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Abstract 

This thesis presents an experimental study of the mechanical response of various 

types of fiber reinforceci concrete, tested under triaxial compression and bending. The 

objecave was to characterize the constitutive properties of these rnaterials, with respect to 

fiber type and content, load path, condition at testing, and size. A total of 256 tests were 

performed, on specimens made of concretc with the foilowing fiber types and contents 

(volurnetric ratio): steel micro-fibers 1% and 296, mix of steel micro-fibers and steel fibers 

1 % and 2%, polypropylene fibers 1.5% and 4 8 ,  and rnix of steel &O-fibers and 

polypropylene fibers 2.5% and 5%. 

Triaxial stresses were applied either by hydrauiic pressure, or by rneans of passive 

confinement, which was provided by means of carbon fiber wraps. The resuits were used 

to quanhfy the influences induced by the various fiber components, and provide insight on 

the effectiveness of confinement provided by carbon fiber wraps. 
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1. Introduction 

1.1. Background 

Concrete can competc with other stnicturd materials in rnany aspects, such as: 

cos& formability, availability, and compressive strength. However, its vaiue in civil 

engineering applications is diminished by certain mechanical characteristics such as low 

tensile strength and brittlcness. Both of these drawbacks may be alIeviated through the 

use of fiber reinforcement (Ramakrishnan, 1988). 

The use of fibers in brittie materiais has a history of at least 3500 years when Sun 

baked bricks reinforced with straw were used to build high structures near Baghdad 

(Hannant, 1995). In cernent products, asbestos fibers have been used for the 1 s t  100 

years, cellulose fibers for at least 50 years, and metal, polypropylene, and g l a s  fibers for 

the past 30 years (Hannant, 1995). Rarnakrishnan (1988) States that the interest in 

reinforcing Portland cernent bas& materials with randornly dismbuted fikrs was spurred 

by pioneering rescarch on steel fiber reinforcecl concrete conducted in the United States in 

the 1960s. 

Fiber Reinforced Concrete (FRC) is produced by adding fibers to the fresh 

concrete rnix. The improvement in cernent properties with increase in fiber content is 

subject to practical limitations. Firstly, mixing and compacting becorne more difficult with 

increased fiber content (Soroushian and Bayasi, 1991). and the nsultant incomplete 

compaction leads to poor quaiity fiber concrete. Secondty, the price of fiber is rnuch 

higher than that of concrete and even iow volume addition of fiber substantially increase 

the cost of fiber concrete (Hannant, 1995). 

Although adding fibers to concrete is not a new concept, the use of combinations 

of different fiber types has not k e n  extensively researched. Each fiber type contributes 



certain Seneficial functions to the concrete, and it has k e n  suggested that M e r  

improvement may be achieved by mixing fiber types (Banthia et ai, 1995: Mindess, 1995). 

Parde l  to the developrnent of fiber concrete, the use of other Fiber Reinforced 

Plastics (FRP) in civil engineering applications has gained mornentum. Deveiopment of 

FRP composites essentiaiiy began in the early 1940'~~ for rnilitay and aerospace 

applications (Ballinger, 1992). These rnaterials, which are also known as Advanced 

Composite Materials (ACM), have been rnainly used in repair of concrete structures 

damaged by earthquakes. Recently, many researchers have worked on the application of 

FRP to strengthen concrete structural members (Sheikh et ai, 1996; Picher and Labossière, 

1995: Slattery, 1992). 

Basicaiiy, fibers contribute to the tensiie strength and deforrnability of concrete, 

whereas concrete itself provides the compressive strength. This mechanisrn can be 

provided by either intemaiiy (FRC), or  externaiiy (FRP) placement of fibers- Ln the 

literature, the first one is known as fiber concrete and the second one is known as 

composite concrete. 

1.2. Fi ber Reinforced Concrete (FRC) 

In this method fibers are added to the fiesh concrete rnix. A variety of fibers with 

different material, shape, length, and thickness have been used in fiber concrete. The 

fibers may be either continuous and aligned in the desired direction, or  discrete and 

randornly scattered. Most fibers do not absorb water, but water is needed to wet their 

surface areas. This rnay cause some difficulties in the workability of the mix. Besides, 

during mixing, the fibers may get together and form fiber balls (AC1 Cornmittee 544, 

1993; Soroushian and Bayasi, 1991). Addition of fibers rnay require speciai rnixing 

procedure for that fiber type. 

The tensile strength that the fibers conuibute to concrete produces increase in 

ductili ty for the concrete member. Besides, fi bers provide a crack-arrest mechanisrn which 



resists the progressive co~ec t ion  of micro cracks and formation of large cracks (Kuilman, 

1988). This results in raising the flexural strength of concrete and improving its resistance 

to spailing, abrasion, heat, cavitation, and impact. Hannant (1995) mentioned that a low 

fiber volume generally does not increase the tende or bending strength of concrete 

appreciably, but the main benefit stems from the resulting increase in toughness, impact 

resistance, abrasion resistance, and control of crack width. The most cornrnonly used fiber 

types in concrete mixes are steel fibers, steel micro-fibers, and polypropylene fibers. 

1.2.1. Steel Fi bers in Concrete 

Steel fibers have been studied extensively by rnany researchers. A number of 

studies have been done on the improvernent of their bonding and anchorage to concrete 

matrix and on the rnixing process. To overcome the problem of formation of fiber balls in 

the fresh-mix. a method involving the use of a water-soluble adhesive to glue a number of 

fibers together has been developed (Soroushian and Bayasi, 1991). Ramalaishnan (1988) 

mentioned that this glue also increases the bond and anchorage parameters of the fibers, 

however. there is no experimental indication for this notion, Steel fibers have modulus of 

elasticity varying fiom 276 to 2413 Mpa (Soroushian and Bayasi. 1991). A variety of 

comrnerciaily available fibers are illustrateci in Figure 1 - 1. 

1.2.2 Steel Micro Fibers in  Concrete 

Micro fibers have been developed in recent years to provide both closer spacing 

between fibers and a high volume fraction that can be incorporated in the matrix (Mindess, 

1995). The length of these fibers is within a millimeter, and their diameter is within 

micrometer. Therefore, they produce a very large relative surface area which not only 

requires a considerable amount of water for wetting, but also makes the fibers susceptible 

to binding impurhies. Addition of theses fiben, at high volume fractions, increases 

strength and stiffness of concrete (Banthia et al, 1995). 
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(triken h m  Soroushian and Bayasi. 199 1 ) 

1.2.3 Polypropylene Fibers in Concrete 

A nurnber of studies have been published on polypropylene fibers. This product is 

available not only in different shapes, but also with different mechanical properties. The 

fibers are iight weight and have low modulus of elasticity. They are inen in alkaline and 

corrosive env ironrnen ts, and also improve such properties of fresh concrete as bleeding 

and ptastic shrinkage cracking (Hannant, 1995; Bayasi and Zeng, 1993). Therefore, they 

have k e n  used widely in construction of indusmal slabs. Figure 1-2 iiiustrates a few types 

of polypropylene fi bers. 



Fipure - 1-3: A few tv~es of ~ o l y ~ r o ~ v l e n e  fibers 
(taken from Hannant, 1995) 

1.3. Composite Concrete (FRP) 

In this method FR sheets are attached to the surface of hardened concrete at the 

tensile zone. The fibers improve the tensile sûength of concrete, and increase the overall 

capacity of the stnicnird member. In case of cylinders (columns) under concentric 

compression, the tensile stresses develop on the lateral surface perpendicular to the 

loading direction. Therefore, the fiber sheets are wrapped around the cylinders (fibers in 

tensile direction) to provide hoop tensile stresses, which results in passive confinement 

action for concrete. 

The fiber plastics cornrnonly available are carbon, glass, and ararnid. Sheets are 

manufactured with the main fibers oriented in the longitudinal direction. The sheet is 



soaked in a resin when it is installed on the concrete member. This resin not only acts as 

an adhesive, but d s o  rnakes the fibers work together and uniforrnly. The combination of 

the fibers and the resin is referred to as Advanced Composite Materiai (ACM). 

Since ACM in composite concrete works in tension, the C O ~ M U ~ ~ Y  of fibers is of 

great importance. Hence, a proper overlapping, based on the required full stress 

developing length, is essentiai at the searns. The required overlapping length depends on 

the type and thickness of sheet (Forca catalog, Appendix B). Furthemore, it has been 

suggested by Karbhari and Ecker (1995) and Picher and Labossière (1995) that it is 

possible to control the sequence of failure, so as to maximize the amount of energy 

absorption, by installing the sheets at different angles with respect to the tensile direction. 

Part of this study is concemed with the use of carbon fiber sheets for providing 

passive confinement. Carbon fibers have a high tensile strength and modulus of elasticity, 

and their behavior is M y  elastic with a brittle failure (Forca catalog, Appendix B). The 

fibers are held in the sheet by an attached string net. Because of the high strength, the 

sheet is very thin and it is supported by a paper backing which is peeled off at installation. 

Figure 1-3 illustrates the details of the sheet. This product is quite expensive. however, it 

is expected that by increase in consumption the production cost wiU decrease (Hannant, 

1995: Collins, 1995). 

1.4. Objectives 

in this research, an extensive experimental study has been canied out to evaiuate 

the  effects of certain design variables on the mechanical properties of various Fiber 

Reinforced Concretes (FRCs) with and without layers of Fiber Reinforced Plastics (FRP). 

A high strength concrete rnix (fc more than 50 MPa) was intended to be used as the 

concrete matrix for dl the batches. Specimens of this plain concrete, were also tested in 

order to provide the reference in determinhg the benefits resulting from the addition of 

fi bers. 
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Axial and circurnferential deformations of the prepared specimens were rneasured 

under different conditions of loading, and stresses and strains were calculated. The 

mechanical parameters and the degree of internal damage were obtained fkom the stress- 

strain relationships. The degree of internal darnage, which is determineci by volurnetrïc or 

area mains. is known to be a consistent indication of the residual resistance 

(Pantazopoulou and M*, 1995; Pantazopoulou, 1995; Irnran and Pantazopoulou, 1995). 

The prïmary interests that motivateci this research can be classifieci as follows: 

Effects of Fiber Type and Content: Each fiber type has distinct mechanical 

properties, and hence, very specific effects on the fiber reinforced concrete behavior. 

The volume ratio of the added fibers controls the intensity of these effects- Therefore, 



various volume ratios for sorne favorable types of fibers were examined, and the 

benefits were detennined by comparison to the response of plain coccrete. 

Effects of Mixing Fiber Types: The majority of the research studies reported in the 

literature are concemed with FRC mixes containhg a single type of fibers. Mkhg 

different types rnight combine the benefits which would be obtained from individual 

fiber types, and could improve further the mechanical properties of FRC. In this 

study, combinations of different fiber types were exarnined. but the volurnetric ratio of 

the fiber types (relative to each other) remained constant. 

Effects of Saturation: When a wet specirnen is loaded, absorbed water in the pores 

develops considerable amount of pressure due to the contraction of the specirnen, 

thereby weakening the concrete from inside (Imran and Pantazopouiou, 1994; Milis, 

1966). The specimens were exarnined in dry and saturateci conditions in order to 

investigate this phenornenon on fiber concrete. 

Effects of Size: The failure mecharikm of concrete structural members are influenced 

by their dimensions and the aggregate size. Hatanaka et al (1994) have mentioned that 

the size effect on the compressive strength of concrete is not so rernarkable as that on 

the tensile, flexural, and shearùig strength. This issue will be discussed later in greater 

detail. In this study, the mechanical properties of each batch were studied with 

different size specimens, to quantify this influence. 

- Effects of Active and Passive Confinement: The effectiveness of confinement in 

increasing the strength of concrete has been studied in the literature over the years. 

The original work, which belongs to Richart et al (1928), indicates that there is a 

linear relationship between strength and lateral pressure. In this study the effect. of 



confinement on the mechanical properties of FRC have been investigated using two 

mechanisms: active pressure (provided by encasing the speçimen in a @al hydraulic 

chamber), and passive confinement (provided by ACM wraps in the circumferential 

direction of c ylinders). 

Effects of ACM Wrap: The concept of using ACM wraps for confinemnt of 

concrete structurai rnembers is gaining popularity. These materials have been used 

successfuiiy to provide ductiiity for earthquake applications, in the past. The 

effectiveness of ACM wraps in increasing the suength of concrete structures have 

been studied recently (Erki and Agarwai, 1995; Picher and Labossière, 1995). In this 

experimental p r o p r n  different numbers of ACM layers have been considered, in order 

to measure their effective degrees of confinement. 



2. Literature Review 

This experimental study is concemeci with the improvements on the mechanical 

propemes of high strength concrete resulting from the use of fiber reinforcernent and fiber 

reinforced plastic wraps. Both of these cases have been studied extensively and many 

research articles have been published. A review of the literature is essential to establish 

the state of art and to reveal the issues of importance to this research. 

2.1. Fi ber Reinforced Concrete (FRC) 

The types of fibers which were mixed with the concrete mamx in this expriment 

were: steel fibers, steel micro fibers, and polypropylene fibers. A number of articles which 

are relevant to different aspects of using these fiber types in concrete are reviewed in this 

section. 

2.1.1. Steel Fibers 

2.1.1.1. Fresh Concrete 

A study on the effects of steel-fiber types on the propenies of freshly mixed and 

hardened concrete was p e r f o m d  by Soroushian and Bayasi (199 1 ). The fiber types 

studied were straight-round, cnmped-round, crimped rectanpular, hooked single, and 

hooked coiiated. A constant fiber volume fraction of 2% was used for dl the mixes. The 

workability of fresh concrete was charactenzed by its slump, inverted slumpcone time, 

and subjective workabiiity which was s d e d  from 1 for poor to 4 for excelient condition. 

The study showed that the inclusion of fibers decreased the workability of fresh concrete, 

psuticularly for fibers with high aspect ratio, but this effect was generally independent of 

the tiber type. However, crimped fibers resulted in stightly higher slump value. Besides, 



hooked fibers were more effective than straight and crimped ones in enhancing the post- 

peak energy absorption of concrete under compression, but the effect of fibers on the 

compression strength was relativety srnail. 

The workability of the fresh mix of steel fiber concrete was aiso studied by Bayasi 

and Soroushian (1992). In this study, the investigators used the same fiber types as in the 

previous paper, but the workability was rneasured by slump, inverted slurnp cone and 

Vebe times, and subjective workability scaled from O to 4. The air content was also 

detemiined for each rnix. in addition to fiber type, the effect of fiber reinforcernent index, 

which is the product of fiber volume fraction and fiber aspect ratio, on workability was 

assessed. The study showed that the workability of fresh rnix differed sLightly for various 

fiber types, and it decreased with increasing value of the fiber reinforcement index at a rate 

which was compatible with different fiber types. Air content increased with decrease in 

fiber length. Also, the use of deformed (hooked or crirnped) fibers resulted in increasing 

the air content of the fresh rnix. Furthennore. relatively large values of air content were 

noted in mixes with low workability. 

2.1.1.2. Bond to Concrete 

A comprehensive experimental study on bond-slip mechanisms of steel fibers in 

concrete was presented by Naaman and Najm (199 1). The parameters studied in this 

experirnent included three types of fibers (straight, deformed, and hooked), three different 

mortar matrices (low, medium, and high strength), and additives (latex. fly ash, and micro- 

siiica). The fiber volume fraction, fiber diameter, and its embedded length were, also, 

varied. Special emphasis was placed on obtaining accurate records of the pullout load 

versus end-slip response, and a number of different responses were obtained. Hooked and 

de fomed fi bers behaved differently, but both types showed hi gher resistance to pullout 

than smooth fibers. However, the slip at maximum load for hooked and deformed fibers 



was up to two orders of magnitude that of a smooth fiber. As a resuIt, the pdlout work 

up to the peak load for hooked and deformed fibers could be as high as one hundred times 

that of a smooth fiber. On the other hand, an increase in the marmrix strength raised the 

bond of fibers. The addition of latex to the rnatrix improved the peak load significantly 

(up to four times), but had no effect on post-peak response. The addition of fly ash 

resulted in very small irnprovement of overail response, and the addition of micra-silica did 

not have any effect on the bond strength. The authors also proposed that the mechanical 

bond component was not likely to influence the composite fust cracking strength. 

interface properties between a straight steel fiber and monar were investigated by 

Mandel et al ( 1987). Two types of mortar were used: with and without polymer. They 

found that addition of polymer to mortar sigmficantly increased the steel fiber bond; with 

10% polyrner (by weight of cernent) doubling the average interface bond strength. The 

authors also developed a procedure to detexmine the coefficient of adhesion, the energy 

release rate per unit area of crack surface at the crack front required for unstable growth 

of a crack dong the fiber-matrix interface. This procedure used the results of a fiber 

pullout test in a finite element analysis model. 

2.1.1.3. Distribution of Fibers 

Measurements on the distribution and orientation of fibers in steel fiber concrete 

were made by Soroushian and Lee (1990). They derived theoretical expressions for 2-D 

and 3-D fiber orientation, and compared hem to the actual values. Counting the number 

of fibers per unit area was performed on the fiactured cross section of steel fiber 

reinforced concrete beams which were tested in flexure, at 28 days of age. The 

dimensions of the beams were 152~152x457 mm, and they contained fly ash and super 

plasticizer. The W/C ratio was equd to 0.4. The fiber volume fractions were 0.5, 1 .O, 

1.5, and 2.0 percent, and the fibers were 5 1 mm, straight and hooked types. The vibration 



was done externaiiy. The experiment showed that the type of the steel fiber and the 

location in cross section, with respect to the casting direction, did not have any significant 

effect on the number of fibers per unit area. Aiso, vibration of steel fiber reinforced 

concrete tended to orient the fibers towards horizontai planes. The cornparison indiçated 

that the number of fibers per unit cross section area after vibration was between the 

theoretical values obtained fiom 3 - 0  and 2-D orientation formulas, due to boundary 

effects. 

2.1.1.4. Uniaxial Compression 

Hsu and Hsu (1994) performed a series of uniaxial compression tests on high 

strength steel-fiber concrete with fiber volume fractions of 0, 0.5, 0.75, and 1 percent, 

The steel fibers were of coilated hooked type. They observed that increasing the fiber 

volume fraction caused an ïncrease in the s top  of the descending part of the stress-strain 

curve. but the ascending part changed slightly. Also, the addition of steel fibers increased 

the strain corresponding to the peak stress, but did not produce any significant changes in 

the compressive strength. The authors proposed that the reason may be attributed to the 

reduced workability caused by adding fibers, or to the effect of aggregates on orienting the 

fibers. It w u  shown that the toughness index increased by increasing the fiber content, 

and the failure mode changed from cracks paralle1 to the loading for plain concrete 

cytinders to irregular crack pattern near the rniddle zone for fiber concrete cylinders. The 

parallel study on the cylindrid specimens with tie confinement showed that compressive 

strength and its corresponding strain increased with deçreasing tie spacing, and also lateral 

reinforcement became effective with the lateral expansion of concrete and after 

considerable axial deformation had taken place. Finally, analytical equations were 

proposed for a complete stress-strain curve of a concrete with different fiber contents, 

expressed in terms of the maximum compressive strength and fiber volume fraction: 
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In the above equations, p and n are the material parameters, is the normalized stress, x is 

normalized s d n ,  f, is the peak stress of concrete, fi is the stress in general, &, is the 

strain corresponding to the peak stress, e is the strain in general, E, is the slope at the 

ongin, and xd is the strain at O.6fC on the descending branch of stress-strain curve. 

