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FOREWORD 
By Staff 

Transportation 
Research Board 

This report contains the findings of a comprehensive evaluation of: (1) meth
ods of assessing the significance of bridge deficiencies below the waterline and 
(2) methods of arresting deterioration in bridge elements below the waterline. The 
report, including recommendations that are applicable immediately, will be of 
interest to engineers, researchers, and others concerned with maintenance, repair, 
and rehabilitation of bridges below the water or in the splash zone. 

Federal and state legislation requires periodic inspection and appraisal of all 
bridge elements. A substantial amount of information is available on repair meth
ods for superstructures and substructures above the waterhne, but procedures for 
use below the waterline have received little emphasis, and application is compli
cated by inaccessibility. As a result, deficiencies including scour and structural 
distress, damage, and deterioration sometimes remain undetected or are endured 
until the potential for a major failure becomes apparent. Information has been 
needed to guide engineers in assessing the condition of bridge elements below the 
waterline and in selecting appropriate methods to arrest further deterioration. 

This report contains the findings of N C H R P Project 10-16, "Assessment of 
Deficiencies and Preservation of Bridge Substructures Below the Waterline." The 
objectives of this research were: (1) to develop improved methodology for evaluat
ing the effects of below-the-waterline deficiencies on the structural capacity of the 
substructure, and (2) to develop solutions to specific deterioration problems that 
are found in bridge substructures below the water surface and in the splash zone. 
N C H R P Project 10-16 extended the findings of research completed earlier and 
published as NCHRP Synthesis of Highway Practice 55, " Underwater Inspection 
and Repairs of Bridge Substructures." 

Current practices in structural strength evaluation techniques for bridge 
substructures below the water surface were evaluated with particular emphasis 
on quantifying the consequences of the deficiencies on the structural integrity of 
the bridge. A rating system for identifying the urgency of corrective action is 
presented. State-of-the-art methods used to arrest deterioration below the 
water surface and in the splash zone were evaluated and promising techniques 
identified. Several new or improved methods to arrest deterioration were also 
conceptualized. 
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Assessment of Deficiencies and 
Preservation of Bridge Substructures 
Below the Waterline 

SUMMARY The research r e s u l t s presented here are the product of an 
examination of the s t a t e - o f - t h e - a r t p r a c t i c e s i n the s t r u c t u r a l 
e v a l u a t i o n of underwater d e f i c i e n c i e s of bridge substructures 
and the development of an improved methodology f o r e v a l u a t i n g 
the e f f e c t s of below-the-waterline d e f i c i e n c i e s . The research 
was conducted under NCHRP Pr o j e c t 10-16, and extends previous 
research developed under NCHRP Pr o j e c t 20-5 (Topic 10-08), which 
r e s u l t e d i n NCHRP Synthesis of Highway P r a c t i c e 88. This 
i n v e s t i g a t i o n ( P r o j e c t 10-16) p e r t a i n s t o the techniques used to 
inspect bridge elements below the w a t e r l i n e and covers both 
present and new or improved methods and ma t e r i a l s used to 
maintain, r e p a i r , and a r r e s t d e t e r i o r a t i o n under water. The 
f i n d i n g s are summarized i n these areas i n the f o l l o w i n g . 

A vast amount of in f o r m a t i o n e x i s t s on in s p e c t i o n techniques 
fo r e v a l u a t i n g concrete, s t e e l , and timber under water. The 
insp e c t i o n of concrete under water normally includes v i s u a l 
assessment, measurement of phys i c a l dimensions, and soundings. 
Because of the expense, cores are u s u a l l y taken under water only 
when other evidence i n d i c a t e s t h a t f u r t h e r i n v e s t i g a t i o n i s 
warranted. Cores are normally used to determine compressive 
str e n g t h and c h l o r i d e content and p e n e t r a t i o n , even though they 
permit a wide v a r i e t y of other p h y s i c a l and chemical analyses t o 
be performed. 

Voltage p o t e n t i a l readings of the r e i n f o r c i n g s t e e l are 
sometimes taken under water. The readings only i n d i c a t e whether 
or not corro s i o n i s a c t i v e and the extent of the concrete 
surface involved. The most s a t i s f a c t o r y r e s u l t s are obtained 
when the readings are used i n conjunction w i t h a c h l o r i d e 
p e n e t r a t i o n a n alysis of a core sample. 

Two a d d i t i o n a l devices are pr e s e n t l y being developed to 
evaluate concrete: (1) a p o l a r i z a t i o n resistance device t h a t 
measures the r a t e of c o r r o s i o n — s e v e r a l methods are pr e s e n t l y 
being t e s t e d f o r f i e l d use i n - t h e - d r y ; and (2) a cat scanner f o r 
t e s t i n g concrete p i l e s under w a t e r — t h i s device i s being f i e l d 
t e s t e d by the Navy and i t w i l l be able t o show d e n s i t y , 
c o r r o s i o n , and i n t e r n a l s t r u c t u r e . 

The i n s p e c t i o n of s t e e l under water normally includes v i s u a l 
assessment, measurement of phys i c a l dimensions, and sounding 
b o l t s and r i v e t s . Coupon samples f o r f u r t h e r t e s t i n g are taken 
under water, on occasion, i f evidence i n d i c a t e s t h a t t h i s i s 
warranted. u l t r a s o n i c t e s t i n g has also been employed; however. 
I t has several drawbacks when applied under water. The leader 
i n underwater i n s p e c t i o n of s t e e l i s the maritime i n d u s t r y , 
which developed t h i s f i e l d as an a l t e r n a t i v e to dry-dock 
i n s p e c t i o n . other methods developed by t h i s i n d u s t r y f o r 
de t e c t i n g cracks include magnetic p a r t i c l e t e s t i n g , radiographic 
i n s p e c t i o n , and acoustic holography. 

The i n s p e c t i o n of timber s t r u c t u r e s under water normally 
includes v i s u a l assessment, measurement of ph y s i c a l dimensions, 
soundings, pointed probe resistance t e s t i n g , use of a brace and 
b i t , and use of an increment borer. sonic pulse v e l o c i t y 
t e s t i n g i s also a v a i l a b l e f o r a p p l i c a t i o n under water. Several 
commercial devices are on the market and a number of con t r a c t o r s 
o f f e r underwater i n s p e c t i o n services using t h i s technique. 

The Federal Highway A d m i n i s t r a t i o n ' s s t r u c t u r a l Inventory 
and Appraisal (si&A) Item 60 i s the r a t i n g system used t o ra t e 
substructure c o n d i t i o n . However, none of the s t a t e personnel 
interviewed favored using the Item 60 c o n d i t i o n statements as a 



method t o assess underwater d e f i c i e n c i e s f o r the purpose of 
p r i o r i t i z i n g maintenance p r o j e c t s . 

This i s understandable because the SI&A c o n d i t i o n statements 
were developed as a means of e s t a b l i s h i n g p r i o r i t i e s f o r 
r e h a b i l i t a t i o n p r o j e c t s . Accordingly, i n order t o p r i o r i t i z e 
maintenance p r o j e c t s based on the assessment of underwater 
d e f i c i e n c i e s and the urgency of c o r r e c t i v e a c t i o n , the research 
team developed a maintenance urgency index. The method of 
a r r i v i n g at the maintenance urgency index i s capsulized i n a 
proposed g u i d e l i n e booklet included i n Appendix G. 

This booklet contains g u i d e l i n e s t o describe various types 
of s ubstructure elements i n various s t a t e s of d e t e r i o r a t i o n . 
Observed underwater; d e f i c i e n c i e s are t o be compared t o the 
g u i d e l i n e s t o s e l e c t an i n i t i a l assessment. The i n i t i a l 
assessment, which can range from zero t o 9, may then be modified 
by a f a c t o r ranging +2 t o -2 t o account f o r the e f f e c t s of 
climate and other f a c t o r s . This f i n a l number i s the Maintenance 
Urgency Index. I t , i n t u r n , prescribes the type of a c t i o n t o be 
taken by i n s p e c t i o n personnel i n the f i e l d as w e l l as by 
maintenance forces i n scheduling work t h a t i s t o be performed. 
I t should be noted t h a t t h i s booklet i s not t o be construed as a 
replacement f o r the r a t i n g system now used t o r a t e the 
substructure c o n d i t i o n f o r Item 60 of FHWA's "Recording and 
Coding Guide f o r the S t r u c t u r e Inventory and Appraisal of the 
Nation's Bridges' (SI&A), but rather i t i s meant as an adjunct 
to i t . The SI&A r a t i n g system i s required f o r consistency of 
approach f o r funiaing e l i g i b i l i t y from a r e c o n s t r u c t i o n 
viewpoint. The methods presented herein are only intended to 
provide a more cons i s t e n t approach t o the process of assessing 
d e f i c i e n c i e s from a imaintenance viewpoint. 

S u b s t a n t i a l i n f o r m a t i o n was also found t o e x i s t on concrete 
d e t e r i o r a t i o n underiwater. A primary a c t i v e zone i s present i n 
the splash zone. A secondary a c t i v e zone e x i s t s at the mud 
l i n e . The c o n d i t i o n of the concrete cover and the a v a i l a b i l i t y 
of oxygen are the ma^or f a c t o r s i n the c o r r o s i o n of r e i n f o r c i n g 
s t e e l . Chemical iattack i s u s u a l l y a slow process and 
s i g n i f i c a n t i n i t s e l f i n t h a t i t destroys the concrete cover 
over the r e i n f o r c i n g s t e e l . I n d u s t r i a l waste was found t o be of 
less concern. 

D e t e r i o r a t i o n was associated w i t h three stages: i n i t i a t i o n , 
propagation, and d e s t r u c t i o n . The r e p a i r techniques discussed 
i n the f o l l o w i n g are grouped under these three stages according 
to when they are the most cost e f f e c t i v e . 

Hydraulic t r a i n i n g was found t o be of some help i n a r r e s t i n g 
abrasion, although ponding and r i p r a p are the most e f f e c t i v e 
methods. Penetrating sealants are i n e f f e c t i v e under water. 

surface coatings have several problems i n c l u d i n g : bond t o 
the concrete surface,' wick a c t i o n , and encapsulation of the 
concrete s e c t i o n . ' Vapor-permeable coatings can be h e l p f u l 
against encapsulation. Epoxy r e s i n surface coatings have had 
only p a r t i a l success because they must be a p p l i e d w i t h very 
s t r i c t c o n t r o l s , veneers are used f o r cases of extreme chemical 
a t t a c k . 

Wraps are good >for severe chemical a t t a c k . This method i s 
quick and economical. Resin-impregnated-fiberglass c l o t h i s 
c o s t l y and d i f f i c u l t t o use. Fabric jackets are quick and 
econmical, although they deform i n water c u r r e n t s . Botn metalic 
and nonmetalic jackets have had l i m i t e d success. 

Sealing cracks; w i t h pressure i n j e c t e d grout has been 
su c c e s s f u l l y used junder water. A n o n s t r u c t u r a l s a c r i f i c i a l 
concrete c o l l a r can be cast around s t r u c t u r a l concrete u s u a l l y 
at the w a t e r l i n e . ; This method i s expensive and used only i n 
extreme c o n d i t i o n s . 

A v a r i e t y of grouts are a v a i l a b l e t o r e s t o r e large areas of 
d e t e r i o r a t i o n and/or s e c t i o n loss i n the splash zone. Use of 
the proper grout can be an e f f e c t i v e measure. 



Chapter One 

INTRODUCTION 

A s a c r i f i c i a l zinc anode can be attached d i r e c t l y t o exposed 
r e i n f o r c i n g s t e e l . This method i s quick, simple, and a r r e s t s 
corrosion for'up t o 2 years. 

A 'brainstorming" session was conducted w i t h representatives 
of i n d u s t r y and government to generate new or improved methods 
to a r r e s t concrete d e t e r i o r a t i o n under water. Economical 
methods were sought t h a t could be applie d w i t h o u t the need f o r 
extensive e v a l u a t i o n of the concrete. 

Several ideas were o f f e r e d at the brainstorming session, 
i n c l u d i n g a m u l t i p l e tape system t h a t could be wrapped around a 
p i l e or column. Several coatings -were suggested, such as 
c y c l o a l i p h a t i c polyurethane s i l i c o n e elastomeric membrane, 
s i l i c a g e l , l i q u i d p l a s t i c coatings, s i l i c o n e l a t e x emulsions, 
and f l a k e d glass. Other suggestions included a dewatering 
cofferdam t o apply p r e s e r v a t i o n procedures i n - t h e - d r y , a 
f l o a t i n g innertube device t o stop i c e abrasion, 
litmus-paper-type i n d i c a t o r s t o i d e n t i f y chemical a t t a c k , a 
chemical f i l t e r , a bubbler c u r t a i n t o stop i c e for m a t i o n , a 
vulcanized rubber wrap, greasing the p i e r to make i t 
hydrophobic, and applying an e l e c t r i c charge to d r i v e out ions. 

The m u l t i p l e tape system was l a t e r conceptualized as 
co n s i s t i n g of four separate t a p e s — a b r a s i o n tape, rubberized 
asphalt tape to a r r e s t chemical a t t a c k , p l a s t i c foam tape to 
a r r e s t freeze-thaw, and conducting tape to a r r e s t c o r r o s i o n — a n d 
two tape a p p l i c a t o r s . The dewatering cofferdam was considered 
along w i t h two types of sprayers t o be used i n s i d e of i t f o r the 
a p p l i c a t i o n of sealants and coatings. 

BACKGROOHD 

Since 1761 when Samuel Sewell con
s t r u c t e d the , f i r s t highway bridge of 
importance i n York, Maine ( 1 ) , engineers and 
co n t r a c t o r s i n the United States have 
developed a long h i s t o r y of designing and 
co n s t r u c t i n g ever l a r g e r , more imposing, and 
more e f f i c i e n t bridges. However, when the 
S i l v e r Bridge over the Ohio River between 
west V i r g i n i a and Ohio f a i l e d , causing l o s s 
of l i f e i n December of 1967, the p o i n t was 
made w i t h s t a r t l i n g c l a r i t y t h a t i n s u f f i 
c i e n t a t t e n t i o n was being devoted t o ex
i s t i n g s t r u c t u r e s . 

Older s t r u c t u r e s had been designed f o r 
one set of c o n d i t i o n s w h i l e t e c h n o l o g i c a l 
changes and r a p i d growth have imposed other 
c o n d i t i o n s t h a t are considerably d i f f e r e n t . 
A d d i t i o n a l l y , time and weather were t a k i n g 
t h e i r t o l l and many of the bridges t h a t had 
served so w e l l and f o r so long could no 
longer be t r u s t e d t o c a r r y the s t e a d i l y 
increasing loadings of modern t r a f f i c . Con
gress took r e c o g n i t i o n of t h i s f a c t by i n 
cl u d i n g a requirement f o r regular bridge i n 
spection i n the Federal-Aid Highway Act of 
1968 ( P u b l i c Law 90-495, SEC. 26, 82 S t a t . 
815) . 

The Federal Highway A d m i n i s t r a t i o n 
(FHWA) of the U.S. Department of Transpor
t a t i o n published p o l i c i e s and procedures t o 
implement the i n s p e c t i o n process, and a 
Manual for Maintenance I n s p e c t i o n of Bridges 
was published i n J u l y 1970, by the American 
Association of State Highway and Transporta
t i o n O f f i c i a l s (AASHTO). The requirements 
and procedures have been updated p e r i o d i c a l 
l y u n t i l the i n s p e c t i o n program has now 
become a w e l l - d e f i n e d and o r d e r l y system 
t h a t f o r the most part serves i t s intended 
purpose w i t h adequate p r e c i s i o n . Require
ments f o r personnel, procedures, and fequen-
cy of in s p e c t i o n are s u f f i c i e n t l y d e t a i l e d 
t o ensure t h a t bridge d e f i c i e n c i e s w i l l be 
recognized and repa i r e d i n a t i m e l y fashion. 

Because the f a i l u r e p r e c i p i t a t i n g the 
National Bridge I n s p e c t i o n Program occurred 
t o a superstructure element, and d e f i c i e n 
c i e s t o superstructures are most v i s i b l e , 
the greatest i n i t i a l a t t e n t i o n was d i r e c t e d 
t o t h a t p o r t i o n of the s t r u c t u r e despite the 
f a c t t h a t nothing i n FHWA's "Recording and 
Coding Guide f o r S t r u c t u r e Inventory and 
Appraisal of the Nation's Bridges" (SI&A) 
g u i d e l i n e e i t h e r encourages or discourages 
substructure i n s p e c t i o n as compared w i t h 
s u p e r s t r u c t u r e .inspection. Any emphasis. 



t h e r e f o r e , was t h e r e s p o n s i b i l i t y o f t h e i n 
s p e c t i o n agency and n o t d e r i v e d f r o m t h e 
m a t e r i a l p r o v i d e d t o them. S e v e r a l s t a t e s 
r e c o g n i z e d t h a t e q u a l l y u n s a t i s f a c t o r y con
d i t i o n s c o u l d e x i s t o u t - o f - s i g h t , under 
w a t e r , and i n i t i a t e d v i g o r o u s underwater i n 
s p e c t i o n and r e p a i r programs. 

I n r e c e n t y e a r s , many a d d i t i o n a l s t a t e s 
and j u r i s d i c t i o n s t h a t a r e charged w i t h t h e 
m a i n t enance o f s t r u c t u r e s have d e v e l o p e d and 
r e g u l a r l y o p e r a t e underwater i n s p e c t i o n 
programs. F i g u r e 1 shows an u n d e r w a t e r i n 
s p e c t o r a t work. 

I n t e r e s t i n b o t h i n s p e c t i o n methods and 
systems t o r e p a i r and p r o l o n g t h e l i f e o f 
a g i n g s u b s t r u c t u r e u n i t s i n and below t h e 
s p l a s h zone i s c o n t i n u i n g t o i n c r e a s e . T h i s 
has o c c u r r e d n o t o n l y because o f t h e e v o l u 
t i o n a r y p r o c e s s o f improvement i n b r i d g e i n 
s p e c t i o n and r e p a i r , b u t , even more, because 
o f t h e i n c r e a s i n g need t o c o n s t r u c t 
o f f - s h o r e s t r u c t u r e s i n c o n n e c t i o n w i t h o i l 
and gas e x p l o r a t i o n and d r i l l i n g a c t i v i t i e s . 

I n t h e area o f u n d e r w a t e r i n s p e c t i o n o f 
b r i d g e s , j u r i s d i c t i o n s t h a t a r e a c t i v e i n 
t h i s f i e l d use a v a r i e t y o f p r o c e d u r e s , 
equipment, and t e c h n i q u e s . Due a t l e a s t i n 
p a r t t o t h i s v a r i e t y as w e l l as a low l e v e l 
o f i n s p e c t i o n e f f o r t , t h e r e has been a l a c k 
o f c o n s i s t e n c y i n b o t h d e v e l o p i n g and 
e v a l u a t i n g i n f o r m a t i o n o b t a i n e d f r o m under
water i n s p e c t i o n s . 

F e d e r a l and s t a t e l e g i s l a t i o n r e q u i r e s 
p e r i o d i c i n s p e c t i o n and a p p r a i s a l o f a l l 
b r i d g e e l e m e n t s . A s u b s t a n t i a l amount o f 
i n f o r m a t i o n i s a v a i l a b l e on r e p a i r methods 
f o r s u p e r s t r u c t u r e s and s u b s t r u c t u r e s above 
t h e w a t e r l i n e , b u t p r o c e d u r e s f o r use below 
t h e w a t e r l i n e have r e c e i v e d l i t t l e emphasis 
and a p p l i c a t i o n i s c o m p l i c a t e d by i n a c c e s s i 
b i l i t y . As a r e s u l t , d e f i c i e n c e s i n c l u d i n g 
s c o u r , s t r u c t u r a l d i s t r e s s , damage, and de
t e r i o r a t i o n a r e sometimes u n d e t e c t e d or 
endured u n t i l t h e p o t e n t i a l f o r a major 
f a i l u r e becomes a p p a r e n t . I n f o r m a t i o n i s 
u r g e n t l y needed t o g u i d e e n g i n e e r s i n 
a s s e s s i n g t h e c o n d i t i o n o f b r i d g e elements 
below t h e w a t e r l i n e and i n s e l e c t i n g 
a p p r o p r i a t e methods t o a r r e s t f u r t h e r d e t e 
r i o r a t i o n . 

OBJECTIVES 
T h i s s t u d y i s i n t e n d e d t o e x t e n d 

p r e v i o u s r e s e a r c h d e v e loped under NCHRP 
P r o j e c t 20-5 " S y n t h e s i s o f I n f o r m a t i o n 
R e l a t e d t o Highway Problems," T o p i c 10-08 
e n t i t l e d " B e l o w - t h e - W a t e r l i n e I n s p e c t i o n and 
R e p a i r o f B r i d g e S u b s t r u c t u r e s , " w h i c h 
r e s u l t e d i n a t w o - p a r t r e p o r t on c u r r e n t 
p r a c t i c e (NCHRP S y n t h e s i s o f Highway 
P r a c t i c e 8 8 ) . The f i r s t p a r t i d e n t i f i e s 
p r o blems f o u n d i n s u b s t r u c t u r e components 
and e v a l u a t e s p r o c e d u r e s , equipment, and 
t e c h n i q u e s c u r r e n t l y used t o i n s p e c t b r i d g e 
e l e m e n t s below t h e w a t e r s u r f a c e . The 
second p a r t c o v e r s methods and m a t e r i a l s 
used f o r underwater maintenance and r e p a i r 
o f b r i d g e s u b s t r u c t u r e s . 

Figure 1. Undenoater inspeotor. 

The p r o c e d u r e s , equipment, and t e c h 
n i q u e s d i s c u s s e d i n t h i s r e p o r t w i l l 
o v e r l a p , i n p a r t , t h a t f o u n d i n t h e p r e v i o u s 
r e p o r t . T h i s i s n e c e s s a r y t o p r o v i d e 
c o n t i n u i t y t o t h e s u b j e c t and t o p e r m i t t h i s 
r e p o r t t o s t a n d a l o n e as an i n d e p e n d e n t , 
s e l f - c o n t a i n e d document. 

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

1 . To d e v e l o p improved methodology f o r 
e v a l u a t i n g t h e e f f e c t s o f below-the-wa-
t e r - l i n e d e f i c i e n c i e s on t h e s t r u c t u r a l 
c a p a c i t y o f t h e s u b s t r u c t u r e . 

2. To d e v e l o p s o l u t i o n s t o s p e c i f i c de
t e r i o r a t i o n problems t h a t a r e f o u n d i n 
b r i d g e s u b s t r u c t u r e s below t h e w a t e r l i n e and 
i n t h e s p l a s h zone. 

APPROACH 

L i t e r a t u r e Search 

The i n i t i a l e f f o r t i n f u l f i l l m e n t o f 
t h e p r o j e c t o b j e c t i v e s was t o c o n d u c t a 
l i t e r a t u r e s e a r c h and r e v i e w . The s e a r c h 
was c o n d u c t e d i n t h e l i b r a r i e s o f t h e 
F e d e r a l Department o f T r a n s p o r t a t i o n , t h e 
T r a n s p o r t a t i o n Research Board, and t h e 
L i b r a r y o f Congress (see App. B f o r a 
c omplete l i s t ) . I n a d d i t i o n , a Highway 
Research I n f o r m a t i o n S e r v i c e (HRIS) computer 
se a r c h was c o n d u c t e d . F i g u r e 2 g r a p h i c a l l y 
d e p i c t s t h e r e s e a r c h approach. 
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Correspondence 

The second basic method of ev a l u a t i n g 
s t a t e - o f - t h e - a r t p r a c t i c e was by corres
pondence. L e t t e r s were w r i t t e n t o s t a t e 
departments of t r a n s p o r t a t i o n (or highway 
agencies), u n i v e r s i t i e s , i n s t i t u t e s , trade 
a s s o c i a t i o n s , c o u n c i l s , l a b o r a t o r i e s , 
business concerns, bridge and p o r t 
a u t h o r i t i e s , r a i l r o a d s and appropriate gov
ernment agencies, both domestic and f o r e i g n . 
Standard formats were fol l o w e d w i t h minor 
adjustments made t o compensate f o r 
d i f f e r e n c e s of i n t e r e s t . Addressees are 
given I n Appendix B. 

Telephone Survey 
Those agencies i n d i c a t e d i n Topic 10-08 

of NCHRP p r o j e c t 20-5 as having an a c t i v e 
underwater Inspection program were selected 
f o r a telephone survey. The survey 
consisted of a se r i e s of questions asked 
f o l l o w i n g a guide t o assure consistency. 
The answers received from the telephone 
survey were then c o l l e c t e d and summarized. 

State V i s i t s 

A personal v i s i t by the p r i n c i p a l 
i n v e s t i g a t o r was made t o those agencies 
selected i n order t o i n t e r v i e w appropriate 
personnel and t o make f i e l d v i s i t s t o s i t e s 
t o review both the d e t e r i o r a t i o n of sub
s t r u c t u r e u n i t s and the c o r r e c t i v e measures 
taken. During the i n t e r v i e w p o r t i o n , 
i n f o r m a t i o n received as a r e s u l t of the 
telephone survey was reviewed and a d d i t i o n a l 
comments where recorded. 

As p a r t of the v i s i t , s e r i e s of t y p i c a l 
sketches were generated which approximated 
those t h a t would be developed as a r e s u l t of 
an underwater i n s p e c t i o n . These were 
combined w i t h a s e r i e s of d e s c r i p t i o n s of 
various types of d e f i c i e n c i e s i n the form of 
"suggested g u i d e l i n e s " f o r various l e v e l s of 
s e v e r i t y t i e d t o a numerical r a t i n g of the 
substructure c o n d i t i o n . I n t h i s way, i t was 
possible t o standardize the l e v e l of 
seriousness of a d e f i c i e n c y and the r a t i n g 
number given, u t i l i z i n g the experience of 



those i n d i v i d u a l s w i t h the most "hands on" 
experience. 

For t h i s task, the f o l l o w i n g substruc
t u r e types were considered i n the develop
ment of the d e s c r i p t i o n s and g u i d e l i n e : 

• P i l e bent, concrete, s t e e l , and 
timber. 

• Column bent or open p i e r . 
• S o l i d s h a f t p i e r on spread f o o t i n g s . 
• S o l i d s h a f t p i e r on p i l e s . 
W r i t t e n i n f o r m a t i o n provided by the 

states i n the form of procedural i n 

s t r u c t i o n s , coding guides, 
documents was also requested. 

or s i m i l a r 

D e t a i l s of r e p a i r s t h a t had been made 
i n an attempt t o a r r e s t d e t e r i o r a t i o n were 
discussed during the i n t e r v i e w p e r i o d . 
Following t h i s , a f i e l d v i s i t was made t o 
various s i t e s t o view s p e c i f i c types of de
t e r i o r a t i o n t h a t had occurred and the 
methods used t o r e p a i r the damage and t o 
a r r e s t f u r t h e r d e t e r i o r a t i o n . 

Brainstorming Session 
For "new or improved methods t o a r r e s t 

concrete d e t e r i o r a t i o n , " a "brainstorming" 
session was conducted by the research team 
w i t h representatives from i n d u s t r y and gov
ernmental! agencies i n attendance. 

Chapter Two 

STRUCTURAL EVALUATION 

SI&A BRIDGE INVENTORY 
The purpose of the Federal Highway 

Adm i n i s t r a t i o n ' s "Recording and Coding 
Guide f o r the s t r u c t u r e i n v e n t o r y and 
Appraisal of the Nation's Bridges" (SISA) 
i s t o develop a bridge inventory data base 
i n order t o report to the Congress the 
number and c o n d i t i o n of the nation's 
bridges f o r t h e i r use i n preparing f u t u r e 
l e g i s l a t i o n . The i n f o r m a t i o n i s also used 
to i n v e n t o r y Defense Bridges and C r i t i c a l 
Highway F a c i l i t i e s f o r m i l i t a r y purposes. 

The data are c o l l e c t e d as coded items 
on the SI&A sheet, which i s shown i n 
Figure 3. Of the 88 items l i s t e d on the 
sheet, items p e r t i n e n t t o t h i s r e p o r t are 
discussed i n the f o l l o w i n g . 
S u f f i c i e n c y Rating Formula 

The s u f f i c i e n c y r a t i n g i s a method of 
ev a l u a t i n g many f a c t o r s t h a t are 
i n d i c a t i v e of the s u f f i c i e n c y of a bridge 
t o remain i n se r v i c e . This r a t i n g i s used 
as input i n t o the Highway Bridge 
Replacement and R e h a b i l i t a t i o n Program f o r 
p r i o r i t i z i n g bridge replacement and 
r e h a b i l i t a t i o n p r o j e c t s f o r f e d e r a l 
funding. 

The s u f f i c i e n c y r a t i n g i s generated 
through use of a complicated formula using 
the i n p u t of many f a c t o r s . Among them are 
Item 67, Ov e r a l l S t r u c t u r e Adequacy 
App r a i s a l ; Item 66, inve n t o r y Rating; Item 
64, Operating Rating; and Item 60, 
Substructure Condition Rating. The f i n a l 
output i s a number from zero t o 100. 

Ove r a l l S t r u c t u r e Adequacy Appraisal 
Item 67 i s the "Overall S t r u c t u r e 

Condition A p p r a i s a l . " I t i s a composite 
r a t i n g representing the average of several 
f a c t o r s . The load c a r r y i n g capacity of 
the deck, the s u p e r s t r u c t u r e , and the 
substructure as w e l l as the c o n d i t i o n 
r a t i n g of the deck, the s u p e r s t r u c t u r e , 
and the substructure are evaluated i n 
r e l a t i o n t o the highway system and how 
they a f f e c t the bridge as a u n i t . The 
s t r u c t u r e i s then compared t o a new bridge 
b u i l t t o the state's c u r r e n t standards f o r 
that p a r t i c u l a r type of highway. The 
o v e r a l l s t r u c t u r a l c o n d i t i o n i s appraised 
from zero t o 9, t a k i n g i n t o account the 
major s t r u c t u r a l d e f i c i e n c i e s . 

Of the t o t a l items considered i n 
e s t a b l i s h i n g t h i s a p p r a i s a l , d e f i c i e n c i e s 
below the w a t e r l i n e c o n s t i t u t e a 
r e l a t i v e l y small p a r t . Yet underwater 
d e f i c i e n c i e s are c l e a r l y of a c r i t i c a l 
nature and a f f e c t the load c a r r y i n g 
capacity. I n t h i s case, they can be the 
determining f a c t o r f o r the o v e r a l l 
s t r u c t u r e c o n d i t i o n a p p r a i s a l . 

Inventory Rating 
Item 66 i s the capacity r a t i n g of the 

s t r u c t u r e t o a load l e v e l t h a t can s a f e l y 
u t i l i z e the s t r u c t u r e f o r an i n d e f i n i t e 
p e r iod of time. The capacity t o be 
recorded i s the lesser of the deck, 
s u p e r s t r u c t u r e , or substructure r a t i n g s . 
The code used represents the truck type 
used i n the analysis and the t o t a l tonnage 
of the t r u c k . 
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Figure 3. SISA eheet. 

Operating Rating 

Item 64 i s the capacity r a t i n g of the 
s t r u c t u r e t o the absolute maximum 
permissible load l e v e l t o which the 
s t r u c t u r e may be subjected. The capacity 
t o be recorded i s the lesser of the deck, 
s u p e r s t r u c t u r e , or substructure r a t i n g s . 
The code used represents the truck type 
used i n the ana l y s i s and the t o t a l tonnage 
of the t r u c k . 

Substructure Condition Rating 
Item 60, Substructure Condition 

Rating, i s a code, from zero to 9, 
representing the c o n d i t i o n of the p i e r s , 
abutments, p i l e s , fenders, and f o o t i n g 
scour. The code i s selected by r e f e r r i n g 
t o c o n d i t i o n statements given i n the 
Coding Guide. 



ASSESSMENT OF DEFICIENCIES 
urgency of Correc t i v e A c t i o n 
SI&A Condition Rating 

None of the s t a t e personnel 
interviewed favored using Item 60 
c o n d i t i o n statements as a method t o assess 
d e f i c i e n c i e s and p r i o r i t i z e maintenance 
p r o j e c t s . This i s not s u r p r i s i n g because 
the SI&A c o n d i t i o n statements were 
developed t o e s t a b l i s h p r i o r i t i e s f o r 
r e h a b i l i t a t i o n or replacement p r o j e c t s . 
Major maintenance, minor r e h a b i l i t a t i o n , 
and s i m i l a r l y worded d e f i n i t i o n s have 
l i t t l e s i g n i f i c a n c e t o maintenance 
engineers. These statements r e f l e c t 
i n c reasing expenditure l e v e l s f o r needed 
r e p a i r s . 

Findings show t h a t although 
maintenance engineers are f a r more 
concerned w i t h the urgency of c o r r e c t i v e 
a c t i o n s , current g u i d e l i n e s are of l i t t l e 
help i n s e t t i n g ' p r i o r i t i e s . Major 
maintenance can u s u a l l y be performed 
w i t h i n a year, whi l e even minor 
r e h a b i l i t a t i o n may have to be scheduled 
several years i n advance i n order to 
acquire or even program the necessary 
funds. 

The amount of money required may also 
be unrelated t o the degree of urgency. An 
example of t h i s p o i n t i s the re p a i r of 
scour or replacement of a d e f e c t i v e p i l e . 
These are considered maintenance items of 
the utmost importance under some 
c o n d i t i o n s , but neither of these examples 
would be considered " r e h a b i l i t a t i o n . " 

The example also e x i s t s where one p i l e 
of one p i e r i n a m i l e - l o n g s t r u c t u r e has 
underwater d e t e r i o r a t i o n and may cause the 
bridge t o colla p s e . I n t h i s case, the 
Over a l l S t r u c t u r e Adequacy Appraisal would 
be high while the inventory and operating 
r a t i n g s would be low. The low r a t i n g s 
would, i n t u r n , lower the s u f f i c i e n c y 
r a t i n g but not t o the po i n t where the 
s t r u c t u r e would q u a l i f y f o r f e d e r a l 
r e h a b i l i t a t i o n - r e p l a c e m e n t funds. This 
c o n d i t i o n would be viewed as a maintenance 
p r o j e c t . 

Maintenance Urgency Index 
I n order t o p r i o r i t i z e maintenance 

p r o j e c t s based on the assessment of 
d e f i c i e n c i e s and the urgency of c o r r e c t i v e 
a c t i o n s , the research team proposed the 
Maintenance Urgency Index. Figure 4 
compares the SI&A c o n d i t i o n statements t o 
the Maintenance Urgency Index. A 
c o n d i t i o n l e v e l of 9 under the FHWA's SI&A 
r a t i n g g u i d e l i n e s i s "new c o n d i t i o n " ; 
however, because the d e s c r i p t i o n i s not 
i n d i c a t i v e of i t s c o n d i t i o n , t h i s was 
changed to "No Repairs Needed." 

