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UIDELINES FOR CORROSION PREVENTION, MONITQRm
REMEDIAL MEASURES FOR CONCRETE BRIDGE STRUCTU

1. INTRODUCTION

1. The Gundelmes for Corrosion Prevention, Monitoring and Remedial Measurc;s foé L
tructures has been under the consideration of the Maintenance and Rehabiliation Comrmtteq o
2004. The draft as prepared by Maintenance and Rehabiliation Committee (B-8) was dnscus gg

ber of meetings. §

1.2. The Maintenance and Rehabilitation Commiittee (B-8) (personnel given below) in its maeting
3,2.2008 has finalized the “Guidelines for Corrosion Prevention, Monitoring and Remedial Measures
rete Bridge Structures” and recommended for its placement before through Bridges Specifications

andards Committee and Council.

"Narain A.D. Convenor
Manjure PY.- : Co-Convenor
"handavan K.B. ' Member-Secretary

Members
- :Agarwal, M.K. | - Kumar, Vijay
Mehra, R.K.
Nirmal, S.K.
_ Rao, Subba Harshavardhan, Dr.
'George, Yacub Mohan Reddi, S.A.
Jaigopal, R.X. Sinha, N.K
o, Joglekar, S.G. . Sharma, D.D.
b Kanhere, D.K., Velayutham, V.
Kaushik, S.K., Prof. , The Superintending Engineer, MOSRT&H
Koshi, Ninan ' The Addl. Director General, DGBR

Rep. of CECRI Karaikudi (Tamilnadu)

Corresponding Members
' Tandon, Mahesh, Prof. ' | Smt. Sreedevi, B.G
~ Merani, N.V. Rao, D.Venkateshwar, Dr.
Ex-officio Members
President, IRC - DG(RD), MOSRT&H
Secretary General, [RC

'1.3.  The draft document was approved by the Bridges Spcifications and Standards Commitiee
‘meeting held on 29.3.2008, and the Executive Committee in its meeting held on 11.4.2008 and
jorized Secretary General, IRC to place the same before Council. The document was approved by the
Councll in its 185" meeting held on 11.4.2008, at Aizawl (Mizoram) for printing subject to incorporation
pPme comments offergd by the Council members.
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fid Structural en gineers have been confronted with the problem of corrosion. The problem is
dut to use of composite materials such as reinforced concrete, pre-stressed concrete combined

with extensive use of steel.

» - __The process of corrosion is being studied scientifically by the specialists over many years. Engineers
antling ¢ivil structures have to deal with this problem based on experiences gained in as much as repairs

- MB¥rhiktures and prevention of corrosion are concerned. It has now become imperative that this phenomenon
5t &oitosion is well understood by the engineers who should also be equipped with measures for prevention
. :‘énd remedial actions so as to choose the most appropriate and effective measure suitable for a particular
' g.;;-;j_tgggion. With this objective, these guidelines have been prepared, '

“ _' ‘All concrete with embedded steel and steel structures are affected by corrosion. In this guideline,

considered. Depending upon the type of material, the slrﬁctura] system and environment of the bridge, different
types of corrosion takes place. Various factors and situations which promote and propagate this phenomenon
are brought out.

Bridges need to be protected from the onslaught of corrosion. Protective measures are therefore
necessary to be adopted.

During the course of service life of the bridge, it becomes necessary to know the state of its health
with regard to corrosion and as such, monitoring methods are also described. Inspite of all these controls
and preventive strategies, if any bridge is affected by corrosion, the techniques that need to be adopted
are elucidated in this guideline.

2. SCOPE

This document deals with the guidelines on corrosion prevention, monitoring and remedial measures
for concrete road brid ges. Relevant IRC documents may be referred for assessing of strength, retrofitting -
etc. of structure. :

The provisions of these guidelines are meant to serve as a guide to the design and construction
engineers, but mere compliance with the provisions stipulated herein will not relieve them in any way of their
responsibility for the safety and functional performance of the structures. These guidelines limit themselves to
the areas of direct relevance to the corrections needed in the basic approach.

I u_;\_/_ar.-i_gu_a Buidelines and specifications given are indicative, Actual requirement of proprietary items,
%.};wl@'!ﬁluségl_i depends.upon the patented design and specifications of manufacturers,

L':'-‘:?-‘;bfl-'l.';:.1‘.‘.3‘\:?'£’_'.-‘?:‘f‘5§‘.'§'!§. AU b . .

aoingsee- gt the scope of this guideline shall cover the following aspects of corrosion:

. Corrosign of Steel and deterioration of Concrete

2
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Alroressive Environment

sésnvestigation and Assessment

exple
a@,,«,l?,enledlal Measures and Repairs

3. CORROSION OF STEEL

effnition

e

gn is defined as the “destruction or deterioration of materials in environments to which they are
iils-and their composites (alioys) corrode at different rates, or not corrode at all depending on the

"'hemical properties of materials with respect to their environment.

\ rall sense under normal conditions, various metals and their naturally found compounds have
tates. The naturally occurring pure metals like gold and platinum are stable on their own and are
etals. Iron (Fe) on the other hand, is not naturally stable and achieves stability in the form of

_ g{{ §10n is an electro-chemical process, in which corrosion-cells are set-up locally between the
'undmg material. Fig. 3.1 shows schematically the corrosion cell with anode and cathode, on
mforcmg bar, the bar itself providing electrical continuity for flow of electrons, and the charged
w through electrically conducive surrounding (i.e. electrolyte). The explanation given below

un*ents and potentials is self-explanatory and simple to follow.
RN

fiof concrete, concentration of oxygen, acidity/alkalinity levels (pH), presence of chlorides etc.
rent mlcro~env1ronments can change potential of steel with reference to thc electrolytc

5y lcal example is seen in Fig. 3.2 where at a construction joint in concretc of a watel: [etammg
hange in quality of concrete takes place due to leaching-and corrosion. Anode is set~up causmg
www.coachingtrendsetters.com
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'steel eaten away. [Note: This figure also explains the observed high level of corrosion at
foints with loss of section for steel].

CORROSION OF STEEL IN CONCRETE

| CORROSION CELL

(1) N ANOOR | @A CATHOODE _

{3) ELECTRICAL CONTNUITY DETWEEN "ANODES* AND CATHODES®

#4) ELECTROLYTIC CONTIMATY BETWEEN moosr AND -mrmou-
AT, Eouy mmm

lm-_j - Iy = 1 e -
WHERE foay = mmmmrmsrn _
la ' = ANCOKG CURRENT DENBITY. . -
g = -_-'._caumecmmomsm :
N .
WHERE Ey = OPEN GIRCUIT POTENTIAL OF ANCOE

Eg - '_-prmcmuwmopcam o
R.IB' - nﬂmmswmmmm .
CURRENT PATH. -

Fig. 3.1: Corrosion Cell

' m\;éermmmcom'
LARGE VOLUMES §PLIT COVER
MRGHONS. OF GONCRETE. EASHIR

(b} EMTNE VOLUM@ OF _PRODUCTS OF CGRROS ION

i Fig, 3.2 : Showing Corrosion
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"I;hc metallurgical phenomena are more complex. In simple terms, it can be stated that different
gical history along the same bar (different levels of cold working or changes in types of local impurities

fidterial and such factory), introduce heterogeneity in materials, which can and does cause different
i potentials on the same bar. This phenomenon is called a ‘local cell theory’.

More complex theories assuming randomly shifting sites of cathode and anode on steel surfaces are
pd to explain corrosion of ultra-pure homogenous materials and more or less uniformly observed
yeric corrosion. However, these details are not of much interest to stmctural engmcers, who mostly
i orry about the phenomena of local cell theory. :

e calculation of rate of corrosion is based on the calculation of corrosion current/corr. This is

in terms of current density per surface area of steel iron (Amp/cmz) The civil/structural engineers

onversant with the alternative method of expneSsmg cumulath loss of me,tal (i.e. S Fe*) passmg in
in given period of time, i.e. mills /year, ctc unﬂyaarbrn{ -i.-‘;- : n‘;grnl‘qcn:n2 fday "

g.3.2(b) shows the relative volumes occupled by iron and its oxidcs (t:btrosmn products), Which

Axide will form depends upon the surrounding and the amount of available oxygen. The extensive

n concrete, peeling off of cover regions in slabs results from the | Splltl’lhg pressure exerted by
volume of corrosion product on surrounding concrete.

3. Other Types of Corrosnon o

Tthough all corrosions are basxcally clectro-chenucal in nature and follow the mechanism described
ractice, various names are given to the corrosion phenomena depending upon the circumstances
takes place or depending on the immediately apparent causative situation, or type and place.
pes, which are of interest to structural engineers, are briefly described in this section.

1. Uniform corrosion and localized corrosion

se terms indicate more or less uniform overall corrosion like atmospheric corrosion of exposed
blocalized corrosion caused by pitting corrosion at one location compared to the rest of steel is
avy. Localized corrosion is of greater concern to structural engineers, since it will lead to local loss
and local fracture of steel reinforcement, which may lead to substantial loss of stren gth local
nd eventual failure of the structure,

. Galvanic or bi-metal corrosion

Eqn two different metals are in physical contact, the metal less noble in electro-chemical series
ccelerated corrosion, e.g. in steel-alurninium contact, aluminium corrodes. Here, steel is cathodic

3. Crevice corrosion

is noticed in steel structures at lap joints, bolts, rivets etc., where in the crevices formed, local
of dirt/dust, salgs, water etc., takes place. This forms highly conductive and sometimes aggressive
onment leading to localized corrosion and failure of connection.

www.coachingtrendsetters.com
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s s fo ation of highly localized corrosion leading to eventual loss of section/hole formation in
ot _rW1sé ’un—attackcd or mildly attacked surface. The reasons for pit formation are the same as those of
_"c;rewce corrosion. Physical ‘pit’ formation (i.e. depression) is noticed earliest only by localized bugle or by
&}]mgaway of corroded grains and physical roughness (depressjon) created by the same. In this process,
.. the-carrosion proceeds within the pit due to properties of surface steel on the pit being different from inner
- material. Also, corrosion between pits (inter-granular corrosion) proceeds along the grain boundaries,
separating the grains due to loca\lj\uzed stress concentration. -

3.3.5, Ex-foliation

~ Inthis type, the corrosion process starting at the surface penetrates locally inside the body of the
metaf and then spreads laterally. The swelling pressure by high volume corrosion products builds up thus
separating the sound metallic layers, External mamfestatlons are the flaky or blistered surface. On edges,
separation layers can be observed.

3.3.6. Stress corrosion cracking

Simultaneous action of high level of stress and corrosive micro-environment lead to faster rate of corrosion
than that of unstressed or lightly stressed material in similar environment. Cracks formed this way often exhibit
tendency to branch. This behaviour can be ascribed to crack propagation mechanics arising from local
concentration of stress at the tip of the existing cracks (a fracture mechanism due to stress raising effect).

3.3.7. Hydrogen embrittlement

Under certain circumstances charged hydrogen ion in electrolyte is picked up by metal (i.e. hydrogen
atom dissolves in metal crystalline structure of metal in localized defects), where atomic hydrogen combines
to form hydrogen gas (H,), which occupies a larger volume. If accumulated to sufficiently larger extent, it

causes internal pressure and leads to local bursting failure. This was a serious matter few decades ago for

pre-stressing steels; but is no longer the case for those steels deploying modern methods of production.
3.4, Factors Initiating and Progressing Corrosion

3.4.1. Behaviour of steel in ‘Ideal’ concrete

. Foran ‘ideal’ concrete, affording the best— almost non-corroding, - micro-environment for embedding
steel nwd to have the following characteristics. The significance of these will be obvious, if its role as electrolyte
in'thé mechamsm of electro-chemical cell together with the behaviour of steel as understood from Pourbaix
&“i’%g’ram is kept ih view.

_(a) Maintain high alkalinity (pH > 12). This will retain the passivation film on steel.

__ (!:2!| . ﬂngh electncal remstance, which will directly reduce corrosion currcnt /corr (i.e. corrosion at anode).
v u EE T AT R

e ) mmmmll‘w moisture contents, which will increase resistivity, change characteristics of electrolyte
for better.
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(d) Highdensity, low pbrosity, which will make penetration of harmful elements from outside difficyl,

{e) Almost crack free internal structure, which will have the same effect as (d) above, However, this
requirement is fundamentally in contradiction with the structural behaviour of RCC. This may be
achievable for pre-stressed concrete to a larger extent. However, the crack widths not wider than
0.2 mm width are known to have acceptable performance in controlling corrosion.

3.4.2. Effect of presence of oxygen

Oxygen plays an important role in setting up corrosion cells, Differential concentration of oxygenis
. caused by change in permeability, cracks, difference in depth of cover etc.. Areas with higher level of oxygen
become ‘cathodic’ and those with relatively lower levels become ‘anodic’.

3.4.3._ Effect of water/moisture

This is the most important single factor. Water takes part in the chemical reactions. The conductivity
of electrolyte is also mostly due to water and water-salt mixtures. The quality of original mixing water itselfis
substantially reduced in hardening process and only small amount is left, which is well-held in pores. However,
the externally penetrating moisture and water circulates freely, taking with it the harmful elements and setting
up corrosion cells. : ’

3.4.4. Effect of chlorides

This is the best known and most feared contaminant. The fear is well founded arising out of number of

collapses, serious reduction in life, damages observed in structures and costly repairs of structures situated in

‘marine environment. Ports, bridges over creeks, on-shore structures within few hundred meters of sea are
thus affected.

The reason for such widespread and incessant attack will be obvious, if one looks at the chemical
reactions involved, shown in (i) and (ii) below:

(i) Without oxygen at Anode:

Fe +2CI+ — (Fe** +2Cl + 2¢ followed by

Fe** +2Cl)+2H,0 — Fe(OH), + 2H* +2C1
(ii) In presence of Oxygen:

6(Fe** +2CI)+ 0, +6H,0 — 2Fe,0, +12H* +12C1

Note the most important product on riglit-hand side of the reactions (i} and (ii). The ‘CI’ has been
pleased back in the micro-environment, It has acted as a catalyst in attacking and corroding iron, and free to
‘again and again. Chlorine has other effects too: . . ,

x: :{2) Chlorine jons break down passivating film in Zone-2 of Pourbaix diagram. .
; (b) External pendgration causes differential concentrations and set up micro-cells. :
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Presence of salts (sodium and magnesium chlorides) in water increases its electrical conductivity.

ach chlorine can be tolerated? The experts differ. But, general observations indicate that:

. D Ongmal chioride contents in concrete mix are eventy distributed and contribute less to cotrosion
than externally penetrating C1. This is partially due to the fact that some of the chlorine is chemicall

bound and does not release ions of chlorine easily. '

_ (2) Inpresenceof 6xygen. critical chlorides as low as 700 ppm (0.07%) cause corrosion. In absence
din - if oxygen, the tolerance is raised to about four times of this value (0.3%} depending upon the
potential of steel.

3.4.5. Sulphates

Sulphates on their own do not cause corrosion, Their presence in electrolyte makes it more acidic
(lowered pH) and more conductive. However, SH ion has effect on pre-stressing steel (ref. Section 4.1.3)

| 3.4.6. Other chemical elements and environments

Various other chemicals have their own effects on steel and steel-concrete micro-environments. These
are, however, comparatively rarely met in special environments and reference is made to the specialist literature
for understanding their effects and protective treatment. The Reynolds Handbook and the Handbook on

_Corrosion by the Electro Chemical Society of India can be the starting points of referencing.

The industries connected with Petrochemical, Fertilizers or any of the acidic products are the typical
examples. Some of the environments created by presence of micro-biological life are known to lead to
corrosive micro-environment. ‘

3.5. Corrosion of Pre-Stressing Steel
3.5.1. General

The discussions presented in earlier sections remain valid for pre-stressing steel also. However, pre-
stressing steel is more sensitive to corrosion than normal reinforcing steel for several reasons. These are:

(a)  Pre-stressing steel wires and strands made of wires are of smaller size varying between 3 mm to
8 mm dia. Any film of corrosion reduces the radius and the area of sound core of steel, very
severely and therefore, leads to rapid loss of strength. :

(b} Additional mechanism (than those listed in Section 3), which is less severe for un-tensioned
steel, becomes operative.

These include:
()  Inter-crystalline stress corrosion.
(i) Hydrogen embrittlerent.

(iii) Congparatively severe effects of sulphur.
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(iv) Metallurgical factors depending upon direction of crystalline arrangements.
(Pﬂf) Susceptibility to corrosion in all four zones of Pourbaix diagram.

These factors and their level of severity are discussed below.
'. '3.5.2, Pitting corrosion

) .-_«'I‘his s pitting corrosion as in case of un-tensional steel. The loss of area due to depth of pits and
concentrations at edges of pits both have more severe consequence due to the originally small diameter
ghfj'év:el' of average normal stress (local stress concentration effect).

3.5.3. Stress corrosion (leading to brittle failure)

o he simultaneous effect of corrosive environment and high level of stress in the steel lcads to faster
ore severe corrosion. This combined attack is called as stress-corrosion. The risk of stress corrosion
83 at stress level above 60 — 65% of UTS of presently manufactured steel.

'l:"-héicbrrosion attack once initiated extends along the grain boundaries resulting in higher mechanical
$ coneentration and further crack propagation.

me steels produced by hot tempering and quenching are having Bainites and Sorbites, which have
f?aﬁ’oi'iegqtation that the propagation of cracks inside the steel is perpendicular to surface and hence more
8. &iving rise to brittle failure. The cold worked steels are better placed where pearelitic steel have
i therefore less severe crack directions.

& Al

kLY ygrbgen embrittlement
gmodern cold work steels are not susceptible for this type of failure. It is however, interesting to
hanism.

= Hydrogen is released near the steel surface by cathodic reaction. Also, if zinc is present (galvanized elements
mqggs) itreacts with Ca (OH), and liberates hydrogen. Also sulphur in the form of SH prevents re-
generated cathodic hydrogen and it then penetrates into steel along gain boundaries or cavities.

jal side the cavities ‘H’ combines to form H, (Hydrogen gas) which needs larger volume. This builds-
; dc cavities leading to stresses and crack progression, eventually causing brittle failure (hydrogen

fing to Fig. 3.3 Zone - 3 is shown as the immunity zone for normal steel. Zone-2 is relatively

f0.passivation of steel. Zone-4 is protective or susceptible depending upon the mechanical
assivation film. For pre-stressing steels, in Zone-2, the stable film of Fe,O, may get broken by
de; leading to pitting corrosion. In Zone-3, the cathodic reaction may liberate atomic hydrogen
'w‘u f the; same may lead to hydrogen embrittlement. Zone-4 may lead to formation of Fe O,, but
0re’sensitive to loss of area due to small diameters of steel. Hence, in all zones of Pourbaix
b8ing steeFhas its susceptibilities.
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Fig. 3.3: Pourbaix Dlagram Corrosion of Pre-stressing Steel

3.6. Structural Steel Members (without Concrete Surround)
3.6.1. General

The process of corrosion as is applicable to iron/steel is the same as that described in earlier Sections
viz. the thermo-dynamical and the electrochemical concepts are valid. However, traditionally, steel structures
exposed to environments are protected by coatings of various types and it is difficult to visualize the formation
of electrochemical cell in the absence of obviously seen electrolyte. It is useful to remember that —

(a) Formation of cathodes/anodes on the same steel member is caused in similar way as those
mentioned for embedded steel.

