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Abstract

One of the major problems of reinforced concrete structures is cracking due to so many reasons,
which helps in creating additional problems such as reinforcement corrosion. Reinforced concrete
structures, in Saudi Arabia and Gulf region, have shown signs of deterioration due to the harsh
environment, poor quality of aggregate, poor construction practice and the change of function of the
structure or faulty design and detailing as a result of the rapid construction in the last few years.

A comparison between repair methods for reinforced concrete members is the aim of this
research. Three different repair methods, ferrocement, epoxy resin injection, and steel plate bonding,
were studied in the laboratory.

A combined method of epoxy and ferrocement methods was also studied. In this research, 30
beams were tested in flexure by applying two points load up to different deflections. Then, these beams
were repaired and re-tested up to failure in the same way as the original ones. During the test, load,
deflection, and crack width were recorded.

The comparison of the results obtained from the different methods of repair showed that
ferrocement and steel plate bonding gave higher increase in the ultimate load than other methods, while
their ductility was low. In the case of epoxy repair method, there was no increase in the ultimate load, but
the ductility was the highest among the above three methods. The combined methods showed increase in
the ultimate load as well as the ductility.
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Chapter 1

INTRODUCTION

1.1 General

Building construction has grown very rapidly in Saudi
Arabia and Gulf countries in the last two decades and many
problems have grown with it. It is known that reinforced
concrete is a highly durable material wunder normal
conditions, but concrete structures in the Gulf area have
shown earlier signs of distress and deterioration. Some of
these problems, in which structures have shown signs of
distress within a short time of completion, are caused by
impact and dynamic loading, static overloading, shrinkage,
creep or thermal gradients, and corrosion of reinforcement
and/or sulfate attack. Most of these éroblems have resulted
from the absence of a well defined code of practice which
should take into consideration all problems related to local
materials and environment. The construction environment in
Saudi Arabia is unfavorable for durable concrete structures
due to the prevailing severe environmental conditions such
as high humidity, high ambient temperature, the poor quality

of aggregates and poor construction practice.

At some stages of their lives, concrete structures will
show minor and/or major cracks. Minor cracks can be ignored

except when the structure is exposed to aggressive
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conditions which will result in corrosion of reinforcement.
But major cracks are indicators of structural problems. So

cracks can be classified into three different types

-~ Dormant cracks : which are stable and remain as they are,

e.g. cracks resulting from shrinkage and drying.

- Active cracks : which are growing in width, e.g. cracks

resulting from corrosion of reinforcement or differential

settlement.

- Live cracks : which close and open because of loading

and unloading. e.g. cracks occuring in a bridge deck or

structural members.

The repair of damaged concrete structures has become a
challenge to civil engineers. Different repair companies
have brought to the market different types of repairing
methods and materials, which have not been evaluated in this

harsh and arid environmental conditions.

Repair materials and methods may have worked well in the
western countries, however they may not be suitable for
direct application in regions with poor quality materials

and a very aggressive environment like the Gulf region.

In order that new techniques and materials be effective
to provide the answer to these types of problems, it is

important to know the causes of these structural problems.
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The significance of cracks differs from one structure to
another and it depends on the type of structure and the
nature of the cracks themselves. For the most efficient way
of repair, understanding the main causes of the cracks is
the first step. The second step is the choice of the method
of repair and the last is the selection of the material to
be used for that purpose. Otherwise, the repair will have

no meaning and it will only be temporary, or may cause

further problenms.

In this study, three different repair techniques will be
investigated as a treatment for cracks which are induced in
the reinforced concrete beams. These cracks can be produced
by overloading or faulty detailing. The problem of
overloading was chosen because it is considered to be one of
the problems that concrete structures' can be subjected to

due to changes of the function of the structure and lack of

regulations.

It will be very useful to make a comparison between
different repair methods, especially in this area of the
world where durability of reinforced concrete structures due
to weather conditions and poor quality materials is a major
issue. The three different methods of repair studied in
this research are ferrocement, epoxXxy resin injection, and
steel plate bonding. Besides, epoxy injection and

ferrocement techniques are used as a combined repair method
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to repair some beams to see the efficiency of combining two
repair methods. Now, it remains to define what is

ferrocement and what is epoxy.

Ferrocement (FC) : is a type of reinforced concrete in which
wire mesh is used instead of rebars and sand rather than
sand and aggregate as in the ordinary concrete mix. The
term ferrocement implies the combination of a ferrous prod-
uct with cement. It combines with cement to form a
ferrocement. Ferrocement gives high durability, stiffness
and strength in spite of its small thickness. Ferrocement
often acts more like steel than reinforced concrete. It
neither needs skilled workers nor sophisticated equipments

for applications.

Epoxy resin : is usually defined as a molecule containing
two or more ethylene oxide terminal groups that are capable
of polymerization which is achieved by mixing of at least
two compounds together; the resin and the hardener. Epoxy
resin is a thermosetting plastic, when cured it does not
melt but it loses its stiffness at higher temperatures and
properties change adversely. Epoxy can withstand a wide
range of commonly used chemicals and undergo a considerable
deformation before reaching its elastic limit. In terms of
cost, epoxies themselves are somewhat expensive, but their
total cost often becomes minimal when the quality of repair

achievable is high in comparison to other materials or to




the cost of new construction.