The next level^ of urgency, 8, i s 
e s s e n t i a l l y the same, except t h a t a l i s t of 
s p e c i f i c items should be made f o r closer 
i n s p e c t i o n on the next regular 
i n s p e c t i o n . For urgency l e v e l 7, 

d e t e r i o r a t i o n has been noted; however, 
there are s t i l l no immediate plans f o r 
r e p a i r . At t h i s l e v e l , an increase i n 
ins p e c t i o n frequency may be deemed 
necessary. At l e v e l 6, r e p a i r s become 
necessary and should be scheduled by the 
end of the f o l l o w i n g season. 

when the s t r u c t u r e d e t e r i o r a t e s t o 
l e v e l 5, the urgency of c o r r e c t i v e a c t i o n 
increases t o the p o i n t where the r e p a i r s 
must be placed i n the curren t schedule. 
The s t r u c t u r e should be repaired at the 
f i r s t reasonable o p p o r t u n i t y . At l e v e l 4, 
the r e p a i r s become a p r i o r i t y item. I n 
t h i s case, the maintenance engineer should 
review the work plan t o determine i t s 
r e l a t i v e p r i o r i t y and adjust the schedule 
i f p o s s i b l e . I n any case, the r e p a i r s 
must be c a r r i e d out during the current 
season. 

At l e v e l 3, the re p a i r i s given high 
p r i o r i t y and the work should be scheduled 
as soon as possible. I f d e t e r i o r a t i o n 
reaches l e v e l 2, the re p a i r s should be 
given highest p r i o r i t y . I f re q u i r e d , 
other work should be discontinued. Other 
actions such as t r a f f i c r e s t r i c t i o n s may 
be considered. 

The s t r u c t u r e should be closed when 
the l e v e l of urgency reaches l e v e l 1. 
Emergency actions are required and t r a f f i c 
must be rerouted. I f the f a c i l i t y i s 
closed f o r r e p a i r s , the s t r u c t u r e should 
be rated as a zero. 
PROPOSED GUIDELINE BOOKLET 

Appendix G contains the Proposed 
Guideline Booklet which summarizes the 
method of a r r i v i n g at the Maintenance 
Urgency Index. The booklet i s intended t o 
be an independent document t h a t may be 
c a r r i e d i n t o the f i e l d and used by 
insp e c t i o n personnel. I t contains a 
number of guid e l i n e s d e s c r i b i n g several 
types of substructure elements i n various 
stages of d e t e r i o r a t i o n . These gui d e l i n e s 
can be used t o s e l e c t an i n i t i a l 
assessment of a d e f i c i e n c y which, i n t u r n , 
may be modified t o determine the 
Maintenance urgency Index. The booklet 
includes i n s t r u c t i o n f o r i t s use i n 
assessing underwater d e f i c i e n c i e s . 

Proposed Guidelines 
Of the states surveyed, only a few 

have developed t h e i r own gui d e l i n e s to 
help t h e i r i n s p e c t i o n personnel i n 
assessing d e f i c i e n c i e s f o r SI&A Item 60. 
Most st a t e s simply use the FHWA bridge 
i n s p e c t i o n t r a i n i n g course to standardize 
t h e i r engineering judgment. As a r e s u l t 
of the low l e v e l of in f o r m a t i o n found, the 
research team developed i t s own guid e l i n e s 
fo r assessing d e f i c i e n c i e s . Appendix G 
contains the gu i d e l i n e s t h a t were 
developed. These gui d e l i n e s were reviewed 
w i t h s t a t e personnel during the f i e l d 
v i s i t s . 

I n general, c e r t a i n common views 
become apparent. Scour of p i l e s , e i t h e r 



Maintenance 
Urgency Index 

SI&A Item 60 Rati n g s 
Based on Maintenance 
R e h a b i l i t a t i o n L e v e l * 

Maintenance Urgency D e f i n i t i o n s 
Based on P e r c e i v e d Immediacy o f 
Ac t i o n 

9 New Cond i t i o n No r e p a i r s needed. 
8 Good C o n d i t i o n No r e p a i r s needed. L i s t s p e c i f i c items f o r 

s p e c i a l i n s p e c t i o n d u r i n g next r e g u l a r i n s p e c t i o n . 
7 Minor Maintenance No immediate plans f o r r e p a i r . Examine p o s s i b i l i t y 

o f i n c r e a s e d l e v e l o f i n s p e c t i o n . 
6 Major Maintenance By end of next season - add to scheduled work. 
5 Minor R e h a b i l i t a t i o n P l a c e i n c u r r e n t schedule - c u r r e n t season -

f i r s t r e a s o n a b l e o p p o r t u n i t y . 
4 Major R e h a b i l i t a t i o n P r i o r i t y - c u r r e n t season - review work plan 

f o r r e l a t i v e p r i o r i t y - a d j u s t schedule i f 
p o s s i b l e . 

3 Immediate R e h a b i l i t a t i o n High p r i o r i t y - c u r r e n t season as soon as can 
be scheduled. 

2 Urgent R e h a b i l i t a t i o n Highest p r i o r i t y - d i s c o n t i n u e o t h e r work i f 
r e q u i r e d - emergency b a s i s or emergency sub
s i d i a r y a c t i o n s i f needed ( p o s t , one lan e t r a f f i c , 
no t r u c k s , reduced speed, e t c . ) 

1 F a c i l i t y Should be Closed Emergency a c t i o n s r e q u i r e d - r e r o u t e t r a f f i c and 
c l o s e . 

0 F a c i l i t y i s Closed F a c i l i t y i s c l o s e d f o r r e p a i r s . 

•Paraphrased from FHWA SI&A (1978) page 27. 

Figure 4. Urgency of aorreotive action—.alternate definitions. 

i n a bent or under an exposed f o o t i n g , i s 
o f l i t t l e c o n c e r n t o s t a t e s w i t h r e s p e c t 
t o s t r u c t u r e s i n s a l t w a t e r . The 
e x c e p t i o n i s u n t r e a t e d t i m b e r p i l i n g under 
f o o t i n g s t h a t are t h e n v u l n e r a b l e t o b o r e r 
a t t a c k . S t a t e s c o n s i d e r scour o f p i l e 
f o o t i n g s i n f r e s h w a t e r t o be c r i t i c a l 
because o f t h e a b r a s i v e a c t i o n o f some 
f a s t f l o w i n g streambed m a t e r i a l s . 

A l l s t a t e s i n t e r v i e w e d r e g a r d e d t h e 
exposure o f a f o o t i n g n o t on p i l e s t o be a 
c r i t i c a l c o n d i t i o n r e q u i r i n g immediate 
a t t e n t i o n . The l o s s o f l a t e r a l s u p p o r t on 
a p i e r s h a f t , however, was n o t c o n s i d e r e d 
c r i t i c a l by any s t a t e u n l e s s t h e sp r e a d 
f o o t i n g was exposed as w e l l . 

S e c t i o n l o s s o f a c o n c r e t e p i l e 
becomes c r i t i c a l when a r e i n f o r c i n g bar i s 
c o m p l e t e l y exposed. S e c t i o n l o s s on t h e 
i n s i d e o f a t i m b e r p i l e i s c r i t i c a l and 
r e q u i r e s immediate r e p l a c e m e n t i n warm 
s a l t w a t e r because o f t h e a c t i o n o f m a r i n e 
b o r e r s . 

S p e c i f i c comments f r o m t h e s t a t e s 
c o n c e r n i n g t h e proposed g u i d e l i n e s a r e 
g i v e n below. The r e a d e r s h o u l d r e f e r t o 
Appendix G b e f o r e c o n t i n u i n g . 

Scour Around P i l e s 

When e v a l u a t i n g scour around p i l e s , 
t h e major concerns a r e scour r e s i s t a n c e o f 
t h e streambed and p i l e p e n e t r a t i o n . I n 
a l l b u t a few s t a t e s v i s i t e d , l i g h t scour 
i s o f no c o n c e r n , r e q u i r i n g no r i p r a p , 
because o f t h e minimum l e n g t h o f p i l e 
needed t o meet s p e c i f i c a t i o n s . I n ' t h o s e 
s t a t e s where t h e g r e a t e s t l e n g t h s a r e 
r e q u i r e d , t h e b r i d g e maintenance e n g i n e e r s 
b e l i e v e t h a t a s u b s t a n t i a l amount o f scour 
w i l l n o t endanger t h e s t r u c t u r e . I n 
s t a t e s w i t h p a r t i c u l a r l y s c o u r a b l e 
streambeds, any scour p r o b l e m i s 
c o n s i d e r e d s e r i o u s because o f p o s s i b l e 
a b r a s i o n damage. 

Undermining o f F o o t i n g 

Two p a r a m e t e r s t h a t s h o u l d be 
c o n s i d e r e d f o r a p i l e f o o t i n g a r e t y p e o f 
water ( s a l t or f r e s h ) and t y p e o f p i l e 
( t i m b e r , s t e e l , or c o n c r e t e ) . B o r e r s and 
c o r r o s i o n a r e t h e two main concerns i n 
s a l t w a t e r . I n f r e s h w a t e r , however, 
a b r a s i o n o f p i l e s due t o g r a n u l a r s o i l s i s 
a f a c t o r . A c t u a l l y , when scour o f a 
f o o t i n g exposes a p i l e , t h e p i l e s h o u l d be 
r a t e d s e p a r a t e l y . 
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S e v e r a l s t a t e s f e l t t h a t t h e s u g g e s t e d 
g u i d e l i n e was t o o l i b e r a l , t h e r e b y g i v i n g 
t h e c o n d i t i o n as d e s c r i b e d t h e r e i n a l o w e r 
r a t i n g . One s t a t e c o n s i d e r s l o a d c a p a c i t y 
t o be a more i m p o r t a n t c r i t e r i o n t h a n t h e 
p e r c e n t a g e and d e p t h o f p i l e s exposed. 

A l l s t a t e s v i s i t e d r e g a r d e d any scour 
o f a sp r e a d f o o t i n g , c r i t i c a l and s u b j e c t 
t o r e p a i r as soon as p o s s i b l e . Scour 
r e s i s t a n c e o f t h e streambed m a t e r i a l i s a 
f a c t o r t h a t s h o u l d ' be c o n s i d e r e d , w i t h 
more a t t e n t i o n g i v e n t o m a t e r i a l t h a t can 
erode r a p i d l y . A m a j o r i t y o f t h e s t a t e s 
v i s i t e d f e l t t h a t a r a t i n g system was 
a l m o s t s u p e r f l u o u s and would g i v e any 
amount o f u n d e r m i n i n g a r a t i n g t h a t w ould 
i n d i c a t e t h a t r e p a i r s were needed 
I m m e d i a t e l y . 

A d i s t i n c t i o n needs t o be made between 
scour near a b r i d g e s i t e and scour around 
and a f f e c t i n g t h e s u b s t r u c t u r e . s c o u r o f 
t h e s t r e a m c h a n n e l s h o u l d be c o n s i d e r e d as 
p a r t o f t h e s t r e a m c h a n n e l c o n d i t i o n 
r a t i n g . 

S e c t i o n Loss o f Conc r e t e P i l e 

A l l s t a t e s v i s i t e d agree w i t h t h e 
g u i d e l i n e s w i t h o n l y minor a l t e r a t i o n s . 
Most s t a t e s b e l i e v e d t h a t i f t h e main 
r e i n f o r c i n g b a r s a r e c o m p l e t e l y exposed, 
t h e r a t i n g s h o u l d be a 3, b u t one f e l t 
t h a t a r a t i n g o f 4 would a p p l y . 

S e c t i o n Loss o f S t e e l P i l e 

W i t h some mi n o r d i f f e r e n c e s i n 
b o u n d a r i e s between r a t i n g s ( l e s s t h a n +10 
p e r c e n t ) , a l l s t a t e s a g r e e d w i t h t h o s e 
v a l u e s l i s t e d . One s t a t e , however, would 
q u a l i f y i t s r a t i n g s by t h e amount o f 
s t r e s s i n d u c e d i n t h e p i l e due t o t h e 
g i v e n amount o f s e c t i o n l o s s . 

S e c t i o n Loss o f Timber P i l e 

An i m p o r t a n t f a c t o r here i s whether 
t h e decay i s i n t e r n a l or e x t e r n a l . 
I n t e r n a l decay, r a t h e r t h a n e x t e r n a l 
decay, would more t h a n l i k e l y be due t o 
b o r e r a c t i v i t y i n s a l t w a t e r . Two s t a t e s 
s a i d t h e y w ould r e p l a c e i n t e r n a l l y decayed 
p i l e s i m m e d i a t e l y , w h i l e one would c l o s e l y 
m o n i t o r t h e s i t u a t i o n . 

A m a j o r i t y o f t h e s t a t e s v i s i t e d 
g e n e r a l l y agree w i t h t h e p e r c e n t l o s s o f 
are a s suggested i n : t h e g u i d e l i n e s , w i t h 
o n l y minor d i f f e r e n c e s . one does n o t 
c o n s i d e r s e c t i o n l o s s because a l l o f t h e i r 
t i m b e r s t r u c t u r e s a r e b e i n g r e p l a c e d , and 
an o t h e r bases i t s r a t i n g on t h e c a p a c i t y 
o f t h e member t o c a r r y t r a f f i c . 

G e n e r a l D e t e r i o r a t i o n o f C o n c r e t e 

A l l s t a t e s v i s i t e d g e n e r a l l y agree 
w i t h t h e g u i d e l i n e s . A l t h o u g h , two 
b e l i e v e d t h e g u i d e l i n e s t o be s l i g h t l y 
c o n s e r v a t i v e , a m a j o r i t y a g r e e d t h a t f o r a 
3 t o be g i v e n , a! main r e b a r s h o u l d be 
exposed, f r e e s t a n d i n g , and p r o b a b l y have 
s e c t i o n l o s s . One s u g g e s t i o n was t h a t t h e 

g u i d e l i n e s c o u l d ; be s l i g h t l y r e f i n e d by 
a d d i n g p e r c e n t areas o f d e t e r i o r a t i o n . 

G e n e r a l D e t e r i o r a t i o n o f Timber 

H a l f t h e s t a t e s i n t e r v i e w e d agree w i t h 
t h e s u g g e s t e d g u i d e l i n e s , a l t h o u g h s e v e r a l 
w o uld l i k e a d i s t i n c t i o n made between 
c r a c k i n g , w h i c h i s age i n d u c e d , and 
s p l i t t i n g , w h ich i s s t r e s s i n d u c e d . 
S e v e r a l a r e more concerned w i t h b o r e r s 
e n t e r i n g t h r o u g h c hecks, and i f t h o s e 
checks go t o t h e h e a r t w o o d . These s t a t e s 
w o uld s i m p l y r e p l a c e t h a t member. One 
s t a t e i s more i n t e r e s t e d i n t h e f u n c t i o n 
o f t h e member as opposed t o i t s g e n e r a l 
c o n d i t i o n . 

S e t t l e m e n t 

There was r e l a t i v e l y l i t t l e agreement 
w i t h t h e proposed g u i d e l i n e s c o n c e r n i n g 
s e t t l e m e n t because t h e r e was more c o n c e r n 
w i t h t h e a b i l i t y o f t h e b r i d g e t o f u n c t i o n 
and c a r r y t r a f f i c . R i d a b i l i t y and t h e 
a b i l i t y o f t h e b e a r i n g s t o c o n t r a c t or 
expand a r e i m p o r t a n t . One s t a t e 
c o n s i d e r e d a 3/8 i n . s e t t l e m e n t o f a 
s i m p l e span p i e r t o be s e r i o u s and cause 
f o r a com p l e t e s t u d y o f t h e s i t u a t i o n , 
w h i l e a n o t h e r t h o u g h t t h a t most d i m e n s i o n s 
t h a t were g i v e n i n t h e g u i d e l i n e s s h o u l d 
be h a l v e d . 

S e v e r a l s t a t e s had d i f f i c u l t y 
d i s t i n g u i s h i n g between minor and moderate 
t i l t i n a member. Two o t h e r s t a t e s would 
r e q u i r e an a n a l y s i s a t a r a t i n g o f 4 or 5. 

G u i d e l i n e B o o k l e t Use 

I n i t i a l Assessment 

Each d e f i c i e n c y o f a s t r u c t u r e must be 
assessed i n d e p e n d e n t l y . I n s p e c t i o n 
p e r s o n n e l must observe a p a r t i c u l a r 
d e f i c i e n c y , compare i t t o t h e g u i d e l i n e 
p r o v i d e d i n Appendix G, and s e l e c t t h e 
d e s c r i p t i o n t h a t most c l o s e l y d e p i c t s t h e 
s e v e r e s t example o f d e t e r i o r a t i o n f o u n d . 
The number a p p e a r i n g a d j a c e n t t o t h e 
chosen d e s c r i p t i o n i s t h e i n i t i a l 
assessment. 

Assessment M o d i f i c a t i o n System 

I t was f o u n d t h a t t h e r e were 
i n c o n s i s t e n c i e s between s t a t e s as t o how 
v a r i o u s d e f i c i e n c i e s s h o u l d be assessed. 
At t h e b e g i n n i n g o f t h e s t u d y , t h e 
i n c o n s i s t e n c i e s were t h o u g h t t o be 
a r b i t r a r y , b u t a f t e r a d d i t i o n a l r e s e a r c h 
and c l o s e r o b s e r v a t i o n , i t was d i s c o v e r e d 
t h a t t r u e d i f f e r e n c e s do e x i s t between and 
w i t h i n s t a t e s . These d i f f e r e n c e s l e d t o 
t h e development o f an assessment 
m o d i f i c a t i o n system. The purpose o f t h e 
m o d i f i c a t i o n system i s t o account f o r 
v a r i a t i o n s i n t h e p r i m a r y f a c t o r s 
i n f l u e n c i n g d e t e r i o r a t i o n . 

The m o d i f i c a t i o n system c o n s i s t s o f a 
s e t o f n u m e r i c a l v a l u e s a s s i g n e d t o 
v a r i o u s c o n d i t i o n s . The v a l u e s range f r o m 
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M o d i f i c a t i o n D e s c r i p t i o n 
+2 No t h r e a t f o r imnimum o f 5 y e a r s and one or more o f the f o l l o w i n g : 

1. D e f i c i e n c y c o n d i t i o n i s s t a b l e ; 
2. E x t e r n a l causes o f d e t e r i o r a t i o n s u b s t a n t i a l l y reduced o r e l i m i n a t e d ; 
3. D e f i c i e n c y has h i s t o r y i n s i m i l a r c i r c u m s t a n c e s o f being s e l f c o r r e c t i n g ; 
4. D e f i c i e n c y i s e n t i r e l y "cosmetic" i n nature and has l i t t l e o r no s t r u c t u r a l e f f e c t . * 

(Note: May be used f o r o r i g i n a l r a t i n g o f 2 to 6 i n c l u s i v e . ) 
+1 No t h r e a t f o r minimum of 3 y e a r s and one or more o f the f o l l o w i n g : 

1. D e f i c i e n c y c o n d i t i o n i s worsening s l o w l y ; 
2. E x t e r n a l causes o f d e t e r i o r a t i o n have l e s s e n e d somewhat; 
3. D e f i c i e n c y has h i s t o r y i n s i m i l a r c i r c u m s t a n c e s o f growing no worse; 
4. D e f i c i e n c y i s mostly "cosmetic" i n nature and has l i t t l e s t r u c t u r a l e f f e c t . * 

(Note: May be used f o r o r i g i n a l r a t i n g o f 2 to 7 i n c l u s i v e . ) 
No t h r e a t f o r minimum o f one ye a r and one or more o f the f o l l o w i n g : 
1. D e f i c i e n c y c o n d i t i o n worsening a t expected or "normal" r a t e ; 
2. E x t e r n a l causes of d e t e r i o r a t i o n have remained c o n s t a n t ; 
3. D e f i c i e n c y has h i s t o r y i n s i m i l a r c i r c u m s t a n c e s o f growina worse a t c o n s i s t e n t r a t e ; 
4. D e f i c i e n c y has s t r u c t u r a l e f f e c t but has not s e r i o u s l y reduced s t r u c t u r a l c a p a c i t y . 

(Note: May be used f o r any o r i g i n a l r a t i n g . ) 
-1 T h r e a t a n t i c i p a t e d w i t h i n one y e a r and one or more o f the f o l l o w i n a : 

1. D e f i c i e n c y c o n d i t i o n worsening a t i n c r e a s i n g r a t e ; 
2. E x t e r n a l causes o f d e t e r i o r a t i o n a r e g r a d u a l l y i n c r e a s i n g ; 
3. D e f i c i e n c y has h i s t o r y i n s i m i l a r c i r c u m s t a n c e s of growing worse a t g r a d u a l l y i n c r e a s i n g 

r a t e ; 
4. D e f i c i e n c y has s t r u c t u r a l e f f e c t . 

(Note: May be used f o r o r i g i n a l r a t i n g of 3 to 8 i n c l u s i v e . ) 
-2 T h r e a t i s imminent and one or more o f the f o l l o w i n g : 

1. D e f i c i e n c y c o n d i t i o n i s worsening r a p i d l y ; 
2. E x t e r n a l causes of d e t e r i o r a t i o n are r a p i d l y i n c r e a s i n g ; 
3. D e f i c i e n c y has h i s t o r y i n s i m i l a r c i r c u m s t a n c e s o f growing more s e v e r e a t r a p i d l y 

i n c r e a s i n g r a t e ; 
4. D e f i c i e n c y has s e v e r e s t r u c t u r a l e f f e c t . 

(Note: May be used f o r o r i g i n a l r a t i n g o f 4 to 8 i n c l u s i v e . ) 
* S t r u c t u r a l e f f e c t i n c l u d e s redundancy o f load path and othe r f a c t o r s . 

Figure 5. Modification chart haeed on threat to integrity of etruature. 

+2 t o - 2 . The m o d i f i c a t i o n s are shown i n 
F i g u r e 5 . The a p p r o p r i a t e m o d i f i c a t i o n 
i s chosen on t h e b a s i s o f how l o n g i t w i l l 
be b e f o r e t h e d e f i c i e n c y i s a t h r e a t t o 
t h e s t r u c t u r e . The m o d i f i c a t i o n i s 
s e l e c t e d a f t e r a r e v i e w o f t h e h i s t o r y o f 
th e s i t e , t h e e n v i r o n m e n t , and f u t u r e l a n d 
use f o r t h e r e g i o n . 

The a d m i n i s t r a t i v e l e v e l a t which t h e 
assessment m o d i f i c a t i o n i s approved i s n o t 
addressed h e r e . I t i s c o n c e i v a b l e t h a t a 
m o d i f i c a t i o n may be s u g g e s t e d by t h e 
i n s p e c t o r and t h e n approved by o t h e r s . 

The h i s t o r y o f t h e s i t e i s s i g n i f i c a n t 
because i t h e l p s t h e i n s p e c t o r d e t e r m i n e 
whether c o n d i t i o n s have remained t h e same 
or i f t h e y a r e c h a n g i n g . I t h e l p s him 
d e t e r m i n e what d e f i c i e n c i e s r e q u i r e c l o s e r 
o b s e r v a t i o n . D e f e c t s r e s u l t i n g f r o m 
s e t t l e m e n t , such as c r a c k i n g , may be 
e x a c e r b a t e d i f t h e s t r u c t u r e i s l o c a t e d i n 
an a c t i v e s e i s m i c a r e a . 

The e n v i r o n m e n t must be c o n s i d e r e d t o 
d e t e r m i n e v a r i o u s p a r a m e t e r s . R a i n f a l l 
and streambed m a t e r i a l s a r e s i g n i f i c a n t i n 
a s s e s s i n g a b r a s i o n and s c o u r . Knowledge 
o f t h e c h e m i c a l e n v i r o n m e n t i s needed t o 
e s t i m a t e t h e e x p e c t e d r a t e s o f c o r r o s i o n 

and c h e m i c a l a t t a c k . The t e m p e r a t u r e 
f l u c t u a t i o n w i l l i n d i c a t e whether 
f r e e z e - t h a w i s a f a c t o r . 

B r i d g e o r i e n t a t i o n or s u r r o u n d i n g s may 
c r e a t e a c o n d i t i o n where t i m b e r p i l e s i n 
the s p l a s h zone a r e never exposed to t h e 
sun, r e m a i n i n g c o n s t a n t l y m o i s t and 
c a u s i n g a c c e l e r a t e d decay. 

F u t u r e l a n d use f o r t h e area i s 
s i g n i f i c a n t . C l e a r i n g o f l a n d would 
a f f e c t r u n o f f , a dam would a f f e c t s t r e a m 
f l o w c h a r a c t e r i s t i c s , and an i n d u s t r i a l 
p l a n t upstream f r o m t h e s t r u c t u r e c o u l d 
a f f e c t t h e c h e m i c a l e n v i r o n m e n t i n t h e 
water i n c r e a s i n g d e t e r i o r a t i o n . 

One example t h a t h i g h l i g h t s t h e 
i n c o n s i s t e n c y w h i c h can a r i s e when 
a s s e s s i n g a d e f i c i e n c y i s t h e case o f 
exposed p i l e s under a f o o t i n g . These 
p i l e s m i g h t be s u b j e c t e d t o t o t a l l y 
d i f f e r e n t e n v i r o n m e n t s depending on 
g e o g r a p h i c a l l o c a t i o n . Photographs f r o m 
d i f f e r e n t l o c a l e s showing i d e n t i c a l 
degrees o f d e t e r i o r a t i o n w i l l l o o k t h e 
same. However, t o an e n g i n e e r i n a 
c o a s t a l r e g i o n , exposed t i m b e r p i l e s c o u l d 
be s u b j e c t e d t o ma r i n e b o r e r s ; whereas 
t h i s w o u l d be o f no~ c o n c e r n t o an e n g i n e e r 
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i n a f r e s h w a t e r a r e a . On t h e o t h e r hand, 
t h e same p i l e s i n f r e s h w a t e r would be 
more s u b j e c t t o a b r a s i o n and scour because 
o f f a s t moving w a t e r , w h i l e i n c o a s t a l 
r e g i o n s scour p o c k e t s may s i m p l y f i l l back 
i n d u r i n g t h e n e x t season. 

An a c t u a l example o f how t h e 
e n v i r o n m e n t can have an e f f e c t on t h e 
s e r i o u s n e s s o f a p a r t i c u l a r p r o b l e m i s t h e 
Wareham Narrows B r i d g e on U.S. Route 6 i n 
M a s s a c h u s e t t s . The b r i d g e i s o f 
p a r t i c u l a r i n t e r e s t because r e c e n t l y an 
e l e c t r i c a l c r o s s i n g s i g n a l was i n s t a l l e d 
on a r a i l r o a d b r i d g e c l o s e by. S h o r t l y 
a f t e r i n s t a l l a t i o n , t h e Wareham Narrows 
B r i d g e began e x p e r i e n c i n g a b n o r m a l l y h i g h 
c o r r o s i o n r a t e s b e l i e v e d t o be caused by 
s t r a y c u r r e n t s coming f r o m t h e c r o s s i n g 
s i g n a l . I n t h i s case, c o r r o s i o n would 
p r e s e n t a much more s e r i o u s p r o b l e m t o t h e 
i n s p e c t o r because of i t s h i g h r a t e t h a n i t 
w o uld i f t h e s i g n a l was removed and 
c o r r o s i o n would s t a b i l i z e . 

one f i n a l example o f t h e e f f e c t o f 
g e o g r a p h i c l o c a t i o n i s t h a t o f t h e e f f e c t 
o f t e r r a i n , w h i c h i s most d r a m a t i c i n 
mountainous r e g i o n s . A b r i d g e on t h e 
windward s i d e o f a l a r g e m o u n t a i n would 
more l i k e l y r e c e i v e more r a i n and, 
c o n s e q u e n t l y , more r u n o f f , t h a n a b r i d g e 
o n l y a few m i l e s away on t h e l e e s i d e . 

Maintenance Urgency Index 

Once a l l t h e p a r a m e t e r s have been 
c o n s i d e r e d , t h e i n s p e c t o r must t h e n s e l e c t 
t h e a p p r o p r i a t e m o d i f i c a t i o n . By a l g e b r a 
i c a l l y a d d i n g t h e i n i t i a l assessment and 
t h e m o d i f i c a t i o n t o g e t h e r , t h e i n s p e c t o r 
can a r r i v e a t t h e maintenance urgency 
i n d e x . I t i s i n t e n d e d t h a t t h i s index 
w i l l more a c c u r a t e l y d e p i c t t h e u r g e n c y o f 
c o r r e c t i v e a c t i o n , r e l a t i n g t o how l o c a l 
c o n d i t i o n s a f f e c t t h e r a t e o f 
d e t e r i o r a t i o n . The i n d e x does n o t i m p l y 
t h a t i f two s t r u c t u r e s a r e n u m e r i c a l l y t h e 
same, t h a t t h e s t r u c t u r e s a r e i n t h e same 
s p e c i f i c c o n d i t i o n . I t means t h a t t h e 
u r g e n c y o f r e p a i r i s t h e same f o r b o t h 
s t r u c t u r e s . 

Once t h e maintenance i n d e x has been 
e s t a b l i s h e d , t h r e e modes o f a c t i o n a r e 
i n d i c a t e d . For l e v e l s 6 t h r o u g h 9, t h e 
i n s p e c t o r need o n l y n o t e t h e d e f i c i e n c y i n 
t h e i n s p e c t i o n r e p o r t . For l e v e l s 3 
t h r o u g h 5, a s t r u c t u r a l c a p a c i t y a n a l y s i s 
i s n e c e s s a r y . For l e v e l s 1 and 2, t h e 
i n s p e c t o r s h o u l d n o t i f y t h e a p p r o p r i a t e 
p e r s o n n e l i m m e d i a t e l y , e i t h e r by t e l e p h o n e 
or i n p e r s o n . ' I f r e q u i r e d , t r a f f i c 
r e s t r i c t i o n s s h o u l d be imposed and r e p a i r s 
u n d e r t a k e n i m m e d i a t e l y . T r a f f i c 
r e s t r i c t i o n s i n c l u d e : p o s t i n g a w e i g h t 
l i m i t on t h e s t r u c t u r e , r e d u c i n g t h e 
number o f t r a f f i c l a n e s , or r e d u c i n g t h e 
speed l i m i t . The f l o w c h a r t i n F i g u r e 6 
o u t l i n e s t h i s p r o c e s s . 

EVALUATION OP DEFICIENCIES 

The f o l l o w i n g t e c h n i q u e s f o r 
e v a l u a t i n g d e f i c i e n c i e s were assessed f o r 
ease and speed o f a p p l i c a t i o n . 

d e s t r u c t i v e n e s s , u n d e r w a t e r u s e f u l n e s s , 
p r o v i s i o n o f q u a n t i t a t i v e s t r e n g t h 
measurements, and c o s t e f f e c t i v e n e s s . 

I n s p e c t i o n Techniques For C o n c r e t e 

V a r i o u s methods a r e p r e s e n t l y i n use 
or c u r r e n t l y under development f o r t h e 
e v a l u a t i o n o f c o n c r e t e under w a t e r . A 
summary o f t h e s e t e s t methods i s p r e s e n t e d 
i n t h e f o l l o w i n g . 

V i s u a l Assessment 

V i s u a l assessment i s i n v a r i a b l y t h e 
f i r s t t e s t t h a t i s a p p l i e d . I t i s q u i c k , 
easy, and n o n d e s t r u c t i v e ; however, i t has 
had o n l y l i m i t e d success under w a t e r 
because water t u r b i d i t y , i . e . poor 
v i s i b i l i t y , a f f e c t s t h e r e s u l t . 
A d d i t i o n a l l y , i t i s o n l y q u a l i t a t i v e i n 
n a t u r e and does n o t p r o v i d e a d i r e c t 
measure o f s t r e n g t h . 
P h y s i c a l Dimensions Measurements 

The measurement o f p h y s i c a l d i m e n s i o n s 
p r o v i d e s d i r e c t i n f o r m a t i o n about s e c t i o n 
l o s s o f c o n c r e t e and r e i n f o r c i n g s t e e l . 
T h i s method i s q u i c k and easy, r e s u l t s a r e 
q u a n t i t a t i v e , and i t i s e c o n o m i c a l even 
under water because o f t h e m i n i m a l amount 
o f t i m e and equipment i n v o l v e d . The 
method i s n o n d e s t r u c t i v e , i s a p p l i c a b l e t o 
u n d e r w a t e r use, and p r o v i d e s a p a r t i a l 
measure o f t h e member's s t r e n g t h . I t s 
p r i m a r y drawback i s t h a t i t does n o t 
p r o v i d e i n f o r m a t i o n on t h e s t r e n g t h o f t h e 
r e m a i n i n g c o n c r e t e w h i c h i s g e n e r a l l y i n 
q u e s t i o n a t t h i s w e l l - a d v a n c e d s t a g e o f 
d e t e r i o r a t i o n . 

Soundings 

Soundings a r e t a k e n by s t r i k i n g t h e 
c o n c r e t e s u r f a c e t o l o c a t e a r e a s o f 
d e l a m i n a t i o n o f t h e c o n c r e t e cover caused 
by t h e e f f e c t s o f f r e e z i n g and t h a w i n g and 
c o r r o s i o n o f t h e r e i n f o r c e m e n t . The 
method i s e c o n o m i c a l b u t n o t p a r t i c u l a r l y 
e f f e c t i v e because i t i s o n l y q u a l i t a t i v e 
i n n a t u r e and t h e i n s p e c t o r ' s a b i l i t y t o 
hear sound i n w a t e r i s reduced by waves, 
c u r r e n t s , and background n o i s e . 

Cores 

Cores a r e t a k e n under w a t e r t o p r o v i d e 
a c r o s s s e c t i o n o f t h e c o n c r e t e . Cores 
p e r m i t p e t r o g r a p h i c a n a l y s i s and o t h e r 
l a b o r a t o r y p r o c e d u r e s t h a t measure 
co m p r e s s i v e s t r e n g t h , d i f f u s i o n c o n s t a n t , 
p e r m e a b i l i t y , e l e c t r i c a l r e s i s t i v i t y , 
d e n s i t y , x - r a y d i f f r a c t i o n , m o i s t u r e 
c o n t e n t , c h l o r i d e p e n e t r a t i o n , e x t e n t o f 
c a r b o n a t i o n , and a i r e n t r a i n m e n t . 

