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Abstract

This study was carried out to evaluate the performance of a few repair materials in resisting rebar
corrosion. The experimental work was carried out in three stages. In the first stage, the repair materials
were evaluated by conducting water permeability, chloride permeability and accelerated corrosion tests.
In the second stage, these repair materials werte used to repair reinforced concrete beams and they were
exposed to sodium chloride solution. The resistance to corrosion was evaluated by measuring half-cell
potentials and corrosion rates of rebars using Tafel Plot technique. In the third stage, the effect of heat-
cool cycling on the corrosion resistance performance of the repair materials and repaired beams was
undertaken.
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THESIS ABSTRACT
Name : Hamoud Ahmad Farhan Dehwah

Title of Study : Durability of Reinforced Concrete Beams

Repaired With Various Repair Materials
Major Field : Civil Engineering (Structures)

Deterioration of concrete structures is a serious problem in the countries
along thc Arabian Gulf. Various repair techniques and materials arc
devcloped and used successfully in the western countries which have a
temperate climate. The aggressive environmental conditions of the Arabian
Gulf countries which are completely different from the Western conditions

nccessitate  retesting and re-evaluation of these repair materials and

techniques.

Renovation and repair work will be a major challenge to the maintenance
engineers in this area. Before any repair/renovation work is undertaken it is
necessary that the repair materials be tested for their performance and
suitability. This study was carried out to cvaluate the performance of a few
repair materials in resisting rebar corrosion. The experimental work was
carricd out in three stages. In the first stage, the repair materials were
evaluated by conducting water permeability, chloride permeability and
accelerated corrosion tests. In the second stage, these repair materials were
used to repair reinforced concrete beams and they were exposed to sodium

chloride solution. The resistance to corrosion was evaluated by measuring

XV



half-cell potentials and corrosion rates of rebars using Tafel Plot technique.
In the third stage, the effect of heat-cool cycling on the corrosion resistance

performance of the repair materials and repaired beams was undertaken.

B

The water permeability of all the repair materials, viz. silica fume
mortar. polymer modified cementitious mortar, ordinary cecment mortar and
ferrocement mortar was lower than that of plain concrcte. The chloride
permeability of silica fume mortar and polymer modified cement mortar
samples was lower than that of plain concrete samples. Ordinary cement
mortar samples, however exhibited higher chloride permeability. The time for
initiation of corrosion, i.c. breakdown of passivity was longer in silica fume
mortar and polymer modified cementitious mortar samples compared with
plain concrete samples. The time for initiation of corrosion was smaller in
ferrocement and ordinary cement mortar samples compared to plain concrete
samples. This indicates that structural components cxposed to chloride ions
and stray currents, or brackish water should not be repaired using ordinary

cement mortar and ferrocement mortar.

The half-cell potentials and corrosion rates of rcbars in repaired beams
were lower than those in plain concrete beams. The half-cell potentials and
corrosion rates of rebars in beams subjected to heat-cool cycling were higher
than thosc in beams which were not subjected to heat-cool cycling. This

indicates that thermal cycling accelerates the corrosion process.

MASTER OF SCIENCE DEGREE

KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS
Dhahran, Saudi Arabia

JANUARY, 1990
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CHAPTER 1

INTRODUCTION

1.I Deterioration of Concrete in the Arabian Gulf Region

Dcterioratioﬁ 6f reinforced concrete Structurcs is a serious problem in
many countries espccially those on the Arabian Gulf seaboard. Reinforced
concrete is a highly durable material if it is manufactured properly, but
reinforced concrete structures in these countries deteriorate more rapidly
than in most other areas of the world. They show earlier signs of distress
and alarming degree of deterioration within a short time period of 10 to 15
years. The factors contributing to deterioration of concrete structures in
these regions include, scvere climatic conditions, aggressive environmental
conditions and marginal aggregates. The use of unsuitable specifications
and designs, use of unskilled labour which lead to poor construction
practices, use of unsuitable materials and equipment arc other factors

which contributed to the deterioration process. Quick implementation of



projects and the unprecedented rate of construction have not allowed
development of design and construction specifications suitablc for local
conditions. In the last two decades particularly since 1972, the Arabian
Gulf countrics have expericnced a more rapid increase in the construction
expenditure than any other area in the world, and this has put a great
strain on the quality control of construction industry. The absence of close
supervision, quality control assurance, lack of specifications suitable for
local conditions, and awarcness of thc problem in the people during
construction timec are also other faciors which have accelerated the
deterioration process and magnified the problem. According to previous
studies [2,3] the main causes of deterioration of concrete structures in this
region in decreasing order are, corrosion of reinforcement, sulfate attack,
salt weathering and cracking due to environmental effects and potential
aggregate-cement reactivity. These factors interact with cach other to

aggravate the deterioration processes [1-9].

Since the number of structures suffering from rebar corrosion is far
more than those due to other phenomena, a brief discussion on

mechanisms of corrosion of rebars is discussed in the following paragraphs.
1.2 Corrosion of Reinforcement

Corrosion is decfined as the reaction of a metal with its environment

and it can occur by dry or wet reaction [19].

Deterioration of concrete due to corrosion of steel reinforcement has

received increasing attention in recent years and became the international



topic of the hour and a topic of discussion among concrete technologists
and corrosion scientists, particularly in Saudi Arabia and the other
Arabian Gulf countrics because of the pre-mature deterioration of
structures in this region. Extensive research is in progress in this region to

enhance the Service life of concrete structures.

1.2.1 Factors Influencing Corrosion

Concrete normally provides an idcal cnvironment for protecting
reinforcing steel from corrosion. The high alkalinity of pore solution ( PH
> 11) causcs the formation of a thin invisible protective oxide film on the
steel rcinforcement, which prevents it from corrosion. Corrosion is
initiated once this protective layer is destroyed. The protective layer is
destroyed by aggressive species like chlorides. Chloride ions arc considered
the major cause of corrosion of steel reinforcement. Carbonation, cracking,
and mechanical failure of the cover are other causes of corrosion. The rate
of corrosion of steel reinforcement is strongly influenced by the
environmental factors and the properties of concrete. The low
permeability of concrete minimizes penetration of water and air which are
essential for corrosion mechanism to sustain. Type of cement, admixtures,
water cement ratio, construction practices, cracks and concrete cover, are

also other factors which control the initiation and propagation of the

COrrosion process.



