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Abstract

The use of carbon fiber reinforced polymer (CFRP) composites is a widely accepted method for
externally strengtheningeinforced concrete members. However, there is a notable gap in the
literature regarding the behavior of CFRfPengthened beams fiber anchors under reversed cyclic
loading. Thisstudyaddresses this gap by examining the performance of normal arsirkvgth
concrete, witta moderatasteel ratio (0.005) andw steel ratio (0.0034), in constructing fourteen
identical fullscale rectanguldreams. These beams were strengthened with both unanchored and
anchored CFRP sheets. Based on the concrete strength, steel ratio, and CFRP scheme, the beams
were categorized into three groups. The first group comprised five beams with lightly reinforced
steel and lowstrength concrete. This group included a control specimen, as well as strengthened
specimens with thin sheets with and without fiber anchors and strengthened specimens with thick
sheets with and without fiber anchors. The second group replitteefitst group in terms of
CFRP scheme, but with moderatesteel ratio anchigherstrength concreteThe third group
consisted of four beams, two withe samdightly reinforced steel and lowtrength concretas

those of group ,Jand two withthe same moderagteel ratio anthigherstrength concretas those

of group 2 Thisthird groupconsisted ofwo beams strengthened with double thick CFRP sheets
top and bottonsecured with fiber anchar§he othertwo were strengthened usingecent patent
conceptsuggesting the use of a small steel plate as a ductility fuse by sandwiching it in between
two layers of FRP at the critical plastic hinge regisihspecimens underwent cyclic testing under
displacement control, following the AC 12ading protocolAcceptance Criterion 125, ICC)

The failure modes varied among all three groups, including excessive yielding, CFRP sheet
debonding, CFRP sheet rupture, shear failure, and cover delamination. The hystgresiseres

loops of the different specimens were compared, including ultimate capacity, ductility, stiffness



degradation, and energy dissipation. Furthermore, gtidy involved the development of a
phenomenological model to predict the response behavior of RC beams subjected to fully reversed
loading cycles until failure. The comparative discussion and analysis of the results with the
phenomenological model exhibiteédh promising correspondenceFinally, experimental
observations were conducted to investigate the behavior oftthetural systems with the
indicated innovativenaterialsunder reverse cyclic loadings well as théoad-deflection, andhe
momentcurvature response. These observations aim to establish a basis forahalytical
modeling of the hysteresis response of RC beams strengthened with CFRR/sheeid without

fiber anchors
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Abstract

The use of carbon fiber reinforced polymer (CFRP) composites is a widely accepted method for
externally strengthening reinforced concrete members. However, there is a notable gap in the
literature regarding the behavior of CFRfPengthened beams fiber anchors under reversed cyclic
loading. This study addresses this gap by examining the performance of normal st imth
concrete, with a moderate steel ratio (0.005) and low steel(€a€034), in constructing fourteen
identical fullscale rectangular beams. These beams were strengthened with both unanchored and
anchored CFRP sheets. Based on the concrete strength, steel ratio, and CFRP scheme, the beams
were categorized into threeagips. The first group comprised five beams with lightly reinforced
steel and lowstrength concrete. This group included a control specimen, as well as strengthened
specimens with thin sheets with and without fiber anchors and strengthened specimenskwith th
sheets with and without fiber anchors. The second group replicated the first group in terms of
CFRP scheme, but with a moderate steel ratio and hgjrergth concrete. The third group
consisted of four beams, two with the same lightly reinforced ateklowstrength concrete as

those of group 1, and two with the same moderate steel ratio and-siggragth concrete as those

of group 2. This third group consisted of two beams strengthened with double thick CFRP sheets
top and bottom secured with banchors. The other two were strengthened usiageat patent
concept suggesting the use of a small steel plate as a ductility fuse by sandwiching it in between
two layers of FRP at the critical plastic hinge regisihspecimens underwent cyclic tegj under
displacement control, following the AC 125 loading prota@atceptance Criterion 125, ICC)

The failure modes varied among all three groups, including excessive yielding, CFRP sheet
debonding, CFRP sheet rupture, shear failure, and cover delamination. The hysteresis response

loops of the different specimens were compared, including ultimaseitgpductility, stiffness



degradation, and energy dissipation. Furthermore, this study involved the development of a
phenomenological model to predict the response behavior of RC beams subjected to fully reversed
loading cycles until failure. The comparative discussion and analydise results with the
phenomenological model exhibited a promising correspondence. Finally, experimental
observations were conducted to investigate the behavior of the structural systems with the
indicated innovative materials under reverse cyclic lngdas well as the loadkeflection, and the
momentcurvature response. These observations aim to establish a basis for future analytical
modeling of the hysteresis response of RC beams strengthened with CFRP sheets with and without

fiber anchors.
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Chapterl-l nt roducti on

1.1 Background

Most of the current standing buildings are vulnerable as a result ofdgnged to harsh weather
conditions, such as humidity, and environmental disasters, such as seismic activity. Therefore, the
need for innovative and effective methods to retrofit these concrete structures becomes
increasingly essential. One of the streegihg techniques available is the use of carbon fiber
reinforced polymer (CFRPELFRP strengthening has become an itkkiniqueor upgradingand
retrofitting concrete elements due to its remarkable properties such as durability as well as high
ultimatestrengthIn fact, CFRP is a corrosiagesistant materiand has a high strengtb-weight

ratio (Lee et al. 20095ingh et al. 2014Vang et al. 201, 5iddika et al. 2018bahieh et al. 2@2

a, Sbahieh et al. 2@2b, andVijayan et al. 2028 A large number ofesearch studies have been
done to investigate the use of CFRP as a strengthening majgpladd toreinforced concrete
structures. Howevethe majority of these studies have focused on the behaviors of RC members
strengthened with CFRP under monotonic loadibgng et al. 201Dias et al. 2018Alabdulhady

et al. 2022Barris et al. 2023andLiu et al. 2023. Therefore, there is a need to better understand
the seismic response of these strengthened RC members gclic loading conditions, such as
those induced by earthquakes, can significantly affecstructural performance and durability of

RC elements.

Furthermore, there is a lack of studies investigating the effectiveness of using fiber anamors as
anchoragesystemthat canmechanicallytransfer forces from the CFRP sheet to the concrete
substrate. As a result, guidelines for installing fiber anchors are ligBtaghieh et al. 2@2b).

Factors such as anchor layout, hole inclination, depth and area of the anchor holajianetter



amount of CFRP materials, anchor fan length, fan angle, and anchor reinforcement influence the

anchoragesuccesgGarcia et al. 2014

1.2 Objectives

The use of CFRP to strengthen the existing concrete members can be an alternative option due to
their affordability, lightweight, as well as durability compared to deminigstine entire structure.

Over the last two decades, the demandetrofitting and enhancing the loadrrying capacity of

existing structures has increased, leading to more research on using CFRP as a strengthening
material. However, using CFRP shstetstrengthen RC beams subjected to cyclicitggldas not

been well covered yet in e¢hliterature. Therefore, this study aims to investigate the seismic
behavior of fullscale RC simple beams that have been strengthened with CFRP sheets of varying
thickness at the top and bottom surfaokshe memberwith and without carbon fiber anchor
arrangements, in comparison with a control specimen. The specified objectives recdarch

study areas follows:

1 Investigate the seismic performance of RC besimengthened with CFRP sheets.

1 Develop an optimal strengthened technique using carbon fiber splay anchors.

1 Studytheeffectsof using various thickness of CFRP shewsith and without carbon
fiber anchors

1 Examine the influences of usimgultiple layers of thick CFRBheets simultaneously
with or withoutsteel plateacting as a ductility fuse

1 Develop gphenomenologicahodel to simulate the hysteresis loops response of RC
beams strengthened with CFRP sbaeth or without anchors

1 Conduct an experimental investigation to establish a basis for aratgtical

modeling of the hysteresis response of RC beams strengthened with CFRP sheets.
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1.3 Scope of Dissertation

This dissertation consists sévenchapters. The first chapter includes an overview of the gppic
objectives of this research, and scopthafdissertation. Chaptéwo, Flexural Seismic Behavior

of Low Concrete StrengtBteel Ratio RC Beams Strengthened by CFRP Sheets with and without
Fiber Anchors presents an experimental study of strengthened RC bedimdow-strength
concrete antlghtly reinforced steel ratito investigate their seismic performance. Chaiteye
Flexural Seismic Behavior of Moderate Concrete Strefsg¢iel Rath RC Beams Strengthened by
CFRP Sheets with and without Fiber Anchansludes further experimental investigation of the
cyclic response ofiigherstrength concretand moderatesteel ratb in RC bears strengthened
with CFRPsheets with and withoditber anchorsChapter four focuses @redicting the flexural
responseof the backbone curvaising an available analytical model anmtveloping a
phenomenological modeling to simulate the hysteresis response of strengthened R®ybeam
various CFRP thicknessecuredwith and without fiber anchorgChapterfive introduces an
additional experimental program wighnewtest setup and recenpatentconcept suggestirtipe

use of a small steel plate as a ductility fuse by sandwiching it in betweday®ve of FRP at the
critical plastic hinge regiann chaptersix, experimental investigatiorand observationf®r future
analytical modeling werehighlighted to facilitateformulating and predicting the seismic
performance of strengthened RC beannsthe last chapter, chapteeven conclusions,and

recommendationsn the dissertation topsare presented.



Chapter2-F|l ex8e asBeihcawif olLow Concrete S
St eel Rati o RC Be@mRPIbeetesngwihtemed

wi t hFoiubter Anchor s

2.1.ABSTRACT

An experimental program was conducted to examine the seismic performance of flexural beam
members strengthened with carbon fibginforced polymer (CFRP3heetand anchored using
carbon fibersplay anchors. This research extends the use of carbon fiber anchors to secure the top
and bottom CFRP flexural sheets under cyclic loadinghis study, low strength concrete is
examined, with lightly reinforced steel ratio (0.0034) to testdadle rectangular beanisive
reinforced concrete beams were casergjthened, and tested under reversed cycles opfmnt

bending to failure. The beams were categorized into a control specimen, strengthened specimens
with thin sheets with and without fiber anchors, and strengthened specimens with thick sheets with
andwithout fiber anchors. They were tested cyclically under displacement control according to
the AC 125 loading protocol (Acceptance Criterion 125, ICCThe failure modes ranged from
classical ultimate failure for the control beam to rupture and IC debonding fiwetm with
unanchoredhin CFRP sheets. On the other hand, debonding took place for the thicker sheets with
no anchors, while the thicker sheets with fiber anchors underwent cover delamination failure mode
despite the fact that the sheets were extended very close to the supptets.The hysteresis
response loops were compared for the different specimenbeadalytical envelop curves were

predicted resulting in a close agreement to the experimental finding



Keywords: Seismic performan¢eCFRP strengtheningCarbon fiber splay anchorgyclic

responseModeling backbone curve

2.2. Introduction

The use ofCarbon Fiber Reinforced Polymers (CFRP) has become a&km@Nn technique to
strengtheror rehabilitaé existing reinforced concrete members, such as beams, c%lameh

frames. In fact, during the last two decades, the demand of retrofitting and enhancing-the load
carrying capacity of existing structures has increased, leading to more research on using CFRP as
a strengtheing material. Numerous studies have demonstrated the effectiveness of using CFRP in
enhancing the flexural behavior of RC beams undenatamic loading(Rashed and Pervaiz

2002 Tamimi et al. 2011Sagan et al. 20L3Rasheed and Deck2015 andSmith et al. 201)¢
However, using this technique to strengthen (RC) beams located in active seismic zones needs
further exdluation to investigate the effects of cyclic loading on tégponse o$trengthened RC

beams. Additionally, new anchoring techniques need to be investigated to develop optimized

anchoring methods for RC membéhat significantly improve the cyclic behavior

The main components of the CFe&ncrete boned system, which are utilized to externally
strengthen RC structures, include CHRPfiber sheetsadhesive, and anchoshenevethey are
applied(Rasheed and Pervaiz 2Q00Zypically, it is assumed that there is a full composite action
between the surface of concrete members such as beams and CFRP materials. However, the degree
of bonding directly depends on the shear stiffness and strength of the adhesive, which must be
suficient to transfer the shear forces between CFRP and corstiesératd Rasheed anBevaiz

2003 Gao et al. 20L,2andTeng 2018 Additionally, the quality of bond is directly impacted by
concrete propertieand surface preparatioMany studies and design caedeflect that as the
compressive strength of the concrete incrgas®edoes the strength of the CFR#hcrete system
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(Hollaway et al. 1999Walraven 2010Kim 2014 andFu et al. 2018 Thus, many researchers
have investigated how to improve thend deficiencieby applyingdifferenttypesof mechanical
anchoring systes(Chen et al. 20QDiab and Fargha2014 Chen et al2018, andAlhassan et al.
2021). In fact, using anchoring along with adhesive to secure the GRB&scan improve the

loading capacity bgignificant amountgAlhassan et al. 2031

Limited studies have wrestigated the seismic behavarRC structures strengthened with CFRP.
Ceroni (2010)studied the performance of strengthened RC beams with Externally Bonded
Reinforcement (EBR) and Near Surface Mounted (NSM) bars under monotonic and cyclic loading.
The findings of this study showed that the loadtagying capacity increasad therangeof 26%

to 50% in case of low reinforcement ratio and 17% to 33% fordrigkinforcement ratis It was
alsoobserved that the ductility was reduced when CFRP is usedieasally bondedtrengthening
material due to thpremature debondingf the CFRPsheetsOn the other handhe use of Near
Surface Mounted (NSM) bars successfully improved the ductility of the system along with
increasing the ultimate failure load. The failure mode changed from debonding whersiGFeRs
were used to cover delamination or concrete crushiutgn NSM barsare usedAdditionally,
different type of anchos were used along with Externally Bonded Reinforcement (EBR) to
investigate thie effectivenesgsowardsenhancing the performance of the strengthened system. It
was found that an adequate ductility was reached as well as entemtof ultimate loading
capacity when anchoring deveceere applied. Finally, according to the author, a redaction of at

least 10 % of the ultimate failure load wasservedinder cyclic compared to monotooading

Laseima et al(2020 carried out an experimental study to investigate the seismic behavior of

exterior RC beartolumn joints strengthened with CFRP. According to the authors, the strength,



energy dissipation and ductility of the strengthened system were enhanced by 61.7%, 208.9%, and

61.8% respectively compared to the control specimen.

