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Abstract

This researcistudy examinethe effect of corrosion of web reinforcemésiirrups)on the shear
behaviour of slendereinforced concreteRC) beams.The experimental progransorsisted of
seventeen slendshearcritical RC beamsfive uncorroded and twelve corrodbdamsThetest
variablesincluded 1) corrosion level (0%, 7.5% and 15%); ®pe of stirrug (smooth and
deformed); 3) stirrup diameter (D6, D12 and 10M); 4) stsrgpacing (100mm and 200mm);
andb) the presence of &P repair.The corroded beanitgad their stirrupsubjected to corrosion
using an acceleradeorrosion techniquand he mass losm the stirrupsvas estimated based on
Far ad a)Ald o thd baamsvere monotonically tested to failume three pointbending The
corrosioncracksformed wereparallel to thelocations ofstirrupsas eviderce of the corrosion
damagein the corroded beam3he maximum decrease in the ultimate shear strength ranged
from 11% to 14.4% for beams withigh corrosion level 015.6% mass lossAt alow corrosion

level (4.39% mass lossjhe shearstrength of beams with smooth stirrups increagedo 35%

due to the enhancement of shear fricabthe concretecorroded stirrupterface. The stiffness

of the corroded beams was enhanced in comparisihre tmntrol beamsThe ultimate deflection

of the corrodedbeamswas decreased up to 25%comparison to the control beanihie CFRP
repair increased the shear strength by 36% @amproved the overall stiffness by 39%%
comparison to the corroded unrepaired beaftis of the unrepaired beams failed in diagonal
tension splittingwhile the CRRP repaireccorroded beams failed in diagonal tension splitting in
addition to debondingfdhe FRP or concrete cover delaminatidine actualcorrosion mass loss
results were in good correlationwi t h Faradayds | aw for t he D1:
correlation between actual and estimated mass loss was obtained for D6 smooth, stirrups
possiblydueto errors intheimpressed corrosion.



The analytical modelised themodified compression field theory (MCF1Q predictthe shear
strength of uncorroded and corroded slender RC hebmtee corroded beams, tweduction
factors were added to the MTFnodelincluding the mass loss factor atite effective web
width. Predictions bBsed on the modalevealed thathe control beams gave a vegpod
correlation withthe ratio of experimental to predictagluesthat ranged from 0.94 to 1.0@n
other hand,the ratio of experimental to predicted strengih the corroded beams ranged
betweend.06 to 1.4.The poor correlations were obtained for the beams thighD6 smooth

stirrups.

This study demonstrad¢hat corrosiorof web reinforcement can hawgaletrimenal effectonthe
shear strength and ductility of slender shad@ical RC beams. The experimental results and
analytical approachvill be very useful for practicing engineers and researchers dealing with

corrosion damage in slender RC members.
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Chapter 1: Introduction and Background

1.1 Introduction

Reirforced concrete (RC) is a composite material consisting of two primary components with
different mechanical and physical characteristics. The combination of cofwreth is strong

in compressionand steel reinforcemefwhich is strong in tensigrallows RC membeto resist

the applied loads that cause either flexural and/or shear failures. These tahuwesurin real
structures because of various factors such as design errors, corrosion damage of steel

reinforcement, or overloading on the RC mensb

Corrosion of reinforcing steel is a fundamental deterioratiechanisnthat reduces the service

life of reinforced concrete (RC) infrastructu¢ACl 222, 2001) Naturally, the alkalinity of

concrete is high and thus prote the reinforcing steel from corrosion. Howewie lack of

concrete durability leads to corrosion damage. Chloride ingress freitindechemicals in

Northern climates or sea salts in coastal areas and carbonation of the concrete lead to a reduction
inthe concreteods al kal inity and | oss of pas
reinforcement will initiate. As the corrosion progresses, its product (rust) increases in volume

and causes concrete cracking and eventually spalling of the concrete aog hence loss of
structural bond between the reinforcement and concrete. Additionally, corrosion causes a
reductionin the steel crossectional area which leads to a reduction in the load capacity of

structural members.

Due to the ductile mechanisna$ flexural failure in RC members, pfailure or precollapse

signs can be ety deduced by noting excessive vertical cracks in the mi@idigension region)



of short spans and/or by excessive deflestimn long spas. However, shear failusz on the
contrary, do not have sufficieptior warning sgns,which makes shear failure in RC members
mechanically brittle, anthosea potential cause afatastrophic collapse. The recentlapse due
to shear failure othe de la Concorde overpass in Laval, Qee 2006as shown Figure 1.1
(Gouvernement du Québe2007), raised researcléerawarenessfahe importance of shear

behaviour.
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Figurel.1 Collapgé ofde la Concorde overpass in Laval, Quebec, 2006 (Goenent du Québec,
2007)

Aging structureswhich were built over a half century agmave reached thetesignservice

lives andare experiencin@ lack of durability due to three main reasons: (1) improper of non
restricted building standards that wexgpliedat the time of constructior(2) the absence of
guality assurancguidelineson the construction process which are applicable nowadays; and (3)
the lack of regular assessment and maintenance of the structures. The American Society for Civil
Engineers (ASCE) reported that over a quarter of American bridges are structurally deficient or
aging; additionally, the annual budget is over $15 billion in rehabilitation for existing bridges
(ASCE, 2009). In 1985, Engineers Canada stated that 70% of the dgthlinfrastructure
systems or municipal infrastructure are in need of repair and that the approximate cost of repair
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is over $20 billion; although, he municipal backlog has growto over $50 billion.
Consequentlyneglectof this problem will raise theehabilitation cost up to $110 billion by 2027

as shown in Figure 1.2 (Engineers Can&@d.3). This led government agencies to forecast the
economic impacts of the deficient infrastructure and researchers to investigate the current

conditions and behawiir of the deteriorated infrastructure.
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Figurel.2 Infrastructure deficient cost {§illions) versus Time (years) (Engineers Canada,
2013)

The effed of corrosion damage on the flexural capacity Hredbond behaviour dRC beamss

widely understood. Nevertheless, the behaviour of damaged shear reinforcement inR&nder
beams is not well investigated. This study is focused on the deterioration of shear reinforcement
(stirrups) of slender beansince the loss of ductility in the stirrups caused by corrosion damage

can be detrimental itheseRC structures.



1.2 Background

1.2.1Corrosion of Reinforcing Steel in Concrete

Concrete binder (cement paste) has a high alkalinity §i3.5) which providesstrong
protection for the reinforcing steblrsfrom corrosion by forming a passive film of iron oxide
around the steel surface. The passive fimocsol | ed Abarri er | ayer o
presence of carbon or chloride ions. These ions can be itwtsthrough the capillary pores of

the concrete and through concrete surface cracks. Carbon ions affect the alkalinity of the
concrete while chloride ions depassivate the passive film of the steel Tét®arorrosion
process depends on the availabitfytwo major conditions including B high level of humidity
around the reinforcing steel to activate the electrolyte loop or stray current, 2) oxygen diffusion

to sustain the corrosion process (ACI 222, 2010).

Corrosion of reinforcing steel in concreige referred to as galvanic corrosion due to the
formation of a galvanic cell within the concretBroomfield 1997) The corrosion of steel

occurs in an aqueous medium paste and proceeds through electrochemical reactions, which are a
combination of chemidand electrical reactiong.he electrochemical reactions, similar to what
happes in a flashlight battery which has negative and positive poles, have anodic and cathodic
reactions. In the anodic site, the iron is oxidized and releases two ferrous ioglecrahs as

given in Equation 1.1. Othe other hand, in the cathodic site, the electrony (&am the anodic

site will react with water and oxygen to dissolve hydroxide ions (Broomfl€lél7) as given in

Equation 1.2.
FeY F&" + 26 (1.1)
26 +H,0 + %.Q Y 20H (1.2)



The formedferrousions (Fé") and hydroxide ions@H) will under@ further reactions to

produce corrosion rust (Equat®h.3 to 1.5)

Fe* +20H Y Fe(OH) (1.3)
4Fe(OH) + O, + 2H,0 Y 4Fe(OH) (1.4)
2Fe (OH)} Y Fe04tH,0 + 2H0 (1.5)

The volumes ofthe corrosion produstincluding iron hydroxide and oxides are greater tten
original iron (Fe). hese volumes growhen the secondary reactioae continud. Figure 13
shows the rust densities for different forms of iron hydroxides and oxides in comparisbe to

original iron(Fe) (Liu and Weyers, 1998).

FeO
Fhﬂq

Fu0,
Fe(OH);
Fe(OH);
‘Fe(OH); 3H,0

Corrosion products

LV} i 2 3 4 ] [} 7
Volume

Figurel.3 Relative volumes of iron and iron oxigl and hydroxided.iu and Weyers, 1998)

As corrosion progress the rust densities dramatically increase and create ctiagksurround
the surface area dhe reinforcing steeland lead toa reduction inthe permeabilityof the

concrete Whenthe paswe layeris broken,galvanic corrosion irthe reinforcing steel willform
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as macrocell or microcetiorrosion. In macrocell, the corrosi@mecurs where the anode far
from the cathode (Figure 4h), while microcell corrosiontakes place wkh the anodt and

cathodic surfaces fairlgdjacen{Figure 14b) (Hansoret al, 2006).

I cr or Fe=Fe*+4+2e~

: ic / l’,/ R 0 o 0 0 ocr o %
Aot A

. 3 . ++ .
lz lz (12 1/20, +H 04267 20H OT2 120, +H0+2¢'20H FespFe™ 420
a) Macrocell b) Microcell

Figurel.4 Corrosion macrocell and microcell on steel in concrete (Hansson et al., 2006)

1.2.1Shearin RC Beams

1.2.1.1ShearMechanisnsin RC Beams

The 2009 ASCEACI Committee 445 reports five mechanisms of shear transfer in RC beams
including 1) shear resistance of the top flexure reinforcement (in the uncracked concrete); 2)
interface shear transfer (aggregate interlock or crackadinict 3) dowel action of the tension
flexure reinforcement; 4) arch action, and 5) residual tensile stresses transmitted directly across
cracks for beams without web reinforcement. Additionally, for beams with web reinforcement,
the principle tensile strescan be resisted by stirrups when the diagonal cragiowing. Prior

to shear failure, the stress condition in the web of a cracked RC beam (the field between the top
and bottom of longitudinal reinforcement) is different from the predicted stres® llgatry of

linear elasticity (ASCEACI, 2009).



Inclinedshearcracksareformedwhen the tensile stress exceedstdresile strength in concrete;
these cracks usually form perpendicular to the orientation of the principle tensile stre§C
elements dojected to pure axial tension or bendirige crack will be perpendicularto the
longitudimal reinforcement because ttemsile stresssareparallelto the longitudinal axis of the
member The diagonashearcracks whichare causetly shear stress ordntial stressonditions,
are formed withan inclination to the longitudinal axisf the member(Collins and Mitchell

1991).

The failure mode in RC beams is mainly governed by the sipaato-depth ratio a/d; the beam

can be categorized as a slendedX2a/5) or deep (2.5<a/d) beam. A slender RC beam consists of
two regions: Bregion Qisturbed or Discontinuous) argtregion (Beam or Bernoulli) as shown

in Figure 15.D-r egi on behaviour is based on St. Venan
(e.g.applied load or reactions) are dissipated out within a beam height away from the point load
or reaction. In this case, the stresses and strains would be irregularly distributed in this region. B
region, on other hand, is based on Bernouli or beam thetinyr@gular distribution of stress and

strains in the beam. In a slender beam the shear span is greater than 2.5d; the shear strength will
be governed by Begionbehaviour(MacGregor and Bartlett, 20DORC slender beam without
stirrups are usually goverdeby beam action as it has a weakdgion in between two D

regions. Beam action occurs in the zoaesayfrom the supports. Furthermore, a distinct shear
resistance mechanism, in a slender member can occur due to the different stress and strain
distribution of the Bregion and Bregion. The failure mode in slender beams without stirrups
occurs following the commencement of the critical inclined @attks type of failure is called

diagonal tension splitting failure.
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Figurel.5 Overview of region locations for slender RC beam (ACI-888
In conclusion, the load transfer mechanisms in slender RC la@armomplex due to the
complexity of the shear transfer of beam action. In slender RC beam withoupsstithe
inclined cracking will be directly followed by failure of the beam which is in the form of

diagonal splitting failures
1.2.3ShearDesign in RCBeams

There is no unique way to design or analyze RC beams for shear because shear failures are
varied and depend on many parameters including applied load, sectional configuration or
properties of the RC elements. thre early19" century, theshear design of RC beams adopted

the concept of truss analogy by Ritter and Morsch. Since then, different deeelisphave been

carried out using the truss analogy. Nowadays, this truss analogy is referred to as the plastic truss
model with the compression and tension zonae represented by dashed and solid lines,
respectively (Figure 1.6)’he main assumption dlis analogous truss is that the applied shear
force (V) is transferred by diagonal compression struts from loading point to the support. The
applied shear force V is first received by the compression fan, and then the compressive forces of
the compressiofan achieve equilibrium with the tensile forces of the stirrups. With the presence

of stirrups, the direction of the applied shear force V is reversed and the force is transferred into

the compression field. It can be seen in Figure 1.6 that the congoressis occur in the



concentrated loadndend supportegions These areas are within theneof the D-region and
shearcompression failures may occur as a result of the stress concentRatrdmermore in
between the compression fans there is a cosspe field consisting of parallel diagonal struts.
(MacGregor and Bartlett, 200@nd Kuo et al, 2010 The shear resistance is calculated by

satisfying the equilibrium and compatibility conditions of this plastic truss.

