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INSPECTION AND REPAIR 

OF 

UNDERWATER CONCRETE STRUCTURES 

by 

Domenlc D'Argenzlo 

ABSTRACT 

The service life of any concrete manne structure IS rnfluenced by thp. physical condition of both 

the above water and beiow water portions of structure. This reqUires Implementlng an adequate 

Inspection, maintenance, and repalr program for the entlre structure. Ta develop an effective 

maintenance and repalr program for the submerged portion of the structure, the causes and 

extent of concrete dlstress or detenoratlOn must be clearly understood. ThiS requlres a selective 

underwater conditIOn survey, uSlng a range of rn-situ and laboratory testlng and inspection 

techniques, to obtarn the necessary InformatIOn to assess the condition of the submerged portion 

of the structure. The cause and extent of detenoratlon, site loglstlcs, and the chents needs ""'III 

dlctate the methods of InspectIOn and repalr. Recent developments ln concrete admixtures has 

made It possible to place hlgher quahty concrete sUltable for underwater repairs. l nis thesls pro

Vides a summary of the most comm.:m forms of concrete distress found ln a manne envlronment, 

along wlth a state-of-the-art revlew of eXlsting and recently developed underwater Inspection and 

repalr techniques. 

ln addition, four case studies are presented ta Illustrate the application of the above knowledge. 

The flrst case study descnbes the special aspects of underwater repairs to a concrete storm 

surge barner damaged dunng construction. The second case study summanzes the procedures 

used for repalnng a cracked concrete gravlty dam by polyurethane resln injection methods. The 

thlrd case study presents the vanous procedures used for repalnng concrete rallway bridge piers 

ln a manne enVironment whlch were damaged by severe alkali-aggregate reactlon. The final case 

study descnb~s underwater repalr procedures and concrete investigation techniques used in 

repalrlng the piers of a highway bndge . 
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INSPECTION ET RÉI)AR~ TION 

DES 

STRUCTURES EN BÉTON DANS l,'EAU 

par 

Domente D'Argenzlo 

SOMMAIRE 

La durée dfJ vie de toute structure maritime en béton est influencée par l€olS conditions physiques, 

les parties Immergées, ainsI que les parties submergées. L'augmentation df.! la durée de vie 

nécessite un système adéquat d'Inspection et de réparation. Pour développer un programme de 

réparation de la partie submergée de la structure, les causes et l'éntendu8 des dommages et des 

déténoratlOns dOivent être bien définies. CecI nécessite une surveillance s(,lectlve des conditIOns 

sous-marines, en utilisant un système techmque d'InspectIOn ~,. laboratoire. et ln Situ, clans le but 

d'obtenir les informations nécessaires pour évaluer les dlfférer'les conditions structurales Les 

causes et le degré de détérioration, les conditions du chantier, et les besoin::; du client définissent 

les moyens d'Inspection et de réparation 

Ce mémoire présente un résumé sur les formes de détérioration du béton connue!) dans un 

enVIronnement mann, une descnption des différentes techniques d'Inspection et de réparation 

récemment développées ou déjà eXistantes, ainsI que des additifs utilisés qUi ont permis 

d'améliorer la qualité du béton utilisé dans des enVIronnements sous-manns 

En plus, quatre cas d'études sont présentés pour Illustrer l'application des connaissances 

résumées dans ce mémoire. Le premier cas décnt l'aspect spécial de la réparatlcn clans l'eau 

pour le béton du barrage d'assaut, endommagé durant construction. Le second résume les 

procédures utilisées pour la réparation des barrages-poids par injectIOn de résine polyuréthane. 

Le troisième r.ar présente les dlfferentes procédures utilisées pour la réparation des piliers des 

ponts ferroviaires dans un enVIronnement mann, endommagés par des réactions alkali-agrégats 

Le dernier cas dccm la réparation dans l'eau et les techniques de sondage du béton utilisées 

pour réparation des pIliers de pont . 

li 
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1.1 

CHAPTER 1 

INTROCUCTION 

STATE OF URBAN INFRASTRUCTURE 

The qualrty of a nation's Infrastructure IS essential to ItS continued competitiveness and economlc 

growth. A good economy as weil as healthy and liveable cities, towns, and villages depend on 

rehable and adequate transportation networks (i.e., airports, roadways, waterways), clean and effi

cient water distribution systems, and safe disposai of domestic and hazardous wastes. Their 

detenoration or failure to perform adequately will create an Intolerable hardship to everyday life 

and endanger the productivity of a natlon's economy. 

Many concrete structures are now approachlng or have reached or exceeded their design service 

life and are being used ln excess of thelr design capacity. In reviewing government studies and 

surveys conducted in Canada and the United States, there is convincing evidence that the quality 

of the Infrastructure in the western world is barely adequate to meet current requirements, 

however, it IS Inadequate to meet the projected demands primari~y due to increasing budgetary 

constralnts. For instance, a recent report by the Road Transportation Association of Canada 

(RTAC) 1 revealed that 38 percent of the national highway system was found to be substandard 

and 22 percent (790) of the bridges needed major strengthening and rehabilltation, requiring a 

total rehabllitation Investment of $13-14 billion (1993 dollars) in the next five years.2 A similar 

study conducted ln the United States on the state of the nation's infrastructure revealed that, 

based on an academic scale, their performance (in 1987) would receive a ·C • barely adequate 

to support the required demands·. 3 The cost to upgrade public facilities were reported to be in 

the range of hundreds of billions of dollars. Similar results have been reported in Europe, the 

U.K., and other countries. 

Part of the problem has been lack of public awareness, mainly due to the fact that public works 

facllities are often taken for granted, since many of them are out of sight. A major contributing 

factor to the infrastructure problem has been the decline in government assistance programs 

throughout Canada and other cou nt ries, mainly due to large existing deficits. The fear of 

increaslng their deficit further, governments are unwilling to accept responsibility for rebuilding 

and upgrading urban infrastructure facilities. 4 
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However, studies by the Federation of Canadlan Municipalitles (FCM)!I and others have 

demonstrated th~t infrastructure renewal can dlrectly Improve the economlc vlablhty of commerce 

and industry, thereby generatlng Increased national revenues whlch can reduce deflclts Just as 

eHectivelyas reducing expenditures. For every bilhon dollars Invested ln Canada's construction 

Industry, 20,000 jobs can be created. 2 Simllarly ln the United States, for every public dollar spent 

annually to bUild and malntaln the Infrastructure, the prlvate sector spends $15 (US) to move 

people and goods. For every aViation dollar, prlvate flrms and Indlvlduals spend nlne dollars J 

Taking into account unemployment insurance and welfare savings, and Increased government 

revenues, these benefits are compounded. Although public awareness to the CrlSIS and govern

ment fundlng has increased, the problem still remalns a large one. The n ,atenal ln thls chapter 

has been adapted from dlHerent avallable references, especially 7 and 13. 

1.2 RESOLVING THE INFRASTRUCTURE CRISIS 

An obvious solution ta the prob'''m may be to make avallable the funds necessary 'or 

rehabllitatlon. However, a dependable, high quahty Infrastructure IS not attained by money alone: 

bUilding and maintalning public works requires the sklll, and commltment of time and energy of 

people throughout the pubhc and prlvate sector. For example, Curtis" reports that rehablhtatlon 

costs can be reduced ln Canada by: 

• ReSistance ta public pressure for elaborate and expensive faclhty treatments. 

• Elimination of unnecessary delays in correcting problems. 

• Improving technical eHiciency. Generally these are associated with standardized 

treatment and automated mass production techniques. 

Greater rehance on payment by users. 

A report on the state of public works ln the United States3 recommends that a strategy to upgrade 

the infrastructure must include other mechanlsms ln addition to increased Investment. These 

include: 

Classification of the respective raies of allieveis of government (federal, state, and local) 

in the construction and management of infrastructure ta Increase accountability. 

• More flexible administration of federal and state mandates to allow cost-eHective methods 

of compliance. 

Steps to upgrade the quality and quantity of basic pubhc works management information 

2 
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.. 
ln arder ta measure and Improve the performance and efflclency of existing faclllties . 

Financing of a larger share of the cast of public works by those who benefit from service . 

.. Additional support for research and development to improve technologies and far training 

of public works professlonals. 

Ali of the above leads to SIX main categories of needs to Improve response to the mfrastructure 

crisis: 

.. Apply the best management technrques to infrastructure management; 

.. Elimlnate corruption wherever It exists ln the infrastructure field; 

.. Apply the best skills of the pnvate sector; 

.. Reduce bUilt-in industry structure problems such as fragmentation and harmful duplication 

and competition; 

.. Improve the process of education for the Infrast'ucture managers; and 

.. Conslder trade-offs, and where a level of infrastructure service cannot be maintained, It 

should be reduced. 

Clearly, the requlred task dictated by these recommendations is indeed a challenglng one. In 

fact, It wIll require a shared vIsIon and effort by bath the public and the pnvate sectors. Wlth 

cooperation, the ,nfrastructure problem can be resolved over a reasonable period of time without 

unreasonable budget Increases. The sooner the problem is addressed, the easier it Will be ta 

resolve. It should be kept ln mlnd that major public works prolects have a long lead time, 

especlally if they are located ln a metropolitan area or Involve controversial issues. Continued 

delay will only allow deterioration to advance to the point where costs will escalate. 

1.3 INNOVATIVE REINVESTMENT OPTIONS 

Many Industnalized nations of the warld have come ta realize the importance of Investing in their 

public infrastructure. Due ta increased competition for the tax dollar, finding Innovative ways for 

financing current and future public works needs has become equally important. While several 

dlfferent options have been proposed, they ail depend on general tax revenues and user fees. 

A brief 2 submltted ta the federal gavernment of Canada ln February 1993 provided the following 

options as possible financing mechanlsms: 

Build-operate-transfer systems 

3 
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Lease-to-purchase options 

Dedicated taxes 

• User fees and other pnvatlzatlOn schemes, and 

• The issuance of tax exempt bonds 

Consequently, a national poli commlssloned by The Road Information Program (TRIP) of Canada 

ln April 1993 determ!ned that 58 percent of the respondents questlOned supported the Idea of a 

road user fee ta rehabliltate the National Hlghway System. 

Simllar recommendatlOns were developed by the National Councii on Pubhc Works Improvement 

in the United States.3 These included: 

Users and other beneficianes should pay a greater share of the cast of infrastructure 

service; 

• The federal government should be an equal partner ln flnanclng public works; 

• States should develop comprehensive finance strategies; and 

• Local governments should glve f!nanclal pnonty ta fundlng the maintenance of eXlsti,.,~ 

facilities. 

ln planning for pubhc works investments, both the public and private sector should be glven clear 

stated performance objectives, conslder alternative ways of achievlng them, and have easy 

access ta Information about costs of operation and malntenance. 3 Implementlng these steps will 

not be an easy task, but the Increase ln costs due ta deldy Will hlnder a nation's ablhty ta cape 

wlth the Infrastructure crlsis. 

1.4 REHABILITATION STRATEGIES 

Rehabihtating concrete structures IS a speclahzed field requiring skill and expertise. Due ta the 

complexity of the restoratlOn process, the design englneer must be able ta perform several raies: 

that of an investlgator, designer, matenals performance specialist, and construction Inspector.8 

Ta simplify the rehablhtatlon process, englneers have anempted ta devise a systematlc (or 

decision-making) approach ta arnve at an appropnate solution. One possible approach IS that 

developed by Tracy and Fhng,6 whlch emphaslzes the Implementation of three distinct phases ta 

the rehablhtatlon process (Figure 1.1): the concrete condition survey whlch identifies the cause, 

rate, and extent of detenoration; the structural aspects investigation whlch places structural, 

4 



• 

• 

functional, and operational constralnts on the rehabilitation process, and the repalr program which 

glves vanous solutions to the identifled problems. 

A slmllar but more ngorous approach was developed by Chung7 for repairing concrete structures 

damaged by steel relntorcement corrOSion, although the approach can generally be adapted and 

1. CONCRETE CONDITIONS 

A. DEFECTS 
B DAMAGE 
C DETERIORATION 

Il. STRUCTURE ASPECTS 

A DESIGN SYSTEMS 
B FACILITY TYPE 
C. CONSTRAINTS 

III REPAIA PROGRAM 

A STRUCTURAL MEMBERS 
B ACTION PLAN 
C PLANS & SPECIFICATIONS 

FIGURE 1.1 - REHABILITATION MATRIX8 

apphed to structures in general. The inter-related factors involved in the repair strategy are shown 

ln Figure 1.2. The baSIC steps involved ln the procedure are summarized below. 

1.4.1 THE CONDITION SURVEY 

The tlrst step in the restoration process IS to conduct a condition survey of the structure to coUect 

suffie:""nt data to determine the cause, extent and rate of deterioration. The survey should not 

be limlted to the damaged portions only, but should include the structure as a whole. Test results 

from sound areas of the structure are essential in providing necessary baseline data for compari-

5 
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son. It is good practice to obtain a sufficient number of test results ta perform the reqUired 

statistical analyses. 

DAMAGE EXPOSURE 
INTENSITY CONDITIONS 

~ PROJECTED COSTOF 
SERVICE LlFE 

t-- ,..-
REPAIR 

f----
REPAIR 

t---
STRATEGY 

TAOUBLE·FREE COSTOF r-- ~ -PERIOD MAINTENANCE 
REPAIR 

OPTION , 
REPAIR 

SYSTEM 

FIGURE 1.2 - INTER-RELATED FACTORS OF REPAIR STRATEGy7 

From the condition survey an assessment of the visible and hidden damage ln the Indlvidual 

structural members 15 made, wlth each member or portion of the structure belng classlflBd ln 

accordance wlth the intenslty of damage (I.e., depth of carbonation, chlorrde content, degree of 

spalling and cracking, and degree of rustlng)/ The classification shown ln Table 1.1 may be used 

as a gUide. Although classification of damage intenslty IS mostly arbltrary, It serves as a useful 

gUide for selecting the approprrate method of repalr. 

1.4.2 PROJECTED SERVICE LlFE VS. TROUBLE-FREE PERIOD 

The decision to execute repalrs and the complexlty of the repalr system ta be used depends on 

the extent of deterioratlon and the length of time the structure IS still required ta functlon after the 

repalrs are made. This tlme span IS referred ta as the pro/ected service IIfe (PSL). According ta 

Chung7
, the PSL of a structure can be categorrzed as follows 

6 



• 

• 

• 
• 

Short projected service life: < 5 years 

Medium proJected service life: 5-15 years 

• Long proJected service hfe: > 15 years 

TABLE 11 - CLASSIFICATION OF DAMAGE INTENSITY7 

Damage Intenslty 

Llght 

Moderate 

Severe 

Very severe 

ViSible slgns of distress 

spalling not apparent; 
hair-line cracks only; 
little rust stain 

spalling at isolated spots; 
fine cracks « 0.2 mm) 
wrth rust staln 

extensive spalling and cracking; 
corroded steel visible 

extensive spalling and cracking; 
substantial steel pltting 

If the structure has completed ItS full deSign life when deterioration reaches the unacceptable 

level, then repairs will not be necessary, unless the structure is required ta continue its intended 

functlon. Often, the structure will be ln active service wh en detenoration becomes unacceptable. 

Sometlmes detenoratlon has progressed to the point where the structure or member is elther 

technlcally or economlcally beyond repalr. In such a case, the only alternative is ta rebuild the 

structure 111 ItS entlrety, or ln part. 

If the structure IS ta have a short PSL, extensive repalrs may not be economically Justifiable. In 

most cases, no repairs are needed, unless safety is a concern. With the PSL falling in the 

medium or long range, the degree of detenoration whlch requlres immediate repair may vary 

accordlng to opinion. Some owners or managers tend to postpone any action until the operation 

or safety of the structure IS Impalred, whlle others prefer to perform minor repairs or maintenance 

more often. The declding factors Include accesslbility of the repair areas, provIsion of facllities 

for repalr/malntenance and avallability of funds. 

If the intenslty of damage is hght and the concrete and reinforcing steel are in good condition, 

Immediate repalrs are not necessary. However, Implementing preventive maintenance 

7 
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procedures, such as applying protective coatlngs, frequently helps to prevent hght damage from 

becoming critical, thereby extending the service IIfe of the structure. 

Any repalr work or protective measure chosen for the structure must perform adequately for some 

period of time before another repalr Job becomes necessary. Chung7 defines thls penod as the 

trouble-free penod (TFP) of the structure, and IS charactenzed as follows: 

• Short trouble-free penod: < 5 years 

• Medium trouble-free penod: 5-15 years 

• Long trouble-free penod: > 15 years 

The TFP of a repaired structure will vary wlth the complexlty and thoroughness of the repalr work 

performed. In general, a TFP as long as the PSL is preferred, however, availablhty of funds IS 

usually limited, thereby affordlng a less durable repair. The relatlonshlp between TFP and PSL 

IS represented schematically in Figure 1.3. A flow chart whlch may be used for selectlng an 

approprlate TFP is shawn ln Figure 1 .4. 

ServIce III. 

Tlme 

FIGURE 1.3 - RELATIONSHIP BETWEEN CONCRETE PERFORMANCE AND SERVICE LlFE23 

1.4.3 REPAIR ALTERNATIVES 

Once the probable cause or causes of deterioratlon have been determined, an appropriate repalr 

option can be selected. In selectlng a repair option, the owner of a deteriorated structure must 

first make a decision, based on economlcal reasons, whether:8 

8 
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NO 

To do nothing and allow the structure to deteriorate and eventually demohsh it; 

To Implement short-term repalrs knowlng trlat further repair work will be needed before 

the end of the useful hfe of the structure; and 

To undertake a major rehabllrtatlon or replacement project to provlde a structure whlch 

will provlde a trouble-free perrod equal to Its proJected service IIfe wlth only routine 

maintenance. 

APPEARANCE 
IMPORTANT? 

Yel 

1 NOAEPAIR 

NO PROJECTED 
SERVICE L1FE > 5 
YEARS? 

YES 

PROJECTED 
SERVICE L1FE c: 15 
YEARS? 

I-~_NO-+ L1MITED FUNDS 
FOR REPAIR? 

YES 

NO 

NO 

NO 

FIGURE 1.4 - FLOW CHART FOR DECISION ON TROUBLE-FREE 
PERIOD AND REPAIR OPTION7 

Depending on the rehabilitatlon scheme chosen the objective of the repair is ta restore the 

structure to a point where It can provlde the required trouble-free perrod. The possible options 

of repair include cosmetic, repeated, extended, preventive and replacement. 7 The decision ta 

9 
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make extended repairs or replacement IS usually dlfflcult to make and de pends on several 

interdependent elements including, the extent of damage, the temporary shonng requlred dunng 

the repair, and the extent or interference wlth the operation of the structure. The cholee ln the 

end will be an economical one. 

1.4.4 REPAIR TECHNIQUES 

There are several repalr systems available for performmg repalr work, mcludlng crack Injection, 

patchlng, shotcrete, protec!;ve coatlngs, cathodic protection, chlonde removal and replacement. 

Sorne systems, such as cathodic protection are deslgned ta make the concrete InconduClve 10 

reinforcement corrosion, while others will prevent the Ingress of solutions that promote corrosion 

(e.g., protectlve coatlngs). However, systems that leplace the damaged concrete (I.e., patchmg, 

shotcrete) or flll the cracks wlthln the concrete (I.e., crack InJection) are more commonly used 

Although it may seem deslrable to use the same repalr method throughout the entlre structure, 

a combinatlon of one or more of the above repalr melt.ods is often requlred and is usually more 

economlcal. In any case, If the cause of concrete detenoratlon IS not removed, the repair method 

chosen will only conceal, and otten, a~gravate the problem. 

1.5 LlFE·CYCLE CaSTING 

Chooslng an appropriale repalr option and repair system IS not a simple matter, although several 

options and systems may be equally effective in restonng the structure. In sorne cases, dlfferent 

options or systems may either be reqUired or may be more economlcal for dlfferent parts of the 

structure. In any case, each possible solution should be costed for the projected service IIfe of 

the structure. The solution whlch is chosen IS typlcally the one wlth the lowest cost. 

The estimated cost of any repalr option or system should include the expenses mcurred for 

access, equipment, labor and matenals, and future maintenance. The total cast is the sum of the 

capital cost for repalr and the proJected cost for operatlon/mamtenance of the repalr system, 

including adJustment tor Interest rates and IOtlatlon. Any Indirect cast assoclated wlth loss of 

revenues due to interruption of dally operations dunng the repalr and maintenance penods sr.ould 

also be Included. Otten, It IS necessary to prepare a detalled estimate for companng the relatIVe 

beneflts of repeated repalrs and extended repalr. In many cases, due to budgetary constraints, 

a less desirable solution is chosen Instead of the optimal one. 7 

10 
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1.6 RESEARCH AND DEVELOPMENT NEEDS 

ln the past decade or so, there has been a worldwlde effort Into developing new construction 

matenals and techniques for rehablhtatlng deteriorated concrete structures. The main thrust of 

development, however, has been ln the field of synthetlc construction materials. Technologies 

for applylng these matenals are for the most part Improvements on eXlsting construction 

techniques, although sorne new methods have been put forth. Nevertheless, upgradlng the 

eXlsting Infrastructure and bUilding more durable structures in the future does not rest on 

developlng materials alone. The avallable research and development capablhties must be applied 

to the innovative questions assoclated with alternative Infrastructure technologies. 

Numerous studies conducted ln the mld 1980s assessed research needs in various categories 

concermng Infrastructure management. The studles focussed on both management and 

technologlcallssues. For Instance, a common conclusion was that the process of public works 

management and the effectiveness of public works managers needed to be vastly improved. This 

would reqUire an analysis of Institutlonal problems of planning and management of facilities, 

including the process used for decision maklng. 

The identification of the effects of new technology on urban infrastructure are important factors 

whlch need to be considered to Improve the performance and reduce the cast of existing systems 

and faclhtles. ThiS would Include adJusting Infrastructure management for future patterns of living. 

Equally Important is to develop standards and criteria for the design and performance of urban 

public facllltles, agalnst which national and local needs for investment can be measured. Also, 

constraints caused by the existing codes and standards should be minimized. 

On the technological front, there is a need for technologies far beyond those in use today for 

quality assurance in construction. The construction industry IS becoming worldwide, demanding 

access to the world's best products and services. A prerequiste to acceptance of products or 

services ln International trade IS a demonstration that they conform to international safety and 

performance standards. ThiS may be achieved through hlghly developed ·infratechno-Iogies •. 9 

These are tools used by engineers through the entirety of the lite cycle of the structure or facility 

for developing and applying information, standards, codes and quality assurance. Infratechno

logies requlred ta demonstrate such conformance will consist of: 

Performance standards and codes 

11 
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Procedures to assess the conformity of Innovatlve products and services 

Computer-based knowledge systems 

• Automatic information exchange systems 

• Open systems for products and services 

Predictlng the remalnlng selVlce hfe of eXlstlng deteriorated concrete structures has galned 

interest in recent years. Present methods and tools to predict future performance and selVlce are 

limited. There IS a great need for reflnement of avallable hfe prediction methods and selVlce hfe 

design cnteria must be further deflned. In a recent revlew of some case histones, Hookhamlll 

cited the following important research needs: 

Further research IS needed to charactenze degradatlon processes ln terms of thelT rate 

of attack, threshold level, and treatment ln hfe prediction models. 

• Developing appropnate accelerated aglng techniques and tests 15 needed to Improve 

mathematlcal degradatlon models Instead of emplncal data 

Defining periodlc nondestructive testlng and inspection methads and approprlate 

acceptance criteria are necessary ta provlde the data reqUired ta predlct the remalmng 

service life. 

The comblned effects of several detenoratlon processes acting slmultaneou51y needs to 

be investigated and ,"cluded in hfe prediction modelling. 

It shauld be realized that there are thousands of research needs in ail areas of Infrastructure 

management, and the only source for satisfylng thls demand IS dedicated research efforts by the 

engineering community. However, the role of the government and the public ln provldlng the 

necessary support for accomphshlng such an enormous task cannot be underemphaslled. 

1.7 MARINE STRUCTURE TYPES 

Marine structures have always been crltlcally Important to the operation and econamlc growth of 

ail nations. They have been ln existence for centuries and have been constructed of stone, 

limber, concrete, and steel to wlthstand the harshness of the manne enwonment. They are not 

only designed ta carry thelT selVlce laads, but loads fram shlp and wave Impact as weil. Although 

the average service IIfe of a marine structure IS approxlmately 25 years, marine structures 50, 75 

and over 100 years old are still ln service provldlng the necessary means for movement of goods, 

vital to a nation's growth. 11 Therefore, il becames Imperative to keep these faclhties aperatlng at 
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a servlceable level and to malntaln their capacities . 

Marine structures include a variety of structures and are normally grouped either according to 

thelr functlon or thelr generallayout and overall geometrical conflguratlon. 12 The term is normally 

apphed to berthmg and moonng facliities, container terminais and oil letMs, breakwaters, embank

ments, slope protection stllJctures, tldal bamers, dams, navigation locks, and outlet tunnels. It 

is not the Intent of thls thesls ta provlde an exhaustive revlew of ail the types of manne structures 

in use, but to summanze the main features of those most commonly encountered ln the manne 

environ ment. These Include: 13 

• Berthlng facilities for moonng and providlng support to ships and craft. 

• Drydocks used for construction of shlps and ta expose the underside of ships for 

inspection, maintenance, repalr, or modification. 

Coastal protection structures deslgned ta protect shorelines or harbors. 

1.7.1 BERTHING FACILITIES 

The basic berthing faclhties that provide berthlng support for ships and craft are piers (normal to 

the shore) and wharves (parallel to the shore). Piers and wharves provide a transfer point for 

cargo and/or passengers between water carriers and land transport. The three major structural 

types for piers and wharves are open, sOhd, and floating. 14 

Open-type piers and wharves are pile supported platform structures which permit water to flow 

beneath. Sol id-type piers conslsts of a retainlng structure such as an anchored sheet pile wall 

or quaywall, behind which earth fllI is placed to create a working surface. A floating-type pier is 

a pontoon structure that is anchored ta the shore by trestles or ramps. The top of the pontoon 

can be utllized as the working deck. These structures are not affected by tidal fluctuations but 

obstruct water flow to sorne extent. Open and solid type structures can be combined to provide 

a more advantageous layout. These structures are discussed ln more detail in the following 

sections. 

1.7.1.1 PIERS 

Piers are structures which extend outward from the shore into the waterbody. Piers may be used 

for berthing on one or both sides of their length. The length of a pier is usually equal to or 
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greater than the length of the longest ship to be accommodated. The wldth of a pler is usually 

established by functional, geotechnical, and structural conslderations.'4 

Open piers are plle-supported platform structures whlch allow water to flow underneath. Open 

piers are usually single-deck structures, although recently a double-deck pier was constructed 

by the U.S. Navy.'3 A schematlc of a single and double-deck open pler 15 shown ln Figures 1.5 

and 1.6, respectlvely. 
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FIGURE 1.5 - SINGLE-DECK OPEN PIER '3 

Closed piers, or solid fill piers, are constructed so that water is prevented from flowing 

underneath. The solid fill pier is surrounded along Its penmeter by a bulkhead or wall which 

retains the fill. A schematic of a typical solld flll pier 15 shown ln Figure 1.7. A special type of 

solid fill pier IS a mole piero Mole piers are earth-filled structures that extend outward from the 

shore. The sides and offshore end of the pier are retalned and protected by masonry or concrete 

sheet pile walls. '3 

Floating piers are connected ta the shore with access ramps. Ta prevent lateral movement and 

allow vertical movement of the pier with the tidal fluctuations, guide piles ln the center of the pier, 

or a chain anchorage system is utllized . 
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The floating pler may also be a single or double-deck structure. A 'Ioating pier concept whlch 

was developed by the U.S. Navy is shown in Figure 1.8.13 A more detailed discussion of the 

design and configuration of piers is provlded in the U.S. Navy Design Manual NAVFAC DM 

25.01. 15 

1.7.1.2 WHARVES 
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FIGURE 1.8 - FLOATING TYPE PIERS14 

Wharves are structures which are constructed approximately parallel ta the shore. A marginal 

wharf is attached to the shore along Its fuillength and a retaining structure IS used ta retaln earth 

or stone placed behind the wharf. The retarning structure IS usually referred ta as a bulkhead or 

quaywall. With this structure, the ships can benh along the outshore face only. The typical wharf 

types are simllar to the basic pier types and include open and closed (or soUd fiiO layouts. 13 
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Wharf length and wldth is based on the same considerations as those for piers. Examples of 

open and solid fill wharves are shawn in Figures 1.9 and 1.10, respectlvely. 
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Wh en the depth of water adJacent to the shore IS tao shallow for deep draft ships, the wharf, 

which consists of a platform on piles, IS located some distance away from the shore ln deeper 

water and IS attached ta the shore by pile-supported trestles. The trestles are usually oriented 

perpendicular ta the wharf (Figure 1.11). If the trestle is located at the center of the wharf, the 

structure IS referred ta as a T-type wharf; If the trestle 15 located at an end, It IS called an L-type 

wharf; and if trestles are located at both ends, It IS referred ta as a U-type wharf. 14 

1.7.2 DRYDOCKING FACILITIES 

Drydocking faclhties are used for construction of ships and ta expose the underslde of shlps for 

Inspection, maintenance, repalr, or modification. There are va nous types of drydocks that eXlst, 

Jncluding graving drydocks, floatlng drydocks, marine railways, and vertical syncrohfts. 13 These 

are briefly descnbed below. A more detalled diSCUSSion of drydocklng facllities can be found ln 

References 16 through 18. 
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1.7.2.1 GRAVING DRYDOCKS 

Gravlng drydocks are flxed baSins adjacent to the shore and are constructed of stone, masonry, 

concrete, or sheet plie cells. They can be closed off trom the outshore si de by a movable water

tlght barner (entrance caisson or flap gate). After the barrier is closed, the water is pumped out 

of the baSin to allow the shlp to settle on blocklng set on the dock tloor. A schematic of a typical 

gravlng dock IS shown ln Figure 1.12. 

1.7.2.2 FLOATING DRYDOCKS 

Floating drydocks are U-shaped structures that are used to raise ships or vessels out of the 

waterway. The structure IS flooded, permltting the vessel to enter, and then it IS pumped dry. 
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1.7.2.3 MARINE RAILWAYS 

Manne railways provide an aceess for a vessel to enter the waterway from land and vice versa 

Manne rallways consist of él ramp whlch extends Into the water, a mobile shlp cradle on wheels 

or rollers, groundway shlp cradle tracks, hoistmg machmery, and chams or cables for hauhng the 

ship eradle. A typlcal marine rallway IS shown ln Figure 1.13. 

1.7.2.4 VERTICAL SYNCROLIFTS 

Vertical syncrohfts conslst of platforms which are lowered Into the water to recelve shlps. The shlp 

is then lifted out of the water on the platform by electncally powered hOlstlng equlpment. Figure 

1.14 shows a typlcal vertical syncrohft drydocklng system. 

1.7.3 COASTAL PROTECTION STRUCTURES 

The primary funetlOn of these structures !S to proteet harbors from the erosive effects of wave 

action. Structures whlch commonly fall ln thls category Include seawalls, bulkheads, groins, 

jettles, and breakwaters. A bnef descnptlon of each follows; more detalled informatIOn on the 

design and configuratIOn of these structures IS avallable ln References 19, 20, and 21. 
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1.7.3.1 SEAWALLS 
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Seawalls are massive coastal structures bUiIt along the shoreline to protect coastal areas from 

seour caused by severe wave action and flooding during storms.19 Seawalls are constructed of 
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a variety of materials including reinforced concrete, rubble mounds, or granite masonry. Figure 

1.15 shows three basic types of seawall configurations. 

A curved-face seawall (Figure 1.15a) uses a sheet pile eut-off wall to prevent loss of foundatlon 

materlal by wave scour and leachmg from overtopplng water or storm drainage beneath the wall . 

The toe of the curved-face seawall conslsts of large stones la prevent or reduce scour 

The stepped-face seawall (Figure 1 15b) IS designed for stablhty agalnst moderate waves. This 

seawall type uses reinforced concrete sheet plies wlth tongue-and-groove JOints The space that 

is created between the piles may be filled wlth grout ta form a sandtlght cut-off wall. Alternatlvely. 

a geotextile fabric can be placed behind the sheetlng ta provlde a sandtlght barner, wh Ile permlt

ting the water ta seep through the cloth ta prevent the buildup of hydrostatlc pressure. 

Rubble-mound seawalls can wlthstand severe wave action (Figure 1.15c). Although scour may 

occur, the quarrystone comprising the seawall can readjust and senle wlthout causlng structural 

failure. 

1.7.3.2 BULKHEADS 

Bulkheads are flexible sOli retalnlng structures whlch analn their stabllity from the structural 

members and the shear strength of the sOII.22 The pnmary function of bulkheads IS to retaln flll, 

and although not usually exposed to severe wave action, they are still reqUired to resist eroslon 

Bulkheads are generally either anchored vertical sheet pile walls or gravlty structures. ID The two 

baSIC structural types are shown ln Figures 1 .16 and 1.17. Cellular steel sheet pile bulkheads are 

sometlmes constructed where rock IS close ta the surface and sufflcient penetration cannot be 

provided for the anchored bulkhead type. 

1.7.3.3 GROINS 

Groins are structures deslgned ta reduce the effects of eroslon to the shoreline by altenng 

offshore current and wave panerns. Groins are normally constructed perpendicular ta the shore

line and can be made permeable or Impermeable. ID Matenals used for constructlng groins 

include stone, concrete, timber, and steel. 13 Figure 1.18 shows an example of a concrete sheet 

pile groin . 

22 



• 

• 

(a) 

(b) 

(c) 

e 
0-
o 

El ~ 2 '" 

... -~. 

BoCk!tll 

Surfoce Founl!:ollon Plies 

Sheel U-r-

9lrIOdS@O~""45"'-r1 ~"'I 

WaUr Lev;.;:e.;.I __ _ 

. 

Deloll 01 
Shuf Pllt 

NOIe Dlm.nslons anCl defalls 10 De 
aelermlnea by partlcular site 
conCllt Ions 

or91 R'llrap SIon. 

FIGURE 1.15 - TYPICAL SEAWALL STRUCTURES (a) CURVED-FACE SEAWALL (b) STEPPED
FACE SEAWALL (c) RUBBLE-MOUND SEAWALL'9 

23 



• 

• 

lIve load 
i Iii 

---- .. --

Fallure plane for Ille Ileave of /Ile 
ancflarmg 5011 :;1 /fle auwlory ancl10rmg 
) ", :n--~'~~~~Tl 

. __ -Dearlmon or con/muous 
oncflor woll 

I=~ -=-=-~ ~ , =-.::::-:::;; Mam anc/lor _:':::. o-:c-~ ~~=-~=-- ;;; 
""'-'-=~'_-=-~O" ' 

l;wer lai/ure plane lor 

.... ~ ... 1 

1 

Ine auxillary oncf1Qflng 

FIGURE 1.16 - ANCHORED VERTICAL SHEET PILE BULKHEA025 

1.7.3.4 JETTIES 

Jettles are structures which extend from the shore Into deeper water to prevent the formation of 

sandbars and control water currents. These structures are ordlnarilv located at the entrance to 

a harbor or a river estuary. Jetties are usually constructed of rubble mounds to a height above 

high Me.13 A typical rubble-mound Jetty configuration is shown ln Figure 1.19. 

1.7.3.5 BREAKWATERS 

Breakwaters are large r',bble-mound structures constructed outside of a harbor or coastline to 

protect inner shorelines from severe wave action. These barri ers help to create a safe 

envlronment for moonng, operating, loadlng, or unloadlng of ships within the harbor. There are 

three general types of breakwaters, and may be elther connected to or detached from the shore. 13 

Figure 1.20 shows a cross-section of a typical rubble-mound breakwater . 
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CHAPTER 2 

DETERIORATION OF CONCAETE IN THE MARINE ENVIRONMENT 

2.1 INTRODUCTION 

A vast number of concrete structures are ln direct contact wlth seawater or are exposed la 

seawater spray carned by wlnds. 1 The manne environ ment IS one of the harshest enwonmenls 

known to man. Concrete exposed ta the manne environ ment may detenorate due ta the 

comblned effects of va nous physlcal and chemlcal phenomena. Sorne of the most comman forms 

of deterioratlon include, chlonde-induced corrosion of the relnforclng steel. freeze-thaw attack. 

alkah-aggregate reaetion. sulfate attack, and physical eraslon due ta wave action and floatmg 

debns. 

According to a study of case histones of concrete fallures ln seawater (Appendlx A), Investlgators 

have determined that the degree of df:!tenoration (physlcal or chemical) IS dependent on where 

the structural member 15 located wlth respect ta Mal activlty. Therefore, Mehta2 grouped manne 

concrete Into three exposure zones: submerged, splash, and atmosphenc (Figure 2.1). The 

atmosphenc zone, which IS always exposed to the atmosphere, IS susceptible ta cracking by 

several causes Includlng, fr~eze-thaw action, wetting and drylng, thermal cycles. and corrosion 

of ambedded steel remforcement. Also, concrete ln the tidal or splash zone, whlch IS locatad 

between hlgh and low Me, may experience cracking by impact of floatlOg debns and by 

deletenous chemical reactlons between the seawater and cement paste constituants. The 

submerged zone, whlch is cantinuously covered wlth seawater, IS susceptible ta chemlcal attack 

only. 

Clearly, the most severe deterioratlon will occur in the tldal zone because the structure IS exposed 

to nearly ail the physlcal and chemlcal attacks. Concrete deterioration caused by any one of 

these phenomena Will increase the permeablhty of concrete whlch Will cause further detenoratlon 

by other types of attack. This chapter outhnes the vanaus physlcal and chemlcal phenomena 

whlch cause deterioration in the manne environment, and measures ta control such deterioratlon 

are al&o presented. A bnef revlew of cancrete detenoratton by bactenologlcal attack and hard 

impact are also provided. The materialm this chapter has been adapted from differant available 

references, especlally ~, 4, 6 and 45, and IS presented here for completeness . 

30 



• 

• 

~MTE----------r--

=:':". f~ COMIOSIOH ~ STUL -- - , 
C"ACICING DUE TO ~ 
,,,rUING THAWINO,AND , 
NOItMAL TH["MAL AND 
HUMIDIT't' O"ADIENTS ~I 

'""SIC AL A'''ASION OU[ TO II~! 
WAYE ACTIOfiI, SAND AND ------,.. 
G!'AYEL AND nOATING 1([ 

-, 
ALICALI AOG"rGATr 
"EACTIO", A"D 
OCMlCAl. DtCOM'OIITIC*_ 
or MYOUTIO CI .... T 

'---
OCMICAL OlCOMPOS/TIC* NT'TE'" 

1 co. 'TTACII 

r 
1 

..... I0Il ,".cil -----4111 
S SUL'ATE ATTAOC ---'-__ 1 

1 
ATMOS~H"'IC ZONE 

J ------t - T'DI 

r/- ~.-
fi f,.r '. ' .• ,.. 

~ j, ":! ':'::~·:';I~ALzo .. r 
, \ ~-----
\\, \.~- -. -. "'-. . __ r--

'-- " -
\1 ~- -
\ --------+Ullrftll 

-.&.._---II;L...._~ 

FIGURE 2.1 - EXPOSURE ZONES IN A MARINE ENVIRONMENT1 

2.2 CONCRETE DETERIORATION DUE TO PHYSICAL PROCESSES 

According ta Mehta and Gerwick,3 there are two classifications of physical causes of concrete 

deterioratlon: surface wear and cracking (Figure 2.2). The various phenomena in each 

classification are dlscussed in the following sections. 

2.2.1 CRACKING 

The maJor causes of concrete detenoration are attnbuted ta cracking and subsequent corrosion 

of embedded relnforcing steel (Section 2.3).3 The causes and types of cracking are many and 

can occur ln bath plastic and hardened concrete. "n excellent review of the causes, 

mechanlsms, and control of ail types of cracking in concr'Jte is provided by the ACI Committee 

224.4
,5 The baSIC mechanlsms by which cracking stralns may be generated in concrete are:8 

• Internai movements caused by drying shrinkage, plastiC settlement or shrinkage, and 
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expansion or contraction . 

Expansion of embedded metals, such as relnforcement corrosion. 

Externalloading conditions, such as deformatlons caused by dlfferentlal foundation settle· 

ment. 

PHYSICAL CAUSES OF DETERIORATION 
OF CONCRETE 

\ 

1 l 
[ SURFACE WEAR 

1 1 
CRACKING l 

1 
1 1 1 

ABRASION l 1 
EROSION Il CAVITATION 

1 

f 1 1 
VOLUME CHANGES STRUCTURAL EXPOSURE TO 

DUE TO· LOADS. TEMPERATURE 

1. TEMPERATURE l. OVERLOADING EXTREMES: 

GRADIENTS AND IMPACT 1. FREEZE·THAW 

2. HUMIDITY 2. CYCLIC ACTION 

GRADIENTS LOADING 2. FIRE 

FIGURE 2.2 . PHYSICAL CAUSES OF CONCRETE DETERIORATION1 

A summary of the vanous possible causes of cracking is provided in Figure 2.3. A general guide 

of the age at which these cracks occur in concrete is glVen in Figure 2.4. A summary of common 
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defects occumng dunng construction IS provided ln Appendix B. The various types of cracks 

which occur most often ln practlce are summanzed below, and are adapted trom a review of 

References 4, 5, 6, and 7. 
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FIGURE 2.3 - TYPES OF CRACKS IN CONCRETE6 
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FIGURE 2.4 - TIME OF APPEARANCE OF CRACKS FROM PLACING OF CONCRETE6 
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2.2.1.1 PLASTIC SHRINKAGE CRACKING 

Plastic shrinkage cracking usually occurs on the surface of freshly poured concrete when It IS 

subjected ta rapid loss of mOisture. Cracking usually occurs wlthln the first two ta four hours alter 

placement If the loss of mOisture exceeds the supply by bleed water 

The subsequent shnnkage at the surface and the restralnt provlded by concrete below the drylng 

surface layer Induce tensile stralns which cause cracking. These cracks are usually short and run 

in several directions (Figure 2.5). The wldth of a typlcal crack IS about 2 ta 3 mm (0.08 ta 0 12 

in.) at the surface and decreases as the depth from the surface lncreases. The length of the 

cracks can vary trom a tew centlmeters ta over 1 m (3 ft.) in length and are spaced Irom a lew 

centimeters to as much as 3 m (10ft.) apart. In sorne cases, plastic shnnkage cracks can extend 

the full depth of the member. 

Measures to prevent plastic shnnkage cracking Include the use of ·'og nozzles' to humidlfy the 

concrete surface and covering the concrete surface with plastic sheetlng. The concrete can also 

be protected by erecting wlnd breakers ta diminlsh the wind velocity, and sunscreens to lower 

the surface temperature. ACI Commlttees 224R,5 302.1 RB and 30SR9 provlde other recom

mendations to prevent rapld mOlsture loss. 

FIGURE 2.5 - TYPICAL PlJ\STIC SHRINKAGE CRACKING4 
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2.2.1.2 SETTLEMENT CRACKING 

After the concrete is placed and compacted, It will continue to consolidate due ta the movement 

of mlxlng water toward the surface. If settlement of concrete IS restralned by reinforcing steel or 

formwork, cracking will occur near the element where It is belng restrained. In the case of 

relnforcing steel, longitudinal settlement cracks will form along the top of the rebar (Figure 2.6). 

Increaslng the rebar slze and slump, and decreaslng the concrete caver will increase settlement 

crackmg. If the relnforclng bars are closely spaced, hOrizontal settlement cracking may occur 

(Figure 2.7). These cracks over the top layer of the relnforcement will cause the concrete cover 

to spall. Steps to prevent settlement cracking include proper form design (ACI 347R) 10, adequate 

compactlon, the use of the lowest possible slump, and increasing the concrete cover. 

FIGURE 2.6 - SETILEMENT CRACKING4 

FIGURE 2.7 - HORIZONTAL SETTLEMENT CRACKING BETWEEN CLOSELY 
SPACED REIN FORCING BARSe 
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2.2.1.3 DRYING SHRINKAGE 

Restrained drylng shrrnkage is caused by loss of mOlsture from the cement paste constituents. 

The degree of drylng shrinkage orimanly depends on the amount and type of aggregate and the 

water-cement ratio of the mlx. As the amount of aggregate IS Increased the amount of shnnkage 

will decrease. Surface crazlng on walls and slabs IS an example of drylng shnnkage. This orten 

occurs wh en the concrete near the surface contalns a hlgher water content than the Intenar 

concrete, resultlng in a senes of shallow, closely spaced, fine cracks. 

Drying shrinkage can be mlnimized by Incorporating the maximum practlcal amount of aggregate 

and the lowest possible water content in the mix, or uSlng shnnkage-compensating cement. 

However, thls requlres careful control and proper consolidation. The use of properly spaced 

contraction jOints IS an effective means of controlling shnnkage cracking. ACI Commlnee 224R5 

provldes more dptails and other construction practices whlch help to control drylng shnnkage ln 

concrete. 

2.2.1.4 THERMAL CRACKING 

Hydration of cement paste and changes in ambient conditions may cause thermal gradients wlthin 

a concrete structure, which Will in turn create differentlal volume changes. These drfferential 

volume changes Will create tenslle stralns that may exceed the tensile strain capaclty of concrete, 

causlng It ta crack. Mass concrete structures, such as piers, wharfs, and dams are prone ta 

thermal cracking. The larger the structure, the greater the nsk for thermal gradients. The cracks 

are usually found on the surface of the concrete, mostly ln the form of map cracking, and are 

normally a few millimeters or centlmeters deep. 

Reduclng the temperature of the Internai concrete, delaylng the start of cooling, controlllng the 

rate at whlch the concrete cools, and Increaslng the tenslle straln capacrty of the concrete, ail 

help ta reduce thermal cracking. These and other methods ta reduce cracking ln mass concrete 

are dlscussed ln ACI 207.1 R, 11, ACI 207.2R, 12, and ACI 224R. 5 

2.2.1.5 STRUCTURAL CRACKING 

Structural cracks can occur as a result of externally applied loading elther during construction or 
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during the service life of the structure. Construction loads are often significantly more than 

service loads. Since these conditions usually occur when the concrete is most vulnerable to 

damage, the cracks which develop are usually permanent. Overstresslng the concrete locally may 

also cause the concrete to crack. For Instance, concentrated wheelloads may cause cracking 

along the direction of the relnforcing bar as a result of hlgh bond stresses. Concentrated loads 

at anchorages of prestressing tendons can cause cracking along the direction in which the load 

is applied. Figure 2.8 summanzes the various forms of load-induced cracking. 

(t;:;, :,1; 
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') t., 

-fl '\ \ ) ) 
1 ~+-
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Bond crack FlexuraJ crack 
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along lin. of bar 

1 //\ t ~ - t t 
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FIGURE 2.8 - LOAD-INDUCEO CRACKS; (a) PURE FLEXURE; (b) PURE TENSION; (c) SHEAR; 
(d) TORSION; (e) BOND; (~ CONCENTRATEO LOA08 

2.2.1.6 CRACKING DUE TO CHEMICAL REACTIONS 

There are several deletenous chemical reactlons whlch may cause cracking in concrete. These 

reactlons may be caused by reactive aggregates in the concrete or substances that come into 

contact with the hardened cement paste. Certain aggregates containing active sUica react wlth 

the alkalies found in the hydrated cement paste ta form an expansIVe silica gel. The resulting 

local stresses which occur as a result of thls expansion causes the concrete to crack and may 

often lead to complete detenoratlon. Water whlch contains sulfates also reacts with the portland 

cement paste constltuents to form an expansive product resulting in high local stresses which 
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cause the concrete ta crack and deteriorate. Deterioration may also occur from the repeafüd 

application of deicing salts ta the concrete surface. The effects of these and other chemlcal 

reactioRS felatlng to the durabihty of concrete are dlscussed ln greater detall ln SectIOn 2.4. 

2.2.1.7 CRACKING DUE TO REIN FORCEMENT CORROSION 

Relnforclng steel ln concrete 15 usually protected by a passive oXlde coatlng whlch forms ln the 

highly alkahne pore solution ln hydrated concrete. However, relnforclng steel may corrode l' the 

alkalimty (pH) of the concrete IS reduced by carbonatlon or by destruction of the passive film by 

aggresslve ions such as chlondes. The resulting steel corrosion produces expansive products 

which occupy a much greater volume than the onginal steel. This increase in volume causes hlgh 

radial bursting stresses around reinforclng bars whlch lead to cracking of the surroundlng 

concrete. The princlples of relnforcement corrosion are dlscussed ln more detailln Section 2.3 

2.2.1.8 CRACKING DUE TO CRYSTALLIZATION OF SALTS IN PORES 

CrystalhzatlOn of sulfate salts ln concrete pores can lead to slgniflcant damage. This occurs when 

one slde of a concrete member is exposed to a salt solution and the other sldes are exposed to 

the atmosphere. Many porous matenals are susceptible to cracking from crystallizatlon 

pressures. 1 

2.2.1.9 CRACKS CAUSED BV DESIGN AND DETAILING ERRORS 

Errors in design and detaihng may lead to unacceptable cracking of concrete. The effects of 

cracking range from "poor appearance ta lack of servlceabllity ta catastrophlc failure"." Common 

errors in design and detalhng that may lead ta cracking Include poorly detalled corners, sudden 

changes in cross-sectlOnal area, Improper selection and/or detaihng of relnforcement, member 

restraints, insufficient number of contraction JOInts, and Improper design of foundations, leadlng 

to differential settlement. The degree ta whlch Improper design and detailing will cause cracking 

depends on the partlcular structure and loading conditions involved. 

2.2.1.10 WEATHERING 

The vanous weathenng processes which cause concrete ta crack Include freezing and thawing, 

wetting and drying, and heatlng and cooling. Ali of these processes create volume changes ln 
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the concrete which lead ta excessive cracking. The best defence against deterioration due ta 

natural weathering is ta provide a concrete wlth the lowest practical water-cement ratio, durable 

aggregate; adequate air entralnment, and proper cunng. A more detailed discussion of these 

forms of detenoration IS provlded ln the following sections. 

2.2.2 FREEZING AND THAWING 

Detenoratlon of concrete due ta freeze-thaw action is one of the major durability problems with 

structures in cold chmates. The cause, rate of detenoration, and extent of damage depend on 

the charactenstics of the concrete pore matrix and speclfic enwonmental conditions. The frost 

damage to concrete usually manlfests ln cracking and spalling, and scaling. Cracking and 

spalhng are the most cam mon forms of damage and are caused by continuous expansion of the 

concrete from repeated freeze-thaw cycles. Scahng usually occurs as a result of freeze-thaw 

action ln the presence of delclng salts.1 The vanous mechanlsms by which frost damage occurs 

ln the cement paste are descnbed below. Since hardened cement paste and aggregate particles 

in the concrete behave differently when subjected ta freeze-thaw action, these are described 

separately. 

2.2.2.1 FROST ACTION ON HARDENED CEMENT PASTE 

Powers1314 theonzed that frost damage in cement paste IS caused by hydraulic pressures 

generated dunng the freezing of water ln the capillanes or pores of the concrete. When water 

begins ta freeze there IS a corresponding increase ln volume of nine percent. 1
•
6 The resulting 

hydraulic pressure depends on the distance ta an "escape boundary", the permeabllity of the 

concrete. and ·"e rate of ice formation. In the case of completely filled water pores, the concrete 

will crack. 

Powers also suggested that osmotic pressure, caused by differences in salt concentrations in the 

pore fluid, can be another source of destruction ln cement paste. 1 Since solutions treeze at lower 

temperatures than water, the hlgher the salt concentration in the pore fluid, the lower the freezing 

pOint (Figure 2.9). When the temperature of the concrete drops below the freezing point, ice 

crystals Will form ln the large capillaries, resulting in "an increase in the alkali content in the 

unfrozen portion of the solution ln these capillaries".15 An osmotic potential is created which 

causes water in the adjacent unfrozen pores ta move towards the solution in the frozen pores 

(Figure 2.10). ThiS decreases the alkali content of the solution adjacent to the ice and causes the 
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ice crystals to grow (ice-accretion). When the pore IS completely filled wlth Ice and solution, any 

further crystal growth produces expansive pressures whlch eventually lead to destruction of the 

cemenrpàste. According ta the theory proposed by Lltvan,16 the process explalned by Powers 

causes a portion of the paste in the unfrozen reglons to dry up, and the frozen reglons to expand. 

ln addition, damage occurs when the mOlsture wlthln the pores 15 not adequately redlstnbuted 

ta accommodate the conditIOns, e.ther due ta a hlgh degree of water saturation, rapld coohng, 

or low permeablhty.l ln such cases, when the pore water freezes It forms a seml-amorphous sohd 

which produces high Internai pressures. 1~ 

OL-----__ L-____ ~ 

1 10 100 
POl. radius: nrn 

FIGURE 2.9 - EFFECT OF CHLORIDES 
ON THE FREEZING 
POINT OF PORE WATERS 

2.2.2.2 FROST ACTION IN AGGREGATE PARTICLES 

Wller 
film 

FIGURE 2.10 - DIFFUSION DURING 
COOLINGs 

Powers17 found that aggregates bleed Internai water during freezlng, and the hydraulic pressure 

theory developed to explaln the damage to cement paste by frost action is also believed ta be 

applicable ta porous aggregates, such as sand stones, shales, and certain cherts. The behavior 

of an aggregate particle when exposed ta freeze-thaw action depends on the pore size 

distribution and permeabllity.l Wlth regard to reslstance ta frost action, Verbeck and Landgren18 

proposed three classes of aggregate: low permeablhty, intermediate permeability, and high 
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permeability. The first eategory Ineludes aggregates of low permeability and high strength. In 

these aggregates, when water in the pores freezes, the elastie strain ln the aggregate partiele is 

absorbed without eausing any damage. 

Aggregates of Intermedlate permeabllity have a signifieant amount of small pores (500 nm or 

smaller). Verbeek and Landgren lB showed that for any natural rock, there IS a eritical parti cie slze 

below whlch internai water ean be frozen wlthout damage. There is no umque entieal slze for 

aggregates beeause thls depends on several factors Ineluding the degree of saturation, freezlng 

rate and permeablhty of the aggregate. However, some aggregates, sueh as granite, basait, 

dlabase, quartzite, and marble do not produee stress when freezing oceurs regardless of the 

partlele size. 15 If aggregates larger than the eritlcal size are used in conerete, the primary failure 

mode is accompanied by pop-outs, as shawn in Figure 2.11. 1 

~
go6i1 

1 • 'J 1 
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Aggregltl .. no! Irost 
r_lInt. ~ con ....... 
poreeor ..... 

Local pop-out spalttng or 
mcro-crlCiung 01 cement 
IIIIIIUI due 10 !roll 
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FIGURE 2.11 - POP-OUT DUE TO NON-FROST·RESISTANT AGGREGAret' 

Aggregates having a significant number of large pores are eonsidered to be highly permeable. 

Although the hlgh permeability of the aggregate allows water ta penetrate and exit easily, trost 
damage ean still occur. When pressurized pore water IS forced out from an aggregate partiele, 

the interface between the aggregate surface and cement paste may be damaged. In this case, 

frost action does not cause damage to the aggregate partiel es. 1 

2.2.2.3 CONTROL OF FREEZE·THAW DAMAGE 

The eharacteristies of the cement paste and aggregate bath have an effect on the frost resistance 
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of concrete. In each case, the resulting behavlor IS dependent on the interaction of several 

factors, such as the location of escape boundaries, pore structure, the degree of saturation, the 

rate of eoohng, and the tensile strength of the concrete. Providing air entrain ment in concrete, 

using frost-resistant aggregate, and the use of proper mix proportloOing and cunng Increase the 

resistance of concrete ta frost damage.' These are summanzed below. These and other 

measures to protect concrete agalnst frost damage are descnbed ln more detailln ACI 201.2R.'~ 

(a) AIr Entrainment. The frost resistance of concrete can be substantlally Improved by provldlng 

an adequate air-void system wJthln the concrete ta reduce its permeabillty (Figure 2.12). The 

addition of sm ail amounts of air-entraining agents to the fresh concrete mixture (e.g., 0.05 percent 

by welght of cement), small bubbles ranglng from 0.05 ta 1.0 mm (0.002 ta 0.004 in.) in dlameter 

are created for protection of concrete agalnst frost damage. 1 

Depending on the aggregate slze and exposure conditions, the dosage can be varied ta produce 

the desired air content. The recommended air content vanes wlth aggregate slze because 

concrete mixes that contaln large aggregates require less cement paste than nch concretes with 

smaller aggregates. Therefore, the latter would need m\lre air entrainment ta provlde the same 

protection agalnst frost damage. 19 The recommended air contents for frost-resistant concrete, 

according to ACI318-92,20 are shawn ln Table 2.1. TheACI318 permrts a one percent decrease 

ln total air content for concretes having a speclfied 28 day compressive strength ln excess of 34 

MPa (5000 pSI). 
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FIGURE 2.12 - EFFECT OF AIR-ENTRAIN MENT ON CONCRETE DURABILlTY1 
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TABLE 2.1 - RECOMMENDED AIR CONTENT FOR FROST-RESISTANT CONCRETE20 

~ominal maximum Air content, percent 
aggregate size 

. 
Severe exposure Moderate exposure 

9mm 3/a ln. 7-V2 6 
12 mm V21n. 7 5-% 
19 mm 3/. In. 6 5 
25 mm 1 ln. 6 4-% 
38 mm 1-% in. 5-% 4-% 
SOmm 2 In. 

.. 
S 4 

75 mm 3 in. 
.. 

4-V2 3-% 

·See ASTM C 33 for tolerances on overslze for various nominal maximum size deSignations. 
"These air contents apply to the total mlX, as for the precedlng aggregate sizes. When testlng these concretes, 
however, aggregate larger than 38 mm (l-Va in) is removed by handplcklng or sieving and air content is 
determtned on the minus 38 mm (l-V. in) fraction of mi)!, (Tolerance on air content as delivered applies to this 
value) The air content of the total mlx 15 computed Irom the value determlnl)d on the minus 38 mm (l-Va in.) 
fraction -

Ounng the placement of concrete, the air content of the concrete should be measured frequently. 

According ta ACI Committee 201,'5 the followlng te~t methods may be used: volumetrie method 

(ASTM C 173), pressure method (ASTM C 231), or the umt weight test (ASTM C 138). An air 

meter may also be used ta estlmate the air content. For hghtweight concrete, the volumetrie 

method is recommended. The air content in hardened concrete can be determined using 

microscope techmques ln the laboratory (ASTM C 457). 

(b) Law Water-Cement RatiO. Verbeck and Khegef' confirmed the hypothesis that at a given 

freezlng temperature the amount of available water whlch can be frozen will be more with higher 

water-cement ratios (Figure 2.13). When the water-cement ratio is decreased and the cement 

content IS increased, the frost resistance of the concrete Will increase. 

Accordlngly, ACI Committees 201.2R'5 and ACI 318-9~o have set guidelines for producing frost

reslstant concrete for a vanety of conditions: for frost-resistant normal weight concrete, the water

cement ratio should not exceed 0.45 for thln sections (bridge decks, railings, curbs, sllls, ledges, 

and ornamental works) and sections with less than 25 mm (1 ln.) of concrete cover over the 

reinforcement, and any concrete exposed to deicing salts; and 0.50 for ail other structures. Also, 

for lightweight concrete, a mimmum 28 day compres~l"e strength of 28 MPa (4000 psi) is 

recommended . 
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FIGURE 2.13 - EFFECT OF WATER-CEMENT RATIO ON AMOUNT OF 
FREEZABLE WATER IN CONCRETE I 

(c) Frost-Resistant Aggregates. Sound coarse aggregates will produce frost-resistant concrete. 

Aggregates whlch are crushed to a nominal size of 12 ta 19 mm ('/2 ta 3/. In.) will usually produce 

satisfactory results, since the crushing process tends ta break the aggregate along its weaker 

planes. Aggregates whlch are highly porous, such as some cherts, sandstones, hmestones, and 

shales are more susceptible ta trost damage than aggregates like granite, basait, quartzite, or 

marble. 19 

Natural aggregates should meet ASTM C 33 requrrements and lightweight aggregates should 

meet the requlrements of ASTM C 330. The best way to evaluate aggregate performance IS by 

field experience, but if this is not feasible, the engineer must rely on laboratory testlng, such as 

petrographiç examination, rapid freezing and thawing tests (ASTM C 666), and dilation tests 

(ASTM C 671). 

(d) Adequate Curing. Proper consolidation and curing are ais a important factors influencing the 

frost resistance of concrete. The ACI Committee 201.2Rl~ report recommends that alr-entrained 

concrete should reslst the affects of freezlng and thawing (one or two cycles) as soon as a 

compressive strength of 3.45 MPa (500 psi) is attained. Concrete should have a compressive 

strength of about 28 MPa (4000 psi) before it is exposed ta freezlng temperatures. For moderate 
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exposure conditIons, a specified compressIve strength of 21 MPa (3000 pSI) should be attalned . 

For water-cement ratios of 0.50 or less, at least seven days of mOlst curing at normal temperature 

is recommended before exposlng the concrete ta freezing condItions. 1 

2.2.3 CONCRETE SCALING 

The comblned effects of frost action and the presence of deiclng salts on concrete produce a 

more severe attack than frost alone. Applylng deiclng agents, such as ammonium chlonde, 

calcium chlonde, and sodIum chloride ta a concrete surface covered with ice wIll cause the 

concrete surface ta experience temperature shock when the ice melts. The temperature gradient 

which 15 created between the surface and the Interior of the concrete will generate Internai 

stresses that may cause the outer layer of the concrete ta crack.6 

As prevlously described ln Section 2.2.2.1, the change ln the freezlng behavlor of the pore water 

is due ta the Ingress of salts (deicing agents) from the outside of the concrete. The content of 

deicing solutIon will decrease wlth Increasing dIstance from the surface of the concrete, creating 

a freezing temperature gradient wlthln the concrete.22 As a result of bath the change in tempera

ture and salt concentrati~.n gradIents, sorne layers of concrete will freeze at different times, 

causing scaling (Figure 2.14). Researchers have noted that the most damage ta the concrete 

surface by scahng occurs when salt concentrations reach about four ta five percent. 1 The use 

of chlorides as delcing agents also Increases the risk of reinforcement corrosion (Section 2.3). 

2.2.4 DETERIORATION BV SURFACE WEAR 

The reslstance ot concrete ta surface wear IS detlned as the "abllity of a surface ta resist being 

worn away by rubbing or friction". 24 Concrete does not have a high resistance to repeated 

abrasion cycles, especially if the concrete IS very porous or has a low strength, and contains an 

aggregate of low wear reslstance. 1 Surface wear can occur due ta abrasion, erosion and 

caVItation. From a review of References 1, 6, 15, and 25, the three phenomena are summarized 

below. 

2.2.4.1 ABRASION 

The term 'abrasion' is usually used ta describe wear on pavements and industrial floors by 

vehlcular traffic. 15 Although this is not a significant prob!em in the marine environment, such wear 
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may occur on surfaces of concrete piers or wharves. Accordmg to Prior,26 abrasion of pavements 

can be classlfied into two types: 

"Wear on concrete floors due ta foot trafflc and hght trucklng, sklddlng, scrapmg or shdlng 

of abjects on the surface (attrition)", and 

·Wear on concrete road surfaces due ta heavy trucks and automobiles wlth studded tires 

or chalns (attrition, scraplng and percussion)'. 

Frozen 
layer 

Lal.r ',"Zlng 0' the 
Ifttttrmed.1t I.y.r 

(a) 

(b) 

Ttmpertlur. 'C 

FrNzlng poonl 
low.rlld du. 10 

i ill~d'lClng agenl. 

Concl.le lemp.ralur. 

FIGURE 2.14 - 5CAlING DUE TO VARIATIONS IN THE TIMING OF FREEZING OF LAYERS: 
(a) INTERMEDIATE LAYER 15 INITIALLY UNFROZEN; 

(b) INTERMEDIATE LAYER FREEZES LATER, CAUSING SCAlING6 

Tire chains and studded snow tires can also cause slgnlfieant wear damage to good quality 

concrete surfaces. Tire chains cause wear by ·flaihng and scufflng action" as the metal studs 

contact the concrete surface. The damage caused by studded snow tires IS due to dynamlc 

impact of the small tungsten carblde tip of the studs. A study eonducted by Smith and 

Sehonfeld27 in Ontano, Canada, determined that ruts from 6 ta 12 mm (V4 ta V2 ln.) deep may form 

ln a single season where traffie is heavy. In general, wear due ta abrasion does not affect the 

concrete structurally, but in some cases It may cause servlceablhty or dusting problems . 
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2.2.4.2 RECOMMENDATIONS FOR CONTROLLING ABRASION 

The abFeslon reslstance of concrete IS dependent on compressive strength, aggregate propertles, 

use of topplngs, and finlshlng and cunng methods. Test and field experience have shown that 

compressive strength IS the most Important factor Influenclng the abrasIon resistance of concrete. 

Accordlngly, ACI Commlttee 201 15 recommends that the compressive strength of concrete should 

be more than 30 MPa (4000 pSI). This can be achieved by using a low water-cement ratio, proper 

grading of fine and coarse aggregate (hmlt the maximum nominal size to 25 mm), and minimum 

air content as dlctated by exposure conditions. USlng hard, tough, coarse aggregates will provide 

additional abrasion reslstance. 

2.2.4.3 EROSION 

Erosion damage occurs as a result of abrasion caused by silt, sand, gravel and rocks which are 

carned by flowlng water over a concrete surface (attrition and scraping).29 Erosion is recognized 

by the smooth, worn appearance of the concrete surface. This damage IS common to hydrauhc 

structures at bndge piers, and structures protecting embankments or coasts. Due ta the 

presence of high water veloclties, spillway aprons, stilling basins, sluiceways, and outlet tunnel 

hnlngs are especlally susceptible to eroslon damage. 

The rate at which eroslon occurs depends on several factors including the porosity or strength 

of concrete, and on the amount, size, shape, denslty, hardness, and velocity ofthe particles being 

transported. Dependlng on flow conditions, erosion damage can range between a few 

centimeters ta several meters. The relatlonshlp between fluid-bottom veloclty and the size of 

particles whlch a specific velocity can transport IS shown in Figure 2.15. If the quantlty and size 

of the partlcles are small, erosion will not be slgnlflcant at water velocities of up to 2 mis (6 ft/s). 

2.2.4.4 RECOMMENDATIONS FOR CONTROLLING EROSION 

Numerous matenals and techniques have been utilized for constructlng and repalring structures 

damaged by severe eroslon. Investigations by LIU30 have shown that "abrasion-resistant concrete 

should include the maximum amount of the hardest available coarse aggregate and the lowest 

practlcal water-cement ratio· (Figure 2.16). For instance, concrete containing chert aggregate will 

provlde approxlmately twlce the abrasion-eroslon resistance of concrete containing limestone . 
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When a structure will be exposed to severe eroslOf' or abrasion conditions, ACI201.2R1~ recom

mends that, in addition to using hard aggregates, the concrete should have a minimum 28 day 

compressive strength of 42 MPa (6000 pSI) and moist-cured for at least seven days before 

exposing the concrete to the aggresslve envlronment If hard aggregate IS not avallable, the use 

of sillca fume and hlgh-range water-reduclng admlxtures will produce a very strong concrete . .'o 
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FIGURE 2.15 - BOTIOM VELOCITY VS. TRANSPORTE!:) PARTICLE SIZE29 

Vacuum-treatedconcrete, polym€'. concrete, polymer-Impregnated concrete, and polymer-portland 

cement concrete will provlde a higher resistance to abraslon-eroslon damage than conventlOnal 

concrete. Accordlng to ACI Commlttee 223,31 concrete produced wlth shnnkage-compensatlng 

cement, Will provlde an abraSion resistance from 30 to 40 percent hlgher than portland cement 

concrete with simllar mixture proportions. The vanous materials and techniques used for repalnng 

erosion damage to hydrauhc concrete structures are dlscussed ln Chapter 7 . 
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FIGURE 2.16 -INFLUENCE OF WATER-CEMENT RATIO AND AGGREGATE TYPE ON 
ABRASION-EROSION DAMAGE IN CONCRETE' 

2.2.4.5 CAVITATION 

Erosion damage to concrete hydraulic structures can also be caused by cavitation, resulting from 

the sudden collapse of vapor bubbles ln water that is flowing at velocities in excess of 12 mis (40 

ft/s) , or 7.6 mis (25 ft/s) in closed condurts.29 ln flowlng water, vapor bubbles form when the local 

absolute pressure in water drops to the ambient vapor pressure of water corresponding to the 

amblent temperature. Figure 2.17 shows examples of concrete surface irregularities which can 

cause vapor bubbles to form. 

Cavitation damage is produced when the vapor bubbles collapse or implode. The collapses that 

occur ;.lt'cir the concrete surface produce very high instantaneous pressures that impact on the 

COUI , -t,~ surt,.:Aces. Repeated impact of these high-energy pressures will cause severe local 

Plttlh9 The Jamage caused by cavitation IS different from that caused by erosion because 

cavitation plt~ eut around the coarse aggregate panlcles. ThiS continuous action eventually 

undermines the aggregates causing them to come loose . 
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FIGURE 2.17 - CAVITATION OCCURRENCE AT SURFACE IRREGULARITIES29 

2.2.4.6 RECOMMENDATIONS FOR CONTROLLING CAVITATION 

According to ACI Committee 210R29
, the cavitation resistance of concrete can be Increased by 

using high-strength concrete wlth a low water-ceme,'t ratiO, provlded It IS not subJected to 

abraslon-erosion damage. The use of hard, dense aggregate wlth a nominal mruumum size of 

38 mm (1-Y2 in.) is recommended for produclng a good bond between the aggregate and the 

cement paste. This IS essentlal for achlevlng Increased reslstance to cavitation damage. 

Cavitation damage has been successfully repaired using steel flber- reinforced concrete. 32 ThiS 

material provldes good impact reslstance to cavitation damage and appears to reduce cracking 

and disintegration of the concrete. The use of polymers has also shown to Improve the cavitation 

reslstance of both conventlonal and fiber-reinforced concrete. 33
,34 Va nous matenals and coating 
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systems have been tested at the U.S. Army Detroit Dam (Oregon) High Head Erosion test flume. 35 

Figure 2.18 shows the performance of several of these materials subjected to water flows with 

velocities of 37 mIs (120 ft./s). 

o TEST SLAS NO. 1 - CONVENTIONAL CONCAETE - Cemf'nt 600 Ib/yd3 (356 kg/m"l, MSA 1 Y.' (38 mm) 
C TEST SLAB NO 2 - STEEL FIBEA CONCRETE - Cement 690 Ib/yd3 (409 kg/m'). MSA 3/4' (19 mm) 
• TEST S~B NO 3 - POLYMERIZED CONVENTIONAL - Cement 600 Ib/yd' (356 kg/mi. MSA 1 Y. (38 mm) 
• TEST SLAS NO 4 -POLYMERIZED STEEL FIBEA - Cement 690 Ib/yd3 (409 kg/m"), MSA 3/4' (19 mm) 
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FIGURE 2.18 - EROSION DEPTH VS. TIME FOR VARIOUS TYPES OF CONCRETE MIXTURES29 

Although uSlng the proper matenals will increase the cavitation resistance of concrete, the best 

defence IS to mlnimize or eliminate the factors causlng cavitation, such as misalignments or 

abrupt changes of slope. In sorne cases, thls may be unavoldable and the designer can minimize 

the effect of cavitation by the use of aeration devices designed to supply air to the flowing water.29 

Research has shawn that Irregularities on the concrete surface will not cause cavitation damage 

if the air/water ratio in the water adjacent ta the concrete surface is about eight percent. Such 

devlces are shawn ln Figures 2.19 and 2.20 . 
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FIGURE 2.19 - TYPES OF AERATORS29 

2.2.4.7 MATERIAL EVALUATION 

Another approach to controlling surface wear of concrete is by testing and evaluatlng the 

materials prior to using them in hydraulic structures. A variety of standardized test methods are 

available for determining abrasion-erosion reslstance of concrete surfaces ln terms of weight loss 

after a specified time.' ASTM C 779 descnbes three methods for testing the relative abraSion 

resistance of hOrizontal concrete surfaces ln terms of welght 1055 after a speCitled lime. These 

tests Include an abraSive type apparatus, such as steel dresslng wheels and rolling steel balls 

under pressure. ASTM C 418 describes the sandblast test, which determlnes the abraSion 

reslstance of con crete by subjecting it to the abraSive action of alr-blown sihca sand. The modi

tled Los Angeles rattler tests (ASTM C 131 and C 535) have also been used to determine 

abrasion-erosion resistance of concrete surfaces . 
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FIGURE 2.20 - AIR SUPPLY TO AERATORS29 

These tests are designed to slmulate erosion caused by heavy foot or wheeled traHie on concrete 

surfaces and are not appropriate for modelling eroslon ln hydraulic structures. Accordingly, the 

U.S. Army Corps of Engineers has developed a test method for simulating and measuring 

abraslon-erosion in hydraulic structures. This test (CRD-C 63-80), "Test Method for Abrasion

Erosion ReSistance of Concrete (Underwater Method)," subJects concrete specimens to abraslon

erosion under the action of steel grindlng balls and circulating water with an approximate velocity 

of 2 mIs (6 ft./s). The damage IS measured by determming the amount of lost material as a 

percentage of the original mass. The development of the test procedure and data from a vanety 

of tests of vanous concrete mixtures have been reported i:ly Liu.3O 

2.3 REIN FORCEMENT CORROSION IN CONCRETE 

A racent raview by Mehta36 of proceedings of the cement Chemistry Congresses and other 
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symposia held by ACI, ASTM, and RILEM in the last 50 years observed that 'corroslon of reln

forcing steel is considered to be the most serious problem responslble for lack of durability· ln 

modern (post 1960) structures. He states that bndge-deck and parking garage detenoratlon due 

to reinforcement corrosion has become a major concern in the United States and Canada. A 

recent report by Gerwlck37 discloses that many worldwide concrete-lined tunnels are leaklng as 

a result of corrosion of reinforcing steel. Accordlng to Mehta1
, a survey of collapsed bUildings 

dunng the 1974-78 penod ln England showed that relnforcement corrosion of prestresslng steel 

was the cause of failure in at least eight structures (12-40 years old). In manne structures, the 

most slgnificant damage from corrosion of steel occurs wlthln the splash zone, where the 

structure IS exposed ta alternatlng cycles of wetting and drylng38
. 

The damage caused by reinforcement corrosion consists of expansion, cracking and eventual 

spalling of concrete cover. Corrosion IS often readily identlfled by rust stains which are bled 

through cracks on the concrete surface. Unfortunately, such signs usually indicate that the 

damage is already weil advanced. In sorne cases, reinforcement corrosion can result ln loss of 

bond between concrete and the steel, resulting in structural failure. 1
.
38 

2.3.1 MECHANISM OF CORROSION IN STEEL 

Reinforcement corrosion of steel in concrete is an electrochernical process whlch involves the 

transformation of metallic iron (Fe) ta rust [Fe(OH)3J. The phenomenon can be represented by 

an anode process and a cathode process3 as shawn by the reaction below. This is iIIustrdted 

also schematlcally in (Figure 2.21): 

2Fe - 4e - + 2Fe 2
+ 

(metallic Iron) 

2Fe 2 + + 4 (OH) - + 1 02 + H2 0 - 2Fe(OH) 3 
2 

(anode) 

(cathode) 

(rust) 

When metallic iron is converted ta rust, it produces an increase in volume which may be as much 
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as six ta seven times that of the original steel, causing expansion and cracking of the concrete . 

Embedded steel in concrete is usually protected from corrosion bya passive film of iron oXlde 

formed on the steel surface due to the high alkalinity (pH of 13.5) of the pore solution ln the 

hydrated cement paste. ThiS passive film must be dlsrupted before the anodic reaction can 

begin. Similarly, for the cathodic reaetlon ta occur, oxygen and water must be continuously 

available. Mehta36 and Hertlein39 state that for the transformation of Iron to rust to occur, ail of the 

followlng essentlal conditions must be satisfled: 

• For the anode process to occur, metallic (Fe) iron must be available at the surface of the 

relnforcing steel, 

• There must be voltage patent lai differences along the steel surface or the surrounding 

concrete, 

• Oxygen and mOlsture must be available for the concrete ta have eleetrical contact with 

the steel, and 

• The electrical resistivity of concrete must be low enough to allow electrons ta flow in the 

steel from anodic to cathodic areas. 

Cathode Proce55 
O2 + 2H20+4e--40H-

Anode Proclss 
Fe -F.+++ 2.-

O2 O2 
•••• ~J1 sc '~'o: .60 6 •• F '0' - iOAS·.C 
'o··~ V 0". ,o.~· ++,c ++.0. ",,~~ •• :I.&Qo' JO'<QO 4!Fe Ji' Fe..lov.~· 0 
"'\J. 01,)·0 -.00'0" .t? (". ~o.1.c 00°0.0 
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FIGURE 2.21 - TYPICAL CORROSION OF STEEL REINFORCEMENT IN CONCRETE7 

To explain the deterioratlon of reinforced concrete structures in the marine environment, Mehta 

and Gerwick3 developed a cracking-corrosion interaction model (Figure 2.22), according to which 

an Increase in the permeabihty of concrete caused by enlargement and interconnection of 
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microcracks is necessary for reinforcement corrosion ta occur. As the rate of corrosion increases, 

the formation of rust will increase microcracking further, thus increasing the risk of reinforcement 

corrosion. Ultimately, this process leads to severe detenoration of bath the steel and the 

concrete. 

2.3.2 DE PASSIVATION 

Depasslvation of steel in concrete is caused by the removal of calcium hydroxide around the 

rebar, and the breakdown of the Iron oxide film present on the surface of the rebar.36 Once the 

passive film is destroyed, the corrosion activity will depend on the electrical reslstlvity of the 

concrete and the amount of oxygen available at the cathode.3 The followlng sections pravide a 

brief summary of sorne important factors contributing ta steel depassivation. The principles of 

depasslvation are also valid for prestressing steel.a 

2.3.2.1 CARBONATION OF CONCRETE 

Carbon dloxide (COJ present in the air or in some waters penetrates the concrete and reacts with 

the pore flUld ta form carbonic acid (Section 2.4.2.1). This reacts with the al kali ne calcium 

hydroxide [Ca(OH)2J ln the hydrated cement paste ta form calcium carbonate (CaCOJ, which 

reduces the pH of the concrete ta around 9.4.39 This may be represented by the following 

reaction: 

Research has shawn that reducing the pH of the pore solution in the cement paste ta below 11.5 

destroys the passIVe film on the steel, and initiates the corrosion process. 1
,3 The rate of carbon

ation (increase of carbonation depth with tlme) depends on the rate of CO2 penetration into 

concrete, and appears ta follow a square-root tlme law (Figure 2.23).8 Penetration of CO2 can 

only occur in air-filled pores. Concrete whlch is completely saturated with water will not 

carbonate, unless it IS subjected ta repeated wetting and drylOg cycles. ThiS is why in marine 

structures deterioration of concrete from corrosion of steel is more of a problem in the splash 

zone . 
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FIGURE 2.22 - DIAGRAMMATIC REPRESENTATION OF THE CRACKING-CORROSION 
INTERACTION IN REINFORCED CONCRETE38 

2.3.2.2 PENETRATION OF CHLORIDES INTO CONCAETE 

The presence of free chloride (CI) ions ln concrete destroys the protective iron oxide film on 

steel. 3 When free chloride Ions are present, the electrical conductivity of the concrete is 

Increased, and by chemical reaction, depassivate the steel.39 The Ions may be introduced in the 

concrete in several ways: as a secondary effect of carbonation (breakdown of chloro-aluminates, 

releasing cr Ions), as an accelerating admlxture, chloride-contaminated aggregates, or from 

delcing salts and seawater spray. 

