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AXIAL BEHAVIOR OF HIGH PERFORMANCE FIBER REINFORCED 

CEMENTITIOUS COMPOSITES WRAPPED BY FRP SHEETS 

 

 

SUMMARY  

It is well established that external confinement of concrete with fiber reinforced 

polymer (FRP) jackets results in significant improvements of the axial and dilation 

performance of concrete. To reduce the brittleness of the concrete we can change 

both the mixture and confinement type. The aim of this study is to make it clear that 

if  the use of HPFRCC confined by Carbon Fiber Reinforced Polymer (CFRP) sheets 

can exhibit a strain-hardening character versus the plain concrete or not. Therefore, 

to research this behavior, an experimental study has been carried out. Circular and 

square cross-sectional specimens were cast at once. In this study, experimental 

results, obtained for the concrete specimens wrapped by various thicknesses of CFRP 

jackets, are presented. Thicknesses of the CFRP sheets were 2-4-6-8 and 10 plies for 

circular specimens and 2-8-10 for non-circular. All confinements had an overlap of 

150 mm. Thirty specimens with circular cross-section, 19 specimens with square 

cross-section were included into the testing program. Concentric compression tests 

were carried out on specimens with circular, square cross-sections wrapped by CFRP 

jackets. After a while, end zones of the specimens were retrofitted by 5 cm width and 

three plies of CFRP bands to move the damage to the mid-height of the specimens. 

All confinements were done by hand. All of the specimens during the study had the 

same height of 300 mm and different aspect ratios. The sizes of the cross-sections 

were; 150*300 mm for the circulars and 150*150*300 mm for the squares with a 

rounding radius of 25 mm on the edges of the each specimen. Concentric 

compressive loads were applied on the specimens by using an Instron universal 

testing machine with the capacity of 5000 kN. Lateral strains were measured at mid-

height by surface strain gauges with the gauge length of about 150 mm for all 

specimens. For measuring the vertical strains, LVDTs were used. Load was applied 

0.6 mm per minute (TS EN 12390-3) and test was displacement controlled. For 

measurements of average axial strains for different gauge lengths, displacement 

transducers were used. For specimens with circular cross-section, two strain gauges 

with the gauge length of 60 mm (PL60) and two transducers with the gauge length of 

25 mm (LVDT25) were used. For non-circular specimens, four transducers with the 

gauge length of 25 mm (LVDT25) were used to measure the vertical strains that 

were placed to the corners of the specimens. 
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Y¦KSEK PERFORMANSLI, CELĶK LĶF TAKVĶYELĶ, LĶFLĶ 

POLĶMERLER ĶLE SARGILANMIķ, CĶMENTO ESASLI 

KOMPOZĶTLERĶN EKSENEL Y¦KLER ALTINDA DAVRANIķI 

 

¥ZET 

Ge­miĸte 1960ôlē yēllarda eriĸilebilen en y¿ksek beton basēnc dayanēmē 15ï25 MPa 

arasēnda iken 1970ôli yēllarda y¿ksek katlē yapēlarda kolon y¿klerinin temele 

aktarēlabilmesi i­in 40ï50 MPa beton basēn­ dayanēmlarēna ulaĸēlmēĸtēr. Zaman 

i­erisinde dayanēmlarē artan bu betonlara y¿ksek dayanēmlē beton adē verilmiĸ ve yol, 

kºpr¿, liman yapēsē vb. uygulamalarda kullanēlmaya baĸlanmēĸtēr. Betondaki 

dayanēm artēĸēna paralel olarak zaman i­erisinde su/­imento oranēnda da d¿ĸ¿ĸ 

ger­ekleĸmiĸtir. 1950ôli yēllarda su/­imento oranē 0.60ï0.70 aralēĵēnda deĵiĸirken 

1970ôli yēllarda akēĸkanlaĸtērēcēlarēn devreye girmesi ile bu aralēk 0.40ï0.55ôe 

d¿ĸm¿ĸ, 1980 ve 1990ôlē yēllarda ise s¿per akēĸkanlaĸtērēcēlar sayesinde sºz konusu 

su/­imento oranē 0.25ï0.35 aralēĵēna inmiĸtir. T¿m bunlarla birlikte 1980ôli yēllardan 

sonra ultra ince mineral katkē olan silis dumanēnēn beton i­erisinde kullanēmēnēn 

yaygēnlaĸmasē ile dayanēmlarda ­ok y¿ksek artēĸlar saĵlanmēĸtēr. Daha sonra 

su/­imento oranēnēn 0.20ônin altēna d¿ĸ¿r¿lmesi ile yeni kuĸak 

s¿perakēĸkanlaĸtērēcēlar, kēsa kesilmiĸ y¿ksek dayanēmlē ­elik teller ve sēcak su k¿r¿ 

ve basēn­lē su buharē kullanarak beton basēn­ dayanēmlarē 200 MPaôēn ¿zerine 

­ēkarēlmēĸtēr. T¿m bunlarla birlikte yeni beton teknolojileri g¿ndeme gelmeye 

baĸlamēĸtēr. 