Equation 2- 1 was rnodified and corrected for the unconfined high strength concrete: 

where, for high strength fiber reinforced concrete, qd was equal to 0.6 which corresponds 

to O.6fC on the descending branch, kd = 0.7, and a = 0.8. 

The descending part of the compressive stress-suain curve of high-strength 

concrete is difficult to attain, and proper controlling of the loading machine is essential. 

Taerwe ( 1992) improved the previous testing technique and obtained the descending 

branch of plain çoncrete with typical characteristics consisting of a fairIy steep slope 

foilowed by a general snap-back (a nondesired behavior). The system which was used is 

shown in Figure 2- 1, where the axial displacement was controlled by the lateral 

defornation. In Figure 2-2, HS- 1 1 is the behavior of a High Strength Concrete (HSC), 

NS-3 is the response of Normal Strength Concrete (NSC), MS-3 was obtained from a 

Medium Strength Concrete (MSC), and SF-14 is the behavior of FRC (0.76% steel 

fibers). The addition of steel fibers improved the descending branch of stress-strain curve. 

The steel fibers that used in this experirnent were hooked, drawn-wire type with two 



different dimensions (60 rm long with 0.80 mm diameter, and 50 mm long with 0.5 mn 

diameter), and their volume fractions were 0.51 and 0.76 percent. He showed that 

addition of rather srnail quantities of steel fibers to high strength concrete resulted in a 

strain-softening behavior, sirnilar to that of normal strength concrete. Also, due to fiber 

addition to high strength concrete the toughness increased significantly, and the toughness 

index more than doubled and approached that of normal strength concrete. Furthemore, 

it was illustrated that the fracture surface no longer predorninantly ran through the 

aggregates. as opposed to explosively failed specimens. 

spring "strain stirrup" 

\ strain gages 

Fi mire 2- 1 : The sysam used bv Tacnue ( 1 992) for meas 



Figure 2-2: The stress-strain curves for different concretes CTaerwe. 19921 
HS is high smngth. MS is medium strengih. NS is normal strength, and SF is steel fiber concrete 

Ll.l.5. Analytical Models 

Lee et al (1987) developed an analyticai mode1 for the tensile behavior of steel 

fiber concrete (SFC). The mode1 predicted the elastic and post-cracking behavior of SFC 

by considering the tensile-extension behavior of an uncracked and pre-cracked SFC 

specimen. The specimens, which were made with 0.5, 1.0, and 1.5 percent volume 

fractions of hooked and straight steel fibers with 30 and 50 mm length, confirmeci good 

predictions of the rnodel. The study showed that the fiber-slip values, obtained for a mix 

with particular type and length of fibers, couid be applied to ali similar mixes having fiber 

volume fractions within O to 1.5 percent, which is the comrnon range of fiber fraction in 

the indusuy. An idealized elastic perfectly plastic stress strain curve was also suggested. 

In a French research paper, Rossi (1994) classifies the effects of adding steel fibers 

to concrete in two sales. At the material scale fibers work in hitting together the 



microcracks and delaying crack localization, where as at the scale of structure fibers 

effectively uansfer the forces across the macrocracks created. He suggested the study of 

mec hanical behavior of S tee1 Fiber Reinforced Concre te (SFRC) mus t clearly distinguish 

the influence of the fibers on these two scales. The author also argued that the 

microstructure of SFRC depends not only on the type of fiber used, but also on the type of 

structure, and on the technology of placement of the rnaterial chosen. Hence, any study of 

SFC composition must be conducted according to the intended application. To develop 

simple design rules for SFRC smctures, the author iliustrated an introductory 

computation attempt for substituting the stimps of a concrete reinforced beam with metal 

fibers. It was concluded that the developrnent of powerful numericai models that reflect 

the cracking of this materiai on a fine d e  is essential for consmcting design rules. in 

addition, the paper discussed inmase in air content due to addition of fibers in concrete. 

This mechanism is s h o w  in Figure 2-3, wheïe çùçles represent sand, grave1 and cement 

powder, whereas straight iine indicates a fiber. The fiber walls disturb the optimal packing 

which can be obtained for plain concrete; so calied local wall effect. 

3.1.2.6. Bending 

An extensive study on bending of steel fiber reinforced concrete prisrns was 

perforrned by de Loock (1988) under four-point loading. Six mixes with the sarne 

concrete matrïx but different fiber types and content were used. The steel fibers were 

hooked-collated galvanized with two aspect ratios, and the contents were 30, 55, and 80 

kg/m3. The experiment showed that the cracks developed in the section of the bearns 

between the two middle loads. For low fiber contents, there was one major crack, 

sornetimes splitting up into rninor related cracks forming a crack band. in the karns with 

high fiber content, there were two distinct cracks within the centrai section, one of them 

staying quite srnail. No direct relation was found between the cracking pattern and the 

load-deflection graph. 
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Fieure 2-3; Schematic diamam of 2D oackine of concrete with and without fibers 
(&en h m  Rossi. 1994) 

2.1.1.7. Corrosion of Fibers 

In an attempt to protect steel f iben from corrosion, and in order to improve their 

adherence to cernent paste, Sugama et al (1992) deposited a zinc phosphate (ZnPh) 

conversion coating at 150°C on the surface of the crimped-round steel fibers. They found 

that at the interfatid contact zones, b e n  the cernent paste and &Ph, akali-induced 

dissolution caused the dissociation of abundant  PO^)‘ ions from ZnPh. m e s e  ions 

interacted with ca2' ions fiom the paste and Ied to the formation of  hydroxyapatite and 

brushite in the vicinity of the dissolved ZnPh surface. The intermediate calcium phosphate 

compounds played important roles in improving the cement-fiber interfacial bonds. and 



repairing back the damage of the ZnPh surface dissolved by alkali. Their experirnent 

showed that these processes protected the steel fibers from corrosion. 

Kosa and Naarnan (1990) investigated the accelerated corrosion of steel fiber 

reinforced concrete. The effeçts of corrosion on steel fiber mortar, and the effects of 

using pre-corroded fibers in mortar were studied on 1200 specimens. Hooked steel fibers 

with 2% volume fraction were used throughout. Combinations of different conditions for 

the spechens (carbonated, cracked, and highiy permeable), testing temperature. test type 

(tension, compression, bending), and period of exposure were appiied, with a total of 35 

variables. In these senes of tests, no crack was detected on the specimens subjected to 

corrosion, but substantial changes of coloring was observeci at their surface due to rust 

products. Also, a small change in modulus of elasticity was seen after exposure. The 

corrosion reduced the fiber diameter and changed the failure mode from typical fiber 

pullout to fiber breakage before pullout. Severe corrosion couid lead to noticeable 

reduction in the peak strength in tension and bending, and significant reduction in 

toughness. The group of specimens with pre-corroded fibers produced sirniiar results as 

the fxst group. Hence, the mechanicd properties of steel fiber concrete exhibited great 

dependence on the vaiue of the reduction in the fiber diameter, caused by corrosion. 

Furthemore. a simplifkd anaiytical mode1 was developed to predict the tende stress- 

suain response of steel fiber concrete infiuenced by corrosion: 

where u is the stress at the crack, a,, is peak-stress, x is crack width, LI is length of the 

fiber, and k is a modifier. 



2.1.1.8. Fatigue 

Fatigue behavior of steel fiber reinforced concrete under biaxial compression was 

examined by Yin and Hsu (1995). They used 1% volume fraction of 25 mm long, straight 

steel fibers. The deformations in al1 three p ~ c i p a l  directions were measured, and Suess 

level versus Nurnber of cycles (S-N) curves were obtained for O (uniaxial), 0.2, 0.5, and 

1.0 stress ratios. The curves for fiber concrete in biaxial compression were similar to 

those of plain concrete. Furthemore, it was concluded that the fatigue strength of fiber 

concrete in biaxid compression was greater than that in uniaxial compression, Addition of 

fibers did not increase the fatigue endurance limit of concrete, but increased its strength 

for fatigue loads in the low-cycle region, and significantly increased the ductility of the 

specimen. The fatigue failure mode changed from splitting for plain concrete to faulting 

(crack redistribution) for fiber concrete. Lastly, fatigue strength envelopes for biaxial 

compression were produced for design of fiber reinforced concrete structure (Figure 2-4). 

2.1.1.9. Cyclic Load 

Naaman and Otter (1988) investigated the behavior of steel fiber reinforced 

concrete under cyclic compressive loading. Three different volume fractions were used. 

The fibers were either straight with three different aspect ratios, or  hooked. The applied 

loading was either cyclic with three different regimes, or rnonotonic. The envelope curves 

of monotonic loading showed that hey govern the cyciic responses. Besides, it was found 

that the toughness under monotonic loading provides a lower bound to the arnount of 

energy absorption that can be achieved under a general cyclic load history, and the 

behavior of fiber reinforced concrete under cyclic load, when normaiized by its rnonotonic 

behavior, is very similar to that of plain concrete. Hence, it was concluded that the 

existing models for the cyclic loading of plain concrete can be applied to fiber reinforceci 

concrete. 



Fieure 2-4: Ideal ized fatigue curves for   la in (Pl and fiber concrete (n 
pmduced by Yin and Hsu ( 1995) 



3.1.2. Micro Fibers 

Micro fibers have been developed in recent years (Mindess, 1995) to increase the 

number of fibers in the mix, and reduce the fiber-fiber spacing (Banthia et al, 1995). The 

dimensions of these fibers are very small (length within millimeters, and thickness within 

micrometers). The fine size of the fibers allows large volume fractions to be mixed easily 

and dispersed unifomùy in the r n a h  (Banthia et al, 1995). These fibers are made of 

vario us ma teriais, hence, they have differen t mec hanical properties. 

The uniaxiai tensiie behaviors of cernent paste and mortar containing high volume 

fractions of micro fibers (1 5% to 3%) were investigated by Banthia et al (1 995). Carbon. 

steel and polypropylene micro fibers were used individuaily (mono) and in combinations 

(hybrid). The study showed that signifcant improvements on the mechanicd propenies of 

cernent matrices were achieved by the addition of these fibers at high quantities. Steel 

fibers provided better strengthening and stiffness, carbon fibers contributed better 

ductility, and polypropylene fibers Ünplernented better toughening at large crack openings. 

The tests on hybrid composites showed that different fiber types acted as additive phases, 

Le. they maintained their individuai reinforcing capabiiities. The specimens also were 

subjected to impact tensiie loads, and exhibited stronger and tougher responses. These 

improvements were greater at higher fiber volume fractions. 

Banthia and Sheng (1 995) studied the flexural response of micro-fiber reinforced 

cernent paste and mortar. Both notched and unnotched s p i m e n s  were tested by four- 

point flexure. It should be noted that the test setup provided free rotation for neither of 

supports, and a yoke was mounted on the beams to eliminate the spurious deformations 

arising due to support settlements. The fiber types were: 6 mm long carbon fibers, 3 m n  

long steel fibers, and 6 mm long polypropylene fibers. Steel fiber reinforcement led to an 

improvement in the strength of matrix. but had less effect on the toughness than carbon 



fiber reinforcement. The notched steel reinforced speçimens, which were tested for crack 

propagation, showed less britticncss than unnotchd btams. 

2.13. Polypropylene Fibers 

This type of fibm are made of organic materials with complex molecular 

structure. They are avaiiable with different mechanical propertïes, but generally their 

modulus of elasticity is low compared to that of steel. These fibers can be found in shapes 

of individual needles, or fibrilated nets. 

2.1.3.1. Fresh and Hardened Mix 

The properties of fibriliated polypropylene fiber reinforced concrete were 

investigated in fresh and hardened States by Bayasi and Zeng (1993). Fiber lengths were 

12 and 18 mm, and volume fractions were 0.1, 0.3, and 0.5%. Fresh concrete slump, 

inverted slump cone time, and air content were measured. The hardened specimens 

behaviors were assessed by compressive and flexural strength, impact resistance, rapid 

chloride permeability, and volume percent of permeable voids, in this experirnent, 

fibrillated polypropylene fibers had no detectable effect on the workability and air content 

of fiesh concrete at volumes below 0.3 percent, but adverse effect on workability and 

increase in air content resulted fiom the application of fibers at 0.5 percent volume. It was 

also found that for volumes l e s  than 0.3 percent the 18 mm long fibers were more 

effective in enhancing the p s t  peak resistance, whereas for 0.5 percent volume the 12 mn 

long fibers had better effects. 

2.1.3.2. Compressive Strength 

Compressive strength of polypropylene fiber reinforced concrete was experimented 

by Tavakoli (1994). The fibers were 70 mm long, and their volume fiactions were: 0. 0.5, 



1, l .Sv and 2 percent- The resuits showed that the strength of concrete decreased slightly 

with increasing the fiber fraction. Higher fiber ratio also had declining effect on the 

specific gravity of mix. Furthemore, the author found that the tensile strength of FRC 

increased almost linearly with raising fiber percentage up to a ratio of about 1.556, and 

then decreased. 

2.1.3.3. Fire Effects 

The effect of fue on polypropyiene (PP) fiber mortar has k e n  investigated by 

Raivio and Sarvaranta ( 1994). The aggregates expand with rising temperature, while the 

cernent paste shrank due to water loss. Hence, thermal incompatibility caused degradation 

of concrete. In addition, synthetic organic fibers had a tendency to s k n k  at around 100°C 

due to entropic heat relaxation. On the other hand, fibers affected the release of moisture 

from the fiber mortar. Hencc, local pressures caused by water vaponzation, due to npid 

heating from fie, could be reduced by incorporating fibers. The spalling tendency of fiber 

concrete at the early stage of rapid heat exposure also was related to the extend to which 

the matrix was able to withstand the vapor pressure of the pore water. The polypropylene 

fikrs melted around 160- 170°C- Therefore, this fiber type can no  longer conmbute 

tensile strength to the FRC at higher temperatures. Besides, it was observed that the use 

of fibers increased the air-void in rnonar when traditional rnixing methods were used. The 

Back Scattered Electron (BSE) images indicated that porosity was higher around the 

fibers. 

2.2. Concrete Confined by Fiber Wrap 

An experïmental study was perfomied at University of Toronto on rehabilitation of 

concrete columns which were damaged by corrosion process (Sheikh et ai, 1996). in this 

study a fiber sheet made of E-glass and Kevlv fibers was used for wrapping the 



specimens. The wrapping was accompanied by a number of repair techniques, to evaluate 

the most effective procedure. The specirnens which were repaired by placing expansive 

grout between a plastic sheet and concrete, prior to wrapping, produced false results due 

to strain concentration at the seam of the plastic sheet The half scale columns which were 

repaired with fiber reinforced mortar showed that FRP could fully recover the strength of 

corroded columns. Additionally, ductility of the repaired colurnns was significantly higher 

than that of undamaged one. These repair techniques were also applied on smaii size 

cyhders (300x150 mm) and theu efikcts on siowing down the corrosion process was 

studied. 

The confmement of concrete by carbon fiber wraps was examined by Slattery and 

Hannon (1992). The experiment was based on 100x50 mm concrete cylinders with 

compressive strength ranging from 41 to 103 MPa, and composite reinforcernent ratios 

from 0% to 5%. The compression tests showed that the axial stress-strain curves were 

bilinear with a yield point somewhat higher than the fdure  stress of the corresponding un- 

wrapped specimen. Reinforcement ratio had slight effect on the ascending portion of the 

curve, but considerably increased the slope of the second portion. tncreasing the fiber 

ratio increased the ultimate stress, but had a minor effect on the yield stress. Also, the 

transverse strains increased drarnatically at some point after the failure stress of the 

unco nfined c y Iinder, and decreased as the circumferen tial fiber ratio increased. Ho wever, 

it was not possible to q u a n e  this variation due to difficulties in measuring the strains. 

Besides, the increase in fdure stress was approximately 39 MPa per each percent increase 

in confinement carbon fiber ratio. The authors suggested that the strength efficiency could 

be increased with better fabrication. in addition, the effect of cyclic loading was 

expenmented briefly. The results suggested that cyclic loading had linle degradation 

effect on the wrapped cyhders. 



2.2-1. Orientation Effects 

Karbhari et al (1995) investigated the use of cabon-fiber-reinforced jackets 

applied to 3ûûx 150 mm concrete cylinders through the use of tow-sheet-type fabrics. The 

prirnary interest in this study was to investigate the effects of orientation and thickness of 

the composite wraps on the load cacIying efficiency and enhanced ductility of concrete. It 

was hypothesized that although fibers at the hoop direction would produce the most 

confinement and strength, the other orientations could potentially increase the ductiiity 

and prevent catastrophic failure. Therefore, fiber sheets were instalied at combinations of 

orientations of O", k 45". and 90". The overlap on a given layer was about 90" of the 

circumference of the cylinder. it was observed that the addition of each layer in the hoop 

direction led to an increase of about 33% in load carrying capacity. The experiment 

showed that the specirnens with the layers aligned only dong the shear planes (f 45") 

gave the worst results. However, these jackets did not show extensive damage, and rather 

the darnage was seen in mis-orientation of the layers fiorn their original positions. The 

axial load-deformation curves had a change in slope, a so c d e d  "kink point", occurring at 

about the point where the unconfined concrete exhibits failure. Figure 2-5 shows the 

findings of this experimental study. 

The effect of variation of the angle of carbon fiber wraps on the strength of 

cylindrical specimens was investigated by Picher and Labossière (1995). The 300x150 

mm cylinders were wrapped by a layer of fiber sheet in the hoop direction and two layers 

in 0°, f fi0, f go, * 12O, f Mo, and f 24O (in respect to the hoop direction). The obtained 

stress-strain curves exhibited bilinear shape, the first part indicaang the elastic behavior up 

to a kink-point (Figure 2-6). The location of fie kink-point did not Vary considerably with 

increasing the number of wrapping layers. where as the slope of the second part of the 

curve had increase. 



îercent- inweese in compressive stnmgth of jacketed specimens 

Cyllnder Wr ip  Type 

Percenlage increase ln axial strain of jacketed specimens over the concrele con- 
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Fieure 2-5: The effects of -orientation on com~ressive resoonse 
produced by Howie and KYbhari (1995) 



m u r e  2-6: The normalized stress-strain of w r a ~ ~ i n ~  svstems with various orientations 
produced by Picher and Labossiere ( 1995) 

Picher and Labossière (1995) concluded that angles greater than 120 had less 

strengthening effect than smaiier ones. The angles of 6 O  and 9O resulted in the most 

deformation and doubled the strength of çoncrete. Tests on 200x100 mm wrapped 

cylinders showed that their strength is 10% more than similar 300x150 mm cylinders. 

This study was accompanied by developing a mathematical mode1 for multilayer concrete 

composites based on linear-elastic theory at rupture which obeys the Hooke's general law. 