1.2.2 Mechanisms of Corrosion

For the corrosion to take place a composite of anodes and cathodcs

electrically connected through the body of stecl itself are required.

At the anode, Iron is oxidized to ferrous ions:

At the cathode in the prescnce of oxygen and moisture the reaction
H,O + 1/20, + 2¢” = 2(OH)......(ii)

will proceed the final reaction which results in the formation of rust is

shown by reaction (iii).
Fe'" + 2(OH) = Fe(OH),............ (iéi)

The products of corrosion (rust) occupy a greater volume than the
steel itsclf. The increased volume exerts substantial stresses on the
surrounding concrete. Since concrete is weak in tension, it cracks because

of corrosion of rebar.
1.3 Prevention of Deterioration

Deterioration of concrete can bc minimized by using proper mix
design techniques and proper materials and proper placement techniqucs.
Concrete mixes have to be designed for the service environment. Since all
the deterioration phenomena are permeability related, importance should

be paid to the production of densc and impermeable concrete.



Permeability is the property of a matcrial that governs the rate of flow of a
fluid into a porous solid. The pcrmeability of material to water usually
determines'thc rate of detcrioration, The higher the permeability, the faster
the deterioration. Actually permeability is considered the key of concrete
deterioration. Therc arc different factors controlling permeability of
concretc. Since strength and permeability are rclated to cach other
through the capillary porosity, as a first approximation the factors that
influence strength of concrete also influence its pcrmeability. A reduction
in the volumc of large capillary voids in the paste matrix would reduce the
permeability. This should be possible by using a low water cement ratio,
adequate cement content and proper compaction and curing conditions.
Similarly, proper attention to aggregate size and grading, thermal and
shrinkage strains, and avoiding premature or excessive loading are
necessary steps to. reduce the incidence of microcracking in the transition

zone which appears to be a major cause of high permeability of concrete in

practice. [11].

Studies have been carried out at the King Fahd University of
Petroleum and Minerals to investigate the mix design paramcters and
materials that should be used for the production of dense and impermeable
concretc. The mix design parameters investigated included binary
aggregate, proportioning, water cement ratio and cement factor. The effect
of using mineral and chemical admixtures to produce durable concrete was
also investigated. These investigations have culminated in a wealth of
useful data which can be used in the construction of new structures.

However, much work is nceded towards identifying materials and



techniques for repair and restoration of the cxisting deteriorating

structures. [1,11].
1.4 Scope and objectives of the study

The repair and maintenance of concrete structures in Saudi Arabia
and the other Arabian Gulf Countries are major challenge to the civil
enginecrs. The need for repair and maintenance stems from lack of
durability and serviceability, in addition to alarming dcgree of
deterioration in the concrete structures; and it also stems from the fact that
it is too difficult to replace buildings, dams, bridges, highways and other
structures by new structures, because of time factor and high cost. In
general, constraints on the economy of the Arabian Gulf Countries have
put a tremendous pressure on the engineers to sclect appropriate repair
materials and techniques which are durable in these harsh environmental

conditions and can protect the repaired concrete structures.

Numerous repair materials and techniques are presently in use. Thesc
repair materials and techniques have been used successfully in the United
State of America and other countries with temperate climatic conditions
for which they have been developed. Several manufacturers of these repair
materials claim success based on western expericnce. But it is essential
that the performance of thesc materials must be tested for the
environmental conditions of the Arabian Gulf Countries. This investigation
was carried out to evaluate the durability performance of repair materials
using conventional techniques. Water permeability, chloride permeability

and impressed current tests were conducted on specimens made of these



repair materials. The durablity performance of reinforced concrete beams
repaired with several repair materials were performed. Some repaired
beams werc exposed to heat-cool cycling and then to chloride solution. The
other repaired beams exposcd to chloride solution only. The corrosion of
rebars for all beams was monitored using clectrochemical techniques such
as, half-cell potential, corrosion rate measurement and potential noisc
measurcment. The cffect of heat-cool cycling on the corrosion of rebars in

the repaircd beams and rcpair materials was also investigated.

The main objective of this research was to investigate the durability
performance of reinforced concrete beams repaired by various repair

materials. The following repair materials were investigated.
(1) Conventional cementitious mortar;

(2) Ferro-cement mortar;

(3) Polymer modified cementitious mortar;

(4) Silica fume mortar

The specific objectives of the investigation are:

(1)  to evaluate the chloride permeability and water Permeability of the

repair materials.

(2) to evaluate the corrosion of rebars imbedded in thesc repair

materials.



(3) to study the corrosion bchavior of reinforced concrete beams

repaircd with various repair materials.

(4) to study the effect of heat-cool cycling on the rcpaired bcams and .

repair materials.

(5)  to evaluate and compare the effectivencss of these repair materials.



CHAPTER 2

CONCRETE REPAIR MATERIALS AND TECHNIQUES

2.1 Need for Repair

In general deteriorating concrete structures nced to be repaired in
order to maintain safety and appearance and to extend their service life.
In particular the purposes of repair are, to imbrove the functional
performance of the structure, restore and increase the strength and
stiffenss, improve appearance of the concrete surface, provide water-
tightness, prevent access of corrosive materials to reinforcement and
improve the durability performance of the structure The proper repair of
deteriorated concrete structures depends on the precise diagnosis and
cvaluation of the causes of deterioration. Consequently, the first step in a
successful repair program is to carry out a systematic field investigation to
diagnosc and evaluatc the causes and factors contributing to the
deterioration. Secondly, based on the conclusion of the careful evaluation

of causes, diagnosis, extent and consequences of deterioration the repair
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tecchniques, repair procedures, and rcpair materials can be selected
considcring cconomy, compatiblity and cfficiency of repair. It must be
remembered that defects arc often duc to a combination of causecs.
Nothing will be gained by carrying out a repair if the fault is likely to
recoccur almost immediately . This point is often forgotten, but its

importance cannot bec overstated. [5,6,9,12,23,27,28].

Cost, ease of application and efficiency are the major considerations
in choosing the repair materials and repair techniques. Some repair
materials are very expensive, some are fair and some are cheap. Similarly,
some rcpair techniques require expensive equipments and skilled labour for
placement and some do not. It is the responsibility of the engineers to seck

and utilize the most efficiecnt and economical repair methods.