 

Daha y¿ksek yapēlarēn, daha uzun a­ēklēklē kºpr¿lerin yapēlmaya ihtiya­ duyulmasē 

nedeniyle Y¿ksek Dayanēmlē Betonlar (YDB) tasarlanarak kesitler k¿­¿lt¿lmeye ve 

ekonomi saĵlanmaya ­alēĸēlmēĸtēr. Betonlarda sadece dayanēmēn yeterli olmayacaĵē 

d¿ĸ¿ncesi, performansa baĵlē tasarēmē ve buna uyumlu olarak durabilite koĸulunu da 

saĵlayan Y¿ksek Performanslē Betonlarēn (YPB) ¿retilmesine yol a­mēĸtēr. Dayanēm 

artēĸēna neden olan d¿ĸ¿k su/­imento oranē s¿nekliĵin azalmasēna neden olmuĸ ve 

betondaki en ºnemli sorun olan gevrekliĵi arttērmēĸtēr. Bir­ok araĸtērmacē tarafēndan 

yapēlan ­alēĸmalarda, bu olumsuzluk, beton karēĸēmēnēn i­ine lifler katēlarak 

giderilmeye ­alēĸēlmēĸtēr. Bºylece; Lif Donatēlē ¢imento Esaslē Kompozit (FRCC), 

Lif Donatēlē Beton (FRC), Lif Donatēlē Har­ (FRM), S¿nek Lif Donatēlē ¢imento 

Esaslē Kompozit (DFRCC), Y¿ksek Performanslē Lif Donatēlē ¢imento Esaslē 

Kompozit (HPFRCC), Y¿ksek Oranda Aĵ ķeklinde ¢elik Tel Ķ­eren ¢imento 

Bulamacē (SIMCON), Y¿ksek Oranda Kēsa Kesilmiĸ ¢elik Tel Ķ­eren ¢imento 

Bulamacē (SIFCON), Reaktif Pudra Betonu (RPC) ve Tasarlanmēĸ ¢imento Esaslē 

Kompozit (ECC) gibi yeni malzemeler geliĸtirilmiĸtir (Taĸdemir vd., 2004). Bu 

sorunu ­ºzmek ¿zere ­atlaklarē kontrol edip, betonun deformasyon ºzelliĵini 

arttērmak ¿zere betonlara ­ekme dayanēmēnē almak ¿zere fiberler eklenmeye 
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baĸlanmēĸtēr. Bu da ¢imento Esaslē Kompozitler kavramēnē ortaya ­ēkarmēĸtēr. 

Su/­imento oranē 0.35 ten k¿­¿k, hacimce %3ô¿n altēnda ­elik tel i­eren ve dayanēmē 

70 MPa óē ge­en kompozitlere Y¿ksek Performanslē ¢imento Esaslē Kompozitler 

denir. Hacimce d¿ĸ¿k oranda ­elik lif i­ermesi nedeniyle, normal betona yakēn bir 

gevrek davranēĸ gºsterdiĵi kaydedilmiĸtir. ¢alēĸmada kullanēlan kompozit, hacimce 

%1 oranēnda ­elik lif i­erdiĵinden yeterince s¿nek davranēĸ gºstermediĵi gºzlenmiĸ 

ve gerekli bu s¿neklik artēĸēnēn, CFRP sargēlama ile yapēlēp yapēlamayacaĵē 

araĸtērēlmēĸtēr. Yapē teknolojisi konusunda ­ok ileri gidilen g¿n¿m¿zde; emniyet, 

estetik ve ekonomi ile birlikte yeni bir kavram ortaya ­ēkmēĸtēr, hēz! Birbiriyle ve 

kendileriyle yarēĸ i­inde olan g¿n¿m¿z m¿hendisleri, yapēm hēzēna olduk­a ºnem 

vermek durumundadēr. Pratik ­ºz¿mler ¿retmek, iĸ­ilik hatalarē ve malzeme 

kusurlarēnē minimuma indirgemek ve bu ĸekilde yapēm hēzēnē arttērmak, ºn-dºk¿ml¿ 

elemanlar kullanēlarak ger­ekleĸtirilebilir. Bu teknoloji; bir­ok avantajēnēn yanē sēra, 

taĸēma ve dºk¿m konusunda dezavantaja sahip olan HPFRCC elemanlarēn ºn-

dºk¿ml¿ ¿retilerek kullanēlmasēna olanak saĵlamaktadēr. Betonun dayanēmla birlikte 

deformasyonunu da arttērmak ¿zere geliĸtirilmiĸ Lifli Polimerlerle G¿­lendirme 

tekniĵi g¿n¿m¿z inĸaat d¿nyasēnēn pop¿ler ­alēĸma konularēndandēr. Bu anlamda 

ĶT¦ Yapē ve Deprem Laboratuarēnda bir­ok ­alēĸma yapēlmēĸ, uluslararasē camiada 

kabul gºrm¿ĸ bir­ok olumlu sonuca ulaĸēlmēĸtēr. Y¿ksek performanslē ­imento esaslē 

kompozit numuneler deneylerde hi­ kullanēlmamēĸtēr. Bu ºngºr¿ler ēĸēĵēnda, 

ortalama 116 MPa basēn­ dayanēmēna sahip Y¿ksek Performanslē ¢imento Esaslē 

Kompozitler, ĶSTON tesislerinde imal edilmiĸtir. Silindir ve kare kesitli numunelerde 

saĵlanan dayanēm ve s¿neklik artēĸlarē kēyaslanmak suretiyle bir sonuca varēlmaya 

