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ABSTRACT

In steel reinforced concrete (RC) structures, corrosion reduces the reinforcement cross-
sectional area and causes cracking and/or spalling of the concrete cover. This will reduce the
strength of the structure and may cause collapse. A certain degree of structural strength can be
preserved and/or increased by using strengthening techniques. Fibre reinforced polymer (FRP)
composite material has gotten approval in the rehabilitation engineering community for
possessing superior mechanical properties in terms of resistance to corrosion, high strength to
weight ratio and ease of installation. On the other hand, an efficient, sustainable and durable
material, namely, textile reinforced mortar (TRM), has been introduced recently as a retrofitting
material that maintains the positive characteristics of FRP while eliminating its drawbacks. Thus,
to use this system in practical conditions it is necessary to evaluate its effectiveness and compare

it with the FRP system.

The current numerical study investigated the structural performance of corrosion damaged
reinforced concrete beams repaired with externally bonded FRP and TRM systems. The studied
parameters were the reinforcement ratio, the corrosion level and the existence and type of the
strengthening system. Results showed that failure mode was initiated by steel yielding for all
studied beams. The study found that the TRM/FRP system should be applied such that the
strengthened beams would not be over-reinforced to prevent compression failure. In addition, for
the given material properties, the TRM strengthened beams showed better performance with
respect to stiffness compared to their FRP strengthened counterparts, while the FRP strengthened

beams were better in terms of loading capacity, displacement and ductility behaviours except for



beams having high tensile steel reinforcement ratio. In such case, the TRM strengthened beams
showed almost equal effectiveness as the FRP ones. Given the scope of this study, it is suggested
that the full strength of the FRP and TRM systems could be achieved if the unstrengthen beam
have tensile steel reinforcement ratio less than 24% and 73% of its balanced reinforcement ratio,

respectively.
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CHAPTER 1: INTRODUCTION

1.1 Problem Statement

The strength and life span of steel reinforced concrete (RC) structures can be severely
reduced by environmental attack on either concrete or steel reinforcement or both. In the past, a
structure that had become unsuitable to serve its purpose or that had decayed was replaced. That
situation has changed recently due to the deterioration of infrastructure and the high expense of

replacement (ACI 546R, 2001; Mailvaganam, 2004).

Despite the recommendations and precautions provided by the current codes of practice, the
witness of the vulnerability of RC structures to corrosion damage can be attested by some
structural collapse in recent years such as the Silver Bridge in Ohio (1967), the Berlin Congress
Hall in Germany (1980), a parking garage in Minnesota (1984), the Rainbow Bridge in China
(2004), resulting in enormous casualties and damages in each case (Isecke, 1982; Borgand et al.,
1990; LeRose, 2001; CEP, 2012; Roberts, 2012). Hence, the employment of rational
rehabilitation techniques is vital when the corrosion of the steel reinforcement in concrete passes

off (EI-Maaddawy et al., 2005; Mailvaganam, 2004).

The rehabilitation cost is in the order of billions of dollars (ACI 546R, 2001; Tullmin, 2007;
Gjorv, 2009). The required repair cost of corrosion damaged structures in Canada is estimated to
be approximately $3 billion per year (Tullmin, 2007). The United States and Australia spend
almost 1% and 2%, respectively, of their gross domestic product (GDP) to address the corrosion

of reinforcement in RC structures (Whitmore and Ball, 2004; Tullmin, 2007). This has put the



construction industry under increasing pressure to use new and innovative materials and

techniques with proven superiority in terms of their durability, performance and cost.

To rehabilitate RC structures, several techniques and materials were used such as applying an
external steel plate as additional reinforcement. However, potential of corrosion damage has
turned this system into limited application. Couple decades ago, fibre reinforced polymer (FRP)
emerged as an innovative and cost efficient technology to repair and strengthen the corrosion
damaged load bearing structural members (ACI 440.1R, 2006; Mobasher and Raji, 2007). FRP
materials offer some favourable properties such as high strength-to-weight ratio, minimal change
of geometry, corrosion resistance, ease and speed of application (Bournas et al., 2007). Despite
these advantages, FRP retrofitting technique has few disadvantages, in particular, they are
difficult to apply on wet surfaces, hard to assess post-earthquake behaviour underneath the FRP
jackets, loose the strength at high temperatures and are expensive. These drawbacks are mainly
attributed to the bonding agent i.e. the organic resins (typically epoxy) used to bind the fibres
together and to the concrete substrate (Papanicolaou et al., 2010). On the other hand, recent
research has shown that appropriately designed textiles bonded by inorganic binders (cement
mortar) have great potential to repair and strengthen RC structures. These features are found in
the textile reinforced mortar (TRM) system. TRM is a new high-performance textile composite
material consisting of continuous fibres impregnated in a fine grained cementitious matrix

(Brameshuber, 2006; Papanicolaou et al., 2007; Bournas and Triantafillou, 2008).

Many studies have been conducted to investigate the effect of different fibre orientation, type
and geometry of FRP as a repairing material for corrosion damaged beams (Bonacci and Maalej,

2000; Soudki and Sherwood, 2000; El-Maaddawy et al. 2007; Kutarba et al., 2007; Al-



Hammoud et al., 2011). However, to date, very limited information is available on the viability
of using the FRP laminates to repair corrosion damaged RC beams having different
reinforcement ratios. Moreover, the flexural performance of the TRM strengthened corroded
beams has not been studied yet. To use this system in practice, the investigation of the
effectiveness of the TRM system and how it behaves compare to the FRP system is undeniable
and demanding. Therefore, the aim of this research is to numerically investigate the effectiveness
of a TRM system to repair damaged beams at different corrosion level and having different

tensile reinforcement ratio and compare its performance to an FRP repairing system.

1.2 Thesis Overview

The present research work numerically investigates the performance of reinforced concrete
beams, 100 x 150 x 1200 mm each, damaged by corrosion and/or strengthened with externally

bonded FRP or TRM system.

Background information on the subject of corrosion of steel in concrete and the two
strengthening techniques, namely, FRP and TRM composite systems is provided in Chapter 2. A
review of the available literature on the flexural performance of corroded and FRP strengthened
corroded beams is also presented in this chapter. Research needs along with the specific

objectives of the current study wrap up the chapter.

The methods adopted in the finite element simulation phase of the present study along with a
description of the specimen geometry, the loading and boundary conditions, the meshing and
analysis techniques and the different materials’ constitutive laws are reported in Chapter 3. The

validation of the FE models is presented in the same chapter.



Chapter 4 presents the results and observations of the analysis. The overall load-deflection
behaviour and failure modes for all specimens are presented and discussed in that chapter. An
evaluation of the flexural performance in terms of loading capacity, displacement, ductility and
stiffness of corroded and FRP and TRM strengthened beams having different tensile
reinforcement ratio are also included. Moreover, a comparative effectiveness between the FRP
and TRM composite systems is presented in the same chapter. Based on the strain analysis a

discussion and comments relevant to the results are presented.

Chapter 5 documents the general conclusions of the research along with recommendations
for future research and developments on the structural performance of corroded and FRP/TRM

strengthened beams.



CHAPTER 2: LITERATURE REVIEW AND RESEARCH OBJECTIVES

2.1 Corrosion

In general, corrosion is defined as the gradual destruction of a material when it reacts with its

environment (Ahmad, 2006).

In metals, corrosion can be considered as the process of extractive metallurgy in reverse.
Extractive metallurgy is the process of processing, refining and/or alloying ore into a usable
metal form (Fig. 2.1). This process involves a large amount of energy addition to the metal,
creating a condition of high potential energy in the metal making it thermodynamically unstable
under normal conditions. Therefore, corrosion can be thought of as the process where the metal
reacts with its environment to return to its original form, i.e. release the energy and be
thermodynamically stable (Ahmad, 2006). Chemically, this process involves a metal losing

electron(s) in order to achieve this stability.

M->M"+e” (2.1)
. Steel rebar ;
Alloying i Corrosion
process Fe + C (Si, etc) process
Fe Energy cycle [Fe?™]
Energy
Energy Fe,O
added (H emza tl?,te) released
(Heat) Rust/ Iron ore

Figure 2.1: Corrosion: extractive metallurgy in reverse



2.1.1 Corrosion Process in Reinforced Concrete

According to ACI 222R (2001), the corrosion is an electrochemical process. For making this

process, four key elements must be present (ACI 222R, 2001; EI-Maaddawy, 2004; PCA, 2013):

e An anode, where iron ions (Fe?*) are removed from the steel (iron oxidation or

anodic reaction)

F, - F*" 4 2e” (2.2)
e A cathode, where hydroxyl ions (OH™) are generated (oxygen reduction or cathodic

reaction)

1/,0, + Hy0 + 2¢= - 2(0H)~ (23)
e An electrolyte (aqueous medium), for ions to flow from the cathode to the anode and

e An electrical conductor, for the flow of charges (electrons) and complete the

corrosion cell.

In reinforced concrete, the rebar may have many separate zones at different energy levels
which act as an anode and a cathode (PCA, 2013). In addition, a concrete act as the electrolyte

and the metallic connection is allowed by chair supports, wire ties, or the rebar itself (Fig. 2.2).

Concrete contains lots of microscopic pores with high concentrations of soluble sodium,
potassium and calcium oxides. When water is added, those oxides generate hydroxides, which
lead to very alkaline condition of pH 12-13 (Broomfield, 1997). The alkaline condition allows
the creation of a “passive’ layer on the steel surface that would protect the steel from corroding.

Passivation of the steel may be spiflicated by either the presence of high chloride concentration



or by carbonation attack. Once the passive film is interrupted corrosion will start (ACI 222R,

2001).

Fe?* + 2(OH) ==+ Fe(OH),

: /‘—“\ \/’ g ,/
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o

2e’ + HO+112 O, — 2(OH) Fe —» Fe?* + 2e

CONCRETE (electrolyte)

Figure 2.2: Corrosion environment in concrete (Broomfield, 1997)

2.1.1.1 Carbonation Induced Corrosion

Carbonation of concrete occurs when CO,, (from the atmosphere) penetrates the concrete to
react with calcium hydroxide (Ca(OH),) to produce calcium carbonate (CaC05) in the presence
of moisture (ACI 222R, 2001).

CO, + Ca(OH), H0 CaCO; + H,0 (2.4)

The formation of calcium carbonate will reduce the pH of the concrete to as low as 9. When
the pH around the steel rebars is reduced to such level, the passive film will no longer be stable

and corrosion of steel rebars will start (Broomfield, 1997; ACI 222R, 2001; Ahmad, 2006).
2.1.1.2 Chloride Induced Corrosion

The chlorides in the concrete could be present from internal sources (i.e. in one or more of

the concrete ingredients) or they could penetrate from external sources (usually seawater and



deicing chemicals). The role of chlorides in depassivation has been much argued in terms of how
much chloride is needed to depassivate steel and the mechanism by which it does that
(Broomfield, 1997; ACI 222R, 2001). The consensus is that once the concentration of chlorides
in the concrete at the steel level exceeds a certain limit (referred to as the chloride corrosion
threshold), the corrosion starts (ACl 222R, 2001). As for how they depassivate the steel

reinforcement several theories exists (Broomfield, 1997; ACI 222R, 2001; Ahmad, 2006):

Chlorides may make the passive layer permeable to ions allowing the anodic reaction

to occur even when the passive film is present;

e Chloride ions may interrupt the passive film;

e Chlorides may decrease the pH level of the concrete, making the passive film

unstable;

e Chloride ions may penetrate the passive film; react with iron in the steel. The product
then is broken to release the chloride ion, which will react with more iron to form

more chloride ions, i.e. chloride acts as a catalyst.

2.1.2 Corrosion Effects on Concrete Structures

Following the oxidation-reduction reactions (anodic and cathodic reactions) a variety of

secondary reactions occur to form the expansive products of the corrosion.

If the supply of oxygen is limited, one or both of the following reactions take place to form

ferrous oxides and/or hydroxides as follows (West, 1999):

Fe?* + 2(0H)™ - FeO + H,0 (2.5)
Fe?* + 2(0H)™ — Fe(OH), (2.6)



Whereas if oxygen is available, ferric oxides and/or hydroxides generate according to the

following reactions (West, 1999):

2Fe(OH), + 1/5 0, > Fe,05.H,0 + H,0 (2.7)
3Fe(OH); + 1/5 0, > Fes0, + 3H,0 (2.8)
2Fe(OH), + 1/5 0, + H,0 > 2Fe(0H); (2.9)
3Fe0 + 1/, 0, - Fe;0, (2.10)

2Fe0 +1/,0, + H,0 - 2Fe(0H); (2.11)
2Fe0 + 1/, 0, + H,0 > Fe,05.H,0 (2.12)

All these products are characterized by being expansive and hence they occupy more volume

than the parent steel occupies (Fig 2.3).

Fe
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Fe(OH),

Corrosion products
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Fe(OH);.3H,0
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Volume with compared to iron (Fe)

Figure 2.3: Volume of corrosion products with compared to iron (ACI 222R, 2001)

The effect of the steel corrosion in concrete can be summarized in Fig. 2.4. It shows that
oxidation of iron results in reduction of steel area (Fig. 2.2). In addition, the corrosion products
can occupy 8 times as much volume as steel (Liu and Weyers, 1998; ACI 222R, 2001); thus,

subjecting the concrete to high tensile stresses that causes the concrete cover to crack and spall.



This will impair the bond between the steel and the concrete. The reduction of steel area and the
decrease in bond strength between steel and concrete reduce the structural capacity of the
structure at service (large deflection, cracks) and at ultimate (strength, collapse) limit states.
Research has shown that as the corrosion increase by 12%, the yield and the ultimate load
decreased in the range of 8% to 33% (Uomoto et al., 1984; Al-Sulaimani et al., 1990; Rodriquez

etal., 1997, Soudki et al., 2000; Al-Hammoud et al., 2011).

Oxidation Ferrous Complex Corrosion
Steel rebar of iron ions reaction product
Uptake of steel Volume increase
Cracking of concrete
Reduction Red_uced
fatigue
of steel area
strength P
It;otf/flo b?[ndl Spalling and
etween stee loss of cover
and concrete
Reduced Reduced \l/
structural stiffness Reduced Accelerate
capacity structural corrosion
capacity activity

Figure 2.4: Effects of corrosion on reinforced concrete

2.1.3 Studies of the Effect of Corrosion on the Flexural Strength

The study conducted by Uomoto et al. (1984) was one of the earliest experimental attempts
to examine the effect of the corrosion levels on the load carrying capacity of corroded reinforced

concrete beams. Test specimens were 100 x 100 x 700 mm or 100 x 100 x 400 mm, reinforced
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with 19 mm diameter steel rebars and having concrete cover of 20 mm or 10 mm. Test results
showed that allowing corrosion to increase to 5% and 10% mass loss, the load carrying capacity
of the corroded beams was dropped by 5% and 33%, respectively, compared to the uncorroded
beams. Moreover, the corroded beams failure mode was shear bond failure while that of the

uncorroded beams was a flexural failure.

The previous study extended by Uomoto and Misra in 1988 through testing larger beams.
The beams dimension were 100 x 200 x 2100 mm, reinforced with two steel reinforcing bars
with diameter of 16 mm. Test results showed that the load carrying capacity reduced by 4, 8 and
17% of that of the uncorroded specimen with mass losses of 1, 1.2 and 2.4% in the steel

reinforcement, respectively.

Okada et al. (1988) carried out an experimental study on repaired and unrepaired corrosion
damaged concrete beams. The beams were reinforced with two 10 mm diameter steel bars, had
cross section of 100 x 200 mm and different shear span/effective depth ratios, 2.29, 2.86, or 3.43.
Although the degree of corrosion were not reported but the result showed that at the end of 13 to
20 weeks corrosion process, the yield and ultimate strengths were reduced by about 8% and 9%

of that of the uncorroded beams, respectively.

The flexural capacity of corroded beams was investigated by Al-Sulaimani et al. (1990). The
beams were 150 x 150 x 1000 mm having shear span/effective depth ratio of 2.5, reinforced with
a single 12 mm diameter steel bar and 6 mm diameter stirrups spaced at 50 mm. The results
pointed that the ultimate strength of the beam was not changed with steel mass loss up to 1.5%,

however, the ultimate load was reduced by 12% at 6% steel mass loss.
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Tachibana et al. (1990) worked with simply supported beams to study the effect of corrosion
on the load carrying capacity. The beams were 150 x 200 x 1500 mm, reinforced with two 16
mm diameter steel bars. The researchers reported that a 5% loss in steel area caused 12%
reduction in the load carrying capacity. Like Uomoto et al. (1984), the mode of failure shifted

from flexural to shear bond failure.

The flexural strength of corroded slabs was reported by Almusallam et al. (1996). The
dimensions of the slabs tested were 63.5 x 305 x 711 mm having five 6 mm diameter steel bars.
The reported test results indicated that the ultimate strength was reduced by about 25% and 60%
of that of the control specimen at 5% and 25% corrosion levels, respectively. Like Uomoto et al.
(1984) and Tachibana et al. (1990), the failure mode was changed from flexural to bond-shear

failure.