The results obtained in this research gave good

indications of the effectiveness and performance of each

method.
1.2 Scope and Objectives

It is known that the replacement of concrete buildings,
bridges, dams and other structures is becoming more and more
difficult because of time consumption and escalating high
costs. Researchers started to think for a solution of this
problem in an economical and efficient way. Repairing
reinforced concrete beam as a member of the.structure is the

aim of restoring the integrity of the structure.
The main objectives of this study are as follows:

1- This study will include the evaluation of three different
methods of repairing reinforced concrete beams. These
methods are epoxy injection, ferrocement, and steel plate
bonding in addition to a combined method of epoxy

injection and ferrocement.

2- To cast reinforced concrete beams for a general study of

repairing reinforced concrete beams.

3- To divide the beams into three groups and test them in

flexure under two points 1load, up to 10,15 mm and




ultimate mid-span deflections.

To make a comparison for each method of

different deflections as mentioned above.

To compare all methods in terms of
availability in the market, the ease of use,

cracking and ultimate loads.

repair at

economics,

stiffness,

The overall objective of this study is to include the

evaluation of the different methods of repair in terms of

strength and ductility for durability problems.




Chapter 2

LITERATURE REVIEW

2.1 General

In the developed countries, construction has been grown
step by step based on experience gained from the use of
local materials, under the prevailing climatic conditions,
and technical expertise. On the contrary, in Saudi Arabia
and its neighboring Gulf states, due to the big amount of
revenues which came from the increase in the price of oil
during the last few vyears. A rapid construction of
buildings, bridges, dams, and other structures has been
erected quickly and gave no 1little chance for gradual
evolution to occur in the field of construction. As a result
of the ungradual development and absence of codes and
specifications of construction, most of the concrete
technology and specifications had to be transfered totally
through the American, European, Korean, Japanese and Chinese
companies which have built most of the largest projects in
these countries. The most common causes of concrete
cracking encountered in the coastal regions of Saudi Arabia
and Gulf states are the internal and surface volume changes
due to thermal stresses, sulfate attack, alkali-aggregate
reaction, corrosion of steel reinforcement, and moisture

movement [1,2].
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In addition to the severe conditions in this area, poor
control of concrete operations, lack of experience, and lack

of local regulations contributed to concrete failures as a

result of severe cracking [2].

Condition surveys on structures located in the Eastern
province of Saudi Arabia were carried out at the KFUPM. The
results of the collected data showed an alarming degree of
deterioration with a short span of 10 to 15 years. This
deterioration is caused by corrosion of reinforcement,

sulfate attack, and environmental cracking [3].

The condition surveys indicated that corrosion of the

reinfocement is the most prevalent form of this

deterioration [4].

Under such constraints, quality assurance(QA) and quality .
control(QC) should be expected to play an important role in

concrete construction.

Daoud [5] has proved in a project research in the
university of Kuwait that an effective QA/QC program is both
possible and cost effective in the Arabian Gulf region. He
added that in the Gulf region, the traditional conflicts
between owners, engineers and contractors are magnified due
to cultural and communication problems resulting in a poor

quality of construction.
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Oliver [6] believes that hot weather concreting is

fundamentally a management problem.

For the existing concrete structures which have been
damaged due to factors mentioned above, a need for
maintenance has become a matter of serious concern in the
construction industry in Saudi Arabia and the Gulf states.
Since many companies have brought new and different
materials for repairing concrete structures to the market
without doing any research on the effect of these materials.
These materials, even if they worked well in the western
countries, may not be useful for concrete repair in the Gulf
region. In this case, a research should be carried out to
check these materials on the concrete structures with local
materials under environmental conditions. Before proceeding
to repairs, a feasibility study should be done. When
deciding on repairing, four basic steps should be followed
to reach a successful concrete repair. These steps are the
evaluation of the causes, extent, and consequences of
deterioration; selection of repair material; preparation for.

repair and placing of repair material [7].

Warner ([8], after studying some of +the material
properties, suggested that the ease of application, cost,
availability of labor skills and equipments should be

considered before the final decision of choosing a material

repair.
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2.2 Concrete Cracking

2.2.1 Introduction

Concrete cracking seems to be a universal characteristic.
They have many causes. In most cases, cracks are unsightly
and unharmful and their present has no objection. In other
cases, cracking does reduce the usefulness of the structure,
and in a few cases it even might require to stop using it or

lead to its demolition for public safety reasons.