The t e c h n i q u e r e q u i r e s a c o r i n g d r i l l 
e q u i p p e d f o r u n d e r w a t e r use and a 
m a t e r i a l s l a b o r a t o r y . The method i s 
d e s t r u c t i v e i n t h a t i t causes m i c r o c r a c k s 
and l e a v e s h o l e s . C o r i n g g i v e s a d i r e c t 
measure o f s t r e n g t h , b u t because i t i s 
m o d e r a t e l y e x p e n s i v e , c o r e s a r e t y p i c a l l y 
t a k e n o n l y when o t h e r e v i d e n c e i n d i c a t e s 
t h a t f u r t h e r i n v e s t i g a t i o n i s w a r r a n t e d . 
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INSPECT SUBSTRUCTURE 

OBSERVE DEFICIENCY 
MEASURE DEFICIENCY 
COMPARE TO GUIDLINES 

SELECT I N I T I A L ASSESSMENT 
I REVIEW: HISTORY, ENVIRONMENT, 

CLIMATE. AND FUTURE LAND USE 
I SELECT MODIFICATION 

INDEX 0-2 URGENCY 
INDEX 

INDEX 6-9 

INDEX 3-5 

CALCUUTE LOAD CAPACITY 

DETERMINE CONSEQUENCES 
TO SERVICEABILITY 
PRESENT & FUTURE 

NOTIFY AUTHORITIES 
IMMEDIATELY 

DEVELOP ALTERNATE REPAIR 
AND/OR PRESERVATION PROCEDURES 

ARE 
REPAIRS 

WARRANTED 
NOTE IN 

INSPECTION REPORT 

SELECT REPAIR AND/OR 
PRESERVATION PROCEDURE 

REPAIR 

ESTABLISH INSPECTION 
TYPE AND FREQUENCY 

Figure 6, Flew chart outlining the aeeeeement, evaluation, analyeie and maintenance proaeee. 

U l t r a s o n i c P u l s e V e l o c i t y 

U l t r a s o n i c p u l s e v e l o c i t y measurements 
a r e t a k e n under w a t e r o f t h e t i m e o f 
t r a n s m i s s i o n o f an u l t r a s o n i c p u l s e o f 
energy t h r o u g h a known d i s t a n c e o f 
c o n c r e t e . The v e l o c i t y o f t h e p u l s e i s 
p r o p o r t i o n a l t o t h e dynamic modulus o f 
e l a s t i c i t y , sometimes r e f e r r e d t o as 
ha r d n e s s , w h i c h , i n t u r n , i n f e r s c o n c r e t e 

s t r e n g t h . The t e s t e v a l u a t e s homogeneity 
and d e t e r m i n e s c r a c k l o c a t i o n . 

The r e s u l t s can be a f f e c t e d by many 
f a c t o r s i n c l u d i n g a g g r e g a t e and 
r e i n f o r c i n g s t e e l l o c a t i o n . The r e s u l t s 
o b t a i n e d a r e q u a n t i t a t i v e , b u t t h e y a r e 
o n l y r e l a t i v e i n n a t u r e . R e s u l t s need t o 
be c o r r e l a t e d w i t h o t h e r t e s t s such as 
c o r i n g s , i n o r d e r t o o b t a i n a b s o l u t e 
v a l u e s ( 2 ) . 
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V o l t a g e P o t e n t i a l Readings 

V o l t a g e p o t e n t i a l r e a d i n g s a r e t a k e n 
t o assess t h e s t a t e o f c o r r o s i o n o f t h e 
r e i n f o r c e m e n t by making an e l e c t r i c a l 
c o n n e c t i o n t o t h e r e i n f o r c i n g s t e e l . Once 
t h e c o n n e c t i o n has been made, t h e t e s t i s 
easy t o p e r f o r m and i s n o n d e s t r u c t i v e . A 
porous t i p e l e c t r o d e c o n n e c t e d t o a h i g h 
impedance v o l t m e t e r i s p l a c e d d i r e c t l y on 
t h e c o n c r e t e s u r f a c e over t h e r e i n f o r c i n g 
s t e e l and a comparison i s t h e n made o f t h e 
p o t e n t i a l between t h e s t e e l and a s t a n d a r d 
r e f e r e n c e e l e c t r o d e , u s u a l l y s i l v e r - s i l v e r 
n i t r a t e under w a t e r and copper-copper 
s u l f a t e i n t h e s p l a s h zone. 

The most s a t i s f a c t o r y r e s u l t s a r e 
o b t a i n e d when t h e r e a d i n g s are used i n 
c o n j u n c t i o n w i t h a c h l o r i d e p e n e t r a t i o n 
a n a l y s i s o f a c o r e t e s t . The r e a d i n g s 
i n d i c a t e whether or n o t c o r r o s i o n i s 
a c t i v e and t h e e x t e n t o f t h e c o n c r e t e 
s u r f a c e area i n v o l v e d . However, i t g i v e s 
n e i t h e r t h e r a t e nor t h e amount o f 
c o r r o s i o n . No i n d i c a t i o n o f s t r e n g t h i s 
p r o v i d e d . 

C o m p u t e r - A s s i s t e d Tomography 

C o m p u t e r - a s s i s t e d tomography (CAT) 
s c a n n i n g uses a n u c l e a r source t o d e v e l o p 
a c r o s s s e c t i o n a l view o f a member. I t 
y i e l d s i n f o r m a t i o n on t h e s i z e and 
l o c a t i o n o f a g g r e g a t e , c r a c k s , and v o i d s ; 
d e n s i t y ; and e x t e n t o f c o r r o s i o n {3). 
T h i s method i s n o n d e s t r u c t i v e and can scan 
members up t o 3 f t t h i c k . The method i s 
v e r y e x p e n s i v e , g i v e s no d i r e c t measure o f 
s t r e n g t h , and poses a p o t e n t i a l h e a l t h 
r i s k t o t h e u s e r . I t s underwater 
a p p l i c a t i o n i s p r e s e n t l y e x p e r i m e n t a l and 
i s under development i n t h e u n i t e d Kingdom 
(2 ) and a t t h e U n i v e r s i t y o f Texas. 

P o l a r i z a t i o n R e s i s t a n c e Measurements 

P o l a r i z a t i o n r e s i s t a n c e measurements 
can a c t u a l l y measure t h e r a t e o f 
c o r r o s i o n . S e v e r a l t e c h n i q u e s a r e 
p o s s i b l e t o a p p l y t h i s t e c h n o l o g y . The 
b e s t c a n d i d a t e s a r e t h e AC impedance, 
t w o - e l e c t r o d e , and t h r e e - e l e c t r o d e 
methods. The AC impedance method has n o t 
been pur s u e d i n r e s e a r c h because o f 
p o t e n t i a l equipment problems i n f i e l d 
u se. The t w o - e l e c t r o d e method a p p l i e s a 
20 mv p o t e n t i a l between t h e e l e c t r o d e s , 
one b e i n g t h e r e b a r t h a t i s b e i n g 
measured. The c u r r e n t n e c e s s a r y t o 
produce t h e change i s n o t e d and t h e 
p o l a r i t y i s t h e n r e v e r s e d t o a l l o w t h e 
average c u r r e n t t o be d e t e r m i n e d . T h i s 
method s u f f e r s f r o m s e v e r a l p r o b l e m s , 
however. 

The t h r e e - e l e c t r o d e method shows t h e 
b e s t r e l i a b i l i t y . One e l e c t r o d e i s t h e 
r e b a r whose c o r r o s i o n r a t e i s b e i n g 
measured. The second e l e c t r o d e s e r v e s as 
a s o u r c e o f c u r r e n t d u r i n g p o l a r i z a t i o n , 
and t h e t h i r d e l e c t r o d e i s a s t a n d a r d 
r e f e r e n c e t o which measurements a r e made. 
The normal p o t e n t i a l o f t h e s t e e l i s 
m o d i f i e d by an e x t e r n a l c u r r e n t s i m i l a r t o 
t h e t w o - e l e c t r o d e method. The r e s u l t i n g 

v o l t a g e and c u r r e n t g i v e an i n d i c a t i o n o f 
t h e r a t e o f c o r r o s i o n . 

V a r i o u s methods t o a n a l y z e t h e 
r e s u l t i n g d a t a i n c l u d e : s l o p e o f t h e 
p o l a r i z a t i o n c u r v e near z e r o c u r r e n t 
method, t h r e e - p o i n t method, g r a p h i c 
a n a l y s i s , and "break i n t h e c u r v e " 
method. The t e s t i s n o n d e s t r u c t i v e e x c e p t 
f o r an e l e c t r i c a l c o n n e c t i o n t o t h e 
r e i n f o r c i n g s t e e l . T h i s t e c h n i q u e has n o t 
been d e v e l o p e d f o r unde r w a t e r t e s t i n g t h u s 
f a r and i s s t i l l under r e s e a r c h f o r f i e l d 
t e s t i n g i n - t h e - d r y ( 4 ) . 

Other Methods 

Other methods were r e v e a l e d i n t h e 
l i t e r a t u r e s e a r c h t h a t have n o t been 
d e v e l o p e d f o r un d e r w a t e r use b u t 
c o n c e i v a b l y may be i n t h e f u t u r e . These 
t e s t s a r e t h e : 

• P u l l - o u t t e s t ( 5 , 6 ) . 

• P e n e t r a t i o n t e s t (2) • 

• I n d e n t a t i o n t e s t . 

• Resonance t e s t . 

A t p r e s e n t , t h e s t a t e s s u r v e y e d use 
o n l y c o r e s , s o u n d i n g , p h y s i c a l d i m e n s i o n s , 
v i s u a l assessments, and e n g i n e e r i n g 
judgment t o a r r i v e a t v a l u e s f o r reduced 
a l l o w a b l e s t r e s s e s and c r o s s s e c t i o n a l 
a r e a . These t e s t s a r e l i k e l y t o r e v e a l 
t r o u b l e o n l y a f t e r t h e d e t e r i o r a t i o n 
p r o c e s s i s w e l l under way and s u b s t a n t i a l 
damage has a l r e a d y o c c u r r e d . The b e s t 
r e s u l t s a r e most l i k e l y t o be o b t a i n e d 
f r o m a c o m b i n a t i o n o f s e v e r a l d i f f e r e n t 
t e s t s w i t h a l a r g e number o f samples 
because o f t h e wide v a r i a t i o n i n r e s u l t s 
t h a t can be e x p e c t e d due t o t h e 
nonhomogeneous n a t u r e o f c o n c r e t e . 

As a r u l e , d e s t r u c t i v e t e s t i n g s h o u l d 
be a v o i d e d . Any t e s t t h a t induces c r a c k s 
or reduces c o n c r e t e cover can o n l y 
encourage d e t e r i o r a t i o n . However, i f 
a f t e r t e s t i n g , a l l h o l e s a r e f i l l e d and 
a l l c r a c k s a r e s e a l e d , t h e d e l e t e r i o u s 
e f f e c t s o f t e s t i n g can be m i n i m i z e d . T h i s 
c a r e s h o u l d be a p p l i e d t o a l l m a t e r i a l s . 

I n s p e c t i o n Techniques f o r S t e e l 

V a r i o u s methods a r e i n use or a r e 
c u r r e n t l y under development f o r e v a l u a t i n g 
s t e e l under w a t e r . The l e a d e r i n t h i s 
f i e l d i s t h e m a r i t i m e i n d u s t r y . Because 
p u t t i n g v e r y l a r g e , c r u d e - c a r r y i n g (VLCC) 
s h i p s i n d r y dock i s p r o h i b i t i v e l y 
e x p e n s i v e , t h e un d e r w a t e r i n s p e c t i o n o f 
VLCC s h i p s has become a n e c e s s i t y . 
A l t h o u g h t h e t e s t p r o c e d u r e s may be 
e x p e n s i v e because o f t h e s i z e o f t h e i r 
o p e r a t i o n s t h e p r o c e d u r e s can become c o s t 
e f f e c t i v e . 

S p e c i a l c o n s i d e r a t i o n s h o u l d be g i v e n 
t o t h e c l e a n i n g o f s t e e l s u r f a c e s t o bare 
m e t a l w h i c h i s r e q u i r e d f o r some o f t h e s e 
t e s t s . V i s u a l I n s p e c t i o n s h o u l d be made 
b e f o r e c l e a n i n g because a change i n c o l o r 
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o f m a rine g r o w t h can i n d i c a t e a c r a c k . 
A d d i t i o n a l l y , c l e a n i n g s h o u l d be a v o i d e d 
i n t h e case o f dense m a r i n e g r o w t h or 
g r e e n i s h - b l a c k r u s t b o t h o f wh i c h p r o v i d e 
a dense c o v e r i n g i n h i b i t i n g f u r t h e r 
c o r r o s i o n . 

Most o f t h e t e s t s (Q) p r e s e n t e d below 
a r e t o d e t e c t c r a c k s i n w e l d s . Some o f 
th e s e p r o c e d u r e s c o u l d f i n d l i m i t e d use i n 
b r i d g e e n g i n e e r i n g . 

V i s u a l Assessment 

permanent r e c o r d o f t h e c r a c k . I t i s 
e x p e n s i v e , h a r d t o use, and poses a h e a l t h 
r i s k t o t h e d i v e r u n l e s s extreme c a u t i o n 
i s e x e r c i s e d . 

A c o u s t i c H o l o g r a p h y 

A c o u s t i c h o l o g r a p h y l o c a t e s c r a c k s 
under w a t e r u s i n g an a r r a y o f u l t r a s o n i c 
t r a n s d u c e r s t o produce a m u l t i d i m e n s i o n a l 
p i c t u r e and a permanent r e c o r d , b u t t h e 
t e s t i s e x p e n s i v e . 

V i s u a l assessment i s o n l y q u a l i t a t i v e 
i n n a t u r e and does n o t p r o v i d e a d i r e c t 
measure o f s t r e n g t h . 

P h y s i c a l Dimension Measurements 

The measurement o f p h y s i c a l d i m e n s i o n s 
p r o v i d e s n e c e s s a r y i n f o r m a t i o n r e q u i r e d i n 
a n a l y z i n g t h e s t r u c t u r e . 

s o u n d i n g s 

Sounding b o l t s and r i v e t s method can 
o n l y be e f f e c t i v e l y used under w a t e r i n 
low n o i s e a r e a s . 

Coupon Samples 

Coupon samples a r e t a k e n under w a t e r 
f o r l a b o r a t o r y a n a l y s i s , b u t t h i s 
p r o c e d u r e i s d e s t r u c t i v e and i s g e n e r a l l y 
o n l y done i f o t h e r e v i d e n c e i n d i c a t e s t h a t 
t h i s i s w a r r a n t e d . 

U l t r a s o n i c T e s t i n g 

U l t r a s o n i c t e s t i n g w i l l l o c a t e 
c r a c k s . T h i s n o n d e s t r u c t i v e t e s t uses a 
hand - h e l d t r a n s d u c e r below t h e water 
s u r f a c e combined w i t h a meter above t h e 
s u r f a c e . Water a c t s as t h e c o u p l e r so 
grease i s n o t ne c e s s a r y t o ensure 
c o n t a c t . The p r o c e d u r e i s slow and 
d i f f i c u l t t o use because t h e d i v e r cannot 
see t h e r e a d - o u t u n l e s s he has a d i s p l a y 
i n h i s h e l m e t . R e f l e c t i o n a t t h e 
s t e e l - w a t e r i n t e r f a c e i s n o t as e f f i c i e n t 
as a t a s t e e l - a i r i n t e r f a c e . 

T h i s d e v i c e has been used t o measure 
member t h i c k n e s s even though p i t t i n g o f 
t h e s u r f a c e w i l l s c a t t e r t h e s i g n a l . A 
t r a n s d u c e r on a l o n g c o r d a l s o t e n d s t o 
reduce i t s e f f i c i e n c y . 

M a g n e t i c p a r t i c l e T e s t i n g 

M agnetic p a r t i c l e t e s t i n g w i l l l o c a t e 
s u r f a c e c r a c k s i n s t e e l w i t h an i n d u c e d 
m a g n e t i c f i e l d . The p a r t i c l e s a r e 
f l u o r e s c e n t and suspended i n s l u r r y i n a 
squeeze b o t t l e f o r un d e r w a t e r use. The 
method i s q u i c k and ec o n o m i c a l a l t h o u g h 
l i m i t e d because o n l y s u r f a c e d e f e c t s a r e 
l o c a t e d . 

R a d i o g r a p h i c I n s p e c t i o n 

R a d i o g r a p h i c i n s p e c t i o n l o c a t e s c r a c k s 
under water by u s i n g a f i l m c a s s e t t e w i t h 
an x - r a y or gamma r a y so u r c e p l a c e d on 
o p p o s i t e s i d e s o f a w e l d . I t produces a 

I n s p e c t i o n Techniques For Timber 

One o f t h e o l d e s t b u i l d i n g m a t e r i a l s 
i s wood. E x p e r i e n c e i n t h e d e t e r i o r a t i o n 
o f t i m b e r d a t e s f r o m a n t i q u i t y . Even s o, 
v a r i o u s methods a r e under development t o 
e v a l u a t e t i m b e r under w a t e r , w h i l e o t h e r s 
a r e i n c u r r e n t use. These a r e t h e 
f o l l o w i n g , 

v i s u a l Assessment 

V i s u a l assessment, as b e f o r e , i s o n l y 
q u a l i t a t i v e i n n a t u r e . 

P h y s i c a l Dimension Measurements 

The measurement o f p h y s i c a l d i m e n s i o n s 
i s o n l y a p p l i c a b l e i n ar e a s o f low n o i s e . 

Soundings 

Sounding w i t h a hammer w i l l d e t e c t 
v o i d s and can be used t o s u b j e c t i v e l y 
e s t i m a t e t h e q u a l i t y o f e x i s t i n g t i m b e r . 
T h i s method can o n l y be e f f e c t i v e l y used 
under water i n low n o i s e a r e a s . 

P o i n t e d Probe 

R e s i s t a n c e t o a p o i n t e d probe i s 
an o t h e r method t o s u b j e c t i v e l y e s t i m a t e 
t h e q u a l i t y o f e x i s t i n g t i m b e r . 

S u r f a c e Probe 

P r o b i n g o f t h e s u r f a c e , d r i l l i n g 
s e v e r a l i n c h e s i n t o t h e t i m b e r and p r o b i n g 
a g a i n , i s a p r o c e d u r e t h a t a i d s i n t h e 
s e p a r a t e assessment o f s u r f a c e and 
i n t e r i o r c o n d i t i o n s . 

Brace and B i t 

Brace and b i t w i l l y i e l d q u a l i t a t i v e 
r e s u l t s by n o t i n g t h e r e s i s t a n c e t o 
advancement o f t h e b i t and r e s i d u e on t h e 
b i t upon w i t h d r a w a l . R e s i s t a n c e may 
change, however, because o f t h e i n t e r n a l 
s t r u c t u r e o f t h e wood and n o t decay. 
A l s o , r e s i d u e may s h i f t a l o n g t h e b i t , 
a l s o d i s t o r t i n g t h e r e s u l t s . The method 
does n o t p r o v i d e a measure o f s t r e n g t h . 

Bores 

I n c r e m e n t bores produce u n d i s t u r b e d 
c o n t i n u o u s samples, b u t t h e r e s u l t s a r e 
q u a l i t a t i v e . T h i s method i s s l i g h t l y 
d e s t r u c t i v e and does n o t measure, s t r e n g t h . 
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Figure 7. Inteimal decay of timber pile. 

i 
'4 

Figure 8. Sonio testing device. 

S o n i c P u l s e V e l o c i t y T e s t i n g 

S onic p u l s e v e l o c i t y t e s t i n g i n d i c a t e s 
r e l a t i v e t i m b e r s t r e n g t h and/or s e c t i o n 
l o s s as a s i n g l e v a l u e based on a 
t r a n s m i t t e d p u l s e v e l o c i t y t h a t i s 
p r o p o r t i o n a l t o d e n s i t y and t h e modulus o f 
e l a s t i c i t y . C o r r e l a t i o n o f r e s u l t s w i t h 
samples o f known s t r e n g t h i s r e q u i r e d i n 
o r d e r t o a r r i v e a t an a b s o l u t e v a l u e . 
Research has been under way f o r about 20 
y e a r s . S e v e r a l commercial d i v e r - o p e r a t e d 
d e v i c e s a r e on t h e m a r k e t , and a number o f 
c o n t r a c t o r s a l s o o f f e r u nderwater 
i n s p e c t i o n s e r v i c e s u s i n g t h i s t e c h n i q u e . 

M. S h a r i f Aggour o f t h e U n i v e r s i t y o f 
Maryland l e a d s a r e s e a r c h team t h a t i s 
d e v e l o p i n g a hand-held d e v i c e t h a t w i l l be 
o p e r a t i o n a l f r o m a boat t o a d e p t h o f 1 m 
below t h e w a t e r l i n e . They have b u i l t up a 
da t a base o f 50 p o i n t s . F i g u r e s 7 and 8 
show t h i s d e v i c e . 

Other Methods 

Other methods were i d e n t i f i e d i n t h e 
l i t e r a t u r e s e a r c h t h a t have n o t been 
de v e l o p e d f o r unde r w a t e r use, a l t h o u g h 
t h e y may h o l d p r o m ise f o r such use i n t h e 
f u t u r e . These t e s t s a r e : 

• CAT scan (£). 

• E l e c t r i c a l r e s i s t a n c e t e s t (10). 

• Sonic p u l s e f r e q u e n c y t e s t (_11) . 

• pH t e s t ( 1 0 , pp 2 2 - 2 3 ) . 

A t p r e s e n t , s t a t e s s u r v e y e d a r e u s i n g 
b o r i n g s , b r a c e and b i t , p o i n t e d p r o b e , 
s o n i c t e s t i n g , s o u n d i n g s , and e n g i n e e r i n g 
judgment t o a r r i v e a t a v a l u e f o r reduced 
s t r e s s . 

STRUCTURAL CAPACITY ANALYSIS 

A g r e a t body o f work e x i s t s on t h e 
d e t e r i o r a t i o n o f m a t e r i a l s used f o r 
s u b s t r u c t u r e c o n s t r u c t i o n and i t s causes, 
b u t r e l a t i v e l y l i t t l e i n f o r m a t i o n i s 
a v a i l a b l e c o n c e r n i n g t h e consequences o f 
such d e t e r i o r a t i o n t o t h e s t r u c t u r a l 
i n t e g r i t y o f s u b s t r u c t u r e u n i t s . Because 
o f t h e n e c e s s i t y o f r a t i n g s t r u c t u r e s 
under t h e f e d e r a l l y mandated b r i d g e 
i n s p e c t i o n program, s t a t e highway a g e n c i e s 
have e v a l u a t e d t h e consequences o f 
d e t e r i o r a t i o n , b u t i t i s l a r g e l y 
" e n g i n e e r i n g judgment" i n n a t u r e . 

C u r r e n t P r a c t i c e 

Only a few s t a t e s always a n a l y z e 
s u b s t r u c t u r e u n i t s . Most s t a t e s a n a l y z e 
s u b s t r u c t u r e u n i t s when i t appears 
w a r r a n t e d by a d e f i c i e n c y , b u t o t h e r 
s t a t e s s i m p l y r e p a i r t h e d e f i c i e n c y and do 
not p e r f o r m an a n a l y s i s . None o f t h e 
s t a t e s s u r v e y e d have d e v e l o p e d n o v e l 
methods f o r t h e s t r u c t u r a l a n a l y s i s o f 
b r i d g e s u b s t r u c t u r e s above or below t h e 
w a t e r l i n e . Reduced s t r e s s and 
c r o s s - s e c t i o n a r e a a r e i n c o r p o r a t e d i n t o 
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commonly a c c e p t e d s t r e s s a n a l y s i s 
c o m p u t a t i o n s . i n a r r i v i n g a t t h e s e 
v a l u e s , no s t a t e s u r v e y e d has d e v e l o p e d 
methods t h a t a r e c o n s i d e r e d u n i q u e t o 
measure t h e adequacy o f c o n c r e t e , s t e e l , 
or t i m b e r . 

S e t t l e m e n t 

None o f t h e s t a t e s s u r v e y e d a n a l y z e a 
s u b s t r u c t u r e u n i t f o r s e t t l e m e n t when i t 
o c c u r s . Shimming i s t h e c o r r e c t i v e a c t i o n 
s e l e c t e d because i t i s an i n e x p e n s i v e and 
r e l a t i v e l y easy p r o c e s s . U n i f o r m 
s e t t l e m e n t o f a l l t h e s u b s t r u c t u r e u n i t s 
o f a b r i d g e w i l l n o t u s u a l l y i n d u c e 
o v e r s t r e s s . Modest d i f f e r e n t i a l 
s e t t l e m e n t o f a s i m p l e span s t r u c t u r e w i l l 
l i k e w i s e c r e a t e no d i s t r e s s . I f 
s e t t l e m e n t i s deemed s i g n i f i c a n t , s t e p s 
a r e u s u a l l y t a k e n t o d e t e r m i n e t h e cause. 
Computations can be p e r f o r m e d on a 
c o n t i n u o u s span s u p e r s t r u c t u r e t o 
d e t e r m i n e s t r e s s e s i n d u c e d due t o 
d i f f e r e n t i a l s e t t l e m e n t . Here a g a i n , 
a n a l y s i s o f t h e s u b s t r u c t u r e i s n o t 
p e r f o r m e d . A l l s t a t e s i n t e r v i e w e d agree 
t h a t i t i s n o t t h e s e t t l e m e n t i t s e l f t h a t 
i s t h e c r u c i a l f a c t o r , b u t r a t h e r i t i s 
t h e d i s t r e s s t h a t s e t t l e m e n t causes t o t h e 
s t r u c t u r e as a w hole. 

Scour 

Scour o f f o u n d a t i o n m a t e r i a l f r o m 
beneath s p r e a d f o o t i n g s i s e v a l u a t e d f o r 
s t a b i l i t y by few s t a t e s . The a c t i o n most 
o f t e n t a k e n i s n o t t o a n a l y z e t h e 
d e f i c i e n c y b u t r a t h e r t o r e p a i r i t . I n 
M a r y l a n d , once scour o f a s p r e a d f o o t i n g 
i s d i s c o v e r e d , i t t a k e s h i g h e s t p r i o r i t y . 
I f n e c e s s a r y , a l l o t h e r a c t i v i t i e s by t h e 
maintenance crew a r e suspended and r e p a i r s 
u n d e r t a k e n i m m e d i a t e l y . Because many 
b r i d g e f a i l u r e s a r e caused by s c o u r , t h e i r 
c o n c e r n i s j u s t i f i e d . Other s t a t e s v a r y 
i n t h e i r r e s p o n s e , depending on t h e 
h i s t o r y o f t h e r e g i o n and t h e s c o u r a b i l i t y 
o f t h e s o i l . T h i s p o i n t w i l l be d i s c u s s e d 
f u r t h e r i n t h e n e x t s e c t i o n . 

F r i c t i o n 

Reduced f r i c t i o n c a p a c i t y o f a p i l e 
due t o s c o u r i s c a l c u l a t e d i n few s t a t e s . 
Reduced l a t e r a l s u p p o r t o f a p i l e due t o 
scour i s c a l c u l a t e d r a r e l y . A g a i n , t h e s e 
d e f i c i e n c i e s a r e n o r m a l l y j u s t r e p a i r e d . 

Proposed P r a c t i c e 

I n s p e c t i o n and a n a l y s i s o f b r i d g e 
s u b s t r u c t u r e s i s i m p o r t a n t , even though 
many s t a t e s do n o t a n a l y z e t h i s p o r t i o n o f 
a s t r u c t u r e . The s t r u c t u r a l members i n 
s u b s t r u c t u r e s a r e j u s t as c r i t i c a l and 
o f t e n l e s s r e d u n d a n t t h a n t h e i r 
s u p e r s t r u c t u r e c o u n t e r p a r t s . An example 
w o u l d be t h a t o f a t i m b e r b e n t t h a t may 
s u p p o r t up t o 10 l i n e s o f beams, w h i l e t h e 
b e n t i t s e l f may c o n s i s t o f o n l y t h r e e 
p i l e s . The f a i l u r e o f one p i l e c o u l d be 
much more c r i t i c a l t h a n t h e f a i l u r e o f a 
s i n g l e beam. 

S t a t e highway a g e n c i e s u s u a l l y a n a l y z e 
a b r i d g e s u b s t r u c t u r e o n l y when a 
d e f i c i e n c y e x i s t s . These a g e n c i e s b e l i e v e 
t h a t t h e r e i s no need f o r an a n a l y s i s when 
r e p a i r s can be p r o m p t l y a c c o m p l i s h e d . 

What i s needed f o r i n s p e c t i o n 
p e r s o n n e l i s t o have a q u i c k i n d i c a t i o n o f 
t h e s e v e r i t y o f a d e f i c i e n c y . Much c o u l d 
be g a i n e d i f i n s p e c t i o n p e r s o n n e l had t h e 
a b i l i t y t o d e t e r m i n e t h e s e v e r i t y o f 
d e t e r i o r a t i o n on t h e l o a d c a p a c i t y o f a 
s t r u c t u r e . Three methods a r e s u g g e s t e d t o 
answer t h e need. 

Method one 

I n t h e f i r s t method, s p e c i f i c 
i n s t a n c e s o f b o r d e r l i n e d e t e r i o r a t i o n 
would be e x e m p l i f i e d . Cases would be 
d e l i n e a t e d such as s c o u r o f s p r e a d 
f o o t i n g s and i n t e r n a l decay i n s a l t 
w a t e r . These q u a l i t a t i v e d i s c u s s i o n s 
m i g h t p r o v i d e i n s p e c t i o n p e r s o n n e l w i t h 
t h e a b i l i t y t o q u i c k l y assess t h e s e v e r i t y 
o f a d e f i c i e n c y . T h i s assessment s h o u l d 
be v e r i f i e d l a t e r w i t h a more e x a c t o f f i c e 
a n a l y s i s by an e n g i n e e r knowledegable i n 
s t r u c t u r a l and f o u n d a t i o n a n a l y s i s . 

Method Two 

A second method would be t o d e r i v e 
e q u a t i o n s f o r t h e s t r u c t u r a l c a p a c i t y 
b e f o r e t h e i n s p e c t i o n i s p e r f o r m e d . These 
e q u a t i o n s w ould a c c o u n t f o r m a t e r i a l 
s t r e n g t h r e d u c t i o n and s e c t i o n l o s s , and 
c o u l d be used, f o r example, t o a n a l y z e 
d e t e r i o r a t i o n i n any p i l e a t any 
l o c a t i o n . The e q u a t i o n s w ould be i n c l u d e d 
as a permanent p a r t o f t h e b r i d g e 
i n s p e c t i o n f o l d e r . T h i s method would 
r e q u i r e an e x t r a e f f o r t b e f o r e h a n d , b u t 
w o uld save t i m e a t t h e b r i d g e s i t e . 

An a p p l i c a t i o n o f t h i s method would be 
f o r t h e I n s p e c t i o n team t o c a r r y a 
p r o g r a m a b l e c a l c u l a t o r w i t h a n a l y s i s 
programs f o r s e v e r a l t y p e s o f common 
s u b s t r u c t u r e u n i t s w i t h them i n t o t h e 
f i e l d . Programable c a l c u l a t o r s may p r o v e 
t o be an e x p e n s i v e a d d i t i o n t o t h e b r i d g e 
i n s p e c t i o n p a r a p h e r n a l i a . D u r a b i l i t y o f 
t h e c a l c u l a t o r i n t h e f i e l d may a l s o be a 
p r o b l e m . 

An a l t e r n a t i v e t o t h i s would be t o 
p e r f o r m a complete a n a l y s i s i n t h e o f f i c e 
and d e t e r m i n e t h e l i m i t s o f d e t e r i o r a t i o n 
f o r each member. An i l l u s t r a t i o n o f t h e 
s u b s t r u c t u r e showing t h e a l l o w a b l e 
d e t e r i o r a t i o n c o u l d t h e n be i n c l u d e d i n 
t h e b r i d g e f o l d e r t o a i d i n s p e c t i o n 
p e r s o n n e l i n d e t e r m i n i n g how c r i t i c a l a 
d e f i c i e n c y i s t o t h e s e r v i c e a b i l i t y o f a 
s t r u c t u r e . A method f o r d i s p l a y i n g t h i s 
i n f o r m a t i o n i s shown i n Appendix F. 

Method Three 

A t h i r d method a l s o a v a i l a b l e i s t o 
use g e n e r a l i z e d c h a r t s and graphs f o r t h e 
d e t e r m i n a t i o n o f l i v e l o a d s and dead 
l o a d s . By a p p l y i n g t h e laws o f s t a t i c s , 
and f o l l o w i n g t h e example i n Appendix F, 
i n s p e c t i o n p e r s o n n e l c o u l d t h e n d e t e r m i n e 
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t h e s t r u c t u r a l c a p a c i t y o f t h e 
s u b s t r u c t u r e a t t h e b r i d g e s i t e . T h i s 
method i s e s s e n t i a l l y t h e same as an 
o f f i c e a n a l y s i s ; however, i t s h o u l d a g a i n 
be v e r i f i e d l a t e r w i t h a more e x a c t o f f i c e 
a n a l y s i s by an e n g i n e e r knowledgeable i n 
s t r u c t u r a l and f o u n d a t i o n a n a l y s i s . 

The d e t e r i o r a t i o n o f a s u b s t r u c t u r e 
u n i t s u p p o r t i n g s h o r t spans can under 
c e r t a i n c i r c u m s t a n c e s be more c r i t i c a l 
t h a n t h a t o f a s u b s t r u c t u r e u n i t 
s u p p o r t i n g l o n g spans. T h i s i s because 
t h e r a t i o o f l i v e l o a d t o dead l o a d i s 
s m a l l i n t h e l a t t e r , w h i l e i t i s much 
l a r g e r i n t h e f o r m e r . S u b s t r u c t u r e s 

s u p p o r t i n g l o n g spans a r e a l s o d e s i g n e d 
f o r l a r g e r s u p e r s t r u c t u r e f o r c e s , i . e . 
l o n g i t u d i n a l f o r c e s due t o t h e l i v e l o a d , 
and l a r g e r s u b s t r u c t u r e f o r c e s , i . e . 
s t r e a m f o r c e and w i n d . These f o r c e s w h i c h 
a r e i n c l u d e d i n t h e o r i g i n a l d e s i g n a r e 
i g n o r e d i n t h e l i v e l o a d c a p a c i t y 
a n a l y s i s . T h i s g i v e s t h e s u b s t r u c t u r e s o f 
l o n g - s p a n s t r u c t u r e s a l a r g e r c a p a c i t y 
t h a n n e c e s s a r y t o s u p p o r t dead and l i v e 
l o a d s . I t i s f o r t h i s r e a son t h a t 
Appendix F i n c l u d e s an example o f an 
a n a l y s i s o f a t i m b e r p i l e b e n t s u p p o r t i n g 
s h o r t spans t h a t has s u f f e r e d 1 i n . o f 
e x t e r n a l decay t o one o f i t s p i l e s . 