(b) Presence of dust, vapours, wet surfaces, liquids with low acidity levels (CO, + Water), and
salt spray, sulphates in water etc., provide the conducting film of electrolyte needed for
completion of cell formation, and hence to corrosion.

(c) Break-down of protective paint/other passivating membranes happens due to mechanical
damage and chemical attack.

(d) The structural members do have unprotected areas such as rivet/bolt holes although in case
of hot driven rivets, the holes are ﬁlled up more tightly as compared to bolt holes.

(e) Welded members are not always ‘sealed’ by seat-welding all around the contact faces of
two members. The contact surfaces can hold moisture/water and salts carried by water.

(f}' Phenomena of stress dependent corrosion exist locally due to high level of locked-in stresses

- in welded arislmembcrs and bearing areas of rivets/bolts. It is well to remember that the
average or ‘Permitted’ design stress levels are only notional and steel has many areas of
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lock-up internal stresses arising from various sources which when combined with externally
imposed stress leads to local areas of high level of stresses.

(g) Basic in-built resistance to corrosion is different for different types of steel. Also in iron/steel
structures, the main external causes of corrosion have different hierarchy than the reinforcing/

pre-stressing steel.

4. DETERIORATION OF CONCRETE

4.1. Phenomenon of Deterioration of Concrete

During its service life, concrete is exposed to several aggressive elements which contribute to the
deterioration process. Some such important elements are given below:

e Apggressive Chemicals

e Alkali Aggregate Reaction
o Sulphate Attack

» Cavitation

s Abrasion

e Chloride Penetration

o Carbonation

Due to the attack of these elements, the process of deterioration in concrete sets in and it results into
following distresses:

e Cracking and spalling

¢ Dissolution of concrete constituents

e Changes in mechanical properties

¢ Expansive volume change causing Splitting of concrete
4.1.1, Exposure to aggressive chemicals

Certain chemicals in solution will attack various constituents of concrete and can be categorized as
under:

e Inorganic Acids
e Organic Acids
e Alkaline Solutions
e Salt Solutions
e Miscellaneous _
1

11
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- Acid attack in concrete is the reaction between the acid and the calcium hydroxide of the hydrated
Portland cement. The reaction produces water soluble calcium compounds which are leached away. When
do_lo_rrjlite or limestone aggregates are used, the acid may dissolve them.

4,12, Alkali Aggregate Reactions

Alkali-aggregate reactions (AAR) may create expansion and severe cracking of concrete structures.
The mechanisms that cause alkali aggregate reactions are not fully understood. What is known about this type of
reaction is that certain aggregates such as reactive forms of silica react with potassium, sodium and calcium
hydroxide from the cement and form a gel around the reacting aggregates. When the gel around the aggregate is
exposed to moisture, it expands, creating forces that cause tension cracks to form around the aggregate.

Concrete undergoing AAR exhibits tell-tale signs of surface map cracking on exposed surfaces. Once
the cracking has formed, more moisture penetrates the concrete, accelerating the AAR. Typical cracks are
shown in Fig. 4.1 below.

Ll LA e v — -

.- +
-

Fig. 4.1 : Typical Crack

The AAR may go unrecognized for some period of time, possibly years before associated severe
distress will develop. Usually testing for the presence of AAR is conducted by petrographic examination of
concrete and/or concrete bar expansion test. Recently, a new method is evolved in USA in which uranyl

-acetate fluorescence technique is used. This method would be fast and economical when full y developed.

4.1.3. Sulphate attack

The presence of soluble sulphates (principally those of sodium, calcium and magnesium) is common
in areas of mining operations, chemical and paper mill industries. Sodium and calcium are the most common
sulphates in soils, water and industrial processes. Magnetic sulphates are less common but more destructive.
Soils or water containing th%se sulphates are often called “alkali” soils or water.

12
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f

All sulphates are potentially harmful to concrete, They react chemically with cement pastes hydrated lime
and hydrated calcium aluminates. As a result surface scaling and disintegration set in followed by mass deterioration.

Surface resistance of the concrete is improved by a reduction in water cement ratio and adequate
cement factor with a low tri-calcium aluminate and with proper air entertainment. With proper proportioning,
silica fume (micro-silica) fly-ash and ground slag generally improve the resistance of concrete to sulphate
attack, primarily by reducing the amount of reactive elements (such as calcium) needed for sulphate reactions.

The effect of sulphate on concrete is diagrammatically shown in Fig. 4.2 given below:

I . Etiringite and gypsum axpaﬁd.
disintegrating the cement

matrix, —

Fig. 4.2 : Effect of Sulfphate on Concrete

4.1.4. Cavitation

Cavitation causes erosion of concrete surfaces resulting from the collapse of vapour bubbles formed
by pressure changes within a high velocity water flow. When vapour bubbles form, they flow downstream
with the water. When they enter a region of higher pressure, they collapse (implode) with great impact. The
formation of vapour bubbles and their subsequent collapse is called cavitation. The energy released upon
their collapse causes ‘cavitation damage’. Cavities are formed near curves and offsets at the centre of vortices.
Cavitation damage results in the erosion of cement matrix leaving harder aggregates in place. At higher
velocities, the forces of cavitation may be great enough to wear away large quantities of concrete.

4.1.5, Abrasion

Abrasion is the wearing away of the surface by rubbing and friction. Generally the surface is uniformty
worn away including the cement matrix and aggregates. Factors affecting abrasion resistance include ~
compression strength, aggregate properties, finishing methods and curing.

4.1.6. Chloride penetration

Chloride gets introduced into concrete by contact with environment containing chlorides such as sea
water. Penetration of chlog"ides starts at the surface and then moves inwards. Penetration is a slow process

13
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¢ guauon of chlorides in contact with rebars will cause corrosion, when moisture and oxygen are
; As the corrosion product builds up, tensile forces generated by expansion of the oxide cause the
| éﬁﬁmte: torerack. Concentration of chlorides nccessary to promote corrosion, among other factors is greatly

laffécted by concrete pH.
o 4.1.7, Carbonation

Carbonation of concrete is a reaction between acidic gases in the atmosphere and the products of
cement hydration. Normal air contains carbon-dioxide (CO,) in relatively low concentrations (0.03%). The
level of carbon-dioxide penetrates into the pores of concrete by diffusion and reacts with the calcium hydroxide
dissolved in the pre water. As a result of this reaction, the alkalinity of the concrete is reduced a pH value of
about 10 and consequently concrete protection of the reinforcing steel is lost. The passivity of the protective
layer on steel is destroyed. When steel is de-passivated and the environment is acidic or mildly alkaline,
corrosion begins if moisture and oxygen gain access into the concrete.

5. CORROSION CONTROL METHODS

Corrosion in bridge structures can be prevented by controlling various aspects of design, detailing
and construction methods. It is also necessary to draw suitable specifications of materials including testing
with acceptance/rejection criteria, which will have inherent features to take care of corrosion problems. At
construction stage, methodology for construction, quality assurance for materials and products will have
bearing on this process and will need to be controlled.

5.1. Design Stage

u

Following points shall be considered at this stage:

¢ Depth of the cover over the reinforcement should be minimum as given in Table 5.1. Wherever
possible, it may be increased suitably.

¢ Crack width should be controlled and kept to the minimum. Provisions given in Table 5.1 as per
IRC:21, strive to achieve it by controlling the bar diameters and spacing. Alternatively, crack widths
as calculated by formulae given in Appendix—I and IRC: 21 are recommended for achieving the
same. It will be generally applicable to RC members and non pre-stressed members. For elements
where crack width cannot be calculated, it should be controlled by using well distributed steel not
exceeding spacing of 200 mm dia. In pre-stressed concrete members also, this early age shrinkage
and thermal cracks should be controlled by minimum level of reinforcement similarly placed at not
greater than 200 mm spacing.

¢ Minimum Expansion Joints: Joints are sources of leakage and as such these should be as minimum
as possible. Continuous decking would be preferable wherever it is feasible, Traditionally most commeon
form of construction for concrete bridges entails simply supported span where a joint is used at each
end. These can be reduced by using deck continuity while designing and detailing. Continuous decks
reduce number of joints.

. Pre-cast Cor@truction: Generally control on quality of construction is better when members are
14
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pre-cast as compared to cast-in-situ construction. Wherever feasible pre-cast. construction would
be preferable in this context.

e Minimum number of bearings.

» Integral structure : This has inherent advantages of havin

. g jointless Structure with rcduccd or
no ingress of water, '

5.2, Detailing of Bridge Components

There are certain locations as mentioned below, which are vulne

_ rable to corrogi d need to be
designed and detailed out properly. ostonan

¢ End diaphragms under leaking expansion joints: In new constructions leak-proof expansion
joints should be provided. In case of old bridges, the joints should pe 're,placed or modified 10
take care of leakage.

¢ Pierand pier cap tops should be sloped gently to prevent Ponding of watey.

» Bridge decks: Waterproofing membrane should be prc;\{ided below the wearing coat.
¢ Portions of pier and abutment in close proximity of the road surface,

. Splash zones of substructure where alternate dry and wet coﬁditions prevail.

e Cable tendons, ducts and anchorages should be protected b
permit easy flow of concrete. Use of HDPE carrugated sh
HTS from external penetration of chlorides and sulphates,

Y Brouting. Detajling to be such 85 '
cathing is preferable for protectio? of

e Beurings and Appurtenances should be prbvidcd in such a way
replace them as required. Drainage spouts shall be such ag to
.component of the bridge.

that it is possible to inspect and
avoid spilling of water on 81

¢ Cables (Pre-stressing): The cables should not be terminated

at the deck ching of
cables should be avoided. level. Bun L

a0
< j

5.3. Materials

5.3.1. Concrete

It is the best known material to the bridge engineers and should s
fight against corrosion. Good concrete practices should be adhered to,
embedded steel, it is necessary to have proper thickness of concrete Cover that is well co
impermeable. The durability of concrete depends on its composition, strength_ Properties of its
and how it is cast, compacted and cured. High resistance of the concrete cover to the penetratiois
elements through the mechanlsm of penncation,_diffusion, absorption and capmug adtiGh]
cormosion. S e sk oy

CIve as a first line of defe
In order to avoid co
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$.3.2. Cement and mineral admixtures

S abteot _()fdinéry Portland cement in sufficient quantity (kg/m®} and low water-cement ratio provide adequate

g o ‘pH’ value and dense concrete mix is needed to achieve corrosion resistance in normal conditions. However,

- addition of mineral admixtures to the OPC enhances durability parameters. Such additions can be by way of
fly'ash,silica fumes and ground granulated blast furnace slag (GGBS). It mostly decreases the permeability of
. the concrete. Such addition also results in less cement paste and as such less shrinkage and cracking. Addition
\ b"f'_é'i'lica would increase shrinkage; cracks, further ice curing or other comparable methods may be made
‘mandatory. Replacing suitable percentage of OPC with GGBS reduces the diffusion of chloride ions bya
_ .f%f_for of 10. Partial/full reduction of cement if not felt necessary may be avoided. It is also shown that proper
‘curing practice alone can improve performance in terms of rebar corrosion by a factor of 12.2.

5.3.3. Coarse and fine aggregates

The provisions specified for these materials in 1S:383-1995 and IS:456-2000 are adequate and
should be respected. The possibility of alkali-aggregate reaction should be investigated and if needed, suitable
precautions should be taken.

5.3.4. Steel

For reinforcement, steel bars normally used are as follows:

¢ Mild Steel & High Yield Strength Deformed (HYSD) bars conforming to I1S:432 & 1786. Methods
of thermo-mechanical treatment and cold drawing, rolling or twisting (alone or combined) are

permitted processes under IS:1786. "
e Stainless Steel
e Pre-stressed steel

The rebars can be coated by suitable coating system as an additional safety against corrosion, Use of galvanized
steel will also give good corrosion resistance. The details of such coating systems are given in Chapter 6.

5.3.5, Water

Water used shall not contain oil, acids, alkalis, sugar and organic materials which may be deleterious to
concrete and steel and shall generally conform to provisions contained in IRC:21-2000 I8:3025 and IS:456.

5.3.6. Chemical admixtures

Chemical admixtures used to control w/c ratio and achieve desired workability should be conforming
to relevant IS Codes. Compatibility of these admixtures with cement being used in the work needs to be
established on each change of source of cement. The control dosage is very important and suitable quality
controi checks for ensuring consistently uniform properties of approved admixture are needed.

' Concrete Pe.hi:_trati_ g corrosion inhibitors are one of the patented items for which generic specifications

are not avai_lable.Hq_wev %, these are being used in concrete in new construction and claim that they helpin
combating corrosion of steel in concrete. The Employer may use such a system after satisfying oneself about

i6
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its adequacy, criteria for acceptance for both material and process control and final products. In this regard
reference could be made to the tests prescribed in ASTM-G-109. However, all such products should
necessarily be used with a performance guarantee of at lest 5 years.

5.4. Construction Specifications
It should cover various aspects as mennoned bélow:

Concrete: Adense mix of concrete shouid be used with specified minimum quantity of cement. High-
grades of concrete should be used with admixtures such as super-plasticizers and mineral admixtures
such as fly ash, silica fumes and slags as generally described in Table 5.2,

Water Cement Ratio: It shall 'I:;Veafﬁﬂ adequate to ensure desired workability and placing conditions.
Use of chemical admixtures 0t reducing w/c ratio is recommended. |

Permeability: Concrete stiould not be permeable to allow ingress of water, oxygen, carbon dioxide,
chloride, sulphates and other potentially deleterious substances. Required impermeability can be
achieved by optimum ccmef_lf content, sufficiently low water cement ratio, mineral admixture and

ensuring good compaction and curing.

Cover: Protection to the rebars in concrete against corrosion is provided by the adeq uate thickness
of good quality concrete. The cover should be as generally given in Table 5.1,

Chloride and Sulphates content in concrete: It is necessary to check chlorides and sulphates in
constituents of concrete. Concrete may be contaminated by these elements coming from the
environment. To minimize the deterioration of concrete from harmful chernical salts, the levels of each
element coming from the constituent materials of concrete as well as by diffusion from the environment
should be limited to the values given in Table 5.1.

3.5  Summary of Corrosion Control Methods

Table 5.1: Requirements to prevent/control corrosion

Sr. No | Parameters Requirement Reference
| A. DESIGN STAGE
l. Crack width A) Average strain-value calculated as per IRC: 21-2000
specified formula should be negative. Clause 303.4.2

B) Crack width under sustained Ioads shall | Appendix -1
not exceed 0.2 mm for severe conditions
- of exposure and 0.3 mm for moderate

] conditions.
2, Clear Cover for | Exposure Nominal Cover IRC: 21-2000
Reinforcement ' (in mm ) Clause 303.4.3
| Moderate 40 X
: Severe 50
i Alternate }
Wetting & Drying zone § 75
17
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gl . faeters Requirement Reference

Note: The above cover may be reduced by
5 mm for factory made precast products
with higher level of quality assurance.

[ Cover for pre- * Wherever pre-stressing cable is nearest IRC: 18-2000
; stressing steel to concrete surface, the minimum clear Clause 16.1, 16.3
113 -and spacing cover measured from outside of sheathing
! R : shall be 75 mm.

o ¢ A minimum clear distance of 50 mm or

diameter of the duct whichever is greater

: _ shall be maintained between individual cables.
4, Grouping of cables Grouping of cables shall be avoided to the IRC:18 -2000
extent possible. If unavoidable, only vertical Clause 16.4
grouping of cables upto 2 cables shall be

permitted,
In case of severe condition of exposure,

grouping of cables shall be altogether avoided.
This may be achieved by use of high '

. capacity strands.

5. Proper detailing and Attention should be given to detailing to ensure
spacing of steel proper concretability, use of vibrators etc. _ |

B. MATERIALS {
6. ¢ Coarse Aggregates The preferred nominal size of aggregate is IS:383 & .
o Fine Aggregates 20 mm for pre-stressed and reinforoed concrete. IRC:21-2000

_ It should consist of natural sand crushed
stone or gravel. It should not contain dust,
lumps, soft or flaky particles, mica and other
deleterious materials, h

o Concreteshouldbe kept wet at least for l4days.

7. Water Should not contain injurious amounts of oil IRC:21-2000 &
acids, alkalis, sugar and organic materials, IS:3025

which may be deleterious to concrete and
steel. :

Permissible limits of solids shall be as under:
Organic - 200mg/1

Inorganic - 3000 mg/

Sulphates - 400 mg/1

Chlorides - 500 mg/1 (RCC)

Suspended matter - 2000 mg/]

o pH value - 6

¢ Use of sea water is not allowed.

8. Reinforcement a) Following grades of reinforcement steel 1S5:432 - Part 1.
] shall be used: IS:1786
o Grade S-240 Mild Steel _

18
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Sr. No

Parameters

Requirement

Reference

o Grade S-415-

Deformed bars.

e Grade S- 590 - Defonned bam

b) Coated bar - "+
-Galvamsed,znmplummumq)ﬂmlg

As perrelevant
standards detailed
under chapter-6

Concrete

|Member -

PCC

- Fusmnbe 10G-2PD)

Minimuim eaxﬁent conitent for various
structural members and different
exposure conditions shall be as under:

Moderate | Severe

Expo-
sure

Exposure

Min.
Cement
Content

Member

M-25

M-30

360 kg/m*

RCC
Members

M-30

M-35

380 kg/m?

PSC
Members

M-35

| M-40

400 kg/m’

HPC
Members

M-40

380 kg/m®
with

450 kg/m?
without

| Admixtures

Sulphate Content (SQ ). shal] not exceed
4%bymassofcementused m;hemlxof
concrete. In severe condmon, this should

be lmuted tq 2%
Chlonde Co,ntent n comte shall not

exceed followmg va]ues by mass of cement :

PSC-0.1%

RCC - Severe exposure 0.2%

RCC - (Moderate) 0.3%
The above values shall be respected in
case of HPC also,

IRC:21-2000.
Clause 302.6.5

IRC:SP:70-2005
IRC:21 -20(D'l'hb]e-5

Water Cement Ratio

Maximum water cement ratio should be

maintained

as under:

www.coachikgtrendsetters.com



IRC:SP:80-2008

Sr. No

Parameters

Requirement

Member

Normal
Exposure

—— |

Reference

Sevi
Exposure

PCC

0.45

0.45

RCC

045

0.40

10.

Sheathing

PSC/HPC

040

0.40

¢ Use Corrygated HDPE Duct. They are
especially recommended to serve as
barrier toexternally penetrating chlorides/
sulphates. -

e Whenever feasible, metallic ducts may
be manufactured at site to eliminate long

o toprevent corrosion on outer side surface
should be applied with washable water soluble
oil/VPI powder injection,

C. CONSTRUCTION STAGE

L.