­alēĸēlmēĸtēr. Bu anlamda toplam 30 silindir ve 19 kare kesitli numuneden meydana 

gelen bir deney seti oluĸturulmuĸtur. Kullanēlan LP kat sayēsē bir parametre olarak 

se­ilmiĸ ve her kesit i­in deĵiĸtirilerek gºz ºn¿nde bulundurulmuĸtur. Silindir kesitli 

numuneler 2-4-6-8 ve 10 kat sargēlanērken, kare kesitli numuneler 2-8 ve 10 kat 

sargēlanmēĸtēr. Her numune t¿r¿ i­in sargēlanmamēĸ beton numuneler hazērlanmēĸ ve 

basēn­ deneyleri yapēlarak sargēsēz beton davranēĸē tespit edilmiĸtir. Elde edilen 

referans deney sonu­larē ēĸēĵēnda, sargēlama sonrasē davranēĸ gºzlenmiĸtir. Her 

numune t¿r¿ i­in, numune kenarlarēnda 25 mm yarē­apēnda kºĸe yuvarlatmasē teĸkil 

edilerek bu bºlgelerde gerilme yēĵēlmalarē engellenmeye ­alēĸēlmēĸtēr. Sēyrēlmayē 

engellemek amacēyla her sargēlama i­in 150 mm bindirme boyu teĸkil edilmiĸtir. 

T¿m sargēlamalar elle yapēlmēĸ, mekanik bir sargēlama yºntemi kullanēlmamēĸtēr. 

¢alēĸma sonucunda, Y¿ksek Performanslē Kompozitler i­in LP ile sargēlama yoluyla 

s¿neklik artēĸē kaydedilmiĸtir. Silindir ve kare kesitli numunelerde, CFRP sargēlama 

sonucunda, dayanēm ve s¿neklik anlamēnda farklē artēĸlar kaydedilmiĸtir. Silindir 

kesitli numunelerde artēĸ oranē daha fazlayken, kare kesitli numunelerde bu artēĸ 

oranēnēn daha az olduĵu gºzlenmiĸtir. Her iki kesit t¿r¿ i­in, ĸekildeĵiĸtirmeye 

kēyasla, dayanēmda ciddi bir artēĸ olmadēĵē gºzlenmiĸtir. Birbirinden farklē sargēlē 

beton modelleri i­in bir analitik ­alēĸma hazērlanmēĸ ve neticesinde ºngºr¿ld¿ĵ¿ gibi, 

normal beton i­in isabetli tahminler yapan modellerin, ­alēĸma konusunda yeterince 

baĸarē kaydedemedikleri gºzlenmiĸtir. Y¿ksek performanslē ­imento esaslē 

kompozitlerin, sargēlama sonucu kaydettiĵi dayanēm ve ĸekildeĵiĸtirme artēĸlarēnē 

tahmin etmek ¿zere yeni bir model geliĸtirilmesinin gereĵi ortaya konmuĸtur. 

Yapēlan ­alēĸma ile LP sargēlē y¿ksek performanslē ­imento esaslē kompozitlerin 

deprem durumundaki davranēĸēnēn anlaĸēlmasē ve tasarēm i­in yeni modeller 

geliĸtirilmesinde yardēmcē olunacaĵē d¿ĸ¿n¿lmektedir.  
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1. INTRODUCTION  

Concrete is by far the most important building material and its consumption is 

increasing in all countries and regions in our globe. The reasons are multiple: its 

components are available everywhere and relatively inexpensive, its production may 

be relatively simple, its application covers large variety of building and civil 

infrastructure works.  Moreover, since around 30 years, its development has gone in 

new directions: high performance concretes (HPC) and high performance 

cementitious composites. This new kind of building materials are defined as a 

concrete in which certain characteristics are developed for a particular application 

and environment; these characteristics are not only strength, but also improved 

durability, increased resistance to various external agents, high rate of hardening, 

better aspect, etc. The only disadvantage of concrete is its brittleness, i.e. relatively 

low tensile strength and poor resistance to crack opening and propagation. In the 

development of concrete-like materials, the reinforcement with dispersed fibers plays 

an important role. Since Biblical times, approximately 3500 years ago, brittle 

building materials, e.g. clay sun baked bricks, were reinforced with horsehair, straw 

and other vegetable fibers. The concept of fiber reinforcement was developed in 

modern times and brittle cement-based paste was reinforced with asbestos fibers 

when in about 1900 the so-called Hatschek technology was invented for production 

of plates for roofing, pipes, etc. Later, glass fibers were proposed for reinforcement 

of cement paste and mortar by Biryukovichs [1]. The ordinary E-glass fibers are not 

resistant and durable in highly alkaline Portland cement paste and Majumdar and 

Ryder [2] invented the alkali-resistant (AR) glass fibers with addition of zircon oxide 

ZrO2. Important influences of the development of steel fiber reinforced cements 

(SFRC) are papers published by Romualdi and his co-authors [3, 4] for the first times 

on this subject. It is not surprising that in such an excellent material as concrete, after 

many recent improvements of additions and admixtures, with considerable 

development of technology in precast factories and in situ, and with exploitation of 

highly sophisticated test methods, the application of dispersed fiber reinforcement 

results after three decades in a large variety of excellent building. As it is shown at 
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the next title, because of the necessity, the studies went on the High Performance 