Although chio ride Ions are an essential catalyst of the corrosion process, the mechanism through 

which the protective film is destroyed IS not fully understood. Three theories have been 

postulated to explain the electrochemical effects of chlonde ions on steel corrosion:7 

(a) OXlde FIlm Theory. Chloride ions penetrate the protective film through pores or defects 

in the film. Also, the chloride ions may "COlloidally disperse" the film, thereby facilitating 

penetration of ions . 
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FIGURE 2.23 - RELATIONSHIP BETWEEN DEPTH OF CONCRETE 
CARBONATION WITH TIME6 

(b) Adsorption Theory. As chlonde ions are adsorbed on the surface of the relnforclng steel, 

metal ions are freed more easily. As a result, the chlonde Ions react more aggressively 

with the dlssolved oxygen or hydroxyl Ions. 

(c) Transitory Comp/ex Theory ·Chlonde Ions compete wlth hydroxyllons for the ferrous Ions 

produced by the corrosion pro cess· ta form Iron chlonde whlch diffuses away from the 

anode. The protectlve fernc oXlde layer IS destroyed when Iron chlonde breaks down to 

form iron hydroxlde and releases the chlonde ion whlch removes more ferrous Ions from 

the anode. 

2.3.3 THRESHOLD CHLORIDE PENETRATION 

For the corrosion process to occur at any appreclable rate, It is clear that a speclflc chlorrde ion 

concentration must be present. This hmlt IS often termed the threshold chlonde Ion concentration. 

Exceeding this hmit will Increase the rate of corrosion. 7 The concept of threshold chlonde 

concentration IS shown schematlcally ln Figure 2.24. From the graph it is clear that an Increase 

in chloride concentration will not have an adverse effect on the concrete as long as the pH value 

IS also Increased. 

Empirical data shows that, when the chloride to hydroxyllon molar ratio is higher than 0.6, steel 
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is no longer protected against corrosion even at pH values greater than 11.5.1 The relationshlp 

between chlonde concentration and pH at the iron-liqUid interface IS shown in Figure 2.25. A 

chlonde ion concentration of 0.2 percent by weight of cement IS normally consldered as the 

threshold hmlt.40 For con crete mlx proportions typically employed ln practice, the threshold 

chlonde content required to start the corrosion process van es between 0.6 to 0.9 kg of CI per 

cublc meter of concrete (0.2 to 0.3 Ib/cy).' However, an exact value has not been firmly 

estabhshed. 

--CHLORIDE CONCENTRATION--"" 

FIGURE 2.24 - RATE OF CORROSION VS. CHLORIDE CONCENTRATION7 
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FIGURE 2.25 - CHLORIDE CONTENT VS. pH7 
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2.3.4 PREDICTING CORROSION DAMAGE 

There are many techntques avallable to help predlct the start of corrosion, assess corrosion 

damage, and identlfy the cause. However, if they are to be used effecllvely, Il IS Important to 

understand the vanous processes that can Inltlate corrOSion, and how th,s corrosion Olay affect 

the structure. 

To integrate the various factors influenclng relnforclng steel corrosion ln concrete structures, 

Tuutti41 proposed a model (Figure 2.26) whlch suggesls Ihat corrosion damage can be predlcted 

by assumlng two separate rate determlntng penods: the corrosion InitiatIOn penod and the 

corrosion propagation period. Each stage IS a~ected by dlfferent paramelers. The Initiation 

period IS influenced by the rate of CO2 and chlonde Ion diffUSion, white the propagation penod 

is Influenced by the rate of oxygen and water diffUSion These parameters control the 

depassivatlon of steel and the cathodlc reactron, respectlvely. Accordlng to lin and Jou4J the 

second stage IS more dlfficult to pradlct because Il not only depends on the rate of oxygen 

diffusion through the concrete coyer, but also the degree of corrosion Ihe structure can endure. 

The propagation or detenoratlon penod is Influenced by other factors, such as mOlsture content 

of the concrete, its quahty, strength, and mechanrcal requrrements. A hlgher temperature and a 

more rapld loss of mOlsture of the concrete can produce short propagation perrods (from SIX 

months to flve years).43 ln thls case, the effective service IIfe of the structure can be consldered 

as the initiation penod and also the design IIfe of the structure.42 
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FIGURE 2.26 - SCHEMATIC REPRESENTATION OF STEEL CORROSION IN CONCRETE3ft 
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2.3.5 TYPES OF REINFORCEMENT CORROSION 

Corrosion of metals can occur ln many ways. The type and rate of corrosion depends on the 

matenals present ln the concrete, and on the mOisture and gases avallable because they will 

affect ItS permeablhty, denslty, and reactlvlty.39 Corrosion may elther manltest Itselt ln the form 

of general rustlng, or locahzed attack known as plttlng corroSion. Other forms of corroSion Include 

galvaOlc corrOSion, stress corrosion, hydrogen embnttlement, and bactenal corrosion. These are 

dlscussed below. 

2.3.5.1 GENERAL RUSTING 

General rustlng 15 the most common form of steel corrosion. As prevlously descnbed, this occurs 

through a complex electrochemlcal process ln which the metal is oXldlzed when exposed to air 

and water SmalJ electncal currents that flow between areas of dlfferent voltage potentlal on the 

steel transport metallons from anodlc to cathodlc areas, thereby reducing the steel cross-section 

at the anode, and deposltlng metal at the cathode. As a result, rust occurs untformly over the 

entlre steel surface. Since rust typlcally occuples approximately six to seven tlmes the volume 

of steel, thls Increase ln volume creates stresses that cause cracking and spalling.39 

2.3.5.2 PITIING CORROSION 

Pltting corroSIon IS a locahzed form of attack whlch Inttlates when the protectlve film breaks down 

over smalJ surface areas. This often occurs when there is a large concentration of chi onde ions 

ln the concrete ln small depasslvated areas. ThiS decr'3ases the electrical reslstivity of the 

concrete locally and Increases the rate of dissolution of Iron at the small anodic pit (Figure 2.27).39 

This ohen results ln a substantlal local reductlon ln steel cross-sectlOnal area at the pit wlthout 

any external sign of damage to the concrete, because the corrosion products are soluble and are 

absorbed wlthln the concrete. 44 ThiS form of rusttng otten leads to sudden fallure of prestressed 

or post-tensloned structures. 

Anodlc and cathodlc areas can create concentratIOn cells whlch may elther be mlcroscoplcally 

separated (microcell corrosion) or locally separated (macrocell corrosion).8.39 These concentration 

cells are shawn schematlcally ln Figure 2.28. When the amounts of chloride ion concentratIon 

ln concrete vanes, electncal potentlal dlfferences along the steel surface are created which permit 

corrosion to Inltlate. Corrosion may also occur as a result of different amounts of oxygen that are 
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FIGURE 2.27 - PITIING CORROSION CAUSED BY CHLORIDES8 

avallable to vanous areas of the relnforcement, creattng what IS known as a dlfferentml-oxygen 

cell. 7 For instance, Funahashl et al. 38 suggest that ln manne structures contamlnated wlth 

chlondes, rebar ln concrete located under the seawater is anodlc ta the rebar ln concrete 

exposed ta the atmosphere. Research by Okada et al. 3 showed that the ratIO of the cathodlc area 

(Ac) ta the anodlc area (Aa) affects the rate of corrosion ln macrocells of relnforclng steel ln 

concrete. Their observations also showed that wettlng and drylng cycles, as opposed ta 

contlnuous ImmerSion, Increases the corrosion rate by Increaslng the Ac/Aa ratio (I.e., oxygen 

supply ta the cathode). 
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FIGURE 2.28 - CONCENTRATION CELLS IN CONCRETE' 
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2.3.5.3 GALVANIC CORROSION 

Galvanie cells are created when the steel is ln direct or Indirect contact wlth another type of metal 

whlch occuples a different position ln the 'Galvamc Senes' 39 The electncal potentlal that IS 

developed, and the relative sizes of the two dlsslmllar metals, will determlne the rate and extent 

of steel corroslon. 7 The further apart the metals are ln the galvanlc senes. the more aggresslve 

is the reactlon. 39 

2.3.5.4 STRESS CORROSION CRACKING 

This form of corrosion may lead to bnttle fallure of reJnforclng or prestressJng steel. Localized 

anodic processes produce hlgh permanent stresses that can lead ta cracking. The anodlc 

process occurs at the root of the crack dunng the crack propagation stage as shown ln Figure 

2.29.6 

2.3.5.5 HYDROGEN EMBRITTLEMENT 

Another type of bnttle fallure whlch can occur in steel is the result of a cathodic process known 

as hydrogen embnttlement. Under certain conditions dunng the cathodlc process, atomlc 

hydrogen is produced as an Intermedlate product and can penetrate Into the steel. The hydrogen 

recombines to form molecular hydrogen wlthln the steel and produces a high Internai pressure 

whlch usually leads ta cracking (Figure 2.30).6 Both types of failures can be prevented If the steel 

is encased by sound hardened concrete or cement grout. 

2.3.5.6 BACTERIAL CORROSION 

ln anaeroblc (oxygen-free) conditions, bactena can form on the surface of the concrete and 

penetrate to the level of the steel. Although oxygen IS not present, the bacteria produces iron 

sulfide which initlates the corrosion reaction. This reaction IS often severe and can lead to 

significant structural damage.44 

2.3.6 CORROSION PROTECTION MEASURES 

Using a good quality concrete of low permeabllrty IS essentlal to control the various mechanisms 

involved in the corrosion process. Although no conventional concrete is completely impermeable, 
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proper and careful attention to concrete mixture parameters, workm.lnship, and cur:ng will ensure 

a good qualrty concrete wlth a low permeabllity. The vanous parameters are summarized in the 

followlng sections. 

Aqg,e",ve con.I,Iu.,," 

S'N'surface 
~SS,yale<l 

Anod,c 
,elclion 

FIGURE 2.29 - STRESS CORROSION 
CRACKING6 

2.3.6.1 WATER·CEMENT RATIO 
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su"ace H.. 'uctlOn 

.. 
D,slOCa"on H - H, 
(lead! '0 h.gh p'essure and c,ack ,n,II.IIOnI 

FIGURE 2.30 - HYDROGEN EMBRITTLEMENre 

Low water-cement r::ltios produce less permeable concrete which in turn provides greater 

protection agalnst reenforcement corrosion. Figure 2.31 shows the influence of water-cement ratio 

and the degree of hydratlon on permeability. Accordingly, the ACI Building Code 318-9~o 

specifies a maximum water-cement ratio of 0.40 and a concrete compressive strength of at least 

35 MPa (5000 pSI) for normal welght concrete exposed to delcing salts, brackish water, or seawa

ter (Table 2.2). However, if the concrete cover IS increased by 13 mm (% in), the code allows a 

ma>umum water·cement ratio of 0.45. The ACI Committee 357R-8445 report for the design and 

construction of offshore concrete structures recommends similar water·cement ratios for various 

exposure zones (Table 2.3). Wh en severe detenoration of concrete is anticipated, a 28-day 

compressive strength of 42 MPa (6000 pSI) is recommended. 

The ACI Committee 201.2R '5 report recommends that for structures located above the seawater 

and seawater spray zone for a height of 8 m (25 ft.), or wlthin a horizontal distance of 30 m (100 

ft.), the water-cement ratio should be less than 0.50 by weight . 
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FIGURE 2.31 - INFLUENCE OF WATER-CEMENT RATIO ON PERMEABILlT'f 

TABLE 2.2 - RECOMMENDED WATER-CEMENT RATIOS FOR SPECIAL 
EXPOSURE CONDITIONS2o 

Exposure condition Ma>umum water-cement ratio, Mimmum f'c' light-
normal welght welght aggregate 

aggregate con crete concrete 

Concrete Intended ta have 0.50 25 MPa (3750 pSI) 
low permeability when 
exposed ta water 

Concrete exposed ta 0.45 30 MPa (4250 pSI) 
freezing ano thawlng ln a 
moist condition 

For corrosion protection for 0.40· 32 MPa (4750 psf 
reinforced concrete exposed 
ta deicing sa~s, brackish 
water, seawater or spray 
from these sources 

'If minimum concrele cover IS Increased by 12 mm (0.5 in). waler·cement ratio mav be Increaaed to 0.45 for 
normal weigt'lt concrele, or 1'0 reduced to 30 MPa (4250 pSI) for Irghtwelght concret •. 
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TABLE 2.3 - RECOMMENDED WATER-CEMENT RATIOS AND CONCRETE COMPRESSIVE 
STRENGTHS FOR THREE EXPOSUAE ZONES45 

1 
1 

Zone- Maximum water-C3ment ratio Minimum 28-day cylinder 
compressive strength -

Submerged 0.45 35 MPa (5000 pSI) 
Splash DAO 35 MPa (5000 pSI) 
Atmosphenc DAO 35 MPa (5000 pSI) 

2.3.6.2 CEMENT CONTENT 

The capaclty of concrete ta bind CO2 and cr willlnCrea&B as the cement content also increases 

(Figure 2.32). The rate of carbonatlon and chloride penetration in concrete are influenced much 

less by the cement content than by the water-cement ratio, quality of compactlon, and curing. 

However, the cement content Will influence the workabllity of concrete, and ta a lesser degree, 

the cunng senSltlvlty.6 
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FIGURE 2.32 - INFLUENCE OF THE CEMENT CONTENT ON BINDING CAPACITve 
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ACI 318-9~o does not provlde any cement content requlrement for a manne envlronment. 

Normally, a cement content of about 300 kg/m3 (500 Ib/cy) IS enough to produce a low 

permeablhty concrete with adequate durabllrty, provlded the water-cement ratio IS below 0510 

0.6.8 The ACI 357R-8445 report recommends a mlnrmum cement content of 355 kg/m J (600 Ib/cy) 

of concrete. If more than 415 kg/m3 (700 Ib/cy) of portland cement IS used, special steps must 

be taken to reduce the hkelrhood of cracking ln thln members due to thermal stresses Thermal 

cracking can be reduced by replaclng part of the cement wlth a pozzolan 48 

2.3.6.3 CEMENT TYPES 

The durability of concrete IS greatly affected by cement composition. The tncalcium aluminate 

(C3A) content in portland cement concrete has a slgnrflcant ef'ect on the corrosion process. 

Increasmg the C3A content Increases the reslstance to corrOSion, slnce the chlonde Ions react 

wlth the hydrated tncalclum sulfoalumlnate ln the hardened cement paste to form an Insoluble 

Frredel salt. Recent research by Rasheeduzzafar47 showed °that corrosion Initiation tlme, IIme-to

cracking of cover concrete, and chlonde threshold values Increased, whereas loss of metal from 

relnforcement corrosion d~creased as the C3A content of cement Increased". Figure 2.33 shows 

the effect of C3A content of cement on tlme-to-Inrtlatlon of corrosion of relnforclng steel. 
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FIGURE 2.33 - EFFECT OF C3A CONTENT ON TIME Ta INITIATION OF 
REINFORCEMENT CORROSION47 
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Simllarly, the loss of metal data for relnforcmg bars taken from ASTM Type 1 (CSA Type 10) and 

ASTM Type V (CSA Type 50) cement concrete test specimens Indicate that the corrosion 

performance of Type 1 (C3A: 9.5%) cement IS better than the performance of Type V (C3A: 2.8%) 

cement (Figure 2 34).47 Nevertheless, as the amount of chlondes Increases, the beneflt of addlng 

more C 3A becomes less notlceable slnce C3A ln cement combines wlth only a IImlted quantlty of 

chlonde Furthermore, Increasmg the C jA content reduces the resistance of concrete ta sulfate 

attack. 7 ln such Situations, uSlng Type V cement would provlde adequate protection agamst 

sulfate attack but It would not rem ove free chlondes ta protect the steel from corrosion. ACI 

357R-8445 permlts the use of ASTM Type l, Il, and III (CSA Types 10, 20 and 30) portland cements, 

but recommends that the C3A content should be between 4 and 10 percent. 

lDr------------------.... 
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FIGURE 2.34 - EFFECT OF CEMENT TYPE AND CHLORIDE CONTENT ON 
REINFORCEMENT CORROSION47 

2.3.6.4 POZZOLANS 

ln marine enwonments, the use of pozzolans, such as sllica fume, fly ash, and blast-fumace slag, 

are commonly used to produce a concrete which Will slmultaneously resist sulfate attack and 

chlonde-Induced corrosion. Pozzolans combine wlth the calCium hydroxide and water ln the fresh 

mix ta form a hardened cement paste \Allth a hlgher strcngth and a reduced permeablhty (Figure 

2.35). Pozzolans also combine chemlcally wlth the lime and reducc the effects of lime leaching. 

Typical mlx proportions include (by welght .')f cement): 15 ta 20 percent fly ash, 50 ta 70 percent 
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of granulated blast-furnaee slag, or 5 to 10 percent of ecndensed slliea fume. 46 

ResearGh by Rasheeduzzafar47 on blended cements made by replacmg a portion of ordlnary Type 

1 (high C3A) portland cement wlth 10 percent slilca fume, 20 percent fly aSh, or 70 percent blast 

furnaee slag, produced concrete wlth a hlgher resistance to corrosion and to sulfate attack 

Results of thls research are shown ln Figure 236. ACI 318-9220 reqUires a Type" cement or a 

Type 1 cement plus a pozzolan to reslst moderate sulfate attack ln seawater Il should be noled 

that when pozzolans or other cementltlous admlxtures are used ln addition 10 portland cement, 

It is more useful to conRlder the water to cementitious matenals ratio rather than simply the waler

cement ratio. 46 

Cunng motll Impollanl lnan lor Portland cemel'1 

Permeabthly 

Pereenlage 01 

o High blendlng agenls 
'- ..--_______ J 

t Blended ~emenls 
Portland cemenl 

FIGURE 2.35 - INFLUENCE OF CEMENT TYPE ON PERMEABIUT'fl 

2.~.6.5 ADMIXTURES 

Numerous organic and Inorgamc chemleal admixtures have been used to prevent or reduce steel 

conosion ln concrete. Water-reducing ad mixtures and superplastlclzers are commonly used to 

provide workable mixes at low water-cement ratios. To protect relnforeing and prestresslOg steel 
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from corrOSion, calcium chlonde (CaCIJ or admlx1ures contalnlng chlorides should not be used.46 

Chemical admll(fures used in portland cement concrete must meet t'le requirements of ASTM C 

494. 

2.3.6.6 AGGREGATES 

Siflce 70 percent of the concrete mlx volume IS occupled by aggregates, thelr presence has a 

significant effect on concrete f.i~rmeabihty. For Instance, concrete permeablhty Will increase with 

r,reasing mruomum coarse aggregate sile. This is because most minerai aggregates have a 

permeablhty 10 ta 1000 tlmes gre=i sr than that of the cement paste.7 Therefore, it is essential that 

the moisture content of aggregate.:i useu ;;1 maklng the concrete is included ln water-cement ratio 

computations. 
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FIGURE 2.36 - INFLUENCE OF PLAIN AND BLENDED CEMENTS ON RESISTANCE 
TO REINFORCEMENT CORROSION47 

Aggregates whlch conta," a sufficlent amount of chlorides may have a deleterious effect on 

reinforcement corrosion. Aggregates that conform to ASTM C 33 requirements can be used as 
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weil as marine dredged aggregates, provlded they are washed wlth fresh water to reduce the 

chlonde Ion content. 46 However, international expenence has shawn that reduclng the chlonde 

ion content ln marine aggregates ta an acceptable level IS very dlfflcult, even after double 

washlng.49 

2.3.6.7 PERMISSIBLE CHLORIDE CONTENTS 

To provlde adequate corroslcn protection, AC1318-9220 hmlts the maximum water-soluble chlonde 

Ion concentration ln hardened cement at 28 days to the values shawn ln Table 2 4 

TABLE 2.4 - MAXIMUM CHLORIDE ION CONTENT FOR CORROSION PROTECTION20 

Type of membei Maximum water soluble chlonde Ion (CI) ln 
concrete, percent by welght of cement 

Prestressed conerele! 0.06 

Remforced concrete exposed ta chlonde ln 015 
service 

Reinforced con crete that Will be dry or pro- 1.00 
tected from mOlsture ln service 

Other relnforced concrete construction 
0.30 

ln cases not covered by the table, the maxU'T'um chlonde Ion content IS ta be based on a speclflc 

test procedure.48 Results fram a recent study,47 shown ln TatJle 2.5, glve threshold chlonde 

contents for vanous C3A cements. The results agree very weil wrth the ACI 318-92 limlts, for 

cement contalmng up to eight percent C3A. 

2.3.6.8 CONCRETE COVER THICKNESS 

Concrete caver depth over relnforcing steel 15 thought by many ta be the most Important factor 

influenclng reinforcement corrosion. Additlonal concrete caver delays the ingress of moisture and 

chloride Ions, which ln turn increases the tlme-to-corrOSlon period.48 The effect of the concrete 

coyer thickness on relnforcement corrosion IS influenced by several parameters, as shown by the 

expression below:7 

71 



------------------------------------------------------------------------

• 

• 

where, Rt = 
SI = 
K = 
w/c = 

41 X S~·22 
R = - ~ 

r; K O • 42 X (W/C) 

tlme-to-corroslon of concrete exposed continuously ta saline water, years 

depth of concrete caver, cm 

chlonde ion concentration, ppm 

water-cement ratio 

An example of this relationshlp IS shawn graphlcally ir. Figure 2.37, below. 

TABLE 2.5 - THRESHOLD CHLORIDE VALUES FOR DIFFERENT C3A CEMENTS47 

Threshold chlonde, 
percent by weight 

Cement No. C3A content of Alkalies as of cement 
cement, percent by equivalent NB:!O 

Free cr Total cr welght of cemf nt content of cement, 
percent by weight 

1 2.04 0.58 0.135 0.40 

2 7.59 0.60 0.165 0.62 

3 8.52 0.43 0.170 0.65 

4 14.00 0.65 0.215 1.00 

The ACI 357-R8445 report on offshore structures provldes recommendations for concrete cover 

for varia us exposure zones (Table 2.6). Current practice recommends providing a minimum 65 

mm (2.5 in.) of concrete caver for conventlonal concrete and 90 mm (3.5 in.) on t>restressing steel 

for structures in the splash and atmospheric zone exposed ta seawater spray. AASHTO 

recommends 100 mm (4 ln.) of concrete caver for such exposure except for precast plles. 15 

Aesearch by Lin and Jou42 confirmed that chloride ion penetration in concrete marine struc'ures 

can be predlcted by diffusion theory and Fick's second law. Based on test results, the required 

con crete covers for effective service lives of 10,30, and 50 years are 51 mm (2 ln.), 88 mm (3.5 

ln.). and 114 mm (4.5 ln), respectlvely, with a survival probability of 0.95 . 
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FIGURE 2.37 - CHLORIDE CONCENTRATION VS. DEPTH OF CONCRETE COVER' 

TABLE 2.6 - RECOMMENDED NOMINAL CON CRETE COVER OVER AEINFORCEMENT4
!1 

Zane Caver over relnforclng steel Caver over post-tenslonlng 
ducts 

Atmosphenc zane Ilot 50 mm (2 ln.) 75 mm (3 ln.) 
subJect ta salt spray 

Splash and atmosphenc 65 mm (2.5 ln.) gO mm (3.5 ln.) 
zone sUbJect ta salt spray 

Submerged 50 mm (2 ln.) 75 mm (3 ln.) 

Caver of stlrrups 13 mm (V2 ln.) 

less than those hsted above 
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2.3.6.9 COMPACTION 

The quality of concrete compactlon dlrectly affects relnforcement corrosion. Inadequate compac

tian dunng placement faclhtates the Ingress of elements conduclve to relnforcement corrosion. 

For Instance, reducmg tl1"3 degree of compact Ion by 10 percent can reduce the concretE" 

compressive strength by 50 percent. reduce bond by 75 percent, and Increase chlonde 

permeablhty by 100 percent. 46 

A study conducted by the Federal Hlghway Administration (FHWA)50 ln the USA., demonstrated 

the Importance of proper consolidation The study showed th;::t poorly compacted concrete wlth 

a water-cement ratio of 0.32, was less reslstant ta chlonde penetration than well-compacted 

concrete wlth a water-cement ratio of 0.60. Good compactlon can usually be achleved by using 

internai or Immersion-type \~oker) vlbrators. 

2.3.6.10 CURING 

Careful cunng, with control of both temperature and moisture, is essentlal for reduclng concrete 

permeablhty. If the concrete IS Inadequately cured, the permeabihty of the surface layer of 

concrete may be Increased by flve ta ten times. 6 If the cunng period IS too short, the protectlve 

passive film Will not develop before chlonde Ions penetrate the concrete. 7 Accordingly, ACI 

Commlttee 201 15 recommends at least seven days of umnterrupted mOlst cun!1g, or membrane 

cunng. ACI Commlttee 30a51 also provldes current recommendatlons for cunng concrete. The 

effect of cunng tlme on concrete permeabll:ty IS demonstrated ln Table 2.7. 

TABLE 2.7 - EFFECT OF CUR!NG ON PERMEABILlTY7 

Days of Cunng Coefficient of Permeability 

fresh paste 1,150,000,000 
1 36,300,000 
2 2,050,000 
3 191,000 
4 23,000 
5 5,900 
7 1,380 
12 195 
24 46 

74 



• 

• 

If concrete members are cured wlth low pressure steam. addltlonal mOlst cunng at normal 

temperatures IS usually beneflclal. '5 However, unless appropnate precautlon~ are taken. steam

cured IltaSS concrete structures Will expenence Internai mlcrocracklng as a result of dlHerenlia1 

thermal stralns. J The relatlonshlp between steam and mOist cunng and the corrosion Initiation 

lime of embedded relnforclng steel ln concrete can be represented by the followlng ernpmcal 

expression: 7 

where, p= tlme ta actlvate corrosion potentlal for partial Immersion ln saturated 

sodium chlonde solution, days 

2.3.6.11 

D :: time of underwater cunng followlng Initiai cunng, days 

a = 6.33 for steam cunng 

6.00 for mOlst cunng 

b = 0.66 for steam cunng 

0.90 for mOlst cunng 

PERMISSIBLE CRACK WIDTH 

As prevlously stated, the thlckness of the concrete caver plays an Important role wlth regard tn 

the mfluence of cracks on relnforcement corroslon.6 AC1224-905 hmlts the maximum permlsslble 

crack width ta 0.15 mm (0.G06 ln.) at the tension side of relnforced concrete structures whlch are 

exposed to wettlng and drylng cycles or seawater spray (Table 2.8). 

TABLE 2.8 - TOLERABLE CRACK WIDTHS IN REINFORCED CONCRETE5 

Tolerable (mm) 
Exposure condition crack wldth, ln. 

Dry air or protective membrane 0.016 (0.41) 

Humldlty, moist air, sOli 0.012 (0.30) 

Delcing chemlcals 0.007 (0.18) 

Seawater and seawater spray; wettlng and drylng 0.006 (0.15) 

Water retalning structures· 0004 (010) 

*Excluding nonpressure pipes 
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The CEB Model Code states that the width of a crack adjacent to the reinforcing steel should be 

less than 0.1 mm (0.004 in) If the concrete member is exposed to frequent flexuralloads, and 0.2 

mm (0.008 in) for other structures. The International Prestressing Federation (FIP) recommends 

a maximum crack w/dth of 0.004 t/mes the nominal concrete caver. 1 

A direct relat/onship between crack width and corrosIon has not been f/rmly established, however, 

exposure tests and site Inspections seem ta /nd/cate that the influence of crack width on the 

carros/on rate /s relat/vely sma" for crack widths up to 0.4 mm (0.016 in.).o Mehta and Gerwick3 

suggest that by increasing the permeability of concrete and exposing it ta numerous processes 

of deteriorat/on, existing microcracks will eventually cause severe deterioration. 

Cracks that propagate transversely to the reinforcement are not as harmful as longitudinal cracks 

(along the relnforcement). This IS because in the case of transverse cracks, corrosion is limited 

to a small area, 50 that the nsk of spalling of the concrete cover is low. In cases where the 

horizontal surfaces are in contact with chloride-contam/nated water, transverse cracks may cause 

senous detenoration. Under these circumstances, limiting the crack width will nct reduce the risk 

of re/nforcement corros/on.6 As a result, special protective measures must be implemented. 

2.3.6.12 PROTECTIVE COATINGS 

P{ûviding good quality concrete wlth adequate caver is just one of many ways to protect concrete 

from reinforeement carros/on. Many proteetive systems have been used with varying degrees of 

suceess. 1~ Reinforcing bar coatings and eathodic protection are other forms of corrosion 

protectIon and are usually more expansive than producing and placing low-permeability concrete. 

The two basic types of protectlVe coatings are: anodie coatings (e.g., zinc-coated steel) and 

barrier coatings (e.g., epoxy-coated steel). Cathodic protection techniques on the other hand, 

render the concrete environment inconduc/ve to reinforcement corrosion either by forcing the ionic 

flow in the opposite direction or by using sacrificial anodes. 1 Both systems have been used with 

mixed results. Other systems include the use of concrete surface sealers or coatings. Reference 

52 describes advantages, disadvantafj6S, and cost impact of various corrosion-protection 

systems . 
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2.4 DETERIORATION BV CHEMICAL REACTIONS 

Another form of concrete detenoration IS caused by "chemical interactions between aggressive 

agents present in the external environment and the constltuents of the cement paste". t The rate 

at which these reactlons occur Will determine the durabllity of a concrete structure. The ease wlth 

which the aggresslve substance penetrates the concrete determlnes the rate at whlch 

deterioration progresses. The accessibllrty of these substances will be determlned by the 

permeablhty of the onglnally sound concrete, temperature, or by the passlvatlng layer of the 

products that are produced as a result of the reaction.8 

The rate of chemical attack on concrete Will also depend on the pH of the aggressive fluid. t A 

well-hydrated portland cement paste, will contain high concentrations of Na+, K+, and OH' ions 

which produce a high value of pH of about 12.5 to 13.5. Therefore, when portland cement 

concrete is exposed to an aCldic solution (Iow pH), the alkalinity of the pore fluid will decreasa 

which leads to destabilization of the cement paste constituents. For instance, free CO2 found in 

soft and stagnant waters, acidlc ions such as SO./ and cr in groundwater and seawater, and W 

ions in sorne industrial waters will usually lower the pH of concrete to below 6. Therefore, most 

industrial and natural waters can be consldered to be aggressive to portland cement concrete. t 

Acid rain, which has a pH of 4 to 4.5, can etch concrete surfaces.53 

The chemical reactions that may lead to a decrease in concrete quality can be divided Into three 

subgroups as shawn ln Figure 2.38.7 The most important are:8 

The reaction of acids. and salis of ammonium or magnesium, and soft water with 

hardened cement 

• The reaction between sulfates and aluminates ln the concrete 

• Alk~li-silica reactivity 

• Corrosion of embedded reinforcing steel 

The Portland Cement Association (PCA) has published a report on the affects of the various 

substances on concrete along with a guide to protectlVe ireatmems.53 The affects of sorne of the 

more common chemlcals on the deterioration of concrete are summarized in Table 2.9 . 
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1 
!'H:TERIORATION OF CONCRETE BY CHE!iICAL REACTIONS 

1 

1 

J 1 
EXCHANGE REACTIONS REACTIONS INVOLVI~G REACTIONS INVOLVING 
Bf.TWEEN FLUID AND HYDROLYSIS AND FORMATION OF 
COMPONENTS OF HARDENED LEACHING OF THE COM· EXPANSIVE PRODUCTS 
CEMENT PASTE PONENTS OF HARDENED 

CE."tENT PASTE 

l 
1 1 1 

REMOVAL OF REMOVAL OF SUBSTITUTION 1 INCREASE IN 1 
Ca++ IONS INTERNAL STRESS 

Ca++ IONS AS NON· REACTIONS 
EXPANSIVE 

AS SOLUBLE INSOLUBLE REPlJ\CING 
PRODUCTS 

PRODUCTS Ca++ IN C·S-H 

1 1 

1 
INCREASE IN POROSITYI 
AND PERMEABILITY 

1 J 1 1 1 

LOSS OF LOSS or INCREASE IN LOSS OF CRACKING 
IN DETERIORATION STRENGTH SPALLING DEFORMATI 

ALKALINITY HASS PROCESSES RIGIDITY POPOUTS -ON 

FIGURE 2.38 - CHEMICAL CAUSES OF CONCRETE DETERIORATlON7 

2.4.1 HYDROLYSIS AND LEACHING OF CEMENT PASTE COMPONENTS 

Water which cenntains chlondes, sulfates, and bicarbonates of calcium ~nd magnesium is 

generally not aggressive to concrete. On the other hand, water from condensation of fog or water 

vaper, and water from rain or melting snow and ice, does not usually contaln calcium ions and 

tends to dissolve the calcium-containing proclucts in portland cement paste. When the water is 

stagnant, the solution in contact wrth the concrete achieves chemical equilibrium and ceases to 

dissolve the cement paste. However, when the contact solution is continuously diluted by flowing 
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water, the hydrolysis of the cement paste will continue. The reaction will continue to occur untll 

ail or most of the calcium hydroxlde has been leached away, leaving behind weak sllica and 

alumina gels. The leachlng of calcium hydroxlde from concrete Interacts wlth carbon dloxlde 

present in the air and produces efflorescence (white crusts of calcium carbonate). 1 

TABLE 2.9 - EFFECTS OF COMMONLY USED CHEMICALS ON CONCRETE'~ 

Rate of attack Inorgamc Orgamc Alkaline nalt Mlscellane-
at amblent aClds aClds solutions 80lutlOns ous 
temperature 

Rapid Hydrochloric Acetic Aluminum 
Hydrofluonc Formlc Chlonde - -Nitric Lactlc 
Sulfunc 

Moderate Phosphonc Tannic Sodium Ammonium Bromlne 
Hydroxide> mtrate, (ga5) , 
20 percent* Ammonium Sulfite hquor 

sulfate, 
Sodium 
sulfate, 
Magenslum 
sulfate, 
Calcium 
sulfate 

Slow Carbonic Sodium Ammonium Chlorine -
hydroxlde chloride, (ga5) , 
10-2~ per- Magnesium Seawater 
cent, chloride, Softwater 
Sodium Sodium 
hypochlorite cyamde 

Negligible Oxalic Sodium Calcium Ammonia --
Tartaric hydroxlde chloride, (liquld) 

< 10 Sodium 
percent,· chlonde, 
Sodium Zinc nitrate, 
hyproch- Sodium 
lorlte, c~romate 

Ammonium 
hydroxlde 

• Avoid sllIceous aggregates because they are attacked by strong solutions of sodium hydro)ude 
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2.4.2 ACID ATTACK (CATION EXCHANGE REACTIONS) 

Portland cement IS generally not resistant to aCld attack. Concrete deterloration by aCld attack 

IS caused by the reactlon between the aCld solution and the calcium hydroxide ln the portland 

cement paste. The chemlcal reaction produces water-soluble calcium salts whlch are removed 

by the eroslve action of flowlng water (Figure 2.39). In sorne cases, the resulting calcium salts 

are Insoluble and are not easlly removed from the concrete. 15 

The rate at which a reactlon occurs wlth the concrete depends more on the solubility of the 

resulting calcium salt than on the aggressiveness of the aCld. The rate of deterioration will also 

be much hlgher ln flowlng water conditions. It should also be realized that, with acid anack, the 

hardened cement paste is completely converted to a soluble salt, thereby destroying the entlre 

pore structure. Therefore, unhke other types of attack, the permeabllity of the originally sound 

concrete 15 of minor importance.6 The three types of deletenous cation-exchange reactions that 

can occur between aClds and concrete are summarlzed below. 

2.4.2.1 FORMATION OF SOLUBLE CALCIUM SALTS 

Solutions containlng hydrochlorlc, sulfunc, or nitnc acid are often found in industrial practlce. The 

reactlons that occur between these acids and the portland cement paste produce soluble calcium 

salts, such as calcium chlonde, calcium acetate, and calcium bicarbonate, which are subsequently 

removed by leaching. Also, reactions of solutions of ammonium chloride and ammonium sulfate 

wlth concrete produce highly soluble products as shown by the reaction below: 1 

Carbonic acid is also very aggresslve to concrete. The aggressiveness of the reaction between 

carbonic aCld and calcium hydroxide [Ca(OH)21 present in hydrated portland cement paste is 

dependent on the amount of free dissolved CO2 in the a,!~cking solution. The reactlon can be 

shown as follows: 1,36 
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If there is a sufficient amount of free CO2 present in the solution, the Insoluble CaCO
J 

IS 

transformed into soluble calcium bicarbonate as shown by the second reaction Any amount of 

free CO2 over and above that whlch is needed for equihbnum would cause the second reactlon 

to move to the right, thus acceleratlng the hydrolysis of calcium hydroxlde. When the pH of 

groundwater or seawater IS above B, the amount of CO2 present IS neghglble. However, If the pH 

is below 7, it may contain slgnificant amounts of CO2• 

Aod solutIOn 'rom 
the emllfonmenl 

1 
1 
1 
1 
1 
1 
1 
1 
1 

) 
Remov.loI 
r.1Ct1On prOClucts 
by dISSOlutIOn 
OI.brUlOn 

FIGURE 2.39 - EFFECT OF ACIO ATTACK ON CONCRETE" 
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2.4.2.2 FORMATION OF INSOLUBLE AND NONEXPANSIVE CALCIUM SALTS 

Certain waters wlilch contaln agressive anions may react wlth cement paste to form Insoluble 

calcium salts, whlch may N may not cause damage to the concrPte dependlng on whether the 

reactlon product 15 8Ither expansive or IS removed by eroslon. Chemicals belonglng to thls 

category include oxahc, tartanc, tannlc, humlc, hydrofluoric, and phosphoric acid. 

2.4.2.3 MAGNESIUM ION ATTACK 

Seawater or groundwater often contain solutions of magnesium bicarbonate and wh en these 

waters come ln contact with concrete, they react with the calcilJm hydroxide ln portland cement 

paste to form soluble calcium salts. Magnesium ion attack is consldered to be the most 

aggresslve because It eventually extends to the calcium silicate hydrate (C-S-H) in the cement. 

Prolonged contact wlth magneslum ions leads to the formation of a weak magnesium silicate 

hydrate. 

2.4.2.4 RECOMMENDATIONS FOR CONTROL 

Concrete wlth a low water-cement ratio and a well-graded aggregate may provide adequate 

reslstance to mild aCid solutions. In situations where the acidic solution is stagnant, a ·sacnficlal" 

calcareous aggregate may be beneflclal. The acid may sometlmes be neutralized by replacing 

the siliceou5 aggregate wlth limestone or dolomite havlng a minimum calcium oxide concentration 

of 50 percent. In thls case, the aCld attack will be more unlformly distributed, reducing the rate 

of attack on the cement paste and minimizing loss of aggregate partlcles.53 

No concrete, regardless of ItS quality, will resist long exposure to high acid concentration. In such 

cases, It may be possible to apply an adequate protective surface coating to the concrete.15 ACI 

Commmee 51554 and the Portland Cement Association53 provide recommendations for barner 

coatings to protect concrete from various chemicals. 

2.4.3 REACTIONS INVOLVING FORMATION OF EXPANSIVE PRODUCTS 

Five types of reactions that involve the formation of expansive products have been identified as 

being deleterious ta portland cement concrete: sulfate attack, alkali-silica attack, alkali-carbonate 

attack, delayed hydration of free CaO and MgO, and corrosion of steel in concrete. 1 These 
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reactions can cause closure of expansion JOints, deformatlon and displacements ln vanous parts 

of the structure, cracking, spalling and pop-outs. A discussion of each reaction follows. 

2.4.3.1 SULFATE ATTACK 

This form of atté!rl< usually occurs when concrete IS exposed ta solutions contaming sulfates of 

sodium, potassium, calcium, or magneslum. Ammonium sulfate, whlch 15 often found ln agncul

tural sail and waters, is al 50 aggresslve to concrete. Seawater, whlch has a high sulfate concen

tration, can be aggresslve to marine structures. Deterioration of concrete as a result of sulfate 

attack is known to manifest itself ln two distinct forms: expansion, and progres~lve loss of 

strength and mass (Figure 2.40).' 

Sulphate solutIOn 
Irom lhe 
envoronmenl 

OIftusoon 01 
IUlphltes .nlO 
canetltl 

CrICk lormat.on __ --f"' 

Con\lrs.on 01 
Irtcalclum alum.nllt 
(.1 presentl. 
expansIOn 

FIGURE 2.40 - EFFECT OF SULFATE ATIACt(' 

It 15 believed that there are two chemlcal reactlons that occur ln sulfate attack on concrete.'!! The 

first involves the combination of sulfates of sodium, calcium, or magneslum wlth free calcium 

hydroxide to form calcium sulfate (or gypsum), as shown by the following reactlons: 
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3 MgS04 + 3 CaO' 2Si02 • 3H2 0 + 8H20 -+ 3 (CaS04 • 2H20) 
+ 3Mg(OH) 2 + 2Si02 • H

2
0 

As seen by the second reaction, magnesium sulfe,te creates the most severe attack on concrete. 

ln addition to the formation of gypsum, the reaction produces a poorly al kali ne magnesium 

hydro)Clde, which creates an unstable envlronment around the calcium-silicate-hydrate (C-S-H) 

binder. In such cases. calcium silicates release calcium hydroxide, converting part of the C-S-H 

binder into a coheslonless granular mass, ln addition to the expansive cracking.47 

The second reaction involves the combination of gypsum and hydrated calcium aluminate to form 

calcium sulfoaluminate (ettringlte). This IS represented by the following equations:1
•
15 

It is belie\led that the formation of ettringlte is responsible for the expansion. However, the 

mechanism by whlch expansion occurs is not fully understood. Two principal theories which have 

coexisted for a long time are: exertion of pressure by growth of ettringite crystals, and swelling 

of ·colloidal" ettringlte due to adsorption of water. A new theory C'oncerning sulfate expansion in 

concrete developed by Ping and Beaudoin!!!! attempts to explain the process based on the 

principles of chemical-thermodynamlcs. Il suggests that sulfate expansion is caused by the 

conversion of chemical energy into mechanical work to overcome the cohesion of the system. 

The expansive force comes from crystallization pressures which occur as a result of the interac

tion between the ettringite and the cement paste . 
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2.4.3.2 CONTROL OF SULFATE ATTACK 

The main factors influencing expansion are:6 

• Amount of aggressive substance present 

• Permeabilrty of concrete 

• Cement type (C3A content) 

• Amount of moisture avarlable 

A reasonable degree of protection against sulfate anack can be provided by uSlng a dense, low 

permeability concrete with a low water-cement ratio and a high cement content. Proper 

consolidation and curing of fresh concrete with adequate cover thicknes3 produce a hlgh quality 

concrete with low permeability.' Additional safety against sulfate attack can be provided by uSing 

sulfate-resistlng cements. The ACI Commlttee 201.2R report 15 and the ACI BUIlding Code 318-92!141 

provide recommendations for the type of cement and water-cement ratio for normal welght 

concrete for vanous degrees of sulfate exposure. These are classdied into four categories and 

are shown in Table 2.10. 

TABLE 2.10 - RECOMMENDATIONS FOR NORMAL WEIGHT CONCRETE SUBJECT 
TO SULFATE ATTACK20 

Exposure Water soluble Sulfate (SO J in Cement Water-cement 
sulfate (SO J ln water, ppm (ASTM) ratio, 
soil, percent 

. 
maximum 

Mild 0.00 - 0.10 0-150 --- ---
Moderate 0.10·0.20 150 - 1500 Type Il, IP(MS) 0.50 

IS(MS) 

Severe 0.20 - 2.00 1500 - 10,000 Type V 0.45 

Very Severe Over 2.00 Over 10,000 Type V ~ 0.45 
POllolan 

*A lower water-cement ratio may be necessary to prevent corrosion of embedded Item. 
Seawate. also talls in this category 
Use a pozzolan which ha. been determlned by test to improve sulfate reslltarlce when used ln conc:rete 
containlng Type V cement. 

ln general, ASTM Type V (CSA Type 50) portland cement which contains less than 5 percent C:sA 

provides adeqûate protection agamst mild sulfate attack. European standards limlt the C:sA 

content of cement to 3 percent for high sulfate resistance.8 However, ln severe sulfate exposure 
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conditions concrete containing hlgh alumina cements, portland blast-furnace slag cements (with 

more than 70 percent slag) , and portland pozzolan cements wlth at least 25 percent pozzolan 

(natural pazzolan, calclned clay, or low-calcium fly ash) have provlded a higher resistance to 

sulfate attack.1 Pozzolans combine wrth the free lime resulting from the hydration of the cement, 

thereby reducing the amount of gypsum formed. 57 The best results have been obtalned when 

the pozzolan is a Class F fly ash meeting the reqUirements of ASTM C 618.58 

2.4.3.3 ALKALI-SILICA REACTION (ASR) 

Alkali-silica reactlon (ASR) IS a chemlcal reaction that can occur between aggregates containing 

certain forms of sUica and sufflclent d:kalies (sodium and potassium) in the cement paste. The 

phenomenon, whlch was flrst descnbed by Stanton59 in 1940, is reported by the Strategic 

Highw~y Research Progrsm (SHRP) as being one of the major causes of concrete deterioratlon 

in the United States. Published hterature Indicates that ASR IS also widespread in other parts of 

the world such as eastern Canada, Austraha, New Zealand, South Africa, Denmark, Germany, 

England, Iceland,l India and Turkey.15 ASR often occurs in marine structures, such as dams, 

bndge piers, and sea walls.1 

ASR Involves the breakdown of silica structure of the aggregate by hydroxyl ions to form an al kali

sUica gel which can swell by absorbing a large amount of watef through osmosis. The hydraulic 

pressure which develops can cause expansion and cracking of the concrete, leading to a loss 

of strength, elasticity, and durabllity.l ASR will typically produce an irregular crack pattern 

commonly referred to as map or pattern cracking (Figure 2.41). Such cracking may also be 

accompamed by displacements or misalignments of structural members.80 An excellent handbook 

for Identifylng ASR in the field has been produced by Stark (SHRP).81 

Most of the alkalies in concrete come from portland cement, although they are also found in 

seawater, ground-water, and deicing salts. Reactive silica is found in a variety of minerai forms 

in aggregates. Their rate of reactivity depends on their morphology, whether amorphous or 

crystalline.80 A comprehensive hst of deletenously reactive rocks, minerais, and synthetic 

substances responsible for concrete deterioration by ASR has been developed by ACI Committee 

201 and is shown in Table 2.11. Several of these rocks, including granite gneisses, metamor

phosed subgraywacks, and some quartz and quartzite gravels may react slowly.15 The quantity 

and reactivlty of the reagents, avallable mOisture, and temperature are ail contributing factors to 

the rate of ASR deterioration. Severe structural damage can occur in as little as three years, 
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although in sorne cases, ASR can take more than 30 years to create any visible damage,39 

Water and/or alkalls from 
the envlronment 
(e 9 Irom de-long salts) 

DiffusIOn 01 wlter and 
alkahs Inlo concrete 

Crick formltlon 
(1T\Ip craCking and surface 
parillei cracking) 

DiffuSIOn of alkalts 

ReaCllVe aggreglte 

FIGURE 2.41 - EFFECT OF ALKALI-SILICA REACTION8 

2.4.3.4 CONTROL OF ALKAlI·SILICA REACTION 

Test proced~r9s for identitying potentially reactive aggregates and specification procedures for 

preventing or minlmizing its effects have been in place for many years, 'rhe presence and 

amounts of reactlve constituents in the aggregate can be determlned by petrograpl-tic examlna

tion. Table 2.12, which is adapted from Reference 60, shows the maximum amounts of reactive 

constituents that can be tolerated in aggregates, and can be compaied wJth petrographic test 

resu!ts. Ta ensure long-term serviceability of concrete exposed ta conditions which promote ASR, 

Ozol and Dusenberry83 suggest that quartzose aggregates are ta be consldered as potentlally 

reactive. In addition, there are certain test methods which can be used ta measure the reactivity 

or the potential ta cause expansion. The most commonly used tests include ASTM C 289 and 

ASTM C 227.60 The results of these tests are used ta verity the findings of the petrographie 

examinatlon with regard ta the reactivtty of an aggregate . 
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TABLE 2.11 - DELETERIOUSL y REACTIVE ROCKS, MINERALS, AND SYNTHETIC SUBSTANCES15 

Reactive substances Chemlcal composition Physlcal character 

Opal SI02 • nHp Amorphous 

Chalcedony SI02 Mlcrocrystalhne to crypto-
crystalhne; commonly 
flbrous 

Certain forms of quartz Si02 (a) Mlcrocrystalhne to crypt-
ocrystalline; (b) Crystalline, 
but Intensely fractured, 
strained, and/or incluslon-
filled 

Cnstobalite Si02 Crystalline 

Tridymite Si02 Crystalline 

Rhyohtic, dacitlc. latitic, or SlIiceous, with lesser propor- Glass or cryptocrystalline 
andesitlc glass or tions of AI20 3, Fe20 3, alka- materlal as the matrix of 
cryptocrystalline line earths, and alkalies volcanic rocks or fragments 
devitnficatlOn products ln tuffs 

Slinthetic Slhceous glasses Slhceous, wlth lesser propor- Glass 
tions of alkalies, alumina, 
and/or other substances 

The most Important deletenously alkali-reactlve rocks (that is, rocks containrng excessive 
amounts of one or more of the substances hsted above) are as follows: 

Opaline cherts Andesltes and tuffs 
Chalcedonic cherts Siliceous shales 
Quartzose cherts Opaline concretions 
Siliceous limestones Fractured, stralned, and 
Rhyolites and tuffs inclusion-filled quartz 
Dacites and tuffs and quartzites 
Siliceous dolomites Phyllites 

Note' A rock may be clalslfied as, for example, a 'siliceous limestone' and be innocuous If !ts siliceoul 
constltuents are other th en those indlcated above. 

However, Lane60 reports that these test procedures may not be effective in detecting ail potentially 

reactive aggregates. To compensate for this shortfall, several new test methods have been 

developed which are suitable for detecting the reactivity of aggregates which contain microcrys

talline or stralned quartz. ThiS method IS being evaluated by ASTM as P 214 ·Proposed Test 

Method for Accelerated Detection of Potentially Deleterious Expansion of Mortar Bars Due to 

Alkali-Silica Reaction" . 
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Table 2.12 - RECOMMENDED MAXIMUM TOLERABLE PERCENT OF REACTIVE 
CONSTITUTENTS IN AGGREGATES60 

Reactive constituent K&F US. CoE 

Opal 0.5 0 

Chert and chalcedony 3.0 -
Chert wlth any chalcedony - 5 

Tndyrnite and cnstobahte 1.0 1 

Strained or mlcrocrystalline quartz 5.0 -
Highly-stralned quartz - 20 

Volcamc glasses (> 55% slllca) 0 3 

K & F = Kosmatka and Florato - U.S. CoE = Unites States Corps of Englneers 

Since alkahes ln concrete are mostly found ln the portland cement, the tradltlOnal approach to 

mlnimlzing ASR has been ta use low-alkall cements. The ASTM C 150 specifications recommend 

using cement with an alkall content not exceedlng 0.60 percent Na,p equlValent (N~O + 0.658 

~O). However, research by Ozal and Dusenberryb3 suggests that a lower value may be more 

advisable. Tuthl1l64 suggests that a ma><lmum limlt of 0.40 percent should be used to prevent ASA. 

Mehta 1 reports that investigatIOns ln Germany and England have shown that a total alkall content 

below 3 kg/m3
, is not hkely to cause any damage. 

However, slnce it IS difflcult for producers to control the amount of alkall content ln cement, an 

alternative measure is to use blended cements made by adding pozzolans or ground granulated 

blast-furnace slag. 60 Glass C and Class F fly ashes and sllica fume are the most wldely used 

pozzolans. Sihca fume IS reported to be the pozzolan whlch provldes the best protectIOn agalnst 

expansion resulting from ASA. Kosmatka and Fiorat062 report that Class F fly ashes (Iow hme) 

are more effective when provided ln amounts of 15 to 20 percent of the total cementltlous 

matenal. If Class C tly ashes (high lime) are used, a replacement of 35 to 40 percent would 

provlde the same degree of protection. Hogan and Meusel50 suggest that cements contalnlng 

40 percent or more slag can conslderably reduce expansion. The standard test method for deter

mlning the mix proportions ta achieve the deslred performance 15 ASTM C 441 . 
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2.4.3.5 ALKAU-CARSONATE REACTION (ACR) 

Cenaln IImestone aggregates, have been reported to be reactive in concrete structures in Canada 

and the Unrted States. HI The mechanlsm of attack, Involves "dedolomitizatlon" of the carbonate 

rocks which leads to the formation of bruclte and the regeneration of alkali. This effect is opposrte 

to what occurs with ASR ln which the alkalies are consumed as the reaction occurs. However, 

concrete deterioratlon by ACR is also characterized by expansion and map cracks and IS more 

severe ln areas where there is a continuous supply of moisture. Another difference between the 

two reactions IS that ACR does not exude silica gel. 

ln addition to expansion, a phenomenon assoclated with ACR is the formation of rims around the 

aggregate partlcles and extensive carbonation of the surrounding paste. This phenomenon IS not 

'ully understood, however, ACI Committee 201 15 reports that It occurs as a result of "a change in 

disposition of sllIca and carbonate between the aggregate partlcle and the surrounding cement 

paste". The ri ms seem to propagate concentrically toward the center of the aggregate with time. 

Damage due to ACR usually occurs ln less than three years.39 

2.4.3.6 DELAYED HYDRATION OF CRYSTALLINE MgO AND CaO 

Hydration of free crystalline MgO or CaO, can also cause expansion and cracking in concrete if 

they are present in sufficlent amounts. Current ASTM C 150 restrictions require that the MgO 

content in cement should not exceed 6 percent. However, laboratory tests showed that concrete 

ma,1e wlth a 10w-MgO portland cement contalning sufficient amounts of CaO can also produce 

expansion. ' Current manufactunng practices ensure that the content of free crystalline CaO in 

ponland cement does not exceed one percent. 7 

2.5 CONCRETE DETERIORATION DUE TO SIOLOGICAL PROCESSES 

2.5.1 BACTERIOLOGICAL GROWTH 

Bacteriological growth such as lichen, moss, algae, and roots of plants and trees penetrating into 

the concrete at cracks, can cause mechanical deterioration to concrete structures. Microgrowth 

may also cause chemical anack by producing humic acid which is aggressive to the cement 

paste.8 
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However, the most common type of biologieal attaek on concrete is found ln the sewer systems . 

Sulfur-oxidizing bacteria, using hydrogen sulfide (H2S) derived from the sewage, produces high 

concentrations of sulfuric acid, thus resulting ln acid and sulfate attack in the concrete (Figure 

2.42). Rigdon and Beardsley68 noted that this problem commonly occurs in warm chmates such 

as Califorma (U.S.A.), Austraha, and South Africa. pomeroy67 also observed that thls phenomenon 

occurs at the end of long pumped sewage force mains in the northern (colder) climates. 

ACId anack on 

- a.Clenologteal lann ... on 01 .u1phunc 
ICid 11'1 olygln'CGnla'lIIng Inv,ronmenl 
.. Ille concll .. luriaci 

Esu~o' 
hyClroven lulllhtCll 

FIGURE 2.42 - BIOLOGICAL ATIACK IN SEWER SYSTEMSe 

The mechanism by which sulfuric acid is formed Involves two distinct processes whlch will nct 

occur unless certain conditions are met. Generally, a free water surface is required, and a low 

dissolved oxygen content in the sewage that permit the bulldup of anaerobic (oxygen·free) sulfur

reducing bacteria. Some of these bacteria reduce the sulfates or proteins that are present in the 

sewage to form H2S. Sulfur-oxidizing bacteria (thiobacillus concratlVorus) reduce the H2S to form 

sulfunc aCid, which lowers the pH of concrate to 2 or less. The destructive affect of the sulfate 

ions on the calcium aluminates in the cement paste account for the daterioratlon of concrate, 

which usually occurs in the crown of the sewer. 211 
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Information which may enable the engineer to design, construct and operate a sewer sa that the 

formation of sulfuric acid is reduced is provided in References 67,68 and 69. 

2.5.2 MARINE GROWTH 

Marine organisms are commonly found on the surface of underwater concrete structures. This 

marine growth (or fouling) can have significant adverse effects on the integrity of the structure. 

Firstly, It increases the surface area of the profile that is exposed to current flow, thereby 

increasing wave and current forces on the structure. Secondly, marine growth can also cause 

deterioration of some concrete structures due to galvanic amion between the organism and the 

concrete.70 ln tropical or semi-tropical waters, several types of marine rock borers can penetrate 

into the concrete, although this damage usually occurs in low-quality concrete.71 

2.5.2.1 TYPES OF MARINE GROWTH 

Marine growth can be categorized into two basic types: soft fouling and hard fouling.72 Soft 

fouling is caused by organisms which have the same density as seawater. This type of marine 

growth creates bulk, but is usually easy ta remove. Hard fouling is caused by marine organisms 

that are denser th an water and are more firmly attached to the concrete surface. These 

organisms are usually more difficult to remove. The following sections have been adapted from 

a revlew of Reference 72, and are provided for reader information. 

2.5.2.2 SOFT FOULING 

Those organisms which cause soft marine growth are as follows: 

(a) Algse This is usually the first type of marine growth to appear on the surface of an 

underwater structure and is usually referred to as slime. Being sensitive to light, algae is not 

usually found below 20 m (66 ft.) of water depth. 

(b) Bacre"s. This will also be one of the first organisms to develop on éI structure and will grow 

in water depths in excess of 1000 m (3280 ft.). 

(c) Sponges. These are often found on the surfaces of deep offshore structures at depths 

greater th an 1000 m (3280 ft.). See Figure 2.43 . 

92 



• 

• 

FIGURE 2.43 - A SPONGE12 

(d) Ses squins. These organisms have a soft body and are sometimes found in large colom es. 

See Figure 2.44. 

FIGURE 2.44 - A SEA SQUIRT72 

(e) Hydroids. These are related ta the sea anemone and also grow ln colonies. They resemble 

seaweed, and can produce dense colomes to depths of 1000 m (3~80 ft.). See Figure 2.45. 

(f) Seaweeds. There are several varieties of seaweed that grow on underwater concrete 

structures. The longest of the se IS kelp, which can produce fronds up ta 6 m (20 ft.) in length, 

if the conditions are suitable. See Figure 2.46 . 
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(0) ( b) 

FIGURE 2.45 - HYDROIDS: (a) PROFILE OF A SINGLE HYDROID; 
(b) COLONY OF HYDROIDS72 

FIGURE 2.46 - SEAWEED: PROFILES OF THREE VARIETIES OF KELP WEE072 

(g) Bryozoa. This marine growth looks like moss and grows very taU. Bryozoa is actually an 

animal with tentacles, as shown in Figure 2.47 • 
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FIGURE 2.47 - BRYOZOA72 

(h) Anemones. The anemone, sometlmes referred to as anthozoan, has a cyllndrical shaped 

body which is surrounded by tentacles. It attaches itself firmly to the concrete surface by a disc

shaped base and is difficult to remove wrthout tearing its body. The speCies is found in many 

shapes and colors. 

(1) Dead men's fmgers (Alcyomum digltalum). These colonies which can grow up to 150 mm (6 

in.) in length can be found on pier piles and rocks on waterfront and offshore structures. When 

theyare below water, several small polyps grow out from the finger-shaped body, with each polyp 

having eight feathery tentacles (Figure 2.48). When submerged, its color is white to yellow or pink 

to orange. When it IS out of the water, it is flesh çolored and resembles the human hand. 

FIGURE 2.48 • DEAO MEN'S FINGERS72 
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2.5.2.3 HARD FOUUNG 

This group of marine growth is comprised of calcareous or shelled organisms and includes the 

following: 

(a) Barnac/es This l'Orm of manne growth is the one most commonly found attached to 

waterfront structures. The common species is called Ba/anus ba/anoides (Figure 2.49). These 

organisms grow ln dense colonies to a depth of 15 ta 20 m (49 to 66 ft.), but can also grow at 

depths of 120 m (394 ft.). 
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FIGURE 2.49 - BARNACLE: (a) VIEW OF THE TOP OF A BARNACLE; 
(b) SIDE VIEW; (c) TOP VIEW OF A CLUSTER OF BARNACLES72 

(b) Musse/s. A mussel is a hard-shelled mollusc which attaches itself firmly to the structure by 

very strong threads located at the hinge of the shell. The main species, Mytilus edulis, is usually 

found in dense colonies to depths of between 20 m (66 ft.) and 50 m (164 ft.) 

2.5.2.4 FACTORS INFLUENCING MARINE GROWTH 

The type of orgamsm which develops, and its growth rate, will depend on several factors including 

water depth, temperature, current, salinity, and food supply. In general, the formation of slime or 

algae on unprotected concrete surfaces occurs in two to three weeks. In some cases, marine 

growth has been know to develop within 24 ta 36 hours after a surface has been cleaned. On 
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the other hand, bamacles and soft fouling can develop ln three to six months. Mussel colonies 

generally take two seasons to develop, and can also grow on top of existing dead fouling. The 

various factors affecting growth rate are summarized below. 

(a) Depth. In general, marine growth density decreases wlth Increasing water depth, since an 

increase in depth reduces light Intenslty. This reduction in hght intensity reduces the ability of 

certain organisms, such as algae, to photosynthesize. A generally accepted schematic 

representation of manne growth denslty wlth varying water depth (in British waters) IS shown in 

Figure 2.50. From the diagram it is evident that the highest density of marine growth occurs near 

the water surface, which is where wave loads are the hlghest. 
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FIGURE 2.50 • SCHEMATIC REPRESENTATION OF THE DISTRIBUTION OF 
MARINE GROWTH WITH WATER OEPTH72 
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(b) Temperature. An increase in water temperature will typically increase the growth rate of 

marine organisms. For instance, an increase in temperature of 10"C (1S°F) will approximately 

double the growth rate. However, most organisms stop growing at 30 to 3SoC (86 to 9S0F). Since 

the greatest variation of temperature occurs near the water surface, marine fouling colonies near 

the surface will undergo seasonal growth. 

(c) Water current. Water flow velocity is an Important factor influencing the type of colony that 

develops. It appears that many Jarvae cannot attach themselves to con crete surfaces if the water 

\lelocity exceeds 0.5 m/sec (1.6 ft/sec). However, once attached, it can withstand water velocities 

(If more than 3m/sec (10ft/sec). At higher velocities, fouling which is not firmly attached is easily 

removed. During slack flow periods, larvae can attach themselves to structures in cracks, where 

water flow is either slow or stagnant. Once the organism develops, strong water currents will 

provide more nutrrents which will accelerate growth. 

(d) Salimty. In 'resh water, the only organism whch can grow is marine algae slime. The amount 

and type of marine growth increases wlth increasing salinity. For example, the size of mussels 

will be five tlmes greater as the salinity of water increases from 0.6 percent to the normal salinity 

of seawater (3 to 3.5 percent). As the salinity increases, hydroids will grow first followed by 

mussels. 

(e) Food supply. Marine growth depends on the amount of nutrient available. Growth rates in 

coastal areas (shallow water) are higher than those offshore (deep water). Research has shown 

that marine organisms found in water which circulates around offshore structures have a higher 

growth rate. 

2.6 CONCRETE DAMAGED BV HARD IMPACT 

A marine structure may be subjected to several forms of collisions or impact. Examples of these 

Include ship collisions, wave action, and dropped objects. Depending upon the type and 

behavior of the Impactor, the response of the concrete structure may either be global such that 

little or no local damage will occur, or if the impactor hardness and/or velocity of impact is high 

enough, local damage will occur.73 This section focuses on the latter, and is adapted from a 

review of Reference 73. 

As a consequence of several serious accidents involving concrete offshore structures in the North 
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Sea (bath tram dropped abjects and ship collisions), the Department of Energy ln the UK 

sponsored several studies ta investigate the problem further. A report by Wimpey74 identified the 

various types of abjects that are hkely ta be dropped on concrete offshore structures. A 

subsequent report by Brown and perry75 Identlfied the vanous forms (Jf local damage which can 

occur from fallen abJects and developed Simple design formulae for assesslng the damage. These 

are discussed below. 

2.6.1 FORMS OF LOCAL IMPACT DAMAGE 

The report by Wimpey74 concluded that the abjects most hkely ta cause severe damage are the 

end-on impact of slender abJects and impact of bulkV abjects. Brown and perry75 reco9mze five 

forms of damage (Figure 2.51) and have adopted a standardized descnption for each as deflned 

below: 

• Penetration (the depth ta whlch an abject penetrates the concrete). 

• Spalling (the cratenng damage on the impacted surfé'ce). 

• Scabbing (the fracturing and expulSion of concrete from the opposite face of the Impact). 

• Perforation (the abject passes completely through the concrete). 

• Shear plug (formed by inclined cracking through the thlckness of the concrete). 

spalling,. 

T '. 
t 

1~----1 ..... -.:.:. -
.; - '-Sca~b,"g 

a) PenetratIon and Spalling b) Scabbing c) Shear plug formlltlon 

d) Perforation e) Globel flexurel re.ponH 

FIGURE 2.51 - FORMS OF IMPACT OAMAGE75 
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The type of damage which will most likely occur depends on the ratio of concrete thickness to 

the object diameter (t/d). For high t/d values (of the arder of 6), penetration and spalling are hkely 

ta occur. For t/d values approaching 1, scabblng and shear plug formation are more hkely to 

occur. For very low values of t/d, a global response may cause the major damage, although 

scabbing can also occur. Factors Influencing the response of concrete slabs to impact are 

discussed in Reference 76. 

2.6.2 ASSESSMENT OF LOCAL IMPACT DAMAGE 

The report by Brown and perry7S concludes that present impact damage assessment methods 

would provide reliable results, but that the basis for established scabbing formulae was 

inadequate. As a result, new empirical formulae for scabbing were developed. For soUd abjects, 

a non-dimensional number Np is given by the following formula: 

where, 

N = ____ m_O._5_x_v __ _ 
1 d o.5 (Id) o x t x l+t 0 

M = mass of missile (or impactor) 

V = velocity of missile 

do = diameter of missile 

t = slab thickness 

E = modulus of elasticity 

fT = concrete shear strength 

x 

If NI is greater than some critical value, the nominal shear stress will be greater than the nominal 

shear strength of the concrete and inclined cracking, shear plug formation, and scabbing are 

likely to accur. The same procedl.lre is used for pipe-shaped objects . 
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CHAPTER 3 

UNDERWATER INSPECTION OF CONCRETE STRUCTURES 

3.1 INTRODUCTION 

The service life of any structure, such as a dam, navigation lock, bridge, wharf, or other marine 

structure, depends on the preservation of the physlcal condition of both the portion of the 

structure above and below the waterline. Therefore, it is Important to develop and implement an 

adequate inspection, maintenance, and repalr program for the ent"e structure. In many cases, 

however, underwater inspections are seldom performed because the evaluation of the condition 

of a concrete structure under water IS usually more difficult and expensive than evaluating a 

structure located above the waterline. 1 However, aging structures reaching or exceeding their 

design life, and the growing concern with concrete durability both contribute to making 

underwater inspection an essential part of today's infrastructure evaluation and preservation 

technology. 

Various groups, such as Transportation agencies, and Port Authorities in Canada, the United 

States, and other parts of the world require penodic underwater inspections as part of a preven

tive maintenance program. They are also undertaken as a requirement prior to the purchase of 

a facility by a new owner, ta evaluate the strength of the structure for new loading conditions, to 

gather information needed for planning the expansion or modification of a facility or as an initial 

construction inspection to confirm that a structure has been constructed in accordance wlth 

contract documents. Catastrophic events, such as ship collisions, earthquakes, hurricanes, and 

floods also require underwater inspections for damage assessment. 2 ln addition, deteriorated 

structures that might be dangerous to public safety, or that can cause substantial property 

damage, need to be continually inspected to determine ItS capaclty to operate safely. 3 

Underwater inspections can be performed by divers, remotely operated vehlcles (AOVs), or 

manned submersibles. The most common method employed is the use of commercial/engineer 

divers. They are readily available at almost ail waterfront locations and can be mobilized relatively 

quickly. ROVs are becoming used more frequently for visual inspections and have also been 

used for making repairs. The basic ROVs are usually equipped with cameras, videos, and lights, 

and are remotely controlled from the surface. ROVs can be very economical in deep-water or 

long penetration dIVes. Manned submersibles are used primarily for performing very deep dive 
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inspections of structures such as offshore oil platforms and pipelines.4 These types of vehicles 

are rarely used for waterfront inspections. A more detailed discussion of each of the above diving 

methods IS provlded later in this chapter. 

Evaluation of a structure must take into account several factors, including design considerations, 

existing operating, inspection, and maintenance records, condition surveys, in-situ testing, 

instrumentation, and determination of the phenomena causing the deterioration.3 This section 

provides a summary of techniques and equipment currently used by divers ta visually inspect 

concrete ln eXlsting underwater structures or underwater portions of concrete structures. The 

planning and preparation required for an underwater inspection program, and methods of 

documenting and presenting the results are included along with a description of the recom

mended underwater Inspection procedurrs. The material in this chapter has been adapted from 

a review of different avallable references, especially 3, 5 and 18. 

3.2 INSPECTION OBJECTIVE 

The objective of an inspection is to obtain the necessary information to assess the structural 

condition of the struc,ture to determine whether it meets current design and future performance 

criteria. However, the primary reason for conducting an inspection is the structural safety of the 

structure. Although the nature of the inspection will determine the extent of information to be 

provided, the general objective of a condition survey should involve the following:3
•
5 

• Identifying and describing ail major damage and deterioration 

• Identifying the phenomana or materials causing the detenoration 

• Determining the extent and rate of deterioration 

• Determlning the structure's performance characteristics under future service conditions 

• Documenting the types and extent of marine growth, water depths. water visibility, tidal 

range. and water currents which will help plan future inspections 

• Determining conformance with contract documents and verifying as-built conditions 

• Identifying any potential problems which may occur wlth mobilization of equipment, 

personnel, and materials needed to make repairs 

• Making recommendations for suitable methods of repair and maintenance 

• Obtaining and developing data needed for making cost estimates of these repairs and 

maintenance 

• Recommending the types and frequencies of future inspections 
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3.3 LEVELS OF INSPECTION 

Underwater inspection of marine structures can be grouped into three basic types or levels. They 

are differentiated by the amount of preparation work required and the means by which the work 

is to be performed as descnbed below. The level of Inspection to be used for a particular 

inspection must be chosen early in the planning phase.ua Table 3.1, whlch was developed by 

the U.S. Navy, summarizes the general purpose of each Inspection and the type of damage that 

each level will deteet. 

TABLE 3.1 - CAPABILITY OF EACH LEVEL OF INSPECTION FOR 
DETECTING DAMAGE TO MARINE STRUCTURES5 

Level Purpose Detectable Defects 

Steel Concrete 

1 General visual to conflrm extenSive corrosion Major spalling and 
as-bullt condition and cracking 
detect severe damage Severe mechanlcal 

damage 

Il Detect surface detects Moderate mechanlcal Surface cracking 
normally obscured by damage and crumbllng 
marine growth 

Major pittlng Rust strainlng 

Exposed rebar 

III Oetect hldden and begin- Reduced thickness of Location of rebar 
ning damage material 

Beginnlng corrollon 
of rebar 

Chang. in materlal 
strength 
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Wood 

Major losle8 of 
wood due to 
marine borer. 

Broken pile. 

Severe abra.lon 

External plie dl-
ameter reductlon 
du. to marine 
borere 

Spllnt.red piling 

Lo .. of boit. and 
fut.n.r. 

earti bor.r and 
In •• et Inf •• tatlon 

Int.rna' damage 
du. to marine 
bor.r. (Internai 
void.) 

D.cr .... ln 
mat.ria' etr.ngth 
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3.3.1 LEVEL 1 • GENERAL VISUAL INSPECTION 

This type of inspection IS the most rapid of ail three because Il does not requlre cleaning of the 

element being inspected. The various purposes of a Level 1 inspection include: to confirm as

built conditions; provide initial information for developing an inspection program; and detect 

obvious damage or detenoration caused by overstress, impact, corrosion, or biological attack. 

3.3.2 LEVEL Il - CLOSE·UP VISUAL INSPECTION 

This type of Inspection requires cleaning of the concrete surlace either before or du ring the 

inspection. This level is needed for detecting and identifying surlace damage which may be 

hidden by manne growth. A limited amount of information can be obtained to enable a 

preliminary assessment of the load carrying capacity of the structure or element of the structure. 

Since cleamng is time consuming, it is usually done to critical areas of the structure. The amount 

and thoroughness of cleaning is dictated by the amount of information needed to make a general 

assessment of the structure. 

3.3.3 LEVEL III • HIGHLY DETAILED INSPECTION 

A highly detailed inspection IS primanly conducted to detect damage which is hidden or damage 

whlch is about to occur, and to determine material homogeneity. This type of inspection will 

usually requlre prior cleaning. This level often involves the use of Nondestructive Testing (NOT) 

and sometimes Destructive Testing (DT) techniques. The NOT techniques are usually perlormed 

at cntlcal structural areas which may be suspect or are represemative of the underwater portion 

of the structure. DestructIVe or partially destructive testing, such as coring or physical material 

sampling, IS usually perlormed to obtain specimens for laboratory testing. Generally, the 

equipment and test procedures will be more sophisticated, and should be perlormed by qualified 

engineer divers or testing personnel. 

3.3.4 FACTORS INFLUENCING PRODUCTIVITY 

lhe time, equipment, and effort required to perlorm the three different levels of inspection are 

considerably different. The time required for each level depends on environmemal factors such 

as visibility, water depth and water currents, water temperature, wave action, amoum of marine 

growth, and the skill and expenence of the inspector/diver.' A guide was developed by the U.S . 
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Navy for estimating the time required to conduct Levell and Levelll inspections and is provided 

in Table 3.2. 

TABLE 3.2 - PRODUCTION RATE FOR SURFACE AND UNDERWATER INSPECTION 
OF STRUCTURAL ELEMENTS5 

Inspection Time Per Structural Element 
Structural Element (minutes) 

Levell Level Il 

Surface U/W Surface U/W 

300 mm steel H-pile 2 5 15 30 
300 mm wide strip of steel sheet pile 1 3 8 15 
300 mm square concrete pile 2 4 12 25 
300 mm wide strip of concrete sheet pile 1 3 8 15 
300 mm diameter timber pile 2 4 10 20 
300 mm wide strip of tlmber sheet pile 1 3 7 15 

The information in the Table is based on a water depth of 9 ta 12 m (30 ta 40 ft.); visibllity of 1.2 

to 1.8 m (4 to 6 ft.); warm, calm water; moderate manne growth about 50 mm (2 in.) thick; and 

an expenenced engineer diver supervised by an engineer at the surface. Inspection times for 

Level Il assume that approximately 1 m (3 ft.) of the element in the splash zone, 0.3 m (1 ft.) at 

mid-depth, and 0.3 m at the bottom, will be cleaned of marine growth using the most efficient 

method.5 Since Level III inspections depend on the extent of existing damage and can vary 

significantly for structure to structure, estimates of time are not provlded in the Table. 

3.4 UNDERWATER DIVING TECHNOLOGY 

Various methods are presently ln use or currently under development for the underwater 

inspection of concrete structures. 1 n the last 15 years, significant technologieal advances have 

been made by the offshore ail industry. Various individual skills, equipment, and techniques are 

used in underwater inspections and r,an be grouped into three basic categones: manned diving 

missions; remotely operated vehicles (ROVs); and manned submersibles2
• These are described 

below . 
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3.4.1 MANNED DIVING MISSIONS 

Manned diving is the most common method used for performing underwater inspections. The 

breathing gas is provided either by self-contained underwater breathing apparatus (SCUBA) or 

by an umbilical hose which extends from the surface (surface-supplled/tended air or mixed-gas)' . 

These are the two methods of divlng operations most suited for underwater inspection of relatively 

shallow marine substructures. The main advantage of using divers is that it is a versatile system 

whlch in most cases relatively inexpensive. On the other hand, this diving mode is limited by time 

and dive depth. In addition, slnce the diver's sense of perception is quite different under water 

than ln air, his observations will be more susceptible to error'. Appendix C provides some general 

characteristics of these types of diving modes. 

3.4.1.1 SCUBA DIVING 

ln SCUBA diving operatioils, the dlver's breathing tanks are typically mounted on his back. The 

SCUBA diver has the highest degree of movement than in ail the other types of diving methods 

because he is not connected to the surface or an umbilical cable. This diving method is highly 

mobile and is especially suited for performing short duration dives'. 

The disadvantages of SCUBA divlng are: depth limitation, Iimited air supply, and difficulty in 

communication with topside personnel. In SCUBA diving the maximum sustained depth at which 

a diver can work is about 18 m (60 ft.). An experienced diver can dive to depths of 37 m (120 

ft.) for short periods of time without experiencing any difficulty. Air requirements will be different 

for each diver. Normally, a 2 m3 (72 ft~ tank is sufficient to allow a SCUBA diver to work at a 

depth of 9 m (30 ft.) for approximately one hour. As a rule, the amount of time which a diver can 

remain submerged will decrease wrth increasing water depth or level of exertion'. 

3.4.1.2 SURFACE-SUPPLIED/TENDED AIR DIVING 

ln this method of diving, the diver breaths the air or mlxed-gas through an umbilical hose supplied 

from the ~urface. The breathing medium is forced through the hose by a surface mounted 

compressor. The diver is also attached to a communication cable, a lifeline, and a 

pneumofathometer. The diver can use either a hard hat with a dry suit or a face seating mask 

with a wet, dry, or hot-water suit' . 
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The main disadvantage of surface-supphed/tended air diving is the signlfieant deerease ln diver 

productivity. The diver is considerably less mobile than the SCUBA dlver due to the extra welght 

and diving gear he must carry. Another dlsadvantage is thls dlving method needs a considerable 

amount of additional divlng equipment. However, the main advantage wlth this divlng mode IS 

that the diver IS ln continuous contact wlth the surface personnel. 1 

3.4.1.3 COMPARISON OF EQUIPMENT REQUIREMENTS 

Lamberton et al. 1 have made a companson between SCUBA diving and surface-supphed/tended 

air diving and is summarized below. A typlcal SCUBA diving mission will require the following 

equipment: 

~ "Van or truck to transport the gear 

~ Boat, motor and trailer 

~ Anchors, mooring line, out board ladders, and life jackets 

~ SCUBA tanks, wet SUit, fins, weights, masks, regulator, etc. 