[5,6,9,12,23,27,28].
2.2 Classifications of Repair Materials

Basically repair materials are classified into different types, such as
cementitious materials, epoxy-resins, polyster-resins, polymer-latex and
polyvinyl acetate. Cementitious materials and epoxy-resins are the most
widely used nowadays. The cementitious materials are considered effective

and economical repair matcrials in most of the cases [23,27,28].

2.2.1 Cementitious Materials

A Cementitious material consists mainly of cement and may be
impregnated by polymer, silica-fume, fly-ash or any other material.

Ordinary or rapid hardening portland cement is the cheapest basic
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material for use in the repair of concrete structures. Also, sulphate-
resisting portland cement may occasionally be necessary for arcas which
are in contact with sulphate bearing soils. Cemecntitious materials have
proved to be the most cost effcctive. In addition to their cost advantages,
cement-based repair materials have mechanical properties that are
esscntially similar to those of the concrete that is being repaired, so the

possibility of using them should normally be considered before deciding on

use of any other repair materials [27].
Conventional Cement Mortar

Conventional cement mortars have been used in the past as repair
materials. The correctly designed sand cement ratio and water cement
ratio mixes often incorporating special water proofing admixtures based on
quality of sands carefully placed by skilled operatives are the most cost
effective repair materials wherc the cover of the reinforcement excecds
25-30 mm. Many concrete repairs carried out with carefully applied sand
cement mortars in the 1930s are still around today [23]. This type of repair

needs a careful and proper application such as:

(1)  Proper cleaning: The concrete surfaces to be repaired must be
clean, sound, and frce from oil and grease. All loose materials and
cement-laitance should be removed by sandblasting or high pressure
water jet or high air pressure. Reinforcement bars must be derusted

by wire brushing or sandblasting. [23,29].

(2)  Obtaining a good bond between the new mortar and the old
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concrete. This can be achicved by using synthctic bonding agents or
cpoxy-based adhesive depending on the purposc of repair, strength
of the bond and chemical resistance, for example, if the area to be
repaired will be subjected to heavy traffic or impact loading the

cpoxy-resins should be considered.
(3)  Elimination or reduction of shrinkage.

(4)  Proper construction methods (proper compaction and proper curing

conditions).

Ferrocement Mortar

According to ACI Committee 549 [33] ferrocement is defined as

follows:

"Ferrocement is a type of thin wall reinforced concrete construction,
wherc usually a hydraulic cement is reinforced with layers of continuous
and relatively small diameter mesh. Mesh may be made of metalic

materials or other suitable materiais”.

Ferrocement has been used as a construction material for several
decades for different applications in many countries, especially in the
developing countrics and Europe. Jean Louis Lambot pionecred the usc
ferrocement in France. He constructed a concrete rowing boat in which
inter locking wires and thin bars were uscd as reinforcement. He called this
material “ferciment”. [33]. But at that time in 1850 the technology could

not accommodate the time and effort required to make mesh of thousands
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of wires, but large diameter rods were used to make what is known now as
reinforced concrete and the concept of ferrocement was almost forgotten

for one century.

In 1940 the Italian engincer-architect Pier Luigi Nervi resurrected the
concept of ferrocement. Nervi established the prcliminary characteristics of
ferrocement through a scries of tests. Nervi pioneered the architectural use
of ferroccment in buildings. In 1947, he built a small store-house of
ferroccment. He also covered the swimming pool of the Italian Naval

academy with 15 m vault and the famous Turin Exhibition Hall with a

roof of 91 m span [33,34,35].

In the 1960s devcloped countries such as Australia, the United
Kingdom and New Zcaland began to use ferrocement as a boat building
material. The developing countries became more concerned with the use of
ferrocement as a general structural material because of the availablity of
the basic components of ferrocement and the low skill nceded for
construction. The United Nations Industrial Development Organization
supervised the building of a ferrocement boat in 1969. In the Soviet Union
the first ferrocement structure was built with vaulted roof over a shopping
center in Restnikov strect, since then the ferrocement was used for roofing

unsupported spans varying from 24 m to 30 m [4,33,34,35].

In 1972, the National academy of Sciences (NAS) of the United
states of America established an Ad Hoc Panel to study the use of
ferrocement in developing countries under the chairmanship of professor

James P. Romualdi of Carnegie-Melon University, USA. The final report
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of the pancl was published in 1973 which aroused interest and had
immense impact of ferrocement applications. Also in 1972 the Food and
Agricultural Organization (FAO) sponsored an international seminar on
design and construction of ferrocement fishing vessels in Wellington, New
Zealand. In 1974, the Amcrican Concrete Institute (ACI) sct up the
Committce 549 on ferrocement to review the present state of the art, study
the engineering properties, practical applications, construction practices,
develop guidclines and formulate a code of practice for ferrocement, the

report of the committee was published in 1982 [4,33,34,35].

An important development was the establishment of the international
ferrocement Information Center (IFIC) at the Asian Institute of
Technology, Bangkok, Thailand in October 1976 which started to publish
the journal of ferrocement with the collaboration of the New Zealand

ferroccment marine Association (NZFCMA) [4,33,34,35].
Ferrocement as a Repair Material

Ferrocement was used as a repair material for different types of
structures such as water tanks, relining of tunnels, swimming pools,
culverts and chimneys. More than a dozen buildings including factories,
offices and residences have becn water proofed with ferrocement and since
then all of these structures are still performing well. Ferrocement is a
material of paradoxes. Ferrocement is a forgiving material, it has a high
level of performance in ductility, strength, toughness, durability and crack
resistance greater than that found in other forms of concrete construction.