Curing

Concrete shall be kept atleast for 14 days,
Steam or other improved method of curing
wherever necessary should be used.

IRC:21-2000

Storage and Handling
of Pre-stressing
Material

All pre-stressing elements such as strands/
wires, anchorages, ducts, couplers, should
be protected. These materials should be
stored in such a way that there is no
deterioration in quality and usage in the
work. These should be protected from rain,
damyp ground, ambient temperature by
covering them properly. These should be
coated with soluble oil, silica gel or vapour
The HTS strands should be wrapped in
HDPE wrappers. The steel should be
stored in the godown wherein humidity
should be controlled upto 60% with the
help of de-humidifiers, electric heaters

or equivalent means. Hygrometers should
be installed in such godown to check humidity.
Just enough quantity of strand/HT wire
sufficient to last for 4 weeks or so should
be ordered.

IRC:18-2000
Appendix-3
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Sr. No | Parameters Requirement Refenen
3. Grouting of Post- The grout protects the pre-stressing steel IRC:1 8-2006
Tensioned Pre- and ensures encasement of steel in an '-
stressing cables, atkaline environment for corrosion protection 4
and by filling the space, it prevents water i
collection and freezing, !
o For effective protection, recommended I
practice stipulated in IRC:18:2000 -

Appendix - 5, in respect of materials,
grout vents, equipment, properties of
the grout, mixing and grouting operations
etc, shall be followed.

¢ Grouting shall be carried out as early as
possible but not later than 2 weeks of
stressing a tendon. Whenever this
stipulation cannot be complied with for
unavoidable reasons, adequate temporary
protection of the steel against corrosion by
methods or products which will not impair
the ultimate adherence of the injected grout
should be ensured till grouting. The sealing
of the anchorage ends after concreting is
considered to be a good practice to prevent
ingress of water. For structures in aggressive
environment, sealing of the anchorage ends
is mandatory.

» Noadmixturecontaining chloride of any
sort shall beused in grout.

o Water cement ratio should not be more than 0.40

o Temperature of grout should not be more
than 25°C, Use ice to maintain the temperature.

» Powerdrivenequipment should be used for
grouting the cables.

¢ Grout cap should be used to provide
protection to the anchorage elements.

Should be supervised by Senior engineers,
There is tendency to leave it to junior staff since
itis a low value, last item.
D. OTHER DETALLS :
1. Deck slab Water proofing membrane of mastic of MOSRT&H
i minimum thickness of 12 mm should be specification
provided under the wearing coat to prevent Clause

{ .
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ingress of water in the deck slab and 2702.1.1.
corrosion of cables and rebars. .
Provide mild steel post and pipe railing ‘|[IRC:5-1998
and paint them periodically.
3. Crash Barrier - | Crash Barrier of desired height with or IRC:5-1998
without pipe -

Use of Admixtures
- Addition of cementitious minerals or admixtures is done to improve workability and general practice fol-
lowed is as under: :

Table 5.2

S. No. | Minerals - | Recommended Method Codal reference

1. Fly Ash ~ | It should conform to Grade I of 15:3812 as 18:456:2000
part replacement of Ordinary Portland
Cement. Blend uniformly with cement while
ixi -
2. Ground Granulated Blast | @ It should conform to IS - 12089 1S:456:2000
' Furnace Slag (GGBS) ¢ The blending must be uniform

3. Silica Fume It should be used as per standards approved 18:456:2000
: by the authority. Usual proportion is 5 to IRC:SP:70-2005
10% of cement content of a mix. Uniform -
. mixing must be ensured. ‘
4. Admixtures Itshould comply with 15:9103. Compressive | 1S:456:2000
strength, workability and slump with and
without admixture should be established by

trial mixes before actual use.
The admixture selected should be
independently tested for chlorides.

The admixture should be such that it should
not affect durability of concrete, :

5.6. Aggressive Environment . :
5.6.1. Micro environment, aggl?es,sive eiemen_ts_and general atmospheric conditions

.~ Fromthe discussion in Chapter No.3, it is clear that the type and extent of corrosion is directty and
 solely influenced by the micro environment around the steel, The factors influencing the corrosion are also
- discussed theresHowever, the curtent codes of practices have generally divided the conditions of exposure

of the structuralelements €ased on the general atmospheric environment into two classes: Severe and
Moderate. The modétate intludes all conditions except what is described as 'Severe' (Ref. IRC:21).

www.coachinzg%rendsetters.com
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5.6.2. Precautions for different situations

Various preventive measures for various situations are briefly given in the Table 5.3 below:

Table 5.3
S. No. | Situation/Materials 'Preventive Measures Reference
1. Concrete in Severe o Selection of appropriate materials for » ACI:318-89
Environment production of concrete. ¢ Rilem
o Use suitable additive/admixture. Technical 32
o ‘Follow good concrete practices. ¢ RCA Committee
¢ Concrete placed must be dense and e 1S:456-2000
impermeable which gives protection ¢ IRC:21-2000
against salts in sea water. .
. o ¢ Avoiddiscontinuity keep joints minimum o fib-

and achieve proper construction joints.
. @ Adequate cover

2. Alkali aggregate LowC,Acement | Special literatures
reactions likely '
3. | Concrete subjectto o Sodium sulphate in ground water attacks 1S:456
sulphate attack concrete. Use sulphate resistant cement
or super sulphated cement. When both
chlorides and sulphates are present,
- sulphate resistant cements should
_  notbe used. '
4. Concrete subject to e Provide surface barrier or coating with - Standard textbook
' aggressive chernicals chlorinated rubber, epoxy orother on Concrete e.g.
(sulphate chlorides etc.) speciality formulations. Properties of
' . concrete by Neville

e OPC cannot resist attack of even weak
acids. Therefore, use sulphate resistant

cement and micro-silica. .
5. Reinforcement ¢ Use of galvanized steel as reinforcement Relevant IS €odes .
' ‘ is effective. Powder coating with epoxy for Specifications .| -
can also be used. & Methods. ‘
6. Pre-stressing steel e Provide anti-corrosive treatmentto  * ST : R : ‘
. e Tendons should be grouted completely N
L .with dense and solid grout e SRR

(zero bleeding grout).

-
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S. No. | Sttuation/Materials Preventive Measures Reference
7. “Atmospheric pollutants ¢ Epoxy coated or galvanized
structural steel.
| o Ingeneral, appearance of fair face concrete
diminishes with time in polhuted atmospheres,
- Integral water-proofing admixtures or
coating of concrete surface may be adopted
for preserving the appearance.
8. Chloride Penetration e Use ofoorroslon mhlbmng admixtures
in concrete, '
* Couingofrsbais
* Special additi pilica)
o low water cement ratio.will ceduce
9. Carbonation o Protective coating'ah diifion Surface
e Realkalization'dfcotoreds'*
¢ Low permeability -

6. PROTECTIVE MEASURES

In order to prevent corrosion, in addition to control of the design mix proportion of concrete, measures

can be taken to directly protect various other materials elements i the bridges. These elements broadly are
rebars, pre-stressing steel, concrete surfaces, anchorages, sheathing, and structural steel. Presently, some of
the protecting methods are covered by IS standards. Other patented/general systems are covered by
specifications, processes, etc. as developed by specialist manufacturers.

6.1. Reinforcement Coating

Protective anti-corrosive treatment to steel reinforcement before it is embedded in concrete can
guard the steel against corrosion during construction as well during service life. Different types of treatments
used in practice are as under: -

e System covered by Standard Specifications
* - Calvanising

- Zinc-Aluminiumn Coating

- Fusion bonded Epoxy coating

- Cement polymer composite coating
¢ Patented/General System

- Epoxy Phenolic Rebar coating system

- Epoxy based colting

24
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etallic Coatings
6.1.1. (a) Galvanizing (zinc coating)

S Although coatings can be provided by number of metals such as nickel, copper, lead, tin etc., coating
- rided by zinc is more suitable and economical. This process is known as “Hot Dip Galvanizing” and
olves steps such as picking, rinsing, flux solution dipping, drying and coating.

° Recommended mass of zinc coating to be provided shall be as given the following Table 6.1.
Table 6.1
€ (8. No. | Environment ' Mass of zinc coating- minimum
S ' ' gm/m? of surface
{" Aggressive surrounding such as marine areas, 915 (125 micron)
= chemical plants
Normal 610 (85 micron)

. coating covers up any scratches/holidays that may occur in the coating due to electro-chemical property
q nc. Galvanized bars can be bent without cracking or peelmg up of coating due to ductility of zinc. Bond
cteristics and weld-ability of zinc coated bars remain practically unaffected.

Its use should be avoided where there is possibility of chloride contamination.

ng of Galvanized Bars:

Following tests given in Table 6.2 shall be carried out to determine suitability of galvanized bars and
plers before using them in concrete:

“Table 6.2
.No. | Test Criteria for Acceptance Reference Remarks
Hammer Test Should not peel off IS :2629
(Hammer Wt.215 gm) :
Knife Test (Sharp Edge) No scratches and no peel off IS :2629
Thickness Test Zinc coating should conform 1S:3203
to specified thickness
Preece Test (copper No copper deposits 1S:2633
sulphate test for coating
uniformity)
Hydrogen evolution test Coating mass to be as specified ASTM-A-123
for purity of zinc coating wt. '
Stripping test 125 % HCL Coating as specified IS:6745
solution 1S:4759

. 25
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) Zinc +Aluminium Coating

The system of coating with zinc containing about 5 per cent aluminium is being practiced since eighties.
The composition corresponds to the eutectic in the zinc aluminium phase diagram. It has a very fine
microstructure, which gives good ductility and allows it to be cold drawn after coating wire. The corTosion
resistance in the salt spray test of the zinc aluminjum coating is estimated to be 2 to 3 times higher than the

pure zinc coating.

Under corroding conditions, the zinc in the coating reacts sacrificial and generates cathodic protection.
tis dissolved first and thus the aluminium content in the layer gets higher. Oxidation of the aluminium takes

place and aluminium oxide thus formed provides a good barrier against further corrosion.

The production is similar to that of hot dip galvanizing with zinc. In case of wire/strand dipped in
molten bath, there is a need for very careful surface preparation, In the first step, the steel passes
through a classic hot dip zinc bath. In the second step, it passes through a zinc bath with controlled

aluminum content.

6.1.2, Fusion bonded epoxy coating
® The System

In early seventies, this System was originally developed in USA and around 1988, it started in

India,

Fusion bonded epoxy is basically 100 per cent solid finely ground fused powder particles, which
when heated, melt to form a continuous adherent film. It involves coating of epoxy and bonding
over re-bars under factory conditions and as such, with appropriate QA/QC systems, reliable

quality can be ensured.

* Surface Preparation

The surface should be cleaned Dy abrasive blast cleaning to near white metal. The surface profile
shall be fee from mill scale, rust and foreign matter when viewed under wel] lit conditions. After
cleaning, the coating shall be applied as soon as possible. Any formation of rust blooms on the
cleaned bars shall be removed by blast cleaning before application of coating, which shall be

done within 8 hours after cleanin g

* Application

The coating shal] be applied as an electro-statically charged dry powder sprayed on to the
grounded steel bar using an electro-static spray gun. The powder is applied to either hot or
cold bar. The coated bar shall be given a thermal treatment specified by the manufacturer of
€poxy i‘e,_'s_'in, which will provide a full cured finished coating. Temperature shall be controlled as
recommended by the manufacturer of the coatin g to ensure a workman like job without blisterin g

or other deféct{.,
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o Tests on Coated Bars -

R J

- Following tests given in Table 6.3 are carried out to check the efficacy of FBEC coahng systpm
o

Table 6.3
S8.No | Parameter Requirement Reference
1. Chemical Specimen without holidays and with 6 mm ¢ IS:19620-1 993} o
.| Resistance intentional holes drilled through coating shall be ' )
immersed in each of the following:

e Distilled water

e Aqueous solution of CaCl,

+ Aqueous solution of NaOH

e Solution saturated with Ca (OH),

» The coating shall neither blister, soften, loose
bond nor develop holidays.

» The intentional hole should not exhibit under cuiting.

2. Resistance to Effect of Electrical and Electro-Chemical stresses
Applied Voltage on the bond and integrity of coating is assessed.

The specimen is suspended in the Electrolyte
which is aqueous solution of 7% NaCl and a
potential of 2V is applied. Coated bars are
Cathode and Anode.

No film failure should take place at Cathode
end and no deposits of corrosion products at Anode

end should be seen.
3, Adhesion 3 coated bars are bent @120° around a 150 mm IS:13620-1993
¢ mandrel. Clause 13.3

No visible cracks or disbondmg inthe
coating on outer radius shall be permitted.

4. Abrasion Resistance to coating shall be checked by Table
Abrasor by using CS-10 wheels.
Weight loss shall not exceed 100 mg/1000 cycles.

5. Impact Test A mass of 1.8 kg. is dropped on to the coated bar
froma heightof 0.6 m. to 1.25 m.

No cracking or loss of bond should occur at the
impact area within 9 impacts.

6. Hardness Test A knfop hardness tester is used for checking I1S:6885-1973
hardness.

2 The hardness shall not be less than 16 knoop
: hardness number

27
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S.No | Parameter Requirement Reference
7. Thickness of ¢ Should be between O.I mm to 0.3 mm, 1S:13620
Coating eMinimum 15 readings shall be taken at
' “uniform spacing.
» Minimum 90% readings should be withjn .
specified limits.
8. Continuity of coating | #To be inspected visually. . 18:13620
» Coating should be free from holes, voids, 1S:13620
cracks and damaged areas. - : Clause B.2
. Holidziys when checked with detector should
not exceed 2 for a lengthof 300 cm, -
9. Bond Strength | The mean bond strength at measured slip of LS 5 153 620

0.025 mm and .25 mum for coated bars shail
not be less than 0.80 of corresponding mean

bond strength of uncoated.

* Handling and Identification

The coated bars should be carcfully handled. The bundles of coated bars &

dropped during han dling. Wooden packing batons shall be used while conve

stackin t id rubbing of coated bars against each other or hard sy
250 asto avoid rubbing dles of coated bars shall be tied with PVC binding mater]

the coating during handlin g. Bun

leaving gap between ground and bars
The coated bars shall be StaCke(ii;fi E;rf E\s bundles of coated bars sh

rows of bars or bundles of such X
spread or bar, muitiple supports or a platform bridge to prevent bars
the bundles,

The identification of all tem

L

client.

- *- Pros and Cons of the System

Though this system is being used in India for more than a decade and .
decades, there are opinions expressed in favour and against this system, based on the experience

of fts Performance in previously built structures. Briefly, some points are highlighted here for the

: bgn___e_ﬁt of decision makers.
P@ipls,in favour of the system
~~ ®:Res :,Taréh-cafried out by The National Bureau of Standards

£r as compared to uncoated bars.

- 28
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* InlIndia, Central Road Research Institute conducted the test on coated bars in the laboratory
and in field for 3 years and evaluated that the performance of FBECR bars is satisfactory.

o Itis possible to repair cut ends and damages to the fusion bonded epoxy coated bard by
touch-up methods. Within few hours, it can be used.

e By and large, in aggressive environments, this method is recommended.

Points against the system
e There is no passivating primer film provided in case of FBEC rebars.

¢ Adhesive chemical bond between steel and concrete is broken and mechanical bond is adversely
affected by smoothening effect over the base of the projecting ribs in HYSD. Reduction of bond of
the order of 25% is reported. The coating may peel off if not properly done.

. Invesﬂgation carried out on 40 bridges in Florida Key in USA has revealed that dis-bondment
can occur easily in the FBEC rebars which lacked passivation layer of Fe, O, and is a precursor

to corrosion.

¢ Higher co-efficient of Thermal Expansion of fusion bonded epoxies impose large thermal
stresses in epoxy coating leading to its early failure.

o Lot of precautions and care is required in transportation, handling and placement of these
coated bars failing which there will be damages, cuts, peeling off of coat and abrasions which
may lead to corrosion.

In Indian conditions this is a major factor needing attention.

Performance Guarantee

This type of protective coating should be executed only through authorized technjcal
applicators of standard manufacturers who have requisite work experience for having carried
out similar type of coating works. However, the Employer/department may take performance
guarantee from the agency responsible for the execution of the work for a period of 5
years or so, which is the minimum time for defects due to corrosion of embedded steel to

start becoming apparent.

6.1.3. Cement polymer composite coating system

The System

Rebars embedded in concrete are surrounded by an alkaline medium and as such cement based
coating is more compatible, Basically two coats are applied — Primer coat and Sealer coat. The
primer and sealer products have thermo-plastic acrylic resin as basic raw material. The sealer

product is formulated with resin mixed with cement as a pigment. The principle of the system is
that the base metal contains ‘p’ electrons which get released in corrosive environment leading to

formation of Iron Oxide (Fe,0,) popularly known as rust. To prevent oxidation, a surface coating

capable of nulljfying the released electrons is provided. The sealer coat is compatible with primer

and alkaline environment. ' :
29
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" Priortoblast cleaning, visible deposits of oil or grease etc, are removed by suitable cleaning method.

' Cleanand dry compressed air is used for nozzle blasting, which shall be carried out by silica sand free
from contaminants. : _

Dust and residues are removed from prepared surface by brushing and dry air vacuum cleaning.
The Application

severe conditions higher thicknss of 200 macrons or so may be adopted.
Air curing for minimum 6 hour is essential before the coated bars are handled or put to use.
Inspection émd Tests | ..
Following checks shall be made on coated bars: -
Dry film thickness |
Uniformity of thickness
Cracks
Peeling ! By visual inspection
Buging .
Uncoated areas (holidays)
Tests to be conducted for the foﬂowin g:
¢ Adhesion
¢ Bond strength
® Abrasion resistance
¢ ' Chemical resistance

The tests shall be done as per MOSRT&H/Appendix 1000.1 Specifications,
» Sysﬂtcmat a Glance is given in Table 6.4

Elcometer should be used for this,

)

)
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Table 6.4

S.No.| Parameter e quulmment

1. Pre-treatment (surface preparation) ~ Sand blasting to the near white metal

2. Primer coat | Tobe given within 4 hour of sand blasting

3. Sealer coat Within 30 minutes of primer coat, this should be

. given. Thickness 150 microns %25 microns

4, Aircuring Six hours before use in the work.

5. Continuity of coating No defects such as cracking, bulging, peeling, no
rust mark. Inspect visually.

6. Adhesion of coating — Test Coated bars are bent @ 120° around a mandrel.
No peeling or cracking should be observed on -
outer radius.

7. | Stacking ' { Stack bars on buffer material

8. Cutting, bending, welding Coated bars can be cut and bent. Cut ends and
weld portion should be treated with same formulation.

