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ABSTRACT

BEHAVIOR OF CFRP CONFINED CONCRETE SPECIMENS UNDER
TEMPERATURE CYCLES AND SUSTAINED LOADS

Erdil, Bar éecx
Ph.D., Department of Civil Engineering
Supervisor Prof . Dr. Ujurhan Akyg¢z
Co-Supervisor : Assoc. Prof D . Ksmail ¥zge¢r Y

February2012,264 pages

The application of carbon fiber reinforced polymers (CFRP) is one of the effective
retrofitting and strengthening methothat is used worldwide and is starting to be
used in Turkey as well lbause they have high strength and high modulus in the fiber
direction, have very low coefficient of thermal expansidren compared to concrete
and steebnd are knowmot to corrode. Since FRPs dightweight their mass can

be neglected when comparedcctincrete and steel.

However, before proposing this material as an alternative for strengthening and
retrofitting applications their lonterm behavior should be understood because they
are applied orto concrete by several layers gboxybasedadhesive, whichcan be
affected by change in humidity, temperature and load. Therefore, behavior of CFRP
strengthened structures in varying temperature and humidity conditions must be

investigated.



In this dissertation, behavior of CFRP confined cylindrical pridmatic concete
specimens having square crggxtion were investigated under sustained
compressive loads, dry and wet heattogling cycles, and outdoor exposures under
direct sunlight, to determine the possible changes in their mechanical properties.
Sustained loads were applied as the 40% and 50% of their confined axial load
capacity. In addition to the sustained loads, specimens were subjected to 200 heating
cooling cycles betweert 0AC t o 50AC. I n order to unde
of CFRP confined concrete specimebgtter they were divided in six groups
singleeffect was investigateith each groupAfter aging tests mechanical properties

of the specimens were recorded via monotomi@xialloading.It was observed that
temperature cyes had little effect on behavior but sustained loads changed the
shape of the axial stressrain diagram and resulted in a dramatic decrease in
ultimate strainBased on the test results aaldo usingthe data of similar studies
available in the literatre, strength and strain models considering the exposures as
independent parameters were established and finally axial-strass curve was

tried to be predicted.

Keywords: CFRRconfined concrete, heatirgpoling, sustained loading, axial

stressstrain curve



¥Z

KARBON LKFPRLKMER KLE G! ¢L BEMWKRKL MK K
NUMUNEL ERKINE VRKMLYERWLICI Y! KLER ALTI NDA
DAVRANI K |

Erdil, Bar éxk
Dokt ora, Knkaat M¢hendisliji B®°
Tez Y°netickPsof. Dr. Uj urhan AKkyg¢z
Ortak Tez: YDw&simai $i ¥zg¢r Yaman

kK u b2812,264 sayfa

Karbon takviyel: poli merler (CFRP) ile vy

kull anél an vV e ¢l kemi zde de gitti k-e k u
g¢-lendirme yo°ntemlerindeht bsumndary¢lCFwRP

ve y¢ksek el asti k modygl dejerl erine sahi|
vekor ozyona buijrr amaalbadmen deji |l dir . Hafif o
il e kéyaslandéekl arénda ajérl ekl aré i hmal
Fakattbu mal zemel er i onarém ve (g¢-lendirme
uzun s¢reli davranéxkl arénén bilinmesi ge
vV e yékten etkil enebil en, -exki tli kadem
yapeékt éréceéelaadrér i | eBuy aypsezldreank t CFRP il e gé

deji kken sécakl ek ve nem durumlaréndan n:;

Vi



Bu doktora tezinde, CFRP il e sareéel méxkx s
numunel er ikna | eEkcsée m @ le kvge;, ké s Ikaukr ué s ét ma ve s
uygul anan sécakl ek -evrimlerd. ve direk
kokul |l ar é alténda i ncel enmi K vV e me k ani
belirlenmeye -al é&kél mékteér .en@daurags gréedlei e
y¢k kapasitelerinin %4006é ve %500si K ek
yekl ere il avdtDen, enbmuACe laerras énsaj wtyga | a
-evrimlerine mar uz berakeél mexkteér . CFRP
davrlamrémdaki dej i kKi mler. daha Iy anl a\
ayreéel méxteéer . Her grupt a t ek bir et ki

testlerinden sonr a numunel erin mekani Kk
kaydediSam k-tliar.danevrsend &kli @k n davranéxka
g%zl endi fakat kal écé-bypkmekieki hemepksgen
deji ktirdiiji hem de ni hai birim keki/l d e
g°r¢Ddpey sonu-|l areéetgredel yal éaépn bienhee
datal aré kullanélarak bu doktora tezind:ée
birer parametre ol arak yer aldéjé dayane
ve sonu- ol ar alirimaleke n eld egee itilismen t ah mi n

-al exéel méxkt ér .

Anahtar Kelimeler: CFRP sar gél ésolh estt onra,, @g@mnmas ¢r el
eksenelgerimk ek i | deji ktirme ejrisi

Vil
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Reinforced concrete (RC) structures are being retrofitted because of deteriorations
and material loss due to environmental effects. They are also being strengthened to
withstand higher loads or to regain the load carrying capacities. In either procedure,
the conventional techniques are to use the concrete and steel materials. Both
materials are heavy, need special equipments and consume a considerable amount of
space in thend product. Although the first investment costs of these techniques are

relatively cheap, themaintenanceosts are higfil].

Fiber reinforced polymers EPs) are introduced adternative strengthening and
retrofitting materiad for reinforced con@te structures. They are composite
materials, which are a combination of fibers and resin. The main load carrying
material of this composite is the fibers, which have high strength in fiber direction.

The resin enables load transfer between fibers.

FRPshave high strength and high modulus in the fiber direction and they have very
low coefficient of thermal expansiomhen compared to concrete and st@&sasides

their high mechanical properties, they are knawhto corrodd?2]. Since FRPs are
lightweight their mass can be neglected when compared to concrete and steel. They

are easy to handle and do not need any special equidoretite application.



Although theirinitial costs are high, their maintenance costs are low when compared
to other materialf2-6].

The advantages of FRPs made them popular in the concrete researches. They were
used to increase the strength and strain capacity of a concrete column, or the moment
and shear capacity of a beam or the lateral load carrying capacity of an RC frame by
applying on an infill wall 2, 7].

Several studies were performed to investigate the strength and strain capacities of
cylindrical and rectangular concrete columns with various strength levels wrapped
with several layers of CFRP. In these studies, it fwaad out that the use of CFRP
wrapping increases the strength of concrete columns depending on the number of
CFRP plies applied, concrete grade, type of CFRP and the properties of the matrix
material. Most of the experiments were conducted under roometamire and did

not take into account the effects of environmental conditions.

Questioning the longerm behaviors of FREBonfined specimens, researchers
conducted series of lorigrm exposure tests. However, in this time, the experiments
considering feezingthawing and/or sustained loading were performed on concrete
grades above 20 MPa and the specimens were mainly in cylindrical form. It is known
that reinforced concrete structures that are being retrofitted may have concrete grades

much lower than it [8] and those structures include rectangular columns as well.
1.2 AIM OF THE DISSERTATION

This dissertatioriries to fill the gap between the sherm andiong-term behavior
of FRRconfined concrete specimens. Therefore the main aim of this dissersation
1 To understand the effect of simultaneous exposure of heatiming cycles
and sustained loading on the mechanical properties of concrete columns
wrapped with ondayer of CFRP



1 To establish a reliable model to predict the strength and strain capacitie
stressstrain relationship of FRBonfined concrete under tiexperimentally

studiedexposures

In order toachievethe main aims given above, the following secondary parameters
wereinvestigated
1 To understand the effectiveness of the confinemerdiffierent concrete
strengths. The concrete strengths were chosen to be 10 MPa (the common
concrete strength in Turke]) representing very low concrete grade, 15
MPa (intermediate strength) and 20 MPa denoting the minimum concrete
grade as given in Tuish Earthquake Cod@007[7].
1 To understand the effectiveness of the confinement in different-cross
sections. Concrete specimens were either in cylindrical or prismatic form.
1 Effect of heatingcooling cycles, performed either in dry or wet conditions,
on the mechanical properties of FRBnfined concrete
1 Effect of outdoor exposures on the mechanical properties ofdeRfhed
concrete
1 Effect of different sustained loading levels on mechanical properties of

FRP-confined concrete
1.3 SCOPE

In this dissertation, dth unconfined and CFRe&onfined cylindrical and prismatic
concrete specimens were utilized. Reinforcements were not provided in the
specimens. Cylindrical specimens were prepared with 150x300 mm in dimension. As
for the prismatic specimens having squseetion, they were cast to have 150 mm
side dimensions and 300 mm height. Corners of the prismatic specimens were
rounded to increase the confinement effectiveness. Three different concrete grades
were aimed: 10 MPa, 15 MPa and 20 MPa.



All specimens wereessted in two phases. In Phase 1, they were subjected to aging
tests and in the second phase (Phase 2), they were loaded monotonically up to failure

to determine their mechanical properties.

Aging tests (Phase 1) were performed in six groups as showibi@ T4. In the first

group, specimens were not subjected to any exposures, i.e. they were used as control
specimens. In the second group, they were exposed to heatiigg cycles (HC)

in a specially designed Environmental Test Chamber (ETC) undeoxampately

40% of relative humidity (RH). Specimens in the third group were subjected to
simultaneous exposure ofEl cycles and sustained loading (SL), which was applied

as the 40% of the ultimate axial load capacity. Some specimens were also loaded to
50%of their axial load capacity. In the fourth group, specimens were subjected to SL
only. Wet HC cycles were performed in Group 5 and specimens were subjected to
outdoor exposures while being under direct sunlight in Group 6.

After the aging tests, spaeens were loaded uniaxially until failure (Phase 2). No
intentionaleccentricity was allowed during the compression tests. During these tests,
stressstrain behaviors were recorded. From the recorded data, strength, strain and
modulus characteristics ofl @lpecimens were calculated to understand the change in

their mechanical properties.

From the experimental results, an analytical axial ss#ssn model including
temperature changes and sustained loading level was established. The model was
construted using the data fronthree boundary points (BPs) which were also

included the effect of the exposures studied in this dissertation.



Table 1.1 Definition of the test groups

Test Group Definition of the test group

Growp 1 Control specimens

Group 2 H-C cycles under approximately 40% of RH

Group 3 Simultaneous exposure of SL anddtycles under approximately 40% of RH
Group 4 Sustained loading

Group 5 H-C cycles in water

Group 6 Outdoor environment under direct sight

1.4 ORGANIZATION OF THE DISSERTATION

The dissertation starts with a brief introduction concerning the strengthening of RC
structures and use of FRP as aternative technique (Chaptg). Following this

discussion, the aim and scope were outlined.

The available literaturevere reiewed and summarized in ChapferFirst, studies
conducted on FREonfined concretein ambient lab environment were presented.
The effect of sustained loading, i.e., creep, onJ¥Rfined concrete were explained

in terms of material point of view and then the effect on global structure were
written. Durability of concrete and FRP was discussed later and then durability of
FRP-confined concrete was presented. Finally, limited researches conducted on
simultaneous exposuid environmental effect and sustained loading on specimens

were reviewed.

Chapter3 explains the experimental test program in detail. In this chapter, material
properties were presented. Test procedures and the special equigasggedor

the specifidests were discussed.



In Chapterd, experimental test results were provided. The chapter was divided into
three parts based on the concrete strength. In the first part test results of 10 MPa
concretes, both cylindrical and prismatic forms were explaiSedond part contains

the results of 15 MPa prismatic specimens. Cylindrical specimens were not utilized
in this part. As for the last part, experimental test results of 20 MPa cylindrical and

prismatic specimens were presented.

Tests results given int@pter4 were discussed inf@apter5. The discussions were
given separately for each aging tests. First, effect of the confinement on the
mechanical properties of concrete was given. Following this part, the change in
mechanical properties of CFR®nfinedconcrete under ¥ cycles was discussed.
Discussion of the effect of outdoor exposure on mechanical properties of-CFRP
confined concrete was provided in the next section. Finally, the effect of sustained

loading with or without HC cycles was presented.

The analytical midies were performed in Chap&rParameters affecting the strength
and strain capacities of FR#®nfined concrete were discussed and a model was
developed to predict the axial stredgain behavior of FREonfined concrete in
either cylndrical or prismatic form. Sustained load level and temperature effects are
included in the model. The model was verified with the tests results and it was found

to be in goodchgreementvith the experimental data.

The conclusions and recommendations fature gudies were presented in
Chapter7.



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

Fiber Reinforced Polymers (FRPs) are known to be one of the effective confining
materials in strengthening and retrofitting of concrete structures. Taey high
modulus and high strength. Since they are easy to apply and durable, they reduce the
application time and maintenance cd8. Being lightweight they will not

contribute to the total weight of structures.

Besides their unique mechanical andenal properties, their reliability was verified
via experimental tests. Researchers performed tests considering several aspects of the

material and its interaction with the concrete.

Summary of the literature review related to F&fined concretes drtheirlong
term behavior was given below. The studies in material point of view were also

presented.
2.2 STUDIES ON FRPCONFINEMENT

Columns are the most important load carrying members in a structure. Any loss in
strength may push the whole structure atalt collapse. Therefore, their strength
should always be above a certain poiBecause of their importgntcolumn

strengthening and retrofitting was studied more.



One of the first attempts to use FRP as a confining material wds by Fardis and
Khalili [3]. They tested short cylindrical concrete specimens strengthened with
GFRP under uniaxial compression and under environmental effects such as
weathering and fire. The columns had-31L MPa strength. After the tests, they
reported that the strength addctility characteristics of FRBncased columns were
excellent. Either the strength equation proposed by RidB& or Newman and
Newman [10] were stated to be used to predict the strength of-¢&RFned
concrete. Besides strength estimation, the astposposed a strain equation for the
strengthened columns. The conclusions drawn by the authors were as follows:
1 With the use of FRP, since the cresstional dimensions would reduce,
dead loads and the material costs would reduce also.
1 FRP serving as afmwork would reduce the formwork cost
7 Since FRP is durable and nroarrosive, themaintenancecost would
reduce.
1 With the help of resin stabilizers gel coats FRP was found to be resistant

to weathering

Saadatmanesh et §L1] defined FRP confinemerats a new technique for seismic
strengthening. Their aim was to strengthen the bridge columns, which had
deficiencies associated with design principles. They analytically studied the
effectiveness of FRP confinement. Téguation proposed by Mander et 8P] was
taken as the base equation and it was modified with additional parameters to account
with the FRPconfinement. Parametric studies were conducted to understand the
axial forcemoment interaction of the columns. They concluded that:
1 The increase inxaal load capacity is higher than the increase in moment
capacity
1 With increase in concrete strength, the rate of increase in axial load
capacity, ductility and moment capacity reduces.

1 If the thickness of the wrap increases, ductility would increase



Karbhari and Gad13] tested cylindrical concrete specimens confined with CFRP
considering several wrapping schemes. Since their aim was to establish a reliable
model to predict the strength and ultimate strain, they did not use only a single
orientation instead they changed the orientation of the main axis of CFRP. The main
axis was either parallel to the hoop, or perpendicular, or made an angle with the
hoop. Based on their test data they proposed two equations, one of which is
empirical. Comparing their modelwith the available ones, they stated that in FRP
wrapped systems, constant confinement assumption was not reliable. In addition,
having bilinear response, FRP confinement differs from that of steel spiral

reinforcement.

Early attempts to use FRP confinent in concrete columns were focused on the
strengthening or retrofitting cylindrical bridge columns. Getting reasonable results,
researchers extended the area of FRP usage and they tried to implement this
technique in regular buildings having rectanguterd carryng members. Rochette
[14,15], tested rectangular short columns wrapped with CFRP and AFRP considering
various corner radii. Strength of the specimens ranged from 35 to 43 MPa. As a
conclusion, they stated that:
1 The efficiency of the FRP confimeent depends on the shape of the
specimen. In circular specimens, the efficiency factor is the highest
1 Corners of a rectangular specimen should be sufficiently rounded in order to
prevent the premature failure of FRP
1 In order to avoid sudden and destruetizompression failure, specimens

should not be highly confined.

Mirmiran et al.[16] madesimilar studies on rectangular short columns. They used 40
MPa square specimens and confined them with GFRP tubes with 6, 10 and 14 plies.
A single corner radius 05.35 mm was used in the tubes. Corners of the concrete

specimens were not rounded. Based on the test results of their stutheaesults

of Rochette[156 s t est s, they proposed an equat.



Ratio (MCR). This equation could hesed to estimate how much corner radius was
necessary to achieve a specific confinement. They stated that:

1 For a given confinement and corner radius if MCR was lower than 0.15, the
specimen would not to be properly confined. In other words, the
confinementvould be inadequate if MCR was less than 0.15.

1 Other than MCR factors, they stated that strength and ductility were not
affected significantly by length to diameter ratios within the range of 2:1
and 5:1.

There are various studies experimentally ingsding the strength and strain
capacities of cylindrical and rectangular concrete columns with various strength
levels wrapped with several layers of FRHable 21 summarizes some of the
studies which were investigated the effeé FRP thickness on the behavior of
cylindrical concrete columns. The concrete strengtiyy i0 the table varied from
6 MPa to 107 MPa and the number of FRP layers changed from 1 to 15. Considering
all these studies, main findings can be listetbbgws:
1 Strength and strain capacities of confined concrete increase with increase in
FRP thickness
1 The strength and modulus of FRP play an important role on the
effectiveness of the confinement
1 The rate of increase in strength and strain reduces withasing concrete
strength
1 Hoop strain capacity of FRP is lower than its strain capacity obtained from

flat coupon test
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Table 21 Studies related to the cylindrical concrete columns confined with FRP

Author Dimensions  f., MPa FRP Type  Number of plies
Samaan et aJ17] 150x300 30 GFRP 6,10,14
Shahawy eal. [18] 150x300 20 and 41 CFRP lto5
liki et al. [19] 150x300 6 CFRP 1t06
100x200
Li etal.[20] 120x240 17-20-27 CFRP 12,3
150x300
CFRP
Lam and Teng21] 150x300 35 1,2,3
GFRP
) 331t0 63 CFRP
Xia and Wu[22] 150x300 lto4
GFRP
) CFRP
Harries and KhardR3] 150x300 36 to 60 1tol5
GFRP
Tamuzs et al[24] 150x300 20 to 60 CFRP 1,2,3
Almusallam [25] 150x300 50 to 100 GFRP 1,3

As for tests on rectangular speeans, authors studied the effect of corner radius (
and the aspect ratio in addition to the FRP type, FRP thickness and concrete grade
(Table 22). The most important observations were stated as:

1 FRP is an effective confinememiaterial in rectangular concrete columns. It
can increase both strength and strain capacities.

9 Corner radius and the properties of FRP directly affect the confinement
effectiveness. FRP confinement is not effective in specimens having sharp
corners.

9 Failure of rectangular specimens confined with FRP occurs at the corners
where stress concentrations are high.

1 With increasing concrete strength, the required corner radius to achieve an

adequate confinement increases

11



1 Aspect ratio affects the strength and stranhancement. As the aspect ratio

increases, the enhancement reduces.

Table 22 Studies related to the prismatic concrete columns confined with FRP

Author Dimensions r,mm f,, MPa  FRP Type Number
of plies

Parvin and Wan{R6] 108x108x305 8 21 CFRP 1,2
133x133x305

Chedllal et al.[27] 108x165x305 25 20-40 CFRP lto4
95x190x305

Lam and Tend?28] 150x150x600 1525 24-33-41 CFRP 1to5
100x100x300

Masia etal. [29] 125x125x375 25 25 CFRP 2
150x150x450

Al-Salloum[30] 150x150x500 5to 50 30 CFRP 1

Rousakis and Karabini8{] 200x200x320 30 3340 CFRP 1to6

GFRP

Benzaid et al[32] 100x100x300 0-8-16 55 GFRP 1,2

Wang and W{33] 150x150x300 O to 60 30-50 CFRP 2
150x150x300
188x150x300

Wu and We[34] 225x150x300 30 30 CFRP 1,2
263x150x300
300x150x300

12



2.3 STUDIES ON CREEP OF FRRCONFINED CONCRETE

a) Concrete
Concrete columns experience thtependent increase in deformation due to the
sustained loading (SL), which is called as creep. Creep occurs due to either bond
breakage between aggregates and cement paste or seepage of gel water flow, or
viscous flow of cement paste or delayed elasticity or combination ¢8%ll It is
affected by several factors such[28]:

1 The composition of the concrete

1 Age of concrete

1 Humidity and temperature

1 Level of sustained loading etc.

Creep increases with increase in watement ratio, sustained loading, temperature
and humidity level but it decreases with the age of con¢8&le Concrete creeps
even under small SLs. The maxim value of the SL that can be applied on a

concrete column was found to be approximately 80% of the axial load ca@atity

Since several authors performed creep tests at constant temperature and relative
humidity (RH), Vandewalld38] tried to undersand the creep of concrete under
variable temperature and humidity. They uniaxially loaded the cylindrical concrete
specimens cast from three different mixes and kept them under headlggy
cycles and RH based on the temperature variations in Belgikmom their
experiments, they observed that:
1 Concrete mix has little effect on the creep and shrinkage behavior of
concrete
1 The variation in basic and total creep during one year exposure to RH cycles
is not well pronounced

1 Creep is affected by the con@eatasting season

13



b) Fiber Reinforced Polymer

FRP is totally a different material as compared to concrete. It is orthotropic and can
be regarded as elastic up to failure. Being an elastic material, its creep performance is
guestioned by Ragkan and Mesih [39, 40]. They performed tests on CFRP
composites with different orientations to understand the creep behavior and finally
they proposed a model to predict the creep of polymer composites. They stated that
stress, temperature and time play an importalg in the creep of composite. All
these factors increase the creep. In addition, they found that the fibers in the
composite cannot prevent composite from creeping but they reduce the creep and

creep rate of the epoxy matrix.

c) FRP-Confined Concrete
Since both concrete and FRP creep under SL and their creep performances are
affected by similar factors, same behavior can be expected fromcéiRined

concrete.

Naguib and Mirmirar{41] studied the timel e pendent behavior of
FRP tue ( CFFT) 6 éwrappeddconéréte-d®liBmh F WC C) 6 6 . The <co
strengths in their studies were B38Pa for CFFT and 29MPa for FWCC. The
sustained loading level was chosen to be minimum 9 % and maximum 33% of axial
load capacity. After 3 or 6 monthfn loading, thexoncludedhat;
1 Since concrete is stressed multiaxially upon confining with FRP, it
experiences relatively less creep
1 Stressredistributiontakes place between concrete and FRP which results in
a stress relief in the concrete. This phenoomeleads to a decrease in creep
1 Since FRP shell prevents moisture to escape, it creates sealing effect and

results in a reduction in shrinkage and creep.
Based on their atly, Naguib and Mirmirgd2] proposed a model to estimate the

time-dependent behawi of FRRconfined concrete. From the model, they tried to

predict the creep rupture life and with this study they stated that:

14



1 If the FRRwrappedconcretecolumn (FWCC) is loaded to its 70% of the
axial load capacity, the creep rupture life will not besléhan 100 years for
D/terp ratios greater than 40, where D is the diameter of the concrete core
and t is the thickness of the FRP used in the confinement.