Compres -'!!Il:_'lﬂ [ -;u:'u]'nn. EE ]

SR -:%:EWE‘J%

———

W - -:1mp| CAS100n Compression ' v

Fan Fan

Figurel.6 Shear transfer mechanism of slender bésuo et al, 2010)

1.2.4Modified Compression Field Theory

The Modified compression field theory (MCFT) is based on the compression field theory (CFT).

CFT was originally derived by Cotis (1973) in order to determine the inclination angle of the
concrete struts in plates subjected to shear. This angle can be approximately identified as the
angle of average compression stress and strai
Collins modified the CFT by adding the contribution of the principle tensile strain in the concrete
between the cracks and renamed the theory as MCFT. The MCFT accounts for the tensile
stresses in the concrete between cracks and the concrete shear contribaggumed to be

carried by these tensile stresses in the concrete. The MCFT theory is applicable to slender beams

as it is based on sectional analysis and arch action is neglected in this theoGarEuan

Highway BridgeDesignCode (CAN/CSAS6-06) and ©ncrete Design Code€CGA A-23.304)



have adopted the MCFT for shear design or analysis of reinforced concrete members {Eqgs. 1.1
1.5). Two approaches are given in the codes: (1) simplified method by assuming constant factors
forf and d (crack inclinat jand\;oa(@)géeneralized methddeby e r mi r
calculatingf and d as shown in Equations 1.4 and 1.

based on the MCFT using the following equations:

0w 0 W Equationl.1

Where V: total shear resistanceg\shear resistance of ste®l: shear resistance obncrete

6 nly/EAA Equation 1.2
6 —F—— Equaton 1.3
[ . 8 Equation 1.4
] QwyTmRTM Equation 1.5
X — Equation 1.6
Where:n = resistance factor for the concrete, = resisance factor for the steedy= concr et e

densi ty facteratcounting fdr shear resistance of crackedcrete f 06 cconsrete
compressive strengtl, = the web width d, = effective shear deptfequal or greater of two
values 0.72h 00.9d),d : clcimclnation angleX : the longitudinal strairof flexural tension
chord, M; = factoredbendingmoment,V¢ = factoredshear resistanc&s = modulus of elasticity

of stee] As = area of flexural reinforcement
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For sections having at least minimum aheeinforcement, the factor shall be taken equal to

300. Otherwisei, shallbe computed using equation 1.7.

O — ™o Equation 1.7

The crack spacing parametershall be taken athe least of eitheA or the maximum vertical
distance between layers of distribd longitudinal reinforcementEach layer of such
reinforcement shall havan area at least equal td03 .i . Factor® is the maximum size

of the coarse aggregate.
1.2.5Fibre Reinforced Polymers

In the last few decades, the use of externally bondeeriéinforced polymer (FRP) systems has
widely emerged as a strengthening or réiagon technique for RC members. FRPs are
available as stiff plates or flexible sheets (ISIS, 2008). FRPs have superior mechanical (with high
tensile strength to weight ratio) and chemical properties-¢oorosive). FRPs are lightweight

and easy to applin the field. FRPs are made of continuous fibers (carbon, glass, or aramid)
embedded in a polymeric matrix such as epoxy resin to form the composite (Khalifa 1998, ACI
440.210). The fiber gives the composite its strength with carbon fibers possessimhigttest
strength and stiffness among used fibers. The epoxy resin binder plays the main role in bonding
the FRP sheets and in transferring the applied stress from the RC members to the fibers. The
epoxy can prevent the structural elements from abrasiochemical attacks (e.g. sulfate or
chloride ions). Tablel.1 gives a comparison of mechanical properties of different FRPs in

comparison to steel.
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Tablel.1 Typical properties of materia(¢SIS, 2008)

Matsrial Mass Tensile | Modulus of | Elongation | Maximum Long-Term

Density | Strength Blasticity at Falure Temperature Use
[kgim) [MPa) [GPa) (e} fc)

E-Glass Fiores 2590 3450 T2 486 200

S-Glass Fiores 2540 4300 B7 5.0 200

PAM-type Carbon Fibres 1790 3650 230 14 400

Pitch-based Carbon 2040 2400 380 05 1000

Fibres

Aramid Fibres 1480 3620 130 28 200

Polyester Matrix 1220 50 -85 an 2-3 120

Vinylester Matrix 1170 70 - 80 35 4-8 140

Epoxy Matrix 1100 — 50 -30 < 11] 2.8 120 - 200

1450

Steel Rebars 8000 500 200 20 300

Portiand Cement 2450 2-5 20 -40 = .05 100 - 200

Concrete 20 — 80 MPa (70 during the cure)

Portland Cement 2140 5 25-30 < 0.05 100

Concrete with Polymer

&0 MPa

1.3 Literature Review

1.3.1Effect of Corrosion on Bond Strength of RC elements

The effect of corrosiolamage on the bond strength of reinforced concrete elements are well
investigated by many researchers. The previous works concluded that thestbemgth
increased initially with low corrosion levels prity the initiation of concretsurface cracking

and then as corrosion progressed further the bond strength decreased significeBulai(Aani

et al., 1990; Almusallam et al., 1996; Sherwood &udki 2003; Fang, 2004; Craig, 2005).

Fang et al. (2004) also reported that the deformed steel bars hdd eeditction in the bond
strength at 9% mass loss, while in smooth steel bars, as the corrosion level reached 6.8% mass

loss the bond strength ireased up to 27% as shown in Figur&al (Fang et al. 2004).
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Figurel.7 Loadslip plot for corroded and voorroded smooth and deformed steel bars (Fang et
al., 2004)

1.3.2Effect of Corrosion on Flexural Capacity of RC elements

The flexural behaviour of corroded RC beams has been investigated by many reseatehers (
Sulaimani et al., 1990QAImusallam et al., 1996Mangat and Elgarf, 199%herwood, 2000,
Masoud, 2002, Badawi, 2003, EIMada 2004. For example, it was reported that low corrosion
level loss upto 1.5% did not affect the flexural strength of RC membersSélaimani et al.,

1990). As the corrosion level increased to 5% and 25%, the flexural strength was reduced by
25% and 60%, respéetly (Almusallam et al., 1996). Another study also showed that 10% mass
loss reduced the flexural strength by 75% (Mangat and Elgarf, 1999). Therefore, the main
conclusion from previous work was that pitting corrosion plays the main role in reducing the

flexural strength of a corroded RC member.
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1.3.3Effect of Corrosion of Shear Reinforcementon Shear Behaviour of RC members

A limited number of research work was reported in the literature about corrosion of stirrups in

reinforced concrete. The resulfstibese studies are discussed below.

A study was conducted by Rodriguez et. al. (1997) on the effects of corrosion of the flexural and
shear reinforcement on the load capacity of the reinforced concrete beams. The beam geometry
was 150 mm wide by 200 mmighat by 2300 mm long. The tension steel reinforcements were

two or four deformed bars of 10 mm and 12 mm diameter, respectively. The compression
reinforcements were two dour 8 mm diametedeformed bars. The shear reinforcement was 6

mm diameter deformelolars and spaced at 85 mm, 150 mm, or 170 mm. The research parameters
were the ratio of the tension reinforcement, the compression reinforcement, the stirrups spacing,
the anchorage availability, and the corrosttamaged steel reinforcements such as fedxor

both flexural and shear. The specimens were slender RC beams with shear span to height ratio of
4. The beams were tested in four point bendifilge results oktudy showed that there was a

65% reduction in shear strength caused by high pitting siomowith 20% and 90% attack
penetration for flexural and shear reinforcements, respectively. Therefore, the researchers

concluded that pitting corrosion on stirrups influenced the drop of ultimate strength.

Regan et al. (2004) artificially investigatec tbffect of corrosion damage on stirrups in deep and
slender RC beams. This study simulated the correg@mnage of the stirrups and the spalling of

the concrete cover. Figure 1.8 shows a schemattbeo$lender RC beam cross section. The
damage of the ehanchorage of the stirrups was simulated by replacing the closed stirrups by
straight vertical bars, except in one specimen where U shaped stirrups were used. The simulation

of spalling of the concrete cover was done by exposing the concrete cover bhelonain

14



flexural reinforcement during casting of the beams. 14 beams were tested: 10 beams were 400
mm deep, 150 mm wide, and 3000n long; and 4 beams were 200 mm deep, 150 mm wide,
and 2000 mm long. The specimens were simply suppatetthe load wagalied atmid span.

The ratios of the shear span to effective depth varied from 3.5 to 3.66. The main flexural
reinforcement was-20 mm or 425 mm diameter deformed bars; the compression reinforcement
consisted of 4 deformed bars of 20 mm or 25 mm diam&tee shear reinforcement was plain

bars: 6 mm diameter bars placed at 75 mm or 150 mm c/c; and 8 mm diameter bars located at
150 mm. The researchers concluded that deficient end anchorage stirrups still resist shear
strength in RC beams. The deceemsshear strength ranged from 14% to 33% corresponding to

65% to 75% of the deficient erahchorage stirrups, respectively.

150 [

)

2T25

37

R&
c/c150

340

4T25 | 8. - L
T

Beams 7, 8

Figurel.8 Beam cross section showing stirrups configuration (Regan et al. 2004)

Toongoenthong and Maekawa (2005) artificially studied the effect of the shear reinforcement
fracture on the shear capacity of slender RC beams. The RC beams were 350 mm deep by 250
mm wide by 3000 mm long, and the shear span to depth ratio was 3.2. Trhdlexaral
reinforcement consisted of¥® mm diameter bars in both the compression and tension zone.

The shear reinforcements were 6 mm diameter deformed bars inverted U shaped stirrups located
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at 100 mm c/c that enclosed the top portion and were ogle abttom portion of the beam as
indicated in Figure 1.9. The fracture of the shear reinforcement replicated the damage due to
corrosion or alkalaggregate reaction of concrete. The bond near the edges of the stirrup legs
was removed by using a 50 mmiggtof vinyl tape The authors reported that the capacity of the
damaged shear reinforcement was decreased by 37% compareddanmeaged stirrups. It was

also observed that insufficient anchorage led to initiation of longitudinal cracks along the
flexural reinforcement and then a diagonal crack propagated. The authors concludedttedt the

or truss mechanisms could not be used to model the response because the damageestirrups
functionally no able to carry the loads. This fact was correlated biathehat the stirrupslid

not yield.

non-cdamaged beam
—»<— stirrup-cutoff beam without unbonded

400

NI TT
350
N 37%

300
250
200
150
100

50

Load (kN)

o 3 s =] 12 15 18
Mid span displacement (mm)

Figurel.9 Load-displacement plot (Toongoenthong and Maekawa, 2005)

Higgins and Farrow (2006) studied the shear behaviour of damaged shear reinforcement of deep
beams. A total of 14 beams were tested with two different configurationssektion and 3
inverted Fbeams which were 6h@m deep with a flange 610 mm wide by 102 mm deep, and a

web width of 254 mm; and 8 rectangular beams (610 height by 254 mm widdptahkength
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and clear span of these specimens were 3050 mm and 2440 mm, respectively. The beam
configurations are shown in Figure 1.10. The variables of this study were: the level of corrosion
(nore (A), light (B), moderate (C), and severe (D)) and vagistirrups spacing at 203 mm, 254

mm, and 305 mm. The specimens were tested in four point bending with a span shear to depth
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Figurel.10 Beams and span configurations (Higgins and Farrow, 2006)

The authors found that sheasmpression failure occurred when the corrosion lesalight or

zerg however, shear reinforcement fracture happened when the level of com@sioroderate

and sevee. It wasobserved that theigheststrength reductionfor the rectangular, nemverted

T, and inverted Tbeamswere 30%, 26%, and 42% respectiveigure 1.11 shows the load
deflection behavior of rectangular RC beamim the following order (10RA0 corrosion
damage, 10RHEight corrosion damage, 10R@odaate corrosion damage, 10Rd@vere
corrosion damage)lhe authors concluded that the inspection of corrosion damate imgh

shear regions should focus on identification of sequential stirrups because the corrosion of the

stirrups produced nonuniformaen loss along the length of the stirrups.
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Figurel.11 Loaddisplacement behaviour in rectangular beams (Higgins and Farraw, 2006)

Suffern (2008) carried out an experimental work that investigatedstiear behaviour of
reinforced concrete deep beams with corroded stirrups. A total of 15 rectangular beams were
tested. The beams we380 mmdeepby 125 mmwide by 1850 mm long. These specimens were
simply supported over a clear span of 1.5 m. The tanaimd compression reinforcement
consisted of 25M bars and -A0M bars, respectively. The stirrups were 10M deformed bars
spa@d at 150 mm. The test variables includib@ shear span to depth ratio (1.0, 1.5, and 2.0),
stirrups availability (without stiups and with stirrups) and corrosion levels (control, low,
medium,high). After the accelerated corrosion reached the tangests lossthe specimens were
tested in thregoint bending wittthe differentshear span to depth ratia/d) (1.0, 1.5 and 2.0).
Figure 1.12 shows the comparisortlod load-deflection response for corroded specimens versus
the control and corrodedepaired beam with a/d=the author concluded that teewas a
reduction of the shear capacityaditlevels of corrosion: M corrosia levelhad a26%reduction

in shear capacityfor medium corrosion levelthe reduction in sheavas 18%53%; for high
corrosion levelthe reduction was 41%. Tlaithor found thathe corroded specimens with the

lowest shear spatwo-depth ratio experiemd the highest reduction in ultimate shear strength.
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Figurel.12 Load-displacement behaviour in rectangular beams (Suffern 2008)

1.3.4Effect of FRP on the Corroded RCM embers

FRP repair of corrodeldeams exhibited an enhancement of the flexural and bond performance of
RC beams in terms of stiffness and strength (Masoud, 2002; Craig, 2002; EI Maaddawy, 2004;
Badawi, 2007). The effect of FRP repair on corroded web reinforcements of deep beams
exhibitedan increase in shear strength and stiffness up to 16% in comparison terépaived

corroded beam (Suffern, 2008). There is no study found in the literature on the effect of FRP

repairof slender Reams with corroded stirrups.