Fiber Reinforced Cementitious Composites (HPFRCC). Such types of composites 

can be called as ñStructural Concretesò. That is why we use structural concretes for 

high-rise buildings, long-span bridges, highway and airfield pavements, and many 

other kinds of outstanding structures. In earthquake prone countries, many existing 

reinforced concrete structures suffer from low quality of concrete and lack of 

adequate confinement reinforcement. In such cases, axial capacity and the 

deformability of the vertical structural members may need to be enhanced to exhibit 

satisfactory seismic performance. Wrapping these members by high strength fiber 

reinforced polymer (FRP) composite jackets can enhance the axial strength and 

deformability of the members significantly. Compared to conventional retrofit 

techniques, lower density, higher tensile strength and modulus, durability and 

excellent constructional workability are the advantages of composite retrofit system. 

Particularly, when there is a time limitation and/or access to the members to be 

strengthened is limited, composite retrofit system may be more preferable.  These 

and many other studies proved that significant enhancement in compressive strength 

and deformability of concrete is possible by adequate confinement of concrete by 

lateral reinforcement. Similar enhancement is possible when the concrete is confined 

by high strength FRP composites. According to Fukuyama and Sugano [2000], the 

repair and seismic strengthening by continuous fiber sheet wrapping method was first 

developed in Japan, where research was first carried out in [1979]. Fardis and Khalili 

[1982] stated that excellent strength and ductility characteristics were obtained 

during the experimental study on the FRP encased concrete cylinders in axial 

compression and of rectangular FRP encased beams in bending. Saadatmanesh et al. 

[I994] examined the behavior of concrete columns externally reinforced with fiber 

composite straps. They proposed an analytical model to quantify the gain in strength 

and ductility by adopting the Manderôs model [1988b] to the fiber composite straps 

case. Fyfe [I996] summarized the going on experimental studies on the behavior of 

high strength FRP wrapped concrete members. Mirmiran and Shahawy [1997] 

reported that the available models in literature that were originally developed for 

conventional reinforced concrete columns generally did not give accurate results for 

the FRP wrapped concrete members. Karbhari and Gao [1997] developed 

experimental data for cylinder specimens based on a variety of fiber types, 

orientations and jacket thicknesses. Toutanji [I999] investigated the effect of type of 
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wrapping material on the behavior of FRP jacketed concrete cylinder specimens. 

Saafi  et al. [1999] investigated the behavior of concrete filled GFRP and CFRP 

tubes under uniaxial compressive load. They indicated that the available models 

generally overestimate the strength of concrete confined by FRP tubes, resulting in 

unsafe design. Rochette and Labossiere [2000] conducted axial loading tests on 

CFRP and AFRP jacketed specimens with circular, square and rectangular cross-

sections. They analyzed the effect of corner radius on the behavior of specimens with 

non-circular cross-sections. Wang et al. [2000], and Wang and Restrepo [2001], 

tested square and rectangular concrete columns confined by glass fiber composites. 

In their study, Mander's model [1988b] is adopted for the stress-strain behavior of 

FRP wrapped concrete. Fukuyama and Sugano [2000] presented the outline of the 

continuous fiber wrapping technique by comparing the experimental data obtained 

for various rehabilitation techniques with a special emphasis on performance based 

engineering and effective rehabilitation techniques without hindrance of building 

operation. Xiao and Wu [2000] investigated the effect of concrete compressive 

strength and thickness of CFRP jacket wrapped around cylinder specimens. They 

also proposed a simple bilinear stress-strain model for the CFRP jacketed concrete. 

To reduce the brittleness of the concrete we can change both the mixture and 

confinement type. The aim of this study is to make it clear that the use of HPFRCC 

confined by CFRP sheets can exhibit a strain-hardening character versus the plain 

concrete. Therefore, to research this behavior, an experimental study has been carried 

out. Circular and square cross-sectional specimens were cast at once. In this study, 

experimental results, obtained for the concrete specimens wrapped by various 

thicknesses of CFRP jackets, are presented. Thirty specimens with circular cross-

section, 19 specimens with square cross-section were included into the testing 

program. Concentric compression tests were carried out on specimens with circular 

and square specimens that were wrapped by CFRP jackets. The loading was applied 

monotonically. A pre-study has been carried out to clarify a manufacturer. All of the 

specimens during the study had the same height of 300 mm and different aspect 

ratios. The sizes of the cross-sections were; 150*300 mm for the circulars, 

150*150*300 mm for the squares. 
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2. HIGH PERFORMANCE CEMENTITIOUS COMPOSITES  

2.1 Cementitious Composites 

Cement-based matrices have developed considerably during last 40 years. The main 

components are still Portland Cement and coarse and fine aggregate of different 

origin, and there are several other components: superplasticizers, admixtures and 

microfillers. In addition, proportions between these components have changed. There 

are many kinds of Portland Cements that may be selected for particular purposes. 