~ Dive flag 

~ Chlpping hammers, picks, pry bars, problng rads, and scrapping tools; 

~ Underwater lights 

~ Writing boards, drafting eqUipment, and underwater slates for recording data; 

~ Underwater still or video camera 

~ Aulers, tapes, cali pers, or other measuring devices" 

For a simllar inspection performed by surface-supplied/tended air diving, the following additional 

eqUipment is reqUired: 

• "Larger vehicle to transport the gear 

• Larger boat to support diving operation 

• Diving compressor and recelver tank 

• Diver umbilical with air hase, communication cable, lifeline, and pneumofathometer; 

• Surface-supply head gear 

• Diver's radio' 
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3.4.1.4 SAFETY HAZAROS 

ln both diving methods, the diver is subjected ta the hazards and conditions of the underwater 

environmem which directly affect his performance and safety. In arder ta avoid serious accidents 

or ln jury, the diver must have a clear understanding of these factors and must be able to 

recognlze and handle them2
• 

The various hazards and accidents to whlch a diver may be subjected to are listed below'. A 

detailed explanation of the causes, effects, and treatments of these hazards and accidents IS 

provided in Reference 7. 

• Decompression sickness or nitrogen narcosis (the bends) 

• Oxygen poisonlng 

• Bleeding 

• Overexertion and exhaustion 

• Hypothermia 

• Squeeze 

• Gas expansion 

• Blowup 

• Loss of communication 

• Fouling 

• Polluted water 

• Noxious air 

• Tides and currents 

• Marine traffic 

• Marine life 

• Floating debris 

3.4.1.5 DIVE OEPTHS AND OURATION 

A number of organizations have developed dive tables to help divers coordinate dive depth with 

duration so they can minlmize the possibility of their developing decompression sickness. The 

tables contain time limits for a dive to a given depth. For instance, the U.S. Navy Standard Diving 

Tables indicate that a healthy 22 year old Navy diver can stay at: a 9 m (30 ft.) depth of seawater 

for an unlimited time; approximately one hour at 18 m (60 ft.); and 30 minutes at 27 m (90 ft.).2 
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ln deeper dives, these limits are sigmficantly shorter. In these cases, inspections are usually 

performed by more th an one diver in succession, or by uSlng an on-site recompreSSlon cham ber 

(saturation and nonsaturatlon diving). The recompression chamber IS an air chamber whlch 

gradually adjusts the diver's body to the pressure at which he will be worklng. Dependlng on the 

depth of the dive, the adJustment penod can vary from a few hours ta several days. For dives 

exceeding 40 m (130 ft.), a specially formulated mixed breathlng gas 15 usually used ta aVOId the 

potentially hazardous effects related to mtragen absorption by the bOdy.2 

The dlvlng industry has recently developed a ngld-shell "one atmosphere SUlt" flHed wlth a set of 

pincers for hand actuators. The suit permlts the diver to work ln an enwonment of one 

atmosphere (ambient air pressure), which eliminates the posslbllity of the diver develaplng 

decompression sickness. Hawever, the SUit is expensive, dlfficult ta work wlth, and reqUires 

special surface support.2 

3.4.2 ROVs and ROBOTleS 

Remotely operated vehlcles (ROVs) are being used more often for underwater inspectIOns. They 

are slmilar to robots and are used extenslvely for inspecting deep structures such as offshore 

pipelines, deep bridge foundations, and hydraulic structures. They are usually connected to a 

support vessel or to the surface by a flexible communication cable. The vehlcle IS maneuvered 

by ballastlng and propulsion equlpment, and 15 equlpped wlth video and still cameras mounted 

on the frame. Sorne ROVs are equlpped wlth mechamcal arms (mampulators) whlch can operate 

equipment or retneve physical samples. The vehlcle is remotely controlled from the surface 

wlthout the use of divers.2 

Sorne ROVs, such as MANTIS owned by International Underwater Contractors (IUC), can be 

operated by a pilot under a one atmosphere condition. There are three modes of operation: as 

a surface controlled ROV system; with a pilot as an observer in partial control assisted by a 

surface operator; or with a pilot in full control. 

3.4.3 ROV TYPES 

ROVs can range from small, relatively inexpensive systems to highly capable but expensive 

systems. The particular ROV system used for a project depends on the nature and the depth of 

the underwater Inspection being conducted • 
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According to a report by the U.S. Army Corps of Engineers,3 there are towed vehicles, bottom 

crawlers, self-propelled vehicles and vehicles remotely controlled from the surface. There are six 

basic types of ROVs and these are briefly summarized below. The requirements of a speclfic 

diving operation will dictate the most efficient, cost effective, and safest system to be employed. 

Examples of some commercially avallable ROVs are provided in Appendix D. 

3.4.3.1 TETHERED/FREE-SWIMMING 

This vehlcle operates in mldwater, IS equipped wrth closed-circuit television (CCTV) cameras, and 

can maneuver in three dimensions. Most of these vehicles recelVe their power from a suppon 

plattorm, but many are self-powered by batteries carried on board. These vehicles can operate 

inwater depths ranging from 30 m (100ft.) to 3050m (10,000 ft.). Vehicle dimenSions rangefrom 

"basketball size to that of a small automobile" and welghs approximately from 32 kg (70 lb) to 

5455 kg (12,000 lb) in alr.3 

3.4.3.2 TOWEO 

These vehlcles are propelled and powered by a cable connected to a surface ship. Real-time or 

slow-scan CCTV and photographlc cameras are typically carried on board. Two types of towed 

vehicles are described below:3 

(a) Midwater These types of vehicles operate in mldwater, but can also make contact with the 

bottom periodically. Maneuverability in the horizontal direction is controlled by the ship's heading, 

and the vertical direction is controlled by a reeling cable. These vehicles are designed for long 

range, long duratiol' dives and can operate in water depths of 6100 m (20,000 ft.). 

ThE' Remote Underwater Manipulator (RUM III) is an example of this type of vehicle which usually 

operates in a towed mode, but can also operate in a bonom-crawling mode to retrieve samples 

and perform detailed work. Another example is the Towed Unmanned Submersible (TUMS) which 

operates in a t~ed mode and can be used to perform detailed investigations as a tethered, frae

sWlmmlng vehicle by using on board thrusters. 

(b) Bonom - and structura/ly - reltant. These vehicles are towed in contact with the bottom of the 

sea (bottom-rehant) or are structurally supported by a pipeline (structurally reliant). They are 

unique in that they are designed for a specific purpose. They are very large structures and are 
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usually used for cable or pipeline burial. 

3.4.3.3 BOTTOM·RELIANT 

This type of ROV is powered and controlled by the surface suppon shlp and IS equipped with 

CCTV cameras to monitor the work ln progress. The vehicle is propelled by wheels or tracks 

whlch are ln contact wlth the seabed. These vehicles are speclflcally built to perform tasks such 

as pipeline/cable trenching, bottom excavation and backfilhng, maintenance, inSpection, soli 

investigation, or nodule collection.3 

A good example of su ch a vehlcle is that developed by the Dutch for underwater Inspection work 

at the Eastern Scheldt Storm Surge Barrier. The ROV (PORTUNUS) is a 6 m (20 ft.) long by 4 m 

(13 ft.) wide by 2 m (6-112 ft.) high, tracked, bottom-crawling vehicle which can perform inspections 

ln turbid water. It can travel at velocrtles of up to 2.5 mis (8.2 ft/s) at depths from 15 to 45 m (49 

to 148 ft.). The vehlcle carnes SIX television cameras, four high frequency transducers, and 

sonar.8 This vehlcle can be used for inspection of sttlling basins. 

3.4.3.4 STRUCTURALLY RELIANT 

These vehicles are similarly powered and controlled from the surface shlp and are propelled by 

wheels, tracks, or push-pull rams which are connected to a structure. Sorne of these vehicles are 

capable of operating in midwater and can travel to and from the structure. Most vehicles are 

equlpped wlth CCTV, and are specifically designed for pipeline trenching, oil tank sounding, and 

ship's hull cleaning and inspection.3 

3.4.3.5 UNTETHERED 

These are self-powered vehlcles whlch are not physically connected to the surface vessel. They 

can maneuver in three dimensions and operate wrthin a preprogrammed schedule. In sorne 

cases, their direction and altitude can be modlfled by commands given from the surface by an 

acoustic link. These vehicles can operate ln depths ranging from 30 m (100 ft.) to 6,100 m 

(20,000 ft.) and can dive for four to SIX hour durations.3 An example of this type of vehlcle has 

been developed by the Dutch to inspect the deep foundations of the precast pIers for the Eastern 

Scheldt Surge Bamer project. The body of the vehlcle (TRIGLA) is tubular in shape and measures 

900 mm (36 in.) long by 42 mm (1..1fa in.) in dlamet3r. Il is self·propelled, free-floating, and is 
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equipped with lights, cameras, and pressure sensors.8 

3.4.3.6 HYBRID 

Hybrid vehlcles are a combinatlon of ROVs that are remotely controlled from the surface or 

support vessel, and directly controlled by the diver or pilot. These vehicles are a recent addition 

to underwater work and can perform a variety of tasks, such as pipehne trenchlng, diver assis· 

tance, structure inspection and maintenance, pipeline anchoring, and cable burial. 3 

Further detalls regarding the structural aspects of the vehicles, tools, sensors, personnel, 

supporting systems, applications, and operational and navigational considerations, etc., are 

provided in Reference 9. 

3.4.4 ADVANTAGES OF USING ROV SYSTEMS 

The advantage of uSlng ROV systems IS that they can be used in environments which are 

considered to be unacceptable for diver safaty. They can also be used for very deep and long 

duratinn diving operations. In addition, these systems can continuously and repeatedly conduct 

inspections wlthout performance degradation or concern with diver decompression.3 

3.4.5 DISADVANTAGES OF USING ROV SYSTEMS 

According to Popovics and MacDonald,3 the disadvantages of using ROY systems are: 

• They are very expenslve to use 

• They are less flexible and less reliable than using divers 

• ROV systems usually require greater maintenance than diver systems 

• Video cameras on ROYs may provide dist()rted vlews of the extent of deterioration or 

damage 

3.4.6 MANNED SUBMERSIBLES 

Manned submersibles or minisubmarines are used to perform deep underwater inspections of 

offshore oil platforms and salvage operations and have limited use with nearshore marine 

structures. They are simllar to ROYs except that they are larger, more cumbersome and require 
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significant surface suppon equipment. 2 They are controlled by a pilot inslde the vehicle and can 

fallow a preprogrammed schedule via a highly sophlstlcated acoustlc transponder navigation 

system. A manned submersible IS typically equipped wlth vlewports for forward and downward 

viewing, CCTV cameras, video tape recorders, still cameras, underwater telephone for dlver 

communication, mechanical manlpulators, navigation sonar, and acoustlc tracklng systems. 

Examples of manned submersibles are provided ln Appendlx E. 

3.4.7 DIVING BELLS 

Diving bell systems can be rapldly mobihzed to perform deep dlving services at low cast. The 

skid mounted "bounce dive" system consists of a double-Iock deck decompresslon chamber, 

transfer-under-pressure locks, and a closed-bottom dlver work bell. A typlcal closed-bottom dlvlng 

bell system IS iIIustrated ln Figures 3.1 and 3.2. A closed-bottom bell dlving system has several 

advantages over an open bell system, such as: It can bnng an englneer down as an observer 

ta get a first hand look at the work area, it provides more tlme for Inspection repairs or malerial 

retrievals, Il can surface rapldly without the need for making decompresslon stops, and is safer 

far launch and recavery maneuvers in rough waters. The work bell mates with the main deck 

decompression chamber from above using a standard transfer-under-pressure hydraulic matlng 

clamp. 
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FIGURE 3.1 - DEPLOYMENT OF A DIVING BELL 
(INTERNATIONAL UNDERWATER CONTRACTORS, INC.) 
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The divlng bell can accommodate two divers and is equipped wlth an enclosed control console 

cabin, standard life support equipment, Internal/external depth gauges, temperature monitoring 

equipment, internal/external lightlng and several communication systems. The bell IS also 

equlpped wlth several auxihary emergency life support and communication systems. The deck 

decompresslon chamber consists of sleeping quarters, an envlronmental control unit, and medlcal 

lock. Typical examples of deep dlvlng or saturation systems are Included in Appendix F. 

Iftl'loll" 9CS tlmp.rotur. 
\ 

FIGURE 3.2 - SCHEMATIC DIAGRAM OF A DIVER/BELL SYSTEM27 

3.4.8 SUPPORT VESSELS 

Support vessels are an important part of the inspection equipment and can greatly influence the 

quality of the inspection and repair work. Highly sophisticated projects often require sorne type 

of support vessaI. Typically used support vessels are described in Reference 8 and are 

summarized below. 

3.4.8.1 FLOATING PONTOONS AND BARGES 

This IS the basIc support vessel which provides a working platform. These vessels must be 

stablhzed during rough waters, especially during placement of tremie or pumped concrete 

(Chapter 5). The vessel is stabilized by several anchor lines, a good metacentric height, a wide 
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area at the waterline, or buoyancy tanks . 

3.4.8.2 JACK·UP BARGES 

These barges are used for shallow water work and can provlde several advantages for underwater 

repalr and inspection work: they provide stabihty dunng surface preparation, repalr, and 

inspection operations; they can be used for gUlding and controlling surface eleanmg eqUipment, 

and monitoring equipment; and are sUltable for placlng prefabncated conerete panels. 

3.4.8.3 SHIPS 

Large ships have been designed to support several diving systems. The ship carnes commu

nication and navigation equipment and other gear which are needed to support diver activltles. 

A typical ship has liVing quarters which can accommodate a large crew for as long as 30 days 

at sea. The shlp is equlpped with a machine shop for repair and bUilding of eqUipment. The shlp 

can accomplish several types of missions Including Inspection and survey, search and recovery, 

diving support, oceanographic, geophysical, and bathymetnc surveys, medium and long-range 

research programs, and installation and/or retrievéa of sensor packages and systems. More 

details on a typical support vessel are provided ln Appendlx G. 

3.5 INSPECTION PERSONNEL 

The evaluation of a concrete structure under water is more complex than that of a structure above 

water and must be carned out by a team of experienced divers and engmeers. The reason for 

this IS because although engineers have the necessary technlcal background for making a reliable 

evaluatlon, they are not trained divers or ROV operators and vice versa. J 

The diver performlng the underwater Inspection must be weil informed of the proper use and care 

of dlvlng equlpment, safety requirements, communication techniques, and dlvlng operations. 

There are agencies, such as the Amencan Association of State Highway and Transportation 

OffiCiais (AASHTO) and the Federal Hlghway Administration (FHWA) ln the United States, that 

require divers to be certified and well-trained in structural Inspection.' Organizatlons that certify 

divers include: 

Professional Association of Diving Instructors (PAOI) 
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National Association of Underwater Instructors (NAUI) 

American Diving Contractors Association (ADCA) 

Engineer divers are belng used more often to conduct underwater Inspection of marine structures. 

Many agencles in the United States, such as the U.S. Navy, require that inspections be conducted 

by professlonal engineering divers. Engineer divers are capable of evaluating the extent and 

effects of deterioratlon on the structure.4 A report by Buehring10 states that: 

"The englneer tralned ta dive can become more familiar with the underwater 

environment and can also obtain pertinent information first hand ... ' and goes on 

ta state, '". The professional engineer who dives IS hkely to make more judgmen

tal decisions than the commercial diver. Also because the engineer's authonty 

exceeds that of the commercial diver, his observations and conclusions are more 

likely to be accepted at face value ... '. 

The majority of agencles use commercial divers supervised by professional engineers. The 

englneer possesses the necessary technical expertise and can provide guidance ta the diver or 

divers dUring the Inspection, permitting a faster, efficient, and more accurate inspection.3 The 

Inspection team should have a good background in civil or mechanical engineering, as weil as 

ln design, construction, maintenance, and operation of underwater concrete structures. 11 

3.6 FREQUENCY OF INSPECTION 

There are no tirm guidelines on the frequency of inspection of concrete structures. Public works 

are usually inspected regularly at short intervals.12 Some agencies in the United States conduct 

underwater inspections of bridge substructures every IWo years, while others schedule 

inspections every five years. Others inspect thelr bridges Infrequently or only after indications of 

underwater problems. In sorne cases, underwater inspections are performed immediately after 

each major storm where scour problems are anticipated. 1 

The frequency of inspection Will depend on the expected rate of deterioration and damage to the 

facllity or structure. The U.S. Navy recommends that plies above the waterline, including the 

splash and tidal zones, should be inspected annually. The underwater portions should be 

inspected every six years starting trom the splash/tidal zone and proceeding downward. The level 

and frequency of Inspection should be adjusted according ta the eXient of the observed 
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deterioration.5 The ACI Commlttee 35713 recommends that concrete offshore structures should 

be surveyed annually for damage or deterioratlon and the Inspection findlngs should be carefully 

revlewed every five years. 

Frequent and weil organized inspections are an effective method of keeplng maintenance costs 

to a minimum. They are also useful for obtainlng base·llne data on a speciflc type of structure. 

The rate of detenoration can be momtored and decislons can be made when repalr becomes 

economical. 12 The International Prestresslng Federatlofl (FIP) GUide ta Good Practlce14 Includes 

a table whlch provldes gUidance on the Intervals that might be appropnale for ·routlne· and ·ex

tended" inspections. A routine Inspection is visual and does not require special equipmenl or 

access. Extended inspection, on the other hand, IS a more detailed investigation whlch reqUires 

special access and remote vlewlng techniques. Intervals for three ·classes· of structure and for 

three environmental and loading conditions are Illustrated ln Table 3.3. 

TABLE 3.3 - RECOMMENDED INSPECTION INTERVALS FOR VARIOUS ENVIRONMENTAL 
AND LOADING CONDITIONS12 

Environ· Classes 01 structuro 
mental and 
loading 

, 2 3 

conditions 
Routine Extended Routine Extended Routine Extended 

Very severe 2- 2 6- 6 10- '0 

Severe 6* 6 10* 10 '0 .. 

Normal 10* 10 10 .. Only superflciellnspectlone 

*Midway between extended Inspections 

The intervals shown ln the table should be regarded as absolute maxima and ln most cases 

inspections should be performed more frequently. Inspection frequency is based on engineenng 

and econor~lIc judgement, and should be established ta suit the ~tructure with regards to use, 

siting, construction, and design. 12 

3.7 INSPECTION PROCESS 

A report by Dr. G. Watson 15 on underwater inspection of offshore structures recognizes threEJ 

phases to any inspection process: definlng the requlrement implementing the inspection, and 

assessing the inspection results. He further states that: 
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'There is a close interaction between the requirement phase and the implemen

tation phase, in that the implementation cannot generally be deflned until the 

requirement detail is available. The a~sessment phase interacts with both the 

requirement and Implementation, by providing feedback via the results them

selves, and the degree of attainment of the deflned reqUirement by the prescnbed 

implementation. • 

There 18 no set procedure for conductlng an underwater inspection since each will be different 

and will requlre a process of data collection. However, it is Important to define how a structure 

will be assessed as thls can have a signlficant effect on visual inspection in the implementation 

phase. Although inspections vary widely in type, scope, objective, and complexity, most require 

the basic activlty shown in Table 3.4. The arder in which these activities are listed is not 

necessarily the sequence ln which these activities will take place. The activities of the inspection 

process outlined in the table are descnbed in more detail in the following sections. 

TABLE 3.4 - COMMON STEPS IN THE INSPECTION PROCESS' 

Collection of background information; preliminary document review 
Initial reconnaissance site visit; eyewitness interviews 
Formulation of investlgatlve plan; formation of project team 
Comprehensive collection of documents; document review 
Site Investigation; sam pie collection 
Theoretlcal analyses 
Laboratory analyses 
Development of failure hypotheses, analysis of data, synthesis of information, and 
formation of conclusions 
Report wnting 

'Adapted from Reference 25 

3.7.1 AVAILABLE INFORMATION 

The initial phase of any inspection program should be the collection and review of ail available 

information on the structure.4 The planning ana implememation of an inspection cannot be 

properly and efficiently done without consideration of information relatad to the design, construc

tion, operation, and maintenance of the structure or facility.3 Review of the available information 

often provldes an indication to what caused or might be causing the defect. This information can 

help save considerable time in the field and result in a more accu rate inspection. Belf!5 has 
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developed a list of project specifie documents, and their sources, often used in an inspection 

process. These are shown in Tables 3.5 and 3.6, respectlvely. 

TABLE 3.5 - PROJECT SPECIFIC DOCUMENTS USED IN AN INSPECTION' 

Contract drawings (including ail revised issues) 
Structural (including progress prints) 
Architectural (including progress prints) 

Contract specifications 
Technical sections of interest 
General conditions 
Special conditions 

Contracts 
Owner/Architect 
Architect/Structural Engineer 

Contract ravisions 
Addenda 
Field directives 
Change orders 

Shop drawlngs and other submissions 
Reinforcing steel 
Product data 

As-built drawings 
Field and shop reports (including construction photos) 

Concrete inspection laboratory (reinforclng steel, formwork, concrete) 
Concrete mix designs 
Construction supervisor's daily log 
Owner's or developer's field inspectors 

Materials strength reports or certification 
Concrete compressive strength 
Steel mlll certificates 
Results of specialload tests 

Project correspondence· 
Owner/consultant 
Owner/contractor 
In-house memoranda 
Records of meeting notes 
Records of telephone conversations 

Consultant œports 
Feasibility studies 
Progress reports 
Soils consultant reports (including boring logs) 

Calculations 
Primary structural engineer 
Reviewing structural engineer 
Specifie subcontractor's engineers 

Maintenance and modification records 

"The scope will vary depending on the inspector's a .. ignment 
• Adapted from Reference 25 
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Geotechnlcal investigations can also provlde important information in the inspection and 

evaluatlon of marine structures, especlally if the structure has undergone any settlement or 

movement. If there is eVldence of settlement or movement, a geotechnlcal investigation should 

be performed to determine If subsurface conditions Will affect the structure in the future. 4 A 

geotechnlcal investigation can also provlde an indication whether further settlement will occur. 

This may have a direct impact on the repair solution. 

TAB'..E 3.6 - SOURCES OF PROJECT DOCUMENTS25 

Archltects and englneers involved in original design, modification, or repalr of faclhty 
Past and present owners 
Past and present tenants 
General contractor and/or construction manager for original construction, modification, or repair 
offacllity 
Subcontractors involved ln original construction, modification, or repalr of facility 
Developer of facility 
Construction mortgagee of facllity 
Materials or systems supphers for onginal construction, modification or repair of facility 
Previous or other current investlgators 
Building department 
Testlng agency Involved ln original construction, modification, or repair of facility 

3.7.2 PLANNING THE INSPECTION 

Once ail of the available Information on the structure has been obtained and reviewed, an 

inspection plan should be developed. Since surveys are bath expensive and time consuming, 

the Inspection must be carefully planned and implemented to obtain the greatest amount of 

Information ln the shortest time possible. The purpose of the inspection and the desired technical 

results Will determlne the specific Information that IS needed, the level of detail required, and the 

format of the final report. Site logistics will often decide the form of dlvlng mode to be used. For 

Instance, shallow structures are typically inspected by traditional diving methods while deeper 

structures may be inspected using ROVs or mlnlsubmarines.2 

3.7.2.1 ENVIRONMENTAL FACTORS 

Environmental conditions that may hamper the efficiency of the inspection should be considered. 

These may include atmosphenc temperature range, water temperature range, tidal range, water 

depths, water vlsibility, and currents. Any condition which will directly affect the time required to 

perform an Inspection, such as the extent of marine growth, ice, or seasonal flooding should also 
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be considered.5 

3.7.2.2 INSPECTION AREAS 

The proper and adequate selection of areas to be inspected IS crucial to the effectiveness of the 

condition survey. A sufficient number of Inspection areas must be selected to provlde 

representative Information on the underwater portion of the structure. Thus, It IS Important to 

know the areas of the structure whlch will be subjected to maximum stress. It IS also very helpful 

to know the processes Involved wlth concrete deterioratlon. A useful flow ch art for developlng 

an effective Inspection plan for evaluatlng underwater con crete structures was developed by 

Brackett et al.28 and is shown in Figure 3.3. Another report by Brackett,16 sponsored by the U.S. 

Naval Civil Engineering Laboratory (NCEL), provides a good guide on sampling cntena for 

inspection of plie supported wharf structures. 

Idenlify 
Type of 

Funcdonal 'Evaluation 
Suunure 

Crileria 
Iclcnâfy Type 

PurpOlC of 

of Element D .. a 

Idenury 
Strununl Structural Analysis 
ElemenCi Cruerla 

Iclcncify Accuracy 
Typlal 
Ddccu 

CollltrUcdon 
Matena" 

Crideal 
Elemental 
Loclliona 

FIGURE 3.3 - FLOW CHART FOR DEFINING INSPECTION DATA REQUIREMENTS 
FOR UNDERWATER STRUCTURES28 

3.7.2.3 MANPOWER AND EQUIPMENT 

Avallability of manpower and equipment are key factors that should be considered when planning 
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an underwater Inspection. The sklll of the diver or ROV operator as an inspector is also an 

important factor that should be consldered. Most divers (or pilots of ROVs and minlsubmannes) 

are weil trained m the use of diving technlque& but do not have the techmcal background to 

conduct structural InvestigatIOns. Sorne inspections can be performed by usmg ralatlvely 

unskilled divers. However, If the inspection calls for "mterpretlve skllls· an engineer diver Will 

usually provlde the deslred results. 2 The Inspection plan should also indicate the type of 

inspection eqUipment to be used for each Inspection task.3 

3.7.2.4 SCHEDULING 

As previously stated, periodic Inspections are essentlal to the implementation of an effective 

maintenance program. Underwater inspections should also be conducted during and at the end 

of the construction phase of the structure to provide baseline data for future inspections. 

Underwater inspections should be scheduled dunng favorable conditions such as periods during 

low water, low pollution levels, minimum Ice, no flooding, or good underwater ViSlbllity.3 

3.7.2.5 RECORDING AND DOCUMENTATIC~J 

The documentation and form of the report reqUired is an Important consideration when planning 

an underwater Inspection. For example, the documentation that is nended for a research project 

Will not be the same as that required for repair or damage assessment. In addition, the level of 

detall needed for a facliity purchase baseline survey IS quite different from that required by a 

damage repair document. If the dlvlng report Will be issued as a repalr construction document, 

the damage noted dunng the inspection should be properly °quantified and qualified. 02 

Photographs or Video cassette recordings should be used whenever pOSSible as they can provlde 

a more detalled and accu rate description of inspection results. A more detailed discussion on 

methods of recording and documentation IS provided later in this chapt'9r. 

3.8 INSPECTION PROCEDURE 

Inspection of marine structures should generally be conducted in two parts: the first part is an 

above-water survey, and the second part is an Inspection of the underwater portions of the 

structure.4 It is Important to coordlnate the two surveys 50 that no area of the structure within the 

tidal zone is left uninspected due to tide elevation changes. The underwater inspection is usually 

performed along the same guidelines as for the above-water inspection. Therefore, this section 
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discusses the Inspection of the underwater portion of concrete structures only . 

The underwater survey should also be conducted in two phases whenever posslble. 4 The tlrst 

phase Involves a qUick visual (Level 1) inspection to detect vIsible damage or malor detenoratlon 

whlch could be used to make a prehminary assessment of the condition of the underwater portion 

of the structure. Information obtamed dunng thls phase should provlde gUidance for developlng 

and performlng a final (Level Il or Levellll) Inspection. The second phase, or final Inspection, IS 

a complete Inspection of the structure from the splash zone down to the mudhne as shown III 

Figure 3.4. 

l 
ATMOSPHERIC ZONE 

SPLASH ZONE 

MHW 

TlOAl ZONE 

SUBMERGEO ZONE 

FIGURE 3.4 - INSPECTION RANGES ON PILlNG!I 

Since the tidal zone is the area where most of the mechanlcal damage or deterioration usually 

occurs, it should be Inspected at several locatIOns, wlth most of the inspection points 

concentrated Immediately below the low water zone. Inspection and documentation of the 

structure in the submerged zone should be spaced unlformly to provide efficient data gathering . 
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At or near the mudllne It is recommended to Increase inspection and documentation to evaluate 

the patentlal for scour and abrasion type damage. 4 A typlcal underwater Inspection procedure 

IS outlined below:3
,5 

(a) Inspect the structure stanlng at the splash/tidal zone. 

(b) Remove ail manne growth from a section approxlmately 450 to 600 mm (18 to 24 in.) ln 

length. 

(c) Visually Inspect thls area for cracks with rust stains, spalling, and exposed reinforclng 

steel. The location, length and wldth of the defects should be recorded. 

(d) Sound the cleaned area wlth a hammer to detect loose concrete or hollow areas ln the 

structure. 

(e) White proceedlng downward, visually inspect the structure where marine growth is 

minimal, and sound wrth a hammer. 

(f) At the bottom, record (on a Plexiglass slate) the water depth along wrth any observations 

of damage. Carefully Inspect the base of mass con crete structures such as retalning 

walls and footings to detect any scour damage. 

(g) After returnlng to the surface, record ail observations and measurements immediately into 

the inspection log. If voice communication between the diver and topside personnel is 

avallable, the data can be dlrectly relayed to the surface as the inspection progresses. 

More detalled procedures for inspecting underwater bridge substructures are provided in 

Appendlx H. 

3.9 SURFACE CLEANING eaUIPMENT 

To facliltate inSpection, so that a thorough and accu rate visual examination of the structure can 

be conducted, sorne form of surface cleaning will almost always be required. The eXlent of the 

cleamng is depandent on me amount of marine growth present, and the type of inspection being 

made. For Instance, routine inspections generally require only minor clcaning, whereas detaited 

Inspections require thorough cleaning of ce nain structural elements. According to Lambenon et 

al.,1 "Indiscrlmlnate cleaning should be avolded" because it is not only time consuming and 

expenslve, It can also cause funher damage to weakened areas. 

There are four baSIC categories of underwater surface cleaning tools and each category offers a 

selection of techmques giving several methods. The performance of each type of equipment, 
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such as cleaning rates, depends upon many factors. s,1e These include: 

• The physlcal and operatlOnal characteristlcs of the cleanlng tool 

• The operator expenence 

• The extent and type of manne growth 

• Water vislbility 

• Accesslblhty of the surface to be cleaned 

• Underwater worklng conditions 

Assuming good worklng conditions, an average expenenced diver can achieve the cleaning rates 

given in Table 3.7. The following sections descnbe sorne of the tools listed in the table that are 

appropriate for cleanlng underwater concrete structures. 

TABLE 3.7 - MARINE GROWTH REMOVAL FROM CONCRETE SURFACES!! 

Method Production Rate, m2/min (ft2/mln) Safe Work DuratlOn 

Prelimlnary Cleanlng Final Cleanlng 
(hr) 

Hand Scraper .02 (0.2) -- 2 

Cavitation Pistol 0.13 (1.4) 0.06 (0.6) 2 

Reactlonless Jet 0.21 (2.3) 0.07 (0.8) 2 

Sand injection Jet 0.13 (1.4) 0.04 (0.4) 2 

Barnacle Buster -- 0.06 (0.6) 1 

Reaction Jet 0.33 (3.6) 0.10 (1.1 ) 1 

3.9.1 HAND TOOLS 

The effectlVeness of these types of tools depends on dlver effort. These tools are not powered, 

are usually used for hght cleanlng, and are unhkely to cause any damage to the structure ItseH. 

Examples of these tools Include scrapers, dlver's knife, chipplng hammers, probes, wlre brushes, 

chalns, and wlre ropes. Chains and wlre ropes are wrapped around the member (such as a pile) 

and are then pulled back and forth to remove any fouling. 5 

Hand tools are small, lightweight, hlghly portable, and are also the least hazardous for underwater 
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use. The main disadvantage is that they are slow and time consuming. The hlghest cleaning rate 

that can be achieved is approximately 0.1 m2 (1 Jt2) per minute. When heavy marine growth is 

present, cleaning rates are as low as 0.02 ta 0.03 m2/min (0.2 ta 0.3 ft2/min). For thls reason, 

hand tools are not usually used for cleantng large areas or for removlng heavy marine growth 

from concrete structures. '8 

3.9.2 PNEUMATIC AND HYDRAULIC TOOLS 

Pneumatic and hydraulic tools are used for cleaning thick manne growth from large areas and 

are more efficient than hand tools, but can cause damage ta the surface of the structure. 

Hydraulic tools are usually preferred since they are safer and easier ta use, and they are not 

limited by water depth. They also cause less diver fatIgue. Examples of these tools include 

chippers, grinders, needle guns, and rotary brushes. Brush systems are available in various 

sizes. Brush sizes up to 400 mm (16 ln.) in diameter are suitable for cleaning bridge 

substructures. 1.17 

To effectively remove heavy, calcareous marine growth from concrete surfaces, a rotary cleaning 

tool, such as the ·Whirl Away or Barnacle Buster" is recommended. This tool can be attached to 

and operated by most standard hydraulic grinders, disc sanders, and polishers. The attachment 

consists of several hardened steel cutters that rotate in a direction opposite ta that of the tool 

shaft. The Barnacle Buster is the most effective and safest tool for removing marine growth from 

concrete surfaces because it IS easy ta use and does not require high-pressure water.5 

There are several models available rang,"g from 80 to 170 mm (3-1/4 in. ta 7 in.) in diameter. The 

largest diameter tool can clean more th an 75 mm (3 in.) of hard shell growth and 150 mm (6 in.) 

of soft growth at rates of 0.28 ta 0.56 m2 (3 ta 6 ft~ per minute. The smaller models cannat 

remove heavy fouling effectively and should be used only ta remove marine growth less than 50 

ta 75 mm (2 ''v 3 in.) thick. 18 

3.9.3 HIGH-PRESSURE WATER JETS 

High-pressure water jets are used widely and are very effective for tough cleaning jobs and 

produce sorne of the highest cleanlng rates. Water jets can be used ta displace loose sediment 

and de bris, rem ove low quality concrete, provide a rough surface for better bonding, and 

eliminate feathered edges around the perimeter of an eroded area. Water jets can be either 
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used by divers or remotely controlled from the surface. a 

There are many types of underwater water jet tools available on the market. They ail ganerally 

consist of a surface pump, a high pressure hose and a gun (Figure 3.5). Watar Jat cleanlng tools 

generally fall into one of two categories: hlgh-flow devices or low-flow devlces. la Hlgh-flow 

cleaning systems operate between 27 and 80 MPa (4,000 and 12,000 pSI) and between 45 to 97 

m3/min. (12 to 26 gpm). Most hlgh-flow tools are fitted with a retrojet to counter the reaction force 

generated by the water jet. Low-flow cleamng systems opel ate ~i apprQ)omately 68 MPa (10,000 

psi) and 8 to 20 m3/min. (2 to 5 gpm). This tool does not develop anough backthrust to requlre 

a retrojet. 

PILOT POPPET 
ACTUATOR -

TRIGGER --f---

FIGURE 3.5 - WATER JET GUNtI' 

Most water jet tools h:,"e interchangeable fan and straight-jet nozzles (Figure 3.6). III Fan-jet 

nozzles will clean a wider surface area, while straight-jet nozzles provide a higher cleaning 

intensity over a very smalt area. According to research by Parker et al., 19 the most effective nozzle 

size ln removing marine growth is 0.80 mm (0.031 in.) ln diameter. The fan-jet nozzle can clean 

an area up to ten tlmes faster than typical straight jets. However, the intensity of the fan-jet 

reduces sharply as the distance from the work surface is Increased. III The straight-jet nozzle is 

very effective for cleaning the Interior of cracks . 
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STANDARD ORIFICE NOZZLE FAN JET rlOZZLE 

FIGURE 3.6 - FAN AND STRAIGHT-JET NOZZLES1a 

The main disadvantage of the water Jet cleaning tool is that Il is potentially hazardous and if not 

properly controlled, an unskdled operator can damage the concrete surface.17 The high pressure 

and veloclty of the water jet will easily remove human flesh and bone. Ali personnel should be 

aware of the hazards Involved and should be properly trained before using the device. High

pressure water jets can also produce excessive noise under water which, over time, can be 

harmful ta the diver.'B 

3.9.4 SELF·PROPELLED VEHICLES 

Self-propelled cleaning vehicles are used for removing marine growth and corrosion from large 

underwater surfacE.; which are readily accessible. Although they have been designed for use on 

steel surfaces (hu"s of ships and ail tankers), they can also be used for cleaning concrete. For 

instance, the sides of lock walls, faces of dams and stilling basins are areas where these vehicles 

can be used effectively.1a 

A typlcal underwater self-propelled vehicle consists of three large rotating brushes and travels on 

traction wheels. Dependlng upon conditions, it can clean a path about 1.2 to 1.5 m (4 ta 5 ft.) 

wide and can travel up to 27 m (90 ft.) per minute, giving a cleaning rate of 42 m2 (450 tr) par 

minute. The vehicle is connected ta a surface control console with an umbilical cable and can 

be elther remotely controlled or steered directly by a diver. The control console shows where the 

vehicle is located with respect ta orientation, depth, and the distance travelled. ,a 
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The disadvantage of using a self-propelled cleaning vehicle is that it can only clean fiat surfaces 

which are unobstructed. Also, due to Ils size and weight, deployment and recovery of the vehicle 

requires the use of large handling equipment. These vehlcles are also more expensive to operate 

than most ùther types of cleanlng equipment.'B 

3.10 VISUAL INSPECTION 

Visual inspection IS the most common method used to inspect underwater concrete structures.' 

It is quick, usually uncomphcated, and nondestructive. It is usually performed to detect severe 

damage (Levell inspection), and to detect surface damage (Levelll inspection).3 There are three 

basic methods for gathering visuai information underwater and are listed in decreaslng order of 

resolutlon: dlver's eyes, photography and video.'5 ln some cases, underwater observations can 

be made from the surface by an underwater scope. For example, underwater inspection du ring 

erosion repair at Chief Joseph Dam was performed through a 10.6 m (35 ft.) long scope equipped 

with a 150 mm (6 in.) diameter bottom glass and a high-power telescope.20 

3.10.1 VISUAL INSPECTION TOOLS 

There are several hand tools available for performing an underwater visuallnspection. Hammers, 

picks, pry bars, and probing bars are used for performing soundings of the concrete (acoustic 

ringing). This method can detect voids in the concrete and delamlnatlon of the concrete coyer. 

Chipping tools are effertive for prodding the surface of the concrete to determine the depth of 

deterioration.',3,5 These methods are economical but qualitative in nature, and should be used 

only as a gUide ln evaluating the condition of underwater concrete. 

Flashlights for improving vlsibility are almost always necessary. The use of quartz iodide and 

thallium lodide lamps have been successfully used by divers to improve vislbility underwater.3 
-

Visibllity can also be improved by attachlng a clear-water mask to the face plate of the diving 

helmet.' 

3.10.2 MEASURING DEVieES 

The measurement of physical dimensions provldes a partial quantitative measure of the member's 

strength or degree of deterioration. This method is nondestructive, economlcal, and requires a 

minimal amount of time and equipment. However, this method does nct provide Information on 
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the condition of the remaining concrete.3 More sophistlcated (Level III) techniques for taking 

internai defect measurements and assessing the condition of the remaining concrete are dis

cussed in Chapter 4. Based on a review of Reference 17, below IS a summary of techniques most 

commonly used by divers to measure defects ln underwater concrete structures. 

3.10.2.1 LlNEAR MEASUREMENTS 

(a) Ruler. A ruler IS used for measunng crack length, spaillength and width. Measurements with 

a ruler can be taken wlth an accuracy of plus or minus 0.5 mm (0.02 in.). 

(b) Tape Measure. For measurements up to 100 m (328 ft.), tape measures are usually 

employed. This IS not as accurate as the ru 1er, due to problems with positioning the end and 

tape sag. Accuracy is plus or minus 5.0 mm (0.2 in.). 

(c) Magnetlc Tape. This can be used for measurements up to 3 m (9.8 ft.) and is often used to 

take circular measurements. Measuring accuracy is plus or minus 1.0 mm (0.04 ln.). 

(d) Sea/es. These are often made from a special vinyl embossing tape (OYMO) and can be used 

ln conjunctlon wlth photography. Accuracy can be plus or minus 5.0 mm (0.2 in.). 

(e) Comparator. A comparator IS used to measure crack widths and consists of a small hand

held microscope with a scale on the lens closest ta the surface being inspected. Crack widths 

can be measured with an accuracy of about 0.025 mm (0.002 in.) when used in dry conditions.21 

However, the use of this device for measuring cr~cl( widths under water may be severely limited 

if water visibility is poor. 

3.10.2.2 CIRCULAR MEASUREMENTS 

(a) Cali pers. These instruments can be used for taking measurements up to 2 m (6.6 ft.) in 

diameter. If carefully uSed, measurements can be made with an accuracy of plus or minus 0.5 

mm (0.02 in.). 

(b) Special Jlgs. Various jigs are available for measuring the ovality of members. Accuracy can 

be plus or minus 5 mm (0.2 in.) . 
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3.10.2.3 OEFORMATIONS/SPALL OEPTH 

(a) Profile gauge. The profile gauge can record a mlrror image of the defect with a possible 

accuracy of plus or minus 0.5 mm (0.2 ln.). 

(b) Taut Wtre. This IS used for large spalled or deformed areas. It can also be used to measure 

the out-of-plumbness of a member. Accuracy depends on the conditions, but IS approxlmately 

plus or minus 5 mm (0.2 in.). 

(c) Casts. These materials are also used to obtain a mirror Image of a defect. The most recently 

developed product for underwater use is produced by BP Chemicals ltd., and is marketed as 

"AQUAPRINT". The moulding agent (supplied ln a cartndge) is applied to the surface by a 

pressure dispenser and cures in about 15 minutes. The flexible, but non-stretchable cast is 

peeled off and taken to the surface for VISU al analysls. 

3.10.3 VISUAL INSPECTION LIMITATIONS 

Although visuallnspectlons are quick and relatively inexpensive, there are severallimitations which 

must be considered. Environmental hmltatlons Include manne growth, which obscures surface 

defects unless cleaned, poor vlsiblhty in turbld water and strong water currents which ninders the 

divers capacity to work. Limitations which are related to the diver himself vary from inexperience 

as an inspector to poor observation and performance resulting from underwater environmental 

conditions. 3 

3.10.4 TACTILE INSPECTION 

Underwater inspections must often be conducted in turbid water which severely reduces vislbllity. 

ln many cases, vislbllity is zero. In these cases, a tactile inspection is required in which the diver 

must use his sensory perception capabllities, such as touch and feel, to detect flaws, damage and 

deterioration. The task is usually difficult to perform and requires more preparation than when 

working in clear water. The diver must have a good understanding of the structure by performing 

an In-depth study of the existing drawings of the structure. During the Inspection, good 

communication between the dlver and surface personnells essential. 1
•
3 This type of inspection 

most often requires prior cleamng if the structure is covered with marine growth. 1 
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3.11 RECORDINO AND DOCUMENTATION 

For an inspection to be useful, a clear, conCise, and complete record must be established. The 

inspection information should be documented uSlng standard forms and report formats. 

~ecording devlces are necessary to provide a complete and permanent record of the condition 

of the structure. A Plexiglass slate and a grease pencii is useful for maklng notes and sketches 

under water. These notes can be transcnbed Into the inspection log when the dlVer returns to 

the surface.3.~ Current methods of recordlng Inspection flndings include drawlngs, inspection 

forms, closed-clrcuit televislon (video), flash photography, and photogrammetry.17 Ali of these 

methods are used frequently and are an essential part of the final report. 

3.11.1 DRAWINGS 

Inspection findings are often recorded on existing drawings of ti le structure after the diver has 

completed the inspection. When drawings of the structure are not available, they are drawn from 

memory by the diver at the end of the inspection. More often, these drawings are developed by 

using surface data recorders at the time of inspection and are verified by the divers. 11 

3.11.2 INSPECTION FORMS 

Recordlng inspection data can be slmphfied by using appropriate inspection forms. They are also 

useful for comparing past, present, and future Inspection results. Inspection information should 

be recorded during the inspection, or as soon as the Inspection is completed, and in accordance 

with generally understood termlnology.3.5 A standard form which may be used for reporting the 

condition of concrete piles is shown in Figure 3.7. An explanation of the condition ratings used 

on the form is provided ln Figure 3.8. 

3.11.3 CLOSED-CIRCUIT TELEVISION (VIDEO) 

This method of recordlng IS used extensively for underwater inspec~ions. Video can expedite 

major underwater inspections and has the advantage of "real-time" display to the surface and 

"real-time" quality control of the video image, and can be used to monitor diver performance.3 

Video systems can be used as diver-deployed (hand-held or head-mounted), or as remotely 

operated, mounted on ROVs, or used in piloted minisubmarines. Presently, these systems are 

available in monochrome (black and white), color, and low Iight.17 
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FIGURE 3.7 - STANDARD PILE INSPECTION REPORT FORM& 

3.11.3.1 VHS AND U·MATIC 

There are two methods of recording video inspections: video home systems (VHS) and U-Matic. 

The VHS equipment IS smaller, more portable, and is more readily available. VHS eqUipment 

made from different manufacturers have good compatlblhty. The main disadvantage is that the 

qualrty of the reproduced picture can be poor, and copies of the tapes are always of poorer 

quality. The U-Matic system uses a wider tape whlch can provlde hlghly detailed photographs 

and better quahty Video tape reproduction. 17 

The "VIDICON" is probably the most widely used image sensor for underwater inspections. It is 

a tube-type device whlch provldes high quality images. It is sensitive to bright light and Is 

insensitive to low light levels. However, the standard VIDICON has been modified to provide 

better performance in these areas.3 ln some cases, "down-hole" cameras can be used to perform 

visual inspections from the surface. For ir.stance, ln the case of repairs at Chief Joseph Dam in 
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Washington D.C., (U.S.A.), a down-hole camera was used to inspect the vertical monolith joints 

of the dam.22 Similarly, a down-hole camera was used for inspecting vertical grout hales dunng 

repairs at Big Eddy Dam in Ontario, Canada.23 

CONCRETE PILE 
CONDITION RA TING 

CONCRETE PILES 

EXPLANA TION 

NI NOT INSPECTED, INACCESSIBLE OR PASSED BV 

ND NO DEFEC TS. 
- fine cracks 
- good orlglnill surface, hard materlal. sound 

MN MINOR DEFECTS 
good orlglnill section 
mlnor cracks or plts 
surface spalling that exposes course aggregate 
small chiPs br popouts due to Impact 

\ slight ru st stainS 

o 

no ellposed re-bar 
hard mater, .. I, sound 

MD MODERATE DEFECTS 
spalllng of concret. 
mlnor corrosion of exposed re-bar 
rust stains .. long re-bar wlth 
or wlthout vIsible cracking 

- softenlng of concrete due to chemlcal attack 
surface dlSlntegr .. tlon to one Inch due to 
we .. therln9 or .. brulon 
relnforclng st.el tles exposed 
popouts or Impact damage 

MJ MAJOR DEFECTS: 
- loIS of concrete (10-lS~) 

one or two re-bars badly corroded 
- one or two tles badly corroded 
- large spalls SlII Inche. or more ln wldth 

or length 
deep wlde cracks .. long re-bar 

SV SEVERE OEFECTS: 
- two or three re-bars completelv corroded 

no remalnlng structural strength 
- Ilgnlflclnt deformatlon 

NOTE: Ellplanatlon of defect should be p'aced in the 
commenta column, 

FIGURE 3.8 - PILE CONDITION RA TINGS FOR CONCRETE PILES' 
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The important aspect of using video recordings IS that comments can be recorded on the tape 

as the Inspection progresses, elther by the dlVer performlng the Inspection or by surface 

personnel vlewing the monitor. When the dlver IS breathlng a helium gas mixture, the vOlee 

changes pitch and a special vOlce unscrambler must be used 17 Video tapes should be provlded 

wlth a tltle, a brlef deSCriptIOn of what is on the tape, and the date the InspeCtIOn was performed. 

The description should Include the name, location, type, and slze of the structure belng Inspected 

and i3ny other pertinent Informatlon.24 

3.11.3.2 IMAGE ENHANCEMENT 

Image enhancement is a common technique used wlth video recording. Video recordlngs are 

electronically enhanced to produce a better quality Image. Enhancement IS avallable in color, 

elec:tronic video enhancement systems, and stereo video systems. The latter IS very useful where 

an .assessment of depth IS deslrable. 15 However, slnce currently avallable camera systems can 

take extremely accurate and highly detalled photographs, the use of image enhancement systems 

ma'V not be necessary. 17 

3.11.3.3 FIBER OPTICS (ENDOPROBES) 

Endoprobes can improve visu al observation and are useful for Inspecting the inaccessible areas 

of a structure. The system, which consists of fiber-light gUide cables, a light source, and an 

optlcal system, provides a 1350 field of vision. The lenses are color adjusted so that an accurate 

photograph can be obtained. The Inspection observations made with an endoprobe can be 

recorded by the use of "Reflex' cameras, "Polarold" cameras, and television monitors. Size and 

depth perception can be aehleved through the use of graticules. 17 

3.11.4 FLASH PHOTOGRAPHY 

Flash photography IS used extenslvely for recordmg inspection flndlngs. The photographs can 

be in color or monochrome, and can vary from general stand-off eoverage to 100 percent elose

up mosalcs. 15 Water turbldlty and monochromatlc marine growth Will most often make photo

graphie color distinction dlfficult. ThiS problem ean be reduced by prior cleaning of the structure, 

fitting a clear-water box to the lens of the camera, or by uSlng proper Iightmg.3 

There are three baSIC ways ta use a flash: as a single unit on a stalk as two units on either side 
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of the camera, each on its own stalk and as a ring flash built around the camera lens. The latter 

usually requires the use of specialized close-up cameras. Back scatter from suspended particles 

in the water and reflected light from the obJect are the problems usually encountered when uSlng 

the single or double Unit flashes. 17 This problem can usually be mlnlmlzed by placlng the flash 

at an angle as shown in Figure 3.9. 

D~ 
Camera 

FIGURE 3.9 - AVOIDING BACK SCATTER17 

Ali photographs should be numbered and labelled with a slate. If color photographs are used, 

a col or chart Indicatlng color distortions should be attached to the slate.3 

3.11.4.1 CAMERA TYPES 

There are several types of speclalized cameras avaUable for performing underwater inspections. 

Spec.ahst companies have created a variety of camera types and can be grouped into the 

following categories: 17 

(a) The Nikonos System. This system IS a totally waterproofed camera with interchangeable 

lenses. It can take close-up photographs, using either adapters or close-up lenses and can also 

use wide-angle or telephoto lenses. The camera uses standard 35 mm film cassettes and either 

dedicated or nondedicated flash units. 

(b) Hydroscan. This is currently the most widely used 35 mm underwater camera. This camera, 

which has been specifically designed to take close-up photographs, consists of a close-up lens, 
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fixed prods to provlde the correct stand-off distance, a nng flash, a 250-frame film cassette, an 

automatic film advance, and a special waterproof underwater houslng. It IS also avallable wlth 

digitalized electronics for pnnting Information on each frame. 

(c) Hasse/blad. These cameras use medium format 6 cm x 6 cm (2.4 ln x 2.4 ln.), single lens 

reflex eqUipment. Several of these systems are housed ln waterproof Unlts. This camera system 

provldes a very large negatlve whlch provldes a good quality pnnt. 

3.11.4.2 FILM STOCK 

The selection of a particular type of film IS based on three factors: film speed (how quickly It 

reacts to lia"t) whether it is monochrome or color and whether it is small or medium format. 

These are summanzed below. 

(a) FIlm Speed Several numencal rating systems eXlst for categorizlng film speed and are 

loosely grouped Into slow, medium, and fast films (Table 3.8). The American Standards AssoCI

ation (ASA), the Deutsch Industnes Norm (DIN), and the International Standards OrganlzatlOn 

(ISO) systems rate 25 and 50 ASA films as slow films, 100 and 200 ASA as medium, and 400 and 

800 ASA as fast fllms.'7 

TABLE 3.8 - RATING SYSTEM AND FILM SPEEDH 

System 1 

ASA 

DIN 

ISO 

25 

15 

25/15 

50 

18 

50/18 

Film speeds 

100 

21 

100/21 

200 

24 

200/24 

400 

27 

400/27 

800 

30 

800/30 

(b) Color. Monochrome films are rarely used for underwater Inspections. Therefore, selectlng 

a film type usually Involves a chOice between color pnnts or color positIVes (slldes). The 

advantages of color slides are that they can be vlewed wlthout havlng to process prlnts. are easy 

to develop on site, and are readily avallable. One dlsadvantage, however, is slldes cannot be 

presented ln a report. Also, slides are very sensitive to exposure errors. On the other hand, color 

pnnts are less affected by exposure errors. Celor repnnts are easy to obtaln and are easily pre

sented ln reports. 17 To speed up the processing of color pnnts. a 35 mm Polarold film wlth a 

portable processor IS used. This eqUipment IS not expensive but does not provlde the same 
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degree of photograph resolution that can be obtained by using standard 35 mm color film.3 

(c) Format. There is a choice between two basIc formats: small (35 mm) or medium (6 cm x 6 

cm). The small format can be enlarged to a greater degree than the medium format, resulMg ln 

less loss of qualrty ln the final pnnt. 17 Selectlng a particular film type for a panicular application 

IS summanzed ln Table 3.9. 

TABLE 3.9 - SELECTION OF FILM'7 

Requirement 

Flash photography 

Available hght photography 

Requirements for good 
enlargements 

3.11.5 PHOTOGRAMMETRY 

Type of film 

Slow/medium 

Medium/fast 

Medium format 
6 cm x 6 cm 

Suggested AfJA rating 

50 or 64 

200 or 400 

Depends on type of light 

Photogrammetry or stereo photography IS used when depth or size perception is desirable. 

Photogrammetry Involves analyzing "information contained in two (stereo) pictures of the sa me 

scene taken from different angles".17 Photogrammetry was first developed for use ~n land but 

modlfied eqUipment for underwater application has been available for qulte some time. 

The underwater method produces stereo plctures by uSlng two cameras which are usually based 

on the Hasselblad equipment. The syF.tem is usually equipped with calibration devices to allow 

for vanous camera angles and water conditions. The stereo photographs are analyzed by a 

computer which can provide pnntouts to suit specifie needs, and can be interfaced with other 

computer systems. Measurements in ail three dimensions can be obtained from the photographs 

wlth an accuracy ot "lUS or minus 0.33 mm (0.01 in.).'7 

3.12 STRUCT"i"',e EVAI.UATION 

An effective repair and maintenance program cannot be selected until the basic cause of the 

detenoration is determined. Underwater inspection findings can be used to make an engineering 

assessment of the structure to determme the cause, extent, and rate of deterioration, as weil as 

Its structural capacity and safety. This information may also be used to predict the remaining 
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usefullife of the structure and to develop a repair and maintenance program which will allow the 

safe operation of the structure. Similarly, the inspection results can be used to determlne the 

required manpower and financing needed to perform the repalr work. Once the findlngs of the 

engineenng assessment are available, a management decision must be made whether to allow 

detenoration to continue, to make repairs that will keep the structure ln Its present condition, to 

make repalrs that will strengthen the structure or to replace the structure. 12 

The decision-maklng process can be slmplifled by developlng a condition ratlng Index of the 

structure whlch willlndicate the urgency of corrective action. The urgency Index IS developed to 

aS5ess the conditIOn of the structure and the posslblhty for further deterioratlon. The Index IS 

used ta keep the facllrty operating at a speclfic load and safety level. The rating Index decreases 

with increasing detenoration.4 An example of an urgency Index ratlng system IS shown ln Table 

3.10. The rating can also be modlfied based on engineenng judgement of the deterioration. The 

modification is shown en Table 3.11. 

TABLE 3.10 - URGENCY INDEX RATING SYSTEM4 

Maintenance Ur- Conditions Noted Based on Maintenance Urgency Definitions 
gencylndex Maintenance Rehabilitation Based on Perceived Need for 

Level Rehabilitation 

9 New Condition No work required 

8 Good Condition Work required only for cosmetlc 
repairs. Items should ba tracked 
for future maintenance. 

6 to 7 Maintenance ReqUired Items should be consldered for 
maintenance work dunng next 
work cycle. 

4 to 5 Rehabilitation Required Allowable load capacity IS below 
deSign capaclty. Rehablhtatlon 
work should be performed wlthin 

- next yaar or saoner. 

2to 3 Major Repair Required Load capaclty of structure is se-
verely impaired. Repairs ta be 
accomplished as saon as pos-
sible. 

o to 1 Facihty Closed Faciiity is unsafe for intended 
operations. Major reconstruction 
necessary 

147 



• 

• 

TABLE 3.11 - MODIFICATION TO URGENCY INDEX SYSTEM· 

Modification Description 

+2 No threat for 5± years. Conditions have stabllized, and con-
dition is cosmetic in nature. 

+1 No threat for 2 to 3 years. Conditions are worsenlng slowly, 
and has little structural effect. 

a No Immediate threat. Conditions are detenorating at normally 
expected rate, and deficlency does not lead to reduction of 
structure capacity. 

-1 Threat hkely wlthin 1 year. Conditions are worsening and are 
causing reduction in structure capacity. 

-2 Threat is Imminent. Conditions are worsemng rapldly and 
severe loss of structure capaclty is occurring. 

Note: Modlfiers cannot mcrease ratlng above '8'. 

Management decisions must be based on the consideration of several important factors, su ch as 

safety, the operational need for the structure, thp. adequacy of the structure to meet the needs 

of its intended purpose, economlc considerations, appearance, environmental conditions, and 

other factors having an Impact on the structure3
• A flow chart developed by Brackett et al. 211 

summanzes the decision maklng process for a maintenance and safety program of waterfront 

facilities, and IS shawn ln Figure 3.10. 

3.13 FINAL REPORT 

The final phase of any inspection program should be the preparation of the final report. In some 

cases, the reportlng procedure is dictated by the client. In other instances, the form of the report 

IS not speclfled and it is up to the engineer or inspector to develop a format. There are no set 

rules for presentmg reports as they vary from one company to another. 

The basic requirements for good report writln9 are grammar skills, syntax, style, punctuation, 

usage, and organization. 25 It IS essential for the writer to be clear, concise, and to the point. 

Technlcal aspects should be kept separate from qualitative discussion. Most clients do not have 

the technical background ta understand engineering princlples . 
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3.13.1 FORMAT OF THE REPORT 

The report should be typed and bound. The report should have a title relevant to the project as 

weil as a table of contents, and executive summary. Ali pages should be numbered, with the 

latest issue number indicated, and dated. Sections within the report should also be numbered. 

Any drawlngs or photographs pertaimng to the Inspection must be included in the report and 

should be cross-referenced. Any relevant video recordings of the inspection should also be 

referenced. and should Indicate the place where they can be viewed. 17 

If required by the client, the report should provide recommendations for repairs including 

drawings or sketches showing the work. Construction cost estimates for the proposed repair 

work should also be provided for decision making purposes. Lastly, the report must be carefully 

reviewed and signed by an authorized representative within the company. A general outline 

whlch can be used for most inspection reports is shown in Table 3.12. Sorne of these topics are 

summarized below. 

TABLE 3.12 - GENERAL REPORT OUTLINE' 

Letter of Transmlttal 
Executive Summary 
Table of Contents 
1. INTRODUCTION 

1.1 Objective 
1.2 Scape 
1.3 Background Information 
1.4 Available Information 

2. INSPECTION FINDINGS 
3. LABORATORY TESTING 
4. THEORETICAL ANALYSES 
5. DISCUSSION 
6. CONCLUSIONS and RECOMMENDATIONS 

• Adapted from Reference 25 

3.13.2 COi,tTENTS OF THE REPORT 

3.13.2.1 EXECUTIVE SUMMARY 

This section should be limited to one page whenever possible. It should describe in concise 

terms what the report covers, what was done, and give a summary of the major conclusions and 
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recommendations . 

3.13.2.2 SCOPE AND OBJECTIVE 

This section should outline the specifie purpose for the inspection and what work was performed. 

It should identlfy the structure that was Inspected. as weil as its location. The scope should also 

identify the parties who sponsored (or authonzed) the Investigation. and the personnel who 

performed the inspection and testlng. 

3.13.2.3 BACKGROUND INFORMATION 

A t)rief description of the structure or facility should be provided including vicinrty, locality, and 

hi~,(orical background if available. Whenever possible, plan-view maps, elevations, sections of the 

structure,and geological maps should be included along with operational information of the facllity. 

Ali information obtained from other sources which has not be venfied by the wnter should also 

be included. 

3.13.2.4 AVAILABLE INFORMATION 

Ali eXlsting documents and engineering data which was reviewed and referenced in the report 

should be listed, with their title, date and origin. The documents may include original construction 

drawings of the structure and previous inspection and repair reports. 

3.13.2.5 INSPECTION FINDINGS 

This section of the report will provide a detailed description of the observed conditions of the 

structure including a brief explanation of the various ln-situ testing techniques used. It Is 

important ttïat this section only include facts and observations, and not opinions. Ali relevant 

photographs should be included and referenced. Each photograph should be numbered and 

should provide a brief description of ItS contents. The degree ~f deterioration should be 

diagrammatically iIIustrated whenever possible. Any Inspection forms used for documenting the 

inspection results should be referenced and ,"cluded as an appendix to the report. Any relevant 

video recording should also be referenced and made available for vlewing . 
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3.13.2.6 LABORATORY TESTING 

A description of the laboratory tests tt'lat were performed should be provided. As with Inspection 

findings, only facts should be reported in this section. Interpretation of test results is included in 

the discussion section of the report. Photographs or drawlngs of where cores or physical 

samples were removed should also be provided. 

3.13.2.7 THEORETICAL ANALYSES 

This section should descnbe any structural analyses or calculations that were used to determine 

the service load capacity of the deteriorated structure or member. The analyses should include 

the effects of deterioratlon as determined by field and laboratory investigations. Based on these, 

the reduced capacity of the structure or element is developed. 

3.13.2.8 DISCUSSION 

This section provides an interpretation of field investigations, laboratory tests, and engineering 

calculations. Ali discussion must be based on the facts already presented in previous sections 

of the report. If the discussion is extensive, dividing il into appropriate subsections may be useful. 

3.13.2.9 CONCLUSION AND RECOMMENDATIONS 

This is the most important section of the report which provldes a general summary of the findings 

and characterizes the condition of the structure. If an unsafe condition exists, it should be 

identlfied and methods for temporary bracing should be suggested28
• It should specify the 

adequacy of the structure or facility based on current design, and operational criteria. The 

remaining useful life of the structure should also be estimated. Recommendations for possible 

repair techniques should be provided along with construction cost estimates. Recommended 

repair procedures should be schematically iIIustrated sllowing the major features of the repair 

work . 
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CHAPTER4 

EVALUATION TECHNIQUES FOR IN-SITU CONCRETE 

4.1 INTRODUCTION 

Organizations or owners concerned with the durability and continued operation of concrete 

structures must perform penodic visual inspections. During these inspections, the observed 

damage or deterioration may require a more critical examination. In other cases, concrete struc

tures may experience internai deterioratlon (e.g., corrosion of reinforcing steel) which becomes 

visible only after the deterioratlon has progressed significantly. The qualitative data obtained from 

vlsual inspections is generally inadequate to accurately assess the condition of the strut.1ure. In 

such cases, these Inspections must be supplemented with more sophisticated methods for 

obtalmng quantitative data to determlne the cause, extent, and rate of deterioration. 

A wide range of techniques and apparatus are available to the engineer to examine and evaluate 

concrete structures above water. Sorne of these methods have been adapted for inspecting 

concrete structures under water. These test methods can either be nondestructive or partially 

destructive ln nature. The latter is often used for retrieving samples for laboratory testing, thus 

reqUiring sorne form of repair ta the concrete after the testing is completed. Depending on the 

information which is sought, the inspector will often be required ta use a combination of these 

methods tO be able ta determine the pnmary cause or causes of deterioration. 

Generally speaking, these tests can be used ta evaluate the following four areas of concern 

regarding the deterioration of reinforced concrete structures: 1 

• Concrete quality and composition 

• Concrete strength 

• Corrosion of embedded reinforcing steel 

• Structural integrity and performance 

Although not intended to be a complete guide, the following sections provide a summary of the 

most commonly used methods for testing and evaluating existing concrete structures. Though 

sorne of the methods described here were developed in Europe, they are ail available in the USA 

and Canada through specialist companies. An excellent review of in-situ/nondestructive testing 

156 



• 

• 

of concrete is provided in Reference 2. A list of in-situ inspection techniques and common 

laboratory tests for concrete are also provlded in Appendices 1 and J, respectively. The mate rial 

in this chapter has been adapted from dlfferent available references, especlally 1 and 5, and are 

presented here for completeness. 

4.2 CONCRETE QUALITY 

4.2.1 REBOUND HAMMER TEST 

The rebound hammer, also known as the Schmidt or SWISS Hammer, is a surface hardness tester 

that determines the uniformity of in-situ concrete, sa that areas of inferier quality can be detected. 

It measures the rebound distance of a spring-driven mass after it impacts the concrete surface 

with a standard force. It can be used above or below the water and is usefulln new construction 

. to assist contractors in determining stripping tlmes for formwork.' A cutaway vlew showing the 

various parts of a typical rebound hammer IS shown in Figure 4.1. 

. '0" . . .. . : :0': 

'e' •• , 

... ' .. : .. . . 

FIGURE 4.1 - CUTAWAY VIEW OF A TYPICAL REBOUND HAMMER' 

To carry out the test (ASTM C 80S), the impact plunger is pressed firmly against the concrete 

surface, thereby releasing the spring-Ioaded mass trom its locked position. The mass then strlkes 

the steel plunger which is ln contact with the concrete surface. The resulting 'Rebound Number' 

or rebound distance of the hammer is read on a linear scale attached ta the instrument. A 
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recording type of Schmidt hammer IS available which records the rebound numbers automatically 

on a roll of paper. 3 To obtain representatlve data, it is advisable to take a minimum of twelve 

readlngs at each test location and averaged (excluding the minimum and maximum values).4 Ti,is 

number can be used to check concrete unlformlty by compaflng test data from vanous parts of 

the structure. In general, the higher the rebound number the better the concrete quahty. If call

brated wlth laboratory tests on concrete cubes or cylinders, the hammer can glve an Indication 

of the In-situ compressive strength.5 

Although uSlng the rebound hammer IS a qUlck and inexpensive way of determining concrete 

unlformlty, It has many limitations whlch must be recognlzed by the user. For example, the results 

of the rebound number are affected by smoothness and mOlsllJre condition of concrete surface, 

and type of coarse aggregate. 2 Smoother surfaces usually gIlle hlgher rebound numbers with 

less scatter ln the data. 4 Thus, if the concrete surface IS rough, it should be smoothed with a 

medium-gralned SIlicon carblde stone.6 On the other hand, saturated concrete tends to give 

rebound numbers sllghtly lower than wh en tested dry.4 If repair patchwork has been done, test 

locations away from the patches should be chosen, since the characteristlcs of the repair material 

may differ trom those of the structure. Processes that harden the concrete surface such as cu ring 

membranes or carbonation, may also glve hlgher rebound numbers. Since the velocity of the 

Impact plunger IS affected by gravlty and fflctlon, rebound numbers obtained in the vertical and 

hOrizontal plane of the same test location will be different.5 Figure 4.2 shows the typical effect on 

the rebound number when the Impact plane is not horizontal. 

4.2.2 WINDSOR PROBE TEST 

This Instrument, although less useful than the rebound hammer, may also be used to determine 

unlformlty by measunng the penetration reslstance of concrete at different locations of the 

structure. The Windsor Probe whlch is standarized by ASTM C 803, cOl1sists of a gun loaded with 

a hardened alloy probe whlch IS driven into the concrete. The length of the probe which remains 

exposed provldes a measure of the penetration resistance of the concrete. To ensure that the 

test 15 performed with sorne degree of unlformlty, ASTM C 803 specifies a maximum probe 

veloclty variation of three percent, based on a minimum of ten tests. 1 As with the rebound 

hammer, a calibration chart must be made to correlate probe penetration with concrete 

compressive strength,6 because calibration curves supplied by the manufacturer are not always 

rellable. This method 15 partlally destructive and requires repairing the concrete surtace after the 

probe IS removed. The test resu~s are also affected by the hardness of the aggregate.2 
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20 25 30 35 40 45 50 55 80 

FIGURE 4.2 - EXAMPLE OF REBOUND HAMMER CALIBRATION CURVES OF CONCRETE 
FOR VARIOUS INCLINATION ANGLES (PROCEQ SA ZURICH)J 

4.2.3 UL TRASONIC PULSE VELOCITY (UPV) 

The UPV method consists of measunng the tlme It takes a direct compression wave to pass 

through th~ concrete (Figure 4.3). The tlme of travel between the initiai propagation and 

reception of the pulse is measured by an electronlc tngger/timer device. The average wave 

veloclty is then computed by dlviding the measured path length of the wave by the tlme of travel. 

Ultrasonic test procedures are standardlzed by ASTM C 597. 

Since UPV is a function of the modulus of elastlclty and denslty of the matenal through whlch It 

travels, this method provldes comparative data for assessmg concrete unlformrty, as weil as 

locatlng defects (i.e., cracks, voids, etc.). In sorne cases, it has been used for estimating ln-situ 
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compressive strength. However, the relatlOnship between pulse veloclty and concrete strength 

are affected by several variables, Includlng age of concrete, mOisture conditions, aggregate ta 

cement ratio, type of aggregate, surface finish, and location of steel relnforcement. 2 Table 4.1 

shows the relationshlp between pulse veloclty and concrete conditIOn, as suggested by 

Whltehurst, 7 and the minimum acceptable velocltles for specifie structure types (In Great Bntaln) 

are presented ln Table 4.2, as suggested by Jones.a 

FIGURE 4.3 - SCHEMATIC DIAGRAM OF ULTRASONIC TESTING DEVICE' 

TABLE 4.1 - RELATIONSHIP BETWEEN PULSE VELOCITY AND CONCRETE CONDITION" 

Pulse Velocity 

ft/sec rn/sec General Condition -
above 15,000 above 4570 excellent 

12,000-15,000 3660-4570 good 

10,000-12,000 3050-4570 questlOnable 

7,000-10,000 2135-3050 poor 

below 7,000 below 2135 very poor 
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TABLE 4,2 - MINIMUM VELOCITIES ACCEPTABLE FOR SPECIFIC 
STRUCTURAL PURPOSES6 

Minimum value of wave velocity 
for acceptance 

Types of work ft/sec m/sec 

Prestressed concrete, T-sectlons 15,000 4570 

Prestressed concrete, anchor unlts 14,300 4360 

Relnforced concrete trame bUilding 13,500 4115 

Suspended tloor si ab 15,000 4725 . 

The UPV method has tradltlonally been performed by passlng ultrasonic pulses through the 

concrete between fixed pOints as Illustrated ln Figure 4.4, The most common and most accurate 

method is direct transmission when the transducers are on opposite, parallel faces of the test 

location, Seml-dlrect transmission is less accurate and not normally used because it is difficult 

to dupllcate the transmiSSion path, The least accu rate IS indirect transmission and IS used when 

only one surface of the concrete IS accessible, such as a retaining wall,8 

lA.TRASONIC PUlSE VElOCITY 
TEST t.lETHOOS 

DIRECT TRANSMISSION 6 
. • • " '. ' .• +". • . , . 4 • • 

" ~. .' .• ' ft,' .' • ...... , ..... ,". 
?' 

SEMI-DIRECT 
TRANSMISSION 

'-fJ~~"" ..... ~., '. '. · . 
'. -..:..,...... • l ' • 

INDIRECT (SURFACE) } 
TRANSMISSION 

. ~ .... ' .. /, . 
, -+ -:-t,' . 

~ '. . ~ .. 

FIGURE 4.4 - TRADITIONAL UPV TEST METHODS8 

161 



• 

• 

With the recently developed scannlng system, shown ln Figure 4.5, the source and recelver 

transducers are free to move whlle obtalnmg UPV measurements. The UPV scanners conslst of 

coated plezoelectric source/recelver ceramlcs ln a cyhndncal shape whlch allows them to roll whlle 

transmltting and receivlng wave pulses. The signais are flrst amphfled and flltered, and then 

transmltted IntO a data acquISItIOn system Typical scannlng speeds range from 0.15 to a 31 mis 

(0.5 to 1 ft/s) , and can collect data at rates of 5 to 10 pulses/second. This speed provldes test 

data every 2.5 ta 5 cm (1 ta 2 ln.) along the entlre path. Wlth current data acqUiSItIOn systems, 

it 15 possible ta make scans of over 9 m (30 ft.) ln length at a tllne. After scannlng, the data IS 

analyzed by a computer system whlch computes the concrete charactenstlcs at each test 

location.9 

UPV SCANNING SYSTEM DIAGRAM 

FIGURE 4.5 - UPV SCANNER SYSTEM9 

4.2.4 CROSSHOLE SONIC LOGGING (CSL) 

Sonic logging IS used to perform the UPV test ln areas which are inaccessible or under water 

Logglng conslsts of transmltting an ultrasonic pulse through the concrete between source and 

receiver probes whlch are placed ln water-fliled tubes (Figure 4.6). The probes are lowered Into 

preplaced access tubes (PVC sleeves) or coreholes by cables that are pu lied over a special 

winch, which measures and records the probe depth. Sonic logglng is performed as the probes 

are withdrawn simultaneously, th us provldlng a contlnuous profile of travel tlme The method 15 

capable of taking measurements at 25 mm (1 ln.) 5paclngs.'o It can also be used ln corehole5 
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drilled through the base of the foundatlon to assess the Integrity of the interface between bedrock 

and the foundation concrete.5 

Pulse 
Generator 

Drllled Sh.ft 

Source 

Wave Travel 
Plth 

Depth Wheel 
Computer 
R.cordinR 
System 

pvc or 
Sleel Tubes 

Rece1ver 

FIGURE 4.6 - CROSSHOLE SON le LOGGING METH001
1) 

The measured travel times between probes and the corresponding wave velocities are used to 

evaluate the concrete quality. For example, longer travel times Indlcate irregulanties ln the con

crete, whlle complete loss of signal is indicative of a defect ln the concrete between the tubes. 10 

4.2.5 DIAGRAPHle DRILLING 

Diagraphlc dnlling IS a destructive exploratory technique used to determine the mechanical 

charactenstics and quallty of large concrete structures. Ouring the drilling, several parameters 

are recorded, such as the instantaneous penetration rat~ of the drilling tool, the compressive force 

(thrust) on the drill rod, and the torque applied on the dnlling tool. These parameters are related 

ta the mechanical strength of the concrete and to ItS cohesion. Diagraphic dnlhng was used for 

the In-Situ Investigation of an old concrete quay wall in Zeebrugge, Belgium.ll A typical 

diagraphlc drilhng record is shown in Figure 4.7. Interpretation of the diagrams are typically 

supported by video inspection of the boreholes, and supplementallaboratory testing of concrete 

cores. The advantages of dlagraphic dnlling include ease of application, rapid execution, and the 

relatively low cost. 
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FIGURE 4.7 - A TYPICAL DIAGRAPHIC DRILLING RECORD" 

4.2.6 RADIOMETRY 

Radiometry IS primarily used to measure in-Situ denslty and thlckness of concrete members. The 

Smith and Whiffin method, and the Brocard method are the methods most commonly used for 

determining the in-Situ densrty of concrete. The Smith and Whlffln test consists of dnlling holes 

into the concrete surface and lowering a radioactive source, such as cobalt or radium, down Into 

the holes. Geiger counters, placed in heavy lead sheath, are then posltloned on thl~ outslde 

vertical face of the concrete member at the same depth as the radioactive source. Th.~ Geiger 

counters are calibrated by taklng readlngs on samples of known denslties. From these madlngs, 

charts are prepared which are then used for determlnlng the in-situ denslty of the concrete by 

companson with subsequent Geiger readlngs.' The Brocard method IS vlrtually the same, dlf

fering only in the radioactive source used and the thlckness of the concrete member whlch can 
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be tested (up ta 410 mm/16 In.).12 

4.2.7 IN-SITU PERMEABILITY 

Concrete durabihty IS closely related ta ItS ease wlth whlch water (or other aggresslve fluids) can 

move thlough ItS pore structure The rate at whlch flulds penetrate the concrete determlnes ItS 

permeablhty, and hence, ItS rate of detenoratlon. The permeablhty of in-situ concrete can be 

measured by a senes of tests presently ln use whlch are covered by the Bntlsh Standards 

Institution (BSI), BS 1181, Part 5 The most commonly used Include the Figg Hypodermic Test 

and the Initiai Surface Absorption Test. 1 These are summanzed below. 

4.2.7.1 FIGG HYPODERMIC TEST 

This test simply measures the tlme It takes for a change in pressure ta occur in a fluid (air/water) 

sealed withln an evacuated vOid ln the concrete (Figure 4.8). The test procedure consists of 

dnlhng a 10 mm (311 ln.) dlameter by 40 mm (1-% in.) deep hale into the concrete, and plugglng 

it wlth a polyether foam and seahng It wlth a Silicone sealant. For a water permeability test, a 

hypodermlc needle 15 pushed through the plug and connected ta a water source (100 mm/4 in. 

head) and a manometer. The tlme It takes the water ta move a distance of 50 mm (2 ln.) down 

a capillary tube is noted. 

Slopcoc:1c 

Di9!!:!- :::===== ... _==\:::.i~~==~::::::: ~ v= 
... _t., 1 

0 •• ,.. • : .. -. _: ,; .- '.. . 
Hole drilled Ir, : .•. 
conerete ludace A 

" ,. Ins.tu SiliCon. rubber 
+ fOGlft plalhc: plU9 

. • ~.. . 20 .. , ... ,.~ 
~. '0 , 

~ 
FIGURE 4.8 - SCHEMATIC REPRESENTATION OF AIR PERMEABILITY TEST SET-UP1 
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For the air permeablhty test, the hypodermlc needle IS connected to a vacuum pump and the tlme 

taken for a pressure drop of about 55 to 59 kPa (8 tn 8.5 pSI) wlthln the sealed vOid IS recorded. 

The permeability of concrete to wateT can be Judged quahtatlvely accordlng ta the Infiltration tlmes 

shown ln Table 4.3. 

TABLE 4.3 - RELATIONSHIP BETWEEN PERMEABIUTY AND 
TIME OF INFILTRATION! 

4.2.7.2 

PERMEABILITY 

GOOD 

AVERAGE 

POOR 

INITIAL SURFACE ABSORPTION TEST 

TIME OF INFILTRATION 
(Minutes) 

> 200 

50 - 200 

< 50 

The Initial surface absorption test measures the amount of water absorbed by the concrete per 

unit are a under a constant pressure head (Figure 4.9). r"e pressure head (200 mm) IS applied 

through a flexible mlet tube attached to a watertlght cap which IS clamped to the test area. An 

outlet tube is connected ta a cahbrated capillary scale which measures the water penetration Into 

the concrete after the water source 15 closed. Measurements are taken at lime Intervals of 10 

min., 30 min .. 1 hour, and 2 hours from the start of the test. The expected durabllity of the 

concrete IS classlfied ln accordance wlth the tlme of InfiltratIOn rates shown ln Table 4.4. 