1.4 The Problem Statement

The literature reviewhasrevealed that while the effects of corrosion on the flexure and bond
behaviour of RC beams are reasonably well understood, there are limited studies on the effects of
stirrup corrosion on the shear behaviour of RC beams. Prewiotkssimulated the corrosien
damage in shear reinforcement by reducing the stirrup diameter, removing the stirrup anchorage

(using open shaped stirrups with only two vertical legs), debonding the stirrups (with vinyl tape),
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or corroding stirrups in deep &®s. The effects of corrosion d¢ime web reinforcement in RC
slendeRC beams have not been extensively studied. According to the author's revievhahere
beenno study on the effect of corrosion damagetloa shear reinforcement in slender RC

beams.

1.5ResearchObijectives

Themainobjective of this investigatiors to study the effects of corrosion of web reinforcement

(stirrups) on the shear behaviour of sled@€beams. The specific objectivasethe following

1. Evaluatethee f f i ci e n c ylawtd estimate eodasigndos stirrups in an accelerated

corrosion technique.

2. Study the effect of corrosion on smooth versus deformed bar stirrups.

3. Study the effects of bar size (D6, D12, and 1,0djrosion level (low 7.5%, high 15%) and

stirrups spacing on the shear strength of RC beams with corroded stirrups.

4. Assess the feasibility of carbon fibre reinforcement polyn@¥fRP repair to efficiently

restore the shear resistance of RC beams with corrafaomaged stirrups.

5. Develop a modeo quantify the shear strengthgiénder RC beams wittorroded stirrups.
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Chapter 2: Experimental Program

2.1 General

This chapter presents the details of the experimental progvhith wasdesigned to investigate
the effect of corrosion damaged web reinforcemstitrps) on the shear behaviour of slender
RC beams. The following sections describe the test program, specimen design, the accelerated

corrosion setup and load testget

2.2 TestProgram

The program consisted of testing a total of seventeen slender R 280 mm wide by 350

height by 2200 mm long). The beams were categorized based on three variables: stirrup type
(none, 10Mdeformed bars, D8mooth bars, D&mooth bars), corrosion rate (0%, 7.5%, and
15%), stirrup spacing (206hm or 100 mm), and repaavailability (unrepaired and CFRP
repaired). The test matrix is presented in Table 2.1. The beams were divided into five groups
(A, B, C, D and E) based on stirrup diameter and spacing. Groups A, B, and C had their web
reinforcement as 10Meformed reblrs, D12smooth bars, and B&mooth bars, respectively
spaced at 200 mm c/c. Group D had web reinforcement efnifbth bars with a tight spacing

of 100mm c/c. Groups A, B, C and D contained four beams with different levels of corrosion in
the stirrups rfone 0%, moderate 7.5% mass loss, and severe 15% mass loss with or without

CFRP repair). Group E consisted of one beam without web reinforcement.
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Table2.1 Testmatrix

Group | Stirrups Sgir:p Area Spgging Corrosion Level Assessment
No. ID () (mnf) | mmy | None (0%) Low (7.5%) High (15%)
A 1oM 113 100 10M-0%-UR 10M-7.5%UR 10M-15%-UR
- - 10M-15%R
B D12 127 123 200 D12-0%-UR D12-7.5%UR D12-15%UR
(0.7d) - - D12-15%R
D6-0%-UR D6-7.5%UR D6-15%UR
¢ Pe 6.35 08 - - D6-15%R
100 | D6-0%UR-100 | D6-7.5%UR-100 | D6-15%UR-100
° o0 (0.35d) - - D6-15%R-100
E - without stirrups 0-0%-UR - -

Note: 10M: 10 mm deformed rebars; D12: 12.7mm smooth bars; D6:6.35mm smooth Rats)répaired, R:
CFRP repaired beam designation: (stirrups tipeel of corrosionpresence of repair)Group D beams have an

additional suffixi 100 denoting 100 mm stirrup spacing.

2.3Beam Design

The beams were designed to fail in shegaording to lhe Canadian Building Code CSA A23.3

1994. All the beams were reinforced in the flexure and shear as shown in Figures 2.1 and 2.2, for
the control and corroded beams, respectiv@liye tension reinforcement and compression
reinforcement werepoxy coatedas to avoid corrosion in the longitudinal reinforcemdrite

tension reinforcement consisteti2-30M (bottom layer) and-25M (top layer) reinforcing bars.

The compression zone was reinforced witB0® epoxy coated reinforcing bars. Compression
steel remforcement was used to avoid concrete crushing in the compression zone. The web
reinforcement was closed stirrups and consisted of 108&formed rebars and D12 or D6

smooth bargnot coated)The clear concrete cover was®m. The beam crossection is Bown
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in Figure 2.1aThe geometry and details of the control beam layout was identical with stirrups
spacing at 200 mm c/c for groups A, B, and C as shown in Figure 2.1b. Group D had a tight

stirrups spacing of 100 mm c/c as shown in Figure 2.1c. GrougsBmthout web reinforcement

as shown in Figure 2.1d.
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Figure2.1 Control beam geometry and reinforcement details
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Figure2.1 Control beam geometry and reinforcement defadstinued)

The corroded beams (for grasy, B, C, and D) contained two types of concrete: saltettrete
(in thecorroded shear span) and-saitedconcretg(in thenoncorroded shear span) as shown in
Figure 2.2. A Ushapd stainless steel tube (6.35m outside diameter, and 0.71mm wall
thickness) was embedded between the stirrups in the corrodedbzacteas internal cathode in

the corrosion proceg§igure 2.2).
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6.35mm stainless steel tube
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Figure2.2 Corroded beam geometry arginforcement details
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2.4 Materials Properties

2.4.1Steel Reinforcement

The steel reinforcement for the tension and compression zoreGvEEI0 epoxy coated rebars
with yield stress of 480 MPhased on mill testsThe 10M deformed stirrups were G400 with
nominal yield stress of 400 MPa. The D12 and D6 smooth stirrups Imadnenalyield stress of

380 MPa.

2.4.2Concrete

The concrete was batched and delivered by a local ie&dyompany. The concrete mixture

had Type 10 Portland cement and the maximum c@geegate size was 10 mm. The concrete

was batched in the plant at wW®.45, then salted and unsalted water were added on site to bring
w/c = 0.55. Pure salt was mixed with water to give 2.3% chlorides by mass of cement. Two
trucks delivered the conceetthe salted and esalted water were poured into both trucks to get

the salted and unsalted concrete. The mix design and the fresh properties of the concrete are

presented in Table 2.2.

Table2.2 Concrete mix design

Constituent (kg/r) Concrete # {Un-salted) | Concrete # ZSalted)

Sand 825 825
Aggregate 10mm 1100 1100
Initial Water 160 160

Water added (on the site 36 36
Type 10 Portland Cement 357 357
Admixture 714 714

Salt (NaCl) 0 8.2
Slump (mm) 200 190
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2.5 BeamsConstruction

The beams were cast in wooden formwaskshown in Figure 2.3'he formwork consisted of

three sets; each set had the capacity to cast four beams (200 mm wide x 350 height x 2200 mm)
long as shown in Figer 2.3a.The steel reinforcement of the beams were caged and built as
shown in Figure 2.3b. The formworlas oiled to ease the stripping of the beams. The steel
cages were then placed carefully on top of the plastic chairs (to maantainstant concrete

cover of 25 mm). The beams after casting are shown in Figure 2.3c.

{ & VA
i |
N

p | z
| B
i/

oo

c) One set of four beams after castir

Figure2.3 Beams fabrication
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2.6 Accelerated Corrosion of the Stirrups

The corrosion damage in the stirrups was accelerated in twelve RG.bEaentargeted mass
losesweretheoretically calculated s i n g F a rtardaahytWoslevdl od eorrosion (7.5%

and 15%). @mple calculatiosito getthe required time fothe accelerated corrosion proces®

provided in Appendix AThe accelerated goosion was conducted by impressing a constant
current into the RC beams using an external direct current (DC) power supply. The positive
terminal of the power supply was connected to the stirrups to actaasde using an electrical

wire. A U-shape stailesstube (6.5 mm diameter and 0.71mm wall thickness) was embedded
inside the concrete in the beams acting as an internal cathode. The RC beams were placed in a
corrosion chambethat provided a mist of pressurized air / wati@rmaintain highrelative

humidity. The internaktirrupsandstainless sted¢libes in a beam were connected in series. The

current density was kept constait2 5 0 SZM 25micreAmpares/ surface are&r all
beams. This corresponds to an applied cutvesed on the surface amahe stirrupf43¢ A,
77 ¢ A 6a Aa D6E310M, and D12 closed stirrups, respectively. A schematic drawing of
the acceleatedcorrosion process is shown in Figurd®.The beams were stacked on the steel

rackinside the corrosion chambas shown in Figure 2b, ¢

Power supply

Sub jected stirrups
a) Schematic drawing of impressing corrosion process in stirrups

Figure2.4 Corrosion process and set up
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b) Typical beams layout on the rac c) Beans covered with plastic sheet to maintain
high humidity

Figure 2.4Corrosion process and set (gontinued)

2.7 Carbon Fibre Reinforcement Polymer (0-RP) repair

One beam from groups A, B, C and D that was corrodedhigh corrosion level (15% mass

loss) was loaded up to 80% of its ultimate (based on thepaired corrodedompanion beam).

Then, the beams were repaired in shear witwrbbbped CFRP sheets in antermittent
configuration as shown in Figure 2.5. The FRP repair procedure included five major steps: First,
grinding of the beam corners to an approximate radiohm based on the Canadigndge

Design @Wde CAN/CSA-S6-06) this was done to avoid stress concentration when appiyang

FRP Uwrap; Second, sandblasting the surface area where the CFRP sheets were applied to get a
rough surface ensuring that the eptwonded CFRP sheets have a strong bond with the concrete
surface. Third, the beams were cleaned with compressed air to ensure no dustvasiuthe
concrete surface from the sandblasting and then they were washed with water. Fourth, the CFRP
sheet vas applied as Wraps onto the beam cressction The CFRP sheet used was Sikawrap

230C and the epoxy resin used was Sikadur 330. The epoxy resin was produced by mixing two
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components A and B based on the manulyfsgtead ur er 6
on the concrete surfage a thin layer by a plastic spatula. The CFRP sheet was then attached

onto the epoxied concrete surface; then, a steel laminating roller was rolled over the CFRP sheet

to ensure the CFRP sheet was impregnated by egsky and to remove air bubbles. Finally, a

thin epoxy layer was applied onto the CFRP sheet. The repaired beams were left to cure for 7
days at room temperature according to the mar

beamdeforeand after aplying the CFRP repair.