1 As for CFFTs with Dirp ratios above 40, the creep rupture life will be 75

years for a sustaineddding level of 70% of the axial load capacity

Theriault et al.[43] performed static, shoterm (three days) and losigrm (150
days) creep tests on CFRWapped cylindrical concrete columns having 24n8l 29
MPa strength. CFRP was applied as one, awd three layers to correlate the FRP
thickness with creep performance. The other parameter of the study was the level of
SL. They investigated the creep limit associated with the SL level. Therefore, SL
level was applied as the @4through 0.8... High level of SL was utilized in shert
term loading. They reported that:

1 Creep resistance and SL level are inversely proportional

1 Creep resistance will increase with increase in the confinement level

Al-Chami [44] in his dissertation prepared a set of ekpents to test creep
performance of cylindrical short columns, beams and CFRPdag8concrete
strength changed from 24 to 34 MPa. The parameters were the CFRP thickness (one,
two and three layers were used) and SL level. In columns and CFRP experiments, h
performed static, shoterm creep and lontgrm creep tests whereas in beams, only
static and longerm tests were conducted. Static tests denoted for the tests in which
specimendoadedto failure in a short period of time. Shaerm creep tests were
performed by applying higher SL to make the specimen fail in a few hours or days.
As for the longterm tests, specimens were loaded to a sustained loading level such
that they could survive 416 days. The results he stated after the tests are as follows:

1 CFRP sheets exhibited more creep than CFRP laminates

1 The creep performance of CFRPs is quite good because they survived until

the end of the tests
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1 Reserve strength of CFR#®nfined concrete columns increased due to the
SL

1 Despite the strength increase, cohsmexperienced a decrease in the
ductility, i.e., ultimate axial strains seem to reduce

1 The transition in the stresdrain curve changes with SL and it becomes
apparent for higher levels of SL

1 A slight decrease was observed in the modulus of elastitispecimens
subjected to SL

1 Creep results in an increase in the confining pressure. The increase in the
confining pressure was observed to reduce with increase in the number of
CFRP layers

1 Confinement enhances the creep performance of the concrete

1 SL levelof 70% of the confined concrete strength can be taken as the creep
limit for CFRP-confined concrete columns. This limit was advised to be the
minimum of 100% of the unconfined concrete strength and 70% of the

confined concrete strength.

Wang and Zhand45] used cylindrical spcimens and Zhang et d46] tested
prismatic specimens having 47.3 and 51.1 MPa strengths. Both cylindrical and
prismatic specimens were wrapped with two layers of AFRP. They were subjected to
a sustained load level of 30% of the asmered 28lay strength. Some cylindrical
specimens were prepared with internal steel reinforcements. After 312 days under
sustained loading, the authors observed that;

1 The pattern of the stres$rain curve of FRRonfined concrete was not
affected by theplastic strains resulted from creep. After subjecting sustained
loading, the confined concrete still had a bilinear behavior.

1 Although modulus of elasticity increased with creep, a slight decrease was
observed in the strength

1 Creep resulted in a reductiam the ultimate strain capacity, which directly

affected the deformability of the concrete.
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2.4 STUDIES ON DURABILITY OF FRP -CONFINED CONCRETE

a) Concrete

Concrete structures are often exposed to various environmental exposures such as
temperature changesuinidity, sulfate attack, ultraviolet light and alkalines. All
these exposures create various deterioration mechanisms depending on the durability
of the concret¢47]. i D u r aPortlahdcemgnt aoricrete is defined as the ability

to resist weathering ciion, chemical attack, abrasion, or any other process of
deterioratiori48]0 .

Freezingthawing is found to be one of the unfavorable effectbamdened concrete.
Powers[49] tried to explain the mechanism of frost in the concrete. He stated that
water expands almost 9% upon freezing and this freezing forces the free water to
migrate, which creates hydraulic pressure due to the resistance of concrete to this
migration. If the hydraulic pressure is greater enough it causes cracks in the concrete.
Air-entrained admixtures may be the solution to the durability of concrete under
freezing and thawing action. Using -@intrained admixtures, however, results in a
strength reduction because increasing the air content for 1% was found to decrease
the strength abab%[50].

Wong et al.[51] studied the effect of drying on freetteaw durability of concrete.
From the experiments conducted on srsallle concrete slabs, they concluded that:
1 Although airentrained admixtures are used, concrete may be affected by
freezing and thawing
1 Freezethaw durability of concrete, which was wady-wet cured, was
significantly greater than the one, which was continuously wet cured.
1 Drying is stated to be important in terms of durability, if it is appliesl 3
days after the 7 ¢ga of wetcuring

Freezethaw experiments are extreme cases, which cause deterioration in the

concrete. They are durabilityased tests. Without going these extremes, the
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influence of thermal loading at which temperatures were always above the freezing
temperature was wwllied by Vecchio and Satib2]. They tested three reinforced
concrete portal frames under thermal and mechanical loading. The frames were built
in real size and rotated 180 degrees to form a tank. After sealing the open parts,
water was ifled in the tank and thermal loading was applied through heating and
cooling the water. Ther mal | oadi ng was
gradients were recorded via thermocouples. After different thermal and mechanical
loadings, they observedah

1 Thermal gradient was ndimear shortly after loading but became linear
when the temperature held constant for a long period (18 h).

1 Strain gradient followed the same trend as the thermal gradient. Strains
corresponding to high temperature were higt tensile in nature whereas
they were compression and relatively low at lower temperature. From the
strain readings it was stated that beam and columns bended due to the
thermal loading.

1 New cracks during thermal loadings were not reported, however, fram s
readings, they noticed that internal cracks were developed

1 Increasing the number of internal steels would not enhance the resistance of
concrete to thermal loading, rather it increased the thermal loading

developed in the concrete

b) Fiber Reinforeed Polymer

The influence of environmental exposure on FRP composite depends on the
resistance of fibers and the matrix material. It was reported that since matrix is highly
vulnerable to environmental exposure, mechanical properties depending mainly on

matrix change significantly.
The effect of moisture absorbtion on mechanical properties of FRP has been studied

by several researchers. Cohenakt[53] tested CFRP, GFRP and KFRP (Kevlar
Fiber Reinforced Polymer) to identify the behavior under hygrotaeconditions.
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Besides the alogbtion tests, they also performed flexural tests on these materials.
Flexural specimens were also immersed in water and thermal cycling was applied.
They found that:
1 KFRP absorbed the highest amount of water, whereas GF&t#Pbald the
least amount of water when they were kept in water under room temperature
1 If the specimens were subjected to hot temperatom temperature cycle
in water the absorbtion of GFRP and KFRP increased
1 CFRP was not affected from that thermal aygli
1 Although CFRP and KFRP specimens experienced a slight decrease in
flexural capacity under hot temperature exposures, the more pronounced
reduction was observed in GFRP

1 CFRP is not sensitive to hot temperature immersion

Selzer and Friedricf54] testedCFRP composites to determine the effect of moisture
on their mechanicgbroperties Three different epoxies, in which two of them were
thermosetting (EP and ER) and the other was thermoplastic (PEEK), were used.
The authors prepared unidirectional ([0][90]:6), bidirectional ([0, 90}y and
mul tidirect i mmaihateg The laminstdsSvere @sbeyl under dry, semi
saturated and fully saturated conditions under three different temperature ranges of
23, 70 and 100AC. nfatizedbel@wvi n results are
1 Since thermoplastic epoxy (CF/PEEK) absorbed less moisture (0.3 wt%), its
glass transition temperaturegfTdid not change as compared to the others
(CF/ER1.6 wt% and CF/ERy¢+2.5 wt%)
1 Tensile strength of unidirectional laminates showedegradatiorsince the
load carrying fibers were in the loading direction
1 If the orientation of the fibers with respect to the loading direction changed,
tensile strength would become dependent on epoxy. Epoxy showed
softening with increase in moisture cent. Tensile strength in this type of
laminates was inversely proportional to the moisture absorbtion. The higher

the moisture intake, the lower the tensile strength
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1 Like tensile strength, elongation also depended on moisture content, which
influenced theresistance of epoxy. Higher moisture content resulted in

lower elongation.

Al-Salehiet al.[55] prepared anglply CFRP tubes, which were tested to find the
effect of temperature changes on their tensile strength under hoop loading. The
CFRPtubeshad wi ndi ng angel of 25A, 55A and 7!
ot her words, 75A winding angle was <cl ose
25A was close to [90] angle. Tub46A@ere
2 0AC an dwafe0 Aitr eacim exposure, specimens were burst by applying
internal pressure and their mechanical properties were recorded. According to the
findings, they concluded that:
f Tubes with a winding angle of 75A f&
failed by weeping since it was loaded from weak axis
1 No apparent difference in mechanical properties such as hoop strength,
strain, modul us was observed in 75A
exposures
T No significant change was senswerein 25,
weak in hoop direction.
T Hoop strength and secant hoop modul

decrease with increase in temperature

Rivera and Karbhai56] tested CFRP flat plates and hollow cylindrical specimens,
which were prepared using vinylestepoxy resin under the combined effect of
humidity or salt water with freezthaw conditions, which were applied as decreasing
temperature 61 0 AC and increasing to 22.5AC, fo
exposure tol 0AC decr eas ed e madrx. Fbarghdwi cicling wasof t h
seen to affect the fibenatrix bond negatively, which became significant with

moisture absorbtion. Tensile strength of CFRP specimens was observed to slightly
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increase with freezing, but a considerable decrease was uotldt freezeéhaw
effect in water and freezihaw effect in salt water.

The researches dealing with moisture absorbtion and temperature effects that were
performed afterwards mostly end up with the safogementionedesults in which

the main effect watund to be on matrix, i.e., CFRP was not significantly affected
[57-60).

In addition to the above experents, Labossiere et 4b61] tried to understand the
effect of ambient environment on CFRP and epoxy. They prepared one ply and four
plies of CFRPsheets and 5 mm epoxy resin. All specimens were placed in direct
exposure of sunlight under actual climatic conditions in different countries. After 1,
3, 5, 7, and 10 years of exposure, they conducted monotonic tests to clarify the
difference in the mecimécal properties. After 3 years of exposure, they found that
tensile strength of CFRP plates had a tendency to decrease with the climatic
exposures. The maximum reduction in tensile strength abasrved to be 16%.
Homam [4] exposed the CFRP plates to altolet radiation using effective
fluorescent lamps. He realized that tensile strength and stiffness of CFRP slightly
increase after 4800 h exposure but its strain capacity reduced which increased the

brittleness.

c) FRP-Confined Concrete
When the detéoration of FRP reinforced concrete members are examined under
environmental effects, several studies revealed that FRP wrapped concrete members
could exhibit reduction in strength and strain capacities. Amorggthimoutanji and
Balaguru [62] and Toutanji [63] tested CFRP and GFRP confined cylindrical
specimens of 76 mm in diameter and 305 mm in length under 30@ryeycles
using salt water and freetieaw conditions. 2&lay concrete strength was 30 MPa
and two layers of FRP were applied as strengtligeihey reported that:

1 GFRP confined specimens experienced a strength reduction undérywet

cycles in the order of 3 to 18% depending on the epoxy resin
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1 When specimens confined with CFRP were of concern underdmyet
cycles, the decrease in strength vairmost 5%. In this case, the effect of
epoxy resin was not significant

1 An increase in the ductility (5 to 15%) was observed in CFRP confined
specimens, however, GFRP specimens were observed to have a reduction in
the ductility (20 to 42%) after the exposar

Karbhari et al[64] used 56 MPa cyindrical specimens wrapped with three layers of
CFRP or GFRP and seven layers of GFRP. Specimens were subjected to dry freeze
thaw cycles betweet2 0 AC and 22. 5AC. After 201 cycl e
1 Freezethav exposure resulted in a matrix hardening and softening which
created microcracks at the fiberatrix interphase.
1 The exposure affected the mechanical properties and failure type of FRP
confined concrete
1 Strength was seen to be slightly decreased dueaadthaw cycles

1 Hoop strain was observed to decrease after fréreze cycles

Kshirsagar et al[65] tested 28 plain and 54 GFRP wrapped concrete cylindrical
specimens (102x204 mm) of 38 MPa strength under environmental aging such as
exposure of aldkai ne sol uti ons at room temperatur
freezethaw between2 9 and 49 AC. After 1000 h, 300
they tested specimens to see the progress of the change in mechanical properties. The
observations were sumnizzd below:
1 Although the shape of the strestsain curves were similar as the reference
ones, the transition stress (stress at which a considerable decrease was seen
in the slope) reduced with the environmental exposure. They attributed this
to the residal hoop strains developed due to hygrothermal swelling which
may result in a decrease in the confining action
1 The ultimate strength and strain was found to reduce but the reduction was

not pH dependent
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1 Freezethaw exposures and dry heating tests didrestilted in a change in

mechanical properties

Karbhari [66] utilized 41 MPa cylindrical concrete specimens wrapped with three
layers of CFRP. He prepared a set of tests to understand the effects cfHeaeze
saturated freeze and saturated fretbzev a1 the mechanical properties. The aging
cycles were performed continuously for 150, 300 and 450 days/cycles. Based on
these tests he drew the conclusions as follows:

1 450 freezethaw cycles resulted in a 19.8% decrease in strength.

1 The dry freeze made CFR#®nfined concrete more brittle.

1 Different from dry freeze tests, saturated freeze tests showed that fiber

matrix debonding developed and circumferential crackewyrred

1 Modulus of the FRP composite was not affected by any of the exposures.

Micelli et d. [67] conducted an experimental program to identify the change in
mechanical properties of CFRP wrapped concrete cylinders having 43 MPa strength
when they were subjected to NaCl, HCI and water solutions for 2000 h. CFRP was
applied either one layer oodr layers in which all plies had different orientations.
Water i mmersion at 40AC revealed al most
After 2000 h of exposures, no significant change was observed in strength and strain

capacities of CFRP confined coate.

Bae[68] and Belarbi and Baps9] studied the various environmental exposures on
the mechanical properties of reinforced concrete columns confined with FRP. They
prepared small scale (150x450 mm) and mid scale (150x900) RC columns wrapped
with CFRPor GFRP. Specimens were subjected to frébae, high temperature
and high humidity cycles, UV radiation and saline solution. They found that:
1 Freezethaw exposures resulted in a slight increase in compressive strength
(4 to 7%) which could be attribudéo the matrix hardening
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1 Whereas ductility was observed to decrease in the order of 1 to 4% which
was believed to occur due to the debonding in mditver interface

1 The combined effects of environmental exposure (frélea®, high
temperature, high humity) was not significant in CFRP confined
specimens whereas it was significant in GFRP confined specimens.

1 Saline solution exposure was found to be the most adverse effect which
resulted in a 14% reduction in the strength of GFRP confined specimens and
at most 5% decrease in the strength of CFRP confined specimens. This
exposure also negatively affected the ductility of the GFRP confined
specimens by 26%. No reduction was mentioned on the ductility of CFRP
confined specimens.

Saenz et al[70] tested CFRRand GFRPconfined cylindrical concrete specimens
under several environmental exposures such as interior, exterior andthaeze
cycling in saltwater with a 23% concentration-@8/ concrete strengths were 33 and
38 MPa. After exposure tests, they coctdd uniaxial compression tests to
determine the change in the mechanical properties. The results showed that:
1 Although strength and strain were affected by the exposures, the overall
behavior, i.e., stresstrain diagram, was similar to the reference ones
1 The reason for having relatively low strength and strain was attributed to the
microcrakings developed due to the environmental exposures leading to
internal damage in the concrete which resulted in an early initiation of

volumetric dilation response 8RP composite.

Al-Salloum et al[71] tested 100x200 mm cylindrical concrete specimens wrapped
with one | ayer of CFRP or GFRP wunder 1C
determine the relation between high temperature and the mechanical properties. The

corcrete strength was 38 MPa. The results of their experiments revealed that:
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TCFRP confined specimens subjected to
strains than the ones at 100AC which
and the reduction in the confinente

1 For each temperature range, strength of CFRP confined specimens reduced
by increase in exposure time

1 Rate of loss in strength was found to be great when the temperature was
above the glass transition temperature

2.5 STUDIES OF SIMULTANEOUS EXPOSURE OF ENVIRONMENTAL
EFFECTS AND SL ON FRP-CONFINED CONCRETE

In the abovementioned studies, researchers dealt with the environmental exposure
and sustained loading separately. However, most of the structures are under the
combined effects of temperature, load, andcidity. Therefore, the questions raised
from the behavior under combined effects should be answered. To answer this
questionKong [72] and Kong et al[73] testedGFRP and CFRP confined cylindrical
concrete specimens under fre¢rew and/or sustained ldmg. For freezéhaw
cycles,they followed ASTM C666 procedure. The sustained load level was chosen
to be 45% of the ultimate axial load capacity. All specimens were preloaded and
immersed in water to increase the moisture content in the specimens.sBy thi
procedure, they aimed to create theorstcase scenario during freezinaw
experiments. After 300 freeizthaw cycles they reported that:

1 CFRP confined normal weight specimens were slightly affected by the
simultaneous exposure of freetbaw and sustaimkeloading. The reduction
in strength was noted as 3%.

1 Freezethaw exposure was observed to have adverse effect on the specimens
wrapped with CFRP. Three of the four specimens failed before the
completion of 300 cycles. The reason was attributed teumdorm bending
created during freezing and thawing process, which creates longitudinal

deformation in the concrete.
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1 The transition stress of the CFRP confined specimens subjected to sustained
load was found to be higher when compared to the reference. Hsis w
stated to be because of the creep effect, which resulted in an increase in both
axial and radial strains duefo i s effeat. 0 s

1 As for the GFRP confined specimens that were subjected to simultaneous
exposures, only 3 % strength reduction was recordéawever, 7%

reduction was noted when specimens were exposed to-tiemaeonly.

Green et al[74] performed similar tests on 150x300 mm cylindrical specimens that
were wrapped with one layer of CFRP or GFRP. The compressive strength of the
lightweight specimens was 40 MPa. Before the exposure tests, specimens were
preloaded to 45% of their strength to create cracking and then they were placed in
water for one week. The freeteaw was applied such that temperature was reduced
to-18A and thBACraiThey applied a sustained
ultimate strength. The findings were given below:
1 Simultaneous exposure of freettmw and sustained loading resulted in a
2% decrease in CFRP confined lightweight specimens whereas the
reductionwas 9% for the ones wrapped with GFRP
1 When the effect of only freezbaw was of concern, theeductions were
found to be higher. CFRP confined specimens lost 5% of their strength and
16% drop was observed in GFRP confined specimens.
1 The sustained load wabelieved to be beneficial because it prevented free
expansion in longitudinal direction due to freg¢haw action.

The effect of simultaneous exposure of fredmen and sustained loading (SL) on
CFRRconcrete bond was studidy Krishnaswamy and Lopg75]. They bonded
CFRP strips to concrete having 40 MPa at the time of bond tests. The sustained
loading was applied as 7.5% and 15% of the failure load. Following the completion

of 80 freezeghaw cycles, specimens were subjected to monotonic loading unt
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failure and their mechanical properties were recorded. The experimental results were
indicated that:

1 Freezethaw exposure had no significant effect on mechanical properties of
concrete and CFRPrgis. However, 16% reduction in failure strength was
obseved in epoxy coupons.

1 Failure types in bond tests were defined as the combination of concrete
failure and the failure of interface at concrete and adhesive layer.

1 The reduction was observed in failure loads, when specimens exposed to
sustained load. It as mentioned that the reduction was proportional to the
sustained load level (1% reduction at 7.5% SL and 10% decrease at 15%
SL)

1 The simultaneous exposure was observed to reduce the failure load by 2.8%
for the specimens loaded to 7.5% and 4.2% for tles éyaded to 15%.
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CHAPTER 3

EXPERIMENTAL PROGRAM

3.1 INTRODUCTION

The main objective of this dissertation is to determine the change in the mechanical
properties of CFRfonfined concrete columns under heatoogling cycles and
sustaind loads. The experimental program consisted of two phases. In the first
phase, specimens were exposed to accelerated aging. After aging (Phase 2), uniaxial
compression tests were performed to determine the mechanical properties, such as
strength, strain gaacity, modulus of elasticity etc.

In order to understand the effects of exposures, aging testsdeerdedto be
performed in four groups. First group of specimens were used as control specimens.
In the second group, specimens were subjected to heatoligpg (HC) cycles

under approximately 40% relative humidity. Specimens were exposed to
simultaneous exposure of heatiogpling cycles and sustained loading (SL) in
Group 3. As for the last group, Group 4, specimens were only subjected to SL. In
each goup, the effect of a specific exposure was investigated. In addition to these
tests, it was decided to construct two more groups to account for the diffe@nt H
procedures; i.e., specimens were either tested in water while being subject€d to H
cycles Group 5) or kepunder direct sunlight to investigate the effect of outdoor

environment (Group 6)[able 31 summarizes the description of test groups.
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Table 31 Definition of the testgroups

Test Group Definition of the test group

Group 1 Control specimens

Group 2 H-C cycles under approximately 40% of RH

Group 3 Simultaneous exposure of SL anddtycles under approximately 40% of RH
Group 4 Sustained loading

Group 5 H-C cycles n water

Group 6 Outdoor environment under direct sunlight

3.2 MATERIAL PROPERTIES

Concrete, primer, putty, epoxy and CFRP were the materials used and tested. Their

properties were explained in the following sections.
3.2.1. Concrete

CFRP wrapping is widely used strengthening of RC columns. In Turkey, most of
the vulnerable buildings and bridges have very low concrete strength. Recent study
on concrete quality showed that, the quality of concrete in Turkey was very close to
the ones used in this dissertatidh.was found out that the mean compressive
strength was 5.38 MPa for public structures, 8.96 MPa for residential structures and

14.80 MPa for military structures located mainly in IstarjBil

Three different concrete strengths were ainmethis dissetation 10 MPa strength

was selected to represent the low strength concrete, 15 MPa strength was used to
have specimens between low and medium strength and 20 MPa strength, which is the
lower value stated in Turkish EQ Coe#8607 [7], was chosen to represethe

medium strength concrete.
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Before the design of concrete mix, physical properties of aggregates were determined
as shown inrable 32. The result of sieve analysis is giverFigure 31. For cement

type, CEM I1I/BM (P-L) 32.5 R Portland Composite Cement was used.

Table 32 Physical properties of aggregates

Coarse Aggregate Coarse Aggregate Fine Aggregate

(7-19 mm) (3-7 mm) (0-3 mm)
Speific Gravity (Dry) 2.69 2.79 2.32
Specific Gravity (SSD¥) 2.70 2.82 2.43
Water Absorption (%) 0.30 1.40 4.80
* SSD: Saturated Surface Dry
100 -¢-Coarse Aggregate /{ & ¢
90 (7-19 mm) e ;
-m-Coarse Aggregate / '
80 ' (37mm) ]
70 |~ Fine Aggregate // . !
(0-3 mm) / / ;
2 60 i :
g 50 { j
S 40 :
” 4 ,.
20 ,"
10 (/ ,J",
0 [ — - | - < »
0.1 1 10 100
Sieve Mesh Size, mn

Figure 3.1 Sieve analysis results of the aggregates
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Representative figuresf concrete mixing, specimen preparation, curing and tests to

determine the physical properties of aggregates are givé@gune 32.