The average stress in al1 layers cm be define as: 

- 1 t / 2  1 
oi =- f o i . d z  = - J Q ~ ~ - ~ Z . E ,  for i, j = 1, 2, 6 

- t /2  t 

The stress-strain relationship of multi-layer composite can be obtained from: 



where Aij = 1 Q,dz (2-5) 

The inverse relationship of the above equation permits to evaluate the modulus of 

elasticity for multi-layer composite based on individuai layers: 

2.2.2. Environmentai Effects 

Karb hari and Eckel ( 1 995) studied the effects of short-tenn environmental 

exposure on the axial strength capacity of composite jacketed concrete. Concrete 

cylinders with the nominal size of 300x150 mm, and average strength of 52 MPa were 

cured for 28 days. Then. they were wrapped with 2 layers of ACM, and placed in a 

vacuum bag in room temperature for 36 hours to cure the resin. Then, the specimens 

were subjected to one of four environmental conditions: ambient, water, sea water, and - 

18T, for 60 days. The authors have discussed that the main environmental deterioration 

a n  take place in the potentially weak interfacial zone of the wrap and concrete. After 

exposure. the cylinders were tested in axial compression. The failure was defined as a 

15% drop in 1 0 4  capacity. The specimens subjected to - 18°C had brittle failure, but 

increased stiffness. Sea water was found to have detenoration effects on the fiber-matrix 

interface, whereas fresh water had insignificant effects on the strength. in this study giass, 

carbon, and aramid fiber sheets were examined. Furthemore, the need for long terrn and 

accelerated environmental study was mentioned. 



3. Parametric Dimensions of 
The Experimental Program 

3.1. Objective 

The objective of this experimentai study was to evaluate and quan- the effects of 

various types and contents of fibers on the mechanical properties of High Strength 

Concrete (HSC). Combinations of favorable fibers such as steel micro fibers, steel fibers 

and polypropylene fibers were aIso exarnined during the series of tests. Additional 

variables of the experimental program were the condition at testing (degree of saturation), 

the load path, and the specirnen s ix .  

Table 3-1 sumarizes the number of specirnens and test variables for this 

experimental study. Rows represent the fiber combination used for each batch, whereas 

colurnns represent thz type of testing. The number in each celi indicates the number of 

identical specirnens for that experiment A total of 9 different batches (including the plain 

concrete used as the matrix), 19 different types of testing conditions, and 258 specimens 

constitute this research. The outcomes of the experiments are discussed in the foilowing 

sub-sections; nomenclature refers to Table 3- 1. 

3.1.1. Fiber Type and Content 

The behavior of fiber concrete varies depending on the type and content of mixeci 

fibers. The design of concrete batches were intended to provide extensive knowledge of 

the improvements effected by various types, contents, and combinations of fibers on the 

behavior of plain concrete. Batch 1 is the plain concrete which was used as the mauix for 

al1 subsequent fiber concrete batches. Batches 2 and 3 contained 1% and 2% steel micro- 

fibers by volume, respectively. 
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The total volume fractions of fibers for Batches 4 and 5 were 1% and 2% 

respectively, which consisted of 40% steeI micro-fibers and 608 steel fibers (by volume). 

Batch 6 contained 4% polypropylene fibers by volume. The total volume fractions for 

Batches 7 and 8 were 2.58 and 5%, respectively. The fibers were combination of 40% 

steel micro-fibers and 60% polypropylene fibers (by volume). Batch 9 had 1.5% 

polypropylene fibers. For the purpose of cornparison, the fiber content of Batch 7 is equal 

to the sum of those of Batches 2 and 9. The volume of micro-fibers of Batch 8 is equal to 

that of Batch 3. 

3.1.2. Active Confinement 

It is known that laterd pressure improves considerably the mechanical properties 

of concrete. These improvements were examinai for fiber concrete in a triaxial hydnulic 

ceil (Hoek Cell) under various degrees of confinement The relative tests are listed in 

colurnns A through 1 of Table 3- 1. in this expriment, lateral pressure was increased up 

to its final value prior to the application of axial load. The degree of cofinement was 

defined as the ratio of the lateral pressure to the average uniaxial compressive strength of 

saturated 100x50 mm cylindrical specimens. For saturated specirnens these ratios were O, 

20. 40,60. and 808, and for dried ones they were O, 20.40, and 60%. The tests on dry 

specimens were designed to determine the changes in fiber concrete response in the 

absence of pore water pressure. 

3.1.3. Passive Confinement 

Except in cases of prestressing, stress States in concrete structures seldom involve 

conditions of active confining pressure. Usudy, passive confining stresses arise in 

reaction to concrete expansion in one direction resulting from damage under ioad in the 

orthogonal direction. Hence, it is possible that the mechanical properties of passively 

confined concrete might be different from those obtained under active confining pressure. 



In this study, passive confinement was provided by rneans of carbon fiber wraps. The 

fibers act against the lateral deformation of concrete, and provide passive confinement. 

Relevant tests are listed in columns K through P of Table 3-1. The fiber wraps were 

applied in 1, 2, and 3 independent layers to produce different degrees of passive 

confinement. The magnitude of confining pressure depends on the number of iayers, 

lateral strain, and modulus of elasticity of the wrap. 

3.1.4. Moisture 

Previous findings (discussed in section 5.5.1) indicated that pore water pressure 

counteracts lateral confinement in concrete, thereby weakening the compressive strength 

of the material. Batches 1,3, 5, and 7 were examined to assess the influence of water held 

in the pores at the tirne of testing on the mechanical properties of fiber concrete. Similar 

tests were performed on the specirnens in columns A to D which were saturated, and 

those in columns F to 1 which were dried. Saturated condition was achieved after 

subjecting the specimens to 100% hurnidity for 3 days, whereas dry condition was 

achieved by placing them in a 60°C oven for 3 days. Cornparison of the responses of the 

two groups would detemine the effects of moisture on fiber concretes. 

3.1.5. Effects of Size 

An extensive number of research studies have show that the response of concrete 

varies with the size of specimen (discussed in section 5.4.1). in this study, it was intended 

to assess and quantifv the effects of specimen size on the compressive mechanical 

properties of fiber concrete. For this reason cyiindrical specimens were cast in three 

different sizes while rnaintaining the ratio of height to diameter equal to two. The nominal 

specimen sizes were 1 OOx50, 200x100 and 3OOx 150 mm, and the relative tests are shown 



in colurnns A, Q and R of Table 3-1. respectively. However, ùi perforrning the data 

reducaon, the actual dimensions were used for each specimen. 

3.1.6. The uToothpaste" Test 

The so caiied "toothpaste test" is an indirect splitting test. This series of tests was 

performed in the triaxial celi (Hoek Cell). With no axial load, lateral pressure was 

increasingly applied to the specimens up to splitting dong the circumference. The 

behavior of the specimens under these conditions is of particular interest in order to 

complete the overail failure envelope (yietds failure data for the tension regime), and also 

to descnbe the performance of concrete in the absence of axid compression. This test 

was applied to Batches 1,3,5, and 7, which are presented on column J of Table 3-1. 

3.1.7. Prism Bending Test 

The behavior of fiber concrete in tension was studied by perfonning bending tests 

on prismatic bearn specimens, listed in column S of Table 3- 1. The nominal dimensions of 

the bearns were 420x150~80 mm. and the actual dimensions of each specimen were 

recorded for related data reduction purposes (Appendix A). Four-point loading with three 

equal spans was applied to the simply supponed beam specimens. The tensile parameters 

were obtained through relevant calculations. 

3.2. Concrete-Matrix Design 

A high strength concrete (over 50 MPa, 28 days strength) was intended to be used 

as the reference batch and the matrix for the fiber concrete batches. in designing the rnix, 

it was intended to omit gravel, due to small size of the specimens. The mix design was 

selected through a series of trial and error experiments with a constant water/ cernent ratio 

of 0.45. The 200x 100 mm cylindrid specimens were tested after 7 days curing, and the 



average of compressive strengths of three specimens were measured. The moisture 

content for gravel was negligible, and for sand was 2%. Hence, this value increased the 

actuai W/C ratio. 

Initialiy, two rnîx designs were considered, referred to as mix 1 and mix II in Table 

3-2. Mix 1, which containeci rock f lou (as a substitution for gravel) and wet sand had an 

average 7-day compressive strength of 34.5 MPa, The workability of this mix was very 

low, due to its dqness. Mix II had sand, gravel and 2% (by the weight of cernent} 

superplasticizer (Lomar-D) with a 7-day strength of 19.4 MPa. This concrete resulted in 

vast bleeding and segregation. Consequently, rnix III, which is the same as rnix II but 

without superplasticizer, was examined. The strength of this concrete was 27.4 MPa at 7 

days, and it was too fluid. The W/C ratio for the above mixes was practicaily 0.47 by 

considering the moisture content of sand. For mix IV dned aggregates were used which 

led to 36.8 MPa compressive strength. Finally, gravel was omitted from the latter mix and 

its weight was replaced by sand, and mix V was produced (Table 3-2). The 7 day 

compressive saength of 200x100 mm cyhdrical specimens for this mix was 34.3 MPa 

which was adequate for the intended experiments. 

The materials which were used as the composition of the different batches in this 

research are described in detail in the following sub-sections. 

3.2.1. Concrete Matrix 

The monar mix V of Table 3-2 formed the concrete matrix of ail the subsequent 

fiber reinforced batches. The composition of this mortar for 1 m3 was: 

type 10 Ordinary Portland Cernent 660 kg - tap water 297 kg 

sand: washed crushed lime Stone with maximum grain size 2.5 mm 1320 kg 



The Constiaients of Trial Mixes: Values Are in kg/m3 

Table 3-2: The trial mixes for the concrete mamx 

The Compressive Strenpth of 200x100 mm Cylinders at 7 Days Age; Values Are in MPa 

3.2.2. Fi bers 

The following three types of fibers were used in construction of FRC batches: 

Micro Fibers: Steel micro-fibers, with specific p v i t y  of 7.85, 1 mm long and 25 lm 

thick, and high modulus of elasticity. 

Steel Fibers: Rounded 25 mm long, hookedcollated fibers (Figure 1 - 1) with water 

soluble adhesive. The specific gnvity is 7.85, and modulus of elasticity is high. 

Polypropylene Fibers: Fibrilated 25 mm long polypropylene fibers with specific 

p v i t y  of 0.9. Each group of the collated fibers were woven together by intemal 

fibers, so that after opening during the mixing process, they formed a fiber mesh 

(Figure 3- 1). The modulus of elasticity is 3 . 5 ~  IO' MPa. 

Mix m 
(wet agg.) 
660 
297 
990 
330 
--- 
--- 

Mix IV 
(dry app-1 
660 
297 
990 
330 
--- 
--- 

Constituents 
of trial mixes 
Cernent 
Water 
Sand 
Grave1 
Rock Flou 
Lomar-D 

Jxfore mix 

after mix - 

Mix V 
(dry aggJ 
660 
297 
1320 
--- 
--- 
--- 

36.76 
35.66 
37.86 
36.8 

Specimen 1 
Specirnen 2 
Specirnen 3 
Average 

Figure 34: T p e  of Polv~ro~vlene Fibers 

MixI 
.. (wet agg.) 

660 
297 
990 
--- 
330 
--- 

32.92 
34.84 
35.12 
34.3 

35.66 
35.66 
32. IO 
34.5 

18.66 
20.03 
19.48 
19.4 

MixII 
(wet agg.) 
660 
297 
990 
330 
--- 
13 

28.8 1 
26.06 
27.4 
27.4 



3.2.3. Super-Plasticiser 

The superplasticiser used in this series of experiments was Lomar-D, which was a 

dry powder. It is generally assumed that this product does not affect the W/C ratio. 

3.3 Casting 

Mwng and casting of each batch had particular characteristics and problerns which 

are explained in this section. The saturated unit weight for each batch was obtained by 

avenging the weight of three 200x100 specirnens divided by their volumes, in sanirated 

condition. These values are presented in Table 3-3 (they will be discussed in section 5.1). 

B a t  1 Batch Compositions 1 Measured 
No. 

I 
2 
3 
4 
5 
6 
7 
8 
9 

- Plain Concrete: This rnix was described in section 3.2.1, and was cast by using a 

vibrating table. 

Calculated 
Unit-Weight 

2277 
2333 
2388 
2333 
2388 
2222 
2312 
2347 
2256 

Plain Concrete 
Microfibers 1% 
Microfibers296 
(Micro+S teel) Fi ber 1 5% 
(Micro+Steel) Fiber 2% 
Polypropylene 4% 
(Poly+Micro)Fiber 2.5% 
(Poly+Micro)Fiber 5% 
Polypropylene 1.5% 

- Microfiber 1 % : The mk contained 1% microtibre by total volume. The fibers were 

mixed with sand and cernent at dry stage. This batch, which was cast &ce, was a 

workable rnix with a slurnp of 180. The mix was compacted the fvst time by a 

vibrating table extemally. and the second tirne by a v i b r a ~ g  hose intemally for a 

longer penod, but the expected density was not achieved. 

Percent of 
Compaction 

102% 
98% 
97% 
102% 
97% 
98% 
98% 
96% 
100% 

Unit-Weigh t 
2320 



a Microfiber 2%: This batch contained 2% steel microfibres by total volume. The mix 

was expected to be too stiff, because the high surface area of the microfiber would 

absorb considerable amount of water. in the first aial, it was mixed with 1% Lomar- 

D (of the cernent weight), but bleeding and segregation occurred. in  the second trial, 

when it was mixed with 0.5% Lomar-D, the same behavior in smailer scale was 

observed. Findiy, in the third trial, no plasticizer was used and a slump of 45 mm was 

O btained. 

Micro + Steel fibers 1%: A total of 1% of the volume of mDc was occupied by micro 

and steel fibers. The ratio of steel fibers to micro fibers was 60% to 40% respectively. 

The fibers were mked with sand and cernent before adding water. A slump of 200 

mm was measured for this mix. 

- Micro + Steel fibers 2%: This rnix was similar to the latter mi., but the volumemc 

fraction of the fibers in the concrete was double. Despite of the high ratio of fibers. 

the  workability of this rnix was good. No superplasticizer was used, and a slump of 

180 was obtained. A vibnting table was used for compaction of the molds. 

- Polypropylene fibers 4%: The mix contained 4% of polypropylene fibers by total 

volume. The fibers were added gradually to the wet mix. Rapid adding would result 

in ciogging. After mixing with concrete. the fi bers opened up and connected with each 

other. The resulting mix was very stiff with zero slump. Compaction was done by 

using internai vibration and hand tamping in layers of about 5 centirneters. 

- Polypropylene + Micm fibers 2.5%: The mix contained 2.5% polypropylene and 

steel micro fiben by total volume. The ratio of polypropylene to steel fibers was 60% 



to 40% respectively. The microfibres were rnixed with concrete at dry stage, and 

polypropyiene fibers were added gradually to the wet concrete. The sarne method as 

in the previous section was used for compaction. 

Polypropylene + Micro fibers 5%: This rnix was similar CO that of the latter section, 

but contained twice the volume of fibers. Because of the high ratio of fibers and the 

high surface area of the microfibres 0.4% Lomar-D (by weight of the cement) was 

added to the mix to improve its workability. The slump was still zero, but it allowed 

the cernent paste to cover the aggregates. The compaction was done by means of 

interna1 vibration and hand tamping in layers of about 50 mm. 

Polypropylene 1.5%: The mix contained 1.5% polypropylene fibers by total volume. 

No superplasticizer was added, and the slump remained zero. The method of 

compaction of the previous section was used. Despite of zero slump, the workabiiity 

and compactability of this rnix was satisfactory. 

3.4. Curing 

The specimens were covered with wet burlap after casting, and were striped the 

next day. Then they were kept in the curing room at 100% relative hurnidity and 30°C 

temperature, for a minimum of forty days. Since the concrete matrix did not contain fly 

ash or slag, it was assumed that its strength would not Vary considerably after this age. 

The specirnens were taken out for preparation after this period, and retumed to the room 

until the time of test (for dry and wet definitions and related procedures refer to section 

3.1.4). 



35. Sample Preparation 

All the batches were cast in four different sizes, and the foilowing tailorings were 

performed to make the specimen sizes into required dimensions. 

Prisms: The prisms were cast in 410~150x80 mm dimensions. For those batches 

which contained polypropylene fibers, the molds were overNled to cover the 

aggregates and fibers by cernent paste. The extra top was saw cut after hardening. In 

addition, the soft walls of the molds were curved due to the necessary severe 

compaction for polypropylene fiber concrete. Therefore, these concrete prisms were 

slightly out of shape. 

The 300 mm Cylinders: The batches were cast in standard 300x150 mm nominai 

size cylinders. For those batches which contained pdypropylene fibers, the molds 

were over frlled. The ends of ail the cylinders were ground after hardening. 

The 200 mm Cy linders: Standard cylinders with nominal size of 200 x t O0 mm were 

cast, with the similar procedure of the previous section. 

The 100 mm Cylinders: Concrete was cast in blocks with 345x260~160 mn 

dimensions. The 100x50 mm nominal size cylinders were cored from these blocks. 

The inside diameter of the core drill was 53.5 mm. The cylinders did not have a 

unique diameter due to the vibration of the drill. In order to eliminate the end effects, 

the cored cylinders were, then, saw cut to within 1 mm longer than the required length 

(remaining length about twice that of their diameters). Both end-faces of each 

specimen were ground (within fractions of a millimeter) tiU the grinding blade could 

touch the entire surface are& so that the end surfaces were smooth and orthogonal to 

the longitudinal ais. 



3.6 Strain-Gauge Installation 

Strain-gauges were instaiied on the 100 mm cytinder which would be used in the 

triaxial t e s ~ g  device . AU the gauges were 60 mm long to  be able to average the strains 

on a long length. Two gauges were installe. at mid-height of each specimen: in the 

circurnferential and axial directions. Ordinaxy gauges were used for the low confinement 

(q S 20% f ,) tests, and high strain capacity (post-yielding) ones were used for the other 

tests including the "toothpaste" series. 

Since the surface of the concrete specirnens were rough and porous, a fist layer of 

the adhesive (AE- 10) was applied and sanded after hardening. Then, the second layer was 

applied and the strain-gauge with its terminai were instailed. They were clamped to the 

concrete by scotch tape and placed in front of a heat lamp for about an hour. After 

hardening of the adhesive and stripping the tapes, a protective coat (M-coat) was applied 

in three layers. 

According to the Intertechnology (1995) catalog, the applied adhesive (AE- 10) is 

highly resistant to moisture. A trial experiment also showed that the above procedure is 

sufficient to protect the strain-gauge against water or moisture. However, if the specimen 

is in direct contact with water, the water would penetrate into the concrete and destroy 

the bond between the adhesive and concrete. Intertechnology (1995) suggested to apply 

wax (strain gauge accessory) on the surface of concrete at the installation location and 

blow it into the pores by a heat gun, tiii the rough surface of the concrete is visible. This 

wouId seal off the pores undemeath the adhesive. Then, the surface is sanded and the 

other steps of gauge installation, as the above, should be followed . 