9. Bond Strength : Shall not be less than 85% of Bond Strength of
uncoated bar. _

| Performance Guarantee

This type of protective coating should be executed only through authorized technical applicators of
standard manufacturers who have requisite work experience for having carried out similar type coating
works. However, the' Employer/department may take performance guarantee from the agency
responsible for the execution of the work for a period of 5 years or so, which is the minimum time for
defects due to corrosion of embedded steel to start becoming apparent.

6.1.4, Patented/general systems -

There exist patented/other systems for protective anti-corrosive treatmént to steel reinforcement, viz.

Epoxy- Phenolic rebar coating system, epoxy based coatings, polyurethene coatings etc. developed by specialists

-as a patented product. These systems are not amenable to generic specifications as also the processes acceptance
tests, etc, do not conform to prescribed published standards.

* The experiences on performance of such systems are varied and not well documented. Clients performance
certificates are also not forthcoming, As such use of such systems can be accepted by an Employer on case to case
basis after satisfying oneself about its adequacy, criteria for acceptance of bath the material specification, process
control and final product. These products have to be durable, carbonation and UV resistance, etc. for which
specific norms for acceptance need to be obtained from the Manufacturer/Patentee and considered appropriately.
The Employers are adviseq to consider the above aspects while accepting such products and also insist on a
performance guarantee of atleast Si years to cover the risk of malfunctioning of the product.
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6.2. Pre-stressing Steel

The pre-stressing steel used in pre-tensioned and post-tensioned bridge structures is susceptible to pitting
corrosion, crevice corrosion, stress corrosion; cracking and hydrogen embrittlement. It can also suffer severe
porrosion under aggressive environment like chlorides, sulphates etc. Faiture and distresses noticed in pre-stressed
bridge structures are traced to premature corrosion of prestressing steel. The pre-stressing steel therefore requires

* protection against corrosion at various stages right from manufacturer s end till it is encased in cement grout.

N

6.2.1. Manufacturing stage

This involves surface modification of pre-stressing steel by controlled shot peening. It isobserved that .
introduction of surface compressive stress can effectively increase the resistance to stress corrosion cracking of

‘many engineering materials. In the case of pre-stressing steel, surface rolling is reported to be beneficial. The

effect of controlled shot peening on the stress corrosion behaviour of pre-stressing steel has been studied by

~ CECRI in 20% ammonium thiocyanate solution. (As per fib, this solution is the most convenient and reliable one

for the study of hydrogen induced stress corrosion cracking of pre-stressing steel. Pitting potential of shot
peened steel has been studied in 0.04 N NaOH containing 500 ppm of chloride.) The results have shown that
controlled shot peening can increase its resistance to hydrogen induced stress corrosion cracking.

6.2.2. During transportation stage

It is necessary that the transport vehicles carrying the steel from manufacturer’s factory to the site/
godown must be clean and free from contaminated materials. (It has been reported that the steel transported
in trucks carrying sulphur got adversely affected which lead to premature corrosion at the early stage.) The
steel should be duly wrapped by gunny or plastic cover to avoid contact with any contaminants. The transport
should be properly covered so that water/moisture does not come in contact with the steel.

6.2.3. Temporary corrosion protection (storage etc.)

Depending upon manufacturing process, the surface of the steel is covered with intentionally applied
or.production dependent remainders which provide some temporary corrosion protection.

Cold-drawn wires/strands receive a preparatory layer consisting of phosphate lime borax or similarasa

lubricant which consists mainly of stearate or drawing soap. Under normal, non-aggressive environmental conditions,
this layer can protect the steel from corrosion for several days upto some months. :

.., . Inaddition, soluble oil may be sprayed on. The effectiveness of such cil is for a short time till the layer does
not get evaporated. However, the shelf life under normal environmental conditions can be considerably increased
and a rust film is avoided. Tendons in non-injected sheathings can be protected for longer periods (at least six
months), if there is no circulation of humid air. It is advisable to place some reference steel which can be taken out
for inspettion, and re-flushing the sheathing with additional oil. Sugh steel would help in monitoring the situationin
the envirehiment of pre-stressing steel.

: S LA T

By use of ﬁi}S.tecﬁnique, steel has been protected for over five years without corrosion setting in.

_ Wawrsoluble oil may get wiped off during handling or during insertion into the cable duct because the
water-soluble oil has _Poogilfasiqn resistance. The oil is to be removed from the steel surface before cement
grouting since the presence of oil will adversely affect the bonding between cement grout and the steel.
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Vapour Phase Inhibitors (VPI) are also used for temporary protection by blowing it into the sheathin £
ducts. The inhibitors can also be used when pre-stressing steel is stored at site before installation in the duct.

Vapour Phase Inhibitor chemicals such as beta-napthal dinitro benzene, diazelo ammonium nitrite are
toxic. To mitigate these drawbacks, temporary protection can also be effected by keeping the steel immersed in
duct in a passivating/alkaline solution, which can be flushed out just prior to cement grouting.

Studies made at CECRI show that the pre-stressing steels could be temporarily protected during storage at
site or while lying in conduit (before grouting) by keeping itimmersed in inhibitor solution covered by the Indian Patent.

In closed ducts, dry, clean protective gases like nitrogen may be used for temporary cormrosion protection.

Before fabrication of the cables and installation in the duct, the steel can be stored in a closed shed wherein
temperature is controlled and humidity is minimized. :

6.2.4. Long term in-structure

6.2.4.1. Galvanizing

. Zinc provides active corrosion protection. Itis sacrificed to corrosion as long as there is still metal available
'~ onthe steel surface. Corrosion protection by zinc primarily depends upon the consumption rate and the remaining
thickness of the zinc layer. Good zinc coating moreover reduces the danger of fretting corrosion in case of fatigue
loads, Band and cracked zinc layers reduce fatigue strength.

Galvanized pre-stressing steels have already been standardized in a draft of ISO 14568 prepared on the
basis of French Standards NF A 35085. This standard contains tolerances for the thickness of the zinc coating.
Usually pure zinc is used for galvanization. The standard ASTM A 475-95 “Standard Specifications for Zinc coated
Steel Wire Strand” is not written for pre-stressing steel but may be used for comparison.

If the pre—sh*eséing steel is anchored with wedges, care has to be taken that the zinc layer is not so thick
that the teeth of the wedges are completely filled with zinc. ' " :

Zinc is not only dissolved by acids but also reacts with solutions of high pH value. Zinc is partly dissolved
by fresh cement mortar, but this has no major influence on effectiveness of galvanizing; because the major protection
comes from zinc which chemically combines with steel in thin layers from surface inwards with varying perceritage.

- 6.24.2. Epoxy coating

Folldwin_g the example of epoxy coating reinforcing steels, prestressing bars and strands have been
coated, however, t0 a much higher quality. The layer thickness is about 0.7mm. Standard tests are carried
out on coated steel. ASTM A 882 M — 91 code shall be followed. '

Preparation of steel surface is of importance. The application of a primer to improve bond between steel _-
and epoxy, aresin layer is recornmended. During manufacture of epoxy, it should be ensured to get a composition,
which gives a cover as tight and ductile as possible. The strand is opened during coating and closed again thereafter
so that there are no voids even in the core region. a - B '

Eboxy cpaﬁng wimiands high temperatures upto 200°C.
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6.2.4.3. Protection of HTS by grease, wax, efc.
6.2.4.3.1. Protection of unbonded stressed tendon by grease grouting

Unbonded tendons have the pre-stressing steel permanently protected against corrosion by a properly
applied coating. Whereas grease, wax, plastics, bitumen and other materials have been used on the basis of
present experience, it is recommiended that the protective compound should take the form of grease, which
also assists the free movement of the tendon during stressing. :

There are various types of grease and most of them are not impervious to moisture, so that soluble harmful
elements can migrate through the grease to reach the tendon unless the outer covering is completely waterproof,

Anti-corrosive grease should fulfill the following requirements:

e The sheathing should be completely leak-tight and continuous for the full length of the tendon.

o The grease shouid adhere to and be continuous over the entire tendon length to be protected and
should completely fill the sheathing without air pockets. -

o The grease should remain ductile and free from cracks and should not become fluid over the anticipated
temperature range during fabrication, transport, storage, installation, concreting, tensioning and while
in service.

o  The grease shoyld not contain harmful impurities such as chlorides, sulphides or nitrates.

o It should provide a self-healing film and displace water.

¢ Itshould have reserve alkalinity for long-term acid neutralization.

o They contain no solvents to leave trapped residue that might become a ﬁre hazard to react w1th the
sheathing material

¢ Anti-corrosive grease is considered to give required degree of protection if it meets the pcrformanoe

- specification given in the following Table 6.5 :

Table 6.5
Test Criterion " | Test Method
.® Dropping point - Min.373 K (100°C). : ASTM D - 566
ISO - 2176
® Water Soluble Ions:
.1 Ehilorides Max. 20 ppm ’ ASTM D - 512
Nitrates . Max. 20 ppm | ASTM D -992
* Sidphides Max. 20 ppm ASTM D - 1255
®  Oil Separation Test ' '
.. Perigdin T days Max. 5% by weight but lower value DIN - 51 - 817
. BAQE (say 3%) preferred, :
® Cemosionent. b . u.. Grade 7 after 1000 h.Grade 0 - ASTMB - 117
_ DIN 51 - 802
® Oxidation stability & | Maximum 0. 0% Mpa after 100h. | ASTMD4%2-70
| Max 02 Mipa after 1000 b | DINst 808
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¢ The Application

The permanent protective material must be applied uniformly to all surfaces and sfm __d___q 't
interstices as far as possible. The tendon is usually passed through a container, which is lfcgt fg 0
compound at a slight pressure. The diameter of the outlet orifice controls the residual thickness of théprd 1

film, which should be the minimum necessary to allow the tendon to move freely within the sheathinghezs wm i

TEon ',.'1..{ ros e o
6.2.4.3.2. Protection of bonded tendons ”,?:::f

The pre-stressing steel in cables is normally protected by grout injected into the CO.nQu,i{,aﬂér
completion of pre-stressing operations. This grout provides a bond between pre-stressing steel an dconc;ﬁgﬁ
of the structure. The diameter and shape of the conduits must be such as an adequate cross section 1s
provided for the grout passage. The material and configuration of the conduit must be such that bond
forces can be transferred from the grout to the surrounding concrete. The properties of the conduit materiaig,; .
must be such that no corrosion attack of the pre-stressing steel is induced. IR

b

The unsatisfactory performance if bonded tendons noticed in latter half of 20® century was due to
defective grouting, which left large cavities in the ducts. The cavities were due to inadequate viscosity, trapped
air, void created by bleeding, differential water contents in different segments of hardened grout and injurious
salts. Presently very effective methods of grouting making use of zero bleeding grout and admixtures to~
reduce water cement ratio (and hence free water) or grouts of tixotrophic properties have been developed.

The grouting should be carried out as specified in IRC:18-2000.
6.3. Sheathing Ducts

1. One of the causes of corrosion of pre-stressing steel is penetration of moisture to the tendon through
he sheathing or at the anchorage. It is therefore necessary that sheathing should be watertight, strong, and :
resistant to abrasion and damage during transportation, installation and concreting. It should be free from

ifiloles and should be continuous along its length. Ducts made from High Density Polyethylene or
lypropylene satisfies various requirements, and additionally it electrically insulating. They are, therefore:
Inost suitable as sheathing materials. Both materials are tough, durable and non-reactive. HDPE is more

ex@ble and less liable to embrittiement at extremely low temperatures, while polypropylene is more stable at
1gH temperatures.

Ducts made from galvanized steel are also used in preference to those made from bright metal. These
toreduce friction and achieve extended corrosion protection to prestressing steel.

Rt T
b

4., Anchorages - _ b
The pre-stressing anchorage is normally embedded in the concrete at such a depth that the contreté™’.
1- ,?sadequate corrosion protection. At the stressing end, however, it is necessary to gain aceesy to the

1d this is usually achieved by means of local pocket, which is filled with mortar after the tendon has
ssed and trimmed to length.
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After it has been stressed, the tendon should be cut to length. The length of the tendon left protruding
from the anchorage should be in accordance with the anchorage manufacturer’s instructions and the amount
of cover to the end of the tendon should be the minimum specified for corrosion protection, depending on the
degree of exposure of the structure.

As soon as possible after the ends of the tendon have been cut to length, the stressing pockets should
be filled with a low shrink mortar after the sides of the pockets have first been coated with a resin-bonding
agent. '

Inno mrcurnstances should the grout or mortar used for pocket ﬁllmg contain chlorides or other
chemicals known to be deleterious to the pre-stressing steel.

Before the stressing pocket is filled with mortar, the end of the tendon and the gripping part of the
anchorage should be completely sealed against moisture. Either of the following methods can be used:

(a) The exposed portion of the tendon and the gripping part of the anc'horage should be coated with a
material that will give permanent protection against the entry of moisture by suitable materials, which
includes epoxy resin compounds.

(b) The vulnerable parts should be coated with same corrosion pmtcctii(e material that is being used
elsewhere on the tendon. In this case, however, it is necessary to prevent the material from being
displaced or damaged during subsequent operations.

6.5. Surface Coating of Concrete

For very aggressive atmosphere coating is essential. In repair work, concrete coating has its utility. If
used for new concrete two coats are recommended for new work to allow concrete to ‘breath’. Whenever

itis used, the following recommendations hold good.

There are number of approved coating systems avallable in the country and the manufacturer’s
recommendations may be followed.

. Acrylic Elastomeric Coating

. Epoxy polyurethene Painting system

. Epoxy Phenolic coating system

All surface coatings have limited life and require re-painting at interval varying from 3 to 5 years
depending on the type of treatment. Diurnal heating and cooling, UV exposure, surface abrasion (water or
wind driven sand) are some of the causes apart from stability (life) of the system itself. This factor should be
carefully considered while deciding upon the surface treatment.

6.5.1. Acrylic elastomeric coating
The System :

It comprises water based (solvent free), conforming to code and specification, acrylic polymer modified
with selected mineral fillers dpplied over the prepared surface to form an elastic elastomeric protective membrane.
The coating should have anti carbonation and water vapor diffusion property and should be resistant to action of
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UV radiation. It should be waterproof and capable of bridging crazings and cracks. The coating protects
exposed faces of the superstructure and portions of the substructure above water level of concrete bridges from
the aggressive action of industrially polluted and marine/saline environment. The shelflife for such coatings shall
not be more than 6 months.

It is necessary that the systemn should be capable of protecting the pre-stressed and reinforced concrete
from all deleterious elements such as chlorides and sulphates. The protective treatment should allow excess water
vapor in the concrete to evaporate out (breathing) withoat ruptaring itself due to vapor pressure The protective
system itself should not deteriorate from exposure to UV rays and weathering.

The Acrylic Elastomeric coating system shall satisfy the following requirements given in Table 6.6 :

www.coachingtrendsetters.com

Table 6.6
Sl No. | Parameter Reguirement 1 Reference
Specific Gravity 1.35 to 1.40 1 18:345°
Solid contents 70 +3% I8:345
UV resistance No colour change ASTM-G-53/
DIN-EN-150-105
IR — Spectrum AsperAérylicPolymer IR - Spectro
meter standards
Adhesion with concrete 1.5 N/m? | ASTM-D-454]-
02/ DIN500014
Dry film thickness 200-225 Microns
(for minimuin 2 coats)
Coverage 400- 450 gm / m2 (2 coats)
Physical properties Equivalent air [ayer thickness , DIN 53122Part -1
Diffusion resistance S,CO, shall be > 50m
against Carbon dioxide
Diffusion resistance Equivalent air layer thickness DIN 52615
against water vapor S, HO<4m
Water proofing Percentage reduction in flux
characteristics should be > 50%
Re-coatability Min. 2 hto 72 h or as per
manufacturers specification
with the approval of the
_ Engineer incharge.
“ T
37




(i) ..B-asc - Acrylic Resin dispersion
AU (itf) Curing - Air Curing

- .(iv) Colour - Milk white, fransparent application

(v) Sheiflife - 6 months from date of manufacturing in tightly séa]ed container.

(vi} Coverage — 75— 100 gm/m? (depending upon smoothness and absorption of concrete surface)

Quality Assurance

agents as well as laitance and dust. The surface shall be cleaned by wire brushing, mechanical scraping and any
100se material shall be removed by chiseling with small hammer and washed with clean water, The sub-strata
shall be structurally sound for effective bonding of the acrylic polymer with the concrete surface. All pin holes
shall be filled with non-shrink polymer modified fine repair mortar,

Application

After preparing the surface and fi ling the pin holes, primer coat (75-100 gm/sqra.) shall be applied with brush/
lambskin rollet/spray gun and shall be cured for 60 minutes or a specified by the manufacturer.,

38
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mm} with similar coatings. Alternatively, the dry film thickness may be calculated from the measured wet film
thickness by multiplying with the solid contents per unit volume.

The specifications could be applied to new bridge works immediately after completion as also to old
existing bridges after suitably repairing/rehabilitating the concrete surface, -

Performance Guarantee

This type of protective coating should be executed only through authorized technical applicators of
standard manufacturers who have requisite work experience for having carried out similar type coating works.
However, the Employer / department may take performance guarantes from the agency responsible for the
execution of the work for a period of 5 years or so, which is the minimum time for defects due to corrosion
of embedded steel to start becoming apparent.

6.5.2. Epoxy polyurethene painting system, €poxy pl__lenoli_c__q_}‘p_teg'tiim_:syg;_elg, ete.

These are patented systems for protective coating to conctets; developed by the promoters based on
their own formulation. No generic specifications are available, unlike the dthét systemgivhich conform to
published standards. As such each of these systems have to be acceptéd by thel Brripldyer based on the
assessment of the performance of the product, backed by Client’s certificates, aceéptance'testy a5 perpublished
standards, pertinently to cover the material, processes, carbonation resistance, crack bridgin g properties,
UV resistance, etc. In all such cases the Employer is advised to insist on a performance guarantee for at least
3 years to cover the risk of non-performance of such products. However, some broad guidelines as available

are given below ;
(a) Epoxy Polyurethene Painting System

The System

This system is applied on the concrete surface and helps in controlling carbonation and weathering
effects. The system comprises of 4 coats such as primer coat, middle coat and top coat all these are
epoxy based. The fourth coat is finish coat of polyurethane and is recommended wherever the surface

or part of the structure is exposed to ultra violet radiation.

Before application, the substrata is thoroughly cleaned to remove the dust, hardened cement slurry, oily
residues etc., by scrubbing with coarse wire brushes, grinding or sweep blasting methods depending on
site requirements. Residual amounts of de-moulding agents, curing agents should be completely removed.
Any cracks, crevices or surface blemishes should be treated with sealant prior to primer application. The
subsequent coats shall be applied by brush or spray with an interval of 24 hours between the two coats.