Chapter Three 

PRESENT MEtHODS TO ARREST CONCRETE DETERIORATION 

CONCRETE DETERIORATION 

The v a s t amount o f i n f o r m a t i o n f o u n d 
on c o n c r e t e d e t e r i o r a t i o n and i t s causes 
i s t e s t i m o n y t o t h e w i d e s p r e a d p r o b l e m 
t h a t e x i s t s . Research i n t o methods t o 
r e p a i r c o n c r e t e below t h e w a t e r l i n e i s 
l e s s i m p r e s s i v e . T h i s s i t u a t i o n can be 
a t t r i b u t e d t o f i n a n c i a l l i m i t a t i o n s and t o 
t h e f a c t t h a t c o n c r e t e d e t e r i o r a t i o n o f 
b r i d g e s u b s t r u c t u r e s i s n o t i n f u l l v iew 
o f t h e t r a v e l i n g p u b l i c . One d i s t u r b i n g 
o b s e r v a t i o n i s t h a t most s t a t e s d e f e r 
maintenance u n t i l r e p l a c i n g d e t e r i o r a t e d 
c o n c r e t e becomes t h e o n l y p r a c t i c a l method 
r e m a i n i n g f o r an a t t e m p t t o a r r e s t 
d e t e r i o r a t i o n . 

A m a j o r i t y o f t h e b r i d g e maintenance 
e n g i n e e r s c o n t a c t e d d u r i n g t h e f i e l d 
i n t e r v i e w s e s t i m a t e d t h a t 75 t o 90 p e r c e n t 
o f t h e c o n c r e t e t h a t i s d e t e r i o r a t i n g 
under water i n t h e i r s t a t e s can be t r a c e d 
t o a l a c k o f q u a l i t y c o n t r o l d u r i n g 
c o n s t r u c t i o n or t o o t h e r c o n s t r u c t i o n and 
p r e c o n s t r u c t i o n f a u l t s . T h i s i s because 
n i g h q u a l i t y c o n c r e t e i s v i r t u a l l y i n e r t 
i n most n a t u r a l e n v i r o n m e n t s . Appendix C 
c o n t a i n s d e t a i l e d i n f o r m a t i o n about 
c o n c r e t e and c o n c r e t i n g p r a c t i c e s t h a t can 
be used f o r e i t h e r r e p a i r s or new 
c o n s t r u c t i o n . 

Zones o f D e t e r i o r a t i o n 

P r i m a r y A c t i v e Zone 

One reason f o r t h e l a c k o f i n f o r m a t i o n 
on u n d e r w a t e r r e p a i r t e c h n i q u e s i s t h a t 
most d e t e r i o r a t i o n does n o t occur under 
w a t e r . I t has been observed t h a t 
d e t e r i o r a t i o n o c c u r s most f r e q u e n t l y above 
t h e l e v e l o f low t i d e and below t h e t o p o f 
t h e s p l a s h zone. Below t h e l e v e l o f 

l o w e s t w a t e r t h e c o n c e n t r a t i o n o f oxygen 
decreases r a p i d l y w i t h d e p t h . Water a l s o 
has t h e e f f e c t o f s e a l i n g t h e c o n c r e t e 
f r o m t h e i n g r e s s o f oxygen when compared 
t o t h e a t m o s p h e r i c zone. Above t h e s p l a s h 
zone t h e r e i s a l a c k o f w a t e r t h a t i s 
n e c e s s a r y t o l o w e r t h e e l e c t r i c a l 
r e s i s t i v i t y o f t h e c o n c r e t e and t o p r o v i d e 
a d d i t i o n a l a g g r e s s i v e a g e n t s . The zone 
between t h e s e two l i m i t s , w h i c h i n c l u d e s 
t h e t i d a l zone and t h e s p l a s h zone, i s 
r e f e r r e d t o by t h e r e s e a r c h team as t h e 
" P r i m a r y A c t i v e zone," 

Secondary A c t i v e Zone 

D e t e r i o r a t i o n a t t h e mud l i n e , w hether 
due t o a b r a s i o n , r e a c t i v e s o i l s , or a 
m a c r o c o r r o s i o n c e l l , a l s o o c c u r s . T h i s 
area may t e n t a t i v e l y be c o n s i d e r e d as a 
s econdary a c t i v e zone. I f d e t e r i o r a t i o n 
i s c o n f i n e d t o t h e p r i m a r y a c t i v e zone, 
r e p a i r s a r e g r e a t l y s i m p l i f i e d . 

Types o f D e t e r i o r a t i o n 

C o r r o s i o n 

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

• The presence o f c h l o r i d e i o n s 
a t t h e r e i n f o r c i n g s t e e l , 

• The decrease i n e l e c t r i c a l 
r e s i s t i v i t y , or c o n v e r s e l y , t h e i n c r e a s e 
i n e l e c t r i c a l c o n d u c t i v i t y o f t h e c o n c r e t e 
c o v e r . 

• The a v a i l a b i l i t y o f oxygen. 

The f i r s t two o f t h e s e f a c t o r s a r e 
p r o p e r t i e s o f t h e c o n c r e t e cover and t h e 
l a s t i s a p r o p e r t y o f i t s e n v i r o n m e n t . 
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I n t e r a c t i o n o f t h e s e f a c t o r s d e t e r m i n e s 
t h e t i m e a t w h i c h c o r r o s i o n becomes 
a c t i v e , t h e r a t e o f c o r r o s i o n , t h e t i m e a t 
w h i c h damage becomes v i s i b l e and t h e 
n a t u r e o f t h e damage. 

A l l c o a s t l i n e s t a t e s s u r v e y e d a r e most 
concerned w i t h t h e d e l e t e r i o u s e f f e c t s o f 
s a l t w a t e r . T h i s c o n c e r n seems t o 
overshadow any d i f f i c u l t i e s t h e s e s t a t e s 
a r e h a v i n g w i t h t h e i r s t r u c t u r e s i n f r e s h 
w a t e r . 

Chemical A t t a c k 

Chemical a t t a c k i s u s u a l l y a s l o w 
p r o c e s s and s i g n i f i c a n t I n i t s e l f i n t h a t 
I t d e s t r o y s t h e c o n c r e t e cover over t h e 
r e i n f o r c i n g s t e e l . A t t h i s p o i n t , 
c o r r o s i o n t a k e s over as t h e dominant f o r c e 
i n c o n c r e t e d e t e r i o r a t i o n . C a r b o n a t i o n , 
t h e most p r e v a l e n t f o r m o f c h e m i c a l 
a t t a c k , was f o u n d t o p r o g r e s s no f u r t h e r 
t h a n 1 i n . i n t o t h e c o n c r e t e s u r f a c e . 
T h i s w o u l d be o f no consequence t o 
n o n r e i n f o r c e d c o n c r e t e . 

I n t e r v i e w s r e v e a l e d somewhat l e s s 
c o n c e r n w i t h d e t e r i o r a t i o n caused by 
i n d u s t r i a l waste t h a n was a n t i c i p a t e d . Of 
t h e s t a t e s s u r v e y e d , two r e p o r t a p r o b l e m 
w i t h p a p e r - m i l l o u t f a l l . Other s t a t e s 
r e p o r t problems w i t h t h e o u t f a l l f r o m a 
phosphate p l a n t , a sewage t r e a t m e n t p l a n t , 
a s t e e l m i l l , and an i n s e c t i c i d e p l a n t . 
T a n n i c a c i d , f l u o r i d e , l o g g i n g d e b r i s , and 
m i n i n g i n b a s i c s o i l s were a l s o r e p o r t e d 
t o be a p r o b l e m . No s t a t e s u r v e y e d 
r e p o r t e d a p r o b l e m w i t h a c i d r u n o f f f r o m 
m i n i n g a c t i v i t i e s . I t was e x p l a i n e d by 
t h e K e ntucky Department o f T r a n s p o r t a t i o n 
t h a t a c i d c o n c e n t r a t i o n s become d i l u t e d 
b e f o r e t h e y have a chance t o r e a c t w i t h 
b r i d g e s u b s t r u c t u r e s . 

A b r a s i o n 

A b r a s i o n o c c u r s i n two zones. I c e 
f l u c t u a t i n g w i t h t h e t i d e s can cause 
s e c t i o n l o s s a t t h e w a t e r l i n e . A t t h e mud 
l i n e , sand movement i n t h e s u r f zone can 
cause a s i m i l a r p r o b l e m . I t i s suspended 
s o l i d s i n f a s t moving s t r e a m s , however, 
t h a t causes t h e g r e a t e s t c o n c e r n . 

Preeze-Thaw 

Freeze-thaw i s a mechanism t h a t i s 
most a c t i v e a t t h e w a t e r l i n e . The p r o c e s s 
o c c u r s when t h e t i d e d r o p s , e x p o s i n g wet 
c o n c r e t e . The w a t e r i n t h e c o n c r e t e p o r e s 
t h e n f r e e z e s , expands, and c r e a t e s l a r g e 
i n t e r n a l s t r e s s e s . When t h e t i d e 
e v e n t u a l l y r i s e s , t h e i n t e r n a l i c e m e l t s 
and t h e c y c l e r e p e a t s . 

Stages o f D e t e r i o r a t i o n 

I n o r d e r t o s e l e c t a method t o a r r e s t 
d e t e r i o r a t i o n , some u n d e r s t a n d i n g o f t h e 
d e t e r i o r a t i o n p r o c e s s t h a t i s o c c u r r i n g i s 
n e c e s s a r y . T h i s p r o c e s s has been broken 
down i n t o t h r e e s t a g e s : ( 1 ) i n i t i a t i o n 
s t a g e , ( 2 ) p r o p a g a t i o n s t a g e , and ( 3 ) 
d e s t r u c t i o n s t a g e . 

I n i t i a t i o n s t a g e 

The i n i t i a t i o n s t a g e i s where c h e m i c a l 
and m e c h a n i c a l f o r c e s a f f e c t t h e c o n c r e t e 
s u r f a c e o n l y . 

P r o p a g a t i o n s t a g e 

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

D e s t r u c t i o n s t a g e 

The d e s t r u c t i o n s t a g e i s where 
c h e m i c a l and m e c h a n i c a l f o r c e s have 
nega t e d t h e p r o t e c t i v e q u a l i t i e s o f t h e 
c o n c r e t e c o v e r . C o r r o s i o n o f t h e 
r e i n f o r c i n g s t e e l t h e n becomes an 
a c c e l e r a t i n g p r o c e s s . I n u n r e i n f o r c e d 
c o n c r e t e t h i s s t a g e i s n o t e d by t h e l o s s 
o f t h e o u t e r s u r f a c e l a y e r s o f c o n c r e t e . 
Appendix D c o n t a i n s d e t a i l e d i n f o r m a t i o n 
on each s t a g e o f d e t e r i o r a t i o n . 

G r o u p i n g o f R e p a i r Techniques 

P e r m i t t i n g \ d e t e r i o r a t i o n t o p r o g r e s s 
t o t h e l a s t s t a g e b e f o r e r e p a i r s a r e made 
i s n o t n e c e s s a r y . Many s t e p s can be t a k e n 
b e f o r e t h a t p o i n t t o a r r e s t c o n c r e t e 
d e t e r i o r a t i o n . Cores, d r i l l i n g s , v o l t a g e 
p o t e n t i a l r e a d i n g s , and/or c h e m i c a l 
a n a l y s e s w i l l be n e c e s s a r y t o d e t e r m i n e 
t h e d e p t h and c o n c e n t r a t i o n o f c h l o r i d e s , 
e x t e n t o f c a r b o n a t i o n (see App. D, 
c a r b o n i c a c i d , f o r d e t a i l s ) , and whether 
or n o t c o r r o s i o n i s o c c u r r i n g . These 
t e s t s a r e n e c e s s a r y t o a s c e r t a i n t h e s t a g e 
o f d e t e r i o r a t i o n o f t h e c o n c r e t e . Once 
t h e s t a g e o f d e t e r i o r a t i o n i s e s t a b l i s h e d , 
a s u i t a b l e r e p a i r method can be s e l e c t e d . 

The methods d e s c r i b e d as f o l l o w s have 
been grouped under d i f f e r e n t s t a g e s o f 
d e t e r i o r a t i o n ; t h e g r o u p i n g s r e p r e s e n t t h e 
most c o s t - e f f e c t i v e t e c h n i q u e a v a i l a b l e t o 
a r r e s t d e t e r i o r a t i o n o f c o n c r e t e a t t h a t 
p a r t i c u l a r s t a g e : 

1 . I n i t a t i o n s t a g e . 
• H y d r a u l i c t r a i n i n g . 
• P e n e t r a t i n g s e a l a n t s . 

2. B e g i n n i n g o f t h e p r o p a g a t i o n 
s t a g e : 
• S u r f a c e c o a t i n g s . 
• Veneers. 

3. End o f t h e p r o p a g a t i o n s t a g e . 
• Wraps. 
• J a c k e t s . 

4. B e g i n n i n g o f t h e d e s t r u c t i o n 
s t a g e : 
• Crack s e a l i n g . 
• S a c r i f i c i a l c o n c r e t e c o l l a r . 
• G r o u t r e p a i r 
• P a s s i v e c a t h o d i c p r o t e c t i o n . 
• A c t i v e c a t h o d i c p r o t e c t i o n . 
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REPAIR TECHNIQUES 

H y d r a u l i c T r a i n i n g 

A b r a s i o n a t t a c k s t h e c o n c r e t e s u r f a c e 
and i s a major f o r c e i n t h e i n i t i a t i o n 
s t a g e . A b r a s i o n a l s o a g g r a v a t e s o t h e r 
forms of d e t e r i o r a t i o n t h r o u g h o u t t h e l i f e 
o f a s t r u c t u r e . H y d r a u l i c t r a i n i n g 
s t r u c t u r e s are o f some h e l p i n a r r e s t i n g 
a b r a s i o n . The methods i n c l u d e t h e 
f o l l o w i n g : 

D e f l e c t o r s 

Fenders and d o l p h i n s a r r e s t a b r a s i o n 
a t t h e w a t e r l i n e . They can be e f f i c i e n t , 
and a r e a b l e t o absorb a l a r g e amount o f 
e n e r g y . T h i s method can be e x p e n s i v e , 
however, r e q u i r i n g heavy m a c h i n e r y t o 
d r i v e p i l e s and a moderate amount o f 
c o n s t r u c t i o n t i m e . 

R i p r a p 

P r o b a b l y I s t h e l e a s t e x p e n s i v e method 
where a b r a s i o n c o n c e r n i s o n l y a t t h e 
m u d l i n e . However, c o s t i s dependent on 
l o c a t i o n s i n c e s u i t a b l e s t o n e i s n o t 
always r e a d i l y a v a i l a b l e . 

Ponding 

Ponding of t h e water beneath a b r i d g e 
i s q u i t e e f f e c t i v e i n a r r e s t i n g a b r a s i o n 
by r e d u c i n g t h e water v e l o c i t y . T h i s i s 
a c c o m p l i s h e d by means o f a downstream dam, 
by mangement pond, or by w i d e n i n g t h e 
s t r e a m . T h i s method i s e x p e n s i v e , 
r e q u i r i n g l a b o r , heavy m a c h i n e r y , 
r i g h t s - o f - w a y , and c o n s t r u c t i o n t i m e . I t 
has l i m i t e d a p p l i c a t i o n because o f 
t o p o g r a p h y , because o f p e r m i t 
r e q u i r e m e n t s , and because t h e p r o c e d u r e i s 
s e l f - d e f e a t i n g i n some cases. As wat e r 
v e l o c i t y d e c r e a s e s , t h e s t r e a m w i l l 
d e p o s i t i t s suspended s o l i d s , s i l t i n g t h e 
pond back i n , and a l t e r t h e h y d r a u l i c f l o w 
beneath t h e s t r u c t u r e . F i g u r e 9 shows an 
i s l a n d t h a t was c r e a t e d by d e p o s i t i o n when 
a r i v e r was widened. 

Other T r a i n i n g S t r u c t u r e s 
S purs, d i k e s , j e t t i e s , and 

c h a n n e l i z a t i o n can be used t o d i r e c t f l o o d 
w a t e r s away f r o m p i e r s . T h i s method i s 
m o d e r a t e l y e x p e n s i v e and w i l l r e q u i r e 
e n v i r o n m e n t a l and 404 p e r m i t s . 
P e n e t r a t i n g S e a l a n t s 

Much e x p e r i e n c e has been g a i n e d i n t h e 
f i e l d o f c o n c r e t e p i p e l i n i n g s and b r i d g e 
deck membranes; however, no in situ 
u n d e r w a t e r a p p l i c a t i o n was f o u n d f o r any 
o f t h e p e n e t r a t i n g s e a l a n t s l i s t e d below. 
The s e a l a n t s l i s t e d are n o t e l a b o r a t e d 
upon because t h e y cannot c u r r e n t l y be 
p l a c e d under w a t e r . 

I n o r g a n i c s u r f a c e s e a l a n t s i n c l u d e t h e 
f o l l o w i n g s y n t h e t i c compounds ( 1 2 ) : 

1. C o a t i n g s which r e a c t w i t h c a l c i u m 
i n t h e c o n c r e t e t o f o r m p r a c t i c a l l y 
i n s o l u a b l e compounds; t h e i r r e s i s t a n c e i s 

f a i r t o c h e m i c a l s i n g e n e r a l b u t poor 
a g a i n s t s t r o n g a c i d s : 

• H y d r o f l u o r i c a c i d or i t s s a l t . 
• H y d r o s i l i c o f l u o r i c a c i d or i t s 

s a l t . 
• Magnesium f l u o s i l i c a t e . 
• Z i n c f l u o s i l i c a t e . 

2. Vapor permeable c o a t i n g s : 
• A c r y l i c l a t e x p a i n t s . 
• Cement base p a i n t s . 
• Cement m o r t a r c o a t s . 
• P o l y m e r - m o d i f i e d cement m o r t a r . 
• Water-base epoxy p a i n t s . 
• S i l i c o n e r e s i n s o l u t i o n s . 
• M i n e r a l o i l s i n s o l v e n t s . 

S u r f a c e C o a t i n g s 

The main purpose of a c o a t i n g i s t o 
p r e v e n t p h y s i c a l and c h e m i c a l c o n t a c t 
between t h e c o n c r e t e and i t s e n v i r o n m e n t . 
By s e a l i n g t h e s u r f a c e , t h e i n g r e s s o f 
c h e m i c a l s , e s p e c i a l l y oxygen, can be 
s t o p p e d t h e r e b y h e l p i n g t o a r r e s t 
d e t e r i o r a t i o n . R e s i s t a n c e t o a b r a s i o n , 
c h e m i c a l a t t a c k , and t h e e f f e c t s o f 
f r e e z i n g and t h a w i n g a r e d e s i r a b l e 
c h a r a c t e r i s t i c s . 

The c o a t i n g s h o u l d have an a d h e s i o n 
s t r e n g t h g r e a t e r t h a n t h e t e n s i l e s t r e n g t h 
o f c o n c r e t e , a c o e f f i c i e n t o f e x p a n s i o n 
t h a t i s c o m p a t i b l e w i t h c o n c r e t e , and a 
l o n g s e r v i c e l i f e ; i t s h o u l d a l s o be 
e c o n o m i c a l . I t s v i s c o s i t y s h o u l d be 
s e l e c t e d so t h a t i t w i l l p r o v i d e maximum 
s e a l i n g o f t h e s u r f a c e , c o n s i d e r i n g t h e 
p o r o s i t y and t e x t u r e o f the c o n c r e t e . I t 
s h o u l d be e l a s t i c and s h o u l d n o t c r e e p . 
I f a e s t h e t i c s are i m p o r t a n t , t h e c o l o r and 
t e x t u r e o f t h e s e a l a n t s h o u l d have a 
m a t c h i n g appearance w i t h t h e c o n c r e t e 
s u r f a c e . 

Figure 9. Island created by ponding. 
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S u r f a c e p r e p a r a t i o n i s v e r y i m p o r t a n t 
t o t h e success o f s e a l a n t s and c o a t i n g s . 
Most s e a l a n t s and c o a t i n g s do n o t p e r f o r m 
w e l l when a p p l i e d t o c o n c r e t e under 
w a t e r . However, i f water c o u l d be pumped 
from w i t h i n a d e w a t e r i n g f o r m , t h e s e 
m a t e r i a l s c o u l d be a p p l i e d " i n - t h e - d r y . " 
S e v e r a l p o r t a b l e c o f f e r d a m s were 
d i s c o v e r e d d u r i n g t h e l i t e r a t u r e s e a r c h 
( 1 4 , 15^). One o f t h e s e i s l a r g e enough t o 
aTTow a man t o work i n s i d e o f i t . 

Three problems e x i s t when t r y i n g t o 
s e a l t h e s u r f a c e o f damp c o n c r e t e . F i r s t , 
good bond i s har d t o a t t a i n . Second, no 
m a t t e r how t h o r o u g h l y t h e c o n c r e t e i s 
d r i e d , i f i t i s permeable, i t w i l l become 
s a t u r a t e d a g a i n due t o the wick a c t i o n o f 
p a r t i a l l y submerged c o n c r e t e (Wick a c t i o n 
i s t h e p r o c e s s i n which water and 
c h e m i c a l s are drawn i n a t t h e bott o m o f a 
s u r f a c e c o a t i n g or t r e a t m e n t and water 
vapor i s e x p e l l e d f r o m t h e t o p l e a v i n g a 
h i g h c o n c e n t r a t i o n o f c h e m i c a l s under t h e 
c o n c r e t e s u r f a c e . ) T h i r d , e n c a p s u l a t i n g 
c o n c r e t e t h a t i s , or t h a t w i l l become, 
damp i s a poor p r a c t i c e because t h e 
s e a l a n t i s more l i k e l y t o pop o f f i n 
d i r e c t s u n l i g h t due t o i n c r e a s e d 
vapor p r e s s u r e . Vapor-permeable c o a t i n g s 
t h a t c l a i m t o keep water o u t w h i l e 
p e r m i t t i n g v a pors t o escape can s o l v e t h i s 
p r o b l e m (_15 ) . These c o a t i n g s i n c l u d e (17 ) : 

• A c r y l i c l a t e x p a i n t s 
• Cement base p a i n t s 
• Cement m o r t a r c o a t s 
• Polymer m o d i f i e d cement m o r t a r 
• Water-base epoxy p a i n t s 
• S i l i c o n e r e s i n water r e p e l l a n t 

s o l u t i o n s 
• M i n e r a l o i l s i n s o l v e n t s 

S u r f a c e c o a t i n g s s u i t a b l e f o r 
underwater use i n c l u d e t h o s e l i s t e d 
below. There are m u l t i t u d e s o f o t h e r s , 
however, whose underwater a p p l i c a t i o n i s 
d o u b t f u l . 

A s p h a l t and Tar 

A s p h a l t and t a r were w i d e l y used a t 
one t i m e . A s p h a l t has a h i g h r e s i s t a n c e 
t o a c i d s and o x i d a n t s . I t can be a p p l i e d 
c o l d w i t h t h e use o f a s o l v e n t . Tar i s 
t h e s e a l a n t most o f t e n used a g a i n s t 
seawater a t t a c k . I t i s an e x c e l l e n t w a t e r 
r e p e l l a n t , b u t i t i s mediocre a g a i n s t 
a c i d s and bases and poor a g a i n s t 
a b r a s i o n . For b o t h o f these b i t u m i n o u s 
p r o d u c t s , t h e second c o a t may c o n t a i n a 
f i l l e r such as s i l i c a f o r s t i f f n e s s . 
S t r i c t q u a l i t y c o n t r o l i s necessary t o 
ensure a c o n t i n u o u s c o a t . 

Epoxies 

Epoxies have many advantages. They 
have good a d h e s i o n , low s h r i n k a g e , a wide 
range o f p h y s i c a l and c h e m i c a l p r o p e r t i e s , 
and a v e r y h i g h compressive s t r e n g t h . 
They a t t a i n a h i g h e a r l y s t r e n g t h , a r e 
i n e r t t o most c h e m i c a l s , and a r e m o i s t u r e 
r e s i s t a n t . They are i m p e r v i o u s and b o t h 
a b r a s i o n and c h e m i c a l r e s i s t a n t . They may 
be a p p l i e d w i t h a r o l l e r or b r u s h . 

Epoxies were t h o u g h t t o have a l m o s t 
u n l i m i t e d a p p l i c a t i o n when t h e y were f i r s t 
i n t r o d u c e d . Use under f i e l d c o n d i t i o n s 
over t h e y e a r s , however, has n o t p r o v i d e d 
s a t i s f a c t o r y r e s u l t s i n many i n s t a n c e s . 
F i g u r e l o shows a t y p i c a l epoxy f a i l u r e . 
M i x i n g r e q u i r e m e n t s a r e e x a c t i n g and 
components are hazardous t o t h e u s e r s . 
The mix has a s h o r t p o t l i f e and i s he a t 
s e n s i t i v e d u r i n g m i x i n g and a p p l i c a t i o n . 
S t r a i n i n c o m p a t i b i l i t y r e s u l t s f r o m r a p i d 
h a r d e n i n g and a t h e r m a l c o e f f i c i e n t o f 
e x p a n s i o n t h a t d i f f e r s f r o m t h a t o f 
c o n c r e t e . 

Epoxies c r e e p , r e l a x , and are impact 
s e n s i t i v e . P h y s i c a l and c h e m i c a l 
p r o p e r t i e s a r e v e r y s e l e c t i v e , v a r y i n g 
between m a n u f a c t u r e r s and between 
e n v i r o n m e n t s . F i e l d t e s t s s h o u l d be 
conducted t o d e t e r m i n e t h e performance o f 
an epoxy bran d and mix. Because epoxy i s 
impermeable, m o i s t u r e t r a p p e d beneath t h e 
c o a t i n g may cause i t t o s p a l l o f f i n 
d i r e c t s u n l i g h t or under t h e e f f e c t s o f 
f r e e z i n g and t h a w i n g , Epoxy s h o u l d n o t be 
used u n l e s s t h e c o n c r e t e can r e s i s t f r o s t 
a c t i o n by i t s e l f . I t i s e x p e n s i v e and as 
a r e s u l t tends t o be ec o n o m i c a l f o r s m a l l 
j o b s o n l y . 

Figure 10. Typical epoxy failuve. 
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Tar Epoxy 

Tar epoxy i s a low r a t i o m i x t u r e o f 
p o l y m e r i z e d t a r and epoxy. I t was 
developed as a lower c o s t a l t e r n a t i v e t o 
epoxy ( 1 3 ) . 

i s r e s i s t a n t t o 
improved impact 

Epoxy P o l y s u l f i d e 

Epoxy p o l y s u l f i d e 
s o l v e n t s and has 
r e s i s t a n c e (1_3) . 

Other Surface Coatings 

Other s u r f a c e c o a t i n g s t h a t a r e used 
f o r c o n c r e t e p i p e l i n i n g s b u t have n o t 
been a p p l i e d t o underwater d e t e r i o r a t i o n 
o f b r i d g e s u b s t r u c t u r e s ( l ^ ) a r e : 

P o l y v i n y l c h l o r i d e 
P o l y e t h y l e n e 
S t y r e n e copolymers 
C h l o r i n a t e d r u b b e r 
Neoprene 
Coumarone - indene 
P h e n o p l a s t i c - f u r n a c e r e s i n 
P o l y u r e t h a n e 
P o l y e s t e r 
Chromated r u b b e r p a i n t 
B i t u m i n o u s m a s t i c 
A s p h a l t m a s t i c 
P r o p r i e t a r y r u b b e r compounds. 
D r i e d o i l 
• Tung o i l 
• L i n s e e d o i l 
Sodium s i l i c a t e 
R esins 
• Spar 
• China wood 
• B a k e l i t e 

Veneers 

I n case of extreme c h e m i c a l a t t a c k , 
f a c i n g s can be a p p l i e d t o t h e c o n c r e t e 
s u r f a c e . B r i c k s and t i l e s o f c l a y , g l a s s , 
or c a r b on a r e u s u a l l y 230 x 115 x 75 ( o r 
50) mm i n s i z e . K i l n e d a t h i g h 
t e m p e r a t u r e s , t h e s e s e m i v i t r i f i e d f a c i n g s 
a r e v e r y dense w i t h low w a t e r a b s o r p t i o n . 
The b r i c k s and t i l e s a r e j o i n e d t o t h e 
c o n c r e t e w i t h a c h e m i c a l l y i n e r t m o r t a r . 

Three t y p e s o f m o r t a r are a v a i l a b l e . 
(1) s y n t h e t i c t h e r m o - s e t t i n g cements 
c o n s i s t o f r e s i n s o f p h e n o l , f u r n a c e 
b l a s t , epoxy, cashew, p o l y e s t e r , and 
p o l y u r e t h a n e . ( 2 ) p o t a s s i u m s i l i c o n e 
cement s u i t a b l e f o r a c i d c o n d i t i o n s 
p e r f o r m s p o o r l y i n a l k a l i n e and f r e s h 
w a t e r s ; and ( 3 ) f o r l e s s c o r r o s i v e 
e n v i r o n m e n t s , m o d i f i e d h y d r a u l i c cements, 
such as n a t u r a l r u b b e r l a t e x and s y n t h e t i c 
r e s i n e m u l s i o n , may be used ( 1 8 ) . 

Wraps 

P l a s t i c and Rubber Sheets 

P l a s t i c and rubber s h e e t s a r e good f o r 
severe c h e m i c a l a t t a c k and most can be 
v u l c a n i z e d . Types i n c l u d e : neoprene, 
b u t y l , n i t r i l e , p o l y i s o b u t a l e n e , 
p o l y s u l f i d e , and c h l o r o s u l f o n a t e d 

p o l y e t h y l e n e . These wraps sometimes have 
v e r t i c a l wooden r i b s t h a t a r e i n t e r l o c k e d 
and drawn t i g h t around t h e p i l e or column 
w i t h a r a t c h e t wrench. A m e t a l clamp can 
p r o v i d e a s e a l a t t h e t o p and b o t t o m o f 
t h e p i l e t o i n s u l a t e i t f r o m i t s 
e n v i r o n m e n t . 

The r a t i o n a l e f o r t h i s p r o c e s s i s t h a t 
r e s i d u a l oxygen t r a p p e d w i t h i n t h e wrap 
w i l l be consumed and d e t e r i o r a t i o n w i l l be 
a r r e s t e d . T h i s system i s v e r y q u i c k and 
i n e x p e n s i v e ; however, i t o f f e r s l i t t l e 
r e s i s t a n c e t o impact and can o n l y be used 
on r e l a t i v e l y smooth s u r f a c e s (1£). An 
example i s shown i n F i g u r e 11. 

R e s i n - I m p r e g n a t e d F i b e r g l a s s C l o t h 

R e s i n i m p r e g n a t e d f i b e r g l a s s c l o t h 
wrap i s p l a c e d around a p i l e or column and 
soaked w i t h brushed-on epoxy. T h i s method 
i s q u i c k and l i g h t w e i g h t b u t c o s t l y and 
d i f f i c u l t t o use. 

J a c k e t s 

There are s e v e r a l 
t h a t have been used. 

F a b r i c 

t y p e s o f j a c k e t s 

F a b r i c j a c k e t s o f f e r low l a b o r and 
m a t e r i a l s c o s t w i t h a m i n i m a l I n s t a l l a t i o n 
t i m e . An example i s shown i n F i g u r e 12. 
The j a c k e t i s assembled above t h e 
w a t e r l i n e and t h e n clamped around the p i l e 
or column a t t h e b o t t o m and f i l l e d w i t h 
c o n c r e t e . B l e e d i n g o f mix w a t e r t h r o u g h 
th e f a b r i c r e s u l t s i n a denser mix. 

Figure 11. PVC pile wrap (note metal bands). 
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Figure 12. Fabric pile jacket, concrete 
filled. Ropes used to suspend 
jacket during construction were 
left in place. 

T h i s method i s q u i c k and easy; 
however, t h e j a c k e t can deform i n c u r r e n t s 
and waves, r e d u c i n g t h e cover over t h e 
r e i n f o r c i n g s t e e l cage t h a t i s p l a c e d 
around t h e p i l e i n s i d e t h e j a c k e t . 
A e s t h e t i c s a r e a l s o compromised when t h e 
bag deforms. A c o n c r e t e sample i s h a r d t o 
o b t a i n because o f in situ b l e e d i n g . 

N o n m e t a l l i c 

I u 

Figicre 13. Fiberglass jacket filled with 
epoxy. 

N o n m e t a l l i c J a c k e t s , u s u a l l y 
f i b e r g l a s s , c o n s i s t o f a one-piece or a 
t w o - p i e c e s e m i r i g i d u n i t t h a t may b o l t or 
i n t e r l o c k a t t h e seam(s). These forms can 
be removed or l e f t i n p l a c e f o r added 
p r o t e c t i o n . They can be f i l l e d f r o m t h e 
t o p or w i t h a v a l v e f r o m t h e b o t t o m w i t h 
e i t h e r epoxy, epoxy m o r t a r , or c o n c r e t e , 
and i f t h e forms are l e f t i n p l a c e , t h e y 
can be s e a l e d a t t h e t o p and/or t h e b o t t o m 
w i t h a l a y e r o f epoxy. 

N o n m e t a l l i c j a c k e t s are l i g h t w e i g h t 
and e a s i l y h a n d l e d i n t h e water by a 
d i v e r . T h e i r r i g i d i t y makes them more 
d e s i r a b l e t h a n f a b r i c p i l e j a c k e t s f o r 
some a p p l i c a t i o n s . F i b e r g l a s s j a c k e t s 
have been o b s e r v e d , i n some cases, t o have 
a te n d e n c y t o s e p a r a t e f r o m t h e g r o u t 
f i l l e r m a t e r i a l and even t o become 
d i s l o d g e d . F i g u r e s 13 t h r o u g h 17 show 
th e s e j a c k e t s i n s e r v i c e . 

S t e e l J a c k e t s 

S t e e l j a c k e t s and m e t a l c o l l a r s a r e 
sometimes used. They come i n many s i z e s , 
up t o s e v e r a l f e e t i n d i a m e t e r . They can 
be f i l l e d f r o m t h e t o p or t h e b o t t o m w i t h 
e i t h e r epoxy m o r t a r or cement m o r t a r w i t h 
epoxy bo t t o m and t o p s e a l s . These j a c k e t s 

Figure 14. Fiberglass jacket filled with 
epoxy grout. 
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Figure 16. Fiberglass jacket filled with 
epoxy grout (note failure in 
background). 

Figure 16. Round fiberglass jacket, 
concrete filled. 

Figure 17. Round fiberglass jaaket; 
surface has been scraped. 

can t h e n be removed or l e f t i n p l a c e t o 
p r o v i d e p r o t e c t i o n . T h e i r h i g h i n i t i a l 
c o s t can be o f f s e t by r e u s i n g t h e s e 
d u r a b l e f o r m s . Removal o f t h e forms a l s o 
a l l o w s f o r m o n i t o r i n g o f t h e performance 
of t h e r e p a i r . These j a c k e t s have been 
ob s e r v e d t o have a tendency t o become 
d i s l o d g e d . F i g u r e s 18 and 19 show t h i s 
r e p a i r t e c h n i q u e i n o p e r a t i o n . 