Wcl!!'r 
Rest'rvo!r 

Tap---

o •• 
,. •• ... r 

Seo le 

Gia s s cap ,lIcar y 

Flex,blt lube 

Waltrt'9hl cop 
clamped la suri oc. 

. . 
FIGURE 4.9 - SCHEMATIC OF INITIAL ABSORPTION TEST' 
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TABLE 4.4 - RELATIONSHIP BE1WEEN CONCRETE DURABILITY 
AND TIME OF INFILTRATION' 

DURABllITY 

GOOD 

AVERAGE 

POOR 

10 Mins. 

< 0.25 

0.25 - 0.50 

> 050 

TIME OF INFILTRATION 

30 Mins. 

< 0.17 

0.17 - 0.35 

> 0.35 

1 Hr. 

< 0.10 

0.10 - 0.20 

> 0.20 

The followlng is a hst of other permeability test methods currently belng developed:' 

• VTI test'3 

• ISE caplilary test 

• Water absorption test 

• Pressure differential water permeability test 

• lonic diffusion test 

• Gas diffusion test 

4.3 CONCRETE STRENGTH 

4.3.1 CONCRETE CORE TESTING 

Concrete core testing is still considered to be one of the most reliable methods to determine 

concrete compressive strength. Coring is also useful for Investigating a variety of other in-situ 

charactenstics, such as the depth of surface detenoration, and the presence and size of visible 

cracks. Concrete co ring IS o\~en used to verity the results of other in-situ tests and to provide a 

physlcal specimen for supplementallaboratory testing (Section 4.6). The cores should be taken 

in areas that are representatlve of the structure. Methods for achievlng random sampling are also 

descnbed ln ASTM C 823. 

Mather'l suggests that if the concrete is in deteriorated condition or when drilling operations are 

questionable, better core recovery will be achieved with a 150 mm (6 in.) diameter diamond bit 

and barrel than with smaller ones. On the other hand, when the concrete is in fairly good 

condition, the dnller is nighly skilled, and the rig is operatlng efficiently, cores can be satisfactorily 
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retrelved using 55 mm (2-118 in.) diameter (Nx) bits . 

Cores should be logged as they are removed trom the hole and core holes should be accurately 

located on approprlate construction drawlngs. Cores should be properly packaged so that they 

will not be damaged or mlxed up dunng shlpment to the laboratory. In sorne cases, It may be 

necessary to place the cores Into plastiC sleeves, or wrapplng them ln cheesecloth dlpped ln 

hquid wax ta preserve the field mOlsture content. Preservlng the neld mOlsture content IS usually 

very Important If some deletenous chemlcal reactlon IS suspected.6 ExamlnatlOn of the cores 

once they are received at the laboratory are summanzed in ASTM C 856 and preparation of a 

concrete cyhnder for compression testing IS described ln ASTM C 39 speCifications. It baslcally 

consists of capplng the ends to achleve a smooth beanng surface to minllT,'ze or ehmlnate eccen

tricity dunng load applicatIOn. The core II) usually dlmensloned so that the length IS at least tWlce 

tlle diameter. After the specimen IS prepared, It IS placed Into the testlng machine and the load 

IS slowly and contlnuously applied until idllure. At the end of the test, the type of tallure and 

gf!neral appearance of the concrete IS noted on the test log. The compressive strength IS 

calculated by divlding the maximum load at fallure by the average cross-sectional area of the 

core.' Typica! concrete fallure modes are shown ln Figure 4.10. In cases where the samples do 

not meet the specified length to diameter ratios, applicable correction factors are apphed to the 

calculated compressive strengths (Table 4.5).'4 
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FIGURE 4.10 - TYPES OF FRACTURE OF CONCRETE CYLINDERS' 
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TABLE 4.5 - CORRECTION FACTORS FOR CONCRETE CORES1 

RatIo of Length of Cyhnder to Dlameter (1/d) Strength Correction Factor· 

1.75 0.98 

1.50 0.96 

125 0.93 

1.00 0.87 
. 
Those correction factors apply to lightwelght concrete welghlng between 1600 and 1920 kg/m3 (100 and 120 
lb/ft") and to normal welght concrete They are applicable to concrete dry or soaked at the tlme of loadmg. Values 
not glven ln the table shall be determlned by Interpolt.tlon. The correction factors are a~plicable for nominal con-
crete strengths from 13 8 to 41 4 MPa (2000 to 6000 pSI) Correction factors depend on varl.Jus conditions such 
as strength and elastlc moduli Average values are glven ln the table 

4.3.2 PULL-OUT TEST 

The pull-out test IS an In-situ method of determming concrete compressive strength by measuring 

the maximum force required to pull an embedded Insert from the concrete mass. The concept 

was initially suggested by SkramtaJew ln 1938 and Investlgated further by Kierkegaard-Hansen. 

Current ASTM C 900 standards are based on tests conducted by Malhotra, Richards, and 

Rutenheck ln the early 1970s. 

ln general, a pullout test consists of pulling out a speclally shaped steel insert tram concrete 

(Figure 4.11) The required pullout force reqUired IS measured using a dynamometer. Due to its 

shape, a cone (frustrum) of concrete IS pulled out wlth the Insert, generatir.g failure planes at 

approxlmately 45° to the direction of the pull. The pullout strength IS approximately 20 percent 

of the concrete compressive strength.2 

ln a recent $tudy, Collins and Roper15 used pullout tests to evaluate concrete spall repalrs. In the 

study, it was determined that pullout test methods can be used to simulate spalling concrete. Ali 

laboratory specimens were subsequently damaged by pullout testing, repalred with epoxy mmtar 

and subJt1cted ta & second pullout test. The test program showed that the major factor governing 

the success of a repair to con crete IS the soundness of the repair plane. 

Due ta the nature of the test, pullout techniques cannot be used on hardened concrete. Ta 

overcome this shortfall, new techniques have been developed in which a set of standard anchors 
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are pu lied out of standard dnlled holes. The anchors can elther be normal pullout Inserts or spllt

sleeve w~dge anchors. In the former case, a cone of concrete IS pL'lled out whlle ln the latter 

case, internai cracking of concrete IS prodlJced. Tests rnvolvlng rulling out bolts set by means 

of epoxy ln drilled holes have also been reported 2 

~ ___ 2_.0~d2~!~d3_~2_.4~d2~~I.1 
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.. . .. 
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FIGURE 4.11 - SCHEMATIC CROSS-SECTION OF PULLOUT TEST1 

4.3.3 PUL.L·OFF TEST 

This method provldes a means for determining concrete compressive strength by measunng the 

force requlred to pull free a steel probe which 15 bonded to the concrete surface wlth a high

strength adhesive (epoxy resln). An equivalent cube compressive strength IS obtarned uSlng a 

calibration graph. 

Typically, the bond strength between the probe and the concrete surface is conslderably higher 

th an the tensile strength of the underlyrng concrete, thus elimlnating the posslblhty of fallure at 

the Interface. Fallure usually occurs wlthln the underlylng concrete mass. The approxlmate 

tenslle strength of the concrete IS computed by dlvldlng the load requlred to break off the con

crete mass by the area of the probe. The compressive strength of the concrete IS obtalned by 

dlviding the cross-sectlonal area of a specimen by the load requlred to crush 1t. 1 
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ln cases where the concrete surface 15 too smooth to allow a good bond between the 

epoxy/concrete Interface, the concrete surface 15 partlally cored to expose a rough finish 50 that 

a better bond cou Id be ac.hleved for the probe. 

4.3.4 BREAK-OFF TEST 

This mettlod 15 used for determlnlng the flexural strength of concrete at sorne distance away from 

the surface 2 ThiS 15 done by breaklng a 55 mm (2-'/& ln.) dlameter cantllevered core formed by 

cutting a clrcular slot ln the eXlsting concrete member. The core IS broken off at Its base by 

applylng a force at the top wlth a hydraullcally-operated Jack which IS cou pied ta a load cell. The 

force reqUired to break off the core 15 correlated Wlth compressive strength by means of 

calibration chans, developed by cyhnder compression testlng of retneved cores. 1 

4.3.5 INTERNAL FRACTURE TEST 

The Internai Fracture test (8SI 19868) consists of drilhng a 6 mm (% in.) diameter hole into the 

concrete test location to a depth of approxlmately 35 mm (1-% in.}, mstalling a 20 mm (3/4 in.) 

expandlng wedye anchor Into the hole, and pulling the anchor wlth a torque meter fltted on a 75 

mm (3 ln.) reactlon tnpod. The maximum torque value, averaged over a minimum of SIX readmg5, 

15 correlated wlth the compressive 5trength of the concrete by means of calibration curves. 1 

4.4 REIN FORCEMENT CORROSION 

4.4.1 HALF-CELL POTENTIAL TEST 

The halt-cell potential test IS used for determining the probablhty of active corrosion of steel 

remforcement ln concrete.3 The test, whlch is standardlzed by ASTM C 876, measures electrical 

potential dlfferences between anodlc and cathodlc areas that eXlst ln an active corrosion process 

by means of standard half-celfs. Since the corrosion reactlon ln the concrete is dependent on 

the amblent temperatl're, It IS reported that useful readlngs are usually obtained at temperatures 

ln ex cess of SoC (410F.) 1 

The test is performed by connecting the negatlve terminal of a high-Impedance millivoitrneter to 

the embedded reinforcing steel and the positive terminai ta a halt-cell (Figure 4.12). The halt-cell 

conslsts of a copper electrode whlch is Immersed ln a copper sulfate electrolyte solution. The 
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electrode 15 connected ta the voltmeter by a lead wlre. The other end of the cell consists of a 

permeable pad through whlch the copper sulfate solutIOn can make electrlcal contact wlth the 

concrete. Other types of half-cens such as sllver/sllver chlonde can be used, but copper/copper 

sulfate IS the most cam mon. 

hlgh'lmpedance millivolimeler 

coppo, olecl, ode 

connecllon 10 

FIGURE 4.12 - SCHEMATIC DIAGRAM OF EQUIPMENT FOR 
HALF-CELL POTENTIAL TESTJ 

By taking readmgs at multiple locations, an evaluatlon of the corrosion activlty of embedded steel 

or other metals can be made. If sufflclent readmgs are taken in a predetermmed patturn, 

equipotentlal hnes can be drawn to create a dlagram whlch resembles a contour map (Figure 

4.13) The Isopotentlal hnes are created by connectlng pOintS of equal electncal potential The 

general pattern of eqUipotentlal contours can readlly Identlfy areas of hlgh corrosion actlvlty and 

areas whlch are on the verge of developlng corrosion actlvlty.J,16 Recent developments ln survey 

techniques has made thls process much qUicker and le~s tedlous ta use. An example of thls 15 

the potential wheel whlch glves a contlnuous prlnt out of electrochemlcal potenllals rather than 

spot readlngs on a flxed gnd (Figure 4.14). " 

According ta the current ASTM standards, areas that show potentlals more negative th an ·350 

mV are sald to be actlvely corrodmg wlth a probablhty of more than 90 percent Corrosion IS 

neghgible (Iess than 10 percent probablhty) ln areas where the potentlal is less negative than -200 

mV. At mtermediate potentials (between -200 rnV and -350 mV), the state of corrosion actlVlty 15 

un certain (Table 4.6) . 
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FIGURE 4.13 - TYP/CAL ISOPOTENT/AL UNE DIAGRAM CONSTRUCTED 
FROM HALF-CELL POTENT/ALS18 
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FIGURE 4.14 - POTENTIAL WHEEL FOR RAPID POTENTIAL SCANNING17 
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TABLE 4.6 - PROBABILITY OF OCCURRENCE OF CORROSION' 

VOLTAGE OF HALF-CELL 
(Copper Sulfate) 

U < 200 rnV 

200 mV < U < 350 mV 

U > 350 rnV 

COMMENTARY 

The probablhty that there IS no corrosion ln this area 
is higher than 90 percent 

One cannot state wtth certainty that there IS active 
corrosion ln thls area 

The probablhty that there is corrosion ln thls area IS 

hlgher than 90 percent 

Different investigators have assigned dlfferent values to these cnte ria. For example, recent work 

by Pfelfer et al.,e defined the threshold limlt of corrosion to be -230 mV. Also, work from Concrete

In-The-Ocean projects in the U.K.'7 found that the corrosion nsk crtteria described in the curren\. 

ASTM C 876 standard is not applicable to ail corroding structures. On some of the structlJrflS 

surveyed during the proJect, very negatlve potentials were found with no sign of detenoration. 

Table 4.7 shows sorne of the results obtained and the associated risks found by breakout anL 

examining cracking. 

TABLE 4.7 - POTENTIAL MEASUREMENT AND ASSOCIATED CORROSION RISK 
RESULTS (CONCRETE-IN-THE-OCEANS, U.K.) 17 

Risk ASTM Bridge Royal Soverelgn Precast Reinforced Con-
Decks (USA) Lighthouse (Internai Columns (UK) crete Specimens 

below sea water) at 300 mm in sea 
water 

Low o to -200 mV -262 to -400 mV o mVor more -900 to -1200 rnV 

Medium -200 to -350 o to -100 mV 
mV 

High -350 mV or -100 mV or less 
less 

It is important to realize that, while potentlal measurements glVe an indication of corrosion actlVity, 

it does not show the extent or rate of corrosion. Half-cell potential readings should be correlated 

with data from other test methods (descrtbed elsewhere ln this chapter) to determine the axte.,t 

and rate of corrosion activity . 
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4.4.2 CONCRETE RESISTIVITY 

As descnbed earlier, the presence of a conductive medium or electrolyte is one of the necessary 

reqUirements for the c.crrosion process to Inrtiate. Therefore, the rate of reinforcement corrosion 

in concrete de pends on, among other factors, the capacrty of the concrete ta resist the flow of 

electrical currents. Since flow of electrlcal current is Inversely proportional ta resistivity, a measure 

of the concrete reslstivrty is indicative of the hkelihood of corrosion in the reinforcing steel. 

Experience has shown that a high reslstivity is usually associated with a low corrosion risk and 

vice-versa. 5 

Measuring the bulk resistivlty of concrete is usually done by Wenner's method which is 

standardized by the British Standards Institution es 1881 Part 5. An array of four electrodes 

placed agalnst the concrete surlace pass a current through the outer two electrOdes using the 

concrete to complete the eleetncal circuit (Figure 4.15). The voltage drop whieh oecurs aeross 

the inner two electrodes IS reeorded. The resistivity is caleulated by using an empirical expression 

relating eurrent, voltage drop, and spaeing of the electrOdes. 1 

Volt ..... ., 

• 

Current flo. IIM 

FIGURE 4.15 - SCHEMATIC OF RESISTIVITY TEST SET-UPI 
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It should be noted that resistivity measurements are affected by moisture conditions. In dry 

conditions, half-cell or resistlVlty tests may indicate no corrosion activity even though corrosion 

may be weil advanced. Tests should therefore be conducted during wet seasons or after the 

structure IS wetted thoroughly. Caution must be exercised when uSing these methods en post

tensioned structures, as test results may not be penlnent ta the condition of the tendons 

themselves.5 A state-of-the-an revlew of electric potential and reslstlvity test methods is glven by 

Figg and Massden. '9 

4.4.3 PACHOMETER SURVEY 

A pachometer survey is usually performed as pan of the detailed Inspection. The pachometer 

(or covermeter) is an instrument used to locate and map embedded rainforcing steel and ta 

measure the depth of concrete cover over the rebar. These instruments are commercially 

available for use in dry environments and are easily adapted for underwater use. 

The pachometer typically consists of coils wrapped around U-shaped magnetic cores. A 

magnetic field is produced by sending an alternating current to one of the colis and measurlng 

the current which IS developed in the other coil. The magnitude of the measured current is 

affected by both the diameter of the rebar and the distance from the coils. The concrete surface 

is scanned with the probe until a maximum meter reading IS obtained, 9ivln9 the location and 

orientation of the embedded rebar. A maximum meter reading will be obtained when the axes 

of the probe pales are parallel to and dlrectly over the axiS of a reinforcing bar.4 A display dlal 

is graduated to indicate the depth of the steel. '8 ln general, pachometers are calibrated for rebars 

ranging from 10 M ta 45 M (ASTM N'I 3 ta NQ 16) in size, and can be used to measure depths of 

concrete caver ranging from 6 ta 200 mm (V4 ta 8 ln.) ln thickness.4 

Other magnetic abjects in the vicinity of the rebar where the measurement is being taken will 

affect the pachometer survey. It may be un able to dlstinguish individual bars if the rebar is 

bundled or too close. The effects of parallel25 mm :1 ln.) diamater rebars, IOC2!dd 50 mm (2 in.) 

below the concrete surface, IS shawn schematically in Figure 4.16. It is reponed that, if the center 

ta center distance of two parallel rebars is at least three tlmes the thickness of the concrete caver, 

this effect will be negligible.· 
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FIGURE 4.16 - EFFECT OF PARALLEL 25 MM DIAMETER REBARS LOCATED 
50 MM BELOW THE SURFACE4 

4.4.4 CARBONATION DEPTH 

The corrosion of embedded steel reinforcement in concrete is affected by the pH value of the 

surrounding hydrated cement paste. Concrete normally provides a high degree of corrosion 

protection to embedded reinforcing steel due to the stabilizing affect of the high alkaline (high pH) 

envlronment. However, the passlVity of the protective iron oxide film, which forms on the steel 

surface, can be disrupted by a reduction in the pH value of the pore fluid within the concrete. 

This usual~ occurs as a result of carbonation, or by the penetration of sufficient amounts of 

chloride ions. 

A relatively simple means of determining the depth of carbonation, is by the use of a chemical 

indicator. The difference in alkalinity (or pH value) between carbonated and uncarbonated 

concrete IS indicated by a change in color. This requires spraying the indicator on a freshly 

broken concrete surface by using a chisel ta chip off the side of a drilled or cored hole.5 Also, 

it is essential ta ensure that the carbonated surface is not contaminated with dust from 

177 



• 

• 

uncarbonated concrete. The indicator most commonly used is a solution of phenolphthalein ln 

diluted ethyl alcohol whlch remains colorless for carbonated concrete and changes to purple-pink 

wh en contacting uncarbonated concrete (pH> 10).3 Though It IS not as accurate as laboratory 

testlng, it provldes a good site indication of carbonatlon depth. 

4.4.5 CHLORIDE ION CONTENT 

The effects of chloride ions on corrosion of relnforclng steel in concrete is weil documented ln the 

literature. Free chloride ions Increase the electncal conductivity of moisture in the carbonated 

concrete, and depasslvates the reinforclng steel, thus promotlng corrosion. Therefore, a measure 

of the chlonde ion content in concrete is indicative of the likelihood of corrosion activrty. 

The presence of chlonde ions ln concrete can be detected and measured ln the laboratory by 

chemical analyses of powdered concrete samples, although sorne simple chemlcal tests have 

been developed ln the U.K. for site use.20
•
21 Powdered concrete samples are usually obtalned 

from several depths, extending from the concrete surface ta beyond the outer reinforcing steel. 

The samples are then dissolved in a chemlcal solution. Stnps of special indicator paper are 

dipped Into the solution and tt"e helght ta whlch a color change nses glves the chloride content 

in percemage by mass of concrete. In order to obtain the chloride ion content ln percentage by 

mass of cement, the cement content must be determlned.3 

Values of 0.20 and 0.40 percent chlonde by mass of cement are generally taken as chloride 

threshold limits for prestressed and relllforced concrete structures, respectively.22 A survey23 by 

the Building Research Establishment in the U.K. has suggested that corrosion is not likely ta 

occur if the chloride ion content of reinforced concrete is consistently less than 0.40 percent by 

weight of cement and I1lghly probable if Il exceeds one percent. Labora~ory procedures avallable 

for determlning chloride ion content ln concrete include the VOLHARD method and the X-Ray 

Florescent Spectrometry Method. 1 The former is a relatlvely simple chemical test whlch is 

standardized by British Sta.ldard BS 1881 Part 124. The x-ray method requires speclalized testing 

equipment. 

The depth of carbonation affects the levels of chlonde content in the concrete. For example, the 

chloride ion profile obtained from a coastal structure in the Middle East (Concrete-In-The-Oceans 

Projects) indicates that the chio ride content peaked at the maximum depth of carbonatlon within 

the concrete caver rather than at the surface (Figure 4.17). According ta the report, it appears 
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that the ability of the concrete to bind chlondes is severely reduced by carbonation. 17 Theophilus 

and Bailey24 dlscuss the importance of carbonation tests and chloride levels in durability analysis 

of concrete stra 1('!IJres. 

'1. ChI or.d e Ir;' w •• ght of 
sample 
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Ihlnforcem.nt -

0.01! 

0.06 

0.04 
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FIGURE 4.17 - CHLORIDE ION PROFILE SHOWING PEAKING 
CAUSED BV CARBONATION17 

4.4.6 STEEL SAMPLING 

This is a destructive test which requires removing the concrete coyer to expose and visually 

inspect the reinforclng steel. This allows the observer to make a visual assessment of corrosion 

damage. Samples of the relnforcing steel may be removed for laboratory testlng to determine 

various properties and charactenstlcs, such as steel type, tensile strength and corrosion resis

tance.5 
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4.5 STRUCTURAL INTEGRITV AND PERFORMANCE 

4.5.1 TAPPING TEST 

The tapping test IS a simple but labor intensive nondestructlve method for locatlng delamlnated 

concrete. It reqUlres the investlgator to stnke the concrete surface at predetermlned gnd 

locations. Oelaminated areas are easily detected by a dull sound. However, uSlng a hlghly 

resonant obJect to stnke the concrete surface may produce sounds whlch may make it dlfficult 

to distlnguish delamlnated areas from sound concrete. ' 

4.5.2 CHAIN DRAG METHOD 

This method is also used for detecting delaminated concrete and requires the use of four 500 mm 

(20 in.) long chains, attached to a cross bar whlch ln turn is attached to a metal rod. To perform 

the test, the assembly of chains is dragged over the concrete surface in a swinging motion. As 

with the tapping test, a distinctly different (dull) sound is generated when the chains are dragged 

over delaminated concrete. Currently, thls method is used extensively because it has baen 

reported to give fairly accurate results and IS relatlvely inexpenslve.' 

4.5.3 MECHANICAL IMPEDANCE 

This method IS capable of detecting low density or honeycombed concrete, microcracking, and 

delamlnations. The test involves striking the concrete surface wlth a small hammer containlng a 

load-cell and monitoring the response (veloclty) of the impulse with a geophone. The transducer 

signais are fed ta a data acquisition system and processed by a PC computer. The valocity 

graph is divided by force ta glve the mechanical impedance response graph. thus providing 

information on dynamic stlffness, structural resonance, concrete quality and Integrity.!) The 

method has also been adapted to detect loss of support or voids beneath concrete pavements, 

floors, dam spillway linings and runways.'O A typical impulse response method for slabs and 

pavements is shawn ln Figure 4.18. 

4.5.4 IMPACT ECHO (lE) SCANNING SYSTEM 

The lE methCJd is a sanie test used for evaluating member integrity and thickness. If Is a 

nondestructive test that only requires access to one sida of the concrete member. It can be used 
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to evaluate the integnty of slabs, walls, bridge decks, dams, tunnel linings, and parking garage 

decks.'o The lE method was inltlally used in 1945 by Long et al.' and developed by Carlno and 

Sansalone2~.26 in the early 1980s. 

The lE method involves impactlng the concrete at a point wlth a transmitter. As the pulse travels 

through the concrete, It IS reflected by Internai defects, such as honeycombing, cracks, or material 

of different denSlty (Figure 4.19). A transducer "cou pied" ta the surface records these reflected 

pulses and Indlcates the presence of an Internai defect. The transducer signais are processed 

through a computer and are dlsplayed on a Sereen. The general shape and height of the pattern 

on the screen Indicatd~ the type and extent (surface erea) of the defect present (Figure 4.20).27 
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FIGURE 4.18· IMPULSE RESPONSE METHOD FOR SLABS AND PAVEMENTS'o 
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FIGURE 4.19· SCHEMATIC DIAGRAM SHOWING HOW DIFFRACTED RAYS ARE 
USED TO IDENTIFY FLAWS IN CONCRETE' 
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FIGURE 4.20 - THE READOUT ON THE OSCILLOSCOPE INDICATING THE TYPE OF DEFECT 
IN THE CONCRETE27 

The lE scanning system is similar to the UPV scanner and uses basically the same hardware 

(Figure 4.21). In contrast to the UPV scanner, the lE scanner requlres only a single scanner unit 

which incorporates bath signal source and receiver. The lE scanner consists of an impulse 

hammer mounted on an electrically driven solenoid. The electrical impulses can be generated 

automatically or manually by an operator sWltch, which allows testing at various speeds, locations, 

and data densities.9 

4.5.5 INFRARED THERMOGRAPHY 

Infrared thermography uses remote sensing techniques ta record the heat emisslon from the 

surface of an obJect. It is a diagnostic tool used extensively for assessing the condition of 

concrete roadways and pavements, slnce heat emission IS affected by internai defects such as 

cracking and delamination. Since concrete is not a good conductor of heat, cracking and 

delamination will create different rates of heat transfer. 1 Delamlnatians are displayed as well

defined white colored areas on the infrared thermagram as opposed to a ·manled grey-white 

colar" that IS produced by sound concrete . 
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Heat radiation from the sun can help to produce a more noticeable contrast between sound and 

unsound concrete. For instance, a difference in temperature of about 1.5°C (2.7°F) will crea!e a 

clear contrast between the two. Thermographlc scanners currently in use can detect a 

temperature dlfference of up ta O.2°C (O.36°F). However, a greater accuracy 15 required to 

compensate for dlfferent heat emlSSlon rates due ta surface fimsh and debns.' 

lE SCANNING SYSTEM DIAGRAM 

IWPACTOR/RECEIVER 
UNIT 

~« 

lm ELLUOO 

FIGURE 4.21 - IMPACT ECHO SCANNER SYSTEMs 

4.5.6 IMPACT VIBRATION TEST 

A quantitative evaluation of the structural integrity of a structure, such as a bridge pier or footir g, 

can be obtained by determining ilS eigenfrequency (dynamic response) when subjected to an 

impact vibration test. Since the state of a structure (condition of concrete, condition of bearing 

stratum which supports thEl concrete structure, etc.) affects!ts eigenfrequency, the integrity of the 

structure can be judged by companng the measured elgenfrequency with an established 

standard value. 28 

The test, which was recently developed by the Railway Technical Research Institute (ATRI) in 

Japan,29 involves applying an impact load to the pier by means of a 30 kg (13 lb.) weight 

suspended from the girder, and its responses (displacement and acceleration) are measured 
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(Figure 4.22). The weight can be separated into several sections to facllitate its transportation . 

A data acquisition system records and processes the responses ta produce the measured 

eigenfrequency of the structure. 

A judgement of the structural Integnty IS made by a determmation of the ·,ndex of Integnty· whlch 

is obtalned by dlvlding the measured eigenfrequency by the standard value of elgenfrequency 

The standard value for the elgenfrequency of the pler ln the direction perpendlcular ta tho bndge 

axis can be obtalned by empmcal formulae. For example, the standard value for the 

eigenfrequency of a pler on a spread footing can be obtalned by the formulae shown ln Table 4.8. 

The Index obtained is then compared to the values ln Table 4.9 for judgement of Integnty. 
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FIGURE 4.22 - METHOD OF IMPACT VIBRATION TES!''' 
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TABLE 48 - FORMULA TO OBTAIN A STANDARD VALUE OF EIGENFREQUENCY OF 
PIER (AT 90° TO BRIDGE AXIS) (RTRI)28 

Type of foundatlOn Classification of Formula to obtaln standard value (F) 
ground for eigenfrequency 

Spread foundatlOn Analytlc ground Hd: r:elght of pler earth covenng (m) 
Wh: Welght of glrder (tf) 

100 or belo'h F= 25.4Hd·o47 Wh o'1 [Hz) 
101 ,.... 300 F= 49.0Hd o47 Wh o24 [Hz) 
300 or above F= 83.7Hd'()71 Wh 020 [Hz) 

TABLE 4.9 - CRITERIA FOR JUDGEMENT OF PIER INTEGRITY (RTRI)28 

Index of Integnty Judgement ranks Measures 

Below 0.70 (A1) Precise Inspection should be made 
and adequate measures should be 

A considered 

Below 0.85 (A2) Monitoring progress of change ln 

state such as inclination and scour 

Above 0.86 B Present state poses httle problem 
and IS consldered to be satisfactory 

4.5.7 STATle LOAD TESTING (PROOF LOADING) 

Statlc load testing IS usually performed as a means for evaluating the load carrying capacity and 

performance of a structure, or component of the structures. Full scale load tests have been 

developed for a vanety of structures includlng, beams and girders (ASTM E 529), cladding 

components (ASTM E 997, E 998), roofs (ASTM E 196, E 695), truss assemblies (ASTM E 73, E 

1080), and piles (ASTM D 3966, D 1143). The loadlng is usually applied by hydraulic jacks, 

mechanical Jacks, air pressure, or other heavy materials. Prior to conducting the test, the 

component or area of the structure belng tested IS Isolated from the structure to obtain an 

accurate response. 3O 

Dunng statlc load testlng, two types of responses are measured: deflection and straln. 

DeflectlOns are usually measured by defler.tion transducers, deflecting dial gauges, and high 

precIsion levels or laser equlpment. Strains are measured by the use of standard electromc straln 
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gauges, electronic dis placement transducers, accelerometers, and pressure transducers. JO 

Stralns are erther recorded manually, wlth a portable straln mdicator, or automatlcally by a data 

acquisitIOn system. 1 Followlng each load test, a detalled examlnatlOn (1 e., crack survey) of the 

structure or corn panent shauld be canducted 13 Althaugh very expenslve, these tests are very 

Informative. 

4.6 LABORATORY TESTING METHODS 

There are numerous laboratary test methods far determlning the cause or causes of detenoratlan 

ln concrete, and many others far determlning Its compOSItion. When ordenng a specIfie 

laboratory test, It is important ta understand the Intent and purpose of the test whlch IS belng 

conducted and its signlflcance ta the InvestigatIOn before It IS performed. The lelevant 

parameters that may cause test results to vary from in-SItu conditions must be c\eally 

understood.30 It is not the Intent of thls section ta descnbe ail these tests, but rather to descnbe 

sorne of the types most commonly used when Investlgatlng concrete detenaratlon. 

4.6.1 PETROGRAPHIC EXAMINATION 

Petrographie analysls uses microscope techmques ta determlne the concrete compOSItIOn, 

concrete quality, and the cause or causes of dlstress or deterioration. ThiS test procedure, whlch 

is standardized by ASTM C 856, was anglnally developed ta descnbe and classlfy rocks and has 

been adapted to Include hardefled cancrete, mortar, grout, Il0rtland cement, and other 

construction materials.44 The analysis IS typlcally performed on 25 mm (1 in.) dlameter specimens 

obtalned from the site by core dnlling. 

Petrographlc analysis can also be used for estlmating future durabllrty and structural safety af 

concrete elements. For example, sorne of the Items that can be evaluated bV a petrographlc 

analysis include cement paste, aggregate, minerai admlxture, and air content; trost and sulfate 

attack; alkali-aggregate reactlvlty; degree of hydratlOn and carbanatlon; water-cement ratio; 

bleedlng charactenstlcs; tire damage; scahng; pOpOlltS, and several other aspects. 31 

4.6.2 X·RAY DIFFRACTION 

ThiS method IS used ta determlne the detalled nature of the 'strength-conferring agents' including 

the presence and distribution of "rellct" cement grains, and the extent and location of carbonatlOn 
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in portland cement concrete. B The method involves x-ray examination of a paste concentrate 

made by breaking up some of the concrete. The mortar is removed from the aggregate and is 

sieved over a 150~ (NO 100) sieve and the material passlng the sleve is ground ta pass the 45~ 

(Nil 325) sieve, placed in a hOlder, and scanned on a diffractometer. Useful information for 

interpreting x-ray charts of hydrated portland cement IS found in References 32, 33 and 34. 

4.6.3 CEMENT CONTENT 

Cement content tests are valuable tor determining the cause of strength loss or pore durability 

of concrete. 3
' Cement content can be determined by ASTM C 85 and C 1084 standard methods 

or by the malelc acid or other nonstandard procedures.3S
,38 The standard method is used to 

determine the amount of calcium oXlde and soluble silica content ln the concrete by performing 

an oXlde analysls. The cement content is then computed from each component through the use 

of a mathematlcal relationship, The cement content is taken as the average of the computed 

values from each component, provided they are within one percent (or 25 kg/m~ of each other. 

When the two computed values are not within these limits, the lower value is taken as the cement 

content.' 

4.6.4 SULFATE CONTENT 

Sufficlent amounts of sulfates ln hardened cement paste can lead to sulfate attack, causing 

expansion and disruptlon of concrete. Sulfates can penetrate the concrete from exposure ta 

seawater or seawater spray, mix water, chloride-containing admixtures, or deicing salts. The 

sulfate content or sulfate attack in concrete can be Identified using chemical analyses of field 

specimens, The concrete sam pie is broken up, weighed, and dispersed in a solution of water and 

hydrochlorlc aCld. It is subsequently boiled and filtered, and methyl rad indicator is added. The 

solution IS then neutralized by addlng ammonium hydroxide, hydrochloric aCid, and baflum 

chloride. Next, the sam pie is bolled again and maintained for a period of 30 minutes, after which 

the sample is left ta stand for 12 to 24 hours. Desiccation of the sample will precipitate a mass 

of barium sulfate which IS th en weighed. The sulfate content (expressed as a percemage of 

cement content) is computed through the use of a mathematical expression relating sulfate 

content ta the mass of barium sulfate produced. If the sulfate content is in excess of three 

percent, chemlcal attack 15 hkely to occur.' 
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4.6.5 AIR CONTENT 

The amount of air voids ln hardened concrete signlficantly affects ItS permeability. hance its 

resistance to various deleterious attack mechanisms, such as freeze-thuw action, sulfate attack, 

and penetration of deicing salts. Accordingly, ACI 318-9237 has set forth minimum air content 

values for various environmental ~xposure conditions. The various types of air voids that eXlst 

in hardened cencrete Include: micropores or gel pores, capillary pores, and macropores (Figure 

4.23). The capillary pores and macropores are those most relevant ta concrete durablllty.J8 The 

micropores are those formed within the interparticle spaces in the calcium silicate hydrate and 

its total volume is considered to be too small to have an adverse effect on the durabihty of con

crete.' 

The air content and air-void system characteristics of hardened concrete can be determined by 

ASTM C 457 test procedures. There are three standard test methods which are normally 

employed to determine air void content: Linear Traverse (Rosiwal) Method, Point Count Method 

and Modified Point Count Method.' The tests typically involve microscoplc examlnation of 

concrete samples removed from the structure. The information obtained 'rom these tests also 

include the volume of entrained air, its specifie surface, paste content, and spaclng factor.3
! 
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FIGURE 4.23 - PORE SIZE DISTRIBUTION IN CONCRETE3I 
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4.7 PASSIVE MONITORING AND INSTRUMENTATION 

For any repair solution to be effective, the factor or factors causing distress or detenoration in the 

concrete must be clearly unders ood. This often Includes knowing If any cracks in the structure 

are still moving as load or temperature changes. This Information can most often be obtained by 

penodlc visual inspection or by employing passive monitoring methods. These Include devices 

such as crack momtoring devices and other movement measurement instruments. These are 

discussed below and are malnly adapted from a review of Reference 5. 

4.7.1 TELL-TALE PLATES 

This devlce IS the simplest of ail the crack mOnitors and consists of th in glass plates which are 

glued across the crack. Any subsequent crack movement will break the glass.5 Although, this 

method is easy to use, it does not provide an indication of the extent and direction of crack 

movement. A more sophistlcated Instrument IS the Avongard crack monitor which gives a direct 

reading of crack dis placement and rotation (Figure 4.24).39 The unit consists of two acrylic plates; 

one IS etched with a fine grid pattern and the other is marked with a cross-hair. The plates are 

glued on bath SI des of the crack, wlth the cross-hairs overlapping and the grid centered on the 

crack. Any movement of the crack can be measured from the position of the cross-hairs on the 

gnd.5 

4.7.2 MECHANICAL CRACK INDICATOR 

Crack movement can also be monitored and amplified (50 times) by the l'se of a mechanical 

crack indicator, shown in Figure 4.25. This device has the advantage of indicating the maximum 

range of movement occurnng dunng the monitoring period.39 

4.7.3 STRAIN GAGES 

Strain gages can be erther electrical or mechanical, and are used to monitor slow movements of 

cracks caused by load and temperature changes.5 To obtain a more detailed time history of the 

crack movement, a wide range of transducers (Unear and rotary potentiometers, and LVDTs) and 

data acquIsition systems (stnp chart recorders or computer based) are available.30
•
38 
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IleWl Y ~unl~ Pblltor 

FIGURE 4.24 - CRACK MONITOR31t 

4.7.4 ACOUSTIC EMISSION 

Acoustic emission is used to monitor and detect very small movements near cracks or voids 

within a concrete structure. These movements produce acoustic sound which can be monitored 

and recorded by sensors attached to the concrete sUiface. Once a change occurs ln the struc

ture, such as an increase in crack length, a correspond mg change in stress will create a different 

acoustic sound.5 

4.7.5 SETTLEMENT MONITORING 

If it is suspected that settlement of the structure may have caused cracking, more sophlstlcated 

devlces are available for monitoring movement of earth near or below the foundatlon. Deviees, 

such as extensometers or inclinometers, are used to monitor the movement of earth over time to 

determine if settlement is still occurring. If this problem is not corrected, further settlement will 

continue to cause cracking in the structure, which in turn will make any repalr Ineffectlve . 

190 



• 

• 

FIGURE 4.25· MECHANICAL CRACK MOVEMENT INDICATOR-

4.8 UNDERWATER ACOUSTIC INSPECTION METHODS 

The integnty of concrete structures ln seawater depends mainly on the presence of surface 

cracks, which in many cases, lead to corrosion of the reinforcement and serious deterioration to 

the concrete. Therefore, one of the concerns of underwater inspection is to detect cracks. 

Traditlonal Inspection methods can only detect damage when the corrosion process has 

developed extensive cracking which can be visually detected by divers. 

Acoustlc inspection techniques do not require divers, can be used in low-visibility conditions, and 
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can perform inspections through layers of sediment or 50ft manne growth. There are two modes 

of acoustic inspection techniques: sonar or echo sounding from the surface or by a towed under

water vehicle, or ultrasonlcs, "a local high-resolution underwater acoustlc system.·40 The side-scan 

sonar is a good method for mapplng the general conditions of large areas, such as stilling basin 

floors. 41 Ultrasonlcs is useful for determlntng concrete deterioratlon when cracking, spalhng and 

pitting has occurred. ConventlOnal ultrasonlc methods use bulk sound waves whlch are scattered 

by the aggregates in the con crete. Therefore, ultrasontC techmques that do not penetrate deeply 

into the concrete are more effective. Two such techniques are the leaky Rayleigh wave and 

acoustlc mlcroscopy methods.40
•
42

.
43 Ta apply these methods remotely, a hydrauhc mampulator 

has been developed which can be mounted on ROVs. The basIc pnncip'es governlng the 

operation of these two techniques are summanzed below. 

4.8.1 LEAKY RAYLEIGH WAVE METHOD 

This method employs Rayleigh waves for detectlng and measunng crack depth. By directing an 

ultrasonlc beam ta the concrete surface at a speclfic angle, a Rayleigh wave is generated and 

propagates along the surface of the concrete. The presence of a surface crack will affect the 

Rayleigh wave propagation and split it Into vanous components: a reflected Rayleigh wave, a 

longitudinal body wave, and a Rajlelgh wave which travels down along the crack wall (Figure 

4.26). When the wave reaches the crack root, diffraction occurs and a Rayleigh wave travels 

upward along the far side of the crack and out towards the recelver. A wave is also reflected 

dlrectly to the recelving transducer. These waves do not penetrate deeply into the structure and 

will only approximate the location and depth of the crack . 

. 0,'.0 ,..~ a, •• - t'''dO •• O,-.''~Q '(J_' 
•• '0 0 'OU, • erJ il -- - ""'{J"el. • (1 • 
O·.O·.O ••• ·D;- .\)·Q".oo·· .. o., .... 
Q·o",31.'~ •.• •• 0. .. -.- 'o~ • ~o. ... P! o~ • .:.:./:I~ ..... _oo .••.• _o:~",*I)~,() .'0: 

FIGURE 4.26 - SCHEMATIC REPRESENTATION OF A LEAKY RAYLEIGH 
WAVE MEASURING SET-UP43 
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4.8.2 ACOUSnC MICROSCOPY 

Acoustic microscopy is used in conJunction with the leaky Rayleigh wave method to determine 

the width of the crack and Ils trajectory. This involves scanning a concrete surface wllh a 

transducer which emits a highly focussed ultrasound beam (Figure 4.27). The reflected image 

which is produced is simllar to a photograph, except it is less affected by turbid water, soft manne 

growth. and loose debris in the crack. 

FIGURE 4.27 - SCHEMATIC REPRESENTATION OF AN ACOUSTIC 
MICROSCOPY MEASUREMEN~ 

ln scannlng the surface, the beam focal point is located on the concrete surface and reflected 

back agaln to the same transducer. A short pulse signal is emitted immediately after transmitting 

the beam 50 that it can use the transducer as a receiver. By scanning the surface along closely 

spaced parallellines, an image of the concrete surface can be constructed. The width and length 

of the focal point depend on the transducer diameter, curvature (focal distance), and frequency 

of the ultrasound used . 
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5.1 

CHAPTER 5 

UNDERWATER REPAIR TECHNIQUES 

INTRODUCTION 

The best quality repair of underwater concrete structures can be performed in dry conditions after 

dewatenng the structure. This can be usually accomplished by pumping the water from a steel 

sheet pile enclosure or cofferdam built around the structure, or portion of the structure being 

repalfed. However, in some cases, dewatering is impossible, expenslve and often pohtically sensi

tive. The U.S. Army Corps of Engineers reports that dewatering costs assoCiated with the repalr 

of the underwater portions of concrete hydraulic structures average approximately 40 percent of 

the total repair costs. ' ln these cases, It becomes necessary to repalr or place concrete in 

submerged conditIOns. 

Many of the techniques avallable for above-water repairs can be easily adapted for use under 

water. However, materials used for dry repairs often cannat be used under water.2 As a result, 

there has been considerable effort in the past 15 years by government agencies and specialist 

contractors toward developing effective and affordable techniques for placing concrete under 

water.3 

The major factorl.l whlch must be considered when developing an underwater repair scheme are 

summarizcd below:2 

The cast of carrying out underwater repairs is much greater than for similar repairs 

performed in dry conditions. The work carried out at the site should be as simple as 

possible. 

Surface preparation of the damaged concrete requires special techniques ta ensure that 

the repalf surface IS not contaminated before placlng the repair concrete. 

• The repair material used must be able to cure under water. 

• Special formwork and placement techniques must be considered to prevent or minimize 

mixlng between the repair concrete and water. 

The cause and extent of detenoratlon estabhshed dunng the condition evaluatlon of the structure, 

site logistics, and cast Will dlctate the method of repair. The repair technique selected must be 
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designed ta suit the specific site conditions and meet the clrent's needs and budget constralnts . 

ln sorne cases, it is necessary to perform laboratory and site tests on both repalr methods and 

materials to Identify potential problem areas. No one techmque Will be most efficient and cost 

effective for ail underwater repalr Jobs. The materlal ln thls chapter has been adapted trom a 

review ot dlfferent avallable reterences, especlally 2. 12 and 38. 

5.2 PREPARATION OF DAMAGED AREAS 

Betore a repair operation is performed, the damaged area of the structure must be cleaned ta 

allow a detalled inspection by divers or ROVs. ThiS IS necessary so that an accurate assessment 

of the damage can be made and an effective repalr program can be prepared. The lirst step ln 

the repalr Will be to remove ailloose and unsound con crete, and severely detenorated or dlstorted 

reinforcing steel. 

Rernovlng concrete and cutting reinforcing steel underwater IS more complex than performmg the 

same tasks above water. The nature of the underwater work Will often dlctate the selection 01 

cutting equipment. For example, the thermic lance (Section 52.25) IS capable of cutting 

relnforcing steel and concrete at the same tlme, whlle high-pressure water Jets can be used ta 

rem ove only concrete. 2 The followlng sections outhne the various techniques and equipment most 

commonly used tor prepanng underwater concrete surfaces for re~dlr and are adapted from 

References 2. 4 and 5. 

5.2.1 SURFACE CLEANING 

Underwater cleamng 15 often necessary to remove marine growth to facllitate the inspection and 

ta be able ta define the eXlent of damage. It 15 also required to ensure a goad bond between the 

substrate and the repalr concrete. Typlcally, the repalr concrete, type and amount of manne 

growth, and accessibility of the concrete surface serve as a gUide for selecting the J}roper clean· 

ing equipment. 6 Hand-held or mechamcal wlre brushes, needle guns or scabblrng tools are good 

far cleaning small areas whlle for large areas, a high-pressure water Jet Will be more effective. If 

the marine growth present IS hard or the concrete surface IS contamlnated wlth ail, adding an 

abraSive slurry or detergent ta the water Jet will improve the cutting ablhty of the tool.2 
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5.2.2 REMOVAL OF DAMAGED CONCRETE 

Once the area and extent of damage has been defined, the cracked and detenorated concrete 

can then be removed. The method selected must ensure that the remalning concrete and 

relnforclng steel IS not damaged. The following is a summary of techniques which can be used 

ta remove concrete and reinforclng steel. 

5.2.2.1 HIGH-PRESSURE WATER JET 

ThiS method is used extenslvely for performing underwater work. The high-pressure water tool 

uses a thln Jet of water dnven at hlgh velocitles to remove the hardened cement paste mortar. 

The system operates ln the same way as that used for cleaning concrete surfaces, except that 

water IS delivered at much hlgh~r pressures (typlcally between 5000 and 30,000 pSi).2 The diame

ter of the nOllle onfice, and the water pressure at the nOlzle determine the flow rate of the jet. 

The depth of the eut mainly depends on the number of times the water jet is passed over the 

surface of the concrete.6 The water Jet can elther be frame-mo;Jnted and automated, or portable. 

If properly used, the water Jet can be used ta eut Irregular shapes with minimal damage ta the 

remalning concrete and steel relnforcement." However, a high-pressure water jet is potentially 

dangerous as It will easlly remove bone and muscle.7
.
8 Therefore, it should be used only by 

expenenced divers or operators. 

5.2.2.2 CONCRETE SPLITTER 

The concrete splitter IS a pneumatic or hydraulic expansive device that is used to break concrete 

Into sections. Expanding cylinders are Inserted into drilled boreholes along a predetermined 

plane and pressunzed untll splitting occurs.2
•
4 The device, shawn in Figure 5.1, consists of a 

hydraulic system and a splitter. It contains a plug, feathers, cylinders, a piston, a cam man ding 

valve, and a control lever. Several splltters can be used simultaneously with one hydraulic 

system. 

The pattern. spaclng. and depth of the hales the orientation of the feathers and the number of 

splitters will determine the directIOn and eXlent of crack planes that develop. The spacing of the 

hales is determlned on the basls of the percentage of steel reinforcement present in the concrete. 

The dlameter of the hales range from 30 mm (1-3/16 in.) to 45 mm (1-0/. in.) and minimum hale 

depths range from 300 mm (12 in.) ta 660 mm (26 in.), depending on the type of splitter used.4 
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PLUG AND FEATHERS COMMANDING VALVE 

FIGURE 5.1 - CUTAWAY VIEW OF A TYPICAL HYDRAULIC SPLIITER4 

The advantage of using the concrete splitter is that it can be used to pre-split large sections of 

con crete for removal. The splitter IS safe to use and limited sklll is required by the operator or 

diver. The main disadvantage IS that the depth to which it can remove concrete from mass 

structures IS hmited. Also, secondary methods of removal are often reqUired to complete the 

work4 

5.2.2.3 EXPANSIVE AGENT 

Recent developments have demonstrated that removlng concrete with expansive agents can be 

less costly and as effective as using the concrete splitter. The agent (or cement) is mlxed to a 

slurry form with water and poured into plastic bags. The bags are then placed mto pre-dnlled 

boreholes within the concrete by divers. As the slurry solidifies and expands, it prodJces tenslle 

stresses (as much as 30 MPa) that generally exceed the tenslle strength of concrete. Cracking 

of the concrete will begin to propagate out from the hole over the next 12 to 24 hour penod and 

may continue for a couple of days before stopplng. Secondary means of breaklng the concrete 

are also usually required wlth this method to complete the removal. 

Expansive cements are relatively safe to use and reqUire hmited Installation skills. When the 

boreholes are located in areas exposed to ambient temperatures, the agent may freeze (during 

cold weather) or overheat (dunng summer months), causing it to loose its effectiveness. Its main 
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disadvantage IS it could take a couple of days bAfore pre-splitting becomes optimum.4 

5.2.2.4 HIGH-PRESSURE CARBON DIOXIDE BLASTER (CARDOX SYSTEM) 

The carbon dloxide blaster is a blastlng devlce whleh uses pressunzed carbon dloxlde gas to 

breakup large masses of matenal. It was flrst used in 1930 for breaking coal, and has since been 

reportedly used for breaklng concrete, rock, and stone. The blasting device conslsts of a 

reusable cartndge, sWlteh, electneal cable and power supply. The cartndge, shown ln Figure 5.2, 

is a hollow steel tube eontalOing pressunzed carbon dloxide and is fitted with a firing head 

screwed on at one end and a discharge head screwed on at the other end. The cartndges are 

placed and caulked firmly Into pre-drilled holes at predetermined spacings. The cartridges are 

then electrically detonated, produclng a mild explosion which breaks the concrete apart. The 

explosion causes mlnor damage to the remaining concrete.2
.
4 

The dlameter of the boreholes range between 55 mm (2-v. in.) and 75 mm (3 in.), and are drilled 

approxlmately 3 mm (1/. In.) larger than the size of the cartridge being used. Only one cartridge 

per hole IS recommended. Since the technique is potentially hazardous, highly skilled personnel 

are reqUired for blast design and executlon of blast deslgn.4 

DISCHARGE HEAD 

FIGURE 5.2 - CUTAWAY VIEW OF THE CARDOX SYSTEM2 

5.2.2.5 THERMAl. LANCE 

The thermal lance is the slmplest and most commonly used method of cutting. It uses intense 

heat generated by the reaction between oxygen and mild steel rods to cut through concrete. The 
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system consists of a long steel tube ~lIled with mild steel rods, a flexible pressure hose, an oxygen 

supply, and an acetylene or propane supply tank. Oxygen IS forced through the tube and Ignlted 

by the oxygen-acetylene or propane flame. The resultlng reactlon creates temperatures up to 

3500°C, whlch allows the tlp of the lance to melt the concrete or relnforclng steel. The resultlng 

eut is approximately 40 to 50 mm (1-1/2 to 2 ln.) wlde and advances at an apprQ)umate rate of 215 

mm2/sec (0.33 in2/slic). The higher the percentage of steel relnforcement ln the concrete, the 

faster the cutting rate. 2 
4 Underwater cutting rates decrease sharply wlth Increaslng water deplh 

and are usually limited to relatlvely shallow depths (60 m maximum) 2 

5.2.2.6 MECHANICAL CUTTING 

Mechanical cutting tools for underwater work have been used extenslvely for many years. Of the 

many underwater mechanical cutting tools available, the ones most often used are the hydrau

lically powered dlamond tipped rotary abraSive saw and chlpplng hammer. The rotary abraSive 

saw is consldered the most useful because it can cut concrete and relnforclng steel slmul

taneously. However, this type of cutting toolls relatlvely slow and can only be used to eut to a 

limited depth, depending on the saw blade diameter.2 The chipplng hammer IS very useful for 

removing detenorated concrete coyer to expose steel relnforcement that IS ta be reused in the 

repalr. Other underwater cutting tools include hydrauhcally-operated drills used for dnlling small 

diameter holes or taking concrete cores. Conventlonal pneumatic breakers and saws are limited 

to water depths of about 6 to 9 m (20 ta 30 ft.). However, recent developments uSlng a ·closed 

hydraulic system" have been successfully employed to greater depths. Diver-operated chlpplng 

hammers uSlng an oil compression system are not depth senSItive and can be used to a depth 

of about 6100 m (20,000 ft.).5 

5.2.3 CUTTING OF REIN FORCEMENT 

Reinforclng steel which IS badly corroded or damaged must be removed and replaced before 

applying the repair concrete. This Will require the use of underwater steel cutting techniques. 

Many underwater steel cutting methods have been used in the past and are slmllar to those used 

on land. Selection of the actual method used depends on how deep the work IS, and on the 

available equipment and fuel (or power).5 Ali of the known thermal cutting processes and their 

advantages are hsted in Tables 5.1 and 5.2, respectlvely. 

The methods most commonly used for cutting steel reinforcement under water are oxy-fuel 
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(acetylene or hydrogen), oxy-arc, or mechanical cutting. Oxy-arc is the most widely used under

water cutting technique with O)(y-fuel cutting being used only in special applications. New 

techniques have also been used, either on an experimental basls or for performing actual 

underwater cutting work. Underwater oxygen cutting requires prlor removal of heavy manne 

growth, scale and surface rust. 5 

TABLE 5.1 - THERMAL PROCESSES USED FOR UNDERWATER CUTTING5 

Oxy-Fuel Gas Cutting Processes 
Oxy-acetylene 
Oxy-gasoline 
Oxy-natural gas 
Oxy-naptha 
Oxygen-MAPP· gas 

Electric Cutting Processes 
Air-carbon arc 
Bare-metal arc 
Carbon arc 
Gas-metal arc 
Metal arc 
Oxygen arc 
Plasma arc 
Shlelded-metal arc 

Other Cutting Processes 
LiqUid oxidizer-liquld fuel (chlorine trifluoride-hydrazine)b 
Oxygen lance 
Pyrotechnlc torch 

~rad. design.tlon of Dow Chemical Company 
bExperimental use only 

5.2.3.1 OXY-FUEL GAS CUTTING 

These underwater oxygen cutting techniques use intense heat to melt the steel being cut by a 

process known as "burning".2 The steells preheated ta its melting temperature and then a high

velocity stream of oxygen is directed at the preheated metal ta produce the cut. The cut is 

produced as a result of a chemical reactlon between iron and oxygen. The molten metal is blown 

away by the oxygen stream. 

The gases used for underwater cutting with oxy-fuel techniques are the same as those used in 

air (acetylene and hydrogen). However, due to the instability of acetylene at pressures over about 
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103 kPa (15 pS;), it is not used at depths greater than approxlmately 10 m (32.8 h.). Therefore • 

only hydrogen is generally used for underwater cutting. Stabilized methyl-acetylene propadiene 

(MAPP), has been used to a hmited extent. Propane and natural gas have also been used for 

underwater cutting, but are not as effective. Oxygen-fuel gas techniques are generally used when 

eleetric currents, produeed by the oxy-arc system, can cause electrolysis, spark formation, or 

electrocution.5 A typieal gas cutting torch tlp IS shown in Figure 5.3. 

TABLE 5.2 - ADVANTAGES OF VARIOUS CUTTING PROCESSES5 

Oxygen-Arc Process, Tubular Steel Cutting Electrodes 
Preheating is not required 
Flame adjustments are unnecessary 
Applicable to ail metal thlcknesses 
Overlapped plates can be cut 
Only one gas (oxygen) IS needed 
Torches are lightwelght 
Less training and skill are requlred 
Higher cutting rates on thin metal 

Oxygen-Arc Process, Ceramic Cutting Electrodes 
Low burnoff rate, long life 
Short length provides easler access in confined spaces 
Light welght improves transportability 

Shielded Metal-Arc Process 
Preheatlng is not required 
Cuts ferrous and nonferrous metals 
Fuel gases and oxygen are not required 
Standard electrode holders can be used in an emergency if properly adapted 

Oxy-Hydrogen Process 
Electricrty IS not required for cutting 
Nonmetallic matenals can be severed 
Insulated divlng equipment IS unnecessary 
Power generators are not requrred 
There are no ground connections 
Higher cutting rates on thick metal 

Oxy-~cetylene 
High-flame temperature 
Electricrty IS not requlred for cutting 
Insulated diving equipment IS unnecessary 
Power generators are not required 
Nonmetallic materials can be severed 

Plasma-Arc 
Potentlally high cutting rates 
Fuel gases and oxygen are not required 
Cuts ferrous and nonferrous materials 
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TABLE 5.2 - ADVANTAGES OF VARIOUS CUTTING PROCESSES5 (Continued) 

Pyrotechnics 
High cutting rate 
Cuts ferrous and nonferrous metals 
Fuel gases and oxygen are not required 

Explosives 

5.2.3.2 

Multiple cuts c.an be made slmultaneously 
High cutting rates 
Fuel gases and oxygen are not required 
Electncrty IS not reqUired 

OXY-ARC CUTTING 

Oxygen-arc cutting is simllar to oxyge'n-fuel gas cutting except that an electric arc is used to 

preheat the steel instead of oxy-fuel gas flames. A high velo city stream of oxygen is forced 

through an electrode to jet away the molten metal. Underwater oxy-arc cutting can cut steel 

thlcknesses ranglng from sheet gages to about 75 mm (3 in.).5 

CUTTING OXYGEN 

FIGURE 5.3 - TYPICAL UNDERWATER GAS CUTIlNG TORCH Tlp5 
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Steel tubular electrodes, ceramic tubular electrodes, and carbon-graphite electrodes have ail been 

used for underwater cutting. The steel tubular electrode was speclfically developed for under

water cutting and is the most commonly used electrode. The main dlsadvantages of uSlng steel 

electrodes are Its short IIfe and narrow "kert". The narrow kert makes It difficult for the diver to 

look for incomplete cuts. These limitations can be overcome by uSlng ceramlc tubular electrode&, 

but these are brittle and expensive. Carbon-graphite electrodes are also bnttle.:I A typical thermlc 

cutting torch and steel tubular electrode are shown ln Figure 5.4. 

7 RODS-

o 
UL TRATHERMIC ELECTRODE 

350 mm 

FLUX COVERING 1 
cg i'"g Il 

STEEL TUBE • 

r WATERPROOFING r 

'ss ! 1 ;c" 

STEEL TUBU~R ELECTRODE 

FIGURE 5.4 - UNDERWATER THERMIC CUTTING TORCH AND OXY-ARC 
CUTTING ELECTRODES9 
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5.2.3.3 SHIELDED METAL-ARC CUnlNG 

Shielded metal-arc cutting is similar to oxy-arc cutting and can be done with virtualty any klnd of 

mild steel welding electrode provlded It is properly waterproofed. However, cutting rates wrth the 

shlelded metal-arc system are much lower than those attainable wlth oxy-arc cutting. The 

shielded metal-arc system IS especlally effective for cutting cast Iron and nonferrous materials.5 

5.2.3.4 MECHANICAL CUTTING 

Mechanical cutting methods are usually employed wh en only a limited number of smalt diameter 

reinforcing bars need to be eut. The most commonly used machines are usually hydraulically

operated diamond-tlpped rotary saws. Hand-operated tools, such as boit croppers, have also 

been used.2 

5.3 PATCH REPAIR 

Before carrying out repairs, the causes of the damage or detenoration must be clearly Identified. 

ln the case of spalled con crete it is important to distinguish between damage caused by scouring 

or impact, and that caused by corrosion of embedded reinforcement. Each type of damage will 

require a dlfferent type of repalr procedure. Therefore, once the cause of damage has been 

determlned, the appropriate repair method can be chosen.2 

The repalr can be achieved by the use of either portland cement or resin-based materials. Thelr 

selection depends on the intended purpose of the repair, since they protect concrete in different 

ways. For Instance, cement-based materials provide an alkahne envlronment for the reinforcing 

steel which prevents or delays corrOSion, white resin-based matenals prevent the ingress of 

oxygen and moisture. The selected materlal should closely match the mechanical propertles of 

the substrate. Although this implies that, using cement-based materials may be more appropriate, 

resins are more suitable for underwater repairs.2 The following sections describe the surface 

preparation requirements and the general charactenstics of these two types of repairs. 

5.3.1 SURFACE PREPARATION 

Preparing thé substrate surface is probably the single most important factor for a successful 

repair. Applying a sound patch to an unsound surface willlead to failure of the repair, because 
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the patch will spall away by removlng some of the unsound matenal. Therefore, the first stop 

must be to thorought)I rem ove the unsound or contaminated concrete. The penmeter of the 

deteriorated concrete area should be saw-cut to a depth ranglng from about 6 to 25 mm ('/~ ta 

1 in.) to provide a neat edge. The eut should be normal to the surface or slightly undercut, for 

a depth of a least 10 mm W. in.) as shawn ln Figure 5.5. Feathered edges are not desirable and 

should be avoided as much as possible. Depending upon the depth of detenoratlon, It is usually 

preferable to expose the full penmeter of the relnforclng steel because It provides a good 

mechanical anchorage for the patch repalr. 9 

(01 Incorr.clly Inslolled POICh The leotherld edOis will break down 
unCllr troff,t or .0,11 weOlher 011 

lb) Correclly ,nslolled palch The ch'pped orla snould bl 01 11011 li. ,n 
deep ,,"h Ihe edges ot rognt ongles or undercut ID Ihe surface 

FIGURE 5.5 - PATCH INSTAlLATION34 

Once ail the unsound concrete is removed, the surface must be given a final treatment prlor to 

performing the repair. Any reinforcing which IS removed must be replaced with new pieces, either 

spliced wlth couplers or lapped with existing bars. If reinforcing bars are not available for 

anchorage, It is otten deslrable to install dowels dnlled and grouted into the surrounding 

concrete.2 Alternatively, metal fixings can be fired Into the concrete with a velocity-powered 

underwater stud driver (Figure 5.6). As a final step, the concrete surface and reinforcing steel 

should be flushed with clean water to remove any dirt, grease, rust or manne growth which may 

reduce the bond strength of the patch. 

5.3.2 CEMENT·BASED MORTARS 

Conventional cementitious mortars are susceptible to washing out of fines when they are 

immersed in water. To prevent this from occurring, special admixtures have been developed 
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which improve the coheslVeness of the mortar and reslst cement washout. Several proprietary 

grouts have also been developed, based on 'special cementltious cements and sands with 

thlxotropic and adheslVe additives',2 which resist washout when they are poured through water. 

The mixes are formulated to be self-Ievelling and can normally be used ln thicknesses of 19 mm 

(0/ .. in.) to 150 mm (6 ln.). For vertical surfaces, the mortar is poured through water or pumped 

to fill formwork as shown ln Figure 5.7. 

Slr"nlllh ,,1 Dri\l~" Snl,rt Siulh ln 
Slruclu,~1 SI~~I PI.,le 

~"'"I''' "\/ ... rJII~ pull oui slrC,,~lh 
'1. J 000 \ 
\~. J 500 Ih. 
'l,· 4,000 lb. 

Io4Y nn <hlll , 

EJ +sL- , ,- .. 
Ilv 110 "l'''' nl.,'~ ~ 

1/4' 10 1 • 'ntl 

T ypr r. hnllnw .,,,rI 
[ll[]l C'I D 

H"I~p""c" 1 ~nlpfl",,~ 

l::Iltt:::..... \4 "'ilx ~ 

~" ,,1 1'1,,'(' ..... '0 y,' ,;;-

~1r""lIlh nf 0"",," Sohd Siuli. in 
SI,uclu,al Slur Plaie 

nl.,le Ih,cknl'\\ A,cr,,!!!! pull oui sirenilh 
~ Il 0(011)\ 
'l," 14000 Ih. 
'l'o. 16000 Ib\ 
y,. 19000 Ib\ 
'",. 22000 lbs 
1" 26 ()OOI~ 

1'/0' 29.000 Ib\ 

FIGURE 5.6 - VELOCITY·POWERED TOOL PROJECTILES!! 
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FIGURE 5.7 -TYPICAL FORMWORK DETAIL FOR UNDERWATER REPAIR: 
(a) PUMPING SHUTTER; (b) BIRD'S MOUTH SHUTIER2 

Ouick-setting (hydraulic) cements are also sUltable for repairing sm ail vertical spalls or voids. 7 A 

hydraulic cement is a singie-component material that can cure under water because of the 

interaction of water and the constltuents in the cement. Admixtures can be added ta the 

hydraulic cement for obtaining speciflc performance requirements (i.e., slow or qUlck-setting).9 

Ouick-setting cement is prepared ln small quantities and elther hand placed or tool smeared by 

the diver. Quick-setting cement can attaln a compressive strength of up ta 41 MPa (6000 pSI) and 

bond reasonably weil to the eXlstlng concrete provlded the substrate has been properly 

prepared. 7 

5.3.3 RESIN-BASED MORTARS 

Conventional epoxy or polyester resin mortars are unsuitable for underwater use. However, with 
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the use of special currng agents, repair mortars have been developed that are insensitive to water 

and are capable of currng under water. 10 Epoxy compounds are 100 percent reactive, two or 

t .... ;ee component thermosetting polymers, generally formed by mlxing an epoxy resln and a 

hardenlng agent (sometlmes referred to as a catalyst). Sometlmes an oven-dried aggregate IS 

added to the mixture to alter the performance characterrstlcs.9 ln some cases, heavy aggregates, 

such as barytes are added to the resln 50 that water can be dlsplaced more effectlvely when the 

mortar IS poured into the formwork. 2 

Thelr good adheslon to concrete, bond durabihty, and variable cure characterrstics over a wlde 

temperature range make them very versatile and ideal for patchlng sm ail spalls or voids ln 

concrete under water. Epoxles can be chemlcally formulated to suit the speclfic construction 

requirements rn terms of performance and environmental condltions,11 but must meet the 

requlrements of ASTM C 881. 

The versatlhty of epoxy formulation is described by Mendis 10 and is shown by the wide range of 

pro pert les which can be attalned: 

• Physlcal propertles: 

• Rate of cure: 

• Temperature cure: 

• Water Insensltlvity: 

• Chemical resistance: 

Handling versatility: 

Low to hlgh modulus 

Instantaneous to very long or moderately long cure 

times. 

Cure varies from very low to hlgh temperatures. 

Ability to cure under moist conditions or under water. 

Is resistant to solvents, alcohols, ketone, alkalies, bases, 

organic acids, and inorganic acids. 

Low to high viscosities or of gel consistency. 

Epoxy mortar compounds must be mlxed immedlately prror to use. Correct proportioning and 

thorough mixing is essential for a good performance repair. Most epoxy mortar repair failures are 

due to incorrect proportloning or inadequate mlxlng.2 Thorough mixing can be usually accom

pli shed by the use of mechantcal mixing devlces, such as drrll motor paddle mixers. If the epoxy 

mortar constltuents are of drfferent colors, streaking ln the mixture will indicate that mixing is not 

complete, and should continue until a unlform color 15 achieved. 12 

Epoxles cure by chemlcal reactlon whlch begins Immedlately after the constituents are mixed. 

The rate of currng or pot hfe of the mixture depends on temperature and time. Pot life is the 
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amount of time after mlxlng for whlch the epoxy mortar can be used before It beglns to set. In 

general, the pot IIfe decreases wlth increaslng amblent temperature. The normal operatlng 

temperature range for most commerclally avallable compounds IS between 4°C (40°F) and 32°C 

(90°F). When the concrete or amblent temperature IS outslde thls range, It may be dlfflcult ta 

apply and cure the mixture. In these cases, the constltuents can be preheated or cooled ta a 

sUltable temperature to ensure effective and adequate cunng of the epoxy.1" The water tempera

ture ln which the repair will be made must also be consldered bec au se It IS usually much colder 

th an the amblent temperature and may affect the cunng process 

Surface preparation and the patch work should be performed ln accordance wlth the applicable 

requirements of ACI Commlttee 50313 and the manufacturer's recommendatlOns The proper 

safety procedures for the use of epoxles should be followed and should be ln accordance wlth 

the reqUirements of the Federation of Resln Formulators and Apphcators 14 

5.4 CRACK INJECTION 

LaboratoryI5,'6 and field studles '2
.
17 have demonstrated that pressure Injection is a Viable and cast 

effective method for restoring the structural integnty of cracked concrete, provlded that the crack 

is dormant (non-movlng) and properly cleaned. Pressure Injection has been slJccessfully used 

for repamng cracks ln bndge substructures, rlams, 1819 10cks,"O wharves,21 plles,22 and other types 

of concrete structures. InJection, whose use dates back several centunes,23 involves InJecting a 

sealant liquid that eventually hardens ln the crack. The matenals currently used for crack InJection 

are elther cement-based or epoxles, dependlng upon the wldth of the crack and thelr Intended 

functlon once hardened.24 

A general range of crack widths that can be treated by epoxy InJection IS between 0.05 mm (0.002 

in.) to 6 mm (1/4 in.). Narrow cracks (0.05 mm/O. 002 ln to 1 25 mm/O.OS in.) require a 10W-VISCOSlty 

epoxy with a rapld cure tlme. A higher VISCOSlty epoxy can be used ta repair wlder cracks but 

it should have a longer gel tlme ta avold excessive bUlldup of heat. Tao much heat can cause 

excessive expansion, resulting ln cracking when the epoxy cools. 12 Cementltlous grouts are 

suitable for cracks wlder th an 6 mm (114 ln.). However, due ta the nsk of washout of cement, 

epoxy IS usually preferred. In these cases, a fine aggregate IS added to the epoxy ta provlde a 

more substantlal filler material and ta reduce materlal cost. 7 

Experimental work has shawn that penetration of epoxy adheslve into cracks is affected by crack 
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geometry,24 temperature, viscosity, pot lite, and to a lesser degree, injection pressure.25 For 

instance, low viscositles, ln the range of 100 ta 1000 cp, and a pot hfe greater than four hours, 

are typical of high penetration epoxies. Viscoslty must be such that back pressure IS less than 

about 700 kPa (102 pSI) to prevent the concrete from cracking. Gel time must be long enough 

so that it does not affect the VISCOSIty drastically. A rapld increase ln VISCOSity may cause difficulty 

dunng injection. 11 

Epoxles with a high modulus (high bonding strength and low elongation characteristics) are 

generally sultable for Injecting cracks which are stable. Low mOdulus, stress-relieving epoxles 

(Iower bond strength and high elongation characteristics) are used for injecting moving cracks. 

ln both cases, the material prevents water trom penetrating into the crack. A typical range of 

desirable epoxy resin properties are glven by Mendis10 and Bean12 and are included in Appendix 

K. 

5.4.1 INJECTION TECHNIQUE 

The inJection procedure generally consists of drilling holes at close intervals along the crack, 

installing entry ports, sealing the crack between the ports, and injecting the epoxy or grout under 

pressure. The injection usually begins by pumping the epoxy resin into the lowest port of vertical 

or inclined cracks, and the port at one of the ends of a horizontal crack. The pumping continues 

until a good flow of epoxy emerges from the next higher or adjacent port. The first port is then 

plugged, usually with wooden dowels, and Injection contmues into the adjacent port and sa on. 

ln sorne cases, where drainlng the water from the crack is not necessary, injection can be started 

at the port in the widest crack because Il is easier to fill a narrow crack from a wider portion of 

the crack rather than vice versa.2tI A typical crack Injection system is shown in Figure 5.8. 

5.4.2 INJECTION PORT INSTALLATION 

The most common method of installing entry ports involves inserting fittings into drilled hales. The 

fittings are usually surface mounted, however, in sorne cases can be socket mounted 

(recessed).2tI The hales are either drilled directly into the crack or at an angle to intercept the 

crack. The inJection ports can be bonded Into the hales with quick-setting epoxy resin ta prevent 

them from being ejected during pressure injection. The ports should be strong enough ta allow 

the epoxy to be Injected into the cracks, such as one-way pipe nipples, tire valve stems, and 

copper tubing 12 or patented packers.27 Ports fabricated from cutting nylon tubing have also been 
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used extensively for underwater injection work. Other methods frequently used ta provide entry 

ports include bonding a fitting (with a hat-like cross section and a hale in the top) flush with the 

concrete face over the crack, or omitting the epoxy seal from a smaillength of the crack. The 

latter can be used with special gasket devices that caver the unsealed portion of the crack and 

allowepoxy Injection directly into the crack.28 
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FIGURE 5.8 - TYPICAL CRACK INJECTION SYSTEM2 

5.4.3 PORT HOlE DIAMETER AND SPACING 

Injection holes for most jobs are 13 mm (% in.) or 16 mm (% in.) in diameter. For massive 

structures, 22 mm (7~ in.) and 25 mm (1 ln.' diameter hales are drilled ta intercept the crack al 

several locations.28 The depth of the hale into or at the intersection of the crack can vary from 

a minimum of 50 mm (2 in.) to 300 mm (12 in.) for thicker concrete sections. v 

Drill hale spacing depends on crack width and ciepth. 12 Injection holes are normally spaced from 
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100 mm (4 ln.) ta 300 mm (12 in.) apart.2 ln some cases, hales can be spaced as much as 1.5 

m (5 ft.) apart. In general, if cracks are less than 0.125 mm (0.005 in.) wide, injection port spacing 

should nct be more than 150 mm (6 ln.). For cracks in members less than 610 mm (2 ft.) in 

thickness, ports should not be spaced more than the thickness of the member. For cracks that 

are greater than 610 mm (2 ft.) in depth, Intermediate ports should be installed ta monitor grout 

flow,12 and ta ensure full depth penetration as shawn in Figure 5.9 . 

. . 

FOR 0 < IlOO mm 

lNJECTlON PORTS 

FIGURE 5.9 - INJECTION AND INTERMEDIATE PORTS FOR MONITORING GROUT FLOW12 

5.4.4 CRACK SEALING AND CLEANING 

After ail the injection ports have been installed, the crack lengths between the entry polms should 

be sealed ta prevent the epoxy from running out of the crack during injection. The material often 
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used for sealing cracks ln underwater concrete structures is a thixotropic epoxy paste. The epoxy 

should have adequate bond strength to withstand Injection pressures. A U.S. Engineer Army 

Waterways Expenment Station (WES) laboratory report12 recommends that a sealant be capable 

of containing the epoxy resin at an injection pressure of about 690 kPa (100 pSI) for up to 10 

minutes. 

Prior to Injecting the epoxy resin, thorough cleamng of the crack is essentlal. The method of 

cleanlng is dependent on the size of the crack and the nature of the contaminants. 29 ln most 

cases, the crack is flushed with a high-pressure stralght-nozzle water let to remove internai 

contaminants (such as grease or marine growth) whlch can prevent epoxy penetration or Inhiblt 

the bonding of the faces of the crack. If necessary, water blasting can be comblned with wlre 

brushing, routlng, or the use of plcks or similar tools. 12 The bondlng characteristlcs of the 

substrate can also be improved by mixing a bio-degradable alkaline based detergent or speclally 

formulated chemlcals wlth the blast water.20 

5.4.5 INJECTION EQUIPMENT 

There are three types of equipment used for epoxy injection of cracks: a hand caulking gun, a 

pressure pot, and a dlspenslng machine. 12 Wlth the hand caulking gun and the pressure pot the 

epoxy resin and hardener components must be mixed manually, whereas the dispensir,g machine 

mixes the components in the system immediately prior ta injection. Although the resin compo

nents can be mixed manually with graduated beakers, mlxing paddles, and power drills, the best 

method of mixing is do ne with dispensing machines. Ali of these injection systems are deslgned 

for low-pressure injection applications. A good revlew of these three methods Is provided ln 

Reference 12 with the salient points summanzed below. 

5.4.5.1 HAND CAULKING GUNS 

Caulking guns are usually employed for small jobs involving low-pressure grouting operations. 

The standard caulking gun consists of a 325 ml (1/12-gal.) caulking tube wllh a 75 mm (3 in.) 

tapered plastic nozzle. The epoxy compound mixture is poured into the caulking tube, the cap 

is placed into the tube, and the cartridge IS then inserted into the gun. About 3 mm (~ in.) to 6 

mm (V4 in.) of the tip of the plastic nozzle is eut off and the aluminum seal is pierced. The epoxy 

resin should be pushed to the tip of the nozzle ta force out the air at the top of the cartridge . 
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The grouting operation should be started as soon as possible to prevent the epoxy resin from 

gelling ln the cartndge. The tip of the plastic nozzle is insertec! into the entry port and the epoxy 

is inJected by squeezing the trigger. Flow of the epoxy can be monitored by watchlng for the 

movement of air bubbles ln the clear plastic nozzle. If the epoxy-resln mixture in the cartridge 

starts to generate heat, the pot IIfe IS about to be reached and grouting should stop untll a new 

cartndge 15 prepared. When the groutlng stops, the caulking gun should be cleaned wrth solvent, 

if necessary. 

The Injection operation can be faclhtated and expedited by uSlng pneumatic-powered hand 

caulklng guns. The Injection procedure is identical to that with a hand-powered caulking gun 

except that hydraullcs are used ta dehver the epoxy into the cracks instead of the hand trigger. 

5.4.5.2 PRESSURE POT 

The pressure pot apparatus is slmllar ta equipment used for spraying paint, and USf;;S an 8 liter 

(2·gal.) pressure pot as the reservoir for the freshly mixed epoxy-resin, which is poured into a 2 

liter (%-gal.) plastic container, which is then placed in the pressure tank. A flexible rubber feed 

line is attached to the inslde of the outlet port on the lid of the tank extending to the bottom of 

the reservoir and the IId IS secured and pressurized. Once the tank is pressurized, the epoxy 

injection hase can be used to grout the cracks. 

The pot uses either compressed air or an inert gas to provide the operating pressure (690 

kPa/100 pSI minimum). Ta minimize pressure losses in the system, the injection hose is usually 

not very long (Iess than 3.3 m/10 ft.), and therefore it must be placed near the injection ports. 

For this reason, the pressure pot has seen limlted use for underwater applications. The pressure 

pot should be flushed at the end of each days' work, or any tlme the injection work is stopped 

longer than the pot hfe of the mixture. Flushing could be done with methylethyl ketone, toluene, 

or any other recommended solvent. 

5.4.5.3 DISPENSING MACHINES 

Using epoxy dispenslng machines is the quickest and easiest method of injecting cracks. With 

this method, the epoxy compound is mixed as it is needed, th us, eliminating any concern about 

pot IIfe. Sevèral types of propnetary dlspensing machines are available which pump the proper 

proportions of epoxy resln and hardener ta a special intermixing nozzle near the injection port . 
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Pneumatically-operated, variable ratio dis pensers are most widely used for crack Injection 

operations. For this system, the epoxy resin and hardeOing agent are placed in separate 

canisters and the desired pumplng ratio is set. Each component IS then pumped by the 

proportioning pump ta the mixing nozzle by a remote control sWltch which IS attached ta the feed 

lines. This allows a diver ta operate the pump as needed while inJecting the epoxy IntO the ports. 

Epoxy injection continues until one or bath canlsters are empty. When thls occurs, fresh matenals 

are added ta the proper canisters and InjectIOn can proceed. If Injection IS stopped for any 

penod longer than the pot IIfe of the material, the complete system must be flushed wlth a solve nt. 

