10 

t h e  d e s i g n  and c e r t i f i c a t i o n  r e q u i r e m e n t s  f o r  an e f f e c t i v e  
r e p a i r .  T h i s  a s p e c t  is covered i n  s e c t i o n  11. 

Assessment 

The i n f o r m a t i o n  g a t h e r e d  i n  t h e  f i r s t  s t a g e  was a s s e s s e d  i n  
p a r t i c u l a r  f o r  t h e  f o l l o w i n g  a s p e c t s  and t h e  r e s u l t s  are conta ined  
i n  t h e  r e l e v a n t  s e c t i o n s :  

a) t h e  e x t e n t  t o  which t h e  s u b j e c t  has  a l r e a d y  been covered b o t h  by 
independent  r e s e a r c h  o r g a n i s a t i o n s  and by m a n u f a c t u r e r s  i n  
d e v e l o p i n g  t h e i r  p r o p r i e t a r y  products .  T h i s  e x e r c i s e  de te rmined  
whether  t h e r e  is a need f o r  f u r t h e r  r e s e a r c h  ( s e c t i o n  10) 

b) t h e  l i k e l i h o o d  of f u r t h e r  p r o j e c t s  a c h i e v i n g  wor thwhi le  r e s u l t s  
w i t h i n  t h e  f u n d i n g  t h a t  is l i k e l y  t o  be a v a i l a b l e  i n  an 
a p p r o p r i a t e  timescale ( s e c t i o n  5)  

c) t h e  judgement  of t h e  a rguments  f o r  and a g a i n s t  do ing  f u r t h e r  
work, p r e s e n t i n g  them so  t h a t  p o t e n t i a l  c o n t r i b u t o r s  can j u d g e  
whether  they  c o n s i d e r  f u r t h e r  work t o  be w o r t h w h i l e  
( s e c t i o n s  3 & 5). 

These a s p e c t s  mainly cover  t h e  t h i r d  and f o u r t h  o b j e c t i v e s  of t h e  
s t u d y  . 
Outline proposals 

I n  t h e  b e l i e f  t h a t  d a t a  g a t h e r i n g  and assessment  show c o n v i n c i n g l y  
t h a t  f u r t h e r  work i s  n e c e s s a r y ,  b r i e f  o u t l i n e  p r o p o s a l s  f o r  f u r t h e r  
work are p r e s e n t e d  i n  s e c t i o n  13). 
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8. 

A l i t e r a t u r e  s e a r c h  was c a r r i e d  o u t  on t h e  Compendex d a t a b a s e  u s i n g  
t h e  f o l l o w i n g  d e s c r i p t o r s :  c o n c r e t e ,  c o n c r e t e  c o n s t r u c t i o n ,  r e p a i r s ,  
maintenance,  p o r t  s t r u c t u r e s ,  b r i d g e s ,  o f f s h o r e  s t r u c t u r e s .  Only 
t h o s e  r e f e r e n c e s  judged u s e f u l  are i n c l u d e d  i n  t h e  l i s t  of  r e f e r e n c e s  
i n  t h i s  r e p o r t .  

F u r t h e r  r e f e r e n c e s  were o b t a i n e d  from v a r i o u s  s o u r c e s ,  n o t e a b l y  
p a p e r s  and books on cement and c o n c r e t e  r e c e i v e d  i n  t h e  C&CA l i b r a r y ,  
l ists  of which a r e  publ i shed  i n  t h e  Magazine of Concrete  Research. 

The S t e e r i n g  Group's a s s i s t a n c e  was sought  i n  i d e n t i f y i n g  f u r t h e r  
u s e f u l  r e f e r e n c e s  and t h e s e  have been added t o  t h e  r e f e r e n c e  list.  

INFOIL 2, t h e  j o i n t  UK/Norwegian on- l ine  d a t a b a s e  of o f f s h o r e  r e l a t e d  
r e s e a r c h  and development p r o j e c t s ,  was i n t e r r o g a t e d  and y i e l d e d  a 
number of c u r r e n t  p r o j e c t s  i n  t h e  r e p a i r  f i e l d .  These are l i s t e d  i n  
s e c t i o n  10. 

The Metadex and t h e  AERE H a r w e l l  d a t a b a s e s  were a l s o  i n t e r r o g a t e d .  

The l i t e r a t u r e  s e a r c h  y i e l d e d  a l i m i t e d  amount of i n f o r m a t i o n  on 
r e s e a r c h  c a r r i e d  o u t  [13-181, on tes t  methods [5-121 (d iscussed  i n  
s e c t i o n  lo ) ,  on r e p a i r s  c a r r i e d  o u t  on o f f s h o r e  s t r u c t u r e s  [19-301 
and t o  c o a s t a l  s t r u c t u r e s  [31-441 ( d i s c u s s e d  i n  s e c t i o n  12). The 
l i t e r a t u r e  s e a r c h  h a s  n o t  y i e l d e d  any u s e f u l  i n f o r m a t i o n  on t h e  
d u r a b i l i t y  of  r e p a i r s  i n  a mar ine  environment.  

REPAIR METEODS AND MATJZBIALS 

Repai r  methods and r e p a i r  s y s t e m s  are d e s c r i b e d  i n  more d e t a i l  i n  t h e  
Concre te  S o c i e t y  Technica l  Report  No. 26, c h a p t e r s  3 & 4 [ l ] .  The 
range  of a v a i l a b l e  materials are s t a t e d  h e r e  i n  o r d e r  t o  p r e s e n t  
c l e a r l y  t h e  range of p a r a m e t e r s  t h a t  might  be c o n s i d e r e d  i n  any 
r e s e a r c h  p r o j e c t .  

There are g e n e r a l l y  f o u r  p a r t s  t o  any r e p a i r  system: 

a )  a f t e r  p r e p a r a t i o n  of t h e  s u r f a c e  of t h e  p a r e n t  c o n c r e t e ,  i t  may 
be t r e a t e d  w i t h  a bond c o a t  [ l ,  s e c t i o n s  3.2 .1 ,  3 -2 .4  & 4.3.41 

b)  a f t e r  c l e a n i n g  t h e  re inforcement  a pr iming c o a t  may p o s s i b l y  
be a p p l i e d  [ l ,  s e c t i o n s  3.2.2,  3 .2 .3  & 4-3.41 

c )  t h e  void i s  t h e n  f i l l e d  w i t h  t h e  bulk r e p a i r  material 
[ l ,  s e c t i o n s  4.1  t o  4.41 

d )  a c o a t i n g  may be a p p l i e d  t o  t h e  whole c o n c r e t e  s u r f a c e  f o r  
cosmet ic  r e a s o n s  and t o  p r o v i d e  a d d i t i o n a l  p r o t e c t i o n  t o  t h e  
u n r e p a i r e d  areas [ 1, s e c t i o n  4.61. Coat ings  are d i f f i c u l t  
t o  apply  and have a s h o r t  u s e f u l  l i f e  i n  marine c o n d i t i o n s ,  and 
t h e r e f o r e  are n o t  o f t e n  used. 

A l l  t h e s e  s t e p s  have an i n f l u e n c e  on t h e  i n t e g r i t y  of t h e  r e p a i r  and 
i t s  subsequent  d u r a b i l i t y  and as a r e s u l t  t h e  comple te  system should  
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be s t u d i e d  r a t h e r  than i t s  component par t s .  Bulk r e p a i r  sys tems 
f o r  c a v i t i e s  can be broadly ca t egor i sed  as fo l lows:  

a) Cementit ious.  These comprise mainly ord inary  Por t land  cement, 
aggrega te  and water. The propor t ions  of t h e  mix can de termine  
the  p r o p e r t i e s  but ,  a d d i t i o n a l l y ,  va r ious  types  of admixtures  
and blends of o t h e r  cemen t i t i ous  materials such as p fa ,  
b l a s t f u r n a c e  s l a g  and s i l i c a  fume can provide v a r i a t i o n s  w i t h i n  
t h i s  group [ l ,  s e c t i o n  4-21 

b) Polymer modif ied cement i t ious .  Various o rgan ic  polymers can be 
added t o  the  bas i c  cement i tous  mix t o  provide a d d i t i o n a l  
p rope r t i e s .  These a d d i t i o n s  can vary no t  only i n  t h e  
polymer/cement r a t i o  but  a l s o  i n  the  type of polymer 
[ l ,  s e c t i o n  4.3.21: 

i) SBR ( s t y r e n e  butadiene rubber )  

ii) a c r y l i c  

iii) modified a c r y l i c  

c)  Resin. These systems have r e s i n  b inde r s  and can v a r y  i n  t h e  
propor t ion  of res in  t o  f i l l e r .  Organic polymers are capable  of 
fo rmula t ion  f o r  a wide range of p rope r t i e s ,  The m a i n  r e s i n s  are 
f o r  example: [ l ,  s e c t i o n  4.4 hand-applied resin-based mor t a r s ]  

ii) a c r y l i c .  

For t h e  r e p a i r  of c racks  where some s t r u c t u r a l  performance is  
requ i r ed  of t he  r e p a i r ,  epoxy r e s i n s  are normally used. Cement 
g rou t  can be used but  i s  unable t o  p e n e t r a t e  f i n e  cracks.  Where 
non-s t ruc tura l  crack s e a l i n g  i s  requ i r ed ,  an SBR o r  a c r y l i c  emulsion 
can be used [ l ,  s e c t i o n  4.5, r e p a i r  of c racks] .  

The l i t e r a tu re  sea rch  d i d  n o t  y i e l d  any u s e f u l  r e fe rences  t h a t  
d i scussed  g e n e r a l l y  t h e  choice of materials s p e c i f i c a l l y  f o r  use i n  a 
marine environment. The Concrete Socie ty  Technical  Report  No. 26 [ l ]  
remains the  b e s t  bas i c  reference.  However another  u s e f u l  r e fe rence  
is a paper by H e w l e t t  [ 12 ]  which d i s c u s s e s  t h e  p r o p e r t i e s  of polymer 
based r e p a i r  materials compared w i t h  Por t land  cement mor ta r  and 
concrete.  The r e f e r e n c e s  on r e p a i r s  c a r r i e d  o u t  g ive  some d e t a i l s  of 
a c t u a l  materials and methods used,  see s e c t i o n  12. 

Appendix 5 g i v e s  d e t a i l s  of a l l  t he  r e p a i r s  known t o  have been 
c a r r i e d  ou t  t o  e x i s t i n g  o f f s h o r e  s t r u c t u r e s .  This  i n d i c a t e s  t h a t  
cemen t i t i ous  r e p a i r s  have been p re fe r r ed  f o r  r e p a i r s  of l a r g e  volume, 
whi le  res in  had g e n e r a l l y  been used f o r  crack i n j e c t i o n  and f o r  
r e p a i r i n g  small gouges and a r e a s  where a t h i n  a d d i t i o n a l  coa t  i s  
requi red  t o  inc rease  cover thickness .  The r e fe rences  t o  r e p a i r s  
c a r r i e d  o u t  t o  c o a s t a l  s t r u c t u r e s  cannot be considered t o  be 
comprehensive and i n d i c a t e  only the  v a r i e t y  of materials and methods 
t h a t  have been used,  
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9. ASPECTS OF DURABILITY 

9.1 

9.2 

9.3 

There are four  main a s p e c t s  t h a t  can a f f e c t  t he  d u r a b i l i t y  of r e p a i r  
sys  t e m s  . 
Material degradation 

The m a j o r i t y  of materials used f o r  t he  r e p a i r  of r e in fo rced  concre te  
have q u a l i t i e s ,  w i t h  regard  t o  d u r a b i l i t y  i n  a marine environment,  
which are as good, i f  no t  b e t t e r ,  than the  parent  concrete.  However, 
t h e r e  have been in s t ances  where m a t e r i a l s  have d e t e r i o r a t e d  r a p i d l y  
[13-141. These problems are caused mainly by wrong formula t ion ,  
i naccura t e  propor t ion ing ,  inadequate  mixing o r  poor appl ica t ion .  
These cond i t ions  gene ra l ly  r e s u l t  i n  a v e r y  porous material and the  
d e t e r i o r a t i o n  process  is  due t o  t h e  a c t i o n  of t h e  water. Qual i ty  
assurance,  proper  superv is ion  and s i t e  t e s t i n g  should avoid these  
problems. P a s t  experience is the  most r e l i a b l e  source  of in format ion  
on these  problems and f u r t h e r  programmes of t e s t i n g  are un l ike ly  t o  
be e f f e c t i v e .  There may be some b e n e f i t  i n  ga the r ing  toge the r  t h e  
experience and d i s semina t ing  i t  f o r  t he  use r  so t h a t  f u t u r e  problems 
can be avoided. 

There have a l s o  been repor ted  cases  of what were thought t o  be 
su lpha te  a t t a c k  both t o  SBR modified cement mor ta r  conta in ing  g l a s s  
f i b r e s  and t o  a rap id  s e t t i n g  r e p a i r  sys t em [141. 

Other p o s s i b l e  causes  of m a t e r i a l  degrada t ion  are t h e  a c t i o n  of 
su lpha te  reducing b a c t e r i a ,  t h e  i n g r e s s  of s i g n i f i c a n t  q u a n t i t i e s  of 
c h l o r i d e s ,  and high h y d r o s t a t i c  p re s su re  due t o  deep immersion. 