—=—Critical Section—=

+ - —=1100 —-J65L 114?
1800 mm

Figure2.5 CFRP repair configuration

Beam after repair

FRL

gL

Critical shear span

Figure2.6 Photo of repaired beams before and after applying CFRP sheets
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2.8 Instrumentation

Strain gauges were placed at critical locations on the concrete compression surface (at mid span)
and the steel reinforcement (flexure and transverse) to measure the strain behaviour with applied
load. In the compression zone, 60 mm long strairggawvere attached onto the top fibretod

concrete surface as shown in Figure 2.7. In the flexure zone, 5 mm long strain gauges were
attached onto the steel rebars at the middle of the bottom layer of thalffletaforcement as

shown in Figure 2.7. Tdhuncorroded beams had strain gauges on the transverse reinforcement
(Figure2.7)The strain gauges were 5 mm | ong and had
were placed according to the following procedure: first, the steel surface was ground to have a
smooth surface to adhere the gauges; second, thebatemlrface was cleadewith alcoholic
isopropylene and neutralized with a conditioner; third, glue was place on the steel surface and

then the gauges were mounted onto the rebar.

Concrete strain_guage %Critical Section——=

hﬁh/)L

a) Full span overview of group, B, C

Figure2.7 Locations of strain gauges on stemhforcement and concrete surface
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b) Full span overview of group D

Figure 27 Locations of strain gauges on steehfercement and concrete surfgcentinued)

30 mm long strain gauges were mounted along the height of CFRP sheets; each sheet had three
strain gauges as follav level A 60 mm from the bottom, level-B75mm from the bottom,

level G60mm from the top ( Figure 2.8).

l S4 S3 S S1
7 g
115 mm
e I —-—B
ITIT1 115 mm
T T e A
1800 mm 9)

Figure2.8 Locations of strain gauges on the CFRP sheets
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The mid span deflection of the beamsswaeasured using linear variable differential transducers
(LVDTSs), with a range of 25 mm.Three LVDTs were also attached onb@ concrete surface
in the critical shear zone (thin the middle shear span) to measure the principle strains as

f ol |l giwser { LiTemdion didgonal 45 ,.- Bompression Diagonal 45Figure 2.9 shows

the LVDTs mounted on the beam.

ﬁCriticoI Sectiorr%

| - \.
AR N

E 300 J 1 o
600

Figure2.9 LVDTs locations

2.9Test Set up

The beams were tested in three point bending using a dimsedhydraulic MTS actuator with a

550 KN capacity actuator mounted in a Uniroyal test frame. The beams were simply supported
over a clear span of 1800 mm. The applieading was through one concentrated point load at
mid-span with roller and hinge supports as shown in Figure 2.10. The load was transferred from

the actuator to the beam through a steel plate (100mm wide by 200mm long). Due to-the non
uniformity of theconcrete surface, hydisione was applied under the steel plate and carefully

l evel ed with & oflkwnslre Itdewalysoh theecensretd surkacesThee r r e d
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loading rate was 0.25 mm/sec. During the test, the observed cracking pateensnapped
along the beam and the instrumentation (load cell, strain gauges, LVDTs) were measured and
recorded by an SCXI National instrument data acquisition system. Photographs of the failure

modes were taken at the completion of the testing. Eaclotésithour to complete.

ap_

-

~ = = Actuator

Figure2.10 Test set up

2.10Mass loss analysis procedure

The stirrups in the beams that were subjected to corrosion were carefully extracted following the
load testing stage; each clds&tirrup consisted of two legs and each leg was cut into a 200 mm
long coupon as shown in Figugll A total of 96 coupons were extracted and cleaned in
accordance witlhe standard cleaning process in ASTM-@1(2001). Urcorroded coupons

that were etracted from the control beams were used as baseline coumnsiumbering of

stirrups for all the groups is shown in Figure 2.,1db
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Loacations of
g 7extrocted coupons

a) Stirrups cross section

| &4 &3 &2 &y <58 57 56 &5 §4) 53 52 &1
= Corroded stirrups ; ‘ i ;
P ~ Corroded stirrups

b) Numbering of stirrups for beams in group A, B and c¢) Numbering of stirrups for beams in group D

Figure2.11 Schematic drawing of stirrups numbering and extracteghons dimensions

Figure 2.12 shows the exposed corroded stirrups edtefullyremoving the concrete cover with

electrical jackhammepo avoid damaging the stirrups.

Figure2.12 Stirrups after removingoncrete cover
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Chapter 3: Experimental Results

3.1 Introduction

This chapter presents the test results of seventeenaftea RC beams with corroded web
reinforcement. The test variables included; the level of corrosion (0%, 7.5%, 15%), type of
stirrups (smooth odeformed), spacing and area of stirrups (L0M@ mm, D12@ 200 mm,

D6 @200 mm, D6@ 100 mm) and repair availability (enepaired, CFRP repa&d). The beams

were dividednto five groups. Four groups (A, B, C, and D) had four beams (control, corroded to
7.5%, corroded to 15%, corroded to 15% and then CFRP repairethedifth group E had one

beam without web reinforcement. Groups A,aBd C had their web reinforcement as 10M
deformed bars, DX8mooth bars and Démooth bars, respectivelgpaced at 200nm c/c.

Group D had the web reinforcement as-&6ooth bars with a tight spacing of 1®@®n c/c. The

beam in group E was cast without web reinforcement to determine the concrete shear strength
contribution (\M). The beams were tested to failure under tip@ats bending. Prior to testing,
corrosion crack patterns and widths were recorded and mapped. The corroded stirrups were
extracted following the load testing to determine the actual mass loss in the stirrups. The

following sections will present the cosion results and load test resultshaf different groups.

3.2 Corrosion results

At the end of corrosion phase, corroswackpatterns werenappedand corrosion crack widths
were measured using a craomparatowith 0.15 mm accuracy. The mass s the steel
stirrups weremeasured after load testiribable 31 gives a summary for the corrosion results of
each stirrup in termsf the average actual mass lpssxd diameter reductioandthe range of

corrosion crack widths.
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3.2.1Corrosion cracks

All the coroded beams had similar corrosion crack patterns on the concrete shdbteeere

formed due to the expansive pressure of corrosion products from the coxdasiaged stirrups

as shown in Figure 3.IThe cracks were mainly alignesith the stirrup locatins. At high
corrosion level, some cracks were also aligned with the bottom face of thesectiss.
Schematic drawings of typical crack patterns of the bottom and side faces in the corroded beams
at low and high corrosion levels are shown in Figurer&@shectively. The crack patterns for the
remaining beams are presented in Appendix B. Table 3.1 shows that the maximum crack widths
in group A (10M @200 mmc/c) were 0.9 mm and 2.5 mm at 7.5% and 15% theoretical mass
loss, respectively. In group B (D12@2fhmc/c), the maximum crack widths were 0.7mm and
1.5mm at 7.5% and 15% theoretical mass loss, respectively. Group @ @06 mmc/c) and D
(D6@100 mmc/c) had maximum crack widths of 0.1 and 0.3mm for 7.5% and 15% theoretical
mass loss, respectively.iff evident that corrosion crack widths were significantly reduced for

the smaller diameter stirrups possibly because of the lower mass losses achieved for these

specimens during the corrosion phase.

Figure3.1 Bottom view of corroded shear span (1:0%% R)
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Table3.1 Summary of corrosion reks

Mass loss, %

Crossing Stirrups
Stirrups . Range of
Group| BeamID No_p inclined _ diameter concrete
crack | Theoretical| Actual | requction, mm| surface cracK

width (mm)
S1 NO 9.2% 05

10M-7.5% S2 YES — 7.1% 0.4 0.1-0.9
UR S3 YES 9.1% 0.5
sS4 YES 14.1% 0.8
S1 YED 23.6% 14

10M-15%- S2 YES 12.7% 0.7 0525
UR S3 YES 12.4% 0.7

15%

S4 YES 13.8% 0.8
S1 NO 24.8% 15

10M-15%R 25 zg: iig;ﬂ’ 8-2 0.7-2.2
A 0 . 0 .
sS4 NO 15% 14 % 0.8
S1 YES 8.7% 0.6

D127.5% | S2 YES 75% | (4% 0.5 0.20.7
UR S3 YES 8.6% 0.6
S4 YES 7.2% 05
S1 NO 23.1% 16

B | D1215%UR |52 YES 11.4% 0.7 0.1-15
S3 YES ) 17.6% 12
sS4 YES 15% 7.8% 05
S1 NO 27.0% 18

D12-15%R 22 igz iégz//" 2-? 0.21.3
0 . 0 .
S4 NO 15% 9.1% 0.6
S1 NO 1.1% 0.0

D6-7.5%UR |2 YES 75% | 0.8% 0.0 <0.1

S3 YES 1.5% 0.0
sS4 YES 1.3% 0.0
. S1 NO 3.3% 0.1

D6-15%UR | S2 YES 3.0% 0.1 0.1-0.25
S3 YES 1500 3.2% 0.1
sS4 YES 0 5.1% 0.2
S1 NO 3.8% 0.1

D6-15%R s2 YES 3.5% 0.1 0.1-0.25
s3 YES 3.8% 0.1
S4 NO 15% 5.9% 0.2
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Table 3.1 Summary of corrosion results (continued)

Mass loss, %
) Crossing Range of
Group Beam ID St,'\:r'”'ps inclined Mas§ concrete
0. . loss, % surface
crack Theaetical Actual .
crack width

(mm)
S1 NO 1.0% 0.0
S2 NO 0.3% 0.0
S3 YES 0.4% 0.0

D6-7.55%UR- S4 YES 0.6% 0.0 <0.1
100 S5 YES 7.5% 1.0% 0.0
S6 YES 0.8% 0.0
S7 NO 2.6% 0.1
S8 NO 1.0% 0.0
S1 NO 6.8% 0.2
S2 NO 0.7% 0.0
S3 YES 3.1% 0.1

D D6—li38/gUR- S4 YES 2.5% 0.1 0.1-0.2
S5 YES 15% 3.0% 0.1
S6 YES 2.7% 0.1
S7 YES 2.7% 0.1
S8 NO 1.8% 0.1
S1 NO 7% 0.3
S2 NO 3.1% 0.1
S3 YES 6.3% 0.2

D6-15%R-100 | 5% YES 4.6% 0.2 0.1-0.3
S5 YES 15% 4.9% 0.2
S6 YES 3.0% 0.1
S7 YES 2.6% 0.1
S8 YES 2.5% 0.1

3.2.2Massloss results

The stirrups in the beams that were subjected to corrosion were carefully extracted following the
load esting stage; each closed stirrup consisted of two legs and each leg was cut into a 200 mm
long coupon. A total of 96 coupons were extracted and cleaned in accordanteevathndard

cleaning process in ASTM G49 (2001). Urcorroded coupons that weretected from the
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control beams were used as baseline coupons. The mass losses of the corroded coupons were
calculated based on the variation of their weight versus the control coupons as shown in
Equation 3.1 The reductions in the diameter of the stirrwese calculated by subtracting the
nominal diameter of the uncorroded coupons with the diameter of the corroded coupons as
shown Equatiors 3.2 through 3.4 Sample photos of coupons extracted from uncorroded and

corroded stirrups are shown in Figure.3.3

Mass loss (%) = Equation 3.1
Areareduction @ (mn7) = Auncorroded Acorroded Equation 32
Acorroded= (1- % mass 10SS) * Ancorroded Equation 33
Diameter reductiopeal (mm) =dyncorroded- Ocorroded Equation 34

Where:Auncorrode= Crosssectional area of uncorroded couposrfies= Crosssectional area of
uncorroded coupon Crosegctional area of corroded coupOcoroded = bar diameter of

uncorroded coupofl..rogeq= bar diameter of cooded coupon

0%

7.5%

: Wi > \ 5
Nl s o £i304 ' % ?

15%

Figure3.3 Photos of coupons of 10M and D12 ordered by corrosion level (0%, 7.5%, and 15%)
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Figure 3.4a,b,c show the mass loss results for all coupons of different strampsters (D6,

D12 and10M) at two corrosion levels (7.5% and 15%). It can be observed from the figures that
for lower mass losses, the actual mass losses were close to theoretical predictions; whereas for
higher mass losses, there were large variationsaasured data which were not close to the
theoretical corrosion predictions. The large scatter at high corrosion level can be inferred to the
increase in volume of corrosion rust and therefore reducing the diffusion of oxygen. As a result,
corrosion masskses at different locations of the stirrups will vary depending on the availability

of oxygen and moistures

30.0% - 30.0% - X
< 10M @ X D12 X
22.5% = 22.5%
g <
g 7
0 15.0% o .09
8 6 o g/ © 15.0%
® / &
©
S 7.5% @ = 7.5%
O
R 30 45 60 0.0%
Time (days) 0 15 Tim3e0(days) 45 %0
a) Mass loss results for 10M stirrug b) Mass loss results for D12 stirrups
30.0% -
. A D6
g 22.5%
)]
7]
2 15.0%
7))
7]
@
= 75%
0.0% A §
0 15 30 45 60
Time (days)

¢) Mass loss results for D6 stips

Figure3.4 Mass loss results of coupons foM0D12, and D6 stirrups
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The mass loss results fodM deformed bars were consist even at higher corrosion levels (Figure

3.4a). There were couple outlier data points at 7.5% and 15% mass loss. The mass loss results for
the D12 smooth bars had more variation at the higher corrosion levels. The D6 smeatiu bar

not achieve the target mass | osses as predict
mass loss achieved were 2.6% and 6.8% for theoretical mass loss of 7.5% and 15%, respectively.