The most common causes of concrete cracking are the high
w/c ratio, high cement content, plastic and drying
shrinkage, thermal stresses, sulfate attack, alkali-
aggregate reactions, corrosion of steel reinforcement,
overloading, moisture movement and differential settlement
or expansive soils. Unfortunately, ‘most of the causes
mentioned above,if not all, are there in the coastal region

of Saudi Arabia [9,10].
2.2.2 Mechanism of cracking

Concrete is the most widely used material in construction
but. it does crack. Also, it is not very ductile material
underload. When the tensile stresses present in concrete
member exceed the tensile stress of concrete , then concrete

starts to crack. The problem increases when several factors

act together forcing concrete to crack or when one factor
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causes initial cracks that open the way for chemicals to

penetrate and react on both faces of these cracks and

produce further cracking [10].
2.3 Factors Cause Cracking

2.3.1 Drying shrinkage

Concrete cracking due to drying shrinkage is one of the
most important problems encountered in the concrete
structures in arid zones. Drying shrinkage is caused by the
fast loss of moisture from the cement paste constituent.
When concrete trying to shrink, the restraint will prevent
it from doing so, resulting in developing tensile strains
which will lead to concrete cracking (the restraint of the
concrete usually provided by another part of the structure
or by the subgrade soils). 1In the casé of massive concrete
structures, tensile stresses are caused by differential
shrinkage between the surface and interior concrete. During

continuous drying of the concrete surface cracks penetrate

deeper into the concrete.

The amount of drying shrinkage is mainly affected by the
amount of water content and aggregate in the mix. The amount
of drying shrinkage comes from the higher amount of water
content and/or the less amount of coarse aggregate in the
mix. drying shrinkage can be reduced by using the maximum

practical amount of aggregate in the mix and low w/c ratio.




12
Also, it can be controlled by using properly spaced

contraction joints and proper steel detailing [11].

2.3.2 Settlement of fresh concrete

Cracks may develop in concrete just after finishing due
to the restraint provided by the reinforcing steel bars
during the consolidation of concrete. This local restraint
may result in voids and/or cracks adjacent to the
reinforcing steel. The tendency for settlement cracking to
occur decreases with increasing cover, small bar size, and

lower slump as shown in Fig. 2.1 [12].

2.3.3 Thermal stresses

Temperature differences within a concrete structure may
be due to cement hydration (in mass concrete) or changes in
ambient conditions (in any structure) or both. These
temperature differences result in differential volume
changes. The tensile stresses created by the expansion and
contraction due to the change of temperature, from maximum
in summer and minimum in winter or maximum in the day time
and low at night, causes cracking of concrete especially
when resulting thermal stresses exceeded the tensile

strength of the concrete.

The wide variation in both temperature and humidity

created by the climatic conditions in this region has
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Fig. 2.1 : Cracking as a function of bar size, slump, and cover.

carbonaled concrele

Fig. 2.2 : Carbonation in an open crack.
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resulted in extra loading conditions than the normal design
ones. Sharp thermal gradients are applied to concrete in the
Gulf states due to the extremely hot ambient environment in
the summer months on the outside surfaces and the local air
conditioned environment on the inside. Also, due to the
sharp and rapid daily fluctuation in temperature during
summer days when external surfaces are subjected to maximum
temperature at noon and a minimum temperature at night. The
consequences of harsh climate in the Gulf region is more

severe than elsewhere in the world [13].

2.3.4 Corrosion of reinforcement

Concrete normally provides reinforcing steel with
excellent corrosion protection due to the natural alkalinity
of concrete (PH = 12.5). At this PH, a protective film of
gamma ferric oxide forms on the steel surface, effectively
inhabitating the corrosion process. There are many factors
influencing corrosion of reinforcement, but the two main
causes of reinforcement corrosion are carbonation and the

presence of chlorides.

For corrosion to occur either the alkalinity of the
concrete must be reduced due to carbonation or the present
of chloride ions. Since moisture is necessary for
carbonation to occur, it is a problem more generally

associated with humid climates. The most rapid occurance
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being where the humidity ranges between 50 and 75 % [14].

The passivity created by the highly alkaline environment
in the cement paste can be destroyed by the carbonation of
concrete. Atmospheric carbon dioxide reacts with the
alkaline medium forming carbonates, thereby reducing the PH
value as low as 8.5. With good quality of concrete and an
adequate cover, the rate of carbonation is slow. However,
for any reason, a crack opens in the concrete, the
carbonation process starts again from the crack surfaces,
and may reach a point near the steel, Fig. 2.2, [15]. At
this instant, the alkalinity of the concrete is lowered and

passivation is lost. In consequence, corrosion starts.

The chloride ion, being a specific destroyer of the
protective film, 1is especially effective in eliminating
passivity against corrosion. Corrosion caused by the
presence of chlorides is much more insidious, because
chloride ions are already there in the concrete (they may be
in the aggregate or the water used for the mix) since the
day of placing. This type of corrosion has affected

buildings in the Middle East and some other arid areas in an

alarming rate.

Cracks in the concrete will maximize the penetration of
corrosion inducing agents such as oxygen, chloride ion,

carbon dioxide, and water. When steel reinforcement
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corrodes, its volume increases and causes expansion of the
concrete. This expansion will lead to concrete cracking, and
the steel cross-section will decrease causing a reduction in

the tensile capacity of the steel, which eventually lead to

failure of the structure [16,17,18].

2.3.5 Chemical attack of concrete

Solid salts penetrate into concrete react with hardened
concrete paste in the present of magnesium and calcium

sulfates in solutions. The sulfate reacts with Ca(OH)z,

calcium hydroxide, and with calcium aluminate hydrate and

starts attacking the concrete.