Cabrera (1996) investigated the flexural strength of reinforced concrete beams (125 x 160 x
1000 mm) reinforced with two 12 mm diameter steel bars. Results showed that compared to the
uncorroded beam, 9.2% steel mass loss caused a reduction of 21.4% in the load carrying capacity

and increase of 1.5 times in the midspan deflection.

An extensive work was done by Rodriquez et al. (1997) to evaluate the flexural capacity of
corroded beams. The beams were 150 x 200 x 2300 mm having different amount of tensile,
compression and shear steel reinforcements. Results showed that 22% steel mass loss reduced
the ultimate strength by 43% and increased the mid span deflection by 75% compared to the
uncorroded beams. Moreover, beams with steel reinforcement ratio of 1.51% failed by crushing
of the concrete with a significant drop-off in ductility, whereas, beams with tensile steel ratio of

0.52% failed by yielding of the steel in a ductile manner.
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Potisuk et al. (2011) conducted a numerical study to investigate the structural response of the
corroded reinforced concrete beams. The beams were 254 x 610 x 3048 mm reinforced with two
22 mm diameter steel bars in compression, five 25 mm diameter steel bars in tension and 13 mm
diameter stirrups spaced at 152 mm and 254 mm in the shear span and constant moment region,
respectively. The corrosion damaged parameters were considered as- spalling of concrete covers,
localized stirrup cross sectional loss due to pitting, uniform stirrup cross-sectional loss and
debonding of stirrups. Test results showed that the ultimate load was reduced by 11% as
compared to the undamaged beam model in response to the concrete cover spalling due to
corrosion. Besides, as compared to the undamaged beam, the ultimate strength was reduced by

7% and 31% for the 50% and 100% uniform loss of the stirrup cross-sectional area, respectively.

To date, the results obtained from studies carried out to investigate the effect of the corrosion
showed a considerable decrease in the load carrying capacity and an increase in deflection.
However, few studies were reported on the effect of corrosion on beams with different

reinforcement ratio.

2.2 Composites as Strengthening Materials

One or two alternatives may be necessary for repairing reinforcing steel: replacement of
damaged rebar; or supplementing partially damaged bar. Which alternative to employ is an
engineering decision based on the function of the reinforcement and the expected structural
capacity for the reinforced member (ACI 222R, 2001; ACI 546R, 2001). The methods of
replacing reinforcement are described in ACI 546R (2001) and ACI 318 (2005). Whereas ACI
546R (2001) suggested to provide supplemental reinforcing when the original reinforcing steel

inadequate, the reinforcement has lost cross sectional area, or the existing member is to be
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strengthened. The current study focuses on the reinforced concrete beams which have to be

strengthened due to steel mass loss of up to 15%.

The wide acceptance of the use of externally bonded fibre reinforced polymer (FRP) system
in strengthening and retrofitting of reinforced structural elements in flexure and shear has been
established in the rehabilitation engineering community and reported extensively (David and
Djelal, 1998; ACI 544.3R, 1998; ACI 544.4R, 1999; Teng et al., 2001; Mailvaganam, 2004;
Esfahani et al., 2007; Mobasher and Raji, 2007; ACI 506.1R, 2008; Gjorv, 2009; Al-Hammoud
et al., 2011; Rami et al., 2012). In addition, FRP laminates have been used to repair corroded
reinforced concrete elements (ACI 546R, 2001; Soudki et al., 2003; El-Maaddawy, 2004;

Bousias et al., 2005; Kutarba et al., 2007).

On the other hand, textile reinforced mortar (TRM) has been introduced recently as a
retrofitting material that maintains FRP positive characteristics while eliminates its drawbacks
(Wang and Backer, 1990; Holler et al., 2004; Brameshuber, 2006; Ortlepp et al., 2006;
Papanicolaou et al., 2007; Bournas and Triantafillou, 2008; Hartig et al., 2008; Hegger and Voss,
2008; Amir et al., 2010; Jun and Mechtcherine, 2010; Colombo et al., 2011; Alhaddad et al.,
2012; Ambrisi and Focacci, 2012; Basalo et al., 2012; Hashemi and Al-Mahaidi, 2012; Schladitz
et al., 2012; SiLarbi et al., 2012; Ambrisi and Focacci, 2013; Contamine et al., 2013). In the

following sections FRP and TRM will be discussed in details.

2.3 Fibre reinforced polymer (FRP)

Fibre reinforced polymer (FRP) are composite materials that typically consist of strong fibres
impregnated in a resin matrix. The fibres- carbon, glass or aramid- provide strength and stiffness

to the composite and generally carry most of the applied loads. The matrix- typically epoxies,
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polyesters and vinyl esters- acts to bond and protect the fibres and to provide for transfer of
forces from fibre to fibre through shear stresses (Zeweben et al., 1989; Mobasher and Raji, 2007;

ACI506.1R, 2008; Basalo et al., 2012).

2.3.1 Properties of FRP

The properties of the currently available FRP systems vary significantly depending on their
formulation, constituents and manufacturing method. They are highly directional dependant. The
properties of the FRP composite materials are usually obtained by experimental testing of the
FRP material and products. Experimental procedures are given in CSA S806 (2002) and S807
(2010), ACI 440.1R (2006) and different ASTM standards. From the typical stress-strain curves
shown in the Fig. 2.5, it is noted that all FRP systems exhibit linear tensile stress-strain
behaviour (in the direction of the fibres), have no yielding, lower rupture strain than steel and

except for some carbon FRP systems, they have lower modulus of elasticity compared to steel.

Table 2.1 represents typical properties of unidirectional FRP bars, strips and laminates. In
general glass FRP (GFRP) has longer elongation capacity but lesser tensile strength and modulus
of elasticity than that of the carbon FRP (CFRP) (ACI 506.1R, 2008). Average tensile strength of
CFRP bars, strips and laminates lie in the range of 2000-2300 MPa, 1200-2800 MPa and 3500-
3800 MPa, respectively (ACI 440.1R, 2006; ACI 506.1R, 2008). Usually the thickness of the
FRP strips and laminates range between 0.17-2.9 mm and the density of the FRP bars btween

1.5-2.2 glem®.
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Figure 2.5: Stress-strain curve of FRP and steel (ACI 440.1R, 2006; ACI 506.1R, 2008)

Table 2.1: Typical properties of comercially available FRP materials (ACI 440.1R, 2006;
ACI 506.1R, 2008)

Properties FRP bars FRP strips FRP laminates
GFRP  CFRP GFRP  CFRP GFRP CFRP
Fibre volume (%) 50-60 50-60 65-70  60-70 - -
Fibre architechture (direction)  Uni Uni Uni Uni Uni Uni
Nominal thickness (mm) - - 1.4-19 1.2-2.9 0.35 0.17-0.33
Width (mm) - - 50-100 16-100 1200 600
Density (g/cm®) 2-22 1517 |- - - -
Tensile strength, longitudinal ~ 500- 2000- 700- 1200- 1500- 3500-
(MPa) 700 2300 900 2800 3300 3800
Tensile strain, longitudinal (%) 2.2-24 0.8-1.4 |2-2.2 1.7-1.8 2.1-2.45 0.90-1.7
Tensile modulus, longitudinal ~ 40-50  120-150 | 40-50  131-300 | 70-80 230-370

(MPa)

2.3.2 Forms and Use of FRP

In the last 20 years, composite materials have developed into economically and structurally

viable construction material for buildings and bridges (David and Djelal, 1998; ACI 546, 2001;

Mobasher and Raji, 2007). Today, FRP are used in structural engineering in a variety of forms:
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structural profiles, reinforcing bars and tendons for internal reinforcement or strengthening

(internally- near surface mounted or externally- external prestressing) and laminates and plates

for external strengthening (Wang et al., 2004; ACI 440.1R, 2006; ACI 506.1R, 2008).

The use of FRP materials in structural engineering can be categorized in three main areas:

Reinforcement material for new concrete construction: The FRP material can be used
in new construction as: internal rebars, prestressing tendons and stay-in-place
formwork (ACI 544.4R, 1999; ACI 440.1R, 2006; ACI 506.1R, 2008). The FRP
rebars are made as either sand coated, helically wound spiral outer surface, indented,

braided, or with ribs (ACI 440.1R, 2006; ACI 506.1R, 2008).

Strengthening material for existing structures: FRP strengthening has been used in
concrete, steel, masonry and timber structures to increase their existing flexural,
shear, or confinement strength (ACI 440.1R, 2006; ACI 506.1R, 2008). Materials
used are either prestressing tendons, pre-manufactured rigid FRP strips adhesively
bonded to the surface of the structure, or hand layup that consists of in situ forming of
FRP composite on the surface of the structural member using flexible, dry FRP

laminate and liquid polymer resins (Bonacci and Maalej, 2001; Esfahani et al., 2007).

Structural members (prefabricated) for new construction: Pultrusion is an automated
and continuous process used to produce an FRP part from the raw materials. The FRP
part could take any shape and manufactured in different dimensions (ACI 440.1R,

2006; ACI 506.1R, 2008).
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2.3.3 Effect of FRP on the Flexural Strength of Corroded Concrete Structures

The feasibility of using composite fabrics to strengthen corrosion damaged beams was first
established by Dimas et al. (1996). They evaluated the strength and effectiveness of fibre
composite sheets to strengthen a 6.4 m long corroded concrete beam. The beam was strengthened
with three longitudinal layers of glass fabric along the tension side. In addition, three transverse
layers were added to increase the shear capacity. Results showed that the load carrying capacity
of the retrofitted beam enhanced by a factor of nearly two and the stiffness was significantly

higher than that of the control (unretrofitted) beam.

The effectiveness of the FRP strengthening on the corrosion-damaged beams was reported by
Lee et al. (1997). The beams were 200 x 250 x 2400 mm, reinforced with three 13 mm diameter
tension and compression steel bars and 6 mm diameter stirrups spaced at 50 mm. The corroded
specimens were strengthened by FRP laminates; however, the percentage of corrosion was not
reported. Compared to the unstrengthened beam, the ultimate strength of the corroded specimen
dropped by about 15% while after strengthening with FRP laminates it was enhanced by about

42%.

Soudki and Sherwood (2000) carried out a study on the flexural behaviour of the FRP
strengthened corrosion damaged reinforced concrete beams. The beams were 100 x 150 x 1200
mm, reinforced with two 6 mm diameter steel bars at compression, two 10 mm diameter steel
bars at tension and 6 mm diameter stirrups spaced at 75 mm. The beams were strengthened by
FRP laminates along the tension face. In addition, one transverse laminate was attached to the
full height of the beam as another strengthening scheme. Compared to the unstrengthened beam,

the flexural strength of the corroded beams was reduced by about 5%, 8.5% and 15%, while
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those of the strengthened-corroded beams increased by about 20%, 13% and 8%, at corrosion

levels of about 5%, 10% and 15% steel mass loss, respectively.

The effectiveness of the FRP strengthening on the corrosion-damaged beams was studied by
Bonacci and Maalej (2000). The beams were 270 x 400 x 4350 mm, reinforced with two 9.5 mm
diameter steel bars at compression, three 20 mm diameter steel bars at tension and 9.5 mm
diameter stirrups spaced at 135 mm. The three test variables were- 1) the strengthening scheme
(one longitudinal layer with sporadic transverse strips or two longitudinal FRP layers), 2) the
state of concrete damage (undamaged or damaged) and 3) the loading condition during the
application of the FRP laminates (unloaded or loaded). The results showed that the ultimate load
carrying capacity of a strengthened-uncorroded beam was about 35% higher than that of the
unstrengthened-uncorroded (control) beam. On the other hand, relative to the values of the
control beam, the ultimate load carrying capacity was reduced by 9% and 17%, whereas, the
deflection capacity increased by 33% and 42% at 5% and 10% steel mass loss due to corrosion,
respectively. The load carrying capacity of a beam strengthened by two longitudinal FRP layers
was only 2% higher compared to the specimen strengthened by one longitudinal layer with
sporadic transverse strips, while the deflection capacity of the same specimen was about 32%

lower.

Soudki et al. (2000) and Masoud and Soudki (2002) carried out a study on the behaviour of
corroded RC beams repaired with FRP laminates. The beams were 152 x 254 x 3200 mm,
reinforced with two 8 mm diameter bars in compression, two 16 mm diameter steel bars in
tension and 8 mm diameter stirrups spaced at 80 mm and 333 mm in the shear span and constant

moment region, respectively. The three test variables were- 1) the repair scheme (flexural
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strengthening with U-wrapping or U-wrapping only), 2) the loading procedure (monotonic or
fatigue) and 3) the degree of corrosion (0, 5.5%, 9% and 12.5%). Test results showed that the
ultimate capacity was reduced by only 2.8% at 12.5% steel mass loss due to corrosion. In
addition, specimens with U-wrapping strengthening scheme showed no change in the yield load
and a negligible improvement (up to 3%) in the ultimate strength compared to those of the
corroded-unstrengthened specimens. Whereas, the yield and ultimate loads of the beams with
flexural strengthening with U-wrapping enhanced, on average, by about 21% and 28%,

respectively, compared to those of the corroded-unstrengthened specimens.

El-Maaddawy and Soudki (2005) and El-Maaddawy et al. (2005 and 2007) investigated
experimentally and analytically the performance of corrosion-damaged reinforced concrete
beams repaired with FRP laminates. The beams were 152 x 254 x 3200 mm, reinforced with two
8 mm diameter steel bars in compression, two 16 mm diameter steel bars in tension and 8 mm
diameter stirrups spaced at 80 mm and 333 mm in the shear span and constant moment region,
respectively. The test variable was the time of corrosion exposure, the loading condition during
the corrosion exposure (corrosion without load or corrosion under a sustained load) and the FRP
repair scheme (flexural strengthening with an intermittent wrapping or flexural strengthening
with a continuous wrapping). Test results showed that the time between corrosion initiation and
corrosion cracking was decreased by about 44% when the beams were allowed to corrode under
a sustained load. Reductions of about 6%, 11%, 20% and 29% in the ultimate load were recorded
for 8.88%, 14.20%, 22.25% and 31.65% steel mass losses due to corrosion, respectively. The
deflection capacity of the corroded-unrepaired beams was increased on average by about 12% at

about 15% corrosion than that of the virgin beam. Moreover, the yield and ultimate loads of the
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FRP strengthened beams were on average about 32% and 70% higher, respectively, while the

deflection capacity was on average 41% lower than that of the control beam.

Wang et al. (2004) carried out both experimental and analytical studies on the behaviour of
corroded RC beams repaired with FRP patching. The beams were 200 x 350 x 3500 mm,
reinforced with two 12 mm diameter bars in compression, two 20 mm diameter steel bars in
tension and 10 mm diameter stirrups spaced at 100 mm. The three test variables were- 1) the
state of corrosion of the steel (7% steel mass loss), 2) the type of concrete (22 MPa and 8 MPa)
and 3) the arrangement and number of the FRP laminates. The reported test results showed that
all of the studied parameters affect the strength as well as the failure mechanisms of the
retrofitted RC beams. The equally spaced U-anchorage FRP strips together with the longitudinal
strips can improve the load carrying capacity by 16% of both cracked and corroded RC beams
compared to the control beam. Besides, the load carrying capacity increased by 11% for the

higher concrete strength compared to the lower concrete strength.

Kutarba et al. (2007) evaluated the post-repair performance of corrosion damaged reinforced
concrete beams repaired with FRP systems. The beams were 205 x 300 x 2920 mm, reinforced
with two 10 mm diameter steel bars in compression, two 20 mm diameter steel bars in tension
and without proving any stirrups. The test variable was three repair schemes i.e. I) the specimen
strengthened with separate FRP laminates for flexure and shear, 11) the same as scheme | except
that the shear laminates were used as anchors for the flexural laminate and Ill) a single FRP
laminate used as a full wrap. Test results showed that due to corrosion, unstrengthened beams
lost between 8% and 15% of their load carrying capacity compared to the control beam. After

repairing corrosion cracks, beams strengthened with FRP increased the load carrying capacity on
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average by 30% over the control beam. On the other hand, unrepaired beams strengthened by

scheme 111 had an increase in load capacity by 18% over the virgin beam.

Gadve et al. (2009) studied the progression of steel corrosion in a concrete cylinder after it
has been treated with FRP. The diameter and height of the cylinder was 102 and 229 mm,
respectively. The test variable was the timing of FRP application (pre-corroded and corroding
stage) and the type of FRP laminates (carbon and glass). The experiment showed that FRP
wrappings dramatically slowed down the rate of corrosion. In addition, due to high electric
resistance and thickness, glass FRP laminates had impeded the rate of corrosion more than the

carbon laminates.