The system should be also flushed out with compressed air ta ensure that any remalning solvent 

is removed. 

To ensure the dispensing machine is delivering the correct mlx volumes, two control devices are 

provided: the ratio check device and the pressure check devlce. The ratio check device is 

connected to the dlspensing machine and bath adhesives are pumped simultaneously through 

the device during the same time interval Into separate calibrated containers. The amounts 

pumped are compared ta determlne If the volume ratio is correct. Adjustments should be made 

if the amounts pumped vary more than two percent. The pressure check device ensures that the 

proportions are not changing due ta leakage or seepage. The devlce is connected ta the mixlng 

head and the pressure drop IS mOOitored once the pump is stopped. If the pressure drops more 

th an 140 kPa (20 psi) in three minutes, grouting should stop until the problem is corrected. 

5.5 LARGE VOLUME REPAIRS 

Occasionally, large volumes of concrete are required ta be placed under water, for example, ta 

repair eresion damage ta dam stllling basins, navigatIOn lock floors, spalled seawalls, or simply 

ta protect foundations against scour damage. Underwater concrete placement IS often carned 

out under conditIOns which adversely affect the characteristlcs of the fresh mlx. The quality and 

resulting durabllity (compressive strength. bond, permeability, etc.) of the concrete will depend 

on the composition of the mix and the method by whlch It IS deposrted. JO 

The major concern in placing conventlonal concrete under water is the washing out of cement 

fines and sands as the fresh mlx moves through the surrounding water, resuhing in a higher 

water-cement ratio.31 Therefore it is, therefore, essential ta produce a mix which is coheslVe 

enough not ta segregate, but adequately workable sa that it can consolidate under its own weight 

without the need for compaction.32 
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The resultant demand for higher quality underwater repalrs, due mainly to the high cost and 

technlcal dlfficulty usually associated with dewatr -lng, prompted considerable research into 

developing concrete mixtures and techniques surtable for underwater repair work. The following 

sections provide a summary of the existlng and recently developed techniques for repairing 

concrete structures under water. 

5.5.1 UNDERWATER CONCRETE MIX DESIGN 

ln many respects, the mix design for undelWater repair concrete is normally designed using the 

same rules and recommendatlons as would be used for repairing concrete in dry conditions.2
•
33 

However, depending on the nature of the repair work and the available resources, certain 

modifications may be required, as described below. 

5.5.1.1 CEMENT 

Different types of portland cement are manufactured ta meet various physical and chemical 

requirements of specific environments ta which it will be exposed.34 American Society of lesting 

and Materials (ASTM C150) lists eight types of portland cement, of which Type Il (Type 20: 

moderate sulfate resistance) is usuallv recommended for underwater concrete. In cases where 

sulfate exposure is more severe, Type V (Type 50) cement is usually more suitable. 

To reduce the effects of washout and maintain a sufficiently low water-cement ratio, a relatively 

hlgh cement content is needed. A review of the literature7
,32,35,38,37 indicates that a cement content 

of approximately 350 to 415 kg/m3 (590 ta 700 Ib/yd3
) of concrete will be suitable for most 

undelWater concreting applications. For such rich mixtures, water-reducing admixtures are 

required to produce a highly flowable con crete wh Ile maintaining a low water-cement ratio. For 

large repairs, a portion of the cement content (up ta 15 percent) is sometimes replaced by 

pozzolans, such as fly ash or sUica fume, to reduce the heat of hydration usually associated with 

rich mixtures. Addition rates in excess of 15 percent can significantly reduce the workability of 

the concrete and decrease the strength gain.38 Lean mixes of less than 330 kg/m3 (556Ib/yd~ 

are hlghly susceptible ta cement washout and will probably not be suitable for underwater 

applications.2 

The most sUltable cement content used ln a mix design should be determined by trial mixes 

performed at the site, and williargely depend upon the particular application (large volume or th in 
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lift) and the method (tremie or pump) used for depositing the concrete.JO For large reinforced 

concrete repairs, where concrete is placed by bottom skip or toggle bag (Section 5.5.2), mixes 

are not usually designed. Instead, a corn mon approach IS to use existlng mlx proportions, known 

ta give the desired compressive strength at the workablhty normally used in the dry, and slightly 

oversanding the mlx and increasing the cement contem by approxlmately 25 percent. This results 

in a coheslVeness and workable mlx which d"es not require compaetion and resists loss of 

cement by washout.33 

5.5.1.2 AGGREGATES 

Ta produce a flowable, self-Ievelling concrete, while maintaining a low water-eement ratio, the use 

of well-graded rounded aggregate is generally recommended. Properly washed manne dredged 

aggregates and round river gravels will be most suitable.2 The maximum aggregate size is 

particularly dependent on the method of placlng the concrete. Pumped concrete, for instance, 

will require a finer partie le slze than tremie-poured concrete. JO For large unreinforced repairs a 

40 mm (1-% in.) aggregate size is usually recommended, whlle for reinforced placements a 

maximum aggregate size of 19 mm (0/4 ln.) should be used.32 

Research by Gerwick39 has shawn that a high sand/gravel ratio is beneficial ta the concrete mix 

with regard to segregation and washout. Accordingly, Gerwick recommends the use of 42 to 45 

percent (by weight) of sand ta the total quantity of aggregate. To obtain a cohesive mix, a sand 

gradation without the finest particle slze should not be used. If such a sand is used, the addition 

of fine material, such as fly ash, should be used.30 

5.5.1.3 MIXING WATER 

Fresh, potable water is always an essential Ingredient for producing good quality concrete. This 

is especially important in reinforced concrete where certain contaminants in the water (i.e., 

chlorides, sulfates, etc.) not only can affect concrete strength, but also cause corrosion of the 

reinforcing steel. However, sorne waters that are not fit for dnnklng may also be suitable for 

concrete.34 Acceptable criteria for water to be used in concrete is provided ln ASTM C 94 

specifications. 

ln many parts of the world, however, thls restriction can presem major practlcal problems, and 

often a financial burden. For instance, many parts of the world, such as the United States 
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(California and Florida), the United Kingdom, and France, de pend heavily on sea-dredged sands 

and gravels, whlch sven after double washing, contain harmfullevels of chlorides. In developing 

countries, construction is often plagued by shortages of fresh water, which may nead to be 

imported at a high cost. A recently developed ·seawater concrete process..o may prove to be a 

viable solution to both practical and financial difficulties imposed by water requirements. The new 

process makes it possible to mix unwashed beach sands and sea-dredged aggregates with 

seawater. The procass uses a chemlcally modified portland cement, mixed with complex minerai 

constituents in ratios that de pend on project specifications and the available materials at the site. 

The process allows hydration wlth water containing up to 100 grams par liter of salts, which is 

considerably greater than the 32 grams par liter content of normal seawater. Contractors must 

be licensed to use the process. The followlng advantages of the process have been reported:40 

• Provldes a protective Inorganic polymer coatlng on the reinforcement 

• Reduces settlng times 

• Improves compressive strength 

• Reduces permeability, shrinkage, and cracking 

• Increases modulus of elasticity 

5.5.1.4 ADMIXTURES 

Recent research4'.~ has shown that certain concrete ad mixtures has made it possible to place 

higher quality concrete under water. Test results show that the incorporation of antiwashout 

admixtures (AWA) and water-reducing agents produces cohesive, flowable, and abrasion-resistant 

concrete which resists cement washout, and reduces segregation and bleeding. Weil 

proportioned concrete containing AWAs can decrease the mass loss of the fresh mixture when 

dropped through water by three times as compared ta conventional tremie mixes with an equiva

lent slump.43 

AWAs are natural or synthetic water-soluble polymers which physically bind the mixing water in 

the concrete, th us increasing the viscosity of the mixture. A majority of AWAs consist of microbial 

polysaccharides, such as welan gum or polysaccharide derivatives, such as hydroxypropyl 

methylcellulose and hydroxyethyl cellulose.37 Optimum dosage rates of AWAs are small and 

decrease with a decreasing water-cement ratio. Tao much AWA can significantly reduce the 

workability of concrete. Studies show that mixes with water-cement ratios from 0.32 to 0.40 

require only approximately one-tenth of the amount of AWA recommended by the manufacturer, 
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because their dosage rates are based on water-cement ratios ranging from 0.45 to 0.65.Je The 

five categories of AWAs, as classified by Ramachandran,44 along with dosage ranges are summa

rized in Table 5.3. 

TABLE 5.3 - CLASSIFICATION OF ANTIWASHOUT ADMIXTURES (RAMACHANDRAN)'tI 

Class A 

Class B 

Class C 

Class 0 

Class E 

Water-soluble synthetic and natural organic polymers, which increase the 
VISCOSity of the mixing water. Examples Include cellulose ethers, pregelatl
nized starches, polyethylene oxides, alignates, carrageenans, polyacrylami
des, carboxyvinyl polymers, and polyvinyl alcohol. The dosage range 
used is 0.2 ta 0.5 percent solid by mass of cement. 

Organic water -soluble flocculants, which are absorbed on the cement 
particles and increase viscosity by promoting interpanicle attraction. 
Examples include styrene copolymers with carboxyl groups, synthetlc 
polyeleclrolytes, and natural gums. The dosage range used is 0.01 to 
0.10 percent solid by mass of cement. 

Emulsions of various organic materials, whlch increase interparticle attrac
tion and also supply additional superfine panicles in the cement paste. 
Examples include paraffin-wax emulsions that are unstable in the aqueous 
cement phase, acrylic emulsions, and aqueous clay dispersions. The 
dosage range used is 0.10 to 1.50 percent solid by mass of cement. 

Inorganic materials of high surface area, which increase the water-retaining 
capacity of the mix. Examples ,"clude bentonites, pyrogenic sllicas, sllica 
fume, milled asbestos, and other fibrous materials. The dosage range 
used is 1 to 25 percent solid by mass of cement. 

Inorganic materials that supply additional fine partieles to the mOrtar 
pastes. Examples include fly ash, hydrated lime, kaolin, diatomaceous 
earth, othar raw or caleined pozzolanic materials, and various rock dusts. 
The dosage range used is 1 to 25 percent soUd by mass of cement. 

Since AWAs increase the water demand of concrete mixtures, especlally those with a high cement 

content and a low water-cement ratio, high-range water reducers (HRWRs) are n8eded to 

maintain a flowable concrete "Ithout reducing its strength or durability.42 The type of HRWR used 

affects the washout characteristics of the mixture. For Instance, mixtures containing melamine -

and lignosulfonate - based HRWRs have proven to be more resistant to washout th an mixtures 

containing naphthalene or synthetic polymers. However, mixtures containlng naphthalene 

improved the abrasion-erosion resistance of concrete more than other HRWRs.41 Some HRWRs 

and AWAs are incompatible. Cellulose-derivative AWAs are compatible only with melamine-based 

HRWRs. Many proprietary products are sold with the HRWR and AWA in the admixtures.3I 
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It is reported that combining AWAs and HRWRs may entrap up ta 15 percent air by volume, 

resultlng in reduced concrete strength.3I Natural gum AWAs, su ch as welan gum, do not entrap 

air and can be used wrth either naphthalene or melamine-based HRWRs.37 Alternatlvely, alr

detralning admixtures, such as trlbutyl phosphate or octy alcohol have been used to reduce the 

air content. 31 

The use of pozzolans, such as sllica fume and fly aSh, are frequently used in concrete to enhance 

durablhty, strength, and adheslon, and are sometimes added ta improve washout resistance of 

underwater concrete. 37,3I,~ A portion of the cement is sometimes replaced with pozzolans of high 

fineness ta minimlze expansion due to alkali-sihca reaction and sulfate attack.45 Pump.ng-aid 

admixtures, are sometir·-:es used to produce flowable mixtures, however, they do not adequately 

prevent washlng out of fines and cement. 38 The proper type and dosage of admixtures should 

be determined by trial batches at the site prior to the beginning of any concrete placement. A 

list of admixtures for use in concrete along with the applicable ASTM specification under which 

they are standardized is provided in Appendix L. 

5.5.1.5 WORKABILITY 

As underwater concrete must be able to compact under its own weight, the fresh mix must have 

a high workability (slump) and possess good flow characteristics. Ta achieve this, a slump of 150 

to 200 mm (6 to 9 in.) is commonly used. For heavily reinforced repairs or when concrete must 

flow over long hOrizontal distances, a slightly higher slump may be required.32 The degree of 

workabihty of the concrete also depends on the method chosen for placing and finishing.3I 

Research conducted by Heaton48 concluded that for concrete with slumps from 150 ta 200 mm 

(6 to 9 in.), there .s virtually no difference between the compressive strength of compacted and 

uncompacted concrete. The research revealed that uncompacted concrete placed under water 

can produce compressive strengths of about 35 to 50 MPa (5000 to 7200 psi). The results of the 

compressive strength of concrete as a function of slump and degree of compaction are shown 

in Figure 5.10 . 
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FIGURE 5.10 - COMPRESSIVE STRENGTH OF CONCRETE AS A FUNCTION OF PLASTICITY 
AND DEGREE OF COMPACTION30 

5.5.2 UNDERWATER CONCRETE PLACEMENT METHODS 

A review of the literature2
,30.33,41 reveals that there are several techniques used for placing concrete 

under water, some of which have eXlsted since the turn of the century. In the earliest 

applications, massive volumes of concrete, where high compressive strengths were not requlred, 

were successfully placed under water uSIOg the weil known tremie method. Variations of the 

tremie method, such as the pumplng and hydrovalve methods, were later developed and used 

extensively ln Europe. Although these methods were designed to prevent cement washout, they 

did not reach thelr full potential unt!! the relatively recent development of suitable admixtures 

(AWAs) to minimize this problem. For many applications ln Europe and Japan, pumped con crete 
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has become the preferred method over the traditional tremie pipe. 41 

Other underwater placement methods, such as the skip box and the recently developed tllting 

pallet, allow the concrete ta free fall through the water. These methods rely on the use of AWAs 

ta prevent cement washout. The tremie method and pumped concrete "are designed ta protect 

the concrete from exposure ta the water".41 The method chosen for placing concrete underwater 

must not create tublulence sa that the contact between the concrete and the water IS mlnimized.2 

The followlng sections descrlbe the possible methods for placlng concrete under water and are 

summarized ln Table 5.4. 

TABLE 5.4 - UNDEAWATEA CONCAfE"iE PLACEMENT METHODS30 

pLiee cement compact Ion 
ofmakmg manner of makmg washout of the 1 Quahty 
the concrete the concrete method of placlng nsk concrete control 

abovewaler - element wlth - pourmg 

1 
l 1 

apphed to 
final shape - stackmg 

fresh and 10 
(precasl and - assembhng yes 

hardened 
hardened) l concrele 

~ 

- deposlling 
no 

1 
- plasllc element 

j 
(fresh concrete - stackmg 
10 bags) 

- arOul - mJetung 
betweel' iabnc apphed 10 

1 
fresh 

- concrete - tremle tnethod concreteor 
(freshly mlxed) - pump method no 

groul before 
- hydrovalve placlnl! or 

rnethod mJetttng 
- sklp rnethod yes 

under water - arOUI tnJClCted - prepakt method j mtoCOIne - colcrete method 
agarepte mus 

5.5.2.1 TREMIE METHOD 

For many years concrete has been successfully placed under water using the tremie method. 

It is best suited for placing large volumes of highly flowable concrete. This method allows con

crete to be placed tram the surface ta the exact underwater location by the use of a tremie pipe. 

The pipe IS connected to a hopper into which the concrete is deposited by skips, belt conveyor, 

or by pumping. The lower end of the tremle pipe is kept immersed in the freshly placed concrete 

ta prevent the concrete whlch flows out of the pipe from intermixing with the water.30
•
32 However, 
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with the use of AWAs, thls requirement may not be as cntical for ensuring a successful 

underwater repair. The following Important factors must be considered when placing concrete 

by the tremie method: 

(a) Tremie Equipment. There are three possible configuratIOns for the tremle plpe.9 constant 

length pipe which IS ralsed as concreting proceeds; pipe whlch IS made up of a number of 

sections (with flanged and gasketed JOints) whlch are dlsmantled dunng concretlng, and 

telescoplc pipe (anached to the hopper IS a pipe of sm aller diameter than the actual concrete 

placing pipe).3o The pipe and pipe JOints must be strong and watertight. Typlcally, a steel tremle 

pipe is used, but a rigld rubber hose9 or a flexible Plpe2 could be used Instead An alumlnum 

alloy tremie pipe should not be used because It can produce an adverse chemlcal reactlon wlth 

the concrete.9 The tremie pipe should have a smooth Inside surface and be of adequate cross

section for the size of aggregate to be used. 

Tremie pipe diameter usually ranges from 200 to 300 mm (8 to 12 ln.), though diameters as small 

as 150 mm (6 ln.) and up to 450 mm (18 ln.) have been occaslonally used. A tremle pipe 

diameter of 150 mm (6 in.) IS commonly consldered as the minimum for 19 mm (0/4 ln.) aggregates 

and 200 mm (8 ln.) as the lower hmlt for 40 mm (1-% in.) aggregates,33 and should be at least 

elght times the maximum coarse aggregate slze.9 Smaller diameters may cause pipe blockages, 

however, 100 mm (4 ln.) dlameter tremle pipes have been used for small repalrs.32 

The hopper is used ta provlde a steady flow of concrete down Into the pipe, and should be large 

enough to enable the level of the concrete ln the hopper ta remaln constant. 33 The pipe and 

happer assembly is usually supported by a crane whlch can control vertical and hOrizontal 

movement of the tremle pipe. A typical tremle pipe arrangement is shown ln Figure 5.11. 

(b) TremIe Seal. The tremle pipe is positloned over the area to be repalred Witt! the lower end 

of the pipe resting on the bottom. Various methods have been used to prevent Intermlxing of 

conerete with water in the pipe. Steel plates or wooden plugs are frtted to the end of the pipe, 

when the "dry plpe" method IS used for startlng the tremle pour. As the pipe is lowered to the 

bottom, the hydrostatic water pressure seals the gasket and keeps the Interier of the pipe dry. 

Once the tremie pipe IS filled wlth concrete, It IS raised shghtly (usually no more than 150 mm/6 

ln.), allowlng the end seal ta break. Concrete flows out and aeeumulates up around the mouth 

of the pipe, creating a seal.32 
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FIGURE 5.11 - TYPICAL TREMIE PIPE ARRANGEMEN~ 

For deep water dpplicatlons, the buoyancy of the empty pipe may be a problem during 

posltionlng. For this reason, the "\Vet pipe" techntque is more commonly employed.32 ln this 

method, a travelling plug is inserted at the top to act as a barrier between the concrete and the 

water. The water in the pipe is then pushed out as the weight of the concrete forces the plug ta 

the bonom. Once the plug reaches the bonom of the pipe, it usually floats back to the surface 

once the tremie is lifted. Foam plastic (or rubber) and inflated rubber balls have baen frequently 

used as a travelling plug.33 However, an inflated rubber bail may collapse at depths greater than 

7.6 m (25 ft.) and may not be effective as a seal.32 To resolve this problem, wooden spheres, 

made trom low denstty wood, such as pine,·7 or a wad of burlap have been used.8 

(c) Placmg the Concrete. Once concrete placement has started, the mouth of the pipe should 
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remain buried about 1 to 1.5 m (3 to 5 ft.) deep in the fresh concrete. Concrete placement should 

be as continuous as possible making sure that the level of the concrete in the hopper is kept at 

a constant height to ensure a smooth continuous flow.32 The concrete flow rate in the pipe 15 

controlled by raising and lowering the tremie.2 Ali vertical movements of the tremle pipe must be 

slowly and carefully do ne to prevent loss of seal. The volume of concrete being placed during 

the tremie operation should be contlnuously monitored to detect a loss ln seal Underruns are 

indicative of a 1055 in seal because washed and segregated aggregates occupy a larger volume. 

A noticeable Increase ln flow rate of concrete ln the pipe Will al 50 Indicate 1055 of seal. 32 

During concrete placement, the tremie pipe must remain flxed horizontally to avold damaglng the 

concrete surface in place, which cou Id lead to addltionallMance (weak mortar) and IOS5 of seal. 

Tremie pipes should be closely spaced so that concrete does not have to flow over long 

distances. Otherwlse, too much concrete surface area will be exposed to water, causlng 

segregation and formation of IMance. A pipe spacing of two or three times the depth of concrete 

being poured has been suggested.32 Distributing the concrete horizontally is either accomplished 

by flow of the con crete Itself or by stopping and repeating the process, Including reestablishing 

the tremie seal. 

When depositlng large volumes of concrete, two methods are used to spread the concrete 

horizontally: the layer method and the advanclng slope method. In the layer method, the entire 

area is concreted at the same time using several tremie pipes, keeping a level surface as the 

concrete rises. With the advancing slope method, the area is concreted one section at a tlme by 

movlng the tremle pipe to adjacent areas.32 A single tremie pipe can usually ~oncrete an area 

of about 30 m2 (300 ft.~.33 

(d) Flow Pattern. It was traditionally believed that dunng a tremle pour, concrete flows under and 

is protected by previously placed concrete. However, a recent study has shown that tremie 

concrete may produce different flow patterns which may expose more concret~ to water than was 

originally perceived. The study also concluded that the flow pattern IS affected by the shear 

characteristics of the fresh concrete. Two different flow patterns were observed: layered and 

bulging flow.-

A layered flow pattern was associated with concrete having a hlgh internai shear resistance. The 

new concrete flowed up and around the pipe and then outward over the previously placed 

concrete, producing very steep slopes. This created a significant amount of laitance at the far 
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end of the pour. The bulging flow pattern produced a more uniform displacement of the concrete, 

resultlng in much flatter slopes and less formation of laitance. This preferred flow pattern was 

reportedly made possible by reducing the internai shear resistance of the fresh concrete.48 

Since the flow pattern seems to be related to the shear properties of the fresh mix, It is important 

to produce a highly flowable concrete. For instance, conventional tremie concrete mixes did not 

perform the best in the studies. The studles found that replacing up to 50 percent of tne cement 

with fly ash improved the performance of the tremie concrete. Aiso air-entraining agents and 

some water-reducers decreased the shear resistance of fresh concrete, producing the preferred 

type of flow pattern.48 A sample of a good mix proportion and a typical aggregate gradation are 

shown in Tables 5.5 and 5.6, respectively. 

TABLE 5.5 - EXAMPLE OF A GOOD CONCRETE MIX PROPORTION FOR USE WITH THE 
TREMIE METH0038 

kg/m3 Ib/Yd3 

Cement with 10% fly ash 360 605 

Sillca fume 36 60 

Coarse aggregate, 8-20 mm 858 1445 

Coarse sand, 0-12 mm 860 1450 

Fine sand, 0-8 mm 146 245 

Water 146 245 

Water-reducing admixture 7 7 

Superplasticizer 7 7 

w/c = 0.47, slump = 23 cm, air content = 2 percent 

5.5.2.2 PUMPED CONCRETE 

Pumping concrete is an extension of the tremie method. Recent improvements in the design of 

concrete pumps33 and development of AWAs has made pumping the preferrecl method of placing 

con crete under water.37 It provides the most expeditious means of placing concrete under water 

in areas of IImited or difficult access, such as beneath piers . 
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TABLE 5.6 - TYPICAL GRADATION OF AGGREGATES FOR TREMIE PIPE CONCRETEIl 

Aggregate U.S. Standard Sieve Percent Passlng 
(by weight) 

Gravel 1 in. 100 
3/4 in. 90 to 100 
3/8 in. 20 to 55 

NQ 4 Ota 10 
NilO Ota 5 

J 

Sand 3/8 in. 100 
NQ 4 95 ta 100 
NQ 8 80 ta 100 
N"16 50 to 85 
Nil 30 25 to 60 
N" 50 10 to 30 

NQ100 2 to 10 

Pumping concrete offers several advantages over the tremie method: 

• Concrete can be deposlted directly from the mixer into the formwork. 37
•
38 

• Concrete can be pumped to the bottom of the formwork to displace the water through 

a vent at the top2, or by inserllng the end of the pipe or hose Into the form from the top,T 

avoiding free-fall of concrete through the water. 

Concrete is delivered under pressure rather th an fed by gravity, sa blockages in the 

pump line can be easily corrected. 37
.
38 

• Use of a crane boom affords more precise positioning of the concrete during dls

charge.37
.
38 

Deposlting the concrete under pressure reduces the need to constantly lift and free the 

tremie pipe. This reduces the nsk of segregation within the concrete.33.38 

For small-volume pours, small-dlameter (50 to 100 mm/2 to 4 in.) pump lines can be easily 

controlled by divers.37 When using small diameter pump lines, the concrete must be flowable and 

cohesive enough to pass through the pump wlthout blockage. This usually requires a lower 

slump concrete than that USed for tremle mixtures. Siumps from 100 to 125 mm (4 to 5 in.) have 

been used successfully.30·33 However, mixtures which contain too much water tend to segregate 

and cause blockage ln the hose or pump line. Hlgher slump concrete (200 to 250 mm/8 to 10 

in.) has also been used with the aid of AWAs to provide a hlgh degree of cohesion, needed ta 

prevent washout of fines. For instance, the underwater concrete that was pumped to repair the 

end sill at Red Rock Dam3e in south central Iowa had a slump of 230 mm (9 in.) and contained 
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an AWA. The concrete was delivered using a 100 mm (4 in.) diameter pump and the mix 

proportions used are shown in Table 5.7. 

TABLE 5.7 - CONCRETE MIX PROPORTIONS USED FOR PUMPING REPAIR CONCRETE 
AT RED ROCK DAM36 

Ib/yd3 kg/m3 

Portland cement (Type 1) 700 415 

Fine aggregate (natural) 1,299 771 

Coarse aggregate (3/4 ln. [19.0 mm] crushed limestone) 1,594 946 

Water 275 163 

Antiwashout admixture 5 3 

fi oZ'/yd3 ml/m3 

Water-reduclng admixture 42 1,600 

Air-entralnlng admixture 2 77 

Small, rounded coarse aggregates are preferred over crushed stone. If crushed rock is used, the 

coarse aggregate should have a maximum size of less than one-third the smallest inside diameter 

of the hose or pipe being used. Porous aggregates, such as expanded clay, foamed slag, 

pumlce, and many coralhne materlals, should not be used, slnce they tend to absorb water and 

stlffen the fresh mix.9 If these aggregates must be used, they should be presoaked as described 

in ACI Commlttee Report 304.2R.49 The properties of fine aggregates (sand) are more important 

than those of coarse aggregates. The sand should have a relatively high fraction of the finer 

sizes.9 A typlcal grada.,on of aggregates suJtable for use with a 50 mm (2 in.) diameter pump is 

shown ln Table 5.8. 

Care!IJI planning of pump location and hose routing IS essential before starting an underwater 

repalr operation. The pump line should be placed horizontally or yertically to prevent the buildup 

of bleed water ln the pump hne. The hose or pump line should be lubricated with a lean cement 

slurry before pumplng commences to preyent segregation and blockage. e Segregation of the 

concrete can also be prevented by forcing a sponge plug into the top of the line to physically 

support the mix and preyent free-fall between pump strokes. For very deep water applications, 

this may need to be supplemented with bends in the pipe or hose to break the fall of the 

concrete . 
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TABLE 5.8 - TYPICAL GRADATION OF AGGREGATES FOR PUMPED CONCRETEti 

Aggregate U.S. Standard Sieve Percent Passing (by welght) 

Gravel 1/2 ln. 100 
3/8 in. 85 ta 100 
Nil 4 la ta 30 
Nil 8 Ota 10 

NQ 16 a ta 5 

Sand 3/8 In. 100 
Nil 4 95 ta 100 
Nil 8 80 ta 100 

Nil 16 50 ta 85 
NQ 30 25 ta 60 
Nil 50 15 ta 30 
Nil 100 5 ta 10 

At the end of the pour, the pump can be contlnued ta flush out weak concrete which may have 

developed as a result of segregation or washout. Also by closlng the Inlet and the outlet valves, 

the concrete wlthin the formwork can be pressurized ta mlmmlze bleeding of the mix.2 Concreting 

should proceed reasonably fast and should continue as long as possible without long delays. 

Care must be taken not ta pump fresh concrete under concrete which has already begun ta set. 33 

A typical pump hne arrangement for underwater concretlng IS shawn in Figure 5.12. 

5.5.2.3 HYDROVALVE METHOD 

The hydrovalve method, which was developed and first used by the Dutch in 1969,30 is a variation 

of the tremle method. This method uses a flexible (nylon) hase which is compressed by the 

hydrostatic water pressure ta dehver the concrete. As the concrete is placed in the upper pan 

of the hose its weight will eventually overcome the comblned hydrostatic pressure and fnction 

within the hase, allowmg it ta move slowly down the hase. The "slow and contained movement" 

of the concrete down the hase helps ta prevent segregatlon.Je The bottom pan of the placing 

hase is enclosed wllhin a rigld tubular section which IS placed at the desired level of concrete 

surface.30 The thickness of the concrete IS bU11t in successive layers and can be placed wlth a 

tolerance of ± 100 mm (± 4 in.).JB A typical hydrovalve apparatus IS shown in Figure 5.13. 

An advantage of this method is that Il can place stlft mixtures (havlng a slump less than 140 

mm/5-V2 in.) as weil as higher slump mixes usually employed with the tremle method. Il is also 

relatively simple and inexpensive. Further details on this method IS provided ln Reference 47 . 
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FIGURE 5.12· TYPICAL PUMP UNE ARRANGEMENT FOR UNDERWATER 
CONCRETING2 

The Kajima's Double Tube (KDl) tremie method, which was developed in Japan, is very similar 

to the hydrovalve method. The KDT method also uses a collapsible tube, but it is encased in a 

steel tube that has several vertical slits. The slits allow horizontal movement of the tube, often 

done when resetting the KOT. Field tests show that this method is reliable and inexpensive.3I 

Further information on the KDT tremie method is given in Reference 50, and the typical procedure 

used is shown ln Figure 5.14. 

5.5.2.4 PNEUMATIC VALVES 

The Abetong-Sabema51 and the Shimizu52 pneumatic valves are attached to the end of a concrete 

pump line (Figure 5.15). The valves are used to control the flow rate and amount of concrete that 
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FIGURE 5.13 - TYPICAL HYDROVALVE APPARATUS31 

is placed by, "permitting, restricting, or termlnating" the flow of concrete through the pump line. 

When the pumping boom is moved, the valve is closed to protect the concrete in the line.·' 

The Shimizu pneumatic valve is similar to the Abetong-Sabema valve, but has a level detector 

attached ta the valve unit. When the level detector senses that the concrete has reached a specl

fied thickness, the valve closes and allows the tube to be reposltioned. This method is currently 

considered to be one of the best methods for underwater repair.3I 

There is another type of check valve which is available for use ln pumping underwater concrete. 

The valve, which fits a 125 mm (5 in.) diameter pump IIne, lB 450 mm (18 in.) long and has only 

one moving part. The valve is constructed on a "gum rubber reinforced with nylon fabrlc plles,JI 

and can operate in up to 52.7 m (173 ft.) of water with a maximum line pressure of 690 kPa (100 

psi). With this valve, concrete can be placed without immersing the end of the hase in the freshly 

placed concrete.lI 
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FIGURE 5.15 - ABETONG - SABEMA PNEUMATIC VALVE38 

THE SKIP METHOD 

Underwater concrete can be placed with the aid of bottom-opening sklps (buckets). This method 

involves filling a bucket wlth concrete above water and slowly lowenng it down through the water 

and discharging it at the repalr area. To minimize washout of cement, the skip must be equipped 

with two overlapping canvas flaps, which are pressed aga,"st the top surlace of the concrete by 

the water pressure. This prevents turbulence as the bucket is lowered through the water. After 

the bucket is lowered and is penetrated a smalt distance into the already placed concrets, the 

skip must be lifted slowly so that the discharged concrete does not intermix with the surrounding 

water as the bottom opens. The bucket should have bottom-opening double doors which can 
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be operated automatically or manually.33 As additional protection against washout, skirts fitted 

at the bottom may be used to confine the concrete while it IS being placed (Figure 5.16).2 

An advantage of this method is that very stlff, dense concrete can be placed If used ln 

combination with vlbratory or pressure compact Ion methods.38 A slump value between 100 mm 

(4 ln.) and 140 mm (5-% ln.) is commonly used.30 Since the nature of the skip work subjects the 

concrete to a greater nsk of washout, AWAs should be used. A recent laboratory study 

conducted ln Indla concluded that when concrete is placed under water using the skip method, 

the use of superplasticlzers results in segregation due to the air-entralning effect of the 

admixture.35 Therefore, the use of HRWRs wlthout the Incorporation of AWAs and air-detraining 

agents should be avoided when using the skip method for underwater concrete placement. 

Althougl'1 washout cannot be entlrely eliminated, it can be minimized by applying the following 

additlonal precautions: 30 

• The sklps should be completely fi lied. 

• The sklps should be raised and lowered slowly. 

• The "advancing front" of the concrete should be built from the bottom upwards. 

• A continuous supply of concrete should be provided to prevent layering or washout while 

waiting for the next batch (delays should not be more than 10 minutes).J3 

The main dlsadvantages wlth the sklp method are ItS slow rate of operation and the small volumes 

of concrete they carry. Also, il may be dlfficult to place the concrete in formwork with small 

openings. In thls case, divers are needed to control the placlng of the skips. However, the skip 

method is used best where small volumes of concrete are needed at different locations or where 

mass concrete IS required to stabllize the foundation of a structure.2 

5.5.2.6 TILTING PALLET BARGE 

The tilting pallet barge was recently developed by the Sibo group in Osnabruck, Germany.38.41 

This method 15 used to place thln layers of concrete in shallow water. The concrete is evenly 

spread on tlltlng pallets constructed along the deck of the barge and then dropped into the water 

in a free-fall. The method, which requires AWAs, can be adopted for use in deeper water by 

lowering a skip with tilting pallets to the repair area . 
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(a) 

FIGURE 5.16 - BOTTOM-OPENING SKIP WITH SKIRT: (a) CLOSED; (b) OPEN33 

5.5.2.7 PREPLACED AGGREGATE CONCRETE 

Preplaced aggregate (PA) concrete is an effective way of repainng concrete structures under 

water, especialty in areas where placement of convention al concrete would be either difflcult or 

impossible.2
,7,9,311 ln this technique, coarse aggregate is placed in formwork and a cementitlous 

grout is slowly injected under low pressure from the bottom up, displacing water and flfting the 

voids between the aggregate. The resulting high aggregate-cement ratio and point contact 

between aggregate particles produces a signlficantly lower shnnkage straln, typicalty 50 to 70 

percent that of conventlonal concrete. Bonding strengths of PA concrete to existing concrete 

surfaces are between 70 to 100 percent of that attainable ln conventlonal concrete. 

The grout IS InJected at the bottom of the formwork to prevent the formation of air or water 

pockets. For this reason, the grout pipes are usually installed before the aggregate is placed and 

extend to the bottom of the formwork.30 During Injection, they are gradually withdrawn as the level 
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of grout nses (Figure 5.17). Grout pipes may range from 19 mm ('l, in.)2 to 35 mm (1-311 in.)30 in 

diameter and are usually spaced no more th an 1.5 m (5 ft.) apart. 7 Sounding tubes are often 

placed alongside the grout pipes sa that the grout level can be monltored during placement. 

Alternatlvely, translucent panels can be provlded in the formwork so that grout flow can be 

monltored. :2 

groul Inlectlon 

tube wlthdrawn 

coarse aggregate -___.INI'lIf, 
placed dry 

FIGURE 5.17 - PREPLACED AGGREGATE CONCRETE REPAIR TECHNIQUE2 

If grouting from the bottom reqUires tao great an injection pressure, injection tubes may be built 

Into the formwork at several levels. In this case, the grout would be Injected at the lowest inlet 

first and proceed upwards in a slmilar manner as with epoxy the injection method. For small 

repairs, injection can be done through an Inlet pipe at the bottom of the form.2 When grouting 

is completed, a pressure of about 70 kPa (10 psi) IS held for several minutes to allow any 

remaining air and water to escape through a vent at the top of the formwork.9 

For thls method to be successful the formwork must be watertight and must be able to withstand 

the full hydrostatlc pressure of the grout.2 Vents must be provided at the top of the formwork to 

allow water ta escape as the grout fi Ils the form. If the forms are not sufficiently vented, back 

pressures will create voids ln the concrete fill.7 To prevent the loss of fines and cement at the top 

241 



• 

• 

of the grout, the formwork usually completely encloses the aggregate. The top ventmg forms are 

usually made of a permeable fabric next ta the concrete face, and t'Iacked wlth a steel grillage or 

wire mesh. This backing is attached to a stronger backing whlch IS made of plywood and 

perforated steel to allow air ta escape. The formwork IS usually anchored wlth dowels to reslst 

the uplift pressure generated by the groutlng operation. J8 

Selection and proportlomng of materials for PA concrete must be done very carefully. Aggregate 

must be graded so that grout can f10w easlly between the partlcle spaces. Coarse aggregate 

maximum size should not be larger than one-thlrd the minimum thlckness of the repalr concrete,~:1 

but not smaller than 19 mm (314 in.).2 If aggregates smaller than 19 mm are used, the grout should 

not cantain any sand ta prevent "bndging" between valds, although thls may cause bleed lens 

to farm beneath the aggregate particles (Figure 5.18). The \lold content of the aggregate shauld 

be bp.tween 35 and 50 percent, which can be achleved by uSlng unlfarmly graded aggregate . 

..:ach cubic yard of PA contalns about 27 cublc feet (bulk volume) of coarse aggregate, compared 

with 18 ta 20 cubic feet in convention al concrete.53 A typlcal PA gradation IS shawn ln Table 5.9. 

Aggregote pleces 
ln Interportlcle 
lontact 

Bleed under 
oggregate 

Bteed of 
PPA concrete 

Bleed of 
mortor 
olane 

::-: ~---_~ Tr0ml bleed 

" :/ 
~ ! 

~. 

.-

FIGURE 5.18 - SCHEMATIC REPRESENTATION OF BLEED LENS 
UNDER AGGREGATE2 
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TABLE 5.9 - GRADATION OF AGGREGATES FOR PREPLACED AGGREGATE 
CONCRETE9 

Aggregate U.S. Standard Sieve Percent Passing (by welght) 

Gravel 2 In. 100 
1-1/2 in. 90 to 100 

1 ln. 20 to 55 
3/4 in. o to 15 
3/8 in. 0 

Sand Nil 4 100 
Nil 8 80 to 100 

Nil 16 50 to 85 
Nil 30 25 to 60 
Nil 50 10 to 30 

Nil 100 2 to 10 

Several proprietary grouts for PA concrete are avallable and normally consist of portland cement, 

a pozzolan such as fly aSh, fine aggregate, and a grout "fIUldifler".53 To minimize bleeding, fine 

aggregate (well-graded zone M sand)2 is generally graded to a fineness modulus of 1.3 to 2.1, 

with most partlcles passlng a Nil 16 sleve. The fly ash makes the grout pumpable and retards 

settlng tnne. The grout fluidifier also retards sening time and keeps a low water-cement ratio, 

usually between 0.42 and 0.50. The flUidifier IS effective because it produces an expansive gas 

which prevents the buildup of bleed water under the coarse aggregate. The retarder found in 

most flUidifiers provldes about two percent entrained air, which improves the durability of the 

hardened concrete. Fluidifier IS normally added at a rate of one percent by weight of the total 

cementltlous materlal in the grout. 53 Also, adding AWAs to the grout avoids the construction of 

expenslve formwork. 38 

. Preplaced aggregate con crete can also be made by using epoxy resin instead of cementitious 

graut. Although it IS signlficantly more expensive. epoxy resin is advantageous for several 

reasons: Il has a very small partlcle slze (typlcally less than 100pm), variable VISCOSity, and vari

able pot ,'f~ This results in a material which IS more versatile and can be used with much smaller 

coars~ :-g"j'egata slzes.2 

5.5.2.8 TOGGLE BAGS 

This method conslsts of lowering small volumes of concrete in bonom-opening canvas bags. The 

bags are reusable and are sealed at the top wllh a chain or rope and secured with a toggle . 
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When the bag is located over the repair area, the bottom is released to discharge the concrete . 

Placing concrete with toggle bags involves the same procedures as for using bottom-openlng 

skips with regards to preventlng cement washout. 2 
JJ 

5.5.2.9 BAGGED CONCRETE 

ln this method, fresh concrete IS placed Into bags and th en placed under water by divers. This 

method IS normally used to repair scour, renew ballast,2 or as a temporary repalr measure to se al 

holes and construct expendable formwork. 33 The bags are made of a strong fabnc (usually 

hessian) and are usually of 10 to 20 Iiters (2-% to 5 gal.) capaclty when the work IS perform~d by 

divers. The concrete used has a slump of between 19 and 50 mm (31, and 2 in.) and the 

maximum aggregate size is approxlmately 40 mm ('\-% in.). If smaller bags are used (5 to 7 

Iiters/1.28 to 1.8 gal.), maximum aggregate size should not exceed about 10 mm (o/lln.) . .IO 

The bags are usually placed in a bnck bond fashlon and are half-filled ta ensure good Interlocking 

to form a solid structure. The cement paste which seeps out from between the weave of the 

fabric provides adheslon between the Indivldual bags.33 

Grout bags were recently used ta change the downstream slope of a small dam to elimlnate a 

dangerous undertow.54 The bags were made out of polyester and measured 1.8 m (6 ft.) wide 

by 0.6 m (2 ft.) thick. The length of the bags vaned between 2.1 m (7 ft.) and 7.3 m (24 ft.). To 

Interlock the bags together 0.76 m (2-% ft.) long epoxy coated bars were forced through them at 

about 1.8 m (6 ft.) spaclngs . 
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CHAPTEA 6 

WHARF AND BRIDGE SUBSTRUCTURE REPAIR 

6.1 INTRODUCTION 

The maintenance or repalr of the submerged ponion of a wharf or bridge substructure requires 

a clear understanding of what caused or is causing distress or deterioration. As described in 

Chapter 2, the causes are many and the sequence in which the various processes occurred are 

difficult ta determine. Frequently, underwater damage or deterioration originates tram design 

errors and poor construction practices. Relntorced and prestressed concrete piles supporting 

marine faCilities or offshore structures are often subJected to severe loadings from winds, waves, 

currents, Ice, chemlcal and biological attack, and ship impact. Bridge piers and abutments are 

often underminetJ due to scour caused by floodwaters or changed channel flow conditions. 

Evaluating these structures requires consideration of the natural phenomena which are present 

in a marine environment and the effects these have on the substructure.1 Distress or deterioration 

which continues may require an on-golng investigation process in order ta obtain a complete 

understanding of the type, cause, extent, and rate of deterioration that is occurring. This may 

require a senes of inspection and testing techniques at regular intervals which can provide 

guidance to the engineer for determlning the optimum repair solutian.2 

There are not as many underwater repair procedures as there are for work above the water. 

Cleaning and surface preparation, which 15 essential for a successful repair, is more difficult under 

water. Underwater construction work is more difficult, slower, and its quallty is less certain than 

for work above water. Declding on a repair alternative requires expen engineering knowledge, 

expenence and judgement. Sorne of the procedures available for underwatef repalr and 

maintenance of wharf and pier substructures are shown in Table 6.1. The basic steps in any 

underwater concrete repalr are: 2 

(a) Cleaning the deteriorated concrete surface of a" marine growth 

(b) Removal of a" deteriarated cancrete and badly corroded reinforcing steel 

(c) Replacing the removed reinfarcing steel with new rebars 

(d) Sealing any cracks by epoxy injection 

(e) Replacing the concrete section with new concrete 
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(f) Applying protective surface coatings to the concrete 

The following sections provide a summary of some of the repalr methods listed in Table 6.1. The 

material in this chapter has been adapted from different avallable references. especially 3, 6 and 

9. 

TABLE 6.1 - REPAIRS AND PREVENTIVE MEASURES FOR UNDERWATER PIERS AND 
PILES· 

Type of Repalrs Nature of Problem 
(Underwater and ln 
Splaah Zone Scour Deterioration Damage Structural Foundation 

(Struch.ral) Fallure Dlstress 

Replacement of Materi- x 
al 

Sheet Pihng x 

Training Worka x 

Modification of the x x x 
Structure 

Epoxy Injections x x 

Quick Setling Cement x x 

Epoxy Mortar x x 

Underwater Bucket x x x 

Tremie Concrete x x x x 
~ 

Prepacked x x x x 
Concrete 

Pumped Concrete x x x x 

Bagged Concrete x x x x 

Cathodic x 
Protection 

Pile Jackets x )( x 

Flexible and Rigid x 
Barriers 

Oil Drum Method x 

• Ad.pted from Reference 2 

6.2 CONCRETE PILE REPAIR 

There are several methods available for pile maintenance and repair and many of them are 
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propnetary in nature and are variations of the same principle. These repair and maintenance 

methods can be grouped into six general categories: epoxy patchlng/injection, protectlve 

coatings, encapsulatlon (or wrapping), reinforced concrete Jacketing, partial replacement, and 

cathodic protection. The epoxy patching/inJection techniques presented ln Chapter 5 are 

applicable to concrete pile repalr, so they Will not be discussed here. 

6.2.1 PROTECTIVE COATINGS 

Surface coatings are usually applied to concrete surfaces to act as a barrier against further 

deterioration. They prevent the Ingress of corrosive chemicals but are also useful for resisting 

abrasion and freeze-thaw damage. For a coating system to be effective, proper surface 

preparation IS Important and the coatlng should have the following minimum charactenstics:3 

• It should have an adhesive strength greater than the tensile strength of the concrete 

• The coefficient of expansion should closely match that of the concrete 

• It should be fairly elastic and reslst creep 

• It should have a long durabllity 

There are a great number of surface treatments available today for use in rehabilitating concrete 

surfaces. Most of these treatments can be categorized as penetrating sealers, coatings, or 

membranes. 4 It should be noted that some of these coating systems must be applied in dry 

conditions. In these cases, cofferdams may be constructed around the structure being repaired, 

sa that the water can be pumped out to m.'llntain dry worklng conditions. Table 6.2, which was 

developed by Bruner,4 provides a selection guide to concrete surface treatments along with their 

performance characteristics. The followlng is a summary of the most commonly used surface 

coatings for protecting concrete piles in a marine environment. 

6.2.1.1 ASPHALT AND TAR COATINGS 

Asphalt coatlngs are highly reslstant to acids and oxidants and can be applied cold with the use 

of a solvent. Tar is often used for repainng concrete in a marine environment, but it is not very 

reslstant to acids and bases. It also does not offer a high degree of protection against abrasive 

action. Both coatings are applied in two coats; the second coat containing a silica filler 

compound for added stiffness.3 Rubberized asphalt tape has also been used for protecting 

concrete piles. 1 
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6.2.1.2 EPOXY COATINGS 

Epoxy coatings have gained wldespread use in the past decade pnmanly due 10 thelr good 

adhesive properties, low shnnkage, and hlgh compressive strength. The epoxy IS a two or three 

component system wlth 100 percent solids, conslstlng of a hardener and a base reSin Epoxy 

coatings are generally chemically Inert, Impervlous to water vapor, and mOlsture reslslant. 4 

Epoxies are relatlvely easy ta apply (usually wlth a brush or roller) , but reqUire stnct quahty control 

during mlxing. 

TABLE 6.2 - CONCRETE SURFACE TREATMENT SELECTION GUIDE4 

"Matenal Boiled Silane Siloxane Sodium Penetratlng Cementlti- Epoxy Urothane 

" Llnseed SIlicate Epoxy ous Coating Mombrane 
Property "'- 011 Coatlng 

Ability to A G G G G NIA NIA NIA 
Penetrate 

Ability to NIA NIA NIA NIA NIA P VP G 
Bridge 
Cracks 

Abihty to NIA NIA NIA NIA NIA G G G 
Bond to 
Concrete 

Ablhty to A G A G G G G VG 
Reduce 
Perme-
ablhty 

Allow A G G G P A VP VP 
Water 
Vapor 
Trans-
mission 

Improve VP VP VP VP A VG VG VG 
Aesthetlcs 

VG - Very good performance ln meeting requlred property 
G - Good performance ln meeting reqUired property 
A - Average performance ln meeting reqUired property 
P - Poor performance ln meeting reqUired property 

VP - Very poor performance ln meeting requlred property 
NIA - Not applicable, not approprlale to address property 

Epoxy compounds are temperature-sensitive and, once mlxed, must be applied immediately due 

to their rapid settlng charactenstics. Epoxy coatings have an Inherent tendency to creep, are 

impact sensitive, and have a strain incompatibility with the underlylng concrete surface. Since 
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epoxies are impermeable, any moisture trapped beneath the coating may cause Il to blister and 

peel off if the coating is exposed to direct sunlight or freeze-thaw cycles. Accordingly, epoxles 

should not be used unies::. the concrete IS capable of wlthstandlng freeze-thaw cycles on ItS own. 3 

6.2.1.3 ACAYLIC RUBBEA COATINGS 

This type of coatlng has been used successfully for protectlng concrete surfaces 

against relnforcement corrosion by preventlng chloride ion penetration and carbonatlon of the 

concrete. The coating IS a highly elastlc rubber whlch reportedly performs two functions ln 

chloride contamlnated concrete: It acts as a barner aga.nst further detenoration, and it allows 

chloride Ions to move freely wlthln the concrete pore matrix to prevent peak concentrations from 

occurnng at the surface of the rebar. Further details of ItS configuration, behavior, and method 

of application have been reported by Swaml and Tanlkawa.5 

6.2.2 ENCAPSULATION 

Encapsulatlon or wrapplng techniques are often used for repairing concrete piles that have minor 

surface detenoration and no significant loss of structural capacity. They act primarily as a protec

tlve barner against funher detenoration and Isolate the pile from the various aggresslve agents 

causlng the deterioratlon. These repalrs are generally performed as a maintenance Item to extend 

the service life of the structure. 1 There are several proprietary repalr systems available for 

encapsulatlng piles which can be grouped Into two basIc categories: Impermeable plastic surface 

wrapping using polyvinylchloride (PVC) sheets, and molded glass fiber-reinforced plastiC (FRP) 

Jackets wlth epoxy graut. These are described below. 

6.2.2.1 POLYVINYLCHLORIDE (PVC) WRAPS 

This type of protection technique IS widely used for timber pile repair but can be easily adapted 

for repainng or protecting concrete piles. Two commonly used proprietary systoms, one 

consistlng of a single-unit and the other a two-Unlt barrier wrap are iIIustrated in Figures 6.1 and 

6.2, respectively. Commerclally available PVC pile wraps can be purchased in prefabricated sizes 

to fit many pile sizes and lengths. Both systems require cleaning of the plie to remove ail marine 

growth and soft surface concrete. 

The two-Unlt system conslsts of an upper intertidal unit which starts at least one foot above mear. 
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high water (MHW) level and extends to at least 1 m (3 ft.) below mean low watet (MLW). The 

bottom unit overlaps the intertidal Unit a minimum of 300 mm (12 ln.) and extends to below the 

mud line. The closure seam ot the lower unit IS rotated 90° trom the upper unit seam. 

Polyurethane foam seals are Installed at each end of the InterMal Unit ta prevent the Ingress of 

water and alr.9 The basic Installation procedure IS as folloW5: 

(a) The PVC wrapper 15 placed around the pile and tlghtened by rolllng the ends of the 

vertical seam uSlng poles and a ratchet wrench 

(b) The wrapper is then fastened wlth regularly spaced alumlnum alloy bands alon9 the pile 

(c) After the PVC barner 15 installed, the area around the base of the plie IS backfllied wlth 

bagged concrete. When the pile is surrounded by stones, the base can be backfilled 

wlth hydraulic cement. 

Foam 

Extenllon \ 

MHW 

PVC 
W,apper 

--, 
_:-l~ 

+-~_I __ -

wlth plastic 

:;.:;ML:;.;.;W':--__ +--l'-+-C-"P--

r BKIcfIIi 

Mudlln. 

r 

: } 12' minimum 0 __ 

_.... ~ uppe' bwrter 
.,..:::.:-:: 

Il----t-~ Cklsur8 ?:t'Ulm 
110' !rom uppe, b .. ".., 

Hyd'Iuhc groullng mootIf 

( 

.... below mudllne ..... 

pile lu,round.., bv 'ocM 

FIGURE 6.1 - SINGLE-UNIT PILE WRAp9 FIGURE 6.2 - TWO-UNIT PILE WRAplI 
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With the single-unit system, the full length of the pile to be protected 15 wrap;:>ed wlth a single 

jacket. Polyurethane foam seals are wrapped around the pile at the top and bottom end of the 

jacket. The Installation procedure for installing the single unit system IS simllar ta that of the two

Unit system and IS as follows: 9 

(a) The Jacket IS placed around the pile, and the closlng zipper IS started from the top. 

(b) After Installing the polyurethane seal at the top, the top nylon strap IS Installed and 

tightened to secure the jacket in place. 

(c) The zipper is then closed contlnuously to the bottom, wlth nylon straps belng Installed at 

every 1 m (3 ft.) on center. 

(d) If the base around the pile has been previously ellcavated, It can be backfllied uSIng the 

same methods as for the two-unlt system. 

Another proprietary system (RETROWRAPS) developed by Cathodic Systems Inc., makes use of 

geo-synthetic technology and 15 shawn ln Figure 6.3. The system 15 speclfically developed to 

protect piles in the splash zone and can be used on piles of any geometrical configuration. It 15 

reportedly designed to wlthstand the deterioratlng effects of ultraviolet radiation, envlronmental, 

ozone, and temperature variations for the design life of the system. The system can also be 

provlded wlth an outer coatlng to prevent bUlldup of marine growth. The system 15 modular and 

is capable of encapsulating any length of pile. The butt jOints of multiple Unlts are sealed wlth 

a cummerbund unit to provlde contlnuous encapsulation. The unlts can be removed for the 

purpose of inspecting the substrate and relnstalled without damage to the system Itself. 

1 Outer geo-membrane 
2 Pultruded strtfeners 
3 Inner seallng flap 
4 Inner geo-textlle membrane (bonded to 1 & 3) 
5 Bondlng agent 
6 Thlxotroplc gel (contamlng 7) 
7 Speclfled additIVe (corrotlOn Inhlbitor, blocidH, conductive gell) 
8 Cable tlel 

FIGURE 6.3 - SCHEMATIC DIAGRAM OF A PILE WRAPPING UNIT 
(RETROWRAPS, CATHODIC SYSTEMS, INe.) 
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Each unit is comprised of an outer geo-membrane bonded ta an inner layer of geotextlle fabric . 

The outer membrane is constructed of a nylon fabric encapsulated in polyurethane or polyether. 

The inner fabnc is Impregnated with a thlxotroplc gel that can be used to carry corrosion 

inhlbltors, biocides or cathodic protection anodes. Once tensloned, the elastlc properties of the 

membrane generate sufflclent forces to push out oxygen and water from the substrate interface 

allowlng the gel to form a !10mogeneous contact wlth the pile surface. These forces permit the 

system to 'self heal', If punctured, by forcing the Impregnated gel into the damaged area. 

The units are Installed ln a slmllar manner as other types of wraps. At the leading edges of tlle 

fabric are pockets for Inserting stiffeners used for sealing of the unit. A semi-ngid polypropylene 

Inner sealing flap ensures a 3600 seal at the loading edges. To facilitate proper installation, 

tensloning cali pers (Figure 6.4) can be obtalned. Typical specifications for the RETROWRAP pile 

encapsulation system are included in Appendix M. 

SECTION A· A 

FIGURE 6.4 - TENSIONING CAUPERS (RETROWRAPS - CATHODIC SYSTEMS, INC.) 

6.2.2.2 FIBER·REINFORCED POLYMER (FRP) JACKETS 

Polymer pile encapsulation IS the state-of-the-art method for protecting and resurfacing concrete 

piles. The system consists of pumping epoxy grout Into rigid encapsulation jackets that are 

custom fabricated to precisely fit the pile for each job. The encapsulation is highly corrosion 

reslstant, has a very low permeability, and possesses high compressive, tensile, and impact 

strengths. They are relatively easy to Install and, if properly Installed, they cali provide a long 

service IIfe.6 
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A typical polymer pile encapsulallorl system conslsts of two syll1lllC'tncal flbel glnss r ClflfolGl'd 

polyester or vlnylester Jacket urlltS (Figure 6.5) each wltll a rTllrlllllUm tllll'kllm~s l,f :1 rllfll (l,,, l') 

The unlts can be elther rectangular or clrcular ln shape and me SILed silonlly lai DOl ln titi 11-" 1 ;1\l11 

than tlle pile belng repalred The Iwo unlts ::Ire JOlnad togetller élrouml tlll' plie ta fO(lll ,1 l,r~lIi 

space between the pile and the Jacket Eacr mdlvldual Ulllt Ih frHecl V;lfll pt"':ymcl . ,;1 ~wd ,111:-; 

bOllded to the Intenar of the Jackets ta provlde a ufllform nnnulLs bor_veen th) olle Hl:! ~~l'_' j. H hl't 

The stand-offs are cone-shaped ta mlnlmlze pile conlact area 

FIGURE 6.5 - TRANSLUCENT FRP JACKETSu 

Once Installed, the bottom of the Jacket IS sealed and the cpoxy Urolll l', purnfJPd IIno"!J" ail 

injection port located al the bottom of the Jacket. l he principal compormnts and IIH~ vaIlOll'; 

phases of a successful pile encapsulatlon system are shawn Ir! FIOUl cc; fj.f) ilnd fi 7, rosPI!ctlVt'ly 

A standard trealment of the r erTlatntng portion of thp pde abovo ti-lU FRP pekot, wtllcll l', nft(!11 

used by the Flonda State Department of Transportation, 15 Illustrtlted 111 Figure Cl El 

Polymer pile encapsulatlOn was successfully used tCi r8fJwr rock borer da: naue to 1.~37 di I(J 1 I,H 

m (4.5 ft. and 5.5 ft.) outslde dlameter precast, post tcrlsloneu COrlee ete cyllnde' piles of oJ li l'',!ln 

located ln the Arabian Gulf 7 Several alternative repalr schemcs W8U: (J'/alu;llr.'r! an,l Il '/lf).'-, 

determlned thal FRP encapsulatlOn (Figure 6.9) was the me st '1labla OrIllOn arid ""a~ :::11:.I"üll duu 

to the followlng reasons: they are sUltable for Installation ln OpfJl1 sua. Ihüy oro Ifllp(:(rn(~dLJII! Ir) 
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FIGURE 6.6 - PRINCIPAL COMPONENTS OF A PILE ENCAPSULATION SYSTEM 
(A-P-E, MASTER BUILDERS, INCl 

'TtMpr IRA-RY 
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~ r - 1 
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, 1 --~ 

\ i ' 
)
/ 1 HIOH 
1 !PRESSURE 

" ' BLASTINCi 

" dt 
Pli' CL"" .... -; P'l' Clr"' .. NO .. ACKE f (PO. Y onOOT 
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FIGURE 67 - VARIOUS PHASES OF A POLYMEI:1 ENCAPSULATION SYSTEM ARE SHOWN 
FROM LEFT TO RIGHT (A-P-E, MASTER BUILDERS, INCt 
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FIGURE 6.8 - DETAIL OF STANDARD TREATMENT OF TOP 300 MM OF CONCRETE PILING 
(FLORIDA STATE DEPT. OF TRANSPORTATION)2 
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FIGURE 6.9 - POLYMER ENCAPSUU\TION SYSTEM USED TO REPAIR CONCRETE 
CYLINDER PILES (ARABIAN GULF)/ 

rock borers. they have a high reslstance to mechamcallmpact and abrasion, and their potentially 

long service life. Although polymer encapsulations have several advantages over other systems, 

a wide range of problems have been encountered on a number of proJects. Basad on field 
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observations of a large number of marine concrete structures, comb!ned wlth vanous field and 

laboratory tests, Snow6 has developed a list of causes Influellclng performance and has provlded 

possible remedies for mlnlmlzing the problems. Below IS a brlef summary of the flndlngs. 

(1) DISCONTINUITY OF POL YMER GROUT 

Discontinulty of graut was C'bserved at or near the original water elevation at the time of construc

tion. In some Instances, vOids developed in areas at lower elevations. The phenomenon was 

attnbuted pnmanly to entrapped air as the grout was poured into the jacket from the top. Another 

principal cause of grout dlscontlnuity IS not provlding an adequate number of stand-offs to 

malntaln the proper spaclng between the jacket and the pile, thereby rGstricting grout flow. These 

deflclencles can be easlly corrected by: 

(a) Pumplng the epoxy grout Into the jacket from the bottom. 

(b) USlng translucent Jackets sa that graut flow can be monitored and the necessary 

correctIOns can be made before the grout sets. 

(2) LACK OF BOND BETWEEN POLYMER GROUT AND SUBSTRATE 

The most common cause for bond failure between the grout and the substrate was attributed to 

Improper surface preparation, and the presence of biofilms on the :"ubmerged surfaces whlch 

begln ta develop Imffit~diately after cleaning. As a result, the fo"owlng precautionary measures 

are suggested: 

(a) Use of proper surface preparation techniques including a suitable pile "anchor profile". 

This is usua"y accomphshed by using sand blasting or abrasive ratary tools. 

(b) Preparation of substrate, installation of jackets, and pumping of grout !nta the jackets 

withln the shortest tlme-frame possible, preferably less than 36 hours. 

(c) Pumping the epoxy graut !nto the translucent jacket from the bottom up through injection 

ports provided ln the Jacket. 

(1) LACK OF BOND BETWEEN POL YMER GROUT AND FRP JACKET 

Bond failure between the grout and the FRP jacket is slmilar to the lack of bond between the 

grout and the pile. The most probable causes are reported ta be improper preparation of the 
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Inside surface of the jacket, the presence of mold release agent resldue on the jackets, manne 

biofilms, or inadequate compactlon of the graut dunng placement. In addition to Implementlng 

preventive measures (h) and (c) ln Section (2), the followlng are also suggested. 

(a) The Inslde of the jackets should be roughened at the site Immedlately pnor to Installation, 

preferably by IIght grlt blastlng. 

(b) Use of jackets wlth protectlve liners. Sorne jacket manufactures provlde Jackets wlth a 

liner that leaves a rough finish on the Inslde surface of the Jacket when It IS peeled oH 

(4) IMPROPER MIXING AND/OR CURING OF POLYMER GROUT 

The field observations showed that several of the encapsulatlOns falled as a result of Improper 

mlxing of the grout components. This resulted ln soft spots of uncured matenals whlch easlly 

peeled off the substrate. To address thls prablem, tile followlng solutions were suggested: 

(a) Selection of different color (i.e., black and white) epoxy components. If the components 

are properly mlxed, they will produce a l!nlform dlHerent coler (grey) wlthout any streaks 

of the original colors. 

(b) The grout should be mlxed and pumped by the ·plural component method· uSlng 

commerclally avallable dispensing machines. 

(5) THERMAL INCOMPATIBILITV OF THE POLYMER ENCAPSULATION WITH THE 
SUBSTRATE 

Polymer encapsulation materials have a much hlgher coeHiclent of expansion than the concrete 

substrate. As a result, the materials become parllally debonded and ln sorne cases, the FRP 

jacket is removed Dy wave action. However, when polymer encapsulatlons are properly installed, 

debondlng caused by thermal incompatlblilty IS apparently ehmlnated. Therefore, to mlnlmlze 

distress caused by temperature fluctuatIons, the followlng procedures should be adopted: 

(a) Implementlng ail the procedures prevlously outhned. 

(b) Performlng in-situ tests on the completed encapsulation to ensure that good bond has 

been achieved. 

(c) Installing encapsulatlons dunng the summer season 50 that the polyrner materials will be 

placed ln a more expanded state and thelr subsequent cooling will create a tightly 
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bonded system. If the encapsulation IS Installed during col der periods, the grout should 

be heated and warm water should be pumped Into the Installed jacket prior to grout 

InJection. This will slmulate installation dunng summer months. 

(6) ULTRAVIOLET (UV) DETERIORATION OF FRP JACKET 

Most of the jackets that falled as a result of UV detenoratlon appeared ta be fabricated with glass 

'Ibers. However, ln more recent applications, jackets 'abncated using a combinatlOn of woven 

roving, mat 'Ibers, and an outslde gel coat, have shawn Increased reslstance ta UV detenoration. 

Translucent jackets 3 mm (Va ln.) thlCk, consistlng of one woven rovlng and two mats plus a gel 

coat, have passed SOO-hour accelerated weathenng tests wlthout any sigmficaril damage. The 

following suggestions Will help to mlnimize the effects of UV detenoratlon: 

(a) USlng "hand laid up or pultruded jackets· wlth adequate resin caver over the glass fibers. 

(b) Add UV screening agents ta the jacket reslns at the tlme of fabrication 

(c) For severe UV exposure, coat the completed encapsulatlon with a compatible 

polyurethane paint to block the UV rays. 

(7) IN-SITU BOND TESTING 

As prevlously stated, the most prevalent cause of distress ln polymer encapsulations is debonding 

of the matenals. To ensure that good bond is aChieved, periodic in-situ bond tests, bath above 

and below the water IIne can be conducted uSlng the modified Elcometer Bond Strength ïester 

(Figure 6.10). It IS a field test device that determlnes direct tenslle bond on an isolated section 

of a completed encapsulatlOn. The tester applles a callbrated tenslle load on a 80 mm (3-Va in.) 

diameter test "dolly" tt .... t IS glued ta the outslde of the FRP jacket. Prior ta applying the load, the 

section belng tested is isolated from the rest of the encapsulation by cutting a circular groove 

around the dolly down ta the substrate surface. 

Results of several hundred tests performed wlth the device indicate that the bond between 

polymer mater/ais 15 usually greater than the bond between the grout and the pile. Hence, a weil 

bonded system IS achleved when fallure occurs at or below the grout-to-sub5trate interface . 
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FIGURE 6.10 - THE MODIFIED ELCOMETER BOND S rRENGTH TESTERIt 

6.2.3 REINFORCED CON CRETE JACKET 

This repalr method IS used fm piles that have undergone slQrllflcanl loss ln cros,> 'ieCIIOIl and CcHI 

no longer support the design service load Relnforced eoncmlo Jilckets aro usnd 10 provont 

further detenoratlon and restore the servlco load capaclty 01 Hw pllos 1 DopefldlllU 1)11 tilt) cJoqllJo 

of detenoratlon, the steel relnforcement t.sed ln the repalr can bo Wlro Illesh, slancJarcl delorllloci 

bars (epaxy coated or uncoated), or a cornblnatlon Ttle basIc tllchrllqull IcqUlm<; c!o;ulInn tllo 

pile and removlng ail delenorated cancrete, Instalhng steel reinfOrCC11TlPIlI drolHHJ IIlc (lalTl"!jlHl 

areas, placlng a Jacket around the prie, and fllling the annulm spaco IJfJIWUPfl IIlfl IclckPI "fiel tlln 

pile wlth concrete. 

Several propnetary systems for repamng submergeel pllos hava büor! dO'Jülopou but ;IIIIJ<!',lcéJlly 

involve the techmque outhned above Most commerclally tlvd!lrJlJio ~3ystems IJSU flUXlblo falme: 

Jackets, wh Ile ngld farms have also been used extenslvely 'j For cach syslmn, ca~,tllllJ ' ... 1 ldorwa!e, 

concrete around the piles and relnlorclng requlres speeldl toctlP;qum; and propCJ! rlIdtG! lat 

proportlonlng and selection. Submerged pites can al~o bfl mpr.llreu LJ31rlg ft ln rJl'(J!)/;!·.~ud 

aggregate and bagged concrete methods.u 
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6.2.3.1 FLEXIBLE FORMS 

An example of a commonly used proprietary system (SeaForms) uSlng flexible fabric Jackets IS 

IIlustrated ln Figure 6.11. After the pile is cleaned, a wlre reinforcmg mesh IS placed around the 

pile using 75 mm (3 ln.) PVC spacers to provide a grout space between the pile and the form as 

shown ln Figure 6.12. The fabnc IS then placed around the pile, the zipper 15 closed, and the 

form IS secured to the pile at the !OP and bottom wlth mechanlcal fasteners so that It does not 

sllde down dunng concrete placement. The concrete 15 pumped Into the torm tram the top 

through openmgs (seacocks) suppt1led in the fabnc usmg a sUltable hose whlch IS extended down 

to the lowest pOint ln the jacket Dunng concrete placement, the form should be Jostled ta make 

sure the co.1crete settles unlformly ln the farm. When the farm IS full, the pump hose is remaved 

and the seacacks are sealed.9 Figure 6.13 illustrates the vanous steps involved in the procedure . 

. . 
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(1) A typical plling heavlly encrusted wlth manne IIfe. (2) Encrusted and detenorated plhngs are 
cleaned of ail sea IIfe. Wood en plhngs are scraped. Steel H-beam, and sometlmes, concrete 
pihngs are cleaned wlth a rllgh pressure hydro blaster. (3) Th~ clean plhngs are surrounded wlth 
relnforclng Standotts malntaln the spa~lng between the plhng, the relnforclng, and the outer 
section of the form. (4) A baillstic nylon form IS zlppered closed over the structure, and attached 
to the pillng at the top and bottom. Each relnforclng structure and form IS pre-fabncated, pre
numbered and measured for each plhng (5) A special concrete mlx IS tremle pumped Into the 
form through the seacocks located at the top 

FIGURE 6.13 - THE VARIOUS PHASES OF THE SEAFORMS PILE ENCAPSULATION SYSTEM 
(AQUATIC MARINE SYSTEMS, INC.) 

6.2.3.2 RIGID FORMS 

Many types of ngld form systl:::ms have been used for repalring submerged piles. The 

most common type used by manne contractors IS the spht flberglass-relnforced polyester jacket,ll 

Illustrated in Figure E\.14. The Jackets are Installed around the pile and locked with a "z-boad" 

closure. A minimum spaclng of 38 mm (1-'/2 ln.) IS malntalned between the pile and the wlre 

mesh relnforclng, and between the relnforclng and the jacket. Relnforclng bands Installed at 

regular spacings along the length of the pile stablhze the jacket dunng concrete placement. If the 

repalr area extends below the mud line, a water jet or alrhft (Chapter 7) can be used to excavate 
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the reqUired cavlty for Instalhng a base seal. The concrete can elther be placed tram the top by 

the tremle method or pumped thraugh a valve at the base of the Jacket. The graut flilis topped 

off wlth an epoxy cap traweled at a 45° angle. The area around the base of the pile should be 

backfilled 9 

A ngld form system L:Slng split flberboard can also be used. This system IS very slmllar ta the 

hberglass system descnbed above, and is Illustrated ln Figure 6.15. The forms can be fltted wlth 

a closure at the lower end and suspended trom the top, or the end closure may be Installed flrst 

and suspende ... from above to support the forms. 9 

,; . . CONC~ETE CAP ': " " f 
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FIGURE 6.14 - FIBERG~SS RIGID FORMe 
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/' REINFORCING 

/""""" STRAP 

FIGURE 6.15 - FIBERBOARD RIGID FORM9 

For piles whlch have deteriorated to the pOint where the structural Intp.grrty IS ln question. the 

jacket IS relnforced wlth standard deformed relnforclng bars. The Flonda State Department of 

Transportation has used concrete Jackets rel'lforced wlth epoxy coated rebars. The Jackets are 

cast by the convention al method uSlng fabncated plywood forms 2 A typlcal relnforclng design 

is Illustrated ln Figure 6 16. 

ln a recent pilot test program at the Port of Oakland ln Cahfornla, a seml-ngld fiberglass tubuli:.1r 

jacket wlth one longitudinal seam was used to repalr test piles. B The relnforcing steel consisted 

of 150 mm x 150 mm (6 ln x 6 ln.) welded wlre fabnc and 20 M (15 mm) longitudinal rebars at 

approxlmately 230 mm (9 In.) spaclng wrapped around the repalr area. The seml-flgld Jacket was 
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flHed around the pile, and posltioned with top and bottom centenng devices. A bottom seal was 

installed and the Jacket was tightened with steel bolts placed ln closely spaced holes along the 

longitudinal seam. The concrete was placed from the top uSlng a 50 mm (2 in.) dlameter PVC 

tremie pipe extending down to the bottom of the repair area. The added advantage ln using thls 

syst(;m IS that the jackets can be easlly removed and reposltioned for reuse, permlttlng repairs 

to be do ne ln multiple lifts. 
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6.2.3.3 PAECAST SHOTCRETE 

Precast concrete half-cylinders wlth a wall thickness of 75 mm (3 ln.) and relnforcing mesh 

projecting from the sides and ends of each modular unit have been used successfully for 

protection of piles.2 Although it was used for protecting tlmber piles, the method can be easlly 

adapted for protecting concrete plies. The concrete cylinder halves are placed around the pile 

above the water and the projecting relnforcing mesh IS twlsted together to make a complete unit. 

The end and side joints are then sprayed wlth concrete (gunlted) and the complete unit IS 

lowered into the water. A second unit IS made in the same manner and placed on the first one. 

This procedure is contlnued until the concrete Jacket is Jetted to the deslred depth below the mud 

line. The annulus which IS formed between the jacket and the pile is th en ~illed with grout. 

6.2.3.4 OIL-DAUM METHOD 

This method was successfully used for many years by the Port of Oakland as a standard methc j 

of repair for tlmber piles, but can also be used to repair concrete plles.2 The procedure inv'llves 

replacing a major portion of the length of the plie with new concrete. A 190 liter (50 gal.) steel 

oil drum with a hole the size of the plie is eut in the bottom and is fitted around the pile and filled 

with concrete. Relnforcing can be Installed, If required, and the oil drum is filled with tremie 

concrete. Polyethylene sheets are usually wrapped around the pile before placing the concrete 

to obtain a tight, oxygen-free seal adjacent to the pile surface. 

6.2.4 PARTIAL REPLACEMENT 

This repair alternative is needed when the piles have deteriorated ta the point where they can no 

longer support any load. In this type of repair, the deteriarated portion of the pile would be 

removed and replaced with a new load transferring mechanism to restore ils : ... 11 ~ervice load 

capacity. A common technique used by contractors Involves installation of steel pipe jacks 

between sound portions of the pile and encaslng the member wlth a reinforced concrete jacket, 1 

as shawn in Figure 6.17. 

ln rare cases, replacing the deteriorated pile wlth a new one may be more economical. One 

methad which is useful for concrete deck structures consists of cutting a hale in the deck 

between existing pile locations and adjacent to the deteriorated pile. A new concrete pile is 

driven through the hole and eut off below the top of the deck, and a concrete cap 15 poured 
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under the deck around the new pile to ensure adequate load transfer. This method is iIIustrated 

in Figure 6.18. 

D 
Pipe Jack 

Concrete Jacket ' 

FIGURE 6.17 - PARTIAL REPLACEMENT OF PILE WITH PIPE JACK AND CONCRETE JACKET' 
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FIGURE 6.18 - ADDITION OF NEW PILE TO EXISTING STRUCTURE' 

6.2.5 CATHODIC PROTECTION 

Cathodic protection (CP) is an electrochemical method used to stop or decrease the rate of steel 

corrosion, It is frequently used to protect concrete located in seawater by making the embedded 

reinforclng steel cathodic with respect to the concrete. A direct current is applied between the 
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reinforcement, which aets as the cathode, and a permanent anode mounted into or on the con

crete surface, eliminating electnc potential differences along the steel surface. Cathodic 

protection in a marine environment can be applied in IWO basIc ways: the galvanlc (sacriflcial) 

anode system, and the Impressed current (inert anode) system.2 These systems are shown 

schematically in Figure 6.19, and a brief description of each follows. Further background to these 

systems IS available ln Reference 10. 

6.2.5.1 

ZINC ANODES 

SACRIFICIAL ANODE SYSTEM 

REeTI FI EA/CONTAOl.l.EA 
AC POWER 
SOURCE 

ANODES 

IMPRESSEO CUARENT SYSTEM 

FIGURE 6.19 - SCHEMATIC REPRESENTATION OF CATHODIC 
PROTECTION SYSTEMs 

GALVANIC ANODE SYSTEMS 

A galvanic anode system consists of eleetrically connecting a sacrificial anode to th() reinforcing 

steel and immersing it in an electrolyte (in this case seawater). The potential difference which is 

created between the anode and the structure cathode, consumes the anode to produce the 

electric currem which keeps the structure in a cathodic state. Metals with high potemials such 

as zinc, magneslum, and aluminum have ail been used effeetively as sacrificial anodes. 10 

6.2.5.2 IMPRESSED CURRENT SYSTEMS 

An impressed current system is similar to a battery in which the anodes, made of high-sillcon cast 

iron or graphite, are conneeted to an external OC power source to produce the electrlc current . 
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The anodes are installed in the electrolyte and connected to the positive terminal of the OC 

source, while the structure being protected IS always connected to the negative terminal. la This 

method IS also termed the 'rectifier type,.2 The resulting impressed current slowly consumes the 

anodes and is often accompamed by gaseous reaction products. lO 

6.2.5.3 GALVANIC ANODE SYSTEM VS. IMPRESSED CURRENT 

The selection of the speciflc cathodic protection system to be used is often a difficult process 

which requires careful economic consideration. Besides economic consideration, other 

determlnlng factors include cathodic interference, lack of power, or current requirements. For 

instance, in seawater, the current reqUirement is usually 54 to 108 mA/m2 (5 to 10 mA/ft. ~ of 

exposed area while that of freshwater IS in the range of 11 to 32 mA/m2 (1 to 3 mA/ft.~. Because 

seawater is a very low resistivlty environ ment, the voltage required to produce the current is also 

low.2 

The galvanic anode system is usually used in lower resistlvity envlronments, whereas the 

impressed current system can be used in almost any resistlvity environment. Due to concrete 

characteristics, the impressed current system is usually preferred for cathodic protection of rein

forced concrete structures. However, when maintenance or access is difficult, or when OC power 

is unavailable, the use of sacrificial anodes may be the best solution. la Betore a decision can be 

made on which type of CP system to use, a complete engineering and economic analysis must 

be made. The following IS a list of sorne of the advantages and disadvantages of the two systems 

as reported by Lamberton et al.:2 

(a) Galvanlc Anode System 

Advantages: 

• It does not require an external power source 

• Adjustment is not required after the proper current drain is determined 

• It is easy to install 

• Cathodic interference is minimal 

• It requlres very little maintenance during the life of the anode 

• The current can be delivered uniformly over a long structure 

• Overprotection at drainage points is minimized 

It is easy to estimate the cost 
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Disadvantages: 

It has a limited current output 

• It is not economlcal in high reslstivity environments 

• It requires numerous anodes to protect a large structure 

(b) Impressed Current System 

Advantages: 

• The system can be designed for a wlde range of applied voltage. 

• The system can be designed for a wlde range of current requirements. 

• A simple installation can prote ct a large area. 

• The applied voltage and the current output can be varied. 

• The current drain can be easily monrtored at the rectifier. 

Disadvantages: 

• There is a risk of cathodic interference current from other structures. 

• Its operation is affected by power failures. 

• Electrical inspection and maintenance are required. 

• It is very difficult to estimate cost because of the numerous possible design variations. 