3.7 Wiring 

The wires which extended out of the tenninals should be thin to be accommodated 

in the Hook ce11 without interfering with the alignrnent of the  specimen in the cell. For the 



uiaxial tests, #32 magnet wire was used. Because of the high lateral pressure, if the wires 

pass on each other they would create a short circuit. and if they pass over holes they 

would break during the test. Therefore, the paths of wires were carefully determineci and 

taped to the specimens. Plastic tape was wrapped around the wires at the location of 

passing the edge of the concrete to the top platen, otherwise, they would snap at that edge 

(Figure 3-2). At high degrees of confinement, the lateral pressure could break the wires 

where they were passing over even smaii size pores, or at the edge of specirnens, and 

often, the test shouid be repeated. For the toothpaste tests, in particular, the laterai 

pressure was extrernely high and the possibility of wire breakage would increase, hence, a 

slightly thicker wire was used. 

3.8 Wrapping Carbon Fiber Sheets on Specimns 

Sheets of carbon fibers were used to wrap sorne of the specirnens (Table 3-1) in 

order to provide passive confinement. The procedure foiiowed the steps suggested by the 

manufacturer (Força catalog, Appendix B). 

Appiy prime-coat (consisting of solvent and hardener) by a roller brush to the surfaces 

of specimens, and leave them in the room temperature for one day. 

Apply resin (consisting of solvent and hardener) by a roller brush to the carbon fiber 

s heet. 

Put the sheet on the specimen's surface and push it hard to soak the fibers in the resin 

and eiiminate any existing air bu bbles. 

Apply resin on the extenor of the fiber sheet to cover al1 the fibers. 

The catalog requires a LOO mm overlapping in general. However, because of the smd 

perimeter of the specirnens, shorter overlappings were used. For specirnens with one 

layer wrap the overlapping used was 80 mm for the 200 mm diameter cylinders, and 

50 mm for the 100 mm diameter cylinders. For specimens with two or three wraps the 



overlapping used was 50 mm for the 200 mm diameta cylindas, and 30 mm for the 

100 mm diameter cylinders. 

6. For the cylinders with two and three laycrs of wrap, steps 2 to 5 werc repeated after 

one day of curing. 

m r e  3-2: Tmical %ne for s m i n  



The specirnens were cured in room temperature for two weeks. The cylinders 

were ground after hardening of the wraps to restore their smooth ends. According to the 

catalog, wasr  would not cause darnage after the m i n  is hardened. 

3.9. '&Tooth paste" S pecimens 

Ln this series of tests, extremely high lateral pressure without any axial force was 

applied. The Iack of axial force produced particular pro blems which necessitated 

additional preparation. Since the length of the specimens were shorter than the 

membrane's, platens were added to the specimens. The lateral pressure would squeeze the 

membrane between the specimen and the platens and separate them, which would result in 

membrane failure. Strong glues could not overcorne this problem. 

Eventually, thin steel straps were wrapped around the searns to prevent the 

membrane from squeezing in the junction (Figure 3-3). The diarneter of the platens should 

be equal to the concrete cylinder diarneter. Otherwise, the bump which would be formed 

at the junction would produce axial force. The top platen was covered by plastic tape at 

the location where the wires were passing to prevent potential short circuit. The wire, 

which was used in this experiment, was one number thicker than the one which was used 

for the active confinement tests, The high applied pressure could break the wire at the 

locations that it was passing over even small size pores. The paths of the wires were 

carefully determined and they were taped to the concrete. StU, occasionally the pores 

which were hidden under a thin layer of concrete were opened up by applying pressure, 

and the test should be repeated. 

The large size pores which were more observed on the specirnens with microfibers, 

created additional problem. The membrane could be squeezed into these holes and 

generate tension at that location. This led to tension failure where the pores were on a 

plane. To overcome this problem, gypsurn (piaster of paris) was applied to the surface of 



the specimens to fYi up the holes mgure 3-2). Filling the holes also helped to prevent the 

wire breakage. 

Finure 3-3: A ~rÇgged spccimen for ''Toothpastt" teSI 



4. Testing and Results 

4.1. Background 

It is known that the mechanical response of concrete is detemiined or controkd in 

a consistent way by the physical properties of the matenal micro-stnicture, and the 

irnposed boundary conditions (Pantazopoulou and Mills, 1995). The components which 

form the micro structure of concrete consist of cernent paste, aggregate (and fibers), and 

voids (pores). The system of voids in the micro structure of concrete (porosity) weakens 

the mechanical response, since it has no contribution towards interpamcle bonding but 

nevertheless occupies space in the materid mass (Imran and Pantazopoulou, 1995). 

The initial slope of the stress-strain curve represents the stiffness of undamaged 

concrete. As the imposed axial suain increases, darnage starts to accumulate in the 

material structure, which can be detected by deviation from the linear elastic response in 

the stress-suain plot (Figure 4- Ia) (Pantazopoulou and MW, 1995). This nonlinearity is 

accompanied by a simultaneous deviation in the plot of volumemc strain (G) versus axial 

strain (el) from iïnear elastic response (Figure 4- 1 b). This means that the transverse 

strains increase at a faster rate than what the theory of elasticity would predict, due to 

interna1 micro-cracking . The idealized linear elastic response indicates a net contraction 

that wouid increase linearly at the rate of 1-2v (V is Poisson's ratio). Note that the post 

peak range of the stress-strain response is accompanied by reversal of the &-el c w e  into 

the range of volumetric expansion (dilation). The axial Strain which corresponds to zero 

voiumetric strain (e') marks the onset of a drarnatic loss of resistance, and uncontrolled 

crack growth and propagation (Pan tazopoulou and Mills, 1995). The post-peak response 

is a phase where cracks widen, separating the concrete mas into slender chunks, and due 

to their slenderness these chunks buckle outward, reducing the resistance of the rnember 

(Pantazopoulou, 1995). 



a stress v e m s  ax îd  strain (taken fmm ïmran and Panozopoulou. 1995) 
b. volumetric suain  versus axiai stnin (taken from ümm and Pantazopoulou. 1995) 
c. presentation of area sirain (uken from Panilizopoulou and Mills ,1995) 



The shaded axa in Figure 4-lc, which is bound knueen the &-el curve and a 45" 

h e .  presents the arca increase per unit area of the cross section supportïng the load. This 

area strain coordinate, denoted by cA, is a rneasure of the crack (cross-sectionai) &es 

developing in the material in response to the mechanical load. Resistance of concrete is 

sustained as long as the increase in is controlied, and hi Dation of the descending branch 

in the stress-strain c w e  is dircctly associated with a drastic increase in the rate of €A 

gowth (Pantazopoulou and Mills, 1995). 

Generally, the lower the porosity of a given material, the cioser the packinp of 

pamcles. and thus the higher the density of the interparticle bonds and the more radient 

the material to deformation. Cracking can bc interpreted as mechanicaiiy induced fom of 

porosity. and its impact on rnaterial resistance is Rmilar to that caused by natural porosity. 

B a d  on this idealization, softcning of resistance is seen as a consequence of increase in 

centent of voids in the micro structure (Le. pores and cracls)(Pantazopoulou and MiUs, 

1995). increase in voids causes volurnctric expansion in concrete, and it has b e n  shown 

that the loss of strength and stiffnesscan can be quantified consistently by using the 

volumeaic expansion as a state variable, dong with the applied boundary conditions 

(Pantazopoulou, 1995). 

Confinement is known to delay loss of stiffness and strength, increase the 

defonnability of rnaterial, and decelerate softening rate in the post peak region of concrete 

(Figure 4-1). in tests under very high confining stresses, it has been s h o w  that the &-el 

diagram may not even cross the el axis. It has been suggested that confinement provides 

lateral kinernatic restraint that prcvents volumctric dilation and kecps the concrete 

fragments together, to the extend that failure can be delayecf and even altered, resembling 

plastic flow (Pantazopoulou and Milis, 1995). At high intensity of confinement stress, the 

area strain becornes srnalier for a particular axial strain. Therefore, it c m  tx concluded 

that the presence of confinement imposes a kinematic restraint against separating the 

compressive stmts suppomng the axial load. It has bctn shown that the variation of 



secant stiffness of concrete is closely related to the arnount of area strain that is developed 

in the cross section of the compressed siruts (Imran and Pantazopoulou, 1995). 

At low range of confinement (up to 40% of uniaxial strcngth) the failure is 

associated with tensile cracking and subsequent volume expansion, whereas at higher 

confinements the failure is closer to plastic flow. At the stage of plastification, damage is 

no longer a result of unstable crack propagation, and failure is associated with alteration in 

micro-structure of concrete by rneans of compaction and collapse of pores. By assurning 

that the total maximum space available for concrete compaction is the net volume of 

initialiy occupied by capiiiary pores, Pantazopoulou and Mils estimated this darnage 

component based on the physicai characteristics of the concrete mix, such as waterkement 

ratio, air content, and fraction of aggrcgates. 

The importance of volumeûiç expansion in deterrnining the degree of micro- 

structural damage, which is an indication for existing rcsistanct, have been established for 

plain concrete. in this rescarch, the significance of this saain is investigated for FR&, as 

weii as composites wrapped by carbon fiber fabric. Hence, throughout the compressive 

tests. the axial and circurnferential deformîtions &re rneasured for the purpose of 

development of the relationship of volumetric suain with the mechanical behavior of FRC. 

4.2. Data Reduction 

The recorded dimensions and wcight of each specimen are listed in Appendix A. 

The test results, which are presented in Tables 4-1 and 4-2, required analysis and data 

reduction process in order to establish the rclationships of the important variables with the 

mechanical properties of FRC. The analysis procedures for determinhg each parameter 

are describecf in the foilowing sections, and the outcornes are presented in Table 4-3 for 

compression and Table 4-4 for bcnding. 
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No. 
4A1 
4A2 
4A3 
4K1 
4K2 
4L1 
4L2 
4M1 
4M2 
4Q1 
4Q2 
4Q3 
4R1 
4R2 
4R3 
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[No. 
6A1 
6A2 
6A3 
6K1 
6K2 
6L1 
6L2 
6M1 
6M2 
6Q1 
6Q2 
6Q3 
6R1 
6R2 

E20 
TEST 
-256 
-441 
-200 
-200 
-235 
-218 
-1 84 
-214 
-1 62 
-203 
-21 7 
-1 89 
-224 
-205 

/; 1 El0 

Table 4- 1 : Coimssion i w s u l t s  for cvlindrical soecimens 

JOT 
28.1 
26.5 
23.9 
22.3 
20.5 
22.8 
18.6 
20.9 
20.8 
23.3 
23.9 
25.3 
25.7 
24.6 

RELIABL 
-53 
-232 
-92 
-98 
-119 
-99 
-83 
-98 
-70 
-98 

-1 18 
-84 

-114 
-97 
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78.6 
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94.4 
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79.2 
80.0 
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-803 
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-306 
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8A 1 
8A2 
8A3 
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8M2 
8Q1 
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BQ3 
BR1 
8R2 
,8R3 
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4- t ; Coni~ression test results for çvlindricül snecimens 

& I O  

-701 
-201 
-353 

-92 
-67 

-116 
-77 
-67 

-102 

v u  1 E I  rnia - 
-2378 
-1635 
-1739 
-1373 
-1518 
-1768 
-1941 
-2141 
-1421 

-408 
-826 
-890 
-736 
-826 
-863 

-3534 
-2997 
-2860 
-2318 
-2501 
-2522 
-2856 
-2778 
-2115 
-1047 
-1676 
-1910 
-1775 
-1676 
-1853 



'1 (Kn) 
18.1 
18.2 
17.5 
17.5 
18.1 
17.6 
17.8 
18.8 
18.3 
17.5 
19.8 
18.4 
17 

17.6 
18.4 
14.3 
13.4 
13.8 
16.5 

17.85 
15.6 
16.5 
18.5 
17.5 
13.6 
12.9 
13.8 

11 (mm) 
0.46 
0.41 
0.4 

O -44 
0.42 
0.41 
0.41 
0.43 
0 -43 
0.4 

0.45 
0.4 

0.47 
0.6 
0.5 
O -5 
0.4 

0 3 5  
0 -5 

0 -44 
0 3 5  
0.53 
0.6 

0.58 
0.35 
0.3 
0.3 

32 (mm) 

0.6 
0.6 
0.6 
0.65 
0 -7 
O -8 
0.5 
0.5 
O .4 
0.8 

0.75 
O .S6 
0-7 

0.77 
0.97 
0.58 
0.65 
0.6 

B (mm) 

1 .os 
1.15 
1.1 

095  
0.9 
1 -74 
1 -76 

2 
1 

1.8 
1.3 

1-16 
1 2 8  
1 -72 
1.35 
1 -65 
1.75 
1.65 

l4 mm Prnin kN 

T 
Mi (mm] 

4.3 
5.8 

6.35 
5-75 
5 -7 
8 

7.65 
8.2 
8.1 
5.55 
5.23 
5 -4 

5.68 
4.94 
5 -4 
5 -3 

523 
6.08 

101 (mm) lPF(kN) 
1 0.42 1 

D2 (mm) 

0.60 
0.72 
0.47 
0.70 
0.81 
0.6 1 

JO4 (mm> IPrnin (kN) Ihin (mm) 
I I I 

inn test Table 4-2: Surnmarv o f  Bend resultg for ~ r i s m  mecimens 
Top: for each specimen: Bottom: average vdues 
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INO. I, IL, E~~ - E,, E (hl~il)  V ~ O  ~ 3 0  V m ,  v s,,, (MPa) s,, (MPajl s0(MPa) ; o ~ f . ,  a', ,p 
58.4 20684 0.111 0.122 0.117 -1 9274 0.00% 

Table 4-3: MeciüiaU;jiLpcoDeajes ohtained from compression lesu 



No. 
3A 1 
3A2 
3A3 
381 
382 
3C1 
3C2 
301 
302 
3E1 
3E2 
3F1 
3F2 
361 
3G2 
3H1 
3H2 
311 
312 
3K1 
3 k2 
3L1 
3L2 
3M1 
3Mi 
3N1 
3N2 
301 
302 
3P1 
3P2 
3Q1 
3Q2 
3QC 
3R1 
3Ri 
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'kble 4-3: Mechiiniçül prooenies obütined from cornoression tests 



- 
No. - 
1S1 
1 si 
1 S1 
2S1 
2Si 
2s: 
3s 1 
3S2 
3S3 
4s 1 
4S2 
4S3 
5s 1 
5S2 
5S3 
6s 1 
6S2 
6% 
7s 1 
7S2 
7S3 
3s 1 
3S2 
3S3 
3s 1 
3S2 
)S3 

h (mm) 
8025 
79.75 
78.88 
7925 
77.63 
78.75 
78.75 
78.13 
78 25 

79 
80 

78.75 
79.38 
79.88 
79.5 
79 63 
79.5 

80.38 
80.88 
79.38 
78.75 
78.75 
80.5 
78.25 
79 -75 
78.13 
79.5 

Na. R (MPa) 1 Ea (W 
1s 1 6.67 1 1222 

Table 4-4: Modulus of Ru~ture and ILS Corres~ondinf! Strain 
Top: for each specimen: Bottom: average vdues 



42.1. Initial Elastic Modulus (E) 

The elastic @re-çracked) rnodulus Îs the slope of the tangent to the stress-strain 

curve at its linear (ùeginning) part. in this investigation, the very initial part of the curves 

were not taken into account, because it was feh that disnrptions and local nonlinearities 

due to adjusmient of the testing system at the start of loading reduced the reliability of the 

data. Therefore, the E value was caicuiated as the average dope of two lines passing 

through the points of 1096-2096, and 10%-30% of the peak load on the stress-strain curve: 

From the above, E, was calculated as the average of E20 and EY), whereas the rponed 

E is the average of EaVg for ail the identical specirnens. 

4.2.2. The Poisson's Ratio (v) 

For uniaxial compression tests, Poisson's ratio is derived as the ratio of the strain in 

the direction of Ioad to the strain in other directions (V = -e3 / el). Considenng that by 

definition the volumetric strain is E, = E~ + 2 E:, (due to axisymmetry), it follows that: 

By neglecting the initial part of the curves, for the reasons stated in the preceding, the 

eiastic values of v were calculated fiom strain values at 10%. 20% and 30% of the peak 

load as follows: 



From these values, the average Poisson's ratio, vaVg. was calculated as the average of v30 

and vzo, whereas v is taken as the average of v,, for ail the identical specirnens. 

4.2.3. Softening (S) 

Softening, in this report, is defineci as the slope of descending branch of the stress- 

strain curve. Three softening values were caiculated for each specimen. Fust, the slope of 

a line which passes through the peak and 8 5 9  of the peak load on the descending part of 

cufve: 

Second. the dope of a iine which passes through the peak and 50% of the peak load on 

the descending part of cuve: 

Third, the dope  of a line which passes through the peak and the last point on the curve: 

The significance of any of the three softening values is that it reperesent a rneasure of 

ductility of concrete, and hence they are a means of quantifying the effectiveness of 

confinement or fiber admixtures in enhancing this property of the materid. 



4.2.4. Passive Confining Pressure (%) 

me passive confining pressure is caiculated from the recorded cùcumferential 

strain of the wrap as (Figure 4-2): 

( T ~ x D = ~ ~ E ~ x ( E , x ~ )  (4-10) 

where n is the number of layers, E, is the stîffhess of the carbon fiber wrap. and f is its 

ttiickness. Forca catalogue (Appendùc B) has given the value of EC x r. which here is 

termed P, and is equal to 25400 kN per meter length of sheet. Therefore: 

F i a  re 4-2: Passive Confinement Rwsure 

42.5. Modulus of Rupture 

AC1 Cornmittee Report (1988) and Loock (1988) suggested extending the 

formulation of ASTM-C-78 (for plain concrete) to the case of FRC. The modulus of 

rupture was calculateci from the results of pnsm tests, as following: 



where R is the Modulus of Rupture (tensile fkacture stress), M is the moment 

corresponding to the peak Ioad, I is the moment inema, and y is half of the pnsm depth. 

in this test: 

h bh5 
By substituing y =- and 1 =- 

2 
, it foiiows that: 

12 

where P is the total peak load. 1 is the total span (360 mm), h is average depth of beam, 

and b is average width of beam. 

The tensile strain corresponding to the fracme stress can be obtained by using 

vimial work. Figure 4-3 plots the actuai curveture distribution along the beam under the 

action of four-point loading. 

Figure 4-3: Actuai Curveture Distribution for Prisms 

1 

Fieure 4-4: Virtual Moment Pattern for Prism- 



The applied virtual force pattern is shown in Figure 4-4. Hence, the mid-span defiection 6 

is obtained from: 

The above simplifies to 6 = 23/216 a, p. Considering that c = a,, h/2. the nipture 

suain at the exuerne tension fiber is obtained as: 

4.3.6. Void Ratio (VR) 

The void ratio of the specîmens was calculated from their respective dry and wet 

weights, as Equation 4- 12: 

where VR is void ratio, w, is the weight of saturated specimen. wd is the dry weight. and 

V is the volume of the specirnen (for wet and dry definitions refer to section 3.1.4). For 

Batches 1. 3, 5, and 7 where both dry and wet specimens had been tested, the average 

void ratios were calculated (Table 4-5) fiom recorded data (Appendix A). For the other 

batches two 100x50 mm cylinders were weighted in dry and wet conditions and 

respective VRs were obtained (Table 4-6). 