Ca(OH)2 is abundantly present in hydrated portland cement

owing to the hydration of its major components. The
products of the reactions are gypsum and calcium sulfo-
aluminate (ettringite) which occupy larger space than the
chemicals that formed during the hydration process which
leads to expansion and disruption of the concrete, that

result in cracking. Also, MgSo4, Magnesium sulfates, have

less effect on the attack of concrete, because of the very
low solubility, but under certain conditions the attack will

be more and lead to serious deterioration of concrete [19].
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2.3.6 Externally applied load

.

It is well known,in concrete desigﬁ, that load-~induced
tensile stresses result in cracks in concrete members. The
design procedures (ACI 318 and AASHTO Standard
Specifications for Highway Bridges) use reinforcing steel,
not only to carry the tensile forces, but to obtain both an
adequate crack distribution and a reasonable limit on crack
width. Crack patterns and crack widths have Dbeen
investigated in detail for cracks associated with tensile
and flexural stresses. However, shear and torsion may also
cause significant cracking. Flexural and tensile crack
widths can be expected to increase with time for members

subjected to either sustained or repetitiwve loading.

Well- distributed reinforcing offers the best protection
against load-induced cracks. The use of larger amount of
steel will reduce the steel stress and the amount of
cracking. While a reduction of cover will reduce the surface
crack width but it will not be enough to profect the
reinforcing bars from corrosion. Engineers should
distinguish between longitudinal and perpendicular cracks to
the reinforcing bars. Perpendicular cracks to reinforcing
steel do not have a major effect on the corrosion of that
steel, while longitudinal cracks are always dangerous as

corrosion is concerned [20].
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2.3.7 Construction overloads

Loads induced during construction can be far more severe
than those experienced in service. Unfortunately, these
conditions may occur at early ages when the concrete is most
susceptible to damage and often result in permanent cracks.
Precast members, such as beams and panels, are most
frequently subjected to this abuse, but cast-in-place
concrete can also be affected. Cast-in-place is subjected
to this loads in cold climates when heaters are used to
provide an elevated working temperature within a structure.
If these heaters are of high volume and located near
exterior concrete members, especially thin walls, an
unacceptable high thermal gradient can result within the
members. The interior of the wall will expand in relation to
the exterior. To avoid this problem, héaters should be kept

away from the exterior walls.

Storage of materials and the operation of equipment can
easily result in loading conditions during construction far
more severe than any load for which the structure was
designed. Load 1limitations, should be given to the
construction supervisors in order to prevent the problem

from taking place (20).

Another cases of cracking are related to errors in design

and detailing, and to poor construction practices. The
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importance of proper design and detailing depend on the
particular structure and its loading. Special care is needed
during the design and detailing of any structure to avoid

major problems of cracking.

Also, conditions inspection is needed during all phases
of construction as a check of the proper design and
detailing. There are well known methods in the ACI manuals
to prevent cracking of concrete structures due to poor
construction practices, but they should be followed by both
the contractor and the owner's representative with special

attention in order to insure a proper execution.
2.4 Methods of Repair

2.4.1 Ferrocement

Ferrocement is a highly versatile form of reinforced
concrete made of hydraulic cement-sand mortar matrix
reinforced with closely spaced layers of continuous and

relatively small wire diameter mesh, Fig. 2.3, [21].

Ferrocement exhibits a behavior very different from that
of reinforced concrete in performance and strength due to
the uniformly distribution of the wire mesh in the matrix
throughout the thickness and all over the area. Ferrocement
reinforcement can be assembled into its final designed shape

and mortared or plastered directly in place.
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Mortar

Woven Square Mesh Layers

Fig. 2.3 : A typical ferrocement specimen reinforced with

2 layers of woven square mesh.
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History of ferrocement

The earliest attempt of using ferrocement in construction
was done by a French called Jean Louis Lambot. He
constructed a boat in 1848 using ferrocement. But because of
the time and effort required to construct ferrocement and
where technology was very poor, to make mesh of thousands of
wires, the concept of ferrocement was almost forgotten for
more than one century. In the early 1940s, Pier Luigi
Nervi, Italian engineer demonstrated the wutility of
ferrocement as a building material. Nervi built a small
storehouse of ferrocement in 1947. In the early 1960s,
ferrocement was accepted in the United Kingdom, Newzealand
and Australia, as a boat-building material. However the
universal availability of the basic component materials of
the ferrocement and because of the ﬁnskilled labors used
for construction, ferrocement got wide applications in the
developing countries. In 1972, the National Academy of
Sciences set up the Ad Hoc Panel on the utilization of
ferrocement in developing countries. In 1974, the American
Concrete Institute (ACI) had set up the committee 549,
ferrocement, to review and report the factors affecting the
use of ferrocement in construction. The committee state-of-

the-Art report on ferrocement was published in 1982.

In 1976, International of ferrocement Information Center

(IFIC) was found at the Asian Institute of Technology,
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Bangkok, Thailand and published the Journal of ferrocement
every three months with the help of the New Zealand
ferrocement Marine Association (NZFCMA). In the last two
decades, ferrocement has become important and useful
material in buildings, roofing system, tanks and irrigation

structures for both the developing and deveioped countries.