Al-Hammoud et al. (2011) conducted an experimental study on the flexural behaviour of
corroded RC beams repaired with FRP laminates under fatigue loading. The beams were 152 x
254 x 2000 mm, reinforced with two 8 mm diameter steel bars in compression, two 16 mm
diameter steel bars in tension and 8 mm diameter stirrups spaced at 100 mm and 250 mm in the
shear span and constant moment region, respectively. The four test variables were- 1) the
severity of corrosion (from 0 to 15% average mass loss of steel), 2) the load range, 3) the time of
the FRP repair and 4) the number of the FRP laminates. Test results reported that the fatigue
strength decreased by 30% at 50,000 cycles and by 18% at 750,000 cycles at high corrosion level
(15%) compared to uncorroded beams. FRP increased the flexural fatigue capacity of the
corroded beams by 28% at 50,000 cycles and 20% at 750,000 cycles at high corrosion level. In
addition, at high corrosion level, the beams repaired with a double FRP laminates increased the
flexural capacity of the corroded beams by 42% at 50,000 cycles and 17% at 750,000 cycles

compared to an unrepaired beam having 15% mass loss in the steel reinforcement.
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From the above presentation of the available literature, it can be concluded that the post-
repair flexural performance of the FRP strengthened beams having different reinforcement ratios

was not investigated.

2.4 Textile Reinforced Mortar (TRM)

Textile reinforced mortar (TRM) is a new high-performance composite material consisting of
continuous fibres embedded in a fine-grained cementitious matrix (Fig. 2.6). The textiles fibres
are made from a variety of materials such as alkali-resistant glass, carbon or aramid (Hegger and
Voss, 2005; Triantafillou et al., 2005; Bournas et al., 2009; Alhaddad et al., 2012). The textiles
are used in the form of a mesh made of long woven, knitted, or unwoven fibre roving in at least
two (usually orthogonal) directions (Papanicolaou et al., 2007; Bournas et al., 2009). The
quantity and the spacing on the roving can be independently controlled, thus affecting the
mechanical properties and the degree of penetration of the mortar. The cementitious matrix used
is usually made from cement mortar with maximum aggregate size less than 4 mm
(Brameshuber, 2006; Bournas and Triantafillou, 2008). Similar to the FRP system, the TRM
system is characterized with several advantages compared to other rehabilitation materials used,
such as: high strength, lightweight (high strength-weight ratio) and non-corrosive characteristics
(Triantafillou et al., 2005; Brameshuber, 2006; Bournas and Triantafillou, 2008; Hartig et al.,
2008; Hegger and Voss, 2008). In addition, due to the use of the inorganic cement-based
adhesive, TRM is inexpensive, has higher fire resistance (high durability), is easily applied on
wet surfaces, is more compatible with the concrete substrate surface (better bond) and is
environmentally friendly (mortar recyclability) (Brameshuber, 2006; Ortlepp et al., 2006;

Papanicolaou et al., 2007; Bournas and Triantafillou, 2008; Hartig et al., 2008; Hegger and Voss,

23



2008; Amir et al., 2010; Jun and Mechtcherine, 2010; Colombo et al., 2011; Alhaddad et al.,
2012; Ambrisi and Focacci, 2012; Basalo et al., 2012; Hashemi and Al-Mahaidi, 2012; Schladitz
et al., 2012; SiLarbi et al., 2012; Ambrisi and Focacci, 2013; Contamine et al., 2013). These
properties make TRM systems an efficient, sustainable and durable material for the rehabilitation

and repair of structures.

d)

Figure 2.6: TRM composite systems: a) TRM system b) fabric meshes, c) textiles impregnated
into mortar and d) apply on concrete substrate (Bournas et al., 2006)

2.4.1 Properties of TRM

The performance of TRM is affected by the geometrical characteristics and bulk properties of
the textile fabrics and fine grained concrete properties (Brameshuber, 2006; Hegger and Voss,
2008). Fabrics can be formed by different methods, such as knitting, weaving, non-woven and

breading.

A woven is defined as a fabric manufactured by casting two rectangular crossing thread
systems, warp and weft (Brameshuber, 2006). The kind and crossing of warp and weft (weaving
pattern) influences the fabric properties and design. There are three basic weaving pattern- plain,
twill and stain weave (Fig. 2.7). Plain weave can be formed by successively passing each filling

yarn over and under each warp yarn, alternating each row (Fig. 2.7a). Twill weave can be
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indicated by diagonal lines that are produced by a series of floats staggered in the warp direction
(Fig. 2.7b). Stain weave has a considerably greater number of yarns in the set of threads, either

warp or filling, that forms the face smooth, lustrous surface (Fig. 2.7¢c).

On the other hand, knitting is a method of constructing fabric by interlocking series of loops
of one or more yarns. The two major classes of knitting are warp knitting and weft knitting.
Warp knitting is a type of knitting in which the yarns generally run lengthwise in the fabric while
weft knitting is a common type of knitting, in which one continuous thread runs crosswise in the
fabric making all of the loops in one course (Fig. 2.7d). In the short weft knitted fabric the warp
yarns are knitted into stiches and bind together a set of yarns, which are laid-in intermittently in

both the weft and the warp directions (Fig. 2.7¢e).

Types, distribution and geometry of the fibres are considered as variables of a textile fabric
(Brameshuber, 2006; Papanicolaou and Papantoniou, 2010; Yin and Xu, 2011; Hinzen et al.,
2012). High performance fibres made of aramid, glass and carbon can be made up as filament or
twisted yarns (Fig 2.8). Filament yarns are a bundle of elementary fibres where one yarn consists
of several hundreds up to thousands of single filament (Table 2.2). The fitness of the yarn,
indicated as tex (gram per 1 kilometre). Tex values depend on the average filament diameter, the

number of filaments and the fibre density (Brameshuber, 2006).

a C
Figure 2.7: Fabric geometry: a) plain weave, b) twill weave, c) stain weave, d) weft and warp
knit, e) short weft warp knit (Brameshuber, 2006)
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a)

Figure 2.8: Yarn types: a) filament yarn, b) bundled yarn, c) foil fibrillated tape (Brameshuber,

2006)

Table 2.2 lists typical properties of commercially available glass, aramid and carbon textile

rovings. Tensile stress lies in the range of 700-1200 MPa, 1200-1450 MPa and 1500-2600 MPa

for the glass, aramid and carbon textile rovings, respectively. It also shows that carbon fibres are

thinner and lighter than the aramid or glass fibres.

Table 2.2: Typical properties of comercially available textile rovings (Brameshuber, 2006).

Properties Glass Aramid Carbon
Fibres diameter (um) 13.5-27 10.0-12.0 7-10.0
Number of filaments 800-2000  1000-2000 3000-24000
Tex (g/km) 310-2500  167-2520 198-1600
Tensile stress (MPa) 700-1200  1200-1450 1500-2600
Tensile strain (%) 1.2-2.2 1.7-1.8 0.8-1.7
Tensile modulus (MPa) 70-80 70-120 220-300

The stress-strain behaviour of a typical TRM system is shown in Fig. 2.9. The stiffness of the

uncracked composite material fits approximately to the modulus of the fine concrete at the initial

stage of loading (Brameshuber, 2006; Hegger and Voss, 2008). Then, the state of first cracking is

observed when the concrete tensile strength is exceeded. The textile reinforcement, interaction

between concrete and textile and the tension failure strain of the matrix control the cracking

distance and the crack width (Hegger and Voss, 2008). Since the used materials have no or little
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plastic capacity, the TRM composite fails in a brittle manner when the tensile failure strain of the

textile is reached (Brameshuber, 2006; Bournas and Triantafillou, 2008).

200 /S~ mortar cracking

0 T T T T

2 3
Strain (%o)
Figure 2.9: The tensile stress-strain curve for a typical TRM system

2.4.2 Uses of TRM

TRM can be applied in various fields such as in integrated formworks, facades, structural
building members, as well as in the strengthening of existing structures. The type of matrices and
textiles e.g. carbon, aramid, alkali resistant glass, or polyacetal determine the cost of raw
materials of this system (Brameshuber, 2006). However, to apply TRM effectively in
practical conditions, engineers should have full understanding of the behaviour of TRM
rehabilitated RC structures or long-term performance of such structures which is obscure

until now (Brameshuber, 2006; Amir et al. 2010; Ambrisi et al., 2012).
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2.4.2.1 Reinforcement for new structure

TRM can be applied in a new structure as stay-in-place formwork. By applying TRM
system, thin wall thickness (around 10 mm) is possible to achieve instead of thick concrete
covers needed for ordinary RC structures to protect against corrosion (Brameshuber, 2006). In
addition, fine grain concrete matrices guarantee an even and sharp edged high quality surface, so
that TRM could be used for architectural applications. Although the knowledge about the load
bearing behaviour of TRM is still limited, applications such as cladding panels (Hegger and
Voss, 2005) and an integrated framework system (Papanicolaou et al., 2010) have already been
implemented. TRM offers today a wide spectrum of applications either as an alternative to
customary building materials or on account of his favourable characteristics for entirely new
ranges of application. Hegger and Voss (2005) and Brameshuber (2006) have listed some
applications of the TRM systems that have been executed such as diamond shaped framework,
exterior cladding panels and wastewater treatment plant in RWTH Achen University, Germany;
parapet sheet and balcony floor system in Dresden University, Germany; and footbridge in

Oschatz, Germany.

2.4.2.2 Strengthening for existing structure

To date, very limited studies have been reported in the literature on the use of TRM system

as a repair and strengthening material.

The preliminary results of the few studies have shown that TRM was able to increase the
flexural and shear strength of reinforced concrete beams and enhanced the seismic performance
of reinforced concrete columns (Triantafillou et al., 2005; Brameshuber, 2006; Bournas and
Triantafillou, 2007; Amir et al., 2010; Yin and Xu, 2011; Alhaddad et al., 2012; Schladitz et al.,
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2012). Ortlepp et al. (2006), Bruckner et al. (2008) and Hashemi and Mahaidi (2010 and 2012)
reported that the efficiency of the TRM depends on the anchoring of the TRM system in the

compression zone and FRP textile is the better alternative compared to fabric.

The first study using TRM as a flexural strengthening system was on an 1800 mm one-way
slab (Hegger and Voss, 2005; Triantafillou et al., 2005; Brameshuber, 2006; Bruckner et al.,
2006). The main variables were the number of the textile layers used, the kind of anchorage and
the percentage of steel reinforcement. The results showed an increase in the slabs’ stiffness at
service loads and 50%-85% increase in the slabs’ capacity at ultimate load. The rotation capacity
of the slabs at ultimate load was higher than that required by Eurocode 2. A bond length of 60
mm was used to anchor the TRM system and resulted in no bond failure between the

strengthening layer and the concrete substrate.

In addition, studies on using TRM for shear strengthening of rectangular and T-beams
reported an increase in the shear strength between 45% and 70% depending on the number of
layers of textile used in the TRM system (Triantafillou et al., 2005; Bruckner et al., 2006;

Ortlepp et al., 2006; Bruckner et al., 2008; Basalo et al., 2012; Contamine et al., 2013).

The first investigations of the torsional strengthening with TRM were carried out by Ortlepp
and Curbach (2002). The results showed that the strengthened masts fail by a nearby 60% higher

ultimate load than the unstrengthened masts.

Bournas and Triantafillou (2007, 2008, 2009 and 2011) studied the confinement effect of
TRM systems on columns under static and seismic loads. Textile reinforced mortar systems
increased the compressive strength and deformability of small specimens (100 mm long) under

static loads. The gain was dependant on the number of layers of textile used and the tensile
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strength of the mortar. When compared with FRP, the TRM system was slightly less effective
(about 10%). However, cyclic load tests on full-scale columns showed that TRM and FRP
systems were equally effective in increasing the deformation capacity and the energy dissipation

of the poorly detailed column specimens.

The seismic performance of the reinforced concrete beam-column joints upgraded by FRP
and TRM systems was experimentally and numerically investigated by Alhaddad et al. (2012).
The test results showed that the ultimate load carrying capacity of the TRM strengthened

specimen was 13% less than the FRP strengthened specimen’s.

The seismic behaviour of a TRM confined RC building was compared with that of a building
confined with FRP jackets having equal stiffness and strength has been numerically investigated
by Moniruzzman and Rteil (2012). The study concluded that TRM system is as effective as the

FRP system in terms of load carrying capacity, inter-storey drift and energy dissipation capacity.

A few studies have been conducted on the use of TRM to strengthen masonry structures
(Papanicolaou et al., 2007 and 2008). The results of these studies showed that TRM is
comparable to FRP laminates, FRP near surface mounted (NSM) and steel wire mesh

strengthening systems in increasing the strength and deformability of masonry structures.

Hashemi and Mahaidi (2012) investigated the heat endurance capacity of TRM retrofitted RC
beams under constant service load. The retrofitted RC beam bonded with cement-based adhesive
showed a significant improvement (41%) in flexural performance at high temperature compared
to the specimens bonded with epoxy. The failure temperature was 844°C which is near to the
failure temperature of reinforced concrete beams. Thus, the results showed that the desired high

temperature resistance was achieved by TRM system.
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Ambrisi et al. (2012 and 2013) proposed a typical TRM bond-slip relationship by
experimentally and analytically investigating the bond behaviour between TRM (made out of a
poliparafenilenbenzobisoxazole (PBO) net embedded in a cement based matrix) and concrete

substrate.

The studies reported in the literature have led to the following main conclusions:

e Rehabilitating reinforced concrete structures with TRM systems is a promising solution

and can be as effective as the FRP systems and

e The behaviour of TRM strengthening systems is different from that of other

strengthening systems, especially FRP due to different material properties and behaviour.

While the studies supported the use of TRM as a strengthening and repair material for
reinforced concrete structures, it did not provide a full understanding of the behaviour of TRM
rehabilitated RC structures. None of the research found was related to the application of TRM

system to corrosion damaged beams.

2.5 Research Needs

The literature review presented in this chapter highlighted in detail the level to which flexural
behaviour of corroded unstrengthened and FRP strengthened beams have been investigated.
However, up to the author’s best knowledge, the performance of the TRM strengthened corroded
beams was not reported in the literature. Thus, for inception of TRM in repairing corrosion

damaged reinforced concrete beams, in lieu of FRP, a comparative evaluation is necessary.
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To date, the results obtained from studies carried out to investigate the effect of the corrosion
on the load carrying capacity of reinforced concrete beams did not encounter the case where both

tensile reinforcement and corrosion level are varied.

Finally, little effort has been devoted to the development of finite element models to
investigate the non-linear flexural response of corroded or FRP/TRM strengthened reinforced
concrete beams. An accurate non-linear finite element model that can predict the load-deflection
response of corroded and strengthened beams in both pre-yield and post-yield stages up to failure
is needed which could serve as a numerical platform to the expensive and time consuming

experimental testing.

2.6 Objectives of the Current Investigation

The purpose of this investigation is to examine the flexural performance of the beams
damaged by corrosion and strengthened with FRP and TRM composite systems by finite element

simulation. The specific objectives of the current numerical research work are as follows:

e To develop an accurate non-linear finite element model for the uncorroded and corroded
beams,

e To develop an accurate non-linear finite element model for the FRP/TRM strengthened
uncorroded and corroded beams,

e To study the effect of different corrosion levels and the steel reinforcement ratios on the
structural performance in terms of load carrying capacity, displacement and ductility,

stiffness and failure modes of the reinforced concrete beams,
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To investigate the viability of using FRP/TRM composite systems to repair uncorroded
and corroded reinforced concrete beams having different reinforcement ratios at various
levels of damage and

To compare the behaviour of TRM composite system with the FRP system in terms of
structural performance including load carrying capacity, displacement and ductility,

stiffness and failure mode.
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CHAPTER 3: FINITE ELEMENT MODELLING AND MODEL
VERIFICATION

3.1 General

This chapter describes the procedure followed to develop and validate the finite element (FE)
model used in this study. A total of eight three-dimensional (3D) nonlinear finite element (FE)
models were developed using the simulation environment, ABAQUS (2013). The model
considered different material constitutive laws for concrete in compression (crushing) and
tension (cracking), steel yielding and material properties for the FRP and the TRM composite
systems. The FE model was validated by comparing the obtained load—-midspan deflection
response, ultimate load carrying capacity and failure mode with the experimental results reported

by Soudki and Sherwood (2000).

3.2 Geometry of the Developed FE Model

In order to validate the FE model, the current numerical study chose the experimental study
conducted by Soudki and Sherwood (2000) which considered two test variables, corrosion level
and the existence of FRP. The tested RC beams, reported by Soudki and Sherwood (2000), were
1200 mm long, 150 mm deep and 100 mm wide (Fig. 3.1). The clear span of the tested RC
beams was 1050 mm. The main flexural steel reinforcement were two 10M (10 mm) Grade 400
rebars located at a depth of 130 mm from the compression fibers of the beam. In addition, two 6
mm diameter smooth bars were included in the compression zone at a depth of 20 mm from the
aforementioned location. To prevent shear failure, shear reinforcement consisting of 6 mm
diameter Grade 400 smooth bars spaced at 75 mm centre to centre were provided. The FRP

strengthening system was applied on the soffit of the control (unstrengthened) beam. The length
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and width of the strengthening system were 950 mm and 60 mm respectively which were placed
symmetrically under the control beam. The corrosion was applied to the tensile reinforcement in

the constant moment region only (Fig. 3.1).