The high level of performance in ductility, strength and other propertics
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can be achicved even if quality control is not up to standard. Certainly
good quality control leads to better quality and performance. Ferrocement
was used as a material for rcnovation and succeeded commercially in
United states especially in rchabilitating water containing structures.
Ferrocement provides higher tensile and flexural strengths with numerous
fine cracks at an average width of less than 0.01 mm which is very small
compared to reinforced concrete which devclop few cracks but wider.
Ferrocement resists  thermal changes cfficicntly and has mechanical
propertics which are essentially similar to that of original concrete, this
mean ferrocement is thermally compatible with the original concrete and
considered a good material for repair. Ferrocement provides a highly

impervious layer, it can be safcly adopted for water proofing treatment of

reinforced concrete structures. [36-42]

Leakage of water through the wall and base of reinforced concretc and
masonry tanks is a problem which is faced by field engincers quite
frequently. In India, construction of overhead reinfdrced concrete tanks is
mostly entrusted to specialist construction agencies having long expericnces
in tank construction but inspite of this precaution, many tanks develop
leakage through their base or walls immediately after their construction or
after a short time of their commissioning. Epoxy patching, silicate mixed,
mortar covering of affected areas, guniting arc the methods gencrally used
for repairing such lcakages. Mortar covering has not proved to be very
cffective and durable. Epoxy application is a difficult task and bonding of
€pOXy over an improperly prepared or a damp surface in such areas is

highly unsatisfactory. Guniting is a costly treatment and its facilities arc
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not casly available. Fcrrocement is a material known for its high
impermcability and easc of application on any surface. Ferrocement was
used as a rcpair material for different types and large structures. Architect
Jorn Utzn was the first who rcported about using of ferrocement as a
water proofing layer in New Sydney Opecra House in Australia. The
Structural Engineering Research Center in India carried out field and
laboratory investigations from which ferrocement was recommended as a
water proofing material for old and new structures. In the United
Kingdom, ferrocement was used for the renovation and rclining a sewer
system of 60 m length, 2.6 m width and 2.4 m height, inspite of the small
layer of ferrocement which was 35 mm it was claimed to be capable of
supporting half the load from london traffic above. In New Zealand, an
old brick factory chimney was rehabilitated with a new outside skin of
ferrocement. A 50000 gallon reinforced concrete overhead circular water
tank was treated using ferrocement. This water tank was constructed by
the Military Engineering Services, Roorkee in 1971 at Roorkee
containment and was abondoned after sometime due to very heavy leakage
through the wall of the tank. In 1982 Military Engineering Services
approached Structural Engineering Research Center, Roorkee for
suggesting a treatment which could be applied to this tank to bring it back
to a serviceable condition. After studying the problem in detail, the Center
suggested the use of ferroccment for lining the tank from inside after
treating the cracks and honeycombed areas. The work was carried out on
an éxperimental basjs. After treatment, the tank was filled with water and

the external surface of the tank was inspected regularly at intervals of 24
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hours, 3 days, 7 days, 14 days, 28 days, 90 days and 365 days, no lcakage
was observed. The tank has been in service since then with 100%
efficiency. Recent applications of ferrocement as a means for relining
deteriorated swimming pools strongly suggest that ferrocement is a highly
cost competitive solution which also provides a tough, water tight surface
that dose not reflect cxisting cracks in the original structurc. In addition to
its use as a rclining system for swimming pools, experience to date suggests

its applicability to a variety of rchabilitation projects from water treatment

plants to tunnel linings. [36-42]

Polymer Modified Cementitious Mortar

Since the early 1950, it has been known that addition of certain
polymers to cementitious mortar helps to overcome many of the problems
of using cementitious mortars as concrete rcpair materials. Over the past
twenty years, many different polymers have becn used in a range of
applications in the repair and maintenance of buildings and other
structures. Such polymer mortars provide the same alkaline passivation
protection to the steel as do conventional cementitious materials, and can
readily be placed in a single application of 40 to 50 mm thickness which
gives adequate protective cover. The polymers are usually used as
admixtures and they are supplied as milky white dispersions in water and
are used to gauge the cementitious mortar as a whole or as partial
replacement of the mixing water. The polymer serves as a water reducing
plasticizer producing a mortar with a good workability and lower

shrinkage at lower water cement ratios. It reduces the permeability of the
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repair mortar to water, carbon dioxide and oils and also increases its
resistance to some chemicals. It improves the bond between the repair

mortar and the old concrete. It increases the tensile and flexural strength

of the mortar [6,23-26].

There are different types of polymers which are usually used as a
modificr for cementitious mortars. Most of which are manufactured
specifically as admixtures . These include Polyvinyl acetates (PVAQ),
Styrenc Butadine (SBR), Polyvilidenc dichloride (PVDC), acrylics and
modificd acrylics. Styrene Butadine (SBR). Acrylic and modified acrylic
latcxes are most commonly used as admixtures in concrete repair mortars |,
and when they are properly formulated for compatibility with cement, they
do not appear to be any significant differences in the long-term
performance of the repair mortars based on the previous three latex types
used for general concrete repair. A recent development in the field of
polymer is a redispersible spray-dried polymer pdwders which may be
factory blended with graded sand, cement and other additives to produce

mortars and bonding coats simply by the addition of water on site

[6,23-26].
2.2.2 Epoxy-Resins
Historical Development of Epoxy-Resins

Cementitious materials should be used and considered for repair
before any other repair materials, but some times it is very difficult and

often impossible to retain sufficient moisture in a shallow concrete repair to
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ensurc full cure of the cement matrix. Also for injecting cracks, it is too
difficult and some times impossible to use cementitious repair materials. In

these situations epoxy-resins must be used.

Epoxy-resin compounds are used worldwide in the concrete industry
as a repair material, for crack injection, coating, bonding agents, sealants,

patching materials, gencral adhesives, binders, water proofing and grouts.

The word “epoxy” is of Greek derivation. The Greck word “epo,”
which .means “on the out side of,” was combined “Oxygen” which describes
the presence of the oxygen atom in the molecular structure. In short, the
word is a Greek description of the chemical symbol for the family of epoxy

[43].

The first practical application of epoxy resin took place in Germany
and Switzerland in 1930s. The first known patent on epoxy was issued to
Dr. Pierre Casan in Switzerland in 1936. Thfec years later, Dr.
S.0.Greenlee of United States explored and developed scveral basic epoxy
systems, many of which arc used today as adhesives and coatings. In the
late 1940s the production of epoxy resins started and in 1950s ijt was
produced commercially. The first use of cpoxy as a bonding agent between
two pieces of hardened concrete was in 1948, it gave a satisfactory
structural adhesion with the capability of being stronger than the bond of

concrete itself [43].