Figure 3.2 Preparation of the cylindrical concrete specimensa-b) Tests to

determine the physical properties of aggregates, c) Concrete was mixed via
mixer and then poured into cylindrical moulds, d) Slump and air content of the

mix were determined, e) Cylindrical specimens in the mould, f) In ater to

prevent rapid evaporation, specimens covered with wet burlap
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After determining the material properties mentioned above, concrete was prepared
considering the mixing proportions givenTiable 33. As shown in the tabldor 10

MPa concrete water/cement ratio was 0.92, for 15 MPa concrete water/cement ratio
was 0.74 and for 20 MPa the ratio was 0.64. Coarse aggregates were only used to
prepare 10 MPa concrete. No-amtrainment was used in the nubesign,as the
freezethaw resistance of the concrete specimens is not to be determined.

Table 33 Concrete mix proportions

Amount (kg/m°)

Material
10 MPa 15MPa 20 MPa

0-3 (Fine Aggregate) 436 781 792
3-7 (Coarse Aggregate) 873 918 931
7-19 (Coarse Aggregate) 459
CEM lI/B-M(P-L) 32,5 R 275 344 349
Water 253 253 224
Water/Cement Ratio 0.92 0.74 0.64

Concree specimens were cam threetypes of moulds as listed ifiable 34. The
moulds were either cyldrical or prismatic in shape. Cylindrical moulds were 150
mm in diameter and 300 mm in height. Although all prismatic moulds had a cross
sectional dimension of 150x150 mm, they differed from each other in terms of corner

radii.
Cylindrical specimens wererepared vertically while prismatic specimens were

casted horizontally as shown kigure 33. A single prismatic mould consisted of

three long side plates and two wooden plates to cover the ends. Corners were
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rounded by using p#tic pipes. Plastic pipes were cut in four to be used in all
corners. 50 mm pipe with 1 mm thickness were used to have 25 mm corner radius
and 75 mm pipe with 2 mm thickness were used to have 37.5 mm corner radius. The
reason for choosing 25 mm and 37.5 roamner radii was to achieven adequate
confinementsince corner radius was known to be one of the main parameter in
prismatic specimens. The other reason was to understand the effect of corner radius

on the behavior.

Thus, the effects of following pareeters were aimed to be discussed;
0 Shape effect (cylindrical and prismatic)
o Corner radius effect (same strength with different corner radius)

o Effect of concrete strength (same corner radius with different strength)

Table 34 Specimen shapes used in the dissertation

N Prismatic Prismatic
Concrete  Cylindrical
(150x150%x300 mm, (150x150%x300 mm,
strength  (150x300 mm) _ _
corner radius: 25 mm, corner radius: 37.5 mm)

10 MPa Vv Vv \/

15 MPa \Y

20 MPa Vv \/

Specimens were removed fronetmoulds after 2 days andday curing was applied
atroom temperature. During the curing period, concrete was kept moist by wrapping
the specimens with wet burlap.
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150mm

150mm

150mm

Figure 3.3 Moulds for prismatic specimens

3.2.2. Carbon Fiber Reinforced Polymer (CFRP)

Carbon fiber reinforced polymer (CFRP) is made of carbon fibers, which have
micro-graphite crystal structures. CFRReetshave high tensile strength and eligs
modulus while beindightweight Besides these mecheaal properties, it has low
thermal expansion coefficiefit6].

In this dissertationsheets withunidirectional carbon fibers (MBrace €D) were
used. The material has high tensile strength and elastic modulus. Mechanical
properties supplied by the mdaaturer[77] were given inTable 35.
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Table 35 Mechanical and Physical Properties of the CFRP (MBrace GB0)

Material Property Amount
Density of fiber 1820 kg/ m
Effective Thickiess 0.165 mm
Tensile Strength 3430 MPa
Tensile Modulus of Elasticity 230 GPa
Ultimate Strain 0.015 mm/mm
Coefficient of Thermal Expansion -1x10° 1/ AcC
Thermal Conductivity 17 J/msK
Electrical resistivity 2.6x10° Wm
(Conductive)

To determine th tensile strength of CFRPoupon tests were performad shown in
Figure 35. Single ply CFRP coupon specimens were prepared with a length of 300
mm and width of 25 mm. They were either coated with epoxy or kegbated as
shown inFigure 34. Ends of coupons were strengthened using thick plastictd a

the failure at the ends.

Figure 3.4 Specimens for coupon tests; a) CFRP, b) CFRRith epoxy
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Figure 3.5 Tensile test machine and coupon test specimer

Failure types were observed to be different for epoxy coated specimens and
specimens without epoxy. Nile epoxy coated specimeasperienced brike failure,

specimens withowpoxy failed in ductile manner.

After coupon tests, ultimate load and corresponding ultimate tensile strength were
determined. As it is seen from tfi@ble 36, average ultimate teile strength of
epoxycoated specimens was calculated as 3013 MPa. This value was 12% lower

than the value supplied by the manufacturer.

Figure 3.6 Failure types of coupon test specimens
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Table 36 Coupon test results for specimens coated with epoxy

Length Width Ultimate Load Ultimate Strength

Specimen
(mm)  (mm) (N) (MPa)
1 300 26.0 14943 3483
2 300 25.5 12459 2961
4 300 25.0 11085 2687
5 300 22.6 11282 3025
6 300 26.2 12361 2860
7 300 26.4 13342 3060
Average 300 25.3 12578 3013
COV, % 11.3 8.9

3.2.3. Primer, Putty and Epoxy

Primer layer was the first adhesive layer used in the CFRP wrapping process. It was
applied on a clean concrete surface, penetrated into the surface of concrete, and
increased the bond betwettre followingadhesive layerand concrete surface. The
primer used in this dissertation wlHBT-MBrace Primer. ltwas composed of two
components namely A and B. Component A was the epoxy resin and component B
was the epoxy haesher. The mixture was prepared such that component A covered
the 75% of the mixture by volume. Material properties of the primer were given in

Table 37 as supplied by the manufacturer.

Putty layer was the second adhesive lalfenas applied on top of the primer layer
and was used to fix the damaged parts of the concrete and to create a smooth surface
before the CFRP applicatio@oncresive 1406 was used as the putty layer. This

material was composed of two components which wared 1/3 by weight, i.e., in
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the mixture 25% of weight was component B and 75% was component A. Material

properties of Concresive 1406 was giveid able 3.8.

Table 3.7 Material properties of the primer [77]

Material Property Amount
Density of the mixture 1080 k g/ mj
Tensile Strength 12 MPa
Flexural Strength (7 days) 24 MPa

Bonding Strength (Concrete) (7 days) s MPa (concrete tensile strength
Tensile Modulus of Elasticity (7 days) 700 MPa

Flexural Modulus of Elasticity (7 days 580 MPa

Ultimate Strain 3 %

Table 38 Material Properties of the putty [77]

Material Property Amount
Density of the mixture 1700 k g/ mj
Compressive Strength (7 days) 75 MPa
Flexural Strength (7 days) 25 MPa

Bonding strength to Concrete (7 days 3.5 MPa (concrete failure)

Epoxy was the last layer of adhesive that was applied on both thelgetyand
CFRP material to create full bond. In this dissertation, MBBrace Adesivo
Saturant wasused as the epoxy. Like the other adhesives, this material was also

composed of two components and the mix ratio was 1/3 by volume, i.e., component
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A (epoxyresin) covered the 75% of the volume. Material properties supplied by the

manufacturer were presentedTiable 39.

Table 39 Material Properties of the epoxy[77]

Material Property Amount
Density of the mixture 1020 kg/
Flexural Strength (7 days) 70 MPa
Compressive Strength (7 days) 70 MPa
Bonding Strength to Concrete (7 days) 3 MPa
Tensile Elastic Modulus (7 days) 3000 MPa
Flexural Elastic Modulus (7 days) 3500 MPa
Ultimate Strain 2.5%

3.2.4. CFRP Wrapping and Specimen Preparation

Concrete specimens were either confined with one layer of CFRP or left unconfined.
The confinement was achieved by vagup wrapping processrigure 37). The
process composeif:

o0 Cleaning the surface of the concrete specimsurface was cleaned and dust
was removed in order to improve the bond between first layer of adhesive and
concrete,

o Primer layer- a thin layer of primer was applied by meansaoffoller and
specimens were cured for a day,

o Putty layer- putty layer was applied on the primer layer in order to create a
smooth surface between concrete and CFRP,

o Epoxy layeri CFRP sheets were cut in a desired length using scissors and
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after 2 hoursrom the putty application epoxy was applied by means of a
roller on concrete and CFRP sheet,

o CFRP wrapping finally concrete was wrapped with CFRP providing an
overlapping length of %6 of t he peri meter of the
axis was decided tbe perpendicular to the longitudinal axis of the specimen
in order to ensure confining action. During the wrapping process of the
specimens, special care was given to eliminate the voids between concrete
and CFRP.

In the application guide, the manufagurecommended to use a minimum of 100
mm as the overlap. However, in previous studies it was shown that strain distribution
in cylindrical specimen was not uniform considering whole circumference. Strain
was low at overlapping zonwhile high outside thatone [2]. Therefore, if
overlapping zonaverekept shorter, it would not be so wrong to assume a uniform
strain distribution along the circumference. However, in prismatic concrete
specimens, a uniform strain distribution assumption is not pos€§ibledering the
strain distribution along the circumference, the reason for supplying relatively short
overlapping was to simulate one layer strengthening without introducing lengthy stiff
parts. Initial trials with 6% revealed the failure of confined specimarmer heating
cooling and sustained loading without surviving to the end of the test. For the
specimens with 6% overlapping all failures were due to the delamination and this
was attributed to the inadequate overlapping. For that reasooyénlappingegion

was kept 1% of the perimeter.

Specimens were allowed to cure under ambient lab conditions for at least 5 days.
Following this curing period, specimen ends were capped either with sulphur mortar
(especially cylindrical specimens) or with a mixtuod gypsum and cement

(prismatic specimens).

40



Figure 3.7 CFRP wrapping process; a) Primer layer, b) Putty
layer c) Epoxy coated CFRP application, d) Schematic view of tt

wrapping sequence

3.3 TEST PROCEDURE

Experimental studies were performed at both Structural Mechanics Laboratory and
Materiak of ConstructionLaboratoryof Civil Engineering Department of Middle

East Technical University.

Specimens were tested in tpbases. Firgg hase was call ed AExpos
phase, specimens were exposed to heatuding cycles and/or sustained loading.

After the exposure tests, specimens were subjected to uniaxial compressive loading

in the second phase until failure to determihe tmechanical properties, such as

strength, strain capacity, modulus of elasticity, axial sts&ssn behavior.
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In aging tests, specimens were tested in six groups as showiabie 3.10
Specimens in the first group were kegitroom temperature andsed as control
specimens. In the second group, specimens were exposed to Hoealing cycles

in the specially designed environmental test chamber. Specimens in the third group
were loaded to a desired sustained load level while simultaneously beirggdxpo
heatingcooling cycles; however, in the fourth group specimens were only exposed to
sustained loads under room temperature. Fifth group was similar to the second group
except that in this group specimens were kept in water while simultaneously being
subjected to heatingooling cycles in the environmental test chamligénally, the

last group specimens were kept outside of the lab to determineutteor

environmental effect.

Before starting the tests, specimens were coded to be distinguishedatbnother.

The coding scheme was givenTiable 311 Based on this scheme, for example, the

fifth cylindrical confined specimen of 300 mm height having 10 MPa strength, which

was exposed to only heathegoling cycles(Group 2)wasc oded a&£800A C10
2050. As for prismatic s9$360253nbelnos,, tihfi si tme
that it was a prismatic confined specimen of 20 MPa strength, its height was 300

mm, it had a corner radius of 25 mm and it was the first specimédrafp 3.
Besides specimensd codes, t he grTablep c od ¢
3.12. Group codes represent the average of all the specimens in the group. For
example, C1851-S-25 shows the confined prismatic specimen&moup 1 having

10 MPa strength and 25 mm corner radius.
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Table 310 Test matrix for Phase TExposure Test

10 MPa 15 MPa 20 MPa
Cylindrical Prismatic Prismatic | Cylindrical| Prismatic
r=75 r=25 r=37.5 r=37.5 r=75 r=37.5
mm mm mm mm mm mm
Unconfined V V V V V V
Groupl
Reference
CFRP-Confined V V V V V V
GroupZ Unconfined V V V V
Heating-
Cooling CFRP-Confined V V V V V V
Group3
P Unconfined V V V
Sustained Load
and
Heating- | CFRP-Confined| V V V V V V
Cooling
Group4
P CFRP-Confined| V V V V
Sustained Load
Group5
Heating-
eating CFRP-Confined V V
Cooling
in Water
Group6
Outdoor CFRP-Confined| V V V V
Exposure
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Table 311 Coding schemédor the specimens

] Strength Cross Height Corner radius Group Specimen
Confinement )
(MPa) Section (mm) (mm) No. No.
1
) 2
C (Confined) 10 S (Square) 25 3 01
15 300 375 4 02
U (Unconfined) 20 C (Cylinder) (null for Cylinders) . etc.
6

Table 312 Coding schene for the groups

Corner radius
Strength  Group Cross

Confinement ) in prism specimens
(MPa) No. Section
(mm)
G1
) G2
C (Confined) 10 3 S (Square) 25
15 37.5
. G4 . :
U (Unconfined) 20 G5 C (Cylinder) (null for Cylinders)
G6

3.3.1 Heating-Cooling Tests

Heatingcoding cycles were performed in a specially desigrenvironmental test

chamberThe main properties of the chamber are as follows:
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o The chamber was manufactured from polyurethane panels havid@ 38
kg/ mj den s istrfgceof thehckambenwae made sthinless steel
while the outesurfacewas of PVC panels.

o Operating temperature was in betwedn0 N5 AC and +50N5AC
humi dity could be 80% at 50AC

0 The cooling system wassplit system with hermetic compressor

o Heating and cooling cyclesere controlled via PLC (Rrgrammable Logical
Controller)screen

o The control of heating and cooling systems had a process speed of 0.5
microseconds.

o The chamber was 200x400x200 cm (width*length*height) in dimension and

it had an inner volume of 16 mj

The ®oling system was placed at the outside of the chamber while the heating

system was kept inside as showrrigure 38. a and d.

Heatingcooling cycles and the relative humidity level can be adjusted from the PLC
screen placed outside of the chamber. However, the adjustment should be made
manually. Considering the high number of cycles, manual control becomes
unfeasible. Therefore, PLC screen was connected to a computer and software was

written to enable the onlincontrol of the screen.
The data transfer from inside to outside was carried out via terminals. One of the

terminals was attached inside and the other one kept ouEgled 38. b-c). The

hole between termais was filled with insulating foam.

45



Heating _ . | h
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Cooling
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Data

Figure 3.8 a) Environmental Test Chamber, b) Terminal outside the

chamber, c) Terminal inside the chamber, dHeating equipment

In this dissertation, a new test prdaee for heatingcooling cycleswas defined

based on the data recorded by Turkish State Meteorological SEf9jcéaximum

and minimum temperature values for 200 points in Turkey, which was recorded
between 1975 and 2005, were taken as givdrigare 39. As it can be seen from

the figure, the average minimum temperature was found telbe. 3AC and t
average maximum temperature was deter mi
values,yearly maximum temperaturdifferencesfor 200 points recorded in 30 years

were presented iRigure 310. In this figure,yearly average temperature range was
calculated as 56AC. With the help of the:
range .oConsiéefing @e heatingpoling capacity of the environmental test
chamber, minimum temperature was selected@ AC and maxi mum tem

50AC. Those temperature values were sel
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dissertation was to understar teffect of heatingooling cycles on the mechanical
properties of CFREonfined concrete not the unfavorable sitwa under freeze

thaw cycles.

The number of cycles that would be repeated during the tests was searched and it was
found out that the tat number of temperature cycles varieetween 100 and 450

[41, 43, 6266, 70, 7274). Since there was no unique number of cycles, it was
decided to determine the number of cycles considering the f{teaze
characteristics of Turkey. In order to determihe freezeghaw characteristics of
Turkey, daily maximum and minimum temperatures of all cities for the period of
2000 and 2006 were obtained from Turkish State Meteorological SdiRételn

Table 313, freezethaw cycles for different regions considering each year were
given. Based on the values presented in the table it was detected that an average of
45 freezethaw cycles occurred in a year. From this table it was decided to perform
200 heatingcooling cycleswhich could be regarded to correspond to theedr of

the exposure period.

Table 313 Freezethaw cycles for different regions considering the period of

20062006
Region 2000 2001 2002 2003 2004 2005 2006 Average
Marmara 32 21 26 40 34 26 33 30
Ege 35 21 26 26 32 26 30 28
Akdeniz 38 22 30 30 29 27 30 30
K- Anadol v 95 71 70 84 86 86 91 83
Karadeniz 37 21 28 29 34 27 39 31

Doju Anadc 85 70 67 79 82 75 89 78
G¢e¢ney Doju 42 23 43 34 43 34 36 36
Average 52 35 42 46 49 43 50 45
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Figure 3.9 Yearly maximum and minimum temperature valuesbetween
19752005for 200 data points in Turkey
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Figure 3.10 Maximum temperature differencesbetween19752005for 200 data
points in Turkey

After determining the maximum and minimum terrgdare values and the number of

cycles, heatingooling procedure that would be followed during tests was
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established. According to this procedure, inside temperature of the environmental

t est chamber was increased t 030 m0.A@ and
heating period is later followed by a cooling period, in which temperature was
dropped downtel1 0 AC and this temperature was ke
performing the heatirgooling cycles it was found that a typical cycle approximately

lasted for 9 hours as shownRigure 311. In the figure, relative humidity in the ETC

during the applied heatingpoling cycles was also presented.

60 - H-C Cycles r 1000\v
80 £

40 =]
g =
E 60 3
o 20 o
o =
GE, 40 £
et O]

2Gh0-00 03:00 06:00 09:00 12:00 15:00 18:08
Time, hour

Figure 3.11 Typical H-C cycles and relative humidity in the ETC

To determindghe temperature gradient in concraiae thermocouple was inserted in

the core of the specimen and the other one was attached at the interface between
concrete and CFRP. IrFigure 312, thermocouple recordings were plotted
comparatively with the ambient temperature. It was revealed that although the
temperature differencelOACtthe EATAC)wasi té(
30AC @@BfArCom o 27AC) i n ttémperaitre atcthe entedacec or e .
between concrete and CFRP was observed to be greater as compared to the core, but
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again the temperature diHAE€r dmce34vALly It d
ambient temperature difference.
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Figure 3.12 Typical temperature variations in a specimen undeH-C cycles

3.3.2 Outdoor-Exposure Tests

Outdoor exposure tests were performed at the outside of the laboratory under actual
environmental conditions. Specimens were kept under direct sunlighBfodays.

During this period, the daily maximuminimum temperatures and relative humidity

were recorded[80]. Figure 313 shows the daily maximum and minimum
temperatures. From the figure, it can be seen that considering theay30of
exposure the maximum temperature was r e
temperature was foundtobkb1 AC. Speci mens were subject
cycles in 530 days of outdoor exposure. During frabag exposures, four
successive daysese noted to be below minus degree.

50



The average relative humidity (RH) values were presentétjure 314. RH values
were observed to get lower during May to November as compared to the other
months. In 530 days, 222 days wezeorded to have RH higher than 80%.
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» 2012-Max.Temp
> 2010Min.Temp
= 2011:Min.Temp
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Figure 3.13 Recorded temperature values during the exposure tests
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Figure 3.14 Recorded average relative humidity values during the exposure tes
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3.3.3 Sustained Loading Tests

Sustained loading tests were performed using specially designed loading frames. Six
loading frames were designed and manufactured as shofigure 315. Loading

frames were designed such that they coetdin 8@ kN of uniaxial load.

A typical loading frame consisted of three main thick plates of triangular shape and
three rods. A ball and socket system was attached to the lower main plate and test
specimen was placed on the top of that plate. A thateplvas put on the specimen

and a load cell was settled on the thin plate to continuously record the load on the
specimen. On the load cell there was another main plate. This plate was pushed
downwardsby a hydraulic jack. While loading the system with heydic jack, the

load on the specimen was recorded with load cell. When the desired load level was
reached, nuts were tightened to keep the load on the specimen and hydraulic jack was
removed to be used in other loading frames.

Load cells were manufacenl so that they could be operational inside the
environmental test chamber under heatingling cycles. They were calibrated and
placed in the loading frame. Sustained load on each specimen was monitored
continuously via a data acquisition system integtato the environmental test

chamber.

Both unconfined and confined specimens were loaded % dDtheir axial load
capacity. Due to the limitations in the loading frames, confined specimens were
loaded after being wrapped with CFRP. No load was apfiefdre the CFRP

application.

Specimensvere either subjected to heatingoling cycles or left under ambient lab
temperature. For the axial load level, the starting point Wwaslimiting value of

TEC2007 [T (t®"Q 0 ). This value was modifeéeby replacing unconfined concrete
strength 1Q with confined concrete strengtfilX and reducing 0.5 to 0.4. The
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reason for that modification wabat; T™®"Q 0 correspond to a low level of axial
load when the CFREBonfined conagte was of concern. Since it was known that for
low level of axial load, CFRP was passive in nature, it was decided to apply higher

axial stress to trigger CFRP activatidfigure 317).
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Figure 3.15 Specially designed loading frame

Figure 3.16 Loading Frames in the ETC
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As it can be seen froaigure 317 the small curve (unconfined concrete behavior)
and the large curve (CFR#®nfinedconcrete behavior) had similar behaviors up to
70-80% of "Q . It can be inferred from this observation that up to this point, concrete
was the dominant material and CFRP was not effective. CFRP started to be active at
a stress level of 800% of Q. Considering these situations sustained load level was
chosen a8 " Q06 which almost correspond m8Q 0 as shown inTable 314.

This load level was the minimum value to keep the stress in theetedominant

part of axial stresaxial strain diagram but triggering the CFRP activation slightly.

Before the sustained loading tests, one reference specimen in each set was tested
under uniaxial compression to determine the axial load capacity. thisraxial load
capacity, the sustained load was calculated.dble 314, "Q is the strength of the
confined reference speciméf, is the average strength of the unconfined specimen,
PunconfinediS the axial load capacity of the unconfined specin®RghineqiS the axial

load capacity of the confined specimemnl @gis the gross area of the specimen.

Applied sustained stress level (0 4@.9f..). Stress
level was increased to activate the CFRP effectivene
At this point although the dominant material was
concrete, CFRP was also active.