This could be possibly due to applicability of impressed camo®chnique for these bars.

3.3 Structural performance

This section presents the structural responses for all groups (A, B, C, D and E). The beams were
statically tested in a thrgmint loading regime as shown in Figure 3.5a. The test set up was as
follows: each beam was located and centered on top of the supports and under one loading. A
total of fourlinear voltage differential transducereMDTSs) were installed as follows: one

LVDT was located at migpan to measure the beam displacement; and threel & \ire
mounted oto the sideface of the beam to measure the principal stramghe concrete surface

within the middle region of the critical shear span (Figure 3.5b). The diagonal tensile strain was
calculated by dividing the change of diagonal defdiomak by the gauge length of the diagonal

instrumentation, L.

Typical failure modes that were observed were as follows: 1) diagonal tension splitting, which is
an inclined crack that occurs due to tensile stresses exceeding tensile strength of cotcrete a
propagates from the loading point towards the support; 2) shear compression, which is concrete
crushing that occurs at the tip of the shear crack in the compression zone; and 3) delamination of
concrete cover, where the concrete cover-pfealue to tle weak bond concretrroded stirrup

interface.
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Mounted LVDTs at mid
- ~ critical shear span

b) Locations of LVDTs

Figure3.5 Typical test set up in thrgmoint bending

Table 32 presentsa summary of the loatkstresults including theverage rass loss (for all

stirrups in corroded shear span), concrete strength, load and displacement values at diagonal
cracking and the ultimatstage, and failure modeBue to differences in concrete compressive
strengthof the beamsthe measuredoads ofthe beams were normalized based the lowest

concrete compressive strength of 38 MPa by using equaton 3.

0 0 — Equation 36

Where:  Pnormaliza = Normalized load (KN)Preasured= Measured load (kN). N Concrete

conpressive strength (MPa)
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Table3.2 Summary of test results

Actual f6c Meas(ukrﬁlgi Load Displacement (mm) Failure
Group Beam No. Ig;asscyso (MPa) | Diagonal | Ultimate | Diagonal Ultimate Modes
Cracking Cracking

10M-0%-UR 0% 38 160 450 3.06 11.3 SFSC

10M-7.5%UR 9.9% 44 232 411 447 9.8 SKDS

A 10M-15%-UR 15.6% 44 210 385 4.12 8.8 SKDS

10M-15%R 17.2% 44 - 443 - 7.3 DSDC

D12-0%-UR 0% 38 210 412 2.72 8.1 SFDS

D12-7.5%UR 8% 44 160 476 3.47 8.8 SFDS

. D12-15%UR 15% 44 112 370 3.31 8.3 SF-SC

D12-15%R 16% 44 - 497 4.61 9.1 DSDC

D6-0%-UR 0% 38 145 253 2.7 6.8 SKDS

D6-7.5%UR 1.2% 44 135 330 3.27 7.4 SF-DS

¢ D6-15%-UR 3.68% 44 140 306 2.54 5.1 SF-DS
D6-15%R 4.25% 44 - 416 5.02 7.22 SKDS/DC

D6-0%-UR - 100 0% 38 176 335 3.23 7.5 SF-DS

b D6-7.5%UR-100 | 0.77% 44 170 382 4.08 7.9 SF-DS

D6-15%-UR-100 | 4.39% 44 160 452 4.0 9.4 SF-DS
D6-15%R-100 4.1% 44 - 508 2.64 8.1 SF-DS/DF

E 0-0-UR - 38 129 175 2.47 55 SF-DS

SF: sheardilure; DS: Diagonal Splitting, SC: Shear Compression, DF: Debonding of, ERP Delamination of
Concrete cover

Each group in the following sections analyzed and discussed terms of treir load
displacement behavioufailure mode, and strain resp@ssof the steel, concrete an@FRP
sheetsAdditionally, the inclined cracking behaviour (withime middle region othe shear span)
was only analyzed for grogpA and B This data was not reported for groupsdCand Edueto
technicalproblems in the @gonal LVDTs.It should be noted that the beam nomenclature is
revised to indiclude the actual mass loss in brackets. For example, beaih30M is renamed

as 10M7.5%UR (9.9%) to reflect that is beam had 9.9% actual mass loss.
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3.3.1Group A: Beams with 10M deformed stirrups spaced at 200 mm

The beams in group A (10{%-UR, 10M-7.5%UR, 10M-15%UR, and 10M15%R) were
reinforced with 10M deformed bars (11.3mm nominal diameter) as closed stirrups placed at 200
mm c/c (which is equivalent to 0.7 of effeetidepth of the beam). One beam was not corroded

and tested as the control beam. Two beams were corroded to 7.5% and 15% theoretical mass loss
then tested up to failure. The fourth beam was corroded up to 15% mass loss, then loaded up to
80% of the ultima¢ load of the companion corroded beam, and then it was repaired with CFRP
sheets and tested up to failure. The actual mass los$ies stirrupsachieved were on average

9.9% and 16.4% corresponding to 7.5% and 15% theoretical mass losses, respedtevely. T
following sections present the observed behaviour and measured response of the different beams

in group A.

3.3.1.1Load-displacementbehaviour

The applied load versus mgpan displacement responses of the beams in group ghanain
Figure 36. The loaddisplacemenplotsexhibiteda bilinear behaviour and incladthree distinct
stages: diagonal cracking, stirrups yielding and ultingtges. Beam 10M7.5%UR (low
corrosion level) had an 8.6% reduction in ultimate load in comparison to the control heam, t
beam withthe high corrosion level (10M 5% UR) exhibited the highestreduction in ultimate
strength up to 4.4% in comparison tdahe control beam. Thetiffness of the wmepaied and
repaied corroded beamwasalmost identicabs thecontrol beanwithin theelastic stageip toa
load of 170 kN.Beyond this loadthe stiffness othe un-repaiedbeams staetdto decrease after
losing the aggregate interlackowever,the CFRPrepaired beam1Q0M-15%R) exhibited an
enhancement in the stiffness up taroate strength. The msgpandisplacement at ultimate load

rangedfrom 7.3 mm (CFRP repadbeam)to 11.3 mm (control beamjhis indicates the brittle
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ultimate load

300

Load, kN

200

acks widened and the stirrups started to share in resisting the applied load and consequently the
beam losthe aggregate interlock. Adtimate strength, the beareghibitedbrittle shear failure

The failure modes were shear compresdature in the control beam and diagonal tension
splitting failure in the corroded beams akasvn in Figure 3. However,the CFRP repaed

beam experieced delamination dheconcrete covewith diagonal tension failur@=igure 37).
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b) Low corrosion level beam 10M.5%UR ¢) High corrosion level beam 1086%UR

N — g |

10D-15%-R

d) CFPR repaired beam 1006% R Close un on delamination of concrete cove

Figure3.7 Failure modesf beams in group A

3.3.1.3Inclined cracking behaviour

The diagonal tensiladeformation (strain) crossinghe inclined cracks within the middle
instrumented region (300 mm from the suppartye measured and plottedersusapplied load

in Figure 38. The figure shows a very stiff response with no strain measured until the section
cracked, then the response was nonlinear until failure occurred. Table 3.1 gives the inclined
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cracking load based on visual observation of the cracks on the concrete surface. It is evident that
the corroded beams exhibited a more brittle behaviour in aosgm to the wtorroded beam.
Initiation of the diagonal tension strain in the-ecorroded beam (10M%-UR) occurred at a

lower diagonal cracking load in comparison to the corroded beams. As the corrosion level
increased, the diagonal cracking load iase. This behaviour is possibly due to the enhanced
bond between the concrete cover and the corroded deformed stirrups. The outside layer (concrete
cover) was not fully monolithic with the concrete core of the beam (which is inside the closed
stirrups) asmuch as the fully bonded or worroded stirrupgsoncrete interface. Consequently,

the diagonal shear stress in the corroded beams was only transmitted through the beam core
which led todegradation of the strength. This explains why the strain readngsd corroded

beams were lower than those of the control beam.

500
400 P
A
g A
© 300 4
o 3
® 3
o 7
g /
200
r" 10M-0%-UR
100 - - - -10M-7.5%-UR (9.9%) ___|
----------- 10M-15%-UR (15.6%)
i i

0 5 10 15 20
Digonal tensile strain, adL (millistrain)

Figure3.8 Load-diagonal tensile strain in group A

49



3.3.1.4Strain behaviour
The load vs. strainresponse®f the longitudinal steel reinforcement ithg/tension zone and
concrete surface in compression zéoeall beams are shown in Aggendix C. In all bearns, t
ultimate strain inthe steel rebar was below the yiedtkain ande strain inthe concretewas
inthe

below thecrushing strain. Figure 8.showsthe load vergds strain fahe four stirr

critical shear span. It isvidentthat the second and #ird stirrups from support #8t5t3)

reachedthe yield strain. At beanfailure, thg/ strain in St2“was 12,080 Cas the gauge

S e,

¢ St4 St3  St2 St

8 200 I " ]
- L | o o h}: h/2
900 mm » .
—-—st1 —--St2
\ ......... St3 St4
0 2500 5000 7500 10000 12500 15000

Stirrups Strain (¢ )J

Figure3.9 Loadtransverse reinforcement strain relationship of the cbb&am (10M0%-UR)

Figure 3.10 shows the loadrain plot at mieheight of the CFRP strips for Beam 1aM%R.

The load vs. CFRP strain exhibited a trilinear response. No strain was measured up to a load of

about 100kN, the second stage had a lineaorespwith varied slopes depending on location of

strip relative to inclined cracking; and in the third stage, after the peak load was reached, the

CFRP strain increased rapidly with no increase in load until failure occurred. It is clear that strips
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1

2 and3 (S2 and S3), which are located within the middle region of the shear span, exhibited high

/S S T

strains in comparison to strips 1 and 4 (S1 and S4), which are located close to the support and

/S S 7
\Ioading point, respectively. Strip 3 exhibited higher strains asutrof the diagonal shear crack

4
which was located underneath that s#ip.
e

Strain of FRP strips at mid height,e U

Figure3.10 Load-strain behaviour of CFRP strips in Beam 1Q8P6oUR
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Group B: Beams with D12 smoothstirrups spaced at 200nm

The beams in group B (DA®6-UR, D127.5%UR, D1215%UR, and D1215%R) were
reinforced with smooth D2 closed stirrups (12.7 mm diamétgspaced at 200 mm c/c. One
beamwastested as control un-corrodedbeam. Two beams were corroded to 7.5% and 15%
theoretical mass loss then tested up to failure. The fourth beam was cdod®8d mass loss,
loadedup to 80% of the ultimate loaaf the companion corroded beainen it was repaired with
CFRP sheets and tested up to failliee average measured mésssesn the stirrupsvere8%

and 15.5% for 7.5% and 15% theoretical mass losses, respeciikelpbserved behaviour and

measuredesponses of the beams in grouprB presented below.

51



3.3.2.1Load-displacement behaviour

Figure 3.1 shows he applied load verss midspan displacement responsesatifbeams in
group B Thecurves exhibite@ bilinear behaviouwith diagonal cracking, stirrups yielding and
ultimate stags. The beam with low corrosion level (D12-7.5%UR) exhibited a 15%
improvament in theshear s&ngth and stiffness over the control beavhich is possibly because
the corrosion products fillethe interconnected voids in the corroded stirropscrete interface
thusenhancing the shear frictipand leading to increasd the shear strength astiffness.The
beam with high corrosion level (D15% UR) had an 11% reduction in ultimate strength in
comparison to the control beairhe stiffnessof all the beams (control, cmded urrepaired, or
corrodedrepaired)were almost identicah the elastic sage (prior diagonal cracking)p to a
load of 165 kN. The stiffness ofthe controland high corrosion level beardecreaseafter the
aggregate interlockvas lost however,the beam with low corrosion level and CFRP repaired
beam did notexhibit a reducton in the stiffness up to ultimate strength. The +®mpdn
displacement at ultimate load radgiEom 9.1 mm (CFRP repair beartg 8.1 mm ¢ontrol

beam) Corrosion did not have an effect tre ultimate deflection.
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Figure3.11 Load-displacement responses of beams in group B

#.3.2.23.3.2.2Failure modes
Flexural crackswere initially observedn the unrepaired beamat midspan at different loads
based orthecorrosion level: 65kN (for neoorroded beam), 70 kN a®8 kN (for low and high
corrosion leved). As load increaseddiagonal cracks propagatbéétween thesupportand the
loading point at different loadSable 3.1) As the load increased, the diagonal cracks widened
the beam lost the aggregate interl@oid the stirrups started to share in resisting the applied
load. At ultimate strength, the beafaded in brittle shear. Th&ilure modes in the urepaied
beams were diagonal tension splittifidgure 3.2) while theCFRP repaied beam &perience

delamiration ofconcrete covewith tensionsplitting (Figure 3.2).
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a) Control beanD12-0%-UR

b) Low corrosion level beam D125% UR c¢) High corrosion level beam DA5%UR

d) CFRP repaired beam DAB%R Close up on delamination of concrete cover

Figure3.12 Failure modes of beams in group B
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3.3.2.3Inclined cracking behaviour