It is  be l ieved  t h a t  p re sen t  polymer s y s t e m s ,  when c o r r e c t l y  
formulated and appl ied ,  are a t  l e a s t  as du rab le  as w e l l  cons t ruc ted  
conc re t e  and have gene ra l ly  behaved w e l l .  It is  thought t h e r e f o r e  
t h a t  material  degradat ion even i n  t he  long term i s  no t  a major 
problem . 
Interface bond 

This  a spec t  is  considered t o  be of major importance. Inadequate bond 
of t h e  r e p a i r  material can l ead  t o  poor s t r u c t u r a l  performance, 
detachment of t he  r e p a i r  material and can provide a pa th  f o r  
aggres s ive  agents  causing co r ros ion  of embedded reinforcement .  It i s  
a problem t h a t  can occur w i t h  a l l  r e p a i r  materials under a l l  
cond i t ions ,  but  marine cond i t ions  can p resen t  s p e c i a l  problems such 
as contaminat ion of t he  su r face  of t he  concre te  w i t h  c h l o r i d e s  and 
w i t h  a lgae  and marine growth. These r e l a t e  p a r t i c u l a r l y  t o  the  
g r e a t e r  d i f f i c u l t y  i n  su r face  p repa ra t ion  and t o  t h e  contaminat ion of 
t h e  s u r f a c e  w i t h  ch lo r ides ,  p a r t i c u l a r l y  when the  r e p a i r  is  c a r r i e d  
ou t  under water. 

Corrosion protection of the reinforcement 

Continued cor ros ion  of embedded reinforcement  w i l l  cause f u r t h e r  
d e t e r i o r a t i o n  of t he  r epa i r ed  s t r u c t u r e  and w i l l  poss ib ly  d i s r u p t  t he  
r e p a i r  material. One major cons ide ra t ion  i n  t h e  need t o  r e p a i r  w i l l  
be t o  s t a b i l i z e  o r  minimise f u r t h e r  co r ros ion  whether o r  no t  t he  
o r i g i n a l  damage was caused by impact o r  by s p a l l i n g  due t o  corrosion.  
Because of i n i t i a l  low cover,  r e p a i r  materials are sometimes requi red  
t o  perform b e t t e r  w i t h  regard t o  cor ros ion  p r o t e c t i o n  than t h e  
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9.4 

10, 

o r i g i n a l  concrete.  The mechanisms of t he  co r ros ion  p r o t e c t i o n  
provided by concre te  t o  the  re inforcement  i n  a marine environment are 
not  f u l l y  understood al though r ecen t  r e sea rch  [ 2 ]  has  cons iderably  
advanced p resen t  knowledge. 

Other than t h e  work by t h e  Bui ld ing  Research Es tab l i shment  [13 ] ,  t he  
mechanisms of co r ros ion  p r o t e c t i o n  t o  t h e  re inforcement  provided by 
va r ious  r e p a i r  materials has  not  been s t u d i e d  i n  d e t a i l .  There is  a 
fundamental  d i f f e r e n c e  i n  t h e  mechanisms of p r o t e c t i o n  provided by 
mainly cemen t i t i ous  and pure ly  r e s i n  r e p a i r  systems. The former 
a t t e m p t s  t o  r ep lace  t h e  contaminated o r  damaged conc re t e  w i t h  a 
material s imi la r  t o  t h e  o r i g i n a l ,  hopefu l ly  r e t u r n i n g  t h e  
re inforcement  t o  an a l k a l i n e  environment thereby r e p a s s i v a t i n g  it. 
Resin r e p a i r  sys tems provide a pure ly  pas s ive  p r o t e c t i o n  by 
a t t empt ing  t o  encapsula te  t h e  re inforcement  i n  an i n e r t  material 
impervious t o  co r ros ive  in f luence .  

The a d d i t i o n  of va r ious  r e p a i r  materials i n t o  the  environment f u r t h e r  
compl ica tes  t h e  problem. There is  evidence t o  show t h a t  f r e s h l y  
r e p a i r e d  areas can a c c e l e r a t e  t h e  co r ros ion  of ad jacen t  areas of 
c h l o r i d e  contaminated conc re t e  [31. Back d i f f u s i o n  of c h l o r i d e  i o n s  
from the  pa ren t  conc re t e  i n t o  t h e  r e p a i r  material may be a f a c t o r  
t h a t  could in f luence  t h e  d u r a b i l i t y  of r e p a i r  sys t ems .  

Physical factors 

Resis tance  t o  s u r f a c e  scour  (abras ion) ,  impact damage, f i r e  and 
f r eeze / thaw c y c l e s  may be a s p e c t s  t h a t  could in f luence  t h e  d u r a b i l i t y  
of r e p a i r  materials but  have not  been considered f u r t h e r  i n  t h i s  
report .  They are a d d i t i o n a l  a s p e c t s  which may happen i n  c e r t a i n  
c i rcumstances  and t h e r e f o r e  r e q u i r e  s e p a r a t e  i n v e s t i g a t i o n  as 
appropr i a t e  r a t h e r  than complicat ing t h e  gene ra l  case.  

RBSEARCE TO DATE 

Research t o  d a t e  has  been c a r r i e d  ou t  i n  s i x  main areas. 

a) An independent r e sea rch  p r o j e c t  i n  two p a r t s  is  being conducted 
by the  Building Research Es tab l i shment  [ 13-14] t o  test " the 
d u r a b i l i t y  of concre te  r e p a i r  s y s t e m s  w i t h  s p e c i a l  r e fe rence  t o  
t h e i r  a b i l i t y  t o  provide cont inued p r o t e c t i o n  t o  t h e  r e i n f o r c i n g  
steel". Details of t h i s  p r o j e c t  are given i n  Appendix 2. 

This  p r o j e c t  is  ongoing but  t he  conclus ions  [ 141 a f t e r  6.5 y e a r s  
exposure are t h a t :  

- r ap id  s e t t i n g  systems s u f f e r  from long  term dimensional 
i n s t a b i l i t y  

22 

- f o r  p r o t e c t i o n  f o r  more than f i v e  y e a r s ,  OPC o r  OPC-SBR 
modified mor ta rs  have been shown t o  be t h e  most e f f e c t i v e  
as they provide i n h i b i t i v e  p r o t e c t i o n  which enhances the  
l i k e l i h o o d  f o r  p a s s i v i t y  t o  develop and resist c h l o r i d e  
ion  migra t ion  t o  the  r e i n f o r c i n g  steel 
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o r i g i n a l  concrete.  The mechanisms of t he  co r ros ion  p r o t e c t i o n  
provided by concre te  t o  the  re inforcement  i n  a marine environment are 
not  f u l l y  understood al though r ecen t  r e sea rch  [ 2 ]  has  cons iderably  
advanced p resen t  knowledge. 

Other than t h e  work by t h e  Bui ld ing  Research Es tab l i shment  [13 ] ,  t he  
mechanisms of co r ros ion  p r o t e c t i o n  t o  t h e  re inforcement  provided by 
va r ious  r e p a i r  materials has  not  been s t u d i e d  i n  d e t a i l .  There is  a 
fundamental  d i f f e r e n c e  i n  t h e  mechanisms of p r o t e c t i o n  provided by 
mainly cemen t i t i ous  and pure ly  r e s i n  r e p a i r  systems. The former 
a t t e m p t s  t o  r ep lace  t h e  contaminated o r  damaged conc re t e  w i t h  a 
material s imi la r  t o  t h e  o r i g i n a l ,  hopefu l ly  r e t u r n i n g  t h e  
re inforcement  t o  an a l k a l i n e  environment thereby r e p a s s i v a t i n g  it. 
Resin r e p a i r  sys tems provide a pure ly  pas s ive  p r o t e c t i o n  by 
a t t empt ing  t o  encapsula te  t h e  re inforcement  i n  an i n e r t  material 
impervious t o  co r ros ive  in f luence .  

The a d d i t i o n  of va r ious  r e p a i r  materials i n t o  the  environment f u r t h e r  
compl ica tes  t h e  problem. There is  evidence t o  show t h a t  f r e s h l y  
r e p a i r e d  areas can a c c e l e r a t e  t h e  co r ros ion  of ad jacen t  areas of 
c h l o r i d e  contaminated conc re t e  [31. Back d i f f u s i o n  of c h l o r i d e  i o n s  
from the  pa ren t  conc re t e  i n t o  t h e  r e p a i r  material may be a f a c t o r  
t h a t  could in f luence  t h e  d u r a b i l i t y  of r e p a i r  sys t ems .  

Physical factors 

Resis tance  t o  s u r f a c e  scour  (abras ion) ,  impact damage, f i r e  and 
f r eeze / thaw c y c l e s  may be a s p e c t s  t h a t  could in f luence  t h e  d u r a b i l i t y  
of r e p a i r  materials but  have not  been considered f u r t h e r  i n  t h i s  
report .  They are a d d i t i o n a l  a s p e c t s  which may happen i n  c e r t a i n  
c i rcumstances  and t h e r e f o r e  r e q u i r e  s e p a r a t e  i n v e s t i g a t i o n  as 
appropr i a t e  r a t h e r  than complicat ing t h e  gene ra l  case.  

RBSEARCE TO DATE 

Research t o  d a t e  has  been c a r r i e d  ou t  i n  s i x  main areas. 

a) An independent r e sea rch  p r o j e c t  i n  two p a r t s  is  being conducted 
by the  Building Research Es tab l i shment  [ 13-14] t o  test " the 
d u r a b i l i t y  of concre te  r e p a i r  s y s t e m s  w i t h  s p e c i a l  r e fe rence  t o  
t h e i r  a b i l i t y  t o  provide cont inued p r o t e c t i o n  t o  t h e  r e i n f o r c i n g  
steel". Details of t h i s  p r o j e c t  are given i n  Appendix 2. 

This  p r o j e c t  is  ongoing but  t he  conclus ions  [ 141 a f t e r  6.5 y e a r s  
exposure are t h a t :  

- r ap id  s e t t i n g  systems s u f f e r  from long  term dimensional 
i n s t a b i l i t y  

22 

- f o r  p r o t e c t i o n  f o r  more than f i v e  y e a r s ,  OPC o r  OPC-SBR 
modified mor ta rs  have been shown t o  be t h e  most e f f e c t i v e  
as they provide i n h i b i t i v e  p r o t e c t i o n  which enhances the  
l i k e l i h o o d  f o r  p a s s i v i t y  t o  develop and resist c h l o r i d e  
ion  migra t ion  t o  the  r e i n f o r c i n g  steel 
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beneath r e s i n  r e p a i r s  sys t ems ,  s teel  pr iming c o a t s  need t o  
be i n h i b i t i v e  t o  avo id  c r e v i c e  c o r r o s i o n  under c h l o r i d e  
c o n d i t i o n s .  

Three commerc ia l ly  based s t u d i e s ,  p a r t l y  funded by t h e  
Department of Energy, t o  deve lop  s u i t a b l e  r e p a i r  s y s t e m s  f o r  u s e  
o f f s h o r e ,  were c a r r i e d  o u t  by Wimpey L a b o r a t o r i e s  Ltd [ 1 5 ] ,  
McAlpine Of f shore  Ltd [ 16-441 and T a y l o r  Woodrow Research 
L a b o r a t o r i e s  [17-181. The l a s t  of t h e s e  c o n c e n t r a t e d  ma in ly  on 
t h e  s t r u c t u r a l  a s p e c t s  of r e p a i r s .  Details  of t h e  e x t e n t  of t h e  
f i r s t  two p r o j e c t s  are g iven  i n  Appendix 2. The on ly  
i n f o r m a t i o n  a v a i l a b l e  on t h e s e  p r o j e c t s  is  c o n t a i n e d  i n  t h e  
above r e f e r e n c e s  which ma in ly  r e f e r  t o  d e t a i l s  of specimens and 
tes t  methods but  g i v e  no r e s u l t s  w i t h  r e s p e c t  t o  d u r a b i l i t y .  

T e s t  methods f o r  e v a l u a t i n g  r e s i n  r e p a i r  materials. 
Research h a s  been c a r r i e d  o u t  on t h e  s l a n t  s h e a r  test a t  
U n i v e r s i t y  Co l l ege  [5-61. Tabor h a s  p u b l i s h e d  several p a p e r s  on 
t h i s  s u b j e c t  [7-101. F u r t h e r  r e s e a r c h  i s  be ing  c a r r i e d  o u t  a t  
Queen's U n i v e r s i t y ,  B e l f a s t ,  by C le l and  and Long under  t h e  C O I N  
programme of r e s e a r c h .  (See Appendix 3 a ) .  