Due to the symmetry of the geometry, loading, boundary conditions and material properties,
a quarter FE model was built and simulated in the finite element software, ABAQUS (2013). Fig.
3.2 shows the two planes of symmetry in the longitudinal and transverse directions for all tested
beam specimens. The advantage of building quarter models for the tested beam specimens is the
reduction in the total number of elements which resulted in tremendous savings of computational
time (Ebead and Marzouk, 2005; Obaidat, 2011; Hawileh et al., 2013). Fig. 3.3 shows the
boundary conditions and the loading set-up of the modelled quarter beam. The symmetrical
boundary conditions were developed by inserting vertical restrains (rollers) at each node located

in the two planes of symmetry in the transverse and longitudinal directions.
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Figure 3.1: Tested beam details and location of point loading (Soudki and Sherwood, 2000)
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Figure 3.3: Loading and boundary conditions of a typical finite element meshed beam

3.3 Material Properties and Constitutive Models

3.3.1 Concrete

To predict the behaviour of concrete two concrete models are available in ABAQUS (2013):
smeared crack and damage plasticity models. The concrete damage plasticity (CDP) model was
selected for this study due to the following reasons (Obaidat, 2011; Chaudhari and Chakrabarti,

2012; ABAQUS, 2013):

e It has higher potential for convergence compared to the smeared crack model;

e It can consider different yield strength in tension and compression;

e |t counts true post yield (plastic) response like softening behaviour in tension as opposed
to initial hardening followed by softening in compression;

e Different degradation of the elastic stiffness in tension and compression can be

considered in this model.

36



The concrete damage plasticity model assumes two failure modes as tensile cracking and
compressive crushing. ABAQUS (2013) allows to model crack propagation by using stiffness
degradation. The degradation of the elastic stiffness is characterized by two damage variables, d.
and d;, which are assumed to be functions of the plastic strains. They can take values ranging
from zero, for the undamaged material, to one, for the fully damaged material. Linear
relationship between the damage variables and the stress in the concrete was assumed in this
study. More details about the concrete damage plasticity model are provided in Appendix A.

Poisson’s ratio for concrete was assumed to be 0.15.

The concrete model in compression is elastic until the initial yield is reached. The initial
yield defines the elastic limit at which the linear elastic constitutive relationships are valid (line
OA in Fig. 3.4). The failure stress (point B in Fig. 3.4) corresponds to the onset of micro-
cracking in the concrete material. Beyond the failure stress the formation of micro-cracks is
represented with a softening stress—strain response (segment BC in Fig. 3.4). For defining the

stress-strain curve of concrete, this study used Collins and Mitchell (1997) model (Fig. 3.4):

£= "(E—;) 3.1
o1+ (&) P

!

;. : - f
where, f. is the concrete compressive strength; n = curve fitting factor =0.8 + ﬁ ; €o = concrete

n I
strain at f.'= ?m ; k = stress decay factor = 0.67 + ’;LZ > 1; E . = modulus of elasticity =
- n—

(33007 + 6900) (L) for concrete density 1500 < y; <2500 Kg/m®.
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Figure 3.4: Stress—strain relationship for concrete under uniaxial compression

Concrete behaviour in tension is linear elastic until the cracking stress is reached (Fig. 3.5).
Cracks develop in reinforced concrete when the tension stress in the concrete exceeds its tensile
capacity. Therefore, at the crack location, the tension force is resisted only by the steel. In
between the cracks, interfacial shear stresses between the reinforcement and the concrete
transmit some of the tension force back to the concrete. This result is increased stiffness between
the cracks, a phenomenon known as tension stiffening (Ebead and Marzouk, 2005; ABAQUS,

2013).
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Figure 3.5: Stress—strain relationship for concrete under uniaxial tension
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The concrete damage plasticity constitutive model addresses the tensile behaviour of
concrete by considering several characteristics like cracking, fracture energy, shear modulus
degradation and tension stiffening. In the case of reinforced or strengthened concrete, the
calculations are made based on the assumption of a smeared crack approach (Lodygowski
and Jankowiak, 2005; Yu and Huang, 2008; Lin and Scanlon, 2010; Kmiecik and Kaminski,
2011; Obaidat, 2011; ABAQUS, 2013). In this study, the tensile behaviour of concrete was
described through the tensile stress-strain relationship. By this way, the smeared crack approach
was adopted in the finite element simulation. The expressions given by Marzouk and Chen

(1995), were used to define tension stiffening model for concrete as follows (Fig. 3.5):

For & = &

/e
u 2 (3:2)
a(gt/gto - 1) + (Et/gw)

where, @ = C;0.%, &, IS the concrete tensile strainand & is the concrete tensile strain at

O-t:O-t

maximum stress (o;%).

In order to determine the constants C; and S, several attempts were implemented in the
finite element model by altering the values of C; (in the range of 0.2 to 0.4) and S (in the
range of 1.1 to 2.0) until an agreement of the FE results with the available experimental
results with respect to the ultimate load carrying capacity was achieved. Table 3.1 shows the

results of this analysis.
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Table 3.1: Values of C3 and

Strengthening system  Corrosion  C3 B
0 0.25 2.00
5 0.30 1.87

None
10 0.35 1.90
15 0.40 2.00
0 0.40 1.10
ERP 5 0.20 1.70

10 0.30 1.85
15 0.40 1.70

It should be noted that in this study, for the TRM strengthened specimens, the values of
Cs and g derived for the FRP were used. This is because of considering both systems were equal

in terms of stiffness and strength.

3.3.2 Steel Reinforcement

Steel is a linear-elastic material up to the initial yield stress. At ultimate tensile strain, it
begins to narrow and strength is reduced. Subsequently, it fractures and the load carrying
capacity is lost (ASTM A615, 1995). An elastic-plastic constitutive model, either with or
without strain hardening, is normally assumed for general structural engineering applications
to define ductile reinforcing steel (Fig. 3.6). However, an elastic-perfectly plastic relationship
generally gives acceptable results for the prediction of RC members’ behaviour (Neale et al.,

2005; Obaidat, 2011).

Therefore, in this study the constitutive model used to simulate the steel reinforcement
was the classical elastic-perfectly plastic model. The elastic modulus (Es) was taken as 200
GPa, yield stress (fy) as 445 MPa and Possion’s ratio as 0.3. The corrosion was considered in the

constant moment area only, while the anchorage zone (shear span) in all specimens was
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unaffected. Given that the available anchorage length is enough to develop the yield stress in the
steel reinforcement, then according to Cairns and Zhao (1993), the flexural behavior of the beam

would not be affected. Accordingly, the interaction between steel reinforcement and concrete

was assumed as a perfect bond (Fig. 3.7).

Strain hardening

Stress
A

[

Elastic perfectly plastic

»
£ Strain

Figure 3.6: Idealized stress-strain relationship for reinforcing steel

Figure 3.7: Beams with reinforcements

3.3.2.1 Corroded reinforcement

The current study used a mass loss due to pit corrosion and, therefore, in terms of equivalent
volume 10ss (Ajnitiai—Ares = 5%, 10%, and 15% of Ajpnitiar)- CONsider a reinforcing bar with

initial diameter, d;,. As a result of corrosion, the bar diameter is reduced. The residual cross

41



sectional area of the tensile reinforcement attacked by corrosion can be evaluated as follows

(Fig. 3.8):

LT (dp),”  m.(dy — Ax)? (3:3)
res — 4 - 4

where (d}), is the residual bar diameter, A is a coefficient depending on the type of attack and

x 1S the corrosion penetration.

When uniform corrosion occurs, A is equal to 2. In the case of pit corrosion, the value of 1 is
in the range between 4 to 10 (Gonzalez et al., 1995; GEOCISA, 2004). Table 3.2 summarizes the

values of A and x used in this study following the recommendation by Gonzalez et al. (1995).

(ds)r

X

T

a) Uniform corrosion b) Pit corrosion
Figure 3.8: Corrosion in reinforcement

Table 3.2: Corroded and uncorroded reinforcement parameters

Corrosion level (%) o Reinforcement ratio (%) x (mm)

0.77 0.439
5 6 1.54 0.621
2.31 0.760
0.77 0.465
10 8 1.54 0.659
2.31 0.806
0.77 0.456
15 10 1.54 0.645
2.31 0.789
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3.3.3 Fibre Reinforced Polymer

An isotropic linear elastic relationship up to failure was used in this study to model the stress-
strain behaviour of the FRP system. While the FRP properties are not isotropic, in this study it
was assumed isotropic since the direction of the fibres is parallel to that of the principal stresses
(Neale et al., 2005). The properties of the FRP system used were similar to the one reported by
Soudki and Sherwood (2000). It had an elasticity modulus of 73 GPa, an ultimate strength of 960
MPa and an ultimate elongation of 1.33%. Poisson’s ratio was assumed to be 0.22 in this study.

A perfect bond between the FRP laminates and concrete was considered (Fig. 3.7).

3.3.4 Textile Reinforced Mortar

In order to have both strengthening systems (the FRP and the TRM) equivalent in stiffness

and strength [(EA) = (EA), 1, the layers in the TRM strengthened beams were considered

twice as many compared with their FRP counterparts (Bournas and Triantafillou, 2009;
Alhaddad et al., 2012). Due to functioning in together, the bulk properties of the textile sheets
were utilized in the modelling and not the properties of individual textile fibres. Moreover, the

mortar contribution was ignored because its effect on tensile strength is insignificant.

To simulate the TRM behaviour, its properties were adopted from Alhaddad et al. (2012)
which referred to a manufacturer’s reported data sheet. Two commercial textiles with equal
quantity of carbon rovings in two orthogonal directions were used. Each fiber roving was 3.93
mm wide and the clear spacing between rovings was 10.67 mm. The weight of the carbon fibers
in the textiles was 348 g/m?, while the nominal thickness of each layer based on the equivalent
smeared distribution of fibers was 0.49 mm (Alhaddad et al., 2012). The material was assumed to

fail if the maximum strain reached a limiting value of 0.0095. To keep harmony with FRP
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system, a perfect bond was assumed between TRM composite system and concrete substrate.
The TRM validation was performed in a previous study by the author (Moniruzzaman and Rteil,

2012).

A summary of the material properties used in the modelling of specimens are shown in Table

3.3.

Table 3.3: Material properties of specimens

Material Property Value
Concrete Avergge concrete strength, £’ 35 MPa
Elastic modulus of concrete, E, 26 GPa
Steel Average yield strength of steel, f, 445 MPa
Elastic modulus of steel, E 200 GPa
Elastic modulus 73 GPa
FRP sheets  Fracture strain 1.33%
Ultimate tensile strength 960 MPa
Thickness per layer 1.1 mm
Elastic modulus per one textile 82.33 GPa
Fracture strain 0.95%
TRM sheets  Ultimate tensile strength per one textile 777 MPa
Thickness per one textile 0.49 mm
Width per one textile 3.93

3.4 Nonlinear Analysis

To model specimens having internal steel bars as reinforcement, 4-node linear tetrahedral
elements (C3D4) were used for the concrete, reinforcement steel, FRP and TRM (Fig. 3.9). In
C3D4 element, each node has three translational degrees of freedom in the x, y and z directions
(ABAQUS, 2013). This element type was used because the beam has a complex geometry since
there are steel bars inside the concrete. Moreover, this element exhibits the damage variables, d.

and d; in the output result.
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A fine top-down meshing technique with element deletion was adopted to obtain results with
sufficient accuracy. In this regard, a mesh convergence study was performed by simulating the
same beam with a finer mesh. The mesh was said to be converged when further mesh refinement
produced a negligible change in the results. Moreover, the fine mesh ensured very low internal
and artificial energy (less than 2%). To connect FRP/TRM and concrete a tied contact was used.
In this approach, each of the nodes on the FRP or TRM material has the same displacement
as the point on the concrete (ABAQUS, 2013). This allowed for the modelling of normal and
shear stresses along the entire tied surfaces. On the other hand, steel reinforcements were
considered as embedded elements in the concrete host region. Static nonlinear analysis was
followed by adopting Quasi-Newton solution techniques. The analysis was nonlinear in terms of

geometry, materials and boundary conditions.

Figure 3.9: 4-node linear tetrahedron (C3D4) element

3.5 Model Validation

The current numerical analysis was involved with the material nonlinearity and associated
large deformations that made the convergence of the solution initially hard to achieve using the
program default values. In order to validate the model i.e. to ensure the analysis will follow the
load-deflection curve and to improve the convergence, very small time increments were used in

the ABAQUS/Standard. In addition, in order to ensure that the residual force is almost equal to

45



the load increment when considering non-linear analysis, a damping factor based on the
dissipated energy fraction of 2.0 x 10> was used (Lodygowski and Jankowiak, 2005; Obaidat,
2011). The model was verified by comparing its failure modes, load carrying capacity and

displacement behaviour to the experimental results.

3.5.1 Failure Mode

Figs. 3.10 and 3.11 represent the failure modes of the simulated beams. Failure occurred as

follows:

e For the unstrengthened beam specimens, yielding of the steel reinforcement in tension
followed by concrete crushing;
e For the strengthened beam specimens with FRP laminates, yielding of steel reinforcement

in tension, concrete failing in compression before FRP laminates rapture.

These failure modes are in agreement with those observed in the experimental study.

LE, LE33
{Avg: 75%)
+3.522e-02

a) Unstrengthened beam (red box shows concrete crushing zone)

S

LE, LE33
(Avg: 75%)
+2.124e-02

+1.299e-02
+1.093e-02
+3.863e-03
+6.600e-03
+4,737e-03
+2.674e-03
+6.,105e-04
-1.453e-03

-3.516e-03

b) Strengthened beam (red box shows concrete crushing zone)

Figure 3.10: Axial strain distribution of unstrengthened and strengthened corrosion damaged
beams (at 15%)
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Figure 3.11: Flexural crack pattern of the strengthened 15% corrosion damaged beam

3.5.2 Load-Deflection Behaviour

Fig. 3.12 compares the load—midspan deflection behaviour obtained by FE analysis and
observed by the experimental tests for the low (0%) and the severe (15%) corrosion damaged
beams. The structural performance of the FRP strengthened specimens was improved with the

exception of ductility, as shown in Fig. 3.12.

The comparison between the FE model and the experimental values of the load and the
corresponding displacement at yield and failure of the corroded and uncorroded beams, are
shown in Tables 3.4 and 3.5. From the comparison presented in Tables 3.4 and 3.5 and in Fig.
3.12 it can be seen that the FE predictions of strengthened and unstrengthened beams in terms of
ultimate loads were very close to the experimental results with on average prediction/ experiment
ratio of 1.03 and a standard deviation (SD) of less than 3% (Table 3.4). This close alignment was
observed in case of the ultimate displacements of the strengthened beams as well (Table 3.5).
However, values from the FE simulation for the ultimate deflection of the control beams were
about 17% off from the experimental values. On the other hand, the variations between the FE
and the experimental yield loads of the control and strengthened beams were on average 19%
and 0%, respectively (Table 3.4). The displacements at the yield load of the control and the FRP

beams were on average 12% and 20% lower than the experiment, respectively (Table 3.5).
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The FE and the experimental results in terms of the yield and ultimate loads and their
corresponding displacements were in general in good agreement (Fig. 3.12, Table 3.4 and 3.5).
The variation seen between the experiment and the FE model could be attributed to the
assumptions made especially concrete crushing at 3500 micro-strain (ue) and to the fact that
variations are expected in the experimental results. Hence, it can be concluded that the good
agreement between the FE models and the experimental values indicates that the FE and the

constitutive models used for the concrete and the reinforcement can capture the general

behaviour well.
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Figure 3.12: Load—deflection curves of obtained by experiments and FE analysis
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Table 3.4: Model validation: load carrying capacity

Group  Corrosion Yield load  FE/ SD Ultimate FE/ SD
(KN) Exp. Avg. (%) load (kN) Exp. Avg. (%)
Exp. FE Exp. FE
0 51.70 45.16 0.87 558 56.5 1.01
Control 5 49.00 4255 087 081 80 519 548 106 1.03 29
10 4730 3751 0.79 50 531 1.06
15 4410 30.99 0.70 473 475 1.00
0 62.90 63.88 1.02 81.8 822 1.00
FRP 5 62.00 6144 099 100 19 787 782 0.99 102 26
10 58.40 59.65 1.02 755 795 1.05
15 56.00 54.92 0.98 722 737 1.02
Table 3.5: Model validation: displacement
Group Corrosion Yield deflection FE/ Avg. SD Ult. deflection FE/ Avg. SD
(mm) Exp. (%) (mm) Exp. (%)
Exp. FE Exp. FE
0 5.80 494 0.85 25.0 20.15 0.81
Control 5 5.90 480 081 088 6.1 250 2037 081 083 19
10 5.00 471 0.94 25.0 20.73 0.83
15 4,73 437 0.92 250 21.21 0.85
0 4.80 3.75 0.78 12.15 11.26 0.93
FRP 5 4.70 387 082 080 65 989 1192 121 1.03 155
10 5.50 407 0.74 11.20 12.66 1.13
15 5.20 454 0.87 16.64 14.29 0.86
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CHAPTER 4: RESULTS AND DISSCUSSION

4.1 General

The previous chapter described the eight finite element (FE) models which were validated
with experimental results conducted by Soudki and Sherwood (2000). This chapter examines the
effects of reinforcement ratio and the strengthening technique on corrosion damaged beams in

terms of failure modes, load carrying capacity, displacement, stiffness and ductility behaviours.