Sheet P i l i n g 

Sheet p i l i n g w i t h b a c k f i l l i s a t y p e 
o f j a c k e t i n g t h a t i s v e r y e f f e c t i v e i n 
i s o l a t i n g t h e c o n c r e t e f r o m i t s 
e n v i r o n m e n t . I t can be f i l l e d w i t h e i t h e r 
c o n c r e t e g r o u t or e a r t h w i t h a c o n c r e t e 
cap. The l a t t e r can a l s o be de s i g n e d t o 
r e s i s t s e v e r e impact damage. 

Crack S e a l i n g 

Epoxy I n j e c t i o n 

Epoxy i n j e c t i o n i s a method by which 
low v i s c o s i t y epoxy i s p r e s s u r e i n j e c t e d 
i n t o a c r a c k t o r e s t o r e f u l l s t r u c t u r a l 
c a p a c i t y and t o s t o p c o r r o s i o n . I t has 
been used s u c c e s s f u l l y under water and can 
s e a l c r a c k s as narrow as 0.002 i n . I t s 
a e s t h e t i c v a l u e i s q u e s t i o n a b l e , however. 

Other R e s i n Grouts 

Other r e s i n g r o u t s f o r c r a c k i n j e c t i o n 
a r e c u r r e n t l y b e i n g d e v e l o p e d . These 
r e s i n s have the advantage o f r e a c t i n g w i t h 
t h e w a t e r t h a t i s i n s i d e t h e c r a c k and n o t 
s i m p l y d i s p l a c i n g I t . T h i s r e s u l t s i n 
t h e r e b e i n g no r e s i d u a l f i l m o f water l e f t 
between t h e i n s i d e c o n c r e t e s u r f a c e and 
th e i n j e c t i o n m a t e r i a l . 
S a c r i f i c i a l C o n c r e t e C o l l a r 

I n t h i s method, a n o n s t r u c t u r a l 
c o n c r e t e c o l l a r i s c a s t around s t r u c t u r a l 
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Figure 18. Corrugated metal jacket. Figure 20. Sacrificial concrete 
armament. 

Figure 19. Steel collar jacket. Figure 21. Sacrificial concrete 
armament. 

concrete u s u a l l y at the w a t e r l i n e only. 
When the s a c r i f i c i a l concrete d e t e r i o r a t e s 
i t i s replaced. This method i s expensive 
and increases the dead load to such a 
degree t h a t the decision to use t h i s 
procedure may depend on a s t r u c t u r a l 
a n a l y s i s . Examples are shown i n Figures 
20 and 21. 

Grout Repair 
A v a r i e t y of epoxies and concretes 

w i t h m o d i f i e r s or admixtures are a v a i l a b l e 
f o r the underwater r e s u r f a c i n g of large 
areas of d e t e r i o r a t i o n and/or section 
l o s s . These may be used i n conjunction 
w i t h p i l e jackets or formwork and may or 
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may not include sandblasting of the 
r e i n f o r c i n g s t e e l . With the proper grout, 
they can be an e f f e c t i v e r e p a i r measure, 
some commonly used grouts are: 

Portland cement 
m o d i f i e r s and 

concrete 
mixtures. 

w i t h 
See 

Appendix C f o r i f u r t h e r d e t a i l s . 
Latex-modified concrete s l u r r y ( IZrP 
532). I 

High alumina cement (21r 22)• 
S u l f u r impregnated concrete (22)• 
Epoxy mortar grout. 
Gun-applied mortar ( I f i , p 532 21, PP 
509-526). See Figures 22 and 23 f o r 
examples of t y p i c a l f a i l u r e . 

• Preplaced aggregate concrete. 
i' 

The question hais been raised as t o 
whether permanent ,, formwork helps t o 
p r o t e c t a repaired ' area or whether i t 
simply hides a d d i t i o n a l d e t e r i o r a t i o n . I t 
i s known t h a t water 'absorbent forms, such 
as wood, w i l l dewater the concrete mix 
adjacent t o i t , making the surface 
harder. i f these forms are l e f t i n place 
f o r an extended period of time u n t i l a 
r e p a i r i s f u l l y cured, they can then be 
removed so t h a t assessment of the r e p a i r 
can be undertaken. Permanent forms, 
however, promote wick a c t i o n . 

When patching c h l o r i d e contaminated 
concrete w i t h a patch of f r e s h concrete, 
i f the patch comes i n contact w i t h the 
r e i n f o r c i n g s t e e l , a c o r r o s i o n c e l l can be 
e s t a b l i s h e d . i n t h i s instance, there i s 
an increased p o t e n t i a l f o r corrosion t h a t 
simply s h i f t s t o . surrounding cathodic 
areas of the same bars forming an anodic 
area and corrosion :then continues. This 
s i t u a t i o n may be remedied by coating the 
i n s i d e of the concrete c a v i t y and a l l 
exposed r e i n f o r c i n g s t e e l w i t h epoxy 
bonding compound t o e l e c t r i c a l l y i n s u l a t e 
the f r e s h patch. 

Passive Cathodic P r o t e c t i o n 
A s a c r i f i c i a l zinc anode, weighing 4 

to 10 pounds, i s attached d i r e c t l y to an 
exposed r e i n f o r c i n g , s t e e l bar during the 
underwater i n s p e c t i o n . This method i s 
quick, i s simple, and a r r e s t s corrosion of 
bars t h a t are completely exposed f o r up t o 
2 years (19) . !' 

A c t i v e Cathodic P r o t e c t i o n 
A c t i v e cathodic 

p a r t i a l l y submerged 
substructures i s 
p r a c t i c a b l e . Bridge 
r e l a t i v e l y uniform 
c o r r o s i o n , while substructures have more 
complex physics. , When concrete i s 
continuous through a l l three zones 
(subterranean, underwater, and 
atmospheric), the . r e i n f o r c i n g s t e e l i s 

p r o t e c t i o n of 
concrete bridge 
not c u r r e n t l y 
decks o f f e r a 
p o t e n t i a l f o r 

subject t o three p o t e n t i a l s f o r 
c o r r o s i o n . Steel p i l e s have s u c c e s s f u l l y 
been c a t h o d i c a l l y protected because they 
have the advantage of being i n d i r e c t 
contact w i t h ^ an e l e c t r o l y t i c s o l u t i o n , 
seawater, whereas the r e i n f o r c i n g s t e e l i n 
concrete i s i n i t i a l l y i n s u l a t e d from i t . 
As the cover d e t e r i o r a t e s and the 
e l e c t r i c a l c o n d u c t i v i t y of the cover 
increases, t h a t p o r t i o n becomes h i g h l y 
a c t i v e , a c c e l e r a t i n g c o r r o s i o n . 

SOMMARY 
Repair of Concrete 
D e t e r i o r a t i o n 

A r r e s t i n g of 

A few of the methods t h a t have been 
discussed are best s u i t e d f o r only new 
c o n s t r u c t i o n . The others are considered 
e i t h e r methods t o r e p a i r concrete 
d e t e r i o r a t i o n or methods t o a r r e s t 
concrete d e t e r i o r a t i o n . The d i s t i n c t i o n 
i s t h a t methods t o r e p a i r d e t e r i o r a t i o n 
t y p i c a l l y are simply those which put back 
something t h a t may have been I n f e r i o r i n 
the f i r s t place and which do not address 
the cause of d e t e r i o r a t i o n . On the other 
hand, methods t o a r r e s t d e t e r i o r a t i o n are 
those which attempt t o intervene i n the 
n a t u r a l chain of events known as 
d e t e r i o r a t i o n and t o slow or even t o 
a r r e s t i t s c o n t i n u a t i o n . 
Case H i s t o r i e s 

Case h i s t o r i e s of s p e c i f i c r e p a i r s are 
included i n Appendix E. They are 
presented i n work-sheet format so t h a t the 
judgments provided by the owner and the 
researcher w i l l not be construed as the 
f i n a l word on any p a r t i c u l a r r e p a i r 
method. Any assessment of a p a r t i c u l a r 
r e p a i r i n s t a l l a t i o n must be q u a l i f i e d w i t h 
such f a c t o r s as: c o n d i t i o n s at the s i t e 
on the day r e p a i r s were made, q u a l i t y 
c o n t r o l , and f i e l d c o n d i t i o n s since 
i n s t a l l a t i o n . 

Table 1 summarizes the re p a i r methods 
discussed i n t h i s chapter. I t a l s o * 
i n d i c a t e s a q u a l i t a t i v e " l i k e l i h o o d of 
success." 
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Figure 22. Gun-applied mortar (note deterioration). Figure 23. Gun-applied mortar (note deterioration). 

Table 1. Summary of repair methods (likelihood of suooess). 

STAGE OF 
DETERIORATION 

ABRASION CORROSION FREEZE-THAW CHEMICAL ATTACK 

INITIAL STAGE I . H y d r a u l i c 
T r a i n i n g 
( F a i r ) 

1. P e n e t r a t i o n 
S e a l a n t s 
(Poor) 

1. P e n e t r a t i o n 
S e a l a n t s 
(Poor) 

BEGINNING OF THE 
PROPAGATION 
STAGE 

1. Veneers (Good) 1. S u r f a c e Coatings 
(Poor) 

1. S u r f a c e Coatings 
(Poor) 

1. Veneers (Good) 
2. S u r f a c e Coatings 

(Poor) 

END OF THE 
PROPAGATION 
STAGE 

I . J a c k e t s (Good) 1. J a c k e t s (Good) 
2. Wraps ( F a i r ) 

1. J a c k e t s ( F a i r ) 1. J a c k e t s (Good) 
2. Wraps ( F a i r ) 

DESTRUCTION 
STAGE 

1. C o l l a r 
( E x c e l l e n t ) 

2. Grout (Good) 
1. C o l l a r ( E x c e l l e n t ) 
2. Zinc Anode 

( E x c e l l e n t ) 
3. Seal Crack (Good) 
4. Grout ( F a i r ) 

1. C o l l a r ( E x c e l l e n t ) 
2. Grout (Good) 

1. C o l l a r ( E x c e l l e n t ) 
2. Grout (Good) 
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Chapter Four 

NEW OR IMPROVED METHODS 
TO ARREST CONCRETE DETERIORATION 

"BIAINSTORIIING" SESSION 
Format f o r the Session 

I n order t o generate new or improved 
methods t o a r r e s t concrete d e t e r i o r a t i o n , a 
"brainstorming" session was conducted w i t h 
representatives from 'industry and govern
mental agencies i n attendance. 

E s s e n t i a l l y , a r r e s t i n g d e t e r i o r a t i o n 
means, or a t l e a s t i m p l i e s , i n t e r f e r i n g w i t h 
a progression of events t h a t w i l l occur 
n a t u r a l l y i n a f a i r l y w e l l - d e f i n e d order but 
a t a v a r y i n g r a t e , depending on the 
i n t e n s i t y of the various f a c t o r s i n v o l v e d . 
On the basis of t h i s premise, the approach 
t o the brainstorming session was t o o u t l i n e 
t o the p a r t i c i p a n t s t l i e causes o f concrete 
d e t e r i o r a t i o n , as described below, i n a 
step-by-step process. I t was s t a t e d t h a t 
d e t e r i o r a t i o n begins w i t h the i n i t i a t i o n 
stage, progresses through the propagation 
stage, and concludes, w i t h the d e s t r u c t i o n 
stage. This premise was presented i n three 
separate categories: s a l t water ( h o t ) , s a l t 
water ( c o l d ) , and f r e s h water. 

I t was pointed out t o the attendees 
t h a t three p o i n t s should be considered when 
developing a new or improved method t o 
a r r e s t concrete d e t e r i o r a t i o n . F i r s t , the 
stage of d e t e r i o r a t i o n of the member must be 
e s t a b l i s h e d w i t h i n the progression of events 
t h a t one wishes t o a r r e s t . Second, i t must 
then be decided how best t o a r r e s t the dete
r i o r a t i o n a t t h a t p o i n t . T h i r d , i t should 
be determined whether or not i t i s 
economically f e a s i b l e t o do so. When the 
basic premises were established the 
"brainstorming" session was begun w i t h the 
maximum amount of f r e e p a r t i c i p a t i o n 
encouraged. 

Refinement of Parameters 
I t was decided t h a t what would help the 

m a j o r i t y of maintenance engineers throughout 
the n a t i o n most was a quick, easy, and 
economical method t o a r r e s t concrete d e t e r i 
o r a t i o n without the need f o r extensive 
e v a l u a t i o n . As an example, i f 10 percent of 
the p i l e s of a bridge were t o begin t o 
d e t e r i o r a t e , i t could be assumed t h a t the 
other p i l e s were i n the propagation stage of 
d e t e r i o r a t i o n . I t would be best then t o 
look f o r an economicial method t h a t could be 
a p p l i e d t o a l l p i l e s and not j u s t the 10 
percent t h a t show d e t e r i o r a t i o n . 

Extensive e v a l u a t i o n could very w e l l 
r a i s e the cost of a r r e s t i n g d e t e r i o r a t i o n i n 
selected p i e r s beyond t h a t of a r r e s t i n g i t 
i n a l l p i e r s by a s u f f i c i e n t l y economical 

method. The technology necessary t o 
i d e n t i f y a p a r t i c u l a r stage of d e t e r i o r a t i o n 
i s not w i t h i n the scope of t h i s p r o j e c t . 

I t was pointed out by the research team 
t h a t r e p a i r s are t y p i c a l l y undertaken during 
the d e s t r u c t i o n stage. This may be too l a t e 
t o e f f e c t i v e l y a r r e s t d e t e r i o r a t i o n . I t was 
decided by a l l t h a t the most b e n e f i t would 
be gained i f methods could be devised t o 
a r r e s t d e t e r i o r a t i o n i n the i n i t i a t i o n and 
i n the propagation stages. 

The consensus of the "braintorming" 
panel was t h a t there i s l i t t l e d i f f e r e n c e 
between the r a t e of d e t e r i o r a t i o n caused by 
hot or c o l d s a l t water. The representatives 
from the U.S. Navy mentioned several 
examples from t h e i r own experiences around 
the world c o n f i r m i n g t h i s . Therefore, i t 
was decided t o e l i m i n a t e any d i s t i n c t i o n i n 
d e t e r i o r a t i o n r a t e r e s u l t i n g from 
d i f f e r e n c e s i n ambient temperatures. 

I t was also decided t h a t the most 
c o s t - e f f e c t i v e methods would be those t h a t 
r e q u i r e a minimum of d i v e r time and t h a t are 
easy t o apply. Cold water and cumbersome 
gear l i m i t the a b i l i t i e s of the d i v e r . 
V i s i b i l i t y i s l i m i t e d and i n many cases 
nonexistent. This l i m i t s the a p p l i c a t i o n 
and the i n s p e c t i o n of the p r e s e r v a t i o n 
method employed. Currents and waves are 
dynamic forces t h a t f u r t h e r reduce the 
e f f i c i e n c y of the d i v e r . I f everything else 
i s ignored , the d i v e r s t i l l has the problem 
of having no leverage. He f l o a t s i n n e u t r a l 
buoyancy w i t h no b e n e f i t of a surface t o 
push against or of body weight t o apply. 
Because of a l l these circumstances the diver 
i s not the i d e a l c o n t r a c t i o n worker and 
everything he does i s c o s t l y , time 
consuming, and r e l a t i v e l y i n e f f i c i e n t . 

IDEAS RESULTING FROM THE 
SESSION 

•BRAINSTORMING' 

Many ideas were presented and discussed 
a t the "brainstorming" session. Following 
i s a summary of those ideas without judgment 
as t o t h e i r f u t u r e value. 
Tapes 

Several forms of tapes were suggested 
t h a t could be wrapped around a p i l e t o 
p r o t e c t i t from i t s environment. This 
system was w e l l received because i t was 
envisioned t o be convenient f o r a diver t o 
apply. The tape would be supplied on a 
hand-held spool t h a t the d i v e r could e a s i l y 
grasp. Several m a t e r i a l s were mentioned as 
being s u i t a b l e f o r use as tapes. 
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• Mastic tape would provide a good 
chemical b a r r i e r and would a i d i n f i l l i n g 
i r r e g u l a r i t i e s i n the concrete surface. 
With e l a s t i c p r o p e r t i e s , i t would f i t a 
v a r i e t y of shapes. 

• Bituminous tape would provide an 
e x c e l l e n t chemical b a r r i e r . I t s s t i c k y 
t e x t u r e would adhere , t o the concrete 
surface. 

• Hardening tape t h a t i s p l i a b l e 
d uring i t s a p p l i c a t i o n and l a t e r sets up 
l i k e a cast would o f f e r abrasion r e s i s t a n c e . 

• P l a s t i c tape would o f f e r chemical resi s t a n c e . 

• A two-part system of tapes and/or 
coatings would combine the best of each 
component. 

Sealants and Coatings 

Several coatings were suggested as 
being b e n e f i c i a l i n a r r e s t i n g concrete dete
r i o r a t i o n . I t was r e a l i z e d t h a t some of 
these m a t e r i a l s cannot be a p p l i e d under 
water. The attendees l a t e r discussed 
methods t o dewater the a p p l i c a t i o n surface. 
Suggestions included: 

• C y c l o a l i p h a t i c polyurethane s i l i c o n e 
e l a s t o m e t r i c membrane i s a vapor permeable 
coating t h a t expands i n t o pores when i t i s 
wetted. However, i t i s not abrasion 
r e s i s t a n t and b i o l o g i c a l growth w i l l rupture 
the membrane. 

• S i l i c a g e l , which i s now used on 
submerged glass as an a n t i f o u l i n g agent, 
would discourage b i o l o g i c a l growth from 
r u p t u r i n g s e a l i n g membranes. 

• A coating w i t h low cohesion and high 
adhesion w i l l not become completely 
dislodged when b i o l o g i c a l growth i s p u l l e d 
from i t s surface. 

• L i q u i d p l a s t i c coatings might be 
formulated t o e x h i b i t i d e a l q u a l i t i e s . 

• S i l i c o n e l a t e x emulsions are water 
r e p e l l a n t . 

• Flaked glass i n a mastic tape would 
stop oxygen ingress. 

• S a c r i f i c i a l coatings would stop 
chemical a t t a c k . 

Other Methods 
Various other methods were also 

discussed a t the brainstorming session; 
these included the f o l l o w i n g : 

• A.^dewatering cofferdam would permit 
the app3?ication of surface sealants t o 
concrete which normally could not be a p p l i e d 
under water. This would c e r t a i n l y increase 
the v a r i e t y of sealants a v a i l a b l e . The 
device would be a small, clamp-on, 
l i g h t - w e i g h t u n i t . 

• A f l o a t i n g inner tube device w i t h a 
s k i r t beneath i t would be h e l p f u l i n 
a r r e s t i n g i c e abrasion due t o a f l u c t u a t i n g 
water l e v e l . 

• Litmus-paper-type i n d i c a t o r s t h a t 
t u r n d i f f e r e n t c o l o r s would a i d i n the 
i d e n t i f i c a t i o n of the type of chemical 
attack t h a t i s o c c u r r i n g . This method would 
be quick and economical I n comparison w i t h a 
l a b o r a t o r y a n a l y s i s of water samples. 

• A chemical f i l t e r s i m i l a r t o an 
i n t r u s i o n fence a t a c o n t r u c t i o n s i t e could 
be used t o screen ions. 

• A bubbler c u r t a i n s i m i l a r t o those 
used a t marinas could be used t o stop i c e 
formation. 

• A vulcanized rubber wrap could 
p r o t e c t against chemical a t t a c k . 

• An asphalt coating would seal the 
concrete surface. 

• The concrete surface could be 
greased t o make i t hydrophobic. 

• An e l e c t r i c charge could be a p p l i e d 
t o the concrete t o d r i v e out ions. 

• The concrete could be encased i n 
f r e s h water t o provide a h o s p i t a b l e environ
ment i n contact w i t h the concrete surface. 

• A s a c r i f i c i a l p i e r could be b u i l t 
around the s t r u c t u r a l p i e r t o i s o l a t e i t 
from the aggressive environment. 

•BRAINSTORIURG- IDEAS TBKD WARRANT FDRTBBR 
INVESTIGATION 

Of the numerous ideas t h a t were 
developed a t the brainstorming session, two 
appeared t o have s i g n i f i c a n t p o t e n t i a l t o 
the research team. This conclusion was 
reached through an e v a l u a t i o n process made 
by each member of the research team and a 
weighting process r e s u l t i n g i n a consensus 
o p i n i o n . 

Those ideas are (1) the development of 
a m u l t i p l e tape system and (2) the develop
ment of a procedure f o r applying coatings 
and sealants. 
M u l t i p l e Tape System 

I t seems f e a s i b l e t h a t i f m a t e r i a l s 
could be found t h a t would r e s i s t each of the 
four causes of d e t e r i o r a t i o n , they could be 
formulated i n t o separate or composite tapes 
t h a t could be wrapped around a p i l e or 
column t o i s o l a t e i t from i t s environment. 
The system has been conceptualized as being 
a p p l i c a b l e t o p i l e s and columns onl y . I t 
would be of l i t t l e use f o r w a l l s and mass 
concrete. 

I t should be stressed t h a t these tapes 
have not been developed, what i s described 
here i s the basis f o r a p o t e n t i a l system. 
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These tapes would.be on p l a s t i c spools 
about 1 f t . wide and would have buoyancy 
compensator bags b u i l t : i n t o them so t h a t a 
diver could wrap them around a p i l e w i t h 
ease w h i l e maintaining t h e i r n e u t r a l 
buoyancy. The tapes would be a p p l i e d i n a 
s p i r a l p a t t e r n . Each layer would a l t e r n a t e 
between l e f t - h a n d and right-hand s p i r a l s . 
Each wrapping sequence, would begin a t i t s 
lower l i m i t of a p p l i c a t i o n and progress up 
the p i l e so t h a t upper' l a y e r s would overlap 
lower ones and the j o i n t s would tend t o 
"shed water." 

Abrasion Tape 
Abrasion tape should be p l i a b l e during 

i t s i n s t a l l t i o n . I d e a l l y , i t should have a 
compressive s t r e n g t h a t l e a s t as high as the 
abrasive m a t e r i a l . Seven t o 10 k s i would be 
a minimum compressive s t r e s s . I t should 
have a moderate t e n s i l e s t r e n g t h t o r e s i s t 
being dislodged. I t should be smooth on i t s 
back side t o minimize l o c a l turbulance, and 
the tape may be s t i c k y on i t s face t o a i d i n 
i t s a p p l i c a t i o n . 

For economy, i t • can be formulated 
without chemical resistance f o r f r e s h water 
and w i t h chemical resistance f o r s a l t water. 
I t can also be r e s i s t a n t t o the e f f e c t s of 
f r e e z i n g and thawing. This property of the 
tape may also be a s p e c i f i c a t i o n t o order 
o p t i o n ; however, i t s cost b e n e f i t should be 
i n v e s t i g a t e d . 

The tape could harden by h y d r a t i o n . 
Because tape by nature would be a r e l a t i v e l y 
t h i n l a y e r of m a t e r i a l , p l a s t i c or 
f i b e r - r e i n f o r c e d h y d r a u l i c cement might be a 
good choice. This tape might be i n the form 
of p l a s t i c packets f i l l e d w i t h h y d r a u l i c 
cement on a p l a s t i c backing. The packets 
would slowly d i s s o l v e i n the water trapped 
between l a y e r s of tape and release the 
h y d r a u l i c cement so t h a t i t may hydrate. 
Thorough mixing of the cement would be 
d o u b t f u l , however. 

Other methods of hardening are also 
a v a i l a b l e . A two-component tape, as w i t h 
epoxy, might be u s e f u l ; however, thorough 
mixing of the components again i s d o u b t f u l . 
P l a s t i c c l o t h impregnated w i t h epoxy would 
have good st r e n g t h c h a r a c t e r i s t i c s but would 
be more labor i n t e n s i v e . A h i g h - s t r e n g t h 
c l o t h might also work. 

A d d i t i o n a l l y , a l l tapes described 
herein should have a " q u a l i t y - c o n t r o l - o f -
o v e r l a p p i n g - j o i n t " i n s p e c t i o n l i n e (QC 
overlap l i n e ) located 2 i n . from each edge. 
This w i l l allow a quick c o n s t r u c t i o n 
acceptance i n s p e c t i o n a f t e r each layer of 
tape i s a p p l i e d . 

Rubberized Asphalt Tape 

Rubberized asphalt tape should be a 
t h i c k p l i a b l e tape t h a t i s made of 
chemically i n e r t m a t e r i a l . Rubberized 
asphalt i s s p e c i f i e d here; however, other 
m a t e r i a l s may prove b e n e f i c i a l . I t should 
be s t i c k y on i t s face t o a i d i n i t s 
a p p l i c a t i o n and have a strong backing t o 

increase the t e n s i l e s t rength of the tape. 
I t should also have QC overlap l i n e s . 
P l a s t i c Foam Tape 

Laboratory t e s t s i n d i c a t e d t h a t the 
extent of damage t o a concrete sample as a 
r e s u l t of f r e e z i n g and thawing i s d i r e c t l y 
p r o p o r t i o n a l t o the r a t e of c o o l i n g . 
Through the use of p l a s t i c foam tape, an 
attempt i s made t o reduce the exodus of 
thermal energy from the concrete and allow 
water t o migrate from the c a p i l l a r i e s t o 
i n t e r n a l voids or the surface before i t 
freezes. 

This tape should be t h i c k and p l i a b l e 
w i t h a high thermal r e s i s t i v i t y f a c t o r . I t 
should have a moderate amount of chemical 
resistance and may be s t i c k y on i t s face t o 
a i d i n i t s a p p l i c a t i o n and have a strong 
backing t o Increase the t e n s i l e s t r e n g t h of 
the tape. I t should also have QC overlap 
l i n e s . 

Conductive Tape 

Conductive tape i s envisioned as a 
p l i a b l e tape t h a t would impart cathodic 
p r o t e c t i o n . I t would conduct e l e c t r i c i t y 
e i t h e r by means of embedded w i r e s , or more 
p e r f e c t l y , by means of the e l e c t r i c a l 
c o n d u c t i v i t y of the m a t e r i a l i t s e l f . This 
may be accomplished w i t h conductive mastic 
or woven g r a p h i t e f i b e r . I t i s possible 
t h a t the tape may only be r e q u i r e d above the 
w a t e r l i n e and t h a t a s i n g l e w ire would be 
required below the w a t e r l i n e . This i s 
because the water provides the e l e c t r o l y t e 
t o d i s t r i b u t e the charge. 

A problem t h a t w i l l have t o be solved 
i s the v e n t i n g o f gases t h a t w i l l be 
produced. Chlorine gas, which w i l l be one 
by-product, i s so a c t i v e i t w i l l eat away 
epoxy. This may be overcome i f the top seal 
i s gas permeable. 

The tape should be s t i c k y on i t s face 
and have a strong backing t o a i d i n i t s 
a p p l i c a t i o n . I t should also have QC overlap 
l i n e s . 

Permutations 
Each of 

formulated t o 
of d e t e r i o r a 
n a t u r a l l y occu 
combination of 
work t o deter 
reason, a comb 
above would af 

these four tapes would be 
p r o t e c t against the four forms 
t i o n independently. I n a 
r r i n g environment, however, a 

several forces i s u s u a l l y a t 
i o r a t e concrete. For t h i s 
i n a t i o n of the tapes described 
f o r d the best p r o t e c t i o n . 

Figure 24 shows which tapes would be 
used f o r combined a t t a c k . The important 
element i n t h i s f i g u r e i s the 'order of 
a p p l i c a t i o n . For example. Box 3 prescribes 
t h a t abrasion tape be placed over rubberized 
asphalt tape f o r combined abrasion and 
chemical a t t a c k . . This tape system would be 
i n e f f e c t i v e i f i t were reversed. 
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Abrasion 

Abrasion Abrasion Tape 
Corrosion 

- BOX 1 -
Corrosion Abrasion Tape 

over 
Conductive Tape 

Conductive Tape 
Freeze-Thaw 

- ,BOX 2 - - BOX 4 -
Freeze-
Thaw 

Abrasion Tape 
over 

Plastic Foam Tape 
Plastic Foam Tape 

over 
Conductive Tape 

Plastic Foam Tape 
Chemical Attack 

- BOX 3 - - BOX 5 - - BOX 6 -
Chemical 
Attack 

Abrasion Tape 
over 

Rubberized Asphalt Tape 
Rubberized Asphalt Tape 

over 
Conductive Tape 

Rubberized Asphalt Tape 
over 

Plastic Foam Tape 
Rubberized Asphalt Tape 

Figure 24. Combined attack: propagation etage 
corrective action. 

Corrosion 

Abrasion & 
Freeze Thaw 

Abrasion & 
Chemical 
Attack 

BOX 7 
Abrasion Tape 

over 
Plastic Foam Tape 

over 
Conductive Tape Freeze-Thaw 

BOX 8 BOX 9 
Abrasion Tape with Chemical 

Resistance over 
Conductive Tape 

Abrasion Tape with Chemical 
Resistance over 

Plastic Foam Tape Chemical Attack 

1 BOX 10 

Freeze-Thaw 
and Corrosion 

Rubberized AsphaU Tape 
over 

Plastic Foam Tape 
over, 

Conductive Tape 

BOX 11 
Abrasion, 
Freeze-Thaw 
and Corrosion 

Abrasion Tape with Chemical 
Resistance over Rubberized 

Asphalt Tape over 
Plastic Foam Tape 

over 
Conductive Tape 

Figure 25. Three and four combined attack. 
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Figure 25 takes t h i s concept a step 
f u r t h e r by d e s c r i b i n g tape systems t o combat 
the simultaneous onslaught of t h r e e or four 
d i f f e r e n t types of d e t e r i o r a t i o n . I t may be 
noted t h a t Box 11 addresses a l l four of the 
causes of d e t e r i o r a t i o n discussed i n t h i s 
r e p o r t . 

L i m i t s of A p p l i c a t i o n 

To be e f f e c t i v e the tapes do not need 
t o extend completely from the mud l i n e t o 10 
f t . above the l e v e l of extreme high t i d e . 
Economy of m a t e r i a l s w i l l be achieved i f 
each tape i s a p p l i e d where i t w i l l do the 
most good. The order of tape a p p l i c a t i o n i s 
also an important c o n s i d e r a t i o n so t h a t 
optimum use i s achieved. S t a r t i n g from the 
outside and proceeding Inward through each 
l a y e r , the l i m i t of a p p l i c a t i o n of each tape 
i s described below and presented i n Figure 
26. 

Abrasion tape i 
outside t o provide 
f o r the u n derlying 
needed i n two zone 
w i l l need t o extend 
l i n e t o some depth 
compensate f o r the 
occurs a t a p i l e 
water v e l o c i t y . At 
should extend j u s t 
extreme low t i d e t o 

s best placed on the 
a, hard s h e l l p r o t e c t i o n 
l a y e r s . I t w i l l be 

At the mud l i n e , i t 
from j u s t above the mud 

below the mud l i n e t o 
scouring a c t i o n t h a t 

during periods of high 
the w a t e r l i n e , the tape 
beyond the l i m i t s of 

extreme high t i d e . 
Rubberized asphalt tape would be 

required next i f chemical attack i s a 
problem. I t would extend from the mud l i n e 
t o the top of the splash zone and would also 
p r o t e c t any u nderlying l a y e r s . As mentioned 
i n Chapter Three, wick a c t i o n w i l l draw i n 
water and chemicals a t the bottom of a 
r e p a i r and e x p e l l water vapors from the t o p , 
l e a v i n g a high c o n c e n t r a t i o n of chemicals a t 
the concrete surface. To a r r e s t t h i s 
a c t i o n , e f f e c t i v e top and bottom seals w i l l 
need t o be designed. 

P l a s t i c foam tape would be needed next 
t o p r o t e c t the concrete from f a l l i n g a i r 
temperatures. This would necessitate an 
a p p l i c a t i o n zone from j u s t below the extreme 
low t i d e l i n e t o the top of the splash zone. 

Conductive tape would be the innermost 
layer because i t needs t o be i n d i r e c t 
contact w i t h the concrete surface. I t would 
be r e q u i r e d from below the mud l i n e t o the 
top of the splash zone. 

The economy of labor can be maximized 
by reducing the number of tapes used. 
Possibly, conductive tape and rubberized 
asphalt tape could be,offered a l t e r n a t e l y as 
a composite. L i m i t i n g the number of tapes 
w i l l also reduce the stre s s on the di v e r by 
reducing the number of descents t h a t w i l l be 
r e q u i r e d . As a r e s u l t , the t o t a l economy 
w i l l be a t r a d e - o f f between labor and 
m a t e r i a l s , i . e . , using four separate tapes 
or one combined tape. 

Top and Bottom Seals 

Top and bottom _8eals present two 
i n t e r e s t i n g problems t h a t were discussed 
p r e v i o u s l y : wick a c t i o n and the v e n t i n g of 
gases. I t would appear t h a t both problems 
could be solved by developing a w a t e r t i g h t 
bottom seal and a vapor-permeable top seal 
(see F i g . 2 7 ) . The top seal would simply 
keep water out. With t h i s arrangement, 
gases and water vapor can be vented. This 
would cause the p i l e t o dry out, thus 
reducing e l e c t r i c a l c o n d u c t i v i t y and 
chemical a c t i v i t y . Some problems remain, 
however. Even i f the overlapping j o i n t and 
the bottom seal were w a t e r t i g h t , water would 
s t i l l p e r c o l a t e through the concrete 
c a p i l l a r i e s producing wick a c t i o n . I n t h i s 
case the vapor-permeable top seal would o n l y 
aggravate the s i t u a t i o n . 

A method t o seal the c a p i l l a r i e s deep 
below the water surface would be b e n e f i c i a l . 
One possible s o l u t i o n might be p l a c i n g 
chemicals a t the bottom of the bottom seal 
so t h a t they would be drawn up i n t o the 
c a p i l l a r i e s , react w i t h the concrete, and 
reduce i t s p e r m e a b i l i t y . 
T y p i c a l I n s t a l l a t i o n 

Figure 28 depicts what i s described i n 
Box 11 of Figure 25. This system i s 
intended t o a r r e s t a l l four causes of 
concrete d e t e r i o r a t i o n . The dimensions 
shown are f o r i l l u s t r a t i v e purposes only. 
Tape A p p l i c a t o r s 

I n an e f f o r t t o minimize di v e r e f f o r t , 
various tape a p p l i c a t o r s were considered. 
The simplest i s shown i n Figure 29 and 
c o n s i s t s of an axle through the spool and 
two "0" shaped handlebars set a t 90 degrees 
t o each other. A hand brake, much l i k e t h a t 
on a b i c y c l e , i s provided on one handlebar 
and would be capable of l o c k i n g s i m i l a r t o a 
parking brake. This would allow the d i v e r 
the a b i l i t y t o release the spool and not 
have I t f l o a t away. As mentioned 
p r e v i o u s l y , the spool i t s e l f would have 
buoyancy compensation' t o compensate f o r 
changes i n depth and the weight of the tape 
remaining on the spool. A l l m a t e r i a l s would 
have to- be c o r r o s i o n r e s i s t a n t and 
chemically i n e r t . 