The national and international companies may furnish cements that are characterized 

by high or low strength, high-early strength or low heat of hydration, high sulfate 

resistance, low content of C3A, and large variety of blended cements, i.e. with 

addition up to 70% by weight of fly ash and ground blast furnace slag. The next 

groups of concrete components are additions and admixtures that create special 

properties of fresh mix and hardened concrete; these are superplasticizers, air-

entraining agents, micro fillers and secondary cementing materials: fly ash, natural 

pozzolans, rice husk ash, metakaolin, etc. In fact, often binary, ternary or quarternary 

concretes are distinguished i.e. based on compositions of different binders. As 

aggregate, not only crushed stone and natural gravel with sand are used, but also 

various artificial materials, carefully selected and inserted into fresh mix in well-

determined proportions. In concrete, many kinds of waste materials are used, 

including recycled aggregate, in order to decrease cost and to satisfy increasing 

demands of sustainability and ecology. As a result, concretes and particularly 

concretes that have to satisfy special requirements, became rather complicated 

materials and are ótailor-madeô to provide the precise properties necessary for a 

particular project. The design of such a concrete is based on deep knowledge and 

substantial experience; with the same concerns regarding the selected applications of 

technology. At all stages, high competence of the personnel is needed. In general, 

modern concretes are more brittle than those in the first half of 20th century, with 

higher rates of strength and higher heat of hydration, and often less durable, i.e. less 
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resistant against intensive corrosive attacks from environment if not specially 

designed. As remedies, there are special kinds of concretes called high performance 

concretes, described hereafter, frequently with application of dispersed reinforcement 

in different forms. The main role of short dispersed fibers is to control the crack 

opening and propagation. Basic groups of fibers applied for structural concretes and 

classified according to their material by Brandt [2]: 

 

¶ Steel fibers of different shapes and dimensions, also microfibers; 

¶ Glass fibers, in cement matrices used only as alkali-resistant (AR) fibers; 

¶ Synthetic fibers made with different materials: polypropylene, 

¶ Polyethylene and polyolefin, polyvinyl alcohol (PVA), etc.; 

¶ Carbon, pitch and polyacrylonitrile (PAN) fibers. 

 

Natural vegetable fibers are not suitable for high performance structural concrete, but 

are applied in ordinary concretes. Asbestos fibers are completely abandoned in 

construction because of their detrimental influence on human health and are replaced 

by other kinds of fibers, e.g. polymeric. Certainly, the most important for structural 

concrete are steel fibers; a few examples are shown in Figure 2.1; hooks at the ends 

and various modifications of shape improve fiber-matrix bond and increase 

efficiency of the fibers.  

           

                Figure 2.1: Examples of Deformed Steel Fibers [6] 

 

The influence of the fibers on cracking of cement-based matrix is explained in Figure 

2.2: thanks to the fibers, large single cracks are replaced with dense systems of 

microcracks, which may be acceptable from both safety and durability viewpoints.  
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Figure 2.2: Crack Pattern in Reinforced Concrete (RC) and Fiber Reinforced 

Composite Elements Subjected to Tension [3]. 

 

Fine fibers control opening and propagation of micro-cracks as they are densely 

dispersed in cement matrix. Longer fibers up to 50 or 80 mm control larger cracks 

and contribute to increase the final strength of FRC, as it is shown in Figure 2.3. 

 

 

Figure 2.3: Structures of Long and Short Fibers Controlling the Crack Propagation; 

after Betterman et al. [3] 

With the increase of fiber volume and efficiency, their influence on behavior of a 

SFRC element modifies completely its behavior under load, as it is described in 

Figure 2.4 with strainïstress diagrams. The conventional SFRC element is 

characterized by initial linear increase of stress and after the first crack opening there 

is a slow decrease, the so-called softening branch. In contrast, where the 
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reinforcement is sufficient, after the first crack, there is a strain hardening stage, 

which accompanies multiple cracking and considerable amount of energy is absorbed 

that is proportional to the area under the curve. The softening branch follows that 

stage. In Figure 2.4, the main difference between conventional FRC and high 

performance fiber reinforced cement composites (HPFRCC) is defined.  

 
 

Figure 2.4: Comparison of Typical StressïStrain Response in Tension of HPFRCC 

with Conventional FRCC, after Naaman [8]. 

 

 

2.2 Key Features of High Performance Cementitious Composites 

The demand has never been greater for tougher, more ductile materials to improve 

the behavior of civil engineering structures under rapid and severe loading, such as 

blast, impact and earthquakes. A particularly promising class of materials for such 
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applications is high performance fiber reinforced cementitious composites  

(HPFRCCs), which exhibit a óhigh performanceô response in tension, i.e. Strain 

Hardening response after first cracking, tensile ductility, both of which lead to 

improved durability and high-energy absorption capacity. HPFRCCs, as first defined 

and developed by Naaman [9], can now achieve high performance behavior using a 

relatively low volume fraction (usually 2% or less) of short, randomly oriented steel 

or polymeric fibers. At the present time, HPFRCCs are classified as strain-hardening 

fiber reinforced cementitious composites.  