Application

Concrete surface to be painted shall be allowed maturation time of minimum 28 days before applying
primer coating. Primer coating shall be applied to the cleaned surface after surface preparation within
the pot life. After air-curing, intermediate and top coatings should be applied with time lag as per
manufacturer’s speéiﬁcations. The coating shall be applied by brush or air-less spray gun.
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i The paint application should aim to achieve minimum dry fi lm thickness. Some typical thicknesses

used are as under:
. Primer : 100 micron
. Middlecoat 100 micron
. Top coat : 120 micron
. Finishingcoat : 40 micron
The DFT (Dry film thickness) shall be maasured on 100 x 100 mim steel plate attached with epoxy on
the concrete surface at the rate one per 10 m?.
Performance Guarantee

This type of protective coating should be executed only through authorized technical applicators of
standard manufacturers who have requisite work experience for having carried out similar type coating
works. However, the Employer/department may take performance guarantee from the agency
responsible for the execution of the work for a period of 5 years or so, which is the minimum tinse for
defects due to corrosion of embedded steel to start becoming apparent.

(b) Epoxy Phenolic Protective Coating system

The System

It consists of providing and applying epoxy phenolic coating in three layers with an interval of 12 to
24 hours between the coats over a prepared concrete surface.

The coating is compatible with concrete since the co-efficient of thermal expansion of film is nearly equal
to concrete sub-strata. Due to this, the adhesion between concrete sub-strata and the coatin g filmis
retained even at higher fatigue limits as evidenced from technical data listed below. The Epoxy Phenolic
Protection coating is breathable as its W.V.T. (Water Vapor Transmission) is < 0.15. It is a 3 coats
system which gives total D.E.T. of 200 + 10 microns.

Engineering Properties

D.E.T. (in 3 coats) : 200 + 10 microns.
Adhesion (N/mm?) : > 2.5 (Conforms to BS-3900-E-2-70)
Elongation (%) : >15 (Conforms to ASTM D-2370-73)
Tensile strength : >15 (Conforms to ASTM D-2370-73)
{(N/mm?)
Water Vapour : <0.15 (Conforms to ASTM D-1653-74)

~ {ransmission i (mgfcm*mm/24 h)
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Application
(a) Surface Preparation

Mild sweep blasting on concrete shall remove laitance, loose cementatious materials, oil residues etc.
Joint and crack sealing shall be carried out with appropriate putty. It is not necessary to fill in blow
holes or pug holes since 3 coats Epoxy Phenolic Coating application shall cover these variations.

(b) Methodology

Consists of application of the coatmg systcm after thorough mixing on clean and dry surface followcd
by subsequent coats applied by brush 6f spray ‘maintaining a time interval between two coats at 12 to
24 hours, .

(c) Storage Handling

Instructions from the manufacturers regarding the use of product, storage, health precauuan of workers,
cleaning of tools etc., shall be followed

Performance Guarantee i

This type of protective coating should be executed only through authorized technical apphca;ors of
standard manufacturers who have requisite work eﬁpeneuce for having carried out similar type coating
works. However, the Employer/department may take performance guarantee from the agency
responsible for the execution of the work for a period of 5 years or so, which is the minimum time for
defects to start becoming apparent.

6.6, Steel Bridges

Protective measures for steel bridges are described in detail in ﬁ,nother guideline “Retrofitting, Repalr l
and Rehabilitation of Steel Bridges”, SP:74-2007 which may be rcfcmsd.

6.7. Cathodic Protection

Cathodic protection, which is commonly used to protect buried steel pipelines and other applications
is not normally used in bridges. Piers and foundations in marine environinient have been protected by C.P.
system on some important projects. However, by and large, the design, installation and operation of the C.P.
System is a highly specialized job and reference has to be made to the experts/specialist literature for use of
the same.

: The basic concept in CP system is that an anode is introduced onto the surface of the concrete as externally
electrically connected sacrificial material, Application of a DC voltage between anode and cathode or the difference
of the electro-chemical voltage between dissimilar metals creates a current through the concrete via the pore water

‘which acts as an electrolyte. Electro-chemical reactions take place at the steel surface (the cathode) and the anode.

For ensuring correction protection of all embedded steel it is essential to have electric connectivity between
all embedded steel. This has to be ensured at time of construction itself by either weldmg steel to each other, or by
providing sturdy electrical gonnectors.
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- The cathode reaction generates hydroxyl ions, increasing the alkalinity of the concrete around the steel and

helping rebuild its passive oxide surface layer (which could have been broken down by chloride attack). Chloride

“ions are negatively charged and will be repelled by the cathode. They will tend to move towards the anode. An

- exsmssively negative cathode voltage can lead to the evolution of hydrogen, with the attendant dangers of hydrogen
embeittlement of rebars. This is of concemn for H.T steels used for pre-stressing. For this reason cathodic protection
is not normally applied to pre-stressed concrete structures.

Anodic reactions include the formation of oxygen and chiorine gas. The alkalinity formed at the cathode is
consumed at the anode, potentially leading to acid attack and carbonation in the vicinity of the anode. :

The conductive layer on thé surface of concrete which forms the anode can be created in a number of ways
as under:

» Conductive coating systems
¢ Thermal sprayed zinc

* Fixed anodes commonly comprising a mesh of titanium or carbon based material fixed to the concrete
surface and covered by overlay.

_ Al these systems require electrical connections to distribute the impressed current across the anode,
- aDC power supply and an associated control system, together with embedded monitoring probes providing
data by which adjustments can be made to the voltage and current applied.

. Installation of CP system in general will be divided into a number of zones, each being treated as a complete
system (i.e. with its own power supply). Design of the zones need to take account a number of factors such as
presence of joints, variation in reinforcement provision, continuity of reinforcement and variation in moisture and
chloride content.

<

Commissioning is a very important stays in achieving an effective and durable CP system:. It pm;/ides the
opportunity to perform a variety of tests and trials establishing the initial behaviour of the CP system, make
adjustments to voltage and current supplies and to verify control criteria.

Once it has been established that an impressed current CP system is providing protection to all reinforcement,
itis essential that the operation of the system is monitored and properly maintained. Changes occur in concrete
over the first few months of operation - for example —drying out of concrete and resistivity increase due to removal
of chloride. Monitoring ensures that all reinforcement remains protected.

6.8. Non-Corrodible Reinforcement

There are 3 types of -non-corrodible reinforcement as under.
e Stainless steel Grade 316

e Carbon Fibre

. Glasg szre

All the above type of ieinforcements are effective in preventing corrosion, but they add to the cost of
construction.
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Carbon fibres are most expensive whereas glass fibres the cheapest and they do not corrode but it is
possible that the adhesive used to bond the fibres in to the form of a bar may deteriorate in alkalme (carbon fibres)
alkali (glass fibres) environment.

These have lower model of elasticity and thelr ultlmatc failure could be brlttle as such this necessitates
" change and modification in the design. :

Mechanical properties of stainless steel arc sxmxlarlo h1gh yleld strength steel and so using it does not pose
any practical difficulty.

6.9, Selection of a System and Quality Cdﬁ&on‘est
6.9.1. The quality control suggested tests in different systemis summed up in Table 6.7 given below.

1 Table 6.7

S.No. | Itemof | System Tests Remarks
coating ' o
1. Rebars | A)Metallic coating o Hammer test Please refer
o Knife test _ table No.6.2
¢ Thickness test
ePreece test
¢ Hydrogen Evolution
| e Stripping test

B) Epoxy based coatings | e Test on Epoxy/Resin :should
be carried out by the manufacturer
as per ASTM-A-882-M-91 and
certificate shall be furnished.

» Bond test : should be as
per IS:14653.

o Tenstle strength : should be as
per 1S:14653. :

C) Cement Polymer » Dry film thickness andUnifomlity
Composite Coating of thickness: Use Elcometer
System o Adhesion

: ’ » Bond strength

» Abrasion Resistance

¢ Chemical Resistance

. D) Fusion Bonded Epoxy | @ Chemical resistance
i Coating o Resistance to applied voltage
» Adhesion
_ o Abrasion
v o Impact test
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o Hardness test
o Thickness of coating
» Continuity of coating
» Holidays
® Bond test
E) Epoxy Pheiiolic Rebar | oTensile strength - |ASTMD-2370
Coating System o Elongation BS3900-E
» Bond strength 1S:13620
 Chemical resistance
o Fatigue test _

[2. Pre- A) Epoxy coating As specified under Rebar Coatin Standard ASTM-
Stressing in S.No.1(B) above ' A-882-M-91 shall
steel _ _ , ' be followed.

B) Grease Protection | Refer TableNo.6.6 for “Type of This isnota
Tests’ required on Grease coating system,
However, tests on
’ ’ m i -
3. Concrete| A)Epoxy Paintingsystem | Tests for Epoxy as per 1(A)
coating _ '
B) Epoxy Phenolic Coating | e Adhesion — As per BS.3900
' eElongation
o Tensile strength -
eWater Vapour -
o Manufacturer’s Certificate for
above should be obtained.
~ o C)Acrylic Elastomeric s Specific Gravity . 1S:345
: Coating /| #Solid Contents - I1S:345
e UV Resistance - |ASTM-G -53 .
o Adhesion with concrete ASTM-D - 4541
o Diffusion Resistance against CO, DIN -53122
o Diffusion Resistance against DIN - 52615
Water-Vapour _
6.10. Problems and Remedies
6.10.1. General

Itis possible to deal with the distress caused by corrosion of reinforcement and pre-stressing steel.
However, it may not be ]iacticable to deal with them in isolation. It is therefore, advisable to take into
account problems associakd with concrete defects and inadequate structural strength, With this in view, the
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proposed remedies are given in three parts as under :
» Remedies for defects in concrete. (Table 6.8)
e Remedies related to corrosion of steel in concrete. (Talile 6.9)

e Remedies related to corrosion of structural steel. (Ref, 6.10.4)

6.10.2. Review of remedies for defects in concrete

_ Table No. 6.8
S. No. { Problem and Objective of Repair - Possible Remedies
l. Ingress of harmful elements in the _ 1.1 Impregnation:
body of concrete — To reduce or Applying liquid products which penetratc the
prevent ingress of such harmful agents concrete and block the pore system
such as water, other liquids, vapour, 1.2 Surfacecoating: - e
gas, chemicals and biological agents. . This may be with orthhoutcrack bndgmgablhly

1.3 Seahngandﬁ]]mgofcracks

{ 1.4 Conversion of cracks ntojoints wherever possible.
| 1.5 External cladding of panelling.

1.6 Applying suitablemembranes overthe surface. |

2. Moisture control: _ 2.1 Hydrophobic Impregnation.

To control the moisture content in 2.2 Surface coating.

body of concrete within specified limits.. 2.3 Sheltering or over cladding.

| 2.4 Electrochemical treatment.

3. .|Concrete restoration: - ' 3.1 Manual application of polymer or epoxy mortar.
Restoring the original concrete of an 3.2 Re-casting with concrete.

element of the structure to the originally 3.3 Spraying concrete or mortar

specified shape and function. Restoring 3.4 Replacing elements. .

the concrete structure by replacing it. '

|4 Structural Restoration /Strengthening: 4.1. Replacing or adding rcmforccmcnt inthe
' | Restoring and enhancing, Structural - concrete.
load bearing, Capacity of an element 4.2. Fixing new bonded reinforcement in pre-formed
of the concrete structure " or drilled holes. _
' . : 4.3, Bonding of M.S/FR P Plates with expansion
' anchors.

4.4. Providing additional concrete or mortar.
4.5. Treatment of voids, cracks and interstices by
injection of Polymer/epoxy or by suitable filler
. material.
4.6. External post-tensioping.
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5. Concrete vulnerable to mechanical
and chemical attack. To increase
resistance of concrete to physical &
chemical attack,

3.1 Provide overlays, coatings or impregnation.

6.10.3. Review of remedies related to corroslon of steel in concrete

g Table 6 9

oy

S. No. | Problem and Objective of Repair

Possible Remedles

L. Preserving or Restoring Passivity:
Creating chemical conditions in which
surface of the reinforcement or pre-
stressing elements is maintained in
passive condition,

1.1 hmng%tomforoementmﬂ]addmona]
ocmentludus mortar or concrete.

12 Replacing cori orcarbe

1.3 Electro-che .caI re—alkal:zauon of carbonated
concrete. .

14 Re-alkahzauon of carbonated concrete by
diffusion.

1.5 Electro-chemical chloride extraction.

2, Increasing Resistivity:

Controlhng moisture content by surface

Creating conditiens in which potentially
.anodic areas of reinforced are unable to
take part in the corrosion reaction.

Electrical resistivity of the concrete to treatments and coatings.
be enhanced.
3. Cathodic Control: Limiting oxygen content (at the cathode) by
Creating conditions in which potentially  saturation or surface coating,
cathodic areas of reinforcement are '
unable to drive an anodic reaction. -
4, Cathodic protection Applichﬁon of Electrical potential, |
5. | Con;rol of Anodic areas: 5.1 Pamung reinforcement with coatings.

5.2 Painting reinforcement with barrier coatings.
5.3 Applying inhibitors to the concrete.

Ll ',--

6.10. 4 Remediw related to corrosion of structural steel
For rcmedles for structural steel IRC:SP:74:2007 “Guidelines of Repair and Rehabilitation of Stee)

Bridges may be referred. . -

i
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7. INVESTIGATION AND ASSESSMENT

7.1. Objective

Itis necessary to establish clearly the aims of the investigation proposed to be done. It has a bearing
on choice of test method, the extent and location of the tests and the way in which resuits are to be handled.
Liaison between the engineer, consultant and specialist is essential to decide the aims and arrive at a formulation
of the test programme in the early stage. Engineering judgment is inevitably required when interpreting results,
but uncertainties can often be minimized by careful planning of the test programme. ' ,

Basic aims of such investigation for corrosion affected bridge structures shall be as under:

* Assessment of cause and extent of deterioration as a preliminary to the design of repair or remedial
schemes. _

s Assessment of structural integrity or safety following material deterioration such as caused by corrosion,
fire, fatigue etc. Such assessment will concentrate upon identifying the presence of internal voids or

cracking, materials likely to cause disruption of the concrete and the extent or risk of reinforcement
corrosion. Carbonation depths, chloride-concentrations cover factors relating to corrosion,

® Anotheraim of this investigation is to predict future performance on the basis of tests and assessment
done.

e There is not just a single method which can yield complete information about corrosion and
related aspects. As such, engineering judgement is used to assess the damage caused by corrosion.

7.2. Visual Inspection

Visual inspection by an expert who has previously handled similar situation is a most reliable preliminary
essential step in the assessment procedure. The degradation processes are likely to become apparent much
before the load bearing capacity gets seriously damaged and many advance warning signs would be available
like spalling, rust stains, corrosion and other types of cracks, deflections, malfunction of joints and hinges,

deformations, performance of bearing, drainage system, waterproofing etc., should be observed. It is necessary
to provide proper access to various components of the bridge to ensure a thorough inspection. Temporary
scaffolds or cradles may have to be erected. The use of mobile inspection unit comes very handy for such
purpose and is a must for bridges with great height and when water is present in the bed.

Apart from the above, special attention should be paid to the following factors during this inspection:
¢ Deterioration of the concrete and its skin. |

¢ Verification of information gathered during planning of assessment.

¢ Old coatings, impregnations and protections. |

¢ Presence of cracks, their appearance and pattern.

* . Exposed rebars, cables etc.

. Deformationtf structure.
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The data and information so collected should be presented graphicaily.

7.3. Types of Cracks

- Different types of cracks occur in concrete, some of them occur 1mmed1ately while others take some
time. to develop These are:

®
G
(iii)
()
v)
(Vi}
(vi)

(viif)

Plastic settlement and plastic shrinkage

These occur within the first few hours after initial set due to excessive bleeding and rapid early
drying respectively resulting into loss of bond to bars and exposure of remforcement '

Early thermal contraction cracks

These occur within the first few weeks in thick walls and slabs due to excessive heat generation
and results into exposure of reinforcement, seeping and leaking.

Drying shrinkage cracks

These occur in walls and slabs and take few weeks to years for developmeént due to loss of
moisture. They create the path for seepage and leaking.

Cracks due to corrosion of reinforcement

These take several months and years and are predominant in corners, edges and end poruons

-of beams. They lead to rapid deterioration of concrete.

Cracks due to alkali aggregate

These can develop at damp locations within few months or years; on account of internal

bursting forces due to expansive reaction of certain aggregates in high atkali content situations.
Such cracks can lead total disintegration of concrete.

Frost damage
These can occur at any age in porous concreate and result in loss of section in compression.

Sulphate attack

These take many years to develop, mostly near or below ground level on account of sulphate
salts in damp ground, which can lead to disintegration and failure of foundation.

Physical salt weathering

This requires many months to many years for development, in the inter-tidal and splash zones
or just near ground level in desert terrain, leading to deposition of salts and volume change
and final disintegration.

Reinforcement corrosion is usually indicated by splitting and spalling along the line of bars possibly
with rust staining, wher’ypsulphate attack may produce a random pattern accompanied by a white deposit

leached on the surface

pical cracks are shown in Fig, 7.1 given below:
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g

(a) Reinforcement ' * (b) Plastic Shri nl't' e

(c) Sulphate Attack ' (d) Alkali Aggregate Reaction
Fig. 7.1 : Typical Crack Pattern |

- 7.4, Tests t’or Assessing Corrosion of Reinforcement
Generally, assessment methods for corrosion of reinforcement can be divided i mto 2 types as under;
(A) Traditional (Non-Electro-chemical) Method.
(B) Electro-chemical Method.
7.4.1. Traditional method

The traditional method of assessment of reinforcement is to expose the rebars in critical areas by
breaking the concrete covef locally and examining the type and amount of corrosion products on the steel
surface and the amount of iron removal and loss in cross-section after cleaning of the rebars.
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The most critical areas are often found by visual inspection of the concrete surface and hammering the
concrete to search for de-laminations caused by -reinforcement corrosion. However, this method will not
detect corrosion in areas where it is in the early stages.

This method has a limitation as breaking qf concrete'to expose the reinforcement may affect integrity
of the structure, It is therefore used in cases where structural integrity is not influenced significantly.

7.4.2. Electro-chemical method .

It is based on elcctro-chenucal naturc of the corrosion process which is comparable’to the well-
known operation of a battery consisting of an anode and cathode. The methods commonly used are:

e Potential Mapping
* Resigtivity Mappifig
7 4.2, 1 Potential mapping

Asthe corrosion of steel is an electrochemical reaction, i.e. it s both achemical reaction which generates
a chemical product and also a reaction which generates electrical current with a certain potential/voltage, The
potential of a corroding steel surface is known as corrosion potential. The corrosion potential of steel in concrete
can be measured using a standard reference electrode such as copper-copper sulphate electrode, or a saturated
calomel electrode or a silver-silver chloride electrode. The test procedure for the same is detailed in ASTM
C876-91. Commercial equipment for measurement of O.C.P. based on this method is available.

The steel reinforcement in concrete is located first by using a rebar locator. The electrical continuity
of the reinforcement is established by exposing the rebar at two or three locations on the surface and measuring
the potential difference between them with a high impedance voltmeter. If the potential difference is less than
1 mV, then the continuity is probable and if it is greater than 3 mV, the continuity is unlikely. The continuity can
also be ascertained by measuring the DC resistance between two locations, A DC resistance of less than 1
ohm indicates good electrical continuity among the reinforcement bars within the structural element.