Figure 3.13 shows a plot of thepdied load vs. diagonal tensile strain crossing the inclined

cracks within the middle instrumented region (300 mm from the support). Again, these beams
exhibited stiff response until diagonal cracking occurred followed by a nonlinear reggotse
failure. At the ultimate load, it is clear that the corroded beams exhibited more shear defgrmation
(or inclined crack opening) in comparison to theconroded beam. The toorroded beam
(D12-0%-UR) had diagonal tensile strain initiation at higher diagonal kgfgc load in
comparison to the corroded beams. This was opposite to wdsbbserved for beams with
deformed corroded stirrups. As the corrosion level increased,/the diagonaingramkd
decreased due to the weakening of the bond between thg” conoreteacd the corroded
stirrups. In this case, the outside layer (concrete cover)Avas partially engaged with the concrete
core of the beam (which is inside the closed stirrups). As such the diagonal shear stresses in the
corroded beams were mostly transndittérou

the beam core leading to a reduction in the

strength and the stiffness at higher corrggion level.
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Figure3.13 Load-diagonal tensile strains in group B
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3.3.2.4Strain behaviour

The maximumstrairs in the steel rebar and the concreterabelo

RV
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Stirrups Strain (g )J

Figure3.14 shows the loadtrain plot at mieheight of the CFRP strips for Beam D12%R

The strain response was similar to what was observed for beams of group A with three stages:
initially a stiff response with no strain measured a nonlinear stage andedtdage where the

strain increased witho increase in load. It is clear that s&ig and 3 (S2 and S3), which are
located within the middle region of the critical shear span, exhibited high strains in comparison

to strips 1 and 4 (S1 and S4), which are located close to the support and loading point,
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respectively. It is evident from Rige 3.17'that strip 3 exhjlat higher strains because of the

2000 4000 6000 8000 10000

Strain of FRP strips at mid-height, ¢ U
Figure3.15 Loadstrain behaviour of CFRP strips in Beam BEllZ26R

3.3.3Group C: Beams with D6 smooth stirrups spaced at 200 mm

The beams in group C (B®0UR, D67.5%UR, D615%UR, and D615%R) were
reinforced with D6 smooth bar&.85mmdiameter) as closed stirrups placed at 200 mm c/c
(which is equivalent to 0.7 dhe effective aepth). One beam was not corroded and tested as the
control beam. Two beams were corroded to 7.5% and 15% theoretical mass loss then tested up to
failure. The fourth beam was corroded up to 15% mass loss, then loaded up to 80% of the
ultimate load of the aopanion corroded beam, and then it was repaired with GiFleBts and

tested up to failureThe actual corrosion levels achievedthe stirrupswere on average 1.2%

and 3.68% for theoretical mass losses of 7.5% and 15%, respectively. As a resultejerad

corroded beams did not fail within the expected critical shear span but rather failed in-the non
corroded shear span. This possibly because the achieved corrosion mass losses were very low
and this was sufficient to increase the shear capacity afitieal shear span and thus led to the
failure in the norcorroded shear span. The following sections present the observed behaviour

and measured response of the different beams in group C.
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3.3.2.1Load-displacement behaviour

The applied load versus mgpan diplacement responses of the beams in grgup £ are illustrated
in Figure 3.16. The loadisplacemenplots, for the urrepaired corroded begms and the repaired

corroded beam, exhibited a bilinear behaviour with three distinct gtaggs: diagonal cracking,
stirrups yielding and ultimate staggeBeam D67.5%UR (low corrosjon Jevel 1.2% actual

mass loss) and DB%-UR (high corrosion level 3.6% actual mass l6ss) had 30% and 20%

increase in the ultimate strength in comparison to theourode . This was g®ibly due

to the enhanced bond behaviour of the conesBitrups interfagCe With the low corrosion levels

beam).
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igure
Load
displacement responses of beams in group C
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3.3.3.2Failure modes

The beams in grou@ failed in shearFlexural cracksvereinitially observedat midspanin the
un-repaired beamsat different loads based on the corrosion le%&:kN (for noncorroded
beam),69 kN and71kN (for 1.2% and 3.68% corston mass logs Theloads at whicldiagonal
cracksinitiated and propagated for the different beams gwven in Table 32. As the load
increased, the diagonal crack&lened and the stirrups started to share in resisting the applied
load andthenthe bean lost the aggregate interlockhe failure in the umepaied corroded
beans unexpectedly occurreith the noncorrodedshear spapossiblybecause the enhancement
of shear friction due tohe low achieved mass losa the stirrupsled to increamg the skear
resistance in the corroded shear spasinthe ultimate sage the beams exhibited brittle shear
failure. The failure modes werdiagonal tension splittingailure in the control beamand the
corroded beams as shown in Figurd73.However, the CFRP reped beam experienced

delamination of concrete cover with diagonal tension fagumestirrups rupturéFigure 317).

a) Control beam D®%-UR

0

b) Low corrosion level beam BB.5%UR c) High corrosion leel beam D615%-UR

Figure3.17 Failure modes of beams in groGp
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d) CFPR repaired beam B15% R Close up on diagonal crack with stirrups rupture

Figure3.17Failure modes of beams in groGgcontinued)

3.3.3.3Strain behaviour

In all beams, the ultimate strain in the steel rebar was below the yield strain and the strain in the
concrete was below the crushing strain. The load vs. sgaponses for the sterdbarand the
concrete for all beams are shown in Appendix C. Figure 3.18 shows the load versus strain for the
four stirrups in the critical shear span. It is evident that none of the stirrups reached the yield
strain. At beam failte, the strain in St2vhich is close tahe location of the inclined cracwas

1100 U . No strain gauge were mounted on the cor
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Figure3.18 Loadtransverse reinforcement strain relationship of the control beardYPOR)
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The loadstrain plots at midheight of the CFRP spifor Beam D615%R are shown Figure

3.19. The shape of the loatrain curves was similar to those of beams in group A and B, HGher
strains were exhibited by strips 3 and 4 (S3 and S4), which are located clos the loading point,
in comparison to strp 1 and 2 (Sland S2), which are located e to the support. Strip 3
exhibited higher strains because of the excessive diag shear crack that caused the stirrups to

rupture at that location.
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Figure3.19 Loadstrain behaviour of CFRP strips in Beam-D&%-R

3.3.4Group D: Beams with D6 smooth stirrups spaced at 100 mm

The beams in group D (B&%-UR-100, D67.5%UR-100, D615%UR-100, and D&L5% R-

100) were reinforced with D6 smooth bars as closed pfirplaced at 100 mm c/c. One beam

was not corroded and tested as the control beam. Two beams were corroded to 7.5% and 15%
theoretical mass loss then tested up to failure. The fourth beam was corroded up to 15%
theoreticalmass loss, then loaded up to 8@¥the ultimate load of the companion corroded

beam, and then it was repaired with CFRP sheets and tested up to failure. The actual corrosion
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levels achieved iithe stirrups othis group were on average 0.77% and 4.39% for theoretical
mass losses of 7.5%nd 15%, respectively. As a result therapaired corroded beams did not

fail within the expected corroded shear span possibly because the achieved corrosion mass losses
in the stirrupswvere very low and thus increased the shear capacity of the criteza span and

led to the failure in the necorroded shear span. The following sections present the observed

behaviour and measured response of the different beams in group D.

3.34.1Load-displacement behaviour

The applied load versus mgpan displacementsponses of the beams in group D are illustrated

in Figure 3.20. The loadisplacemenplots, of the urrepaired corroded beams and the repaired
corroded beam, exhibited a bilinear behaviour with three distinct stages: diagonal cracking,
stirrups yielding ad ultimate stageBeam D67.5%UR-100 (low corrosion levél 0.77% actual

mass loss) and BB.5% UR-100 (high corrosion levél 4.39% actual mass loss) had 15% and
35% increase in the ultimate strength in comparison to theounded beam. This possildye

to the enhanced bond behaviour of the conesBtrups interface with the low corrosion levels
achievedin the stirrups The corrosion products formed on the smooth D6 bars increased the
roughness of the stirrups thus increasing its contributiongarstesistance. Up to the ultimate
load, the stiffness of the urepaired corroded beams was higher than the control. The CFRP
repaired beam O06-15%R) exhibited a 52% increase in ultimate strength. The midspan
displacement at ultimate load ranged from B (unrepaired beam with 4.39% corrosion
level) to 7.5 mm (control beam); this indicates that the beam with 4.39% corrosion level slightly
enhanced the displacement. The CFRP repaired beam also had a higher midspan displacement at

ultimate load in compé&on to control beam.
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ure3.20 Load-displacement responses of beams in group D

ailure modes

beams in group D failed in shear. Initiaflgxural cracksvere observedt midspanin the
unrepaired beamst different loads based on the corrosion level: 61 kN (forausroded

beam), 57 kN and 64kN (for low of 0.77% actual mass loss and high or 4.39% actual mass loss
corrosion levels). The loads at which diagonal cracks initiated and predagatthe different

beams are presented in Table 3.2. As the load increased, the diagonal cracks widened and the
stirrups started to share in resisting the applied load and consequently the beam lost the
aggregate interlock. The failure in the-rgpairedcorroded beams unexpectedly occurred in the
nontcorroded shear span possibly because the enhancement of shear friction due to the low
achieved mass loss led to increasing the shear resistance in the corroded shear span. At the
ultimate strength, the beanexhibited brittle shear failures. The failure modes were diagonal
tension splitting failure in the control and the corroded beams as shown in Figurd&21.
corroded beam with high corrosion level experienced stirrups rugtoeever, the CFRP

repairedbeam experienced debonding of FRP with diagonal tension failure (Figure 3.21).
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3.3.4.3Strain behaviour

In all beams, the ultimate strain in the steel rebar was below the yield strain and the strain in the
concretevasbelow the crushing strain. The logs. strain responses for the longitudinal tension

steel reinforcement and the concrete compression surface for all beams are shown in Appendix
C. Figure 3.22 shows the load versus strain for the four stirrups in the critical shear span. It is

evident thathe second and third stirrups from the support (St2 and St4) reached the yield strain.

At beam failure, the strain in St2 was exceeded with 5788 as t hi s gauge corr

location of the inclined crack. No strain gauge were mounted on the corroded stirrups.

a) Control beam D&%UR-100

b) Low corrosion level beam BDB.5%UR-100 ¢) High corrosion level beam BB6%-UR-100

Figure3.21 Failure modes of beams in group D
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d) CFPR repaired beam EH&%-R-100 on diagonal crack cg

hg FRP debond

Figure3.21 Failure modes of b€ams in gragu{@ntinued)
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.22 Loadtransverse reinforcement strain relationship of the control bear0¥PBR-
100)

he loadstrain plots at midheight of the CFRP strip fordm D615%-R-100 are shown Figure

3.23. The response for gauges S1, S3, and S4 were almost linear up to failure. The response for
gauges S2 exhibited a trilinear response with a three linear stages. Higher strain was exhibited by
strip 2, which is locatedlose to the loading point, in comparison to strips 1, 3, and 4 (S1, S3 and
S4), which are indicated in the drawing (in Figure 3.23). Strip 2 exhibited higher strains because

of the excessive diagonal shear crack.
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Figure3.23 Load-strain behaviour of CFRP strips in Beam-D&%-R-100

Beam (00-UR) was not reinforced with stirrups to find the concrete contribution for shear

resistance including the dowel actiohlongitudinal rebarVc. The loaddisplacement response

of beam @0-UR is shown inFigure 3.24.The loaddisplacement plot illustrated a linear

behaviour up to inclined cracking initiation. Flexural cracks appeared aspaid at load of

71kN. The inclhed cracks initiated at a load 129 kN, and propagated towards the support. As the

load increased, the diagonal cracks widened and thus the beam lost the aggregate ifiterlock.

beam suddenly failed in shear atwdtimate capacity of 175 kN and a nsiglandisplacement of

5.5 mm The failure mode wadiagonal tension splitting as shown in Figure 3.25. The strain

responses of the longitudinal steel reinforcement and top concrete fibre in compression are

shown in Appendix C. Both steel and concrete straing wetow the yield strain of steel and

crushing strain of concrete, respectively.
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Figure3.24 Load-displacement relationship of beam without web reinforceme@ty®)

Figure3.25 Failure mode of beam without web reinforcemerd{0R)
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Chapter 4: Discussion ofTest Results