Another study bySagan et al(2020 investigated the effectiveness of using CFRP with various
anchors on seismic behavior of RC beemtumn joint assemblies. The finding of this study
demonstrated that the ultimate leaarrying capacity increased by 19% to 43.6% compared to the
control speimens depending on the anchoring arrangements. It was also evident that all
strengthened specimens exhibited higher total energy dissipaiimamping ratis compared to

the control one

A more recent study conducted KgirayannigtandGolias(2022 examined fulscale RC beam

column joints that were externally strengthened using CFRP ropes. These joints were strengthened
by applying Xshaped ropes, either single or double, at each side of the joint. Additionally, single
or double straight ropes wewmpplied at each side of the beam. The specimens that were
strengthened in this manner exhibited an enhanced hysteretic response compared te the non
strengthened ones. The improvement was observed in terms of maximum loads per loading step,
stiffness, andenergy dissipation. The ultimate capacity of the strengthened specimens increased

by a range of 20% to 57%, depending on the number of CFRP ropes used.

This study aims to investigate the seismic behavioiutbfscaleRC simply supportedbeams
strengthened with CFR$heetof varying thicknesssat ther top and bottom surfacesith and

without carbon fiber anchor arrangemgnbh comparison with a control specimeXll specimens

in this study have been designeith low concrete strength to simulate older beams having nearly

a minimum steel ratioThe main objective of this strengthenstgdyis to enhance the capability

of RC beams, particularly under extreme events like earthquakes. To evaluate their performance,

all specimens are subjecteddquaststatic cyclic loading in displacement control. A comparison
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is made between the strengthened specimens and the control specimen, as well as between
specimens with differentsheet thicknessand anchoringarrangemerst Furthermore, the
experimental envelope responseaiurately predicted using an analytical approgglically

suitable for monotonic loading.

2.3. Experimental Campaign

2.3.1. Specimen Matrix and Beam Parameters

Five full-scaleRC beam specimens were designed in accordanceAgith318 building code
(American Concrete Institute, 2019l specimens are identical in geometry, reinforcement steel

W 13 bars in f 1l ex u(#baraimftexute antl 83 barain sheas well ash e a r
concrete strengthut are categorized differently in terms of the level of strengthening, based on
thethicknessof CFRP layers and theimchoringstatus,as shown irifable2.1. The dimensions,

steel reinforcement layout as well the supports antbadingprotocolare shown irFigure 2.1.
FurthermoreFigure2.2. to Figure 2.5present the geometry of specimens No.2 to No.5 along with

the steel reinforcement as well as the strengthening CFRP sheet types and anchors arrangement.
Figure 2.6. illustrates the carbon fiber splay anchors that are used to secure the CFRP sheet in

beamdNo0.3 and No.5.

Table 2.1. Beams details summary.

Beam Specimen Type CFRP Sheets Number of layers  Figure &y Analysis (u=1) mm
No. No. (in)
1 Control N/A N/A 1 18.30 (0.72)
2 FRP strenghened CSSV-Wrape C100HM 1 top and bottom 2 19.05 (0.75)
3 FRP strenghened & anchore CSSV-Wrage C100HM 1 top and bottom 3 19.05 (0.75)
4 FRP strenghened CSSV-Wrape C400HM 1 top and bottom 4 20.32 (0.80)
5 FRP strenghened & anchore CSSV-Wrage C400HM 1 top and bottom 5 20.32 (0.80)
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Figure 2.6. Carbon fiber splay anchors.

2.3.2. Materials Characteristics

2.3.2.1.Concrete

The concrete mix was designed to have-@d&gcompressive strength of 17.24 MPa (2.5 ksi) with

a slump of 75 mm (3 inched)hreeconcrete cylinders dE00 mm diameterx 200 mmheight( 4 0

diameter x8 dheigh) were tested to determine tB8-day compressive strength of the concrete
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mixturebased on ASTM C39. 1@ additional cylinder was tested the day of testingpeam No.
3 (216 days from the casting date), Sexble 2.2. Based on the conducteglinder tests, the
concrete had an averag8daycompressive strength 8i.02 MPa(3.05 ksi). It is interesting to
observe that this concrete gained around 4.75 MPa (0.69 ksi) extra strgmigghday of testing

compared tats standard 2&lay strength

Table 2.2.Concrete Compressive Strength Testing

Specimen Testing type Strength MPa (psi)  Average strengthMPa (psi)
C1 Compressive &8-day 21.23 (3081.00) 21.02 3,048.50)
c2 20.52 (2978.00)
C3 21.30 8,092.00)
C4 Compressivatday of testing  25.77 8,740.00 25.77 (3740.00)

2.3.2.2 Steel Reinforcement

The acquired’ 13 (#4) steel bars were reported to have a yield stren@h2o085 MPa&3.1 ks)
based on the manufacturer mill certificatés.examinethe mechanical properties thfese bars in

the lah three rebars were tested in accordance with ABY5. The average yielding strength
was obtained to b&36.01MPa(77.74 ksi). The average modulus of elasticity was afsasured
using stresstrain curves to bé70,489MPa (24,727.34ksi), while the typical modulus of
elasticity of steel is known to be 200,000 MR8,000 ksi)A possible reason for this discrepancy

is the use o$acrificial grips cut from steel sheetbetween the Hear and the hydraulic grips of
the UniversalTestingMachine where minor slippage might have taken place under a gripping
pressure o27.58MPa (4000 pgi In addition, the steel bar surface was slightly grinded to allow

for mounting the strain gauge on a flat smooth surface causing a very minor reduction in cross

12



section.The mechanical properties of steel according to the experimegtihg are shown in

Table2.3.

Table 2.3. Mechanicalproperties of the tested steel bars.

Specimens Average Yielding Strength MPa (ksi)  AverageElastic Modulus MPa (ksi)
Rebar¥%  1#() 485.54 (70.42) 173,181.67 (25,117.88)
Rebar% 1 3) 536.01(77.74) 170,489.0024,727.39

2.3.2.3.Carbon Fiber-Reinforced Polymer

Two types of commercibl availablehigh-modulusunidirectionalcarbon fiber fabric sheets were
used to strengthetihe RC beamsOne of the fabricshasa 0.508 mm (.02 in thick saturated
laminate layer made from 0.165 mm (@56 in.) dry fabric sheefCSSV-WrapE C100HM)
having 330 g/rh(9.730z/yP) weight The other one has03 mm (.08 in) thick saturated laminate
layer made from 86 mm (0.®6in.) dry fabric sheefCSSV-WrapE C400HM) having 1300

g/m2 38.340z/yd?. Table2 4 illustrates the manufactured data for botlthe CFRP types

Table 2.4. Mechanical Properties of CFRP per Manufacturer.

Type of Carbon Properties Type ~ Nominal thickness  Ultimate tensile strength Elongation at Modulus of elasticity

fiber fabric t, mm (in) I~ MPa (ksi) break gd% E, MPa (ksi)
CSSV-WrapE Dry fiber 0.165 (0.0065) 5,440.00(790.00 1.9 289,550(42,000
C100HM properties
Curedlaminate 0.508(0.02 1,490.00(216.0Q 1.30 115,142(16,70Q
properties
CSSV-WrapE Dry fiber 0.66 (0.026) 5,440.00(790.00 1.9 289,550(42000
C400HM properties
Cured laminate 2.03(0.08 1,241.00(180.0Q 1.27 98,181(14,24Q
properties

2.3.3. SpecimenFabrication

Five full-scalebeams werenanufacturedn the Structural Engineering laboratory at Kansas State
University using wooden formworkl he specimenswvere fabricated carefullyafter placing all

required strain gauges on the top and botttwal sebarst midspan
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2.3.4. SpecimenStrengthening

After the curing otheconcrete mixturg the strengthened specimsumrfaces werpreparedising
a grinder to ensure adequate bonding with CFRKo types of CFRFPshees with varying
thicknesawvere used, along with anchoring for two of those specinsaesigure 2.3 andFigure

25. Figure 2.7 (a-c) illustrates the surface preparation and CFRP installation phase.

Figure 2.7. (ac) RC Beams during Surface Preparing and CFRP Installation.

2.3.5. Loading Protocol and Measurement Instrumenttion

To simulate the seismic load, a displaceranitrolled cyclicfour-point loading was employed
usinga 668kN (150 kip)hy dr aul i ¢ actuator at Kansas State
Lab, seeFigure 2.1. The averageate of applieddisplacementvas17.78 mm/min (0.7 in/min).

To capture the behavior of the tested beams, various instruments were used inétuding,
LVDT6 ,9wo at midspan and one at each support, at least sighin gaugesit midspan, in
addition to extra strain gaugeshetween the load point and the nearest anchors to capture any
possible debonding scenariéds 890 kN (200-kips) load cell to measure the applied lqasl also

used According toAC 125(ICC ES AC125 202 the displacemertontrolled loading protocol
followed the variation shown iRigure 2.8. The entire measured data was collected and stored in
a Vishay System 7000 data acquisition equipment halfhgtrain gauge channels;LA&/DT

channelsoneload cell channednd one channel for actuator displacement

14



Actuator Displacement (mm)

Time (Minutes)

Figure 2.8. Loading Protocol for Beam No.2

2.3.6. Test Setup

A comprehensive testing setup was applied in this stuéyxamine the flexural behaviof all
five beamspecimens under revexscyclic loading. A simply supported setup wétclearspan
between supports 86576 mm (L44inche¥, andthe load applie@tthe onethird points along
themember using a steel spreader bes@eFigure 1. To securely hold the specimens in place
during the pull loaohg, steel C channels with threaded rodsboth sidesvere utilized ashown
in Figure 2.9. Each threaded rod was giensioned t®6.72 kKN (5-kips) using a torque wrench
allowing for sufficient clamping force during the pull loading diren. It is important to note
that undelan ultimate pull load 0266.88 kN 60-kips), each threaded rod will pick up an
additional66.72 kN(15-kip) force resulting in 433.44 kN(30-kip) maximum force. The load
required to yield a-In threaded rod a13.69 MPag0 ksj yield strength i209.06 kN 47-kips)

leaving a 1.57 factor of safety for the rods used.

1 The clear span of the RC beams slightly over 144 in. since theenterto-center distance between the strong
floor tie-down was 144.75 in.
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Figure 2.9. Standard testing setup of beam No.2

2 4. Results and Discgsions

Theresults,observations and findings of the experimentaktedit be discusedindividually for
each beam in this sectioAdditionally, the performance ddll five specimens will be compared

against each othe

24.1.Beam No.1

Based on the obtained resulise control specimerexhibiteda ductile behawer. Moreover, the
beamwas able tasurvive up tomore thar82.55mm (3.25in.) of displacementvith negligible
reductionof strength During the experimenthe crackingoadwas34.75kN (7.81 kips) in the
push direction with @orrespondingycle sizeof 7.62mm (0.30in.) while it was43.14kN (9.70
kips) in the pull modewvithin the same cycle siz&he first cracking wasollowed by several
flexural cracks developed within tlenstantnoment region. The yieldingccurredaroundaload
of 62.27kN (13.74 kips) in push witha correspondingycle of 19.05mm (0.75 in) while it was
74.59KkN (16.77 kips) in the pull mode witin the sme correspondingcycle size This was
accompaniedby moreflexural crack propagation at theonstanimoment regioralong with shear

crackng atbothpoints where the loadingasappliedonthe shear spaside The ultimatdoad at
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which the failure took place due to excessive yieldiag around9.01kN (20.01 kip$ in push
modewith a mrrespondingycle sizeequal ta82.55mm 3.25inches. It alsotook place at around
125.80kN (28.29kips) in the pull modeéuringa similar correspondinglisplacement cycle level

It is important to observe that the different loads in the pull directiom@teeably higher than

the same loads in the push direction for this beam. Part of the reason is the fact that gsawvity act
the push directiomesuling in higherreportedload values for the pull direction in this case.
Another reason is the pin boundary conditions used for Beam No.1 that did add extra constraint
in the pull direction due tthe tightened clamping of the threaded rédgure 2.10. illustratesthe
hysteretiaesponse ahe control specimelfrigure 2.11. presents the beam setup ptimand after

testing.