Br igh ton  P o l y t e c h n i c  is  about  t o  s t a r t  a r e s e a r c h  p r o j e c t  
( funded by SERC, DOE, FERFA) t o  d e t e r m i n e  t h e  r e l a t i o n s h i p  
between t h e  fundamental  p a r a m e t e r s  i n f l u e n c i n g  t h e  f a i l u r e  of 
polymer m o r t a r s  and c o n c r e t e s  t o  e n a b l e  well-formed e n g i n e e r i n g  
judgemen t s  t o  be made. It is  i n  f o u r  main p a r t s ,  a s t u d y  of 
c a s e  h i s t o r i e s ,  c h a r a c t e r i s i n g  t h e  fundamental  e n g i n e e r i n g  
p r o p e r t i e s  of t h e  mater ia ls ,  e s t a b l i s h i n g  e x p e r i m e n t s  s i m u l a t i n g  
f u l l  s c a l e  repairs ,  and m o n i t o r i n g  l i v e  c a s e  s t u d i e s .  T h i s  
p r o j e c t  is  aimed more a t  e n g i n e e r i n g  p r o p e r t i e s  than long  term 
d u r a b i l i t y  and t o  g e n e r a l  r e p a i r s  r a t h e r  t han  mar ine  
a p p l i c a t i o n s .  

There i s  a B r i t i s h  S t a n d a r d s  I n s t i t u t i o n  working p a r t y  
c o n s i d e r i n g  tes t  methods on r e s i n  c o m p o s i t i o n s  1111. A number 
of tes t  methods have been p u b l i s h e d  i n  v a r i o u s  p a r t s  of BS 6319 
[ 4 ]  and f u r t h e r  t e s t s  are p u b l i s h e d  a s  d r a f t s  f o r  comment o r  are  
under  c o n s i d e r a t i o n .  The B r i t i s h  S tanda rd  tests are f u r t h e r  
d i s c u s s e d  by H e w l e t t  [ 1 2 J  who goes on t o  s u g g e s t  f u r t h e r  tests 
t o  de t e rmine  t h e  e x t e n t  of c u r e  of  polymer materials. 

Research i s  a l s o  be ing  c a r r i e d  o u t  under  t h e  COIN programme a t  
I m p e r i a l  Co l l ege  by P e r r y  who i s  i n v e s t i g a t i n g  t h e  s t r u c t u r a l  
i m p l i c a t i o n s  of r e p a i r s  t o  c o n c r e t e  s l a b s  p r e v i o u s l y  damaged by 
impact of dropped o b j e c t s .  (See Appendix 3b) .  

The Royal M i l i t a r y  Co l l ege  of Sc ience  i s  c a r r y i n g  o u t  r e s e a r c h  
(funded by SERC) i n t o  t h e  s t r u c t u r a l  e f f e c t i v e n e s s  of  r e s i n  and 
polymer mod i f i ed  m o r t a r s  as  used i n  t h e  r e p a i r  of conc re t e .  
P a r t i c u l a r  a s p e c t s  i n  t h e  i n v e s t i g a t i o n s  are c u r i n g  s h r i n k a g e ,  
d i f f e r e n t i a l  thermal  expans ion ,  c r e e p  and f a t i g u e  performance. 

C I R I A  i s  engaged i n  a r e s e a r c h  p r o j e c t  r e l a t i n g  t o  t h e  r e p a i r  
and maintenance of r e i n f o r c e d  c o n c r e t e  i n  t h e  UK and t h e  Arabian 
Gulf r eg ion .  (See Appendix 4).  

A programme on ' D u r a b i l i t y  of c o n c r e t e  o f f s h o r e  s t r u c t u r e s '  
be ing  c a r r i e d  o u t  i n  Holland (MaTS/IRO) has  a l s o  r e c e n t l y  been 
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11. 

comple ted .  T h i s  programme i n c l u d e d  a p r o j e c t  on r e p a i r s  t o  
c o n c r e t e  m a r i n e  s t r u c t u r e s ,  some r e s u l t s  o f  wh ich  were p r e s e n t e d  
i n  a p a p e r  t o  t h e  BOSS c o n f e r e n c e  i n  1985 [ 5 1 ] .  

The p r o j e c t  p r o v i d e d  i m p o r t a n t  i n f o r m a t i o n  on t h e  i n f l u e n c e  o f  
p l a c i n g  methods  and f a c t o r s  s u c h  as w o r k a b i l i t y ,  e x t e n t  o f  
b l e e d i n g  and c o h e s i o n  on t h e  s u b s e q u e n t  w a t e r t i g h t n e s s ,  
c o m p r e s s i v e  s t r e n g t h  and bond s t r e n g t h  of  a r e p a i r .  Whi le  t h e  
r e s u l t s  o b t a i n e d  t o  d a t e  p r o v i d e  s h o r t - t e r m  d a t a ,  t h e y  
u l t i m a t e l y  a f f e c t  t h e  l o n g  term d u r a b i l i t y  o f  t h e  r e p a i r  sys tem.  

The b a s i c  r e p a i r  material  used  was c o n c r e t e  c o n t a i n i n g  b l a s t  
f u r n a c e  s l a g  cement. V a r i o u s  cement  c o n t e n t s  were used  t o g e t h e r  
w i t h  t h r e e  t y p e s  o f  s u p e r p l a s t i c i s e r  and a mix  c o n t a i n i n g  a 
c e l l u l o s e  based  a d d i t i v e .  

The r e s u l t s  o f  tests c a r r i e d  o u t  i n  t h e  S c h e l d t  e s t u a r y  and i n  
t h e  l a b o r a t o r y  i n d i c a t e  t h a t  t h e  c e l l u l o s e - b a s e d  a d d i t i v e  
produced  a much more c o h e s i v e  mix  wh ich  c o n s i d e r a b l y  r educed  
wash-out o f  t h e  cement  p a s t e  as t h e  r e p a i r  material made c o n t a c t  
w i t h  t h e  bot tom s u r f a c e  o f  t h e  r e p a i r  c a v i t y .  Mar ine  g r o w t h  w a s  
found t o  have a c o n s i d e r a b l e  i n f l u e n c e  on t h e  bond s t r e n g t h  
be tween  t h e  r e p a i r  material and p a r e n t  c o n c r e t e  depend ing  on t h e  
l e n g t h  of t ime be tween t h e  s u r f a c e  p r e p a r a t i o n  and t h e  c a s t i n g  
o f  t h e  r e p a i r .  The t y p e  and rate of  g r o w t h  o f  m a r i n e  o r g a n i s m s  
was i n v e s t i g a t e d .  A s e v e r e  r e d u c t i o n  i n  i n t e r f a c e  bond s t r e n g t h  
wa:- e x p e r i e n c e d  a f t e r  o n l y  a f o u r  day  d e l a y  i n  c a s t i n g  t h e  r e p a i r .  
A n  e a s i l y  r emovab le  a n t i - f o u l i n g  p a i n t  was d e v e l o p e d  t o  combat  
t h i s  problem. 

The Dutch work i n d i c a t e s  t h e  i m p o r t a n t  i n f l u e n c e  o f  e n v i r o n m e n t a l  
c o n d i t i o n s ,  p l a c i n g  methods  and p h y s i c a l  p r o p e r t i e s  o f  t h e  mix  on 
t h e  s o u n d n e s s  o f  a r e p a i r .  I t  r e i n f o r c e s  c o n c l u s i o n s  e l s e w h e r e  
i n  t h i s  r e p o r t  t h a t  d u r a b i l i t y  t e s t i n g  and t h e  deve lopmen t  o f  
tes t  methods  f o r  m a r i n e  r e p a i r s  mus t  r e f l e c t  t h e  e n v i r o n m e n t a l  
d i f f i c u l t i e s  o f  c a r r y i n g  o u t  t h e  r e p a i r .  

RELEVANT CODES AND STANDARDS 

A p a r t  f rom t h e  C o n c r e t e  S o c i e t y  R e p o r t  No. 26 [ l ]  l i t t l e  i n f o r m a t i o n  
e x i s t s  i n  t h e  form of  c o d e s ,  s t a n d a r d s  and g u i d a n c e  f o r  c a r r y i n g  o u t  
c o n c r e t e  r e p a i r s  i n  g e n e r a l ,  and even  less i n f o r m a t i o n  e x i s t s  a b o u t  
r e p a i r s  i n  m a r i n e  c o n d i t i o n s .  

R e p a i r s  t o  o n s h o r e  s t r u c t u r e s  are c o n s i d e r e d  i n  BS 6270, B r i t i s h  
S t a n d a r d  Code o f  P r a c t i c e  f o r  c l e a n i n g  and s u r f a c e  r e p a i r  o f  
b u i l d i n g s ,  P a r t  2, C o n c r e t e  and p r e c a s t  c o n c r e t e  masonry [ 4 5 ]  b u t  t h e  
s e c t i o n  i s  v e r y  l i m i t e d .  

The o n l y  o t h e r  r e l e v a n t  B r i t i s h  S t a n d a r d  r e f e r s  t o  tes t  methods  f o r  
r e s i n  materials, BS 6319,  T e s t i n g  o f  r e s i n  c o m p o s i t i o n s  f o r  u s e  i n  
c o n s t r u c t i o n ,  Parts 1 t o  8 [ 4 ] .  

24 

The Recommendat ions f o r  t h e  d e s i g n  and c o n s t r u c t i o n  o f  c o n c r e t e  sea 
s t r u c t u r e s ,  FIP ,  t h i r d  e d i t i o n  1461 g i v e s  b r i e f  g u i d a n c e  on c a r r y i n g  
o u t  r e p a i r s  t o  m a r i n e  s t r u c t u r e s .  These  recommendat i -ons a r e  b r i e f  
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RELEVANT CODES AND STANDARDS 
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b u i l d i n g s ,  P a r t  2, C o n c r e t e  and p r e c a s t  c o n c r e t e  masonry [ 4 5 ]  b u t  t h e  
s e c t i o n  i s  v e r y  l i m i t e d .  
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r e s i n  materials, BS 6319,  T e s t i n g  o f  r e s i n  c o m p o s i t i o n s  f o r  u s e  i n  
c o n s t r u c t i o n ,  Parts 1 t o  8 [ 4 ] .  
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The Recommendat ions f o r  t h e  d e s i g n  and c o n s t r u c t i o n  o f  c o n c r e t e  sea 
s t r u c t u r e s ,  FIP ,  t h i r d  e d i t i o n  1461 g i v e s  b r i e f  g u i d a n c e  on c a r r y i n g  
o u t  r e p a i r s  t o  m a r i n e  s t r u c t u r e s .  These  recommendat i -ons a r e  b r i e f  
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12. 

and add l i t t l e  t h a t  i s  n o t  a l r e a d y  c o n t a i n e d  i n  t h e  C o n c r e t e  S o c i e t y  
R e p o r t  No. 26 11 I .  

The A C I  Guide  f o r  t h e  d e s i g n  and  c o n s t r u c t i o n  o f  f i x e d  o f f s h o r e  
c o n c r e t e  s t r u c t u r e s  [ 4 7 ]  c o n t a i n s  one  page o f  g u i d a n c e  on r e p a i r s  
and ,  l i k e  t h e  F I P  recommendat ion  above ,  a d d s  l i t t l e  f u r t h e r  
i n f o r m a t i o n .  The A C I  have produced  a number o f  p u b l i c a t i o n s  r e l e v a n t  
t o  t h e  c a r r y i n g  o u t  o f  r e p a i r s .  Some o f  t h e s e  are s p e c i f i c a t i o n s  and 
g u i d e s  b u t  none re la te  s p e c i f i c a l l y  t o  m a r i n e  a p p l i c a t i o n s .  

The Depar tmen t  o f  Energy h a s  commiss ioned  a s t u d y  f o r  t h e  p r e p a r a t i o n  
of D r a f t  Guidance  No tes  on r e p a i r  r e q u i r e m e n t s  and  s u i t a b l e  
t e c h n i q u e s  f o r  o f f s h o r e  s tee l  and c o n c r e t e  s t r u c t u r e s  [ 4 8 ] .  

The f o l l o w i n g  s t a n d a r d s  and g u i d a n c e  n o t e s  are r e l e v a n t  t o  c o n c r e t e  
c o n s t r u c t i o n ,  p a r t i c u l a r l y  i n  a m a r i n e  e n v i r o n m e n t ,  b u t  d o  n o t  c o v e r  
r e p a i r s  : 

B r i t i s h  S t a n d a r d  Code o f  P r a c t i c e  f o r  Maritime S t r u c t u r e s ,  BS 6349 

B r i t i s h  S t a n d a r d  Code o f  P r a c t i c e  f o r  F ixed  O f f s h o r e  S t r u c t u r e s ,  
BS 6235 

B r i t i s h  S t a n d a r d  f o r  t h e  S t r u c t u r a l  u s e  o f  Concrete, BS 8110: 1985 

Depar tment  o f  Energy:  O f f s h o r e  i n s t a l l a t i o n s :  Guidance  on d e s i g n  and 
c o n s t r u c t  i o n ,  1984 

Det n o r s k e  Veritas: R u l e s  f o r  t h e  d e s i g n ,  c o n s t r u c t i o n  and i n s p e c t i o n  
o f  o f f s h o r e  s t r u c t u r e s ,  1977. 