In 1954 the California Highway Department became interested in

epoxies as a bonding agent for raised traffic lanc markers on concrete
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highways. The successful utilization of an cpoxy as a bonding agent
cncouraged the extension of rescarch into the field of structural repair of
concrete and the eventual application of an cpoxy polysulfide polymer, as a

bonding material for joining new concrete to old [43].

Epoxy injection systems were first used for a structural grouting and
repair in the late 1950. The approach was to premix cpoxy and then
pump the mixed epoxy system. The injection of epoxy into structural
cracks permitted for the first time a positive technique for restoration of
the structural integrity- of cracked concrete. In 1960 a system was
developed utilizing pressure injection with a mixing head at the nozzle of
the injection gun which expanded the applications of epoxy as a grouting
adhesive in structural concrete. In the late 1950 cpoxy was first attempted
as a grout to bond bolts or dowels to hardened concrete. Epoxy grout has
also been successfully used for installation of hand rails, architectural
metals, precast concrete pancls, structural concrete and stcel members,

concrete railroad ties, and for numerous other applications [43].

In the field of seal coating, epoxy seal coating was first applied as test
patches in industrial plants in 1953 and on highways in 1954. Epoxy
concrete was first used as a wearing course in the repair popouts and
spoiled arcas on the surfaces of various concrete bridge decks in california
in 1957. Presently cpoxics are used widely with concrete in the form of
bonding agents, adhcsives, coatings, paints, repair materials, epoxy mortar

and concrete, wearing surfaces and seal coats [43].
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Uses and Applications of Epoxy

Scveral investigations have been carricd out on the uses and
applications of epoxy compounds with concrete. For instance, ACI
Committee 503 [43] published a report entitled “Use of Epoxy Compounds
with Concrete”. This report provides a dctailed review of literature on
epoxy history, chemical and physical propertics of cpoxy, characteristics,
precautions, guidelines to users, uses and preparing surfaces for repair.
Chung [44] used epoxy for repairing reinforced concrete beams. The results
showed that, the integrity is restored by the repair process, the flexural
strength of the repaired bcams was not icss fhan the original beams, the
repaired cracks do not reopen even at failure of the beam and the repaired
beams are stiffer than the original beams. Investigation by Chung and Lui
[45] showed that the shear stress and deformation in the repaired beams
was not less than the original concrete beams. Studies carried out by
Chung [46] further showed that the bond strength and bond stress of the
repaired members were similar to those in the original concrete members.
In an investigation carried out by Mansur and Ong [49] it was found that
cracks did not reopen at ultimate load in the epoxy repaired bcams. The
maximum crack widths in the repaired beams were less than those in the

original beams and the repaired beams were stronger and stiffer than the

original beams.

A new technique was developed for repairing cracked structural
bridge concrete by epoxy in 1977 by Kansas Department of transportation

under contract to Federal Highway Administration [47].
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Spccification  for repairing concrete with cpoxy mortars were
cstablishcd by ACI Committee 503.4.79 [48]. These standard specifications
describe the work of repairing defects in hardened cement concrete with a
sand-filled mortar using an adhesive binder such as that defined in ASTM
C 881. It include controls for adhesive labeling, storage, handling, mixing
and application and surfacc preparation as well as inspcction. The British
Standard Institution (BSI) provides a British Standard for epoxy (BS 6319

1983) under the title “Testing of resin composition for use in
construction”. Also the American Socicty of Testing and Materials

(ASTM) provides a Standard Specification (C-881-78 and rcapproved in
1983). |

bi; Performance of Epoxy under Fire and Hot Weather Conditions

The behavior of structural elements repaired with epoxy under fire
was studied by different researchers. Plecnik et al [50]. showed that the
cheaper small-scale specimens can be effectively used to study the behavior
and mechanical properties of epoxy repaired concrete walls subjected to
firc exposure rather than full-scale specimens. Their results showed that
the strength of epoxy adhesives rapidly decreases at a temperature above
110°C , with near zero strength at a temperature above 204°C (400°F).
Investigation carried out by Joseph [51]. showed that, in the shear type
cpoxy repaired cracks, the strength and stiffness are primarily determined
by epoxy strength which is negligible above 204°C ( 400°F ). For the
flexural type epoxy repaired cracks with out compression zone failure, the

strength of the beams is not affected by epoxy repair but stiffness is greatly
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reduced with incrcasing temperature. Another study by Joseph Plecnik,
John Plecnik, Parra and Diba [52). showed that the strength, stiffness and

bond become negligible above 204°C (400°F).

The performance of epoxy in hot weather conditions was investigated
at King Fahd University of Petrolcum and Minerals [53]. The results of
this study indicated that, hot weather conditions of Gulf region are
considered adverse effects on epoxy-injected concrete, not all the epoxies
can perform satisfactorily in the hot weather conditions of the Gulf. Only

special types of epoxics should be used to resist these conditions.
Advantages of epoxy resins

There are many advantages of using epoxics in concrete. Some of the

properties of epoxies which make them desirable for use in concrete are:

(1)  Adhesion; epoxies form excellent and very strong bond with

concrete

(2)  Versatility; exhibited by a wide range of their physical and chemical

properties.

(3)  High resistance to the attack of acids, oils, alkalies and solvents.

(4)  Rapid hardening, low shrinkage and highly impermeablc to water.
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Disadvantages and Precautions of epoxy resins
Some of the disadvantages of using epoxy resins are:
(1)  Strain Compatibility.

(2) The large diffecrance in the cocfficients of thermal cxpansion

between concrete and epoxy.
(3)  Thermosetting Plastic Property.

()] Need for skilled labors.



CHAPTER 3

EXPERIMENTAL PROGRAM

3.1 Tes: Program

This chapter outlines the experimental work carried out to meet the
objectives of this research. The experimental work can be broadly

classified into the following four tasks as shown in the charts on the

following pages.

(1)  Determination of water permeability, chloride permeability and
corrosion resistance of normal concrete samples and those prepared
using repair materials (Ordinary cement mortar, Ferrocement

mortar, Polymer modified mortar and Silica fume mortar).

(2)  Casting of reinforced concrete beams and repairing them using three

repair materials.

(3)  Monitoring the corrosion of rebars in normal concrete and repaired
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CHART PROGRAM OF THE STUDY
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concretec beams.