Load-Displacement Beam No.1

Load (kN)

100

=150 I
Displacement (inm)

Figure 2.10. Load-displacement response of beam No0.10 (1 Kips=4.45 KN)
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Figure 2.11. Specimen No.1. (a) before testing. (b) at failure

24.2.Beam No.2

Forthe second specimergrae ductilitywasobserved despite the use of CFRP to strengthen the
beam since thexternalsheets applied were of the thin typoreover, the beam was able to
survive up to more thadd.30mm (1.35in.) of displacement witasudden drojn strengthwithin

that cycledue to CFRP fiber ruptureeerigure 2.12. A crackingloadwas determinetb be34.33

kN (7.71 kips) on the push side withcorrespondingycle sizeof 7.62mm (0.30 in) while it was
37.68kN (7.79kips) on the pull sidevithin a similar cycle size Subsequentlytypical flexural
cracksweredeveloped within theonstanimoment regionAlthoughless than thosebserved in
the control specimen due to tilfluenceof the externally bonde@FRPsheetsn restraining and
redistributingthesecracks Yielding occurred around pushoad of80.40kN (18.08kips) anda
correspondingycle sizeof 1907 mm (0.75 in.). On the other hand, yielding happened at a pull
load 0f81.43kN (18.30kips) havingthe sameorrespondingycle sizefollowed byshearcrack
propagation at botload pointsinside the shear spakvidently, he failure tookplacedue to
rupture of the CFRP sheet at batirfacesf the beam, top and bottomit the loading points but
insidethe shear spaat a pushload of approximatelyl04.80kN (2356 kips) anda pull load of
124 kN @8.07kips) with acorrespondingycleequal to57.2 mm 2.25incheg. The failure was
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primarily caused byarge diagonal shear crackdjacent tahe load application locatiomm the

shear sparfigure 2.12. illustrates the response of theam No.ZpecimenFigure 2.13. presents

the beam setup prior to and after testing.

Load-Displacement Beam No.2

60

Load (kN)

Displacement (mm)

Figure 2.12. Load-displacement response of beam No.2 (1 Kips=4.45 KN)
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Figure 2.13. Specimen No.2. (a) before testing. (b) at failure
24.3.Beam No.3

The third specimen showed a hysteretic response similar to the second specimen until it reached
the yield point. After yielding, the behavior of the third specimen differed, as it exhibited a higher
ultimate load. The experimental data clearly indicaté spacimen No.3 showed ductility until
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failure, followed by a sudden rection of the strength that occurred due to the external sheet
debondingon the top andCFRP rupture on thieottom sides of the beaat the boundary of the

shear sparOn the push side, a cracking load of approximately 34.33 kN (7.71 kips) was observed,
while on the pull side, a cracking load of approximately 28.23 kN (6.35 kips) was noticed. Both
sides exhibited a corresponding cycle size of 7.62 mm (0.30 in.). igetdicurred at a push load

of 83.64 kN (8.81 kips) and aull load of 75.8N (17.05kips), both corresponding to a cycle

size of 19.05 mm (0.75 in.) followed by the propagation of shear cracks at both points where the
loading was applied. The failure of the third specimen was caused IGFRE ruptureof the
external sheet on thmttom sideof the bean{push loading) at the boundarytbe shear spa@n

the other hand, failure of this beam was caused by CFRP debonding of the external sheet on the
top side of the beam (pull loading) at the boundary of tearsspan as well.aHure occurred at a

push load of approximately 119.5 kN (26.81 kips) and a pull load of approximately 109.42 kN
(24.6 kips), with a corresponding cyaesplacemenequal to 57.15 mm (2.25 inspme for the

push and pull loadingrhe failure was attributed to large diagonal shear craickte edge ahe

shear span, which developed atltheation ofload applicationWhen investigating the reason for

the higher cracking, yielding and ultimate loading for the push direction, the arghbred that

the effective depth (d) of the push side was noticeably hZmm(11.5 in.) than the (d) of the

pull side which was lowe279 mm(11 in.).Figure 2.14. illustrates thénysteretiaesponse of beam

No.3. Additionally,Figure 2.15. presents the beam setup prior to and after tedtirsgalso worth
mentioning that the end anchor prevented the thin CFRP sheet from fully separating from the beam

in the pull direction.
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Load-Displacement Beam No.3

Load (kN)

Displacement (mm)

Figure 2.14. Load-displacement response of beam No0.3 (1 Kips=4.45 KN)

Figure 2.15. Specimen No.3. (a) before testing. (b) at failure

24.4.Beam No.4

Specimens No.4 exhibited reduced ductility compared to speciNmhgo No.3, as itfailed by

CFRP debondingwithin the displacementycle of 40.64 mm (1.60 in.) before experiencing a
sudden reduction in strength. Despite the limited ductility, the ultimate capacity of specimen No.4
demonstrated a significant increa8ecording to the experimental data, the cracking load on the
push side was measured at 35.30 kN (7.93 kips), while on the pull side, it was measured at 32.97
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kN (7.41 kips). Both of these cracking loads were observed within a corresponding cycle size of
3.81 mm (0.15 in.). Subsequently, normal flexural cracks developed within the fixed moment
region. Yielding was observed at a push load of 115.91 kN (26.0pdqapsa pull load of 112.73

kN (25.34 kips), both occurred at a corresponding cycle size of 20.32 mm (0.80 in.). Yielding was
followed by the formation of more flexural cracks within the constant moment region and shear
cracks within the shear span. Thiuiee occurred as a result of the debonding of the external CFRP
sheets on both the top and bottom sides of the beam, specHicthieyedge dhe shear span. This
debonding occurred at a load of approximately 146.34 kN (32.9 kips) on the push side and at a
load of around 154.05 kN (34.63 kips) on the pull side, both corresponding to a cycle size of 40.64
mm (1.60 in.). The failure of the beamasvprimarily attributed to the development of large
diagonal shear cracks at the load application locdfigare 2.16. illustrates the response of beam

No.4 reflectinghigherhysteresis pinching due to the use of thicker CHR@ure 2.17. presents

the beam setup prior to and after testing.

Load- Displacement Beam No.4

Load (kN)

Displacement (mm)

Figure 2.16. Load-displacement response of beam No.4 (1 Kips=4.45 KN)
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Figure 2.17. Specimen No.4. (a) before testing. (b) at failure

24.5.Beam No.5

Beam No.5 showed almost identical results to those obtained from specimen No.4 with slightly
higher ultimate capacitgt about the sanductility while the energy dissipation seemed a bit more
than that of beam No.#&jgure 2.16. andFigure 2.18. Similar to specimen No.4, the be#ailed

within the displacementycle of 40.64 mm (1.60 in.) before experiencing a sudden reduction in
strength due to concrete cover delamination. However, it exhibited the highest ultimate capacity
among all five specimenk.is very interesting to observe that the anchors in beam No.5 functioned
perfectly forcing the concrete separation to take a path around and below the anchors introducing
complete cover delamination failure mod&gure 2.19%. Therefore, it is recommended to
consider the effect of deeper anchors as a potential reason for improving the response of this beam
during future testingexperimentally, the cracking load on both the push and pull sides of the
specimen was measured at 35.35 kN (7.95 kips) and 31.39 kN (7.05 kips) respectively, both
occurring at a corresponding cycle of 3.81 mm (0.15 in.). After that, typical flexural cracks
developed within the constant moment region between the applied load points. At a cycle size of
28.58 mm (1.125in.), yielding was reached on both the push and pull sides at a load of 130.35 kN

(29.31 kips) and 131.48 kN (29.56 kips) respectively follotwethe propagation of shear cracks
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at both points where the loading was applied, similar to those observed in specimen No.4. The
failure took place due to concrete cover separation atfao#sof the beam, top and bottorat,

the edge othe shear span atload of approximately 154.8 kN (34.8 kips) on the push side and
160.35 kN (36.05 kips) on the pull side, viitha corresponding cycle of 40.64 mm (1.60 in.).

Figure 2.18. illustrates thdnystereticesponse of beam No.5 whieggure 2.19. presents the beam

setup prior to and after testing.

Load - Displacement Beam No.5

Load (kN)

Displacemet (mm)

Figure 2.18. Load-displacement response of beam No.5 (1 Kips=4.45 KN)
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Figure 2.19. Specimen No.5. (a) before testing. (b) at failure
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2.5. Comparison of $ecimenResponss

25.1. Strength and Ductility

The results of the control specimen showed a ductile behaitlosignificant energy dissipation

due to extensive steel yieldinghichis expectedf un-strengthened RC beanSpecimens No.2

and No.3 still exhibited som®ticeableductility. However, the ultimate capacity thepush side

was enhanced when compared to the control ond7y46 and 33.3%, respectively. The
comparison between specimens No.2 and No.3 indicated that both have almost the same cracking
and yielding load while the ultimate capacity of the thiehmwas on averagel4% higher as

results ofapplyingthe anchorsvhich delayed the failure as well sisiftedthe failure mode from

top and bottomupture toa mixeddebondingrupturemode,seeFigure 2.17b. andFigure 2.18b.

As for specimens No.4 and No.5, the ultimate failure load was increasgl4%6 and73.90%6
respectively in comparison to the control specimen. Both specimembited very similar
responsesuch that cracking anglelding load were almoghe samewith a slight difference in

the ultimatefailure load as shown ifrigure 2.20. However, the failure mode was changed from
debonding of the CFRP sheets to concrete cover delaminationttieeaobon fiber splay anchors

and the ultimate load for beam No. 5 vtds75% higher than beam No. 4 aneragelt is evident

from Figure 2.20. that thestrength increaseandductility decreaseBom thecontrolbeamto the

beams strengthened with thBFRPto those strengthened witlthick CFRP.The use of fiber
anchors in these experiments was mainly concentrated at the sheet ends causing minimal strength
benefits. Hd there been anchors installed across the whole shear span, the strength and ductility
improvement would have been anticipated to be n{deki et al. 2020. Also, it is worth

mentioning thatusing deeper fibeanchors would have potentially helped with strength and
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ductility, as it would have delayed prevented the cover delaminatitailure mode observed in

beam No.5Figure 2.21. shows energy dissipation of all specimens together.
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Figure 2.20. Envelope Carves Comparison of all Beams.
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Figure 2.21. Energy dissipation of all beam3

2 Energy dissipation for CFRP strengthened beams is measured up to the failure of the strengthening system and
not beyond that.
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25.2. Stiffness Degradation

Specimensshowed various stiffness degradativands due to the influencef CFRP sheet
thicknessas well aghe use otarbon fiber splay anchoiased on the collected data, it is evidence

that specimen No.lcéntrol beam) exhibited théigheststiffnessreductionafter crackingas

shown inFigure 2.20. Specimens No.2 and 3 showeuer stiffness reduction compared to the
control beambut slightly higher reduction compared to beams No.4 an@rbthe other hand,
postpeak stiffness drop was highest for thicker CFRP (beams No. 4 and 5) compared to the
corresponding stiffness drop for thinner CFRP (beams No.2 and 3), while the control beam did not
experience any stiffness drop due to the lackERRE strengthening.

2.5.3. Experimental Envelope Curve

The envelope curve was extracted from the hysteresis loops of each specimen for the purpose of
comparing it to the analytical envelope curVable2.5 depicts the key points of the envelope
curve on the push side at cracking, yielding and ultimate levels for all five beams. It is evident
from Table2.5 that the ultimate strength increases steadily by increasing the beam nueber (

by using thicker CFRP sheets and applying fiber anchors). Ductility is also seen to reduce as the
CFRP sheet thickness increases while it increases when applying anchors to the thin sheet type at
ultimate push side. For the thick sheet type, the ductildg almost the same with and without
anchorsTable2.6, on the other hand, is identical Table2.5 but it is depicted for the pull side.

It can be noted that beams No. 4 and 5 show increase in ultimate load compared to the control
while beams No.2 and 3 shows reduction in ultimate capacity, which is attributed to the use of a
pin-pin boundary conditiorior the control beam and beam No.2 while adjusting the boundary
condition to a pirroller for beams No. -5, as mentioned earlier. Similar trend can be observed

for the ductility on the pull side asahcaptured for the push sidé€he only exception is beam
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No.3 which failed by rupture on the push side and by debonding on the pull side due to some
uneven surface on the latt€urthermore Table2.7 and2.8 shows the same key loading for the
push and pull side, respectively, while reporting the cycle size at which these key loadings took
place.Figure 2.22. andFigure 2.23. show thepeakultimate load and thpeakdisplacement at
failure for allbeamsrespectively

Table 2.5. Forward loading against displacement (Push Side).