REPAIRS CARRIED OUT AND REVIEW OF PUBLISHED INFORMATION 

The r e p a i r s  t h a t  are known t o  have been c a r r i e d  o u t  t o  o f f s h o r e  
s t r u c t u r e s  i n  t h e  Nor th  Sea  are summar i sed  i n  a t a b l e  i n  Appendix 5. 
T h e r e  have  been t w o  major r e p a i r s  d u e  t o  s h i p  and  dropped  o b j e c t  
i m p a c t  where  t h e  r e p a i r  h a s  been c a r r i e d  o u t  u s i n g  c e m e n t i t i o u s  
materials. T h e r e  have been t w o  i n s t a n c e s  o f  major c r a c k i n g  which  
have  been r e p a i r e d  by epoxy i n j e c t i o n .  The re  have  been f i v e  
i n s t a n c e s  o f  s u p e r f i c i a l  damage d u e  t o  v a r i o u s  c a u s e s  where s t e p s  
have  been t a k e n  t o  restore t h e  c o v e r  t o  t h e  r e i n f o r c e m e n t  by u s e  o f  
epoxy sys t ems .  R e f e r e n c e s  119-301 c o v e r  t h e s e  r e p a i r s  and f u r t h e r  
d e t a i l s  are g i v e n  i n  Appendix 5. 

These  r e f e r e n c e s  m a i n l y  c o v e r  t h e  r e a s o n s  f o r  t h e  r e p a i r  and how e a c h  
was c a r r i e d  out .  None of  them g i v e  any i n f o r m a t i o n  on t h e  d u r a b i l i t y  
o f  t h e  s u b s e q u e n t  r e p a i r .  

T h e r e  are many i n s t a n c e s  o f  t h e  r e p a i r  o f  minor  d e f e c t s  d u r i n g  
c o n s t r u c t i o n  o f  o f f s h o r e  p l a t f o r m s  [ 2 6 J  b u t  d e t a i l s  have n o t  been 
p u b l i s h e d .  These  r e p a i r s  are u s u a l l y  known t o  t h e  o p e r a t o r s  so  t h a t  
t h e y  c a n  be checked  d u r i n g  i n s p e c t i o n s .  Al though t h e s e  r e p a i r s  have 
m o s t l y  been c a r r i e d  o u t  i n  t h e  d r y  on f r e s h l y  cas t  c o n c r e t e ,  t h e y  
c o u l d  p r o v i d e  v a l u a b l e  i n f o r m a t i o n  on t h e  d u r a b i l i t y  o f  r e p a i r s .  
However, some work would be r e q u i r e d  i n  g a t h e r i n g  t o g e t h e r  t h e  
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i n f o r m a t i o n  and i n  m o n i t o r i n g  t h e  d u r a b i l i t y  d u r i n g  r o u t i n e  
i n s p e c t i o n s .  See s e c t i o n  4.1.2 ( b ) .  

There have been a l a r g e  number of r e p a i r s  c a r r i e d  o u t  i n  a m a r i n e  
env i ronmen t  t o  j e t t i es ,  docks,  b r i d g e  p i e r s  and c o n c r e t e  s h i p s  but  
t h e  d e t a i l s  of on ly  a small number have been pub l i shed .  

Dyton's pape r  1311 p r e s e n t s  s i x  c a s e  s t u d i e s  of  t h e  d e t e r i o r a t i o n  and 
t h e  s o l u t i o n  adopted i n  t h e  r e p a i r  of c o a s t a l  s t r u c t u r e s  i n  t h e  UK 
such  as  j e t t i e s ,  p i e r s  and quays and d i s c u s s e s  t h e  r e a s o n s  f o r  
f a i l u r e  and d e t e r i o r a t i o n  such  a s  p h y s i c a l  damage, f i r e  damage, 
d u r a b i l i t y  of materials, f r o s t ,  chemica l  a t t a c k  and c o r r o s i o n  of 
r e in fo rcemen t .  The paper  conc ludes  t h a t  c h l o r i d e  induced c o r r o s i o n  
of t h e  r e i n f o r c e m e n t  i s  t h e  ma jo r  c a u s e  of d e t e r i o r a t i o n  and m a i n l y  
o c c u r s  between t h e  upper l i m i t  of mar ine  g rowth  and t h e  t o p  of t h e  
s p l a s h  zone, deck s u p p o r t  beams be ing  t h e  w o r s t  a f f e c t e d .  Impact  and 
a b r a s i o n  are a l s o  s i g n i f i c a n t  c o n t r i b u t o r y  f a c t o r s .  

Heneghens pape r  1321 d e s c r i b e s  t h e  s h o t c r e t e  (Gunite)  r e p a i r  t o  a 
c o n c r e t e  p i e r  i n  t h e  USA. It r e v i e w s  t h e  p r i n c i p l e  c a u s e s  of damage 
and makes recommendations on methods and materials f o r  u s e  i n  
c a r r y i n g  o u t  s h o t c r e t e  r e p a i r s .  

Geymar's pape r  [ 3 3 ]  d e s c r i b e s  i n  d e t a i l  t h e  methods used t o  r e p a i r  a 
c o n c r e t e  j e t t y  i n  Venezuela. C e m e n t i t i o u s  o r  epoxy m o r t a r s  were 
used above water and t h e  u s e  of epoxy m o r t a r  f o r  t h e  r e p a i r  of p i l e s  
under  water i s  d e s c r i b e d .  

Schrade r  e t  a1 1341 d e s c r i b e s  a t r i a l  r e p a i r  of  a n a v i g a t i o n  l o c k  
w a l l  i n  t he  USA which had d e t e r i o r a t e d  a f t e r  10 y e a r s  due t o  
f r e e z e / t h a w  cyc le s .  As opposed t o  c o n v e n t i o n a l  b r e a k i n g  o u t  and 
r e p a i r ,  s i x  t y p e s  of c o a t i n g  by s h o t c r e t e  are e v a l u a t e d  f o r  c o s t ,  
' c o n s t r u c t a b i l i t y '  and performance a f t e r  a y e a r  i n  s e r v i c e .  As a 
r e s u l t  of  t h e  t r ia l s ,  t h e  comple t e  l o c k  was t o  be t r e a t e d  w i t h  a t h i n  
sprayed-on f i b r e g l a s s  r e i n f o r c e d  l a t e x  mod i f i ed  cement c o a t i n g .  

G las sgo ld  1351 r e v i e w s  r e p a i r  methods f o r  t y p i c a l  c o a s t a l  s t r u c t u r e s .  
D e t e r i o r a t i o n  c h a r a c t e r i s t i c s  are b r i e f l y  desc r ibed .  Three b a s i c  
zones  are a n a l y s e d  f o r  r e p a i r  p r o c e d u r e s  (submerged, t i d a l  and 
exposed)  a l t h o u g h  t h e r e  are e s s e n t i a l l y  o n l y  two b a s i c  approaches  f o r  
r e p a i r i n g  s t r u c t u r e s  i n  seawater: 'dry' o r  'wet ' .  'Wet' a p p l i e s  t o  
r e p a i r s  where t h e  water i s  d i s p l a c e d  by t h e  r e p a i r  material  w h i l e  
'dry' assumes some s o r t  of co f fe rdam and dewa te r ing .  Workmanship and 
q u a l i t y  of mater ia ls  needs t o  be h i g h e r  f o r  t h e  ' w e t '  p r o c e s s  w h i l e  
working i n  t h e  'dry' a l l o w s  e v a l u a t i o n  of t h e  problem, g r e a t e r  
f l e x i b i l i t y  i n  t h e  c h o i c e  of material and method and b e t t e r  
i n s p e c t i o n ,  s u p e r v i s i o n  and c o n t r o l .  'Dry' r e p a i r s  are t h e  d e s i r a b l e  
c h o i c e  e x c e p t  when p h y s i c a l l y  i m p r a c t i c a l  o r  uneconomic. These 
r emarks  a p p l y  ma in ly  t o  submerged r e p a i r s  b u t  a l s o  t o  t h o s e  i n  t h e  
t i d a l  range e x c e p t  t h o s e  r e p a i r s  are easier t o  c a r r y  out.  The u s e  of  
s h o t c r e t e  and o t h e r  r e p a i r  methods is d i s c u s s e d .  

26 

R e p a i r  methods and mater ia ls  used on beams s u p p o r t i n g  t h e  decks  of 
p i e r s  are d e s c r i b e d  by Schwarz [ 3 6 ] ,  McCurrich e t  a1 [ 3 7 ] ,  West e t  a1 
[38-391 and by Ingram e t  a1 [401. R e p a i r s  t o  c o n c r e t e  p i l e s  by u s e  
of a f i b r e  r e i n f o r c e d  j a c k e t  f i l l e d  w i t h  e i t h e r  epoxy o r  cement,  
are d e s c r i b e d  by S c h e f f e l  [411, by West e t  a1 [38-391 who d e s c r i b e s  
a t r i a l  w i t h  r i g i d  s h u t t e r s  compared w i t h  a f a b r i c  j a c k e t  w i t h  t h e  
gap  g r o u t e d  and by Ingram e t  a1 [ 4 0 ]  where a f a b r i c  j a c k e t  f i l l e d  
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13. 

13.1 

w i t h  m i c r o  c o n c r e t e  was used. Morgan 1421 d i s c u s s e s  t h e  d u r a b i l i t y ,  
damage and r e p a i r  of c o n c r e t e  s h i p s .  

The above r e f e r e n c e s  [31-401 p r o v i d e  a v a l u a b l e  series of c a s e  
h i s t o r i e s  of  r e p a i r s  c a r r i e d  o u t  t o  coastal  s t r u c t u r e s  th roughou t  t h e  
wor ld  and d e s c r i b e  methods and materials used and c a u s e s  of  
d e t e r i o r a t i o n .  S e v e r a l  of t h e s e  r e f e r e n c e s  d e s c r i b e  t h e  r e s u l t s  of  
s h o r t  term e v a l u a t i o n  t r ia l s  bu t  none of them g i v e  any i n f o r m a t i o n  on 
t h e  l o n g  term d u r a b i l i t y  of r e p a i r  systems. S h o t c r e t e  i s  e x t e n s i v e l y  
used i n  t h e  USA as a r e p a i r  method bu t  e x p e r i e n c e  from p e r i o d i c  in -  
service i n s p e c t i o n  of c o n c r e t e  o f f s h o r e  s t r u c t u r e s  h a s  shown t h a t  
s h o t c r e t e  used t o  compensate f o r  minor  d e f i c i e n c i e s  i n  t h e  cove r  
t h i c k n e s s  i n  t h e  c o n s t r u c t i o n  phase of t h e s e  s t r u c t u r e s  h a s  shown a 
tendency t o  spa11 o f f  i n  s e r v i c e  [25]. I n  f r e e z e / t h a w  t e s t i n g  of 
p r e s t r e s s e d  beams i n  t h e  t i d a l  zone, Schupack [ 4 3 ]  g i v e s  c o n c l u s i o n s  
r e g a r d i n g  d i f f e r e n t  t y p e s  of  end anchorage p r o t e c t i o n  which i n  e f f e c t  
are s i m i l a r  r e p a i r s .  H e  conc ludes  t h a t  an impermeable  r e p a i r  made t o  
c o n c r e t e  can l e a d  t o  c o n c r e t e  d e t e r i o r a t i o n  w i t h  t i m e  i f  t h e  c o n c r e t e  
becomes s a t u r a t e d  and i s  s u b j e c t  t o  c y c l e s  of f r e e z i n g  and thawing. 
I f  d e l a m i n a t i o n  o c c u r s  a t  t h e  epoxy-concrete i n t e r f a c e ,  any 
r e i n f o r c i n g  s tee l  p a s s i n g  th rough  t h e  j o i n t  can be s u b j e c t  t o  more 
i n t e n s i v e  co r ros ion .  A t t empt ing  t o  e n c a p s u l a t e  w i t h  epoxy t h e  ends  
of p r o t r u d i n g  r e i n f o r c i n g  b a r s  of  v a r i o u s  spec imens  i n  t h e  Concre t e  
i n  t h e  Oceans Programme [Z] h a s  y i e l d e d  s imilar  expe r i ence .  

The r e p a i r  of b r i d g e  decks s u b j e c t  t o  de - i c ing  s a l t  d e t e r i o r a t i o n  may 
be a f r u i t f u l  s o u r c e  of i n f o r m a t i o n  and e x p e r i e n c e ,  a l t h o u g h  no 
s e a r c h  f o r  s u i t a b l e  r e f e r e n c e s  h a s  been made as p a r t  of  t h i s  study. 

DEFINITION OF RESUCH PROPOSALS 

The a rgumen t s  f o r  and a g a i n s t  do ing  f u r t h e r  r e s e a r c h  are set  o u t  i n  
s e c t i o n  3. These show t h a t  w h i l e  t h e r e  are problems i n  do ing  
r e s e a r c h  i n t o  t h e  d u r a b i l i t y  of  r e p a i r s  i n  a mar ine  env i ronmen t ,  
t h e s e  problems can be l a r g e l y  overcome by c a r e f u l  p r o j e c t  d e f i n i t i o n  
and t h a t  t h e r e  are c o n s i d e r a b l e  b e n e f i t s  t h a t  w i l l  a c c r u e  from d o i n g  
r e sea rch .  However i t  is  clear t h a t  t h i s  r e s e a r c h  can on ly  be done i f  
s u f f i c i e n t  fund ing  is for thcoming.  It is  t h e r e f o r e  c o n s i d e r e d  
a p p r o p r i a t e  t o  d e f i n e  p o s s i b l e  r e s e a r c h  p r o j e c t s  c o v e r i n g  a l l  t h e  
main r e s e a r c h  s t ra teg ies  so  t h a t  t h e  f i n a n c i a l  i m p l i c a t i o n s  can be 
e v a l u a t e d .  