W (dry) gr W water (g~ 
527.0 1 14.17 

Sample No. f Lenqth mm Diameter mn( Vdune 1 W (wetl gr 
IF1 1107.40 1 53.59 1242193 1 5412 

Table 4-5: Void ratios for Batches 1 .  3. 5. and 7 

TaNe 4-6: Void ratios for Batches 2.4.6, 8. and 9 

' ~ a r n ~ l e  No. 
2- 1 

2-2 

4-1 

4-2 

6- 1 

6-2 

8-1 

8-2 

9- 1 

9-2 

Volume 
241776 
241775 
241843 
241978 
241886 

Length mm 
107.1 9 
107.31 
1 07.34 
107.44 
1 07.56 
1 07.51 
107.63 
107.57 
1 07 .48 
107.46 
107.71 
1 07.85 
107.08 
107.M 
106.99 
107.02 
107.55 
107.51 
107.39 
107.38 

W (wet) gr 
545.44 

550.78 

545.16 

3iameter rnn 
53.59 
53.56 
53.56 
53.55 
53.51 
53.49 
53.52 
53.48 
53.63 
53.57 
53.57 
53.58 
53-51 
53.65 
53.64 
53.63 
53.59 
53.56 
53.58 
53.60 

W (dry) qr 
530.71 

534.50 

529.75 
241593 
242134 
241638 
242792 
242204 
242767 
243174 
241347 
242024 
24177s 
241753 
242588 
242226 
242136 
242295 

Void Ratio 
6.09% 

6.73% 

6.37% 

W water (qr) 
14.73 

16.28 

15.41 

5.61 Oh 

6.42"h 

5.88% 

7.33% 

823% 

5.34% 

5.90% 

Ave. VR 

6.47 ?G 

1 -VR 

Batch 2 
0.93588 

5.99% 

6.1 5% 

7.78% 

5.62% 

13.58 

15.58 

14.28 

17.69 

19.90 

1 296 

14.28 

546.64 

534.54 

54213 

Batch 4 
0.940104 

BaWi 6 
0.938504 

Bani 8 
0922198 

Batcti 9 
0.943801 

533.06 

51 8.96 

527.85 

55727 

555.71 

539.53 

539.32 

539.58 

535.81 

526.57 

525.04 



43. Details of Testing 

The tests in the following sections refer to the nomenclature given in Table 1-3. 

Except for nïne tests (1A. 1Q and 24) for which the test outcornes were plotted, al1 test 

resuits were recorded by a data acquisition computer in spread-sheet fonn. The plots, 

also, were digitized by the help of a digitizer computer in spread-sheet form. 

The dimensions of the specirnens were measured at a few locations and are 

recorded in Appendix A. The wet weights of saturated specimens, and both dry and wet 

weishts of dned specimens were recorded in the sarne appendix, as well. The wet weight 

was measured after the surface shine (due to water) was wiped by a piece of cloth. The 

testing procedures were different for various test types. AU the specimens were loaded by 

an MTS displacement-controiled machine. The loading rate was 10 mm/ 1300 seconds. 

unless otherwise men tioned. 

43.1. Active Confinement (Columns A to 1 in Table 3-1) 

The test series A and F of Table 3-1 (0% confinement) were performed with the 

procedure of uniaxial compression tests (section 4.3.4). The active confinement for the 

remaining series was produced by a hand operated hydraulic jack in a triaxial cell. n i e  

essential features of this ce11 which is named after its designer, Hoek (1968). are illustrated 

in Figure 4-5. The body of ce11 consists of a stainless-steel cylinder with end caps . A 

cylindrical membrane sleeve, made of flexible urethane rubber, is placed inside the body. 

and the caps are tightened. Before applying hydraulic pressure. the concrete specimen is 

placed inside the membrane. The oil pressure pushes the membrane sleeve against the 

caps and seals off its ends. The function of the membrane is to shield the specirnen fiom 

fluid peneûation into its pore structure. The ce11 and the membrane used in this study 

were designed to withstand a hydraulic pressure of up to 70 MPa. and accepted oniy Nx- 

core sized specimens (cylinders with height of 108 mm and diameter of 54 mm: nominal 

size 100x50) (Imran et al. 1995). 



H8rden.d in0  ground 
s m l  spnmrial so8u 

Ciiarince g8p 

Mlld riael cd1 body 

The applied lateral pressure was a fraction of the compressive strength of saturated 

100x50 mm cylinders subjected to uniaxial compression (column A of Table 3-1). The 

measured parameters were Iateral pressure, axial toad, circumferential strain (or 

deformation), and axial strain. For al1 tests two LVDTs, which were attached to the top 

and bottom platens, recorded the axial deformation. To eliminate the softening effect 

(created by grinding the ends of specimens), the specimens were loaded to less than 10 kN 

(about 5 MPa) and unloaded prior to the test. 

After a triaxial test was terrninated, the axial load was removed first, and then the 

lateral pressure was released. This resulted in a distinctive point on the load-deformation 

curve indicating the end of the test, since deformations decreased rapidly after that point. 

In addition, in the absence of aKid force the lateral pressure could partly recover the 



cylindrical shape, and ease the removal of the specimen fiom the ceU. For this reason the 

renieved specimens do not have a baml (bulging) shape in the Figures 4-6 to 4- 13. 

4.3.1.1. Saturated Condition (Columns A to E in Table 3-1) 

The prepared specirnens were immersed in water for t h e  days prior to the testing. 

As it was explained in section 3.6, water penetrated under the adhesive and weakened the 

bond berneen the strain gauge and the concrete. During the test, the axial gauge, which 

was under compression, separateci fiom the specimen at some locations and buckled. The 

circumferential gauge, which was under tension, performed better since even if only its 

ends were attached to the concrete, it stiil could detennine the strain. Therefore, the axial 

deformation measurernents recorded by LVDTs were used for data reduction calculations. 

In addition, the circumferential gauges were strengthened by a rapid strong glue at their 

ends prior to the testing. The procedure suggested in section 3.6 rnight be effective in 

preventing bond damage in future applications. 

Figures 4-6 to 4-10 show the specimens after king tested. The failure cracks are 

visible on the specimens subjected to 20% f, lateral confinement stress(B series). The 

cylinders with 40% f, laterai pressure (C series) have slightiy cracked. whereas there is no 

macro crack on the specimens confined with 60% and 80% lateral pressure, D and E 

series respectively. 

4.3.1.2. Dry Condition (Columns F to 1 in Table 3-11 

The specimens were kept in a 60°C oven for three days. This temperature did not 

h m  the gauges, and help to accelerate adhesive curing. Confined specimens with 20%. 

40%. and 60% of f, lateral pressure were tested in the Hoek ceîi, as described in the 

preceding section (4.3.1.1). Although the bond between the gauges and concrete was not 

defected in this case, the axial LVDTs measurernents were considered for the strain 

calculations, for consistency. 



Figures 4-1 1 to 4-13 show the tested specirnens. The cylinders with 20% f, 

confinement (G series) have cracked, where as those with 40% f ,(H series) and 60% f , 

confinement (1 series) have not. 

4.3.2. The "Toothpaste" Test (Column J in Table 3-1) 

in this series of tests, the saturated concrete cylinders were subjected to Uicreasing 

lateral pressure with no axial load up to their failure. in order to prevent damaging the 

bond of the strain gauges, as was discussed in section 3.6, the spechens were kept in a 

covered basket in the curing room in 100% relative humidity for three days, with no direct 

contact with water. The bond remained in good condition after that penod. This test. 

which was performed in the Hoek ceii, was burdened with nurnerous difficulties, and from 

the total of 8 specirnens half ended in premature failure. Figure 4-14 presents the 

specimens which had saasfactory failure. in this figure, J- 1 dernonstrates a typical sample 

with its preparaaons. The arrows on J-5 and J-7 indicate the crack locations. 

The laboratory technicians required a minimum axial load (about 1 W; about 0.5 

MPa) for the safety of the equiprnents, to prevent possible explosion of the concrete. This 

srna11 amount of axial load may have affected the obtained strength, and perhaps t ! s  

precau tion was not necessary. 

43.3. Passive Confinement (Columns K to P in Table 3-1) 

These series of tests were performed on cylindrical specimens which were wrapped 

prior to the test by carbon fiber sheets. AU the spccïmens were in saturated condition. 

They were kept in the curing room at 1008 RH until timt of testing (at least for 3 days). 

According to the manufacturer's catalogue (Appendix B), water was not expected to 

damage the wrapping system (the wraps on reai structures can resist rain and moisture 



build up in the encased concrete). The specirnens were wrapped with one, two, or  three 

Iayers of carbon fiber sheet (the number of layers is a variable of the study). 

Testing was done under uniaxial compression. For the measurements of axial and 

circumferential deformations two LVDTs and a perimeter chain were used. The cross- 

sectional area and length of the concrete specirnens (excluding the fiber wraps) were used 

in the calculations of stress and axial strain, since only concrete carried the axial load. 

Whereas the perimeter of the whole composite (includuig the fiber wraps) was considered 

in calculacion of cicumferentail strain, since the chain was wrapped over the fiber wraps. 

43.3.1. The 200x 100 mm Cylinders (Columns K to M in Table 3-1) 

The two LVDTs were instaiied on a compressometer of a constant gauge length, 

which was attached to the specirnen, and the chain was placed at the rnid-height of the 

cyiinder. Due to the smaii diameter of specirnens, the overlappings were shorter than 

required by the manufacturer for full scaie applications (section 3.8). These insufficient 

values led to ettrly faiiure at the seam. Hence, an additional 100 mm length fiber sheet was 

installed over the exterior seam (50 mm on each side of the seam). Although failure was 

accompanied by slip at the seam, fiber breakage also occurred. Figure 4- 15 illustrates the 

breakage of fibers for a two-layer wrapped specimen. For a few specimens of the M 

series, the rate of ioading was reduced to 10 mm / 1700 seconds, but no significant change 

was observed in the behavior of specimens. 

Figure 4-16 show the failed specimens which were wrapped with one layer of 

carbon fiber sheet Figures 4- 17 and 4- 18 show the tested concrete cyiinders wrapped 

with two and three layers of carbon fiber sheet, nspectively. in general. the failure 

occurred at the location of the exterior seam and at the mid-height of the cylinders. 



43.3.2. The 100x50 mm Cylinders (Columns N to P in Table 3-1) 

The LVDTs were instaiied on the top and bottom platens, measuring deformation 

of the total 1engî.h of specimen. The specimens were pre-loaded ta eliminate the end 

softening effects. When the specimens were loaded, the seam of the wrap opened due to 

insufficient overlapping. Similar to section 4.3.3.1, a 100 mm fiber sheet was installed on 

the exterior seam, and satisfactory failure was subsequently obtained. Figures 4- 19 to 4- 

21 demonstrate these series of specimens after king tested. No significant difference in 

the failure mode of these speçimens can be seen in cornparison with larger cylinders. 

43.4. Uniaxial Compression (Columns Q and R in Table 3-1) 

In these series of tests, the cylindtical specirnens were loaded iiniaxially. For large 

size specirnens (300 mm and 200 mm cyiinders), the axial deforrnation was measured for a 

length at midheight of the cyiinders, to elirninate the softening effects of the ends of 

specimens due to grinding. For this reason, the LVDTs were instailed on a clarnping 

device (compressometer) with a known length ( 250 mm for 300x150 mm cyhders, and 

153.2 mm for 200x100 mm cylinders), which was attached to the rnidheight of cylinders. 

However, for small size cylinders ( IOO mm), it was difficult to install the compressometer 

and the total deforrnation was rneasured dong the length of specimens. The end softening 

effect was eliminated by pre-loading. The circumferential deformation was rneasured by 

the chah, which was wrapped around the cylinders at their mid heights. 

Figures 4-22 and 4-23 present the 200x 100 mm and 300 x 150 mm specimens 

subjected to uniaxial compression, respectively. The cracks on the specirnens containing 

microfibers only are more scattered than those on specirnens containing steel fibers. The 

cracks on the specirnens containing polypropylene fibers are smooth and very narrow, 

particularly on specimens with high fiber contents (6 and 8) they are hardly visible. 



4 3 5 .  Prism Bending (S) 

The specimens were kept in the curing room until testing tirne. The 420x150~80 

mm nominal size prisrns were tested according with the ASTM-C-78 standard 

(1994)(Figure 4-24). The specimtns were turned to their sides with respect to their 

position at molding. Hence, the brcadth of beam was 150 mm, and its depth was 80 mm. 

The dear span length (L) was 360 mm. One of the supports could rotate cross-wise, and 

the other one could rotate longitudinal- wise. The loading lines could rotate cross- wise 

independently. Figures 4-25 and 4-26 show the testing setup. Since the wails of molds 

were not quite flat, any rernaining gap between the loading luies and the specirnen was 

filleci by computer c ~ d s  (Figure 4-26). When Batches 2 and 3 (very bride) were tested, 

the displacement rate was decreased to 10 mm/ 3000 seconds to trace any post-peak 

loading curve, but no extension after the peak was observed. 

Figure 4-27 shows the prisrns after failure. AU the failures occurred in the rniddle 

span which had maximum constant moment. The plain concrete and concrete containhg 

only microfiben were separated in two pieces, whereas the prisms containhg long fiben 

remained attached. The cracks on the specimens with polypropylene fibers are narrower, 

indicating that strain energy can be stored in this type of fiber and upon unloading of the 

defonned beam it can be partly recovered. 
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5. Discussion of Test Results 

Addition of fibers to concrete alters its known behavior for any imposed stress 

condition. The purpose of rhis experirnental study was to determine and quanm the 

response of fiber reinforceci concrete, with respect to its fiber type and content, to a 

variety of loading conditions. The degree of internai darnage, which was identified by 

voiumetric main, was assessed in order to establish the effects of these conditions on the 

interna1 structure, and the relationship ktween damage and response of various types of 

FRCs. A number of tests on a variety of FRCs (Table 3-1) were performed to illustrate 

each effect, and the test results are describeci and discussed in this chapter. 

5.1. Porosity of The Intemal Structure of FRC 

Table 3-3 presents the unit weight of the batches which were used in this 

experiment. It can be seen that addition of fibers resulted in lower density than what was 

expected, which means an unintentional increase in porosity. This phenornenon was noted 

by Bayasi and Soroushian ( 1992). Rossi ( 1994), Raivio and Sarvaranta ( 1994). Twakoli 

( 1994), and Bayasi and Zeng (1994). The schematic mode1 of Rossi (1 994) (Figure 2-3) 

explains the formation of air pockets around the fibers, which was so calied "waii effect", 

and BSE images (Raivio and Smaranta, 1994) have conftrmed their existence. 

in this experimenf the batches which contained steel micro-fibers and 

polypropylene fibers had the lowest relative unit weights. In the e s t  group, big holes 

were formed which were not eliminated by different compaction methods. Hooton (1995) 

and Banthia (1995) suggested that. perhaps, organic impurities are mixed with the steel 

micro-fibers and due to chernical reaction with the cernent produce gases which creare 

holes in the concrete. Mixes which contained polypropylene fibers, particdarly at high 

volume ratio, were stiff and very ciifficuit to compact. The low relative unit weights of 



these batches are caused mainly by this difficulty. However, the reasons which were just 

mentioned are additional to the "wall effect". 

5.2. Effects of Type and Content of Fi bers 

A total of 9 batches were cast which contained the same concrete ma&, but 

different fiber types and contents. The results of test type A (Table 3-l), which is the 

uniaxial compression test on saturated lûûx5O mm cyihders, have been used as reference 

in order to consuuct the comparative arguments of this section. Figures 5- 1 and 5-2 show 

the response of one representetive specimen frorn each batch. Figure 5-1 presents the 

axial stress versus axiai and circumferentiai strains, whereas Figure 5-2 illustrated the 

volumetric strain versus axial strain for those specimens. 

Compressive Strength (f',): The strength of dserent batches are presented in Figure 

5-3. Additions of 1% micro and steel fibers (Batches 2 and 4) did not have 

considerable effects on the strength of concrete, but adding 2% of those fibers 

decreased the compressive strength (Batches 3 and 5)-  The increase in fiber content 

led to increase in void ratio (wall effect) which in turn weakened the strength of 

concrete. Addition of polypropylene fibers, which have Iow modulus of elasticity 

lowered the strength of concrete (Batches 6 to 9). As the fraction of polypropylene 

fibers increased, the strength decreased. The strength of high fiber content concrete 

(Batch 6) is about half that of plain concrete. Batch 9 had the highest strength among 

polypropylene fiber concretes. Batch 7, which had 1.5% polypropylene fibers (equal 

amount to that of Batch 9 )  and 1% micro-fibers (equai arnount tu that of Batch 2) had 

lower seength than either Batches 9 or 2. 

Elastic Modulus (E): Figure 5-4 shows the variation in the modulus of elasticity of 

the batches. Micro fibers had less weakening effect on E than steel fibers. The E 



modulus of high content poiypropylene fiber concrete (Batch 6) was about 70% of 

that of plain concrete, but the addition of 1.5% polypropylene fibers (Batch 9) caused 

a slight reduction Ui eiastic modulus. The E value of batch 7 is between the respective 

values of Batches 2 and 9. 

- Poisson's Ratio (v): Figure 5-5 illustrates the v value of aii batches. in general the 

addition of fibers reduces the Poisson's ratio of concrete. Note that a high v value 

indicates a high rate of increase of the lateral strain relative to the axial one. leading to 

higher area strain and a lower value of e' or a higher degree of hternal damage. The 

fibers resmct the movements of concrete particles, and thereby lower the Poisson's 

ratio. However, the high content polypropylene fiber concrete (batch 6) has v value 

higher than that of plain concrete. The dense network that the fibers had formed 

determuid ovenvhelmingly the response of this fiber concrete. The increase of micro 

fiber content decreased the Poisson's Ratio slighdy (batches 2 and 3). However, 

doubling the steel fiber content raiseci the v value by 20% (batches 4 and 5) .  This can 

be explained by the wall effect and the increase in voids which leads to less 

effectiveness of steel fibers (in elastic region). However, more study in this area is 

required. 

- E, and e': Figure 5-6 illustrates the axial strain at peak load, E ,  and the axial suain 

correspondhg to zero volumetric change, E'. Addition of 1% micro and steel fika 

resulted in sIightly higher s h n  at peak load, but addition of 2% of these fibers 

decreased this strain. The polypropylene fibers at high volume (batches 6 and 8) 

increased the smin at peak about 25%' but these fibers at 1.56 volume decreased E, 

about 10%. The values of axial strain at zero voiumetric change are higher than E ,  

and follow the same pattern for micro and steel fibers (batches 2 to 5). For concrete 

contaïning a high fraction of polypropylene fibers (batches 6 and 8). the e' value is 



about 20% lower than the respective e, value, whereas for concrete with low fraction 

of this fiber type, E* is slightly higher. In general. it can be concluded that the intemal 

structure of concrete containùig high fraçtion of polypropylene fibers is severely 

damaged before it reaches its peak stress, where as for the other types of FRC severe 

darnage ( E * )  occurs afkr bearuig the peak stress. 