Specimen H
P Experimental results
Cracking load Cracking Displacement Yielding load Yielding Displacement Ultimate load Ultimate Percent increase
kN (Kips) mm (in) kN (Kips) mm (in) kN (Kips) Displacement mm (in)  in ultimate load %

Beam No.1 34.75 (7.81) 7.81(0.15) 62.27 (13.74) 13.74 (0.54) 89.01 (20.01) 69.85 (2.75)
Beam No.2 34.33 (7.71) 2.37 (0.09) 80.40 (18.08) 15.24 (0.60) 104.8 (23.56) 34.29 (1.35) 17.74
Beam No.3 34.33 (7.71) 1.59 (0.062) 83.64 (18.81) 15.17 (0.60) 119.50 (26.81) 55.37 (2.18) 33.3
Beam No.4 35.30 (7.93) 1.065 (0.042) 115.91 (26.06) 15.86 (0.62) 146.34 (32.9) 26.67 (1.05) 64.41
Beam No.5 35.35(7.95) 1.35 (0.05) 130.35 (29.31) 17.07 (0.67) 154.8 (34.8) 25.40 (1.00) 73.91

Table 2.6. Reversed loading against displacement (Pull Side).

Specimen .
P Experimental results
Cracking load Cracking Yielding load kN Yielding Displacement Ultimate load Ultimate Percent increase in
kN (Kips) Displacement mm (in) (Kips) mm (in) kN (Kips) Displacement mm (in) ultimate load %
Beam No.1 43.14 (9.70) 6.67 (.26) 74.59 (16.77) 15.31 (0.60) 125.8(28.29) 54.61 (2.15)
Beam No.2 37.68 (7.79) 3.12 (0.13) 81.43 (18.30) 14.71 (0.58) 124 (28.07) 35.05 (1.38) -1.43
Beam No.3 28.23 (6.35) 1.09 (0.04) 75.82 (17.05) 14.30 (0.56) 109.42 (24.6) 41.91 (1.65) -14.324
Beam No.4 32.97 (7.41) 1.35(0.053) 112.73 (25.34) 16.33 (0.64) 154.05 (34.63) 27.18 (1.07) 225
Beam No.5 31.39 (7.05) 1.10 (0.044) 131.48 (29.56) 18.43 (0.73) 160.35 (36.05) 25.40 (1.00) 27.46

Table 2.7. Forward loading against cycle size (Push Side).

Specimen H
P Experimental results
Cracking load kN Cracking Cycle Yielding load Yielding Cycle Ultimate load Ultimate Cycle Percent increase in
(Kips) Displacement mm (in) kN (Kips) Displacement mm (in) kN (Kips) Displacement mm (in) ultimate load %

Beam No.1 34.75 (7.81) 7.62 (0.30) 62.27 (13.74) 19.05 (0.75) 89.01 (20.01) 82.55 (3.25)

Beam No.2 34.33 (7.71) 7.62 (0.30) 80.40 (18.08) 19.05 (0.75) 104.8 (23.56) 57.15 (2.25) 17.74
Beam No.3 34.33 (7.71) 3.81(0.15) 83.64 (18.81) 19.05 (0.75) 119.50 (26.81) 57.15 (2.25) 33.3

Beam No.4 35.30 (7.93) 3.81(0.15) 115.91 (26.06) 20.32 (0.80) 146.34 (32.9) 40.64 (1.6) 64.41
Beam No.5 35.35 (7.95) 3.81(0.15) 130.35 (29.31) 28.575 (1.125) 154.8 (34.8) 40.64 (1.6) 73.91
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Table 2.8. Reversed loading against cycle size (Pull Side).

Specimen H
pec Experimental results
Cracking load Cracking Cycle Yielding load Yielding Cycle Ultimate load Ultimate Cycle Percent increase in
kN (Kips) Displacement mm (in) kN (Kips) Displacement mm (in) kN (Kips) Displacement mm (in) ultimate load %
Beam No.1 43.14 (9.70) 7.62 (0.30) 74.59 (16.77) 19.05 (0.75) 125.8 (28.29) 82.55 (3.25)
Beam No.2 37.68(7.79) 7.62 (0.30) 81.43 (18.30) 19.05 (0.75) 124 (28.07) 57.15 (2.25) -1.43
Beam No.3 28.23 (6.35) 3.81(0.15) 75.82 (17.05) 19.05 (0.75) 109.42 (24.6) 57.15 (2.25) -14.324
Beam No.4 32.97 (7.41) 3.81(0.15) 112.73 (25.34) 20.32 (0.80) 154.05(34.63) 40.64 (1.6) 22.5
Beam No.5 31.39 (7.05) 3.81(0.15) 131.48 (29.56) 28.575 (1.125) 160.35 (36.05) 40.64 (1.6) 27.46
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Figure 2.22. Peakultimate load at failure for all beams
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Peak Displacement at Failure of all Beams
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Figure 2.23. Peakdisplacement at failure for all beams

2.6. Analysis of the Envelope Curves

To predict theenvelope curveesponse of the tested specimemgrilinear loaddisplacement
modelthatwasdevelopedy Charkaset d. (2003)for monotonic loading was utilizedccording
to this model, the MomenrCurvature analysiwasapproximatd by atrilinear curve.n fact, this

curveis controlled by three key poings follows:

2.6.1. Cracking Point:

The first point of therilinear curve carpe easily computed using the following equations:

0 —_— (@)
n— 2)
Whetre:

M ox® Q0 VHIRINQ MO QDO

'O dis modulus of elasticity of concrete.

30



“O is gross transformed section moment of inertia
® is the centroid depth of the section to the extreme tension fiber.

2.6.2.Yielding Point:

To predict theyielding point of thetrilinear curve thefollowing equations are used:

— —— Q60 6 0O—r® Q HQ H0—0Q & ™« (3)

0 bR Q mW O b0- Q M & 6 0- ™ & Q (4

_ ©)
Where:

(6)

2 Q 6 )

- ®)

_ 9)

1 —j (10)

Tl (11)

2.6.3. Ultimate Point:

This model was modified to capture the thobfferentfailure mods of strengthene®C beanrs,
including crushing debonding, and rupture iliare as demonstrated below. Similar force
equilibrium equations, to that presented above for the yielding point, are used to solve for the

neutral axis location at the ultimate point based on the various failure modes considered.
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2.6.3.1.Crushing failure:

0 5QQ M2 @ 5'0- QQ Mz ® 5 0- ™ ® Qe (12)

— (13)

2.6.3.2.Debonding failure:

0 500 ™ © 50- Q0 M2 ®© 6 0- ™I O Qe (14)

- (15)

2.6.3.3.Rupture failure:

-

0 50 ™ © 50- Q0 M ®© 6 0- Mz O Qe (16)

_ 17

Basedon theanalytical results, it is wortentioningthat the present model does not account for
theextra contributiorof carbon fiber splay anchors. Thusisiexpectedhat the model will yield
similar resultsfor specimens N@, andNo.3 as well asNo.4 andNo.5. However, the expected
values have excellent agreement with the experimenta dings is simply because the fiber
anchors in these tests had a minor contribution since they were only applied at the sh&aeends
analyticalyielding load for beam No.2 was predicted to8#92kN (18.1%kips) while theactual
yielding load was measuredto be 81.85 kN (18.40 kips) showing anexcellent agreement
Furthermore the expected cracking loads for all specimens showed a strong agreement with
experimentablata The observation of the comparison adds further evidence to the precision and
consistencyf the current model in capturing teevelope curve afyclic responses of RC beams,
both with and without CFRP strengthenifigdble2.9, andFigure 2.24. to Figure 2.28. illustrate

the comparison between the proposed model and the results obtained from experimental data.
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Table 2.9. Comparison of average experimental results against analytical predictions.

Specimen Average eperimental results Analytical results
Cracking Yielding load Ultimate load Cracking load Yielding load Ultimate load
load kN kN (Kips) kN (Kips) kN (Kips) kN (Kips) kN (Kips)
(Kips)
Beam No.1 38.03(8.59 67.87(15.29 107.41(24.19 31.14 (7.00) 57.83 (13.00) 80.07 (18.00)
Beam No.2 3447 (7.75) 80.92(18.19 114.4(25.72 33.36 (7.50) 81.85 (18.40) 102.31 (23.00)
Beam No.3  3126(7.03) 79.75(17.93 114.46(25.73 33.36 (7.50) 81.85 (18.40) 102.31 (23.00)
Beam No.4  34.12(7.67) 114.34(25.7) 150.20(33.77) 36.03 (8.10) 116.54(26.20) 133.45(30.00)
Beam No.5  33.36(7.50) 130.93(29.44 157.43(35.39 36.03 (8.10) 116.54(26.20) 133.45 (30.00)

150

100

-100

-150

= = = = Analytical Envelope

Displacement (mm)

Experimental vs Analytical Load- Displacement beam No.1

Experimental Envelope

Figure 2.24. Analytical vs. Experimental Envelope Curve Comparison of beam No.1
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Experimental vs Analytical Load- Displacement beam No.2
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Figure 2.25. Analytical vs. Experimental Envelope Curve Comparison of beam No.2

Experimental vs Analytical Load- Displacement beam No.3
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Figure 2.26. Analytical vs. Experimental Envelope Curve Comparison of beam No.3
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Experimental vs Analytical Load- Displacement beam No.4
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Figure 2.27. Analytical vs. Experimental Envelope Curve Comparison of beam No.4

Experimental vs Analytical Load- Displacement beam No.5
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Figure 2.28. Analytical vs. Experimental Envelope Curve Comparison obeam No.5
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2.7.Load-Strain and Moment-Curvature Response

Experimental loagtrain data was collected for the purpose of extracting the equivalent
experimental momerdurvature response for all beams. In this section, the hysteretisti@éual

curves for the strain gauges mounted on the FRP sheets are pisttint ieam No.3 to maintain

the brevity of presentation in this papé&igure 2.29-2.30 These figures clearly show the
difference in behavior between the compressive and tensile sides. It is interesting to note that the
two graphs are symmetric about theaXis indicating an accurate measurement protocol. On the
other hand, the hystereticad-strain curves for the strain gauges mounted on the steel bars are
plotted next for beam No.Figure 2.31-2.32. These figures show a similar trend to the results
plotted for the FRP strain gaugésgure2.292.30 are used to extract the hysteretic moment
curvature response of that beam for the FRP gaugesmitjilee 2.31-2.32 are used to determine

the same momerturvature curve for the steel gaugemgure 2.33 shows a comparison between

the two independently extracted momentvature curves indicating the relevance of the
Bernoull-Navier hypothesis of plane section remine plane after bending. However, the small
discrepancy between the two curves might bébatied to some bond slip in the FRP sheets at
mid-span causing the FRP strains to be lower than the steel strain especially in the post cracking
region. Furthermore, the analytical momentvature response derived using section 5 above is
also plotted irthe same figure. It is evident that the analytical curve perfectly matches the envelope
curve of the steel strain gauges. The small discrepancies between the FRP experimental and the
analytical momenturvature curves is expected since these corresporidcétized strain

measurement that cannot perfectly align with theoretical predictions.
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Figure 2.29. Top FRP Load Strain for Beam No.3
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Figure 2.30. Bottom FRP Load-Strain for Beam No0.3
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Figure 2.31. Top Steel Rebar LoadStrain for Beam No.3
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Figure 2.32. Bottom Steel Rebar LoadStrain for Beam No.3
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Moment-Curvature Response

-0.00004  -0.00003 0.00002 0.00003 0.00004

0.00005

Moment (kN-m)

Experimental M-O FRP
-80 = = Analytical M-@ Model

Curvature @ (1/mm)  ""70°¢ Experimental M-@ Steel

Figure 2.33. Experimental and Modeled MomentCurvature of Beam No.3

2.8. Conclusions

This study presents detailed results on CFRP strengtie@doeams with and without fiber
anchors, subjected to cyclic displacememntrolled loading protocol up to failuréhe use of
carbon fiber splay anchors along within CFRP sheets halimited effect on the load
displacement response prior yelding of reinforcing steelcompared to theesponsewithout
anchoringln contrast, thelltimate capacity wasoticeablyenhancedlue to the fact that anchors
delayed the CFRP debondirithe use otarbon fiber splay anchors along wittick CFRP sheets
had slight effect onthe loaddisplacement responseven after yielding of reinforcing steel
compared to the one without anchoriegen though the anchors shiftdte failure modeto
conplete cover delamination around the anchor depths as opposgteétdebonding This is
attributed to the use of no more than two anchors per shear span locatéutHck at the sheet

ends with a limited fiber anchor embedment depth. On the other hand, the inor&isieP
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thickness positively influenced the ultimate strength while negatively impacting the energy
dissipation and ductility for thicker CFRP shedtds important to conduct further investigation
into the impact ofleeperanchors on th&@ilure modeof the beams with thick CFRP, whicbuld
potentially mitigate this issué.is also relevant to examitige impact of multiayerCFRP system

with thick fabricwhen anchored continuously within the shear sjtashould be noted that this

aspect will be thoroughly examined and validated in future tests.
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Chapter3-F|l exur al Seismic Behavior o
Strefgebl Rati o RC Beams Strengthe

and without Fi ber Anchor s

3.1.ABSTRACT

The behavior of carbon fiber reinforced polymer (CFRP) flexwstigngthened reinforced
concrete beams under reversed cyclic loading is not sufficiently studied. In this paper, normal
strength concrete is used, with a typical steel ratio (0.5%), to fullitdcale rectangular beams
strengthened on top and bottom with flexural unanchored and anchored CFRP sheets. Five
identical beams were examined under fulyersed cycles up to failure following the AC 125
displacement loading protoc@cceptance Criterion 125, ICCYhe first beam was tested as an
unstrengthened control specimen. The second and third beams were tested as strengthened
specimens using thin sheets with and without fiber anchors. On the other hand, the fourth and fifth
beams were tested when strengtitenssing thick sheets with and without fiber anchors.
Specimens with thin sheets underwent higher ductility and lower hysteresis pinching relative to
the thick ones. The results are comparatively discussed and compareddnoanghological

cyclic analysis model showing promising correspondence.