Axial stress

fco """"
0.4, (@.91, -

0-5fc == =>TEC2007 Limit (0.5). Since axial stress level is low

CFRP is passive at this point

Axial strain

Figure 3.17 Applied sustained stress level
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Table 314 Sustained load level orspecimens

. “Q “Q I:)unconfined I:)confined T[8"% [\Q(I) . 8°Q b
Specimen € ——
(MPa) (MPa)  (kN)  (kN) (k) Qo
10 MPa Cylinder 11.1 28.6 196.2 505.9 202.4 1.03
10 MPa Square 10.0 20.7 219.6 455.1 182.0 0.83
20 MPa Cylinder 20.8 38.5 367.6 680.4 272.1 0.74
AVERAGE 0.87

Specinens were loadetty a hydraulic jack and when the desired load level was
reachednhuts were tightened and hydraulic jack was removed from the frame. The
load was monitored continuously via a load cell and a data acquisition system. It was
observed that afte3 days from loading, sustained loads on the specimens dropped
due to the relaxation of the loading frame. The relaxation may be due to heating
cooling cycles, whichresulted in a dynamic loading other than static sustained
loading. As it can be seen frofigure 318, load on the specimen reduced with
increasing temperature. Since steel had a positive thermal expamstitient,

which was slightly greater than the one for concrete, it expanded with increase in
temperature. On the other hand, steel would shrink if the temperature decreased.
Becauseof this shrinkingphenomenonthe loading frame started to squeeze the
specimen and resulted in an increase in the load on the specimen. The sustained load
on the speonen was determined by drawing a linear tréiné, which took the

average of a typical cycle.

When the decrease ihe sustained load reached 1%% of the initial load, hydraulic
jack again was placed in the loading frame and specimen was loadedridhatta
desired load Kigure 318). This procedure was followed until the trend of the

sustained load was determined to be constant. After 10 days, it was seen that the
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sustained load level was almost constant and no adjustmergsnwaele afterwards
(Figure 319).
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Figure 3.19 Sustained loadwasalmost constant after 10days
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3.3.4 Uniaxial Compression Tests

Exposure tests were finished when the desired heatiobng cycles were reached.

The heatingcooling procedure in the ETC was stopped and specimens were
unloaded. If necessary, caps at the end of the specimens werederaithey were
carried to the Materialsof Construction Laboratory to test under uniaxial
compression, which was also called as Phase 2 Test. Uniaxial compression tests were
performed in between-3 days after the end of the exposure tdstad-controlled

procedure was followed until the failure

Uniaxial compression tests were performed in accordance with ASTM [8469

Since the | oad rate was stated to be aro
the tests. Testing machine was ELE Autotest Qesgion Machinevith a capacity

of 3000 kN Figure 320). The machine was connected to a data acquisition system

and the readings were calibrated before each test group. The load values during the

compression testere recorded continuously and converted to the stress values.

Figure 3.20a) ELE Autotest compression testing machine

b) Data Acquisition system connected to the testing machine

57



The compressomet was employed to record displacements during the test and then
displacements were converted to strains to obtain axial stxéssstrain diagram of

each specimen. Two different compressometers were used in the tests. The first one
was the same as explad in ASTM C46981] and it was utilized to conduct tests

for cylindrical specimengSjgure 321). It had two rings with an inner diameter of 17

cm, which were placed 13.5 cm apart vertically. The upper ringtivadyokes,

which were attached at two opposite points to enable the ring to rotate freely.
However, the lower ring had three yokes that ensured the connection to the specimen
be rigid. Two rings were connected to each other via a stiff steel bar (piyamdé

dial gage, which was shown Figure 321 Pivot rod provided constant distance
between upper and lower yokes. The dial gage having a capacity of 20 mm at the
opposite side was used to measure the change in the distanwesrbe¢he yokes.

Since the dial gage was located away from the upper yokes, calibration was
necessary to find the displacement at the center. The calibration was done according
to Figure 322 and Eqgn. 3.1. Strains at each loactlenvere calculated by dividing the

displacement at point b by the distance between upper and lower yokes (Eqn. 3.2).

, (H)
Q o O (3.1
Q
- = 3.2
D (3.2

where, e is the perpendicular distance from the pivot rod to the vertical plane
passing through the two support points of the rotatingeyo andey is the
perpendicular distance from the gage to the vertical plane passing through the two
support points of the rotating yokes,is the strain measured at point a amds the

strain measured at point b
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2 yokes to connect
top ring to the
specimen

+—Top Ring

«—Stiff steel bar

e

3 yokes to connect .
+——Specimen

All dimensions are in cm

(Pivot rod)

Lower Ring

Figure 3.21 The compressometer used to test cylindrical specimen

d = displacement due to specimen
deformation

r = displacement due to rotation of
the yoke about the pivot rod

a =location of gage

b = support point of the rotating
yoke

¢ =location of pivot rod

g =gage reading

h = distance between upper yokes
and lower yokes

Figure 3.22 Working principle of the compressometer used to test cylindrical

specimens
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Homemade compressometer was used to test prismat@nspes under uniaxial
compression Kigure 323). The compressometer differed from the one used for
cylindrical specimens in terms of the working principle. This setup included two
rings, whichwere manufactured from 50x5 equedrangle steel sections. Angles
were cut in a desired length and welded to form a ring. 4 yoke locations were drilled
on the verticaleg, whichcorresponds to the center of each face of the specimen.
Moreover, 4 dial gage locations were drilled on the forial leg. At the lower ring

the pointthatc or r esponds to t he dallyladdijona ge@ls t i p
plate,becausealial gage did not fit in between the rings and it had to be placed away
from the rings. In order to keep the distance betwggrer and lower yokes the
same and keep the rings at the horizontal level, 4 bars were placed at the tip of
horizontal legs. Those bars were only used to adjust the compressometer and they

were removed before the test.

During the test, load and displacemt measurements were recorded continuously.
Load values were divided by the cresectional area of the specimen to calculate the
stress values. Displacements were recorded by two opposite dial gages with a gage
length of 20mm. The average of two readisgwas considered as the actual
displacementRigure 324 and Egn. 3.3). Actual displacements were then divided by
the distance between upper and lower yokes to find the strains (Eqn. 3.4).

Q Q

Q (3. 3)

N

Q
- H (3. 4)

where,d is the displacement due to specimen deformatpis the displacement
measured by the left dial gag®,is the displacement measured by the right dial
gage,h is the distance between uppekge and lower yokes and is the strain

at the midpoint of the specimen.
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4 yokes were attached
to the specimen

- Top Ring

«— Dial Gage

Lower Ring

4 yokes

«—Specimen

All dimensions are in cm

Figure 3.23 The compressometer used to test prismatic specimen:

Figure 3.24 Working principle of the compressometer used to test prismatic

specimens
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Besides the abovementioned compressometers strain gages were used in some
prismatic specimen@igure 3.25) Four uniaxial strain gages with a gage length of

10 mm were placed at each corner to deterntieddteral strains at these locations.

Two triaxial rosette strain gages with a gage length of 10 mm were attached at the
sides of the spetien to record axial shortening aladeral expansianOne of the

rosette strain gages was placed at the overlagmng and the other one was placed

at the opposite side. With these measuring devices, it was aimed to record axial and
lateral strains, circumferential strain distribution and the relationship with strain and
failure. In some specimens four triaxial rogesitrain gages were used at each side of

the specimenAll strain gages were placed at the midheight of the specimen.

Ovgrlap
Lochtion

Figure 3.25 Schematic view of the strain gage locations
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CHAPTER 4

TEST RESULTS

4.1 INTRODUCTION

In this chapter, results of the experimental work were presented in detail, since the
aim of this study was to identify the effect of exposure tests on the mechanical
properties of CFRfeonfined concrete columns, results were presented accordingly.
They were included failure types of specimens, axial ststtgsn diagrams and a
summary of mechanical properties. In each group, results for all specimens were

presented comparatively in order to underdtthe variation in the group.

In the following sectios , figures and tables include
average of the group. Tmame of theaverage of the group is given at the end of the
legend in the figures and at the end of the table with bold charabitergodes used

for the averages diffedefrom that of specimens as explained in Table 3.11 and
Table 3.12.

4.2 MECHANICAL PROPERTIES OF CFRP -CONFINED CONCRETE
COLUMNS

Mechanical properties of CFRfdnfined concrete are illustratedkigure 41, where
fco represents the unconfined concrete strengthstands for strain corresponding to

the f,o and E; is the Secant Modulus of Elasticity calculatedd&¥.,, E, is used to

63



describe the slope of the linear pdgt,is the CFRRconfined conreete stength and

&.is theultimate strain o£FRRconfined concrete.

Axial stressstrain diagram of a CFREbnfined concrete consists of two parts. First
part is an unconfined concrete dominaohe, whichends at a point close fg,. This

part is a parabolic curve dnreflects the mechanical properties of unconfined
concrete. After that, point since unconfined concrete reached the ultimate strength it
cannot carry further load without any help. CFRP starts to be active at this point
where unconfined concrete exhaust€eFRP having linear material properties
influences the second part of the diagram. This part is almost linear and can be said
that CFRP dominant zone. Between first and second part of the diagram there exists

a transition zone.

fCC
Transition .
a o CFRRonfined
D Zone E
5 ) concrete
3 SecondPart
% oo /"7 Unconfined
concrete
0.48Jf
E FirstPart
eCO eCC

Axial Strain

Figure 4.1. Axial stressstrain diagram and mechanical properties of

CFRP-confined concrete
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4.3 CONCRETE SPECIMENS HAVING 10 MPa STRENGTH

In this part, specimens were cast in both cylindrical and prismatic forms. Cylindrical
specimens we prepared in two sets whose CF&Rrlap length and loadiagte
differed from each other. Prismatic specimens were again prepared in two sets and

the main difference was in the corner radius.

Both cylindrical and prismatic specimens were 300 mm &ille dimensions of
prismatic specimens were chosen to be 150 mm, which was equal to the diameter of

the cylindrical specimens.
4.3.1 Cylindrical Specimens

Cylindrical specimens were prepared in two different sets, which are summarized in
Table 41. In the first set, the overlap length was chosen to be 6% of the perimeter
(30 mm) wheeas in the second set it wag/d bf the perimeter. Since the main aim
was to keep the overlap length short enough to achieve the uniform stress distributio
around the perimeter, this length was first provided to be 30 mm. However, in
specimens of Group 3, which were under sustained loading (SL) while being
subjected to heatingooling (HC) cycles, premature failures were observed to be
due to the delaminiain of the CFRP at the overlap zone. As the failures were
attributed to the bad workmanship, new specimens with the same overlap length (30
mm) were prepared meticulously. Nevertheless, the premature failure was again
occurredwhile the specimens were umd®th sustained loading and heatowpling

cycles. Based on these observations, overlap length was blamed to be the reason of
these failures. Therefore, new set was prepared in which specimeas hmaeased

overlap length (1%).

The other differencevas the loading ratéuringuniaxial compression test. In SET 1,
specimens were tested with a loading rate .6f KN/s. Since this value was well
below the one stated in ASTM C4@81], tests on this set were kept septa. SET 2

was tested under 5KA/s.
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Table 41 Summary of the 10 MPacylindrical specimens

Specimen Code  Confinement (I\/]Icga) Type Ovoe/glap G;\?gp #c(;/fc||_<|=:sc SO/I(; ng lgg;?rre
U10-C300101 Unconfined 10 Cylinder 6 1

U10-C300102 Unconfined 10 Cylinder 6 1

C10C300101  CERRconfined 10 Cylinder 6 1

C10C300102  CERRconfined 10 Cylinder 6 1

C10C300103  CERRconfined 10 Cylinder 6 1

C10C300104  CERRconfined 10 Cylinder 6 1

U10-C300201 Unconfined 10 Cylinder 6 2 200
U10-C300202 Unconfined 10 Cylinder 6 2 200
U10-C300203 Unconfined 10 Cylinder 6 2 200
C10-C300201 CERRconfined 10 Cylinder 6 2 200
C10C300202  CERRconfined 10 Cylinder 6 2 200
C10C300203  CERRconfined 10 Cylinder 6 2 200
C10-C300204 CERRconfined 10 Cylinder 6 2 200
C10C300205  CERRconfined 10 Cylinder 6 2 200
U10-C300301 Unconfined 10 Cylinder 6 3 200 40
U10-C300302 Unconfined 10 Cylinder 6 3 200 40
U10-C300303 Unconfined 10 Cylinder 6 3 200 40
C10C300301  CERRconfined 10 Cylinder 6 3 200 40
C10-C300302 CERRconfined 10 Cylinder 6 3 200 40
C10C300303  CERRconfined 10 Cylinder 6 3 200 40
C10C300304  CERRconfined 10 Cylinder 6 3 200 40
C10-C300305 CERRconfined 10 Cylinder 6 3 200 40
U10-C300103 Unconfined 10 Cylinder 11 1

U10-C300104 Unconfined 10 Cylinder 11 1

U10-C300-105 Unconfined 10 Cylinder 11 1

C10C300105  CERRconfined 10 Cylinder 11 1

C10C300106  CERRconfined 10 Cylinder 11 1

C10-C300107 CFRRconfined 10 Cylinder 11 1

C10-C300206  CERRconfined 10 Cylinder 11 2 200
C10-C300207  CERRconfined 10 Cylinder 11 2 200
C10-C300-208 CFRRconfined 10 Cylinder 11 2 200
C10C300306  CERRconfined 10 Cylinder 11 3 200 40
C10C300307  CERRconfined 10 Cylinder 11 3 200 40
C10-C300308 CERRconfined 10 Cylinder 11 3 200 40
C10-C300309  CERRconfined 10 Cylinder 11 3 200 40
C10-C300401  CERRconfined 10 Cylinder 11 4 40
C10-C300402 CFRP-confined 10 Cylinder 11 4 40
C10-C300403  CERRconfined 10 Cylinder 11 4 40
C10C300601  CERRconfined 10 Cylinder 11 6 Yes
C10C300602  CERRconfined 10 Cylinder 11 6 Yes
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4.3.1.1SET 11 Specimens with 6% overlap length
4.3.1.1.1 Group-1: Reference Specimens

In this group, specimens were kept under ambient lab conditions without being
subjected to any sustained loading. They were tested under uniaxial compression

after the completion of tests in the Environmental Test Chamber.

Unconfined Specimens

Two unconfined specimens were used as reference specifanb.stressstrain
diagrams of the specimens were presenteligare 42 and mechanical properties
were summarized iable 43. Coefficients of variation (OV) were also calculated
to understand the dispersion for the group, to identify the quality control.
Although the quality limits were preuvisly defined forconcrete strength [36same

limits maybe used foultimate strairalso. The limits were presentedTiable 42.

Table 42. The limits to identify the quality control of concrete

Range of ©OV Quality Control
COVOO. 10 Excellent
0.10<@V O0 . Good
0.15<Q@V O0 . Average

0. 200C Bad

As it is seen fronTable 43, the average strength of the unconfined specimens was
determined to be 10.5 with aO¥ of 2.2%, which could be regded as good. The
strain corresponding to the strength was found to be 0.005 and QNe was

calculated as 9.2%.
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Table 43. Mechanical properties of unconfined cylindrical specimens in
Group-1 (SET1- f.,.=10 MPa)

Specimen B.MPa 1. E;,GPa
Ul0-C300101 10.7 0.004 10.37
Ul10-C300102 10.3 0.005 11.63

Ul0-G1-C_SET1 10.5 0.005 11.00
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- U10C300101
--U10-C300102
—U10G:C_SETI

0 0.002 0.004 0.006 0.008 0.01
Axial Strain

Axial Stress, MP¢
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|
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Figure 4.2. Axial stressstrain diagrams of unconfined cylindrical specimens
in Group-1 (SET1- f;;=10 MPa)

CFRP-Confined Specimens

In this group, four specimens were wrapped with-layer of CFRP providing 30
mm overlap lengthAll specimens were kept outside the curing room under ambient
lab condition until the end of the exposure tests. rAthi@t period, specimens were
tested under uniaxial compression and their axial ssteam behaviors were
recorded.
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Failure characteristics of the CFRRapped specimens were givenFigure 43. As

it is seen all specimens failed due to CFRP rupture. The rupture was observed to
extend to full height of the specimen. All failures were sudden and brittle. No signs
had been observed before the failure except the low cracking sound during the lateral
expansion. lgon reaching the ultimate strength, there heard a popping sound, which
was because of the CFRP rupture. Following the CFRP rupture since the stress level
was well above the unconfined concrete strength, a sharp decrease observed in the

stress level and spenen was not able to carry any load afterwards.

In Figure 44, axial stressstrain diagrams of the specimens were presented and their
mechanical properties were tabulatedTable 44. The axial stresstrain diagrams
consisted of two ascending parts. The first part was a parabolic curve, which was
controlled by concrete and the other one, in which CFRP was dominant, was a linear
curve. FromTable 44, the average strength was calculated to be 33.5 MP&and

was evaluated as 10 GPa

L e -

(a) CLOC300101  (b) C10-C300102  (c) C10C300103  (c) C10-C300-104

Figure 4.3. Failure types of CFRRconfined cylindrical specimens in Groupl
(SET1-fc;=10 MPa)
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Table 44. Mechanical properties of CFRRconfined cylindrical specimens in
Group-1 (SET2:f,,=10 MPa)

Specimen ‘F #MPa tuin E;,GPa E,,GPa EJE,
C10C300101 33.6 0.042 11.03 0.45 24.7
C10C300102 33.4 0.044 9.68 0.41 23.7
C10C300103 34.9 0.045 9.68 0.46 21.3
C10C300104 32.1 0.043 9.68 0.38 25.2

C10-G1-C_SET1 33.5 0.043 10.02 0.42 23.7

CoV, % 35 3.6
40 -
o =
s3% e
pa .
o
220 _ ~-C16C306101
[ L7 --C16C300102
%10 2 - C16C3006103
- C10C300104
0 —C10GLC_SETI

0 0.01 0.02 0.03 0.04 0.05
Axial Strain

Figure 4 4. Axial stressstrain diagrams of CFRP-confined cylindrical specimens
in Group-1 (SET 1- f,.=10 MPa)
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4.3.1.1.2 Group-2: Specimens exposed to-€& Cycles

In this group, three unconfined drfive CFRRconfined specimens were tested.
Specimens were kept in the Environmental Test Chamber (ETC) and exposed to

heatingcooling (HC) cycles as stated in Chapter 3, Section 3.3.1.

Unconfined Specimens

Three unconfined specimens were tested torote the change in mechanical
properties under heatirgpoling cycles. Axial stresstrain diagrams of these
specimens were given iRigure 45 and the corresponding mechanical properties
were summarized imable 45. From the figure and the table, it was observed that all
of the specimens behaved differently. The main difference was in strain
corresponding to the ultimate strength. THe\Cfor strain was calculated as 30%.
As for secant modubf elasticily, the reason for having low modulus was attributed
to the low rate of loading.

14

12 T eem==aag
10 et b
= f‘ f" T T T -
) 8 - ‘t"
(7] /, /]
Se6 f
&3 ¢ —U10C3006201
= 4 - U10C306202
'<>(_< 2 --U10C3006203

. —U10G2C_SET!

0 0.002 0.004 0.006 0.008 0.01
Axial Strain

Figure 45. Axial stressstrain diagrams of unconfined cylindrical specimens in
Group-2 (SET1- f;,=10 MPa)
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Table 45. Mechanical properties of unconfined cylindrical specimens in
Group-2 (SET1- f,,.=10 MPa)

Specimen H-C Cycles |..MPa ti. E;,GPa

U10-C300201 200 10.0 0.004 9.85
U10-C300-202 200 111 0.005 8.28
U10-C3006203 200 11.6 0.003 10.01
U10-G2-C_SET1 10.9 0.004 9.38
CoVv, % 7.4 30.2

CFRP-Confined Specimens

Five specimens were utilized in two seéts determine the change in mechanical
properties. Specimens were exposed to heatwding cycles and then they were
tested under uniaxial compressidn.Figure 46 failure patterns of the specimens
were given.In the figures, CFRP rupture was localized at the midheight in some
specimens (CHTZ300201, C16C300204, and C14C300206) but it had no effect

on the axial stresstrain diagrams as indicated figure 47. Mechanical properties

of these specimens were giveriiable 4.6.

e e
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(a) C10C300201  (b) C10-C300202  (c) C10C300203  (d) C10-C300-204

Figure 46. Failure types of CFRRconfined cylindrical specimens in Group2
(SET1- =10 MPa)
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Figure 4.7. Axial stressstrain diagrams of CFRP-confined cylindrical specimens
in Group-2 (SET1- f;.=10 MPa)

Table 46. Mechanical properties of CFRP-confined cylindrical specimens in
Group-2 (SET 1- f;,.=10 MPa)

Specimen H-C Cycles nHF MPa t#% E,, GPa E,, GPa E//E,

C10C300201 200 32.6 0.044 11.00 0.43 25.6
C10- C300202 200 34.1 0.042 8.60 0.42 20.3
C10- C300203 200 34.6 0.043 12.80 0.44 28.8
C10- C300204 200 33.4 0.041 11.00 0.41 26.7
C10 C300205 200 31.7 0.041 7.80 0.38 20.3
C10-G2-C_SET1 33.3 0.042 10.24 0.42 24.4
COV, % 3.5 2.6

4.3.1.1.3 Group-3: Specimens Exposed to-8 Cycles and SL

Specimes in this group were loaded to 40% of their axial load capacity while being
subjected to HC cycles. Three unconfined and five CFBbhfined specimens were

utilized.
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Unconfined Specimen

Three unconfined specimens were used in this group. After beingcdjf® 200

H-C cycles they were unloaded, removed from the loading frame and tested under
uniaxial compression. The axial stretgin diagrams were plotted as shown in
Figure 48 and mechanical properties basaal these curves were summarized in
Table 4.7.As it is seen from the table, the average strength was found to be 11.7
MPa, average strain corresponding that value was evaluated as 0.003 and modulus of

elasticity was calculated as 14.88 MPa.

Table 4.7. Mechanical properties of unconfined cylindrical specimens in
Group-3 ( SET 1- f;,=10 MPa)

Specimen H-CCycles SL% [h..MPa &yi. E;,GPa

U10-C300301 200 40 11.8 0002 17.24
U10-C300:302 200 40 11.7  0.004 11.86
U10-C300303 200 40 11.7  0.003 15.54
U10-G3-C_SET1 11.7 0.003 14.88
COV, % 0.7 30.7
14 -
12 )
g10 -
G 8
36
7 —U10C300301
= 4 - -U10C306302
X2 ---U10-C300303
ol —uwescsem

0 0.002 0.004 0.006 0.008 0.01
Axial Strain

Figure 4.8. Axial stressstrain diagrams of unconfined cylindrical specimens in
Group-3 (SET 1- f,,=10 MPa)
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CFRP-Confined Specimes

Five CFRRconfined specimens with 30 mm (6%) overlap were tested under
simultaneous exposure of sustained loading (SL) and headwiong (HC) cycles.

At first, two specimens were prepared and placed in the loading frame. Sustained
loading level wasipplied as the 40% of the axial load capacity while being exposed
to H-C cycles. It was observed that GE800304 failed at the M cycle due to the
delamination at the overlap location. After that, when -CB00303 failed at 36

cycle because of threame problem, it was decided to prepare new specimens having
better bond at the overlap location. Three additional specimens with identical
properties were prepared. However, those specimens were also observed to fail
prematurely due to the delaminatioroplem as seen iRigure 410. C10C300-305

failed at the # H-C cycle, C16C300:301and C16C300-302 failed at the 4% cycle
(Figure 49). Premature failures due to delaration were attributed to the

insufficient overlap.