6.2.5.4 CATHODIC PROTECTION OF PILES 

Cathodic protection of concrete piles damaged by relnforcement corrosion has baen used 

extenslvely by the Florida State Department of Transportation. Galvanlc zinc anodes have been 

successfully used ta protect reinforced concrete piles ln salt or brackish water. The method re

quires cleaning a I .... :ge enough area on the exposed relnforclng bar to accommodate the zinc 

anode assembly (Figure 6.20). One anode IS clamped to the exposed rebar for each 2 m (6 ft.) 

of pile in contact with water (Figure 6.21). The spacing Will vary with the welght of the zinc anode 

chosen. The normal application consists of using 3.2 kg (7 lb.) anodes.2 

6.2.5.5 SELECTION OF ANODE TYPE 

Aspects such as the service environment, installation constraints, and any long-term maintenance 

concerns are ail factors which must be consldered in selecting the type of anode to be used . 
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Cathodlc protection by sacrificlal anodes using magnesium, zinc, or alumlnum alloys have been 

commonly used. However, a recent study by de Rinc6n et al." concluded that magnesium and 

zinc sacnflcial anodes are not suitable for embedment ln concre~e. The study found that 

magnesium produce~ a large volume of oxidatlon products whlch crack the concrete ln a short 

period of time, and that ZinC does not adequately polarize the steel. Alumlnum anodes produce 

a much sm aller volume of oXldatlon products and protect the relnforclng steel more effectlvely 

because of therr bener diffUSion propertles. Accordingly, the report concluded that, cathodlc 

protection uSlng alumlnum anodes, erther embedded in concrete or immersed in water, 15 a feasi

ble method to control the corrosion of chloride contamlnated relnforced concrete in the splash 

zone. 

. .. . ~ . . '.. .. .' 
----~--~~~------ . . 

~ . 

. , 

J-~5 Coated Clamp 

Low Water ) 
Line ..,......, 

Anodes 
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FIGURE 6.20 - ZINC ANODE ASSEMBL 'f 
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6.2.5.6 RECENT DEVELOPMENTS 

Recent developments with the impressed current system have made cathodic protection more 

efficient, durable, and cast effective for protecting reinforced concrete structures. In the late 

19505, Impre5sed current systems, whlch wcr~ developed for the protection of reinforeed conerete 

bridge decks, used hlgh silicon cast iron anodes ln a conductlve :1sphalt overlay. Ta reduce the 

thickness and thus the welght of the overlay, anodes conslstlng of platlnum-ctad nroblum wlre and 

graphite fibers were ptaced Into grooves and set ln a eonductlve potympr grout. 12 

Anode systems have been developed primarrly for use wlth vert!cal and soffit surfaces of 

reinforced concrete structures, such as wharfs and bulkheads. These Inelude conduetive surface 

coatings, conductlve (copper) polymer mesh, and tltanrum expanded mesh embedded ln a 

shotcrete averlay and sprayed zinc. With these systems, the reinforcement and the anode are 

connected to the negatlve and positive terminais of a low voltage OC source, respectively. The 

density of typical currents used can range between 10 and 100 mA/m2 (1 and 10 mA/ft~.'2 

Further information on these systems is avallable in References 13 and 14. 

A propnetary water-based conductive coating cansisting of a blend of specially treated carbon 

disper5ed i;"l an acrylic reSln, was used ta protect piers of two brrdges ln Virginia. H! The coating 

is applied in two layers on the concrete surface wlth brushes or rollers, and IS electrically 

connected to a data acquisition system for mOnltorrng the performance of the system. The 

system permits the flexibility of mOnitoring the CP system from anywhere using either a phone, 

modem, or personal computer. A mixed metal oxide mesh and a conductive polymerlc wire 

encapsulated ln a cementitious overlay were recently used to proteet reinforced concrete wharf 

structures in Australia '6 and Saudi Arabia,'7 respectlvely. 

6.3 ELECTROCHEMICAL CHLORIDE EXTRACTION 

An alternative to cathodic protection of relnforeed concrete structures involves the removal of 

chloride ions from the contamlnated concrete, thereby restoring the alkalinity (high pH) level ta 

stop the corrosion process. '8 The method IS nondestructlve and can be applied with minimal 

removal of unsound (cracked or spalled) concrete. Upon completian, the surface of the conciete 

can be treated with a barrier coating ta mlnimize future penetration of chloride ions. A descri~!ion 

of this p~ocess, which has been used in Europe and adopted in North America, is summarized 

in the following sections and has been adapted matnly from a review of References 12 and 18 . 
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The process, which was developed in Norway in the early 1980s, and used for the first time in 

1989, removes chlorides from the concrete by "electro-mlgratlon", using an applied elec:tric field. 

A direct electnc current is created between the reinforcing steel (cathode) and a temporary anode 

which IS mounted on the concrete surface and embedded ln an electrolyte (Figure 6.22). The 

anode could elther be a mesh made of steel or tltamum. The electrolyte is placed ln a paste that 

can be sprayed enta the surface being treated. An electric field is applied ta the external anode 

which attracts the chlonde ions to the electrolyte pasie and draws them away fram the steel rein

forcement. At the same tlme, alkali Ions ln the electrolyte paste are drawn !nta the carbonated 

concrete by "electro-osmosis". This gradua"y restores the pH level around the rebar and ln the 

concrete cover. 

FIGURE 6.22 - ELECTROCHEMICAL CHLORIDE REMOVAL SET-Up3 

6.3.1 SYSTEM INSTALLATION 

Ta ensure success of the electrochemical process, the system must be properly installed. Prior 

ta installation, the concrete surlace must be cleaned thoroughly and any coatings must be 

removed. Ta prevent short circUits, ail the cracks must be properly sealed with a cement mortar. 

After the sUriace is prepared, wooden battens are fixed to the concrete surface, ta provide a 12 

ta 25 mm (% to 1 in.) gap between the concrete surlace and the anode mesh. This a"ows 

embedment of the anode between two layers of electrolyte paste. The first layer, which is a 

cellulose fi ber, is sprayed over the surface to the thickness of the battens. The mesh is fastened 

ta the battens and the sUriace is sprayed again with the electrolyte to an additional25 mm (1 in.) 

depth, resulting in a total installation th!ckness of 50 ta 75 mm (2. to 3 in.) . 

The reinforcing steel wlthin the concrete to be treated and the surface electrode are connected 
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to a low voltage current source by an AC/OC rectifier. The rectifier uses a 100 to 240 volt power 

source or a generator. Current densifies can range between 300 and 1000 mNm2 (28 and 93 

mNff). 

6.3.2 MONITORING SYSTEM OPEP.ATION 

The time it takes for the electrocht!mlcal process to reduce the chloride content in the concrete 

to below the corrosion iOitlatlon threshold (0.1 % to 0.4% chlonde by weight of cement) depends 

on: 

• The amount of chlorides present in the concrete 

• Concrete quality 

• Concrete coyer thickness 

• The strength of the induced electric current 

• The quality of system Installation 

The time required to realkalinize the concrete varies between one to two weeks, while chlorlde 

removal takes elght to ten weeks. During thls period, chemical analyses of the coyer concrete 

should be performed to determine If the deslred chlonde or pH levels have been reached. The 

pH levels can be monitored by using a rapid chloride test and a pH indlcator. Measunng current 

density and the voltage that is developed during the process help to determine when the treat

ment IS sufficient. At the end of the treatment the electrolyte paste is removed and a chloride 

barrier coating is then applied to prevent future penetration of chlorides. 

6.3.3 CHLORIDE EXTRACTION (CE) VS. CATHODIC PROTECTION (CP) 

The electrochemlcal removal of chlorides in concrete is a relatively new process that has been 

used in practice for only a few years, therefore, its effectlveness is not weil documented. 

However, there are some promlslng advantages whlch could make it a more cost effectivp 

treatment than CP, provided It is applied before deterioration becomes severe enough to require 

extensive structural repair. The following is a comparison of the two rnethods as reponed by 

Collins and Farinha: 12 

CE IS' not an on-golng treatment, whereas CP requires p:nioc1ic anode maintenance and 

system monitoring . 
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CP requires detalled design to ensure adequate performance wh Ile the CE anode is 

temporary and less attention to detai! is needed. 

CE is simpler to apply than CP resulting in lower Installation costs . 

CE reqUires minimal surface preparation. The CP system reqUires Intensive surface 

preparation and IS more time consumlng. 

Evaluatlng CP performance has not been flrmly establlshed for remforced concrete struc

tures wh Ile the CE performance criteria is stralght forward. 

CE application IS subject ta wave Impact damage. 

Chloride extraction technology has been extensively tested by the MI"istry of Transportation of 

Ontario in Canada, and has been under investigation in Australia, and by the Strateglc Highway 

Research program (SHRP) in tne United States. It IS reported that no negative side effects have 

been detected. A more detalled revlew of the technique IS avallable ln References 19 through 22. 

6.4 REPAIRING SCOUR DAMAGE 

6.4.1 SCOUR RELATED DAMAGE 

The erosive action of flowing water ln streams around bridge piers and abutments, has been a 

continuing problem for highway department admmistrators and engineers.24 The undermining of 

bridge piers, abutments, and approaches caused by seour, IS d constant threat to the service life 

of bridge structures. The Federal Highway Administration (FHWA) reports that bridge scour IS the 

leading cause of bridge eollapse and closure in the United States.27 For instance, the collapse 

of the Route 90 bridge over Schoharie Creek in New York (1987) and the U.S. Route 51 bridge 

over the Hatachie River in Tennessee (1989) were two of the most notorious examples of bridge

seour dlsasters.23 

Scour is a natural phenomenon that is deflned as • ... the displacement of stream bed materlal by 

stream or tidal currents .• 24 The problem is generally worsened by the presence of obstructions 

such as bridge waterways construction, piers, spur dikes, and other similar structures. Ali 

streambed materialls susceptible to scour but IS more senous in areas containing alluvial materi

al. Seour most often occurs during flash floods. The magnitude of seour damage depends on 

the type of sediment ln the streambed, volume and speed of water flow, and the shape and size 

of the structure. 1 
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There are three basic types of scour that may occur at a bridge waterway: general, contraction, 

and loca1.24
,25 These are discussed below. 

6.4.1.1 GENERALSCOUR 

General scour (or degradatlon) IS a process of eroslon whlch occurs over a long penod of ume 

and IS caused by changes ln the river flow pattern. This usually occurs ln alluvial streams where 

the channel cross-section changes or meanders, resultlng in river bed elevatlon changes. Ofton, 

however, the degradatlon of rlvers IS the result of man-made flow changes elther upstream or 

downstream of the bridÇ!~. 

6.4.1.:~ CONTRACTION SCOUR 

Contraction (or constrlctlon) scour occurs when the river flow IS restricted by natural causes or 

by bridge piers, pilings, abutments or other structures. This reduces the river cross-sectional 

area, thereby increaslng water veloclty ln the immedlate vicinlty of the bridge structure. 

6.4.1.3 LOCAL SCOUR 

Local scour results from localized turbulence around pllings and piers. Vortlces that form around 

the pie(:J rem ove the streambed materlal faster than It IS replaced, thereby erodlng soli and sedi

ment from their bases. 

6.4.2 ~EPAIRING SCOUR-RELATED DAMAGE 

Once scour damage IS detElct ~d, the cause of the scour should be determined and corrective 

measures must be Implemented Immediately to avoid any further erosion which cou Id lead ta the 

possible loss of the bridge structure or more importantly, loss of IIfe. Repalr of damage caused 

by nver scour may reqUire the replacement of dlsplaced materlal, or it may requlre redesign or 

modification of the structure. Vanous repalr procedures have been developed depending on the 

nature, type, and seventy of the damage. Sorne of the most commonly used methods are 

summarized below . 
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6.4.2.1 CONCRETE JACKETING AND RiPRAP 

This repalr method IS generally used for repalnng scour damage under pile supported pier 

footings, and can elther be performed ln dry conditions by constructing a cofferdam around the 

structure and dewatenng It, or It can be performed ln submE':rged conditions. It baslcally consists 

of placing a new concrete subfooting whlch is protected by nprap placed around the footing 

(Figure 623).26 

Rlprap placement shoulo be done carefully and evenly around the footing to avold damaglng the 

concrete and to avold any unbalanced forces 19a1nst the pler structure. Aiso nprap should not 

be placed above the onglnal streambed elevation sa as not to change the flow pattern. In sorne 

cases, It may be necessary to perform analyses to ensure that the structure ean suppon the 

additlonal nprap loading. 

., Il.,,, Or Colu"," 

" 

FIGURE 6.23 - CONCRETE JACKETING AND RIPRAp2e 

6.4.2.2 FLEXIBLE TUBE FORMS 

This method is used for repalnng scour damage beneath spread footings and involves the 

placement of flexible nylon tubes fi lied with structural mortar to restore the beanng surface to the 

footing (Figure 6.24).26 The forms are fabricated by jOlnlng together sultable lengths of fabrie with 

a "hlgh tenslle nylon stretchlng".3 Tho tube forms apa then placed around the scoured area 

beneath the footing and are filled wlth grout. Once the grout hardens, the tubes act as the 
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formwork for the material ta be placed beneath the footing. Grout injection tubes are th en 

inserted between the tube form and the footing and graut IS pumped Into the vOid space beneath 

the footing. An adequate number of Injection tubes should be pravlded ta allow water ta escape 

during pumplng of the graut. 

S.OE V.Ew 

(a) Flexible Tube Forma 

(b) Section AA 

FIGURE 6.24 • FLEXIBLE TUBE FORMS2e 

6.4.2.3 TREMIE CONCRETE SUBFOOTING AND CONCRETE RIPRAP 

This method is similar ta that used for the flexible tube forms and involves filling the scoured area 
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with tremie concrete. Bags are filled with concrete riprap and are stacked around the scoured 

area along the perimeter of the footing, creating the formwork for the concrete fill (Figure 6.25).26 

PI., 5'0'" 

_Strll"'"ow 

~;;;;;iiiIj 1IIIIBt::5c:our'd Ar •• 

CI) Concret. Rlprap and Tremie Concrete Subfootlng-Partlal Elevation 

To, ot SUItIOO"", S"ould "0 
1.'IUn, '0011", 

6.4.2.4 

(b) Section AA 

-After ".palr 

"1"-,'."'''- ' ...... 
Cene'''' ... -._--....... 

(c) Section Il ............ 
FIGURE 6.25 - CONCRETE RIPRAP AND TREMIE CONCRETE SUBFOOTING28 

REPAIRS FOR HEAVILY UNDERMINED STREAMBEDS 

Signiflcant changes in the river flow pattern may sometimes cause severe scour of the entire 
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streambed. This usually occurs during peak runoff periods where a sudden change in the river 

flow pattern downstream slgnificantly increases the water flow velocity upstream. resultlng ln 

severe erosion. The corrective measure typlcally Involves rebUilding the entlre streambed ta the 

original elevatlon wlth crushed stone subbase matenal topped with a heavler stone riprap as 

shown in Figure 6.26.26 

leou, 

6.4.2.5 

App,o.'m.,. Le.,' o. 
0,'.'n81 S,,.emlt'd 

., I •• m " C.'u"'n 
~-7'&"'--:-~----J~~"~_:--:- No' ..... W •• " L.".I 

FIGURE 6.26 - RECONSTRUCTION OF SCOURED STREAMBE02tl 

REPAIR OF ABUTMENT FOUNDATIONS 

Abutment foundations are usually found at a hlgher elevation than pier foundations and are more 

susceptible ta scour damage. For abutments not supponed on piles, a new concrete subfooting 

IS constructed below the existing footing (Figure 6.27a). A connection between the two footings 

IS made by installing machine bolts in the eXlsting abutment concrete at approximately 450 mm 

(1 B in.) centers, also shawn in Figure 6.27a. Bolting IS not required for pile supported abutments 

(Figure 6.27b). Also, stone nprap is aften placed around the new footing ta pravent future scour 

damage.3 

Alternatively, the scoured area can be filled wrth a sand backflll and protected by concrete filled 

fabric bags (Figure 6.28). The stabihty of the bags may be increased by placing them in inter

locking bnck bond fashion and driving reinforclng bars through them before the concrete sets. 

A fllter fabric IS required under the bags to prevent scour from occurring through the spaces of 

the Indivldual bags. The most commonly used materials are synthetic fi ber, non-woven and 

woven fabrics.9 
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FIGURE 6.27 - ABUTMENT REPAIR: (a) SOIL BEARING TYPE; 
(b) PILE BEARING TYPE28 

CONCRETE CAP 
1 

PILES 

1 

CONCRETE FILLED 
FABRIC BAOS 

FILTER 
FABRIC 

FIGURE 6.28 - FABRIC FORMS AND FILTER FABRIC SCOUR PROTECTION" 
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6.4.2.6 SHEET PILE DRIYING 

The driving of steel sheet piling in front of piers and abutments may be used ta retaln matenal 

in place or ta prevent further scour. It also allows the placement of any lost foundatlon matenal 

ta be replaced behmd the sheeting.9 The toe of the sheet piling should be driven to sound rock 

or nonerodible soil (Figure 6.29). In some cases, sheetlng may be difflcult to Install due ta the 

overhead clearance requlred ta dnve the sheets.2 

SHEET PILING z '*' :: :.' ,. . , : : .. [ E: , 
j" 1 .. OOTING 

1 , 
1 
1 
1 - , -=, 
• 
1 

...4 PI 1 LES 
1 
1 
1 
1 . --.-

FIGURE 6.29 . SCOUR PROTECTION USING SHEET PILlNG2 

6.4.2.7 TRAINING WORKS 

Spur dikes, jetties, deflectors, and other structures are often constructed ta redirect water flow 

away trom a bridge pier or abutment (Figure 6.30). However, these structures need careful 

design considerations ta avold causlng scour damage to adjacent areas.2 

6.4.2.8 REPAIRING TILTED PIERS 

Severe scour may cause bridge piers to tilt, causing distress in the superstructure which may lead 

ta failure if not repaired. The first step ln the repair procedure involves drilling and groutlng a 

series of dowels through the bridge deck and into the pler as a temporary measure to prevent 

further tifting of the pier until a permanent repalr is made (Figure 6.31a).3 
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The pler cross-section is th en enlarged ta provide a seat for jacking the bridge deck to its original 

elevation. Once the deck is brought to ifS original elevation, 11 is supponed on steel shims until 

the underwater portion of the footing is repaired (Figure 6.31b). Dunng thls stage, addltional 

holes are dnlled through the deck and the pler sa that they can be connected monolithlcally wlth 

the second stage concrete placement. The steel shims are left in place.3 

STONE FACIIilG 

STONt. FACING 

~ •• 
o~ 

\Z r i i r T r T i i i T i 
FIGURE 6.30 - SPUR DIKE2 

6_4.3 SCOUR INSPECTION AND MONITORING 

A number of federal and state transportation agencies in thE:! United States are testing new 

technologies and instrumentation systems that can monitor and measure the extent of scour that 

occurs at a bridge substructure. These systems can be grouped into two categories: "postflood 

measurement systems, and real-time systems that monitor the streambed during floods".27 A 

comparison of these system~, regardlng costs, manpower efficiency, overall effectiveness, and 

other factors is provlded ln Table 6.3. 

Postflood surface assessment methods used to detect scour holes include subsurface interface 

radar (SIR), also called ground penetrating radar (GPR), and several continuous seismic profiling 
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(CSP) systems, such as tuned transducers and both monochrome and color fathometers. Each 

system can be used during normal river flow conditions to measure scour depth. This method 

is especially useful for determining the amount of materral that fills a scour hole after a flood. This 

prevents bridge inspectors from underestimatlng the degree of seour that has actually occurred. 

0 •• 0'. " f "".'.'"'1--.1 

.... ""1 

(1) RIPllr. to nned Pler •• FI,at Stig. Rlpllr 

-Section through Pler Stem 

Sec, .... Til'.. $'0'" 

(b) Repalr. to n.1d PIe,a • Second Stage Repllr 

FIGURE 6.31 • REPAIRS TO TILTED PIERS: (a) FIRST STAGE REPAIR; 
(b) SECOND STAGE REPAIR28 

Real-time systems can be used to monitor scour actlvity dunng floods. These come in!wo types: 

permanently installed (or fixed) and portable. Permanently installed systems are used to take 

measurements where future bridge seour is expected to oecur. The advantage of this system is 

that the deviee takes measurements before, dunng, and after the eroslon, and can provide 

valuable information on how the seour hole develops over time. A dlsadvantage is that it provldes 

data only at the location where it IS installed. Also, flxed systems are susceptible to impact 
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• TABLE 6.3 - COMPARISON OF SCOUR MONITORING SYSTEMS27 

Cast ($ US) Manpower Overall Other factors 
efflciency effectlveness 

SIR and CSP Complete Requlre two or Comblnatlon of Price and 
systems system with more people to SIR and CSP will training 

operators conduct provlde accurate requirements 
$1,000 - $1,500 surveys. subbottc'n and may make 
per day. stratigraphic systems cost-

analysls of effective for 
almost ail sites. users with 

frequent need. 

Real·time test- Several Once installed, Testers provlde Permanent 
ers (fixed) hundred to does not need accurate real- installation 

several anyone ta be tlme picture of means the 
thousand present during erosion before, pieces of 
dollars per site. the scan; to dunng and after hardware 

acqulre data, flood, but only of needed is 
someone must areas where equal ta the 
return to the sensors are number of 
site. Installed. They bridges. 

provide no 
subsurface data, 
th us no data on 
infill. 

Real·time $2,000 - $5,000 Requires When crew can Access ta sites 
testers operators to reach the site during flooding 
(portable) visit bridge or and navigate cou Id be 

site during waters, testers hazardous. 
floods. will provide 

accurate picture 
of erosion in 
progress. They 
provlde no 
subsurface data. 

Physical Minimal Requires a Probes provide Skilled labor 
probes/visual hardware costs skilled crew on- excellent surficial may now be 
inspection site five to ten and subsurface more expens-

times longer data at points of ive than 
than time installation or hightech 
needed for SIR inspection. equipment. 
orCSP Method was 
systems ta more effectIVe 
conduct before 
inspection. advances ln 

SIR and CSP 
technology . 
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damage by floating debris dunng a flood. Although these nondestructive testing tools are 

genarally ex pensive, the scope and speed with which the data IS obtalned often justifies the cast. 

A brief description of each system follows. 

6.4.3.1 SUBSURFACE INTERFACE RADAR (SIR) 

SIR systems are best sUited for use ln fresh water less than 6 m (20 ft.) deep. They transmit 

electromagnetic waves into the riverbed ta provide high-resolutlon contlnuous subsurface profiles. 

The pulses are reflected at subsurface interfaces and are recorded by the SIR system, enabhng 

the inspector ta map subsurface conditions. The data is displayed as a continuous profile on a 

graphie r~corder or colar monitor. SIR systems can provlde data up ta depths of 30 m (100 ft.) 

in low conductive subsurface materials. Highly conductiye materlals tend to limit signal 

penetration to only a few meters. SIR systems generally perform bener ln freshwater streams wlth 

granular bed materials. They do not perform effectively in dense, mOlst clays and they do not 

function at ail ln salt water. 

6.4.3.2 CONTINUOUS SEISMIC PROFILING (CSP) 

CSP systems can functlOn in salt or bracklsh waters and can penetrate deeper than SIR systems. 

They transmit acoustic waves through the water and riverbed materials. When the transmlned 

waye hits a subsurface interface, part of the waye is reflected back ta the system. 

The monochrome fathometer clearly defines the limits of scour hales, but will not penetrate the 

Infill material. Color fathometers, on the other hand, can cle,'uly map subsurface profiles too a 

greater depth than SIR systems. For thls reason, CSP systems are often used in conjunctlon wlth 

SIR systems. Tuned transducers can penetrate streambed material ta depths from several 

centimeters to a few meterr. in coarse matenal and several meters in fine materials. 

6.4.3.3 FIXED REAL-TIME SYSTEMS 

With these systems, falling rads whlch follow the scour depth ta measure the amount of fall, are 

fixed to the piers ta determine the depth of the scour hale. The bottom end of the rad must be 

large enough so that it does not senle mto the streambed, and the top end must extend above 

the footing. For the rod ta provide accurate measurements, it must be installed vertlcally . 
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6.4.3.4 PORTABLE REAL-TIME SYSTEMS 

There are numerous types of portable real-time units available and they ail operate in three 

phases: deployment, sounding, and horizontal posltloning. If a crew of workmen can install this 

system during a flood, it can provide a great deal of information. These systems ·offer the real

time advantages of fixed systems wlth the postflood system's flexibility of movement".27 
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CHAPTER 7 

IN-SITU REPAIR OF CONCRETE HYDRAULIC STRUCTURES 

7.1 INTRODUCTION 

Concrete hydrauhc structures such as dams, spillways, and lock chambers make up a slgniflcant 

portion of North Amenca's infrastructure. For instance, the U.S. Army Corps of Engineers 

(USACE) operates and maintains 536 dams and 260 lock chambers at 596 sites. Of these, more 

than 40 percent are over 30 years old and 29 percent were constructed before 1940.1 ln addition, 

nearly one-half of the 260 lock chambers will reach the end of their 50 year design life by the year 

20002 and many of these structures will be kept in service weil beyond their design Iives.3 

Periodic inspections of these structures reveal that many of the older structures require significant 

maintenance, repair, and rehabllitatlon. The newer structures must also be maintained to ensure 

their contlnued service and operation. 

According to the results of a survey conducted between 1982 and 1985 by the USACE,61 the 

three most common types of detenoration found in concrete hydraulic structures are: cracking, 

spalling, and seepage. These three categories accounted for 77 percent of the 10,096 deficien

cies identlfied dunng a revlew of available inspection reports for the USACE's civil works struc

tures. Cracking was observed the most and accounted for 38 percent of the total. Since many 

of the structures were constructed uSlng non-air-entralned concrete, much of the cracking and 

spalhng is attributed to detenoration resultlng from freezing and thawing effects. The initiai crack

ing, however, may have been Initiated by any of several different causes including drying 

shrinkage, thermal stresses, alkali-aggregate reaction, corrosion of embedded metals, and 

differentlal structure movement.3 Since there are several phenomena which can cause cracking, 

no one repalr technique will be appropnate ln ail cases. To develop the proper repair solution, 

the cause and extent of cracking must be clearly identifled. 

A report by ACI Committee 2244 recogmzes twelve techniques most commonly used for the repair 

of cracks ln concrete structures. A summary of these techniques and materials is provided in 

Tables 7.1 and 7.2, respectlvely. A number of methods and materials have also been used to 

repair surface spalling and scaling5 and are listed in Tables 7.3 and 7.4. From an evaluation of 

these repalr techniques and materials, three crack repair procedures and two techniques for 

repalring spalled concrete were identified as being the most appropriate for in-situ repair of 
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TABLE 7.1 - CRACK REPAIR TECHNIQUES FOR CONCRETE3 

Type of Crack 

Repalr Technique Dormant Active Comments 

Pressure Injection X Little surlace preparation IS needod. scar marks may bo loft 
on surlace where crack was InJected Llmlted to areas whore 
concrete has not vot spallcd Structural qualtly bond IS ost ab-
lished but If large structural movemcnts are slili occumng, 
new cracks may opon Proccss can be usod agomst 0 hydr· 
au Ile head 

Routing and Sealing X Simplest method avallable for repalr of cracks wlth no struc-
turai slgnlflcance Process not applicable to repalr of cTllcks 
subJectod to hydraulic head 

Stltchlng X X Process will not close or seal cracks but can be used to 
prevent them from progresslng Gonerally u5ed when It 15 
necessary to reestablish tensllo strength acrosa crack 

X X Pnmanly used to restore or upgrade structural propertlea of 
Addition of Relnforcement cracked members. 

Orilhng and Groutlng X Technique applicable only when cracks run ln str81ght line 
and are accessible at one end 

Flexible Sealing X X Technique IS applicable where appearance 15 not Important 
and ln areas where cracks are not subjected to trafflc or 
mechanlcal abuse 

Groutlng X Wlde cracks may be Med wlth portland·cemant gr<'ut Narrow 
cracks may be fliled wlth chem.cal grouts 

Drypack Mortar X For usa in cavltles that are deepor than thoy are wlde Con· 
ventent for repalr of vertical mambers 

Crack Arrest X X Commonly used to prevent propagation of cracks Into new 
concrete dunng construction 

Impregnation X X Technique can be used to restora structurallntegrrty of hlghly 
detenorated or low quahty concrete Can be uaed to sa al 
small crack networks 

Overlays and Surface X X Slaba contatntng fina dormant cracks can ba rapalred uSlng 
Treatments bcndad ovarlays Unbonded ovorlays should be used to 

cover active cracks 

Autogenous Heahng X A natural process of crack repalr has practlclIl appllcallons for 
closlng dormant cracka ln mOlst envlronmenta 

concrete hydrauhc structures.3 The selected methods for crack repalr Include pressure InJection, 

polymer impregnatlon, and additIon of relnforcement. Thin relnforced overlays and shotcrete can 

also be used to repair spalled concrete and to resurface structures after crack repalr. ThiS 

chapter provides a diSCUSSion of each of the above and other tE'chnlques used for repainng 

concrete hydraulic structures and has been adapted from a revlew of different avallable 

references, especially 3, 21, 28 and 31 . 
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• TABLE 7.2 - MATE RIAL SELECTION FOR CONCRETE REPAIR7 

Large Spall., Small .palit. Crack Structural Bonellng Han8Ycombed Permeable 
cover (mm) caver (mm) teallng crack ald. concrete concret. 

rep." 
215 1;Z-2l5 8-12 12215 812 

Concrete X 
Spr.Vad 
caner.te 
Sand/cement morta .. 

Polvmer modll.1td X X' X 
cementitioui mortarl 

Epoxy retln mOrla" X X 

Polyester tltlln X 

morte" 

MOI.lure !oterant X 
epoxy relln. 

SBA. acryllc and X X Depend. on 
co polvm.r latlee. penmeablle!y 

Law VIICOIlty X X Depend. on 
polVester and aerylee penmeabillty 
'81ln. 

EpolC\l reSin law X X Depend. on 
VISCO"!y penmeablilty 

Penelrateng palymer X 
sv.tems. In surtace 
seal." 

Special X 
caatlng. and 
penetratlng ln 
.urtace .. aler. 

Unlversal nat sUltable lor elC1emal .. pat" 

bondlng ald •. PVA 
PVA modillad 
mortars 

1 Dependlng upon service condition. the applecebon of an antl-cerbonabon protectove coabng mey be required 

TABLE 7.3 - TECHNIQUES FOR REPAIRING SPALLED CONCRETE3 

Aepa" Technique Commenta 

Coatlng. Thl. technique Il generally ulad when the scallng or .pallen; .. lemo1ad te a very thln raglon a! th •• urt_ 01 the conc .... 

Concr.t. Replacem.nt Th,,. technlqu. ,. one 01 th. mOlt commonly usad and ... pprapnallllor appilcabon. where tha cau_ 01 delarlorabon " 
nonrapedng or hu bean elemlnatad 

G"ndlno Th,. technique can be usad when the detanoratlon .. lemltad ta a thln raglan al the .urtace of the conc .... 

Jacketln; Thl,. technique anlall. lutanln; a matanal ta tha a.,lbn; conc_ that ,. more IHillant te th •• mnronment tha! " ceulln; 
th. daterloratlon 

Sholcratln; Th,. technique Il practlcai lor larg. lObs. on elther vertical or hOrizontal .urfllCel. wha .. th. cavctift .,. relattvaly .hallow 

Prepacked Concret. Thil technique Il ,ultabl. lor ,naccel.,bl. applecabon •• luch ... ubmergad conc .... or delanoratad conc_ tha! ,. beln; 
).cketad 

Thln-Bonded and Un Th 1 n overlavs are ollen ulad to repa" .urt_ that .,. bulcaily lOund ItrUcturlily but halla dellrloratad becau. of cycl .. 
bonded Overlay • 01 !_Zln; and tI1awlng. haavy Ir""c. or oth.r .xposu ... whlch the onglnal conc .... _ U"able to wrthltlnd 
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TABLE 7.4 - MATERIALS FOR REPAIRING SPALLED CONCRETE3 

Repair Materlal Comments 

Bituminous Cl)atlngs Asphalt· or coal-tar-based bltumlnous coatlngs are used to water-
proof concrete or protect It. to some exlent. from weatherlng 

Concrete, Mortar, or Grout Portland cement concrete, mortar, and grout have a number of 
advantages as a repalr materlal, Includlng thermal propertles 
Slmllar to the eXIStln9 concrete, Slmllarlty ln appearance, compara-
tlvely low cost, avallablhty, and famillarity 

Epoxles Epoxies are most often employed ln repalr work for the followlng 
uses as an adheSive to bond plastic concrete to hardened concrete 
or other ngld materlals, for patchlng, and for coatlnO cClncrele to 
protect It from aggresslve envlronments 

Expandlng Mortars, Grouts, and Concretes These matenals are generaUy proprletary matenall to counteract the 
problem of shrlnkage by Incorporallng Ingredientl whlch produco 
an expanSive lorce approxlmately equal in magnitude to the ahrlnk-
ege Itres.e. 

Linseed 011 Linseed 011 Il generally usea to prevent or mlnlmlze addltlonal 
scaling Irom occurrlng 

Latex-Modlfled Concrete Latex-modlfled concretes have generally been used for resurfaclng 
deterlorated floors and bndge decks They typlcally develop higher 
strengths, bond belter to eXlltln9 concrete, have higher reslliances 
to chloride penetration, and are more reliltant to chemical altack 
than plain concrete 

Polymer Concrete Polymer concrete has been used .xtensively to repair highway 
bridges and pavements It has a number of advantagel over nor-
mal concrete, Includlng rapid cunng characterilticl, high early 
strength, good bond strength, and exceUent durability through 
cycles of freezlng and thawlng 

7.2 STRUCTURAL REPAIR OF CRACKS 

7.2.1 EPOXY INJECTION 

Pressure injection of cracks wrth a low-viscosity epoxy resin can restore the original tensile/shear 

strength of the uncracked concrete, provlding the crack Interface is clean and sound." This repair 

technique has been successfully used for about 30 years to repair cracks in bridges, buildings, 

dams, lock chambers, and many other types of concrete structures. However, unless the crack 

is not moving or the cause of cracking can be eliminated, the concrete Will probably crack aga!n 

elsewhere in the structure. If it IS not possible to establish and eliminate the cause of the original 

cracking, rt is recommended ta use a sealant or other material whlch allows the crack ta function 

as a jOint.3
,4 Alternatively, a movement joint can be cut out adjacem ta the crack and the crack 
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injected with epoxy resin, or the crack itself can be made into a movement joine. ACI Comminee 

5041 provides a good guide to jOint sealants in concrete structures. 

Epoxy injection has been used to repair cracks that vary in width from 0.05 mm (0.002 in.) to 6 

mm (V .. in.). It conslsts of drilling holes at close intervals along the length of the crack, installing 

injection ports, seahng the surface of the crack between the ports, and injecting the epoxy resin 

under pressure into the crack as prevlously descnbed in Chapter 5. Injection progresses from 

port to port (usually beginning at the lowest point of vertical or inclined cracks and at one of the 

ends of a hOrizontal crack) and continues until the entlre length of the crack is fi lied. Prior to 

injection, the crack should be flushed with a hig~ ,'lressure water jet ta remove any loose 

concrete, dlrt, grease, or contaminants which can reduce the bond strength and effectiveness of 

the repair. 

Unlike other techniques, the main advantage with using pressure injection is that it seals cracks 

externally and internally. Sealing a crack completely will prevent moisture penetration, thereby 

reducing the potential for freeze-thaw damage.3 It has been reported that epoxy resin injection 

techniques can completely fill cracks finer than 50 microns. However, in these cases, as the resin 

penetrates the crack, signlflcant back pressures can develop and should be carefully controlled 

to avoid blowing the surface seals. For injecting very fine cracks, state-of-the-art metered 

dispensing machines are available whlch can mix and deliver small amounts of resin/hardener at 

a time.7 ln sorne cases, concrete surfaces with a large area of very fine cracks can be filled using 

a combination of a vacuum (to remove the air in the cracks) and pressure injection (Section 

7.2.4).9 

Although epoxy injection is considered to be one of the most viable techniques for repairing in

situ con crete, ilS performance is affected by ambient temperature and the level of skill of the 

applicator4 Since the width of the crack changes with temperature, repairs should be done 

during the cooler months, when cracks are at their widest. This technique has the advantage that 

dunng the summer months when the cracks become narrower, the sealant in the cracks will 

always be in compression. While moist cracks can be injected with epoxy, this technique cannot 

be used to repair cracks that are actlvely leaking and cannat be dried out.4 ln these cases, 

specially formulated r.hemical grouts (Section 7.3) will usually provide an effective solution. 

However, these grouts lack suffi~ient bond strength and cannat be used for repairing structural 

cracks . 
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7.2.2 POLYMER IMPREGNATION 

Laboratory tests'O and field apphcatlons1,.1.1.13 h~ve shown that polymer Impregnation is an 

excellent in-situ method for repairing highly cracked or detenorated concrete. In general, the 

procedure conslsts of filling cracks in concrete with a monomer liquid (such as methyl methacry

late) and then polymerizing (solidifying) the hqUld in place. Test results show that polymer 

Impregnation significantly Improves the overall physical and mechanical properties of hlghly 

deteriorated, low-quality, or non-air-entrained concrete. Compressive strengths can be increased 

by as much as five times their original value.' 1 Permeabllity to water and chloride ion penetration 

is reduced, while resistance to freeze-thaw cycles, abrasion, and chemical anack is greatly 

improved.3 

There are several systems that can be used for impregnating concrete. A monomer system is 

a liquid that consists of small organic molecules that, when polymerized, combine to form a clear 

solid plastic. Monomer systems used for Impregnation of concrete contaln a catalyst and the 

basic monomer or combination of monomers suc.h as acrylates or styrenes. Monomers are not 

compatible with water, and therefore, it IS essential to thoroughly dry the concrete ta the desired 

depth of monomer penetration. If a volatile monomer is used and it evaporates before polymer

ization, it will also be ineffective.4 An effective polymer Impregnation process, as developed by 

the U.S. Bureau of Reclamation Engineering and Research Center, consists of four basic steps:3 

(a) Sandblasting the concrete surface to remove contaminants or films that would prevent 

or reduce monomer penetration. 

(b) Drying the concrete wlth heat (at a high temperature) to the desired depth of monomer 

penetration. 

(c) Soaking and impregnating the concrete with liquid monomer (methyl methacrylate) ta the 

desired depth, and 

(d) polymerizing the monomer within the pores of the concrete. 

Research on the basic propenies of polymer-impregnated concrete (PIC) has been in progress 

for about 23 years, and practical in-situ applications on existing structures have been performed 

over the last 20 years. Structures which have been repaired using PIC include higtiway bridge 

decks, structural floor slabs, roadways,'3 dam outlet tunnel walls,' 1 and stilling basins. 12 Most of 

these applications have been experimental in nature and due ta several limitations, the method 

js not commonly used. These limitations, which make polymer Impregnation a relatlvely expansive 
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method of repair, include the following:3 

• Specialized equlpment and materials are required. 

• A relatively high level of expertise and supervtsion by trained personnel is required for a 

successful repalr. 

• The monomer systems currently being used are flammable and tOXIC requiring speclalized 

safety procedures. 

Monomers are not water compatible, and the con crete surface must be thoroughly dried 

for a successful repalr. 

Polymer impregnation techniques are more sUitable for repairing horizontal concrete surfaces. 

However, vacuum impregnation techniques, whlch are similar to polymer Impregnation 

procedures, are used for Impregnatlng overhead and vertical surfaces. In these method, the 

liquid monomer is drawn into the pores under a negative pressure created by a vacuum.7 

Vacuum impregnation can also be used on horizontal surfaces to increase the depth of monomer 

penetration. 

7.2.3 ADDITION OF REINFORCEMENT 

Cracked concrete structures have been successfully repaired and upgraded by adding either 

internai (post-reinforcement) or external reinforcement.3
•
4 The following se~ions provide a 

summary of variations of this technique which may be used to repair concrete hydraulic 

structures. 

7.2.3.1 POST·REINFORCEMENT 

Post-reinforcement was developed by the Kansas Department of Transpc,rtation to repair cracked 

bridge deck beams and girders. The method basically involves drilling and grouting reinforcing 

rods through the concrete surface to bridge the crack. The holes are drilled at an angle to the 

concrete surface so they cross the crack plane at about goo (Figure 7.1). The epoxy bonds the 

bar to the walls of the hole and fills the crack plane, thereby restoring the structural integrity of 

the concrete. The reinforcing bars can be spaced and placed in any desired pattern to meet the 

specifie needs of the repalr . 
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(1) Epoxy Injection • Level of Epoxy when Rabar Should 

be In •• rted ln th. Hoi. (80) 

1"1""'" ("" ... 1. 

....--......... 111 ........ 

(b) Epoxy InJection. T,plcal Sketch and D •• crlptlon 

FIGURE 7.1 - REPAIR OF CRACK SV POST REINFORCEMEN~ 
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7.2.3.2 PRESTRESSING STEEL 

Modifications to this technique have made Il possible to repalr cracked concrete hydraulic 

structures, such as lack walls and dams, using prestresslng steel. Post-tensioning is often used 

to strengthen or ~abllize a major portion of the structure, either to close cracks or prevent them 

from becoming wlder. This technique uses prestressing strands or bars to induce compressive 

forces to close cracks wlthln the structure. The strands are inserted in large-diameter drilled 

holes, grouted under pressure and tensioned. Adequate anchorage must be ensured for the 

prestressing strands. The effects of the compressive (or tenslle) forces that are created within 

the structure must be carefully analyzed to ensure that the problem is not transferred to sorne 

other part of the structure.4 Examples of this procedure are the repair of the John Day Navigation 

Lock structure in Oregon, Washington'4,62 (Figure 7,2), and the repair of Big Eddy Dam in Ontario, 

Canada.'!! 

7.2.3.3 EXTERNAL REIN FORCEMENT 

External reinforcement, such as steel rods and reinforcing tendons, has also been used to 

strengthen an under -reinforced or highly cracked concrete structure. As with prestressing steel, 

this method can also be used to close cracks. However, the major disadvantage with this 

technique IS that strengthening and stiffening ·he structure where the crack is being repaired may 

cause cracking in other parts of the structure.3 Also, the external reinforcement will be subjected 

to corrosion and May need to be enclosed in an impermeable overlay. 

7.2.3.4 STITCHING 

This method has not been specifically used for repairing concrete hydraulic structures, but can 

easily be adapted as a temporary repair solution. This method generally involves drilling and 

grouting in metal U-shaped rods (stitching dogs) with short legs that span acress the crack 

(Figure 7,3),4 Stitching may be used to restore the tensile strength across the crack or to prevent 

the crack from propagating further. As wlth the previously described methods, stitching will often 

stiffen the structure and cause cracking elsewhere in the structure. This May require strength

ening the adjacent sections also. 

The stitching procedure reqUires holes to be drilled on bath sides of the crack, pressure-washing 

the holes with a water jet, and anchoring the legs of the stitches in the holes with a non-shrink 
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grout or epoxy resin. The stitching dogs ·should be located to distribute the tension across the 

crack over a large area".4 Spacing of the stitching dogs should be tightened at the ends of the 

crack. Since the strtchlng dogs will be exposed to a corrosive environment, they must be 

embedded in a suitable overlay. In the case of active cracks, stabllizing the structure prior to 

stitching may provide a more effective solution. 
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FIGURE 7.3 - REPAIR OF CRACK BV STITCHING4 

7.2.4 VACUUM IMPREGNATION 

Vacuum impregnation IS a patented process also known as the "BALVAC· process, The method 

uses a combination of a vacuum and low pressure to in je ct cracks or to fill pores with resin. It 

is especially suitable for repairing large, highly cracked concrete surfaces, which could not be 

economically or practically repaired by injecting each crack individually. It is also used to reduce 

the permeabllity of low quality concrete or masonry and as a preliminary treatment prior to 

patching spalled concrete.7 The method has existed for a long time as a factory process for 

treating and impregnating timber piles or electrical components. Field application of the process 

was Initially performed by engineers to repair deteriorated masonry bridges in India. The process 

is particularly useful for repairing highly cracked con crete water tanks, but the same principles 
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may be applied ta repair a variety of concrete structures.9 The following is a summary of the 

basic steps and materials used in the technique. 

A netting is spread over the cracked area and is covered wlth a clear 'polythene' sheet. Smalt 

ducts are placed along the edges beneath the covenng ta allow air ta escape wh en the vacuum 

pump is connected ta the ducts and the perlmeter of the polythene sheet IS sealed wlth a mastic 

compound, as shawn in Figure 7.4. When the vacuum IS applied, the polythene sheet IS drawn 

down tightly against the concrete surface. After the deslred level of vacuum IS established, the 

resin is allowed ta flow onto the concrete surface through airtight connections in the polythene 

sheet. The netting beneath the polythene sheet allows the resin ta flow across the surface of the 

repair area. The vacuum is then reduced ta allow atmospheflc pressure ta force the resin Into 

the surface cracks or pores. If the surface belng repalred IS verucal, the vacuum level can be 

balanced against atmospheric pressure to keep the resln in position untll it begms ta set 50 that 

it Will not seep out of the cracks. Once impregnation IS complete, the caver and netting are 

removed before the resin hardens.9 It should be noted that If the cracks penetrate the full depth 

of the member, it must be sealed on the Opposite side ta prevent Ingress of air while the vacuum 

is being applied.7 

Vacuum impregnation can also be used in combinatlon wlth conventlonal resln Injection methods 

to se al cracks that do not penetrate the full depth of the member. This will reduce the nsk of air 

pockets being trapped behind the resin. Evacuating the air in the crack before injecting the resin 

will also Increase the depth of resin penetration, as shawn ln Figure 7.5.9 It should be noted that. 

very little is galned from using higher pressures, which consequently, cou Id cause damage ta 

sorne structures. The materials which appear ta have the most suitable properties for use wlth 

this technique were raported to be low viscosity methylmethacrylate (MMA) acrylic resins. One 

of the disadvantages of this resin is ils high vapor pressure, whlch if not adequately ventllated, 

can build up to dangerous levels. The vapor is not toxic but It can cause narcosis and is highly 

flammable. 

7.3 SEAUNG WATER·BEARING CRACKS 

7.3.1 CEMENT·BASED GROUTING 

Cement-based grouting techniques, if properly deslgned and executed, can be a reliable method 

for repairing water-bearing cracks in concrete structures. Cement grouting has al50 been 
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extensively used ta construct grout curtains in dams for eliminating or reducing seepage 

problems. 16 Examination of sorne case histories proves that ceroem grouting can also be used 

successfully for sealing joints and wide cracks in dams,15,17 and thick concrete quay walls. 1
! 

Cement grouting involves implementing procedures similar ta those used for epoxy injection, but 

can vary significantly dependir.g upon the specifie application. For simple applications, the 
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procedure generally consists of cleaning the concrete along the crack or joint, installing grout 

nipples at regular intervals along each slde of the crack, sealing the crack between the injection 

ports, flushing the crack with water to clean and lest the seal, and then Injecting the grout." 

An alternative and more extensive procedure used for sCllvlng seepaga problems in dams consists 

of drilling a series of vertical holes through the crest along the entire length of the dam to form 

an internai groU! curtaln as was done at Aswan Dam ln Egypt.59 Holes, typically 60 mm (2-'12 in.) 

to 115 mm (4-Y2 in.) in diameter are drilled by rolary or rotary percussive rigs. Grouting Is then 

performed ttTrough mechanical packers placed either at the top of the hole or at predetermined 

depths as dictated by the flow patterns. Both single and double packers have been used, 
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although ·stage grouting and split spacing" is also commonly used.18 

7.3.1.1 CONVENTIONAL GROUT 

Conventional cement grouts contalnlng mixtures of cement and water, fly ash or sand, and 

sometimes bentonite, have been used for Simple leakage problems. 16 The specifie mixture used 

for any repair depends pnmanly on the width of the crack and the amount of grout take. In any 

mixture, the water-cement ratio should be kept as low as possible ta maximlze strength and 

minimlze shnnkage.4 

An example of conventlonal grouting was used to repair cracks in Big Eddy Dam in Ontario, 

Canada.1~ Ali 60 mm (2-% in.) dlameter holes were pressure grouted through a single mechanical 

packer at vanous levels withtn the hole. Groutlng was generally started uSlng a thin water-cement 

mix (usually 4: 1) and was progressively thickened (with cement up to a 1: 1 mix) if the particular 

section of the hole showed no reduction of grout take. Grouting continued until refusai (Iess than 

4 liters (1 gal.) of grout take ln 10 minutes) was achieved. 

However, these types of grouts have long settlng times and are not effective in flowing water 

conditions or for penetrating Into fine cracks. In addition, these grouts have a tendency to bleed 

at higher water-cement ratios which makes it difficult to filliarger cracks. Also, once hardened, 

they become bnttle and are unsuitable for repairing moving cracks. 111 

7.3.1.2 QUICK-SETTING GROUT 

To reduce setting times, accelerators, such as sodium silicate or calcium chloride, are often 

added to cementitious grouts to induce "flash setting".18 This was initially used to seal drillholes 

that intercepted flowlng or artesian water, and has been successfully used for structural repair of 

dormant cracks. A recent example is the sealing of Morris Sheppard Dam in Texas.20 Fissures 

which developed in the foundation transition beam permitted very high water flows. Grouts with 

accelerators were used to seal the fissures, significantly reducing water flows. 

7.3.2 CHEMICAL (POLYURETHANE) GROUTING 

Chemical grouts are more sultable than epoxy or cement-based materials when sealing water

beanng cracks. Polyurethane grout, for instance, has been l'sed to solve a wide range of water 
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leakage problems ln dams and many other concrete structures. They are °designed to react wlth 

water and expand in-situ, forming a tlght, impermeable, elastomenc seal that Immedlately stops 

the flow of water. 021 The hardened sealant IS very flexible and a"ows the erack to wlden whlle 

malntaining a tight impermeable seal. Cracks ln concrete as narrow as 0.05 mm (0.002 ln.) have 

been filled with chemical grauts. 4 

Several polyurethane types are available, and are classlfled by thelr reaetlon wlth water and 

elongatlon charactenstlcs. Most polyurethane grouts used for eontrolhng leaks conslst of one 

eomponent and are water activated. They are prepolymers that ean form either hydrophoblc or 

hydrophilhe gels, whieh ean be rigld or flexlble.22 Two eomponent polyurethane elastomers 

(hydrophobie or hydrophillie) have also been used. 18 

A reeent example of the use of a two-component polyurethane grout was at Easton Dam ln 

Connecticut.60 The foam grout was pressure-InJected in 150 mm (6 ln.) dlameter ho les that were 

dnlled venically down through each monohth jOint. Similarly, one component foam grout was 

used ln sealing the construction joints at Norway and Oakdale Dams in Indlana.24 The JOInts were 

of a "Iabynnth type" conslsting of numerous keyways onented both honzontally and venlcally. 

Most recently, fleXible hydrophillic polyurethane resin was effectlvely used to seal the lift joints at 

Soda Dam, Idah025 and Upper Stl"water Dam, Oregon.26 A hydrophoblc polyurethane 'aam graut 

was also successfu"y used to restore the monolith jOint waterstops at Chief Joseph Dam ln 

Washington, D.C.21 

7.3.2.1 HYDROPHILLIC AND HYDROPHOBIC GROUTS 

Hydrophillic polyurethanes are like sponges and will absorb water until they cannot hold any 

more. If the amount of water available is inadequate, the grout Will not react completely. In thls 

case, additlOnal water can be Injected into the crack to a"ow the graut to react completely. The 

disadvantage wlth this grout is that when water IS no longer avallable, the grout will shnnk (as 

much as 20 percent). However, the grout will expand to its original volume once the water 

returns.21 

Hydrophobie polyurethane grouts on the other hand, reqUlre only a small amount of water to stan 

their foamlng reaction. In most cases, the moisture contained within the concrete being repaired 

IS adequate to cause a foaming reaellon. Unlike the hydrophillic grouts, hydrophobie grouts do 

not shrink once the water goes away.21 
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7.3.2.2 RIOlO AND FLEXIBLE GROUTS 

Polyurethane grouts can be used to repalr nonstructural dormant cracks or moving cracks. For 

dormant cracks, a higher strength rigld grout wllh less elongation should be used. The tensile 

strength for rigid grouts ranges from 35 kPa (5 pSI) to 100 kPa (15 pSI), and the elongatlon can 

vary trom 5 to 15 percent. Rlgld grouts can expand by a factor of 15 to 20 tlmes their onginal 

volume.21 

For movlng cracks or joints, a flexible seal should be used, because once Il hardens, it can 

elongate as much as 250 percent. This characteristic maintains a tight, impermeable water seal 

aven when the crack width increases. The tensUe strength for flexible grouts varies from 0.86 ta 

1.20 MPa (125to 175 psi), and can expand by a factor offiveto elght times their original volume21 

7.3.2.3 EXPANSION CONTROL 

The rate of the chemical reaetion (or induction period) between the grout and the water ean be 

controlled by the use of a sullable aeeelerator. Proprietary polyurethane grouts are usually 

provided with accelerators that are compatible with the resins in the grout and are also provided 

with recommended dosage rates for obtaining the desired reaction times. Once polyurethane 

grout comes into contact with water, Il can begln foamlng ln three seconds. In practice typical 

foaming times are varied from one to three minutes with the gel forming ln two to five minutes. 21 

The tlme it takes the grout to foam and gel is also influenced by the temperature of the water it 

reacts with. For instance, an increase in water temperature from 10"C (500F) to 30"C (86°F) will 

,"crease the gel tlme by about 25 percent. In most cases, trial batches will be required ta 

establish the correct mix proportions to produce the desired reaction times.21 

7.3.2.4 VARIABLES INFLUENCING PERFORMANCE 

Application techniques often depend on matenal selection. The use of highly skilled grout 

applicators are essential to the suceess of the repair. In principle, ail that is required is to 

permanently fill a crack or Joint with a watertight seal which can withstand water pressure or 

structural movements. For most structures, this is relatively simple, however, remedial grouting 

of massive structures, such as dams and locks, a higher level of monitoring and engineering is 

reqUired. To Increase the rate of success in repairing water·bearing cracks or joints, there are 
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several factors which should be consldered as reported by Waring: 211 

(a) Reduce Variables. High water flow rates and pressures dunng groutlng makes the inlectlon 

process more difficult. To reduce these effects, ·operatlonal modifications, temporary dewatenng, 

or mechanical chinking" IS often required (Figure 7.6). For example, lowenng the tallwater ln a 

lock chamber can reduce water flow through the crack or Joint belng repaired (Figure 7.7). This 

makes It easier to determlne the flow path of the grout wlthout It belng dlluted by the water flow. 

FIGURE 7.6 - MECHANICAl CHINKING: DRill CRACKS AT (3) TO ALLOW DRAINAGE; 
PLACE CHINKING AT (1); AND DRILL SHORT HOlES AT 

(2) TO PLACE CHEMICAl GROUT BEHIND CHINKING2tI 

LOCI( 
CMAII.IIII 

PREFE""ED MI!THOD 
, OitlLL "~IS 

2 c ...... CIilAC ... CNA.11t 

3 LEAn WATIII LOW 

• FtLL CItACa L.I A vlSSIL 

TAIL W"'IIII 

FIGURE 7.7 - GROUTING CRACKS IN lOCK MONOUTHS AT LOWER 
MONUMENTAL LOCK AND DAM211 
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High flowlng water through monolrth JOints ln dams can be canahzed or controlled through valved 

JfJlnt drains (plastic, copper tublng, etc.) installed rnto the JOints and sealing the Joint between the 

drains (r-Iguro 78) dn ln sorne cases, gasket-backed steel plates can be bolted to the wall to 

Inlnporarrly slow down the flow.?B 

FIGURE 7 8 - VALVED JOINT DRAINS AT CHIEF JOSEPH DAM, WASHINGTON27 

(b) Seol Close to t/m Source Seahng close to the source is one method of increasing the tlme 

the Çlrout remarns ln !lw crack and It IS important for several reasons: 

Flrstly, t/lIS will allow nle grout la travel tllrough the full depth of the crack, provlding more surface 

area 10 Stélt tlll~ Olout plug Secondly, once the full depth of erack 15 sealed, the statie water 

pressui l~ 15 lIloVDd Qutsldl' of tlle struclure. Thlrdly, ln hlghly craeked conerete, water eXltlng from 

sever<ll IUCc1tlons may enter at one common pOint. If thls point IS sealed, ail exit pOints Will also 

b9 sedled 
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(c) Material Selection. Prior to material selection. the behavior of the crack or Joint should be 

clearly understood. The material which is selected should be able to match the characteristics 

of the problem. In general, polyurethane grout used for repairing water·beanng cracks or Joints 

should meet the following criteria:22 

Firstly, polyurethane grout must be 100 percent solids (or contain no solvent). slnce solvents 

cause shrmkage of reacted materlal when It evaporates. Secondly, it must be compatible wlth 

water and it should have a good adhesion to concrete. Thirdly. it should be hydrophilhc and have 

a variable gel time. For ex ample. if the distance between the pOint where the grout is delivered 

ta the point where it is injected is very long, the induction period must be adjustable to 

compensate for the longer travel time. 

ln applications where the grout is likely to dry out, such as in hot, dry climates, one alternative IS 

ta select a polyurethane resin which does not form a gel. These grouts do not shrink due ta 

·water vapor pressure equilibration .• 28 

(d) Grout When The Crack is Wldest. Most polyurethane grouts have a very low bonding capacity 

and have tensile strengths less th an 3.5 MPa (500 psi). However, they can provide satisfactory 

results in shear or compression. This can be achleved by grouting when the crack is at its 

widest, causlng the seal to remain in compression throughout its life. In actlVely leaking cracks. 

this will make the injection operation more difficult to execute since the flow volume of water is 

higher. However, this will significantly improve the long term performance of the seal.211 

7.3.2.5 GROUTING TECHNIQUES 

Because the nature of a crack and field conditions vary widely for each application, installation 

techniques for polyurethane grouts also vary. Most of the procedures involved in polyurethane 

grouting of dry cracks are similar to those for epoxy injection. For instance, port hale diameter 

and spaclng usually follow the same guidehnes for bath epoxy and polyurethane injection. 

However, polyurethane grouting of water·beanng cracks can differ in several respects. There are 

some standard procedures that can be followed: 

(a) Injection Hales. Injection hales are usually 12 mm (% in.) to 15 mm (% in.) in diameter, and 

are staggered on each side of the crack at a 450 angle to the concrete surface, as shown in 

Figure 7.9. However, for very thin and thick concrete sections, the drilling angle and hale depth 
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FIGURE 7.9 . PROCEDURE FOR DRILLING INJECTION HOLES21 

change. For example, ta minimlze spalhng in concrete sections less th an 150 mm (6 in.) thick, 

the hales should be drilled directly into the crack and perpendicular ta the concrete surface. For 

sections thicker than 900 mm (36 in.) the depth of the hale can be kept constant at about 450 

mm (18 in.).21 For massIVe concrete structures, larger diameter hales are commonly drilled ta 

intercept the crack at considerable depths, as was done at Upper Stillwater Dam in Utah.2I A self· 

powered hydraulic rotary drill was used ta drill 50 mm (2 in.) diameter core holes to intercept the 

crack at depths ranging tram 6 ta 28 m (19 ta 92 ft.). Once the hale was drilled, a pneumatic 

packer was set a few meters above the hole·crack intercept and the hole was injected w~h 

polyurethane resin . 
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Each grouting job will require a different drill hole spacing depending on the conditions and the 

nature of the crack. For instance, fine cracks will require closely spaced injection holes. In 

general, ho le spacing varies from 150 to 900 mm (6 to 36 in.) but can also be as close as 100 

mm (4 in.) and as far apart as 1.5 m (5 ft.). The holes should be staggered on each side of the 

crack and should not be too close to the crack.2
' 

(b) Crack Cleaning and Ses/mg. Cracks are often filled wlth debris and minerai deposlts left by 

water leakage and need to be cleaned. Ali the loose and soft surface concrete should be 

removed. A 75 mm (3 in.) wide strip of concrete on each slde of the crack should be cleaned so 

that sealing and grout mon~oring will be easler.27 The standard concrete cleaning tools (such as 

grinding wheels, pneumatic wire brushes, steel scrapers, and hlgh-pressure water jets) are usually 

adequate for performing the task. 

ln cases where the crack IS wide or high water flows are encountered, the crack must be sealed 

at the surface to prevent the unreacted grout from being pushed out of the crack.21 A variety of 

materials have been used to seal crack and joint entrances, and include: lead wool, chinking, 

oakum saturated with polyurethane grout, hydraulic cement, epoxy gel, and compressed wood 

partieles (prestologs). Recently, polyurethane and silicone sealants were successfully applied by 

remote-controlled underwater methods to seal the joint entrances at Chief Joseph Darn in 

Washington.27 

(c) Packers. Packers (or injection ports) are devices used to in je ct grout imo the crack. There 

are several propnetary types of packers whlch can be basically grouped as mechanical, pneumat

ic, or -balloon- type. For small grouting jobs, mechanlcal packers are sized to fit a 12 and 15 mm 

('12 and 84 in.) drill hole, and vary in length from 50 to 65 mm ( 2 to 2-Y:z in.) If the quality of the 

surface concrete is poor, the packers can be Inserted deeper into the structure by the use of 

commercially available -extenders· which can Increase the packer length by 75 to 100 mm (3 to 

4 in.) The packer is inserted in the hole and tightened wrth a wrench. As the packer is tightened, 

the rubber sleeve around the packer expands and prevents grout from leaking out of the hole. 

The packer is fitted with a male zerk (grease) fitting whlch prevents backflow of grout by a one

way bail valve. A pump pressure of at least 1.7 MPa (250 pSI) is required to push the grout 

through the fitting. 21 

For massive structures, where deep and larger diameter holes are drilled, pneu matie or balloon

type pack ers are usually employed to deliver large volumes of grout.27 Balloon packers are 
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equipped with inflatable sacs which, once inflated, form a tight seal ta prevent grout from exiting 

the hole. The packer can be posrtloned at predetermlned depths (usually above the lowest crack 

in the hale) and grout is pumped through the packer untll it fills the crack and reaches the packer. 

The packer IS then reposrtioned at the next hlgher crack and the process is repeated ta the top 

of the hale. 

(d) Inlectlon EqUipment Dependlng on the type of grout used, a grout pump that can deliver a 

one - or two - component polyurethane resln is required. 21 For actlvely leaklng cracks, the pump 

capaclty must be adequate for Injecting the grout Into the crack and forCing the water out. If the 

flow rate can be slgnlficantly reduced, sm aller pumps can be used.28 There are three baSIC types 

of pumps that are used for polyurethane groutlng: hand-operated, alr-driven, and electrical posi

tlve-dlsplacement. They can be elther portable or truck/traller mounted. 

Injection pressures vary from 1.7 MPa (250 psi) ta 20 MPa (3000 psi) and delivery rates vary tram 

4 ta 20 liters (1 ta 5 gal.) of grout per minute. 21 Most Jobs require injection pressures between 

3.5 MPa (500 pSI) and 7 MPa (1000 psi). For large projects, where a high volume of polyurethane 

grout is needed, intermediate storage containers can be dlrectly connected ta the pump. In this 

case, the container is sealed and pressurized wlth dry mtrogen to between 140 and 275 kPa (20 

and 40 psi) to malntaln an oxygen and mOlsture-free environment for the grout and to dehver the 

grout supply to the pump under pressure.27 When the ambient temperatures are low, electrical 

heat tape is very useful for preventing equlpment trom freezing and malntaining viscositles at a 

pumpable level. 10 

(e) Dye and Flow Tests. For most jobs, drill holes are expenslve and it is essential ta successfully 

seal a crack on the first attempt. Therefore, each drill hole should be thoroughly ·prequalified" 

prior to injectlng the grout. This can be achleved by performing a dye test and a pressure/flow 

test. 28 

The pressure/flow test is used to determlne whether the expected pumping rate of the pump is 

adequate to deliver the requlred volume of grout. The dye test is useful for determinlng the 

amount of time the grout will take to penetrate the full depth of the crack. This is also useful for 

determlning travel path and the appropriate gel time for the grout. There are two important 

pOints ta consider when conducting these tests:28 

Firstly, the same pump that is used to perform the tests should be used to perform the actual 
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grouting operation. When using water-reactive grouts, a wet pump and a dl'l pump will be 

required. Secondly, these tests should be repeated after each hole IS grouted, since the flow 

within the crack changes after each injection, whlch ln turn changes the required gel times and 

pumping rates. To aceount for these eontinuous changes, dVe and flow tests must be repeated. 

A generalized flow chart for dnlhng, testlng, and groutlng that was used for repalnng cracks at 

Hells Canyon Dam28 is shown ln Figure 7.10. 

7.3.2.6 
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FIGURE 7.10 - FLOW CHART FOR DRILlING, TESTING, AND GROUTING AT 
HELLS CANYON DAM28 

DIRECT AND INDIRECT INJECTION MET~ODS 

There are two methods of injecting an actively leaking crack: direct and indirect iniectlon. 1 The 

direct method consists of injecting the sealant agalnst the flow of water from the downstream side. 

ln the indirect approach, the grout is InJected into the flow path of water on the pressure slde, so 

that the crack network IS filled by the action of water pressure. When uSlng the direct approach, 

the first step is to confine the water flow through tubes through which the sealant may be inJected. 

Injection tubes are installed at regular intervals along the crack or Joint and leakage between them 

IS sealed with a suitable materia!. The anehorage between the tube and the concrett' must be 

able to withstand both the Injection and hydrostatic pressures . 
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Two types of anchorages are typically employed: adhesive and mechanical systems. 7 Adhesive 

systems consist of applying putty or mortar to keep the injection tube in place. There are several 

proprietary methods available which confine water flow through tubes, allowing the use of 

adhesive anchorages. However, these systems are difficult to use and their performance depends 

on the skill of the worker. Mechanical anchorages are much easier to use and are not affected 

by flowing water conditions. For this reason, mechanical anchorages are usually preferred over 

adhesive systems. The most commonly used mechanical anchorage system is the i~ljection lance 

(or wall spear). The lance cornes with an expanding cailar which forms a watertight seal when 

fitted into the drill hole. Its main advantage is it can withstand much hlgher injection pressures. 

The indirect approach of sealing water-bearing cracks requires more careful planning. If not 

properly executed, the situation may be worsened. However, indirect injection methods have 

considerable advantages: 7 

• Large volumes of water leakage can be controlled 

• Surface-sealing the crack or joint is not always required 

• Higher injection pressures can be used, resulting in greater grout penetration 

• When the grout is inJected at the source of the water leakage, multiple exit points for the 

water can be sealed, resultlng ln considerable cost savings. 

7.3.2.7 SPECIAL APPLICATIONS 

(a) Sealing Leaks in Venical Joints. Depending on accessibility, two methods are generally used 

for sealing vertical joints ln concrete dams.22 If the face of the dam is easily accessible, the joints 

can be sealed wlthout using drill-hole grouting techniques. At Richard B. Russell Dam in 

Savannah, Georgla, the vertical joints were cleaned and eut out into a ·V· shape, and a specif

ically patented (INJECTO) tube was installed in the V-groove along the entire length :lf the joint. 

A sealant was applied to the outside of the joint over the tube, as shown in Figure 7.11. After the 

sealant hardened, the grout was injected from the bottom of the joint through the tube until it 

emerged out from the top. Sy increasing the injection pressure, the grout was forced out through 

openings in the grout tube and Into the joint to form the seal. 

For situations where access is difficult, a combination of drill-hole and chemical grouting 

techniques can be employed. The procedure consists of drilling 75 or 150 mm (3 or 6 in.) 

diameter vertical hales through the entlre length of the joint. The hole is injected with a flexible 
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polyurethane grout through packers ta form a new waterstop. A racent example was at Easton 

Dam, Connecticut' Il where a IWO component polyurethane grout was used to seal 16 vertical 

joints. 
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FIGURE 7.11 - REPAIR OF VERTICAL JOINTS IN RICHARD B. RUSSELL DAM· 
SAVANNAH, GEORGIA22 

(b) Repairing Waterstops in ConstructIon Joints. Waterstops embedded in concrete construction 

joints sometimes develop leaks whlch may be detrimental to the safe operation of the structure. 

At Applegate Dam28 for instance, broken waterstops had developed leaks in two joints of the 

regulating outlet tunnel (Figure 7.12). The leaks were considered dangerous to the structure 

because of the potential for piping ta occur. Grout holes were drilled at an angle ta intercept the 

joint beyond the waterstop. The waterstops were embedded up to 600 mm (24 in.) deep into the 

concrete. 

(e) Preventing Leakage in New ConstructIon. An alternative to installing waterstops in 

construction joints IS to place INJECTO tubes between separate lifts of concrete.21 After the 

concrete hardens, the tubes are injected wrth the polyurethane grout. The grout penetrates into 

the construction joint and, once hardened, it forms a permanent watertight seal. This system can 

be used for groutlng vertical, horizontal, or circular construction jOints . 
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7.4 REPAIR OF DAM STILLING BASINS 

Concrete hydraulic structures, such as spillway aprons, stilling basins, sluiceways, and outlet 

tunnel hnlngs are susceptible to abrasion-erosion damage as previously described in Chapter 2. 

Abrasion-erosion damage results from hlgh-velocity water flow containtng silt, sand, gravel, rocks, 

and other debris. The rate and eXlent of erosion depends on several factors including the size, 

shape, quantlty, hardness of particles being transported,29 flow velocity, direction, and pattern and 

duration of exposure.30 ln some cases, abrasion-erosion damage ranging in depth from a few 

centlmeters to a few meters can occur.29 

There are several matenals and techniques avallable for repairing abrasion-erosion damage to 

dam stilling basins. Some matenals will perform better than others and no one technique is the 

most efficient and cost effective for ail rehabilitation jobs. Many technological imprO'/ements have 

been made with materials and techniques which will allow for higher quality repairs, thus reducing 

repeat damage and hfe-cycle costs. 

ln selecting a repair alternative, several factors must be consldered, including the time available 

to perform the repairs, site access, logistics in material supply, material compatibility, available 
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equipment, interference with facility operation, and sklll and experience of the local labor force.29 

Since dewatering of hydraulic structures for repalr is usually dlfficult and very expenslve, mate nais 

and methods which allow in-situ repair of these structures should be consldered flrst. 32 

The following sections present a summary of materials and techniques used ln repalnng stlllmg 

basins subject to erosion damage. Although a majonty of the repalrs are performed ln dry 

conditions, sorne materials and techniques have been developed for repalnng these structures 

under water, avolding the hlgh cost of dewatering. A good review of seve rai case histones 

involving the rehabllitatlon of navigation lock walls is provlded by McDonald in Reference 62. 

7.4.1 SURFACE PREPARATION 

As wlth ail concrete repair jobs, proper surface preparation is Important for adequate bonding 

between the substrate and new matenal. Vlrtually ail surface cleanlng techniques descnbed in 

Chapter 3 can be used for cleanlng stliling basins in the dry or under water. 

7.4.1.1 SEDIMENT REMOVAL 

The first step in repalnng stilling basins IS the removal of sediment and debris. The removal 

method employed depends on the sediment and debns present.J1 The three most commonly 

used methods are: air lifting, dredglng, and jetting.33 The best method for sediment and debns 

removal depends on the following factors:34 

The type of material to be removed: soft or hard, fine gralned or coarse gralned, and the 

maximum size of the partlcle. 

• The horizontal and vertical distances through which the matenal must be moved. 

• The volume of matenal to be removed. 

• Water depth, currents, and wave action. 

Each of the techniques is discussed in more detait in the following sections and general guidance 

on the suitability of each method is provided in Table 7.5. 

(a) A" Liftmg. The air lift uses a suction pipe to remove the material. A °denslty differentialo is 

created by the air Introduced Into the lower end of a partlalty submerged pipe (Figure 7.13). 

When the air bubbles combine with the water ln the pipe, a mixture with a density less than the 
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water out si de the pipe is created. This causes a suction at the Inlet as the less dense mixture 

nses in the pipe. The quantity of matenallifted depends on the size of the air 11ft, the submerged 

depth of the pipe, the air pressure and volume, and the discharge head. The size of the 

discharge pipe used depends on the type and amount of matenal to be removed and can vary 

from 75 to 300 mm (3 to 12 ln.) ln dlameter. Generally, the air 11ft can be from 3 to 21 m (10 to 

70 ft.) long, but IS reported ta be Inefflclent in lengths less than 9 m (30 ft.).33 

TABLE 7.5 - GUIDANCE ON UNDERWATER EXCAVATION TECHNIQUES33 

Excavation Factor excavation Method 

'\Ir Lift Jet Dredge 

Type of seabed materlal mud, s;:·,d, sllt, clay, mud, sand. sllt, clay mud, sand, sllt, clay 
cobbles 

Water depth 76 to 22.8 m unhmlted unlimlted 
(25 to 75 ft) 

HOrizontal distance short short short to long 
materlal moved 

Vertical distance materlal short to long short short to medium 
moved 

Quantlty of materlal exca- sm a" to large sma" to medium sma" to medium 
vated 

Local current not reqUired required not required 

Toplilde eqUipment compressor pump pump 
required 

Shlpped space/welght large sma" medium 

(b) Dredgmg Dredging IS a useful method for removing large quantities of soft material. ThiS 

IS used when the water is tao shallow for an air lift to be used effectively. A typical underwater 

dredglng arrangement conslsts of a tube or pipe with a 30° bend near the intake end (Figure 

7.14). A water jet is connected at the center of the bend and directed towards the dlscharge end 

along the centerline of the pipe ta create a suction at the intake end. The size of the pipe and 

the output of the pump Will bath Influence the height to which the material can be lifted.35 A pump 

with a capacity of 0.75 m3/min, (200 gpm) and a 150 mm (6 in.) diameter pipe will lift material as 

hlgh as 18 m (60 ft.) above the bottom surface. Whan the pipe operates only a few meters above 

the bottom, the dredge can move as much as 7.6 m3/hr (10 cy/hr) of mud, sand, and loose 

gravel.34 
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FIGURE 7.13 - AIR LIFTING FOR REMOVING SUBMERGED FOULING MATERIALS33 

(c) Jetting. Jetting IS generally employed to move large quantlties of silt, sand, or mud by 

directing a hlgh-velocity water jet at the materlal to be moved (Figure 7.15). Two different jetting 

techniques are commonly used in practice.33 ln the 'Irst method, bed material IS moved by 

erosion with the use of a large jet mandnl. This method IS useful for movlng mud and sorne 

noncoheslve matenals like sand. In the second method, noncoheslve sandy sOlls are -flUldlzed" 

and moved by using several sm ail jets. 

(d) Jet-Dredge Too/. In general, sediment removal uSing a jetting technique IS not very efficient, 

because although the Jet fluidizes the sediment, It has no way of transporting the matenal. On 

the other hand, dredglng does not have a mechanlsm for fluidizlng the sediment, and often 

requires a diver to break up ~nd flUldlze the materlal ln front of the suction tube.33 As a result, 

a diver operated Jet-dredge tool was developed by the Naval Civil Engineering Laboratory (NCEL) 

in the United States which combines the fluidlzing jet and a dredglng jet.36 A jet "eductor" IS a 

device which increases the flow of water through the Jettlng nozzle and reduces the amount of 
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pump horsepower needed ta counteract the backthrust which is developed within the tool. The 

e)tcavation tool consists of a jet eductor, a jet nozzle, and a hydrauhcally powered sump pump. 

The tool can achieve an average excavation rate of 25 m3/hr. (35 cy/hr.) dependlng on the 5011 

charactenstics and the underwater conditions. 

WQRI< BARGE 

JET PIPE 

FIGURE 7.14 - UNDERWATER DREDGING 
SYSTEMS33 

7.4.1.2 CONCRETE REMOVAL 

TREIIICr4ING JET-

FIGURE 7.15 - JETIING NOZZLE33 

High-pressure water Jets can be used ta break up and remove detenorated concrete, roughen 

the concrete surface for better bonding, and eut a neat edge around the perimeter of the eroded 

area. These tools can either be used by divers or remotely controlled from the surface.3
' Con

trolled blasting may also be used ta remove concrete and large obstacles such as rocks and 

boulders.33 For most applications, hydraulic breakers (or hoe rams) can provide a cost effective 

solution wh en performed in dry conditions . 
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7.4.1.3 DOWELING 

Doweling IS sometimes necessary ta ensure adequate bond between the new and eXlsting 

concrete. Doweling conslsts of dnlhng hales mto the underlylng surface and bondlng a 

reinforclng bar Into the hale wlth cement or epoxy grout.J' An example of thls procedure was 

used in maklng repalrs ta Klnzua Dam stilling basin ln western Pennsylvania where eroslon 

damage reached a depth of 1.1 m (3.5 ft.).J7 ln this case, 25 mm (1 ln.) dlameter U-shaped dowel 

bars were installed to help anchor the new concrete overlay to the underlylng concrete floor. 

A more extensive procedure was used dunng repairs made to Dworshak Dam stllhng basin near 

Orotino, Idaho, where eroslon damage vaned between 30 mm (1.2 in.) and 2.7 m (9 ft.) deep.'2 

Ta relieve uphft pressures which developed as a result of clogged uphft pressure drains, prestress 

anchor bars were Installed Into the eXlsting floor at speclfied locations to a depth of 10.3 m (33.8 

ft.). The eroded areas were then filled ta wlthin 380 mm (15 ln.) of the final floor elevation wlth 

40 mm (1-V2 ln.) maximum size aggregate structural-grade concrete. The 380 mm (15 in.) deep 

fiber concrete overlay was heid ln place with 25M (Nil 8) anchor bars placed at 1.5 m (5 ft.) centers 

and hooked (180°) to a light mat of hOrizontal 15M (Nil 6) relnforclng bars placed on 380 mm (15 

in.) centers (Figure 7.16). 

ln situations where dewatenng IS not possible or expenslve, dowehng has been typically done by 

divers. Since thls IS labor intenSive and costly, only a small number of dowels can be placed. 

Ta compensate for thls dlsadvantage, the NCEL has developed a method for placing power 

actuated dowels under water. 31 ThiS system can install a greater number of dowels over a large 

area. For example, almost 600 prestressed rock anchors were Installed ln the stllhng basin floor 

at Tarbella Dam ln Pakistan to counteract hydrostatlc uphft forces. 38 CemBoi T, which is a car

tridge product marketed by Sweden, provides a qUlck way for Installing large anchor bohs under 

water. The boit IS totally embedded and corroslon-proof. At 1Q°C (50°F), the boit can reportedly 

support a load of up to 5 tons/m after three hours and more than 15 tons/m after 24 hours.J' 

7.4.2 CONCRETE MIX PROPORTIONS AND PROPERTIES 

A varlety of materials and materlal comblnatlons are used for the repair of stllhng baSins. A major 

factor whlch is vital to the success of the repalr IS the relative volume change between the repalr 

materlal and the substrate. Ordinary portland cement concrete IS usually the least expansIVe 

repalr matenal and its thermal propertles are compatible wrth the substrate concrete 211 Two other 
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key factors that control the type of concrete to be used for underwater repair are: ~he workability 

of the fresh concrete and the abrasion reslstance of the hardened concrete .• 31 ln general, denser, 

stronger, and more ductile materials provide greater abrasion resistance. The use of admlldures 

and pozzolans, such as condensed slilca fume, have signlficantly increased the abrasIOn 

resistance of concrete. The method chosen for placing and flnishing the repair concrete will 

dictate the degree of workabllity of the concrete required. 