Softening: Softening, in this report, has been defined as the slope of the descending 

branch of stress-strain curve. Figure 5-7 represents the softening values based on 

three alternative computations of the softening parameter (SSS, SS0, and S'; ref. to 

Notation). The addition of certain fibers has caused reduction in the slope of 

descending branch. Steel fibers were more effective han micro (steel) fibers in this 

reduction, since they were anchored at the ends and could bridge maao-cracks in 

concrete. For batch 6 (4% polypropylene fibers) the values of SI15 and SSo could not 

be obtained, since the descending branch remained close to a horizontal line. The 

concrete with low percentage of polypropylene fibers (batch 9) had similar response as 

that containing steel fibers. The other batches with polypropylene fiber rnixed with 

micro-fibers (batches 7 and 8) had very low softening values. 

cr Deformability: In this report deformability has k e n  defined by axial strain 

corresponding to 85% and 50% of the peak Ioad on the descending branch of the 

stress-smin curve. Therefore, the ductiiity results are equivalent to the softening 

results. Figure 5-8 shows the deformability of different batches. The variation in 

is greater than that of egS Batches 5 (2% micro and steel) and 8 ( 5 8  micro and 

polypropylene) show high values. The deforrnability of batch 6 (4% polypropylene) in 

the %aie of Figure 5-8 is infinity. 
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Figure 54:  Young's Modulus of the batches with various fiber types 
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Poisson's Ratio 

Batch No. 1 1 1 2  3 1 4 . 5  6 7 8 9 
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Figure 5-5: Poisson's Ratio of the batches with various fiber m s  

1 2 3 5 6 7 8 9  

Batch No. 

Figure 5-6: Values of em and c of the batches with various fiber m s  
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Figure 5-7: Softening values of the batches with various fiber tvDes 
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mure  5-8: Ductilitv values of the batches with various fiber 



5.3. Effects of Confinement 

The mechanical behavior of concrete shows load-path-independence with respect 

to strength, but not with respect to deformation (Imran and Pantazopoulou, 1995). 

KUiernatic resua.int, imposeci by the boundary conditions, acts against volumetric 

expansion thereby delaying the onset of failure. Different darnage processes which result 

fiom different rates of volumeiric expansion lead to different concrete response. in this 

research, the effects of confinement on the mechanical properties of fiber concrete have 

ken  studied in active and passive confinement conditions. The test types, which are 

considered in this section, are listed in columns A to E of Table 3-1, for acuve 

confuiement, and columns N to P of the same table, for passive confinement. Both senes 

of tests have k e n  perforn?ed on 100x50 mm samated cylinders. 

The effective lateral pressure, which was experienced by the saturated specirnen 

during the confined tests, was actuaiiy l e s  than the apparent pressure applied due to 

generated pore water pressure. Therefore, a corrective fornula, which was proposed by 

h n  and Pantazopoulou (1995) to adjust the lateral stress values, has been used in this 

study to evaluate the  effective circumferentiai stress: 

~ ' l a t  = - p "void (5- 1) 

where, dl,, is the effective lateral stress, O,,, is the applied lateral stress, vY,, is the 

effective porosity of the concrete, and p is the pore pressure build up due to the initiai 

volumeûic contraction of the material. The pore water pressure p was taken equal t o  the 

applied lateral pressure. Then: 

~ ' l a t  = q a t  ( 1 ' vwid ) (5-2) 

The values of vWid has k e n  calculated in Chapter 4, and listed in Tables 4-5 and 4-6. 

The mechanical properties of concrete batches under various degrees of 

confinement were detemùned from the recorded stress-strain response. The volurnetric 

strain was assessed to study this properties of FRC through the state of internai darnage. 

In the following discussions, the lateral pressure and the correspondhg mechanical 



properties are norrnaiized to the respective values of test type A for each batch, in order to 

compare the results. 

Maximum Strength: The maximum strength of fiber concrete increases almost 

linearly with the degree of confinernent (Le. with lateral stress). Table 5-1 

demonstrates these variations which are also plotted in Figure 5-9. Both passive and 

active confinements produce a similar pattern which can be approximated by a Luiear 

relationship. The effect of confinement is slighdy less on Batch 5, which contains 2% 

micro plus steel fibers. Furthermore, note that some of the specirnens subjected to 

passive confinement had two peak values on the stress-strain c w e ,  which will be 

discussed in section 5.6 For these specimens the higher values have been considered 

in defining the entries of Table 5-1 and Figure 5-9. 

Strains at Maximum Strength: The values of axial strain corresponding to the 

maximum strength (defhed in the previous section) are presented in Table 5-2 and 

Figure 5-10. These values show a non-linear increase with increasing lateral stress, 

and are more scattered than the relevant stresses. At high degrees of active 

confinement (60% and 80%) this strain is fügher for Batch 7, which had 1% micro and 

1 -5% polypropylene fibers. The values of this strain are slightly higher for the case of 

passive confinement. 

Zero Volumetric Strain (e*): The axial strains at zero volumetric stnin are shown in 

Table 5-3 and plotted in Figure 5- 1 1. For many of the specimens. which were 

subjected to high confinement, theses values could not be obtained, k a u s e  the 

dilative phase of the response was delayed past the Limits of the testing system 

(measuring devices). in general the increase in confinement raised the value of e*, but 

the pattern of variation was not a regular relationship. From the cornparison of Tables 



5-2 and 5-3, it can be concluded that, by increasing confinement, E* inmases faster 

than the axial strain corresponding to the niaximum strength, Le. the onset of severe 

internai damage occurs after the rnaximurn strength is reached in many FRCs. This is 

the reason why the e* at highcr degrees of confinement was not obtainabie, and dso 

the post peak softening response exhibited more ductiiity. The value of this strain was 

not obtained for Batch 7 at any degree of confuiement, and for other batches at mcre 

than 40% confinement (except ody one specimen). Batch 7 with total of 2.5% fibers 

is the only batch in this series of tests which contains polypropylene fibers. 

Deformability (els): The values of axiai strain corresponding to 8 5 8  of the peak 

stress (first peak for the wrappecl cylinders) on the descending branch of stress-strain 

c u v e  are presented in Table 5-4 and plotted in Figure 5-12. The specimens subjected 

to high degrees of active confinement, and many specimens subjected to various 

degrees of passive confinement did not experience 15% strength loss within the range 

of test. It appears that increase in confinement resulted in an alrnost exponential 

increase in the ess value. Furthemore the values of were hardly obtainable for 

confined FRC specimens. Batches 5 (2% micro and steel fibers) and 7 (2.5% micro 

and polypropylene fibers) did not reach to 8 5 8  of the peak value (on unloading 

bnnch)  within the test range. 

Elastic Modulus (E): The values of the initial material stiffness obtained from stress- 

suain plots, E, are dernonstrated in Table 5-5 and Figure 5- 13. These values retain the 

same distribution pattern at different degrees of confmemenr in general, increase in 

confining pressure raised the eiastic modulus slightly (Le. confinement raises the 

stiffness of stmcture). 
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5.4. Size Effects 

One of the behavioral issues smdied in this research was the effect of specimen size 

on the mechanical properties of fiber concrete. Size effects on concrete subjected to 

various stresses have been extensively studied in the literature. The part of iiterature 

which is concerned with the efftcts of site on the compression response of concrete is 

reviewed briefly, in the foilowing section. 

5.4.1. Literature Review 

Scaling is the most fundamental aspect of every physical theory . In the classical 

theones of failure, the strength is determineci by a constitutive law in terrns of stresses or 

strains. However, rational analysis of fadure must take into account the energy release 

caused by failure and its balance with the energy needed to produce fracture or darnage 

zones (Bazant 1993). Bringing the energy release into consideration leads to the 

anticipation of size effect in the mechanical behavior of materials fading by fracture. 

For a long time the size effect had k e n  explained statistidy by the fact that in a 

larger structure it is more likely to encounter a material point of smaller strength (Bazant 

et al 1994; Neville 1990). The variation of strength throughout concrete is random and 

independent of structure size . The stress gradient, on the other hand, varies inversely 

with the structure size, and the region of high stress becomes larger in a larger structure 

(Bazmt 1984)- Therefore, the possibility of encountering low strength in the peak stress 

region is higher in a larger structure, and hence the apparent strength necessarily declines 

with the structure size Bazant 1984). In contrast, Bazant (1993) has brought three 

reasons for rejecting the statistical explanation: 

Quasibrittle materiais are not elasto-plastic in compression, because the load-deflection 

diagrarn exhibits pst-peak gradua1 softcning instead of a long plastic plateau. 

The failure is a fracture proçess, in which the energy release rnatters. 



The coarse micro-structure of quasibride materials indicate that there must be a 

characterisac dimension (Le. dimension is effective in the response of material). 

The proper explanation of size effect is based on the release of strain energy due to 

fracture growth, producing darnage IOcalization instabilities (Bazant et al 1994). Prior to 

failure, distributeci darnage, c o n s i s ~ g  of rnicrocracks, loçalùes into a narrow fracture 

process zone, which ultimately becornes the major crack (Bazant and Kwon 1994). This 

fracture process is driven by the release of stored strain energy from the structure (Bazant 

et ai 1994). In a larger structure, the strain energy is released fiom a greater zone, and so 

the amount of energy released is larger for a unit crack (Bazant et al 1994; Bazant and 

Kwon 1994). However, the amount of energy which is required to extend a unit fracture 

is not dependent to the size of structure (Bazant and Kwon 1994). Therefore, the energy 

required must match the fracture formation, and the fadure stress for a larger structure 

must be lower (Bazant et al 1994). 

Fracture is considered to be caused by propagation of a crack band that has a fixeci 

width at its front relative to the aggregate size (Bazant 1984; Fanelia and Krajcinovic 

1988; Mazars et al 1993). The linear (ciassical) form of fracture mechanics has been 

clearly shown to k inapplicable to concrete (Bazant 1984). However, it has been 

estabiished that concrete does obey a proper non-linear form of fracture mechanics in 

which fracture front progress by the large size of the rnicro-cracked zone is taken into 

account (Bazant 1984). 

The effect of size on the compression strength of concrete is not so remarkable as 

that on the tensile, flexural, and shearing strength . The compression strength for a full 

scale member is about 80 to 90% of that for common laboratory test specimens (Hatanaka 

et al 1994). 

Compressive fracture is a complex problem which has been already intenseiy 

studied (Bazant 1 993; Markeset and Hillerborg, 1995; Murakami et ai 1993). However, 

despite many useful results, the mechanism of compressive failure has not been understood 



and the size effect has not been determineci (Bazant 1993). This type of fidure always is 

accompanied by laterai defoxmation. The lateral deformation is related to longitudinal 

distributed splitting cracks, which fom and expand during the failure process (Markeset 

and Hiilerborg, 1995). in addition to the longitudinal splitting cracks, localized shear 

deformations may &O occur . Hence, it is dficult to clariQ the damage meçhanism and 

to evaiuate the distribution of darnage density in the damage process zone as weli as the 

magnitude of energy dissipated in the zone (Murakami and Hillerborg, 1993). 

Monta et al (1993) showed that the size effect is not significant for cylinders larger 

than 50x100 mm, but Bazant and Kwon (1994) explaineci that this disappearance of size 

effect in compression was misinterpretation of the plots. On the other hand, Neville 

(1990) showed that the compressive strength of cylinders larger than 600 mm in diameter 

remain size insensitive. 

5.4.2. Experi ment Results 

The results of test types A, Q, and R (Table 3- 1) are considered in this section. AU 

these tests were uniaxial compression and were performed on three different sizes of 

saturated cylinders with equd ratio of Iength/diameter. In order to compare the results, 

the considered mechanical propemes are nortnalized to the respective values of test type 

A of the same batch. 

- Compression Strength (f",): Figure 5-14 plots the strength of specimens of various 

sizes. It appears that as the size increases, the strength decreases. but the rate of this 

change also decreases. This indicates that there must be a lirnit for the strength of 

large size specimens. However. the effect of size variation is not equd on different 

batches. Batches 2 and 8 exhibit more sensitivity, whereas Batches 4 and 5 exhibit less 

sensitivity. The two latter batches contained steel fi bers. 



Strains at Peak (Q: The axial strains corresponding to the peak Ioad are iiiustrated 

in Figure 5- 15. The variation of & with the increase in size is sùnilar to the changes in 

f ,. The arnount of this suain effects the magnitude of stored energy at failure. Hence, 

for larger specimens lower strain at peak is required. Batch 8 (2% micro plus 3% 

polypropylene) shows l e s  sensitivity to size variation, whereas 2 and 6 show high 

sensitivity. 

- Axial Strain at Zero Vdurnetric Strain (E*) :  The values of axiai strain 

corresponding to zero volumenic strain are presented in Figure 5- 16. The value of E* 

drops about 40% from the 50 to the 100 mm diameter sp~imens ,  and remains stable 

thereon for the 150 mm diarneter specimens. This pattern of variation is in agreement 

with that of Poisson's ratio. Since for larger specimens the ratio of laterai snain to 

axial strain is higher, the volurneuic contraction is less, and hence the magnitude of e* 

is lower. The amount of energy which is stored in larger specimens causes earlier 

onset of severe damage. Figure 5- 16 indicates that the effect of size variation is higher 

for Batches 6 and 8, and lower for Batch 3. 

r Elastic Modulus (E): Figure 5-17 shows the variation of E with size. The pattern of 

the variation is opposite to that of f ,. The E value increases with size, but reaches to 

a Lirnit, This indicates that the variation of f, is lower relative to E, for smailer sizes 

than that ratio in larger sizes. The modulus of elasticity shows an increase of 60% 

from 50 to 100 mm diarneter, while it gains ctnother 15% increase fiom the 100 to the 

150 mm diameter specimens. Figure 5- 17 also indicates that Batch 8 shows more 

variation, whereas Batch 4 exhibit less variation than other batches. 

- Poisson's Ratio (v): Poisson's ratio increases with size, but approaches to a lirniting 

value. Figure 5- 18 illustrates these changes for different batches. This means that the 



rate of lateral strain increase is lower in smaller specimens than larger ones. niis 

behavior cm be explained by the models of Markeset and Hillerborg (1 995) and 

Taerwe (1995). Figure 5- 19 shows how the longitudinal concrete bars develop dong 

the loading direction, which eventually l ads  to vertical cracks. The cross sectional 

area of these bars are related to aggregate size. Therefore, in a larger specimen a 

higher number of them are forrned, whose deformations result in a higher accumulated 

laterd strain- The v value shows an increase of 80% from 50 to 100 mm diarneter, 

and almost no change from 100 to 150 mm diameter. Figure 5- 18 indicates that Batch 

6 is less , and Batch 5 is more effected by size variation. 

Deformability (&: Figure 5-20 indicates that for targer specirnens the vaiue of €85 

decreases. This means that the smaller specimens are more ductile than the Iarger 

ones. The reason is explained clearly by the concept of absorbed energy. Since larger 

structures store higher energy, after failure, they gain greater damage. Furthemore, 

the relative stifhess of the compression machine and the specimens is involved in this 

response. A 30% drop occurs for eg5 when the diarneter increases from 50 to 100 

mm, and an additional 10% drop occurs when the diameter increases to 150 mm, 

Batch 5 is more sensitive, and Batch 3 is less sensitive to size variation than other 

batches. 
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5 5 .  Saturation Effects 

In Section 5-3, the confinuig pressures were adjusted to account for the intemal 

pore pressure. This step was taken in order to reflect, in particale terms, the adverse 

effect that saturation has on concrete strength. The effects of saturation on plain concrete 

have been studied extensively in the Literaturc. in the foiiowing a brief review of scientific 

explanation for this phenomenon is presented, and then the important experimental 

variables of FRC, fiom this perspective, are disçussed. 

5.5.1. Literature Review 

The compressive strength of concrete in wet condition is lower than that of dry 

concrete (NeviUe 1990, lmran and Pantazopoulou, 1995). Several theories have been 

proposed to explain the reason for this phenomenon. Milis (1960) suggested that 

absorbed water dilates the gel, and the force of cohesion of the solid particles decreases. 

Another theory indicated that the absorbed water aeates a shielding effect and decreases 

the cohesive forces acting between opposite soiid surfaces (Rehbinder et al 1948). On the 

other hand, microsçopicaily, when the specirnen is loaded, absorbed water develops pore 

pressure due to the volumetric contraction of specimen (Akroyd 1961), and this pore 

pressure generates tension in concrete and weakens its micro-stmcture. The absorbed 

water also develops a swelling pressure in the gel (Mills 1966) which has to be in 

equilibrium with the interparticle forces (Van der Waal's forces). This process reduces the 

cohesive bond of the concrete pamcles, and decreases the strength. 

Robertson and Mills (1985) describe the effect of water on the cernent paste in a 

slightly different way. When concrete dnes. water molecules migrate away from the 

cernent gel and Van der Wall's bonds between the solid particles are strzngthened. Upon 

re-saturation the process is reversible except for new solid-solid bonds (due to the coliapse 

of smcture of hydrated cernent paste) which are stronger than solid-water attraction. 

Robertson and M i s  (1985) have mentioned that there are other factors which are 



involved in the weakening of concrete by absorbed water, such as: chernical reactions with 

the water. and change in conmte surface energy which leads to propagation of Griffith 

cracks. 

55.2. Experirnental Results 

The saturation effects are investigated in this research by studying the behavior of 

identical dry and wet speçirnens. In this regard. the test types A to D (Table 3-1) for 

saturated condition, and F to 1 for dry condition have been considered. 

5.5.2.1. Uniaxial Compression 

The mechanical properties of fiber concrete batches subjected to uniaxial 

compression are determined by considering test types A (wet) and F (dry). The results are 

presented in Figures 5-21 to 5-26. Each point on these plots represents a particular batch. 

The horizontal axis represents the value of a considered mechanical property in wet 

condition (average value of 3 specirnens), and vertical axis indicates the sarne variable in 

dry condition (average value of 2 specimens). Therefore, the diagonal represents the 

qua1 value line. 

The strength of fiber concrete in dry condition is higher than that of identical 

concrete in wet condition, This has been clearly explained in the Iiterature. The interna1 

pore pressure developed in the saturated specimens acts as negative confinement causing 

weakening of the concrete structure. Figure 5-2 1 presents the results of the experirnents. 

Ail the points on the plot are closer to the dry axis, which means dry strength is higher 

than wet strength. The difference of the two values is related to the strength and porosity 

of the concrete. 

Figure 5-22 illustrates the values of E, in wet and dry conditions. These values are 

much higher for dry concrete than wet one. Since the increase in E, is higher relative to f, 



for dw fiber concrete, the E values which are prcwnted in Figure 5-23 are higher for wet 

specimens. 

Figure 5-24 indicates chat the value of Poisson's ratio is higher for wet spechens. 