30

CFRP-Confined specimens
failed due to delamination

Sustained Load, t

Unconfined specimens
still survived

00:00 12:00 00:00 12:00 00:00 12:00
Time, hr

Figure 49. The moment at which CFRRconfined specimens failed under

sustained loading
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‘_r .. ‘",‘ '-f . 3 d L .»: b B b
(a) C10C300301  (b) C10.C300302  (c) C10C300303  (d) C10-C300-304

Figure 4.10. Failure of CFRP-confined specimens due to delamination

4.3.1.2SET 21 Specimens with 1% overlap length
4.3.1.2.1 Grougl: Reference Specimens

Unconfined Specimens

In this group, three specimens were used as refespammensFigure 411 shows

the «ial stressstrain diagrams of the specimens afable 48 summarizes their
mechanical propertiesAs it is seen fromthe table,the average strength was
determined to be 11.1 with 80¥ of 13.3%. The strain corresponding to the strength
was found to be 0.003 and th©¥€ was calculated as 16.1%, which was in the range
of average quality. As for the Secant Modulus of Elasticity, the average was
determined a$4.8 GPa.
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Figure 4.11. Axial stressstrain diagrams of unconfined cylindrical specimens in
Group-1 (SET 2- f;,.=10 MPa)

Table 48. Mechanical properties of unconfined cylindrical specimenai
Group-1 (SET2- f..=10 MPa)

Specimen k.. MPa 1. E;,GPa
U10-C300103 103  0.002 1581
U10-C300104 128  0.003 15.25
U10-C300105 101  0.003 13.21

UL0-GI-C_SET2 111  0.003 14.75
COV, % 133 161

CFRP-Confined Specimens

Three speimens were kept outside the curing room under ambient lab condition
until the end of the exposure tests. After that period, specimens were tested under
uniaxial compression and their axial strei®in behaviors were recorded.Higure

4.11, failure types of CFRIonfined specimens were given. Ruptures were seen to

be localized at the midheight. However, since specimens failed due to CFRP rupture,

1



this localization did not affect thkehavioras shown inFigure 413, Mechanical
properties of the specimens were tabulatedable 4.9 Fromthe table,it can be

seen that the average strength was 33 MPa and strain corresponding to this value was
0.042. The ratio of the slope second part to the first part of the curve is calculated

as 36, which shows that upon reaching unconfined concrete strength, thefslupe
curve reduces 36 times.

(a) C10.C300-105 (b) C10-C300-106 (c) C10C300-107

Figure 4.12. Failure types of CFRRconfined cylindrical specimens in
Group-1 (SET 2- f;,.=10 MPa)
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Figure 4.13. Axial stressstrain diagrams of CFRP-confined cylindrical
specimens in Groupl ( SET 2- f;.=10 MPa)
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Table 49. Mechanical properties of CFRRconfined cylindrical specimens in
Group-1 (SET 2- f;.=10 MPa)

Specimen nHFMPa txrs E;,GPa E,,GPa EJE,
C10C300105 33.7 0.043 19.79 0.52 38.1
C10C300106 31.0 0.044 17.63 0.45 39.5
C10C300107 34.0 0.040 17.63 0.55 32.3

C10-G1-C_SET2 32.9 0.042 18.35 0.48 36.4

COV, % 5.1 5.8

4.3.1.2.2 Group-2: Specimens exposed to-B Cycles

Unconfinedspecimens were not tested in this group because the difference in SET1
and SET2 was at the overlap length. Since unconfined specimens did not include

CFRP, they were not utilized in this group.

CFRP-Confined Speanens

Three specimens were wrapped hwitnelayer of CFRP providing b overlap
length. They were put in the ETC and subjected to 28D ¢ycles Failures of the
specimens were illustrated figure 414. All specinens failed due to CFRP rupture.
Axial stressstrain diagrams were given Figure 415. From the figures, it can be
seen that although two specimens showed almost identical bel@u®E300206
differed slightly. However, thisifference is not significant-rom Table 410, the
average strength was found as 33 MPa withQ¥ ©f 15% and the average strain
was evaluated to be 0.04 with &€ of 7%
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(a) C10-C300-206 (b) C10-C300-207 (c) C10C300-208

Figure 4.14. Failure types of CFRRconfined cylindrical specimens in Group2
(SET 2-f,=10 MPa)
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Figure 4.15. Axial stressstrain diagrams of CFRP-confined cylindrical
specimens in Group2 (SET 2- f.,,.=10 MPa)
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Table 410. Mechanical properties of CFRRconfined cylindrical specimens in
Group-2 (SET 2- f;,.=10 MPa)

Specimen H-C Cycles nHF MPa tix E;,GPa E;,GPa EJ/E;

C10-C300206 200 38.1 0.040 15.89 0.65 24.5
C10 C300207 200 28.0 0.037 22.56 0.47 48.0
C10 C300208 200 32.4 0.042 1754 0.51 34.6
C10-G2-C_SET2 32.9 0.040 18.66 0.54 34.4
CoV, % 15.3 7.0

4.3.1.2.3 Group-3: Specimens Exposed to-8 Cycles and SL

Because of the same reason described in Group2, only -CéiiRired specimens
were used in this group. Specimens were loaded to 40% of their axial load capacity

while being subjected to-& cycles.

CFRP-Confined Specimens

Since none of the CFRé&bnfined specimens with 30 mm overlap was survived when
subjected to sustained loading andCHycles, new specimens with relatively long
overlap length were prepared. Fepecimens were wrapped with dager of CFRP
providing 50 mm overlapl(1% of the perimeter). It was observed that all of the
specimens survived during exposure tests. After the completion of exposure test in,
specimens were tested under uniaxial compression and their failure types were
observed to be due to the rupture of CFRRyre 416). The axial stresstrain
diagrams for the remaining three specimens were plottédgure 417 and their
mechanicaproperties were presentedTable 411. As it is seen from the table, the
average strength was found as 35.9 MPa and the ultimate strain was calculated as
0.03 with a ©V of 5%.
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Overlap length was seen to be ook the main parameters in CFRBnfined

specimens. As noted before, specimens with an overlap length of 6% of the perimeter

failed due to delamination, but specimens survived when it was increas&¥b tdt

was believed that 11% was the lower limit taagantee the confinement. Therefore,

this overlap length was used in the entire tests performed afterwards.

_ |

(a) C10C300306  (b) C10-C300-307  (c) C10C300-308  (c) C106C300-309

Figure 4.16. Failure types of CFRP-confined cylindrical specimens in

Axial Stress, MP«

Group-3 (SET 2- f;,.=10 MPa)
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Figure 4.17. Axial stressstrain diagrams of CFRP-confined cylindrical

specimens in Group3 (SET 2- f.,,.=10 MPa)
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Table 411. Mechanical properties of CFRRconfined cylindrical specimens in
Group-3 (SET 2- f;,.=10 MPa)

Specimen H-C cycles SL, % ‘HF MPa tiux E;, GPa E;,GPa EJE;

C10-C300307 200 40 35.1 0.032 12.07 0.67 18.1

C10-C300308 200 40 34.7 0.030 14.46 0.52 27.9

C10-C300309 200 40 37.8 0.029 8.36 0.64 13.1

C10-G3-C_SET2 35.9 0.030 11.63 0.59 19.1
CoVv, % 4.8 5.1

4.3.1.2.4 Group-4: Specimens Subjected to SL

CFRP-Confined Specimens

Three specimens were loaded axially to a sustained loading levelwbdthe axial
capacity for 530 days. During this period, they were kept under ambient lab
conditions. After 530 days, specimens were removed from the loading frame and

tested under uniaxial compression to determine the change in mechanical properties.

Failure types of all specimens were giverFigure 418. All specimens were seen to

fail due to the CFRP rupture extended to full heidghtjure 419 shows the axial
stressstrain diagrams of all specimemandTable 412 summarizes their mechanical
properties. Unlike the ones in Group 3, there exists a smooth transition between first
and second part of the curves. The average confined concrete strength was found to
be 36.1 MPa wit a relatively good OV. Confined concrete strain was evaluated as
0.027. The modulus of elasticity in the first part was calculated as 8.87 MPa and in

the second part slope decreased to 0.62 MPa.
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(a) C10-C300-401 (b) C10-C300-402

(c) C10C300-403

Figure 4.18. Failure types of CFRRconfined cylindrical specimens in

Group-4 (SET 2- f;,,=10 MPa)
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Figure 4.19. Axial stressstrain diagrams of CFRP-confined cylindrical
specimens in Grogp-4 (SET 2- f.,=10 MPa)
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Table 412. Mechanical properties of CFRRconfined cylindrical specimens in
Group-4 (SET 2- f;,.=10 MPa)

Specimen  SL,% JkyMPa tin E;, GPa E;,GPa EJ/E;
C10C300401 40 36.2 00D 834 083 10.1
C10C300402 40 35.6 0028 10.32 054  19.2
C10C300403 40 36.6 0033 7.95 048 16.4
C10-G4-C 36.1 0027 887 062 144

COV, % 14 234

4.3.1.2.5 Group-6: Specimens Subjected to Outdoor Exposure

CFRP-Confined Specimens

Threespecimens were kept outside the laboratory and subjected to outdoor exposure
for 530 days. During this period, daily maximum and minimum temperatures and the
humidity values were recorded as stated in Chapter 3, Section 3.3.2. All specimens
failed due tahe CFRP rupture as shownkigure 420. The rupture extended to full
height except for the last specimen in this group. For this specimen rupture was
observed to occur at the upper midheight level.

Axial stressstrain diagrams of specimens were plottedFigure 421 and their
mechanical properties were summarizedrable 413. Since the readings of C10
C300603 were not relialel, this specimen has discarded. Two specimens seem to
behave identically. As it can be seen from the table, the average strength was

36.1 MPa and the confined concrete strain was calculated as 0.029 MPa.
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(b) C10-C300-602 (c) C10C300:603

Figure 4.20. Failure types of CFRRconfined cylindrical specimens in
Group-6 (SET 2- f;,.=10 MPa)
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Figure 4.21. Axial stressstrain diagrams of CFRP-confined cylindrical

specimens in Group-6 (SET 2- f.,,.=10 MPa)

Table 413. Mechanical properties of CFRRconfined cylindrical specimens in
Group-6 (SET 2- f;,,=10 MPa)

Specimen [kgMPa tr1 E,,GPa E,,GPa EJE,
C10C300601 29.8 0.05 1022 046  22.2
C10C300602 340 0034 1055 052 202

C10-G6-C 36.1 0.029 10.39 0.49 21.1
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4.3.2 Prismatic Specimens

It is known that CFRP strengthening is more effective in cylindrical membé&rs [
18, 21, 82, 8B The reason is that in cylindrical membgthe confining stress is
almost uniform Figure 422-c) [21] along the circumference. However, if this
confining stress is localized at some poirfigygre 422-a and b),as in prismatic

members, effectiveness of the confining material will change.

FRP-confined prismatic members having sharp corners behave almost the same as
the unconfined members. Since the confining stress is only effective at the corners
for these meters, no apparent improvement in strength and strain capacity is
possible. If the corners are rounded in such a way that the confining stress spreads
over a larger area, strength and strain capacity are observed to increase. Therefore,

corner radius was tmd to be the main parameter to ensure an effective

strengtheningl5, 16, 33.

Confined Confined Confined
Region Region Region

Axial Stress
Axial Stress
Axial Stress

>

Axial Strain Axial Strain Axial Strain

(a) Prismatic specimen with (b) Prismatic specimen with (c) Cylindrical specimen

sharp corners rounded corners

Figure 4.22 The effectiveness of the FRP in concrete
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Several authors studied the effect of corner radius on the effectiveness of the FRP
material and based on their experiments they proposed equations to reflect this
relationship. Among those authors, the equation propbgellirmiran et al.[16]

seems to be well defined. They suggested
which considers the corner radius, unconfined concrete strength, specimen width and

the confining stress. A specified limit was introduced to accaanthfe change in

behavior. They stated that, if MCR was greater than 0.15, the concrete column would

be properly confined, i.e. increase in the strength and strain capacity would be

possible. However, below that limit effect of the confinement would neebe.

MCR=——_¢n" (4.1)

f -ZIL'fFRP (4.2)

In these equations; is the corner radiusb is the specimen widthf,, is the
unconfined concrete strengthrp is the thickness of the FRP material used in
strengthening anfirpis the tensile strength of the FRP.

Based on the discussions above, in this dissertation prismatic specimens having
square sections were carefully selected so that confinement would be effective, i.e.

they were prepared to have an MCR factor greater th&n L this respect, two sets

of specimens were decided to be tested. In the first set specimens had 25 mm corner
radius, which corresponded to an MCR factor of 0.25. The corner radius in the
second set was 37.5 mm and it gave an MCR factor of 0.38. Cadierwere

selected such that they could be in relationship with the specimen width, i.e. 25 mm
correspondedto 160 f t he wi dth, 37.5 mm gave a r a
corresponded to | Tablk4l#)he speci men width |
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Table 414. Relationship between corner radius, specimen width and the MCR

feo, MPa r, mm b, mm r/bratio MCR
10 25 150 1/6 0.25
10 37.5 150 1/4 0.38

10 75.0 (cylinder) 150 1/2 0.75

Prismatic specimens having 10 MPaesgth were tested in two different sets,
namely SET3 and SET4, in which corner radius was the main difference in the
specimens. The experimental program for these specimens was summarized in
Table 4.15. In the following sections, cylinder strength is denoted @y and

prismatic strength is represented®y.
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Table 415 Summary of the10 MPa prismatic specimensvith r=25 mm

Specimen Code  Confinement (I\/]Icga) Type Ovoe/glap rr:m G;\?gp #c(;fctsc SO/I(; ng lgg;?:e
U10-S30025-101 Unconfined 10 Prism 11 25 1
U10-S30025-102 Unconfined 10 Prism 11 25 1
U10-S30625-103 Unconfined 10 Prism 11 25 1
C10-S30025-101 CFRRConfined 10 Prism 11 25 1
C10-S30025-102 CFRRConfined 10 Prism 11 25 1
C10-S30025-103 CFRPRConfined 10 Prism 11 25 1
U10-S30625-201 Unconfined 10 Prism 11 25 2 200
U10-S300625-202 Unconfined 10 Prism 11 25 2 200
U10-S30625-203 Unconfined 10 Prism 11 25 2 200
C10-S30025-201 CFRPRConfined 10 Prism 11 25 2 200
C10-S30025-202 CFRRConfined 10 Prism 11 25 2 200
C10-S30025-203 CFRPRConfined 10 Prism 11 25 2 200
C10-S30025-204 CFRRConfined 10 Prism 11 25 2 200
U10-S30625-301 Unconfined 10 Prism 11 25 3 200 40
U10-S30625-302 Unconfined 10 Prism 11 25 3 200 40
U10-S30625-303 Unconfined 10 Prism 11 25 3 200 40
C10-S30025-301 CFRRConfined 10 Prism 11 25 3 200 40
C10-S300-25-302 CFRPRConfined 10 Prism 11 25 3 200 40
C10-S30025-303 CFRRConfined 10 Prism 11 25 3 200 40
C10-S30025-304 CFRPRConfined 10 Prism 11 25 3 200 40
C10-S30025-305 CFRRConfined 10 Prism 11 25 3 200 40
C10-S30025-306 CFRPRConfined 10 Prism 11 25 3 200 55
C10-S30025-307 CFRRConfined 10 Prism 11 25 3 200 55
C10-S30025-401 CFRPRConfined 10 Prism 11 25 4 40
C10-S30025-402 CFRRConfined 10 Prism 11 25 4 40
C10-S30025-403 CFRPRConfined 10 Prism 11 25 4 40
C10-S30025-601 CFRRConfined 10 Prism 11 25 6 Yes
C10-S30025-602 CFRPRConfined 10 Prism 11 25 6 Yes
C10-S30025-603 CFRRConfined 10 Prism 11 25 6 Yes
C10-S30025-604 CFRPRConfined 10 Prism 11 25 6 Yes
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Table 416 Summary of the 10 MPa prismatic specimensvith r=37.5 mm

Specimen Code Confinement (l\/TSa) Type OVS/; lap n:m Glr\tl)gp #c(;fctsc SL, % ng lgggl?:e
U10-S30037.5101 Unconfined 10  Prism 11 37.5 1
U10-S30037.5102 Unconfired 10 Prism 11 375 1
U10-S30637.5103 Unconfined 10  Prism 11 37.5 1
C10-S30037.5101 CFRRConfined 10 Prism 11 375 1
C10-S30037.5102 CFRRConfined 10 Prism 11 375 1
C10-S30037.5201 CFRRConfined 10 Prism 11 375 2 200
C10-S30637.5301 CFRRConfined 10 Prism 11 375 3 200 50
C10-S30037.5302 CFRRConfined 10 Prism 11 375 3 200 50
C10-S30037.5303 CFRRConfined 10  Prism 11 375 3 200 40
C10-S30037.5304 CFRRConfined 10 Prism 11 375 3 200 40
C10-S30037.5401 CFRRConfined 10 Prism 11 37.5 4 40
C10-S30037.5402 CFRRConfined 10 Prism 11 375 4 40
C10-S30037.5403 CFRPRConfined 10  Prism 11 37.5 4 40
C10-S300637.5501 CFRRConfined 10 Prism 11 375 5 200wet
C10-S30037.5502 CFRRConfined 10  Prism 11 375 5 200wet
C10-S300637.5503 CFRRConfined 10 Prism 11 375 5 200wet
C10-S30037.5601 CFRRConfined 10  Prism 11 37.5 6 Yes
C10-S30037.5602 CFRRConfined 10 Prism 11 375 6 Yes
C10-S30037.5603 CFRRConfined 10  Prism 11 37.5 6 Yes

4.3.2.1. SET 3: Prismatic Specimens with r = 25 mm

In this set, a total of 31 specimens were tested. The cylinder strength was found to be

10.9 MPa.

4.3.2.1.1. Grougl: Reference Specimens

Unconfined Specimens

Four specimens were Beunloaded in the ambient lab condition until the end of

exposure tests conducted in the environmental test chamber. In Phase 2 test (uniaxial

compression test), those specimens were axially loaded to failure and their
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mechanical properties were recorddthe axial stresstrain diagrams for three
specimens were presented kigure 424 and their mechanical properties were
tabulated inTable 417. From the failure types given figure 423, it can be seen
that all specimens failed in shear mode as described in ASTM C39/03¢84].

As it is seen fronFigure 424, all of the three specimens showed different behavior.

In Table 417, it can be clearly seen that, coefficient of variations were in the bad
region for modulus of elasticity and strain corresponding to stress. The reason can be
attributedto the stress concentrations at the corners and the distribution of the coarse
aggregates. However, as for strength, they are relatively good and it cardiiéat,

the average strength was 10 MPa.

(a) U10:S30025101  (b) U10-S30025102  (c) U10-S30025-103  (c) U10-S30025-104

Figure 4.23. Failure types ofunconfined prismatic specimens in Groupl
(SET 371 fc;=10 MPa and r=25mm)
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Figure 4.24. Axial stressstrain diagrams of unconfined prismatic specimens in
Group-1 (SET 3- f;,=10 MPa and r=25 mm)

Table 417. Mechanical properties of unconfined prismatic specimens in
Group-1 (SET 3- f;,,=10 MPa and r=25 mm)

Specimen k.. MPa ti. E,, GPa
U10-S30625-101 11.9 0.004 7.45
U10-S30625-102 8.8 0.003 9.31
U10-S30625-103 9.4 0.009 11.29

U10-G1-S-25 10.0 0.005 9.35
CoV, % 16.6 61.0

CFRP-Confined Specimens

Specimens in this group were used as congetisnens and wrapped with one layer
of CFRP providing an overlap length of 11% of the perimétsrit is seen from the
failure types given inFigure 425, both C16S30025-101 and C18530625-103
failed due to th&€€FRP rupture at the corner near the midheight. Different from these
specimens, the rupture in GBB30025-102 was at the side of the specimen and

localized at a point, which seem to occur due to the out of plane forces exerted from
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the local concrete faife. Axial stresstrain behaviors were given kgure 426 and
mechanical properties were summarizedable 418. From the table it can be seen
that the average stretiigwas found to be 25.8 MPa with & of 5% and confined
concrete strain was evaluated to be 0.026 withQ¥ ©f 24.3, which shows that

wrapping specimens with CFRP decreases the dispersion as compared @vthe C
calculated for unconfined concrete speens.

e

(a) C10:S30025-101 (b) C10-S30025-102 (c) C10:S30025-103

Figure 4.25. Failure types of CFRRconfined prismatic specimens in Groupl
(SET 3-fc,=10 MPa and r=25mm)
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© —C10S30025-101
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--C10S30025-103
0 —C10G1S25
0 0.01 0.02 0.03 0.04
Axial Strain

Figure 4.26. Axial stressstrain diagrams of CFRP-confined prismatic specimens
in Group-1 (SET 3- f;,=10 MPa and r=25 mm)
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Table 418 Mechanical properties of CFRRconfined prismatic specimens in
Group-1 (SET 3- f;,=10 MPa and r=25 mm)

Specimen ‘HFMPa krs E;,GPa E,,GPa EJE,
C10S300625-101 26.4 0.031 16.39 0.44 37.4
C10-S300625-102 24.4 0.029 16.81 0.38 43.7
C10-S300625-103 26.6 0.019 17.00 0.74 23.1

C10-G1-S25 25.8 0.026 16.73 0.52 32.2

COV, % 4.7 24.3

Speimen C16S30025-103 was tested using strain gages as showsigre 427.

Four uniaxial strain gages with a gage length of 10 mm were placed at each corner to
determine the lateral strains at these locations Wiaxial rosette strain gages with

a gage length of 10 mm were attached at the sides of the specimen to record axial
shortening, lateral expansion and shear strains. One of the rosette strain gages was
placed at the overlapping zone and the other oneplea®d at the opposite side.
Besides the strain gages, two dial gages with a gage length of 20 mm were used to
record the axial deformations and thus axial strains. They were placed at the other
two sides. With these measuring devices, it was aimed todexxial and lateral

strains, circumferential strain distribution and the relationship with strain and failure.

In Figure 427, schematic view of the gages is illustrated. Gage numbers were the
channel numbers ni data acquisitions system. While performing uniaxial
compression test, it was realized that two strain gages (108 and 109) were not in
function because of the cable problems. In addition to these strain gages, 106 and
102 were also discarded because thegord shear strains. Only axial and lateral

strains were processed and used in here.
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Figure 4.27 Schematic view of the gages used in CBB0625-103

In Figure 428, failure ype of C10-S30025-103 was presentedls previously stated,

this specimerfailed due to the CFRP rupture at the corner. In the figure, (a) and (b)
shows the deformation in CFRP, (c) shows the deformation in concrete and (d)
illustrates the lateral stresssttibution in CFRP and concrete due to the expansion
phenomenon. The internal stress in concrete seems to localize at corners (d).
Therefore, corners can be regarded as the vulnerable parts of a rectangular concrete
member. This was verified in figure (eyhich shows that concretexperiences
extensive crushing at the corners. The stress concentrations at the corners lead to
crushing and thus crushing leads to-ofiplane stresses developed in CFRP. Since
CFRP is weak in shear, confinement effectivenessrahises and CFRP fails at
relatively low strain. InFigure 430, stressstrain behaviors in both axial and lateral
directions were presented. Although lateral strains at the sides were greater than the
ones at theorners, CFRP rupturgccurredat the corner. Another reason to answer
why CFRP failed at the corner was that, fibers may be weakened due to the curvature
of the CFRP material at the cornggg].