In order to achieve strain-hardening behavior, various approaches have been tried 

and used by many researchers. One well established example is SIFCON (slurry 

infiltrated fiber concrete) and its similar derivative SIMCON (slurry infiltrated 

mat concrete) which were developed during the late 1970s and 1980s . Engineered 

Cementitious Composites (ECC) is also one family of HPFRCC. ECC utilize about 

2% PVA fiber to produce strain-hardening behavior with 3ï4 MPa tensile strength; 

their strain capacity may be relatively high but is dependent on the size of the 

specimen and the method of testing. Value as high as 3ï4% were reported newer 

forms of HPFRCC include Ultra High Performance Fiber Reinforced Cement 

Composites [UHPFRC] which are characterized at the mechanical level by a very 

high compressive strength (practically in the range of 150ï200 MPa). However, to 

develop strain-hardening behavior in tension, they require 5ï11% fiber contents by 

volume, mostly smooth steel fibers. Very little information is available to describe 

the entire stressïstrain response of UHPFRCC in direct tension using reasonably 

large size specimens. As of this writing, the tensile strength achieved by UHPFRCC 

using 2% high strength steel fibers by volume, is around 11 MPa and its strain 

capacity at maximum stress is close to 0.5%. In this research, high strength deformed 

hooked-up steel fibers, which show slip hardening behavior under single fiber 

Pullout testing are used to obtain tensile strain hardening behavior of the composite. 

It was shown earlier that the slip hardening behavior, which leads to high pullout 

energy (or work), is a critical condition for the strain hardening behavior of FRC 

composites. The promise of HPFRCCs for dynamic loading application stems from 

their observed good response under static loading.  
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3. COMPARISON OF AVAILABLE COMMERCIAL CFRP SHEETS  

3.1 Preparation and Retrofit  of the Specimens for Comparison 

The specimens were cast at once ready-mixed at the Structural and Earthquake 

Engineering Laboratory (STEEL). Casting process and moulds used for study can be 

seen on Figure 3.1. 150*300 mm circular cross-sections were used as moulds. All of 

the moulds required for the study, were provided from STEEL. At the 28th day of 

casting, two reference cylinder tests were performed to obtain the compressive stress 

of the concrete at 28 days. Results of the tests can be seen at Figure 3.2. 

 

              

Figure 3.1: Casting the Specimens for Comparison       

 Figure 3.2: Stress-Strain Curves of the Unconfined Specimens 

All of the specimens were prepared to be performed under uni-axial loading. As 

seen, the average compressive stresses of the specimens at 28th day can be approved 

as 20 MPa. The only parameter of the study was compressive stress to clarify the 

comparison between two products. Product A is manufactured by Akkim and 
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Product B by BASF and preparation of the specimens can be seen on Figure 3.3. The 

black colored specimens are CFRP of Product A used specimens since the epoxy of 

Product A is crystalline. Product B epoxy is blue colored, so the colors of the 

specimens are also blue. Mechanical properties of the composite sheets are given for 

both Product A and B on Table 3.1. 

 

Table 3.1: Properties of Composite Sheets Wrapped 

 
Product A Product B 

Tensile strength (MPa)  4200 3430 

Tensile elasticity modulus (MPa) 240000 230000 

Ultimate tensile deformation (%)  1.8 1.5 

Effective area per unit width (mm2/mm)  0.0166 0.0165 

 

 
            Figure 3.3: Preparation of Specimens 

3.2 Test Results for Comparison  

Eight specimens were exposed to a uniaxial loading on an Amsler universal testing 

machine with the capacity of 5000 kN. Lateral strains were measured at midheight 

by surface strain gauges with the gauge length of about 150 mm for all specimens. 

Load was applied 0,6 mm per minute (TS EN 12390-3) and test was displacement 

controlled. For measurements of average axial strains for different gauge lengths, 

displacement transducers were used. For specimens with circular cross-section, two 

transducers with the gauge length of 60 mm (PL60) and two transducers with the 

gauge length of 250 mm (LVDT25) were used for circular specimens. The only 

parameters were Peak Stresses and Peak Lateral Strains to compare two 

manufacturers CFRPs. 
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3.2.1 Specimens confined by 2 plies of CFRP 

 

These specimens were confined by two plies of Product A and Product B CFRP. The 

epoxies impregnated on the surfaces of the specimens also belong to manufacturer A 

or B. End zonesô retrofit was not applied to these specimens. Stress-Strain 

relationships those were obtained by average of two specimens 2 plies of Product A 

and B can be seen on Figure 3.4. 

 
Figure 3.4: Stress ï Lateral Strain Relationship Between Specimens                                             

Confined by 2 Plies of  CFRP 

 

Peak Lateral Strain is objected to the Peak Stress. These datas was acquired by strain 

gauges. As seen above, an enhancement for compressive stress from 20MPa to 

48MPa (%140) and for lateral strain from 0.002 to 0.007 (%250) was observed by 

confining 2 plies of CFRP by Product A and for Product B. A compressive stress 

enhancement was about %110 and lateral strain enhancement was about %200. Peak 

Stress-Peak Strain Load datas are summarized at the end of the chapter on a chart.  

On Figures 3.5, 3.6, 3.7, 3.8 after test photos (damaged) for specimens can be seen. 

 

0

10

20

30

40

50

60

-0.001 0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008

S
tr

e
s
s
 (

M
P

a
) 

Lateral Strain 

A2C

B2C



14 

 

           
Figure 3.5: A_2C_1 Damage         Figure 3.6: A_2C_2 Damage 

 

             
Figure 3.7: B_2C_1 Damage          Figure 3.8: B_2C_2 Damage 

3.2.2 Specimens confined by 4 plies of CFRP 

  

Similarly, we have totally four of four plies of CFRP confined specimens. Two for 

Product A and 2 for Product B. Given values on the Figure 3.9, include the average 

of two specimens both for Product A and two for Product B. A compressive stress 

enhancement was about %275 and lateral strain enhancement was about %450 for 4 

plies of CFRP confined by using Product A specimens and %240 stress enhancement 

and %300 strain enhancement was observed for Product B specimens.  