4.1 Introduction

This chapter presents tldgscussion othe test resultoon the shear behaviour of corroded web
reinforcementn RC slender beam3he discussiorovess the effect of thecorrosion of the web
reinforcement (section 4.2) and the effect of CFRP refssgction 4.3)on the structural
behaviour (stiffness, strength and deflection) of the different hebaie 4.1 gives aummary

of the gructural test resultdn addition, a modeled is presented to predict the shear strength of
un-corroded and corroded slender RC beams based on the modified compression field theory.
Comparisons of the model predictions with measured results for diffieeamts are presented

anddiscussed

Table4.1 Comparison of the test results

Ultimate Overall Stiffness, K
Actual
Group Beam No. mass Load Displacement | (Load/Displacement)
loss % | (kN) (mm) (kKN/mm)
10M-0%-UR 0% 450 11.3 40
A 10M-7.5%UR 9.9% 411 9.8 42
10M-15%-UR 15.6% 385 8.8 44
10M-15%R 17.2% 443 7.3 61
D12-0%-UR 0% 412 8.1 51
B D12-7.5%UR 8% 476 8.8 54
D12-15%UR 15% 370 8.3 45
D12-15%R 16% 497 9.1 55
D6-0%-UR 0% 253 6.8 37
c D6-7.5%UR 1.2% 330 7.4 52
D6-15%-UR 3.68% 306 51 59
D6-15%R 4.25% 416 7.2 58
D6-0%-UR - 100 0% 335 7.5 45
D D6-7.5%UR-100 | 0.77% 382 7.9 48
D6-15%UR-100 4.39% 452 94 48
D6-15%-R-100 4.1% 508 8.1 63
E 0-0-UR - 175 55 32
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4.2 Effect of Corrosion of Stirrups on Shear Behaviour

Corrosion of the stirrups in reinforced concreemmsgeduces the cross section of the transverse
reinforcement. Moreover, the corrosion products increase the radial corrosion pressure on the
concrete around the steel stirrughis will cause weakening of the concreteroded steel
stirrups interfae at highcorrosionlevels (15% mass loss}igure 4.1 shows the ratio of shear
strengths of corroded beams to the control befamdifferentmass losss. In groups C and D,

the caroded smooth stirrup6 @ 200 and D6@ 100) exhibited30% and 8% strength gain
respectivelybecause of thiow carrosion levels (1.18% and 0.77% mass loss) achieved by the
stirrups in thesespecimens. Thibehaviourcan be attributed tthe corrosionproducts that filled

the interconnected voids surroumglthe concretestirrups interfaceand thusenhanedthe shear

friction of the bar concrete interfae@d theshearstrengthwasincreasedln group B, heD12 @

200 mm c/csmoothstirrupsshowed a 16% increase in shear strength a medium corrosion

level (8% mass losspossibly due to the enhanced frictional resistance at the corroded smooth
stirrupsconcrete interfagebut as the corrosion levelasincrease to 15%nass lossthe shear
strength deeaseé by 10% versus the contrdbeam The beams withdeformed10M stirrups,
however, exhibited a gradual decrease in the shear strength as the corrosion levetlifidrease
shear strength decreased8% and 14.4% at corrosion levels of 9.9% and 15.&%pectively.

This possibly due to the fact that corrosion reduced the ribs in the deformenf Heesstirrups

which led to a reduction of the mechanical bond resistance of the stirrups and consequently

lowered the shear strengththe beam
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Figure4.1 Comparison of unrepaired corroded beams versus control beams

Figure 42 shows a comparison afie ratio of theoverall stiffness othe unrepaired corroded
beams tdhe control beamst different corrosiotevels The corroded damsin group C(D6 @
200), achievedless than 5%corrosion levels in the stirrupsand exhibited 41% to 58%
enhancement in the overall stiffnegsrsus the controlOn the other handjn group D (D6@
100) the stirrupshad atighter spacing but the overall stiffnessvas increased up to 8%he
corroded beams with deformed stirrups in groufl®8M @ 200) showed a gradual increasup
to 10%in the overall stiffness as the corrosion level increased. Grold B,smooth stirrups,
exhibited a slighincreaseof 6% in the overall stiffnessat low corrosion level and dropin the

overallstiffnessby 12%as the actual mass lassthe stirrupseached 15%.

70



175%

—o—Group A (10M@200) —=—Group B (D12@200)
150% Group C (D6@200) —<—Group D (D6@100) -

5 125% +—-;
g
S 100% =
3 )
3 75%
S}
O
X 50%

25%

00% 25% 50 75% 10.0% 125% 15.0% 17.5% 20.0%
Actual mass loss %

Figure4.2 Overall stiffness ofinrepaired corroded beams versus control beams

Figure 43 shows theratio of ultimate deflectionfor the unrepairedcorroded beams to the
unrepaired control beana different corrosion leveld-or group C (D6@ 200), up to actual
mass loss of 3.68%he ultimate deflectionincreasd by 10% over the controHowever, in
group D (D6@ 100),with closely spaced stirrupthe ultimate deflectiodecreased by 25%s

the corrosion leveWas increased to 4.39%. In group ®12 @ 200), the ultimate deflection
increased by 8.6% arat 2.4%asthemass losén the stirrupsncreased fron8% to 15%.Group

A (10M @ 200) exhibited a gradual drop in the ultimate deflection trend as the corrosion level

increasedvith the maximum reduction of 22% for 15.6% mass loss
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Figure4.3 Ultimate deflection of unrepaired corroded beams versus control beams

4.3 Effect of CFRP repair on Shear Behaviour

This section discusses the effect of CFRP repaitherstructural behaviour (stngth, stiffness
and ultimate deflectiondf beams with high corrosion levél5% mass loss)n general, the
CFRP repair exhibited significant improvemem the stiffness and the shear strengththe

repaired beami;m comparison to the control and tberoded beams.

4.3.1Shear Strength

Figure 44a,b showsa comparisorof shear strengtlrendsof CFRP repaired corroded beams to
the control o mass 10ss0%) andcorroded(15% mass loss for group A, B and 4% for group C,
D) beams In group A (10M@200)the CFRPrepair restored the ultimate strength tfe
corroded beanil7.2% actual mass lossp to 98%and 115% in comparison tbe control beam
(uncorrodegl andcorroded beam (15.6%ctualmass loss)in group B (D12@ 200), the CFRP

repaired corroded laen (16% actual mass loss) exhibited a 21% improvement in ultimate shear
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strength in comparison to the control be@m-corroded)and a 34% increas in strengthin
comparison tdhe unrepaired corroded beam (15% achieved mass loss). Group C and &lshow
the oppositetrend from group A and Bvith the ratio ofthe shear strength othe repaired
corroded beams to control beams higher than the ratio of repaired corroded beams to corroded
beams. The increasn the ratio ofshear strengths dhe CFRP repaired cooded beamgo

control beamsan be attributed tthe effect othelow achievednass los®n the smooth stirrups

in addition tothe effect of CFRRepair.The actual mass losses for the stirrups in group C were
3.68% and 4.25% for the corroded and regmhaorroded beams. In group D, the actual mass

losses were 4B% and 4.1% for the corroded and repaicedroded beams.
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Figure4.4 Shear strengtbomparisons of repaired corroded beams to unrepairécbton

and corroded beams versus mass loss

4.3.2Stiffness

CFRP repair of corroded beamacreasedhe overall stiffnessof the RC beam Figure 45a,b
showscomparison of overall stiffness trends of CFRP repaired corroded beanes ¢ortnol

(uncorrodegland highcorrosion level (15%veragemass lossor group A and B, 4% for group
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C and D) beams. In group A (10M@200), the CFRP repair enhanced the overall stiffriees of
corroded beam (17.2% actual mass loss) up to 152% and 139% in comparison totrible co
beam (0% mass loss) and corroded beam (15.89%alawass loss)in group B (D12@ 200), the
CFRP repaired corroded beam (16% actual mass loss) exhibitechad728%enhancement in
the overall stiffness in comparison to the control beancdrrodedland theunrepaired corroded
beam (15% achieved mass loss). GroufD6 @ 200) showed a 57% increasin the overall
stiffness of the repaired corroded beaif#.25% adual mass loss versus thecontrol beam
However, the repaired beam exhibited 2% reduction in stiffness in comparison to the
unrepaired corroded beam (3.68%uatmass loss)Group D (D6@ 100) shoved40% and 30%
increagsin the overall stiffness ahe repaired corroded beam.p5%adual mass loss) to the
control beam and the unrepairedrooled beam (3.68% @l mass loss)The enhancements in
the stiffness of the CFRP repairedrroded beams in group C and D is mostly due to the low

corrosion level achieved in the stirrups.
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Figure4.5 Overall stiffness comparisons of repaired corroded beams to unrepaired control

and corroded beams versus mass loss
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4 .3.3Ultimate Deflection

Figure 46a,b shows theratio of ultimate deflection othe CFRP repairedorroded beams in
relationto the unrg@aired control and corroded beams. The CFRP repaired corroded beams with
smooth stirrups in group B (D1@ 200)andC (D6 @ 200) exhibitedincreass in the ultimate
deflection in comparison to both the unrepaired control and corroded b&amsleflection
increase ranged from 106% to 136%owever, the CFRP repaired corroded beam with
deformed stirrupsind tighter spacing group Aand Dexhibiteda reductionup to 35%in the
ultimate deflection in comparisot the unrepaired control beafRigure 4.6a,h) The CFRP

repair in group Ahada 17% reductionin the deflection in comparison to the unrepaired corroded
beam. This was consistent withthe fact that unrepaired corroded beam exhibited a 22%

reduction in deflection in comparison to the con{fogure 46a).
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Figure4.6 Ultimate deflection comparisons of repaired corroded beams to unrepaired control

and corroded beams versus mass loss
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4.4 Shear strength Prediction

The shear strengths of the control anda@tedslender sheaeritical RC beams were estimated
based orthe modified compression field theory (MCFT) procedure in according t€#readian
Highway Bridge Code (CAN/CSA6-06) and Concrete Design HandbodkSA A-23.304).
The corrosion effect was wpsidered in predicting the shear strengths of corroded bésgms

introducing reduction factor to the beam cresstion and stirrups crosgction.

4.4.1Prediction of Shear Strengthfor Control Beams

The shear strengtiof the controlun-corrodedbeams(10M-0%-UR, D120%UR, D6-:0%-UR,
D6-0%-UR-100, 60% UR) werecalculated usinghe iterative proceduref MCFT as shown in

Figure 47. A sample calculation is presented in Appendix A.
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Table 4.2 gives a comparison of the experimental and calculated shear strengths of the five
control beams. Figure 4.8 shoa9lot ofthe experimental versus the predicted shear strengths

of the control beams. Beam DD20-UR wasthe only beam that haa slightly unconservative

ratio of the experimental to predicted shear strength pgsbdxdauseof the use of smooth
stirrups in this beamAll other beams had excellent correlation betwéea predictedand

measured value#n general, hes results demonstratéhe applicability of the MCFT to predict
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Figure4.7 MCFT procedire (Azam, 2010)

the shear strength of RC beamshaand without stirrups.
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Table4.2 Experimental and predicted ultimate loads for cdriieams

©10M-0%-UR

Figure 500

400
£ 300
g
3
2 200

100

4.4.2Ultimate Shear StrengthPrediction of Corroded Beams

Beam (,\;P‘;)C Vexp.(KN) | Vprea(KN) Vexp/Vopres
10M-0%-UR 38 450 448.8 1.01
D12-0%UR 38 412 440 0.94

D6-0%UR 38 253 252.9 1.01
D6-0%UR-100 | 38 335 330.5 1.02
0-0%-UR 38 175 174.25 1.01

D12-0%-UR +D6-0%-UR X D6-0%-UR-100 0-0%-UR
100 200 300 400 500
Vpred., kN

Experimental ersus predicted shear strengths

4.8

The effect of corrosion damage the corroded beamsastaking into accounby considering

the reductionin the cross sectionadtirrups (mass loss) and the reductiorthe b e a rross

sectiondue to concrete cover crackirigass loss due to corrosion has a direct effect on reducing

crosssectional area of thetirrups areaThe expansive pressure of the corrosion products on the
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stirups can significantly lead taveakeing the stirrupsconcrete interface and thesuse the
delamination othe concrete covent wasevidentduring the careful concrete cover rerabto
extract the corroded stirruplsatthe interface of concrete coveorroded stirrupsvasweak and

canseparateasily as onpieceasshown in Figuret.9.