4.2 Parametric Study

A parametric study was carried out by developing 28 models to investigate the effect of steel
reinforcement ratios, corrosion levels and the type of the strengthening techniques used. It should
be noted that the FE models used in the parametric study had the same material constitutive laws
and assumptions described in the previous chapter. According to CSA A23.3 (2004) the balanced
reinforcement ratio for the beam used in this study, pp is 3.0% and the minimum reinforcement
ratio, pmin is 0.3%. Soudki and Sherwood (2000) used a reinforcement ratio pyseq Of 1.54% in
their experimental study. The parametric study considered + 50% variation of pysq i.€. pi Was
0.77% and pn was 2.31% which were 26% and 77% of py,, respectively. Also, two repair
materials- the FRP and the TRM systems were applied to strengthen the corrosion damaged
beams. Thus, the study consisted of three main groups- control (unstrengthened), FRP and TRM
strengthened beams having 12 specimens in each group. These specimens were further divided
into 4 groups based on their corrosion level (0%, 5%, 10% and 15% mass loss), each having 3
beams. The corrosion was applied in the constant moment region only (Fig. 3.1). Table 4.1

shows the matrix of the parametric study. The beam specimens were designated using a 3-part

50



system, X-Y-Z where X indicates the strengthened system (C=Control, F=FRP strengthened, T=
TRM strengthened), Y indicates the reinforcement ratio (L=0.77%; M=1.54%; H=2.31%) and Z

represents the percentage loss of reinforcement steels due to corrosion (0, 5, 10 and 15).

Table 4.1; Test matrix

Group Specimen p (%) %ofp, Corrosionlevel  Strengthening
notation (pr=3%) (%) technique

C-L-0 0.77 26 0 None

Un-corroded C-M-0 1.54 51 0 None
C-H-0 2.31 17 0 None

C-L-5 0.77 26 5 None

5% corrosion C-M-5 1.54 51 5 None
Control C-H-5 2.31 77 5 None
C-L-10 0.77 26 10 None

10% corrosion C-M-10 1.54 51 10 None
C-H-10 2.31 77 10 None

C-L-15 0.77 26 15 None

15% corrosion C-M-15 1.54 51 15 None
C-H-15 2.31 77 15 None

F-L-0 0.77 26 0 FRP

Un-corroded F-M-0 1.54 51 0 FRP
F-H-0 2.31 17 0 FRP

F-L-5 0.77 26 5 FRP

5% corrosion F-M-5 1.54 51 5 FRP
FRP F-H-5 2.31 77 5 FRP
F-L-10 0.77 26 10 FRP

10% corrosion F-M-10 1.54 51 10 FRP
F-H-10 2.31 77 10 FRP

F-L-15 0.77 26 15 FRP

15% corrosion F-M-15 1.54 51 15 FRP
F-H-15 2.31 77 15 FRP

T-L-0 0.77 26 0 TRM

Un-corroded T-M-0 1.54 51 0 TRM
T-H-0 2.31 77 0 TRM

T-L-5 0.77 26 5 TRM

5% corrosion T-M-5 1.54 51 5 TRM
TRM T-H-5 2.31 77 5 TRM
T-L-10 0.77 26 10 TRM

10% corrosion T-M-10 1.54 51 10 TRM
T-H-10 2.31 77 10 TRM

T-L-15 0.77 26 15 TRM

15% corrosion T-M-15 1.54 51 15 TRM
T-H-15 2.31 77 15 TRM
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The following sections will present and discuss the results obtained in detail. The failure
modes, strain analysis, load carrying capacity, displacement and ductility and stiffness behaviour

will be discussed in sections 4.3, 4.4 4.5, 4.6 and 4.7, respectively.

4.3 Failure Modes

In the flexural strengthening of a reinforced concrete beam, it is essential to understand the
effects of the strengthening systems on the beam failure mode, especially for the development of
suitable design guidelines under ultimate loading conditions. Failure of a beam was assumed
when concrete compressive strain exceed 3500 ue or FRP/TRM reached their fracture strain
whichever was met first. Table 4.2 listed the failure modes for all the beams, while Fig. 4.1
shows different typical failure modes. The following sections describe the failure modes

obtained for the unstrengthened and the strengthened beams.
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Figure 4.1: Typical failure modes of the studied beams
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Table 4.2: Failure modes of the specimens

Group

Specimen

. Failure mode
notation
Un- C-L-0 Steel yielding followed by concrete crushing
corroded C-M-0 Steel yielding followed by concrete crushing
C-H-0 Steel yielding followed by concrete crushing
5% C-L-5 Steel yielding followed by concrete crushing
corrosion C-M-5 Steel yielding followed by concrete crushing
Control C-H-5 Steel yielding followed by concrete crushing
10% C-L-10 Steel yielding followed by concrete crushing
corrosion C-M-10  Steel yielding followed by concrete crushing
C-H-10  Steel yielding followed by concrete crushing
15% C-L-15 Steel yielding followed by concrete crushing
corrosion C-M-15  Steel yielding followed by concrete crushing
C-H-15  Steel yielding followed by concrete crushing
Un- F-L-0 Steel yielding followed by FRP rupture
corroded F-M-0 Steel yielding followed by concrete crushing
F-H-0 Steel yielding followed by concrete crushing
5% F-L-5 Steel yielding followed by FRP rupture
FRP corrosion F-M-5 Steel yielding followed by concrete crushing
retrofitted F-H-5 Steel yielding followed by concrete crushing
10% F-L-10 Steel y!eld!ng followed by FRP rupture _
corrosion F-M-10  Steel y!eld!ng followed by concrete crush!ng
F-H-10 Steel yielding followed by concrete crushing
15% F-L-15 Steel yielding followed by FRP rupture
corrosion F-M-15  Steel yielding followed by concrete crushing
F-H-15 Steel yielding followed by concrete crushing
Un- T-L-0 Steel yielding followed by TRM rupture
corroded T-M-0 Steel yielding followed by TRM rupture
T-H-0 Steel yielding followed by concrete crushing
5% T-L-5 Steel yielding followed by TRM rupture
TRM corrosion  T-M-5 Steel yielding followed by TRM rupture
retrofitted T-H-5 Steel yielding followed by TRM rupture
10% T-L-10 Steel yielding followed by TRM rupture
corrosion T-M-10  Steel yielding followed by TRM rupture
T-H-10 Steel yielding followed by TRM rupture
15% T-L-15 Steel yielding followed by TRM rupture
corrosion T-M-15  Steel yielding followed by TRM rupture
T-H-15  Steel yielding followed by TRM rupture
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4.3.1 Control Beams

Depending upon the beam properties, flexural failures may occur in three different ways:

e Tension failure: Steel reinforcement yields before concrete crushes.

e Compression failure: Concrete crushes before steel yields.

e Balanced failure: Concrete crushes and steel yields simultaneously.

For very high reinforcement ratios (p > p,,) failure of the beam can be caused by compressive
crushing of the concrete before the tensile steel yields. This failure mode is brittle and
undesirable. However, in this study all of the control beams had a reinforcement ratio less than
the balanced reinforcement ratio (p < p,,). Hence, as expected, the flexural strength of the control
beams was reached with yielding of the tensile steel reinforcement followed by crushing of the
concrete in the compression zone (Fig 4.1-a, Table 4.2). It is concluded that for the control
beams, the level of corrosion and the level of reinforcement ratio had no effect on the failure

mode as long as p < p,.

4.3.2 FRP Strengthened Beams

The failure mode changed when changing the reinforcement ratio for the FRP strengthened
beams. For beams having low reinforcement ratio, the failure was initiated by steel yielding
followed by FRP rupture in tension (Fig 4.1-b, Table 4.2). This observation has met the
expectation mentioned by Bonacci and Maalej (2001) and Thomsen et al. (2004). For high and
medium reinforcement ratios, the strengthened beams failed by concrete crushing in compression

after steel yielded with the FRP laminate still intact (Fig. 4.1-c, Table 4.2).
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This is because for low reinforcement ratio, the FRP had to resist more load than in the case
of medium and high reinforcement ratio. Therefore, the FRP experienced higher strain values
compared to its counterpart with medium and high reinforcement ratios leading to its failure
before concrete crushing. This was further shown by the crack distribution, for beams with low
reinforcement ratio, the cracks were distributed along the entire length; while for beams with

high and medium reinforcement ratios, the cracks were concentrated within the middle region.

The transition of the failure mode is depicted in Fig. 4.2 through the strain distribution
mechanism. The line XOY' represents the strain distribution at failure. The concrete was crushed
(€., point X) while the FRP was intact (point Y'). As the reinforcement ratio decreased, the
neutral axis shifted upward from point O to point O’. As a consequence, the line X0'Z’
representing the strain distribution under the same load as line XOY' now has a higher tensile
strain at the bottom of the beam (shifted tensile strain from point Y’ to point Z"), thus exceeding
the ultimate capacity of the FRP (eg,,, point Z). Therefore, FRP ruptured before concrete crushed

(line PO'Z).

TR

Y z 7’

Figure 4.2: Change of failure mode with lowering reinforcement ratio

Based on the parametric study considering the variation of the reinforcement ratio and the

material properties used in this study, it can be concluded that for design applications FRP
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should be applied on beams such that the strengthened beams would not be over reinforced
(psteer+rrp < Pp) and at the same time for utilizing the full strength of the FRP, the beams should
have steel reinforcement ratio not more than 24% of the balanced reinforcement ratio (p <
0.24 pp). This value was determined by observing the failure modes of the beams having
different reinforcement ratios and is valid for the considered parameters in this study. However,
the FRP laminates must be well anchored for this failure to take place to prevent any premature

failure due to debonding of the sheets.

4.3.3 TRM Strengthened Beams

Unlike the control beams, all of the TRM strengthened beams but specimen T-H-0, had a
tensile flexure failure where the steel yielded followed by tensile rupture of the TRM prior to
crushing of the concrete (Fig. 4.1-d, Table 4.2). Only the uncorroded TRM strengthened beam
having high reinforcement ratio failed by concrete crushing in compression after steel yielded

with the TRM still intact (Fig. 4.1-e).

This was different than the FRP, because the ultimate strain of the TRM system was 40%
less than that of the FRP. Therefore, it had lower tensile capacity that led to its rupture prior to
concrete reaching its compression capacity. On the other hand, similar to the FRP strengthened
beams, cracks distributions were uniform over the length of the TRM strengthened beams when
failure was initiated by TRM rupture (Fig. 4.1-d), while it was concentrated in the constant

moment region for specimen T-H-0 that failed by concrete crushing (Fig. 4.1-e).

Hence, it could be conclude that similar to the FRP strengthened beam, TRM should be
applied on the beams such that the strengthened beams would not be over reinforced

(i.e. psteet+TrM < Pp)- At the same time for utilizing the full strength of the TRM that used in
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this study, the beams should have steel reinforcement ratio not more than 73% of the balanced
reinforcement ratio (p < 0.73 p,) and the TRM system should be anchored to prevent any
premature failure. This value was determined by observing the failure modes of the beams

having different reinforcement ratios and is valid for the considered parameters in this study.

4.4 Strain Analysis

Strain analysis was conducted to examine the behaviour of the concrete, steel and FRP/TRM
at yield and ultimate conditions. The stress did not vary too much between the yield and ultimate
state; hence, performing strain analysis seemed more rational. Strain was read along the length of
the quarter beam from the boundary end to the loading end as shown in Fig. 4.3. Concrete strain
was noted at the level that surrounds the longitudinal tensile steel. Steel strain was taken at the
bottom rebar elements and FRP/TRM strain was measure at the soffit of the beam. The strain
distributions in the concrete, steel and FRP/TRM of all of the studied beams are shown in

Appendix B, C and D, respectively.

600 500 400 300 200 100 Support 0
Distance (mm)

Figure 4.3: Distance convention for the strain analysis
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4.4.1 Concrete versus Steel Strain

Tensile load caused equal strains in the concrete and steel in a beam prior to cracking. The
strains increased with increasing load until the cracking strain of the concrete is reached. Then at
the crack location, the applied tensile load was resisted totally by the rebar. Adjacent to the
cracks, there was a local slip between the concrete and the rebar that controlled the crack width.
The slip caused some forces to be transferred from the rebar to the concrete by means of bond
stress acting on the perimeter of the bar. Therefore, the concrete between the cracks resisted
some of the tensile forces. This bond-slip mechanism caused aperiodic variation of the strains in
the concrete and steel along the length of the member, as indicated in the Fig. 4.4. The same
pattern was also described by CEB/FIP (1990); Konig and Tue (1992); and Carino and Clifton
(1995). Thus, at a crack, the steel strain was maximum and the concrete strain was zero (Fig.
4.4). In between cracks, the steel strain was minimum and the concrete strain was maximum. The

same pattern was observed for all studied beams.
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Figure 4.4: Typical train distribution in concrete and steel along the length (specimen C-M-0)

59



4.4.2 FRP/TRM System versus Steel Strain

Fig. 4.5 shows the strain distribution between the FRP/TRM and the steel for a typical beam.
It shows that up to yielding of the steel, the FRP/TRM strain was slightly more than the steel
strain due to its position relative to the neutral axis. However, after yielding the gap between the
FRP/TRM and the steel strains increased which indicated that the FRP/TRM’s contribution to
resisting tensile load has increased. This is because the considered stress-strain behaviour for the
steel, FRP and TRM in the FE model. In case of steel after reaching the yield stress at 445 MPa,
stress did not increase, while the stress of the FRP and the TRM was increasing continuously
until it reaches the failure stress at 960 MPa and 777 MPa, respectively. This trend was observed

for all strengthened beams.
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Load (P/P,;)

Figure 4.5: Typical strain distribution in FRP/TRM and steel (specimen F-H-0 and T-H-0)

4.4.3 FRP versus TRM System Strain

Typical strain distribution in the FRP and the TRM systems are shown in Fig. 4.6 and 4.7.

Up to the yield load, the strains of both systems were almost the same (Fig. 4.6 and 4.7). This is
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because from section 4.4.2 it was observed that, steel was the major contributor in resisting the
tensile load up to the yield point. However, from the yield load to the ultimate load, strain was
quite higher in the FRP than that in the TRM system (maximum 40%). This is because the elastic
modulus was 13% lower in the FRP compared to the TRM. Hence, for the same load increase,

the FRP experienced higher strain. The same trend was observed for all strengthened beams.
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Figure 4.6: Typical strain distribution in FRP/TRM (specimen F-M-0 and T-M-0)
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Figure 4.7: Typical strain distribution in FRP/TRM over load (specimen F-M-0 and T-M-0)
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4.4.4 Variation of Strain Distribution when Changing the Reinforcement Ratio

Fig. 4.8 and 4.9 depict typical strain distribution in the steel and FRP/TRM along the length
of a beam having high and low reinforcement ratios. As expected, in the beam having low
reinforcement ratio, the steel has experienced higher strain than that of a beam having high
reinforcement ratio. This contributed to a shift in the neutral axis position upward. Thus, in the
FRP/TRM beam having low reinforcement ratio, Fig 4.8 and 4.9 show that cracks started from
around 125 mm from the support i.e. cracks were distributed along the entire length of the

FRP/TRM system which also resembled the failure mode shown in the Fig. 4.1-b and d.

In addition, it was observed that for a beam having high reinforcement ratio at the ultimate
load the FRP/TRM strain was higher than the steel strain which was expected while for a beam
having low reinforcement ratio, the case was reversed. This is because the beam having low
reinforcement ratio had a flexure failure where the steel yielded followed by tensile rupture of
the FRP/TRM while the beam with high reinforcement ratio failed by steel yielding followed by

concrete crushing.
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Figure 4.8: Typical strain distribution in steel and FRP (specimen F-H-0 and F-L-0)
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Figure 4.9: Typical strain distribution in steel and TRM (specimen T-H-0 and T-L-0)

4.45 Variation of Strain Distribution with the Corrosion Level

With changing corrosion level from 0% to 15%, Fig. 4.10 and 4.11 depict the strain
distribution in the steel and FRP/TRM along the length of the beam having high reinforcement
ratio. Fig. 4.10 and 4.11 depict that the sudden increase of the steel strain was higher in the high
corrosion level. This is because less steel area was available to resist the tensile force causing the
neutral axis to shift upward which eventually increased the rebar strain. Moreover, the aperiodic
distribution of the steel strain follows the cause of bond-slip mechanism (section 4.4.1). The

same pattern was observed for all studied beams.