Figure 429 shows the axiahnd lateral strain distribution along the perimeter. As it is
seen, axial stain distribution is not uniform. It is 0.0136 at face A and almost doubles
at face C, which is the indication of bending. The specimen bends -abaxis. It

was observed that dog tests, the axial load was almost concentric up to a stress

level close to the ultimate strength. Therefore, the bending in the specimen is
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believed to be due to the nomiform deformation caused by the irregularities in the
concrete. Bending resulia a nonuniform squeezing thus nonuniform expansion.
Nonuniform expansion can be seen form lateral strain distribution as presented in
Figure 429. The rupture strain was recorded to be 0.0072, which was 48% of the

strain provided by the manufacturer.

Confined

Region

(b)
Figure 4.28 Failure of C10-S30025-103 (a, b and c) and confining stresses (d)

(d)

0.04
£
£0.03
& 0,0245
£0.02 ogise | w—
001 ' 0.0128
©
& 0.00 -0.004] ]
B 0.0090 _ —[————— ——0.0072  .0.009¢
©-001 ¢ e
] -
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Figure 429 Axial and lateral strain distribu tions in C10-S30625-103
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Figure 4.30 Stressstrain behavior of C10S30025-103

4.3.2.1.2. GrougR: Specimens exposed to-E Cycles

Unconfined Specimens

Three unconfined prismatic specimens were exposed to 200 headiligg cycles

in Phase 1 test and after that, they were removed from the environmental test
chamber. In Phase 1 test, they were loaded uniaxially to failure to determine the

effect of heatingcooling cycles on the mechanical properties.

In Figure 431, failure types of the specimens were presented. Failure types were
mostly in cone and shear type as described@#). From the axial stresstrain
diagrams given ifrigure 432, it can be seen that all specimens behaved differently.
The main difference is at the strength level. The strength ofSB30B25-201 was

found to be 6.5 MPa, which was much lower than the target strength of 10 MPa. This
may be attributed to the namform expansion and contraction under heating and
cooling cycles. Since specimens in this group were free to expand under heating
cycles and contract under cooling cycles, the deformations developed during these

cycles may cause the strength reduction.
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Mechanical properties of the specimens were tabulat@ale 419. As it can be
seen, the coefficients of variations seem to be bad which makes the mechanical
properties difficult to estimate. The average strength was calcutatee 8.0 MPa

and the corresponding strain was estimated to be 0.003.

(a) U10-S30025-201 (b) U10-S30625-202 (c) U10:S30025-203

Figure 4.31. Failure types of unconfined prismatic specimens in Grow2
(SET 3-fc,=10 MPa and r=25mm)

Table 419. Mechanical properties of unconfined prismatic specimens in
Group-2 (SET 3- f;.=10 MPa and r=25 mm)

Specimen H-C Cycles . MPa k1. E;, GPa

U10-S30025-201 200 6.5 0.003 9.6
U10-S30025-202 200 9.5 0.002 14.2
U10-S30025-203 200 7.9 0.004 10.8
U10-G2-S-25 8.0 0.003 116
Cov, % 18.8 34.2
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Figure 4.32. Axial stressstrain diagrams of unconfined prismatic specimens in
Group-2 (SET 3- f;,=10 MPa and r=25 mm)

CFRP-Confined Specimens
CFRP confined prismatic specimens were subjected to 200 heatitigg cycles in
the environmental test chamber and after the completion of exposure test their

mechanical properties were determined.

Failure types of the specimens were presentdeigare 433. All specimens failed

due to the CFRP rupture at the corner. Although CFRP rupture occurred at the
midheight of the specimens, it occurred below the midhaiglC10S30025-202

and there was not a clear rupture. However, this did not affect the behavior as shown
in Figure 434. In this figure, it is seen that all specimens followed the same path
except C16530025-204 in which CFRP upture extended to a relatively longer
height.

Mechanical properties of the specimens were summarizédbte 420. After 200

heatingcooling cycles the average strength was calculated as 23.9 wi@VaoC
5% and confined concrete strain was found to be 0.025 witO\a & 22%.,
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(a) C10S300625-201  (b) C10-S300625-202 (c) C10-S30025-203  (d) C10-S30025-204

Figure 4.33. Failure types of CFRRconfined prismatic specimensn Group-2
(SET 3-f.,=10 MPa and r=25mm)
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Figure 4.34. Axial stressstrain diagrams of CFRP-confined prismatic specimens
in Group-2 (SET 3- f;,=10 MPa and r=25 mm)

Similar to Group 1, one specimen in this group ((SBD025-204) was tested using
additional gages. As illustrated iRigure 435, two uniaxial strain gages were
attached to the corners and one triaxial rosette strain gage was placed at the side
where the overlap vgaprovided. One of the dial gages was placed at the overlap
location to understand the difference in the readings recorded from dial gage and the

strain gage. The other dial gage was provided at the opposite face of the specimen.
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Table 420. Mechanical properties of CFRRconfined prismatic specimens in
Group-2 (SET 3- f;;=10 MPa and r=25 mm)

Specimen H-C Cycles ‘HFMPa krs E;,GPa E,,GPa EJE,

C10-S300625-201 200 22.9 0.026 16.44 0.37 40.3
C10-S300625-202 200 24.2 0.032 19.17 0.36 44.7
C10-S300625-203 200 22.9 0.021 18.36 0.45 21.9
C10-S300625-204 200 25.5 0.021 22.82 0.63 28.6
C10-G2-S-25 239 0.025 19.20 0.45 31.0
CoVv, % 5.1 21.9

Figure 436 shows the stresstrain diagrams plotted from the recordings of each
gage. As itis seen, both the strain gage (100) and the dial gage (114) atldye ove
region recorded almost the same axial strains. The dial gage 113 at the opposite face
recorded relatively higher axial strains, which was the indication of bending. Similar
to the one observed in Group 1, CFRP rupture in this specimen occurred@iire

close to the higher axial strain zon®ince there were not enough gages at the lateral
direction, it was hard to say anything about the strain distribution along the
circumference. However, since there was a strain gage at the failure zonebét can
said that the rupture strain was 0.0079, which was the 53% of the tensile strain

capacity provided by the manufacturBrgure 437).
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Figure 4.35 Schematic view of the gags used in C16530025-204
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Figure 4.36 Stressstrain behavior of C10S30025-204
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Figure 4.37 Axial and lateral strain distributions in C10-S30025-204
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4.3.2.1.3. GrougB: Specimens Expged to HC Cycles and SL

Unconfined Specimens

Unconfined specimens in this group were loaded to 40% of their axial load capacity
and subjected to heatimpoling cycles. After reaching 200 cycles, heattogling
procedure was stopped; specimens were deldaand then tested under uniaxial
compression to determine the change in their mechaproglerties. Ast is seen

from the failure types given iRigure 438, all specimens failed in shear mode. The
axial stressstrain diagramswvere presented ifrigure 439 and their mechanical
properties were tabulated ihable 4.21. From the table, it can be seen that the
average strength was 9.2 and average strain was 0.004.

(a) U10-S300625-301 (b) U10-S30025-302 (c) U10:S30625-303

Figure 4.38. Failure types of unconfined prismatic specimens in Grow3
(SET 3-fc,=10 MPa and r=25mm)
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Figure 4.39. Axial stressstrain diagrams of unconfined prismatic specimens in
Group-3 (SET 3- f;,,=10 MPa and r=25 mm)

Table 421. Mechanical properties of unconfined prismatic specimens in
Group-3 (SET 3- f;,,=10 MPa and r=25 mm)

Specimen  H-CCycles SL,% [h.MPa &1, E;,GPa

U10-S30625-301 200 40 11.0 0.004 13.2
U10-S300625-302 200 40 8.5 0.004 13.1
U10-S30625-303 200 40 8.0 0.003 10.2
U1l0-G3-S-25 9.2 0.004 122
COV, % 17.3 12.2

CFRP-Confined Specimens

Sevenspecimens were tested in this group. Five of them were loaded to 40% of their
axial load capacityQ.4t.), and the remaining two were loaded to 55% of their axial
load capacity @.55¢.) to determine the effect of the sustained loading level. All
specimes were also subjected to heaticmpling cycles as mentioned previoudly.

Figure 440, failure types of the specimens subjected to simultaneous exposure of a
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sustained loading d3.4{.. and heatingcooling cyclesvere presented. All specimens
failed due to the CFRP rupture at the end of the radius provided at the corner.

Axial stressstrain diagrams recorded after the exposure test were plotted in
Figure 441. Table 422 summarizes the mechanical properties of the specimens. As
it is seen, the average strength was 24.8 MPa witlo¥ &f 11.5% and confined

concrete strain was calculated to be 0.022 withQd/ ©f 37.7. As formodulus of

elasticity in the first and second part, the drastic drop can be seen easily. Modulus of
elasticity dropped from 19.9 GPa to 0.43 GPa

(a) C10S30025301  (b) C10-S30025-302  (c) C10-S30025-303  (d) C10-S30025-304

Figure 4 .40. Failure types of CFRRconfined prismatic specimens in Group3
(SET 3- ;=10 MPa, r=25mm and SL=0.4)

106



&

2 30 —

G e

o 20 - - ~:C16530625-301

n ---C16S300625-302

= - -C10S30025-303

< 10 - . C10S30025-304

< — C10S30025-305

0 |  —C10G3525, SL=0.4fcc
0 0.01 0.02 0.03 0.04

Axial Strain

Figure 441. Axial stressstrain diagrams of CFRP-confined prismatic specimens
in Group-3 (SET 3- f;c=10 MPa, r=25mm and SL=0.4)

Table 422. Mechanical properties of CFRRconfined prismatic specimens in
Group-3 (SET 3- f;,=10 MPa, r=25 mm and SL=0.%)

H'C SL, El ] E2 1]

Specimen 1} gMPa  Euu E./E,
Cycles % GPa GPa

C10-S30025-301 200 40 24.4 0.021 15.63 0.43 36.7
C10-530025-302 200 40 28.9 0.026 18.93 0.49 38.8
C10-530025-303 200 40 21.0 0.015 20.23 0.44 46.5
C10-S300625-304 200 40 24.1 0.035 12.98 0.26 50.6
C10-530025-305 200 40 25.4 0015 31.64 0.56 56.3
C10-G3-S-25 %40 24.8 0.022 199 0.43 45.9

COV, % 11.5 37.7

In Figure 442, failure types of the remaining specimens, specimens subjected to
0.55f; sustained load and heathegoling cycles, were given. Failures were due to
the CFRP rupture at the end of the radius at the corner as similar to the ones given
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above. As seen from the axial strsssin curves plotted irFigure 443, two
specimens behaved almost identically. As giveMable 423, the average strength,
which was calculated as 28.6 MPa, was a bit greater than the previous ones.
However, this was not the case in strain capacity, lwhias much lower than the
other one. In this case, it was 0.015. Modulus of elasticity in the first part was also
lower. It can be said that increase in sustained load level resulted in an increase in
both strength and modulus of elasticity in the secartlqf the curve but a decrease

in both strain capacity and modulus of elasticity in the first part of the curve.

(a) C10-S30025-306

Figure 442. Failure types of CFRRconfined prismatic specimensn Group-3
(SET 3-f.c=10 MPa, r=25mm and SL=0.5%)

Table 423. Mechanical properties of CFRRconfined prismatic specimens in
Group-3 (SET 3- f;;=10 MPa, r=25 mm and SL=0.5&,)

Specimen H-C =k nL A MPa fuu 51 =2, E./E,
Cycles % r T GPa GPa
C10-S30025-306 200 55 29.7 0.015 7.82 0.63 12.4
C10S30025-307 200 55 27.5 0.015 7.00 059 118
C10-G3-S-25_9%55 28.6 0.015
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Figure 4.43. Axial stressstrain diagrams of CFRP-confined prismatic specimens
in Group-3 (SET 3- f;c=10 MPa, r=25mm and SL=0.5%,)

One specimen (C1830025-305) in this group was also tested using several gages
as shown inFigure 444. In this case, four uakial strain gages to record lateral
strains were attached to each corner; two triaxial rosette strain gages to record strains
in both axial and lateral directions were placed at the opposite sides of the specimen.
One of these rosette dial gages was aotrerlap zone. Besides strain gages, two dial
gages were utilized at the faces where there were no strain gages. All strain gages
were placed close to the midheight of the specimen. Unlike the ones presented in
previous groups, all gages on this specimwenked and recordings were meaningful

as presented ifigure 445. As previously stated the recordings from the diagonal

strain gages were not processed and used.

As the detailed stresstrain curves plotted fogach gage was investigated, it can be
clearly seen that axial strains were not the same for each side of the specimen
(Figure 445). Strains at face A and B were less than the other two faces, which can
be regardé as the sign of bendingigure 446 summarizes the ultimate strains to
understand the strain distribution along the circumference. Neither axial nor lateral

strains were uniform. Axial strains were high in the failure zone. Mewydateral
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strains were not high at this zone. Since at the sides, CFRP was straight and stress
concentrations were not as high as the ones at the corners-oé ptarie shear was

not effective, it showed good resistance. However, it is known thiaeiare the

critical parts due to the reasons described above and the rupture takes place at this
region, which experiences lower strains. The failure strain was found to be 0.0063,
which was 42% of the tensile strain capacity of CFRP.

éél
107

0§
= —= E—=-
100 109 04 105
Overlag

A B C D

Figure 444 Schematic view of the gages used in CBB0625-305
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Figure 445 Stressstrain behavior of C10-S300625-305
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Figure 446 Axial and lateral strain distributions i n C10-S30025-305

4.3.2.1.4. Groupgd: Specimens Subjected to SL

CFRP-Confined Specimens

Three CFRRconfined specimens were tested in this group. They were kept under a
sustained load level of 40% of the axial load capacity for 530 days. Failure types
after the uniaxial compression test were presentdégare 447. From the figure, it

is seen that specimens failed due to the CFRP rupture near the corner. The rupture

extended to full height.

Axial stressstrain diagrams wer@lotted in Figure 4.48 and the mechanical
properties were tabulated ifable 424. Axial stressstrain diagrams followed the
same trend in the first part but they diverged from each other in the seadnd p
Difference in the slope in the second part resulted in different strain capacities.
Maximum strain was found to be 0.020 and minimum strain was 0.012. The average
strain was calculated as 0.018 with &\ of 26.7%. However, difference in the
second sipe of the curve did not affect the strength of CFRRfined concrete. The

average strength was found to be 33.1 MPa witlo¥ Gf 3.2%.
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(a) C10S30025-401 (b) C10-S30025-402 (c) C10-S30025-403

Figure 447. Failure types of CFRRconfined prismatic specimens in Group4
(SET 3- ;=10 MPa, r=25mm and SL=0.4)
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Figure 4.48. Axial stressstrain diagrams of CFRP-confined prismatic

specimens in Group4 (SET 3- f.,.=10 MPa, r=25mm and SL=0.4..)
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Table 424. Mechanical properties of CFRRconfined prismatic specimens in
Group-4 (SET 3- f;,=10 MPa, r=25 mm and SL=0.%)

Specimen  SL,% [kiMPa tru E;,GPa E,, GPa EJE;
C10S30025401 40 321 0020 860  0.69 125
C10S30025-402 40 342 0020 10.00 091  11.0
C10S30025-402 40 331 0012 1550  1.25 124

C10-G4-S25 331 0018 113 095 119

COV, % 32 267

4.32.1.5. Group6: Specimens Subjected to Outdoor Exposure

CFRP-Confined Specimens

Four CFRPconfined specimens were placed at the outside of the laboratory and
subjected to outdoor exposure for 530 days and then they were tested under uniaxial
compressiona determine the mechanical properties. When the failure types were
investigated it can be clearly seen that all specimens failed due to the CFRP rupture

close to the corner as seerFigure 449.

The axial stresstrain diagrara were presented Figure 450. All specimens except
C10-S30025-602 behaved identical. In CA8B0025-602, CFRP seem to be active

in earlier phase. This may be due to the problem in the unconfined concrete strength,
which was asumed to be low as compared to the others. However, this problem did
not affect the CFR{eonfined concrete strength and strain capacity. From the
tabulated mechanical properties givenTable 425, it can be seen that the average

strength was 32.1 MPa and the corresponding strain was 0.032.
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(a) C10S30025601  (b) C10-S30025602  (c) C10S30025-603  (d) C10-S30025-604

Figure 4 .49. Failure types of CFRRconfined prismatic specimens in Grop-6
(SET 3-fc;=10 MPa, r=25mm)

40 -

% O :_,;..;.;--;-;u;.- - :'/ -

] e ’_,‘_=—/— -7

220 g

% oo e C106S30025-601

.g 7 — C10S30625-602

<10 - ---C10S30625-603
--C10S30625-604

0 ‘ ‘ —ClOG‘GSZS ‘
0 0.01 0.02 0.03 0.04
Axial Strain

Figure 450. Axial stressstrain diagrams of CFRP-confined prismatic specimens
in Group-6 (SET 3- f;.=10 MPa, r=25mm)

Figure 451 illustrates the schematic view of the gages used in&30B25-601,
which was tested with additional gages. For this specimen, rosette strain gages at
three faces of the specimen were used. In addition to these, two dial gages were

placed at opposite faces dsown in the figure. No gages were provided at the
corners.
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Table 425. Mechanical properties of CFRRconfined prismatic specimens in
Group-6 (SET 3- ;=10 MPa, r=25 mm)

Specimen nHF MPa tir1 E;, GPa Ez,GPa EJE;
C10S30625-601 34.1 0.031 13.57 0.56 24.4
C10-S300625-602 30.1 0.037 10.72 0.37 29.4
C10-S30625-603 32.1 0.034 13.10 0.42 31.5
C10-S300625-604 32.2 0.028 9.56 0.48 20.1

C10-G6-S-25 32.1 0.032 11.74 045 25.9
COV, % 5.0 11.8

Stressstrain diagrams in axial and lateral directions can be sdeéigume 453. Axial

strain recorded from the strain gage at face C was expected to be the close to the one
recorced by dial gage E1. However, they were differed too much. Other than this
gage, no strain data could be recorded in axial direction. This problem did not affect
the lateral direction. In lateral direction, two strain readings were meaningful and
they were provided in the figure. The ultimate strains were summarized in
Figure 452to understand the strain distribution. As it can be seen, at the failure zone
the lateral strain was 0.011which was 76% of themnalte strain of CFRP provided

by the manufacturer.
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Figure 451 Schematic view of the gages used in CBB0G25-601
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4.3.2.2. SET 4: Prismatic Specimens with r = 37.5 mm

Besides the specimens in previous section having 25 mm corner radiusiesizen

this set were prepareuth 37.5 mm corner radiys.e., 1/4" of the width,to correlate

the CFRP effectiveness with different corner radii. Nineteen specimens in which
only three of them were unconfined were prepared and tested. Unconfinedespeci
were only used in Group 1 as contspecimensAlthough the target strength was 10

MPa, the average cylinder strength was calculated to be 14.7 MPa.
4.3.2.2.1. Grougl: Reference Specimens

Unconfined Specimens

Three unconfined control specimens wkspt outside the environmental chamber
until the end of exposure test and tested under uniaxial compression. The axial stress
strain diagrams were presentedFigure 454 and the mechanical properties taken
from these curves wertabulated immable 426. The average strength was evaluated

to be 12.5 MPa, which was the 85% of the cylinder strength. The average strain
corresponding to the strength was 0.002 and the secant modulus of elasticity was
about 176 GPa.
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Figure 454. Axial stressstrain diagrams of unconfined prismatic specimens in
Group-1 (SET 4- f;,.=10 MPa and r=37.5mm)
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Table 426. Mechanical properties of unconfined prismatic specimans in
Group-1 (SET 4- f;,,=10 MPa and r=37.5 mm)

Specimen nkn MPa tr, E;, GPa
U10-S30637.5101 12.8 0.001 18.05
U10-S30637.5102 13.1 0.003 16.25
U10-S30637.5103 115 0.001 18.38

Ul0-G1-S-37.5 12.5 0.002 17.56
COV, % 6.8 41.2

CFRP-Confined Specimens

Two CFRRconfined specimens were utilized as control specimens. Their failure
types were illustrated ifigure 455. As it is seen from the figure, specimens failed
due to the CFRP ruptarclose to the end of the radius at the corner. The rupture
extended throughout the height of the specimen, which was similar to the failure of

cylindrical specimens. The increase in the corner radius seems to affect the failure

type.

As the axial stresstrain diagrams ifrigure 456 are investigated, it can be seen that

two curves are almost matched. No apparent difference can be observed. From the
summarized mechanical properties presentedable 427, it was clear that two
specimens behaved identically. The average strength was evaluated as 37.4 MPa and
the average strain was 0.024. The secant modulus of elasticity was less than the one
for unconfined specimen but tldkfference was not so giificant. Comparing the

moduli of elasticiy calculated in the first and second part of the diagram, it was

observed that first part was 17.1 times greater than the second part.
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(a) C10S300637.5101 (b) C10-S30037.5102

Figure 455. Failure types of CFRRconfined prismatic specimens in Groupl
(SET 4- ;=10 MPa and r=37.5mm)
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Figure 456. Axial stressstrain diagrams of CFRP-confined prismatic specimens
in Group-1 (SET 4- f;,=10 MPa and r=37.5mm)

Table 427. Mechanical properties of CFRRconfined prismatic specimens in
Group-1 (SET 4- f;,.=10 MPa and r=37.5 mm)

Specimen nH%MPa try E;,GPa E,,GPa EJE,
C10S30637.5101 37.5 0.025 14.60 0.92 15.8
C10S300637.5102 37.3 0.024 16.82 0.91 18.5

C10-G1-S-37.5 37.4 0.024 15.71 0.92 17.1
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4.3.2.2.2. Groug?: Specimens Exposed to-8 Cycles

CFRP-Confined Specimens
Only one specimen could be tested in this group endxial stresstrain diagram
was presented iRigure 457. Specimen failed due to CFRP at the lower midheight

as shown in the figure. Strength of this specimen was 28.5 MPa and its strain was
0.016 [Table 4.28.
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Figure 457. Axial stressstrain diagram of CFRP-confined prismatic specimen
in Group-2 (SET 4- f;,=10 MPa and r=37.5mm)

Table 428. Mechanical properties of CFRRconfined prismatic specimen in
Group-2 (SET 4 - f;,,=10 MPa, r=37.5 mm and SL=0.&.)

Specimen H-C Cycles nHF MPa txa E;, GPa E,,GPa EJE;
C10S300637.5201 200 28.5 0.016 21.48 0.78 27.5
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4.3.2.2.3. GrougB: Specimens Exposed to-8 Cycles and SL

CFRP-Confined Specimens

Four specimens were utilized in tigsoup They were divided into twan which
two of them were loaded @.4f. (C10-S300637.5303 and C16530037.5304) and
the renmaining were loaded t0.5f; (C10-S30337.5301 and C16530037.5302).
The change in the behavior under différeustained loading levels wewestigated

via axial stresstrain diagrams.