Exposure tests  

O b j e c t i v e  To s t u d y  t h e  d u r a b i l i t y  of  r e p a i r  s y s t e m s  i n  an 
environment  c l o s e l y  m o d e l l i n g  a c t u a l  marine 
c o n d i t i o n s  so  t h a t  c o n c l u s i o n s  can be drawn 
r e g a r d i n g  t h e  r e q u i r e m e n t s  f o r  more d u r a b l e  s y s t e m s  

Parame t ers Exposure: deep submergence & t i d a l / s p l a s h  
Durat ion:  f i v e  y e a r s  minimum 
S i z e  of specimen: n o t  less t h a n  1200x300x300 mm 
Cover: 25 mm 
Cond i t ion  of r e in fo rcemen t :  b r i g h t  and p re - rus t ed  
Type of r e p a i r s :  bulk r e p a i r  of  n o t  less than  

0.01 m3 and r e p a i r s  t o  c r a c k s  

Durabi 1 i ty  o f  repairs 27 



13. 

13.1 

w i t h  m i c r o  c o n c r e t e  was used. Morgan 1421 d i s c u s s e s  t h e  d u r a b i l i t y ,  
damage and r e p a i r  of c o n c r e t e  s h i p s .  

The above r e f e r e n c e s  [31-401 p r o v i d e  a v a l u a b l e  series of c a s e  
h i s t o r i e s  of  r e p a i r s  c a r r i e d  o u t  t o  coastal  s t r u c t u r e s  th roughou t  t h e  
wor ld  and d e s c r i b e  methods and materials used and c a u s e s  of  
d e t e r i o r a t i o n .  S e v e r a l  of t h e s e  r e f e r e n c e s  d e s c r i b e  t h e  r e s u l t s  of  
s h o r t  term e v a l u a t i o n  t r ia l s  bu t  none of them g i v e  any i n f o r m a t i o n  on 
t h e  l o n g  term d u r a b i l i t y  of r e p a i r  systems. S h o t c r e t e  i s  e x t e n s i v e l y  
used i n  t h e  USA as a r e p a i r  method bu t  e x p e r i e n c e  from p e r i o d i c  in -  
service i n s p e c t i o n  of c o n c r e t e  o f f s h o r e  s t r u c t u r e s  h a s  shown t h a t  
s h o t c r e t e  used t o  compensate f o r  minor  d e f i c i e n c i e s  i n  t h e  cove r  
t h i c k n e s s  i n  t h e  c o n s t r u c t i o n  phase of t h e s e  s t r u c t u r e s  h a s  shown a 
tendency t o  spa11 o f f  i n  s e r v i c e  [25]. I n  f r e e z e / t h a w  t e s t i n g  of 
p r e s t r e s s e d  beams i n  t h e  t i d a l  zone, Schupack [ 4 3 ]  g i v e s  c o n c l u s i o n s  
r e g a r d i n g  d i f f e r e n t  t y p e s  of  end anchorage p r o t e c t i o n  which i n  e f f e c t  
are s i m i l a r  r e p a i r s .  H e  conc ludes  t h a t  an impermeable  r e p a i r  made t o  
c o n c r e t e  can l e a d  t o  c o n c r e t e  d e t e r i o r a t i o n  w i t h  t i m e  i f  t h e  c o n c r e t e  
becomes s a t u r a t e d  and i s  s u b j e c t  t o  c y c l e s  of f r e e z i n g  and thawing. 
I f  d e l a m i n a t i o n  o c c u r s  a t  t h e  epoxy-concrete i n t e r f a c e ,  any 
r e i n f o r c i n g  s tee l  p a s s i n g  th rough  t h e  j o i n t  can be s u b j e c t  t o  more 
i n t e n s i v e  co r ros ion .  A t t empt ing  t o  e n c a p s u l a t e  w i t h  epoxy t h e  ends  
of p r o t r u d i n g  r e i n f o r c i n g  b a r s  of  v a r i o u s  spec imens  i n  t h e  Concre t e  
i n  t h e  Oceans Programme [Z] h a s  y i e l d e d  s imilar  expe r i ence .  

The r e p a i r  of b r i d g e  decks s u b j e c t  t o  de - i c ing  s a l t  d e t e r i o r a t i o n  may 
be a f r u i t f u l  s o u r c e  of i n f o r m a t i o n  and e x p e r i e n c e ,  a l t h o u g h  no 
s e a r c h  f o r  s u i t a b l e  r e f e r e n c e s  h a s  been made as p a r t  of  t h i s  study. 

DEFINITION OF RESUCH PROPOSALS 

The a rgumen t s  f o r  and a g a i n s t  do ing  f u r t h e r  r e s e a r c h  are set  o u t  i n  
s e c t i o n  3. These show t h a t  w h i l e  t h e r e  are problems i n  do ing  
r e s e a r c h  i n t o  t h e  d u r a b i l i t y  of  r e p a i r s  i n  a mar ine  env i ronmen t ,  
t h e s e  problems can be l a r g e l y  overcome by c a r e f u l  p r o j e c t  d e f i n i t i o n  
and t h a t  t h e r e  are c o n s i d e r a b l e  b e n e f i t s  t h a t  w i l l  a c c r u e  from d o i n g  
r e sea rch .  However i t  is  clear t h a t  t h i s  r e s e a r c h  can on ly  be done i f  
s u f f i c i e n t  fund ing  is for thcoming.  It is  t h e r e f o r e  c o n s i d e r e d  
a p p r o p r i a t e  t o  d e f i n e  p o s s i b l e  r e s e a r c h  p r o j e c t s  c o v e r i n g  a l l  t h e  
main r e s e a r c h  s t ra teg ies  so  t h a t  t h e  f i n a n c i a l  i m p l i c a t i o n s  can be 
e v a l u a t e d .  

Exposure tests  

O b j e c t i v e  To s t u d y  t h e  d u r a b i l i t y  of  r e p a i r  s y s t e m s  i n  an 
environment  c l o s e l y  m o d e l l i n g  a c t u a l  marine 
c o n d i t i o n s  so  t h a t  c o n c l u s i o n s  can be drawn 
r e g a r d i n g  t h e  r e q u i r e m e n t s  f o r  more d u r a b l e  s y s t e m s  

Parame t ers Exposure: deep submergence & t i d a l / s p l a s h  
Durat ion:  f i v e  y e a r s  minimum 
S i z e  of specimen: n o t  less t h a n  1200x300x300 mm 
Cover: 25 mm 
Cond i t ion  of r e in fo rcemen t :  b r i g h t  and p re - rus t ed  
Type of r e p a i r s :  bulk r e p a i r  of  n o t  less than  

0.01 m3 and r e p a i r s  t o  c r a c k s  

Durabi 1 i ty  o f  repairs 27 



13.2 

Met hod 

Repa i r  materials: abou t  f i v e  t y p e s  
C o n d i t i o n s  d u r i n g  r e p a i r :  t o  be c a r r i e d  o u t  under  

c o n d i t i o n s  of a c t u a l  exposure  u s i n g  
recommended r e p a i r  p r o c e d u r e s  

c h l o r i d e  i n g r e s s  and p e r m e a b i l i t y ;  
c o r e s  f o r  i n t e r f a c e  bond; and 
f i n a l l y  d e s t r u c t i v e .  

No of Specimens : 2 x 2 ~ 2 ~ 2 ~ 5  = 80 w i t h  no r e p l i c a t e s  

Examination : v i s u a l ;  p o t e n t i a l s ,  r e s i s t i v i t y  e t c ;  

o r  c o n t r o l s  

The spec imens  cou ld  be exposed a t  P o r t l a n d  and 
Loch Linnhe. The p r o j e c t  shou ld  b u i l d  on t h e  
r e s u l t s  of t h e  BRE ser ies  of  tests and more 
s p e c i f i c a l l y  look a t  t h e  d imens iona l  s t a b i l i t y  i n  
larger  specimens and t h e  complete  r e p a i r / p a r e n t  
c o n c r e t e  s i t u a t i o n ,  i n  p a r t i c u l a r  t h e  fo rma t ion  of 
i n c i p i e n t  anodes and back d i f f u s i o n  of c h l o r i d e s .  

B e n e f i t s  A s t r a i g h t f o r w a r d  approach t o  d u r a b i l i t y  t e s t i n g  
which i s  as c l o s e  as  p o s s i b l e  t o  a c t u a l  c o n d i t i o n s  
and t h e  r e s u l t  can e a s i l y  be a p p l i e d  t o  p r a c t i c e  by 
maintenance e n g i n e e r s .  

Es t ima ted  Approximately f300K. The p r o j e c t  is  s imilar  i n  
c o s t  s i z e  and complexi ty  t o  t h e  Concre t e  i n  t h e  Oceans 

exposure  tests which c o s t  f222K i n  t h e  two phases .  

Dura t ion  Seven years (assumes one y e a r  s t a r t u p ,  f i v e  y e a r s  
exposure  and one y e a r  t e s t i n g  and r e p o r t i n g )  

Monitoring of new repairs to existing coastal structures 

O b j e c t i v e  To mon i to r  c l o s e l y  t h e  d u r a b i l i t y  of r e p a i r s  
c a r r i e d  o u t  on e x i s t i n g  c o a s t a l  s t r u c t u r e s  so  t h a t  
c o n c l u s i o n s  can be drawn as  t o  which materials and 
methods are more a p p r o p r i a t e  t o  p r o v i d e  adequa te  
d u r a b i l i t y  under  p r a c t i c a l  c o n d i t i o n s .  

Met hod 

B e n e f i t s  

I d e n t i f y  one o r  s e v e r a l  sites t o  mon i to r ,  which 
e i t h e r  have s t r u c t u r e s  t h a t  need r e p a i r  o r  which 
have r e c e n t l y  been r e p a i r e d .  For f i v e  d i f f e r e n t  
mater ia ls ,  i t  is i m p o r t a n t  t o  i d e n t i f y  one s t r u c t u r e  
i n  need of  e x t e n s i v e  r e p a i r s  s o  t h a t  t h e  f i v e  
mater ia ls  can be used on t h a t  one s t r u c t u r e .  An 
a l t e r n a t i v e  is  t o  u n d e r t a k e  r e p a i r s  on f i v e  d i f f e r e n t  
bu t  comparable  s t r u c t u r e s .  Assume t h a t  t h e  ma jo r  c o s t  
of  t h e  r e p a i r  i s  borne by t h e  owner of  t h e  s t r u c t u r e s ,  
bu t  t h a t  t h e  e x t r a  c o s t s  of  t h e  d i f f e r e n t  materials 
and m o n i t o r i n g  are charged t o  t h e  p r o j e c t .  I t  i s  
n e c e s s a r y  t o  b u i l d  i n  i n s t r u m e n t a t i o n ,  and m o n i t o r ,  on 
a y e a r l y  b a s i s  f o r  a t  l eas t  f i v e  y e a r s ,  such f a c t o r s  
as e l e c t r o d e  p o t e n t i a l s ,  c h l o r i d e  i n g r e s s ,  r e s i s t i v i t y  
changes as w e l l  as v i s u a l  s i g n s  of d e t e r i o r a t i o n .  
A d d i t i o n a l l y ,  c o r e s  could be t aken  and u l t r a s o n i c  
measurements  a s s e s s e d  f o r  u se fu lness .  

I n  a r easonab ly  w e l l  c o n t r o l l e d  experiment  such  
f a c t o r s  as  t h e  fo rma t ion  of i n c i p i e n t  anodes ,  back 
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d i f f u s i o n  o f  c h l o r i d e s  and i n t e r f a c e  bond can  be 
i n v e s t i g a t e d  on a n  aged  s u b s t r a t e .  

E s t i m a t e d  
cos t  

I d e n t i f y  s t r u c t u r e s  and d e t e r m i n e  

C a r r y  o u t  r e p a i r s ,  e x t r a  cos t  
Moni to r  on y e a r l y  b a s i s ,  4 x f l O K  
F i n a l ,  more d e t a i l e d ,  e x a m i n a t i o n  
R e  po r t i n g  

r e p a i r  methods  € 2 0 K  
f 4 0 K  
E 4 0 K  
f 3 0 K  
f 1 0 K  

€ 1 3 0 K  
------- 

D u r a t i o n  Seven y e a r s  (assumes  one  y e a r  s t a r t u p ,  f i v e  y e a r s  
e x p o s u r e  and one  y e a r  t e s t i n g  and r e p o r t i n g ) .  

13.3 Study of repairs to  e x i s t i n g  o f f s h o r e  s t ruc tures  

O b j e c t i v e  To s t u d y  r e p a i r s  t o  e x i s t i n g  o f f s h o r e  s t r u c t u r e s  i n  
order t o  d e t e r m i n e  w h e t h e r  t h e  o r i g i n a l  
s p e c i f i c a t i o n  was a d e q u a t e  and w h e t h e r  e x i s t i n g  
r e p a i r  s y s t e m s  are d u r a b l e .  