On Figures 3.10, 3.11, 3.12, 3.13 after test photos (damaged) for specimens can be 

seen. 
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Figure 3.9: Stress - Lateral Strain Relationship between Specimens Confined by 4 

Plies of CFRP 

 

           
            Figure 3.10: A_4C_1 Damage          Figure 3.11: A_4C_2 Damage 

 

   
Figure 3.12: B_4C_1 Damage  Figure 3.13: B_4C_2 Damage 
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       Table 3.2: Peak Loads during the Comparison Test 

 

The (*) statements clarify end zones retrofit by 5cm width and three plies of CFRP 

bands after confinement. As seen at table above, two plies Product A CFRP confined 

and then retrofitted specimens have about % 18 much more compressive stresses 

with respect to unconfined. This ratio is about % 29 at 2 plies Product B CFRP 

confined retrofitted and unconfined specimens. At four plies, Product B CFRP 

confined specimens; this ratio is about % 13. Since Product A and B have very close 

results, Product A was used on the study as confining material. 

 

Specimen Name Peak Load (kN) 

A_2C_1 845 

A_2C_2 (*) 998.2 

A_4C_1 902.4 

A_4C_2 1346 

B_2C_1 762 

B_2C_2 (*) 989.5 

B_4C_1 1198 

B_4C_2 (*) 1357 
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4. EXPERIMENTAL WORK  

4.1 Preparation and Retrofit  of the Specimens  

For casting the composite, a computer controlled ready mix concrete company was 

used. Casting equipment can be seen on Figure 4.1. The composition of composite 

was literatured and researched by the researcher. The goal strength of the proportion 

was about 100-110 MPa compressive. To acquire this strength, steel fibers should be 

used.  6 cm length hooked-up steel fibers were used. Details of the composite 

compounds can be seen under Table 4.1. 

 

                               
Figure 4.1: Casting Mixer at ISTON 

 

         Table 4.1: Mix Proportion for Cementitious Composite ( kg/m3 ) 

C SF FA CA STF W SP TOTAL 

1000 250 489 326 78,5 124 125 2392 
 

C:Cement (Aslan CEM I 42,5R) SF:Silica Fume (Norchem) FA: Fine Aggregate (0-0,5mm) 

 CA: Coarse Aggregate (0-0,5mm) STF: Steel Fiber (Dramix 6cm-hooked-up) SP: Superplastisizer 

(Chryso Optima 208) W:Water 

 

All specimens were casted at once. Moulds were taken at the following day of 

casting. 3 days of cure was performed to make them early strengthen. After curing 

and then a week, all specimens were carried to laboratory for cap performing.  On 
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Figure 4.2, moulds for circular and non-circular specimens can be seen and on Figure 

4.3, specimens after taking moulds are shown. 

                    
    Figure 4.2: Moulds at Casting Step 

                                                         
  

 

 

 
 

 

 

 

 
 

 

 

 
 

 

               
      Figure 4.3: All Specimens after Taking Moulds 

 

 

A cap preparation was performed for all specimens to take local stresses over the end 

zones. On Figure 4.4, process can be seen. All specimens were impregnated by 

AKRESĶN AS 400 A resins and AKRESĶN AS 400 B the hardener of it, to create a 

smooth surface over the specimen. Applied primer can be seen on Figure 4.5. 

      

        Figure 4.4: Caps Performing 
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Figure 4.5: Primer Performed Specimens before Confining 

 

AKRESĶN EP 250 B and AKRESĶN 250 A are two components of resin to be mixed 

and applied during confining. Components were mixed about 3 minutes and then 

applied to surfaces of specimens. After preparing the epoxy and applying over the 

specimens, previous day cut CFRPs were confined over the specimens. Confining 

process can be seen on Figure 4.6. After body confining, CFRP sheet bands to carry 

the damage on the mid-height of the specimens of those retrofitted both end zones. 

Retrofit of the end zones can be seen on Figure 4.7. 

 

  
   Figure 4.6: Confining the Specimens         Figure 4.7: End Zones Retrofit 

 
 

 
 

 

4.2 Test Set-Up 

 

Prepared specimens were tested on an Instron Test Machine with the capacity of 

5000 kN as seen on Figure 4.8. The software Bluehill 2 performed loading steps of 

machine. All the data was taken from the surface of the specimens by strain gauges 

and transducers. Lateral and vertical strains and the loads defiant these strains were 

measured. 
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Figure 4.8 : 5000 kN Capacity Instron Test Machine 

 

Properties of measurement equipment can be seen on Table 4.2. PL-60-11-3L refers 

to 60mm measurement capacity of strain gauge, used to measure the lateral strain. 

Strain gauges were used two for cylinder specimens and four for square specimens. 

CDP-25 refers to 25 mm measurement capacity of transducer ( LVDT ) to measure 

the axial strain. LVDTs were used two for along all height of specimens and four for 

middle of four surfaces of specimens.  