Keywords: Seismic strengthening; Carbon fiber anchors; Flexural members; Hysteresis modeling;

Backbone curve.

3.2 Introduction

The externally bonded carbon fiber reinforced polymer (CFRP) strengthening technique has been

widely established as the method of choice to enhance or retrofit deficient and damaged reinforced
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concrete structures because of its durability and high stréoagtRight ratio. CFRP is typically

used as externally bonded material to the surface of RC members. Due to the premature debonding
failure mode of externally bonded CFRP, the response ofystremed elements can be improved

using mechanical fiber anchors. Some studies in the literature found that the ultimate failure load
was enhanced when mechanical fiber anchors were applied compared to those RC beams without
anchorgqCeroniet al. 2008andEsmaeili et al2022. Most of these studies aimed to examine the
performance of strengthened RC beams under static monotonidkdedi$a et al. 2016Dias et

al. 2018 Jawdhari et al. 201&labdulhady et al. 2022.iu et al. 2023Liu et al. 2023andLi et

al. 2023. On the other hand, studies addressing the performance of such members under cyclic
loads have been limitgdnil 2008, Capani et al2017, Sagan et aR018andSaqgan et al. 2020

Thus, there is a lack of knowledge regarding the seismic behavior of these strengthened systems.

Anil (2008)examined the seismic behaviors of R@dams strengthened with CFRP and loaded

in cyclic shear. It was reported that the performance of the strengthened system could be directly
influenced by CFRP layout, the concrete strength, and whether the applafatteal bolts (used

to anchor the CFRP) was implemented or not. The strength was increased by about 26% without
anchor bolts, while the ultimate capacity of the tested RC beam with steel bolts increased by about
147% compared to the control beahihe use of these bolts successfully enhanced the cyclic

response including strength and energy dissipation of the strengthened specimens.

Capani et al.(2017) experimentally investigated the cyclic response of RC bealomns
externally repaired with CFRP sheets. The tested specimens were categorized in terms of damage
level, magnitude of the axial load, as well as strengthening technique. The results péthreent
showed that the strengthened repaired members exhibited improvement of the overall mechanical

behavior compared to the unstrengthened ones. It was also noticed that the usage of CFRP sheets
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prevented the separation of concrete cover, excessive damage, and bucking of the longitudinal
steel rebars. Regarding the number of loading cycles, the strengthened members survived more

cycles than the control specimen.

Further research b$aqgan et al(2018)studied the effectiveness of CFRP sheets with full wrap
anchorage as well as Near Surface Mounted (NSM) bars on the seismic performance of RC beam
column joint assemblies. It was observed that the use of both strengthening methods enhanced the
overall belavior, including stiffness degradation, ultimate failure load, and energy dissipation. The
hysteresis response of strengthened specimens was also improved in comparison to the control
specimen. Additionally, the energy dissipation of the specimen, stesregtiwith CFRP sheets,

was higher than the specimen strengthened using NSM. According to the authors, this is attributed
to the gradual debonding of CFRP sheets. Furthermore, there was no significant improvement of
the stiffness after yielding under cyclicading compared to the stiffness after yielding under
monotonic loading. In fact, the loatkflection response flattened and subsequently degraded

because of the localized separation of the CFRP and NSM bars.

Alkhawaldeh et al(2023) conducted an experimental study to investigate the improvement of
cyclic response of heatamaged nowluctile RC joints using CFRP hybrid (sheets and bars)
systems. Twelve RC beaoolumn joints were built and categorized based on the strengthening
technique employed. The joints as well as the beams and columns were wrapped with CFRP sheets
in addition to NSMCFRP string. Eight of the specimens weregmenaged by exposing them to

a temperature of 400°C and 600°C, the remaining specimens were kept atmgmerature. The

use of CFRP hybrid systems enhanced the cyclic response, resulting in higher ultimate load, larger
displacement, and higher ductility compared to the control specimens. Furthermore, it was

observed that the use of the CFRP hybrid systersechthe joints to have superior energy
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dissipation. It was noted that the crack propagation was delayed due to the use of the CFRP
strengthening. When comparing the strengthened specimens against the control ones, it was
observed that the average improvement in ultimate capacity was 45%, 68%5% for

specimens strengthened with one, two, and three layers of CFRP sheets and strings, respectively.

The focus of this study is to investigate the seismic performance of externally strengthened RC
beams using flexural CFRP sheets with different thicknesses and variable anchoring schemes. All
tested RC beams were designed and built according to the8¥8Muilding code(American

Concrete Institute, 20)9Quasistatic cyclic loading in displacement control was applied to all

five specimens in order to investigate the effects of using CFRP sheets on the seismic performance
of the RC beam loaded by cyclic fepoint bending. The loadisplacement responsefthe tested
specimens are presented, the results are compared against each other and discussed. A
phenomenological model is developed to predict the hysteresis response and compare it with the

experimental data for two of the tested specimens.

3.3. Experimental Program

3.3 1. Specimen Design and geometric properties

A total of five full-scale RC beam specimens were designed based o818Ciode(/American

Concrete Institute, 20)9These specimens share the same dimensions, steel reinforcement, and
concrete strength, see Fig. 1. Steel reinforc
bottom in flexure and W 10 bars at fab.Zhemm ( # G
tested beams differ in terms of the level of strengthening, categorized based on the thickness of
CFRP layers and their anchoring status,Tsd#e3.1. The vertical actuator migpan displacement

at yielding corresponding to a ductility ratio of 1, is also givefable3.1. The layout of steel

reinforcement, boundary supports, and loading protocol are shofsigure 3.1. Additionally,
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Figure 3.2. to Figure 3.5 providedetails on the geometry of specimens No.11 to No.14, including
the steel reinforcement, types of CFRP sheets used for strengthening, and arrangement of anchors.
Figure 3.6. presents the carbon fiber splay anchors employed to secure the CFRP sheets in beam

No.12 and No.14.

Table 3.1. CFRP strengthening details of all specimens.

Beam No. Specimen Type CFRP Sheets Number of layers  Fig. No. ay Analysis @=1) mm (in)
10 Control N/A N/A 1 18.30 (0.72)
11 FRP strengthened CSS V\Wrape C100HM 1 top and bottom 2 19.05 (0.75)
12 FRP strengthened & anchore CSS V\WrapE C100HM 1 top andoottom 3 19.05 (0.75)
13 FRP strenghened CSS V\WrapE C400HM 1 top and bottom 4 19.05 (0.75)
14 FRP strengthened & anchore CSS \\WrapE C400HM 1 top and bottom 5 19.05 (0.75)

P2 P/2
1219.2 mm (48 in) 1219.2 mm (48 in) 1219.2 mm (48 in) ‘ C channels and threaded rod
v ; v ! \ 254 mm (10 in)

A

<

Clear cover of 38
mm (1.50 in )

: \

P
; +
- A - AN
A © 10 @254 mm . @ 10 @152.4 mm 4M16(4#5)
) (#3 @ 10in) 36576 mm (144 in) (#3 @ 6in) _| ‘ Section A-A
L 4023.36 mm (158.40 in) !

Figure 3.1. Beam No0.10 (Control beam)
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Figure 3.2. Beam No.11
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Figure 3.3. Beam N.12
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Figure 3.4. Beam N.13
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A total of 12 anchors with a 15.875 mm (5/8 inch) diameter, 102 mm (4 in.) embedment
depth, 152 mm (6 in.) splay width and 305 mm (12 in.) splay length

Figure 3.5. Beam No.14
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Figure 3.6. Carbon fiber splay anchors
3.3.2. Material Properties

3.32.1. Concrete Parameters

The compressive strength of the concrete mixture was initially designed to be 31 MPa (4500 psi)
for all five specimens at 28 days. The standard cylinder tests followed in ASTM C39, utilizing
four cylindrical specimens measuring 100 mm in diameter and 200nnmeight (4" diameter x

8" height). Since all the beams used the same concrete mix design, four cylinders were made to
test the compressive strength of concrete. Three of these specimerS§B8SAere tested at 28

days, while the fourth one (CS4) wastied at the day of beam No.11 testing, which occurred at

an age of 230 days from casting, Seble3.2. Based on the test results, it was determined that

the average 28ay compressive strength of the concrete was approximately 39.28 MPa (5.7 ksi),
which exceeded the cylinder strength tested after 230 days. Nevertheless, the result of one cylinder
is not emough to make a conclusion about that issue. It is worth mentioning that the strength value

determined from testing slightly exceeded the target design strength, which is common for

commercial concrete mix designs.
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Table 3.2. Concrete Compressive Strength Testing

Specimen Testing type Strength MPa (psi Average strength MPa (ps
Cs1 41.60 (6,038)
. 28day Compressive Streng
CS2 37.87 (5,496) 39.28(5,700)
CS3 38.36 (5,567)
Cs4 Day of testing 37.95 (5,508) 37.95 (5,508)

3.32.2. Steel Reinforcement

ASTM A615 was followed in testing three % 16
elasticity and the yield strength of steel reinforcement. The average tested modulus of elasticity
was 176.54 GPa (25,623 ksi), and the average yield strength \Ba303#Pa (74.50 Ksi).
Additional testing was carried out to determine the mechanical properties of shear reinforcement.

It is i mportant to note that the manufacturer
have a yield strength of 560.50Rd (81.30 ksi). It is worth mentioning that the modulus of
elasticity of this bar, from laboratory testing, appears to be lower than the typical steel modulus of
200 GPa (29,000 ksi). This difference maydttibuted toa slight slippage in the Aluminum
sacrificial inserts that fill in the gap between the bar and the hydraulic grips of the universal testing
machine. The mechanical properties of longitudinal steel according to the experimental results are

presented ifable33bel ow al ong with the properties of W

Table 3.3. Steel mechanical property testing results.

Rebar  Average Yielding Manufacturer Yielding Average Elastic Modulus ~ Manufacturer Elastic

Size Strength MPa (ksi)  Strength MPa (ksi) MPa (ksi) Modulus MPa (Kksi)
w

o 5; ¢ 513.30 (74.50) 560.50 (81.30) 176,542 (25,623) 200 (29,000)

w

o 3§ 485,50 (70.40) 470.20 (68.20) 173,182 (25,118) 200(29,000)
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3.32.3. Carbon Fiber Reinforced Polymer

Commercial highmodulus carbon fabric sheets were utilized as external strengthening materials
with two different thicknesses. The thin fabric has a dry thickness value of 0.165 mm (0.0065 in.)
resulting in a typical 0.508 mm (0.02 in) thick saturated heatei (CSS WVrapE C100HM) with

330 g/nt (9.73 ozlyd) areal weight. The thick fabric has a dry thickness value of 0.66 mm
(0.026in.) making the saturated laminate 2.03 mm (0.08 in) (CS®apE C400HM) with a

1300 g/nd (38.34 ozlyd) areal weight. The mafacturer data and dimensions are showfiahle

3.4 for both CFRP types.

Table 3.4. Mechanical Properties of CFRP per Manufacturer

. . . Ultimate tensile . -
Type of Carbon Properties Nominal thickness strengtl‘ £ MPa Elongation at Modulus of elasticity

fiber fabric Type t, mm (in) (si) break .J\% E, MPa (ksi)
Dry fiber
88 \iraE oroperies 0165 (0.0065) 5,440 (790) 1.9 289,550 (42,000)
C100HM Cured laminate
roperiios 0.508 (0.02) 1,490 (216) 13 115,142 (16,700)
Dry fiber
S8 iraE orcporties 0.66 (0.026) 5,440 (790) 1.9 289,550 (42000)
CA400HM  Cured laminate , 43 4 g 1,241 (180) 1.27 98,181 (14,240)
properties

3.3.3. Building and Casting of the Specimens

After formwork and steel caging were finished, the steel strain gauges were installed on the top
and bottom longitudinal steel rebars at ramhn before the concrete was cast for all five
specimens. The fabricated specimens were sprayed with water for day® to ensure high

guality of concrete curing and control the hydration process.

3.3.4. Preparing and Strengthening Techniques

The surfaces of the top and bottom faces of the beam were prepared by grinding the surface down
to the aggregate level to ensure the quality of bond at the interface between concrete and CFRP

sheets, sekigure 3.2 to Figure. 3.5Different types of strengthening systems were utilized based
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on the sheet thickness, and the arrangement of the CFRP aitpars.3.7. (a-c) illustrates the

surface preparation and CFRP installation phase.