The d i v e r operates the a p p l i c a t o r by 
holding the handlebars and swimming s p i r a l l y 
up the p i l e . Because a second div e r i s 
re q u i r e d on any d i v i n g o p e r a t i o n , t h i s 
worker f o l l o w s behind p u l l i n g the tape t a u t 
and assures a uniform overlapping j o i n t . 
The second div e r then a p p l i e s pressure w i t h 
a device much l i k e a r o l l i n g p i n t o squeeze 
out trapped water. 

A second a p p l i c a t o r , shown i n Figure 
30, has the r o l l i n g p i n b u i l t i n t o the 
frame. The diver g r i p s the device near the 
r o l l e r and swims forward, g u i d i n g the tape 
and squeezing out trapped water a t the same 
time. The second d i v e r i n t h i s o p e r a t i o n 
acts as a c o n s t r u c t i o n Inspector, reducing 
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Figure 26. Limita of application. Figure 27. Top and bottom seal details. 



/ATERLINE 

S E E FIGURE 27 FOR DETAILS 

-HANDLE WITH HAND B R A K E 

- T A P E 

S P O O L 

P I L E -

ABRASION TAPE OVF) 

PLASTIC FOAM TAPE 

RUBBERIZED ASPHALT TAPE 

CONDUCTIVE TAPE 

Figure 29. Tape applicator. 
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Figure 28. Multiple tape installation 
example. 

Figure 30. Tape applicator. 
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the complexity of the operation by a step 
f o r each tape t h a t i s a p p l i e d . 

Both the tapes and the tape 
a p p l i c a t i o n s are an attempt t o en v i s i o n 
something t h a t would appear f e a s i b l e . F i e l d 
t e s t s w i l l be required i n order t o determine 
t h e i r t r u e p o t e n t i a l . 

Oewatering Cofferdam 

The dewatering cofferdam device was 
f i r s t described a t the brainstorming session 
as a small clamp-on u n i t . I t would 
f a c i l i t a t e several operations. F i r s t , a 

p i l e could be steam cleaned below the 
w a t e r l i n e . Acid etching might be possible 
w i t h t h i s device. The p i l e could then be 
allowed t o dry f o r a couple of days. Hot 
a i r or i n f r a r e d l i g h t could a i d i n the 
dr y i n g o p e r a t i o n . The a p p l i c a t i o n of a wide 
v a r i e t y of sealants and coatings would be 
possible because these m a t e r i a l s can be 
applie d i n - t h e - d r y . The form could even be 
flooded w i t h a sealant t o allow i t time t o 
soak i n t o the concrete pores w i t h s l i g h t 
h y d r a u l i c pressure. 

This device could also be used as a 
reusable form f o r the pouring of concrete. 
Curing times f o r a l l these m a t e r i a l s can be 

A D J U S T A B L E 
JOINT 

5̂  

FRICT ION CLAMP A S S E M B L Y 

N E O P R E N E PAD 

S T R U C T U R A L 
TUBING 

I N S P E C T I O N 
PORT 

HORIZONTAL 
F IXED JOINT 

CASINO 

P R E S S U R E H O S E 

I N F L A T A B L E S E A L 

Figure 31. Dewatering cofferdam. 
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extended over several days. I n subsequent 
discussions, i t was decided t h a t d i v e r time 
could be minimized, i f not e l i m i n a t e d , by 
r e q u i r i n g the device t o be completely 
o p e r a t i o n a l from the surface. This would 
mean t h a t the bottom seal would have t o be 
i n s t a l l e d without t l i e a i d of a d i v e r . 

Figure 31 shows the dewatering 
cofferdam i n place around a p i l e . To do 
t h i s without a d i v e r , the p i l e i s f i r s t 
cleaned. This may be done by scraping below 
and sandblasting above the w a t e r l i n e . I f 
the dewatering cofferdam i s t o be used as a 
reusable concrete form, a p l a s t i c form 
l i n i n g t h a t i s not shown i n the f i g u r e i s 
attached t o the p i l e . This form l i n e r w i l l 
also provide a d d i t i o n a l c u r i n g a f t e r the 
form i s removed. The casing and any banding 
i s then assembled around the p i l e . 

The i n f l a t a b l e bottom seal i s placed 
around the p i l e and i t s two ends are 
connected. The seal i s snapped onto the 
casing and r e t r a c t e d from the p i l e face. 
The casing i s then lowered i n t o p o s i t i o n and 
t e m p o r a r i l y secured. The f r i c t i o n clamp i s 
assembled next, b o l t e d i n place, and the 
casing drawn up snug against the bottom of 
the clamp. The bottom seal i s i n f l a t e d . 
The seal may be e i t h e r pneunatic or 
h y d r a u l i c i n nature, depending on which i s 
most advantageous. The water i s then pumped 
out from w i t h i n the casing. 

To remove the dewat 
pressure release valve 
surface i s opened, a l l 
seal t o d e f l a t e . I t i s 
p i l e face by means of 
casing has flooded, the 
removed and the casing 
water and dismantled. I 
used as a concrete 
latches (not shown) w i l l 
t o release the v e r t i c a 
casing can be removed. 

e r i n g cofferdam, 
loca t e d above 

owing the 
r e t r a c t e d 

s t r a p s , 
f r i c t i o n 
l i f t e d 

the 
the 

i n f l a t a b l e 
from the 
A f t e r the 
clamp I S 

out of the 
f the cofferdam was 
form, quick-release 
need t o be thrown 

1 j o i n t s so t h a t the 

To minimize the cost of the device and 
maximize the v e r s a t i l i t y , the casing should 
be constructed i n 4 - f t . sections w i t h 
h o r i z o n t a l f i x e d j o i n t s t o accommodate 
t i d a l , wave, and splash zone v a r i a t i o n s . I t 
also should have v e r t i c a l a d j u s t i n g j o i n t s . 
This would allow one casing t o f i t a range 
of p i l e s izes. The length of the i n f l a t a b l e 
seal w i l l depend on the p i l e s i z e . The 
bottom s e c t i o n can come i n two models, one 
f o r square p i l e s and one f o r round p i l e s . 
The s i z e of the round p i l e bottom s e c t i o n 
would also depend on the p i l e s i z e . 

The number of 4 - f t . sections t h a t w i l l 
be needed w i l l depend on c o n d i t i o n a t the 
s i t e . The area t o be covered w i t h sealants 
would extend from 1 f t . below the l e v e l of 
extreme low t i d e t o the top of the splash 
zone. Beyond t h i s , a 1 f t . sump zone would 
allow f o r condensation. The remaining 
length can be used above the splash zone as 
a f r e e board. 

excessive member weight. I n s p e c t i o n p o r t s 
were provided f o r q u a l i t y assurance and a l l 
metal p a r t s should be e i t h e r galvanized 
s t e e l or aluminum. I t i s r e a l i z e d t h a t much 
development work remains i n order t o make 
t h i s design a working model. 

Sprayers 

I n an e f f o r t t o minimize the buoyancy 
force exerted on the dewatering cofferdam, 
the i n s i d e clearance had t o be only a few 
inches. Working i n such a small space 
became the next concern. Methods of 
applying sealants and coating were 
discussed. 

One p o s s i b i l i t y would be a fan sprayer, 
shown i n Figure 32, on a hollow s h a f t a t a 
r i g h t angle t o i t , which could be i n s e r t e d 
i n s i d e the cofferdam. Other p o s s i b i l i t i e s 
include a r o l l e r or a brush on a hollow 
s h a f t which would supply the sealant a t the 
lower end. 

S P R A Y 

F L E X I B L E 
P R E S S U R E 

H O S E 

SEMI -R IG ID S T E M 

Figure 32. Fan sprayer. 

Design and d e t a i l s were also 
considered. I n i t i a l computations were run 
on the f r i c t i o n clamp t o assure strength and 
t o r s i o n a l s t a b i l i t y without the need f o r 
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Figure 33 de p i c t s a sprayer apparatus 
which would be assembled around the p i l e 
before the dewaterlng cofferdam was pumped 
dry. This device i s ad j u s t a b l e t o 
accommodate a range of p i l e s i z e s . The 
device would be lowered t o the bottom of the 
cofferdam, and then would begin spraying as 
the device i s raised back t o the top. The 
device would r e q u i r e a s i n g l e l i f t i n g cable, 
and the pressure hose t h a t supplies sealants 
from the surface would be attached t o i t so 
t h a t the hose w i l l be r e t r a c t e d as the 
device i s r a i s e d . The stand-off wheels 
maintain the optimum spraying distance. 

As an a l t e r n a t i v e t o the above design, 
the device may simply c o n s i s t of an 
ad j u s t a b l e frame of s i m i l a r c o n f i g u r a t i o n 
w i t h a f l e x i b l e hose snapped t o i t . The 
hose would be disposable. This a l t e r n a t e i s 
proposed t o a l l e v i a t e a n t i c i p a t e d problems 
due to- clogged , spray j e t s and stuck s l i p 
j o i n t s . The a l t e r n a t e design would minimize 
down-time and e l i m i n a t e the r e p e t i t i v e 
cleaning o p e r a t i o n . 

D E W A T E R I N G 
C O F F E R D A M CASINO 

LIFTINO C A B L E P R E S S U R E H O S E 

P I L E 

S L I P A D J U S T A B L E 
L INKAGE 

S T A N D - O F F 
W H E E L 

S P R A Y 
J E T S 

Figure 33. Sprayer apparatue inside deuatering cofferdam. 
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Chapter Five 

CONCLUSIONS, RECOMMENDATIONS AND RESEARCH NEEDS 

CONCLUSIONS 
Inspe c t i o n Techniques 

Numerous techniques are pr e s e n t l y 
a v a i l a b l e f o r the assessment of 
d e f i c i e n c i e s i n substructure u n i t s under 
water. With present technology, some are 
more s u i t a b l e than others. Techniques 
t h a t may someday have a p p l i c a t i o n f o r 
underwater use w i t h f u r t h e r development 
include the f o l l o w i n g . 

1. Assessing d e f i c i e n c i e s w i t h the 
aid of d e f i n i t i o n s based on the urgency of 
c o r r e c t i v e a c t i o n can be of help t o 
maintenance engineers. 

2. A r a t i n g m o d i f i c a t i o n system 
which accounts f o r v a r i a t i o n s i n the rate 
of d e t e r i o r a t i o n due t o the h i s t o r y , 
environment, geography, and f u t u r e land 
use near a bridge s i t e can be applied to 
an i n i t i a l assessment t o more c o n s i s t e n t l y 
depict the tr u e immediacy of correct^ive 
a c t i o n . 
Substructure Analysis 

1. State highway agencies u s u a l l y 
analyze a bridge substructure only when a 
r e l a t i v e l y obvious d e f i c i e n c y e x i s t s . 

2. Most states f e e l t h a t there i s no 
need t o analyze ' the e f f e c t t h a t a 
de f i c i e n c y has on capacity i f r e p a i r s are 
promptly executed. 
General Concrete D e t e r i o r a t i o n 

1. There are three stages of 
d e t e r i o r a t i o n : i n i t i a t i o n , propagation, 
and ' d e s t r u c t i o n . Once i t i s determined 
which s t a t e of d e t e r i o r a t i o n a s t r u c t u r e 
i s i n , a re p a i r process can be selected. 

2. Repairs are us u a l l y undertaken 
only a f t e r extensive damage has occurred. 
This i s due t o f i n a n c i a l l i m i t a t i o n s and 
the hidden nature of underwater 
d e t e r i o r a t i o n . 

3. D e t e r i o r a t i o n u s u a l l y occurs 
f i r s t i n the primary a c t i v e zone defined 
as an area extending from the l e v e l of 
extreme low t i d e to the top of the splash 
zone. This accelerated r a t e of 
d e t e r i o r a t i o n i s due t o the high 
a v a i l a b i l i t y of oxygen, the e f f e c t s of 
freeze-thaw, and other f a c t o r s . 
Methods t o A r r e s t Concrete D e t e r i o r a t i o n 

1. Hydraulic t r a i n i n g s t r u c t u r e s 
such as spurdikes, cofferdams, e t c . , 
address the primary causes of abrasion. 
The advantages of these s t r u c t u r e s are 

oft e n l i m i t e d because a s t r u c t u r e which 
reduces scour and abrasion i n one area may 
have a reverse e f f e c t elsewhere i n the 
channel. 

2. Penetrating sealants come i n a 
wide v a r i e t y ; however, t h i s research d i d 
not reveal any which appear to be 
appli c a b l e under water. 

3. Surface coatings are a v a i l a b l e i n 
a wide range of p r o p e r t i e s ; however, they 
have enjoyed only l i m i t e d success. 
Epoxies, i n p a r t i c u l a r , tend t o be h i g h l y 
complex systems t h a t have had a h i s t o r y of 
r e q u i r i n g very s t r i n g e n t c o n t r o l s . 

4. Jackets and wraps have produced 
varying degrees of success. Monitoring 
the performance of the system i s necessary 
to determine i f i t i s p r o t e c t i n g the p i l e 
or simply h i d i n g continued d e t e r i o r a t i o n . 
Removable forms provide p r o t e c t i o n during 
c u r i n g and allow monitoring at a l a t e r 
date. 

5. When se a l i n g cracks by gr o u t i n g 
or pressure i n j e c t i o n , i t i s o f t e n 
questionable as t o whether or not the 
rep a i r has arrested d e t e r i o r a t i o n . To 
insure t h a t the r e p a i r i s e f f e c t i v e , a 
monitoring system i s necessary. For 
re p a i r s such as these, epoxy grout has 
shown the most promise. 
New or Improved Methods to Ar r e s t Concrete 
D e t e r i o r a t i o n 

1. Methods t h a t are quick and 
economical are needed to a r r e s t concrete 
d e t e r i o r a t i o n w i t h o u t the requirement f o r 
extensive e v a l u a t i o n . 

2. Diver time and e f f o r t should be 
minimized f o r use i n these methods. 

RECOMMENDATIONS 
Inspection ' 

The development of several t e s t i n g 
devices f o r underwater use would a i d the 
maintenance engineer i n eval u a t i n g the 
s t r u c t u r a l s t r e n g t h of bridge 
substructures. 
Concrete 

1. A p o l a r i z a t i o n resistance device 
would be capable of the underwater 
measurement of the ac t u a l r a t e of 
corros i o n of r e i n f o r c i n g s t e e l . 

2. A t e s t block permanently attached 
t o the substructure i n a protected 
l o c a t i o n would serve as a sample of the 
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o r i g i n a l concrete poured at the time of 
co n s t r u c t i o n . This block, which could be 
an outcropping on the p i e r cap, would a i d 
the engineer i n c a l i b r a t i n g present and 
f u t u r e t e s t equipment. 

3. Provisions should be made on 
e x i s t i n g p i l i n g as w e l l as at the' time of 
con s t r u c t i o n f o r an e l e c t r i c a l connection 
to be made to the r e i n f o r c i n g s t e e l i n the 
substructure so t h a t the voltage p o t e n t i a l 
readings can be taken t o monitor 
d e t e r i o r a t i o n . This connection should be 
of trade standard q u a l i t y and be s i t u a t e d 
i n a protected l o c a t i o n . Substructure 
u n i t s to be equipped should be d i s t r i b u t e d 
i n shallow as w e l l as deep water. 
Determination of which u n i t s w i l l corrode 
f i r s t should not be of great .concern 
because those which do not corrode w i l l 
serve as a negative c o n t r o l . 

4. Research i n t o p r e d i c t i n g a time 
frame of d e t e r i o r a t i o n would be a help to 
the maintenance engineer i n p r e d i c t i n g 
when a s t r u c t u r e w i l l need r e p a i r s . For 
example, i f the p o t e n t i a l f o r corrosion of 
r e i n f o r c i n g s t e e l could be observed and 
co r r e l a t e d to the "time to d e t e r i o r a t i o n , " 
an approximation could be made as t o when 
corrosion w i l l commence and when i t w i l l 
become a problem. This could (be 
accomplished w i t h something as simple as a 
graph wi t h a "f a m i l y of p r e d i c t i o n curves" 
on which f i e l d data p o i n t s can be p l o t t e d . 

Steel 

1. A steel- s t r e n g t h t e s t i n g device 
would be capable of determining the 
strength of e x i s t i n g p i l e s under water. 
This would e l i m i n a t e the need f o r coupons 
and s t r a i n gages. 
Timber 

1. A timber cat scanner would be 
much l i k e t h a t which i s c u r r e n t l y under 
development f o r concrete. 
Assessment of Def i c i e n c i e s 

1. The proposed g u i d e l i n e booklet 
(App. G) should be implemented to assess 
underwater d e f i c i e n c i e s . 
E x i s t i n g Methods to Prevent Concrete 
D e t e r i o r a t i o n 
Materials 

1. Because the corner bar of a 
square p i l e i s exposed to b a s i c a l l y two 
planes of attack and f a i l u r e , i t 
d e t e r i o r a t e s much f a s t e r than do bars t h a t 
are located on the side faces. The 
development of economical and e f f i c i e n t 
means to f a b r i c a t e c i r c u l a r precast p i l e s 
would e l i m i n a t e t h i s problem. 
Practices 

1. soaking a p i l e i n clean water 
before d r i v i n g i t i n s a l t water w i l l 
prevent , the p i l e from soaking up s a l t 
water a f t e r i t i s d r i v e n . 

New or Improved Methods t o A r r e s t Concrete 
D e t e r i o r a t i o n 

1. The proposed system of tapes and 
a p p l i c a t i o n should be developed to i s o l a t e 
a concrete p i l e from i t s environment. 

2. Development 
a p p l i c a t o r s w i l l make 
a t t r a c t i v e a l t e r n a t i v e . 

of usable tape 
the tape system an 

3. Development of a dewatering 
cofferdam device w i l l allow many 
a c t i v i t i e s t o be performed i n - t h e - d r y and 
allow others to be performed t h a t could 
not p r e v i o u s l y be used at a l l . 

4. Development of a sprayer f o r 
applying sealants and coatings w i l l 
g r e a t l y increase the usefulness of the 
dewatering cofferdam. 
RESEARCH NEEDS 

1. The e n t i r e decision-making process 
of whether a substructure u n i t d e f i c i e n c y 
should be re p a i r e d , replaced, or a c t i o n 
deferred should be examined i n d e t a i l . 
Guidelines are needed to a i d the engineer 
i n e s t a b l i s h i n g various c r i t e r i a t o be 
used i n t h i s process. 

Methods need t o be examined to 
i d e n t i f y the stage of 
d e t e r i o r a t i o n of a p a r t i c u l a r 
bridge s u b s t r u c t u r e . The premise 
of an i n i t i a t i o n , propagation, 
and d e s t r u c t i o n stage of 
d e t e r i o r a t i o n can be applied to 
a l l b u i l d i n g m a t e r i a l s . The 
methods examined w i l l probably be 
a combination of s t r u c t u r a l 
s t r e n g t h e v a l u a t i o n techniques 
i d e n t i f i e d i n Chapter Two. 

An evaluation of v i a b l e r e p a i r 
technique options a v a i l a b l e f o r 
the p a r t i c u l a r stage of 
d e t e r i o r a t i o n t h a t i s found needs 
t o be discussed and t a i l o r e d t o 
be incorporated i n t o the decision 
process. Thus, research i s 
required t o develop a method of 
s e l e c t i o n between a l t e r n a t e 
r e p a i r procedures. This method 
should be based on an o b j e c t i v e 
comparison of cost, b e n e f i t , 
probable success r a t e , and l i f e 
expectancy. 

Once a re p a i r approach has been 
i d e n t i f i e d , a decision must be 
made whether the pres e r v a t i o n 
procedures are warranted at t h i s 
time. A method of ana l y s i s of the 
cost b e n e f i t of performing 
r e p a i r s at a l a t e r stage of 
d e t e r i o r a t i o n should be 
in v e s t i g a t e d . Economical savings 
may be r e a l i z e d i f r e p a i r s are 
delayed u n t i l the optimum time 
frame f o r a s p e c i f i c p r e s e r v a t i o n 
procedure. The a l t e r n a t i v e 
should also be i n v e s t i g a t e d w i t h 
regard t o whether the estimated 
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cost be spent on the re p a i r or 
the money be app l i e d towards 
funding a replacement s t r u c t u r e . 

2. Research t h a t would p a r a l l e l t h i s 
study would d e t a i l p r e d i c t i o n , assessment, 
and prevention of scoiir. Because of the 
sudden and o f t e n c a t a s t r o p h i c nature of 
bridge f a i l u r e due t o scour, methods need 
to be examined t h a t would p r e d i c t and 
assess the r i s k of scour and a s t r u c t u r e ' s 
s u s c e p t i b i l i t y t o scour. These methods, 
which might Include computer modeling, 
would be based on the type of foundation 
m a t e r i a l , type of substructure design, i t s 
s u s c e p t i b i l i t y t o scour, h y d r a u l i c 
c h a r a c t e r i s t i c s of the stream, and 
s t a t i s t i c s of f a i l u r e . s t a t e - o f - t h e - a r t 
methods t o a r r e s t scour should be 
in v e s t i g a t e d . New or Improved methods to 
a r r e s t scour should be developed. 

3. i n order t o Induce the p r i v a t e 
sector i n t o developing new products. 
I n c l u d i n g those t h a t were suggested i n 
t h i s r e p o r t , the need f o r product 
development should be demonstrated by 
q u a n t i f y i n g the underwater d e t e r i o r a t i o n 
problem. A demand analysis of t h i s 
i n f o r m a t i o n should reveal the p o t e n t i a l 
market f o r p a r t i c u l a r products. 

4. Because of the enthusiasm 
expressed by several states f o r the 
d e f i n i t i o n s of urgency of c o r r e c t i v e 
a c t i o n based on maintenance l e v e l and the 
mo d i f i c a t i o n c h a r t , the proposed g u i d e l i n e 
booklet should be expanded to assess a l l 
elements of the deck, superstructure and 
substructure above as w e l l as below the 
wa t e r l i n e . This research may ev e n t u a l l y 
lead t o the development of a comprehensive 
Bridge Maintenance Management System. 
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Appendix B 

RESEARCH APPROACH 
ADDRESSES AND SAMPLE LETTERS 
TO SOLICIT INFORMATION 

HIGHWAY AGENCIES 
O.S.A. 

* Alabama s t a t e Highway Department 
* Alaska Department of Highways 
* C a l i f o r n i a Department of 

Transportation 
* Colorado Department of Highways 
* Connecticut Bureau of Highways 
* F l o r i d a Department of Transportation 
* Georgia Department of Transportation 
* Hawaii Department of Transportation 
* Idaho Department of Highways 
* I l l i n o i s Department of Tra n s p o r t a t i o n 
* Kansas State Highway Commission 
* Kentucky Department of Transportation 
* Louisiana Department of Highways 
* Maine Department of Transportation 
* Maryland Department of Transportation 
* Massachusetts Department of Public 

Works 
* Michigan Department of State Highways 

and Transportation 
* M i s s i s s i p p i s t a t e Highway Department 
* Montana Department of Highways 
* Nevada Department of Highways 
* New Hampshire Department of Public 

Works and Highways 
* New Jersey s t a t e Department of 

Transp o r t a t i o n 
* North Carolina Department of 

Transportation 
* Oklahoma Department of Highways 
* Oregon Highway D i v i s i o n • 
* Pennsylvania Department of 

Transp o r t a t i o n 
* Rhode I s l a n d Department of 

Tran s p o r t a t i o n 
* South Dakota Department of 

Transp o r t a t i o n 

* Tennessee Department of Transportation 
* Texas Highway Department 
* Vermont Agency of Transportation 
* V i r g i n i a Department of Highways and 

Transp o r t a t i o n 
* West V i r g i n i a Department of 

Transportation 
* Wyoming Highway Department 

Puerto Rico Highway A u t h o r i t y 
* Addressees t h a t responded 

OTHER AGENCIES 

Highway A u t h o r i t i e s 
*N.Y. State Thruway A u t h o r i t y 
•Massachusetts Turnpike A u t h o r i t y 
•Mackinac Bridge A u t h o r i t y 

Railroads 
Seaboard Coastline Railroad 

•Chicago and Northwest TraAsit Company 
Southern P a c i f i c T r a n s i t Company 
•Kansas C i t y Southern Railways 
Chessle System 
AT & Santa Fe Railway 
Canadian National Railway 
Federal Railroad A d m i n i s t r a t i o n 
•New Zealand Railways 

Ports 
•Port of Los Angeles 
•Port A u t h o r i t y of NY and NJ 
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*U 

U.S. Government 
*FHWA, Bridge D i v i s i o n , Hydraulic Branch 
•U.S. Army, Corps of Engineers, 

Waterway Experimentation S t a t i o n , 
M i s s i s s i p p i 

U.S. Army, Coastal Engineering 
Research Center, Ft. B e l v o i r , VA 

*U.S. Navy, F a c i l i t i e s Engineering 
Command 

*U.S. Navy, C i v i l Engineering 
Laboratory, Port Hueneme 

S. Coast Guard 
S. Geological Survey, Water 

Resources D i v i s i o n , Denver 
•Engineering and Research Center, 

Department of I n t e r i o r 
•U.S. Geological Survey, National Water 

Data Exchange 
•National Bureau of Standards 
U.S. Dept. of Commerce, National 

Technical i n f o r m a t i o n service 
•U.S. Navy, Naval Surface Weapons 

Center, VA 
Foreign Governments 
M i n i s t r y of Works and Development, NZ 

•National Roads Board, NZ 
• M i n i s t r y of Transportation & 

Communications, Ontario, Canada 
•National Road A d m i n i s t r a t i o n , Sweden 

COUNCILS, INSTITUTES, ASSOCIATIONS 
AND CENTERS 

U.S.A. 
•St. Anthony F a l l s Hydraulic 
Laboratory, U n i v e r s i t y of Minnesota 
^lowa i n s t i t u t e of Hydraulic Research 
Center f o r Tra n s p o r t a t i o n Research, 

U n i v e r s i t y of Texas 
•National Association of Corrosion 

Engineers, Texas 
ASCE, New York 
•ACI, D e t r o i t 
•VDH&T Research Council, V i r g i n i a 
•Transportation Laboratory, C a l i f o r n i a 
Department of Transportation 

•Planning and Research D i v i s i o n , Texas 
State Department of Highways and 
Public Transportation 

• F i t z Engineering Laboratoy, LeHigh 
u n i v e r s i t y 

•Highway Research In f o r m a t i o n Service, 
Washington, D.C. 

•Texas Transportation I n s t i t u t e , Texas 
ASM U n i v e r s i t y 

• i n s t i t u t e of Trans p o r t a t i o n and 
T r a f f i c Engineering, U n i v e r s i t y 
of C a l i f o r n i a at Berkley 

•National Ready Mixed Concrete 
Ass o c i a t i o n , MD 

•National Concrete Masonry A s s o c i a t i o n , 
V i r g i n i a 

•Balcones Research Center, U n i v e r s i t y 
of Texas 

•AREA, Washington, D.C. 
ASTM, PA 
Brookhaven National L a b o r a t o r i e s , New 

York 

•American Concrete P i l e A s sociation, 
V i r g i n i a 

•Associated R e i n f o r c i n g Bar Producers, 
I l l i n o i s 

I n t e r n a t i o n a l Bridge, Tunnel and 
Turnpike A s s o c i a t i o n , 
Washington, D.C. 

•American Concrete Pipe Association 

United Kingdom 
•Transport and Road Research Laboratory 
B r i t i s h Concrete Pumping Association 
Corrosion Advice Bureau 
•Cement and Concrete Association 
•Reinforcement Manufacturers Association 
• B r i t i s h Precast Concrete Federation 
•Construction I n d u s t r y Research and 

Information Association 

West Germany 
Verein Deutscher zementwerke 

(Technical Association of the 
Cement In d u s t r y ) 

•Deutscher Beton-Verein (Concrete) 
•Porschungslnstitut Der zementindustrie 

(Research I n s t i t u t e of the Cement 
i n d u s t r y ) 

Bundesverband Der Deutschen 
Zementindustrie 
(Cement In d u s t r y and Technical 
Advisory Services) 

New Zealand 
•Department of Construction, 

Experimental B u i l d i n g Section 
•Portland Cement Association 
B u i l d i n g Research Association 

•Department of S c i e n t i f i c and 
i n d u s t r i a l Research 

•Concrete Research Association 
• I n s t i t u t i o n of Engineers 

South A f r i c a 
N a t i o n a l B u i l d i n g Research I n s t i t u t e 
N a t ional I n s t i t u t e f o r Transport and 

Road Research 
•Portland Cement I n s t i t u t e 

A u s t r a l i a 
Concrete I n s t i t u t e of A u s t r a l i a 
•Cement and Concrete Association 

Canada 
•Portland Cement Association 
•National Research Council 
Engineering I n s t i t u t e of Canada 

Belgium 
Union Des Agglomeres De Ciment De 

Belgique 
(Belgian Cement Congolmerates 
union) 
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Greece 
Groupement Hellenique Du Beton 

(Greek Association of Concrete) 
Norway 
Norsk Betongforening 

(Norwegian Concrete Association) 
Netherlands 
Betonvereniging - Sek r e t a r i a a t 

(Netherlands Concrete Society) 
Vereniging Van Bentonmortalfabrikanten 

i n Nederland 
(Dutch Ready-Mixed Concrete 
Association) 

Sweden 
Svenska Betonforeningen 

(Swedish Concrete Association) 

Finland 
Suomen B e t o n i t e o l l i s u u d e n 

Keskusjarjesto Ry 
(Association of the Concrete 
i n d u s t r y i n Finland) 

I t a l y 
Associazione Nazionale Fra i 

P r o d u t t o r i Di Manufatti i n Cemento 
(National Association of Producers 
and Manufacturers of Cement) 

Japan 

Public Works Research I n s t i t u t e , Japan 

Switzerland 
Verband Schweizerischer 

Transportbetonwerke 
(Swiss Ready-Mixed Assoc.) 

Denmark 
Landsforeningen Dansk 

Betonvare-lndustri 
(Society Danish Concrete I n d u s t r y ) 

Nordisk Vejteknisk Forbunds 
(Danish Roads Federation) 

Spain 
Agriipacion Nacional De Los Derivados 

Del Cemento 
(National Association of Cement 
Producers) 

France 
•Federation Francaise De L ' i n d u s t r i e Du 

Beton 
(French Federation of the Concrete 
i n d u s t r y ) 

Centre d'Etudes et de Recherches de 
l ' i n d u s t r i e du Beton Manufacture 

Thailand 
• i n t e r n a t i o n a l Ferrocement Information 

Center 

COMPANIES 

U.S.A. 
•Adhesive Engineering Company, 

C a l i f o r n i a (Epoxy) 
•American Chemical Corporation, 

C a l i f o r n i a (Epoxy) 
•American C o l l o i d Co., I l l i n o i s 

(Waterproofing) 
Cathodic P r o t e c t i o n Services, TX 
Chapman Chemical Company (Sonic Tester) 
Exxon Corp. 
•Fox I n d u s t r i e s , I n c . ( P i l e Jackets) 
•Froehling & Robertson, I n c . , VA 
•General E l e c t r i c , N.Y. ( S i l i c o n e 

Admixture) 
•Gulf O i l Co. 
•Gulf States Paper Corp., Alabama 

(Slope S t a b i l i z a t i o n ) 
•Harco Corporation, Ohio (cathodic 

P r o t e c t i o n ) 
Heath I n t e r n a t i o n a l , I n c . , Michigan 

(Sonic Tester) 
•Lee T u r z i l l o Contracting Co. 
•Maccaferri Gabion, I n c . , MD 
•Mobile O i l Corp. 
Northeast E l e c t r o n i c s , NH (shigometer) 
•osmose Co., GA ( P i l e Jackets) 
Peabody T e s t i n g , IL 

•Poly-Carb, I n c . , Ohio (Epoxy) 
Raymond Concrete P i l e Company 
•Raymond I n t e r n a t i o n a l B u i l d i n e r s , 

I n c . , NJ (Erosion Control) 
• S c i e n t i f i c Measurement Systems, Inc. 

(Cat Scan) 
Sh e l l Chemical Co. 
•SIKA Chemical Corp., NY (Epoxy) 
•Smithsonian Science i n f o r m a t i o n 

Exchange, Inc. 
• S t r u c t u r a l Bonding Company, Michigan 

(Epoxy) 
•Subsea I n t e r n a t i o n a l , LA 
•Symons Corporation ( P i l e Jackets) 
TAMMS I n d u s t r i e s Co., IL 
•The Hinchman Co. (Cathodic P r o t e c t i o n ) 
•TYE Engineering Company (Hydraulic 

Research) 
•ICE Products Research s Development 

Company ( P i l e Jacket) 
H i t c h i n s Vandex 

New zeland 
Remedial Engineering 
Morris & Wilson 
Tedec, L t d . 
Stresscrete I n d u s t r i e s 
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United Kingdom 
Wells, L t d . 

•Taylor woodrow Con t r a c t i n g , L t d . 

Canada 
BC Research (Sonic Testing) 

UNIVERSITIES 

LIBRARIES 

Department of Transportation L i b r a r y , 
Washington, D.C. 

Renesselaer Polytechnic I n s t i t u t e , 
L i b r a r y , Troy, NY 

Byrd, Tallamy, MacDonald and Lewis 
L i b r a r y 

Trans. Research Board L i b r a r y , 
Washington, D.C. 