7.4.2.1 
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FIGURE 7.16 - REPAIRS TO STILLING BASIN AT DWORSHAK DAM,IDAH012 

CONVENTIONAL CONCRETE 

Conventional portland cement concrete (PCC) IS easy to obtain and place, and is usually the least 

e)(pensive repalr matenal avallable.29
,31 ln the past, this type of concrete typically performed 

poorly when e)(posed to severe impact and erosion conditions. However, early studies39
•
40 

showed that through proper mi)( proportioning, placement, surface treatment, and curing, ordinary 

PCC can be made more resistant to abraslon-erosion damage and that the concrete resistance 

to erosion Increases as the compressive strength IS increased . 
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More recent work done by Liu·1 and Holland42 support the general findings that conventlonal 

concrete with higher compressive strengths increases concrete reslstance to abrasion wear. 

Since concrete strength depends on water-cement ratio and cunng, the Portland Cement 

Association (PCA)43 reports that a low water-cement ratio and adequate cunng are necessary for 

abrasion reslstance. Further, it states that aggregate type also affects abraSion resistance of 

concrete. Simllarly, the ACI21 OR-8729 report recommends using the maximum amount of hardest 

available aggregate and the lowest practical water-cement ratio for abraslon-reslstant concrete. 

Laboratory testlng performed during repalr work to Kinzua Dam stllhng basin ln Pennsylvania 

showed that the abrasion-erosion resistance of concrete with a water-cement ratio of 0.45 contaln

ing chert is approximately twice that of concrete wrth the same water-cement ratio contalnlng 

Iimestone.37 It is interesting to note that the compressive strength of the concrete contalnlng chert 

(32 MPa) was less th an that of the concrete containing limestone (39 MPa). Another example of 

successful abrasion-erosion repair work uSlng conventlonal concrete was performed at the "ha 

Solteira Dam and Manmbondo Dam stilling basins in Brazil~ where deterioration vaned from 

superficial erosion to damaged relnforclng steel. In thls work, the repair concrete included 19 mm 

(0/. in.) crushed basait coarse aggregate and a water-cement ratio of 0.44. The mixture produced 

28 day and 90 day compressive strengths of approximately 37 MPa (5400 pSI) and 45 MPa (5500 

psi), respectlvely. A thln coat of epoxy resln was apphed to the dry substrate to provlde good 

bond to the repair concrete. In areas where reinforcing was damaged, dowels were drilled and 

grouted into the substrate and the reinforclng steel replaced. Inspections wrth underwater 

television cameras revealed that repalrs performed satisfactonly. 

7.4.2.2 HIGH-STRENGTH CONCRETE 

Research has shown that high-strength concretes wrth 28 day compressive strengths in ex cess 

of 80 MPa (12,000 pSI) are "excellent" for reslstlng abraSion erosion damage.31 However, very high 

strength concrete is difficult ta place in dry or underwater areas without the use of special 

admixtures, which considerably Increase materlal costs. In some cases, where hard aggregate 

is not available, high-range water reducers (HRWR) or superplasticlzers, and silica fume can be 

used to develop coneretes with compressive strengths ln exeess of 100 MPa (15,000 psi). The 

abraslon-erosion resistance of such high-strength conerete depends more on the hardened 

cement paste than on the hardness of the aggregate.29 
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7.4.2.3 SIUCA FUME CONCRETE 

Studies4ll
,4e,47 conducted by the Bureau of Reclamation in the United States indicate that silica 

fume concrete offers significant Improvement in abrasion-eroslon resistance over conventional 

concrete, Several successful field tests uSlng silica fume concrete as a repalr material were 

performed at three dams between 1985 and 1987,30 For example, an addition rate of 13 percent 

sllica fume by weight of cement was used ln the repair concrete at Palisades Dam in Idaho for 

repairing the stilling basin floor, The mixture resulted ln a water to cement plus silica fume ratio 

of about 0.35. Inspection after one season of operation revealed essentially no erosion to the 

sillca fume concrete. 

The feasibility of placing large volumes of very high-strength concrete containing sUica fume was 

demonstrated during repair work done to Kinzua Dam stilling basin.37 Abrasion-erosion test data 

for various concretes tested ln the laboratory Indicated that the sUica fume concretes exhlbited 

less abrasion-erosion than vanous conventional concretes (Figure 7,17). The mixture proportions 

and mechanical properties for these concretes are shown in Table 7.6. 

The addition of 15 percent silica fume by weight of cement produced a mixture with a water to 

cement plus silica fume ratio of 0,30, This resulted in a 28 day concrett:! compressive strength 

of about 95 MPa (13,775 pSI). Subsequent inspection one year later revealed deterioration of 

about 12 mm (Y2 ln.) only along some cracks which developed after placement. 

Although placement of sUica fume concrete has proved generally successful, the work at Kinzua 

Dam demonstrated that large overlays are susceptible to surface cracking. In this project, 

cracking was attributed prirnanly to high restraint of volume changes resulting trom thermal 

expansion and contraction, and possible autogenous shrinkage, S.nce silica fume concrete has 

a tendency to dry on the surface, difficulty may be encountered during finishing, At Kinzua Dam, 

this problem was minimized by limiting the number of screed passes to two, and applying a 

curing compound immediately after screeding, 
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FIGURE 7.17 - ABRASION EROSION TEST DATA FOR VARIOUS CONCRETES31 

FIBER·REINFORCED CONCRETE 

Repairing erosion damage to hydraulic structures wrth fiber-reinforced concrete (FRC) has seen 

inconsistent results. Laboratory and field research indicate that the addition of steel flbers may 
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TABLE 7.6 - CONCRETE PROPERTIES FOR VARIOUS MIX PROPORTIONS37 

Mlx Aggregate Cement Con- Sihea Fume Water/(Cement Compressive Abrasion-
tent.kg/m3 (Ib/yd~ Content" by + Siliea Fume) Strength. 28 Erosion 

Cement Mass Ratio Days. MPa (pSI) Loss. % 
by Mass 

1 Pennsylvania 317 (534) 0 045 394(5,110) 69 
Llmestone 

2 Pennsylvania 269 (454) 176 053 49.5 (7.180) 50 
Llmestone 

3 Pennsylvania 351 (592) 42.9 0.21 95 5 (13,850) 2.2 
Llmestone 

4 New York 317 (534) 0 0.45 40.7 (5,910) 77 
Diabase 

S Vlrglnia 317 (534) 0 0.45 39.1 (5.610) 6.1 
Dlabas. 

6 Vlrginia 269 (454) 11.6 053 58.5 (8,480) 4.3 
Dlabase 

1 Virginla 351 (592) 42.9 0.21 95.2 (13,810) 23 
Dlabas. 

fl Chert (WES 346 (584) 0 0.45 32.1 (4,140) 4.1 
Reference 
Concrete) 

9 Kinzua FRC NA NA NA NA 9.4 

Note The liber re,nlorced specimens wer. p'.pared Irom a large Iragment 01 concrele taken Irom the K1nzuallllllng bain 
FAC - Flber Aelnlorced Concrele • NA '" Not Applicable 

accelerate abrasion·erosion damage.· This acceleration occurs when the steel fi bers are pu lied 

out of the concrete when it IS subjected ta the erosive action of high-velocity water. 31 

However, there are sorne cases where FRC repairs have demonstrated that fibrous concrete can 

be made ta resist abrasion-erosion damage. For instance, repairs performed at Tarbella Dam 

stilling basin in Pakistan38 conslsted of placing a 600 mm (24 in.) thick FRC slab to fill the scoured 

area. The repairs have proven to be satisfactory. FRC was also used for repairs to Dworshak 

Dam stilling basin. '2 The mix contained a heavily sanded 19 mm (o/4 in.) maximum-size aggregate 

concrete into whlch 25 mm (1 in.) long steel fi bers (10 mils x 20 mils in cross-section) were added 

at a rate of 1.2 percent (by VOlume) per cubic meter of concrete. These repairs were also 

reported ta be satisfactory. 

Proprietary FRC has been developed which exhlbits excellent abrasion resistance with a steel fiber 

content as low as 1.5 percent by volume. This resistance has been attributed to the excellent 
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bond between the steel fi bers and the concrete. 31 ln conventional concrete, fibers can be useful 

in controlling cracks in fiat surfaces, especially in stilhng basin floors. Proper use of fibers can 

substantially reduce cracking and improve resistance to fatigue, thermal shock, and cavitation 

damage.48 The most significant benefits are extended fatigue hfe, and tremendous abllity to 

absorb energy and resist impact damage. 12 ACI publications that give addltionallnformation on 

current practice include three reports by ACI Commlttee 54450
.
51 

52 and the proceedings of a recent 

symposlum.53 

7.4.2.5 POLYMER CONCRETE 

Test results from studies conducted by the Bureau of Reclamation 4S.48 indicate that polymer 

concrete (PC) shows significant Improvement in abraslon-erosion resistance over conventional 

concrete. PC, such as epoxy and resln concrete, is a rapid-setting mixture of fine and coarse 

aggregate wlth a polymer as a binding agent between the aggregate partlcles. 21I PC exhiblts 

good chemical reslstance and exceptional bonding characteristlcs, and has demonstrated excel

lent abrasion resistance. Polymer concrete has not been used extensively for making large scale 

repairs of hydraulic structures due to its high cost, however, it has proven to be cost effective in 

repairing sm ail areas which are unsuitable to conventlonal portland cement concrete. JI Currently, 

PC cannot be placed and cured under water. However, PC may be useful for fabricating precast 

concrete panels whlch can be placed under water. 

Recent examples of PC repalrs to stilling basins ,"clude Milburn Dam in Nebraska and Shadehill 

Dam ln South Dakota.30 At Shadehlll Dam, three layers of similar PC mixtures were used to repair 

a 16 m2 (172 ft2) eroded area of the spillway to a depth of approxlmately 115 mm (4.5 in.). The 

mixture for use below the relnforcing steel contalned 40 mm (1-V2 in.) maximum-size aggregate 

(MSA). The mixture used for covering the reinforcing steel contalned 16 mm ('MI in.) MSA, and the 

mixture used for the top 12 mm (% in.) of the repalr contained no addition al aggregate. 

Inspection of the repair two seasons after operation Indicated minor abrasion to the surface of the 

polymer concrete. 

7.4.2.6 POLYMER IMPREGNATED CONCRETE 

Polymer impregnated concrete (PIC) IS a hardened con crete that has been impregnated with a 

monomer which is hardened wlthln the concrete pores. Schrade .... 7 and Liu!54 have shown that by 

impregnating and effectively case hardening the concrete surface with a polymer, the cavitation 
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and abrasion·erosion resistance of concrete is greatly improved . 

Polymer Impregnation 0' concrete consists of drying the concrete surface (at high temperatures), 

soaking the dried surface with a monomer (such as an acrylate or styrene) that fills voids and 

cracks, and then polymerlzlng (or solidifying) the liquid ln place with a heat source. "The depth 

of monomer penetration depends on the poroslty of the concrete and the process and pressure 

under whlch the monomer is applied."11.12 When polymerized, this system becomes a materlal 

similar to clear plastic. 

Test results indicate there is signifieant improvement in con crete properties after impregnation. 

Compressive strengths can be as much as 'ive times their original value. Porosity and permeabili· 

IV are reduced while resistance to freeze·thaw cyr.les and chemieal attack is greatly improved.' 1 

Surface Impregnation was used at Dworshak Dam to repair cavitation and abrasion·erosion 

damage to the regulating outlet tunnels and stilling basin. 55 Polymer Impregnation is more easily 

used for repairing horizontal surfaces, but it can also be adapted for repairing vertical surfaces. 

Typical sections through the apparatus used for impregnating the outlet walls (vertical surfaces) 

and stilling basin (horizontal surface) at Dworshak Dam are shown in Figures 7.18 and 7.19, 

respectively. Currently, PIC cannot be placed under wate~' and its use for repairing concrete 

hydraulic structures requires dewatering. 

7.4.2.7 CONCRETE ADMIXTURES 

Until recently, concrete hydraulic structures that required repair below the water li ne had to be 

dewatered. However, recent developments in concrete admixtures have made it possible to place 

better quality concrete under water with higher abrasion·erosion resistance.31 Results of a test 

program conducted at the U.S. Army Waterways Experiment Station indicated that cohesive, 

flowable, and abrasion·resistant concrete could be placed under water by adding an antiwashout 

admixture (AWA).!III 

A reeent example of a suecessful underwater rehabilitation project using an AWA was the repair 

to the eroded end sill of Red Rock Dam.57 This was the first U.S. Army Corps of Engineers 

concrete structure to be repaired in the end sill area using underwater concrete placement 

techniques. In this repair, shown in Figure 7.20, an AWA and a water·reducing admixture were 

used to produce a flowable and cohesive concrete. A diver was used to control the end of the 

pump IIne, keeping it embedded in the newly poured con crete. The AWA helped prevent loss 
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of fines and formation of 'rock pockets' when the pump line was accidently removed from the 

mass of freshly poured concrete. 

Convemional water-reducing admoctures and superplasticizers are also very important in 

producing abrasion-resistant concrete for underwater use. Superplasticizers are a vital Ingredient 

for facilitatmg the placement of pumped concrete especially when used with an AWA.31 

Pozzolans, such as silica fume and fly ash should also be consldered for use in underwater 

repalrs because they produce concrete with higher density, strength, and bond. A 

superplasticizer, but not silica fume, was used in the concrete for rapairing stilling basins at two 

dams operated by the Swedish State Power Board, in Sweden.31 Repairs ware performed aftar 
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the structures were dewatered using a concrete with a very low water-cement ratio. Neither 

anchors, epoxy bonding compounds, nor surface coatings were used, however, repairs appeared 

to perform satisfactorily. 
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7.4.3 VACUUM AND PRESSURE PROCESSING 

Vacuum and pressure processing IS used to increase the strength of the concrete by compacting 

or removing vOlds from the freshly poured concrete. It IS reported that vacuum processing 15 

usually more efficient because Oit removes excess surface air and bath surface and internai water 

tram the concrete .• 31 Vacuum processlng can :.Iso reduce the water-cement ratio of the concrete. 

Work done by LIU41 has shown that vacuum processing at about 80 kPa (12 pSI) for 15 minutes 

can increase the abraSion resistance of concrete with an initiai water-cement ratio of 0.54 by 

about 40 percent. Since vacuum processlng uses the ambient pressure as a source of 

compaction, a portion of the fresh concrete must be exposed to the atmosphere so that the 

excess water can be pushed toward the vacuum by the atmospheric pressure. The vacuum 

consists of a filter mat with a watertlght backlng with a gasket around the pertmeter. The space 

formed by the gasket is filled with layers of porous Mer material which prevent the cement and 

fines from being drawn out of the concrete wlth the excess water. Pressure processing requires 

the use of an external source ta provide the pressure, such as a pressure plate, a roller 

compactor or hydraulic pressure.31 

Although these methods have not been commonly used in submerged conditions, both processes 

cou Id be easily adapted for treating concrete under water. Using this process under water can 

be expected to yield better results than on land, because the additional hydrostatic water 

pressure avatlable would malntain a higher suetlon pressure than that available on land. USIng 

Vibration in conjunction with vacuum or pressure processing can help ta remove voids wlthin the 

concrete.31 

7.4.4 PLATE LINERS 

Refacing stilling basins with stainless steel liner plates has been used with some degree of 

success for proteetlng concrete against cavitation eroslon.29 Studies performed by Colgate!lll 

showed that stainless steel IS about four times more resistant to cavitation damage th an 

convention al concrete. Currently, the preferred stalnless steel material is standardized by ASTM 

A 167, S30403 (formerly SS304L), wlth regards to corrosion and cavitation resistance, and 

weldability. 

One important aspect of uSlng thls method is the steel plates must be securely anchored in the 

underlying concrete to prevent or mintmize the effects of vibration. Vibration of the liner plate will 
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eventually lead to fallure of the anchors or the underlying concrete. It shOuld also be noted that 

the liner plates usually hide early signs of concrete distress.29 For this reason, this method IS 

rarely chosen as a repair option . 
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8.1 

8.1.1 

CHAPTER 8 

CASE STUDIES 

SPECIAL UNDERWATER REPAIR OF A COASTAL CONCRETE STRUCTURE IN A 
TIDALAREA' 
Eastern SCheldt, The Netherlands 

SUMMARY 

This case study describes the special aspects of underwater repalrs to a concrete storm surge 

barrier damaged during Its construction. The structure IS located ln the Eastern Scheldt ln the 

Delta area of the Netherlands. A description of the cause and extent of the damage IS provlded 

along wlth an explanatlOn of the matenals and construction methods used for executlng the 

required repairs ln the existlng difflcult hydraulic conditions. 

8.1.2 DESCRIPTION OF STAUCTl: RE 

The storm surge barner, compnsing a total of 65 massive concrete piers, is constructed of various 

concrete elements which form the frame for the steel gates and operating machlnery of the 

barrier. A cross-section of the barner IS shown ln Figure 8.1. The concrete structure IS deeply 

embedded ln special filter mattresses conslstlng of stones of various sizes. Many pans of the 

structure were prefabncated and were fltted together with the aid 0' special construction 

equlpment. The main components are the concrete piers, bridge box girders, slll beams, upper 

beams, the steel gates and the operating machlnery. The structure was deslgned for a service 

IIfe 0' 200 years. 

8.1.3 THE CAUSE AND EXTENT OF DAMAGE 

During the construction of the storm surge barrier, five of the 65 piers were damaged by the 

auxiliary construction that was installed ta prevent damage. Since the inner slll was to be con

structed by means of stone depositing barges (Figure 8.2), it was antlclpated that, as a result of 

the water current, stones dumped around the piers wou Id land ln the recesses of the steel gates 

and cause unacceptable damage to the speciallow fnctlon shdlng plates (Figure 8.3) . 
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FIGURE 8.3 - CROSS-SECTION OF PIER SHAFT AND GATE RECESSES 

ln arder to prevent such damage, vanous measures were undertaken ta protect the elements of 

the structure, including the a 'Icatlon of protectlng layers ta the piers and the dumping of the 

stones by speclally designed equipment. To prevent damage ta the shding gates, a special safety 

net was constructed and It was stretched between two beams fixed ta the pier structure, as 

shawn ln Figure 8.4. 

During severe weather conditIOns, the anchorage between the lower beams and the concrete 

piers became disconnected. The water current and the waves made the beam sway, causlng 

damage to the beanng corbeis of the piers. The damage was located at a depth of between 5 

ta 8 m (16 to 26 ft.) below the water line, as shawn ln Figure 8.5. Several square meters of 

concrete caver had been worn away, exposing the steel reinforcement. Although the damage 

was not extensive, it was critical because it was located ln an area of higt- Internai stresses, 

8.1.4 SPECIAL ASPECTS OF UNDERWATER REPAIRS 

During the design phase of the barner, It was anticipated that damage ta the structure would 

occur depending on the method of construction. As a result, an investigation program was 

initiated for determinlng the most SUit able matenal and technique for repalring the underwater 

concrete elements. Since the barner was designed ta provide a service life of 200 years, much 

attention was focused on the quality and durabllity of the repalrs. 
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GATE AECESS 

FIGURE 8.4 - GATE RECESS PROTECTION SCREEN 

Two types of repair materials were considered: one was based on synthetic resin and the other 

was based on cementitious mortars. The requirements which were examined are: a good bond, 

low water permeability, and the development of an alkaline environment within the repair concrete. 

Previous investigations had shown that repairs made with a resin-based concrete mix were not 

suitable because Il had a hlgh poroslty, and did not provide an alkaline environ ment. As a result, 

a cementitious mortar mix was selected as the repair material. 

A subsequent research program, consisting of seml-practieal tests in the Intertidal zone of 

con crete structures situated in the Scheldt Estuary, and laboratory tests, determined that a 

number of factors may Influence the bond strength of the surface between the new and existing 

material. The seml-practical tests showed that marine growth had an adverse effect on the bond, 
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and that a surface would be covered with marine growth withln 24 to 36 hours after it had been 

cleaned, depending on seasonal conditions. Other parameters whlch may Influence the bond 

strength include: 

• Surface preparation 

• Orientation of the bond area (interface) 

• Method of concrete placement 

GATE RECESS 

FIGURE 8.5 - LOCATION OF DAMAGE TO PI ER STRUCTURE 

8.1.5 RECOMMENDATIONS FOR REPAIR 

Based on the research, it was determlned that ail marine growth and damaged or un sound 

concrete was to be removed. One approach to eliminating the fouling problem was to pour the 
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concrete within 24 hours after surface cleamng. Since this was not always possible, a special 

coatlng was developed whlch could be applied to the surface after cleaning and removed by 

high-pressure water immedlately before pounng the concrete. 

A good qualtty repalr cou Id be achleved by the use of pumped concrete wlth the dlscharge 

openlng contlnuously submerged under the fresh concrete surface. It was determined that the 

repalr concrete was to have a hlgh workablhty, good coheslve propertles, and no bleedlng. This 

was achleved by the use of superplastlclzers together wlth a low water-cement ratio and a 

reasonable cement content. The use of specIal cellulose or polyethylene-based additIves can 

reduce bleedlng and improve the cohesive properties of concrete. Bleeding can also be 

mlmmlzed by Increaslng the amount of fInes ln the concrete. 

An analysls of the observed dé.'mage required that the repair mix were to be modtfied and applied 

in th ln layers. As a result, supplementary tests on concrete cubes (1 m x 1 m x 1 m) were carried 

out uSlng repalr mIxes wlth and wlthout coheslve additIves. These tests revealed that the mix with 

the coheslve additIve was not sUltable for the proposed method of repair. However, a standard 

proprietary mlx wlthout coheslve addItIves, which was developed by a specialtst firm, did meet the 

deslred working requlrements. Its compositIon and propertles were as follows: 

Portland cement content 

Water/cement ratIo 

MaxImum aggregate slze 

AddItIves (I.e., superplastlcizer) 

Siump 

Water penetration 

Compressive strength after 7 days 

8.1.6 FORMWORK 

900 kg/m3 (535 Ib/cy) 

0.32 

4 mm (0.16 in.) 

'" 3% 

300 mm (12 in.) 

3 mm (0.12 in.) 

90 MPa (13 ksi) 

Two options were investigated for the formwork: one was based on fastening the formwork ta the 

concrete structure by anchors glued Into drrlled holes (Figure 8.6), and the other was based on 

attachlng It to the structure by suction cups (Figure 8.7) . 
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The first method rp.quired extra work to be camed out under water for drilling the anchor holes . 

More importantly, to reduce the nsk of corrosion, the anchors needed to be ground off after the 

work was completed to mimmlze exposure to seawater. However, one advantage with uSlng this 

method IS that It IS rehable and relatlvely Simple to execute, provldsJ the anchors are Installed 

properly. 

The second alternative was developed by a flrm (F Nooren, Stadskanaal Holland) speclahzlng ln 

underwater injection repalrs. However, due to the slze and location of the damage comblned wlth 

difficult underwater conditions, thls system would have been very dlfficult to Install. As a result, 

the flrst alternative was selected. 

8.1.7 AUXILIARY CONSTRUCTION WORKS 

It was determined that the wave and Mal activlty at the site would have an unfavorable effect on 

dlver operations. Due to the location of the damage and the shape of the structure, the water 

flow around the pler IS turbulent and cou Id reach velocities of up to 3 to 4 m/sec (10 to 24 ft/sec.). 

Therefore, for dlver safety and to obtaln a good quahty repalr, It was determined that work would 

only be carned out wh en water velocltles were 0.5 rn/sec (1.6 ft/sec.) or less. An analysis of the 

water veloclty wlth respect to the tldal actlvlty showed that the avallable working time during each 

tlde cycle would be about two hours. 

To reduce water flow velocltles and Increase the dlver worklng time, the idea of Installing wave 

deflectors at the place of repalr was investlgated. Initial investigations wlth a flow screen, shown 

in Figure 8 8, showed that this structure dld not reduce flow veloclty sufficiently. Further hydraulic 

studles lead to the development of a structure whlch screened off the repair area on ail SI des. 

Adjacent to the screen, a special shaft was designed for dlver access. This led to a 'shoe type' 

enclosure, shown ln Figure 8.9. 

The enclosure was fixed to the pler by forCing out hydrauhc jacks in the recess of the pier shaft. 

To prevent hydrauhc forces on the enclosure 'rom becoming exceSSive, the screen was perforat

ed. The enclosure was also provided wlth a number of worklng platforms for the divers. It 

appeared that with thls stru1.1ure, flow velocltles remalned below 0.5 rn/sec (1.6 ft/sec) dunng the 

full tide cycle (Figure 8.10). This permltted dlver work ta proceed safely without interruption . 
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FIGURE 8.8 - OPEN FLOW SCREEN CONSTRUCTION 

8.1.8 REPAIR PROCEDURE 

The procedure used for repalnng the flve damaged concrete piers af the storm surge barrier is 

shown schematically in Figure 8.11. The procedure reqUired an average of 72 hours and con

slsted of the following: 

• Placing the auxiliary enclosure 

• Drilling boit holes for cramping the formwork 

• Dnlling anchar holes in the interfaces to obtain a better bond between the repair 

con crete and pier structure 

• Gluing the anchors ln dnlled hales 
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Gntblastlng the damaged sur1ace 

Instalhng the formwork 

• Flushing the space behlnd the formwork with fresh water 

• Pumping the concrete repalr mlx through an mlet tube ln the formwork 

• Hardenlng of the concrete for 12 to 18 hours 

• Removlng the formwork 

• Vlsual inspection of the repalred sur1ace 

• Removlng the bolts for crampmg 

• Removlng the auxlhary enclosure 

FIGURE 89- HALF-CLOSED FLOW SCAEEN ENCLOSURE 
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8.2 CRACK REPAIRS TO UPPER STILLWATER DAM2 

Utah, The United States 

8.2.1 SUMMARY 

This case study summanzes the procedure used for repalnng a crélcked concrete gravit y dam by 

polyurethane resln InjectIOn methods. The matenals and equlpment used for both underwater 

and above water repalrs are presented along wlth the results of the repalrs. 

8.2.2 BACKGROUND 

Upper Stillwater Dam IS located 72 km (45 miles) north of Duchesne, Utah, and was constructed 

trom roller compacted concrete (ACC) and completed ln 1987. For ease of construction, the dam 

was deslgned wlthout contraction JOints and It was antlclpated that cracks reqUlnng repalr would 

appear. 

ln June 1988, when the reservolr was tlrst tilled, a contlnuous cracl< developed ln the foundation 

gallery at station 25+20. The crack was also observed on the upstream and downstream faces 

of the dam at approxlmately station 25+ 15 As the water level ln the reservolr mcreased, the 

cral:k wldened and produced excessive leakage Into the foundatlon gallery and out of the 

downstream face (Figure 812). At maximum reservolr level, the crack wldth measured 

approxlmately 66 mm (0.26 ln.). An estlmated 5 m3/mln (1,300 gpm) of water was leaklng Into 

the gallery and about 6.5 m3/mln (1,800 gpm) were leaklng from the crack on the downstream 

tace. 

The crack extended trom the foundatlon to the crest of the dam from the upstream face to the 

downstream face. Simllar, but smaller cracks were observed at stations 30+90, 41+10, and 

42+87. The crac~ing is believed to have been caused by foundatlon deformatlon and concrete 

coohng. When the reservolr level was lowered, seepage from both the gallery and the 

downstream face decreased and the crack measured approxlmately 3 mm (0.1 ln.) wlde 

8.2.3 SELECTED REPAIR PROCEDURE 

Since the cracks where expected to move wilh seasonal reservolr level fluctuations, a flexible 
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tlydrophlilc polyurethane resln grout was selected for crack InjectIOn The Bureau of Reclamation 

optfld ta InJect the cracks ln threc basIc stages. Ali of the flrst and second stage work was 

parformcd lrom Imide the foundatlon gallery and fralT' the downstream face of the dam at 

elevatlons balow the watcr level Tile final stagp. 01 the repalr was performed from the upstream 

laco of the dam Each stage IS summanzed ln the followlng sections 

FIGURE 8.12 - WATER LEAKING INTO FOUNDATION GALLERY AT FULL 
RESERVOIR, STATION 25+20 

8.2.4 FIRST STAGE 

The main purpose of the flrst stage was to control or eut off Se(1page !nto the toundation gallery. 

(Figure 813) A senes of shallow graut hales were dnlled ta intercept the crack tram the 

foundatlOn walls ln an offset pattern. The hales were 16 mm (% in.) in diameter and intercepted 

the crack at depths of 0.3 ta 0.9 m (1 ta 3 ft.). After the hole drilling operation was completed, 

valved InJectors or 'wall spears· were placed in the hales. The valves were left open ta reheve 
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FIGURE 8.13 - FIRST STAGE INJECTION AT STATION 25+20 

water pressure ln the crack (Figure 8.14). 

The surface of the crack was then ')ealed between wall spears wlth wood wedges, le ad wool, or 

urethane-soaked Jute rope or oakum. Once the flow of water was controlled, the wall spears were 

Indlvldually connected to the urethane resln pump system and InJected wlth resin. After InJection, 

the wall spears were removed and check ho les, or water leakage tram the crack, were used to 

determine If relnJecllOn was reqUired. 

8.2.5 SECOND STAGE 

The second stage repalr work Involved InJGctlng the crack from the upstream face to the down

stream face at elevatlons below the water level (Figure 8.15). 

The crack Intercept holes were dnlled wlth a self-powered hydrauhc rotary dnll wlth 50 mm (2 ln.) 

dlameter (Ax) core bits. The holes vaned ln depth from 6 ta 28 m (19 to 92 ft.). Once the hale 

depth reached a crack plane, as Indlcated by dnll water loss, a pneumatlc packer was placed a 

few meters above the hole-crack Intercept and the hale was InJected wlth resln. To reduce the 
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flow of water dunng dnlhng and Injection of Intenor holes (A-IIne, S-lIne, C-line and E-line), the D

IIne holes mterceptlng the crack 1 5 m (5 ft.) from the downstream face (,\ the dam were dnlled 

flrst 

Water-to-fe!:.ln ratios vaned from 0:1 (neat resln) ta 2'1, although most InjectIOns were done at a 

1:1 ratio The pressure at whlch resm cou Id no longer be lnjected Into the crack vaned from 4 

to 8 MPa (600 to 1,200 pSI) Check h"lles were dniled ta deterrnlne If the crack had been 

adequately sealed wlth graut If the crack was not fully sealed, addltlOnal hales were dnlled and 

Injected wlth resln. 

~ 
.::--~ 1 

--1 12'1024' 
Ipacing 

~ 

FIGURE 8.14 - GALLERY WALL-CRACK 
INTERCEPT DRILL PLAN 

8.2,6 THIRD STAGE 

20 0 20 otO 
1 1 1 1 

SCAUOI PIET 

FIGURE 8.15 - SECOND STAGE 
INJECTION AT STATION 25+20 

The final stage conslsted of Injecting the crack above the water level from the upstream face of 

the dam uSlng a "spider platform" suspended from the top of the dam (Figure 8.16). Various 16 

mm (518 ln.) diameter Injection holes were dnlled in a staggered pattern on each side of the crack 
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and angled ta Intercept tllG crack at about 0 fi m (2 ft) !rom 1110 upstrenm !<lep Holp Sp'1C1l1(1 

vaned between 300 to 600 mm (12 ta 24 In.) apart. Wall SpC8IS wore Illstnllt'd <lncltllc Ilolüs W01l' 

InJected wlth polyurethane resln InjectIon was started at tlle lowestllolc ,1Ild progrt\sspd lIpw.lId 

to the top of the crack or dam 

The amouilt of resm volume was proportloned to allow Injection of tlle outer 3 11) (10 ft) of Ille 

upstream face of the dam (Figure 8 17) Smce the work fortlllS stage was perfollllC'd il! a locatloll 

wherc the crack was dry, a water-to-reSII1 ratio of at least1.1 was rcqulIl'd As wltllllll' pleVIOllS 

stages, check holes were dnlled ta determme Injection offlcloncy 

The cracks at the alher locations were repalred uSlng a slInllar prucodum, !lowovl'r t!lose CI.\cks 

were no! as wide and dld not expenence a hlgh hydrauhc 11cad. Thercfore, Ille 1I1JOCti01l IUIlD lor 

these locations was smaller (Figure 8.13). 

FIGURE 8.16 - 'SPIDER PLATFORM' AND BARGE USED TO INJECT THE 
UPSTAEAM FACE 
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8.2.7 REPAIR RESUL TS 
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FIGURE 8.18 - ZONE OF RESIN AT 
INJECTION AT STATION 41 +10 

Before the repalrs were Implemented, the combmed seepage through the foundatlon gallery and 

from the downstream face at station 25+20, was more than 12 m3/min (3,100 gpm) at maximum 

reservolr level. The comblned seepage through the cracks at the other locations was approx

Imately 3.8 m3/mln (100 gpm). Aft~r InJeCtIOn, the leakage at t"ese cracks was minimal. The 

leakage through the crack at station 25+20 was reduced ta below 3 m3/mln (800 gpm) . 
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8.3 REHABILITATION OF RAILWAY BRIDGE PIERS IN A MARiNE ENVIRONMEN-r 
Québec, Canada 

8.3.1 SUMMARV 

This case study summanzes the vanous procedures used for repamng concrete rallway bridge 

piers ln a manne envlronment on the St. Lawrence River ln the BeauharnOls Valley, located south

west of Montreal, whlch were damaged by severe alkall-aggregate reactlvlty. The vanous test 

procedures used for deterlTaning concrete quahty are also presented. Rehabilitation of ail tIle 45 

heavlly deterlorated concrete piers supporting thls one kllometer long rallway bridge was 

completed ln one worklng season 

8.3.2 BACKGROUND INFORMATION 

Sand stone aggregates of the Potsdam group are susceptible to alkah-aggregate reactlvlty wh en 

used ln maklng concrete, especlally sa ln a manne enwonment where there IS a contlnuous 

source of mOisture. ThiS type of stone 15 not commanly used as aggregate due to Ils hardness 

and abraslveness. Nevertheless, It has been used wlth ordlnary alkah-nch cement when made 

readlly avallable from Important exe. avatlon sites Such was the case when the rallway bndge was 

bUilt ln the Beauharnols - Valleyfleh, area iocated southwest of Montreal. The blldge was bUllt ln 

dry conditions prlor ta the subsequent excavation of a water canal ta bnng water flow from the 

St. Lawrence ta a Hydra-Québec powerhouse. A total cf 45 cancrete piers are located ln the 

canal waterway. 

The rallway bndge IS almost one kllometer (3300 ft.) long and canslsts of 44, 22 m (72 ft.) spans 

built w,th two steel plate glrders (Figure 819). Each glrder IS simply supported on 100 mm (4 ln) 

thlck beanng plates that rest on concrete piers founded on a Potsdam sandstone The hClght 

of the piers (from top ta the bedrock) varies between 10.5 and 17.4 m (34.4. and 57 ft ) wlth an 

average helght of 14 m (4fi ft.) below the water surface. The fJler's rectangular cross section 

measures 1.8 m (6 ft.) by 3.6 m (12 ft.). 

8.3.3 OBSERVED DAMAGE TO CONCRETE PIERS 

Ali the above water portions of the piers showed severe damage due to alkah-slhca reactlon whlch 
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caused polygonal surface cracking on map cracking (Figure 8.20). Fraclunng was worsened by 

subsequent freeze-thaw cycles Sinee ln many cases the beanngs were not funetlonal, thermal 

movements caused addltlonal cracking Dunng the wlnter season the crack wldth openea up to 

35 mm (1% ln) A detalled 1n~;Jectlo'1 revealed that some beanngs had settled Into the concrete 

pler tops approxlmately 20 mm (314 ln). Subsequent conng determlned that the con crete pos

sesscd a low beanng capaelty and, as a result, the bndge was closed 

".111" / 

FIGURE 8.19 - GENERAL VIEW OF BRIDGE AFTER REPAIRS 

8.3.4 REPAIR ALTERNATIVES INVESTIGATED 

The followlng rehabliitation scl1emes were consldered for restonng the structural capaclty of the 

bndge: 
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BUilding a new bndge wlth only ten piers ,qnd Cl now steel SUpOlstluctlHt' 

Demollsh:ng and repamng part of tt"'e concrete piers, rl''1lllrlng tlle 1(,1110\1,11 of .111 

glrders 

Temporanly shonng the spans by means of speclally desl~Jnpd SUPIJOltS, wlllll' 

damaged concrete was removed and replaced 

For economlc reasons, the thlrd option was selected VanoLJs mctllocls fOI sllOlln~J IIH' \Jlldl'I~; 

were analyzed. The method NhlCh was selccted IS shown 111 Figure 8 21 Four 1101l's W('I(' dlillpe! 

into the pler down to sound con crete, IntO whlch Ilcavy Inscrts wcrc nrollted l1H' 111',(111', 

extended above the pler top and served as tomporary sl10nng supports (jurmÇJ Il'p.lll', 1111' 

followmg sections descnbo the vanous test procedures that wele usecl to detollllllH' C(lIH'll'tl' 

quallty for venfylng the repalr scheme, 

FIGURE 8.20 - TYPICAL PI ER DAMAGE 
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FIGURE 8 21 - PROPOSED LOAD TRANSFER COLUMNS 

8.3.5 CONCRETE aUALITY INVESTIGATION 

Field and laboratory tests were conducted ta obtaln the concrete strength and ta determlne the 

anchorage iength of the steel mserts reqUired to safely carry the bndge loadmgs Laboratory 

tests rncluded petrcgraphlG examlnatlon of coarse and fine aggregate, and compression and 

sphttlng tenslle tests on 52 cores. The modulus of elastlclty was measured on 16 cores. 

Large dlameter (150 mm/6 ln.) cores were obtalned ta determlr.~ concrete quality. The diameter 

of the borehole (200 mm/8 m.) was dnlled ta accommodate a large enou~lh Insert, su ch as a H

beam, pipe or sohd steel shaft. Two hales, 6 ta 7.5 m (19.7 to 24.6 ft.) long were dniled ln elght 
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of the 45 conerete piers Three of the 16 hale:> were dnlled down to 15 m (492ft) below nle top 

of the piers. Two of the 16 holes were dnlled through the full depth of tt1e pler down mlo bedroch 

to check the concrele-rock Interface charactenstlcs This revealcl1 !llal ttle piers 11dd Ilot bt'ell 

anchored Into the bedrock Loss of dTllflng water occurred al two Plf'rs dLJnn~) !tH' llrrlilTH] 

operation, Indlcatlng that ttlere was a dlscontlnulty between 1110 plcr and bC(1rock TIlt' 

subsurface bedrock was often composed of a superflclal rock crust followt~d by friablE' samlsto(1(' 

or pockets tilled wlth gravel Based on these results, olle t10le pm pler WélS {irtllcd 10 cl (1l'plll 

such that one anehor cou Id be grouted ln the roek ta a minimum deptl1 of 1 5 m (5 Il ) 

8.3.6 PETROGRAPHie ANALYSIS 

Petrographlc analysis revealed Ihat the observed concrele damage was caused by the cxpano.,\on 

of bath the coarse and fine aggregates as a result of alkah-slhca reacllvlty The aggregat('·s WÜle 

almost ail denved tram orthoquartzlte sandstone ThiS orthoquartzlle IS a SedlfllPlltary rock wl1ldl 

conslsts of quartz grains havlng an average dlameter of 03 mm (0012 ln) The grains WOIO 

eemented by a reaetlve slhceous cement whlch accounted for the observed damage 

8.3.7 CONCRETE CORE EXAMINATION 

VISU al examlnatlon of ail conerete cores revealed that the conerete above the walor levol Ila(j 

detenorated slgnlflcantly more th an the submerged portions of the concrete Concrete speclmmls 

were examlned trom three nominal zones tlle severely cracked top zone (0 to 2 Ill), the 

proposed anchorage zone (3 to 7 5 ml; and the lower zone (7510 16 rn). The followlng was 

observed ln ail three zones. 

~ Polygonal cracking 

~ Alkah-slhca reactlon nms (coarse and fine aggregates) 

~ Fractured aggregates 

~ Presence of slhca gel 

8.3.8 CONCRETE CORE TEST RESUL TS 

Compression test results of ail 52 cores vaned slgmflcantly from 228 MPa (3306 pSI) for concrele 

above water ta 43.6 MPa (6322 pSI) for concrete below water (Figure B 22) Almast ail compro~

sion test results for conerete ln the upper 3 m (10 ft) of the pler were below 30 MPa (4350 pSI), 
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varylng from 22.8 to 31.6 MPa (3306 to 4580 pSI). Compressive strengths of the concrete cores 

taken below the water level were weil above the 30 MPa (4350 pSI) value. The mean value of a 

normal distribution for thls group was 36.4 MPa (5278 pSI), wlth a coefficient of vanatlon of 9.8 

percent Sphnlng tenslle tests produced a simllar vanatlOn of strength wlth depth, as shown ln 

Figure 8.23. Test results for specimens taken below the water level produced an average value 

of 2.5 MPa (326 pSI) and a coefficient of vanatlon of 16 percent. The ratio of thls average splinmg 

tenslle strength to the correspondlng average compressive strength (0 07) was found ta be 

shghtly lower th an the normal value (0.09) for concrete wlth simllar charactenstlcs. 

The modull of elastlclty vaned between 13,000 MPa (1.89 x 106 pSI) and 22,800 MPa (3.31 x 106 

pSI) wlth an average value of 17,700 MPA (2.57 x 106 pSI). ThiS value was also found to be slightly 

lower than normal. Both the strength and elastlc modulus properties depend on the type of 

aggregate and sandstone used ln the concrete. POlsson's ratio for the specimens was observed 

to be 0.17. 
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8.3.9 BOND TESTS 

The rehabllitatlon scheme that was chosen consisted of dnlhng and grautlng 150 mm (6 ln.) 

diameter steel rudes Into the pler concrete ta serve as a temporary load transler mechallism 

during concrete repalrs. The permanent bndge loads were ta be translerred, by bond, to the 

sound concrete layers. This reqUired a determlnatlon of bond stresses that could be developed 

between the steel axles and the graut, and between the graut and the pler con crete 

Accordlng ta the former ACI Code (318-56), allowable bond stresses were between 3 and 45 

percent of the concrete compressive strength Slnce allowable bond stresses between smootl1 

steel rods and concrete are no longer Included ln concrete design codes, a small expenmental 

testlng program was Imtlated. The matenals used for slmulating the tests Included 38 mm (1 'l., 

in.) diameter smooth rods, a grout mixture wlth a water-cement ratio of 04 and contalmng an 

expansive chemlcal, and concrete cores retneved fram the site The test set-ups are Illustrated 

in Figure 8.24, 

(a) Bond Strenqth of Steel ta Grout 

This senes of tests was done to determlne the bond capaclty of a 38 mm (1-V2 ln.) dlameter 

smooth steel pin grouted to a hollow precast concrete cyhnder as shown ln Figure 8.24a Four 

push-out tests were undenaken wlth the steel Jacket ln place and four wlth the steel jacket 

removed. 

Each senes of four tests produced simllar results and the apphed load vaned between 41.6 and 

52.5 kN (9.4 and 11.8 Klps). In ail cases, failure occurred by shding of the pin wlthout cracking 

the surroundlng concrete. At maximum load, the bond stress reportedly reached 15.4 percent 

of the grout compressIVe strength. 

(b) Bond Strength of Grout ta Concrete 

Two senes of push-out tests were performed as shawn ln Figure 8.24b. Here the load 15 apphed 

through the concrete core specimen taken trom the site. 'Nhen push-out tests were conducted 

wlthout the steel jacket, the grout r'ng cracked at one-thlrd of the load obtalned wlth the Jacket 

left ln place. In the latter case, the ultlmate bond stress measured was 14.5 percent of the grout 

compressive strength . 
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FIGURE 8.24 - PUSH-OUT TESTS: (a) BOND TEST OF STEEL TO GROUT; 
(b) BOND TEST OF GROUT TO CONCRETE 

Since in the actual pier, the load is applied through the steel axle and an allowable bond stress 

equal to three percent of the expected compressive strength of the grout was anticipated. Since 

the compressive strength of the grout that was placed ln the field was higher than anticipated, 

the actual bond stress was two percent of the grout compressive strength. 

(c) Solution Ret.lnad 

Based on the test results, it was determined that concrete quality below the water was adequate 

to allow the embedment of steel columns to transfer the bridge loads. Location of the steel 
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column in the piers was dictated by severai factors: 

~ Moments supplied by the column ta reslst Ice loadlng 

~ Small dimensions of the pler caps 

~ Hale diameter required for Installing the steel columns 

,. Columns needed ta be Installed as close as possible ta the bndge glrder ta mlmmlze 

the Induced moment. 

The two upstream columns in the pier were extended 4.6 m (15 ft.) Into the bedrock to r'JSlst the 

moments created by Ice pressure. The bond stress that was developed by the pler concrete 

supports 80 percent of the column load, whlle the remalnlng 20 percent 15 carned by beanng 

stresses. 

8.3.10 REPAIR PROCEDURE 

Drilling work was done ln the fall and the winter, while the 172 steel columns and 43 permanent 

transfer beams were being fabncated so that repalrs cou Id be Implemented during the following 

construction season. 

The 150 mm (6 ln.) dlameter steel calumns were posltloned and grouted ln the 200 mm (8 in.) 

dlameter dnlled hales. The ends of the columns were threaded on a 330 mm (13 ln.) length ta 

facilitate handling and support operations. Problems were encountered during the grouMg of 

the anchors whlch extended Into the bedrock. Since graut was belng lost ln rock seams the 

groutlng operation was dlvlded into two stages: an initiai amount of gelatlnous grout was used 

to plug the rock seams, and after the graut hardened, a non·bleedlng grout was used ta Insure 

good bond with the steel columns. 

When the grout had attalned sufficient capaclty, the bridge glrders were IIfted and set on 

temporary support beams whlch rested on threaded sleeves at the column ends (Figure 8.25). 

Once the temporary beams were ln place, concrete was removed ta a depth of 1.5 ta 1.8 m (5 

ta 6 ft.) ta allow for sufficlent space ta Install the lifting mechanlsm. The lifting mechamsm was 

flxed ta the steel columns through four split collars, as shawn ln Figure 826. 

The bridge girders were hfted ln Increments of 200 mm (8 ln.) uSlng two hydrauhc cyhnders, 

dogging pins, and beams. Once the girders were IIfted, the temporary support beams were 
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removed and the permanent transfer load beams were installed. After the permanent load 

transfer beams were Installed, the lifting mechanlsm was removed and the pler rernforclng steel 

and formwork was Installed (Figure 8.27) Concretlng of the piers was done wlth ready-mlx 

concrete trucks fram atop the rallroad bndge. Since the steel columns were des!gned to carry 

the rallroad loads, ready-mlx concrete trucks could easlly be supported This precluded the use 

of barges to dellver the concrete, resultlng m considerable cost savlngs. 

FIGURE 8.25 - BRIDGE SPAN ON TEMPORARY BEAMS SUPPORTED 
BY STEEL COLUMNS 

8.3.11 CONCLUSION 

The rehablhtatlon of tha 45 concrete railroad bridge piers was successfully cC'mpleted in one 

working season, usmg only five lifting mechanisms. Ali field procedures were deslgned to be 

completed in one workmg day. The rehabilitatlon project was completed at a construction cost 

of $ 6M (Can), whlch was considerably ~ess than the cost ($ 60M) of a new bndge . 
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FIGURE 8.27 - REINFORCING CAGE 
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8.4 UNDERWATER REPAIRS AND INJECTION OF BRIDGE PIERS 
Champlain Bridge, Montreal, Canada 

8.4.1 SUMMARY 

This case study summanzes the procedures used for repalrlng underwater cracks to SIX of the 

fort y-four concrete piers supportlng the prestressed concrete glrders on the north side of the 

Champlain Bridge ln Montreal. Laboratory tests of concrete specimens concluded that alkah 

reactlVIty IS one of the causes responslble for the cracking The vanous Inspection and testlng 

techniques that were used to determlne concrete quahty are presented along wlth sorne of the 

results that were obtained. Repalrs ta the underwater portion of ail of the SIX piers were 

completed in one worklng season. ThiS case study IS based on the author's observations dunng 

Site visits and information provlded by the Jacques Cartier and Champlain Bridges Incorporated. 

8.4.2 BACKGROUND INFORMATION 

The Champlain Bridge was constructed between 1958 and 1962 at a cost of $35M (Can.). The 

bridge provides a vital hnk between the Island of Montreal and the Southshore communltms via . 
a large network of approaches, Including many satellite structures, such as small bndges, vla

ducts, and ramps. 

The six lane, 3.5 km (2 miles) long bndge conslsts of 57 spans supported on a total uf 56 

concrete piers extendlng to the bedrock. The north side of the bridge, whlch IS located over the 

St. Lawrence River, consls's of simple span prestressed concrete glrders. The main span, whlch 

is partlally located over the St. Lawrence Seaway, 15 carried on a steel truss structure wlth a 

central span whlch IS supported by a cantllevered steel truss superstructure. The total length of 

the steel superstructure IS approximately 762 m (2500 ft.) and IS located approxlmately 36.5 m 

(120 ft.) above the main shlpplng waterway. A vlew of the north side of the bndge, ln whlch the 

repalr work was done is shown ln Figure 8.28. 

The helght of the piers (from top to bedrock) vanes between 18.4 to 32.2 m (60.5 to 105.6 ft.) wlth 

an average helght of 8.4 m (27.6 ft) located below the water surface. The cross-section of the 

pler has an elhptical shape whlch measures 9.6 m (31.5 ft.) in length by 3 m (10ft.) ln wldth. The 

pier footing is. 10.4 m (34 ft.) ln diameter and vanes between 5 and 8 m (17 and 24 ft.) in depth . 
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FIGURE 8 28 - VIEW OF THE NORTH SIDE OF THE CHAMPLAIN BRIDGE LOOKING NORTH 

8.4.3 DAMAGE SURVEY 

UncJcrwatpr Inspections of the footings supportmg the north SI de of the bridge were conducted 

ln 19U8 unrlcr él separate contract as part of an on-goln!, inspection and maintenance program. 

Tim In!lpnctlorls rovealed that the subrnerged sections were severely cracked and spa lied and 

tho arCLlS of tlle piers at tl1e water hne were eroded by the action of flowmg water (Figure 8.29). 

Tilo ol)served conditions wero rocordcd on video-cassettes and the quantitative data whlch was 

oIJtéllll()cl. SUCll i)S crack wldtll, Icngttl, cicpth, direction and spalled areas, was recorded on 

drélwlfl~JS 

As part of 1110 rupalr work perforrned ln 1993, addltlonal underwater Inspections were made ta 

updato the déllllé:l9C' ob:::.erved ln t 9BEl A survey ta determlne the depth of water around each 

footing (batllymollic survPy) was also performed. The inspections were performed by professlonal 

(livers equlpped wltll undelwatür closeu-clrcult teleVlslon cameras mounted on a helmet (Figure 

U 30) Tl18 divers were tri contlnuous communication wlth the surface personnelthrough the use 

of a tclHpllone Ilne Tt18 typlcal damage and underwater conditions that were observed dunng 

1118 IIlSf)ecllon me Sl10\o\'11 ln Figure 831 
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FIGURE 8.29 - EROSION OF THE CONCRETE PIER AT THE WA1ER UNE 

.. FIGURE 8.30 - HEAD MOUNTED UNDEAWATEA TELEVISION CrJ,r~ERA 
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8.4.4 SPECIFICATIONS FOR REPAIRS 

Contract specificatIOns and drawlngs were prepared and tendered based on two options the Ilrst 

option called for the repalr of only three piers, wh IlE the second option reqUired the repalr 01 ail 

SIX piers. Based on econolTIlc considerations, the Corporation elected the latter. The work 

performed for each pler generally conslsted of the followlng' 

~ Moblhzatlon/demoblhzatlon of the work barge 

~ Installatlon/removal of a current deflector 

~ Cleanlng the concrete ln the submerged zones and the tldal zones 

~ Performlng an underwater Inspection and bat.lymetnc survey 

~ Concrete conng and testlng program 

• Injectlng cracks and repalnng concrete surfaces wlthln the submerged and tidal zones 

• Cleanlng the site 

8.4.5 SITE PREPARATION 

Since the work was ta be performed ln areas of the St Lawrence River where current velocltles 

could reach about 3 m/sec (10 ft/sec or 6 knots), the contractor was reqUired to Install current 

deflectors for the dlver's safety. The deflectors conslsted of metal plates attached to an array of 

steel framework whlch ln turn was attached to the work barge. The barge and deflector were 

pOSltloned ln front of the pler, and a speclally deslgned steel bracket whlch extended outward 

from the barge was ~jlt(o to the pler to prevent the barge from movmg (Figure 832). 

The calculatlons performed by the contractor verifled that the forces Imparted by the barge on 

the bndge could be safely carned by the piers. The deflector reportedly reduced the Gurrent 

veloclty ta below 0.26 m/sec (0.85 ft/sec or 0.5 knot) ln the work area. 

8.4.6 LlMITS OF REPAIA WORK 

The repair work was to be performed ln the area extendlng from the nver bed up to 1 m (3 ft) 

above the hlgh water level (HWL). Cracks whlch extended down ln the river bed were ta be 

repalred to a depth of 150 mm (6 ln.) below tne river bed. ThiS reqUired cleanlng the cracks ta 

a depth of 200 mm (8 in.) by removlng the river bed materlal near the crack . 
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FIGURE: B ~32 CONNECTION DETAiL OF THE CURRENT DEFLECTOR TO THE BRIDGE PIER 

8.4.7 CLEANING AND INJECTION OF CRACKS 

rtJ() plel sand 100111105 worc cleaned by Illgh-pressure water Jets wlthln the wark Ilmlts ta remove 

;lIly III élll 1 10 l]rowth ur calcureous accumulations on the concrete surface and wlthin the cracks 

(FI\Juw B :l3). Once 1110 cracks welG clcaned, 50 mm (2 ln.) deep Injection hales were dnlled at 

d '>11.1(;1110 of about 400 mm (16 rn) For cracks 5 mm (3/16 ln.) wlde or less, the cracks were 

1 (Jill 1 'cl lu ;1 V !:Jllape wtllch measured approxlmately 10 mm (% ln ) wlde. 

1\1\('1 tlH~ ClrlckS waro dnlled, 12 mm (~'., ln) dlamoter nylon Injection tubes were Inserted Into the 

II( llt'S, ,!lI(] ttlU ~,rnck longlhs belween the tubes were sealed wlth epoxy paste (SIKADUR MARINE 

,l(,) lly (liver:, uSlnn él Iland trowol, as shown III Figures 834. The epoxy 15 a two component 

\~UlllpOlliJ(1 \'Jtllctl WilS lTllxod uSlng a dnll motor paddle mixer Immedlately before applylng It to 

I:H' ,'(dC\( SUIi.1(,:8 (FI~lule 835) . 
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FIGURE 8.33 - CLEANING CRACKS WITH A HIGH PRESSURF WAH-n J[-:: T 

• FIGURE 834 - NYLON GROUT INJECTION PORTS FOR REP/\lr~I~IG ";r'!'/J~<rJ 
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FIGURE 835 MIXING THE EPOXY PASTE WITH A DRILL MOTOR PADDLE MIXER 

Ol1ce Ilw cpoxy s081 attalned adequate strength ta wlthstand Injection pressures (usually about 

~l 11OIIr~»), 1110 cracks were tlushed wlth water and InJected wlth a two component epoxy resin 

COlllpOllllrJ rour of ttw piers were Inlected wlth SIKADUR 53-ST-1 and the remalnlng two piers 

WP/e HljC'clecl wlIll CAPWELD 624 LE The epoxy was mlxed and dehvered wlth a vanable ratio 

flwll'rl'd cll<;pensll1U maLillne uSlng a resln la hardener ratio of 3,1 (Figure 8.36). The injection 

procpdulP Wd'> ~Iarlcd at the lowest Injection port near the river bed and proceeded upward, 

l11ahul~J ~Urt' 1I1di grout ornergmj from tho upper tubes Once thls occurred, the port whlch was 

1)()lnrJ 11111'('I('cl WdS plu9gcd wlth wooden dowels and mjectlon rontlnued at the next hlghest port. 

A lyple,,1 crack Hll8CtlOfi nozzle 15 stlown ln Figure 837. Once Injection operations were 

clJlllplei('{1, ail 1I1C IIljectlon tubes Proloctlng tram the repalred cracks were eut off flush wlth the 

filet' 0: tllf' j)lCr footing Typlcal repalr detalls for wlde and narrow cracks are shawn ln Figures 

8 .3/l tlild LI ~~U. fvspoctlvely 

A~, p.Ul C' ttH:: q\ Jcllit li control procedures, the contractor was ieqUired ta retneve concrete cores 

from odell plPr 1I11Oe days or more alter the completlon 01 crack Injection for visual examlnatlon . 
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FIGURE 8.36 - CRACK INJECTION DISPENSING MACHINE 

".~.r 

• FIGURE 8.37 - CRACK INJECTION NOZZLE AND WOODEr\j DOWEL Tr) fJL~JG .r\j.;[CTIU~4 rUBE 
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iNJECTiON TU lES -----~ 
.kADUR MARiN( !I 

SIICADUR 53-ST-1 

50 MM MINIMUM 

FIGURE 8.38 - REPAIR OF WIDE CRACKS 

INJECTION TUN:S ------.." 
SIlCAnJA MARiNE 36 ____ .r 

eUT COANEM AT 45-

SIKAOUR 53-ST-1 

FIGURE 8.39 - REPAIR OF NARROW CRACKS 

The specifications called for a mimmum of two cores, plus an additiollal core for each 

supplemental100 m (30 ft.) of cracks repaired in each piero The cores were obtair.ed using a 100 

mm (4 ln.) diameter diamond-tipped core drill which was lowered into position by a crane 

mounted on the work barge. and fastened to the footing with anchor bolts. The cores had an 

average length of approxlmately 300 mm (12 in). Typlcal concrete cores taken before and after 
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crack injection are shawn in Figures 8.40 and 8.41, respectively. At the end of the core dnlhng 

program for each pier, the core holes were fil/ed wlth an epoxy paste (SIKADUR 45). 

Visual examination of ail of the concrete cores revealed that the percentage of the crack "lied wlth 

the epoxy varred from 50 ta 100 percent wlth a welghted average of 83 percent. Laboratory tests 

showed that the adheslVe strength of the epoxles vaned from a to 0.60 MPa (87 pSI) wlth a 

weighted average of 0.23 MPa (33 pSI). 

8.4.8 CLEANING AND REPAIR OF SPALLED CONCRETE 

Ali spalled or honeycombed concrete surfaces were cleaned using a hlgh-pressure water ,et 

Honeycombed or crumbling concrete was removed wlth an underwater chlPPlng hammer to a 

minimum depth of 30 mm (1-3/16 in.). After ail the loose concrete was removed, the repmr 

surfaces were given a final cleaOlng wlth a hlgh-pressure water ,et. Metal formwork wlth a 'blrd's 

mouth' shutter was fastened to the repalf area wlth drilled expansion anchors. The penmeter of 

the formwork was sealed wlth a hand troweled epoxy paste (SIKADUR 36) ta prevent the repair 

material from leaklng out. Once the formwork was ln place, the manne grout (SIKADUR 45) was 

poured into the formwork by gravlty (Figures 8.42 and 8.43) Once the repair materlal hardened 

and the formwork was removed, any repalred concrete which proJected more than 5 mm (3/16 

in.) beyond the face of the pier footing was removed wlth chlpplng hammers. 

8.4.9 CONCRETE INVESTIGATION PROGRAM 

The concrete Investigation program conslsted of performlng an electrlcal halt-cell potentlal test 

at one of the piers and taklng seven concrete cores at each pier for performing visu al and 

laboratory examinations of the concrete. The half-cell potential test results indicate that there is 

vlrtually no corrosion actlvlty wlthin the submerged portions of the piers. 

The concrete core specimens measured 100 mm (4 ln.) ln dlameter and 300 mm (12 ln.) ln length. 

For each set of seven cores at each pler, the followlng laboratory tests were performed: 

• Two simple compression tests 

• Two tests to determine the water-soluble chlonde Ion content ln two cores 

• One test ta determine the water absorption and unrt weight of concrete 
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FIGURE 8.40 - CONCRETE CORE SHOWING CRACK BEFORE INJECTION 
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• FIGURE 841 - CONCRETE CORE SHOWING CRACK AFTER INJECTION 
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AEPAIR STEPS 

1- IIIENOVE CA\MIlJNG CONCAETE WiTH 
MECHMlliCAL TOOLS AND WATER JETS. 

2- CU:AR cAvln WITH WATEA JETS 

PIER CONCRETE 

3 - iNSTAl..L FOfWWORK ON pi[A AND FASTEN, SUL WITH 
SiKADUA 36 ON THE PEAiPHERY 

4- FiLL UP FORMWORK WiTH iNJECTED MARINE 40 

FIGURE 8.42 - REPAIR OF CRUMBLING CONCRETE 

At three of the piers, the followlng addltional laboratory tests were performed: 

• Petrographie examlnation in accordance wlth ASTM C 295 procedures. Includlng 

evaluation of cement content 

• Determination of alkali-sllica reactivlty using the accelerated concrete pnsm method 

(South African Test) 

Visual inspection of the concrete cores and prellmlnary laboratory test results indlcate that alkall

reactlvity is active in sorne of the piers. The concrete compressive strength vaned from a 

minimum of 18 MPa (2615 pSI) to a maximum of 50 MPa (7260 pSI) with an average value of 34 

MPa (4940 pSI). The aIr content of the concrete vaned between 0.06 and 0.14 percent wlth an 

average value of 0.10 percent. The spacing factor vaned from 262 to 917 microns with an 

average value of 614 microns. 
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F'ASTENING TO plEA 

~~------------~ 
MARiNE 4' --------fI 

SiKAOUR 31 -----" 

AEPAIR STE.., 

, "'~fi/ /\ ,'/// ')~-
, .l..' ,'-r 

.-- • ~ " • .Â 
,..:. {;. ' •• .a,. J: ,'/. -... %,. _,,"&.5 ,v., 

t- ClEAN CAViTY WITH WATt".I1T 
2- iNSTAl..L F'OAMWOftI< ON PiE" IIDE AND 'AITEN 

SIAl.. wiTH SiKADUA M ON TtC PCNPHI"Y 
3- iNjECT MMINE 415 iN TH! P'O"MWORK 10 AI TO ,k.L 

HONIYCc..eNG COMPUTlLY 

FIGURE 8.43 - REPAIR OF HONEYCOMBED AND SPAlLED CONCRETE 

The chloride Ion concentrations at 25, 50, 75 and 100 mm (1, 2, 3 and 4 in.) were virtually ail 

below the corrosion threshold limit and decreased slgnlficantly with increasing distance from the 

surface of the concrete_ A chlonde Ion concentration of 0.20 percent by weight of cement is 

generally accepted as the corrosion threshold hmlt for relnforced concrete structures in a marine 

envlronment. For thls project, the chloride ion concentrations at a 25 mm depth vaned from a 

minimum of 0.005 percent to a ma>umum of 0.217 percent, wlth an average value of 0.059 

percent. At a 50 mm depth, the mimmum and maximum chloride concentrations were 0.16 and 

0.06 percent, respectively, wlth an average value of 0.038 percent. The average values of the 

chlonde ion concentration at 75 and 100 mm were 0.034 percent and 0.013 percent, respectlVely . 
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8.4.10 CONCLUSIONS 

The repalr of the SIX piers was completed ln one worklng season dunng the penod between June 

and October of 1993. A total of 3548 hnear meters (11.635 linear feet) of crack and 55 square 

meters (590 square feet) of detenorated concrete were repalred at a cast of $1,009,000 (Can) 

A summary of the unit costs for labor and matenals ta repair cracks and detenorated concrete 

IS provided ln Table 8.1. The costs were based on the nature and scope of work to be 

performed, site logistlcs, and the equlpment needed for the successful completlon of the work. 

Based on underwater inspections of the bndge piers that were performed ln 1988, an an nuai 

progré\m to InJect cracks and repair deteriorated concrete surfaces ln the submerged sections and 

tldal zones of vanous piers was IMlated ln 1990. Flve piers were repé'~red ln 1990 and an 

addltional 12 piers are scheduled for repalr over the next three years. 

TABLE 8.1 - SUMMARY OF LABOR AND MATE RIAL COSTS' 

ITEM LABOR MATERIAL 

QUANTITY UNIT COST TOTAL QUANTITY UNIT COST TOTALCOST 
caST MATERIAL 
LABOR 

Crack 35481 m $117/1,m $415,116 30241 $2034/1. $61,508 
Injection 

Deteriorated 553sqm $1470/sq m $81,291 67101 $668/1 $44,823 
Concrete 

Total $496,407 $106,331 

'The Ul,lt costs shown in the table do not mclude the cost of moblhzatlon, administrative costa, or taxes, 

I.m = IInear meter sq m = square meter 1. = liter 
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CHAPTER 9 

SUMMARY AND CONCLUSIONS 

Marine structures form a very Important part of Canada's mfrastructure and thelr ablhty ta perforl11 

adequately ta meet the demands of everyday hfe IS vital to the national economlc growth Yot, 

there is convinclng eVldence that a majonty of these structures are ln a state of dlsrepéllr requlflnU 

billions of dollars ta upgrade them ta meet the current demands. However, through sllstamect 

and combmed efforts of the Federal government and the pnvate sector, Innovatlve rellwestrnont 

schemes, viable rehablhtatlon strategies, and contlnued support ln research ar,oj developmol1t 

needs, the mfrastructure cri SIS can be solved over a reasonablE' amount of lime 

Marine structures are located ln one of the harshest e'1VJronments known to Illan The causes 

of distress or deterioratlon whlch affect the durablhty of a concrete structure me many and can 

be loosely grouped into two main cate!1ones: physlcal and chemlcal. Wlttlln each category them 

are several sub-categones, and most often one IS the direct cause of the ottler Tl1() Illost 

common causes of concrete detenoratlon found 111 a manne envlronment 1I1clude corrosion of 

embedded relnforcing steel, freeze-thaw damage, alkah-slhca reactlvlty, sulfate attack, and erosloll 

However, through proper deSIgn and mlx proportlonlng, and use of good quahty rnatenals and 

construction procedures, concrete structures can be made more dlJrable 

To develop an effective repair and mamtenance program for the submerged portion of a rnanno 

structure, the causes of distress and detenoratlon must be clearly understood This requlrns a 

selective underwater survey, uSlng a range of in-SItu and laboratory testlng techniques, to obtalfl 

the necessary informatIon to perform an evaluatlon of the structure. Three baSIC levols of 

underwater inspection can be used to evaluate manne structures dependlng on ttle extent of Hm 

information reqUlred. These Inspections can be performed by three baSIC modes of undnrwator 

divlng techmques: manned dlvlng, remotely operated vehlcles (ROVs) and manned submerslblos 

The extent of concrete detenoratlon, sIte 10glStlCS and the chent's needs normally dlctale Ihe 

method of Inspection to be used. The usefulness of an Inspection depends on eSfab"shln~J a 

clear, concise and complete record of the flndlngs This can be achleved by the uso of 

standardized forms and report formats. Frequent and weil orgamzed InspectIOns serve as a data· 

base and provide an effective means of keepmg mamtenance and repalr costs to a minimum 

The qualitatIve data obtalned from vlsuallnspectlons of detenorated concrete structures IS olten 

inadequate to accurately assess the condition of the structure More useful Information can be 
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obtalned by uSlng more sophlsticated concrete Inspection methods. A wide range of in-situ 

inspection and laboratory testlng techniques are avallable to the englneer for determlnlng the 

quahty and mechanlcal propertles of concrete. These tests can elther be destructive or 

nondestructlve ln nature, wlth the latter belng preferred Destructive testing IS usually undertaken 

to perform laboratory analyses on specimens retneved from are~~s of the structure which are 

suspected of detenoratlon. Often a comblnatlOn of both types of testing techniques IS reqUired 

to determlne the pnmary cause or causes of detenoratlon. Pnor to Implementlng any of these 

testlng procedures, It 15 Important for the Investigator to be fully aware of the Inherent limitations 

of the testlng devlces. 

Once the Inspection and evaluatlon of a structure IS completed, the method chosen for repalr IS 

dlctated by the cause and extent of datenoratlOn, site logistlcs and cost. Repalnng underwater 

concrete structures generally Involves one or more of the followlng techniques: patch repalr of 

spalled concrete, Injection of cracks, and replaclng large portions of the structure wlth new 

concrete. The success of a repalr 15 contingent upon proper surface preparation of the damaged 

area, requmng a range of concrete removal methods and surface cleamng techmques. Numerous 

eXlstlng and recently developed techniques are avallable for placing concrete under water, using 

vanatlons of the basIc tremle and pumplng methods. Recent developments 10 concrete 

admlxtures to prevent cement washout has made pumplng methods more preferable over the 

tradltlonal tremle pipe. The degree of workabihty of the concrete needed for a repalr depends 

pnmartly on the placement method. 

Concrete piles supportlng wharf structures and bndge pler footings are often damaged by 

corrosion of embedded relnforclng steel, abrasion, and scour. Several options are available for 

repamng the detenorated concrete piles and generally involve the followlng: epoxy 

patchlng/lnJectlon, applylng protectlve barrier coatlngs, encapsulation (or wrapping) and 

reinforced concrete Jacketlng. In extreme cases, partial or complete replacement is necessary. 

The stata-of-the-art method for repalring concrete piles IS polymer encapsulatlon. Through the 

use of special concrete additives and jJumplng techniques, thls method is conslde:ed to be the 

most 5ultable for repamng concrete piles under water. 

Seour damage to bndge pler footings has long been a problem for brtdge managers and 

englneers. Several causes are responslble for pler scour, and ln sorne cases, if it is not corrected 

IInmedlately, It eould lead to catastrophic fallure of the bndge superstructure. Many techniques 

exist for repalrtng scour and generally Involve replaclng the scoured area with new matenal to 
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restore the beanng surface to the pler New technologies and instrumentation systems are bemg 

developed to help deteet and measure the extent of seour These systems are grouped Into two 

categories: post-flood measurement systems, and real-tlme systems that monitor the stroéllllbl?d 

during floods. 

A maJonty of concrete hydraulic structures, such as dams, spillways and stllhng basins me 

reachlng or have reaehed thelr design service IIfe and need ta be repalred. Many Dt tllese Will 

be reqUired to operate far beyond thelr design service lite and must be llpgraded ta meût future 

demands. The four most commoll types of detenoratlon found ln these structures arp cr <lCklllH, 

spalhng, abraslon-eroslon and seepage. The detenoratlon 1:; pnmanly cat.~ed by 1110 eroslVP 

action of hlgh-veloclty water and freeze-thaw cycles Repalnng these structures llsually rcqUircs 

dewatering the facihty, and Involves uc;;ing a vanety of concrete matenals and techlllqllüs PnlylllOl 

Impregnation slgnlflcantly Improves concrete reslstance to treeze-thaw cycles ami charnleal ail m:k 

The addition of polymers and pozzolans such as slhca fume have greatly nnprovucJ Ill() ,lbr asron 

eroslon reslstance of concrete. The advent of antlwashout admlxtures has made posslbln 1110 

placement of hlgher quahty concrete under water, avoldmg the hlgh cost of dewatorm~J 

With continued research and development ln the areas of degradatlon rnollolhng, design, 

concrete matenals, and concrete placement techniques, hlgher durablhty repalrs Gan be actuûvüd 
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APPENDIX A 

CASE HISTORIES OF CONCRETE EXPOSED TO SEAWATER 

This Information IS provided for reader Interest and has been reproduced from the following 

reference: 

Mehta, P.K, Conerete: Structures, Properties, and Matenals, Prentice Hall, New Jersey, 1986 . 
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History of Structures 1 Results of Examlnatlon 

MILD CLiMATE 

Forty-centlmeter mortar cubes made wlth dlffer
ent cements and three dlfferent cement con
tents, 300, 450 and 600 kg/mJ

, were exposed ta 
seawater at La Rochell, southern France, ln 
1904-1908 • 

Eighteen 69 x 69 x 42 ln. unrelnlorced concrete 
blocks, made wlth SIX different portland 
cements and three differem concrete mixtures, 
partlally submerged ln seawattJr ln Los Angeles 
ln 1950. b 

Concrete structures of San Francisco Ferry 
BUilding, bUllt ln 1912. Type 1 portland cement 
wlth 14-17% C3A was used. 1:5 concrete mix
ture contalned 658 Ib/yd3 (395 kg/m3

) cement 
(a) Precast concrete cyhnders Jacket for 

Pler 17 
(b) Cast-ln-place concrete cyllnders for 

Piers 30 and 39. 
(c) Cast-ln-place concrete cyllndms and 

transverse glrders for Piers 26 and 28 c 

394 

After 66 years of exposure 10 seawater. 
the cubes made wlIIl 600 kg/m-} cement 
were ln good condition even wh en Itley 
contalned a hlgh-C1A (14 goo) ponlanci 
cement. Those contaJnlng 300 kg/m 1 

were destroyed, Iherefore. chemlcal 
reslstance of the cement was of Illalor 
Importance for low cement contont 
cubes ln general. pozzolan and 51ag 
cemenls showed better reslslance 10 

seawater than portland C6ments Elec 
tron mlcrographlc studioS 01 deteno 
rated specimens showed the presence 
of aragomte, bruclte, ettnnglte, man 
neslum SIlicate hydrate, and 
thaumaslte 

After 67 years of exposure, the rlenso 
concrete (1 2 4) blacks, sorne made 
wlth 14% C:A portland cement, wero 
still ln excellent condillorl Lean con
crete (1 3 6) blocks lost sorne malOrlal 
and were much saller (Flg.5-18a) X-ray 
diffraction analyses of the weakened 
concrete showed the presence of bruc 
Ite, gypsum, ennnglte, and hydrocalum
Ite the cementlng constltuents, CSH 
gel and Ca(OH),. were not detected 

After 46 years of service (a) was lound 
ln excellent conditIOn, and 90% 01 piles 
ln (b) were ln good condition ln (c) 20-
30% 01 piles were attacked ln tldal 
zone, and about 35% of the deep trans 
verse glrders had thelr underslde and 
part 01 the vertical lace cracked or 
spalled due to corrosion 01 reln
forcement Presence 01 mlcrocracks 
due to dellectlon under load mlght 
have exposed the relnforc.ng steel la 
corrosion by seawater Poor workrnan
shlp was held responslble lor dlffer
ences ln behavlor 01 concrete, whlch 
was 01 the sa me quahty ln ail 
structures . 
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• History of Structures Results of Examlnation 

COlO CLiMATE 

Many 20 to 50 year coastal structures wele Of the coastal structures. about 40% 
Included ln a 1953-55 survey of 431 concret~ showed overall deterioration. and about 
structures ln Oenmark.d Among the severely 35% showed from severe surface dam-
detertorated structures were the following ln age to shght deterioratlon. 
Jutland. 

Oddesund Bridge. Pler 7. Hlstory of structure Examlnatlon of detenorated concrete 
Indlcated Initiai cracking of caissons due to from the Oddesund Bndge indlcated 
thermal stresses ThiS permltted considerable decomposltion of cement and loss of 
percolation of water through the caisson walls strength due to sulfate attack below 
and the Intertor mass concrete fihng. General low-tide level and cracking due ta freez-
repatrs commenced after 8 years of service. mg and thawlng as weil as alkali-aggre-

gate reaction above hlgh-tide level. 
Reaction products from cement decom-
position were aragonite, ettringite, gyp-
sum, bruclte, and alkali-sllica gel. 

Hlghway Bridge, North Jutland. Severe cracking Examlnation of concrete piers of the 
and spalhng of concrete at the mean water level hlghway bridge showed evidence of 
provlded a typlcal hourglass shape to the piers. poor concrete quality (high w/c). Symp-
Concrete ln thls area was very weak. Corrosion toms of general decomposition of 
of reinforcement was everywhere and cement and severe corrosion of the 
pronounced ln longitudinal glrders. retnforcement were supenmposed on 

the evidences for the primary deleten-
ous agents, such as freezlng-thawing 
and alkali-aggregate reaction. 

Glroln 71. north barner. Llm, Fiord. Lean con- Examlnation of the severely deterio-
crete blacks (370 Ib/ydJ cement) exposed ta rated concrete blacks from Groin 71 
wlndy weather, repeated wettlng and drylng, showed very weak, soapy matrix with 
hlgh sahnlty, freezlng and thawing, and severe loose aggregate pebbles. In addition t 
Impact of gravel and sand ln the surf. Some the alkali-sllica gel, the presence of 
blocks dlsappeared ln the sea ln the course of gypsum and bruclte was confirmed. 
20 years 
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History of Structures 

Along the Norwegian seaboard, 716 concrete 
structures were surveyed ln 1962-64. About 
60% of the structures were relnforced concrete 
wharves of the siender-pillar type contalnlng 
tremie-poured under-water concrete. Most 
wharves had decks of the beam and slab type. 
At the time of survey, about two-thlrds of the 
structures were 20-50 years old. e 

Results of Examlnatlon 

Below the low-tlde level and above the 
hlgh-tlde level, concrete pillars were 
generally ln good condition ln the 
splashlng zone, about 50% of the sur
veyed pillars were ln good conditIOn, 
14% had thelr cross-sectlonal area 
reduced by 30% or more, and 24% had 
10-30% reduction ln area of cross sec
tion. Deck slabs were generally m 
good conditIOn but 20% deck beams 
needed repair work because of major 
damage due to corrosion of relnforce
ment. Detenoratlon of pillars ln the tldal 
zone was ascnbed mamly due to 'rost 
action on poor-quality concrete. 

BM.Regourd, Annales de L'lnstitute Techmque du BQ/tment el des Travaux Publics, No. 329, 
June 1975, and No. 358, February 1978. 
bp.K. Mehta and H. Haynes, J Strucl Div ASCE. Vol. 101, No. ST-8, August 1975. 
cp.J. Fluss and S.S. Gorman, J ACI, Proe , Vol. 54, 1958. 
dG.M. Idorn, "Durablity of Concrete Structures ln Denmark,· Ph.D. dissertation, Tech. Umv., 
Copenhagen, Denmark, 1967. 
eO.E. Giorv, Durability of Reinforced Concrete Wharves in Norwegian Harbors, The 
Norwegian Commlttee on Concrete ln Sew Water, 1968 . 
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APPENDIX B 

SUMMARY OF DEFECTS OCCURRING DURING CONSTRUCTION 

This information is provlded for reader interest and has been reproduced from the following 

reference: 

Allen, R.T.L.; Edwards, S.C.: Shaw, J.D.N., The Repalr of Concrete Structures, 2nd Edition, 

Chapman and Hall, London, U.K., 1993, 212 p . 
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• Summary of Defects Occurnng Dunng Construction 

Symptom Cause Prevention Remedy 

Cracks ln honzontal Plastic shnnkage: Shelter durtng plac- Seal by brushing ln 
sUlfaces, as con- rapld drylng of sur- Ing. Cover as early cement or low-vls-
crete stlffens or very face. as possible Use air COSlty polymer 
soon after. entrain ment. 