In Saudi Arabia, in 1983, a group of researchers at
'KFUPM, carried out a research project on the mechanical
properties of ferrocement which was supported by King Abdul-
Aziz City for Science and Technology (KACST). The increase
in the use of ferrocement in construction was because it has
high durability, ductility, and strength if properly shaped
in addition to the unrequirement of skilled labors and the

availability of materials [21,22].
The Use of ferrocement in construction

Ferrocement is suggested by Romualdi [23] as a material
of many paradoxes from the fact that ferrocement posses a
degree of toughness, ductility, durability, strength and
crack resistance that is considerably greater than that of
reinforced concrete. Further more, these properties are
achieved in structures with a thickness not exceeding 25 mm
which is not a practical one in the use of ordinary concrete -
for construction. Another paradox of ferrocement is to be a

forgiving material through the high levels of performance in
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ductility, strength, and other properties which can be

achieved ever without a very good quality control.

It is known that good quality control leads to better
quality and performance, but in ferrocement surprising good
performance can be achieved with almost primitive field
conditions and unskilled labors. Ferrocement has its roots
in the developing countries of the world than in the
developed countries as a new material for boats, roofs,
tanks, and housings. The fact that relatively unskilled
labor can construct very serviceable structures has given
the material the reputation of being labor intensive which
is not favorable in the industrialized countries. The main
applications of ferrocement in construction are in boat

buildings [24], water tanks [25, 26], and roofs[27].
Ferrocement construction can be divided into four phases:

* fabricating the skeletal framing system,

* applying rods and mesh,

%

plastering, and

* curing. [28]

Experience has shown that the quality and application of
mortar are very critical in the use of ferrocement in
construction. Mortar can be applied by - hand or by
shotcreting. Ferrocement is very suitable for construction

of curved surfaces such as domes [29], shells and free-form
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- shapes, because of the unneed of formwork.
Ferrocement as a repair material

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 the
reinforced concrete which develop few but wider cracks, as

shown in Fig. 2.4 .

Ferrocement can withstand thermal changes very
efficiently and since it is made of the same material which
- makes up reinforced concrete, thus making it thermally
compatible. Ferrocement can obtain very good bond when laid
over surface of concrete or brickwork. Most of the
ferrocement structures do not require a water proofing
treatment, because of its highly crack resistance and

imprevious surface.

Ferrocement provides a surface free from danger of
cracking and offers a highly imprevious layer, it can be
safely adopted for water proofing treatment of structures
constructed with reinforced concrete. The use of
ferrocement as a repair material in developing countries has
been very limited to few jobs, because of the lack of
industrial wuse, the 1lack of knowledge of ferrocement

behavior and its reputation of being labor intensive.
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The first reported user of ferrocement as a water
:proofing layer was Architect Jorn Utzn, many years ago, over
. reinforced cement concrete roof of New Sydnay Opera House in
" Australia. The Structural Engineering Research Center,
- SERC, Roorkee (India) carried out field and laboratory
~investigations and from these investigations and others,

- SERC recommended the use of ferrocement for water proofing

 of old ‘and new structures.

More than a dozen buildings including factory, offices,
and residences have been water proofed with ferrocement and
since then all these structures have been performing very
well. Also, ferrocement has been used, in India, for water-

proofing treatment of roofs and basements [30,31].

Ferrocement is known as a material of high impermeability
and ease of application on any surface. Due to such reasons
a leaking 50,000 gallon reinforced concrete overhead tank
was treated with ferrocement 1lining. This tank was
constructed by the Military Engineering Services (MES), in
1971 at Roorkee Cantonment (India), and was abandoned after

sometime due to the very heavy leakage through the wall of
the tank.

In 1982, (SERC), Roorkee suggested to (MES) a treatment
which could be applied to bring this tank back to its

serviceability condition. After studying the problem in
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detail, the center suggested the use of ferrocement for
lining the tank from inside after treating the cracks and

honeycombed areas. Since then, the tank is still in use.

Ferrocement was suggested to be applicable for
rehabilitation projects from water treatment plants to
tunnel linings. In the United Kingdom, ferrocement has been
used for relining a sewer system of 60 m in length, with 2.4
m high and 2.6 m wide. Although the ferrocement layer
thickness was only 35 mm, it was claimed that the addition
of lining was capable of supporting half of the loading from
London traffic on the Counters Creek Sewer. The great
advantage of using ferrocement for relining the sewer is the
significant increase in the strength which can be achieved
from using additional material provided that ferrocement is
simpler to install than most other linings. Application of

the mortar matrix was by shotcreting [32].

Recently, ferrocement has used in relining several
deteriorated swimming pools. This is because it provides a
tough, watertight surface in addition to being cost-
competitive solution. The commercial viability of
ferrocement for rehabilitating water containing structures
rests upon several recent innovations. The most significant
is a three-dimensional mesh that was originally developed in
New Zealand to avoid the problem of using multiple layers of

conventional mesh in a very thin layer of ferrocement see
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Fig. 2.5, [33], which is a total of five thicknesses of wire
ifrom one side to the other. In case of the lining for a
rehabilitated swimming pool or other water containing
. structures, where bending strength of secondary importance
| of toughness, durability and flexibility, only one iayer of
- the three-dimensional mesh is necessary. To insure complete
encapsulation of the mesh by the mortar matrix, however, the
;mesh must be separated by some small distance from the
original pool surface. This is accomplished by means of
round plastic disks about 1" (25 mm) in diameter and 1/4" (6
mm) thick that are glued to the original wall surface before
installation of the single layer of mesh. The mesh is then
fastened in place by means of powerdriven fasteners. The
fastener is first placed through a washer and then shot

through the mesh and through the plastic spacers.