All specimens failed due to the CFRP rupture close to the end of the corner radius
(Figure 458). The rupture extended throughout the specimen height. This failure
type was studied in detail fax specimen as shown Figure 459. CFRP was
detached from the specimen to understand the deformations in CFRP and concrete.
As seen from the figure, CFRP was not delaminated after the failure. While pealing
CFRP from the specimeconcrete layer at the surface was also detached. This could
be the indication of perfect bond between CFRP and concrete. As from the same
figure, concrete experienced too much deformation at corners. Deformations were
not uniform throughout the heighthey were small at the end but large at the
midheight.

Axial stressstrain diagrams were presented-igure 460. As previously stated, two
specimens were loaded to a sustained load levél4df; and the othetwo were

loaded t00.5% while being subjected to heathegoling cycles. From the figure it

can be seen that, the difference in sustained loading seem to affect the behavior. The
higher the sustained load level, the higher the strength was. Howeveas@dn the

sustained loading level seems to decrease the strain capacity.

From the summarized mechanical properties presentddhlite 429 the average
strengh for specimens loaded .5t was found to be 32.81Pa with a strain
capacity of 0.011. Asor the specimens loaded 4t it can be seen from

Table 430, the average strength was 29.9 MPa and average strain at ultimate
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strength was calculated as (B0TThe secant modulus of elasticity in the first part
seems to be influenced by the sustained load level, too. Although a slight increase in
the modulus of elasticity was anticipated, reduction was observed with the increase
in sustained load. This was nbe case in the second part of the diagram. From the
table, it is seen that slopes of the second part are almost the same. TheEatm of
E.is 17 and21 for specimens loaded @05t and0.4%., respectively.

(a) C10S30037.5301 (b) C10-S30637.5302 (c) C10-S30637.5303 (d) C10-S30037.5304

Figure 458. Failure types of CFRRconfined prismatic specimens in Group3
(SET 4-f.,.=10 MPa and r=37.5mm)

(a) Failure of the specimen (b) Failure of CFRP (c) Failure of concrete

Figure 459. Failure of C10-S30637.5302
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Table 429. Mechanical properties of CFRRconfined prismatic specimens in
Group-3 (SET 4- f.,.=10 MPa, r=37.5 mm and SL=0.§.)

_ H-C SL, E1, Ez,
Specimen Cycles % n% #MPa E%HF GPa GPa EJE,
C10-S30037.5301 200 50 30.6 0.008 11.81 0.76 155
C10-S30037.5302 200 50 35.0 0.013 15.24 0.83 183
C10-G3-S-37.5_%50 32.8 0.011 13.52 0.80 16.9
40 SL=0.5f

w
o

SL=0.4f

--C16S30637.5301
—-C16S30637.5302

Axial Stress, MP¢
N
o

10 —C106G3S37.5, SL=0.5fcc
------ C10S30037.5303
---C106S30037.5-304
0 ‘ —C10G3$37.5, SL=0.4fcc
0 0.01 0.02 0.03 0.04
Axial Strain

Figure 4.60. Axial stressstrain diagrams of CFRP-confined prismatic specimens
in Group-3 (SET 4- f;,=10 MPa and r=37.5mm)

Table 430. Mechanical properties of CFRRconfined prismatic specimens in
Group-3 (SET 4- ;=10 MPa, r=37.5 mm and SL=0.%.)

) H-C SL, E., E,,
Specimen nu% MPa £u. E./E,
Cycles % a T GPa GPa
C10S300637.5303 200 40 28.8 0.012 20.79 0.85 24.4
C10S300637.5304 200 40 31.1 0.017 13.83 0.79 17.6
C10-G3-S-37.5_%40 29.9 0.015 17.31 0.82 21.0
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Specimen C1{530037.5303 was tested with addition@ages. As seen from
Figure 461, four triaxial rosette strain gages at each face and a uniaxial strain gage at
a corner were utilized to study the axial and lateral strain distribution along the
circumference.From the strain and dial gages strain were recorded and then used to
draw the stresstrain diagrams as shown kigure 463. From the figure, ultimate
strains were collected and summarizedrigure 462. In this figure, one can see that
lateral strain was low at the failure zone. The failure strain was 36% of the ultimate
tensile strain capacity of CFRP. The reason may be due to theniform

settlement of concrete, namiform stress distribution.
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Figure 4.61 Schematic view of the gages used in CGEB0G37.5303
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Figure 4.62 Axial and lateral strain distributions in C10-S30037.5303
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Figure 4.63 Stressstrain behavior of C10S300637.5303

4.32.2.4. Group4: Specimens Subjected to SL

CFRP-Confined Specimens
Three specimens were loaded to 40% of their axial load capacity and kept under
sustained load for 530 days. After that, they were tested undetiali compression

to failure and their axial stresstrain diagrams were plotted as showifrigure 465.

All three specimens failed because of the CFRP rupture near the corner where the
radius endsKigure 464). The rupture extended to full height. Ax#@nbe seen from

Figure 465, all specimens experienced different strains. The average strain was
calculated as 0.016 with aQ¥ of 29% (Talde 4.31) Difference in strains was the

result of the second slope of the curvig).(Although strains differed too much, it

was not the case in strength. Strengths of all specimens were close to each other and
the average strength was found to be 32.&Mih a @V of 1.3%.
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(a) C10-S30037.5401 (b) C10-S30637.5402 (c) C10-S30637.5403

Figure 4.64. Failure types of CFRRconfined prismatic specimens in Group4
(SET 4-f,, =10 MPa and r=37.5mm)
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Figure 4.65. Axial stressstrain diagrams of CFRP-confined prismatic specimens
in Group-4 (SET 4- f;.=10 MPa and r=37.5mm)
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Table 431. Mechanical properties of CFRRconfined prismatic specimens in
Group-4 (SET 4- f..=10 MPa, r=37.5 mm and SL=0.§.)

Specimen  SL,% [4MPa ti. E;,GPa E,,GPa EJE,
C10S30037.5401 40 33.7 0021 16.04 081 19.9
C10S30037.5402 40 33.1 0015 1532  0.88 17.4
C10S30037.5403 40 340 0012 2032 127 16.1

C10-G4-S37.5 328 0016 17.22 098 175

COV, % 13 291

Third specimen in this group was tested with attached strain gages and two dial
gages in order to record lateral and axial strains. Uniaxial strain gages were provided
at each corneand two triaxial rosette strain gages were placed at two faces as shown
in Figure 466. Strains were recorded and strsfigin diagrams for each strain gages
were plotted irFigure 467. Using these diagrams, ultimate strain values were picked
and presented iRigure 468 to study the strain distribution along the circumference.
As it is seen from the figure, ultimate axial strainface C is geater than the one at
face A.Specimen bended abouk-#xis that increased the lateral straindaae A
relative due to the opposite face. This can be seen from the lateral strain distribution.
Strain at face C is lower than the strainaatef A. It is interesting to note that failure
occurred at face C, which experienced lower strains. The reason for this failure at
lower strains may be attributed to the internal failure of concrete, which may create

out-of plane shear at the CFRP material.
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Figure 4.67 Stressstrain behavior of C10S300637.5403
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Figure 4.68 Axial and lateral strain distributions in C10-S30037.5403
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4.3.2.2.5. Grougb: Specimens kept in water and exposed teCHCycles

CFRP-Confined Specimens
This group of specimens was tested under only heatiniing cycles while being
kept in water, i.e., they were exgmal to wet heatingooling cycles. Other than the

wet environment, the procedure was identicahtodne carried out in Group 2.

Three specimens were confined with a single layer of CFRP. They were capped,
carried into the environmental test chamber CEand placed in a basin full of
water. Heatingcooling cycles were started. After applying 200 cycles, specimens
were taken out of the basin and kept outside of the ETC for one week to make them

dry before the uniaxial compression test.

The change in # behavior under wet heatHogoling exposure was investigated
after the uniaxial compression test. As from the failure types showigume 469,
specimens in this group were also failed due to the CFRP rupbsesto the end of

the corner.

Axial stressstrain diagrams were illustratedfingure 470 and mechanical properties
derived from these diagrams were summarize@iable 4.2. The average strength

was found as  MPa with a ©V of 7.7% and the strain corresponding to this
strength was evaluated as 0.021. The ratio of the modulus of elasticity calculated in
the first part of the diagram to the second paitH;) was found to be 26.5.
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(a) C10S300637.5501 (b) C10-S30037.5502 (c) C10-S30037.5503

Figure 4.69. Failure types of CFRRconfined prismatic specimens in Groupb
(SET 4-f.;=10 MPa and r=37.5mm)

Table 432. Mechanical properties of &RP-confined prismatic specimens in
Group-5 (SET 4- f;,,=10 MPa and r=37.5 mm)

Specimen H-C Cycles nH%MPa txrs E;,GPa E,,GPa EJE,

C10-S30637.5501 200 27.2 0.019 17.94 0.63 28.3
C10-S300637.5502 200 26.5 0.019 16.63 0.54 30.7
C10-S300637.5503 200 30.5 0.024 12.15 0.59 20.7
C10-G5-S-37.5 28.0 0.021 15.57 0.59 26.5
COoV, % 7.7 132
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Figure 4.70. Axial stressstrain diagrams of CFRP-confined prismatic specimens
in Group-5 (SET 4- f;,=10 MPa and r=37.5mm)

4.3.2.2.6. Grougb: Specimens Subjected to Outdoor Exposure

CFRP-Confined Specimens

Specimens in this group were kept outside of the laboratory to make them expose to
outdoor environmental conditions. They were kept under outdoor exposure for 530
days and after that, they were carried to the laboratory, kept for one week and then

tested undeuniaxial compression to determine the mechanical properties.

All specimens failed because of the CFRP rupture at the corner close to the end of
the radius at this locatiorrigure 471). Failures were clear rupture, which exded

to full height of the specimens. While being under uniaxial compression test, their
axial stressstrain diagrams were recorded and plotted as showigure 472. From

the figure, it can be said that although there exisghtstifference, all specimens
behaved identically. The@/s provided inTable 433 were below 10% for strength

and strain. The main differences were observed to be at the first slope of the curves,
i.e., secant modulus of elastyc
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(a) C10-S30637.5601 (b) C10-S30637.5602 (c) C10-S30637.5603

Figure 4.71. Failure types of CFRRconfined prismatic specimens in Groupb
(SET 4-f.;.=10 MPa and r=37.5mm)
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Figure 4.72. Axial stressstrain diagrams of CFRP-confined prismatic specimens

in Group-6 (SET 4- f;.=10 MPa and r=37.5mm)
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Table 433. Mechanical properties of CFRRconfined prismatic specimens in
Group-6 (SET 4- f..=10MPa, r=37.5 mm and SL=0.&.)

Specimen nHFMPa txrs E;,GPa E,,GPa EJE,
C10S300637.5601 32.0 0.020 20.91 0.60 34.8
C10-S300637.5602 30.1 0.018 19.68 0.65 30.5
C10-S300637.5603 30.1 0.019 12.05 0.63 19.1

C10-G6-S-37.5 30.7 0.019 17.55 0.63 28.0

COV, % 35 6.4

4.4 CONCRETE SPECIMENS HAVING 15 MPa STRENGTH

This part was aimed to fill the gap between low (10 MPa) and medium strength (20
MPa) concrete. Eighteen prismatic concrete specimens with square Hsectes

were prepared. Dimensions were the same as the atiserafic specimens, such
that they were 150x150 mm in cressction and 300 mm in height. Since specimens
were in prismatic form, in order to ensure proper confinement, corners were rounded.
The corner radius of 37.5 mm, which corresponded to an MCR fat@£25, was
decided to be applied.

Specimens were tested in six groups as showiiainle 434. In the following

sections, results of each group were presented separ@idigdrical strength of
unconfined concrete was calcigdd as 16.3 MPa.
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Table 434 Summary of the 15 MPa prismatic specimens

Specimen Code Confinement f, (MPa) Type OVS/; lap rr:m G;\?gp g ((:)}f/cFI'(-as SL, % ng L:)tg;?rre
U15-S30037.5101 Unconfined 15 Prism 11 37.5 1
U15-S30637.5102 Unconfined 15 Prism 11 375 1
U15-S30037.5103 Unconfined 15 Prism 11 37.5 1
C15S30037.5101 CFRRConfined 15 Prism 11 375 1
C15S30037.5102 CFRRConfined 15 Prism 11 375 1
C15S30037.5103 CFRRConfined 15 Prism 11 375 1
U15-S30037.5201 Unconfined 15 Prism 11 37.5 2 200
U15-S30037.5202 Unconfined 15 Prism 11 375 2 200
C15S30037.5201 CFRRConfined 15 Prism 11 375 2 200
C15S30037.5202 CFRRConfined 15 Prism 11 375 2 200
U15-S30637.5301 Unconfined 15 Prism 11 375 3 200 40
U15-S30637.5302 Unconfined 15 Prism 11 375 3 200 40
C15S30037.5301 CFRRConfined 15 Prism 11 375 3 200 40
C15S30037.5302 CFRRConfined 15 Prism 11 375 3 200 40
C15S30037.5303 CFRRConfined 15 Prism 11 375 3 200 40
C15S30037.5401 CFRRConfined 15 Prism 11 375 4 40
C15S30037.5402 CFRRConfined 15 Prism 11 37.5 4 40
C15S30037.5501 CFRRConfined 15 Prism 11 375 5 200 wet
C15S300-37.5502 CFRRConfined 15 Prism 11 375 5 201 wet
C15S30037.5503 CFRRConfined 15 Prism 11 375 5 202 wet
C15S30037.5601 CFRRConfined 15 Prism 11 37.5 6 Yes
C15S30037.5602 CFRRConfined 15 Prism 11 375 6 Yes

4.4.1. Graup-1: Reference Specimens

Unconfined Specimens

Control specimens in this group were failed in columnar typgute 473).

Although failure types were the same, their axial ststig8n behaviors were
different from each othei{gure 474). The difference was mainly on the strength
values. The dispersion in the strength values was found to be 17.2% as presented in

Table 435. As compared to the cylindrical strength, from therage strength point
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of view, it can be said that strength of prismatic specimens in this group was almost
85% of the cylindrical strength.

(a) U15S300637.5101 (b) U15-S30037.5102 (c) U15S30037.5103

Figure 4.73. Failure types of unconfined prismatic specimens in Groud
(fee=15 MPa and r=37.5mm)
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Figure 4.74. Axial stressstrain diagrams of unconfined prismatic specimens in
Group-1 (fc.c=15 MPa and r=37.5mm)
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Table 435. Mechanical properties of unconfined prismatic specimens in
Group-1 (fcc=15 MPa and r=37.5 mm)

Specimen nkn MPa tr, E;, GPa
U15-S30037.5101 13.9 0.002 20.03
U15-S30037.5102 114 0.002 15.40
U15-S30037.5103 16.2 0.002 19.58

Ul5-G1-S37.5 13.8 0.002 18.34
COV, % 17.2 11.9

CFRP-Confined Specimens

Three CFRReconfined specimens wetssed as control specimens. Their failure types
were illustrated irFigure 475. Failures were due to the CFRP rupture close to the
end of the corner radius, which was the case in 10 MPa prismatic specimens with a
cornerradiusof 37.5 mm also. Furthermore, CFREptures were observed to extend

throughout the height of the specimen.

Axial stressstrain diagrams were plotted irigure 476. All specimens showed
almost the same behavior up toMPa; howe\er, after that point they diverged with

a different slope. Unlike that, the difference in strength and strain capacity was not so
significant. This can be seen Trable 436 more clearly. The OV for strength was
about 6% and fostrain about 10%. The main difference was at the second slope

where modulus of elasticity in second part was calculated.
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(a) C15S300637.5101 (b) C15-S30037.5102 (c) C15S300637.5103

Figure 4.75. Failure types of CFRP-confined prismatic specimens in Groupl
(fee=15 MPa and r=37.5mm)
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Figure 4.76. Axial stressstrain diagrams of CFRP-confined prismatic specimens

in Group-1 (f.e=15 MPa and r=37.5mm)
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Table 436. Mechanical properties of CFRRconfined prismatic specimens in
Group-1 (fcc=15 MPa and r=37.5 mm)

Specimen nHFMPa txrs E;,GPa E,,GPa EJE,
C15S300637.5101 30.9 0.022 19.52 0.47 41.5
C15S300637.5102 34.5 0.021 15.95 0.79 20.2
C15S300637.5103 34.6 0.025 1541 0.63 245

C15G1-S37.5 33.3 0.023 16.96 0.63 26.9

COV, % 6.2 9.8

4.4.2 Group-2: Specimens exposed to4€ Cycles

Unconfined Specimens

Two specimens were exposed to 200 heatimgling cycles. After exposure tests,
they were tested under uniaxial compression to determine the change in mechanical
properties. Both specimens sted almost the same behavior as seen from
Figure 478. The average strength was calculated as 11.6 (Wiale 4.37) which

was lower than the one in control specimens.

(a) U15S30037.5201 (b) U15-S30637.5202

Figure 4.77. Failure types of unconfined prismatic specimens in Grow2
(fco=15 MPa and r=37.5mm)
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Figure 4.78. Axial stressstrain diagrams of unconfined prismatic specimens in
Group-2 (fc.c=15 MPaand r=37.5mm)

Table 437. Mechanical properties of unconfined prismatic specimens in
Group-2 (fc.c=15 MPa and r=37.5 mm)

Specimen H-CCycles . .MPa tx. E;,GPa

U15-S30037.5201 200 11.3 0.002 17.84
U15-S30037.5202 200 11.9 0.002 14.96
U15-G2-S-37.5 11.6 0.002 16.40

CFRP-Confined Specimens

The effect of heatingcooling cycles on mechanical properties of CH®Rfined
concrete specimens wasudied in this group. As it is seen from tladlure types
given inFigure 479, specimens failed due to the CFRpture close to the end of
the corner radius and rupture was extended to the full heigh¢ specimen.
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From the axial stresstrain diagrams shown iRigure 480, it is seen that both
specimens behaved identical. This can be clearly seen from the collected mechanical
properties presented able 438. The average strength was calculated as 27.8 MPa
and straincorrespondindo this strength value was found to be 0.019. In modulus of
elasticity point of view, it an be seen that after reaching unconfined concrete
strength, modulus of elastigidropped to 0.57 GPa which was 34.6 times less than
the one calculated in first part.

e —
(a) C15S30037.5201 (b) C15-S30037.5202

Figure 4.79. Failure types of CFRRconfined prismatic specimens in Group2
(fco=15 MPa and r=37.5mm)
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Figure 4.80. Axial stressstrain diagrams of CFRP-confined prismatic specimens
in Group-2 (f.e=15 MPa and r=37.5mm)
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Table 438. Mechanical properties of CFRRconfined prismatic specimens in
Group-2 (fc.e=15 MPa and r=37.5 mm)

Specimen H-C Cycles nH%MPa trsn E;, GPa E,,GPa EJE;

C15S300637.5201 200 27.8 0.018 21.93 0.57 38.7
C15S300637.5202 200 27.8 0.019 17.33 0.57 30.7
C15G2-S37.5 27.8 0.019 19.63 0.57 34.6

4.4.3. Group3: Specimens Exposed to ¥ Cycles and SL

Unconfined Specimens

Failure types of the specimens, which were exposed to simultaneous exposure of
heatingcooling cycles and sustained loading were giverkFigure 481 and their

axial stressstrain behaviors were plotted Figure 482. Both specimens showed
similar behaviors. The average strength was evaluated as 13.2 MPa, which was
almost equal to the strength of control specimefable 439). Simultaneous
exposure seems to affebe strain capacity more, because strain capacity decreased
from 0.002 to 0.001. Actually, sustained loading was the cause of that decrease
because no apparent change was observed when specimens exposed to only heating

cooling cycles.

Table 439. Mechanical properties of unconfined prismatic specimens in
Group-3 (fc.e=15 MPa and r=37.5 mm)

Specimen H-C Cycles SL, % n%D.J\/lPa kL. E;, GPa

U15-S30037.5301 200 40 13.1 0.001 21.0
U15-S30037.5302 200 40 13.3 0.001 171
U15-G3-S-37.5 13.2 0.001 191

141



(a) U15S300637.5301 (b) U15-S30037.5302

Figure 481 Failure types of unconfined prismatic specimens in Grou{3
(fco=15 MPa and r=37.5mm)
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Figure 4.82. Axial stressstrain diagrams of unconfined prismatic specimens in
Group-3 (fc.c=15 MPa and r=37.5mm)

CFRP-Confined Specimens

Three CFRRconfined specimens were exposed to 200 heatiogjng cycles and
sustained loading level @4t After exposure tests they were tested under uniaxial
compression to determine the change in mechanical properties. Failure types were

presented irFigure 483. Failures were similar to the contrghecimensthey were
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due to the CFRP rupture close to the end of the corner radius. Axialsttans
diagrams were illustrated Figure 484 and mechaical properties were presented in
Table 440. From the table, the average was seen to be 29.3 MPa and corresponding

strain was found to be 0.009. In the table, slopes at the first and second part of the
curves were also provided.

(a) C15S30037.5301 (b) C15-S30637.5302 (c) C15S30037.5303

Figure 4.83. Failure types of CFRRconfined prismatic specimens in Group3
(feo=15 MPa and r=37.5mm)
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Figure 4.84. Axial stressstrain diagrams of CFRP-confined prismatic specimens

in Group-3 (f;.c=15 MPa and r=37.5mm)
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Table 440. Mechanical properties of CFRRconfined prismatic specimens in
Group-3 (fce=15 MPa and r=37.5 mm)

) H-C SL, E., E,,
Specimen ‘L gMPa  Exu EJ/E,
Cycles % rr T GPa GPa

C15S530637.5301 200 40 29.1 0.011 14.22 0.65 21.9

C155300637.5302 200 40 30.9 0.010 16.37 0.99 16.6

C15S530637.5303 200 40 27.8 0.006 17.63 0.63 27.9

C15G3-S-37.5 29.3 0.009 16.07 0.76 21.2
COV, % 5.2 27.4

4.4.4. Group4: Specimens Subjected to SL

CFRP-confined Specimens

In this group, two CFRIeonfined specimens were subjected to a sustained loading
level of 40% of their axial load capacity. They were kept under ambient thatitiom

for 530 days and then tested under uniaxial compression to determine the mechanical
behavior. After uniaxial compression test, it was observed that both specimens failed
due to CFRRupture close to the corner and the rupture extended to full thasgh
given inFigure 485.