L i b r a r y of Congress, Washington, D.C. 
F a i r f a x County Central L i b r a r y 

O.S.A. 
West V i r g i n i a U n i v e r s i t y 
•Arizona U n i v e r s i t y 
O n i v e r s i t y of Michigan 
Massachusetts I n s t i t u t e of Technology 
O n i v e r s i t y of V i r g i n i a 
u n i v e r s i t y of Maryland 

•Lehigh u n i v e r s i t y 
C o r n e l l U n i v e r s i t y 
V i r g i n i a Polytechnic I n s t i t u t e 
•Pennsyvanla s t a t e u n i v e r s i t y 
U n i v e r s i t y of C a l i f o r n i a 
Texas A & M U n i v e r s i t y 

• O n i v e r s i t y of Minnesota 
• o n i v e r s i t y of Texas 
• u n i v e r s i t y of I l l i n o i s 
South Dakota s t a t e U n i v e r s i t y 
Connecticut U n i v e r s i t y 

Thailand 

•Asian I n s t i t u t e of Technology 

Norway 

• U n i v e r s i t y of Trondheim 

New Zealand 
U n i v e r s i t y of Auckland 
O n i v e r s i t y o f Canterbury 
South A f r i c a 

• o n i v e r s i t y of stellenbosch 
•Rand Afrikaans o n i v e r s i t y 
• O n i v e r s i t y of Natal 
O n i v e r s i t y of Cape Town 

• o n i v e r s i t y of P r e t o r i a 

STATES VISITED AND 
AGENCY PERSONNEL INTERVIEWED 

MARYLAND 
E. Williams Ensor 

OREGON 
John Wood 
Gerald Test 
Donald Dean 

IDAHO 
James Welch 

MASSACHOSETTS 
John Wood 
Jim Gould 
Joseph Donahue 
Arthur Blunt 
Jack Shutt 
John Ahem 

LOOSIANA 
M. Pani 
Douglas Hood 
Sheldon Law 
Larry Lucas 
Ed Bodker 

FLORIDA 
Robert P. Brown 
Jack Roberts 
J u l i a n McCrory 
B i l l A l f o r d 
Larry Davis 

ATTENDEES -"BRAINSTORMING" SESSION 

EXPERTS 

•FFM Chang (Hydraulics) 
•Emmett M. Laursen (Scour) 
•Bryan Mather, Corps of Engineers 

(Concrete) 
Gordon Beecroft (Oregon P i l e Study) 
Ernst Renstrup, Denmark 

•Dr. Roger D. Browne (Taylor-Woodrow 
Research Laboratory) 

•Dr. Odd E. Gjorv 

1. Mr. Craig A. Ballinger 
Office of Research 
Federal Highway Administration 

2. Mr. Douglas H. Beeson 
Project Manager 
Byrd, Tallamy, MacDonald and Lewis 

3. Mr. Roland H. Berger 
Advisory Committee Member 
Byrd, Tallamy, MacDonald and Lewis 

4. Mr. Wade F. Casey 
Chesapeake Division 
Naval Facilities Engineering Command 
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5. Mr. Thomas L. Copas 
Special Projects Engineer 
Transportation Research Board 

6. Mr. Donald R. Graber 
Assistant Principal Investigator 
Byrd, Tall amy, MacDonald and Lewis 

7. Mr. James W. Harland 
Acting Advisory Committee Member 
Byrd, Tallamy, MacDonald and Lewis 

8. Dr. Alfred Marzocchi 
Exploratory Research Technical Center 
Owens-Corning Fiberglas 

9. Mr. Ronald L. Purvis 
Advisory Committee Member 
Byrd, Tallamy, MacDonald and Lewis 

10. Dr. Anil K. Rastogi 
Owens-Cormng Fiberglas 

11. Dr. Robert J. Reilly 
Projects Engineer 
Transportation Research Board 

12. Mr. Martin C. Rissel 
Principal Investigator 
Byrd, Tallamy, MacDonald and Lewis 

13. Mr. Philip T. Scola 
Chesapeake Division 
Naval Facilities Engineering Command 

14. Mr. Schuyler B. Smith 
Dow Corning Corporation 

TELEPHONE INTERVIEW 

Personnel Contacted 
T.L. Cain 
Kenneth McGuire 
Milton Johnson 
Jack Roberts 
Bob Brown 
Larry Davis 
Steve L. Pittman 
James Welch 
Gayle-Lane 
Charles Reichenbach 
Al Dunn 
Everett Barnard 
E. William,Ensor 
John N. Grim 
Richard McGinn 
N.S. Walker 
James R. Newkirk 
Alfred Westall 
Ed Swierz 
Rodger Blaisdell 
Warren Sunderland 
Jimmy Lee 
John Wood 
A. Parol a 
John Ekiert 
Anthony Callia 
Harry Anderson 
Clyde Jundt 
Ralph Banks 
Warren Tripp 
D.C. Harrier 

Maintenance Engineer Alabama 
Engineer California 
Engineer of Bridge Design Connecticut 
Engineer of Maintenance Florida 
Corrosion Engineer Florida 
Bridge Maintenance Planning Engineer' Florida 
Assistant District Engineer, 
Maintenance Georgia 

Bridge Maintenance Engineer Idaho 
Bridge Maintenance Engineer I l l i n o i s 
Bridge Maintenance Engineer, Chief Kentucky 
Structures Maintenance Engineer Louisiana 
Assistant Bridge Maintenance Engineer Maine 
Chief, Bridge Inspector Maryland 
Assistant Chief Engineer Massachusetts 
Structure Maintenance Engineer Massachusetts 
Engineer Bridge Maintenance Michigan 
Engineer I I I Mississippi 
Assistant Chief Bridge Engineer Nevada 
State Bridge Engineer New Hampshire 
Bridge Safety Inspector New Hampshire 
State Bridge Engineer New Jersey 
Head of Bridge Maintenance North Carolina 
Bridge Maintenance Engineer Oregon 
District Bridge Engineer Pennsylvania 
Acting District Bridge Engineer Pennsylvania 
Chief of Bridge Inspection Rhode Island 
Engineer Rhode Island 
Bridge Maintenance Engineer South Dakota 
Supervising Field Engineer Texas 
Chief of Bridge Inspection and Design Vermont 
Assistant Bridge Engineer Virginia 

Other Agencies ̂  
Orlando Doyle, Chief Engineer, MacKinac Bridge Authority 
E. Van Beilen, Head Task Force Special Studies, Ministry of Transportation of 

Ontario, Canada 
David Brookings, Bridge Engineer, Kansas City Southern Railway Company 
Phil Scola, Engineer, Specialized Inspection, Underwater Investigation, Naval 

Engineering Facilities Command 
Larry Anderson, Harbor Engineer I , Port of Los Angeles 
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Appendix C 

HIGH QUALITY CONCRETE 

SDGGBSTBD PROCBDDRBS FOR OBTAINING HIGH 
QDALITY CONCRETE AND GOOD CONSTROCTION 
PRACTICES 

The d u r a b i l i t y of concrete under water 
and i n the splash zone depends on the mix 
design and the environment i n which i t w i l l 
serve. Concrete which i s designed t o be of 
high q u a l i t y f o r one environment may 
d e t e r i o r a t e r a p i d l y i n another. An example 
of t h i s would be the use of a i r - e n t r a i n i n g 
admixtures t o increase freeze-thaw 
resis t a n c e . Although t h i s i s an advantage 
i n compensating f o r the expansion of 
i n t e r n a l water, i t i s extremely d e l e t e r i o u s 
when the concrete i s exposed t o abrasion. 
This appendix discusses procedures f o r 
o b t a i n i n g high q u a l i t y concrete and good 
c o n s t r u c t i o n p r a c t i c e s i n response t o four 
causes of concrete d e t e r i o r a t i o n (abrasion, 
chemical a t t a c k , c o r r o s i o n , and 
freeze-thaw). ') 

Certain g u i d e l i 
f o l l o w e d when desig 
water. A p l a s t i c mi 
should be used, 
prevent segregation 
compaction i s d i f f i 
c h a r a c t e r i s t i c s are 
content of at l e a s t 
no more than 125 mm 

nes should always be 
ning a mix f o r use under 
X o f high w o r k a b i l i t y 
This i s important t o 

and because mechanical 
c u l t under water. These 
achieved w i t h a cement 
350 kg/m3 and a slump of 
(21). 

A low water-cement r a t i o i s also 
d e s i r a b l e . This w i l l produce high strength 
and low p e r m e a b i l i t y . Permeability i s 
reduced by reducing the amount of r e s i d u a l 
water l e f t a f t e r h y d r a t i o n , which w i l l cause 
voids, pores, and c a p i l l a r i e s . 

Prestressed concrete performs q u i t e 
w e l l i n a h o s t i l e environment. This i s 
because i t i s produced w i t h dense, high 
s t r e n g t h concrete t h a t i s f a c t o r y cured 
under a high degree of q u a l i t y c o n t r o l . I n 
a d d i t i o n , transverse cracks tend t o 
a u t o m a t i c a l l y close because of the 
l o n g i t u d i n a l p r e s t r e s s i n g f o r c e . 

Adherence t o good c o n s t r u c t i o n 
p r a c t i c e s i s always mandatory. Care i n 
p l a c i n g and compacting of the concrete mix 
and proper c u r i n g are a l l important. S t r i c t 
compliance t o plan dimensions and m a t e r i a l 
s p e c i f i c a t i o n s i s e s s e n t i a l . The use of 
epoxy coated bars and p i l e s t h a t have been 
t r e a t e d before being d r i v e n i s also 
recommended. I n a d d i t i o n , a method was 
discovered f o r which a p i l e i s soaked i n 
clean water before i t i s d r i v e n so t h a t the 
p i l e w i l l not tend t o soak up seawater a f t e r 
i t i s d r i v e n . 

The f o l l o w i n g procedures are 
recommended i n order t o make concrete 
durable t o the four s p e c i f i c causes of dete
r i o r a t i o n . 

ABRASION 

, The most important concrete property 
f o r abrasion resistance i s s t r e n g t h . The 
stronger the concrete i s , the l e s s erodable 
i t w i l l be. Concrete w i t h 5,000 p s i i s 
twice as r e s i s t a n t as 3,000 p s i . One very 
important concrete property a f f e c t i n g 
s t r e n g t h i s the void t o cement r a t i o which 
has been shown t o vary i n v e r s e l y w i t h 
abrasion resistance ( 2 2 ) . Care should be 
taken, however, not t o increase the cement 
content t o the p o i n t where the homogeneity 
or the slump i s impaired. 

When s e l e c t i n g an aggregate, i t i s 
advantageous t o s e l e c t one t h a t i s a t l e a s t 
as hard as the abrasive s o l i d s . I n a case 
where sand i s the abrasive, an extremely 
hard aggregate, such as quartz, should be 
used. Angular coarse aggregate e x h i b i t s 
s i g n i f i c a n t l y b e t t e r abrasion resistance 
than round aggregate because i t bonds more 
t i g h t l y t o the cement paste. Only a minimum 
amount of f i n e aggregates should be used. 

Calcium c h l o r i d e can give concrete high 
abrasion r e s i s t a n c e . Tests have shown t h a t 
2 percent calcium c h l o r i d e accelerates the 
e a r l y s t r e n g t h of concrete. Samples have 
been produced t h a t are, on the average, 100 
percent more r e s i s t a n t t o c a v i t a t i o n and 
10-25 percent more r e s i s t a n t t o abrasion. 
Any admixture t h a t increases s t r e n g t h , such 
as water reducing agents, increases abrasion 
resistance (2fi.) . 

When pouring concrete t o r e s i s t 
abrasion, good c o n s t r u c t i o n p r a c t i c e s are 
e s s e n t i a l . Proper compaction and c u r i n g 
w i l l help t o provide a dense hard concrete. 
The shape of the substructure i s also a 
f a c t o r . A streamline shape w i l l help t o 
avoid c a v i t a t i o n and reduce impact from 
moving s o l i d s . 

CHEMICAL ATTACK 

Cement p r o p e r t i e s , such as p e r m e a b i l i t y 
and p h y s i c a l and chemical composition, play 
an important r o l e i n chemical resistance. 
I n most cases, a good q u a l i t y cement w i l l be 
r e s i s t a n t t o most chemicals; however, there 
are a few i s o l a t e d cases where a concrete 
t h a t i s r e s i s t a n t t o one type of attack may 
not be r e s i s t a n t t o another. An example of 
t h i s would be the t r i c a l c i u m aluminate (C3A) 
content. I n order f o r the concrete ' t o 
r e s i s t c h l o r i d e s , i t must contain more than 
8 percent C3A. On the other hand, i n order 
f o r the concrete t o r e s i s t s u l f a t e s , the 
content should not exceed 8 percent (21, 
2 f i ) . P e rmeability i s the most important 
f a c t o r i n r e s i s t i n g chemical attack because 
i t a f f e c t s the a b i l i t y of the ions t o 
penetrate the concrete. Authors vary on 
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what i s the i d e a l water-cement r a t i o . Most 
recommended r a t i o s are from 0.45 t o 0.55 f o r 
moderate and severe exposures r e s p e c t i v e l y 
(22) . 

One of the most severe forms of 
chemical attack i s due t o s u l f a t e ions. 
S u l f a t e ions attack t r i c a l c i u m aluminate, a 
normal c o n s t i t u e n t of concrete. The product 
of t h i s r e a c t i o n expands and gives r i s e t o 
cracks. A C3A content of 8 percent or les s 
i s required t o minimize t h i s a c t i o n . 

Seawater i n the mix water has been 
demonstrated as a means t o increase s u l f a t e 
r e s i s t a n c e . Doses up t o 5 percent improve 
the 28 day strength a l s o . This method i s 
not recommended, however, because of the 
added r i s k of accelerated c o r r o s i o n . 

The proper choice of aggregate i s 
important because i t has an e f f e c t on 
p o r o s i t y . Lightweight aggregates should be 
avoided because these aggregates are u s u a l l y 
porous and allow passage of aggressive 
agents t o the i n t e r i o r of the concrete. 
Hard impervious aggregate, such as quartz 
and s o l i t e , should be used whenever 
possible. Aggregates should always be clean 
and dry. C o m p a t i b i l i t y of the aggregates 
c o e f f i c i e n t of expansion w i t h t h a t of the 
cement helps t o reduce cracking, which, i n 
t u r n , helps t o prevent the ingress of 
aggressive agents. 

Admixtures, such as pozzolans, have 
e x h i b i t e d v a r i e d performances, depending on 
the type of a t t a c k . Ply ash, volcanic 
glass, diatomaceous e a r t h , some shales, 
c l a y , and pumice are among the most common 
pozzolans. Pozzolans increase s u l f a t e 
resistance by combining w i t h f r e e lime and 
by reducing p o r o s i t y . This property i s also 
advantageous i n r e s i s t i n g a cid a t t a c k . On 
the other hand, pozzolan cements are les s 
r e s i s t a n t t o magnesium at t a c k because of the 
lack ot f r e e lime. Magnesium c h l o r i d e i n 
seawater reacts w i t h calcium hydroxide 
(lime) t o form magnesium hydroxide which i s 
insoluable i n water and seals the concrete. 
Without s u f f i c i e n t f r e e lime, the concrete 
cannot be sealed. A i r e n t r a i n i n g also 
increases s u l f a t e resistance. 

Other cements, such 
(supersulfated) cement, have 
i n the marine environment, 
cements also e x h i b i t good 
seawater. These cements ar 
than normal p o r t l a n d cements 
t r i c a l c i u m aluminate. Type 
r e s i s t i n g ) cement should be 
conta i n i n g s u l f a t e s . 

as gypsum 
performed w e l l 
High alumina 

d u r a b i l i t y i n 
e le s s porous 
and contain no 
V ( s u l f a t e 

used i n waters 

Chemical resistance i s o f t e n d i f f i c u l t 
t o achieve because more than one d e l e t e r i o u s 
chemical may be present. I n t h i s instance, 
the required combination of concrete 
p r o p e r t i e s may be d i f f i c u l t t o o b t a i n . I n 
any case, the good c o n s t r u c t i o n p r a c t i c e s 
should always be observed. 

CORROSION 

The c r i t e r i a f o r high q u a l i t y concrete 

to p r o t e c t r e i n f o r c i n g s t e e l from c o r r o s i o n 
are r e l a t i v e l y the same as those t o p r o t e c t 
i t from chemical a t t a c k . A dense impervious 
concrete i s necessary t o prevent c o r r o s i v e 
agents from reaching the reinforcement. 
Again t h i s i s achieved by maintaining a low 
water-cement r a t i o and by the use of 
water-reducing admixtures t o ensure 
compaction. Cement type, which has 
s i g n i f i c a n t e f f e c t on chemical resistance, 
has no e f f e c t on cor r o s i o n r e s i s t a n c e . A 
t r i c a l c i u m aluminate content of greater than 
8 percent, which i s harmful i n the presence 
of s u l f a t e s , i s h e l p f u l i n c o n t r o l l i n g 
c h l o r i d e s . T r i c a l c i u m aluminate combines 
w i t h Chloride ions and takes them out of 
s o l u t i o n (21)• 

The use of seawater i n the mix water, 
as mentioned before, f o r s u l f a t e resistance 
i s not recommended f o r r e i n f o r c e d concrete 
because the added c h l o r i d e s w i l l accelerate 
c o r r o s i o n by combining w i t h lime thereby 
lowering the a l k a l i n i t y of concrete and 
making the concrete a b e t t e r e l e c t r o l y t e . 
Aggregate should also be hard, clean, dry, 
and impervious. I t should also be f r e e from 
contamination. For example, i f the 
aggregate was of marine o r i g i n , c h l o r i d e s 
could be present. Admixtures and co r r o s i o n 
i n h i b i t o r s have proved u s e f u l i n preventing 
c o r r o s i o n of reinforcement. Certain 
i n h i b i t o r s have had d e l e t e r i o u s e f f e c t s on 
concrete p r o p e r t i e s . Some are subject t o 
leaching and can e s t a b l i s h concentration 
c e l l s enhancing c o r r o s i o n . Others can 
s e r i o u s l y a f f e c t the concrete. Corrosion 
i n h i b i t o r s are a f a i r l y new concept and 
requi r e more research. 

Admixtures, such as pozzolans, are 
of t e n times b e n e f i c i a l ~"in i n h i b i t i n g 
c o r r o s i o n . Ply ash e x h i b i t s good c o r r o s i o n 
resistance by increasing the energy required 
t o cause c o r r o s i o n . Host pozzolans reduce 
the a l k a l i n i t y of concrete, which makes the 
s t e e l more susc e p t i b l e t o c o r r o s i o n ; but i t 
also reduces the p e r m e a b i l i t y , which makes 
the s t e e l less v u l n e r a b l e . 

By employing the proper procedures when 
preparing concrete, a durable concrete w i l l 
r e s u l t t h a t w i l l p r o t e c t the r e i n f o r c i n g 
s t e e l . Host s t e e l c o r r o s i o n i s the r e s u l t 
of poor c o n s t r u c t i o n p r a c t i c e s . 
I n s u f f i c i e n t cover and a v a r i e t y of other 
c o n d i t i o n s w i l l a l l cause accelerated 
c o r r o s i o n of the r e i n f o r c i n g s t e e l . 

FREEZE-THAW 

The p h y s i c a l and chemical p r o p e r t i e s of 
freeze-thaw r e s i s t a n t concrete are extremely 
important. Many tiroes, even good q u a l i t y 
concrete w i l l d e t e r i o r a t e because of 
freeze-thaw. Concrete i s e s p e c i a l l y 
s u s c e p t i b l e when completely saturated. 
Therefore, s p e c i a l care and techniques must 
be used t o produce a concrete t h a t i s dense, 
impervious, and d i f f i c u l t t o sa t u r a t e . 

The method f o r o b t a i n i n g a dense 
impervious concrete i s , more or l e s s , the 
same as t h a t mentioned p r e v i o u s l y f o r other 
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forms of a t t a c k . A low water-cement r a t i o 
reduces c a p i l l a r y s i z e and c o n t i n u i t y , thus 
reducing the p e r m e a b i l i t y of the concrete. 
Reduced c a p i l l a r y size also lowers the 
f r e e z i n g p o i n t of pore water due t o surface 
and thermodynamic f o r c e s . A water-cement 
r a t i o of 0.40 t o 0.45 i s recommended. I n 
moderate climates t h i s r a t i o can be ra i s e d 
s l i g h t l y t o 0.50 to 0.55. A low t r i c a l c i u m 
aluminate content also helps t o produce a 
more dense concrete (iQ, 21, i 2 ) . 

The type of aggregate used i s also 
s i g n i f i c a n t i n freeze-thaw r e s i s t a n t 
concrete. The aggregate should be nonporous 
and dry. Nonporous aggregates are les s 
l i k e l y t o become saturated a t a l a t e r date. 
Dry aggregates are needed t o ensure t h a t the 
aggregate i s not saturated when placed; 
however, when p r o p e r l y cured, saturated 
aggregate i s not u s u a l l y a problem. This i s 
because of s e l f - d e s i c a t i o n during e a r l y 
h y d r a t i o n . T r a n s p i r a t i o n also helps t o keep 
the aggregate dry by al l o w i n g water t o 
au t o m a t i c a l l y migrate from a wet t o a dry 
area. Most f r e e z i n g and thawing occurs i n 
the splash zone where t r a n s p i r a t i o n w i l l be 
a f a c t o r . Aggregate size has a great e f f e c t 
on f r o s t resistance. Large aggregates cause 
excess expansion during f r e e z i n g . 
C o e f f i c i e n t s of expansion can also cause 
problems i f the aggregates and the cement 
paste expand a t d i f f e r e n t r a t e s . 

C e r t a i n admixtures have been useful i n 
r e s i s t i n g the e f f e c t s of freeze-thaw. The 
most common are a i r - e n t r a i n i n g admixtures. 
Ai r entrainment provides added space f o r 
water t o migrate d u r i n g f r e e z i n g . Too much 
entrained a i r can lower the s t r e n g t h , 
however. Strength r e d u c t i o n i n most cases 
r a r e l y exceeds 15 percent ( 2 i ) . Most of the 
e f f e c t s of a i r entrainment are advantageous. 
Freeze-thaw d u r a b i l i t y , w o r k a b i l i t y , lower 
water content, and l e s s segregation are 
among a few. Three a i r e n t r a i n i n g 
admixtures i n extensive use are: wood 
r e s i n , detergents, and sulf o n a t e d hydro
carbons of petroleum. These admixtures 
should be administered i n doses t h a t provide 
about 4 1/2 percent a i r by volume (24). The 
American Concrete I n s t i t u t e suggests a i r 

contents from 3 percent t o 7 1/2 percent, 
depending on the s e v e r i t y of exposure and 
normal aggregate s i z e . A i r content alone i s 
not enough t o r e s i s t freeze-thaw damage. 
Void spacing i s also important. I f voids 
are too f a r apart, the water w i l l not be 
able t o migrate t o the voids. Authors 
recommend void spacings between 0.005 i n . 
and 0.008 i n . (2 f l , I S , . 

S i l i c o n e admixtures have shown promise 
i n combating freeze-thaw. S i l i c o n e s 
increase the freeze-thaw d u r a b i l i t y g r e a t l y 
and a t the same time increase the concrete 
s t r e n g t h . Water-reducing admixtures reduce 
the c a p i l l a r y size and p o r o s i t y , thus 
y i e l d i n g a more durable concrete. 

Porous p a r t i c l e admixtures have been 
used experimentally w i t h promising r e s u l t s . 
Porous p a r t i c l e s w i t h a t l e a s t 30 percent 
t o t a l p o r o s i t y and pore diameters between 
0.3 and 2 microns have s i g n i f i c a n t l y 
increased freeze-thaw resistance. 
Commercially f i r e d c l a y - b r i c k and 
diatomaceous earths show the most promise; 
however, diatomaceous earths can cause 
a l k a l i - s i l i c a r eactions and should be used 
w i t h c a u t i o n . Porous p a r t i c l e s have 
advantages over air-entrainment because the 
c o n t r o l of air-entrainment over narrow 
l i m i t s i s d i f f i c u l t . The amount and spacing 
of entrained a i r are dependent on many 
f a c t o r s , such as mix composition, 
temperature, and time taken during mixing 
and f i n i s h i n g operations. When using porous 
p a r t i c l e s , spacing i s e a s i l y c o n t r o l l e d by 
p a r t i c l e size and conc e n t r a t i o n . The 
l i m i t i n g s i z e of p a r t i c l e s should be between 
0.4 and 0.8 mm due t o the pore s t r u c t u r e of 
the b r i c k . Beyond t h i s p o i n t , the i n t e r n a l 
pore volume i s i n s u f f i c i e n t ( I I ) . 

The e f f e c t s of freeze-thaw can be 
reduced, but they are very d i f f i c u l t t o 
e l i m i n a t e . Any concrete can be damaged when 
i t i s completely saturated. C y c l i c f r e e z i n g 
and thawing w i l l i n e v i t a b l y cause 
microcracks and str e n g t h reductions i n 
concrete. 

Appendix D 

CONCRETE DETERIORATION 

INITIATION STAGE 
Abrasion 

Freeze-Thaw 
Water l e v e l f a l l s and water on outside 
surface of concrete freezes. Then 
water l e v e l r i s e s and ice on outside 
surface of concrete thaws. 

1. Slow at f i r s t due to smooth hard 
surface 

2. C a v i t a t i o n produces water hammer 
3. Waterline abrasion due to g r i n d i n g 

of ice sheets 
4. Mudline abrasion 

a. Due t o r o l l i n g or impacting 
s o l i d s 

b. Tension stresses due t o 
t u r b u l e n t underpressure. 

PROPAGATION STAGE 
Abrasion 

D e t e r i o r a t i o n i s f a s t e r i n t h i s 
stage due t o : 
a. A rougher surface t e x t u r e 
b. Exposure of s o f t e r i n t e r i o r 

concrete 
Ice sheets abrade cover. 
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Freeze-Thaw 
Freezing of water i n concrete pores 
causes I n t e r n a l pressure. Theories t o 
exp l a i n s c a l i n g from freeze-thaw are as 
f o l l o w s : 

1. Pressure developed by expulsion of 
water from saturated aggregate 
p a r t i c l e s 

2. Hydraulic pressure developed 
c a p i l l a r i e s j u s t below 
concrete surface. 

3. Accretion of moisture t o 
c r y s t a l s i n c a p i l l a r i e s below 
surface 

4. Osmotic pressures caused 
concentration of s a l t 
c a p i l l a r i e s immediately beneath the 
concrete surface 

5. Cracking and crazing provide 
channels f o r moisture t o reach 
underlying c a p i l l a r y ice 

6. C y c l i c temperature f l u c t u a t i o n s 
cause creep, f a t i g u e , and 
d i f f e r e n t i a l expansion of 
aggregate and mortar. 

i n 
the 
ice 
the 
by 
i n 

Carbonic Acids 

3. 
4. 

Sulfates 

Carbonic acids react w i t h calcium 
hydroxide t o form calcium 
carbonate and take twice as much 
moisture. 
[CO2 + H20-^H2C03l + 
Ca(0H)2-»CaC03 + 2H2O 
A d d i t i o n a l f r e e moisture may 
migrate i n t o the concrete 
depending on the concrete ambiency 
Acids reduce a l k a l i n i t y , not 
nece s s a r i l y s t r e n g t h 
Reduces p a s s i v i t y of s t e e l . 

Attacks f r e e lime t o form calcium 
s u l f a t e (gypsum) which occupies 
twice the i n i t i a l volume 
Gypsum and hydrated calcium 
aluminate form calcium 

3. E t t r i n g i t e a t t r a c t s a large number 
of water molecules causing f u r t h e r 
expansion 

4. Expansive forces cause cracking. 
Magnesium S u l f a t e 

1. Magnesium s u l f a t e attacks hydrated 
aluminum to form e t t r i n g i t e , but 
also attacks hydrated s i l i c a t e s t o 
form gypsum, nearly insoluable 
magnesium hydroxide and s i l i c a g e l . 

2. E t t r i n g i t e t h a t i s formed i s 
unstable m magnesium s u l f a t e and 
forms more gypsum. 

Magnesium Chloride 
1. Magnesium c h l o r i d e -reacts w i t h 

calcium hydroxide as f o l l o w s : 
MgCl2 + Ca(0H)2-*-Mg(0H)2 + 
CaCl2 

2. CaCl2 i s r e a d i l y soluable and i s 
e a s i l y leached 

3. Mg(0H)2 p r e c i p i t a t e s and seals 
concrete slowing c o r r o s i o n . 

Chlorides 
1. Chlorides reduce a l k a l i n i t y of the 

concrete paste and reduce 
p a s s i v i t y of s t e e l 
Chlorides tend t o make the 
concrete a b e t t e r e l e c t r o l y t e 
promoting the corrosion of the 
reinforcement. 

Ammonium Ions 
1. 
2. 

Corrosion 
1, 
2. 

React w i t h calcium 
Reduce st r e n g t h of concrete 

Corrosion begins slowly 
Corrosion products a c t u a l l y 
i n h i b i t c orrosion 
Corrosion products expand and 
crack cover. 

Appendix E 

CASE HISTORY 
WORK SHEETS 

METHODS TO ARREST DETERIORATION - CASE HISTORr WORK SHEET 

1 Deficiency ^S^^f'f 

2. Method of repair (se^ /^/g6//tg <S) Date ^ ? < g / 

3. Substructure construction (^oi-ur^n a g w r Date 

4. Environment ^/fe':^ M»-rxir 
Location tJt^ 90 Soiss 

Owner :r-OMMO ^asev<>g7W^>l/^7-- y V / ^ h ^ j ^ ^ 

7. Owner evaluation 
a. St ruct ' l Integrity Restored? ^ 

Date & - ( £ - & / 
b Deter Arrested? /Ya 

c . Cause E l i m i n a t e d ' , ^ d L i fe or anticipated l i f e of methods Sivp'^r 
e Owners evaluation <^^yi^rv^.>°^->-xryi 's-rjpe^^aan ne,oos/r'=i 

Researcher's conments ^rShMX^Jf^^y^ ^>yyo<=.^ i^jrMOtJT 
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METHODS TO ARREST DETERIORATION - CASE HISTORY WORK SHEET 

Deficiency C V a g ^ o j / ^ / . / ojir- ̂ ^SAffs ^—af't.^in xa^S 

2. Method of Repair ^^j' r^M-rj^A (sjtx fix, y) Date (/^^A^ify^A^ 

3. Substructure construction /R/̂ ^ fi^js/r- Date /93<a 
,4, Environment &/9JteK^iSM ix/i»-rM (fC^rr) 
5. Location ^our£ / / Ofsa A^tra Poui-u^/r-r-jr^y/^ 

Owner ^autsi^M y O ^ > » > . j f W » ^ 7 - — a £ — 

7. Owner evaluation Date / g > - C - g / 
a . Struct'1 Integrity Restored?/^'^ b Deter Arrfested^ / V ^ 
c Cause E1iminated7A^ d. L i f e or anticipated l i f e of methods 
e Owners evaluation yiii. f^^/iSJS. _ 

8. Researcher's mmnnpntt Cffr/T7"*Tir ilT t'lVKfri Z S — O f ^ T W / ^ v 
/ / V T v y g - ^fo-o,—^ 

D. METHODS TO ARREST DETERIORATION. - CASE HISTORY WORK SHEET 

1. Deficiency CaM^^iaM o/' 'fP^ALtjsxf JAJ s/=l^sm z e w ^ 

Method of Repair f=^ae,c J^rtrr /set j'lai^Me 9 ) Date A « S M70i 

3. Substructure construction P/j^g- Be/^T Date /93Z. 

4. Environment S^y^cjrisM i^jtTS^ (fOfr-r) 

5. Location /Pnii^^ ai^rff - J-AtfM f^fTZt'^ft Tf?<^/f/ 

6. Owner Lac/isjMf^ /Djr^M-rM^M-r >-f/aM^^ys 

7. Owner evaluation Date /0-&-B/ 

a. Struct'1 Integrity RestoredT.^^ b. Deter Arrfested? r ^ y 
c Cause E1iminated7/14 d L i fe or anticipated l i f e of methods^a«os6> 
e Owners evaluation L/A/.'^jSM-r/^ i^/ta^ i^of^s. uts^O. 

8. Researcher's comments 

METHODS TO ARREST DETERIORATION - CASE HISTORY WORK SHEET 

1. Deficiency rZni:rjrnsjo/^ n/r /fsa^/fs .S^LjtS^ ^o^s-

2. Method of repair /^VC \^^j>f (ssr ^ / g 

3. Substructure construction BSMT Date / y a ^ 

Environment S/f^CK-rtM I ^ t c t f/oeexl. 
5. Location /P„,.ts / / oy&i? ^iSiSS.—^^CM^/?T/^^/f/ 

Owner Z a . y / j / ^ ^ > i /:>BrAtfT/^S//-r or—i^/a'i^i^yS-

7 Owner evaluation Date /O-d-ei 
a. S t r u c f l Integrity Restored? b Deter Arrested? yei, 
c . Cause Eliminated? /^e d L i fe or anticipated l i f e of methodsjgrg^oro 

e. Owners evaluation y^^^^.j/f: - t - ^ hit ^ i>'/^st.e^ ,^er<^'/K . 

y^.f-r»^o. 

8. Researcher's coirments Uss^ui L jife<^ ^ - f - g ^ - s x-zTV-y 

METHODS TO ARREST DETERIORATION - CASE HISTORY WORK SHEET 

1 Deficiency (Zo^/mSJ>oM ^ersAtrr / / / S^t-ASH |gO/V.a 

2. Method of repairX'ya^ jACMT-spaxy M,jra(fio/£ilS^^^Jji!'f<:f^eK<y 

3. Substructure construction /^,t.B- •° t - - ivr Date /'93>2 
4. Znvirorment_^^^ri<j<M IMT^AT (le P/'T^ 

5. Location X ^ t v t ay»Ji ^^>re cai^/zTViVa//v 

6. Owner /^y,<//DA'j'.,AAr-r^SA<-r g / ^ • V / g r t ' h ' W - g 

7. Owner evaluation Date /0-£.-e/ 
a . S t ruc t ' l Integrity R e s t o r e d ' b Deter Arrested? S/rjr Mi.oi^. 
c . Cause E l immated '^ j^ d. L i fe or anticipated l i f e of methods^zaaoKa. 
e Owners evaluation .r>orr,^,'^ - S ^ - g - ^ t za-^£. 

8. Researcher's cornnents TZ^^s- m/skT fk^'?^ j^j.'t-T-oys'.i'—j.^^^ 
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METHODS TO ARREST DETERIORATION - CASE HISTORY WORK SHEET 

1 D e f i c i e n c y - Z V - ^ jqao^rj^ ^x£Fxs--T»^t'—C^f-?,^fr<' 

2 . Method o f R e p a i r a^^^jr frgg /-i^s n ^/a) Date C^^,^^^ 

3 . S u b s t r u c t u r e c o n s t r u c t i o n ^ji_if ^(Tn^ Date Uvfr^,^ 

4 . Envi ronment y,^-nrjr -

5 . L o c a t i o n y g ? o^.r--c cuaz—m^tr t^.g->s 

Owner ^ ^ j g y ^ ^ ^ a DefMr^^y^^r of 7 > . < ^ y ^ - « » ^ 7 - , - i r / g / V 

7. Owner e v a l u a t i o n Date 7-/^-3/ 
a . S t r u c t ' 1 I n t e g r i t y Restored!/Vi) b D e t e r . Arr fested^ > - ^ ! : 

c . Cause E l i m i n a t e d T / ^ / ^ d . L i f e o r a n t i c i p a t e d l i f e o f methods ^Pjvn' 
e Owners e v a l u a t i o n J T V M ^ i r a TM/J ajf/n^-.^ /-^o^ 

•yg'TT/fif—Ci^i^f^ae. 

8 . R e s e a r c h e r ' s conments Coi.i.^jt ^i^^-r / ^ a v t - ^ e g - o 

pe-/iiaa/c^^ A M . 