Figure 3.7. (a-c) RC Beams during Surface Preparation and CFRMstallation and Anchoring.

3.35. Cyclic Loading and Instrumentation

Displacementontrolled cyclic foupoint bending was applied using a 668(/N0-kip) hydraulic

actuator, with an average rate of applied displacement equal to 17.78 mm/min (0.70 in/min), at
Kansas State UniversityoBigurg 8.1 kigure 3.8. présenisSthg i neer
displacementontrolled loading procedure. Additionally, to assess the net measured displacement

at midspan, four LVDTSs (linear variable differential transformers) were employed. These LVDTs
allowed for the measurement of displacement dt batl supports (1 LVDT per support) and the

mids pan of the speci men ( 2 -dpahpD Mdepverpanminonorh &f si de
four pairs of strain gauges were installed on the top and bottom of the beams at-sipamiicl

obtain the strain datarféhe steel and CFRP sheets (or for concrete faces in the case of the control
beam). Also, CFRP strain gauges were installed on the top and bottom faces within the shear span,
halfway between the anchors, to indicate any signs of premature debondinditibonadn 890

kN (200kips) load cell was employed to measure the applied load. Regarding the loading protocol,

a displacementontrolled scheme followed the variations depicted in AC (1& ES AC125

2021), seeFigure 3.8. To collect the test data, including strains, displacements, and load, a Vishay
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System 7000 data acquisition equipment was used. This data acquisition device consists of 16

strain gauge channels, elwad cell channel, one displacement actuator channel and 4 LVDTs

channels.
Displacement Control
E
£
=
(4]
£
()
3
&
a
g
<
2
<
Time (Minutes)

Figure 3.8. Loading Protocol for Beam No0.10

3.3.6. Experimental Setup

To evaluate the performance of the tested specimens subjected to reversed cyclic loading, a unique
testing setup was utilized. The support conditions were a pin on one end and a roller on the other
end with a clear span @657.6 mm (144inches) The load was applied at the ettérd points

along the specimen using a steel spreader beam as presdfigpden3.1. Additionally, steel C
channels with threaded rods on both sides were employed to secure the specimens and prevent the
movement during the application of the pull load, Begire 3.9. A torque wrench was used to

apply a 66.72 kN (2kips) pretensioned force to each of those threaded rods in order to provide
adequate clamping force during the pull loading. According to the manufacturer data, the yielding
strength of each-ih threadedod is reported to be 413.69 MPa (60 ksi). Thus, a load of 209.06

kN (47-kips) is required to cause yielding of each rod. Under an ultimate pull load of 266.88 kN

3 The clear span of the RC beams wslightly over 144 in. since the centiercenter distance between the strong
floor tie-down was 144.75 in.
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(60-kips), each threaded rod will pick up an additional 66.72 kNk{fibto the pretensioned force
leading to a 133.44 kN (3Kip) maximum force. Consequently, the threaded rods used have a

safety factor of 1.57.

Figure 3.9. Typical testing setup (Beam No0.13).

3.4. Testing Outcomes

This section will discuss the outcomes, observations, and findings of the experimental data for

each individual beam as well as a comparison of performance of all beams.

3.41. Beam No.10

The control beam showed a very ductile response, represented by a significant energy dissipation
in hysteresis loops. The beam withstood sizeable displacement exceeding 57.15 mm (2.25in.), in
the pull direction, with minimal gradual reduction in strengglar failure. The initial cracking of

the beam occurred at a pushing load of 34.78 kN (7.82 kips) and a pulling load of 34.91 kN (7.85
kips), both at a cycle displacement of 7.62 mm (0.30 in.). As the displacement increased, additional
typical flexural craks formed in the constant moment region, accompanied by propagation of
shear cracks underneath the points of load application. Based on strain readings of the steel,

yielding was observed at a load of 92.62 kN (20.82 kips) in the push direction an&N(Z536
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kips) in the pull direction, both corresponding to a cycle displacement of 19.05 mm (0.75 in.).
With further displacement, more flexural and shear cratskeeloped,and the existing ones
widened. Failure of the beam occurred at a cycle displacement of 57.15 mm (2.25 in.) due to
excessive yielding, which is expected for a typical steel RC beam. The ultimate load was
experimentally determined to be 103.20 kN (23.2Gskip the push direction and 107.14 kN
(24.09 kips) in the pull directiorkigure 3.10. illustrates the hysteretic response of the control

specimen, whild-igure 3.11. shows the setup of the beam before and after testing.

Load-Displacement Beam No.10

Load (kN)

Displacement (mm)

Figure 3.10. Load-displacement response of beam No0.10 (1 Kips=4.45 KN)
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Figure 3.11. Specimen No.10. (a) before testing. (b) at failure

34.2. Beam No.11

Despite the use of CFRP sheets to enhance the strength of the second specimen, some level of
ductility was notable due to the implementation of the thin sheet. The beam was able to endure
displacement of 47.75 mm (1.88 in.), in the pull direction, befaperencing a sudden drop in
strength within that cycle, caused by CFRP fiber rupture on the top face of the beam. Debonding
of the bottom side, refer tBigure 3.12, took place at a displacement of 38.11 mm (1.50 in.), in

the push direction due to some unevenness in the bottom surface to which the CFRP was attached.
The experimental data indicated the cracking load on both sides of the beam, push and pull, to be
53.06 kN (11.93 kips) and 30.87 kN (6.94 kips) respectively with a corresponding displacement
cycle of 3.81 mm (0.15 in.). Also, it was observed that the density of flexural érexxkased,

and shear cracks formed as displacement cycles increased. However, the cracks were narrower in
comparison to the control specimen due to the restraint of the externally bonded CFRP sheets that
controlled the distribution of these cracks. Furthermorediyiglwas reached at a push load of
approximately 108.21 kN (24.22 ldpwith a corresponding cycle displacement of 29.21 mm (1.15

in.). In the pull direction, yielding occurred at a load of 106.80 kN (24.01 kips) at the same
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corresponding cycle displacement. As the applied load passed the yielding value, tueastkear

at the location of the load application, within the shear span, expanded across the height of the
beam and became wid&eam No.1Xailed because of CFRP rupture on the top side of the beam
(pull loading) at the boundary of the shear span. Failure of this beam was caused by CFRP
debonding on the bottom side of the beam (push loading) at the boundary of the shear span. This
failure took place at a push load gdaroximately 136.11 kN (30.60 kips) and a pull load of 132.11

kN (29.70 kips) with a corresponding cycle displacement of 57.2 mm (2.25 in.). Failure was mainly
due to large diagonal shear cracks close to the load application location in the shear sgan. The
cracks were attributed to the roller plates clamped by the C channels causing an anchor effect at
these locationdzigure 3.12illustrates the response of Beam No. 11, whiggire 3.13shows the

setup of the beam before and after testing.

Load-Displacement Beam No.11

Load (kN)

Displacement (mm)

Figure 3.12. Load-displacement response of beam No.11 (1 Kips=4.45 KN)
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Figure 3.13. Specimen No.11. (a) before testing. (b) at failure
3.4.3. Beam No.12

The hysteretic response of the third specimen is almost the same as the previous specimen (beam
No.11) until the ultimate load. Despite the use of carbon fiber splay anchors at the ends of the
CFRP sheets of beam No.12, failure took place at the samaatispnt cycle under a similar
strength and displacement. The specimen experienced a sudden reduction of strength that occurred
due to CFRP rupture on the top and bottom faces of the beam within the constant moment region
at the midspan. The cracking loaglas approximately 41.38 kN (9.30 kips) in the push direction

and 56.34 kN (12.65 kips) in the pull direction with a corresponding cycle displacement of 7.62
mm (0.30 in.). After the applied load exceeded the cracking load, the density of flexural cracks
increased, accompanied by shear crack propagation at the edge of the shear span under the load.
The yielding load during testing was determined to be 113.82 kN (25.59 kips) and 107.42 kN
(24.15 kips) in the push and pdlirections,respectively. These load®rresponded to the same

cycle displacement of 29.21 mm (1.15 in.). After reaching the yielding load, both shear and flexural
cracks increased. Specifically, shear cracks became wider and more noticeable, especially at the
location of the load applicatiotUnlike beam No. 11 that failed at the end of the shear span, beam

No. 12 experienced failure at its nspan, specifically within the constant moment region. This
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failure was attributed to the rupture of the external CFRP sheet on both top and bottom surfaces of
the member. Failure load, in push and pull directions, was 129.62 kN (29.11 kips) and 135.91 kN
(30.56 kips), respectively, with a corresponding cycle disgghent of 38.10 mm (1.50)nFigure
3.14llustrates the hysteretic response of beam Nd-itire 3.15 presents the beam setup prior

to and after testing. It is also worth mentioning that the end anchor prevented the thin CFRP sheet

from completely separating from the beam.

Load-Displacement Beam No.12

150 +

Load (kN)

-150 +

Displacement (mm)

Figure 3.14. Load-displacement response of beam No0.12 (1 Kips=4.45 KN)
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Figure 3.15. Specimen No.12. (a) before testing. (b) at failure

34.4. Beam No.13

A reduction in ductility was observed in beam No. 13 due to the use of a thicker CFRP sheet
compared to the previous two specimens. The experimental data indicates that, on average, the
beam only reached a displacement of 30.00 mm (1.18 in.) at the maxaadnwhich is 43 %

less than the maximum displacement of beam No. 11. Additionally, a sudden drop of strength
occurred at the failure, which was mainly caused by CFRP sheets debonding within the shear span
at top and bottom faces of the member as shawigure 3.16. The cracking loads on both faces

of the beam, in push and pull directions, were 52.94 kN (11.90 kips) and 32.18 kN (7.24 kips)
respectively. Furthermore, the corresponding displacement cycle for the push mode was 3.81 mm
(0.15 in.), while for the pull dection, it was 7.62 mm (0.30 in.). It was observed that the flexural
cracks became denser and increased while shear cracks developed as displacement cycles
increased. The cracks present in beam Nargédharrowethan the cracks in beam No. 11. This

can be attributed to using thicker CFRP sheets, which provided more restraint and redistribution
of the cracks. Moreover, the yielding was reached at a push load of approximately 133.35 kN
(29.98 kips) with a correspdimg cycle displacement of 29.21 mm (1id5. In the pull direction,

yielding occurred at a load of 127.67 kN (28.70 kips) having the same corresponding cycle
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displacement. The shearack at the location of the load application expanded within the height

of the beam and became wider as flexural rebar yielded. The failure took place because of the
debonding of the external CFRP sheets on both the top and Hatesnof the beam, specifically

at the outer edge of the shear span. This debonding occurred at 173.79 kN (39.07 kips) on the push
direction and at 177.41 kN (39.89 kips) in the pull direction, both corresponding to a cycle
displacement of 38.10 mm (1.5Q). Figure 3.16illustrates the response of beam No.13 reflecting
lower energy dissipation and higher hysteresis pinching due to the use of thicker FIjitR®.

3.17 presents the beam specimen prior to and after testing.

Load-Displacement Beam No.13

Load (kN)

Displacement (mm)

Figure 3.16. Load-displacement response of beam N0.13 (1 Kips=4.45 KN)
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Figure 3.17. Specimen No.13. (a) before testing. (b) at failure

345. BeamNo.14

The fifth specimen, beam No.14, assumed a similar hysteretic response to that of the fourth
specimen, beam No.13, prior to yielding. However, it showed a higher ultimate capacity
specifically in the push direction. The ultimate capacity of beam No.l4naneed by 23% and

5 % in the push and pull direction, respectively. Additionally, the energy dissipation appeared to
be greater than that of beam No.13. The ductility of beam No.14 was also greater than that of beam
No. 13 because of the use of anchagsFsgure 3.16 andFigure 3.18. Similar to all strengthened
specimens, a sudden reduction of strength was observed after failure of the CFRP strengthening
system. The failure occurred due to a partial cover delamination of the CFRP sheets along with
the end anchor on one side of théttim face of the beam close to the support. Failure was caused

by rupture and debonding of CFRP sheets on the top side close to the load at that end of the shear
span. In the push direction, a cracking load of 77.42 kN (17.41 kips) was observed, wigle in t
pull direction, a cracking load was 49.78 kN (11.19 kips). Both sides exhibited a corresponding
cycle displacement of 7.62 mm (0.30 in.). Also, it was observed that the width of flexural cracks
and the appearance of shear cracks were minimal in beaitd Hompared to all other tested
specimensThis result was attributed to the use of thicker CFRP sheets with anchors, which
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positively influenced crack restraint and redistribution. Yielding occurred at a push load of 154.97
kN (34.84 kips) and a pull load of 152.16 kN (34.21 kips), both corresponding to a cycle size of
29.21 mm (1.15 in.) followed by the propagation of sheacks at both points where the loading

was applied. The failure took place at a push load of approximately 214.70 kN (48.27 kips) and a
pull load of 186.76 kN (41.99 kips) with a corresponding cycle displacement of 57.2 mm (2.25

in.). Figure 3.18Illustrates the response of Beam No.14, whilgure 3.19 presents the setup of

the beam before and after testing.