(4)  Evaluating the effect of heat-cool cycling on the permeability and
corrosion resisting characteristics of normal concrete spccimens and

those prepared using the repair materials.

In order to achieve the objectives of this test program more than 300
concretc specimens were cast and tested. Table 3.1 shows the type and
number of specimens cast for carrying the test program. The following

paragraphs detail the experimental work carried out in this investigation.
3.2 Reinforced Concrete Beams Tests
3.2.1 Casting of Reinforced Concrete Beams

Reinforced concrcte beams 150 lx 150 x 1250 mm were cast using
concrete with water cement ratio of 0.48 and whose composition is shown
in Table 3.2. Two 10 mm diameter stcel bars weré used as bottom bars,
and two 6 mm diameter bars were used as top bars. 6 mm diameter bars
were used as stirrups at a spacing of 60 mm. throughout the length of the
beam. In order to carry out corrosion measurements, copper wires were
soldered to all the longitudinal bars. The connectidns were scaled with a
silicon sealant to avoid galvanic corrosion of the rebars in case of moisture
ingress. The details of the steel reinforcement and location of the

connections are shown in Figure 3.1 and Plates 3.1 and 3.2.

Steel molds were used for casting the beam specimens. Before

pouring the concrete, the molds were cleaned and oiled. The reinforcement
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Table 3.2: Quantities of Materials Used for Casting Reinforced Concrete

Beams

Cement Content (Type V) 400 Kg/m®
Coarse Aggregate (Abu hadriah) 1073 Kg/m®
Fine Aggregate (Local Dune Sand) 651 Kg/m®
Water 192 Kg/m®

Air Content

2 %
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Fig. 3.1 Details of Beam specimens
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3.1 Beams bcfore Casting
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cage was then placed in the molds. Plastic spacers were used to provide a

cover of 30 mm on all the sides.

The concrete ingredients were mixed in a mechanical mixer. After the
predctermined mixing time (which was 5 minutes), the concrete was placed
in the molds and compacted by using a vibrating table. The molds were
filled in two layers. The workability of the concrete was checked by

measuring the slump of each batch.

Four concrete cylinders 150 x 300 mm from cach batch were cast in

three layers according to ASTM C-192 to determine the compressive

strength of each batch.

After casting the beams and cylinders, they were covered with a
plastic sheet and allowed to curc for 24 hours. After this period, the
cylinders were demolded and placed in a curing tank. The beams were
removed from the molds and covered with wet jute burlaps. These jute
burlaps were kept damp by spraying water, three times daily. Plates 3.1
through 3.4 show the details of the casting and curing procedures. The

samples were cured for 28 days, after this time they were used for the

repair work.
3.2.2 Repair of Reinforced Concrete Beams

After curing the beams for 28 days, they were divided into 7 groups,
each group consisting of 3 beams. One group was left without repair, to be
used as a reference group. The second two groups werc repaired with

ordinary cement mortar, two groups repaircd with ferrocement mortar and
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Plate 3.3 Beams After Casting




Plate 3.4 Reinforced Concrete Beams Cured Using Burlaps
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the last two groups werce repaired with polymer modified cementitious
mortar. One group from each two groups was placed in a 5% sodium
chloridc solution and rebar corrosion was monitored, while the other group
was subjected to heat-cool cycling and placed in a 5% sodium chloride
solution for corrosion monitoring. The bottom concrete cover of the beams
was chipped off, till the bottom reinforcement was visible as shown in
Plate 3.5. This was done using a hammer and a chisel. The samples werc
then placed in specially prepared wooden molds, so that. the chipped
surface was accessible. The chipped surface was cleaned and roughened to
improve the bond between the hardened concrete and the repair material.

The beams were repaired using the following methods and materials

(Plates 3.5 through 3.7).

Cement Mortar

In this repair method, the chipped beams were placed in the wooden
molds and they were cleaned and thoroughly wetted with water. The
chipped concrete surface was brushed with a cement paste (cement-water
ratio of 1:1) to improve the bond between the repair material and the
original concrete. The cement mortar used for repairing the beams was
preparcd by mixing the ingredients in a mortar mixer. A sand/cement
ratio of 2 and water-cement ratio of 0.45 was used for the preparation of
the mortar. After mixing, the mortar was placed on the chipped surface
and compacted using a vibrating table. The mortar was then levelled
using a trowel. The beams were then covered with polyethylene sheets.

The repaired beams were cured by spraying water on the repaired face for
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Plate 3.5 Reinforced Concrete Beams with Concrete Cover chipped for
Repair.
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Plate 3.6 Bonding Agent Applied on the Chipped Surface.
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Plate 3.7 Beams After repair
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a period of 28 days. The beams repaired with this repair material are
designated as OMR if not subjected to heat-cool cycling and as HCOMR

if subjccted to heat-cool cycling.
Ferrocement Repair

The chipped surface was cleaned and then wetted thoroughly with
water. A cement paste (water-ccment ratio I:1, used as bonding agent)
was applied on the chipped surface. The cement mortar to be used in
repairing the beams was prepared by mixing in a mortar mixer. A
sand/ccment ratio of 2 and water-cement ratio of 0.45 was used in the

preparation of the mortar.

After mixing, the mortar was placed on the chipped surface to
partially cover the chipped depth of the bcam. A wire mesh, consisting of
0.9 mm diameter galvanized stcel with 7.54 mm square opening and 414
Mpa ultimate strength, cut to proper size was then placed on the fresh
mortar. The remaining depth of repair was then filled with mortar and the
beams were vibrated to compact the material. The surface of the repair
material was levelled using a trowel. The beams were then cured by
spraying water on the repaired face for a period of 28 days. Beams in this
category are designated as HCFCR and FCR for the cases with and

without heat-cool cycling respectively.
Polymer Modified Cement Mortar

In this repair method, polymer modified cement mortar was used as a

repair material. A special product was used as a bonding agent (Plate
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3.6). This special product is polymer emulsion which is a milky white
liquid. This bonding agent was prepared by mixing this spccial product
with water and cement in a ratio of 1:1:6 by weight. The chipped surface
was first cleaned, saturated throughly with water and then the bonding
agent was applied using a brush. The polymer modified mortar was mixed
using speccial type of mixer and placed on the chipped surface and
compacted using a vibrating table. The repaired beams were covered with
damp burlaps immediately after repairing. The beams werc dcmoldéd