METHODS TO ARREST DETERIORATION - . C A S E HISTORY WORK SHEET 

1. D e f i c i e n c y (Zojv/i03,ajj r>^ / ^ M ^ / r s . / / v •TJ'I.^SM ^O^£-

2 . Method o f r e p a i r . . ^ ^ / g a ^^-r^z,(^/ta / 9 f . ? o ^ 0 a t e (J^^^^^^ 

3 . S u b s t r u c t u r e c o n s t r u c t i o n a^y^-r 

1. Env i ronment S^^rmi^ ytyyanfjf do y^r) 

Date 

5. L o c a t i o n yg>i^yg- / / „^ex Lyttre /=i:,y^e.uMT/^^'y' 

6 . Owner ^oL>trj^y^^ D i i - M x r j K r ^ e>^ / V / S . » M ^ > ' J 

7. Owner e v a l u a t i o n Date /£>-&-fi/ 

a . S t r u c t ' l I n t e q n t y R e s t o r e d ? /Vo b D e t e r A r r e s t e d ? 

Cause E l i m f n a t e d ^ / ^ d L i f e o r a n t i c i p a t e d l i f e o f methods Sjjo^v 

Owners e v a l u a t i o n y>^My.y^^.. j f < ^ g - g y ; - f g • 

i. R e s e a r c h e r ' s cownents / a , r » ^ a ^ . < T v ^ yr^rrou^Ti-y o g e t ^ A r ytr 

Appendlx F SUBSTRUCTURE ANALYSIS 

SYRO, TALLAMY, V<flCDONflLD a LEWIS PROJECT y^J='/=''^^0/r- ^ ^ j , 1,̂  

. 0 ^ 0 : : . " ' : : : : . S U B J E C T ^ - s z ^ ^ - z - - ^ c h « . . d . y _ 

y^y^^^yysys ^^^^^^^ Sheet No L _ of . 

.— /y^fii,tys^€.£ 

Dsy^£> ^y:>M£3 iQ^^c-ryoy^ £>/v y^t.ys - O Bl^)'- > - /• ?S 

y^/?£^ ^iSSU/^eo y^ery^ C^'y^/'yce SJyOy<y 

^ ^ J p ^ ^ y y^S-^y^y^^y^a.yy^^ 

y^Ae^ — /</ ^3 /n^ ^, 

/=y^g- ' Z/^ = <¥.Z,^ ^^<9 " jO/y^y^ey^yt. 
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BYRD, TALUMY, ^WCDONALD i LEWIS 

ANALYSIS OF P I L E 

P i l e S p a c i n g ( L ) = g ' - O " Number o f P i l e s + 

P i l e S i z e /2 ' ^ 

Made by Date 

Checked by Date 

. Skew 

^ 3 

[ 1 Abutment (End B e n t ) - Span Length 

Beam S p a c i n g I n t e r m e d i a t e Bent -Span Length 2ciai 3oo' 

Dead Load Reac t ion /Beam ( D . L . / B E A M ) a z r + c ZS = o So ( S e c Note 4 ) 

L i v e Load R e a c t i o n ( L L ) f o r H T r u c k ( f rom c h a r t ) 

D . L . C o n t i n u i t y D i s t r i b u t i o n F a c t o r = / / O 

L L . C o n t i n u i t y D i s t r i b u t i o n F a c t o r + 

•= / 3 C " ( S e e Notes 1 , 2 * 3 ) 

( S e e Note 5) 

" • L " " ^ t l o n \ (•>••• I f ^ ^ C A ' ^''"-^ Cont . D i s t F a c t . ) / ^ a ' 

BUCKLING OR BEARING 

L L . R e a c t i o n =• ( L L . ) x ( L . L . Cont D i s t . F a c t . ) 

C a p a c i t y (INVENTORY) ^ 

C a p a c i t y (OPERATING) J 

C a p a c i t y A v a i l a b l e f o r L . L ( C a p a c i t y I n v e n t o r y ) - (D L R e a c t i o n ) •= 

C a p a c i t y A v a i l a b l e f o r L L =• ( C a p a c i t y O p e r a t i n g ) - ( D . L R e a c t i o n ) = 

C a p a c i t y F a c t o r = ( C a p a c i t y A v a i l L . L . ) • . ( L . L . R e a c t i o n ) 2 "-tC-f 

/ y . / v ' 

(is V 

3 3^"^ 

i V f i ^ I N V 

OPER 

INVENTORY 

OPERATING 

Ra t ion = ( c a p a c i t y F a c t o r O p e r a t i n g ) • ( C a p a c i t y F a c t o r I n v e n t o r y ) 

RATINGS 

A 3 8 

H Truck - INV F X 15 

INVENTORY 

36 06 T-o, 

RATIO OPERATING 

NOTES 1 I f the cap I s o f any o t h e r i n a t e r l a l than t 1 i * e r , m u l t i p l y l l v e l o a d by Impact f a c t o r 
2 . L L . H Truck from AASHTO. 
3 . F o r unequal l o n g i t u d i n a l s p a n s , L . L . r e a c t i o n to be average o f i n t e r m e d i a t e r e a c t i o n 

f o r the two c o n s i d e r e d s p a n s , but n o t l e s s than end r e a c t i o n for l a r g e r span 
4 . D . L . / B e a m to be f o r BOTH SPANS FOR INTERIOR CAP 
5 . I f the cap s i m p l y suppor ted w i t h a s p l i c e , do not use c o n t i n u i t y f a c t o r s f o r 0 L . and 

L L . 

* Skew I s 0 ° when cap I s p e r p e n d i c u l a r to roadway c e n t c r l l n e . T h e r e f o r e COS = 1. 
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Appendix Q 

PROPOSED GUIDELINE BOOKLET 

TABLE OF CONTENTS 

Introduction 

Instructions 

Inspection Forms 
Scour around Piles 
Undermining of a Footing 
Section Loss of a Concrete Pile 
Section Loss of a Steel Pile 
Section Loss of a Timber Pile 
General Deterioration of Concrete 
General Deterioration of Timber 
Settlement 

INTRODUCTION 

The number of different types of substructure elements and the types 
of deficiencies which occur to them are relatively limited. There i s , 
however, a wide diversity of opinion on how the significance of a 
deficiency should be judged. Most jurisdictions responsible for the 
underwater Inspection and repair of bridge substructure elements, have 
developed their own subjective "rule of thumb" guidelines for the rating 
of a deficiency which may or may not be written In any appreciable 
detail . These "rule of thumb" guidelines may often appear arbitrary, but 
they are of substantial significance as they are generally based on the 
judgement of experienced bridge engineers. The purpose of this booklet 
is to provide a guided, objective method to measure the threat to the 
Integrity of a structure from a maintenance viewpoint. This booklet is 
not to be construed as a replacement for the rating system now used to 
rate the substructure condition for Item 60 of the Federal Highway 
Administration's (FHWA) "Recording and Coding Guide for the Structure 
Inventory and Appraisal of the Nation's Bridges" (SI&A), but rather as an 
adjunct to I t . The SI&A rating system is required for consistency of 
approach for funding el ig ibi l i ty from a reconstruction viewpoint. The 
methods presented herein are only meant to provide a more consistent 
approach to the process of assessing deficiencies from a maintenance 
viewpoint. 
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The guidelines and modifications presented herein aid inspection 
personnel in arriving at an ini t ia l assessment of a deficiency expressed 
as a numerical value. This assessment, in turn, indicates the urgency of 
corrective action. This number prescribes the type of action to be taken 
in the inspection process as well as by maintenance forces in scheduling 
work which is to be performed. 

INSTRUCTIONS 

On the following pages there are a number of guidelines for types of 
substructure elements and materials describing various states of 
deterioration. The steps to be taken in the use of these guidelines are 
presented below. 

1) Inspection personnel are to select the description which most 
closely depicts the severest example of deterioration found. The number 
appearing adjacent to the chosen description Is the Init ial assessment of 
the deterioration. 2) The deficiency should then be photographed or 
sketched for the purpose of documentation in the inspection report. 3) 
The init ial assessment may then be modified based on the threat to the 
integrity of the structure caused by the effect of supplemental or 
external factors. Ih this way, deficiencies may f i rs t be evaluated by 
the guidelines shown and then modified by conditions which are unique to 
a particular area or climate. The right hand chart provided on the back 
of each form is to be used to perform this function for a l l deficiencies. 
4) The assessment modification should then be algebraically added to the 
ini t ia l assessment to produce the maintenance urgency index. Assessment 
and modification numbers may be circled to highlight the guidelines 
used. The statement next to the numbers chosen should be underlined to 
document the reason'for the selection. 5) Once an urgency Index has been 
selected, the type of action to be taken in inspection process and by 
maintenance forces can then be selected. This is done by consulting the 
chart on the next page. The Administrative level at which the assessment 
modification should be approved is not addressed here. 

With the aid of this method, the assessment of underwater deficien
cies of bridge substructures can be performed in an objective manner. 
Inspection personnel can uniformly arrive at a numerical value to 
indicate the urgency of corrective action from a maintenance viewpoint. 



SUBSTRUCTURE CONDITION 
BELOW THE WATERLINE 

URGENCY OF CORRECTIVE ACTION 

MAINTENANCE URGENCY INDEX 
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Maintenance 

Urgency Index 

Maintenance 

Immediacy of Action 

Inspection 

Course of Action 

9 

8 

3 

2 

1 

0 

No repairs needed. 

No repairs needed. List specific items for 
special inspection during next regular in
spection. 

No immediate plans for repair. Examine 
possibility of increased level of inspection. 

By end of next season - add to scheduled work.J 

Place in current schedule - current season -
f i rs t reasonable opportunity. 

Priority - current season - review work plan 
for relative priority - adjust schedule i f 
possible. 

High priority - current season as soon as can 
be scheduled. 

Highest priority - discontinue other work i f 
required - emergency basis or emergency sub
sidiary actions i f needed (post, one lane 
t raf f ic , no trucks, reduced speed, etc.) 

Emergency actions required - reroute traffic 
and close. 

Facility is closed for repairs 

Note in inspection 
report only. 

Special notification 
to superior is 
warranted. 

Notify superiors 
verbally as soon as 
possible and confirm 
in writing. 
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Assessment Modification Chart Based on 
Threat to Integrity of Structure 

Modification Description 
+2 No threat for minimum of 5 years and one or more of 

the following: 
1. Deficiency condition is slowing; 
2. External causes of deterioration substantially 

reduced or eliminated; 
3. Deficiency has history in similar circumstances 

of being self correcting; 
4. Deficiency is entirely "cosmetic" in nature and 

has l i t t l e or no structural effect.* 
(Note: May be used for original rating of 2 to 6 
inclusive.) 

+1 No threat for minimum of 3 years and one or more of 
the following: 

1. Deficiency condition is stable; 
2. External causes of deterioration have lessened 

somewhat; 
3. Deficiency has history in similar circumstances 

of growing no worse; 
4. Deficiency is mostly "cosmetic" in nature and 

has l i t t l e structural effect.* 
(Note: May be used for original rating of 2 to 7 
inclusive.) 

0 No threat for minimum of one year and one or more 
of the following: 

1. Deficiency condition worsening at expected or 
"normal" rate; 

2. External causes of deterioration have remained 
constant; 

3. Deficiency has history in similar circumstances 
of growing worse at consistent rate; 

4. Deficiency has structural effect but has not 
seriously reduced structural capacity. 

(Note: May be used for any original rating.) 

-1 Threat anticipated within one year and one or more 
of the following: 

1. Deficiency condition worsening at increasing rate; 
2. External causes of deterioration are Gradually in

creasing; 
3. Deficiency has history in similar circumstances of 

growing worse at gradually increasing rate; 
4. Deficiency has structural effect. 
(Note: May be used for original rating of 3 to 8 
inclusive.) 

-2 Threat is imminent and one or more of the following: 
1. Deficiency condition is worsening rapidly; 
2. External causes of deterioration are rapidly 

increasing; 
3. Deficiency has history in similar circumstances 

of growing more severe at rapidly increasing 
rate; 

4. Deficiency has severe structural effect. 
(Note: May be used for original rating of 4 to 8 
inclusive.) 

* Structural effect includes redundancy of load path and other factors, 
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SCOUR AROUND PILES 

FLOW 

I I I I 
I I 

1 
1 

p 4' 

/ h3' ; I I 
1 1 

I I 

_1-L 

Ini t ia l ' Modification Urgency 
Assessment Index 

DESCRIPTION: 

SKETCHES: 



GUIDELINES Ini t ia l 
Assessment 

No scour 9 

No scour 8 

Light scour around piles 7 

Moderate scour around piles 6 

Moderately heavy scour pockets around piles 5 

Heavy scour pockets around piles 
4 

Scour pockets have Increased unsupported length dramatically 3 

Pile Is completely exoosed 2 

Structure Is threatened 1 

Structure Is closed 0 

DESCRIPTION Modification 

No threat for minimum of 5 years and one or more of 
the following: 

1. Deficiency condition Is stable; 
2. External causes of deterioration substantially 

reduced or eliminated; 
3. Deficiency has history In similar circumstances 

of being sel f correcting; 
4. Deficiency is entirely "cosmetic" in nature and 

has l i t t l e or no structural effect. 
(Note: May be used for original rating of 2 to 6 
inclusive.) 

+2 

No threat for minimum of 3 years'and one or more of 
the following: 

1. Deficiency condition Is worsening slowly; 
2. External causes of deterioration have lessened 

somewhat; 
3. Deficiency has history in similar circumstances 

of growing no worse; 
4. Deficiency is mostly "cosmetic" in nature and 

has l i t t l e structural effect. 
(Note: May be used for original rating of 2 to 7 
inclusive.) 

+1 

No threat for minimum of one-year and one or more 
of the following: 

1. Deficiency condition worsening at expected or 
"normal" rate; 

2. External causes of deterioration have remained 
constant; 

3. Deficiency has history in similar circumstances 
of growing worse at consistent rate; 

4. Deficiency has structural effect but has not 
seriously reduced structural capacity. 

(Note: May be used for any original rating.) 

0 

Threat anticipated within one year and one or more 
of the following: 

1. Deficiency condition worsening at increasing rate; 
2. External causes of deterioration are Gradually in-

creasino; 
3. Deficiency has history in similar circumstances of 

growing worse at gradually Increasing rate; 
4. Deficiency has structural effect. 
(Note: May be used for original rating of 3 to 8 
Inclusive.) 

-1 

Threat Is imminent and one or more of the following: 
1. Deficiency condition Is worsening rapidly; 
2. External causes of deterioration are rapidly 

Increasing, 
3. Deficiency has history In similar circumstances 

of growing more severe at rapidly Increasing 
rate; 

4. Deficiency has severe structural effect. 
(Note: May be used for original rating of 4 to 8 
Inclusive.) 

-2 



DESCRIPTION: 

UNDERMINING OF FOOTING 
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45' 

In i t ia l " Modification Urgency 
Assessment Index 

SKETCHES: 



Note: Once a pile is exposed, i t must also be rated 

GUIDELINES In i t ia l 
Assessment 

No undermining 9 

No undermining 8 

OX to 102 of pile footing area is exposed 7 

102 to 302 of pile footing area Is exposed 6 

Greater than 302 of pi le footing area is exposed. 
02 to 102 of piles are exposed. 5 

102 to 502 of piles are exposed 4 

502 to 902 of piles are exposed. 
02 to 1002 of spread footing is undermined. 

3 

902 to 1002 of piles are exposed 2 
• 

Structure threatened 1 

Structure is closed. 0 

DESCRIPTION Modification 

No threat for minimum of 5 years and one or more of 
the following: 

1. Deficiency condition is stable; 
2. External causes of deterioration substantially 

reduced or eliminated; 
3. Deficiency has history in similar circumstances 

of being sel f correcting; 
4. Deficiency is entirely "cosmetic" in nature and 

has l i t t l e or no structural effect. 
(Note: May be used for original rating of 2 to 6 
inclusive.) 

+2 

No threat for minimum of 3 years and one or more of 
the following: 

1. Deficiency condition is worsening slowly; 
2. External causes of deterioration have lessened 

somewhat; 
3. Deficiency has history in similar circumstances 

of growing no worse; 
4. Deficiency is mostly "cosmetic" in nature and 

has l i t t l e structural effect. 
(Note: Nay be used for original rating of 2 to 7 
Inclusive.) 

+1 

No threat for minimum of (uie-year and one or more 
of the following: 

1. Deficiency condition worsening at expected or 
"normal" rate; 

2. External causes of deterioration have remained 
constant; 

3. Deficiency has history in similar circumstances 
of growing worse at consistent rate; 

4. Deficiency has structural effect but has not 
seriously reduced structural capacity. 

(Note: Hay be used for any original rating.) 

0 

Threat anticipated within one year and one or more 
of the following: 

1. Deficiency condition worsening at increasing rate, 
2. External causes of deterioration are gradually in

creasing; 
3. Deficiency has history In similar circumstances of 

growing worse at gradually increasing rate; 
4. Deficiency has structural effect. 
(Note: May be used for original rating of 3 to 8 
inclusive.) 

-1 

Threat is imninent and one or more of the following: 
1. Deficiency condition Is worsening rapidly; 
2. External causes of deterioration are rapidly 

Increasing; 
3. Deficiency has history in similar circumstances 

of growing more severe at rapidly increasing 
rate; 

4. Deficiency has severe structural effect. 
(Note: May be used for original rating of 4 to 8 
Inclusive.) 

-2 

0 0 
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SECTION LOSS OF CONCRETE PILE 

^ ^ 4" Typical 

SECTION 

ELEVATION 

Init ial Modification Urgency 
Assessment Index 

DESCRIPTION: 

SKETCHES: 



GUIDELINES In i t ia l 
Assessment 

OX section loss - area In plan' 9 

OS section loss - area In plan 8 

OX to 5X section loss - area In plan 7 

5X to lOX section loss - area In plan 6 

lOX to 15Z section loss - area In plan or 
Reinforcing bar has section loss. 5 

15X to 20X section loss - area In plan or 
Reinforcing bar has section loss 

4 -

20X to 30X section Toss - area In plan or 
Reinforcing bar Is free-standinq 

3 

Over 30X section loss - area In plan 2 

Structure is threatened 1 

Structure Is closed 0 

DESCRIPTION Modification 

No threat for minimum of 5 years and one or more of 
the following: 

1. Deficiency condition Is stable; 
2. External causes of deterioration substantially 

reduced or eliminated; 
3. Deficiency has history In similar circumstances 

of being sel f correcting; 
4. Deficiency Is entirely "cosmetic" in nature and 

has l i t t l e or no structural effect. 
(Note: May be used for original rating of 2 to 6 
Inclusive.) --

+2 

No threat for minimum of 3 years and one or more of 
the following: 

1. Deficiency condition Is worsening slowly; 
2. External causes of deterioration have lessened 

somewhat; 
3. Deficiency has history In similar circumstances 

of growing no worse; 
4. Deficiency is mostly "cosmetic" in nature and 

has l i t t l e structural effect. 
(Note: Nay be used for original rating of 2 to 7 
Inclusive.) 

+1 

No threat for minimum of one-year and one or more 
of the following: 

1. Deficiency condition worsening at expected or 
"normal" rate, 

2. External causes of deterioration have remained 
constant; 

3. Deficiency has history in similar circumstances 
of growing worse at consistent rate; 

4. Deficiency has structural effect but has not 
seriously reduced structural capacity. 

(Note: Hay be used for any original rating.) 

0 

Threat anticipated within one year and one or more 
of the following: 

1. Deficiency condition worsening at increasing rate; 
2. External causes of deterioration are oradually in-

creasino; 
3. Deficiency has history In similar circumstances of 

growing worse at gradually increasing rate, 
4. Deficiency has structural effect . 
(Note: May be used for original rating of 3 to 8 
inclusive.) 

-1 

Threat is Imnlnent and one or more of the following: 
1. Deficiency condition is worsening rapidly, 
2. External causes of deterioration are rapidly 

increasing; 
3. Deficiency has history in similar circumstances 

of growing more severe at rapidly increasing 
rate; 

4. Deficiency has severe structural effect. 
(Note: May be used for original rating of 4 to 8 
inclusive.) 

-2 

o 



SECTION LOSS OF STEEL PILE 
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f 
I I 

<ZL 

1 
3" 

HP 10 X 42 
SECTION 

DESCRIPTION: 

ELEVATION 

Ini t ia l Modification 
Assessment 

Urgency 
Index 

SKETCHES: 



GUIDELINES Ini t ia l 
Assessment 

02 section loss - area In plan 9 

OZ section loss - area In plan 8 

OX to 5X section loss - area In plan 7 

5X to 15X section loss - area in plan 6 

15X to 35X section loss - area in plan S 

35X to SOX section loss - area in plan 4 

SOX to 70X section loss - area in plan 3 

More than 70X section loss - area In plan 2 

Structure threatened 1 

structure is closed 0 

DESCRIPTION Modification 

No threat for minimum of 5 years and one or more of 
the following: 

1. Deficiency condition is stable, 
2. External causes of deterioration substantially 

reduced or eliminated; 
3. Deficiency has history in similar circumstances 

of being self correcting; 
4. Deficiency is entirely "cosmetic" in nature and 

has l i t t l e or no structural effect. 
(Note: May be used for original rating of 2 to 6 
inclusive.) 

+2 

No threat for minimum of 3 years and one or more of 
the following: 

1. Deficiency condition Is worsening slowly; 
2. External causes of deterioration have lessened 

somewhat; 
3. Deficiency has history in similar circumstances 

of growing no worse; 
4. Deficiency Is mostly "cosmetic" in nature and 

has l i t t l e structural effect. 
(Note: May be used for original rating of 2 to 7 
inclusive.) 

+1 

No threat for minimum of one year and one or more 
of the following: 

1. Deficiency condition worsening at expected or 
"normal" rate; 

2. External causes of deterioration have remained 
constant; 

3. Deficiency has history In similar circumstances 
of growing worse at consistent rate; 

4. Deficiency has structural effect but has not 
seriously reduced structural capacity. 

(Note: May be used for any original rating.) 

0 

Threat anticipated within one year and one or more 
of the following: 

1. Deficiency condition worsening at increasing rate; 
2. External causes of deterioration are Gradually 1n-

creasina; 
3. Deficiency has history In similar circumstances of 

growing worse at gradually increasing rate; 
4. Deficiency has structural effect. 
(Note: May be used for original rating of 3 to 8 
inclusive.) 

-1 

Threat is imnlnent and one or more of the following: 
1. Deficiency condition is worsening rapidly; 
2. External causes of deterioration are rapidly 

increasing; * 
3. Deficiency has history in similar circumstances 

of growing more severe at rapidly Increasing 
rate; 

4. Deficiency has severe structural effect. 
(Note: Nay be used for original rating of 4 to 8 
Inclusive.) 

-2 
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SECTION LOSS OF TIMBER PILE 

r ! I ~1 

2" Shell 

SECTION 

ELEVATION 

Ini t i ta l ' Modification Urgency 
Assessment Index 

SKETCHES: 



GUIDELINES In i t i a l 
Assessment 

OX section loss in plan (external) 9 

OX section loss In plan (external) 8 

OS to St section loss in plan (external) 7 

5« to 15X section loss in plan (external) 6 

15S to 25X section loss in plan (external) S 

25X to SOX section loss in plan (external), or 
0« to lOX section loss in plan (internal), or 
OX to lOX section loss in plan (internal + external 1 

4 

SOX to 7SX section loss in plan (external), or 
lOX to SOX section loss in plan (Internal), or 
lOX to SOX section loss in plan (internal + external) 

3 

More than 7SX section loss in plan (external), or 
(tore than SOX section loss in plan (internal), or 
More than SOX section loss in plan (internal + external) 2 

Structure is threatened 1 
Structure is closed 0 

DESCRIPTION Modification 

No threat for minimum of 5 years and one or more of 
the following: 

1. Deficiency condition is stable; 
2. External causes of deterioration substantially 

reduced or eliminated; 
3. Deficiency has history in similar circumstances 

of being self correcting; 
4. Deficiency is entirely "cosmetic" in nature and 

has l i t t l e or no structural effect . 
(Note: May be used for original rating of 2 to 6 
Inclusive.) 

+2 

No threat for minimum of 3 years and one or more of 
the following: 

1. Deficiency condition is worsening slowly; 
2. External causes of deterioration have lessened 

somewhat; 
3. Deficiency has history in similar circumstances 

of growing no worse; 
4. Deficiency is mostly "cosmetic" in nature and 

has l i t t l e structural effect . 
(Note: May be used for original rating of 2 to 7 
inclusive.) 

+1 

No threat for minimum of one-year and one or more 
of the following: 

1. Deficiency condition worsening at expected or 
"normal" rate; 

2. External causes of deterioration have remained 
constant; 

3. Deficiency has history in similar circumstances 
of growing worse at consistent rate; 

4. Deficiency has structural effect but has not 
seriously reduced structural capacity. 

(Note: May be used for any original rating.) 

0 

Threat anticipated within one year and one or more 
of the following: 

1. Deficiency condition worsening at increasing rate; 
2. External causes of deterioration are Gradually 1n-

creasina; 
3. Deficiency has history in similar circumstances of 

growing worse at gradually increasing rate, 
4. Deficiency has structural effect . 
(Note: May be used for original rating of 3 to 8 
inclusive.) 

-1 

Threat is inininent and one or more of the following: 
1. Deficiency condition is worsening rapidly; 
2. External causes of deterioration are rapidly 

Increasing; 
3. Deficiency has history in similar circumstances 

of growing more severe at rapidly increasing 
rate; 

4. Deficiency has severe structural effect . 
(Note: May be used for original rating of 4 to 8 
Inclusive.) 

-2 
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GENERAL DETERIORATION OF CONCRETE 

+ = 
I n i t i a l ' Modification Urgency 

Assessment Index 

DESCRIPTION: 

SKETCHES: 



GUIDELINES In i t i a l 
Assessment 

No deterioration 9 

No deterioration 8 

Light scaling 7 

Moderate scaling or l ight spalling 6 

Heavy scaling or moderate spalling or cracking over 
reinforcing steel. 5 

Heavy spalling with reinforcing steel exposed 4 

Severe spalling with reinforcing steel free-standing 3 

Heavy section loss 2 

Structure Is threatened 1 

Structure Is closed 0 

DESCRIPTION Modification 
No threat fdr mlnlnuun of 5 years and one or more of 
the following: 

1. Deficiency condition Is stable; 
2. External causes of deterioration substantially 

reduced or eliminated; 
3. Deficiency has history in similar circumstances 

of being self correcting; 
4. Deficiency is entirely "cosmetic" in nature and 

has l i t t l e or no structural effect . 
(Note: May be used for original rating of 2 to 6 
inclusive.) 

+2 

No threat for minimum of 3 years and one or more of 
the following: 

1. Deficiency condition Is worsening slowly; 
2. External causes of deterioration have lessened 

somewhat; 
3. Deficiency has history in similar circumstances 

of growing no worse; 
4. Deficiency is mostly "cosmetic" in nature and 

has l i t t l e structural effect . 
(Note: May be used for original rating of 2 to 7 
inclusive.) 

+1 

No threat for minimum of one-year and one or more 
of the following: 

1. Deficiency condition worsening at expected or 
"normal" rate; 

2. External causes of deterioration have remained 
constant; 

3. Deficiency has history in similar circumstances 
of growing worse at consistent rate; 

4. Deficiency has structural effect but has not 
seriously reduced structural capacity. 

(Note: May be used for any original rating.) 

0 

Threat anticipated within one year and one or more 
of the following: 

1. Deficiency condition worsening at increasing rate; 
2. External causes of deterioration are aradually 1n-

creasina; 
3. Deficiency has history in similar circumstances of 

growing worse at gradually increasing rate, 
4. Deficiency has structural effect . 
(Note: May be used for original rating of 3 to 8 
inclusive.) 

-1 

Threat is innlnent and one or more of the following: 
1. Deficiency condition is worsening rapidly; 
2. External causes of deterioration are rapidly 

increasing; 
3. Deficiency has history in similar circumstances 

of growing more severe at rapidly increasing 
rate; 

4. Deficiency has severe structural effect . 
(Note: May be used for original rating of 4 to 8 
Inclusive.) 

-2 
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GENERAL DETERIORATION OF TIMBER 

+ = 
I n i t i a l ' Modification Urgency 

Assessment Index 

DESCRIPTION: 

SKETCHES: 



GUIDELINES In i t i a l 
Assessment 

No deterioration 9 

No deterioration 8 

Light weathering 7 

Moderate weathering 
Light splintering 

6 

Light decay or 
Moderate splintering with gapping or 
Heavy weathering 

5 

Moderate decay or 
Heavy splintering with gapping to heartwood or 
Moderate biological growth 

4 

Heavy decay 
Heartwood deteriorated 3 

Advanced decay or 
Heavy biological growth or 
Heavy loss of section 2 

Structure Is threatened 1 

Structure Is closed 0 

DESCRIPTION Modification 
No threat for minimum of S years and one or more of 

the following: 
1. Deficiency condition is stable; 
2. External causes of deterioration substantially 

reduced or eliminated, 
3. Deficiency has history In similar circumstances 

of being self correcting, 
4. Deficiency Is entirely "cosmetic" in nature and 

has l i t t l e or no structural effect . 
(Note: May be used for original rating of 2 to 6 
Inclusive.)_ _ 

+2 

No threat for minimum of 3 years and one or more of 
the following: 

1. Deficiency condition is worsening slowly; 
2. External causes of deterioration have lessened 

, somewhat; 
3. Deficiency has history in similar circumstances 

of growing no worse; 
4. Deficiency is mostly "cosmetic" in nature and 

has l i t t l e structural effect . 
(Note: May be used for original rating of 2 to 7 
Inclusive.) 

+1 

No threat for minimum of one-year and one or more 
of the following: 

1. Deficiency condition worsening at expected or 
"normal" rate; 

2. External causes of deterioration have remained 
constant; 

3. Deficiency has history in similar circumstances 
of growing worse at consistent rate; 

4. Deficiency has structural effect but has not 
seriously reduced structural capacity. 

(Note: Hay be used for any original rating.) 

0 

Threat anticipated within one year and one or more 
of the following: 

1. Deficiency condition worsening at increasing rate; 
2. External causes of deterioration are Gradually in-

' creasino; 
3. Deficiency has history in similar circumstances of 

growing worse at gradually increasing rate; 
4. Deficiency has structural effect . 
(Note: Hay be used for original rating of 3 to 8 
inclusive.) 

-1 

Threat is Innlnent and one or more of the following: 
1. Deficiency condition is worsening rapidly; 
2. External causes of deterioration are rapidly 

increasing; 
3. Deficiency has history in similar circumstances 

of growing more severe at rapidly Increasing 
rate; 

4. Deficiency has severe structural effect . 
(Note: May be used for original rating of 4 to 8 
Inclusive.) 

-2 

CO 
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SETTLEMENT 

I n i t i a l " Modification Urgency 
Assessment Index 

DESCRIPTION.: 

SKETCHES: 



GUIDELINES In i t i a l 
Assessment 

No settlement 9 

No settlement 8 

Hinor settlement or t l l t i n q of substructure 7 

Moderate settlement or t i l t i n g of substructure. 
Joints are less than design opening. 6 

Ridablllty Impaired. Bearing devices and joints are f u l l y 
open or closed before f u l l design movement has occurred. 5 

Thru cracks visible in substructure, no dislocation. 
Bearing devices and Joints are locked. 4 

Thru cracks visible with moderate relative displacement. 
Joints spalling from Induced stress. 3 

Thru cracks visible with major relative displacement. 
Major settlement or t i l t i n g substructure. 

2 

Structure Is threatened. 
1 

Structure Is closed. 0 

DESCRIPTION Modification 
No threat for minimum of 5 years and one or more of 

the following: 
1. Deficiency condition Is stable; 
2. External causes of deterioration substantially 

reduced or eliminated; 
3. Deficiency has history In similar circumstances 

of being self correcting; 
4. Deficiency Is entirely "cosmetic" in nature and 

has l i t t l e or no structural effect . 
(Note: Hay be used for original rating of 2 to 6 
inclusive.) - -

+2 

No threat for minimum of 3 years and one or more of 
the following: 

1. Deficiency condition is worsening slowly; 
2. External causes of deterioration have lessened 

somewhat; 
3. Deficiency has history in similar circumstances 

of growing no worse; 
4. Deficiency is mostly "cosmetic" in nature and 

has l i t t l e structural effect . 
(Note: Nay be used for original rating of 2 to 7 
inclusive.) 

+1 

No threat for minimum of one-year and one or more 
of the following: 

1. Deficiency condition worsening at expected or 
"normal" rate; 

2. External causes of deterioration have remained 
constant; 

3. Deficiency has history in similar circumstances 
of growing worse at consistent rate; 

4. Deficiency has structural effect but has not 
seriously reduced structural capacity. 

(Note: May be used for any original rating.) 

0 

Threat anticipated within one year and one or more 
of t̂ ie following: 

1. Deficiency condition worsening at Increasing rate; 
2. External causes of deterioration are gradually in-

creaslnp; 
3. Deficiency has history in similar circumstances of 

growing worse at gradually Increasing rate; 
4. Deficiency has structural effect . 
(Note: May be used for original rating of 3 to 8 
inclusive.) 

- I 

Threat is imminent and one or more of-the following: 
1. Deficiency condition Is worsening rapidly; 
2. External causes of deterioration are rapidly 

increasing; 
3. Deficiency has history in similar circumstances 

of growing more severe at rapidly increasing 
rate; 

4. Deficiency has severe structural effect . 
(Note: May be used for original rating of 4 to 8 
inclusive.) 

-2 
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Research Council, which serves the National Academy of Sciences and the National 
Academy of Engineering. The Board's purpose is to stimulate research concerning the 
nature and performance of transportation systems, to disseminate information that the 
research produces, and to encourage the application of appropriate research findings. The 
Board's program is carried out by more than 270 committees, task forces, and panels 
composed of more than 3,300 administrators, engineers, social scientists, attorneys, 
educators, and others concerned with transportation; they serve without compensation. 
The program is supported by state transportation and highway departments, the modal 
administrations of the U.S. Department of Transportation, the Association of American 
Railroads, the National Highway Traffic Safety Administration, and other organizations 
and individuals interested in the development of transportation. 

The Transportation Research Board operates within the National Research Council. The 
National Research Council was established by the National Academy of Sciences in 1916 
to associate the broad community of science and technology with the Academy's purposes 
of furthering knowledge and of advising the Federal Government. The Council operates 
in accordance with general policies determined by the Academy under the authority of its 
congressional charter of 1863, which establishes the Academy as a private, nonprofit, 
self-governing membership corporation. The Council has become the principal operating 
agency of both the National Academy of Sciences and the National Academy of Engineer
ing in the conduct of their services to the government, the public, and the scientific and 
engineering communities. It is administered jointly by both Academies and the Institute 
of Medicine. 

The National Academy of Sciences was established in 1863 by Act of Congress as a 
private, nonprofit, self-governing membership corporation for the furtherance of science 
and technology, required to advise the Federal Government upon request within its fields 
of competence. Under its corporate charter the Academy established the National 
Research Council in 1916, the Nadonal Academy of Engineering in 1964, and the Institute 
of Medicine in 1970. 
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