In case of swimming pools, the final coating is often
white cement with crushed aggregate. Painted surfaces are
also common. The steps procedure are applied to the
deteriorated swimming pool at the Veterans Administration
Hospital in Pittsburgh, Pennsylvania and the'municipal pool
wall in Richmond Heights, Ohio, in the U.S.A. . The
plastering of ferrocement can be done by hand, and a
vibrating trowel 1is recommended especially for small
projects. However, for large projects, shotcreting has been

found to be effective. It was used for the relining of the
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' municipal pool in Richmond Heights.
2.4.2 Epoxy resins

Introduction

Epoxy resins have been used very widely for many
applications all over the world to repair buildings, dams
and bridges for more than two decades. There are so many
papers written on the use of epoxy resin for repairing,
strengthening and rehabilitation of structures. Results

showed a good performance of epoxy materials used to repair

concrete structures.
History of epoxy

The word "epoxy" is a Greek description of the chemical
symbol for the family of epoxies. The first practical
application of epoxy resins took place in Germany and

Switzerland in 1930s, with some experiments were done in the

U.s. .

In 1939, Greenlee developed several basic epoxy systems,
some of them still used until today. First interest in the
use of epoxy in the construction industry as an adhesive was
in 1948 and it showed satisfactory results in bonding‘ two

pieces of hardened concrete.

In the early 1950s, epoxy resin adhesives were available
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-in the market for use. The U.S. Army Corps of Engineers
gpublished the first Federal Specification for an epoxy resin
system in 1959. Since then, the use of epoxy resin adhesives

. expanded in many directions.

Today, the need of epoxy resins have been increased due

to economy and performance of the material [34].

' Selection of the material and material properties

Schutz [35], 1981 , listed the properties and
- specifications for epoxies used in concrete repair. It is
just a summary of standard tests and specifications which

are adopted by the American Society for Testing and
Materials (ASTM).

These standard specifications were published in 1978 and

they are :

- ASTM C881 on epoxy-resin-base bonding systems for

concrete.

- ASTM C882 on bond strength of epoxy resin systems.

- ASTM C883 on effective shrinkage of epoxy resin systems

used with concrete.

- ASTM C884 on thermal compatibility between concrete and

epoxy resin overlay.
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Fattuhi [36]), in 1983, started a research, at the

university of Kuwait, on proposing two simple techniques for
testing the performance of repair materials for concrete
cracks. In order to study the effect of resin injection of
the cracked concrete. Steel moulds were prepared and steel
blates were placed at the center of the mould to form a
groove (simulated crack) in the beams for flexural test.
Cracks were filled with resin injection and epoxXxy mortars
and two beams were tested in flexure. Also, halved concrete
cylinders were joined by repair material and tested in
splitting tension. The beams and cylinders were subjected to
different temperatures before testing. The results showed a

reduction of stress in the concrete repair materials at high

temperature.

Plecnik and a group of four researches ([37] studied
factors affecting the epoxy penetration (temperature of
epoxy and concrete, epoxy injection pressure, viscosity of
epoxy, wetability of epoxy and crack size. They found that
viscosity, pot life and wetability were the most important
properties which have a significant effect on the epoxy
penetration. The results of the study, showed that epoxy
adhesives with long pot life and low viscosity provided the

optimum results for crack penetration and rebonding of

reinforcing steel.
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Also, Plecnik and two separate groups studied the

behavior of epoxy repaired beams under fire.

The first group [38] discussed the effects of temperature
~and fire on epoxy repaired concrete beams. About 200 beams
(both rectangular and T-sections with small-and-large scale)
were prepared for the test. A concentrated load at mid-span
was applied until failure, then repaired by epoxy resin
injection, only the high penetration epoxy adhesives were
used. The beams were then subjected to two standards fire
exposures; the 2-hr ASTM E-119 or 1-hr Short Duration High
Intensity (SDHI). The results showed that, for flexural type
epoxy repaired cracks without compression zone failure, the
ultimate residual strengths of the beams are not
significantly affected by epoxy repair.but the stiffness is

greatly reduced due to temperature rises.

The second group [39] investigated only nine beans,
specimens of rectangular and T-sections. The beams were
subjected to the 2-hr ASTM E-119 or the 1-hr SDHI fire
exposure after having beam repaired with the epoxy
adhesives. The effectiveness of a plaster coating applied to
epoxy repaired beams was determined. The results showed that
the residual deflection is very much affected when using a
one inch plaster coating but not the ultimate residual

strength at initial failure cracks for beams exposed to

fire.
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‘The use of epoxy resins in the repair of the structure

Chung ([40], 1975, carried out a research on epoxy
repaired of reinforced concrete beams. Three reinforced
:concrete beams were used for the test, and two point loads
were applied to the middle third of the beams, Fig. 2.6 .
Loading was increased by increments until failure, then
major cracks were repaired by epoxy resin injection. The
behavior of the repaired beams was similar to that of the
original ones, and the repaired cracks did not open.
Instead, new cracks were formed and some of them were just

adjacent to old cracks. Also, the ultimate load was greater

in the case of repaired beams than the unrepaired ones, Fig.