Figure4.9 Concrete cover delamination as one layer due to corrosion damage on the ($tiprups
view of corroded beain

A simple conservative way to consider the effects of corrosion on the concrete section at the
ultimate stage would be to reduce the section width based on the concretéMuietaking
mass loss into consideratiohetconcrete confined by the stippgiremains undamaged and can

resist loadEquation 4.Jprovides the proposed effective width formulation.

bett. = b- ¢ if mass loss <5% Equation 4.1

=Db- 2c if mass los&5%

Where: Ry = Effective width (mm), b= section width (mm), ¢ = Concrete cover
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Thereduction ofthe cross sectioal areaof the stirrupgdue to corrosion can be calculated based

on the average mass l@ssshown in Equation 4.2

Ay corroded=(1 - mass 1055%) Auncorroded Equation 4.2
Where: A-coroded total area of twodgs of corroded closed stirrupar(’)
Av-uncorroded total area of two legsf uncorrodedtlosed stirrupsninm)

Mass loss% = average mass loss of corroded stirrups (%)

A simple conservative approach goposd to calculate the shear strength of beams with
corroded stirrups. This approach has two main assumptions: 1) the side concretearackeds

and does not resist the applied shear stress; and 2) the corrosion attack on the stirrups is uniform.
The tensile strengtf the corroded steel mrexhibited marginal reduction iyield strength

above 75% corrosion mass loss (Almusallam, 2004)sTthe yield stress of corroded steel bars
does not change with corrosion andaken assimilar to that of thenon-corroded steel bars.
Therefae, theshear strength calculation based MEFT is modified by incluthg two main
reductionfactors 1) Beamsection width reduction,.R, applied inthe shear strength of concrete

(Vc); and 2) stirrups area reduction,.&odes: @pplied inthe shear strength ofteel (Vs) as

shown in Equation 3.

Vo= Ve + Ve=n bUERAD, +Ny — 2 dycot d Equation 4.3
Where: (M, Ve, Vs b f 6d,, nd,n-are defined in chapter 1)
A-comoged total area of two legs of corroded closedraps mn?) i Eq.4.2

be = effective width(mm)1 Eq. 4.1
A sample calculatiorusing the poposed approacis shown in Appendix AFigure 4.10 shows

the experimentadhear strengtkiersus the predicted shear strengible 4.3givesthevalues of
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actual mass loss, experimentahear strengthpredicted shear strengthand the ratio of

experimental to predicted strength.
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Figure4.10 Experimental versus predicted shear strengths
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Table 4.3 Experimental and predictedtimhate loads for corroded beams

Beam Acrg:; 2):‘55 norvmea)l(lipz.ggi(;,t KN Vpred., kN | Vexp./Vpre.

D6-7.5%UR-100 0.77% 475 322 1.40
D6-7.5%UR 1.20% 348 244 1.33
D6-15%UR 3.68% 322 242 1.24
D6-15%UR-100 4.39% 382 317 1.15
D12-7.5%UR 8% 512 411 1.25
10M-7.5%UR 9.90% 437 402 1.08
10M-15%-UR 15.60% 429 3867 1.11
D12-15%UR 15% 399 378 1.06

It is evident that there is a reasonable correlation betweepredicted and experimental values
particularly at high corrosion levels. The ratio of experimental to predicted strength ranged from
1.06 to 1.11. The beam with12 smooth stirrups at medium corrosion level (8% actual mass
loss) hadon experimental sheastrength 25% higher than the predictgtkar strengthThe
corroded smooth stirrups increase the experimental shear stadnifidn beamas result of the
enhancement in the shear friction interface between the corroded stirrups and the concrete. For
lower corrosion levels (0.77% to 4.39%) the experimental and predicted shear strength ratio
ranged from 1.4 to 1.15the model was not able to accurately predict strengths at theses
corrosion levelsin all cases, the predicted strength was on the consergadizén comparison

to the measured value.
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Chapter 5: Conclusions and Recommendations

5.1 Introduction

This thesisinvestigaté the effect of corrosion of web reinforcement and CFRP repair on the
structural behaviour of shearitical RC beams. A total of 17 slender R@dms were tested: five
beams were contradpecimenguncorroded) and twelve beams were corroded; tmuroded

beams of the high corrosion level were repaired in shear. The vargbtied included; the

level of corrosion, the type of stirrups (smoothd ateformed), the stirrup spacing, and the
presence of CFRP repair. All the beams were monotonically tested in three point bending. The
test results showed thdte shear strengths decreased as the corrosion level ingreadatiat

CFRP repair enhancedettperformance of the corroded beams. The modified compression field
theory (MCFT) was used to predict the shear strengths of the control beams. Proposed
modification factors to account for corrosion effects (mass loss and concrete cover cracking)
were incuded in the MCFT equations to predict the ultimate shear strength of corroded beams.
The predicted results weveell reasonably correlated with the experimental results. The detailed

conclusions of experimentahd analyticafesults are presented in tra@ldéwing sections.

5.2 Effect of Corrosion

1 A decrease in ultimate shear strength was observed in the corroded &eeaps for the
beams with smooth stirrupgith low corrosion levels up to 8%. Theaximumdecrease
in the ultimate shear strength ranged frdifo to 144% for beams with stirrups

corroded to 15.6% actual mass loss
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1 The stiffness of the corroded beams exhibited an increase up to 57% in comparison to the
control beams except for the beams with smooth stirrups of@DB00 mm c/c that
exhibited a 2% lecrease in stiffness versus the control beam.

1 A gradual drop in ultimate deflection was observed in the corroded be#mdeformed
stirrups (10M@ 200 mm c/c) and smooth stirrups (B® 100 mm c/c) as the corrosion
level increaseavhencompared tahatof the control urcorroded beams.

1 Corrosion of the stirrups did not affect the failure modéthfe beams failed in diagonal
tension splitting. In addition, the CFRP repaizmiroded beams failed with concrete
cover delamination (due to the weak bondweetn the corroded stirrups and concrete

cover).

5.3 Effect of CFRP Repair

1 The CFRP repair of corroded beams increased their ultimate load and su#rassthe
unrepaireccorroded and the control beams

1 The CFRP repair of corroded beams exhibited an iseréa the ultimate deflections
versus the corroded beanfer all beams excepthe corraded beam with deformed

stirrups.

5.4 Analytical Modelling

1 The MCFT modelwas effective in predicting the shear strengtthefcontrol
(uncorroded}yhearcritical RC beams ith and without stirrups.

1 The experimental to predicted shear strengths of the control beams exhibited an excellent
correlation with theestto-predictedratio ranging from 1.01 to 1.03. The only exception

was the beam with D12 smooth stirrups with aneexpental to predicted ratio of 0.94.
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1 A prediction of the shear strength of corroded beams was done using a modified MCFT
model withcorrosion effect factors applied tioee model.

1 The experimental to predicted shear strength ranged between 1.06 to bédnigrwith
high corrosion level and between 1.15 to 1.4 for beams with low corrosion levels. In all

cases, the prediction was on the conservative side.

5.5Recommendations for Future Work

1 An additional experimental investigation is required to examine thavimir of RC
beams with corrosion only in web reinforcement or combined longitudinal and web
reinforcementorrosion

1 Beams with corroded stirrups at higher corrosion levels (e.g. 25% mass loss or higher)
should be considered to simulate longer sempam®ds.

1 The effect of cyclic loading on beams with corroded stirrups should be examined.

1 The FRP repair of corroded beams should be used with different configurations (e.g.
applying diagonal FRP sheets that can resist the diagonal tension failure).

1 The use btheimpressed corrosion technique was successful in achieving the corrosion
levels estimated using FaradayLaw for beams with 10M deformed and D12 smooth
stirrups. But for small diameter of D6, the actual mass loss results were below what was
calculatek by Faradayds Law. This can be attri bt
stainless cathode or the time used in the accelerated corrosion. Modifications should be

explored when calculating time by Faradayo
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Appendix A

A.1 Sample Calculation of Induced Current in DM stirrups

Sample calculation fohe requiredime to achieve 15% mass logs 10m stirrups with a total

length of 860mm was <cal cul ated based on

- EB O
U&

Where:
M_ = mass loss ()
M = the atomic weibt of the metal (5@ for iron-Fe)
S, is the surface of the corroded stirrups
i = current density
z (ionic chargé FeA Fe?+2e¢)=2
F (Faradayés constant) =
T = corrosionime (seconds)

For 10M stirrups with a length of 860 mm:
- )] (Ii;
1=250 £°A/ cm
F = 96500 Amparessec

Steel density = 7.86 g/cin
Diameter of 10M deformed steel bar = 1finéh = 1.13cm

Areaof 10M bar= 1cn?,

91

96500

Faradayods

Ampares.

| a

S € C (



L =860 mm =86 cm
3 nNOD$O,
3 AND$SD, ADpD DY omAl

Mass loss (g) = Mass loss (%) x Mass of original steel (g)

- AGGEOE 0 MBI O MAT @6 0D 019 T &t 00 XF Fapai gy
PX0
t -AQO O I -A0O ®Oz- AGOGEOCEQREAABA I pu D x L p &) WC
Substitute all values in the mass loss equation:
;=2
Ué&

VO v@dp 1 Do m W4
COweu MM

4 TvwuBdAAT T AO

opT
pcxx 600

vd AUO
Induced current (1) =38,

= 2503805 =76.2% A

I as AN 7
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A.2 Prediction of ultimate shear strength for control beam using thegeneral method (CSA

A23.3-04) 5_20M
Sample calculation fahear strength (YBeam10M-0%-UR, Q|
M|
2—25M
Material ties:
aterials properties = 59— 30M
200

Average oncrete compressive strendtr cylinder (100 width x 200 height@ day oftesting

° = 38 MPa, Coarse aggregaseze= 9.5 mm

Shear reinforcement; {10M-stirrups) = 420 MPa, A(10M-stirrups) = 200 mr) S (stirrups

spacing) = 200 mntoncretecover 25mm

- Flexure reinforcement: -20M, and 225M (total area=240ennv), fy (flexural reinforcement)

= 480 MPaEs= 200000MPa
The flexural resistance, Mr, was calculated by Response 2000
M; =220 kN.m

The shear resistance;, W6 given from eg4.3 in Chapter4:

1.Calculating effective shear depth:
dv =0.9d =260 mm

2 Calculate Vin terms of b andd

93



V.= b x200x260 ———-  x260 x cot d

= 320pmRIc ot d

3.Cetd an d r o m ledgamdaltFespentively.

. g - e

[ Ccwxmnnm

O — MmO => O =334 (Eqg. 1.7 in Ch. 1)

Tt/ LT

4Try - (assmmed)=0.003 =>71

5.Check if- (assumed) = (calculated)

- AAl ADO1 AGAA— (Eqg. 1.6 in Ch. 1)
R (calculated) 0.0002021

After many iterions based on the flowchart from Figure 4.7 in Ch.4:

Final try- (assumed) =0.000697822|1 1 wg o & |

- (calculated) = 0.000697828 =>

6. Calculated/r : Vr =2 *[320.6(0.193 } p m&cot (38.88)]

Vr = 448.8 kN
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A.3 Prediction of ultimate shear strength for corroded beam using the general method

(CSA A23.304) 2—20M
o el
Sample calculation fashear strength (Vr) deam 10M15% UR, O
N 2—25M
Materials properties: T 2—30M

200
-Average concrete compressive strength §dinder (100 width x 200 height) @ dagsting f°.

= 44 MPa, Coarse aggregate diameter = 9.5 mm

-Shear reinforcement;, {10M-stirrups) = 420 MPa, Aincorroded (10M-stirrups) = 200 m/h S
(stirrups spacing) = 200 mmass loss = 15.6%, concrete covesmn

- Flexure reinforcement: -20M, and 225M (total area=2400 mf) fy (flexural reinforcement)
= 480 MPaEs= 200000MPa

The flexural resistance, Mr, was calculated by Response 2000

M; =220 kN.m

The shear resistance;, Vs calculated byq.4.3in Chapte#:

Vi= Ve + Vs=n BUERA d, + Ny 8 dyc 0 tassimen & nN+=1,

Calculating effective shear depth:
dv =0.9d = 260 mm

2 Calculate Vin terms of b andd

V,= bVWEdA d, + & d,cot d

-Since the mass loss >5%, thereforgy H b-2c = 150mm (from eq. 4.1 in Ch. 4)

-Effective area of web reinforcement can be calculated using eq. 4.2 in Ch.4:
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Ay corroded:(]-'maSS |OSS%) Puncorroded = 168.8 mrﬁ

Vi= Wb x150x260+—2" _x260 x cot d

V,=258.7b+922c ot d

3.Cetd @bnd rom equation 1.4, and 1.5

[ Ccwxmnmnm

O — MmO => O =334 (Eqg. 1.7 in Ch. 1)

4Try- (assumed¥0.003=>1y mdixg UL T

5.Check if- (assumed) = (calculated)

- AAl AOI AGAA— (Eq. 1.6 in Ch. 1)

R (calculatel) =0.000L6936 and shear resistance

After many iterations based on the flowchart from Figure 4.7 in Ch.4:

Final try- (assumed) = 0.00084943=>1 =0.206;] o0 @&- (calculated) = 0.00814943

6. Calculated/r : Vr =2 *[2587 (0.206)+ 92.2 cot (33.3)]

Vr =386.7kN
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Appendix B
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B.2 Map of corrosion crackoncrete surface specim@@M-15%-UR (crack widthan mm)
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B.4 Map of corrosion crackoncrete surface specimen BD12% UR (crack widths in mm)
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Appendix C
oncr Tension steel rebar
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FigureC.2 Loadstrain relationship of repaired beam (grop A)
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\\ oncrete Tension steel rebar
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Conchete Tension steel rebar
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FigureC.6 Loadstrain relationship of repaired beam (group C)
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