Load-Displacement Beam No.14

-60

Load (kN)

Displacement (mm)

Figure 3.18. Load-displacement response of beam No.14 (1 Kips=4.45 KN)
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Figure 3.19. Specimen No.14. (a) before testing. (b) at failure

62



3.5. PerformanceComparison of Specimens

In this research, a comprehensive comparison has been conducted between experimental results
for all beams. The purpose of this comparison was to evaluate the structural behavior of these
beams under various strengthening levels. The key parametersgaiezsin this section included
strength, ductility, as well as stiffness degradation and envelope curves. These parameters were

analyzed to gain insights into the performance and structural integrity of the tested beams.

3.5.1. Strength and Ductility

Comparing the strength and ductility of the tested specimens, the control beam (beam No0.10)
demonstrated the highest ductility and most significant energy dissipation due to extensive steel
yielding. This can be attributed to the absence of CFRP streimgh&ased on the experimental
results, specimens No.11 and No.12 exhibited some ductility, with beam No.11 displaying the
highest level of ductility among the strengthened beams. On average, the ultimate capacity of
beams No.11 and No.12 increased by 32% 26%, respectively. Both specimens (No.11 and
No.12) exhibited similar behavior, but different failure modes. Beam No.11 failed due to CFRP
sheet debonding on the bottom face and CFRP sheet rupture on the top face, while beam No0.12
failed as a result of CFRPestt rupture at the migpan within the constant moment region on both
sides of the beam (top and bottorRijgure 3.13(b) and Figure 3.15(b). Regarding specimens
No.13 and No.14, the use of carbon fiber splay anchors resulted in a different response. The
cracking, yielding, and ultimate load for beam No.14 were higher, on average, by 49%, 18%, and
14%, respectively, compared to beam No.13. kVbemparing the ultimate capacity of these
specimens to the control (No.10), it was found that the ultimate load capacity was enhanced by
67% and 90% for beam No0.13 and No.14, respectivel\sigaee 3.20. The failure mode of beam

No.13 occurred due to CFRP sheet debonding on both faces of the specimen, while for beam

63



No.14, the failure was caused by CFRP sheet debonding and rupture on the top side and concrete

cover delamination on the bottom side near the support. It is important to note that the use of

anchoring allowed for more deformation capacity, resulting inrawvgd ductility and ultimate

capacity of the strengthened beams with the CFRP sheet and anchors. In the present study,

however, it should be noted that the locations of these anchors were concentrated at the ends, close

to the supports, resulting in miniinenefits.Figure 3.20 and Figure 3.21 show the envelope

load-displacement responses and energy dissipation of all specimens together.

Load (kN)

Load-Diplacement Envelope Curves
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Figure 3.20. Envelope Carves Comparison of all Beams H{ips=4.45 KN)
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Energy Dissipation of Beams

67791

500000 56492

400000 45194

300000 - 33895

Energy Dissipation (Ib-in)
nergy Dissipation (kN-mm

200000 22597 2

100000 [~ 11298

Beam No.10 Beam No.11 Beam No.12 Beam No.13 Beam No. 14
Beam

Figure 3.21. Energy dissipation of all beam$

3.5.2. Stiffness Degradation

When comparing the stiffness degradation of the beams tested under cyclic loading conditions, it
is evident that each specimen exhibited a different level of degradation due to the use of varying
thicknesses of CFRP sheets and different arrangementdohddrer splay anchors. Beam No.10
(control beam) demonstrated the highest stiffness degradation among all beams after cracking due
to the absence of CFRP strengthening restrainfrigeee 3.10. In contrast, beams No.11 and 12
showed less stiffness degradation compared to the control beam because of the CFRP
strengthening. Beams No0.13 and 14 exhibited a minimal reduction in stiffness due to the use of
thicker CFRP sheets. Beams N0.13 and 14reapeed the highest pepeak drop in stiffness due

to the use of thick CFRP sheets. Beams No.11 and 12 also showed a drop in stiffness, but it is less

pronounced compared to beams No0.13 and 14, as the thinner sheets provide less stiffness

4 Energy dissipation for CFRP strengthened beams is measured up to the failure of the strengthening system and
not beyond that.
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contribution. As expected, the control beam, lacking CFRP strengthening, did not exhilmsany

peak stiffness drop. To facilitate the reproduction of results in future studies, the key parameters

of the response curves are summarizethinies3.5to Table 3.8Figure 3.22to Figure 3.3 show

the peakdisplacement and thgeakultimate load at failure for aleamsrespectively.

Table 3.5. Forward loading against displacement (Push direction).

Experimental results

Specimen Cracking load kN Cracking Displacement Yielding load Yielding Displacement Ultimate load kN Ultimate Displacement  Percent increase in
(Kips) mm (in) kN (Kips) mm (in) (Kips) mm (in) ultimate load %
Beam No.10 34.78 (7.82) 3.81(0.15) 92.62 (20.82) 13.72 (0.54) 103.2 (23.20) 50.7 (2.00)
Beam No.11 53.06 (11.93) 3.43 (0.135) 108.21 (24.22) 16.92 (0.67) 136.11 (30.60) 38.11 (1.50) 31.89
Beam No.12 41.38 (9.30) 6.07 (0.24) 113.82 (25.59) 15.29 (0.60) 129.62 (29.11) 25.40 (1.00) 25.26
Beam No.13 52.94 (11.90) 3.30 (0.13) 133.35 (29.98) 17.97 (0.71) 173.79 (39.07) 31.69 (1.25) 68.40
Beam No.14 77.42 (17.41) 7.11(0.28) 154.97 (34.84) 19.75 (0.78) 214.70 (48.27) 43.33 (1.71) 108.04

Table 3.6. Reversed loading against displacement (Pull direction).

Experimental results

Specimen Cracking load Cracking Displacement Yielding load kN Yielding Displacement Ultimate load Ultimate Displacement ~ Percent increase in
kN (Kips) mm (in) (Kips) mm (in) kN (Kips) mm (in) ultimate load %
Beam No.10 34.91 (7.85) 3.30 (.13) 90.55 (20.36) 16.76 (0.66) 107.14(24.09) 57.36 (2.26)
Beam No.11 30.87 (6.94) 3.68 (0.145) 106.8 (24.01) 19.05 (0.75) 132.11 (29.70) 47.75 (1.88) 23.31
Beam No.12 56.34 (12.65) 5.84 (0.23) 107.42 (24.15) 15.16 (0.60) 135.91 (30.56) 39.00 (1.50) 26.85
Beam No.13 32.18 (7.24) 4.83(0.19) 127.67 (28.70) 14.23 (0.56) 177.41 (39.89) 30.05 (1.18) 65.60
Beam No.14 49.78 (11.19) 7.34 (0.289) 152.16 (34.21) 17.40 (0.69) 186.76 (41.99) 38.84 (1.41) 74.31

Table 3.7. Forward loading against cycle displacement (Push direction).

Experimental results

Specimen Cracking load kN Cracking Cycle Yielding load Yielding Cycle Ultimate load kN Ultimate Cycle Percent increase in
(Kips) Displacement mm (in) kN (Kips) Displacement mm (in) (Kips) Displacement mm (in) ultimate load %
Beam No.10 34.78 (7.82) 7.62 (0.30) 92.62 (20.82) 19.05 (0.75) 103.2 (23.20) 57.15 (2.25)
Beam No.11 53.06 (11.93) 3.81 (0.15) 108.21 (24.22) 29.21 (1.15) 136.11 (30.60) 57.15 (2.25) 31.89
Beam No.12 41.38 (9.30) 7.62 (0.30) 113.82 (25.59) 29.21 (1.15) 129.62 (29.11) 24.40 (1.50) 25.26
Beam No.13 52.94 (11.90) 3.81(0.15) 133.35 (29.98) 29.21 (1.15) 173.79 (39.07) 24.40 (1.50) 68.40
Beam No.14 77.42 (17.41) 7.62 (0.30) 154.97(34.84) 29.21 (1.15) 214.70 (48.27) 57.15 (2.25) 108.04
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Table 3.8.

Reversed loading against cycle displacement (Pull direction).

Experimental results

Specimen
Cracking load CrackingCycle Yielding load Yielding Cycle Ultimate load Ultimate Cycle Percent increase in
kN (Kips) Displacement mm (in) kN (Kips) Displacement mm (in) kN (Kips) Displacement mm (in) ultimate load %
Beam No.10 34.91 (7.85) 7.62 (0.30) 90.55 (20.36) 19.05(0.75) 107.14 (24.09) 57.15 (2.25)
Beam No.11  30.87 (6.94) 3.81(0.15) 106.8 (24.01) 29.21 (1.15) 132.11 (29.70) 57.15 (2.25) 23.31
Beam No.12 56.34 (12.65) 7.62 (0.30) 107.42 (24.15) 29.21 (1.15) 135.91 (30.56) 24.40 (1.50) 26.85
Beam No.13 32.18 (7.24) 7.62 (0.30) 127.67 (28.70) 29.21 (1.15) 177.41 (39.89) 24.40 (1.50) 65.60
Beam No.14  49.78 (11.19) 7.62 (0.30) 152.16 (34.21) 29.21 (1.15) 186.76 (41.99) 57.15 (2.25) 74.31
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Figure 3.22. Peakdisplacement at failure for all beams
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Peak Load at Failure of all Beams
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Figure 3.23. Peakultimate load at failure for all beams
3.6. Phenomenological Modeling of Hysteresis Loops
This section provides information on the modeling of the hysteresis loops of beams No.11 and 12.
A phenomenological model is developed based on the observations of the experimental data to
simulate the hysteresis response of RC beams strengthened wittudimad CFRP sheets.

Various assumptions have been made to adequately predict the seismic behavior.

3.6.1. Assumptions

When modeling the hysteresis loops:

1. Each cycle is broken down into three linear regions in the unloading and reloading paths,

respectively.

2. These linear regions are named push, inflection range, and pull direction in the unloading

path and the reloading path, $agure 3.24.
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3. The unloading push path has a similar slope to the reloading pull path. Accordingly, these
two-line slopes are averaged together in the present model and are referred to as Region A,
Figure 3.24.

4. The unloading pull path has a comparable slope to the reloading push path, and they are,
therefore, averaged together in this model and referred to as Redtaure, 3.24.

5. The inflection range, indicated as Region B, has similar slopes in the unloading and
reloading bounds. Therefore, these two bounds are averaged.

6. To automate the model, curves correlating the ratio of slope variations of each region to
the initial backbone curve slope on thexs vs. the backbone curve drift ratios at the
envelope curve to that drift ratio at yielding on thexys are generateaif all cycles
throughout the respondeigure 3.25. These three curves define the rules that the hysteresis

loops behave in accordance with.

Using the assumptions above with the graphs of the three regions sh&ugura 3.25, the

complete set of hysteresis loops are defined for beam NBiddre 3.26, and are used to
reproduce the hysteretic response of beam No. 12 using the rules and graphs established for beam
No. 11,Figure 3.25. It is evident that the analytical hysteresis loops predictdedgmre 3.26-

Figure 3.7 are in agreement with the corresponding experimental loops.
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Exp. VS Model Hystresis Loops of Beam No.11
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Figure 3.26. Experimental vs. modeled hysteresis loops for beam No.11 (1 Kips=4.45 KN)

Exp. vs Model Hystresis Loops of Beam No.12
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Figure 3.27. Experimental vs. modeled hysteresis loops for beam No.12 (1 Kips=4.45 KN)

3.7. Conclusions

In thischapter a seismic investigation was performed on rectangular RC beams strengthened with

thin and thick CFRP sheets to failure. Carbon fiber splay anchors were applied to twin beams with
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those of no anchors to determine the improvement in cyclic response, if any. The following

conclusions may be drawn from this study:

1. The higher the CFRP thickness applied, the less energy dissipation and the more pinching
is observed, leading to the conclusion that heavily strengthened RC beams with externally
bonded CFRP will behave less favorably to anticipated seismic response.

2. The higher the CFRP thickness applied, the higher the ultimate loading capacity
experienced, especially with the application of CFRP anchors. Conversely, the use of
anchors with the thin CFRP layer resulted in no tangible benefit compared to the twin beam
with no anchors.

3. Failure modes were controlled by CFRP rupture or debonding on the shear span side of the
load point due to the current experimental setup forcing the clamped C channels above and
below the beam at the load points to behave as rigid anchors.

4. The control beam had the highest ductility while the beam with an unanchored thin CFRP
sheets had the second highest ductility. The beam with an unanchored thick CFRP sheets
demonstrated the least ductility. It is important to note that the use of eraraincihe
thin CFRP sheet beam reflected no benefit in behavior, while the use of two end anchors
per shear span in the thick CFRP sheet beam illustrated a noticeable improved performance
over the beambés unanchored twin.

5. In future testing, it will be important not to clamp the CFRP sheets at the load point with
C clamps, but rather, bridge the CFRP sheets so they may debond freely.