Met hod 

B e n e f i t s  

G a t h e r  t o g e t h e r  d e t a i l s  o f  a l l  r e p a i r s  c a r r i e d  o u t  
on e x i s t i n g  o f f s h o r e  s t r u c t u r e s  d u r i n g  c o n s t r u c t i o n  
and i n  s e r v i c e  by d i s c u s s i o n  w i t h  o p e r a t o r s  and 
c o n s t r u c t o r s .  S e l e c t  a number of t y p i c a l  r e p a i r s  
f o r  e x a m i n a t i o n  and o b t a i n  d e t a i l e d  i n f o r m a t i o n  
f rom o p e r a t o r s .  Dur ing  r e g u l a r  i n s p e c t i o n s  t h e s e  
s p e c i f i c  areas are a l r e a d y  examined  c l o s e l y  b u t  
a d d i t i o n a l  i n f o r m a t i o n  may be n e c e s s a r y  from t h e  
n e x t  a n n u a l  i n s p e c t i o n .  C o o r d i n a t e  r e p o r t i n g  o f  
r e s u l t s  and d r a w  o v e r a l l  c o n c l u s i o n s .  
C o n f i d e n t i a l i t y  p r o b l e m s  need  t o  be overcome and 
t h e  c o o p e r a t i o n  o f  t h e  o p e r a t o r s  is e s s e n t i a l  f o r  
t h i s  p r o j e c t  t o  be s u c c e s s f u l .  

P r o v i d e s  h i s t o r i c a l  i n f o r m a t i o n  o f  a c t u a l  r e p a i r s  
which  i s  e x p e c t e d  t o  be r e a s o n a b l y  w e l l  documented  
and p r o v i d e s  d u r a b i l i t y  i n f o r m a t i o n  a f t e r  a 
r e a s o n a b l y  l o n g  p e r i o d  o f  e x p o s u r e  t o  a h a r s h  
envi ronment .  

E s t i m a t e d  Assuming t h a t  t h e  costs  of any  a d d i t i o n a l  i n s p e c t i o n s  
c o s t  are borne  by t h e  o p e r a t o r ,  s e t t i n g  up, c o o r d i n a t i n g  

and r e p o r t i n g  are l i k e l y  t o  cost  a b o u t  f 3 0 K .  

D u r a t i o n  E i g h t e e n  months  ( t h e  d u r a t i o n  w i l l  be dependen t  
on t h e  t i m i n g  o f  t h e  p r o j e c t  i n  r e l a t i o n  t o  t h e  
a n n u a l  i n s p e c t i o n s ) .  

13.4 Survey of past  repairs to  existing coastal s t ructures  

O b j e c t i v e  To s u r v e y  a number o f  e x i s t i n g  coastal  s t r u c t u r e s  
wh ich  have been r e p a i r e d  a t  v a r i o u s  times u s i n g  
v a r i o u s  methods  so t h a t  c o n c l u s i o n s  can  be drawn 
w i t h  r e g a r d  t o  t h e  d u r a b i l i t y  of e x i s t i n g  methods  
and materials. 
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Met hod 

B e n e f i t s  

I d e n t i f y  s u i t a b l e  s t r u c t u r e s  f o r  s u r v e y ,  o b t a i n  
d e t a i l s  o f  e x i s t i n g  r e p a i r s ,  c a r r y  o u t  v i s u a l  
e x a m i n a t i o n  t o g e t h e r  w i t h  p o t e n t i a l  s u r v e y s ,  non- 
d e s t r u c t i v e  t e s t i n g ,  d r i l l i n g s  and  cores f o r  
l a b o r a t o r y  e x a m i n a t i o n ,  c o o r d i n a t e  r e s u l t s  and r e p o r t .  
I n i t i a l  c u r s o r y  l o o k  a t  30 s t r u c t u r e s ,  more d e t a i l e d  
l o o k  a t  10 s e l e c t e d  s t r u c t u r e s .  

Broad c o n c l u s i o n s  on t h e  a c t u a l  d u r a b i l i t y  o f  
r e p a i r s  t o  m a r i n e  s t r u c t u r e s  can  be o b t a i n e d  i n  a 
r e a s o n a b l e  timescale c o v e r i n g  a r a n g e  o f  a g e s  
( o l d e s t  15-25 y e a r s )  and a r a n g e  o f  materials 
and me thods  wh ich  have been carried o u t  unde r  
p r a c t i c a l  c o n d i t i o n s  and exposed  t o  a n a t u r a l  
env i ronmen t  . 

E s t i m a  t e d  
cost  

S e t  u p  p r o j e c t  f 10K 
I n i t i a l  s u r v e y  of 30 s t r u c t u r e s  a t  f 45K 

Detailed s u r v e y  o f  10 s t r u c t u r e s  a t  f 120K 

R e p o r t i n g  f 10K 

f 185K 

f1.5K e a c h  

f12K e a c h  

- - - - - - - 

D u r a t i o n  Two y e a r s  

13.5 Development of test methods 

O b j e c t i v e  To assess which  p a r a m e t e r s  a p p e a r  t o  have  t h e  most 
s i g n i f i c a n c e  w i t h  r e g a r d  t o  t h e  d u r a b i l i t y  o f  
r e p a i r  sys t ems .  To d e v e l o p  tests t h a t  measu re  
t h e s e  p a r a m e t e r s  w i t h  r e s p e c t  t o  age and e x p o s u r e  
t o  a s i m u l a t e d  e n v i r o n m e n t  so  t h a t  r e p a i r  s y s t e m s  
c a n  be e v a l u a t e d  r e l a t i v e  t o  one  a n o t h e r .  

Met hod Assess f rom e x i s t i n g  r e s e a r c h  and  l i t e r a t u r e  w h i c h  
p a r a m e t e r s  a p p e a r  t o  have  t h e  most s i g n i f i c a n c e  w i t h  
r e g a r d  t o  d u r a b i l i t y .  Assess p r e s e n t  test methods  
w i t h  r e g a r d  t o  t h e s e  p a r a m e t e r s  and where  a p p r o p r i a t e  
d e v e l o p  a d d i t i o n a l  tests. C a r r y  o u t  t r i a l s  t o  p r o v e  
t h e  tes t  methods. Under t ake  r e p e a t a b i l i t y  and 
r e p r o d u c a b i l i t y  t r ia ls .  R e p o r t  r e s u l t s .  

T h i s  p r o j e c t  c o u l d  be c a r r i e d  o u t  i n  s e v e r a l  stages 
w i t h  t h e  f i r s t  s tage b e i n g  a s t a t e  o f  t h e  a r t  r e v i e w  
t o  assess d u r a b i l i t y  p a r a m e t e r s  and t o  e v a l u a t e  
e x i s t i n g  tes t  methods. The r e s u l t s  o f  t h i s  s t a g e  
w i l l  d e t e m i n e  what  tests and  p a r a m e t e r s  are s t u d i e d  
i n  t h e  n e x t  stages. 

The two main  p a r a m e t e r s  are e x p e c t e d  t o  be: 

i n t e r f a c e  bond 

. p e r m e a b i l i t y .  

O t h e r  e f f e c t s  o f  i m p o r t a n c e  are l i k e l y  to  be:  

30 

. l e a c h i n g  o f  r e p a i r  c o n s t i t u e n t s  

UEG Pub1 i c a t i o n  UR36 



. t h e  e f f e c t  o f  r e p a i r s  on r e i n f o r c e m e n t  c o r r o s i o n  

Bene f i t s 

E s t i m a t e d  c o s t  
and d u r a t i o n  

. l e a k a g e  o f  water down t h e  r e p a i r l c o n c r e t e  and 
r e p a i r / s t e e l  i n t e r f a c e  

. t h e  e f f e c t  o f  s u l p h a t e  r e d u c i n g  b a c t e r i a  

. i n g r e s s  o f  c h l o r i d e s  

t h e  e f f e c t  o f  s u l p h a t e s  

. t h e  e f f e c t  o f  h i g h  h y d r o s t a t i c  p r e s s u r e .  

A number o f  d e t a i l e d  a s p e c t s  o f  i n t e r f a c e  bond are 
c o n s i d e r e d  i n  s e c t i o n  9.2. The f i r s t  t h r e e  o f  t h e s e  
a s p e c t s  are t o  some e x t e n t  b e i n g  c o v e r e d  by t h e  work 
o f  C l e l a n d  and Long a t  Queens U n i v e r s i t y ,  B e l f a s t  (see 
Appendix 3a) b u t  t h e  e f f e c t  o f  a c h i e v i n g  bond unde r  
water and o f  c y c l i c  l o a d i n g  are n o t  covered .  A 
c o n s i d e r a b l e  amount  of work is p r e s e n t l y  b e i n g  done on 
t h e  p e r m e a b i l i t y  of c o n c r e t e  [491,  much o f  wh ich  w i l l  
be a p p l i c a b l e  t o  r e p a i r  sys t ems .  None o f  t h e  o t h e r  
e f f e c t s  l i s t e d  above  are known t o  be c o v e r e d  by 
c u r r e n t  r e s e a r c h .  The gas p r e s s u r e  t e n s i o n  tes t ,  
deve loped  a t  BRE, s h o u l d  be e v a l u a t e d  f o r  t e s t i n g  
i n t e r f a c e  bond on c o r e s  c u t  f rom e x i s t i n g  s t r u c t u r e s .  
I n  a l l  tes t  me thods  t h e  e f f e c t  o f  a g e i n g  on t h e  
p a r a m e t e r s  s h o u l d  be c o n s i d e r e d  w i t h  a p p r o p r i a t e  
a r t i f i c i a l  a g e i n g  c y c l e s .  

The r e m a i n i n g  stages o f  t h e  p r o j e c t  i n v o l v e  
i n v e s t i g a t i o n  o f  t h e  i n d i v i d u a l  p a r a m e t e r s .  Some o f  
t h e s e  s u b - p r o j e c t s  c o u l d  be t a c k l e d  by U n i v e r s i t i e s .  
These  p r o j e c t s  s h o u l d  c o n t a i n  some e l e m e n t  o f  e x p o s u r e  
t o  a m a r i n e  e n v i r o n m e n t ,  s i m u l a t e d  or  o t h e r w i s e .  

To a l l o w  t h e  e n g i n e e r  t o  e v a l u a t e  d i f f e r e n t  methods  o f  
r e p a i r ,  t o  wr i t e  p e r f o r m a n c e  s p e c i f i c a t i o n s  f o r  
c a r r y i n g  o u t  t h e  work and t o  s u p e r v i s e  t h e  
workmanship  more c l o s e l y .  
improved  methods  and  materials are s t i m u l a t e d .  Can be 
s p l i t  i n t o  a number o f  s u b - p r o j e c t s .  

Development  of new and 

cost D u r a t i o n  

S t a g e  one. E v a l u a t e  p a r a m e t e r s  
and  test methods  f 15K 1 y e a r  

Subsequen t  stages. The i n v e s t i g a -  
t i o n  of i n d i v i d u a l  p a r a m e t e r s  a t  
f60K e a c h  
Estimate t h r e e  p a r a m e t e r s  f180K 2 y e a r s  

T o t a l  f195K 3 y e a r s  
----------------- 
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13.6 

13.7 

Comparison of propert ies  obtained i n  the laboratory with  those 
achieved i n  pract ice  

O b j e c t i v e  I n v e s t i g a t e  a p p r o p r i a t e  p r o p e r t i e s  ach ieved  by r e p a i r  
sys t ems  a c t u a l l y  c a r r i e d  o u t  on s i t e  under real 
c o n d i t i o n s  f o r  comparison w i t h  t h o s e  o b t a i n e d  under  
l a b o r a t o r y  c o n d i t i o n s  so t h a t  t h e  r e l e v a n c e  of  t es t  
methods can be e v a l u a t e d .  

Met hod 

B e n e f i t s  

E s t i m a t e d  
c o s t  

Dura t ion  

Summary 

Loca te  s u i t a b l e  mar ine  s t r u c t u r e s  t h a t  are be ing  
r epa i r ed .  Fo l lowing  t h e  r e p a i r s ,  c a r r y  o u t  i n  s i t u  
t e s t i n g  and t a k e  c o r e s  f o r  subsequen t  l a b o r a t o r y  
testing. Ob ta in  samples  o f  t h e  r e p a i r  materials and 
c a r r y  o u t  s t a n d a r d  l a b o r a t o r y  tests. Compare t h e  
r e s u l t s  o f  t h e  tests on real r e p a i r s  w i t h  t h o s e  
o b t a i n e d  on s a m p l e s  of l a b o r a t o r y  spec imens  and 
r e p o r t .  

T h i s  p r o j e c t  r e p r e s e n t s  a ha l fway  house between 
exposure  tests and t h e  development  of test  methods and 
shou ld  be unde r t aken  a f t e r  stage one of p r o j e c t  13.5 
h a s  been c a r r i e d  out. 

It w i l l  promote a b e t t e r  u n d e r s t a n d i n g  of  t h e  
r e l e v a n c e  of  tes t  methods t o  s p e c i f i c a t i o n s  and w i l l  
l e a d  t o  more a p p r o p r i a t e  r e s e a r c h  i n  t h e  f u t u r e .  

( S t a g e  one of  p r o j e c t  13.5 f 15K) 
I n s p e c t i o n ,  c o r i n g  and t e s t i n g  of 

approx ima te ly  f i v e  e x i s t i n g  r e p a i r s  
a t  f15K e a c h  f75K 

Comparisons and r e p o r t i n g  f 10K 

A d d i t i o n a l  c o s t  t o  stage one of  p r o j e c t  13.5 f85K 
------ 

A f u r t h e r  18 months a f t e r  complet ion of  stage one of  
p r o j e c t  13.5 g i v i n g  a t o t a l  of 2.5 y e a r s .  