 

Table 4.2: Properties of Measurement Equipments 

Equipment Reaction Measurement Capacity 

PL-60-11-3L 20 Hz 60 mm 

CDP-25 8 Hz 25 mm 

 

4.3 Test Results for Circular Members 

There are 30 circular cross-sectional specimens to perform. All specimens have the 

same sizes as 150*300 mm. Loading rate during the test was 0.6 mm/min for 

confined specimens and 0.4 mm/min for unconfined with respect to TS EN 12390-3. 

A pre-load applied before test to consider either the space between cap of specimen 

and test machine or the crush of the cap under test start and calculated as 95 kN. All 

confinements are lateral and all made by hand. An overlap of 150 mm was applied to 

all specimens. A radius of rounding with 25 mm on the edges was also performed.  

Loads applied during tests are monotonic and displacement controlled.. Stress-
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Lateral Strain and Stress-Axial Strain relationships after tests are mentioned and 

photos are over the graphics.  

 

There is a comparison at the end with the unconfined and confined specimens. Stress, 

lateral and axial strains are the parameters. Average stress and strain enhancements 

subjected to CFRP confinement thickness are summarized as a result at the end of 

the part. At the 28th day of the casting, 3 standard cylinder specimens were tested to 

determine compressive strength and strains under uni-axial loading.  

 

The goal was, to start the main study and to research the enhancement on strength, 

lateral and axial strains by FRP on HPFRCCs. The after test results are summarized 

below on a table. The aim of literatured composite proportion was in a rank of 100-

110 MPa at 28 days and the average compressive strength of the circular cross 

sectional specimens after 28 days was 116.03. Details of the specimens are 

mentioned on a chart below on Table 4.3; 

               Table 4.3: Details of the Circular Specimens 
Specimen Code Number of CFRP Sheet Plies 

CC-C-0-1          0 

CC-C-0-2 0 

CC-C-0-3          0 

CC-C-0-4          0 

CC-C-0-5          0 

CC-C-0-6          0 

CC-C-2-1          2 

CC-C-2-2          2 

CC-C-2-3          2 

CC-C-2-4          2 

CC-C-2-5          2 

CC-C-2-6          2 

CC-C-2-7          2 

CC-C-4-1          4 

CC-C-4-2          4 

CC-C-4-3        4 

CC-C-6-1          6 

CC-C-6-2         6 

CC-C-6-3         6 

CC-C-8-1          8 

CC-C-8-2         8 

CC-C-8-3          8 

CC-C-8-4          8 

CC-C-10-1          10 

CC-C-10-2          10 

CC-C-10-3          10 

CC-C-10-4          10 
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4.3.1 Unconfined circular specimens  

CC-C-0-1, CC-C-0-2 and CC-C-0-3           

These three specimens are unconfined reference circular cross sectional specimens. 

Compressive tests were carried out at 28
th
 day of casting. On Figure 4.13a, 4.13b, 

4.13c failures of the specimens can be seen. On Table 4.4, test results are 

summarized for these three unconfined specimens.  

Table 4.4: Reference Cylinder Test Results 

Specimen Name Specimen Age 
fǋco 

(MPa) 

fǋco (MPa) 

(Average) 

CC-C-0-1 28 104.69  

 

116.03 CC-C-0-2 28 118.84 

CC-C-0-3 28 124.55 

 

 

CC-C-0-4 

 

This specimen is an unconfined reference specimen. After the test, observed failure 

behavior is as seen on Figure 4.14. Some concrete pieces spilled before crush and 

longitudinal cracks occurred after the test. The failure was concentrated at the middle 

and the top of the specimen. Stress ï Axial Strain behavior of the specimen can be 

seen on Figure 4.9.   

   
   Figure 4.9: Stress - Strain Relationship for C-CC-0-4 
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Branch represents the measurement of transducers along 150 mm gage length over 

the middle of the surfaces. Two LVDTs we have and this branch represents average 

values of these. Since the parameter was just to obtain the compressive ultimate 

stress, strain gauges were not used to evaluate the lateral strains. A value of axial 

strain was observed as approximately 0.0025 at a stress of 103.22 MPa at 90th 

day/compressive.  

CC-C-0-5 

 

This specimen is an unconfined reference specimen. After the test, observed failure 

behavior is as seen on Figure 4.15. Stress - Axial Strain relationship for C-CC-0-5 

can be seen on Figure 4.10.                        

 
    Figure 4.10: Stress - Strain Relationship for C-CC-0-5 

Two strain gauges we have and this branch represents average values of these. A 

value of approximately 0.005 axial strain was observed from LVDTs. Peak axial 

stresses are close to each other for vertical strain gauges and laterals at a level of 

96.65 MPa compressive at 120th day. A lateral strain of a 0.002 was observed under 

ultimate stress. Rupture occurred at a lateral strain of 0.006. 
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CC-C-0-6 

 

This specimen is an unconfined reference specimen. After the test, observed failure 

behavior is as seen on Figure 4.16. Stress ï Strain behavior of the specimen can be 

seen on Figure 4.11. 

 

   Figure 4.11: Stress - Strain Relationship for C-CC-0-6 

 

While value of axial strain was approximately 0.003, a lateral rupture strain could not 

observed since strain gauges did not work. Peak axial stresses are close to each other 

for vertical strain gauges and transducers at level of 108.08 MPa compressive at 

120th day. Obtained average axial stress was 103 MPa. Strain obtained from tests 

was 0.0033 average. Comparison for all unconfined circular specimens can be seen 

on Figure 4.12.  
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