6. The shear span must be strengthened with intermediate anchors to realize significant
improvements in ultimate capacity, ductility, energy dissipation, and stiffness degradation

compared to the twin specimens without anchors.
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Chapter4-Anal yti cal Modeling of the

Phenomen®kepgootfalHy st er.eti ¢ L ooy

4.1.Introduction

The seismic response of reinforced concrete strengthened with FRP composites is an attractive
research topic that has drawn significant attention of researchers during the last thirty years.
Several research studies have been conducted and found thateyptnse of RC members can

be enhanced by the application of FRP mate(ilsSalloum et al. 20Q7Alsayed et al. 2010

Sagan et al. 201&aqgan et al. 202@ndAlshamrani et al. 2024

Nehdi and Said (2005)udied the performance of RC frames with hybrid reinforcement (steel and
GFRP) under reversed cyclic loading. Joints reinforced with GFRP and subjected to reversed
cyclic loading exhibited a significant reduction in plasticity features and low energpatien
compared to joints with hybrid and steel reinforcement. The hybrid specimens resulted in stiffness

lower than the typically reinforced joints but higher than those strengthened using GFRP only.

Golias et al. (20213tudied the application of-&haped CFRP ropes for structural upgrading of
reinforced concrete bedmolumn joints under cyclic loading. Both the strength and seismic
characteristics of specimens strengthened with CFRP ropes were improved when contpared to
control specimen. Furthermore, the density of cracks as well as the width were reduced within the
joints due to the use of CFRP ropes. At a drift ratio of 1.00%, all the strengthened specimens
showed higher energy dissipation by about 60% comparée wontrol one. In summary, the use

of CFRP ropes can enhance the ultimate load, energy dissipation under a small drift ratio, and

overall seismic performance.
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A more recent study conducted [Sawant and Jadhav (2028xamined the response of
strengthened RC beams under cyclic loading. It was found that the use of CFRP strengthening
technique can increase the ultimate load capacity in both directions of loading (forward and reverse

loading).

However, there is a lack of available modeling to simulate the behaviors under cyclic load. A
limited literature has been carried out to develop a suitable modeling technique to mimic such
responsesDowell et al. (1998ronducted a research study to predict thelm@ar behavior of

RC columns by developing a pivot hysteresis model. Based on the available experimental
literatures, the model was established. The outputs of the experimental investigations observed
that the unloading path returns to zero from any displacement level, extending to a singular point
on the forcedisplacement graph known as the primary pivot point. Moreover, all -force
displacement curves were found to meet at one pinching pivot point on tealigpacement

graph as well. The study presented two parameteasdb related to the primary pivot point and

pinching pivot point, respectively, to regulate unloading stiffness and pinching characteristics.

An additional model was developed Biarma et al. (2013 predict the cyclic response of RC

frame subjected to reversed cyclic load. Similar to Dowell et al. (1998) mode, this model utilized
andb parameters from Dowell et al. model after an improvement in order to increase the ability

and accuracy of the model in capturing the seismic response. According to the autmats,

are parameters that account for the influence of the transfer steel reinforcement as well as the

amount of the applied axial load at the tip of the column on the pinching behavior of the frame.

Further parameters were presented in order to cortsidempacts of the exterior joints that are

not seismically reinfored. The comparison of the model prediction to the experimental showed

very good agreement.
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In this chaptera trilinear loaadisplacement model that was developeddharkas et al. (2003)

for monotonic loading was utilized for the strengthened beams from chapters 3 and 4 to capture
the loaddisplacement envelope curve and showed an excellent agreement compared to the
experimental response. Furthermasephenomenological hysteresis loop model develdped
(Alshamrani et al. 2094for RC frame assembly was usedorder to predict the cyclic response

of RC beams strengthened with CFRP with and without fiber anchors. The phenomenological
model was based on careful observations of the experimental results leading to identifying 3
distinct zones of the hysteresigctes. The decrease in stiffness during unloading and reloading,

as a percentage of the initial stiffness, is compared to the drift ratio, expressed as a percentage of
the drift ratio at the yielding poinfThe boundaries of the three zones were identified based on
experimental observations as well. This treatment resulted in a simplified yet unique cyclic
response model for reinforced concreeamsstrengthened with CFRP that was applied blindly

to other specimens with similar strengthening featuresctaftegood correspondence.

4.2. Analysis of the Envelope Curves

To predict the envelope curve response of the tested specimens, a trilinedisjbacement
model that was developed f@harkas et al. 20Q03or monotonic loading was utilized. According
to this model, the Momer@urvature analysis was approximated by a trilinear curve. In fact, this

curve is controlled by three key points as follows:

4.2.1. Cracking Point:

The first point of the trilinear curve can be easily computed using the following equations:
0 — (18)
n — (19
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'O s modulus of elasticity of concrete.

‘O is gross transformed section moment of inertia.

W is the centroid depth of the section to the extreme tension fiber.

4.2.2. Yielding Point:

To predict the yielding point of the trilinear curve, the following equations are used:
— —— QBB B 0—0O QO 6 80— Q O ™m (20)

i} 600 ™ © 60- QO M ® 6 0- ™ o Q (22)
: (22)

Where:

. (23

z 0 ® (24

(29

- (26)

P — (27)
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4.2.3. Ultimate Point:

This model was modified to capture the three different failure modes of strengthened RC beams,
including crushing, debonding, and rupture failure as demonstrated below. Similar force
equilibrium equations, to that presented above for the yielding point, are used to solve for the

neutral axis location at the ultimate point based on the variousefaiades considered.

4.2.3.1. Crushing failure:

0 5QQ M2 @ 5'0- QO Mz ® 5 0- ™ O Qe (29
— (30

4.2.3.2. Debonding failure:

-

0 500 ™zl & 50- Q0 @ @ 5 0- ™I O Qe (31)
- (32

4.2.3.3. Rupture failure:

[OR!
€
3

0 bQQ mz1 @ 00- Q0 ™zt 0 O- mdzf (33

— (34)

Based on the analytical results, it is worth mentioning that the present model does not account for
the extra contribution of carbon fiber splay anchors. Thus, it is expected that the model will yield
similar results for specimens No.2, and No.3 as we@g and No.5. Likewise, beams No. 11

and No. 12, along with No. 13 and No. 14, are expected to exhibit identical predictions. However,
the expected values have excellent agreement with the experimental ones. This is simply because
the fiber anchors irhkese tests had a minor contribution since they were only applied at the sheet
ends. The analytical yielding load for beam No.2 was predicted to be 80.92 kN (18.19kips) while

the actual yielding load was measured to be 81.85 kN (18.40 kips) showing dendecgeement.

77



Furthermore, the expected cracking loads for all specimens showed a strong agreement with
experimental data. The observation of the comparison adds further evidence to the precision and
consistency of the current model in capturing the envelope curvelaf isponses of RC beams,

both with and without CFRP strengthenifigble 2.9 andFigure.4.1. to Figure.4.10. illustrate

the comparison between the proposed model and the results obtained from experimental data.

Table 4.1. Comparison of average experimental results against analytical predictions.

Specimen Average experimental results Analytical results

Cracking Yielding load Ultimate load Cracking load Yielding load Ultimate load

load kN kN (Kips) kN (Kips) kN (Kips) kN (Kips) kN (Kips)

Kips

Beam No.1 38.(03p(8).55) 67.87 (15.26) 107.41 (24.15) 31.14 (7.00) 57.83 (13.00) 80.07 (18.00)
Beam No.2 34.47 (7.75) 80.92(18.19) 114.4 (25.72) 33.36 (7.50) 81.85 (18.40) 102.31 (23.00)
Beam No.3 31.26 (7.03) 79.75 (17.93) 114.46 (25.73) 33.36 (7.50) 81.85 (18.40) 102.31 (23.00)
Beam No.4 34.12 (7.67) 114.34 (25.71) 150.20 (33.77) 36.03 (8.10) 116.54 (26.20) 133.45(30.00)
Beam No.5 33.36 (7.50) 130.93 (29.44) 157.43 (35.39) 36.03 (8.10) 116.54 (26.20) 133.45 (30.00)
Beam N0.10  34.85 (7.83) 91.86 (20.65) 105.17 (23.64) 35.67 (8.02) 95.77 (21.53) 103.64 (23.30)
Beam No.11  41.97 (9.44)  107.51 (24.17)  134.11(30.15) 35.94 (8.08) 115.92 (26.06) 151.60 (34.08)
Beam No.12 48.86 (10.86) 110.62 (24.87)  132.37 (29.76) 35.94 (8.08) 115.92 (26.06) 151.60 (34.08)
Beam No0.13  52.46 (11.79)  130.61 (29.36) 175.60 (39.48) 37.81 (8.50) 162.05 (36.43) 196.03 (44.07)
Beam No.14 63.60 (14.30)  153.57 (34.52) 200.73 (45.13) 37.81 (8.50) 162.05 (36.43) 196.03 (44.07)

Experimental vs Analytical Load- Displacement beam No. 1
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Figure 4.1. Analytical vs. Experimental Envelope Curve Comparison of beam No.1

78



Experimental vs Analytical Load- Displacement beam No.2
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Figure 4.2. Analytical vs. Experimental Envelope Curve Comparison of beam No.2

Experimental vs Analytical Load- Displacement beam No.3
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Figure 4.3. Analytical vs. Experimental Envelope Curve Comparison of beam No.3
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Experimental vs Analytical Load- Displacement beam No.4
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Figure 4.4. Analytical vs. Experimental Envelope Curve Comparison of beam No.4

Experimental vs Analytical Load- Displacement beam No.5
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Figure 4.5. Analytical vs. Experimental Envelope Curve Comparison of beario.5
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Experimental. vs Analytical Load-Displacement Beam No.10
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Figure 4.6. Analytical vs. Experimental Envelope Curve Comparison of beam NbO

Experimental. vs Analytical Load-Displacement Beam No.11
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Figure 4.7. Analytical vs. Experimental Envelope CurveComparison of beam No.11
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Experimental. vs Analytical Load-Displacement Beam No.12
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Figure 4.8. Analytical vs. Experimental Envelope Curve Comparison of beam No.12

Experimental. vs Analytical Load-Displacement Beam No.13
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Figure 4.9. Analytical vs. Experimental Envelope Curve Comparison of beam No.13
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Experimental. vs Analytical Load-Displacement Beam No.14
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Figure 4.10. Analytical vs. Experimental Envelope Curve Comparison of beam No.14

4.3.Hysteresis Loops Model

When modeling the hysteresis loops, each cycle is broken down into three linear regions in the
unloading and reloading paths, respectively. These linear regions are named push, inflection range,
and pull side in the unloading path as well as the relogutiy, sed-igure 4.11 1t is observed

that the unloading push path has a very similar slope to the reloading puhgaihdingly, these

two-line slopes are averaged together in the present model and are referred to as Régioe A,

4.12 Similarly, the unloading pull path has a comparable slope to the reloading push path, and
they are, therefore, averaged together in this model and referred to as Régguréc4.12 Also,

the inflection range, indicated as Region B, has similar slopes in the unloading and reloading
bounds. Therefore, these two bounds are averaged here as well. To automate the model, curves
correlating the ratio of unloading and reloading push skapiations to the initial backbone curve

slope on the saxis vs. the backbone curve drift ratios at the envelop curve to that drift ratio at
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yielding on the yaxis are generated for all cycles throughout the respéigpere 4.13 These

three curves define thiales that the hysteresis loops behave in accordance with. For example, the
drift ratio of the yielding point on the envelope curve (100% value of-#lva@s) corresponds to a
0.75slope ratio for region A, @7 slope ratio for region B and%b slope ratio for region (GLigure

4.13 This formulation is used consistently for all cycles of daift ratio when reconstructing the
hysteresis loops of specimen No.11. Likewise, specimen No0.13 has similar graphs developed for
that calibration irFigure 4.14 Finally, the thredine slopes extracted froffigure 4.13or Figure
4.14extend to drift ratio pivot points (on the drift axis) based on the following equakansge

4.11andFigure 4.12

Q Q CuLv k0 (35

Q Q ) (36)

Q Q Cuv k0 (37
Where:

Q Q6T 1 1 ANEOERBRE BEA ACHRO®B &G @ERAUOOA O B®E O
Q QR Al T AAGDEQR EBEARA ACER®RB &8 ERAUOOA OB®E O

Q QOEQR ANk EAIOIDEA APH® B &6 GEEFRAUOOA O B®E O
Q Qb1 11 AAEEICGOAD ERBR EOG BA

ACH®B &G EERAUOOA OB®E O

Q QR AT T AAEBA GOAD ERR EOD BA
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Q Q5T 1T ANGEOERAE BEOOERA AGEAORBR #8 GEERAUOCOCA OB®E O
Q QR AT T ADAEOEEAR B EOOERA AQEAD R #G GEEFAUOOA O B®E O
By using these formulations, the hysteresis loop responses of beam No.11 and No.13 were

accurately reconstructed for the entire cyclic loading range.
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Figure 4.11. Three Linear Regions of The Hysteresis Loop Model.
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Figure 4.13. Regions A, B, C Graphs tcCharacterize the Hysteresis Loops beam No.11.

Figure 4.14. Regions A, B, C Graphs to Characterize the Hysteresis Loops beam No0.13.

4.3.1.Analysis Steps

The synthesis of the hysteresis loops carejgoduced based on the following steps for

a single hysteretic cycle:
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