This means the rate of e3 increase is higher than that of € 1 ,  which leads to srnaiier E' for 

wet concrete, which is indicated by Figure 5-25. 1t can be concluded that wet fiber 

concrete suffers more darnage than the dry one, since its volurneûiç strain increases at a 

faster rate. This result was expected considering that the internai pressure acts as tensile 

lateral stress on the concrete. 

Figure 5-26 presents the values of for wet and dry conditions. Higher value of 

this strain indicates higher ductility. These values are higher for the dry specimens. 

5.5.2.2. Triaxial Compression 

Table 5-6 and related Figure 5-27 show the strength of dry and wet confined 

specimens. The strength of dry concrete is higher for al1 degrees of confinement. Table 5- 

7 and Figure 5-28 indicate that the values of E, for dry specimens are lower for higher 

degrees of confinement than those of wet specirnens. Table 5-8 and Figure 5-29 show 

that the vaiue of E slightly increases with the degree of confinement, but its changes are 

equal for dry and wet specimens. 

The variations of E* for dry and wet concrete are presented by Table 5-9 and 

Figure 5-30. This value is slightly lower for dry concrete at higher confinement. Perhaps. 

dry fiber concrete suffers more darnage at high degrees of confinement. A large amount 

of contraction occurs during the application of lateral pressure prior to loading the wet 

specimens, which causes compaction and delay in sever darnage (Imran and 

Pantazopoulou, 1995). The values of &es, which are indications of ductility, are shown in 

Table 5- tO and Figure 5-3 1. These values are slightly Iower for dry high confined 

specimens. 
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5.6. Effecîs of Wrapping 

Various degrees of passive confinement was apptied to the cyiindricai specimens 

by layers of carbon fiber wrap, and the compressive responses of various types of fiber 

reinforced concrete were assesseci under these circumstances. The test types K to P 

(Table 3-1) are related to this part of the research, where K to M are 200x 100 mm and N 

to P are 100x50 mm cylinders. AU the specimens were tested in saturated condition. The 

number of wraps varied from 1 to 3 individual layers. 

When a specimen is loaded, it develops lateral deformation, which generates 

longitudinal suain in the wrap, and after the collapse of interna1 structure of concrete the 

confining mechanism is M y  mobolised. It has been s h o w  by energy balance 

consideration that at that stage, any increment of axial strain in concrete, requires two 

components of extemal work input, one to cornpress the concrete mass, and one to stretch 

by the necessary amount the confining system (Pantazopoulou, 1995). Therefore, the 

more layers the confining system possesses the stiffer the ovedl  system, and hence, the 

greater the required load to produce a aven amount of axial strain. This explains the 

observed post-peak stiffening of the stress-strain c w e s  of the wrapped cylindrical 

specimens. The second peak which marks the end of Life of the composite specimen 

corresponds to the occwance of catastrophic failure, either in the concrete-wrap interface 

propagating to the seam, or directly on the seam if the overlapping provided is inadequate 

for development of the wrap strength. 

The wrap which was used in this experiment was carbon fiber. Therefore, the 

sû-ain at failure of the carbon fibers determines the ultirnate deformation (or strength) 

capacity of the composite. The ultirnate elongation for carbon fiber type Cl-20 is 1.5% 

(Forca catalogue. Appendix B). Figures 5-32 to 5-40 show that the laterai strains at 

failure (wrap breakage) have values benueen 0.5% to 1.5%. The low values of e3 could 

be caused by premature failure in the wrap seam or by imperfections in the wrap 

installation. The axiai straïn at Mure for a wrapped specimen (wrap breakage) is more 



than that for an unwrapped specimen. Hence, when the wrap breaks, the concrete can not 

withstand the existing axial strain and explosive faiiure occurs. Furthemore, the 

circurnferential strain is the highest at the mid-height of the cylinders, and wrap breakage 

begins fiorn this region and rnoves to the ends. This movement is very rapid, but produces 

a short distinguishable steep unloading part on the stress-straîn curves. 

5.6.1. The Effects of Various Number of Layers 

In this section test types K to M ( 2 0 0 ~  100  mm cylinders) have k e n  considered, 

which include ai l  the batches. Figures 5-32 to 5-40 illustrate the behavior of the batches 

with various numbers of layers. These figures plot the variation of stress with axial and 

circumferentiai strains (on the top), and that of axial strain versus volumetric strain (on the 

bottom). In these plots the behavior of the specimen which was more representetive (from 

two identical specimens) have k e n  used for each batch. The speçifice characteristics of 

the responses of wrapped specimens are discussed in greater detail in the foliowing 

sections. 

5.6.1.1. Maximum Strength 

The study of Figures 5-32 to 5-40 indicates that the general shape of stress-suain 

curves for wrapped cylinders are of bi-linear type with a kink-point in between the two 

parts. The kink-point is at the end of the elastic behavior of specirnens. Up to this point, 

the circumferentiai strain increases at a low rate, and the resistance is rnainly r e s u l ~ g  

from the concrete structure. After the kink-point the circumferential strain increases 

rapidly, and the passive confinement becomes entirely effective. The figures show that 

applying the fust layer of wrap increases the strength of concrete by about 20%, and 

additional layers do not effect that strength (location of the kuik-point) considerably. A 

number of specirnens show co;isistzntly two peaks on the stress-strain curves: the first one 



at the end of the elastic part of the curve, and the second one at the point of failure of the 

wrap. The general pattern of these peaks can be defined as follows: 

The peaks are sharper for plain concrete (batch 1) and concrete with low volume of 

micro and steel fibers (batches 2 and 4), and smoother for higher volume of micro and 

steel fibers (batches 3 and 5) and for any volume of polypropylene fibers. The first 

peak vanishes as the volume of fibers go higher (batches 6 to a), and convens to a 

kink point. In other words, the more ductile the concrete is, the smoother the cuve 

becomes (e-g. Figures 5-32 and 5-36). 

By increasing the number of layers (increasing confinement) the second peak goes 

higher, providing a smoother transition between the two peaks. 

The location of the first peak (kink-point) does not vary considerably- 

The explanation for the existence of two peaks requires more study. However, a 

closer look at the interaction of concrete cylinder and wrap may explain this behavior to 

some extend. Note that the fiber wraps were oriented perpendicular to the loading 

direction, and therefore, they do not carry any axial load. When the specimen is loaded, 

the concrete cylinder bears the entire axial load, and therefore develops laterd suah -.vhich 

brings the passive confinement into action. The rate of lateral strain production is given 

by the difference of the E, - E ,  curve and a line inclined at 4S0 to the two axis (Figure 4-1). 

The second part of the stress-suain curves are related to the fuiiy mobiiised 

confining system. The specirnens need a considerable amount of deformation to be able to 

reach to this stage. This exsesive deformation associates with the collapse of intemal 

structure of fiber concrete. Those batches which exhibiteci gradua1 failure (high content 

fiber concrete) illustrated a smooth transition fkorn the first peak to the second one. 

Whereas, those batches which had sudden failure (plain and low fiber content concrete) 

resulted in a rapid expansion,which caused damage in the confining system leading to a 

drop after the fmst peak in the stress-strain curve. 



It should be rnentioned that in this experiment the fiber wraps were individual 

la yers. perpendicular to the axis of loading . Labossitre ( 1 996) used combinations of 

Iayers at different angles and found sirnilar shape of the two peaks. He suggested that the 

first peak occurs when the layer which bears a greater share of the load (due to its angle) 

breaks. However, further research may be rcquired for a becter judgment- 

Figure 5-41 presents the effect of various number of layers on the maximum 

strength (the highest peak). in this plot, the strengths are normalized to the average 

strength of uniaxial compression 200x 100 mm cyiinders (test type Q) of each batch. in 

generai, the strength of fiber concrete ïncreases by adding layers of wrap. This effect is 

more pronounced for high fiber content concrete (batches 6 and 8) than for low fiber 

content concrete (batches 1, 2 and 4). It should be rnentioned that the strengths of the 

batches 6 and 8 were low. Therefore, it rnay be concluded that the wrapping system does 

no t increase the strength of high strength concrete as effectively as in the case of lower 

strength concrete. 

5.6.1.2. Strain at Maximum Strength 

Figure 5-42 shows the normaiized axial strains (to ê, of test type Q) at the 

maximum strength of various specimens. The addition of wraps increases this strain, but it 

is more effective for high fiber content concrete batches. The lateral restraint prevents 

dramatic increase in area strain, and specimens can bear far greater axial deformation. 

5.6.1.3. Elastic Modulus (E) 

Figure 5-43 shows the norrnalized values of modulus of elasticity (to E obtained of 

test type Q) which are effeçted by the number of wraps. in general, the addition of layers 

increases the elastic modulus due to the stiffening action provided by the confining 

mechanism. However, as the number of layers increases the values of E are more 

scattered. 



5.6.1.4. Strain at Zero Volumetric Strain (E ' )  

Figures 5-32 to 5-40 indicate that adding layers of wraps increases the value of E'. 

Le. delays the onset of expansive response in the concrete structure. It was discussed in 

the proceeding that confinement acts against the lateral deformation, and lowers the rate 

of increase of ~ 1 .  hence. slowing the rate of go. The figures show that for haif of the 

batches the rate of increase of E, is greater for specimens wrapped with three layers than 

that of specimens wrapped with two iayers. Figure 5-44 shows the values of E' which are 

norrnalized to the sùnilar value of test type Q, which leads to the same conclusion. 

Aaddition of layers of wrap appears to cause s c a t i e ~ g  in the resdts. 

5.6.2. Size Effect Due to Wrapping 

Size effects also have k e n  snidied in the wrapped cylinders. The specimens for 

test types K to M are 200x100 mm, and N to P are 100x50 mm cylinders. Figure 5-45 

shows the effects of number of tayers on the maximum strength of the concrete batches. 

In this plot, the average strength of each s m d  cylinder is norrnalized to that of the large 

cylinder from the sarne batch. With one layer of wrap, the strength of the two sizes are 

equal, but adding more layers increases the strength of the srnail specimens relative to that 

of the large ones. The rate of increase is iower from 2 to 3 layers than kom 1 to 2 layers. 

The results become more scattered as the number of layers goes higher. 

Figure 5-46 illustrates the effects of number of layers on the norrnaiized strain 

corresponding to the maximum strength of specimens with different sizes. The vertical 

a i s  shows the ratio of the strain of smaller cylinders to that of larger cylinders of the sarne 

batch. One layer of wrap Uicreases this strain by 50%. Adding second layer increases this 

value by considerable arnount. The addition of third layer does not have considerable 

e ffect. 



Figure 5-47 shows the nonnalized values of the elastic modulus for the two sizes 

of specirnens. The vertical axis indicates the ratio of this value of s d e r  cylinders to that 

of the larger cylinders. One layer of wrap decreases this value by 35% (Le. larger 

wrapped cylinders are stiffer). The addition of the second layer causes an additional 

reduction of IO%, and the third layer has about 5% decreasing effect. These changes are 

more pronounced for the plain concrete (batch 1). Decreasing the value of  E leads to a 

more flexible structure. 
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Top: axial (left) and circum ferenhi (righ t ) strains versus axial stress 
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Fieure 5-40: Comoressive resoonse of wra~oed cvlinden Batch 9 ( 1.5% P1 
Top: axial (left) and circurnferential (right) strains versus axial stress 
Bottom: volumemc suain  versus axial s t n i n  
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5.7. Twthpaste Response 

The effect of lateral pressure on the behavior of axially unrestrained fiber concrete 

was a narrow section of this research. Test type J in Table 3-1 is related to this part of the 

study. From the total of 8 specirnens fkom 4 batches, 4 speçimens (one of each batch) 

were destroyed due to complexity in praçticaüy implernen~g the test. Drawing 

conclusions based on the rernaining sampies is dificult, and in a stric statisticdy sence 

unj ustified. 

Figures 5-48 to 5-51 present the responses of the batches under only laterd 

pressure, and with no  sirnultaneously axial resuaint, The top plots show the lateral stress 

versus axial strain (positive) and circurnferential strain (negative), and the bottom plots 

show axial snain versus volurnemc strain. The overall shapes of these plots reveai the 

following points: 

The shapes of the stress-strain curves are similar to regutar stress-strain curves with a 

sudden breakage. 

The growth rate of el is greater than e3. 

The shape of the axial strain versus volumetric strain is comparable with that of 

compression tests, only the sign of is opposite. 

Addition of fibers do not have considerable influenîe on these curves. 
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mure  5-48: Resoonse of specimen subjected to "Toothpasa ). test Batch 1 lolain) 
Top: axial (left) and circumferentiat (right) mains versus axial stress 
Bottom: volumemc arain versus axid s t n i n  



O 2 
Thousands 
Strain (p&) 

Fipure 5-49: R e s p n x  of specimen subiected to 'Toothpaste" test. Batch 3 12% M] 
Top: axial (left) and circumferiential (right) strains versus axiJ stress 
Bottom: volumemc s h  versus axial strain 
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Fieure 5-50: Res~onse of spccimen sub*ted to 'Toothpaste ** est B a s  h 5 12% S+M) 
Top: axial (left) and circwnferenlPl (nght) strains versus axial mcss 
Bottom: volwnenic sr.- versus axial suain 
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m u r e  5-51: Response of cecimen subje~ted to "Toothpaste v 9 test Batch 7 (2.5% P+M) 
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Bottom: volwnemc suain versus axial srrain 



5.8. Bending Behavior 

Figure 5-52 presents the load-deflection curves of one representetive specirnen 

from each batch (out of three identicai ones). Figure 5-53 plots the modulus of rupture 

for different batches, and Figure 5-54 shows their means and variations. Addition of steel 

fibers and steel micro fibers increased the tensile sîrength of concrete. The strength of 

concrete with 2% micro-fibers (Batch 3) is the highest The strength of concrete with 2% 

of steel and micro fiber mix (Batch 5) is less than that of concrete reinforceci with 1% of 

the sarne type of fiber rnix (Batch 4). The tende strength of Batch 7, which containes 

steel micro fibers equal to the volurnetric fraction of Batch 2, is equd to that of the plain 

concrete. Batch 8, which has 2% steel micro-fibers plus polypropylene fibers, exhibit 

more strength than plain concrete. The batches with oniy polypropylene fibers (Batch 6 

with 4%- and Batch 9 with 1.5%) show equal reduction in strength. 

Figure 5-55 presents the tensile strains at peak stress, and Figure 5-56 shows their 

means and variations. Addition of 1% and 2% (Batches 2 and 3) micro-fibers alone did 

not cause an increase for this concrete strain. The value of this strain remained unchanged 

by adding 1 % micro and steel fibers (Batch 4). but Batch 5 which had 2% of the sarne 

fiber types showed an increase of about 2 5 8  in this value. Batch 8 which had highest 

amount of fibers (5%) exhibited the highest strain at peak stress. This strain for Batch 9 

with 1.5% polypropylene is the lowest, but for batch 6 with 4% of this fiber is equal to 

that of plain concrete. The strength of Batch 7 with 2.5% micro and polypropylene fibers 

is slightly higher than that of plain concrete. 

Various types of fibtrs exhibit different tensiie post peak response (Figure 5-52). 

The batches with 1% and 2% steel micro-fibers (Batches 2 and 3) had similar failure mode 

as plain concrete (Batch 1). A crack was formed at the maKimm moment region, and 

propagated irnmediately, leading to a sudden failure and complete separation of the two 

parts. The loading deflection Cumes of other specimens (Batches 4 to 9) had a general 

post peak form of: a linear drop Ui load, a hardening part, and a softening or unloading 



section. These responses can be explaineci as follows: the energy which has been stored in 

the bearns at the peak is suddenly released upon formation of a crack in the concrete 

pnsm, which causes a rapid unloading (very steep unloading), then the fibers s t a n  to pick 

up the tensile force up to their pull out (breakage for polypropylene nets) resistance which 

is manifested by the concave curve, and a€ter this point fibers start to release the tensile 

force leading to the softening part of the curves. 

The post-peak respunse is mainly influenced by the amount of fibers. Batch 9 with 

1.5% polypropylene fibers had the highest drop after the peak, where as Batch 6 with 4 8  

of these fibers had the lowest drop and. then, it hardened to a suength more than that of 

the peak. Batch 7 with 1% micro and 1.5% polypropylene fibers had a &op less than that 

of Batch 9. Batch 8 with 2% micro and 3% polypropylene had smaii drop and 

considerable amount of hardening. The post-peak curve of Batch 5 with 0.8% micro and 

1.2% steel fibers (nvice of the fibers of Batch 4) is higher than that of Batch 4. 





Fieure 5-53: Values of Modulus of Ru~ture for al1 the batches 
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6. Summary and Conclusions 

6.1. Experiment Summary 

An extensive experirnentai study on 256 spefirnens was perforrned to determine 

the mechanical properties of fiber concrete under various conditions. A total of 8 fiber 

concrete batches (Table 3-1)- and a plain high strength concrete rnamx were examined. 

The batches contained the same concrete matrix, and these variations of fikrs: 

+ Fiber types; steel micro-fiber, steel fiber, polypropylene fiber 

+ Fiber content; from 1% to 5% by the total volume 

+ Combinations of fiber types; micro with steel, and micro with polypropylene with 

constant ratio of 40% to 60% respectively 

The concrete batches were cast into 4 sizes which were required for the various 

test types of this research: 

+ 300 x 150 mm nominal size cylinders 

200x100 mrnnorninalsizecylinders 

420x 1 50 x80 mm pnsms 

4 2 0 x 4 2 0 ~  150 mm blocks; cored saniples. with 100x50 mm nominal size, were 

extracted from these blocks 

Each specimen was prepared for the certain test type and the masurement 

readings associateci with the test. A variety of physicai conditions were applied to the 

specimens by these test types (Table 3- 1). which are: 

Various sizes; 150, IO0 and 50 mm d i a t e r  cylinders 

Active confinement; O%, 20%- 40%. 60% and 80% Iateral pressure 

+ Dry and wet; at 096.20%. 40% and 60% confinement 

Passive confinement; 1.2 and 3 layers of carbon fibtr wrap 

Variation of size in passive confinement; 100 mm and 50 mm diameter cylinders 



Lateral pressure only; 100x50 mm cylinders subjected to toothpaste like squeeze 

Bending; loading the prisms in bending 

The experiment produced an extensive database to study the mechanical properties 

of fiber reinforceci concrete. In addition, a number of articles, which were concerned with 

various aspects of this study, have been reviewed. The fiterature review was of great 

importance in providing guidance to conduct this experimental study. and draw the 

conclusions. 

6.2. Conclusions 

Addition of fibers to concrete alters its mechanical properties, and enhances its 

tensile strength. This experiinental study showed that behavior of FRC is depended on the 

interaction of fibers with the concrete matrix, the reaction of pores, and imposed boundary 

conditions. The imposed boundary conditions, which can be provided by either active or 

passive confinement, lead to different responses. The effects of these variaaons have been 

quantified through a large number of tests. 