The corrosion potential of reinforcement is measured by placing the standard reference electrode on
the concrete surface and connecting it to the negative (ground) terminal of a high impedance voltmeter, The
positive terminal of the voltmeter is connected to the exposed reinforcement bar, The potential difference
between the standard reference electrode and the steel reinforcement bar is shown on the voltmeter. The
voltmeter reading is directly read as corrosion potential of the steel reinforcement at that location. Fig. 7.2

shows the circuit diagram of measurement of O.C.P.

The interpretation of the corrosion potential values in terms of the condition of the steel surface is
made based on the criteria suggested in ASTM C-876 which is given below in Table 7.1.

However, interpretation of a single potential value on a concrete surface based on the above criteria
could lead to misleading results. Hence it has been suggested to measure the corrosion potential values on a
grid pattern on a concrete surface and draw the equi-potential contours and then use the above table for
interpretation of the contours. The contour map helps in identifying the corroding area and the non-corroding
areas on the steel surface YA typical contour map is shown in Fig. 7.3
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High impedance mmnom B
Measures potential difiersnce created batween
malal in haif coll and stestin comoto
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Fig. 7.2 : Circuit Diagram for Measurement of Open Circuit Potential of Steel in Concrete - |
Table 7.1 o
) N ---_1!?'
Cu-CuS0O4 Calomel Ag-AgCl Corrosion Condifion o
Electrode Electrode Electrode o "
>-200mV >-126mV >-106 mV 10% risk of corrosion (low) -«
-200t0 - 126 mVto -106 m¥ to Inten_nediate corrosion risk
350 mV 276 mV -256 mV
<-350 mV <-276mV <-256mV 9% risk of corrosion (high).
<-500mV <-426mV <-406mV Severe corrosion
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It is also to note that the above criteria are applicable to structures that are above the ground and not
in direct contact with soil or sea water. For the structures that are in direct contact with soil or sea water (ie.
saturated structure or where the oxygen availability is limited), or in highly rainy areas where concrete above
the ground also is also in a wet condition, a non-corroding reinforcement can exhibit a potential of -670 mV
w.r.t. Ag-AgCl Electrode. The structures above the ground need to be wetted on the surface before testing
the O.C.P. to ensure that the conducting path between the reference electrode and the steel is established.
The surface wetting is necessary as it tends to get dry due to sun and wind.

The advantage of this technique is that it gives a quick indication of the condition of steel w.r.t. the
corrosion. However, the limitations of this {e(.hmque are that it cannot product the rate of corrosion and
any attempt to correlate the potential with the rate would be futile. This technique is more suitable to
measure the corrosion potential of chloride contammated concrete. As may be noted, a good electrical
contact between the reference electrode and the steel thrmggh the concrete is necessary for stable reading.
The carbonated concrete exhibits higher concrete remstl ty._aﬂd'thls leads to erroneous resulis in the OCP
measurements. -

7.4.2,2. Resistivity mapping

The corrosion of a specific length of reinforcement is dependent on the algebraic summation of the
electrical currents originating from the corroding sites on the steel and flowing through the moist surrounding
concrete non-corroding sites. Hence the electrical resistance of concrete plays an important role in determining
_ the magnitude of corrosion at any specific location. This parameter is expressed in terms of "Resistivity" in

ohm centimeter or kilo ohms centimeter. The factors which govern the resistivity values are: -

o Constituents of concrete
¢ Chemical contents of concrete such as moisture chloride level.

e Type of Pore - structure of the concrete.:

As there are number of influencing factors as given above, it is possible that resistivity values will vary
significantly over a structure. It is therefore necessary that a systematic survey over well defined grid points
is suggested and a plotted map of the resistivity values can be used to assess the most potentially corroding
areas. General guidelines of resistivity values based on which areas having probable corrosion risk can be
identified is given in Table, 7.2 below: '

Table 7.2
S.No. Resistivity (ohm-cm) _ Corrosion Probability
1. Greater than 20,000 Negligible
2. 10,600 to 20,000 Low
3. 5,000 to 10,000 High
4. Less E'um 5,000 Very High
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7.4.2.3. Corrosion risk from resistivity:

The principle of resistivity testing in concrete is similar to that adopted in soil testing, However, when
applied in concrete, a few drawbacks should be realized. The method essentiall y consists of using a 4 probe
technique in which a known current is applied between two outer probes and the voltage drop between the
inner two elements is read off allowing for a direct evaluation of resistance 'R, Using a mathematical conversion
factor. resistivity is calculated as 'p' = 2R where 'a' is the spacing of probes. The principle of 4-probe
resistivity testing is illustrated in Figs. 7.4 and 7.5 which shows a typical resistivity contour.

N - w

CURRENT E til FOTEN BIAL

Fig. 7.4: Principle of Resistivity Testing for Fig. 7.5: Typical Resistivity Contour
Concrete - : .

7.5. Tests for Assessing Corrosion of Pre-Stressing Steel

-

Precise and well defined test to determine corrosion in pre-stressing tendons are not yet established.
However, some tests are developed and are indicative about corrosion incidence of pre-stressing steel.
Some tests such as visual inspection are used in certain situations and are helpful in assessment of corrosion.
Tests which can be used are given below:

¢ Visual inspection

* Acoustic Emission

o Radiography
e Endoscopy
e Technique based on reduction of Magnetic Flux of steel.

7.5.1. Visual inspection

This is similar to inspection of rebars. The cables located near the surfaces can be opened u;l
portion and inspection done fo check corrosion, diameter of the wire/strand, condition of sheathing a

etc. The data so collected cah be used for assessing the condition of pre-stressing elements. -, .i,;,
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7.5.2. Acoustic emission

Acoustic Emission (AE) is based on the principle that acoustic (sound) energy is released when a
pre-stressed wire, such as in pre-stressed concrete structures, including pavements, or in cable-stayed
structures, breaks. This acoustic energy is detected by acoustic sensors (accelerometers) distributed along
the key locations on the structure. Each sensor is connected through a co-axial cable to an on-site data
acquisition unit. The system collects no data until triggered by an acoustic event falling within pre-set limits.
On-site processing of the data at the data acquisition system eliminates most irrelevant events of no further
interest. Events that meet pre-set criteria are considered as wire failures, and are recorded and transmitted
over the Internet to a central processing facility where proprietary processing software is used to generate
reports summarizing the time, location and classification of the recorded events. See Fig. 7.6.

= Pre-slressed concrats

" Acoustic sensor

Fig. 7.6: Technigue of Acoustic Emission Monitoring

The system continuously monitors the structure and records the events; hence it is often termed as
continuous acoustic emission technique. The number of wire breaks help in the planning of remedial measures
to be undertaken. Although the acoustic emission principle was known, it has not become popular until
recently, when low-cost data acquisition system, computing hardware, powerful analytical and data management
software have become available. A commercial system based on this technique is available and is being used
in USA, Canada, Japan etc. : '

7._5.3. Radiography

In this technique, the physical condition of the reinforcement steel or pre-stressed wire or post-tensioned
cable can be visually 1nspected in a concrete structure. It is similar to taking a X-ray photograph of an object,
although in this technidgn ue, X-rays or y-rays are used using a radioactive source. The radiation source is placed
on one side of the concrete and a photographic plate (recorder) is placed on the other side. A schematic of the
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= que is presented in Figs. 7.7, and 7.8 shows the likely photograph of pre-stressed concrete element
' .sted using radiography method. Although commercial equipments are available, this technique is not
ridely due to safety concerns to the staff and the passers-by with the use of radioactive source of X-rays
~.rays. It has been suggested that the traffic need to be closed and movement of people need to be

during testing.

Magueiy Moulior
Seope Video
A
Image
Reprodncer
“SeeCANLE AT
COmVERTOR
Fig. 7.7 : Radiographic Technique
= N e 1:’ :,,55“ 3' . nffq'cg INDICAT 180

. RADIOGRAJIIIC PROFILE .

|~ PHOTOURARIIC FILM.
VoI .
- CABLE SHEATM,

.

= e CRMENT TmOUT.
—prdf — . TENOON,
A i /T~ poom GEMENT GAOUT.

. Fd . :

JiHel 31
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Fig. 7.8 : Testing of PSC Element Using Radiography Method

7.5.4 Endoscopy/Boroscopy

“This is a low-cost technique to inspect physical condition of the reinforcing steel, pre-stressed wire or
nsioned cable in a concrete structure, In this technique, a small diameter (approx.10-15 mm.) hole is
#i the concrete surface up to the level of the steel surface and then its condition is visually inspected by
a rigid or flexible tube into the hole. The tip of the tube is illuminated using a light source. Commercial
nts based on this method are available. Fig. 7.9 shows the schematic of endoscopy technique. The
intage of this technique is the numerous holes made on the concrete surface and their filling with an

ortar after inspection of steel.

S5
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Cross Sectidnnl
View

Fig.7.9: Schematic of Endpscopy Technique

7.5.5 Technique based on reduction of magnetic flux of steel:

This method is suitable for inspection of the pre-stressing wire or post-tensioned cable in concrete structures,
It is based on the principle that as the steel wire corrodes and its diameter decreases its magnetic properties
change. In this technique, the tendon hidden in the concrete is located (using cover meters or GPR) and is magnetized
using an exciting magnetic field H_applied from the outside of the concrete by means of a yoke magnet. This
exciting field generates a magnetization in the steel wires. Local disturbances of the distribution of this magnetization
due to ruptures or reductions of the cross-section cause the emanation of a magnetic leakage flux (stray field) H,
from the member. For the generation and measurement of the stray field, a probe containing the magnetization
device (yoke magnet) and the sensors is moved along the direction of the pre-stressed tendon outside the concrete
surface. Fig. 7.10 shows a schematic of this method. The stray field measurement is either conducted during
magnetization by the exciting field (active field) or as a residual field measurement, In the latter case. the stray field
is caused by the remnant magnetization of the steel after switching off the magnetization device. In the active field
measurement, ruptures of the longitudinal rebars appear as a local maximum.

7.6. Tests for Assessing Corrosion of Concrete

Contamination of concrete and other related defects can be ascertained by carrying out following
tests on concrete:

o Carbonation .
¢ Chloride content of concrete
e Electrical resistivity of concrete
¢ De-lamination of concrete
- Chain Drangz;pping
- Grout Pene‘&a’t‘ing Radar

trendsetters.com
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Fig. 7.10: Method of Magnetic Leakage Flux Measurement
These tests are briefly described below: |

vGOIOCMﬂon . N j: BT RN

The extent to which the concrete has carbonated can be determmed by n.klmg phenolphthalem
solution, which is colourless, on a freshly broken surface of concrete. This sohtion {s prepared by dissolving _
1g. of phenolphthalein indicator in 100 ml. of a 50 : 50 mix of iso-propybelcohiol. mdmam If the colour of ~
the solution turns purple, no carbonation is indicated and if the colour of the solution z¢ ng unchanged, it
indicates that the concrete has carbonated upto that depth. The test is performed at different depths of
concrete to determine the depth of concrete carbonation. However, there is a hmltuuowtdﬂﬁstochﬂquc The
indicator solution can detect change in pH at 8 i.e. colour changes from colomlesgﬁgmlqﬂwhﬂe the
threshold pH for breakdown of passive layer is 11 - 11.5 (See Fig.7.11). Hence caution.is exercised in
mterpretmg the results from the carbonation test and if required, more tests may. havcfao; bucamed out for
alkalinity (pH) in the laboratory. TEENE

“ pH Valig™ "’