13.1 
13.2 

13.3 

13.4 

13.5 
13.6 

Exposure tests 
Moni to r ing  of new r e p a i r s  t o  e x i s t i n g  
c o a s t a l  s t r u c t u r e s  
Study of r e p a i r s  t o  e x i s t i n g  o f f s h o r e  
s t r u c t u r e s  
Survey of p a s t  r e p a i r s  t o  e x i s t i n g  
c o a s t a l  s t r u c t u r e s  
Development of test  methods 
Comparison o f  p r o p e r t i e s  o b t a i n e d  i n  
t h e  l a b o r a t o r y  w i t h  t h o s e  ach ieved  
i n  p r a c t i c e  

E s  t ima t e d  
c o s t s  

f 300K 

f 130K 

f 30K 

f 185K 
f 195K 

f 85K 

Dura t ion  

7 y e a r s  

7 y e a r s  

18 months 

2 years 
3 y e a r s  

2.5 years 
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APPENDIX 1 : DETAILED STUDY DEFINITION 

Appendix la : Aspects of repair included in / excluded from the study 

3.  

5.  

6 .  

7. 

a. 

9. 

10. 

11. 

12. 

INCLUDED 

Establish when repair is 
necessary 

Testing methods: 
a) to monitor durability 
b) to measure characteristics 

Mode of access - only in so 
far as it may put constraints 
on choice of materials 
Type of defect to be repaired 
a) cavities 
b) holes 
c) replacement of cover 
d) cracks 
Repair techniques 
a) hand placing 
b) concreting 
c) guniting 
d) impregnation 
e) grouting 

Repair materials 
a) grouts 
b) mortars 
c) concretes 
d) cementitious 
e) polymer concretes 
f) resins 
g) fibre reinforcement 
h) admixtures 
i) pfa/slag/silica fume 
Properties t o  be investigated 
A l l  given in Appendix la to 
varying degrees 
Durability to environment/ 
influence of: 
a) seawater/marine/offshore 
b) ageing 
c) cathodic protection 
d) fire 
e) physical damage 
Design considerations 
a) required properties 
b) stress transfer 
c) fatigue 

EXCLUDED 

1. Inspection methods 
2. Causes of damage 
3. Mechanisms of deterioration 

4.  Marine growth 
5. Testing methods: 

causing repair 

a) inspection 
b) quality assurance of 

material s 
c) acceptance of 

workman s hip 
6. Mode of access - methods of 

gaining access in order to 
carry out repairs 

7. Type of defect to be 
repaired 
a) prestressing ducts 

8. Repair techniques 
a) replacement of 

reinforcement or 
prestressing 

b) surface treatments 
c) cathodic protection 
d) steel bonding/plating 
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APPENDIX lb :Factors to be considered in the choice of material for 
repairs to a marine structure. 

1) Ability to be placed 

a) method - proven techniques 
b) temperature sensitivity 
c) sensitivity to seawater 
d) pot life/time to cure 
e) pumpability/workability/viscosity 
f) exotherm 
g) rate of gain of mechanical properties 

2) Non-hazardous or non-toxic to users e.g. diver 

3 )  Ability to form good bond to parent material 

a) to concrete 
b) to reinforcement 
c) to prestressing ducts 

4 )  Thermal compatability with parent material 

5 )  Durability in marine environment; effect of ageing on properties 

6 )  'Adequate mechanical properties with regard to: 

a) tensile strength 
b) flexural strength 
c) compressive strength 
d) modulus of elasticity/flexibility/ductility 
e) creep properties 
f) shrinkage 
g) fatigue properties 

7) Protection of reinforcement against corrosion 

a) alkalinity 
b) permeability to water 
c) permeability to chloride ions 
d) Permeability t o  carbon dioxide 
e) resistivity 
f) moisture content 

8) Cosmetic considerations 
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APPENDIX 2 : DETAILS OF EXPOSURE TESTS ON REPAIR SYSTEMS 

ao. of Specimens 
Specimen Size 

:onCrete Mix 
7einforcement 
:over 
:ondition of 
reinforcement 

Size of Repair 

Repair Materials 

Cxposure 

)ura t ion 

:emperature at 
time of repair 
;urface prepar- 
ation 
ipplication of 
repair 
'lace of Applica- 
tion 
Examination 

B E  I141 
Larger Specimens 

110 
400x125~125 

1:5,0.5 w/c 
2x6mm0 
12 L 25mm 
Prerusted and wire 
brushed, half 
chemically cleaned 
Corner 200 long, 
12mm and no gap 
behind reinforcement 

Various primer coat 
combinations with 
1. Cement/sand mortar 

(2:3 L 1:3) 
2. Rapid-setting 

mortar ( 2 )  
3 .  Partial epoxy 

repair 
4 .  Fibre-reinforced 

mortar (2) 
5 .  High build epoxy 

mortar 
6. OPC/SBR mortar 
7. OPC/SBR/fibre 

mortar 

Marine tidal 

64 L 84 years ongoing 

Ambient (Summer) 

Chiseled 

Hand applied 

Insitu at low tide 

Visual L photographic 
Destructive 

BRE [131 
Small Specimens 

110 
250x105~105 

2 1:8,1:10 L 1:8+CaC1 
4x6mm0 
12.5 L 25mm 
Shot-blasted & pre- 
rusted 

Corner 200 long, 
lOmm behind rein- 
forcement 

1. Commercial system 
2. Rapid setting 

cement i t ious 

3. Fibre reinforced 
cementitious 

4 .  Epoxy resin 
mortar 

5 .  OPC Sand mortar 
6. (Polyester Putty) 

CO L Marine tidal 2 

Various up to 5 yrs 
4 mths, ongoing 

Ambient 

Chiseled L wire 

Hand applied 

Air 

brush 

Visual L photo- 
graphic 
Destructive 
Potentials 
AC impedance 

WIMPEY [151 

40 
1200x300x300 

1:4,0.45 W/c (CiO) 
4x30mm0 
7 5mm 
As received 

Slot 1000x20~75 deep 
& gouge 600x130~90 
deep 

Aggregate filled 
2 types of resin, 
1 commercial, and 1 
Wimpey formulated 

Marine tidal L 
impressed current 

Various up to 10 
years ongoing 
(1988) 

5oc 

Cast surface 

Resin pump 

Underwater 

Visual examination 
before and after 
destructive 
compressive load 
test 

~~ 

McALPINE 

299 
100 cubes 
250x100~100 beams 
SOOxlOOxlOO beams 
Grade 50 
lx5mm 0 
47.5mm beams 

Half of specimen 
with slant angles 
of 30", 60" and 
909 500 beams fully 
cast in repair 
ma ter ia 1 
1. Cementitious 

with admixtures 
2. Polymer modified 

cementitious 

Marine tidal & 
underwater with 
laboratory 
controls 

4 years with test- 
ing every 6 mths 

7OC (2OoC lab 

saw cut 
controls) 

Cast 

Underwater 

Bending test or 
cube test 
Inspect ion 
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APPENDIX 3 : DETAILS OF QUEENS UNIVERSITY, BELFAST, AND IMPERIAL COLLEGE, 
LONDON, RESEARCH PROJECTS 

These p r o j e c t s  are p a r t  of t h e  managed programme of r e s e a r c h  'Concrete Offshore  
i n  t h e  N i n e t i e s  - COIN', i n i t i a t e d  by t h e  Marine Technology D i r e c t o r a t e  of t h e  
SERC and sponsored by t h e  D i r e c t o r a t e ,  t h e  Offshore  I n d u s t r y  and t h e  Department 
of Energy.  

Appendix 3a : Assess ing  t h e  d u r a b i l i t y  and s t r e n g t h  of r e p a i r e d  c o n c r e t e  - 
D r  D J Cleland and P r o f e s s o r  A . E  Long, The Queens U n i v e r s i t y  of 
B e l f a s t  

The r e s e a r c h  programme, as proposed,  f a l l s  i n t o  t h r e e  main p a r t s .  

1. V a l i d a t i o n  of t h e  test methods. 

A number of test methods w i l l  be examined u s i n g  a small number of 
r e p a i r  m a t e r i a l / s u r f a c e  combinations.  
t h e i r  accuracy  and r e p e a t a b i l i t y  and t o  examine any c o r r e l a t i o n  
between t h e  v a r i o u s  methods. The t es t  methods w i l l  i n c l u d e :  

T h i s  i s  aimed a t  de te rmining  

Tension s t r e n g t h  Shear  s t r e n g t h  

2. 

3. 

Pul l -off  method 

Comparison of s u r f a c e  and materials 

Direct s h e a r  
S1 a n t  s h e a r  
Tors ion  s h e a r  

Using t h e  most p e r t i n e n t  tes t  methods (from P a r t  1) a number of 
v a r i a b l e s  w i l l  be examined f o r  t h e i r  shor t - te rm bond s t r e n g t h .  The 
v a r i a b l e s  i n  t h e  p r e s e n t  c o n c r e t e  s u r f a c e  w i l l  be (a)  sawn s u r f a c e  
( b ) . i r r e g u l a r  broken w i t h  a n g u l a r  a g g r e g a t e  ( c )  i r r e g u l a r  broken w i t h  
rounded aggrega te .  The v a r i a b l e s  i n  t h e  material w i l l  i n c l u d e :  

sand/cement m o r t a r  
sand/cement mor ta r  w i t h  a bonding c o a t  
polymer modif ied c e m e n t i t i o u s  m o r t a r s  
epoxy and p o l y e s t e r  r e s i n  mor ta rs .  

Because of t h e  volume of work involved  n o t  a l l  p e r m u t a t i o n s  of 
material and s u r f a c e  w i l l  be t e s t e d  but  t h e  ear l ie r  r e s u l t s  ( u s i n g  
t h e  sawn s u r f a c e )  w i l l  be used t o  d e c i d e  which of t h e  o t h e r s  w i l l  be 
most s i g n i f i c a n t .  

Longer term c h a r a c t e r i s t i c s  of r e p a i r s  

S e l e c t e d  combina t ions  from P a r t  2 w i l l  be s u b j e c t e d  t o  a c c e l e r a t e d  
tests t o  d e t e r m i n e  i f  t h e r e  is  any break-down of bond s t r e n g t h .  The 
tests w i l l  be c a r r i e d  o u t  by s u b j e c t i n g  t h e  specimens t o  r e p e a t e d  
c y c l e s  of ( a )  t e m p e r a t u r e  change (b)  f r e e z e  and thaw ( c )  s h e a r ,  and 
then  measuring t h e  r e s i d u a l  bond s t r e n g t h .  A s m a l l e r  number of 
permuat ions  of material and s u r f a c e  w i l l  be considered.  

F u r t h e r  tests w i l l  be c a r r i e d  o u t  t o  d e t e r m i n e  t h e  p e r m e a b i l i t y  of 
t h e  r e p a i r  m a t e r i a l s  u s i n g  a p p a r a t u s  c u r r e n t l y  being t e s t e d  a t  QUB. 
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Appendix 3b : Repai r  and tes t  of c o n c r e t e  s l a b s  and domes damaged by hard 
impact from dropped o b j e c t s  - D r  S H P e r r y  and Mr J Holmyard, 
I m p e r i a l  C o l l e g e ,  London 

I n  t h e  l a s t  few y e a r s ,  major  r e p a i r s  have been n e c e s s a r y  t o  o f f s h o r e  mar ine  
s t r u c t u r e s  where damage has  r e s u l t e d  t o  base c a i s s o n  r o o f s  from a c c i d e n t a l l y  
dropped o b j e c t s ,  such  as d r i l l i n g  c o l l a r s  weighing as much as 20 tonnes. 
R e p a i r  methods have been, n e c e s s a r i l y ,  ad hoc, undertaken,  as they  are, a t  
great d e p t h s  below t h e  North Sea. There is  a real need t o  l e a r n  more about  t h e  
b e s t  materials f o r  e f f e c t i n g  r e p a i r s  t o  cracked and damaged c o n c r e t e ,  when i n  a 
mar ine  envi ronment ,  and t h e  most e f f i c i e n t  techniques  f o r  p l a c i n g  such  
materials. They must  be a b l e  t o  bond s u c c e s s f u l l y  a t  t e m p e r a t u r e s  of about  
7 O C ,  q u i c k l y  a c h i e v e  a s u f f i c i e n t l y  h igh  s t r e n g t h  and, a t  t h e  same t i m e ,  e f f e c t  
an  impermeable r e p a i r .  