after 24 hours and cured for further 28 days by spraying water threc times

daily.
3.2.3 Heat-Cool Cycling

Three repaired beams from each repair category were subjected to
heat-cool treatment in order to evaluate their performance in a simulated
conditions of the Arabian Gulf environment. The heat-cool cycles were
designed to represent daily and seasonal variations in the ambient
temperatures in this part of the world. The beams were placed in an
electrical oven as shown in Plate 3.8. The temperature was raised
gradually till it reached a maximum temperature of 80°C. It took about 4
hours for the oven to attain this temperature. The oven was maintained at
80°C for two hours, and then the temperaturc was gradually decreased to
room temperature in four hours. The oven was maintained at room
temperature for two hours, before another heat-cycle was initiated. The
repaired beams were subjected to 60 heat-cool cycles. The beams were then

placed in 5% sodium chloride solution for corrosion monitoring.



Plate 3.8 Beams and Cubes in the Oven for Heat-Cool Cycling
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3.2.4 Corrosion Monitoring

The main aim of this investigation was to study the corrosion-resisting
characteristics of beams repaired using various rcpair materials. Three
beams from each repair category without heat-cool cycling and three
beams with heat-cool cycling. The repaired samples along with control
beams were partially immersed in fibre glass tanks containing 5% sodium
chloride solution. The level of the chloride solution was adjusted, so that
only 5 cm of the bottom beam was in the solution (Plate 3.9). The
concentration of the sodium chloride solution was monitored and adjusted
each week. The techniques used to monitor the corrosion activity of rebars

in the repaired and control (not repaired beams) beams are discussed in

the following paragraphs.

Half-Cell Potential Monitoring

All reinforced concrete beams (repaired and éontrol) were partially
immersed in 5% sodium chloride solution and connected to a data logger
for monitoring half-cell potentials against saturated calomel electrode
(SCE). The top and bottom bars from each beam were connected to the
positive terminals of a Tokyo Sokki Model TDS-301 Data Logger. The
connections were made through electrical wires which were soldered to the
steel bars before they were cast in the concrete. The negative terminals of
the data logger were connected to Saturated Calomel Electrode (SCE)
placed in the fibre glass tanks, containing the samples partially immersed
in the salt solution (Figure 3.2 and Plate 3.10). The half-cell potentials

were read every 24 hours. According to ASTM C 876, if the half-cell
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Plate 3.9 Immersion of Beams in Nacl solution.



Plate 3.10 Set-up of Half-Cell Potential Monitoring.

47



Plastic Tank

/

DATA LOGGER

Wires connected
to steel bars

A3 A4
QI."‘Q"I o"oo"o
(N Y] o‘-o‘n-" L)

i it
IRTRIRY NNNANY]

sessses s A
eas0ee se0edee

[ EINNYN] 'l.‘ l‘
57 NAcl AddA A A L
Fuuﬂm" PPN BT j“

Aeensdecdn e

48

SATURATED
CALOMEL
REFERENCE

ELECTRODE

:

150

All dimensions are In mm

Figure 3.2 Schematic Diagram of Half-cell Potential

Measurement Set-up



49

potentials arc in the range of -200 mV to -350 mV against copper copper-
sulfate clectrode (CSE) i.c., -120 to -270 mV against SCE corrosion of
rebars is uncertain. If the potentials arc numerically greater than -350 mV
CSE (-270 mV against SCE) there is a greater than 90 % probability that
reinforcing steel corrosion is occuring. Thus, the half-cell potentials

provide a qualitative indication of rebar corrosion.
Corrosion-Rate Measurements

In order to evaluate the performance of the rcpair materials in
inhibiting rebar corrosion, it was thought that quantitative data on the
corrosion rates should be collected for the beam specimens repaired with
different repair materials. In this direction, the Tafel plot and linear
polarization resistance and gravimetric weight loss techniqugs are found to
be useful. The gravimetric weight loss technique is a destructive method of
determining the rate of corrosion. In a corroding system, the intensity of
both the anodic and cathodic currents is equal. As such, the net corrosion
is zero or it cannot be measured. In the Tafel technique, the steel is
polarized to a certain potential, normally called overpotential and the
resulting corrosion current is measured. The experimental set-up usually
consists of a working elcctrode (reinforcing steel in concrete), a reference
clectrode and a counter electrode (also called an auxiliary electrode). The
working electrode is normally polarized in the range of -250 to +250 mV
of the free potential or the open circuit potential. The resulting current is
plotted on a logarithmic scale against the applied potential on a normal

scale. An Idealized Tafel plot is shown in Figure 3.3a. The initial portions
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of the anodic and cathodic Tafel plots being linear are extended till they
intersect cach other. The point of intersection of these two lines on the x-
axis denotes the intensity of the corrosion current. The corrosion rate in a
metal due to corrosion can then be calculated using the value of corrosion

current and the Faraday’s law as follows:

Corrosion Rate = 3.27* [ * E';V' .............. 0

Where:

corrosion rate is in pm/|year

1__ = corrosion current in pA/cm*

corr

E.W. = equivalent weight of steel in grams
d = density of steel in gm/cm®

Another technique of determining the corrosion rate is the use of
linear polarization technique. In this technique, which was developed by
Stern and Gearey [63], the stecl is polarized to + 20 mV of the open
circuit potential and the resulting current is measured. Since this plot is
normally linear, the resistance to polarization which is the slope of this
curve is calculated. The corrosion current is then calculated using the

following relationship.
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where:

I = corrosion current in uAjcm?

corr

R, = polarization resistance in K-Ohm
B=(@,*B,/238, + B,

where B, and B_are the anodic and cathodic Tafel constants. These

constants are the slopes of anodic and cathodic Tafel plots respcctively, as

shown in Figure 3.2a
The corrosion rate is then calculated using equation (i).

For steel in an aqueous media, values of f, and B, equal to 100 are
normally used as a Tafel constant. However, in the absence of sufficient
data of the values of B, and P, for steel in concrete a value of B equal to 52

for steel in passive condition and equal to 26 for steel in active condition

are used.