Axial stressstrain behaviors of both specimens seem to be similar as illustrated in
Figure 486. They followed the same trend until failure. This similarity can be clearly
seen inTable 441. They almost had the same strength and experienced the same
strain. The average strength was calculated as 32.8 MPa and the confined concrete

strain was found as 0.019.
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(a) C15S30637.5401 (b) C15-S300637.5402

Figure 4.85. Failure types of CFRRConfined prismatic specimens in Group4
(fee=15 MPa and r=37.5mm)
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Figure 4.86. Axial stressstrain diagrams of CFRP-Confined prismatic
specimens inGroup-4 (f.,.=15 MPa and r=37.5mm)

Table 441. Mechanical properties of CFRRconfined prismatic specimens in
Group-4 (f.c=15 MPa and r=37.5 mm)

Specimen SL, % IHF MPa txa E;, GPa E,,GPa EJE;

C15S300637.5401 40 32.7 0.018 15.02 0.67 22.5
C15S30037.5402 40 33.0 0.020 12.30 0.61 20.0
C15G4-S37.5 32.8 0.019 13.66 0.64 21.3
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C15S30037.5401 was attached strain gages to determine thaen sdrstribution

along the circumferencd-igure 487). Three uniaxial strain gages were used at the
corners to record lateral strains and two triaxial rosette dial gages were placed at two
opposite faces to record both axial amadketal strains. The recorded values were
presented ifrigure 488 as the stresstrain diagrams. As it can be observed from the
figure, strains were almost uniform in this specimen. As for the ultimate strains
presented irFigure 489, the rupture strain wag.0084, whichwas the 56% of the
ultimate tensile strength of CFRP.
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provided by

tha manufacturer
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- —=
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Figure 4.88 Stressstrain behavior of C15S30637.5401
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Figure 4.89 Axial and lateral strain distributions in C15-S30037.5401

4.45. Group-5: Specimens kept in water and exposed to-B Cycles

CFRP-confined Specirans
Three specimens were kept in the water and exposed to 200 kil cycles in
the environmental test chamber. After the exposure test, they were uniaxially loaded

to failure to determine the mechanical properties.

Failure types were illustrated Figure 490. All specimens failed due to the CFRP
rupture close to the corner. The axial str&sain behaviors were presented
Figure 491 As it is seen, specimens showed almost the same behdvie
difference in the mechanical properties can be se&alite 442. From the table it is
concluded that, the average strength was 26.1 MPa witd\a @ 4.3%. Secant
modulus of elasticity K;) values differed too much for laspecimens. However,
considering the average behavior it can be said that axial -strags behavior
started with a slope of 15.8 GPa in the first part and ended with a slope of 0.62 in the

second part.
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(a) C15S30037.5501 (b) C15-S300375-502 (c) C15S300637.5503

Figure 4.90. Failure types of CFRRConfined prismatic specimens in Grougb
(fco=15 MPa and r=37.5mm)
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Figure 491. Axial stressstrain diagrams of CFRP-Confined prismatic

specimens in Group5 (fc.c.=15 MPa and r=37.5mm)
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Table 442. Mechanical properties of CFRRconfined prismatic specimens in
Group-5 (fc.c=15 MPa and r=37.5 mm)

Specimen B MPa 1. E;,GPa E,,GPa EJE,
C15530037.5501  26.4 0.021 9.64 051 191
C15530037.5502 27.0 0.016 21.94 076 289
C15530037.5503 249 0016 1581 061  26.0

C15G5-5-37.5 26.1 0018 1580 062 25.3

CoV, % 43 183

4.4.6 Group-6: Specimens subjected to outdoor exposure

CFRP-confined Specimens

In order to understand the effect of outdoor exposure two specimens were placed at
the outside of the laboratory and kept under environmental exposure for 530 days.
After the exposte test, they were tested under uniaxial compression. The failure
types shown irFigure 492 were in CFRP rupture close to the corner. Since two
specimens experienced the same failure characteristic, their axial-sste@ss
behaiors were seen to be identical as illustratedrigure 493. The collected and
summarized mechanical properties were presentdélite 4.43 As it can be seen

from the table, the average strength was 30.5 MPa and the aveaagevas 0.018.
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(a) C15S300637.5601 (b) C15-S30037.5602

Figure 4.92. Failure types of CFRRconfined prismatic specimens in Groupo
(fee=15 MPa and r=37.5mm)
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Figure 493. Axial stressstrain diagrams of CFRP-confined prismatic specimens
in Group-6 (f;o=15 MPa and r=37.5mm)

Table 443. Mechanical properties of CFRRconfined prismatic specimens in
Group-6 (fc.c=15 MPa and r=37.5 mm)

Specimen nHF MPa t% AL E,, GPa E,, GPa Ei/E,
C15S30037.5601 30.5 0.016 26.65 0.70 38.3
C15S30037.5602 30.6 0.020 20.00 0.50 39.7

C15G6-S37.5 30.5 0.018 23.32 0.60 38.9
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4.5 CONCRETE SPECIMENS HAVING 20 MPa STRENGTH

In this part, the main aim was to umskand the effect of exposure tests on the
mechanical behavior of CFR#onfined concrete specimens having 20 MPa strength,
which was the minimum value for strengthening provided by the Turkish Earthquake
Code 2007. The other aim was to determine the difiez in the behavior when the
strength of unconfined concrete increased to 20 NMe@ato determine the effect of

unconfined concrete strength on the behasfidFRRconfined specimens.

Both cylindrical and prismatic specimens were tested in thisapdrthe results were
presented separately in the following sections.

4.5.1. Cylindrical Specimens

Cylindrical specimens were tested in three groups, i.e., specimens belonged to
Groupl, Group 2 and Group 3, as showrTable 444.

151



Table 444 Summary of the 20 MPa cylindrical specimens

Specimen Code Confinement f,(MPa)  Type Ovoe/;lap G;\?é’p #c(;fctsc SL, % ng lgg;?:e
U20-C300101 Unconfined 20 Cylinder 11 1

U20-C300-102 Unconfined 20 Cylinder 11 1

C20-C300101 CFRRConfined 20 Cylinder 11 1

C20-C300102 CFRRConfined 20 Cylinder 11 1

C20-C300103 CFRRConfined 20 Cylinder 11 1

U20-C300201 Unconfined 20 Cylinder 11 2 200
U20-C300-202 Unconfined 20 Cylinder 11 2 200
U20-C300203 Unconfined 20 Cylinder 11 2 200
C20-C300201 CFRRConfined 20 Cylinder 11 2 200
C20-C300202 CFRRConfined 20 Cylinder 11 2 200
C20-C300203 CFRRConfined 20 Cylinder 11 2 200
C20-C300204 CFRRConfined 20 Cylinder 11 2 200
C20-C300301 CFRRConfined 20 Cylinder 11 3 200 40
C20-C300-302 CFRRConfined 20 Cylinder 11 3 200 40
C20-C300303 CFRRConfined 20 Cylinder 11 3 200 40
C20-C300-304 CFRRConfined 20 Cylinder 11 3 200 40
C20-C300-305 CFRRConfined 20 Cylinder 11 3 200 40
C20-C300-306 CFRRConfined 20 Cylinder 11 3 200 40
C20-C300307 CFRRConfined 20 Cylinder 11 3 200 40
C20-C300-308 CFRRConfined 20 Cylinder 11 3 200 40
C20-C300:309 CFRRConfined 20 Cylinder 11 3 200 40
C20-C300310 CFRRConfined 20 Cylinder 11 3 200 40
C20-C300311 CFRRConfined 20 Cylinder 11 3 200 40

4.5.1.1 Groupl: Reference Specimens

Unconfined Specimens

Three unconfined specimens were used as reference specimens.h8idegat for

one of the specimen was not meaningful, it was discarded. After the axial
compression test, it was found that the average strength was 20.8 MPa and average

strain corresponding to strength was 0.003 as showigure 494 andTable 445.
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Table 445. Mechanical properties of unconfined cylindrical specimens in
Group-1 (f.c=20 MPa)

Specimen k.. MPa k1. E;,GPa
U20-C300101 21.4 0.003 17.09
U20-C300102 20.2 0.003 18.52

U20-G1-C 20.8 0.003 17.80
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Figure 4.94. Axial stressstrain diagrams of unconfined cylindrical specimens in
Group-1 (f.c=20 MPa)

CFRP-Confined Specimens

In this group,seven specimens were tested. First four specimens were experienced
lower confined concrete strain. The reason was attributed to the problem in dial gage.
Afterwards, three additional specimens were prepared to be used as reference
specimens. The dial gageas renewed. It was found that new specimens behaved
quite well and the recorded strains were meaningful. Therefore, only three successful

speamens were presented below.
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All three specimens were failed due to CFRP rupture. Ruptures were found to occur
at the midheight of the specimens as showirigure 495. Like the rupture type,

they also experienced the same behavior as givéigire 496. The similarity can

be seen clearly ifable 446 in which mechanical properties were summarized. The
average strength was calculated as 47.5 MPa with Qv ©f 2.8%. The
correspondingtrain wasound to be 0.035 with a@V of 9.9%. As for the slope of

the curves, it can be said that ces\started with a slope of 19 GPa (secant modulus

of elasticity) in the first part and this slope dropped gradually afterwards. In the
second part of the curve, the decrease in the slope reached to 25 times and curve
continued with almost the same sloper@GPa) until failure.

(a) C20.C300-101 (b) C20-C300-102 (c) C20-C300-103

Figure 4.95. Failure types of CFRRconfined cylindrical specimens in Groupl
(fco=20 MPa)
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Figure 4.96. Axial stressstrain diagrams of CFRP-confined cylindrical

specimens in Groupl (f.,.=20 MPa)

Table 446. Mechanical properties of CFRRconfined cylindrical specimens in
Group-1 (fc.c=20 MPa)

Specimen ‘HFMPa trs E;,GPa E,,GPa EyE,
C20C300101 48.7 0.039 17.53 0.69 25.4
C20C300102 47.8 0.034 18.54 0.79 23.5
C20C300103 46.0 0.033 20.82 0.76 27.6

C20-G1-C 47.5 0.035 18.97 0.75 25.4

COV, % 2.8 9.9

4.5.1.2. Group2: Specimes Exposed to HC Cycles

Unconfined Specimens

Three unconfined specimens were exposed to 200 headolmpg cycles. Their
behaviors after the exposure test were illustratedFigure 497 and mechanical
propertieswere summarized iTable 447. It can be seen from the table that, the

average strength was 20.6 MPa and the corresponding strain was 0.003.
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Table 447. Mechanical properties of unconfned cylindrical specimens in
Group-2 (fc.c=20 MPa)

Specimen  H-C Cycles ‘Fu MPa 1. E;,GPa

U20-C300201 200 21.0 0003 15.76
U20-C300-202 200 21.6  0.003 34.96
U20-C300-203 200 19.2  0.003 14.25
U20-G2-C 20.6 0.003 21.66
COV, % 6.2 9.2
25
&0 et pmEmes
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& 74
5197 7 2 U20-C300201
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0 —U20G2C
0  0.002 0004 0006 0.008 001
Axial Strain

Figure 497. Axial stressstrain diagrams of unconfined cylindrical specimens in
Group-2 (fc.c=20 MPa)

CFRP-Confined Specimens

Four specimens were utilized to determine the effect of heatinling cycles on the
mechaircal properties of CFRonfined specimens. IRigure 498, it can be seen
that all specimens except GEXB0O0-201 failed due to the CFRP rupture at the
midheight. In C26C300201, delamination was also observed in addition to the

CFRP rupture. The difference in the failure type resulted in a reduced strength and
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strain capacities. Since the reduction was not so different, this specimen was not
discarded and taken into account in the compariBmure 499 illustrates the axial
stressaxial strain behaviors of all specimens. From the figure, it can be seen that
behaviors were almost identical. Mechanical properties of all specimens were
tabulated inTable 4.48. In the table there also prowd the average properties. It can

be said that, average strength was 47.3 MPa, average strain was 0.033 when the
specimens exposed to heaticmpling cycles.

r

(a) C20.C300-201 (b) C20-C300-202 (c) C20-C300-203 (d) C20-C300-204

Figure 4.98. Failure types of CFRRconfined cylindrical specimens in Group2
(fce=20 MPa)
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Figure 4.99. Axial stressstrain diagrams of CFRP-confined cylindrical

specimens in Group2 (f..=20 MPa)
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Table 448. Mechanical properties of CFRRconfined cylindrical specimens in

Group-2 (fc.c=20 MPa)

Specimen CHy;(;S B..MPa ti. Ei, GPa E,,GPa EJE,
C20C300201 200 446 0028 1312 085 154
C20C300202 200 466 0031 1841 077 240
C20C300203 200 493 0036 1650 075  21.9
C20C300204 200 486 0037 1657 076 217

C20G2-C 473 0033 1615 078 206

oV, % 45 117

4.5.1.3. Group3: Specimens Exposed to-8 Cycles and SL

CFRP-Confined Specimens

In order to determine the change in the behavior of GE&Rined specimens

subjected to simultaneous exposure of heatmjing cycles and sustained loading,

eleven specimens were prepared and tested. Among those specimens, only three of

them failed in a des¢éd manner, which was the CFRP rupture at the midheight of the
specimens. As it is seen froRigure 4100 some specimens failed due to CFRP

delamination and some failed due to CFRP rupture apart from the midheight. Those

undesiredfailures resulted in an unreliable behavior as illustrateBigure 4101

Either strength or strain or both strength and strain were treated as wrong. As it is

seen from the figure, delamination resulted in a reduced streagtcity while

undesired

CFRP

rupture

resul

t ed

n

a

red:

data were not reliable, they were discarded. Apart from those specimens, some

specimens failed due to CFRP rupture in a desired manner however; becawse of th

problem in test setup, their data was addiminated. Thereliable specimens were

presented inFigure 4102 As it can be seen, all specimens failed due to CFRP

rupture at midheight. The failure type influenced the axial ss&am diagram as
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given inFigure 4103 For all specimens, axial stresigain diagram composed of a
clear first part and a clear second part. The avectages wasalso provided in the
same figure. In addition to the curves, ahanical properties were tabulated and
presented iMable 449. From the table, it can be seen that in this group specimens

had an average strength of 48 MPa and an average strain of 0.028.

(a) C20C300-302 (b) C20-C300-309 (c) C20-C300-311

Figure 4100 Undesired failure types of CFRPconfined cylindrical specimens in

Group-3 (fc.c=20 MPa)

50
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£ -- ---C20C300301
220 | — C26C306302
x W/ - C20C3006304

10 --C206C300309

0 --C20C300311
0 001 002 003 004 005

Axial Strain

Figure 4101 Effect of undesired failure types on the axial stresaxial strain

diagrams
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(a) C20-C300-307 (b) C20-C300-308 (c) C20-C300-310

Figure 4.102 Desired failure types of CFRPconfined cylindrical specimens in
Group-3 (fc.c=20 MPa)
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Figure 4103 Axial stressstrain diagrams of CFRP-confined cylindrical

specimens in Group3 (f..=20 MPa)
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Table 449. Mechanical properties of CFRRconfined cylindrical specimens in
Group-3 (fc.c=20 MPa)

Specimen  SL% B MPa ti4 E;, GPa E,, GPa EJE;

C20-C300307 40 200 48.3 0.024 22.38 0.83 26.9
C20-C300308 40 200 46.2 0.029 13.12 0.73 18.0
C20C300310 40 200 49.5 0.031 14.96 0.79 18.9
C20-G3-C 48.0 0.028 16.82 0.78 215
COV, % 3.5 12.2

4.5.2. Prismatic Specimens

In order to understand the effect of heatowgling cycles and/or sustained loading

on the mechanical properties of CFR&hfined specimens which had an unconfined
strength of 20 MPa, prismatic specimens were prepared and testedeirytbups,

i.e., specimens belonged to Group 1, Group 2 and Group 3. Specimens had a corner
radius of 37.5 mm, which corresponded to an MCR factor of 0.19. Since MCR factor
was greater than 0.15, which was the lower value to ensure proper confinement, it

was believed that all specimens would be effectively confined.

Cylinder strength of this set was found as 27.9 MPa. In the following sections, results

of each group were presented separately.
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Table 450 Summary of the 20MPa prismatic specimens

Specimen Code  Confinement f,(MPa) Type OVS/; lap rr:m G;\?gp g (%f/c'?és SL, % ng L:)tg;):j)rre

U20-S30037.5101 Unconfined 20 Prism 11 375 1

U20-S30037.5102 Unconfined 20 Prism 11 37.5 1

C20-S30037.5101 CFRPRConfined 20 Prism 11 37.5 1

C20-S30037.5102 CFRRConfined 20 Prism 11 375 1

C20-S30037.5201 CFRRConfined 20 Prism 11 375 2 200

C20-S30037.5202 CFRRConfined 20 Prism 11 37.5 2 200

C20-S300637.5301 CFRRConfined 20 Prism 11 375 3 200 40
C20-S30037.5302 CFRRConfined 20 Prism 11 375 3 200 40
C20-S30037.5303 CFRRConfined 20 Prism 11 375 3 200 40

4.5.2.1 Groupl: Reference Specimens

Unconfined Specimens

Two unconfined specimens were usesl raference. Those specimens were not
subjected to exposure tests. However, they were tested after the end of exposure
tests. Axial stresstrain behaviors of unconfined reference specimens were plotted in
Figure 4104 and mechanical properties were providedrable 4.51. As it is seen

from the table, the average strength was found as 21.7 MPa, which was 78% of the

cylinder strength.
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Figure 4.104. Axial stressstrain diagrams of unconfined prismatic specimens in
Group-1 (f..=20 MPa)

Table 451. Mechanical properties of unconfined prismatic specimens in
Group-1 (f..=20 MPa)

Specimen B. MPa ti. E,, GPa
U20-S30637.5101 22.6 0.002 23.92
U20-S30337.5102 20.7 0.001 24.12

U20-G1-S-37.5 21.7 0.002 24.02

CFRP-Confined Specimens

In this group, two specimens wrapped with one layer of CFRP and used as reference
specimens. They were kept idsithe laboratory without any exposures. After the
completion of exposure tests, which were the case in other groups, they were tested
under uniaxial compression. Failure types were observed to be CFRP rupture close to
the corner as seen Kigure 4105 Failures were at the end of the curvature at the

corner. Axial stresstrain diagrams were plotted Figure 4106 and mechanical
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properties were summarized Treble 4.52. Figure 4106 shows that, behaviors of
both specimens differed from each other. Although strain capacities were close to

each other, strength difference was quite high.

< -l
-

(a) C20-S30037.5101 (b) C20-S30037.5102

Figure 4.105 Failure types of CFRRconfined prismatic specimens in Groupl
(fce=20 MPa)

Table 452. Mechanical properties of CFRRconfined prismatic specimens in
Group-1 (f.,.=20 MPa)

Specimen nHF MPa i=_=|”|= L E,, GPa E,,GPa EiE,
C20-S30037.5101 374 0.012 25.74 1.02 25.3
C20-S30037.5102 44.2 0.010 28.50 1.84 15.5

C20-G1-S$37.5 40.8 0.011 27.12 1.43 19.0
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Figure 4.106. Axial stressstrain diagrams of CFRP-confined prismatic

specimens in Groupl (f.,.=20 MPa)

4.5.2.2 Group2: Specimens Exposed to-8 Cycles

CFRP-Confined Specimens

Two CFRRconfined specimens were exposed to 200 heatadjng g/cles in order

to understand the change in mechanical properties. As it is seerrigone 4107,

failure patterns were not affected by the exposure. As the ones observed in reference
specimens, failures were dtee CFRP rupture close to the corner. Rupture extended

to full height as well.

Figure 4108 illustrates the axial stresial strain diagrams of both specimens as
well as the average curve. No difference was mMesk in the behavior. Both
specimens behaved almost the same. However, slight differences can be seen in
Table 453. The average strength was calculated as 41.5 MPa and average strain was
found as 0.011. The ratif the slope in first part to the slope in the second part was
evaluated as 21.3, which was almost equal to the ones calculated for reference

specimens.

165



SRR CTEa

g

(a) C20S300637.5201 (b) C20-S30037.5202

Figure 4.107. Failure types of CFRRconfined prismatic specimens in Groug2
(fee=20 MPa)
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Figure 4.108 Axial stressstrain diagrams of CFRP-confined prismatic

specimens in Group2 (f.,.=20 MPa)

Table 453. Mechanicalproperties of CFRP-confined prismatic specimens in
Group-2 (f.c.=20 MPa)

_ H-C

Specimen Cycles B..MPa ti. E,,GPa E;,GPa EJE,
C20-S30037.5201 200 425 0.012 27.38 1.22 224
C20-S30037.5202 200 40.5 0.010 25.34 1.25 203

C20-G2-S-37.5 41.5 0.011 26.36 1.24 21.3
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4.5.2.3 Group3: Specimens Exposed to-8 Cycles and SL

CFRP-Confined Specimens

In order to determine the effect of simultaneous exposure of heatolmg cycles

(H-C cycles) and sustained loading, three specimens wepp®davith ondayer of

CFRP and placed in environmental test chamber. They were loaded to 40% of their
axial load capacity. After reaching 200G cycles, exposure test was completed and
specimens were tested under uniaxial compressigure 4109 shows the failure
types after the uniaxial compression test. The first and the third specimens failed due
to CFRP rupture extending to full height, which was the desired failure type.
However, although second specimen2@S30037.5302) failed due to CFRP
rupture, rupture did not extend to full height. Besides, rupture was not seen at the
midheight either. Therefore, since this type of failure affected the behavior, second

specimen was discarded.

Axial stressstrain dagrams for two specimens were providedrigure 4110. As it

can be seen, both specimens behaved almost the same. The similarity was clear in
Table 454. Both specimensdd strength of 37 MPa. Confined concrete strain and
slope of the curves were also identical.

(b) C20-S30637.5302 (c) C20:S30637.5303

Figure 4.109 Failure types of CFRRconfined prismatic specimens in Group3
(fco=20 MPa)
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Figure 4.110. Axial stressstrain diagrams of CFRP-confined prismatic

specimens in Group3 (f.,.=20 MPa)

Table 454. Mechanical properties of CFRRconfined prismatic specimens in
Group-3 (fc.c=20 MPa)

H-C
Specimen SL, % vl nH%MPa t%HF E,, GPa E,, GPa E,E,
ycles

C20-S30637.5301 40 200 37.0 0.007 25.13 1.70 14.8
C20-S30637.5303 40 200 37.4 0.007 26.40 1.66 15.9

C20-G3-S-37.5 37.2 0.007 25.76 1.68 15.3

C20-S30037.5303 was attached additional gages talgtilhe axial and lateral strain

distributions.Figure 4111 shows the locations of each gage. From the figure, it can

be seen that, two uniaxial strain gages for the lateral strains at the corners and four

triaxial strain gages for the axial and lateral strains at the sides were utilized. As a

result, six strain gages were used to record lateral strains and four strain gages plus

two dial gages were utilized two record axial strains. During the test, two strain

gages (at sides B and C) which were used to record axial strains broke out.
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As it is seen fronFigure 4113 stressstrain diagrams were plotted for each part of
the specimen. Axial strains were seen to be highahetfailure zone. At this
location, however, lateral strains were lower as compared to other locations. If the
figure was carefully studied, it could be seen that strain gage at this zone (gage 108)
was not able to record reliable strains after reachirigMBa. The other strain gage
close to this zone (gage 101) experienced the higher lateral strain. Strain distribution
along the circumference can be clearly seenFigure 4112 Lateral strain

distribution was olerved to be almost uniform except at the failure zone.

6‘1)4 113
10 108
102 104 106 |107

Overlag Location

A B C

Figure 4111 Schematic view of the gages used in CEB0037.5303

Figure 4.112 Axial and lateral strain distributions in C20-S30037.5303
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