On the other hand, it was observed that as long as the beam failed by steel yielding prior to
concrete crushing, the FRP/TRM strain was higher than the steel strain which was expected. This
is indicated in all depicted beams behaviour but specimen T-H-15 where steel strain exceeded
the TRM strain at distance of 400 mm from the support. This is because as stated earlier, Beam

T-H-15 failed by steel yielding followed by TRM rupture (Table 4.2).
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Figure 4.10: Typical strain distribution in steel and FRP (specimen F-H-0 and F-H-15)
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Figure 4.11: Typical strain distribution in steel and TRM (specimen T-H-0 and T-H-15)

4.4.6 Variation of Strain Distribution with the Strengthening Technique

Fig. 4.12 and 4.13 depict the strain distribution in the concrete and steel along the length of
the beam having medium reinforcement ratio. Both strengthening systems enhanced the tensile
capacity of the specimen and increased the moment of inertia (I). Since deflection of a member is

inversely proportion to I, hence, both strengthening systems reduced deflection compared to the

64



control beam and reduced the crack propagation. Therefore, deflection was limited for the
strengthened beams which led to form more narrow cracks to release the energy. Thus,
strengthening systems helped to distribute the cracks along the entire length of the beam rather
than in a concentrated zone with wide cracks as shown in Fig. 4.13. The same pattern was

observed for all studied beams.
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Figure 4.12: Typical strain distribution in steel (specimen C-M-0, F-M-0 and T-M-0)
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Figure 4.13: Typical strain distribution in concrete (specimen C-M-10, F-M-10 and T-M-10)
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4.5 Load Carrying Capacity

The load-midspan deflection curve of the FRP and TRM strengthened beams over the control
specimens with changing reinforcement ratios and corrosion levels are represented in Fig. 4.14.
The individual load-deflection behaviour for each group of beams is shown in Appendix E. The
load carrying capacity was studied by measuring and comparing the load at the onset of concrete
crack, steel yield and failure either by concrete crushing or FRP/TRM fracture. Following the
study conducted by Carino and Clifton (1995), concrete cracking was defined at a tensile strain
of 140 pe obtained at the bottom face of the concrete specimen. The yield point of a beam was
determined according to FEMA 356 (2000) guideline. A beam specimen was considered to fail
when either the concrete compressive strain of 3500 ue was reached at the top layer or the
strengthening system reached its ultimate strain, whichever was occurred first. In general, the
load carrying capacity was improved by adding both strengthening systems and deteriorated with

increasing corrosion levels.

Table 4.3 summaries the results of the simulated specimens in terms of the predicted crack,
yield and ultimate loads. It also shows the effect of changing the reinforcement ratio. Within the
considered range, in all corrosion levels for both unstrengthened and strengthened specimens
load carrying capacity has increased with increasing reinforcement ratio. The effect of the three
variables- corrosion level, reinforcement ratio and existence of strengthening material on the

cracking, yield and ultimate loads is described in details in the following sections.
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Figure 4.14: Load—deflection curves of strengthened and unstrengthened beams
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Table 4.3: Effect of reinforcement ratio on the load carrying capacity

Group Specimen : % Load (kN)% %
Cracking Yield Change Uit Change

C-L-0 18.20 - 34.93 - 4420 -
C-0 C-M-0 21.11 16.0 45.16 29.3 56.53 27.9
C-H-0 23.34 28.2 53.74 53.8 73.25 65.7

C-L-5 18.03 - 31.28 - 39.77 -
C-5 C-M-5 20.89 15.9 42.55 36.0 55.74  40.2
Control C-H-5 23.02 27.7 48.46 54.9 69.78 75.5

C-L-10 17.86 - 26.71 - 3792 -
C-10 C-M-10 20.59 15.3 37.51 40.4 53.14 40.1
C-H-10 22.73 27.2 43.92 64.4 66.79 76.1

C-L-15 17.68 - 26.54 - 3589 -
C-15 C-M-15 20.33 15.0 30.99 16.7 46.77 30.3
C-H-15 22.39 26.6 41.86 57.7 6299 755

F-0 F-L-0 20.15 - 51.36 - 7184 -
F-M-0 22.84 13.3 63.88 24.4 82.44 14.8
F-H-0 24.92 23.6 71.19 38.6 96.09 33.8

F.5 F-L-5 20.00 - 48.98 - 68.36 -
F-M-5 22.64 13.2 61.44 25.4 79.67 16.6
FRP F-H-5 24.62 23.1 71.01 45.0 91.68 34.1

F-10 F-L-10 1984 - 4837 - 67.94 -
F-M-10 22.36 12.7 59.65 23.3 7770 144
F-H-10 24.35 22.7 67.06 38.6 88.41 30.1

F.15 F-L-15 1968 - 4799 - 66.51 -
F-M-15 22.12 12.4 54.92 14.4 73.88 11.1
F-H-15 24.03 22.1 66.20 37.9 86.24 29.7

T-0 T-L-0 20.16 - 46.48 - 62.58 -
T-M-0 22.85 13.3 58.06 24.9 76.25 21.8
T-H-0 24.93 23.6 66.12 42.3 9412 504

T-5 T-L-5 20.01 - 39.54 - 53.17 -
TRM T-M-5 22.49 12.4 54.28 37.3 71.32 341
T-H-5 24.63 23.1 65.07 64.6 86.57 62.8

T-10 T-L-10 19.86 - 33.06 - 4557 -
T-M-10 22.37 12.7 46.60 41.0 63.50 39.3
T-H-10 24.36 22.7 58.47 76.8 80.08 75.7

T-15 T-L-15 19.69 - 31.16 - 4322 -
T-M-15 22.13 12.4 46.02 47.7 63.10 46.0
T-H-15 24.04 22.1 58.15 86.6 7956 84.1
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45.1 Cracking Load

It was stated earlier that the concrete crack was considered when tensile strain reached

140 pe.

4.5.1.1 Effect of reinforcement ratio

Fig. 4.15 depicts the effect of reinforcement ratio on the cracking load of a beam. In Fig.
4.15, cracking load of a beam having medium or high reinforcement ratio was normalized with
that of a beam of low reinforcement ratio. At all corrosion levels, all unstrengthened and
strengthened beams exhibited almost the same increase in cracking load of 13% and 24% with

changing reinforcement ratio to medium and high, respectively (Table 4.3).
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Figure 4.15: The effect of reinforcement ratio on the cracking load

The cause of the effect of changing reinforcement ratio is depicted in Fig. 4.16 through the
strain distribution. Under a load the line POC represents a state where the concrete was cracked

(e.r, point C) and passed through the neutral axis, point O. As the reinforcement ratio decreased,
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the neutral axis shifted upward from point O to point 0’ (Fig. 4.16). As a consequence, line
PO’'C’ in Fig. 4.16 represents the strain distribution under the same load as line POC. The tensile
strain was increased at the bottom of the beam (shifted tensile strain from point C to point C')
and exceeded the cracking strain of the concrete (€., point C). Therefore, the cracking strain of
the concrete (e.., point C) was reached under lower load which decreased the concrete

compressive strain from point P to point Q.

€y Epy
cC Cc'Y Z

Figure 4.16: Typical cracking load behaviour with changing tensile reinforcement

4.5.1.2 Effect of corrosion level

In Table 4.4 and Fig. 4.17, cracking load of a damaged beam was normalized with respect to
the cracking load of uncorroded beam specimen. As the corrosion level increased a slight

decrease (maximum 4%) in the cracking load was observed.

As corrosion level increased, the available steel reinforcement area decreased, effectively
decreasing the available reinforcement ratio. Therefore, as the corrosion level increased, the

cracking load decreased as described in section 4.5.1.1.
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Table 4.4: Effect of corrosion level on the load carrying capacity

Group  Reinf.  Specimen Load (kN)
ratio Cracking % Change Yield % Change Ult. % Change
C-L-0 18.20 - 34.93 - 44.20 -
C-L-5 18.03 -0.94 31.28 -10.46 39.77 -10.03
Low C-L-10 17.86 -1.84 26.71 -23.53 37.92 -14.20
C-L-15 17.68 -2.84 2654  -24.01 35.89 -18.79
Control C-M-0 21.11 - 45.16 - 56.53 -
C-M-5 20.89 -1.06 42.55 -5.78 55.74 -1.41
Medium C-M-10 20.59 -2.45 37.51 -16.93 53.14 -6.00
C-M-15 20.33 -3.69 30.99 -31.37 46.77 -17.28
C-H-0 23.34 - 53.74 - 73.25 -
C-H-5 23.02 -1.37 48.46 -9.82 69.78 -4.74
High C-H-10 22.73 -2.62 43.92 -18.27 66.79 -8.82
C-H-15 22.39 -4.07 41.86 -22.11 62.99 -14.00
F-L-0 20.15 - 51.36 - 71.84 -
F-L-5 20.00 -0.78 48.98 -4.64 68.36 -4.85
Low F-L-10 19.84 -1.53 48.37 -5.83 67.94 -5.42
F-L-15 19.68 -2.35 47.99 -6.57 66.51 -7.41
FRP F-M-0 22.84 - 63.88 - 82.44 -
F-M-5 22.64 -0.89 61.44 -3.82 79.67 -3.36
Medium F-M-10 22.36 -2.10 59.65 -6.61 77.70 -5.74
F-M-15 22.12 -3.15 54.92 -14.02 73.88 -10.38
F-H-0 24.92 - 71.19 - 96.09 -
F-H-5 24.62 -1.19 71.01 -0.24 91.68 -4.59
High F-H-10 24.35 -2.29 67.06 -5.80 88.41 -7.99
F-H-15 24.03 -3.56 66.20 -7.01 86.24 -10.25
T-L-0 20.16 - 46.48 - 62.58 -
T-L-5 20.01 -0.78 39.54 -14.94 53.17 -15.04
Low T-L-10 19.86 -1.52 33.06 -28.87 45.57 -27.18
T-L-15 19.69 -2.34 31.16 -32.95 43.22 -30.93
TRM T-M-0 22.85 - 58.06 - 76.25 -
T-M-5 22.49 -1.58 54.28 -6.51 71.32 -6.47
Medium T-M-10 22.37 -2.10 46.60 -19.73 63.50 -16.73
T-M-15 22.13 -3.15 46.02 -20.73 63.10 -17.25
T-H-0 24.93 - 66.12 - 94.12 -
T-H-5 24.63 -1.18 65.07 -1.58 86.57 -8.02
High T-H-10 24.36 -2.28 58.47 -11.58 80.08 -14.91
T-H-15 24.04 -3.55 58.15 -12.05 79.56 -15.47
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Figure 4.17: The effect of corrosion level on the cracking load

4.5.1.3 Effect of strengthening system

Fig. 4.18 shows the strengthening effect on the cracking load for a beam having low
reinforcement ratio. In Table 4.5 and Fig. 4.18, cracking load of a strengthening beam was
normalized with that of unstrengthened beam for each reinforcement ratio. The strengthening

effect on the beams having medium and high reinforcement ratio are shown in Appendix F.

Compared to the respective unstrengthened beams, cracking loads of the undamaged and
damaged FRP beams were increased on average by 11%, 8% and 7% for beams with low,
medium and high reinforcement ratio, respectively (Table 4.5). Adding a strengthening system
effectively increased the reinforcement ratio of the beam, thus causing the cracking load to
increase as described in section 4.5.1.1. The TRM strengthened beams had a similar behaviour to

the FRP strengthened beams in terms of the cracking load (Fig 4.18, Table 4.5).
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Table 4.5 shows the comparative effectiveness between the TRM and the FRP systems. The

ratio of the cracking loads of the TRM to the FRP strengthened beams were almost 1 for all

beams considered, which indicates that both systems are equally effective in terms of increasing

the cracking load.
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Figure 4.18: The effect of strengthening system on the cracking load

Table 4.5: Effectiveness of the strengthening systems on the load carrying capacity

_ Reinf. Cracking load Yield load Ultimate load
Corrosion atio FRR/ TRM/  TRM/ | rrrr TRM/  TRM/ | FrRPr TRM/  TRM/

Control  Control FRP Control  Control FRP Control ~ Control FRP

Low 111 111 100 |147 133 090 |[163 142 0.87

0% Medium 1.08 108 100 |141 129 091 |146 135 092
High 107 107 100 |132 123 093 (131 128 0.98

Low 1.11 1.11 1.00 157 126 081 1.72 134 0.78

5% Medium 108 108 099 |144 128 088 |143 128 0.90
High 107 107 100 |147 134 092 |131 124 094

Low 1.11 1.11 1.00 181 124 0.68 1.79 120 0.67

10% Medium 109 109 100 |159 124 078 |146 119 0.82
High 107 107 100 |153 133 087 (132 120 0091

Low 1.11 1.11 1.00 181 117 0.65 185 120 0.65

15% Medium 109 109 100 |177 149 084 |158 135 0.85
High 107 107 100 |158 139 088 |[137 126 0.92
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45.2 Yield Load

To calculate the effective yield strength of the beams the procedure described in FEMA 356
(2000) and Priestley (2000) was followed. First, a horizontal line was drawn on the idealized
load-displacement curve for the ultimate load and then the slope of line ABC (Fig. 4.19) was
changed such that the area between the straight line and the load-displacement curve (ABA in
Fig. 4.19) is equal to the area between the straight line and the load-displacement curve (BCDB
in Fig. 4.19). Once this is done, point B was defined as the yield load. This was done using an

iterative graphical procedure.
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Figure 4.19: Yield load determination of a typical beam (F-H-0)

4.5.2.1 Effect of reinforcement ratio

In Fig. 4.20, the yield load of a beam having medium or high reinforcement ratio was
normalized with that of a beam with low reinforcement ratio. The yield loads of the undamaged

and damaged control beams increased on average by 31% and 57% when the reinforcement ratio
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increased by 2 and 3 times, respectively. For the FRP beams this increase was 22% and 40%,

respectively while TRM beams exhibited higher increase of 38% and 68%, respectively (Table

4.3).
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Figure 4.20: The effect of reinforcement ratio on the yield load

The cause of the effect of changing reinforcement ratio on the yield load is depicted in Fig.
4.21 through the strain distribution mechanism. Under a load, the line POY represents a state
where the steel was yielded (g,,, point Y) and passed through the neutral axis, point O. As the
reinforcement ratio decreased, the neutral axis shifted upward from point O to point 0’ (Fig.
4.21). As a consequence, line PO'Y" in Fig. 4.21 represents the strain distribution under the same
load as line POY with an increased strain at the bottom of the beam (shifted tensile strain from
point Y to point Y') which exceeded the yield strain (line QO'Y). Therefore, the yield strain of

the steel (e,, point Y) was reached under a lower load.
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Figure 4.21: Typical yield load behaviour with changing tensile reinforcement

4.5.2.2 Effect of corrosion level

In Fig. 4.22, the yield load of a damaged beam was normalized with respect to the yield load
of an uncorroded beam specimen in each of the groups. The yield load dropped on average by
8%, 20% and 26% for beams with corrosion levels 5%, 10% and 15%, respectively, compared to
the uncorroded counterparts for all unstrengthened beams (Fig. 4.22). The yield load of the FRP
and the TRM strengthened beams decreased in a range of 3% to 20% depending on the

considered corrosion levels (Table 4.4).

As the corrosion level increased, the available steel reinforcement area decreased, effectively
decreasing the available reinforcement ratio. Therefore, as the corrosion level increased, the

yield load decreased as described in section 4.5.2.1.
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Figure 4.22: The effect of corrosion level on the yield load

4.5.2.3 Effect of strengthening system

In Fig. 4.23, the yield load of a strengthening beam having low reinforcement ratio was
normalized with that of a control beam. The strengthening effect on the beams having medium

and high reinforcement ratio are shown in Appendix F.

The yield load has increased on average by 66%, 55% and 48% for the undamaged and
damaged FRP strengthened beams having low, medium and high reinforcement ratio,
respectively, compared to the respective control beams (Table 4.5). The yield load of the TRM
strengthened beams has increased by a range of 17% to 49% compared to the control beams
(Table 4.5). Adding a strengthening system effectively increased the reinforcement ratio of the

beam, thus causing the yield load to increase as described in section 4.5.2.1.

Table 4.5 represents the comparative effectiveness between the TRM and FRP strengthened

beams over the control beams. It shows that the TRM system is less effective than the FRP
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system by 9% for control, 19% for 5% corrosion level and up to 35% for high corrosion level in
terms of increasing the yield load. However, as the reinforcement ratio was increased the gap

between the TRM and FRP systems was decreased.
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Figure 4.23: The effect of strengthening system on the yield load

45.3 Ultimate Load

The ultimate load was considered when a compressive strain of a beam reached a 3500 pe or

when the FRP/TRM reached their ultimate strain whichever was occurred first.

4.5.3.1 Effect of reinforcement ratio

In Fig. 4.24, the ultimate load of a beam having medium or high reinforcement ratio was
normalized with that of a beam with low reinforcement ratio. The ultimate loads of the
undamaged and damaged control beams increased on average by 35% and 73% when the

reinforcement ratio increased by 200% and 300%, respectively. For the FRP strengthened beams
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this increase was 14% and 32%, respectively while TRM strengthened beams exhibited higher

increase of 38% and 68%, respectively (Table 4.3).
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Figure 4.24: The effect of reinforcement ratio on the ultimate load

The cause of the effect of changing reinforcement ratio on the ultimate load when failure was
initiated by steel yielding followed by concrete crushing is depicted in Fig. 4.25 through the
strain distribution mechanism. Under a load, line XOY' in Fig. 4.25 represents a state where the
concrete was crushed (€., point X) while the FRP/TRM was intact (strain at point Y’ was less
than the fracture strain of the FRP/TRM, €,,, at point Z) and passed through the neutral axis,
point O. As the reinforcement ratio decreased, the neutral axis shifted upward from point O to
point O’ (Fig. 4.25). As a consequence, (line X0'Y"") the concrete crushing strain (e.,, point X)

was reached under the lower load.
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Figure 4.25: Typical ultimate load behaviour with changing tensile reinforcement (failure
mode- concrete crushing)

The cause of the effect of changing reinforcement ratio on the ultimate load when failure was
initiated by steel yielding followed by FRP/TRM rupture is depicted in Fig. 4.26 through the
strain distribution mechanism. Under a load, the line POZ in Fig. 4.26 represents a strain
distribution where the FRP/TRM was ruptured (e,.,, point Z) while the concrete was uncrushed
and passed through the neutral axis, point O. As the reinforcement ratio decreased, the neutral
axis shifted upward from point O to point 0’ (Fig. 4.26). In this case, (line Q0’Z in Fig. 4.26) the
fracture strain of the FRP/TRM (€,,, point Z) was reached under a lower load causing the
concrete compressive strain represented by point Q. Thus, the original beam resisted more loads
to reach its failure point at point Z. Thereby, the ultimate loads was decreased with decreasing

tensile reinforcement ratio of the beams.