2.7 .

Also, in 1977 , he and Lui [41] carried out another
research on the use of epoxy to repair concrete joints. In
this research, shear tests were carried out on concrete
push-off specimens whieh were first tested until failure and
then repaired by epoxy injection. The results of this
research proved that the use of epoxy resins to repair

concrete joints was very effective.

In 1985, Mansur and Ong [42] carried out a research on
repairing reinforce concrete beams, each with a large
transverse rectangular opening, using epoxy injection. The

opening caused the beams to fail by crushing of the concrete
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at the four corners of the opening. Six reinforced concrete
beams were tested until failure under a static point load.
The crushed concrete was replaced by epoxy mortar and the
cracks of the beams were then repaired by epoxy injeétibn.
The repaired beams were tested the same as the original
ones. Comparing the results of the test between the original
and the repaired beams in terms of deflection, mode of
failure, cracking and ultimate strength. The results showed

the effectiveness of the repair technique.

In 1978, Chung and Lui [43] investigated the effect of
repairing concrete joints under dynamic loads. Some shear
tests using push-off specimens (two series of eight in each)
were carried out in order to achieve that purpose using
epoxy injection. The results showed that the repaired joints
can reach a shear strength and absorb the same amount of

impulse as the original ones.

In 1982, a research carried out by Hewlett and Morgan
[44] on the static and cyclic response of reinforced
concrete beams repaired by resin injection. Ten beams were
used in this study. The beams were designed to fail both in
tension and in shear. These beams were tested to failure
then repaired and retested. A coﬁcentrated downward load at
mid-span was applied. The results showed some limitations to
the effectiveness of the epoxXy materials due to the crack

width. For +the beams with diagonal shear cracks, the
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repaired beams were often stiffer and stronger than the
foriginal beams. For the beams with tension type, good
results were achieved when maximum crack width was not
‘greater than about 1 mm and the repaired beams exhibited a

‘failure load but not the stiffness.

Amon and Snell [45] suggested the use of pulse velocity
?techniques to monitor and evaluate epoxy grout repair to
bconcrete. This technique involves the use of a soniscope and
two transducers, one transducer will send the wave through
‘the concrete and the other one will receive it. Then the
- soniscope can determine the pulse velocity. If the pulse
‘velocity is almost the same as that of the uncracked
;concrete, the injection is accepted; otherwise, the crack
should be re-injected. This technique is very useful in

replacing the need of coring for checking the effectiveness

of the repair material.
2.4.3 Steel plate bonding

Introduction

Sometimes it is necessary to strengthen existing concrete
- structures due to the changing function of the structure or
because of under strength due to design or constructional
faults. In the past, concrete bridges were strengthened by
additional beams or props. In recent years, new technique

has been developed to increase the amount of reinforcement
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;by bonding steel plates to the surface of the concrete using
:epoxy resin, which is very benefitable and it sometimes be
an economically attractive solution. Advantages of this
‘technique are the minimum reduction of the headroom and the
:minimum disruption of traffic. However, +there are some
disadvantages like the little adwvance warning of the sudden
failure after the separation of the plate, and the required
effort for the preparations to achieve a high quality bond

between the steel and the concrete.
History of steel plate bonding

The use of bonded steel plates as additional external
reinforcement to concrete structures was first tried in
France and South Africa in the late 1960s and early 1970s.
It has also been wused in other ‘countries including
Switzerland, United Kingdom, and Japan where at least 240

bridges had been plated by 1975 [47,48].

The large number of under-strength bridges was mainly due

to a big intensity of heavy truck traffic since the bridges

were designed.
Research and applications of steel plate

Irwin [46], in 1975, studied the use of this technique
for strengthening beams in flexural where he prepared two

reinforced concrete beams, for the purpose of comparison,one
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yith bonded steel plate and one without. After testing the
5eams up to failure, the results showed that the crack
widths of the plated beam were significantly reduced to
@lmost half of those on the unplated beam, while the moment

capacity does not increase much, see Fig. 2.8

In 1978, Macdonald [47] studied the use of steel plates
;for strengthening four reinforced concrete beams. The plates
iwere bonded to the tension flanges of the beams by epoxy-
‘resin. This study covers the effects of the change of
‘adhesives, joint in the plate, the change of plate thickness
‘and load cycling. The results showed that the load to
;produce a plated beam was approximately double the load to
:produce the same size-crack in the unplated beam, but no
;much increase in load carrying capacity. From observation,
vin all cases, failure to the platéd beam occured by
:horizontal shear in the concrete adjacent to the steel plate
‘commencing at the free end. Also, after plate separation,
;subsequent failure usually occurs by compression of the

‘concrete at a load similar to the failure load of an

‘unplated beam.