T h i s  p r o j e c t  is concerned w i t h  u s i n g  both c e m e n t i t i o u s  and epoxy r e s i n  
f o r m u l a t i o n s  f o r  t h e  r e p a i r  of a number of damaged c o n c r e t e  s l a b s  and domes 
des igned  t o  model t h e  roof members of o f f s h o r e  sea-bed o i l  s t o r a g e  tanks. The 
r e p a i r s  themselves ,  and t h e  c u r i n g  of t h e  r e p a i r e d  c o n c r e t e ,  w i l l  t a k e  p l a c e  i n  
a t ank  f i l l e d  w i t h  a r t i f i c i a l  seawater, c h i l l e d  t o  a t e m p e r a t u r e  of 7-8OC. 
A f t e r  s u i t a b l e  s t o r a g e  t i m e  i n  t h e  seawater tank ,  e a c h  c o n c r e t e  e l e m e n t  w i l l  be 
t e s t e d  t o  d e s t r u c t i o n  by s t a t i c  l o a d i n g  of t h e  r e p a i r e d  area. 
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APPENDIX 4 : CIRIA RESEARCH PROPOSAL ON THE PROTECTION, MAINTENANCE 
AND REPAIR OF REINFORCED CONCRETE STRUCTURES I N  THE UK 
AND THE ARABIAN GULF 

I n t r o d u c t i o n  and statement of the  o b j e c t i v e s  

With t h e  adven t  of  t h e  c o n s t r u c t i o n  p r e s s u r e s  t h a t  developed i n  t h e  l a t e  1960s 
and e a r l y  1970s, changes i n  materials, t h e  u s e  of a c c e l e r a t o r s  u s u a l l y  based on 
ca l c ium c h l o r i d e s ,  e tc ,  t h e r e  have been some problems w i t h  t h e  performance of  
r e l a t i v e l y  new r e i n f o r c e d  c o n c r e t e  s t r u c t u r e s  i n  t h e  UK, Northern Europe, USA 
and many o t h e r  p a r t s  of t h e  world. I n  t h e  UK t h e s e  problems have developed a t  
a time when some of t h e  coun t ry ' s  e a r l y  r e i n f o r c e d  c o n c r e t e  s t r u c t u r e s  are 
approach ing  t h e  end of t h e i r  'design '  l i f e  and t h i s  h a s  added t o  t h e  u r g e n t  
need f o r  i n f o r m a t i o n  on r e p a i r  and ma in tenance  f o r  r e i n f o r c e d  conc re t e .  

I n  m a r i t i m e  areas of t h e  Gulf S t a t e s ,  r e i n f o r c e d  c o n c r e t e  c o n s t r u c t i o n  
d e t e r i o r a t e s  qu ick ly .  The rate of  d e t e r i o r a t i o n  can be reduced very 
s i g n i f i c a n t l y  by making p r o p e r  u s e  of  t h e  knowledge of  c o n c r e t e  technology 
which h a s  a l r e a d y  been e v a l u a t e d  and pub l i shed  as p a r t  of  C I R I A ' s  Gulf Concre t e  
programme i n  t h e  C I R I A  Guide t o  c o n c r e t e  c o n s t r u c t i o n  i n  t h e  Gulf region. 

A s  t h e  n e x t  phase  of t h i s  programme, C I R I A ' s  newes t  p r o j e c t  as o u t l i n e d  i n  t h i s  
d e s c r i p t i o n ,  i s  be ing  c o n c e n t r a t e d  on p r o v i d i n g  i n f o r m a t i o n  and gu idance  t o  
e n s u r e  t h a t  ma in tenance  and r e p a i r  o p e r a t i o n s  t o  e x i s t i n g  s t r u c t u r e s  are 
s u i t a b l e  f o r  t h e  Gulf ' s  environment  and can e f f e c t i v e l y  p rov ide  r e q u i r e d  
pe r fo rm an ce s t andard s. 

Method of working 

C I R I A  produced i t s  o r i g i n a l  Guide by e v a l u a t i n g  e x i s t i n g  i n f o r m a t i o n  f o r  i t s  
r e l e v a n c e  t o  t h e  Gulf s i t u a t i o n  and by b r i n g i n g  t o g e t h e r  t h e  knowledge and 
e x p e r i e n c e  of a P r o j e c t '  Development Group drawn from i t s  members. 

I f  t h e  recommendat ions f o r  good p r a c t i c e  g iven  i n  t h e  Guide are f o l l o w e d ,  t h e  
l i f e  and performance of new c o n s t r u c t i o n  i n  t h e  r e g i o n  w i l l  be g r e a t l y  
improved. I n  t h e  meantime, i t  mus t  be a c c e p t e d  t h a t  t h e  p r e s e n t  d i s a p p o i n t i n g  
performance of many e x i s t i n g  c o n c r e t e  s t r u c t u r e s  i n  t h e  Gulf S t a t e s  as w e l l  as  
i n  t h e  UK h a s  g iven  rise t o  t h e  problems of  m a i n t a i n i n g  and r e p a i r i n g  many 
b u i l d i n g s  and s t r u c t u r e s  t o  e n s u r e  t h a t  t hey  are a b l e  t o  g i v e  a s a t i s f a c t o r y  
s e r v i c e  l i f e .  

O b j e c t i v e s  

The o b j e c t i v e s  o f  t h e  p r o j e c t  are: 

( a )  t o  i d e n t i f y  means of  a s s e s s i n g  s t r u c t u r a l  c o n d i t i o n ,  m o n i t o r i n g  
pe r fo rmance  and e s t i m a t i n g  t h e  f u t u r e  d e t e r i o r a t i o n  of r e i n f o r c e d  
c o n c r e t e  so t h a t  t h e  needs  f o r ,  and economics o f ,  p r o t e c t i o n ,  
ma in tenance  and r e p a i r  can be determined 

( b )  t o  p r o v i d e  gu idance  on t h e  c h o i c e  and l i k e l y  performance of p r o t e c t i v e  
and r e p a i r  methods and materials f o r  r e i n f o r c e d  c o n c r e t e  bo th  i n  t y p i c a l  
LK c o n d i t i o n s  and i n  t h e  c o n d i t i o n s  which accelerate d e t e r i o r a t i o n  i n  
t h e  Arabian Gulf r eg ion .  
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Programme of work 

T h i s  w i l l  i n c l u d e :  

c o l l e c t i o n  and a n a l y s i s  o f  p u b l i s h e d  i n f o r m a t i o n  on r e i n f o r c e d  c o n c r e t e  
d e t e r i o r a t i o n  and  r e p a i r  f rom w o r l d w i d e  s o u r c e s .  T h i s  w i l l  c o n t i n u e  
t h r o u g h o u t  t h e  p e r i o d  o f  t h e  p r o j e c t ,  b u t  h a s  m a i n l y  been c o n c e n t r a t e d  i n  
t h e  p e r i o d  o f  l a t e  1985 t o  midsummer 1986. The i n f o r m a t i o n  w i l l  be u s e d  
t o  d e v e l o p  a d a t a b a s e  o f  i n f o r m a t i o n  on t h e  t o p i c  o f  r e i n f o r c e d  c o n c r e t e  
r e p a i r  and  ma in tenance .  T h i s  d a t a b a s e  w i l l  c o n c e n t r a t e  on t h o s e  areas of  
r e p a i r  and m a i n t e n a n c e  o f  i m p o r t a n c e  t o  t h e  deve lopmen t  o f  t h e  C I R I A  
d u r a b i l i t y  programme. 

v i s i t s  are p roposed  t o  N o r t h  America, Europe  and t h e  Gul f  r e g i o n  t o  
c o l l e c t  i n f o r m a t i o n  on c u r r e n t  r e s e a r c h  on c o n c r e t e  d e t e r i o r a t i o n  and  
me thods  o f  r e p a i r .  

a g r o u p  of e x p e r i e n c e d  p r a c t i s i n g  e n g i n e e r s  and r e s e a r c h e r s  h a s  been 
fo rmed  t o  c o n s i d e r  t h e  material t h a t  is  o b t a i n e d  and  t o  a d v i s e  on t h e  
p r e p a r a t i o n  o f  t h e  r e p o r t .  T h i s  g r o u p  is m e e t i n g  r e g u l a r l y  t h r o u g h o u t  t h e  
e n t i r e  p e r i o d  o f  t h e  p r o j e c t  and  w i l l  r e c e i v e  i n t e r i m  and p r o g r e s s  r e p o r t s  
a t  e a c h  meet ing .  

f u n d s  t o  c o m p l e t e  t h e  f i n a n c i n g  f o r  t h i s  p r o j e c t  w i l l  be s o u g h t  f rom 
r e l e v a n t  o r g a n i s a t i o n s  i n  t h e  c o n s t r u c t i o n  i n d u s t r y  and i t s  s u p p l i e r s  of 
materials and equipment .  The s p o n s o r i n g  o r g a n i s a t i o n s  w i l l  be k e p t  
i n f o r m e d  of p r o g r e s s  and have  access t o  t h e  material and  i n f o r m a t i o n  
c o l l e c t e d  and d e v e l o p e d  d u r i n g  t h e  p r o j e c t  

be tween  l a t e  1986 and mid-1987 a r e p o r t  w i l l  be c o m p l e t e d ,  d r a w i n g  
t o g e t h e r  t h e  i n f o r m a t i o n  found i n  items (a) and (b)  o f  t h i s  programme and 
g i v i n g  g u i d a n c e  and r ecommenda t ions  on materials and  methods  f o r  t h e  
p r o t e c t i o n ,  m a i n t e n a n c e  and  r e p a i r  o f  r e i n f o r c e d  c o n c r e t e .  
Recommendat ions  f o r  a f u r t h e r  programme o f  r e s e a r c h  r e l e v a n t  t o  t h e  UK and 
A r a b i a n  Gulf  r e g i o n  w i l l  a l s o  be made wh ich  w i l l  be s u b m i t t e d  t o  t h e  
s p o n s o r i n g  o r g a n i s a t i o n s  f o r  funding .  

Funding 

Phase  One of t h e  p r o j e c t  i n v o l v e s  t h e  deve lopmen t  o f  i n f o r m a t i o n  f o r  b o t h  t h e  
UK and Gul f  reg ion .  The UK Depar tmen t  o f  t h e  Env i ronmen t  h a s  approved  t h e  
p r o j e c t  and  w i l l  p r o v i d e  60% f i n a n c i a l  s u p p o r t ,  and C I R I A  is now l o o k i n g  f o r  
t h e  b a l a n c e  of  40% s u p p o r t  f rom o t h e r  sou rces .  

I n  f u n d i n g  t h e  f i r s t  p h a s e  of t h e  p r o j e c t ,  t h e  Depar tmen t  o f  t h e  Envi ronment ' s  
f i n a n c i a l  s u p p o r t  c o v e r s  t h e  deve lopmen t  of i n f o r m a t i o n  s u i t a b l e  f o r  b o t h  t h e  
UK and t h e  Gul f  r e g i o n s ,  s i n c e  i t  is a c c e p t e d  t h a t  i n  t h i s  p h a s e  t h e r e  is a 
c o n s i d e r a b l e  amount  o f  common ground for  b o t h  areas. 
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APPENDIX 5 : EXISTING OFFSHORE STRUCTURES AND REPAIRS CARRIED OUT 

YEAR OF 
INSTALL- 
ATION 

1973 

1975 

1975 

1975 

1976 

1976 

1976 

1977 

1977 

1977 

1978 

1978 

1978 

1981 

1984 

OPERATOR 

Phi l l ips  

Mob11 

Shell  

Elf 

Elf 

Total 

Shell  

Kobll 

she1 1 

Elf 

Chevron 

Shell  

Shell  

Mob 1 1 

Mobil 

CAUSE OF 
DAMAGE 

Construction 

Riser pipe 

F i re  damage 

36" Riser 

Foundation 
f a i l u r e  

Built-in 
steelwork 

Fi re  damage 
Submergence 

D a i s  
caisson 

Shlp impact 

Construction 

D M G D  CAUSED 

No information 

Cracking during 
construction 

Gouged shallow 
grove in l eg  
Spalled cover 

Hole in calsson 
roof 

Cracking t o  
diaphram walls 

Leak 

No major 
repairs 

No repairs 

_. 
Cracks leaking. 
in to  cells 

Chlpped gmove 

No information 

No repairs 

No repairs 

Through crackin! 
t o  shaf t  

Lack of cover 

No information 

EXTW 

Superficial 

Superficial 

Major 

Major 

Minor 

Superf ic ia l  
Major 

%perf fclal  

Major 

Super€icial 

REASON FOR 
REPAIR 

Restore cover 

Restore cover 

Reinstate 

Reinstate 

Stem leak 

Restore cover 
Stem leak 

Restore cover 

Reinstate 

Restore cover 

EF'TH OF 
'EPAIR 
.EUYI SEi 
EWL.  m. 

35 

air 

90 

80-90 

110 

120 

0-2 

- 

MATERIAL 
USD 

Cement groul 

EPOXY 

Concrete 

Epoxy 

Cement groul 

EPOXY 

W~Y 

Concrete 

EPOXY 

Injectic 

F i l l  
shut te r  

Shutter, 
place a< 
grout 

Injectlc 

Injectic 

Injectic 

F i l l  
shut te r  

Form in 

Coating 

BY WHOM 
CAFmIED 
OUT 

&Alpine Sea 
Services 
Yet to  be 
car r ied  out. 
McAlpine Sea 
Services 

Elf 

Elf 

Norwegian 
Contractors 

&=Alpine Sec 
Services 

M l p i n e  Ser 
Services 

Nonegian 
Contractors 

REFERplcE 

20,23,24 

23 

19*,20,22 
23,28*, 
29,16 

21*,23 

23 
26,2P 

20,22,23 
24,16 

20,22,23, 
24,28*,29 
16 

26 

- 
0s' 
EM 

- 

0.. 

1. 

1. 

1.1 

- 
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