Figure 4.26: Typical ultimate load behaviour with changing tensile reinforcement (failure
mode- FRP/TRM rupture)
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4.5.3.2 Effect of corrosion level

In Fig. 4.27, the ultimate load of a damaged beam was normalized with respect to the
ultimate load of the uncorroded beam specimen. The ultimate loads decreased on average by 9%,
20% and 26% for beams with corrosion levels 5%, 10% and 15%, respectively, compared to the
uncorroded counterparts for all unstrengthened beams (Fig. 4.27). The ultimate loads of the FRP
and the TRM strengthened beams decreased in a range of 1% to 33% with corresponding to the

considered corrosion levels (Table 4.4).

As corrosion level increased, the available steel reinforcement area decreased, effectively
decreasing the available reinforcement ratio. Therefore, as the corrosion level increased, the

ultimate load decreased as described in section 4.5.3.1.
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Figure 4.27: The effect of corrosion level on the ultimate load

81



4.5.3.3 Effect of strengthening system

In Fig. 4.28, the ultimate load of a strengthening beam having low reinforcement ratio was
normalized with that of a control beam. The strengthening effect on the beams having medium

and high reinforcement ratio are shown in Appendix F.

The ultimate load has increased on average by 75%, 48% and 33% for the undamaged and
damaged FRP strengthened beams having low, medium and high reinforcement ratio,
respectively, compared to the respective control beams (Table 4.5). The ultimate load of the
TRM strengthened beams has increased by a range of 19% to 42% compared to the control
beams. Adding a strengthening system effectively increased the reinforcement ratio of the beam,

thus causing the ultimate load to increase as described in section 4.5.3.1.

Table 4.5 represents the strengthening effect of the TRM system compared to the FRP
system. It shows that the TRM system is as effective as the FRP system at high reinforcement
ratio in terms of increasing the ultimate load carrying capacity. However, when decreasing the
reinforcement ratio, the TRM effectiveness decreased and became about 45% of that of the FRP.
This attributes to the lower fracture strain (9500 pe) of the TRM system which resulted in lower

capacity.
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Figure 4.28: The effect of strengthening system on the ultimate load

4.6 Displacement and Ductility

The overall displacement behaviour is shown in Fig. 4.14 and Appendix E for the TRM and
FRP strengthened beams compared to the control beams with changing reinforcement ratios and
corrosion levels. Displacement behaviour is described by measuring the displacement of a
specimen at yield and at failure loads. As described earlier, the displacement at the yield load
was determined from the intersection point of the nonlinear load-displacement curve and the
idealized bilinear curve (point B) as shown in Fig. 4.29 (FEMA 356, 2000; Priestley, 2000). In
addition, the displacement at failure was considered when concrete compressive strain reach a
value of 3500 pe at top layer or the FRP/TRM reach their ultimate strain, whichever was met
first. In general, displacement values of the strengthened beams were lower than that of the

control beams.
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On the other hand, ductility (ug) is a structure's ability to deform plastically under tensile
stress without failure. It can be defined as the ratio of the displacement at maximum load, A,
to the displacement corresponding to the yield load, A, as shown in the Fig. 4.29 (FEMA 356,

2000; Priestley, 2000).

140
120 -
100 4 D
= .
é 50 | - W
-
60 /7
§ z Amax
40 - / Ha = A
20 - N ’
'
Ay Amax
0 T T T T T
0 2 4 6 8 10 12

Midspan deflection (mm)

Figure 4.29: Measurement of ductility for a typical beam

Table 4.6 summaries the results of the simulated specimens in terms of the predicted
displacement at the yield and ultimate loads and ductility, it also shows the effect of changing
reinforcement ratio. Within the considered range, in all corrosion levels for both unstrengthened
and strengthened specimens the ultimate displacement and ductility were decreased with
increasing reinforcement ratio. The effect of the three variables- corrosion level, reinforcement
ratio and existence of strengthening material on the displacement and ductility is described in

details in the following sections.
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Table 4.6: Effect of reinforcement ratio on the displacement and ductility

Group Specimen Displacement (mm) Ductility % Change
Yield Ult. % Change
C-L-0 4.16 22.00 - 5.29 -
C-0 C-M-0 4.94 20.15 -8.41 4.08 -22.87
C-H-0 4.71 16.98 -22.82 3.61 -31.83
C-L-5 4.03 22.39 - 5.56 -
Control C-5 C-M-5 4.80 20.37 -9.02 4.24 -23.62
C-H-5 4.77 17.91 -20.01 3.75 -32.42
C-L-10 4.04 22.99 - 5.69 -
C-10 C-M-10 4.71 20.73 -9.83 4.40 -22.66
C-H-10 4.79 18.59 -19.14 3.88 -31.80
C-L-15 3.94 23.11 - 5.87 -
C-15 C-M-15 4.37 21.21 -8.22 4.85 -17.25
C-H-15 4.46 19.70 -14.76 4.42 -24.69
F-L-0 3.87 13.67 - 3.53 -
F-0 F-M-0 3.75 11.26 -17.63 3.00 -15.01
F-H-0 4.31 11.24 -17.78 2.61 -26.06
F-L-5 3.76 13.74 - 3.65 -
FRP F-5 F-M-5 3.87 11.92 -13.25 3.08 -15.62
F-H-5 4.31 11.50 -16.30 2.67 -26.85
F-L-10 3.98 14.66 - 3.68 -
F-10 F-M-10 4.07 12.66 -13.64 3.11 -15.49
F-H-10 4.63 12.35 -15.76 2.67 -27.45
F-L-15 4.27 15.96 - 3.74 -
F-15 F-M-15 4.54 14.29 -10.46 3.15 -15.78
F-H-15 4.74 12.79 -19.86 2.70 -27.81
T-L-0 4.08 13.79 - 3.38 -
T-0 T-M-0 4.09 11.05 -19.87 2.70 -20.12
T-H-0 3.88 9.50 -31.12 2.45 -27.51
T-L-5 3.94 14.08 - 3.57 -
TRM T-5 T-M-5 3.94 11.07 -21.42 2.81 -21.29
T-H-5 3.89 9.79 -30.48 2.52 -29.41
T-L-10 3.91 14.25 - 3.64 -
T-10 T-M-10 3.91 12.00 -15.74 3.07 -15.66
T-H-10 4.09 10.39 -27.06 2.54 -30.22
T-L-15 4.00 14.83 - 3.71 -
T-15 T-M-15 3.91 12.05 -18.77 3.08 -16.98

T-H-15 4.11 10.43 -29.70 2.54 -31.54




4.6.1 Effect of Reinforcement Ratio

In Fig. 4.30-a and 4.30-b, the ultimate displacement and ductility of a beam having medium
and high reinforcement ratio were normalized to those of a beam having low reinforcement ratio,
respectively. The ultimate displacements of all the strengthened and unstrengthened beams were
decreased on average by 15% and 20% for increasing the reinforcement ratio to medium and
high, respectively, at various corrosion levels (Fig. 4.30, Table 4.6). This reduction influenced
the ductility behaviour of a beam. Thus, the ductility of the unstrengthened and strengthened
beams was decreased on average by 13% and 28% with increasing reinforcement ratio to
medium and high, respectively, at all considered corrosion levels (Fig. 4.36, Table 4.8). This
similar relationship between the ductility and the reinforcement ratio was observed in many
studies (Park and Ruitong, 1989; Ashour, 2000; Agussalim, 2004; Olivia and Mandal, 2005;

Maghsoudi and Akbarzadeh, 2007; Ashrafi et al., 2012).

This decrease can be explained as follows. Adding tensile reinforcement decreased the
tensile stress and increased the depth of the neutral axis resulting higher compression area, lower
tensile strain and, thus, lower displacement. Moreover, the curvature ductility (ratio of the
curvature at ultimate to the curvature when the tension reinforcement first reaches the yield
strength) is inversely proportional to the depth of the neutral axis. It is to be noted that the
curvature ductility and displacement ductility are almost the same (Olivia and Mandal, 2005;
Maghsoudi and Akbarzadeh, 2007). Thus, with increasing reinforcement ratio, curvature was

decreased which reduced the ultimate displacement that led to lower ductility.
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Figure 4.30: The effect of reinforcement ratio on the displacement and ductility
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4.6.2 Effect of Corrosion Level

In Fig. 4.31-a and 4.31-b, the ultimate displacement and ductility of a damaged beam were
normalized with respect to the ultimate displacement and ductility of the uncorroded beam
specimen, respectively. The ultimate displacements increased on average by 3%, 6% and 11%
for all unstrengthened beams with corrosion levels 5%, 10% and 15%, respectively, compared to
the uncorroded counterparts (Fig. 4.31, Table 4.7). The ultimate displacements of the FRP and
the TRM strengthened beams increased in a range of 1% to 27% with corresponding to the
considered corrosion levels (Table 4.7). This effects on the ductility as well. The ductility of the
strengthened and unstrengthened beams having high, medium and low reinforcement ratios was
increased on average by 2%, 6% and 17% with increasing corrosion level to 5%, 10% and 15%,

respectively (Fig. 4.31, Table 4.7).

As corrosion level increased, the available steel reinforcement area decreased, effectively
decreasing the available reinforcement ratio. Therefore, as the corrosion level increased, the

ultimate displacement was increased that led to higher ductility as described in section 4.6.1.
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Figure 4.31: The effect of corrosion level on the displacement and ductility
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Table 4.7: Effect of corrosion level on the displacement and ductility

Group Reinf. ratio Specimen Displacement (mm) Ductility % Change
Yield Ult. % Change
C-L-0 4.16 22.00 - 5.29 -
C-L-5 4.03 22.39 1.77 5.56 5.06
Low C-L-10 4.04 22.99 4.50 5.69 7.60
C-L-15 3.94 23.11 5.05 5.87 10.91
Control C-M-0 4.94 20.15 - 4.08 -
C-M-5 4.80 20.37 1.09 4.24 4.04
Medium C-M-10 4.71 20.73 2.88 4.40 7.90
C-M-15 4.37 21.21 5.26 4.85 18.99
C-H-0 4.71 16.98 - 3.61 -
C-H-5 4.77 17.91 5.48 3.75 4.15
High C-H-10 4.79 18.59 9.48 3.88 7.65
C-H-15 4.46 19.70 16.02 4.42 22.52
F-L-0 3.87 13.67 - 3.53 -
F-L-5 3.76 13.74 0.51 3.65 3.40
Low F-L-10 3.98 14.66 7.24 3.68 4.25
F-L-15 4.27 15.96 16.75 3.74 5.95
FRP F-M-0 3.75 11.26 - 3.00 -
F-M-5 3.87 11.92 5.86 3.08 2.67
Medium F-M-10 4.07 12.66 12.43 3.11 3.67
F-M-15 4.54 14.29 26.91 3.15 5.00
F-H-0 4.31 11.24 - 2.61 -
F-H-5 4.31 11.50 2.31 2.67 2.30
High F-H-10 4.63 12.35 9.88 2.67 2.30
F-H-15 4,74 12.79 13.79 2.70 3.45
T-L-0 4.08 13.79 - 3.38 -
T-L-5 3.94 14.08 2.13 3.57 5.62
Low T-L-10 3.91 14.25 3.32 3.64 7.69
T-L-15 4.00 14.83 1.57 3.71 9.76
TRM T-M-0 4.09 11.05 - 2.70 -
T-M-5 3.94 11.07 0.17 2.81 4.07
Medium T-M-10 3.91 12.00 8.65 3.07 13.70
T-M-15 3.91 12.05 9.06 3.08 14.07
T-H-0 3.88 9.50 - 2.45 -
T-H-5 3.89 9.79 3.09 2.52 2.86
High T-H-10 4.09 10.39 9.42 2.54 3.67
T-H-15 4.11 10.43 9.79 2.54 3.67
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4.6.3 Effect of Strengthening System

In Fig. 4.32-a and 4.32-b, the ultimate displacement and ductility of a strengthened beam
were normalized with that of an unstrengthened beam, respectively. Compare to the control
beams, the ultimate displacements of the FRP beams having low, medium and high
reinforcement ratios were decreased on average by 34%, 46% and 35%, respectively, at all
corrosion levels (Fig. 4.32, Table 4.8). Their TRM counterparts had a decrease of 45%, 48% and
35%, respectively. On the other hand, compared to the respective control beams, the ductility of
the strengthened beams having low, medium and high reinforcement ratios were decreased on

average by 33%, 35% and 32%, respectively, at all corrosion levels (Fig. 4.38).

This is because the FRP/TRM system was acted as a supplement to the tensile reinforcement
along with the steel. Thereby, with increasing tensile capacity tensile stress was decreased and
this increased the depth of the neutral axis. As a consequence, under the same load, tensile strain
was reduced which resulted in lower displacement. Moreover, the curvature ductility was
decreased due to shifting the neutral axis of the section downward. Thus, both strengthening

systems reduced the ultimate displacement and ductility as well.
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Figure 4.32: The effect of strengthening system on the displacement and ductility

Table 4.8 represents the comparative effectiveness of the strengthening systems over the

control beams with respect to the ultimate displacement and ductility. With respect to the
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ultimate displacement, the TRM system was slightly lower than the FRP system (about 7%) for

uncorroded and corroded up to 10%, however, at 15% corrosion level this was increased to 14%.

Besides, the ultimate displacement of the TRM beams with low reinforcement ratio was slightly

lower (about 3%) compared to its FRP beams counterpart and with high reinforcement ratio this

was increased to 18%. On the other hand, the TRM strengthened beams having different

reinforcement ratio showed slightly lower (about 5%) ductility than the FRP beams at all

corrosion levels. The FRP’s superiority could be attributed to its ultimate strain capacity, which

was 40% higher than the TRMs.

Table 4.8: Effectiveness of the strengthening systems on the displacement and ductility

Ultimate displacement

Ductility

Corrosion  Reinf. ratio  FRP/ TRM/  TRM/ Awvg.

Control Control FRP

FRP/ TRM/  TRM/ Avg.
Control Control FRP

Low 0.62 0.63 1.01 0.67 0.64 0.96

0% Medium 0.56 0.55 098 094 0.74 0.66 090 093
High 0.66 0.56 0.84 0.72 0.68 0.94
Low 0.61 0.63 1.02 0.66 0.64 0.98

5% Medium 0.59 0.54 093 093 0.73 0.66 091 094
High 0.64 0.55 0.85 0.71 0.67 0.94
Low 0.64 0.62 0.97 0.65 0.64 0.99

10% Medium 0.61 0.58 095 092 0.71 0.70 099 098
High 0.66 0.56 0.84 0.69 0.65 0.95
Low 0.69 0.64 0.93 0.64 0.63 0.99

15% Medium 0.67 0.57 0.84 086 0.65 0.63 098 0.97
High 0.65 0.53 0.82 0.61 0.58 0.94

4.7 Stiffness Behaviour

Stiffness is the rigidity of a beam used to describe the force required to achieve a certain

deformation (Baumgart 2000). Stiffness capacity was determined by measuring the slope of the

line AB on the load-displacement curve shown in the Fig. 4.33. Due to the non-linearity of the

load-displacement curve line AB was assumed as the equivalent initial straight line portion
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present in the load-displacement curve. The advantage of this assumption is to compare the

stiffness of different beams on the same standard. Here, points A and B are directly dependant on

the yield point of the beam and were fixed as the first (25" percentile) and third (75" percentile)

quartile values of the yield load, respectively (Favre and Charif, 1994). The yield point of a beam

was determined according to FEMA 356 (2000) guideline.