In 1980, Raithy [48] carried out a research on the
.strengthening and load testing of four bridges at an
interchange on the M5 motorway at Quinton, United Kingdom,
1and summeries relevant research tests being carried out at

the Transport and Road Research Laboratory. Full-scale
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loading tests on one of the bridges before and after
strengthening showed that the required improvements had been
achieved. Also, laboratory tests indicated that performance
could be improved further by better detail design of the
plates and further research is needed for future

applications.

For a long-term behavior, a protective treatment of the
steel surface against corrosion is very essential. For the
objective of studying the long-term behavior of reinforced
concrete structures strengthened with externally bonded
reinforcement, the Swiss Federal Laboratories for Materials
Testing and Research (EMPA) started, in 1973, a special
program of testing reinforced concrete beams strengthened by

externally bonded steel plates, with a planned observation

period of at least 15 years.

Reference [49] has been provided by +the initial
information obtained after one, three and five years of this
study. The different parameters have been studied in this
research are the magnitude of the load, the type of
weathering and the type of corrosion protection. The results
showed that no significant damage has been occupied in

comparison with the original conditions.




41
Chapter 3

EXPERIMENTAL PROGRAM

3.1 Preparation for Testing
Preliminary design of beams

First: 3 beams of 150 * 150 mm in cross section and 1000
mm long were prepared along with 3 cylinders of 75 * 150 mm.
Beams and cylinders were tested after curing of 28 days.
The cracks in the flexural zone were very fine at ultimate

load, which would be difficult to repair by injection.

Second: the main steel reinforcement of the beam was
reduced from 2-12-mm diameter bars to 2-10-mm diameter bars
and the beams dimensions were kept the same. The beams of
this group were tested after curing of 28 days. Two of
these beams were repaired by epoxy injection and results
were acceptable, but cracks at 10 and 15 mm deflection were

still too fine to repair by epoxy injection.

Beams final design

The dimensions of the beam were fixed to 150 * 150 mm in
cross section and 1250 mm long, with a shear span to depth
ratio greater than 2.5 to assure wider flexural cracks at

the central zone of the beam. The main reinforcement was
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2-10-mm diameter reinforcing bars, with top reinforcement of
2-6-mm in diameter, 6-mm stirrups were used as shear
reinforcement at 60 mm spacing all over the beam with 30 mm
cover from all sides, as shown in Fig. 3.1 . The final

design of the beam is given in Appendix-A.

Moulds

Six steel moulds were fixed to a large steel plate and
prepared for casting at the company yard. Also, the
preparation of steel stirrups tied to the reinforcement was

made before the day of casting, as shown in plate 3.1 .

Materials

The mix design used was as follows
cement 400 kg/cu. m Saudi Bahrain Type V

Coarse aggregate

(18.75 mm max) 1073 kg/cu. m Abu Hadrihah

Fine aggregate 651 kg/cu. m Local dune sand
Free water 192 kg/cu. m Local
Air content 2.0 %

Casting of beams

In order to get uniform supply of concrete mix for each
group, the beams wére cast in Al-Moraba Contracting and
Construction Co. in Dammam in groups. Each consisted of 6

beams. Before casting, the plastic spacers of the
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Plate 3.1

Steel moulds for casting.
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reinforcement were checked (30 mm from all sides), then a
slump test was taken. Four cylinders of 150 * 300 mm were
filled with concrete of the same mix in three layers
according to the ASTM : C192 and prepared for compressive
strength test, as shown in plate 3.2 . During casting,
internal and external vibration were used. Preparation of
steel reinforcement and demoulding of the beams were done
one day before the new casting. Casting was finished in 2
weaks time. TONIPACT machine, of 3000 kN capacity, is used

to test the 150 * 300 mm cylinders in compression.

Curing and transportation

'All beams were cured at the company's yard where wet
burlaps were kept saturated with water on the beams. Water

was sprayed 3 times a day to all beams for 28 days, as shown

in plate 3.3 .

After the curing period, all beams were transported

together on a large truck to KFUPM, campus for testing and

repair.
3.2 Testing Program

The aim of this research was stated earlier to
investigate the different repair methods of concrete
structures which were damaged. Therefore, the repair will

take place, when cracks induced on a structural member were




Plate 3.2 :

Slump test before casting.
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Plate 3.3 :

Curimg the beams at the company's yard.
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wide enough for repair. Concrete beams under two points
load will crack when they are subjected to loads above the

design service loads. The crack width will differ from beam

to another under the same load intensity.

Therefore, in order to compare the efficiency of the

repair methods, the beams were divided into three groups for

testing :
* group of 10 mm central deflection 9 beams
* group of 15 mm central deflection 9 beams
* group of ultimate central deflection 12 beams

as shown in the testing program chart, Fig. 3.2

Marking the beams

The beams were marked at the third points where the 2
points load were applied. Also, the bottom side was marked
under the loads and at the center of the beam for measuring
the deflection at the three points using the Linear Variable
Differential Transducer (LVDTs). The points of supports

(Reactions) were marked at 600 mm on each side of the

center.

Machine set up

A 25 tons capacity INSTRON machine was used for testing
the beams in flexural. The load was applied through a small

ball rested on a steel I-beam which is transfering the load
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directly to the middle third points of the beam. The beam

was supported by a semi-circular steel roller rests o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>