Cracks above form Plastic settlement: Change mlx design. Re-compact upper 
ties, relnforcement concrete continues Use air entralnment part of concrete 
etc., or at arnsses, to settle after start- while still plasttc 
especlally ln deep Ing to stlffen. seal Seal cracks 
lifts. after concrete has 

hardened. 

Cracks ln thick Restralned thermal Mtnimlze restralnt to Seal cracks. 
sectIons, occurnng contraction. contraction. Delay 
as con crete cools. cooling untll con-

crete has galned 
strength. 

Blowholes in formed Air or water trapped Improve Vibration Full wlth polymer-
faces of concrete. agalnst formwork. Change m:x design modlfled fine mor-

Inadequate or release agent. taro 
compactlon. Unsult- Use absorbent 
able release agent. formwork. 

Voids ln concrete. Inadequate Improve compactlon. Cut out and make 
Honeycombing compactlon. Grout Reduce maximum good. Inlect resln. 

loss. size of aggregate. 
Prevent leakage of 
grout. 

Erosion of vertical Scouring: water Change mlx design, Rub ln polymer-
surfaces, in vertical movlng upwards to make more cohe- modlfied fine mor-
streaky pattern. agalnst form face. slve or reduce water taro 

content. 

Color vanation. Variations ln mlx Ensure unlformlty of Apply surface coat-
propoltions, cunng ail relevant factors. Ing. 
conditions, Prevent leakage 
matenals, character- from formwork. 
istlcs form face, 
Vibration, release 
agent. Leakage of 
water from 
formwork . 
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• Summary of Defects Occumng Dunng Construction 

Symptom Cause Prevention Remedy 

Powdery formed Surface retardatlon, Change form Generally none 
surfaces. caused by sugars ln material. Sealsur- requlred. 

certain tlmbers. face of formwork. 
Apply Irme-wash to 
form face before flrst 
few uses. 

Rust stains. Pyrrtes ln aggre- Avoid contamlnated Clean wlth dllute 
gates. Raln streak- aggregates. Protect acid or sodium 
ing trom unpro- exposed steel. citrate/sodium 
tected steel. Rub- Clean forms thor- dlthionrte. Apply 
bish ln formwork. oughly. Turn ends of surface coating. 
Ends of wire tles ties inwards. 
turned out. 

Plucked surface. Insufficlent release More care ln appli- Rub in fine mortar, 
agent. Careless cation of release or patch as for 
removal of formwork. agent and removal spalled concrete. 

of formwork. 

Lack of coyer to Reinforcement Provlde better sup- Apply polymer-
relnforcement. moved durrng plac- port for reinforce- modified cement 

ing of concrete, or ment. More accu- and sand render-
badly fixed. Inad- rate steel-fixing. Ing. Apply protec-
equate tolerance ln Greater tolerances tlve coatlng. 
detailrng . in detalhng. 
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APPENDIX C 
CHARACTERISTICS OF THE BASIC DIVING MODES 

This information IS provided for reader Interest and has been reproduced from the followlng 

reference: 

Lamberton et al., "Underwater Inspection and Repalr of Bridge Substructures,· NCHRP Report No. 

88, Transportation Research Board, Washington, D.C., December 1981 . 
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SCUBA 

GENERAL CHARACTERISTICS 

Minimum 
Equipment-

Prlnclple 
AppheeUonl-

Open-CIrcuit SCUBA 
Llle preserver 
Welghloell 
Kmte 
Face mask 
SWlm tms 

Shallow waler search 
Inspecllon 
Lighi repalr and recovery 
ClanOesline operallons 

RaplO Oeploymenl 
PonaOlllty 
Minimum suppon 
Excellent hOrizontal and venlcal 

mOOllity 
Minimum bollom dlSlurbances 

OPERATIONS PLANNING 

Dlndv.ntages - Llmlted endurance (depth and 
ouratlon) 
Breathlng reslstance 
Llmlted physlcal protection 
Influenced by current 
Lack 01 vOlce communication 

Restrlcllons- Worklng ilmlts-
Normal 60 leel/60 mlnules 
Maximum 130 leel/l0 
minutes 

Current-l knOI maximum 
Dlvlng leam - minimum 4 men 

Operatlonal Buddy and slandby dlver reQUlred 
Conllderetlonl-Small boat reQulred tor dlver 

recovery 
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Avold use ln areas ot coral and 
,agged rock 

MOderale 10 900d vlSlblhty 
prelerred 

Ablhly to Iree ascend 10 sur1ace 
reQulred 
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LlGHTWEIGHT DIVING 

GENERAL CHARACTERISTICS 

402 

Minimum 
Equlpment-

Prlnclp'e 
Apphcltlons-

AdYlntlges-

Diyer 5 Mask USN MK 1 or Jack 
Browne mask 
Wet SUIt 
Welght bell 
Knlle 
SWlmlln~ or shoes 
Sur1ace umblhcal 

Shallow water search 
Inspection and maJor shlp rcpillf 
lIght salvage 

Unllmlted by air supply 
Good hOrizontal rr"lblhty 
VOlce and/or "ne pull 

communications 
Fast deployment 

DlsldYln'lliies - Llmlted physlcal protection 
Llmlted vertical moblilly 
Large suppon cralt reQuHed 

Restrlcllons- Work "mlts-Jack Browne -
Normal 60 leel/60 minutes 
Maximum 90 lect/3D minutes 

Wor~ IImlt-MK 1 wlthout comf 
home botlle 
Maximum 60 leel 

Work "mit - MI< 1 wlthout open bell 
MaKlmum 1JO leell10 minutes 

Work hmlt - MI< 1 wlth open bell 
MaKlmum 190 leell60 minutes 

Current-25 knots mu 
Operltlon.' Ablhty to Iree ascencl to surl,ce re· 
ConslderlUonl- QUlred, wlth exception nOlf'd ln 

Par~ 68 7 2 
AdeQuate ,., suppty syslem 
Slandby dlyer reQUHed 

U 5 NAVY OlVING MANUAL 
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DEEP·SEA DIVING 

GENERAL CHARACTERISTICS 

Minimum 
Equlpment-

Helmet and breastplate 
Dlvlng Oress 
Thermal undenNear 
Welght bel! 
Welghted shoes 
Km'e 
Aubber cuits and/or gloves 
Surface umblilcai 

OPERATIONS PLANNING 

Princip le 
Appllcallonl-

Oeep dlv,"g operallons 
Heavy salvage and repalr 
UndenNater construction 

Advantageli- Unhmlted by air supply 
Maximum physlcal and thermal 

protection 
VOlce and Ilne pull 

communication 
Vanable buoyancy 

Olsadvantages- Slow deployment 
Poor moblhty 
Large support craft and surface 
crew 

Reltrletlonl- Work IImIlS-
Normal 190 feetl40 minutes 
Maximum 250 feet/90 min
utes (Exceptlonal Ellposure) 

Current- 2 5 knots 
OlvmO team-mmlmum 6 men 

Operatlonal- Adequate air supply system 
Conlldaratlonl- Stand-by dlver requlred 
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Medical ofltcer and recompres
Sion cham ber requlred below 
170leet 

Excepttonal exposures requlre 
Ipproval of Commandino Of· 
Itcer or hlgher authonty 
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APPENDIX 0 
EXAMPlES OF ROVs 

This Information is provlded for reader Interest and has been reproduced from company 

information brochures of: 

International Underwater Contraetor's, Ine . 
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ROV Mantis: 
2,300-Foot Remotel, Operated or Manned Vehicle 

General 
-- ----- ------ ------- ---------

Op'''ntlng depth 
For mud r,prmd 
Lpnqth a a 
Brp:Jdth 
IIQlqht 
Wr!"ll1t 
Up '.upport 
SI:I L'1re ~upply 
r 1)1 'I,lrdillft propulsion 

Vert" <11 proplJl~lon 
AdrJlltOnal power 
Mdrtl'uverabliity 
Payload 
LlltC';"lpablltty 
M 'lulalOrs 
Fl, ,1 
CPlt,l,callon 

Surface Controls 

Dppth control 
Itc'I)I'tcontrol 
IIp,u,l1CJ conlrol 
flll" rOl1trol 
[3,11 ... :,\ tlilll\anks 

L,lL ',lIPPOlt sensors 

Mlllltplex system 
Diol, jnostlC capabliity 

M.I' "I \llators 

? 300 Icpt (/'. t melers) 
ln excps'i of 1 rr knol:. 
Il 8 feet (2 6flllleters) 
7 3 feet (2 2J '1lf:!ters) 
-1 5 leet (1 37 mpters) 
2,100 pounrh (1 043 krlo[)rams) 
<)6l1ours (m.lIl1ll'd Intervention) 
180 440 v 3 fJIi,1r,e a c 
6 a c IlIrtISl(''', (Vf>ctorerl) each 
!J,v,nq BO pal /Id', (363 krlograms) 
1I1ru~t -1 c1 c dl Iisters 1I1.!t can be !ed 
from ballcro(", '11 il power 1055 situa 
tlon 
2 a c IlIru';l!'I', 
4 kw (avalldillP for tools etc) 
360 0 ln 11orl/unt,]1 and vertical planes 
,140 pounds (1<)<) 6 klloqrilms) 
50 pounds (72 7 krloqrams) 
Two 6 functl. Hl manipula tors 
Va(lable t(lm tanks 
ABS and LloytJ~ 

Auto/m,lnual (t 0 5 feet) 
Auto/m,lnual ( t 05 feet) 
Auto/manual ( t 7 degrees) 
Hemote pltCtl ililftcator 
Manualor relilote control of buoy 
ancy wlth surlJc.c monltOflng of atr 
IcserVOIfS 
Water Intrus",", '''0 oxygen. 0/0 car 
uon ll,ox,dc ,111(/ Internai pressule 
T,me dlvlslo(l "y,tern standard 
Full software ,lI'rl hfHd....,élfe dlagnos 
tiC progr,lIn \', :11 test eqUlpmcnt al 
lowlng lault l'élCllig to cornponent 
level 
Stanllard l or Il 01s for eactl functlon 

--------------
Work & Documentation 

VII!wport • 2 2 leet (0 b 7 me:ers) lJtameter 

Intern.tlon.1 Und.rw.t.r Contractora, Ine, 
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Tele~I"lon cameras 

Data d,splay 

Still camera 

Scannlng sonar 

Manlpulators 

Toois 

clear acr yltc hem'sphcre 
• Two cameras vIa direct co aXial 
connectlon A thlrd camera may 
share one channel by remote sWltch 
II1g Focus control can be by pilot or 
surface for any of the threp cameras 
Each TV channell13s a monitor wl\h 
\ Ideo taplng capablflty 
• In addition ta rl,pnt specifie Video 
annotation. the system céln also dis 
play vehlcle status and other perti
nent Inforrnatlon 
• PrOVIsion (or 3'5mm or 35mm 
stereo camera w th st robe operated 
by pilot or remote 
• Ametek Madel 2'50A seannlng 50 
nar or mesotechs new color sonar 
• Two 6 functlon sea walN hydraullc 
marltpulators standard HEA arm 
• Cable cuiter. grtnder. A X Ring 
tool, wtrebrush, and other vanous 
10015 

Communlcallon & NaVIgation 

Underwater 

Depth sensor 

Altitude (bottom depth) 
Tracklng 

System Size & Welght 

Control Cabm 

Umbillcal Winch 
w/Mantls 

Launch/recovery 
system willydraultc 
power pack 

• Hardware and acoust,c system 
provrdlng communlcatron of 10KHz, 
275KHz. and 375KHz wlth dlrec
tlonal plnger mode 
• Dtrectlon gyro and rnagnetlc com
pass 
• Dlgltat depltl system Wllh Indlcator 
to pilot and surface 
• Digital 200 KHz eeho sOIJnder 
• Standard Honeywell RS 7 beacon 

• 8'H X 8'W x 10'L (2 44m X 2 44m x 
3 Om), 3 tons (2,722 kllograms) 
• 6'H x 8'W x 12'L (1 83m x 2 44m x 
3 66m). 5 ton, (4 536 kllograms), 
skld mounted 
• 8'H x 8'W x 12'L (2 44m x 2 44m x 
3 66m" 7 tons (6,350 kllograms), 
skld mounted 
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Reeon IV: 
2.300-Foot Remotely Operated Vehicle 
----------------- ---
General 

Operallng depth 
Lenglh a a 
Bmadltl 
Helghl 
We:ghl ln air (gross) 
5peed. torward 
Splled. laierai 
Payload (wei) 
Deplh conlrol 
Thrusters 
Por lable consolelte 

2 300 leel (7(j l 'nelers) 
65 leel (1 ~,R melers) 
3 leel ( 9 InP ;PT';) 
2 75 teel ( R'I rleters) 
900 pounl1~ (4 \0 kilogr,lms) 
3 knots 
2 knots 
250 pounds '1 t4 kilograms) 
AulomilllC 0' m,lnual 
Four 1 HP "k',lrIC (130 pound Ihrusl) 
50 teet (exlrlldl'd) reach wlth 
contrats 101 1:1I115t pan. 111t. camerJ 
locus. IIV'llq 1,'II1er pilyuul vehlcle 
I,ghllng .lr~J dl.lIlipulalor 

Telher Managemenl System 
------------- ---------
Operatmg deplh 
Dlameter 
Helght 
We.ght ln air (gross) 
Tpther dllve molor 
Tetner payoul Indlcator 

2000 Icet (nl0 meters) 
458 Inel (1 4 lIlelers) 
4 33 I{'el (1 3 meler:;) 
1.650 nounrl~ (748 42 kilograms) 
1 HP elect"c (100 poundS pull) 
Dlgllal su,I;!( e meler 

------------ -----------
Telher (Vehlcle to Cage) 

Lel1C'Jlh 
Brc>aklng Slrenglh 
5Ir.'II9Ih member 
Wc ght ln water 

,100 leel (I? l 'J melcrs) 
<1 000 fJ'Junris (1.814 kilograms) 
Bralded Kevi Ir 
Neulral/y bU<1yilnl 

Main Umbllical (Winch 10 Cage) 

Length 
Dlilmeter 
Brpak,ng slrength 

Arillor 

-- --- ----

2200 leel (fi70 56 melers) 
125 Inche<; (318 cenllmelel';) 
30.000 poulJds (13.607 8 
kllograms) 
Conlrallf'llcol'ly Nound "nproved 
plough sleel. ;NO layels 

Hundling System 

Typp 
Sile 
Pownr 
Llne SPl'prj (11111 [J'IIIll) 

\.;kld flltll.nll'tl tl Ild"lfl 

1 ~' (l ) , Il' (W) , 'l' (II) 
[1I'LlfiC .'.?O/·I,IO V .\,,/1,1'.1' 
lOO Ippl/"I"I (hl ·111 0I1'1t','.l1I1"I ) 

Work & Documentation 

Tools 

TeleVISIOII (',lnlO' a 

Video 'f'corrlf'r 
V,df'o monllUI 
V,df'o ""l1olallon 
Rernole VlcJpl) rnollilor 

Llqhllng 

Pan & 1111 
Pan & IIIt (speecJ) 
511/\ carnet a 
NOT 

Navigation 

Sonar 
Cornpa<;c, 
Deplll <;l'nSDr 

Om' " IUlle Il,,'' (, .plll "1.,1 '.' 'c (JlJd 
,Hm) 
GIII/dpr Cdhlr' e 11111"'. w.rll" II'I ,1I1C1 
OU'l'''r v,lrlnIJ'.llH11', 
51111 Sed. CM'IO (0101 1), 1,1"" k ,II, 
will le> (CM 11) 
lwo '/1 IrH h ca'I',pttp \II\\h 

12 Inch (.:JO·1fl ( .. "IIIIIUI(·I'.), ,,101 
Datp lunp dl'ptll III',}(III/II ,Illet r;p 
Colrll or Illae k ... wltllo dl Il)llo ',0 
leol (1 ') ;>4 ITlplp,',) dW,ry 

rour 250 w,11I "" .",,1''',1 ""I 
(Villl,II11!! 1!llp,,·,'ly) 
270 deqrpp[, pdfl IflO t11'qll'l]" llit 
45 dpqrf'e~ )lm ',ecC/,,,1 
15111111 (r,lanel.ml Of -,1011'0) 
CP Prohe ft,HeC) M/)df'1 11111" 1103 

Slrol/<I ;>',0/\ 
Dlglt,our·.f! M,ICI""II! 
o ?3ClO Ipel (0 /1) l "' .. 1"",) t Cl 'j'VI, 
01 lull ,;calf> 

----------------------------------- ------
International Underw.ter Contr.clor., Inc . 
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Recon IV: 
l,DUO-Foot Remotely Operated Vehicle 

General Documentallon 
--- -- -------- ---------------

OJ)I'rnltnq deplh 
Lpnr):ll 0 d 

Brp..J(Jth 
HOlqht 
Weujht ln air (gross) 
Sper>d, lorward 
Sp('(!d, laIerai 
Pa {l'),jd (wpI) 
De~)11 control 
Thr,ders 

PnrlllJle consolette 

1 000 Ipel (30r, merers) 
6 5 feet (1 gEl mr)\ers) 
3 6 leel (1 1 melerS) 
275 leet (8,1 melers) 
900 pOllnds (410 kllograms) 
3 knots 
1 knol 
40 poundS (18 "dogram~) 
AulomallC or rnanual 
Four 1 HP el"clrlc (160 pound 
lorward Ihru",l) 
50 leet (exlended) reach wlth 
contrais for IhrJJsI, pan, tilt, camera 
locu,>, "Ylng telher payolll, vEJhlcle 
IIghllng and manlpulalor 

----------------
Tether Management System 

OpPfélltng deplll 
DIOlllll'ler 
11el<)11I 
WPlqhl ln ail (grm;s) 
Tell Pf dllve rnolor 
Telhel payOlJI Indlcalor 

1 000 Ipel (305 merefs) 
4 58 lepl (1 .\ rneters) 
01 33 leel (1 3 meters) 
1 650 poundr. (748 42 kllograms) 
1 HP electlle (100 pounds pull) 
Dlgllal slJrfaco meter 

Telher (Vehlcle 10 Cage) 

L.'nq'h 
Ble,II'1ng 51rpngltl 
We'qnl ln w,lIl'r 

400 Jeet (1219 meters) 
2,000 pound5 (907 kllograms) 
Neutrally bunyant 

-------------------------------
Mil'" Umbilicai (Winch la Cage) 

11'11,)lh 
DI.tIlIl'ter 
Br" l"lnn ~trenglll 

1 200 leet (3fi6 rneters) 
1 25 Inch es (3 18 centlmrters) 
30 000 pOUJl(IS (13 607 8 
kllogrélms) 
Contrahellcall', wound IInproved 
plouÇlh ste!'1 two layers 

-- -------------------
Handllng Syslem 

1\,JH' 
SI:' ('1 

Wf'I)ht 

Sh.ld mounted LJ Irame 
14' (L) ~ 8' (W) ~ 8' (H) 
18,000 lbs (w,lI\ vehlcle and TMS) 

TelevIsion camera 

Video recorder 
Video monitor 
Video an'lotatlon 
Remote video monitor 

Pan & Tdl 

Navigation 

Compass 
Depth sensor 

Conlrol Cabln 

Size 
Power 
Welght 

Black and Whlle (CM 8) or Sub 
Sea, CM50 color (Opllonal) 
Two '12 Inch cassette unlls 
12 Inch (3048 centlmeters) 
Date tlme, deplh and headlng 
Black and Wh 'le at up 10 50 leet 
(15 24 meters) away 
Two 250 watt Incandescent 
(variable Intenslty) 
90 degrees pan, 80 degrees ttlt 

Magnetlc 
a 1000 leet (0 305 meters) ± a 5% 
01 full scale 

16' (L»( 8' (W) )( 8' (H) 
220/440V 3 Phase 60 amps 
8,000 lbs 

- - --------------------------------------------------------------
Inlernallon.' Underwaler Conlraclors, Inc 
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APPENDIX E 

EXAMPLES OF MANNED SUBMERSIBLES 

This InformatIOn IS provltled for reader Interest and has been reproduced from company 

information brochures of: 

International Underwater Contractor's, Inc . 
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Mermaid Il: 
1,OOO-Foot Submersible 

General 

OPI;I atlng deplh 
Le ''Jth a a 
A"'adlh 
H"rlJhl 
T", nage (grossI 
CIUW 

L,In supporl 
Sr .ced (crul$lng) 
Spnl;d (lop), 
Power 
P,. 'pulSion 

M,meuverab.hty 

p~"toad 
Lrll capab,hty 
Ce,t,l,calion 

1,000 leel (105 melers) 
20 leet (6 09 meters) 
65 feet (1 98 meters) 
94 feûl (2 OG meters) 
63 tons 
2 
240 man hours 
1 5 knots 
4 knots 
28 kw 
7 hp slewat.le malnlhrusler, 2 SI de 
mountrd !lo"lonlal 90 degree 
slewable revU3 tlle Ihrusters of 2 hp 
each 
5 degrees iHrrJ tloveflng, rolales 360 
degrees al ll)rO veloclly 
1,000 pound, (454 kllograms) 
500 pound'> (227 kllograms) 
Amerlcan Bdreau of Shrpplng 

Work & Documentallon 

TellMSlon 

[':ernal I,ghllnq 

Milnrpulator 

• 8 Includlfl l a 30 Inch (0 76 meler) 
dramelcr b("",' wrndow 
• Pan and Irii coler CCTV 
plus aud'o i1'rd vrdeo recordlng 
.4, 1000 ",;lll and two 150 watt 
quartz ,0dI(J['> lamps 
• Two wllh Cl degrees ollreedom, 
75 pounds (34 krlograrns) l,ft, fully 
exlended 
• 35mm ex\f!rnal stdl camera (250 
exposure) "rth slrobe 

Inlernallonal Underwater Contractors, Inc • 
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Navlgallon & Communications 

Underwater 
Surface 
Dlreclion 
Allilude/depth 
Obstacle avoldance 
Tracklng 
Bottom/posilion 

Support Equipment 

Equlpment 

Work 

Mesotech ACOU.;IIC 9 and 27 khz 
VHF FM 
Sperry CL Il drrrctionai gyro 
Wesmar digital depth sounder 
Wesmar SS 140 Sonar 
Honeywell AS 7 
ELA 20 

.,5 Ion "A" frame hft system 
• Sattery replacement trolleys 
wlth complete charglng system 

Mermald Il has a hlstory as a tough and rehable work boal 
It has completed contracts ln the North and South AtlantiC 
and the Gulf of MeXICO, as weil as numerous ,nland walers 
of the con!Jnental US Two Jobs stand Oui as representatlve 
of thls submerSible s steadlness and ver<;atillty (1) A num· 
ber of low profrle envrronmental Impacllrays ln the 
Baltimore Canyon waters to 400 ft were deemed ail but lost 
by the client, who came ta lue when numerou~ dttempts at 
locallng the arrays had falled ln Ihe coniracted 7 days al 
sea 5 arrays were located and relneved wlth therr crltlcal 
bollom samples Intact, (2) ln the Gull 01 MeXICO, 17 bouys, 
33 Il ln Jength, spaced along a 2,000 fi secllon of pipeline, 
were eut loose ln 320 ft of water ln a total bonom lime of 8 
hours, on a lob whlch had been determlned to be tao 
dangerous lor divers ln addition Mermald has been used 
on numerous occasrons ta evaluale darpaged and 
collapsed platlorms 'n the allermalh of frre on the decks 
and underwaler blowout 
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Beaver Mk IV: 
2,OOO-Foot Submersible wilh Wei & Dry Lockoul 
General 

Operallng deplh 
Lock ouI deplh 
Lenglh 0 a 
Breadlh 
Helghl 
Tonnage (gross) 
Crew 

Llfe support 

Specd, crulslng 
Speed. lop 
Power 
Propulsion 

Pay'load 
Lift capab,lrly 

lue Clnade 

--------

2.000 leet (610 melers) 
1.000 feel (:J05 meters) 
24 feel (7 3 mcters) 
9 5 feel (2 9 melers) 
8 5 fcet (2 G meters) 
34.000 POUlltis (15 422 kllograms) 
2 crew (and li;; 10 3 observers/ 
divers) 
360 man hour>; (minimum), 
\\Illh emergc .cy battery and 
Iightrng system 
25 knots 
57 knots 
52 kw/hr. lead aCld bail erres 
Three 7 hp revcrslble Ihruslers 
\\Illh 360·dcqree rolallon 
2.000 pound>; (907 kllograms) 
1.500 poundS (680 krlograms) at 
maximum depltl 
Amerrcan Bureau of Shlpplng 

Work & Documentation 

Vlewports 

TeleVIsIon camera 

51111 camera 
Manlpulators 

Manlpulator lools 

Torque operations 

• G Indudll1q.\ 3(1 Ille 1 1 (0 76 
metrr) lorw.trrl dOWIIW,Hd WI/1(low 
• Color. eXf<)rn"lIy Illllllnt,'d on 
pan and 1111 \Jlllt IIIlth vldPOl,lPIl 
recorder 
• Exlerni-lt J~lIl11r1 Wltll ·,trobfl 
• 2 wlth 10" DI hl'rdom .1Ild (('<lcll 
01 6 lert (1 CU Illl'tpr',) tilt .It IIIrlsl 01 
50 pou nus (2? 7 kllnqr "Ill>,) lift al 
sl10llldflr of :'Sl) pOlJlld'; ( t t 3 
klloqrarns). pill', COlltrlllJUU'. 11111',1 
rolallon .... ,Ih A1 laOI PO\H\cJe, (11 5 
meler klloqr.1I11'.) torqlJP 
• Caule <"lJllpr 1111/(> IHIJ',II I/npacl 
wrpnch sluLf gUIl. !Jower Il.\lTlIller 

and saw 
• High 'ipeed, 10111 lorqlJf! 0 ')300 
rpm @ 3 5 fool pOllnrJs (0 5 mfllor 
kllograms) rnilXI/TlWII Law ·,pelld. 
hlgh lorque 50 1500 rpm (i~ 03 
fool pOtHld'i (1 1') IIIPler klloqrarns) 
ma>rmlJm IrnlhlcllorqlJC 1 ;.>00 
fool pO\Jnds (f(,(, rneler klloCJrarn'i) 

Navigation & Communlcallons 
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Underwaler 
DIrection 
Alirtude/defJlh 

Obstacle avoldancp. 
Tracklng 

Bottom/p{J~llron 

Me<;olpch 703 1\ 
Sperry Mk ?7 qyrorornpasr, 
EDO 3;.>6 dr:lwrlw<lId and IIfJw,ud 
loo~lnq son.lI 
WesrTlar 14G 
Honeywell ilS 1 ilr.olJ:.tlC position 
system 
ELA 20 lJoltom "\(llJllt()(j lr"rI', 
pOIlr1er >;y>;tl!lTI 
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PiscesVI: 
8,300-Foot Submersible 

Gen.ral 
---------_._------------
Operahng depth 
Design depth 
Lenqth oa 
Bleadlh 

ronnage (gross) 
Crew 
LI'e support 
Spf>ed (crUlslng) 
Speed (top) 
Power 
PropulSion 

Payload 
Lift capablilly 
Cmli'icalion 
BUlIl 

6 600 leel (,' a t 2 meters) 
8,300 loet (2 530 metcrs) 
t 9 25 leel ('l 86 meters) 
10 'eol (3 5 m<')ters), can be 
reduced ta l3 leet (244 melers) 
lor alflrOlglll 
23.500 POlllljS (10,660 kllograms) 
2 
250 man hours (minimum) 
2 knols 
3 knots 
42 kw 
2 SI de thruslr:rs at 7 hp each. 
slewable 100 degrees 
1,500 pound" (680 kllograms) 
800 pound<, (363 kllograms) 
Ameflcan 8ureau 01 Shlpplng 
Vancouver, Canada 

Work & Documentation 

VlowporlS 

TelevISion camera 

Still camera 

M.lnlpulalors 

Cable cutters 

• Threc 6 Inch (0 15 meler) 
dlamelcr ~rr ,IIC windows 
• Thrce 1 lA") watt quarlz lodlde 
lamps 
• Internai anJ external camera on 
pan and !Ill ur 111 
• Benthos 35mm camerél wlth 
strobe 
• Pholosen slereo 3Smm camera 
wlth slrobe 
• Hedvy dilly claw Wllh 23 foot 
(0 70 mptcr) (Jrlp and 250 pound 
(t 13·kilogr3Jl 1) 11ft General pur pose 
arm wlth ~" "1dependcnl move· 
ments 7 Incl1 (0 18 meter) gnp 
wlth 150 pound (68 kllogram) lilt 

• Two 

InternaUonal Underwlter Contractors, Inc . 
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Navigation & Communications 

Underwater 
Surlace 
Dlfeclion 
Altltudeldepth 
Obslacle avoldance 
Tracklng 

Bottom/posltlon 

Work 

27 khz and 9 khz, tOO watts 
VHF radiO 
Sperry MK 37 gyro 
Deplh gauge 
Wesmar SS 140 Sonar 
Dlfectlonal transducer 27 khz, 
Honeywell RS 7 c;yslem 
ELA 20 Doppler Navigation Sonar, 
Vanable Irequency plnger recelver 

Besldes ItS world record dives to 4,876 leet off Newfound· 
land, ln '79, Pisces VI has achleved a number of other 
offshore ""rsts " ln '82. a new record lor deep water 
permanent gUide base retneval was established when the 
client 011 company sought ta exlend ItS pracllce of restonng 
the sea bottom to pre dnlling status ln deeper water than 
had been prevlously attempted At a depth al t ,263 leet. 
Plsces VI placed a chemlcal explosives charge ln the PGB 
lunnel Alter successlul detonatlon, the gUide base wa5 
carelully retneved la Ihe deck of the drillshlp Laler 
examlnatlon found It la have sulfered roo structural damage 
of any klnd At one pOint ln Ihe retfleval manuever, the 
runnlng tool was accldentally backed out and dlsconnected 
Irom the dnll pipe Plsces VI, uSlng Its manlpulator and 
heavy dut y claw together, made It possible la reconneet the 
tool ta Ihe GUide Base and complete the deepest water 
PGB retfleval on record Mallng the pipe threads of the 
runnlng 1001 and pipe ln such deepwater also 15 clalmed as 
a submersible work manuever record 

Llf. Support and Safetv 

Mechamcal redundancy, together wlth personnel that 
adhere la sound procedures and practlce, IS the best 
assurance that Iife support and salety aboard a submersible 
Will be sufflclent la meet any evontuallt, On board Plsces 
VI, pilot and co pilai eqUipment lor approxlmalely 7'12 days 
01 talai Ille Support conSlsts al dual scrubbers, 7 days 01 0' 
and sodasorb, 2 OUI sodasorb packets and chest pacs, 
MSA sel'·rescuer pacs, 2 Orager sodasorb pacs wlth boltles 
and 7 days of Lithium lor scrubbers or pilot sphere 
disperSion 
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APPENDIX F 

EXAMPLES OF SATURATION DI\(ING SYSTEMS 

This information is provided for reader interest and has been reprodueed from company 

information brochures of: 

International Underwater Contractor's, Ine . 
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l,DUO-Foot Saturation System 
Gene,.' 

---------------_._---
Lf)~gth 

Wloth 
Helghl (Control Van) 
HClqhl (U-frame) 
Charactorlstlcs 

195 Icet \5 n meters) 
154 loot (4 C melers) 
151 fee114 6 meters) 
23 B leet (7 ~'5 meters) 
• 1.000-'orll (305-mellJr) saluratlon 
dlvlng systern 
• 465 sqU;Jrp. '''el (43 2 square 
meters) 01 dock space rFJqulred 
• 351eet (1 Cl 7 melerS) 01 clear;;nce 
requlrod lor LJ-irame 
• Talai ~ysl""rn welghl 45 tons 
• Lloyd 5 cf~rilflcatlon 
• SpeCial g.]; mlXlng equlpmenl 

Fronl (Sea) Vlew 

413 



• 

• 

BOO-Foot Deep-Diving System 
The OIvlng Bell 

Th!' slandard be/lls a 5 5 fool (1 68 m'-'Icr) 1 0 sphere Wllh 
an operation al depth capabll,ty 01 5ClJ teet \ 1 B3 meters) 

The bell consists 01 the followlng co l1ponents 
• Two Ihrough-hu/l coarnlngs Wl1l1 U ,utlle door", one at Ihe 
bOllom for cliver Ingress and e']ress Cl 10 one al the side for 
transfer under pressure la Ihe skld r"D'JI lIed decompresslon 
cham ber 
• Three 12 Inch (03 meler) side v,e ,,' ,( rts and i"! lolal of SIX 

6 Inch lop and bollom vlewports Jrr, 9'd for omnldlfec 
I,onal vls,bllllly 
• Backup Irfe support CJas st or agI' 
• ,\ four wlfe telephone syslem VI,th 1 rcdundanl ampl,lrer 
Ifl Ille bell 10 lake over III Ihe ev.;nt ': "mslde unit fallure 
• \ qUlck release mechanlsm to en,l, le divers ln Ihe bell to 
detach the 2,000 pound (907 kliogrdll ) ballast for 
emergency ascent 
• A dive conlrol panel 10 delivcr brf':1'h,ng gas to Iwo 
divers, wlth backup system onboard ft ,al automatlcatly 
sus:a,ns Ihem ln Ihe evont of umbllrcdl pressure drop 

The Decompression Chllmber 

Tho 4 5 fool (1 ,\ 111f'tf'r) 1 0 ualJlII!' lOt k dp( PIl1IH,,~o;lIlll 
chambcr IS dpo,'gn"d fnr trallsf('r and dp( ()(T1prp'.',lllfl d"ptl1S 
of 600 fpet (183 (11('tpr5) Thr main lOt k ,~ (; Ip('t (t tlll11P\I',s) 
long ann the pntry lork '0; <1 feet (1 2J m"tpr',) IOllq 

Chambcr equlprnelll Includps \tle 101l\JWI!H) (OI1II'()Ilrtlt~ 
• Communications ln each lock 
• Mlxed gas and 0 'ygen breatl1lng f,ICII,tlp!> ,n CJLh lock 
• A medlcal lock 

Transportability 

IUC'S dlvlng sy~tern (rom'JlplC' wltl1 sllpport wul'; WI'lqlllllg 
t5 Ions) can be tr,III',porlü<1 by truck, sllIpppd by ,\If and 
handled by most r,hlp or plalforrn crdnes 0(1( fl on thp lob 
tl1ls syo;tpm operate., wltl1 ItS own wlnrlt ,!n() Il,11111111111 11!1110; 
TI ... system takpo; ITlInlmal c)!'ck 'ipau' dllrl nrpd', only 2201 
4 .J 34> 50l<VA POWP( and t'iO pSI SI'rVIi'O dlf flO CI M 

ThC Goa Foot Deep Qlvlng System (Top 'J','N) Bas,c Q,men'ilonS LCflqlll?1 4 lefll (11 rnele'~) .. '!IrJtll IJ Q Ipet (/ 4 '''l'tr',',) O'l"'olllll"'Qllt 132 
teet ,4 a meters) He'ght al Umb,ilcal W.r" 1 q 7 teel (2 3 rnelPrS) 

Intern.llon.1 Und.rw.t.r Contractors, Inc . 
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650-Foot Saturation System 

The Olvlng Bell 

Hl!' 1\50 ft dlvlng bell has a 3'11" hO"lontallD and 6'6" 
vefllcal It Ineorporates ail standmd r,;ilety equlpment and 
rTI<I/l/ special IUC safety Innovation,,; as weil Il 15 equlpped 
wlth 
• CO scrubber, o~ygen analysis mf'lcrs, CO, analySIS, 
rTII'labolie o1ygen makeup 
• l(l'ornal/exlernal dppnl gaug('s 
• Il''npcrature monllorulq 
• IlIlernal/exlcrnal Irghtlng 
• l'rnerqency baekup on board c;as ';t,pply 
• dt Jlomalle sceondary ga~ supply - " C::.lse of prlmary 
fdllllre 
• pllmary, seeonclary and auxllli1ry ( n'llmUnleatlon "nes 
• W'iplcss f'mcrgeney communleatl' 'S 
• IJulslde self powcred beaeon "gl1t 

The Entry Lock Cham ber 

Th., entry loek chambcr IS 4'1" by l'ô" ID and IS part Of 
Ille ueek decompresslon ehamber It :1<1S an entry/eXlt hateh 
10 '110 deck and deck decompresslnll chamber maklng It 
Pil',';ltJle ta gain aeeess to the dlver'i :1: any stage ln thelr 
dccomprcsslon perrod The matlng clamp IS Ilydraullc wlth 
m3Puai pins for safety backup 

The Deck Decompression Cham ber 

fi", main deek decompres5.on cham:)':r 157'6" by 4'10" It 
dl Lommoualcs two men eomforlabl, fJr extended 
tJerompresslon pcrrods Il contalns 
• (j"lS blbs, CO, scrubber and metùLollc 0, makeup 
• (J. and CO, analysis 
.1 (/hllng and heater/eooler 
• , rllTlmy and second,uy communications 
• (:cpth gauge 

Til' slrJe support equlprnent Incfudc'i 
• ,,~drautlc main winch 
• "\ draullc constant tcnslon Wlnct1 
• h~drauflc A frarne 

lue Canada 

IUC's 20 years e~peflence ln oHshorc d,vlng have pro 
duced one of the be5t dlver safety records rn the world The 
450 ft system IS one of the reasons why Because of safety 
and other problems assoclaled wlth Ihe use of arnblenl 
(open bottom) dlvlng bells ln depths belnw , 50 ft IUC 
mlnlmlzes therr use ln wa:er thls deep A full (clos",j bottom 
bell) dive systern otters many advantaQes over a' en bell 
system that are not al ways consldered such as 11 Ihe 
capabliity of bllnglng an englneer down as an observer for 
a frrsthand vlew of the work area and lob ln progress, 2) 
Increased bottom tlme for repalls, relrrevals or olher 
slluatlons that requlle Immediate action 3) an Inereased 
safety factor for the divers, Includlng raold ascent tlme 
rnade possible by the ellmlnatlon of ln .... ater decornpresslon 
stops Also, ln strong current and rough seas launch and 
recovery manuevcrs are less dangerou~ wlth a closed 
bottom bell equlpped wlth a constanl tension gUide wlre 
system 

Syslem Wltllh 11 '10" 
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"50-Foot Deep Diving System 
The Dlvlng Bell 

The 650 ft dlvlng bell has a 4'6" hOrllontal ID ilnd 6'2" 
v8Illcal Il Incor porales slanda,d sai, 'Iy cqulpmc,,1 and 
milny special lue saI et y Innovations It IS equlpped wlth 
• cllvlronmental hot water healer 
• CO, scrubber, oxygen analysis Il,(',pr5, CO, analysls, 
metabollc oxygen makeup 
• Ir.lernallexlernal depttl gauges 
• temperature mOnltOflng 
• Il'lernallexternal Ilghtlng 
• t'mergency backup on board gas <;upply 
• aulomatlc secondary gas supply-- '1 case 01 prmary 
fallure 
• pflmary, secondary and auxillary communiCallon Imes 
• wlfeless emergency communications 
• outslde self powered beacon Iight 

The Enlry Lock Chamber 

The entry lock chamber IS 3'6" by 6'5" ID and IS an 
Integral part of tlle deck decompresé,on chambcr It tlas 
three extVenlry halches 10 and Irom Il ,C deck, Ihe deck 
decompresslon chamber. Itself and 1I1C d,.lnq hell, maklng 
It possible to gain access to the dive,,; at any ';Iaqe ln Ihelr 
decompresslon perrod The mallng c.lamp lrom Ihe bell IS 
hydraullc Wlttl manual pins for added ,dfely The enlry lock 
chamber also conlalns Ihe syslem s ,..l",latlon facllilles. 
shower, slnk and 101lel 

The Deck Decompression Chamber 

Th,., main deck decompresslon charntJer 15 6'6" by 9' ID Il 
15 fU'l Y Insulated (Includlng Ihe enlry Incl< chamtJer porllon) 
Fou, men can be comfortably tlOusecJ for exlended 
decompreSSlon perrods It conlalns 
• gas blbs and emergency scrubbers (gas, eleclrlc or air 
powered) 
• roomy medlcal lock lor food, merl "Inf> and olher needs 
• fr,aln chamber hgnlmg and speclil, 'c,ddlng larnps 
• observation porls 
• work lable and bunks for four men 
• special envrronmental control un,t Inr mainlallllng proper 
tem;Jeralure. humldlly and CO, scruGulng 

lue Inlernallonal Lld. Inc 

Deck dlld lops,t!c ',llpporl PQlllpl11t:'1I1 IIwhHlp<; ,1 lill'~t'I 

hydraullc power ul1llltlat opt'ralps 1111' IJpll/\ Il.111111, ma III 
winch and bpll 111<11111<1 clamp Whf'11 1111' IlI'll ,<; 1.1lIllCllpr! n' 
rccovcrf'd 11 le; C()(lnectf"U 10,1 COIl'lt,lrH Il'/l'lllH) \,y',l(l1l1 Iflat 
mall1lalns Il ln corrt:'rl "II9n111t'nl Il1rollqlloul lip,;, t'/lII.lot pnl 
wllalever Ihe willd or ctlrtf'nl 

Ali lue dive IPam,; 111('ludt:' ill le.I~1 one t"llp,qt'n,'y flloelle,;! 
lechnlclan EM T d,vpr Ali lue divers il'" 1l'IH1er', .111Ip/l 
ders are dlver~. ,esullinq ln minUllUIll rrl'w ~I/O 10' '.illt', 
efflclenl dlvlng se,vlces 

System W<lJlh 1 J 6" 
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APPENDIX G 

TYPICAL DIVING SUPPORT VESSEL 

This information IS provided for reader interest and has been reproduced from company 

Information brochures of: 

International Underwater Contractor's, Inc . 
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TheAloha: 
Submersible/RCV/Diving Support Vessel 
-------------- ---------

General 

Lpnglh 0 a 
Br0adth 
Dralt (Ioaded) 
TlJnnage (gross) 
Tonnage (net) 
Crew 
Speed, crulslng 
Range 

Propulsion 
Mcun englnes 

AII<,liary power 
Fuel capaclty 
Fresh water 
M<lneuverabliity 
Lift capabliity 

Cerlillcatlon 

143 fccl (4'16 melers) 
32 fect (9 8 mOlers) 
8 3 leot (2 ') meters) 
165 tons (1 "g 7 molnc Ions) 
119 tons ( 1 ü3 metnc tons) 
22 persans 
12 knols 
6,000 naut't al miles (11 ,1 14 kilo 
melers) 
TWln screw wlth bCN thruster 
Two Caterp'I',]rs (J412) 520 BHP 
each 
Two 75kw (jenoralors 
24,000 gallun<; (90,848 Iiters) 
14,000 gallons (52,995 liters) 
Bow thruSler (360° slewable) 
Carner 10 Ion crane and 15 ton 11ft 
system 
Amencan Bureau of Slllpplng 

Navigation & Communications 

Loran C 

Oyrocompass 
AulOpllot 
Radar 

f1adlo 

• Mlcrolog.c ML 1,000 (prrmary) 
• Morrow LeM 950 (bdCkup) 
• Sperry M~ 24 
• Deccn Arl',lS 5500 
• Kano! FUfll"o FR t 16 (16 miles, 
257 kriomcl('rs) 
• Kanol Fun .'10 FRN 6') (64 miles, 
103 kllomel' '1 s) 
• SSB CAl il) MS/MK Il 
synlhesrzed 150 watts 
• SSB Inlecl1 Marlnor 1 600 (12 
channel 1S0 watts), ufllimlled 
range (pnmolry) 
• VHr Konr 1 I\R·153V (10 
channols, 100 watts) 
• Okl 1010 ')HF (ail channel,;, 25 
watts) 

Addllional Services Avallable 

Syslamr, 

Anchonng 

~--

• ~~l)t\\~,ICh~ (i'\l!lq ',ys\Pln 
• 11rrnnle l l1fllr(}ll .. tlll~rf'tlIJllllpr 
W.\\i'i 'I\HVPY t,y',lplI1 

• Iwo nun 1 IlOO f(Jul ~~IIIHIlI)f'"tJle 
• SIiUI11e'<;lllI" l,Hill( Il ,Hill 
rpClwpry 5y',It'1ll dp',I(Jl1l'd 
Jnd 1111111 to 10,11\(1Il' Mplfll,lld Il 
saf('ly Dvpr IIlp r,l('rl1 

• " p01111 n\()OIlIHj Iwo <Jolil'''l 
drWH W,11Cl! 1,111IVP1' Will, Il!'', Wlth 
1H1f'llI1lo1IIC , olllrol', ,l'ntr,lIly 
10c,llpri -) 000 lppt 1" (b • t'l) 
Iwnr. WIfP. r of'" 

1·":,::" 1 --; ~':,~~:'. i .~.-

J'~r~I5~) 
'~_J 11'_ ~ 
-- \I~ 

Prlo! Hour,o 

---------------------------------------. 
InlernatlONlI Underwaler Conlractor" Inc . 
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APPENDIX H 
PROCEDURES FOR INSPECTING UNDERWATER SEALS, FOOTINGS, 

AND PILES (NORTH CAROLlNA, USA) 

This Information is provlded for reader interest and has been reproduced trom the following 

reference: 

Lamberton et al., ·Underwater Inspection and Repalr Bridge 

Substructures," NCHRP Report No.a, Transportation Research Board, Washington, D.C., 

December 1981 . 
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-- -- -------------------------------------------, 

1. General Preparation and Safety Procedures 

A. Preparation 

1. Revlew plans (and specificatIOns) of seals and footings, excavation 

sections, water conditions, and bridge and pile data. 

2. Review prevlous Inspection reports 

3. Ensure that necessary Inspection equlpment is worklng property and IS 

Inventoned ln vehlcle. 

B. Safety Procedures 

1. Practice basIc safety procedures as Instructed by certlfylng agency 

2. Have divers descend slowly Ir, case of poor vlslblhty and sharp abJects 

along descent path or on bottom. 

3. Take precautions ln severe currents 

a. Attach safety line on upsiieam slde of bent or piles for divers' 

use underwater DO NOT use safety line when vlslblhty IS poor 

unless hne IS completely taut. 

b. Stretch safety line across stream 45 m (150 ft.) downstream ln 

rlvers up to 91.5 m (300 ft.) wlde. 

c. In Mal areas attach 30 m (100 ft ) of rope wlth ring buoy on stern 

of boat. Tie boat ta bent or piles 

d. Man a safety boat downstream of current. 

e. Have divers return ta bent or piles ta protect themselves from 

boat trafflc. 

II. Inspection 

A. Use masonry hammer, problng rod, rule, scraper, divers' tools, cahper, Increment 

borer, marker. 

B. Cofferdams 

1. Inspect area at sheeting. 

A minimum of two divers Will perform inspection. Each diver Inspects half 

the perlmeter of the cofferdam sheetlng at base of excavation. Each 

diver keeps ln touch wlth sheetlng wlth hands or feet and moves along 

the cofferdam wh.le Inspect.ng the base of excavation from the sheetlng 

to as far as It IS possible ta reach. 

The dlver should look for any clay, mud, or Sllt bUlldup ln ail corners or 

between base of excavatIOn and sheet pihng throughout cofferdam. The 

base of each sheet plhng should be examlned to ensure that sheetlng IS 
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dnven ail the way down (thls IS important ln cases of shallow excavation 

depth). Check for any loose, large rocks tllat might be leaning agalnst 

sheetlng. 

2. Inspect excavation base. 

Divers Will look for mud, clay, silt, any loose rock, or other loose, hard 

foundatlon matenal. Surface should be clean of loose matenal. Divers 

Will also descnbe geometnc features and contour of surface, whlch can 

be speCified as level, stepped, or serrated. A rock surface should be left 

rough. 

Surface should be Inllpected for matertal descnptlon such as sound rock, 

decomposed rock, ·Jr firm clay If surface IS not sound rock, a sam pie of 

materral IS taken. Because specIfications cali for surface ta be cut ta firm 

surface, dlver should be sure foundatlon matertal IS what designer 

expected. 

3. Inspectlng corners and ail corrugatlons of sheetlng from natural ground 

ta base of foundation for any earth Inclusions must also be done. 

4. Inspectlng near center. 

C. Seals 

When Inspectlng cofferdam up to 6 m (20 ft.) wlde, at base of excavation 

near center, one dlver keeps one hand on the sheeting while the other 

hand gUides the other dlver to near the center. The second diver 

Inspects cofferdam whlle being gUlded and moved completely around It 

be the flrst dlver. 

Wh en Inspecting cofferdams over 6 m wlde, divers first use the method 

for those up ta 6 m wlde and then place a rope wlth weight on one end 

along the bottom ta complete Inspection. ThiS is done as one diver 

carries the welghted rope and stations it near center of cofferdam wall, 

whlle other diver carnes other end of rope and holds on bonom at 

opposite wall. First diver can then proceed on each side of rope, which 

IS used as a gUideline. Rope can be moved ta a second location If 

inspection cannot be completed at tirst location. 

1. Make layout of seal. 

Number wlth crayon the intenor corrugations on each face of seal and 

record. 

Measure distance from Illterior corrugation to edge of footing on aU seal 
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sides at each corner of footing. This will estabhsh the position of the 

footing onto seal. 

Measure distance tram mterlor corrugatlon ta edge of footing on ail seal 

sldes at each corner of footing ThiS will estabhsh the position of the 

footing onto seal. 

Measure helght of seal from mudhne at ail four corners and record (report 

drawlngs are made from thls Information). 

2. Inspect for condition of concrete 

Inspect for soundness and appearance and lake pholographs when 

possible. 

Inspect for spa Ils; measure thelr wldth. length, and helght, and locate 

them on layout drawlng. 

Inspect for cracks and measure Slze, length. and depth Record crack 

location at deslgnated corrugatlon number by recordlng the distance 

fram top of seal ta the crack wlthln thal corrugallon If crack runs from 

on corrugatlon to another, record ail new crack data ta correspond wlth 

a dlfferenl corrugatlOn number 

Use a surveyor's chain for problng to determme an approxlmato crack 

depth. 

A final inspection will show crack Sizes, lengths, depths, ana locations ln 

each corrugation number on ail sides of seal. Scale crack depths on th ... 

plan vlew for the report ta show relallOn ta foollng. 

D. Footings 

Spread Footings. 

1. Inspect for scour near footing upstream or adjacent to footing, measure 

size of scour (wldth x length x depth), and document location. 

2. Inspect for scour or soft materlal under footing. 

Survey penmeter of footing. Use problng rod and rule. Station foollng 

from upstream end to downstream and 50 mm (2 ln) Increments. At 

these stations measure water depth, helght trom bottom of footing ta 

mudhne, and depth of scour from edge of footing to pOint under footing 

wtlere beanng 15 estabhshed. Take ptlotographs of bot1om of footing 

showlng scour at eactl station when possible. Measure from top of 

footing ta waterhne on upstream and downstream ends. Measure size 

of footing . 
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3 . Inspeet for condition concrete. 

Measure Size of spalls (wldth x length x depth) and locations and slzes 

of cracks. 

Inspeet for any exposed relnforclng steel and for soundness and 

appearance 

4. Inspect footings keyed Into rock. 

Inspeet for separation at base of footing and rock foundatlOn. This 

condition eould Indlcate foundatlon or substructure movement. Inspect 

for vOlds between footing and rock foundatlOns that could have been 

formed by trapped clay, sllt, loose rock, or mud ln concrete. 

5. Inspect footings on seals for any separation at base of footing and seal. 

Pile Footings. 

Measure width, length, and helght of footing If unknown. 

Measure slze, number and spaclng of piles under footing If unknown. 

2 Inspect for scour at plhng and record approxlmate depth. 

3. Inspeet condition of concrete at sldes, top, and b-ottom of footing. 

Measure size of spalls (wldth x length x depth) and crack size locations. 

4. Inspect footln9 

If onglnally deslgned to be embedded in steam, thls requires measure

ments of each exposed pile from bottom of footing to mudline. Take 

photographs of bottom of footing showlng exposed pile when possible. 

5. Inspect piles for soundness and section loss. 

6. Inspeet for drift lodged between plhngs. 

E. Piles 

1. Two divers Inspeetlng same pile. 

When poor vislbihty requlres mask and hght close ta pile, divers ean 

Inspect on opposite sldes of pile. After descending ta mudline, divers 

can rr>tate ta unlnspected sldes and ascend. 

2. Divers Inspectlng piles adjacent ta each other. 

Divers can choose ta Inspect one pile eaeh as long as piles are adjacent. 

This will be more deslrable in strong currents, when piles have areas ta 

be eleaned, or ln tlmes of good vislbllity. Divers are ta concentrate on 

Inspectlng faces of eaeh pile. 

Conerete Piles 

1 . Inspeet condition of concrete. 
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Report 

A. 

B. 

Take photographs when possible. Measure wldth, length, and helght of 

spalls. 

Inspect for any exposed relnforclng steel or cab les and for soundness 

and appearance. 

Inspeet for cracks and measure Slze, length, and location for future 

Inspections. If a crack IS spalhng on each edge, record actual size whlch 

is measured deeper than the spa lied surface Crack length should be 

measured deeper than the spalled surface Crack length should be 

measured from waterhne to end of crack underwater. If crack extends 

above waterhne and has not been prevlously recorded, measure and 

record. If a crack does not start at waterhne, locate crack wlth reference 

ta It. Bent number, pile number, and face number are reqUired wh en 

recordlng location of cracks Direction of numbenng bents IS from south 

ta north or from east to west, nurnbenng of piles IS from left to nght and 

of pile faces IS counterclockwlse Take close-up photographs of cracks 

when possible. 

2. Inspect for scour at base of plllng and record approxlmate depth. 

3. Inspect concrete when manne growth covers pile. Clean random areas 

of pile from waterhne ta mudhne The number of areas will de pend on 

condition of concrete, vlsiblhty, water depth, and type of growth. This 

should be determlned ln the field. Inspect those areas that are already 

clean, whlch ln most cases are located at the mudline. 

Drawlngs 

1. Elevations showlng dimenSions and scour, cracks, unstable conditIOns, 

etc. 

2. Sections showlng degree of scour, spalhng, etc., ln terms of mudhne and 

waterline. 

3. Plans showing Inspection area, Inspected section, spaclng of plies and 

footings, areas of damage 

Summary Report trom Inspection Data 

1. Descnbe general overall condition 

2. Indlcate best and worst conditions found 
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APPENDIX 1 

IN-SITU TESTING AND INSPECTION TECHNIQUES FOR CONCRETE 

This Information IS provided for reader Interest and has been reproduced trom the followlng 

reference: 

Campbell-Allen, D.; Roper H., Concrete Structures: Materials, Maintenance and Repair, Longman, 

U.K., 1991,369 p . 
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• Test method Principal relerence 1 Application l Property assessod 1 Remarks 

Structural Integnty and layout 

Visu al survey Bridge Inspection Ali elements and Condition and Simplesl but most 
mcludlng Panel (1984) structures monitoring Important Inspec 
(a) crack mapplng ACI (1968) lion method 
(b) endoscope Manning and Bye 
survey (1983) 

Cement and Conc-
(c) photography - ete Association Condition and Include seo les and 
Video (1988) mOnltonng color charts as 
(d) stereo pairs approprlate close 

ups and gonoral 
VIOWS 

Hammer testlng Moore et al (1973) Ali elements and Presence of cracks, Hammer lost or 
Cham drags, etc. Savage (1985) structures spalh; and cham drag may 

Manning and Bye delamlnatlons only dotcct surfacc 
(1983) laminations to 75-
Cantor (1984) 100 mm dcep 

Covermeter surveys BSt (1988b) Ali elements and Location and con- Influenced by mag-
to locate remforce- BSt (1986a) structures crete caver netlc aggregates 
ment, prestresslng Bar sizes also deter- and dlfflcultles wlth 
tles, etc, mmed lapped or closoly 

spaced bors or 
layers 01 bars, 
modern Instrume-
nt!! much more 
effective at locating 
steel uplo 300 mm 
deep 

Thermography Manning (1985) Pnnclpally bridge Presence 01 laml- Influenced by wator 
BSI (1986a) decks (asphalt and nations on deck and pro-
Manning and Holt plain concrete) and valhng woalher, 
(1980) other elements rapld scan system 
Kunz and Eales 
(1985) 

Radar Manning (1985) Prlnclpally bndge VOldage etc on Bulky eqUipment, 
Cantor (1984) decks large scale Includ- Signala can be 
BSI (l986a) mg relnlorcemnt, dlfflcult 10 Interprel 
Kunz and Eates ducts etc 
(1985) 

Acoustlc emlsslon Mkalal et al (1984) Ali structures dUring Determination of SpeclIlhat Inapec-
Hendry and Royles load tesllng initiation and ollgll' lion eqUipment and 
(1985) of cracks Interprelatlon 
Manning (1985) 
eSI (1986a) 

Dynamic response Stam (1982) Pnnclpally pile Pile Integrrty Speclahal Inspec-
e,g, sonic echo, Manning (1985) testlng lion eqUipment and 
contmuous vlbra- eSI (1985) Interpretation 
tian 
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• Test method Principal roference Application Property assessed Remarks 

Load testing of BSI (1986c) Structures/elements Deflectlon uner Expenslve but 
structures Menzles (1978) loads against struc- Informative 

Jones and Oliver tural analysls 
(1978) 
ACI (1985a) 

Determlnallon of concrete quallty and composition 

Core and lump Concrete Society Ali elements and Used ln physlcal, Requlred for 
samples (1987) structures chemlcal and almost ail labo ra-

BSI (1981) petrographlc analy- tory testlng; 
ASTM (1987a) SIS of qualrty restncted be 

access to certain 
members; can be 
expenslve 

Power drilled BUilding Research Ali elements and Chi onde, sulfate Simple but subJect 
samples Establishment structures and mOlsture eon- to errors of 

(1977) tent of concrele depth/cross con-
tamination and 
sampling. 

Partlally non-destr- eSI (In preparation) Ali elemenls and Sirength, usually Varylng ln slmphc-
ucllve assessmenl BSI (1981) structures converled 10 equiv- rty; often wide mar-
of strength 1 e. Keiller (1982) aient compressive gin of error (15%-
Windsor probe, 30%) depending 
Inlernal fraclure, on method and 
pull-oui tesllng, avallabilty of cali-
Schmidt Hammer, bratlon. Informa-
etc tion on cover con-

crete only. otten 
operalor and equi-
pmen! sensitive 
Can damage con-
crete. 

Ultrasonlc pulse BSI (1986c) Ali elements and Concrete qualrty Rapld scan tech-
veloclty lestlng BSI (In preparallon) slructures unlformrty, presence nique thourgh 

ASTM (1987c) of cracks, volds, thlckness of con-
weak layers, elc. crete; can be corre-

lated wlth strength 

In-Situ permeab Ity Concrete Society Ali elemenls and Concrete quailly Can be difflcult to 
test, e 9 ISAT, Flgg (1988) structures and permeabillly, use In-situ and 
lest. Clam Lawrence (1981) generally restncted slow, may only 

Montgomery and to cover give a permeabllrty 
Adams (1985) Index measur.· 

ment, not true 
inlrinalc permeabil-
ity, and can be 
influenced by 
mOlsture content of 
concrete, surface 
condition, etc . 

• 427 



• Test method Pnnclpal reterence Application Property assessed l Remarks 

Steel seNlceablhty and condition 

Halt-cell potentlal ASTM (1987f) Ali elements and Llkellhood of cor- Single-cell and 

mapplng Figg and Marsden structures roslon of IWo-cell methods 
(1985) relnforcement (and used wlth copper. 
ASTM (1983) possible rate) sllver reterenco 
Baker (1986) electrodes 

Requlros m-sltu 
callbralion 

Reslstlvlty ot cover Mannmg (1985) Ail elements and Electrlcal reslstance Four-probe mothod 
Vassle (1980) structures of cover concrote usod wlth olthor 
Flgg and Marsden omedded or sur-
(1985) tllce-contact olec-
Wenner (1915) trodes 

Mellsuremont ot 
cirCUit resistance 
may 111110 be 
vlliued 

• 428 



• 

• 

APPENDIX J 

COMMON LABORATORY TESTS FOR CONCRETE 

This informatIOn IS provided for reader interest and has been reproduced trom the following 

reference: 

Bell, G.R., ·Civil Engineering Investigation,· Forensic Engineering, Kenneth L. Carper editor, 

Elsevier, 1989, pp 190-232 . 
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• Test Reference (where applicable) 

Compound or mockup load tests 
Wood trusses ASTM E1080 
Wall, floor, and roof panels ASTM E72 
Shear resistance of framed wal1s ASTM E564 
Wlndow/wall assemblies ASTM E330 
Data reportmg ASTM E575 
Bearn flexural strength ASTM E529 
(see also Table 8.5) 

Concrete materials 
Cylinder compressive strength ASTM C873, C39 
Modulus of elastlclty ASTM C469, C215 
Thermal expansion ASTM C531 
Bond strength ASTM C234 
Tenslle strength ASTM C496 
Flexural strength ASTMC192,C42,C101B,C293,C78 
Diagonal shear strength 
Fatigue strength 
Fracture charactenstics 
Petrographie analysis ASTM C295 
Air content ASTM C457, C138, C231, C173 
Chemlcal analysis of cement ASTM C114 
Cement content ASTM C85 
Alkali reactivity ASTM C289 
Abrasion resistance ASTM C779, C944, C41 B 
Absorption ASTM C642 
Denslty ASTM C1040 

Metal matenals 
Tensile tests ASTM E8 
Charpy impact ASTME23,A370, E812,A673 
Hardness 
Compressive testlng ASTM E9 
Ductllity ASTM E290 
Acoustic emlssion ASTM E1139 
Metallography ASTME807,E7, E112,E2,E883 
Chemlcal tests ASTM E60, A751 
Corrosion ASTM E937 
Elongation ASTM E8 
Fatigue ASTM E647, E812, E468, E467, E466, 

E1150 
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• Test Reference (where applicable) 

Masonry matenals 
CompressIVe strength of Unlts ASTM E447, C67 
Pnsm strength ASTM C349, E447 
Flexural strength ASTM C1072, C348, C67 
Bond strength ASTM E518, C952 
Shnnkage ASTM C426 
Mortar strength 
Shear strength ASTM E519 
Thermal expansion ASTM C531 
Tenslle strength ASTM C1006 
Water absorption ASTM C67 
Efflorescence ASTM C67 
Freeze-thaw reslstance ASTM C67 
Petrography 
Mortar air content ASTM C1072 
Chemlcal resistance ASTM C279 

Wood matenals 
Compression strength ASTM 02555, 0143 
Flexural strength ASTM 01037, 0198 
Shear strength ASTM 01037, 0198 
Tenslle strength, modulus of rupture ASTM 02555 
Creep 
Shnnkage 
MOlsture content 
Ourabllity of adhesives ASTM 03434 

Weld inspection 
(see Table 8.5) 

Subsurface tests and non destructive 
weld testlng (see Table 8.5) 

Model tests 
Structural load tests Schreiver (1980) 
Boundary layer wind tunnel tests 

Water and air penetration 
Wlndow/wall air leakage ASTM E 283 
Wlndow/wall water leakage ASTM E 331, E 547, E1105, AAMA 501.3 

Scannlng electron mlcroscoplc examlnation 
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APPENDIX K 
TYPICAL RANGE OF DESIRABLE EPOXY RESIN PROPERTIES 

This information is provided for reader Interest and has been reproduced from the followlng 

references: 

Bean, D.L., "Epoxy-Resin Grouting of Cracks ln Concrete,· Miscellaneous Paper SL.85·18, U.S. 

Army Engineer Waterways Experiment Station, Vicksburg, MS, December 1985, 36 p. 

Mendis, P., "Commerical Applications and Property ReqUirements for Epoxies in Construction,· 

Repalrs of Concrete Structures - Assessments, Methods and Risks, SCM-21 (89), Amencan 

Concrete Institute, Detroit, Michigan, 1989 . 
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• Gel time, pot Ilfe: 25 min minimum at 73°F ASTM D2471-66T 

Compressive strength, 28 8,000 pSI minimum ASTM 0 695-80 
days: 

Tenslle strength: 4,000 pSI minimum ASTM 0 695-80 

Bond strength, 14 days 1,500-pSI minimum ASTM C 882-78 

Speclflc gravlty: Greater than 1 

Viscoslty: 500 cps maximum wlthout ASTM 0 2393-68 
fi 11er 

Modulus of elasticlty: 340,000 minimum 

Final cure (75 percent 2 days at 73°F 
ultimate strength): 

Coler: One component IS white; 
the other IS black; mixture 
of components is gray 

Welght per epoxlde: 160-278 ASTM 0 1652-67 

Container Sile: 1-pt or 1 -gal unlts 

Solvents or dlluents: Must be 100 percent 
reactlve, no nonreactive 
materials. 

Safety data: Must supply safety infor-
mation wlth matenals. 

Thelr typlcal properties are: 

a) Tenslle Strength 2000 pSI - 8000 psi 

b) Tenslle Elongation 1% - 35% 

c) Compressive Strength 6000 pSI - 14,000 psi 

d) Low Creep inches/inch 4.05 x 10 4 

f) Good dlmenslonal stability low shrinkage 0.05 in/In oF 

g) Versatlhty ln adJusting the rheologlcal properties of Viscoslties can vary from 
the grout 200 cps to gel consist-

ency 

h) Rapld Strength Development 14,000 psi in 24 hrs. 

1) Resistance to long term aging 

J) Resistance to the alkaline effect of cement and 
concrete 
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APPENDIX L 
CONCRETE AD MIXTURES SV CLASSIFICATION 

Kosmatka, S.H., Panarese, W.C., Design and Control of Concrete Mixtures, Portland Cement 

Association, Skokle, illinoIs, 13th edltion, 1988, 205 . 
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-- ----- --- - --,------- - M~-----------

__ Type ~~!!".tur! Oes"ed ellact 

Acceler .. tor~ Accelerata seno"9 and earty strenglt1 Calcium chlorlde (ASTM 098) 
(ASTM C 494 Type C) dev.'opment Trlathanolamlne sodium tt"ocyanale calcium lormate calcium 

nltnte calcium nitrate 
- ---- --------1--- - -- ------- ---

AI' t1alralners Oecfease .m content Tnbulyl phosphata dlbulyl phthalate oelyl alcohol watar-
onsoluble esters 01 carbonlC and boroe aeld, silicones --- - -- ---- f- ----------

Air entralnlng admlxtlJros Improve durablhty ln envoronments 01 Salts 01 wood resons (Vlnsol resln) 
(ASTM C260) Ireeze Ihaw, dOlcors, sulfate and al~ah Sorne synthe he detergents 

reacllvlty Salts of sulfonated hg non 
Improve wor~ablhty Salts of petroleum aClos 

Salts of protemaceous malarlal 

Fatty and reSlnous aClds and the" salts 
Alkylbenzene sulfonates 
Salts of sulfonated hydrocarbons ----

AI~ah-reac1lvlty reducers Reduce alkal, reactrvlty expanSion Pozzolans (lly ash sl"ca fume) blast-furnace slag, salis of hthlum 
and "aroum, a,,-entraonlng agents ---

Bondong admIX tures Increase bond strength Rubber polyvlnyl chlorlde polyvlnyl acetate acryhcs butadlane-
styrene copolymers ----------

Colonng agents Colored concrete Modlfoed carbon black oron oxode, phthalocyanone umbar, 

------ ----- --------- chromlum oxode, trtanlum oxode CObalt Illue (ASTM C 979_) ___ 

Corrosion Inhlbltors Reduce steel corrOSion actlvlty ln a CalCium mtrlte, sodium nltnte sodium benzoate, certain 
chlorlde envlronment phosphates or lIuoslhcates lIuoalumlnates -- - ---1-----

Dampprooflng admlXtures Retard mOlsture penetration Into dry Soap! of calCium or ammonium stearate or oleate 
concrete Butyl stearate 

---------1--
Petroleum products 

Flnely dlvlded minerai 
adm .. tures 

Cementlhous Hydrau"c propertles Ground granulat9d blast-furnace slag (AS1 M C 989) 
Partial cement replacement Natural cement • Hydrauhc hydrated hme (ASTM C 141) 

Pozlolans POlzolanlc actlvlty D,atomaceous earth, opahne cherts, clays, shales, volcanlc tulfs, 
Improve workablhty, plastlclty, sulfate pumlcltes(ASTM C6t8, Class N), lIy ash (ASTM C618, Classes F 
reslstance, reduce alkall reac1lvlty, and CI, slhca fume 
permeablilty, heat of hydratlon 
ParMI cement replacement 
Filler 

Pozzota",c and Same as cementltlOuS and pozlolan High calCium lIy ash tASTM C6t8, Class CI 
cennen IItlou s categones Ground granulated tlas! fumace slag (ASTM C 989) 

Nomlnally Inert Impro.e workabdlty Marble, dolomite, quartz, granita 
Filler 

Funglcldes, germicides, Inh.blt or control bleterlal and lu"gll Pctyhalogenated phenofs 
and Insecticides growth Oleldron emulslons 

Copper compounds 

Guformers Cause expansion bafore settlng Alumlnum powder 
Resln soap and vegetable or animai glue 
Sapan," 
Hydrohzed prote ln 

Groutmg agants Adlust graul propertl8S for speclilc See Aor-tontralnong admlxtures, Acceler.tors, Retarders, 
applications Worlcabtllty agents 

Permeablhly reducers Decreue permeabliity SIIIC4I lume 
Fly .sh(ASTM C618) 
Ground sl.g (ASTM C989) 
Nalur.1 pazzolans 
Water reducers 
Lat .. 

• 435 



'. 

• 

• 

Type of admlxture 

Pumpmg alds 

Aetarders (ASTM C 49", 
Type B) 

Superplasbclzers' 
(~TM C 1017, Type 1) 

Superplastlclzsr' and 
relarder ("STM G 1017, 
Type 2) 

Watsr reducer 
l''STM C 494, Type A) 

Watsr reducer and 
accelerator (ASTM G 494 
Type E) 

Waler raducar and 
retarder ("STM C 494, 
Type D) 

Water reducer-hlgh 
range (ASTM C 494, 
Type F) ______ 

water reducar-hlgh 
range-and retarder 
(ASTM C494, Type G) 

Workablilty ager.ts 

--------
Oestrsd elleet 

Improve pumpablilty 

Aetard setllng lime 

-
Flowmg concrete 
Aeduce watsr-cemsnt ratio 

Malellal 
---~---- --

Organle and s~nlhellc polymer3 
Orgamc !locculents 
OrganlC emuls.lons 01 parall,n coalla< .,,)nall a, ry\lr~ 
BenloOila and pyrogo",c slheas 
Naturalpolzolans(ASTM CôtB Clas,N) 
Fly ash IASTM C 618 Classe~ F and C) 

Hydra'tl.'!.~,!,_ey~~_!M C 141) 

Llgnln 
Bora. 
Sugars 
Tanallc aeld and salts 

Sutfonalad melam",e lormaldehyde eontlal1sal~~ 
Sulfonalad naphlhalono lormaldehyt1o c(lnden~dlo, 

_---I_Llgn()~"-I~o~~e~ 
Flowlng conerete wlth relarded set 
Aeduce water 

Aeduce water demand al least 50\, 

- ._---~- ---
Aeduce watar (minimum 5%) and 
accelerale set 

- -
Reduce waler (mlmmum 5%) and raI 
set 

---

See SuperplastlcllerS ana IIs.o Walsr r~tllIcoro; 

Lignosuilonates 
Hydro.ylaleô carbo.ylle aClds 
Carbohydrales 

(!'~() len~ 10 relar~ ~o,-~o aecelernlor 15 ollon adtlOlI) 

See Waler reoucor Type A (Ac~otornlor IS "o(lod) 

ard See Waler rooucer Type A 

Raduca water daman<! (minimum t 2 0 10 ) See SuperplasllcI2Brs 

1-=-- -- - --- -- ---
Reduce waler damand (minimum 12 
and retard sat 

Improve workabillty 

See Superplilslicilors and al~o Willer rodueers 

1 

Aif entral",ng admIXlures 
Flnoly dlvldeel JdmIXluras, e.rapl slllca '"me 
Waler reduters --- -----~ -----~- --------

·SUperpiISUC1Z.,.S are a)'SQ faterreo te as nlOh ,ang8 wlter reducers or plastlclzers These adml.lltufes otten meet both AS TM C 494 and C 1011 'p«dlClho". 
s.mult.neousty 
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APPENDIX M 
SPECIFICATIONS FOR PILE WRAPPING SYSTEM (RETROWRAP) 

This Information forms part of a pile encapsulation specification system developed by CATHODIC 

SYSTEMS, INC., and is provided for reader interest. 
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--- ----------------------

RETROWRAP PILE ENCAPSULATION SYSTEM 

SPECIFICATIONS 

Part 1 - Scope of Work 

1.1 The contractor shall furnlsh alliabor, matenals, tools and eqUipment necessary to Install 
a Retrowrap and Pile EncapsulatlOn System on piles as indlcated on the drawlngs and 
specifications. 

Part 2 - Materials 

2.1 Ali matenals for the pile encapsulatlon system shall be Retrowrap'" Pile Encapsulatlon 
System. 

2.2 Retrowrap shall meet the followlng specifications 

2.2.1 Outer Geo-Membrane 

Finish weight 

Tongue tear 

Adhesion (minimum) 

Adhesion (wet) 

Adhesion (dry) 

Strip tenslle 

Breaklng load 

Tear resistance 

2.2.2 Pultruded Stlffener 

Tensile strength 

Tensile modulus 

Flexural strength 

Flexural modulus 

Compressive strength 

Izod impact strength 

Water absorbtion 

Oensity 

6.50Z1Y0 

150/150/LBS 

12 LBS/IN 

80 LBS/FT 

107 LBS/FT 

380-400 LBS/IN 

2554 LBS/FT 

1008 LBS/FT 

120000 PSI 

6.5 x 106 PSI 

12000 PSI 

6.5 x 108 PSI 

70000 

40 LBS/IN 

.25% 

0.74 LBS/IN3 
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2.2.3 Inner Sealing Flap 

Nominal denslty 56-57 lbs. fe 

Tensile yield stress 4200 PSI 

Flexural strength 4800 PSI 

Flexural modulus 1.5 x 105 PSI 

Izod Import strength 7' lbs/in notch 

Tolling welght Impact 15 FT/LBS 
strength 

Hardness (Rockwell) R-89 

Hardness (Shore 0) 71 

2.2.4 Inner Geo-textile Membrane 

Welght 

Thlckness 

Tenslle strength 

Puncture strength 

Balloon burst strength 

Co-efficient of permeability 

Traplzold tear strength 

2.2.5 Bonding Agent 

Total sohds: 

Viscoslty: 

Specifie gravlty: 

Flash Point: 

Heat reaetlvation: (bath 
surfaces) 

2.2.6 Thixotropic Gel 

Specifie gravlty (water =1) 

801ling point/range (c) 

Freezlng/melting pOint (c) 

Vapor density at 20 c 

100Z/Y02 

100 MILS 

100 LBS 

160 LBS 

450 PSI 

0.30 CON/SEC 

145 LBS 

20 + 1% 

3500-4000 cps 

0.86 

-17°C 

85°C Surface temperature 

1.0 

> 200 

d.p.86 

<: 0.01 mm Hg 

439 
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2mm Sample 

ASTM 0785-62 

ASTM 1706-61 
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Miscibility wlth water 

Evaporation rate 

2.2.7. speclfied AddItIve 

2.2.8. Cable Ties 

Class 1 type 1 

Tensile strength 

Melting point 

Water absorbtion 

Brittleness 

Temperature 

Immlscible 

(Butyl acetate = 1) 

MIls 

250 LBS 

264°C 

1.3% 

-85°F 2.5% water content 

2.3 Oelivery, Storage and Handling 

23190E 

ASTM 0570 

2.3.1. Deliver ail materials to the job site in unopened packages bearing the manufacturer's 
name 

2.3.2. Ali materials shall be stored in a protected area at the sIte until ready for use. 

2.4 Submlttals 

2.4.1. Submit catalog cuts of ail materials proposed to be furnlshed. 

2.4.2. Submit to the Engineer SIX copies of manufacturer's prlnted scheduled start of work. 

Part 3 - Su. face Preparation 

3.1 For steel piles, insure that the substrate has been prepared in accordance with the 
standards of the Steel Structures PaInting Councll (SSPC) 

3.1.1. SSPC-SP2 Hand tool cleanlng 

3.1.2. SSPC-SP::\ Power tool cleaning 

3.2 For concrete piles, this cleaning specification merely calls for minimal surface preparation 
that rem oves loose materlal and marine growth ta provlde a sound surface. 

Part 4 - Installation Procedure 

4.1 Insure that the pile surface wlthin the area to receive the Retrowrap has baen properly 
cleaned. 

4.2 Attach the polypropylene inner sealing flap to the plie insurmg that Il runs parallal to the 
axis of the pile and apply pressure such that the flap adheres ta the surface. 

4.3 With the cable tles ln positIon around one stiffener, attach the wrap to the pile Insunng 
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4.4 

4.5 

4.6 

4.7 

4.7.1. 

4.8 

4.9 

that the stlffeners run parallel to the inner flap and that the central axis of the flap is 
equidistant from both stlffeners. 

Feed the leadlng edge of ail cable ties through the vacant hales of the adjacent stiffener 
and sacure ln the normal way. 

Recheck the allgnment of both wrap and flap to Insure that they are ln the desired 
position and correct orientation. 

Place cahpers across the stiffeners and sequentially JO stages to insure that the stlffeners 
are brought together in parallel over the inner flap. 

Tighten ail calipers across the stiffeners and sequentially in stages to insure that the 
stlffeners are brought together in parallel over the inner flap. 

While Retrowrap umts are deslgned so that the specified tensions may be achieved by 
use of hand tools only, the Installation of the unJts may be facilitated by use of air 
powered wrenches. Additional care should be taken when using air powered wrenches 
due to the speed at which they operate, to Insure that no individual boit is drawn too 
qUlckly and that the stiffeners are pulled together ln parallel. 

Continue to tighten calipers until m8lumum travel has been aehieved. Pull ail cable ties 
until tlght and secure. 

Remove ail cahper unlts and eut off ends of cable ties. 

Part 5 - Quahty Assurance 

5.1 The Contractor shall provide and pay for the services of a qualified technieal representa
tlve of the manufacturer ta supervise the installation of the pile wrapping system. 

5.2 The representatlve shall be eompletely competent in ail respects with the material and ail 
eqUlpment necessary to install It properly. The representative shall be responslble to: 

5.2.1. Be present until such time that the contractor is knowledgeable and comfortable with ail 
phases of the Installation. 

5.2.2. Advise the Englneer and the Contractor that the correct installation method IS being 
followed. 

5.2.3. Certify to the Engineer that ail materials being used are ln accordance with the company's 
requirements. 

5.2.4. Train asslgned personnel in the correct methods of installation. 

5.2.5. Certify to the Engineer that the material has been Installed eorrectly, after installation 
procedures have been completed . 
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