;'_'._l_‘. e YT o T AT e T e

(T Limit of fully wikaline area.
> pH threshold for corrosion

~~~~~

" b
oAt n.- = L . - e
imation front memmnrad Y10y el T - -
by phenolphthalien " . 3 :
74t
r
[ °

- Fig.7.11: Limit of Phenolphthalein Indicator Solution and Threshold pH for
i Breakdown of Passive Layer

57

www.coachingtrendsetters.com

R




.2. Chloride content of concrete

An analysis for chloride content of concrete indicates the extent of the chloride penetration in to the
ncrete and the likely initiation of corrosion of steel. Steel is said to be de-passivated when the chloride
 front reaches the stee! level in the concrete and its conceniration exceeds a certain pre-determined limit. It is
in this context, that the determination of chloride concentration in concrete is important. Chloride content of
concrete is determined by gravimetric titration method andreadily usable portable kits are avajlable for
determination of chloride content of concrete at site. In;the determination of chloride ions in concrete, two
types of chloride ions are identified - (i) Acid soluble chlprides and (ii) Total chlorides. However, normally it
is the acid soluble chlorides that are determined as the fast is relatively simple to carry out and the results ate
more reproducible. These tests are covered in ASTM test procedures as given below:

ASTM C 1152 Standard test method for acid soluble chloride in mortar and concrete.

AASHTO T-260  Standard test method for sampling and testing for total chloride ion in concrete
and concrete raw materials.

The threshold chloride limits prescribed in various studies pertzin to the acid soluble chloride content.
Based on a series of experiments worldwide, the following threshold values of chloride ion have been
established for initiation of steel reinforcement corrosion in un-carbonated concrete:

< 0.2% by wt. of cement = No rlskofcorroswn

0.2% - 0.4% by wt. of cement . = Low risk of corrosion.
0.4% - 1.0% by wt. of cement = j _' e sk_ of corrosion
> 1.0% by wt. of cement = ngléri:kofcormslon

A chloride content upto 0.4% by wt. of cemenit has beeh generally considered safe with reference to the
reinforcement corrosion, Sometimes, the chloride content is expressed in terms of weight of chloride per unit
volume of concrete particularly in the case of existing structures where the records of mix proportions or cement
content are not available/known. In this case, the threshold chloride content has been found to be 09-1.2kgy
cu.m of concrete. However, the ACT has imposed more stringent conditions for chloride content and the limits

of chloride content as per ACI are given in Table 7.3 below-

Table 7.3
Type of Structure R Chloride content
(% wt. of cement)
Pre-stressed Concrete ' N : 0.06
Conventionally reinforced concrete in a moist envhﬁnment and exposed to 1 0.10
external sources of chloride
Conventionally reinforced concrete in a moist envifqnment but not exposed to 1 0.15
external sources of chloride _
Above ground building construction where the construction will stay dry. No limit
Does not include locations where the concrete will be occasionally wetted,
such as kitchens, parking girages and waterfront structures
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The IS:456-2000 stipulated the following limits on the chloride ion content of different types of
concrete given in Table 7. 4 '

' - Table74
Type or Use of Concrete Max, Total Acid
_ Soluble Chloride
. content (kg/cu.m
_ ‘ of concrete)
Concrete containing metal and steam cured at elevated temperature and 04
pre-stressed concrete
Reinforced concrete or plain concrete containing embedded metal ) 0.6
Concrete not containing embedded metal or any material requiring’ 30
protection from chloride

Sometimes, the quality of concrete is tested for its ability to resist diffusion of chloride ions through it
in terms of the electrical charges (coulombs) flowed through it. In this test, 100 mm. diameter concrete cores
are extracted from the structure and slices of 50 mm thick are made which are then subjected to the chloride
permeability test, This test is known as "Rapid Chloride Permeability Test (RCPT) and is covered in ASTM
specifications as given below: _ |

AS'I]M C 1202 Standard test method for electrical indication of concrete's ability to resist chloride
ion penetration.

AASHTO T-277  Standard test method for electncal indication of concrete's ablllty to resist chloride
ion penetration.

The resuits of this test are related to the ability of concrete to pcnncate the chlonde ions through itself

as given below : _ .
Coulombs Chloride permeability
>4000 High
12000-4000 Moderate
1000 - 2000 Low
0. 1000 AT

< 100

Needless to say, lower the chI‘ *hlgher is the resistance of steel to

undergo corrosion. ‘

www.coachind®endsetters.com




IRC:SP:80-2008

to -+ 7.6.3. Electrical resistivity of concrete

_ The corrosion reaction can only proceed when the concrete is abie to conduct electrical charges
between the anodic and cathodic sites. As is well known, in a corrosion reaction, the positively
charged ferrous ions from anode and the negatively charged hydroxide ions from cathode travel,
-through concrete, towards each other and forms ferrous hydroxide. Unless the reaction products
from anodic and cathodic sites are removed, the corrosion reaction ¢cannot proceed further. Hence,
the concrete must be conductive enough to allow movement of electrical charges through it to promote
corrosion reaction. Conversely, if the concrete has high resistivity (due to very dense concrete or
under very low RH values), the corrosion reaction comes (o a standstil. Note that the corrosion

reaction can be determined by measuring the resistivity (opposite of conductivity) of concrete. The
resistivity of concrete can be determined using a four-probe concrete resistivity apparatus (also called
“"Wenner” Probe/Array). The apparatus is laced on the surface of the concrete and gently pressed
against it. The probes are so made that on pressing against the concrete surface, a small amount of
wetting liquid is released form them to wet the concrete surface. This would ensure a good electrical
contact between the probes and the concrete surface. A DC current is applied through the outer

probes and the resulting potential is measured through the inner probes. Fig.7.10 shows the block
diagram of the principle and Fig.7.12 shows a commercially available Concrete Resistivity Logger.

Current source

,?-.’.3...7-:7.__:-, BN Path nt Crmvent

Steel Reinforcenent

¥ -

!
X l,»:“r'-.“_-'
e

i Fig. 7.12: Concrete Resistivity Testing
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The resistivity is measured using the formula:

p= 2.Rd
Where,

p =Resistivity
R = Resistance. V/I
d = Distance between the probes, 50 mm.

The read-out unit directly displays the resistivity values. These are interpreted in terms of probability
of reinforcement corrosion as follows:

Resistivity Probability of Corrosion
(ohn -cm) : :
< 5000 Very High
5000 to 10000 High
10000 to 20000 Low to Moderate
> 20000 Low
7.6.4. De-lamination of concrete
7.6.4.1, Chain drag/tapping

As the corrosion of steel progresses, the corrosion products accumulate between the steel and the
concrete interface and thus cause the concrete to undergo de-bonding from the steel surface. The loss of
bond between the steel and concrete is termed as de-lamination and a de-laminated concrete cannot transfer
the loads to the steel. A de-laminated concrete can be easily identified as it produces a dull/holtow sound
when gently tapped on its surface with a hammer or a metallic object. Moderately large concrete surfaces
can be inspected for de-lamination by dragging a metallic chain along the surface. However, the limitation of
this method is that it is not suitable for rapid inspection of large surfaces.

7.6.4.2. Ground penetrating radar (GPR)

Ground Penetrating Radar is a technique of recent times. In this technigue, a short pulse radar is directed
towards the surface of concrete. As the radar penetrates the concrete, a part of the pulse is reflected back when
it encounters an interface between two dissimilar materials identified by their di-electric constants. Thus, in this
method, the interfaces such as concrete-steel (un-delaminated), concréte-air-steel (delaminated) etc., can be
identified. Commercial equipments based on this inethod are available. The results of the survey are produced
on a graphical chart and it requires sufficient expertise to interpret the results: Some equipment are also available
with image processing facility in which the image of the surface/interface is generated. GPR is also used for
location of steel reinforcement in concrete structures where use of profotrieter/covetmeter is time consuming.

Commercial equipments are available as both hand held type and vehicle driven type. Fig.7.13 shows
a typical output of the testing of a concrete structure using GPR.

Details of tests whi‘ch can be carried out for checking éorrpsion are summarized below in Table 7.5.
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7.7. Summary of Tests for Corrosion

Table 7.5

Fig. 7.13: Typical Output on a Graphic Recorder from GPR Testing

S.No | Type of Test

Advantages

Limitations

Remarks

CORROSION OF REINFORCEMENT

-1, Potgntial
' Mapping
(Hatf-cell)

s Non-Invasive.

s However,doesneeda
connection embedded
rebars. '

& Measurements canbe

performed rapidly but
overali Speed of Survey

dependsongrid selected

.. | » Equipment.
" 4.~ generally cheap.

¢ Results are affected by
the weather, coupling to
electrolyte in concrete
- condition of concrete surface.
e Results are of comparative
nature,
o Does not provide a direct
indication of corrosion rate

o Allows zones of
varying corro-
sionrisk tobe

¢ Repeat mea-
surements help
overcome
environmental
and localized
effects.

* Shows long
term trends and
help in interpre-
tation,
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|S:No |Type of Test |Advantages | Limitations Remarks
2 Resistivity o Relatively quick to ¢ Results may be affected 1 Used to supple
Mapping perform. : by weather and coupling mentinformation
' # Provides indication to electrolyte in concrete etc. gained from
of relative comosion risk, Does not provide direct half-cell mapping.
indication of corrosionrate. e Typically used to
Interpretation of results may investigate zones
- bedifficult. of perceived
highest corro-
sion risk

PRESTRESSING _

3 Visual Provides direct evidence Expensive. Care should be
Inspection, of current status (visual Relatively slow and messy. taken to avoid
Exposure of condiionandmeasrement  [e Surface gets damaged and damage to
Pre-stressing | of residual/original needs repair subsequently. important
Tendons/ducty’ | component, size, presence Repaired zone may be site structural
Rebars by of grout etc.) of possible future ingress/ component such
excavation * deterioration of embedded as - tendons
orcoring  reinforcement. Needs good and rebars.

.| access for working.

4 Radiography {e Non-evasive, produces [e Accessrequiredon opposite | e Specialist and
animage of density faces of the elements. expert personnel
photographic filmor Health implication from required to carry
monitor, radiation. out test.

o Identifiesrebarsducts [e Expensive and slow.
pre-stressingelements  |o  Testing must be done by
and voids etc. regulated personnel.
¢ Canindicate size of Maximum thickness of
bars etc. member to be tested is
approximate 500 mm.
.| CONCRETE
5. Acoustic o Itis atechnique that - Vehicular traffic cannot be Trained and
Ermission gives results directly permitted during the test. specialist staff
- from the process “Very expensive . required.
of flaw growth.
o AE monitoring detects
corroston earlier than
other methods (half-
cell etc.)
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S.No |Type of Test | Advantages Limitations Remarks

6. Endoscopy/ | e - Viewing Visualization can be difficult e Requires
Borescopy e Construction or with short range and fields e access,

» Defects greatly of view provided by e ltinvolves

s Improves unders- endoscope. drilling into
tanding of issues to This may lead to confusion. elements
be resolved, Multiple holes may be causing surface

o Visual inspection may needed. damage which
be the only practicable need to be
approach, repaired.

7. AirTestto e Asimplemethodfor Involves detecting and Test needs only
estimate estimating thevolume " | drilling into void/duct with simple
Void Volume ofavoidwithina attendant risk of damage equipment.

concrefe element, to pre-stressing tendons. '
e Canalsogivean Care required.

indication of connectivity .

to atmosphere,

8. Carbonation | e Testiseasy and quick Surface damage takes e Standard test
Test(Phenol- to performonssite, with | . place and needs to be forestimating
phthalein test) clearindicationinmost | repdired. Tend to under- depth of

| instances. estirnate depth of carbonation.
carbonation. e Accuracy about
Not suitable for Hac +5 mm,
concretes,

9. Site Chemical |e Tests arerelatively A proportion of on On site testing
Test (HACH quick, cheap and -site results should be allows sarnpling
& QUANTAB)| easy to perform by verified by laboratory or testing regime
done on trained staff. based testing. to be developed
corcretedrilling | e Enables the presence Involves handling and modified

of significant chemicals on site. as investigation
chloride content proceeds.

10.  |Delamination |e Relatively quick and Can only be used on e Provides an
Test simple procedure exposed surface. indication of
(Sounding whichrequires minimal Results dependent on delaminated
survey) equipment. expertise and trained areas and their
Chain Drag ear of the operator. extent.
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8. REMEDIAL AND STRENGTHENING MEASURES

Remedial and Strengthening measures for bridge structures are already covered in IRC Special
Publication 40 and Specifications for Road and Bridge Works issued by Ministry of Surface Transport under
Section 2800, Reference should be made to the measures stipulated in these publications. However, some of
the measures have to be added, modified and updated taking into account problems related to corrosion,
These are given below:

8.1. Concrete Restorati_on

8.1.1. General

In all cases where concrete coveris repaired, the condition of the existing concrete in the exposed
damaged area is of primary importance in ﬂ’,é durability of the repair. The latter can be seriously compromised
if there is poor adhesion between the fresh concrete of the repair and the existing sound concrete substrate.
Therefore, it is important that the contact surface is in sound concrete and that all foreign materials are
removed that might affect or impair thie repair. In general, damaged and fractured concrete must be removed
to 2 sound surface which must be properly treated.

Various methods may be employed for undertaking patch repairs, these include hand-applied mortar,
recasting with concrete and possibly sprayed conrérete on large structures/members. The approach requires the
removal of damaged/carbonated/contaminated congrete in accordance with the criteria being employed and the
nature of the deterioration involved. Depending upon the extent and severity of reinforcement corrosion, it might
be necessary to introduce supplementary rcmforoement torestore the structural strength of the elements concerned.

Concrete removal entails a range of méthods which include percussive tools, pneumatic hammers,
hydro-demolition, water blastin g, milling macﬁine§ "'et.c. It is difficult to make comparisons of costs for the
different approaches because of the commercially sensitive nature of the information. Hydro-demolition,
milling machines and the like will be the most economic approaches as the areas involved increase in size.
Each of the different techniques has its advantages and limitations. Hydro-jetting methods are probably the
technique of choice on considerations of efficiency of concrete removal with minimal damage to the substrate,
cleaning of reinforcing bars and removal toa given depth. However, there can be difficulties associated with

water run-off, spray, flying debris, noise etc.

8.1.2. Hand-applied mortar

There are many proprietary patch repair materials on the market. These are pre-batched and generally
achieve better performance and consistency than site-batched repair mixes. The proprietary materials are usually
produced under a quality assurance scheme and come with certification defining their performance and
characteristics. Some systems include bonding agents. These require close attention to ensure that the associated

layer of repair material is applied at the correct time.

If the deterioration process has reached a level where a shallow surface repair is not feasible, a
replacement of the missing concrete section should be considered. The technical choice of the repair material
depends on volume to be replaced, the depth of the repair, the loading effects to be expected and the
conditions of application on siite.
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The following materials for the replacement of a substantial depth loss of concrete surface should be
considered: cementitious polymer modified mortar or concrete or resin systems.

(a)

(b)

(c)

()

Polymer modified cement-bound system

This system is one in which a 5% by weight or more of plastic additive (by weight of cement)
is mixed with conventional concrete or mortar mixtures. This additive improves the final
properties of the concrete or grout and provides high early strength. This additive is introduced
into the concrete or grout mix in the form of water dispersion, as an emulsion or as a powder.
Furthermore, the compressive strength should not be significantly decreased (within 5%} nor
should the modulus of elasticity be reduced. The curing of the plastic modified cement-bound
systems is of equal significance as for cement repair systems. Generally, these systerms are
superior to the cement-bound systems as they have increased workability and exhibit fewer
tendencies toward shrinkage cracking especially for thin layers.

Cement mortar and concrete (possibly with additives)

The use of mortar or concrete for the rcpalr of cover damage is dépendent upon the thickness
required. The maximum aggregate size should not exceed one-third of the required thickness.

Pre-formulated repair materia]s(specnﬁc performance charactel'istics)

These are products which have been developed for specific repair conditions (surface
roughness, minimum and/or maximuiti thickness of application etc.) and generally under specific
environmental conditions (temperature range, degree of surface wetness etc.) They generally
have specific instructions and procedures for application of the material to the damaged surface.
These repair systems should only be uscd when their composition is known, they correspond
to the requirements of existing gu1delmes and their successful use under similar circumstances
has been demonstrated. Under these conditions an increased reliability is provided to the user
and the client. The use of these repair systems does not absolve the user from the requirements
of relevant standards and guidelines as well as surface pre-treatment and proper

implementation.

Resin systems

These are particularly beneficial when a short curing time, a high early strength and a high resistance
to chemical and physical attack are required. They are suitable for repair of surface damage, of edge
damage at joints and defects in the concrete. However, use of these systems should take into account
that compared to cement-bound mortar systems; they have a larger thermal coefficient of expansion
which can be upto 10 times higher than that of concrete. Resin systems are normaily only used for
limited thickness. Moreover, the resin systems do not provide an alkaline environment around the
steel to maintain a passive layer on the rebars; they can be quite expensive. These facts make such

systems less commonly used.

The various measures for damage repair, may in addition, require surface protection measures to
provide for durability of the repair.
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8.1.3. Repair of cracks

Cracks which remain after undertaking the erosion protection measures, need to be sealed. This can
be done by pressure grouting with material such as epoxy resin, cement grout, polyurethene resin, acryl
resin, unsaturated polyster resin, etc. For details reference may be made to IRC : SP:40.

8.1.4, Sprayed concrete

Where the zones of deterioration are large, it may be appropriate to utilize sprayed mortar (gunite)
or sprayed concrete (shotcrete) as the repair material. This can be applied by either the dry mix or the wet _
mix methods, with the latter reportedly becoming more popular since proprietary mixes have been developed.
Care is required to avoid the presence of voids behind the reinforcement, particularly where there are multiple
layers of reinforcement.

Sprayed concrete is suitable for the repair of cover damages, concrete replacement and for the
strengthening of structural elements.

Pre-treatment of the surface is of prime importance when using sprayed concrete. Sand or water-
blasting has proved to be an efficient surface treatment procedure: however, environmental protection
regulations should be verified before use: No bonding agent is necessary because at the interface surface
mortar enrichment occurs as a result of aggregate rebound.

Sprayed concrete is applled in layers of thickness 20 - 30 mm. Sprayed concrete in multiple layers
requires that the preceding layer achieves a sufficient degree of hardness. Minimum reinforcement may be
required for thickness larger than 50mm. This reinforcement should be fixed in position in such manner that
it remains stiff and keeps its position during shotcreting operations. Addition of fibres (steel, glass, plastics)
may also be used.

Curing may be accomplished by an evaporation protection, e.g. plastic sheet, to prevent rapid drying
out. If a freeze-thaw/salt resistant concrete is required, a low water-cement ratio mix is used possibly with
an additive added to increase tightness and compaction. Also surface protection measures may become

necessary.
There are two basic sprayed concrete processes:

(a) a dry mix process where most of the mixing water is added to the nozzle and the cement sand
mixture is carried by compressed air through the delivery hose to a special nozzle;

(b} a wet mix process where all of the ingredients including water are mixed before entering the
delivery hose.

8.1.4. Recasting of concrete

Placing concrete in the area to be repaired should be accomplished in such a manner as not to
impede concrete flow and to avoid entrapment of air. The re-cast concrete should have final properties that
match the existing concrete as closely as possible (strength, modulus of elasticity).

In any structure wheke the repair process requires a significant proportion of the original concrete to be
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rgmq_vé(:_l:fc()ns_ideration needs to be given to the residual load capacity of the member(s) concerned. Due to the

" different elastic modulus, thermal, shrinkage and creep characteristics of the repair material, it cannot be assumed

B I 3R

that this.will carry load in the same way as the original material.
8.1.5. Encasement

Encasement is used more frequently in marine environments, being used fairly often to repair column and
beam elements in concrete jetty structures and for some bridge columns, piers and abutments. The deteriorated/
contaminated concrete will be removed prior to casting the encasement. This will no doubt contain reinforcemept to
control early age thermal and longer term moisture related shrinkage cracking,

Although the encasement may utilize traditional shuttered construction methods, it is also possible to
use sprayed concrete,

8.2. Preserving or Restoring Passivity of the Reinforcement
8.2.1. Restoration of the protection

The decision on the necessity of removal of contaminated concrete cover, where commencement of
the corrosion process is imminent, will depend upon the amount of contaminant content (chloride), the
availability of moisture and the degree of carbonation.

If this is the case, the corrosion protection on the reinforcing bar has to be restored. This can be
achieved by encapsulating the bar in an alkaline coating: concrete (sprayed concrete), cement mortar or
€poxy resin mortar,

8.2.2, Corrosion Inhibitors

Corrosion inhibitors, which come in powder, get and liquid form, retard the rate of the corrosion reacﬁqn.
They are widely used in many industries to effectively reduce the corrosion rate of steel and other metals. Commercial
products for the control of corrosion of steel reinforcement in atmospherically exposed concrete were first produced
in the 1970’s. They increase the time to the onset of corrosion and then act to reduce the rate of corrosion. They
can be introduced into the concrete mix at the time of construction/repair or (in a suitable formulation) applied to
the surface of an existing concrete structure.

There are three main types of inhibitors:
¢ Anodic inhibitors, which retard the corrosion reaction at the anode.

Atlow dosage there is concern that they will suppress generalized corrosion but may fail to
eliminate all anodic sites. |

e Cathodic inhibitors, which retard the reaction at the cathode and seek to prevent oxygen reaching |
the reinforcing steel. ' '

Atlow dosages, they are effective at reducing corrosion rates but are generally less efficient than
- the anodic type. '

: R :
¢ Multi-functional (ambiodic) inhibitors.
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These combine the benefits of both anodic and cathodic inhibitors at relatively low dosages.

Inhibitors are consumed with time and will only work up to a given level of activation (i.e. chloride
content). Calcium nitrate is one product, which has been widely used, being both added to the repair mix and
applied to the surface of the concrete. Other proprietary products are available, however more is needed for
enhancing alkalinity or blocking of pores.

To be effective a corrosion inhibitor applied to the surface of the concrete has to travel to the surface
of the steel. This is by diffusion and in most instances, will be a siow process. The liquid inhibitor molecules
are larger than chloride jons, hence will be transported at a slower rate. Vapour phase inhibitors offer an
advantage that diffusion as a vapour will be faster than as a liquid. However, they may diffuse poorly through
saturated concrete and may also diffuse out of the concrete. Drilling and grooving are sometimes used to
speed the transport of the inhibitor to the steel surface. These processes are both damaging and expensive.
The effectiveness of surface spraying/roller application will depend very much upon the quality of the concrete
and its moisture content.

The principle of most inhibitors is to develop a very thin chemical layer on the surface of the reinforcement.
There is a very wide range of corrosion protection performance from different inhibitor formulations, even with
generic classifications. Independent evaluation and certification of performance is desirable from the specifier’s
point of view. However, such evaluations need to be representative of field concretes and conditions. As the true
effect of an inhibitor can only be evaluated from corrosion rate measurements before and after application and by
reference to a control area, such systematic evaluations are lengthy processes and are in their early stages.

8.2.3, Re-alkalization

This electro-chemical technique provides a means of restoring the alkalinity to carbonated but otherwise