In this investigation data on corrosion rates and the Tafel constants
were developed by running the anodic and cathodic polarization scans
(Tafel experiments). The samples were polarized to £ 250 mV of the frec
potential. A Princeton Applied Research Model 279
Potentiostat/Galvanostat (with IR compensation option) was used for this
purpose. Figure 3.3b is a schematic represcntation of the test set-up. A
scan rate of 0.2 mV/sec was used. Current interrupt technique was used to

compensate for the ohmic drop (IR) between the reference clectrode and



PRINTER

53

APPLE II e MODEL 273-97
COMPUTER POTENTIOSTAT/

EG & G PAR

IR COMPENSATION

Plastic Tank

/

V

Stainless steel

Frame

GALVANOSTAT
|

Wires connected

to'steel bars SATURATED

CALOMEL
REFERENCE
ELECTRODE

\

\\\..

T
I -

S% NAcl
SOLUTION

L SILO ‘|-

Al dimensions are in mm

Figure 3.3b Schematic Diagram of Corrosion Rate
Measurement Set-up




54

the reinforcing steel bar. The potentiostat is controlled by an Apple
computer (Plate 3.11). The software collects the data and analyzes it to

obtain the best fit curve and calculate the_values of Tafel constants and

corrosion rate (Plate 3.11).

Electrochemical Noise Measurement Technique

Electrochemical noise is observed as spontaneous fluctuations of
potential and current in a corroding system. The measurement and
analysis of the corrosion potential noise is a technique which can be used
for monitoring corrosion both in the laboratory and on site. The noise
signal can be obtained between the reinforcement and a reference electrode
using a sensitive digital voltmeter. The standard deviation, or r.m.s., of the
noise signal appears to be proportional to the corrosion rate. The data
collected using this technique can be used to complerﬁent the half-cell
potential mapping technique. In this investigation electrochemical
potential noise data were collected for all the repaired beams. The
objective of this endeavor was to analyze this data and compare it with the

corrosion data generated using other techniques.
3.3 Corrosion Monitoring by Impressed Current Technique

This technique is used here as a comparative tool to evaluate the
performance of the various repair materials with regard to rebar corrosion.
The corrosion of rebars is accelerated by impressing a known potential,
and the resulting current is plotted against time. In this system the

working electrode (steel bar in concrete) serves as an anode and a counter
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Plate 3.11 Corrosion Rate Measurement Set-up.
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electrode which can be another steel bar scrves as a cathode. The change

in the slopc of the current-time plot indicates initiation of cracking duc to

rebar corrosion.

In this investigation prismatic samples measuring 62.5 x 100 x 300
mm with a centrally placed 12 mm diameter reinforcing bar were cast. The
steel bar had a concrete cover of 25 mm at the bottom (Plate 3 .12). The
steel bars were cleancd thoroughly using silicon carbide paper and
degreased bcfore casting. Thrce samples were cast from each repair
material. Concrete samples containing silica fume as a 10% replacement
of cement were also cast in this series. After casting, the specimens were
covered with wet burlap for 24 hours prior to demolding. After
demolding, steel bars outside the concrete were painted with spray paint in

order to prevent corrosion and then the samples were cured in potable

water for 28 days.

At the cnd of the curing period, each sample was placed in a tank
containing 5% sodium chloride solution separatly. The level of the
solution was adjusted so that two thirds of the depth of the sample was in
the solution. A stainless stecl frame was used as a counter electrode, and a
Standard Calomel Electrode (SCE) was used as a reference electrode (Plate
3.13). Figure 3.4 is a schematic representation of the test set-up. The steel
bar was corroded by impressing a potential of + 4V against SCE using
EG&G PAR Model 363 Potentiostat/Galvanostat. The resulting current
between the counter and working electrode was recorded using a Data

logger. The current readings was recorded at programed intervals of time
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Plate 3.12 Samples for Impressed Current Test.

57



Plate 3.13 Impressed Current Test Set-up.
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Plate 3.14 Detail of Connection in the Impressed Current Test
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and then the current rcadings were plotted against time. The point of

change in the slope of the current-time record is an indication of the

initiation of rebar corrosion.
3.4 Water Permeability Test

Water permeability test was performed according to German
Standards DIN 1048. using "Water Impermeability Tester” as shown in
Plate 3.15 . In this test, water is applied on a concrete specimen under a
pressure of one bar. This pressure is maintained for a period of 48 hours,
after which it is increased to 3 bars and maintained for 24 hours, finally
the pressure is increased to 7 bars for another 24 hours. At the completion
of the test, the specimens are taken out and split open using a compression
machine as shown in Plate 3.16. The water penetration profile on the
surface of the concrete is recorded and the maximum depth of water
penetration is determined from this profile as the water permeability of
that sample. Specimens 150 x 150 x 150 mm were cast from the various
repair materials for testing the water impermeability. Figure 3.5 shows a

Schematic representation of the test set-up.

The effect of heat cool cycling on the water permeability was also
investigated. Specimens from the various repair materials (Ordinary
ccment mortar, ferroccment mortar, polymer modified cementitious mortar
and silica fume mortar) in addition to plain concrete specimens were
subjected to heat-cool cycling using the same procedure as outlined in
Section 3.2.3 for beams. The samples were divided into five groups (Plate

3.9). The samples in the first through the fifth group were subjected to 0,




62

s T\
/ 1
10 —-_——- &= =T 2
3
4
12 ' ' ! .
1 —
—— 5
- . e
15 ‘b .. al
<de 8%
I —
8
(1) Water Supply Valve (11) Pressure Adjustment Tap
(2) Water Overflow Valve " {12) Compartment Water Valve
(3) Water Level Colum (13) Anchoring Nut and Thread
{4) Control Panel (14) Top Trianpular Steel Plate
(5) Top Rubber Casket (15) Concrete Cube Specincn
(6) Bottom Rubber Gasket (16) Botrtom Triangular Steel Plate
(7) Overflow Outlet (37) Perocability Machine Table
(8) Pipe and Hose Cabinet (18) High Air Pressure Hose
(9) Valve Instruction Panel (19) Air Copressor Unit .
(10) Pressure Dia) Gage {20) Coopres<or Pressure Dia],"cp_g's;

i 5 : Schematic