Table 4.9 summaries the results of the simulated specimens in terms of the predicted

stiffness. It also shows the effect of changing reinforcement ratio. The effect of the three

variables- corrosion level, reinforcement ratio and existence of strengthening material on

stiffness has described in the following sections.
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Figure 4.33: Determination of stiffness for a typical beam
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Table 4.9: Effect of reinforcement ratio on the stiffness

. Stiffness %
Group Specimen (kN/mm)  Change
C-L-0 09.97 -
C-0 C-M-0 11.53 15.6
C-H-0 14.47 45.1
C-L-5 06.42 -
Control  C-5 C-M-5 08.74 36.2
C-H-5 10.15 58.3
C-L-10 06.43 -
C-10 C-M-10 08.86 37.7
C-H-10 08.99 39.8
C-L-15 06.02 -
C-15 C-M-15 06.97 15.9
C-H-15 08.83 46.7
F-L-0 11.56 -
F-0 F-M-0 13.44 16.3
F-H-0 16.59 43.6
F-L-5 11.45 -
F-5 F-M-5 12.55 9.70
FRP F-H-5 15.63 36.6
F-L-10 9.74 -
F-10 F-M-10 12.24 25.7
F-H-10 14.17 45.4
F-L-15 09.26
F-15 F-M-15 10.96 18.4
F-H-15 13.97 50.8
T-L-0 12.08 -
T-0 T-M-0 14.95 23.8
T-H-0 17.37 43.8
T-L-5 11.03 -
T-5 T-M-5 14.48 31.3
TRM T-H-5 17.05 54.6
T-L-10 09.39 -
T-10 T-M-10 11.91 26.8
T-H-10 14.33 52.6
T-L-15 08.69 -
T-15 T-M-15 11.68 34.4

T-H-15 14.31 64.6




4.7.1 Effect of Reinforcement Ratio

In Fig. 4.34, the stiffness of a beam having medium or high reinforcement ratio was
normalized with that of a beam having low reinforcement ratio. The stiffness of all the
unstrengthened and strengthened beams was increased on average by 26% and 47% with
increasing reinforcement ratio to two and three times, respectively, at all corrosion levels (Fig.

4.34, Table 4.9).

The modulus of elasticity of the steel was higher compared to the concrete, therefore,
stiffness was expected to increase with increasing reinforcement ratio. Moreover, for a cracked
section, the moment of inertia (lcrackeq) iNCreases as the reinforcement ratio (p) increases (lcracked

oc p) which results in increasing the beam stiffness.
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Figure 4.34: The effect of reinforcement ratio on the stiffness
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4.7.2 Effect of Corrosion Level

In Fig. 4.35, the stiffness of a damaged beam was normalized with respect to stiffness of the
uncorroded beam specimen. The stiffness of the unstrengthened beams having different
reinforcement ratios was decreased on average by 23%, 34% and 40% with increasing corrosion
level to 5%, 10% and 15%, respectively. Their strengthened beams counterpart had a decrease of
5%, 15% and 21%, respectively (Fig. 4.35, Table 4.10). As described in section 4.7.1, with
increasing corrosion level (decreasing available steel area), the moment of inertia of a cracked

section decreases, thus, stiffness decreased.
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Figure 4.35: The effect of corrosion level on the stiffness
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Table 4.10: Effect of corrosion level on the stiffness

Group Reinf. ratio Specimen Stiffness (kN/mm) % Change
C-L-0 9.97 -
C-L-5 6.42 -35.61
Low C-L-10 6.43 -35.51
C-L-15 6.02 -39.62
Control C-M-0 11.53 -
C-M-5 8.74 -24.20
Medium C-M-10 8.86 -23.16
C-M-15 6.97 -39.55
C-H-0 14.47 -
C-H-5 10.15 -29.85
High C-H-10 8.99 -37.87
C-H-15 8.83 -38.98
F-L-0 11.56 -
F-L-5 11.45 -0.950
Low F-L-10 9.74 -15.74
F-L-15 9.26 -19.90
FRP F-M-0 13.44 -
F-M-5 12.55 -6.620
Medium F-M-10 12.24 -8.930
F-M-15 10.96 -18.45
F-H-0 16.59 -
F-H-5 15.63 -5.790
High F-H-10 14.17 -14.59
F-H-15 13.97 -15.79
T-L-0 12.08 -
T-L-5 11.03 -8.690
Low T-L-10 9.39 -22.27
T-L-15 8.69 -28.06
TRM T-M-0 14.95 -
T-M-5 14.48 -3.140
Medium T-M-10 11.91 -20.33
T-M-15 11.68 -21.87
T-H-0 17.37 -
T-H-5 17.05 -1.840
High T-H-10 14.33 -17.50
T-H-15 14.31 -17.62
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4.7.3 Effect of Strengthening System

In Fig. 4.36, the stiffness of a strengthened beam was normalized with that of an
unstrengthened beam for each corrosion level. Compared to the respective control beams, the
stiffness of the FRP beams having low, medium and high reinforcement ratios were increased on
average by 50%, 39% and 46%, respectively, at all corrosion levels (Fig. 4.36, Table 4.11). On
the other hand, the stiffness of the TRM beams having high, medium and low reinforcement
ratios were increased on average by 52%, 49% and 45% compared to the control beams,

respectively, at all corrosion levels (Fig. 4.36, Table 4.11).

The cause of this increase attributes to the high tensile modulus of the FRP/TRM with
respect to the concrete which makes a beam stiffer. Besides, attaching the FRP/TRM on the
soffit of a beam increased the moment of inertia (I) of a beam cross-section. Since deflection of a
member is inversely proportion to I, hence, both strengthening systems reduced deflection of the
control beam which eventually increased the stiffness. However, the increase was higher in case
of FRP having low reinforcement ratio compared to high reinforcement ratio because the full

strength of the FRP laminates was utilized in this case.

The stiffness of both TRM and FRP strengthened beams were generally the same for 10%
and 15% corrosion level (Table 4.11) with slightly higher for TRM when corrosion level was
lower (0% and 5%). This is because the failure modes observed were different in the FRP and

the TRM strengthened beams.
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Figure 4.36: The effect of strengthening system on the stiffness

Table 4.11: Effectiveness of the strengthening systems on the stiffness

Corrosion  Reinf. ratio FRP/Control TRM/Control TRM/FRP Avg.

Low 1.16 1.21 1.05

0% Medium 1.17 1.30 1.11 1.07
High 1.15 1.20 1.05
Low 1.78 1.72 0.96

5% Medium 1.44 1.66 1.15 1.07
High 1.54 1.68 1.09
Low 1.51 1.46 0.96

10% Medium 1.38 1.34 0.97 0.98
High 1.58 1.59 1.01
Low 1.54 1.44 0.94

15% Medium 1.57 1.68 1.07 1.01
High 1.58 1.62 1.02
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4.8 Summary

The parametric study gave an in depth understanding of the strengthening effect in corrosion
damaged RC beams. From the FE analyses, the load carrying capacity, displacement, ductility
and stiffness behaviours were examined and failure modes were observed. Strain analysis was
conducted for understanding the cause of the effects. Both strengthening systems reduced
ductility and enhanced stiffness. For the given material properties, the TRM system showed
better performance with respect to stiffness compared to the FRP system while the FRP was
better in terms of load carrying capacity, displacement and ductility behaviours except for beams
having high tensile steel reinforcement ratio. In such case, the TRM system showed almost equal
effectiveness as the FRP system. Given the scope of this study, it is suggested that the full
strength of the FRP and TRM systems could be achieved if the unstrengthen beam have tensile

steel reinforcement ratio less than 24% and 73% of its balanced reinforcement ratio, respectively.
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CHAPTER 5: CONCLUSIONS AND FUTURE RECOMMENDATIONS

In this study, the structural performance of corrosion-damaged reinforced concrete beams
strengthened with externally bonded FRP and TRM systems was numerically investigated.
Thirty six 3D nonlinear FE models were developed to simulate the response of corrosion
damaged RC beams, 100 x 150 x 1200 mm each, strengthened in flexure. Eight FE models were
validated against the experimentally measured data in Soudki and Sherwood, (2000). In addition,
the parametric study used 28 additional models. The parametric study varied the reinforcement
ratio, the corrosion level and the existence of the strengthening techniques and its type. The
numerical study considered different material constitutive laws for concrete in compression
(crushing) and tension (cracking), steel yielding and isotropic material properties for the FRP and
the TRM composite systems. The results presented are in terms of the load carrying capacity,
displacement, stiffness, ductility and failure modes. Moreover, strain analysis was conducted to
link the cause and effect of the studied parameters. Finally, a comparison between the

effectiveness of FRP and TRM systems was conducted.

Based on the results and discussion presented in the previous chapter, the following

conclusions can be drawn.

5.1 Effect of Reinforcement Ratio

e The yield loads of all beams increased on average by 31% and 56% when the
reinforcement ratio increased by 2 and 3 times, respectively.
e The ultimate loads of the undamaged and damaged control beams increased on

average by 35% and 73% when the reinforcement ratio increased by 200% and 300%,
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respectively. For the FRP beams this increase was 14% and 32%, respectively while
the TRM beams had an increase of 38% and 68%, respectively.

The ductility of the unstrengthened and strengthened beams was decreased on
average by 13% and 28% with increasing reinforcement ratio to medium and high,
respectively, at all considered corrosion levels. Moreover, the ultimate displacements
of all beams having medium and high reinforcement ratios were decreased by almost
the same amount when compared to low reinforcement ratio.

The stiffness of all the unstrengthened and strengthened beams was increased on
average by 26% and 47% with increasing reinforcement ratio to medium and high,

respectively, at all corrosion levels.

5.2 Effect of Corrosion Level

The considered corrosion levels had negligible effect on the cracking load of the
studied beams.

The yield loads dropped on average by 8%, 20% and 26% for all unstrengthened and
strengthened beams with corrosion levels 5%, 10% and 15%, respectively, compared
to the uncorroded counterparts. The ultimate loads of all corroded beams were
decreased by almost the same percentage when compared to the uncorroded
counterparts.

The ultimate displacements increased on average by 3%, 6% and 11% for all beams
with corrosion levels 5%, 10% and 15%, respectively, compared to their uncorroded
counterparts. Moreover, the ductility of all corroded beams increased by almost the

same amount when compared to the uncorroded counterparts.
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The stiffness of the unstrengthened beams having different reinforcement ratios was
decreased on average by 23%, 34% and 40% with increasing corrosion level to 5%,
10% and 15%, respectively. Their strengthened beams counterpart had a decrease of

5%, 15% and 21%, respectively.

5.3 Effect of Strengthening System

The yield load was increased on average by 66%, 55% and 48% for the undamaged
and damaged strengthened beams having low, medium and high reinforcement ratio,
respectively, compared to the respective virgin beams.

The ultimate load was increased on average by 75%, 48% and 33% for the
undamaged and damaged strengthened beams having low, medium and high
reinforcement ratio, respectively, compared to the respective control beams.

Compare to the control beams, the ultimate displacements of the strengthened beams
having low, medium and high reinforcement ratios were decreased on average by
34%, 46% and 35%, respectively, at all corrosion levels. The ductility of the
strengthened beams was reduced almost by same amount when compared to the
virgin beams.

Compared to the respective control beams, the stiffness of the strengthened beams
having low, medium and high reinforcement ratios were increased on average by

50%, 39% and 46%, respectively, at all corrosion levels.

5.4 TRM versus FRP Systems

Both systems are equally effective in terms of increasing the cracking load.
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The TRM system is less effective than the FRP system by 9% for control, but up to

35% for high corrosion level in terms of increasing the yield load.

The TRM system is as effective as the FRP system at high reinforcement ratio in
terms of increasing the ultimate load carrying capacity, however, when decreasing the
reinforcement ratio, the TRM effectiveness decreased and became about 45% that of

the FRP.

With respect to the ultimate displacement, the TRM strengthened beam was slightly
lower than the FRP strengthened beam (about 7%) for uncorroded beams and 10% for

corroded beams. However, at 15% corrosion level this was increased to 14%.

The TRM strengthened beams having different reinforcement ratio showed slightly

lower (about 5%) ductility than the FRP beams at all corrosion levels.

The stiffness of both TRM and FRP strengthened beams were generally the same for
10% and 15% corrosion level with slightly higher for TRM when corrosion level was

low (0% and 5%).

Based on the above conclusion, it can be deduced that the TRM system is effective in
strengthening damaged beams at different corrosion level and with different

reinforcement ratio. It is however, slightly less effective than the FRP system.

Given the scope of this study, it is suggested that the full strength of the FRP and
TRM systems could be achieved if the unstrengthen beam have tensile steel
reinforcement ratio less than 24% and 73% of its balanced reinforcement ratio,
respectively.
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5.5 Future Research Scope

The current research work has brought a better understanding on how the structural

behaviour of reinforced concrete beams having different reinforcement ratios changed when they

are exposed to corrosion at various degrees. It also contributed to the understanding of the

viability of using externally bonded TRM system to repair corroded reinforced concrete beams.

Thus, new developments concerning the structural performance of uncorroded, corroded and

FRP/TRM strengthened beams having different reinforcement ratio were introduced. However,

further investigation and validation are required for some topics. Recommendations for future

researches are:

Experimental validation of these models which will help to develop the TRM design
guidelines.

A steel-concrete bond model can be incorporated in the FE models.

It has been identified that TRM systems can fail either by fracture of the textile fibres
or by debonding of the TRM layer from the substrate concrete. Debonding failure is a
brittle failure as well as it does not allow the full use of TRM strength. Very little
research has been reported on the TRM debonding problem. For a full understanding
of the behaviour of the TRM system, the study of the debonding failure mode can be

great interest in the future. The same interest should also be brought to FRP system.

The developed FE models can be used further to investigate the behaviour of RC
beams externally strengthened in flexure with FRP/TRM system having different

parameters such as concrete strength, steel strength and FRP/TRM properties.
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APPENDICES

APPENDIX A:  CONCRETE DAMAGE PLASTICITY MODEL

The stress-strain curve of concrete can be defined beyond the ultimate stress, into the strain-
softening branch. As shown in Fig. A.1, when the concrete specimen is unloaded from any point
on the strain softening branch of the stress-strain curves, the unloading response is observed to

be weakened: the elastic stiffness of the material appears to be damaged (or degraded).
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Figure A.1: Response of concrete to uniaxial loading in compression
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The compressive inelastic strain ( € Ocm) is defined as the total strain ( &.) minus the elastic

strain (g,.%) as follows.

€ ocin = & — el (A-l)

SOC

The uniaxial degradation variable (d.) is an increasing function of the equivalent plastic

strain (¢ Cp ). The same relationship is applicable for concrete behaviour under tension.
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Figure B.1: Concrete strain distribution along the length of the beam (x-L-0)
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Figure B.3: Concrete strain distribution along the length of the beam (x-H-0)
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Figure B.4: Concrete strain distribution along the length of the beam (x-L-5)
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Figure B.6: Concrete strain distribution along the length of the beam (x-H-5)
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Figure B.8: Concrete strain distribution along the length of the beam (x-M-10)
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Figure B.10: Concrete strain distribution along the length of the beam (x-L-15)
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Figure B.11: Concrete strain distribution along the length of the beam (x-M-15)
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APPENDIX C: STEEL STRAIN DISTRIBUTION
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Figure C.1: Steel strain distribution along the length of the beam (x-L-0)
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Figure C.2: Steel strain distribution along the length of the beam (x-M-0)
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Figure C.4: Steel strain distribution along the length of the beam (x-L-5)
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Figure C.8: Steel strain distribution along the length of the beam (x-M-10)
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Figure C.12: Steel strain distribution along the length of the beam (x-H-15)
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APPENDIX D: FRP/TRM STRAIN DISTRIBUTION
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Figure D.1: FRP/TRM strain distribution along the length of the beam (x-L-0)
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Figure D.2: FRP/TRM strain distribution along the length of the beam (x-M-0)
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Figure D.3: FRP/TRM strain distribution along the length of the beam (x-H-0)
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Figure D.4: FRP/TRM strain distribution along the length of the beam (x-L-5)

136



Strain

0.0120

4 F-MS5@5KN)  —-x— F-M-5 (80 KN) e
0.0100 | % T-M5@45KN) & T-M-5 (74 kN) A

0.0080 -

0.0060

Strain
., %

0.0040 -

0.0020

0 0000 T . T T T T T
0 100 200 300 400 500 600 700
Distance (mm)
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Figure D.6: FRP/TRM strain distribution along the length of the beam (x-H-5)
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—4—F-M-10 (45kN)  ---x---F-M-10 (78 kN)
1 —%—T-M-10 (45kN) - T-M-10 (73 kN)
0 100 200 300 400 500 600 700
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Figure D.9: FRP/TRM strain distribution along the length of the beam (x-H-10)
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Figure D.10: FRP/TRM strain distribution along the length of the beam (x-L-15)
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Figure D.11: FRP/TRM strain distribution along the length of the beam (x-M-15)
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Figure D.12: FRP/TRM strain distribution along the length of the beam (x-H-15)
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APPENDIX E: LOAD-DISPLACEMENT BEHAVIOUR FOR THE BEAMS
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Figure E.2: F-M-x over C-M-x
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APPENDIX F: EFFECT OF STRENTHENING SYSTEM ON CAPACITY

1.14
1.12 -

S Y

o o o o
—_— ) = N GO

0.98
0.96
0.94

Normalized cracking load

0 5 10 15
Corrosion level (%)

Figure F.1: The effect of strengthening system in cracking load
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Figure F.2: The effect of strengthening system in yield load
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Figure F.3: The effect of strengthening system in ultimate load
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Figure F.4: The effect of strengthening system in yield displacement
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Figure F.5: The effect of strengthening system in ultimate displacement
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Figure F.6: The effect of strengthening system in stiffness
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Figure F.7: The effect of strengthening system in ductility
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