sound concrete. It involves the passage of a direct current between the reinforcement (the cathode) and an
anode applied temporarily to the surface of the concrete. This process generates hydroxy! ions at the steel
surface which locally regenerates the alkalinity of the concrete raising its pH upto about 12. This helps
restore the passivating surface oxide layer to the reinforcement. '

Under the applied voltage, atkali ions are drawn from the anode into the concrete. The use of sodium
or potassium carbonate electrolyte is claimed to make the treatment more resistant to further carbonation.
Several forms of anode may be employed. These are commonrly either some form of mesh (titanium or steel)
or electrolytic tanks (for vertical surfaces)/baths (for deck slab applications). Sprayed cellulose impregnated
with the electrolyte is used with the mesh anode system.

The introduction of sodium ions, when using sodium carbonate as an electrolyte, may exacerbate any
potential the concrete has for ASR. In these cases, plain water has been used as an electrolyte. It is understood that -
alithium electrolyte has been proposed and tested but is still a subject of research.

The process typically takes between three and five days but sometimes may take several weeks. Successful
treatment can be established by means of an acid/aikaline indicating solution. However, it should be noted that
phenolphthalein changes colour ata pH of about 9.5 (unless a modified solution of phenolphthalein is used). This is not
a passivating condition and an indicator (Universal indicator) with a colour change closer to pH 12 may be required to
demonstrate that a passivating condition has been achieved.
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... Aswith cathodic protection and desalination, consideration must be given to hydrogen evolution at the
reinforcement. The re-alkalization process applies some 20 — 50 V DC between the anode and the steel that must
Hei@asiicted to achieve steel potentials at which hydrogen evolution could take place. It seems unlikely that re-
4ikealization would need to be applied to pre-stressed concrete structures,

" L
TR T

Re-alkalization requires electrical continuity of the steel in the areas to be treated, a reasonable level and
uniformity in the conductivity of the concrete, no short circuits between the cathode and the anode and no
eleetrically insulating layers in the cover zone/bar surrounds. The process requires fewer concrete repairs than
thépatch repair alternative. It is also able to treat the whole surface of the zone in question. There has been
stronggrowth in the use of re-alkalization in recent years (since the late 1980°s) presumably because of its
greater convenience and cost advantage over patch repairs.

8.2.4. Chloride removal

Negatively charged chloride ions (Cl-) can be repelled from reinforcement and move towards an external
anode by making the steel cathodic and passing a direct current through the concrete. This process is known by
various names such as electro-chemical chloride extraction, desalination and chloride removal. Itis similar in operation
to cathodic protection by utilizes a temporary anode and a much higher electrical power density. The cathode reaction
generates hydroxyl ions that locally enhance the alkalinity of the concrete in the vicinity of the reinforcing bars and
encourages their re-passivation. Treatment periods are in the order of 3 to 6 weeks. Electrolytes employed include
water and saturated calcium hydroxide.

The anode types employed are essentially the same as those used for re-alkalization protection,
namely either mesh systems or liquid electrolyte systems contained within tanks. Sprayed cellulose impregnated
with the electrolyte is used with the mesh anode system. These use either titanium or a steel mesh {which is

consumed during the treatment).

As with other electro-chemical systems, it is necessary to have electrical continuity across the zone to
be treated, no electrical short circuits between anode and cathode together with a reasonable level and
uniformity in the conductivity of the concrete. The approach minimizes the amount of concrete repair work

NECessary.

It is claimed hat the technique can be used to treat the whole of the concrete surface and, on the basis
of life cycle costs, that it should be applicable to a wide range of structures. Care needs to be exercised in
relation to potential problems (as with the other electro-chemical methods, namely hydrogen evolution in the

member concerned).

8.3. Cathodic Protection

The chloride extraction and re-alkalization repair techniques are temporary processes. Cathodic
protection is a similar technique but permanent. It is now well established and is increasingly becoming
accepted as a practical long-term solution for the rehabilitation of reinforced concrete structures suffering
from chloride induced corrosion.

The basis of cathodic protection is to eliminate corrosion by reducing the potential of the steel to a
more electronegative state, thereby con-verting the whole of the steel reinforcement into a large cathode.
This is achieved by passing a small direct current between an external anode material and the steel reinforcement
material. The anode‘material is connected to the positive pole of a rectifier and the negative to the steel
reinforcement. The prodiction of electrons (cause of corrosion) which are consumed by the oxygen and
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water in reduction reactions does not occur at the steel reinforcement. Instead the system forces electrons
into the steel to be consumed in these reactions and thus protect its integrity. The production of hydroxylions
at the steel surface (cathodic reactions) causes the concrete to revert back to an alkaline state thus stopping

the corrosion process. -

Cathodic protection of reinforcing steel can be achieved by using sacrificial anodes or an external
direct impressed current source. However, sacrificial anodes may not be suitable in the atmos pheric zones
due to the high electrical resistivity of the concrete.

8.3.1. Types of cathodic protection systems
* . Titanium mesh anode/cementitious overlay system

This has been the system most widely used but other systems appear to have been overtaking
it recently with regards to usage. It is applicable above ground/water level and provides even
current distribution which minimizes the risk of over protection. If necessary multiple layers
can be used to protect large surface areas of steel. However, the cementitious overlay can be
susceptible to de-lamination, if not applied correctly. It also imposes extra weight on the
structure and can be susceptible to impact damage.

. Slotted/grid anode system .

A dens¢ titanium mesh ribbion or strip is installed in slots cut into the concrete (generally 25 mm x
25 mm) and the slofs are'then backfilled with a cementitious mortar compatible with the parent
concrete). It has a low risk of de-lamiriation and life can be enhanced by using a larger anode strip.
Minimal concrete cover can afféct the uniformity of current distribution.

. Internal anode systems

The internal anodes are embedded in 12mm diameter holes drilled into the concrete at depths of upto

300 to 400 mm. depending upon the length of anodes required and the structural component being

_protected. A graphite based backfill material or a conductive gel is injected into the holes and the 3 mm

Platonized titanium rods are then inserted into the anode backfill. The life of the system is basically

controlled by the consumption of the graphite backfill which is estimated by the manufacturer as 20

years, although recent use of the conductive gel suggests a life of at least 30 years. However experience

: - Emwdwwmgﬂm.mmwofﬂﬁswpemmmanWﬁﬁaﬂmmnmﬁngﬁwﬁfeﬁmmﬁm

of the manufacturers. The system is especiaily cost effective on large elements such as beams, piers and

columns but s not suitable for thin sections. Careful design is required to minimize cable requirements
and to ensure optimum spacing and critical positioning of anodes in the vicinity of the steel.

. Electro-conductive tape grease/over-wrap system

A conductive tape/grease system which provides a conductive path to the concrete is wrapped
around a column or pile followed by titanium mesh. A further layer of conductive tape over-
wraps the mesh anode to secure and provide a contact surface for the outer face of the mesh
. anode. Mechanical protection is provided by either polyethylene or fiberglass impact resistance
jackets. Thi§ system is difficult to install on large sections, is susceptible to impact loadings

and appearance becomes a problem.

!
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25 mm) and the slofs are'then backfilled with a cementitious mortar compatible with the parent
concrete). It has a low risk of de-lamiriation and life can be enhanced by using a larger anode strip.
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columns but s not suitable for thin sections. Careful design is required to minimize cable requirements
and to ensure optimum spacing and critical positioning of anodes in the vicinity of the steel.

. Electro-conductive tape grease/over-wrap system

A conductive tape/grease system which provides a conductive path to the concrete is wrapped
around a column or pile followed by titanium mesh. A further layer of conductive tape over-
wraps the mesh anode to secure and provide a contact surface for the outer face of the mesh
. anode. Mechanical protection is provided by either polyethylene or fiberglass impact resistance
jackets. Thi§ system is difficult to install on large sections, is susceptible to impact loadings

and appearance becomes a problem.
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. Electro-conductive tape grease/panel system

This system utilizes similar technology as the over-wrap system. However, it is pre-
fabricated fiberglass impact resistant panel which can be bolted into position. |t is suitable
tor soffits, columns and beams and it is easy to install. The thickness of panels and
their aesthetic appearance are its negative attributes. The expected life of the conductive

gel also needs consideration.

. Water/soil anodes

These remote anodes consist of proven materials such as high silicon cast it on, lead,
silver or 3 - 6 mm diameter Platonized titanium rod embedded in coke breeze (conductive
backfill) and secure din geo-textile bags in a trench. In shallow waters, the anodes are
dug into the mud whilst those instalied in sea water are normally located flush with piers
and housed in a slotted PVC pipe for protection from boat damage. These anodes are
powered by an independently controlled output from the Transformer/Rectifier and protect
large areas of reinforcing steel in immersed concrete structures. These systems are
mainly used in conjunction with other systems to address the problem of current dumping.

. Sacrificial zinc anode systems

Sacrificial zinc anodes can be clamped onto concrete columns, immersed below the watsrline
or dug into the mud in order to provide protection to the buried/submerged and tidal zones. The
degree of polarization will vary as a result of several factors including the amount of current
output from the anodes, the rate of polarization obtained in the submerged/buried section, tidal
variations and tidal resistivity. Over-protaction of the steel reinforcement is not a concem as
zinc anodes' current output is self regulating with low driving voitage of 0.9to 1.1 volts.

. Sprayed zinc CP systems

This is a very simple systemn with a very low initial cost outlay. It requires the application of
99.9% pure zinc by arc-spray method at a total thickness of about 400 microns. [t is a
sacrificial system, which has a life expsctancy of 12 to 15 years that can be extended by
whip biasting and re-spraying additional zinc material. It can also be installed as an impressed
current system and a protective coating may be applied over it to further extend the useful
life of the system. Sacrificial zinc anodes are also use din combination with these systermns
which protect the submerged/tidal zones and minimize current dumping.

. Impressed current systems

These require electrical connections to distribute the impressed current across the anode, a
DC power supply and an associated control system together with embedded monitoring
probes providing data by which adjustment s can be made to the voltage and currents applied.

An installation will normally be divided into a number of zones, each with its own power supply. The
design of the zones needs to take account of a number of factors such as the —

¢ variation in moisture and chloride contents (and hence the conductivity of the concrete) across
the structure.

e continuity of reinforcement in different areas,
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¢ presence of joints in the structure,
» requirements for different anode types

¢ variation in reinforcement provision.

- Commissioning is a very important stage in achieving an effective and durable CP system. It provides
the opportunity to perform a variety of tests and trials establishing the initial behaviour of the CP system,
make adjustments to current and voltage supplies and to verify control criteria. '

! Once it has been established that an impressed current CP system is providing protection to all
- reinforcement, it is essential that the operation of the system be monitored and that it be properly maintained.
lL Changes occur in the concrete over the first few months of operation (increase in resistivity due to removal of
.. chloride ions and drying out of concrete). The objective of the monitoring is to ensure that all reinforcement
|\ remainseffectively protected.

|

1

|

|

For concrete structures with old types of pre-stressin g steel, the risk of hydrogen-embrittlement shall
be analyzed when considered the implementation of impressed current CP systems.

8.4. Structural Strengthening

Strengthening of structural members can be achieved by replacing poor quality or defective material
by better quality material, by attaching additional load-bearing material and by re-distribution of the loading
actions through imposed deformation of the structural system. The new load-bearing material will usuall ybe

high quality concrete, reinforcing steel bars, thin steel plates and straps, carbon or glass-fibre tissue or plates,
post-tensioning tendons or various combinations of these materials.

The main problem in strengthening is to achieve compatibility and continuity in the structural behaviour
between the original material/structure and the new material/structure.

8.4.1. Strengthening of concrete sections

Strengthening of concrete sections may be achieved by:

¢ Increasing the concrete section itself

* Introducing new reinforcing bars in special recesses carved in the old concrete.

¢ Placing new reinforcing bars outside the old édncretc and linked thanks to additional concrete.

» Creation of a composite structure (for instance; steel-concrete composite or advanced composite
material (ACM) — concrete composite). '

In each case, the new section has to be designed and checked according to the desi gn specifications
of composite structures.

Satisfactory interaction between existing concrete and new concrete is required: the two parts must act as
a homogeneously cast structural component, The joint between old concrete and new strengthening materials must
be capable of transferring shear stresses. The joint must be durable for the environment in question.

Differences in creep an_? shrinkage properties between old and new structural elements will require careful
evaluation. :
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- 8.4.2, Strengthening with bonded materials

8.4.2.1. Steel plates

The strengthening of concrete structures by means of bonded steel plates is a technology existing in
many countries: .

(a)

(b}

Short term behaviour

The load carrying capacity of this type of strengthening depends upon the strength of the
reinforcement, the concrete and the adhesive. Yielding of the reinforcement will cause the
adhesive to fail, Utilization of high-strength reinforcement is limited by the dimensions, concrete
strength etc. Concrete strength has a large influence on the efficiency of the strengthening
because the failure plane is located within the concrete. _

The concrete dimensions, according to previous tests, do not appear to have any decisive
effect. The surface condition of the steel is an important parameter. Suitable conditions can be
achieved by sand-blasting. Oil and grease should be removed by means of an organic solvent.
As cleaned surfaces corrode rapidly, a primer coating should be applied immediately.

Long term behaviour

The question of long-term behaviour is of particular importance for these materials, the properties
of which are highly time-dependent, Of considerable importance are: creep, ageing and fatigue -
strength.

» Creep

The creep of epoxy resin adhesives is considerably greater than that of concrete. In accordance with
the current state-of-the-art, it can be assumed that the creep deformation abates refatively quickly. In
thin adhesive layers (€3 mm) the influence of creep is restricted by the cohesion of the adhesive.

With increasing width, there is a risk of defects in the adhesive. Therefore, the width of the
reinforcing element should be limited to a maximum of 200 mm.

The thickness of the adhesive coat, within a range of 0.5 — 5 mm has no significant influence on
ultimate load. With increasing thickness of adhesive, the slip between the reinforcing element

and the concrete becomes greater.
. Ageing

Ageing is a change of properties resulting from mechanical, physical and chemical influences
(e.g. air humidity, radiation, heat, weathering and water).

« Fatigue strength

Preliminary tests show that the fatigue strength is approximately 50 per cent of the short term
stren

» Corrosion and fire protection should be addressed
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8.4.2.2. Advanced composite materials

The technique of repairing structures by bonding strengthening reinforcement to the element has recent! y
been given a tremendous boost; the explanation lies in the ability to replace traditional steel plates by flexible
composites using e-glass or carbon fibres as a base. These are known as Advanced Composite Materials

(ACMs).

The advantages of ACMs are numerous:

high strength and elastic moduli,
no ability to corrode,
low mass

extreme flexibility in application to surfaces of any shape or nature. _.

high resistance to fatigue and wear.

Thin layers of ACMs are applied using a thixotropic resin with an epoxy base. The real breakthrough

in the scheme lies in the fact that the fixing is done cold and without pressure thanks to the development of

glues and fibres specially designed for the application to Public works. In addition to the exceptional properties
of the ACMs the technique offers simplicity of usage and handling,

Caution must be exercised in using ACMs, especially in the case of shear enhancement, where strain
compatibility between the ACM and the base material must be achieved, with a maximum limiting strain of
0.004. In flexure, ACMs must have sufficient bonding area to ensure the tear strength of the base material
(concrete) is not exceeded. It should also be recognized that by increasing the flexural capacity of a member,
the shear demand is also increased and this must be allowed for in the design. Fire protection issues should

be addressed.

8.5 . Strengthening with Additional Pre-Stressing

General

In many cases, strengthening by means of external post-tensioning is a highly effective method. Both
reinforced concrete and pre-stressed concrete structures can be strengthened by means of external
post-tensioning with the use of stands / bars. The influence of post-tensioning on serviceability and
ultimate limit states can be varied within wide limits by selecting different methods of introducing the
tensioning force and using different alignment for the tendon. Both bonded and unbonded tendons can
be used. In this regard, reference be made to IRC:SP-40.

Special design considerations

Strengthening by means of post-tensioning can normally be designed in the same way as an ordinary
pre-stressed member. When calculating pre-stress losses, however, it should be noted that the effects
of creep and shrinkage may generally be less than in normal design due to the age of the old concrete.
The stress in an unbonded tendon in the ultimate state will be only slightly larger than that after pre-

stress losses, ; ;
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Protection against corrosion and fire

- The post-tensioning tendons should be protected against corrosion and fire to the same extent as in a

newly built structure. The requirements for concrete cover are the same as for ordinary pre-stressed
concrete structures. :

Anchorage and deviators

As the post-tensioned tendons are not embedded in the structure in the conventional manner, special
attention must be given as to how the force is introduced.

There are several methods available for the attachment of supplementary pre-stressing:

Anchorage at girder ends {abutment)

Additional supports either in concrete or steel fixed to the web of the box girder at existing
diaphragms. -

Deviators — these devices can be either concrete or steel. They are attached to the existing webs
or flanges by short pre-stressing bars.

9. MONITORING

9.1, Instrumentation

During inspection and maintenance of Bridges, several problems are encountered such as —condition
of components, bearings, tendons, grout reinforcement, expansion joint, condition of concrete etc. As there
is no theoretical approach to these problems, instrumentation is useful to assess them and develop solutions.

For monitoring the health and performance of the bridge and to assess strength and serviceability
capacity of bridges in distress, instrumentation is used related to corrosion aspects. List of such instruments °
and Tests and that of supportive instruments and tests are given in Tables 9.1 and 9.2:

9.2. Instrumentation/Tests for Direct Testing

Table 9.1
S. No. | Instrument/Test Application Limitations/Remarks _
1. Magnetic Detector » Totestcoverthicknessof |e Portable and Handy instrument for
for reinforcement. concrete at site. Rebars. :
* Range is 20 mm to 120 mm| :
(= 1Imm) o Cannot check cover and layer of
reinforcements of ducts / tendons
2. Half Cell Potentiometer | ® Detectionof corrosionof e Carried out in-situ on the structure.
steel embedded in concrete. | ¢ Commonly used in investigations.
i e Candetermine whether
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Instrument/Test Application Limitations/Remarks

corrosion is occurring and
if so, extent of it.

Resistivity Meter This instrument isusefulto | Itis useful for assessing probability of

(Wenner Probe) determine ability of concrete | reinforcement corrosion.
to promote or resist the
corrosion reaction. Values
obtained from the logger
indicate probability of rebar
cotrosion.

Radiographic Instrument | To inspect physical condition | e Duetouse of radiation source in this
of rebars or pre-stressing technique, not commonly adopted.
element

Endoscope Toinspect physical condition | ¢ Numerous holes are required to be
of reinforcing steel, pre- made.
stressed wire or post- o Lot of care required as during
tensioned cable preparation of hole, wire may get

damaged. .
6. Radar - It is aremote sensing This tcchmque is under experiment and
o electrical measurement being used in USA forconcrete bridges-
technique used to determine
damaged location and nature
of damage to the pre-stressing
cable. It can detect voids
in the grout.
7. Phenolphthalein Test For finding out depth of Simple Test and used regularly.
carbonation of concrete, o
B Chloride content evaluation To check chloride content Generally, such tests are carried
of concrete and likely out in laboratory. The site kits are
initiation of corrosionof steel | available,
9. Water Permeability Test To find out permeability e Need trained and experienced
' of concrete personnel to conduct the test.
¢ The meter has to be imported. , J

i . Gk
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9.3. Supportive Instruments and Tests

Table : 9.2
{S.No. | Instrument/Test Application Limitations/Remarks
I Vibrating wire strain Measurement of strain in ¢ Commonly used,
gauges concrete o Experienced personnel needed.
2. Electrical strain gauges | Measurement of strain ¢ Itisregularly used.
in concrete » Need trained and experienced
persons. *
3. Precision load To measure deflections o Used regularly.
4. Ultrasonic Pulse Velocity | To find strength of in- e Used commonly.
situ concrete ¢ Truly non-destructive and
reliable method
5. Capo Test To find strength of in- » Partially destructive.
situ concrete e Not very common.
' » Only covered portion is tested.
16. Core Test To find strength of in- e Reliable method. '
situ concrete e Care required to prepare end
faces of cylinder core.
o Partially destructive
7. Rebound Hammer To measure surface “te Itindicates concrete quality upto
' hardness of concrete adepth of 50 mm.
which s related to o Considerable variations in resuits
strength of concrete occur:
' ¢ [tcan give approximate
estimation of strength

9.4. Planning of Scheme of Instrumentation
While planning the scheme for instrumentation, following points should be considered:

(1) Firstof all it must be recognized that all measurements are relative to the first set of measurements
which form the base. Thus, instrumentation cannot retrace the distress history viz. the causes
which led to the distress, but it can only help us to monitor the condition of the brid ge from the
time the instruments were installed. Absolute measurements would be possible only in the case of
transients, e.g. effects of live load, temperature etc,

(i) Another important consideration is that instramentation is not an end in itself. Correct interpretation = -
of data acquired through instrumentation calls for mathematical modeling involving an idealization
of the structure and knowledge of the material characteristics (e.g. elasticity, homogeneity etc.)

(iii) Instrumenthtion is an expensive undertaking, involving considerable expenditure on equipment
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d fieldwork. Much of the expensive equipment (e.g. pressure cells, strain gauges etc.) is
etrievably lost within the body of the structure in the very nature of data acquisition in the field.
e quantum and the type of instruments need therefore to be planned carefully, on the basis of
e theorctically predicted structural behaviour.

*j lexpcnmental work involves an element of error and instrumentation in the fieid even more so.

jrifierniore, some mortality of the instriments employed is unavoidable. These considerations at
e gmphasize the utmost need for adequate redundancy of measurement to obtain meaningful
gaults;in any instrumentation project. To eliminate human error in measurements, data logging
hould be made as automatic as possible.

i

A field instrumentation job comprises of diverse activities such as testing, installation, recording

of sensitive instruments, each of which demands close attention to details. The human element is
mﬂ:lerafore of paramount importance in instrumentation. Meticulous planning, precise execution
and a high degree of commitment to the effort, bordering on perfectionism, by the individuals
Difi¥tived in it are absolute pre-requisites to success in any instrumentation effort,

G
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