6.2.1. Effects of Fiber Type and Content 

The fibers which were used in this study consistai of different shapes and 

materiais. The fibers were made of steel with high modulus of elasticity and 

polypropylene with low modulus of elasàcity. The steel micro-fibers were straight and 

rounded, and the steel fibers were rounded with anchored ends. The polypropylene fibers 

were coilateci fibers which formed a net after opening in the m i . ,  and in the case of high 

f i k r  fraction these nets could attach to each other and form a network. The bond 

adhesion of this network to the matrix is low, hence, concrete with high fraction of 

polypropylene fibers demonstrates different response than typical fiber concrete. The 



shape and modulus of elasticity of fibers deterrnined the level of tensile force which could 

be developed in them. 

6.2.1.1. Air Content 

Addition of fibers to concrete incrcases its porosity. The wails of fibers prevent 

the nawal compaction of concrete grains, and trap air poçkets. Low workability (flow 

ability) increases the air content, additionaliy. The irnpurities rnixed with fibers c m  react 

with cernent and generate gases which results in more porosity. Therefore, ùicrease in 

fiber volume fraction raises the amount of air content of FRC. The poiypropylene fibers 

had the lowest workabiiity and steel micro-fibers containeci some irnpurities. 

6.2.1.2. Strength 

Adding fibers to concrete Unproves sorne of its mechanical properties. The main 

role of fibers in concrete is crack arresting, which dismbutes the internai defomations 

over a greater region of concrete. This action causes irnprovement in tensiie strength and 

ductiiity of concrete rnemkr. Besides, the mechanical properties of the fiber itself 

conmibutes to the overall response of fiber concrete structure. Thus the behavior of fiber 

reinforced concrete differs from that of plain concrete. The extend of this variation 

depends on the fiber material, fiber fraction, and its interaction with the ma&. The latter 

issue relates to the shape and aspect ratio (length/thickness) of the fiber. On the other 

hand, it was stated that addition of fibers increases the air content in concrete which 

weakens the concrete intemal structure. 

Addition of srnall arnount of fibers (up to 1%) with high modulus of elasticity 

(steel) does not influence the compressive strength of concrete. but higher amount of them 

fibers (2%) results in a reduction in the strength due to the increase in air content (waii 

effect). Adding fibers with low modulus of elasticity (polypropylene) to concrete 



decreases its strength, and this decrease relates to the arnount of fibers. For concrete with 

4% polypropylene fibers, the compressive strength drops to h a .  

The bending tests on the specimens revealed that addition of high rnodulus of 

elasticity fibers increased the modulus of rupture slightly, but addition of fibers with low 

modulus of elasticity causes a deaease by 20%. When a spccimen is loaded in bending, 

tensile strains develop in the tension zone of the beam Therefore, the fibers with higher 

modulus of elasticity than concrete pick up more stress which increases the overall tensile 

snength of concrete, whereas fibers with low elasticity pick up less stress than concrete 

which leads to less overail strength. 

6.2.13. Axial Strain at Peak Strength 

High percentage of polypropylene fibers increases E, considerably (by 25%), but 

low percentage of them demonstrate reduction in this value (about 10%). In concrete 

with high content of thes fiben, the dense fiber network dominates the overall response 

of the specirnen, whereas in concrete with low content of these fibers the individual fiber 

nets (with low modulus of elasticity) allow lateral expansion which leads to early onset of 

severe darnage and lower E,. For steel fibers the effects on E, are opposite with narrower 

range of variation, since their high modulus of elasticity attribute to resmction of lateral 

expansion and a higher fiber fraction applies higher resmction. This strain is higher for 

steel fibers due to the additional restriction imposed by anchord ends. However, increase 

in fiber volume is associated with increase in air content and weakening of the interna1 

structure. 

Addition of low fraction of fibers with high modulus of elasticity does not change 

the straïn corresponding to the maximum tensile strength (modulus of rupture), whereas 

addition of low fraction of fibers with low elasticity reduces the value of this strain by 

25%. Addition of high fraction of steel fibers increased this strain due to the anchored 



ends of these fibers. High percentage of polypropylene fibers had ER equal to that of plain 

concrete due to the dense network system of the fibers. 

6.2.1.4. Elastic Moddus 

Except for low percentage of micro fibers which shows slight increase, addition of 

fibers decreases the modulus of elasticity. The steel micro fibers are disbibuted more 

evenly in the rnatrix, hence they have better control over the structure of pores- High 

fraction of this fibers creates more porosity which has adverse effect and Iowers the value 

of E. The space between steel fibers is wider and they have less control over the structure 

of pores, hence steel fiber concrete exhibits srnaller apparent stiffness. However, increase 

of these fibers (which has high modulus of elasticity) increases the overall E of the 

specirnen. 

The value of E is higher for low fraction of low elasticity fibers than that of 

concrete with steel and micro fibers, since they do not create air content as much as 

micro-fibers do. However, increase in these fibers decreases the E value rapidly. This 

value for concrete with 4% polypropyIene fibers is about 75% of chat of plain concrete. 

6.2.1.5. Poisson's Ratio (v) 

The fibers decrease the value of Poisson's ratio dramaticaily, since they resaict the 

movement of particles in the materiai. However, this value for the batch with high content 

polypropylene is slightly higher, since the dense network that these fibers formed 

controlled overwhelrningly the response of the speçimens. increase in micro-fibers 

decreases the v value since they stiffen the micro-structure by bridging the pores. Low 

percentage of steel fibers decreases the Poisson's ratio more than micro-fibers since their 

longer length allow them to even bridge over large size pores. However, higher amount 

of these fibers causes an increase in the apparent v value. which may be explaineci by the 

"wall effect". Steel fibers have wider walls compared with steel Mcro-fiben which results 



in less compaction of concrete. Increase in the fraction of polypropylene fibers raises the 

v value, For high fiber volume fraction, response of the concrete is dominated by the 

properties of the resulting fiber-network. 

6-2.1-6. Strain at Zero Volumetrie Strain (&O) 

The values of e* are higher for concretes with fibers having a high modulus of 

elasticity (micro and steel) than those of batches witti low elasticity fibers. Fibers with 

high rnodulus of elasticity restnct the lateral expansion of specirnens, whereas fibers with 

low modulus of elasticity are not able to apply this restriction. Steel fibers are more 

effective han micro-steel fikn in increasing the value of &*, since they bridge larger size 

pores and cracks, due to their longer length and anchoreci ends. hcrease in the amount of 

fibers with low moddus of elasticity decreases the value of E'. since they do not contribute 

additional restriction over lateral expansion, but nevertheless they cause a more porous 

structure (larger size pores) due to the low workability of those concrete mixes. 

6-2.1.7. Post-Peak Response 

In compression, the failure of plain concrete (particularly HSC) is associated with 

extensive opening of macro cracks and crushing into pieces. Fibers, at failure, act as 

bridges dong the crack width, and hold pieces of material attached. Therefore, they can 

attnbute post-peak response to concrete. The extension of post-peak curve depends on 

type of fibers and their volume ratio. The softening rate, in the post peak region, is the 

lowest for polypropylene fibers, is higher for steel fibers, and is even higher for steel 

micro-fibers. It should be noted that the shape of the fibers have important role in this 

response, since it determines the amount of tensile force that they can develop. 

After faiïure, fibers pick up tensiie force up to the tirnit of their pull out force 

capacity. This tensile capacity depends on the aspect ratio and shape of the fibers. The 

anchorage of steel fibers allowed them to develop more tensiie stress before puilhg out of 



the matrk, whereas the network system of polypropylene fibers caused the fibers to 

accommodate al l  the deformation within the test ranges without any pull out. Perhaps, if 

the deformation in the tests was extended even further, this type of polypropylene fibers 

would fail in fkacture rather than pulling out. It is important that based on the stored 

energy in the fibers (dependhg on their tensile capacity) the faiied FRC c m  recover its 

initial shape to some extend. The end part of the curves in Figures 5-1 and 5-52, which 

relate to removing the load from the specimens, indicates that FRC with polypropylene 

fibers can recover more deformation. Therefore, after removing the load, the cracks on 

these specimens partiaUy close back, and they are less visible on the failed samples 

(Figures 4-6, 4-22,4-23, and 4-27). 

In bending (indirect tension), a rapid drop was observed in load-deflection curves 

after the peak. The energy which was stored in the FRC beams was released upon 

formation of a major crack in the matrix. This swift release of energy caused a sudden 

darnage (crack opening) in the material. Micro-fibers did not exhibit any post-peak 

response, since they are not able to bridge over macro-cracks, due to their short Iength. In 

general, increase in fiber arnount lessens the drop on the load-deflection curves. 

Concretes with steel fibers exhibited srnalier strength loss than concrete with 

polypropylene fibers, due to their higher moduius of elasticity. 

After the rapid drop in load, the fibers began to pick up more tensile force and 

increase the Ioading capacity of the bearns. Polypropylene fibers were more effective in 

this increase, due to their net shape. in case of the high &action of this fiber type, the 

cuve  codd mach to a peak higher than the first peak, due to the network system of the 

fibers. High Fraction of steel and polypropylene fibers smoothens the post-peak curve, and 

for high fraction of steel fibers the second rise in the loading-deflection curve is hardly 

visible. 

After the second rise in the load-deflection of FFtC bearns, load drops gradually. 

The slope of this part is steeper for high fiber content specimens. in addition, 



polypropylene fibers exhibit Iower rate of unloading, due to their lower modulus of 

elasticity. 

6.2.2. Wrapping Effets 

The wraps were individuai layers of carbon fibers with zero degree angle of 

orientation (i-e. perpendicular CO the loading direction). The tensile strength of these fibers 

was 383 kN per one meter width of the sheet, their ultirnate elongation was 1.5% and 

their modulus of elasticity was 25400 W/m. 

6.2.2.1. Failure Mode 

Upon loading specimens, lateral expansion develops in the cylinders. This 

expansion is greater at the rnid-height of the specimen, since loading plates apply high 

amount of confinement to its ends due to the interface friction. The lateral expansion 

remains very low up to the point that micro cracks have weU developed in the intemal 

structure of concrete. After this point, which c m  be related to &*, the bearing concrete 

smts begin to separate, area sîrain increases drarnaticaily, and lateral expansion occurs at 

an increasing rate. This expansion applies tensile force to the FRP. which increases as the 

expansion advances. The limit of the tensile force that the FRP sIeeve can bear is 

determined by its suength (at ultirnate elongation). The stress-strain c u v e  for carbon 

fibers is a linear elastic response which ends at a brittle failure. 

As the axial strain (ioading) proceeds, the lateral expansion increases and the fibers 

of the wmp approach their ultirnate strength. At this point, the concrete cylinder has gone 

through extensive amount of strain which is far beyond its unwrapped capacity. The fibers 

of wrap fust break at the mid-height of cylinder. Since the concrete c m  no longer bear 

the load by itself at this region, it suddenly expands more, and appiies more stress to the 

fiber wraps in that neighborhood. Therefore, the breakage of fiber wraps initiates at the 



mid-height and propagates rapidly to the ends. Besides, at this stage concrete is weii 

crushed and does not carry any load. Hence, by i g n o ~ g  the very short tirne of breakage 

propagation, it can be concluded that fadure of wrapped cylinders is associated with 

extensive amount of deformation, temllnated by an explosive failure. 

6.2.2.2. Maximum Strength 

The stress-strain curves of wrapped cylinders can be divided into two parts: from 

the ongin to the kink-point ( k t  peak), and h m  the kink-point to the complete failure 

(second peak). The kink-point is at the end of elastic part of the curve, whereas the 

complete failure occurs at the wrapping breakage. At the fust part of curve, the lateral 

strain is low and the load is mainly c m  by the concrete. After the first peak the lateral 

strain increases rapidly which causes a growing degree of confinement by the wrap in 

response to the applied circunferential strain. 

The peaks on the stress-strain curves are sharper for fiber concretes which are 

more brittle. and smoother for more ductile ones. By adding layers, the second peak 

moves higher, and smoothens the part of curve between the peaks. Addition of the first 

layer of wrap increases the stress of the fust peak (kink-point) significantly, but by adding 

more layers of wrap the location of the kink-point does not Vary considerably. 

For those specimens for which the un-wrapped response were les  ductile, the 

second part of cuve demonstrates irreguiar shape (a drop between the peaks). Perhaps, 

the sudden failure of the interna1 structure of concrete cyiinder causes the formation of the 

drop after the fust peak. This sudden partial fdure causes sorne damage to the whole 

system, and leads to a lower increase of the second peak. Imperfect wrap installation can 

be an additionai cause of the  irregular shape of the second part of curves. 

The maximum strength is dehed as the stress at the higher peak. FRCs show 

higher sensitivity to addition of wrap layers than plain concrete. Concrete with high 

fraction of polypropylene fibers exhibit the most, and concrete with 1ow fiaction of steel 



fibers exhibit the least sensitivity to the addition of fibers wraps. It should be noted that 

wrap layers are more effective in raising the second peak of the curves. The maximum 

strength of plain concrete and concrete with low fraction of steel fibers were determined 

by the fisr peaks which were higher. Therefore, their maximum strength (first peak) was 

not significandy increased. 

6.2.2.3. Strain at Maximum Strength 

The addition of wraps inmases the axial saain at maximum strength. This effect 

is more pronounced for concrete with high content of polypropylene fibers, and less 

evident for plain concrete and concrete with low fraction of steel fibers. The maximum 

strength for the latter batches oçcur at the fust peak, which its corresponding sûain does 

not Vary significantly by addition of wrap layers. The generated confinement delays failure 

of the specirnens, leading to higher value of straïn at maximum stress. 

6.2.2.4. Modulus of Elasticity 

The elastic modulus is not affected greatly by wrapping. The fast part of the 

stress-suain curve, which exhibit the elastic behavior, is mainly the response of the 

concrete cylinder. At this stage the laterai expansion is very low, and confinement effect 

remains insignificant. 

6.2.2.5. Strain at Zero Vdumetric Strain 

The axial main corresponding to zero volurnetric strain inmeases with increasing 

the number of wrapping layers. However, plain concrete and concrete with low fraction 

of steel fibers did not show any sensitivity, since the drop after the fîrst peak caused 

extensive darnage in the micro-stnicture of concrete. The value of e* for concrete with 

high fraction of steel fibers increased drarnaticaliy with addition of wrap layers. The 



wrapping system couid improve the immdiate saength loss after the f i s t  pealc, and 

eliminate the associated sudden damage. 

6.2.3. Confinement Effects 

Confinement acts against the increase in area strain, and delays volumetrk 

expansion, which causes enhancement in mechanical behavior of concrete. Applying 

lateral pressure to saturated concrete causes deveiopment of pore water pressure, which 

reduces the effective confinement. Applying lateral pressure to dry concrete squeezes the 

empty pores and causes partial alteration (darnage) in its micro-structure. in the case of 

active confinement. the pores are affected kfore applying the load, whereas in the case of 

passive confinement the effects oçcur as loading proceeds. Furthemore, the values of 

laterai pressures were corrected to find the actuaI confinements for wet specirnens. 

6.2.3.1. Maximum Strength 

The maximum strength of fiber concrete increases with raising the degree of 

confuiement. The specimens subjected to both passive and active confinement exhibit the 

same variations, which is a ünear relationship. Concretes containhg micro and steel fibers 

are siightly l e s  infiuenced by variation in confinement, due to stiffer restraint that these 

fibers apply. 

6.2.3.2. Axial Strain at Maximum Strength 

The values of axial strain corresponding to maximum strength show a nonlùiear 

increase with higher degree of confinement. This main is slighdy higher for the case of 

passive confinement chan that of active confinement, in the case of active confinement, 

the lateral pressure which is applied fist causes partial contraction of the pores and 



stiffens the system, thereby requiring a greater arnount of extemal work input to achieve a 

given increment of axial contracaon. Whereas in the case of passive confinement, axid 

load can cornpress the h o - s û u c t u r e  earlier and develop more axial strain. At high 

degrees of active confinement, the relative value of strain corresponding to maximum 

strength of concrete with plypropylene fibers is higher than that of plain concrete. This 

indicates that the micro-structure of this FRC has better flow ability, due to lower 

modulus of elasricity of these fibers and their net shape. 

6.2.3.3. Apparent Elasticity Modulus 

Confinement has a slight increasing effect on the apparent modulus of elasticity. 

This effect is higher for concrete with steel fibers and lower for plain concrete and 

concrete with micro fibers. Note that micro-fibers have better distribution in the rnatrix 

The variation of modulus of elasticity is greater under passive confinement. It 

shouid be noted that in the elastic region, the iateral expansion of cylinders is very low, 
0 

and the FRP sleeves do not imply considerable confinement. However, concrete with steel 

fibers which exhibited more expansion was more affected. Other batches, more or les, 

exhibited the modulus of elasticity of un-wrapped specimens. 

6.2.3.4. Strain at Zero Volumetric Strain 

increase in confinement raised the value of E', since it imposed restriction against 

the increase in area strain and delayed the onset of dramatic damage. At high degrees of 

confinement this value was not obtained (within the range of tests). For more than 20% f, 

passive confinement the value of E* was hardly obrainable, whereas in active confinement 

this value was assessed for a few specimens. The range of variation in passive 

confinement is natrow, whereas is active confinement it is very broad. Note that in active 

confinement a constant laterai pressure is applied to the specimen, whereas in passive 



confinement the expansion of specirnen causes increase in the lateral pressure, hence the 

severity of expansion is more controlled. 

6.23.5. Ductility 

Ductility increases with confinement. In passive confinement, except for p h  

concrete at low degree of confinement, the second part of the stress-strain curve has 

positive slope. in active confinement, the value of which was obtained for plain 

concrete shows six times increase for 20% f, confinement, and lower Ïncrease for higher 

degrees of confmement This value was not obtained for plain concrete at 80% f, 

confmement, due to Limitations of the testïng equiprnents. In FRC spechens, oniy for 

concrete with micro-fibers the es5 value at 20% confinernent couid be obtained, since 

confinement increases the ductility of FRCs even more. Micro-fibers have better 

distribution (i. e. less fiber spacing), and perhaps can control the pore structure better, and 

cause the manix to be less effeted by lateral pressure. 

6-2.4. Size Effects 

The mechanicd properties of concrete change with hcreasing the size of the 

member, but these variations approach to iimiting values for large size specimens. The 

most likely explanation for this phenornenon is that large structures can store more energy 

at a certain strain. At the failure the magnitude of released energy which is greater for 

large size suuctures causes more darnage and crack propagation. 



62.4.1. Compressive Strength 

Sire variation has inverse effect on the compressive strength, which is compatible 

with the theory of energy release. This variation is more manifest in concrete with low 

content of micro-fibers, and less evident in concrete with steel fibers. The hooked ends of 

steel fibers enable them to have bettcr control over the stored energy release. Higher 

fractions of micro-fibers provides SmaUer fiber spacing (denser distribution) which also 

leads to better control over the stored energy. 

6.2.4.2. Strain at Peak Strength 

increase in size deaeases the value of E,, since lower strain is required for large 

structures to produce the necessary failure energy. This effect is the most for low content 

micro-fibers, and the l e s t  for high content ~f this fiber type. Micro-fibers produced 

additionai porosity, which reduced the arnount of energy required for fracture. However, 

high fraction of these fibers can control better the stored energy release, due to their 

denser spacing. 

6.2-4.3. Modulus of Elasticity 

The elasticity modulus increases with size, which indicates the relative decreasing 

rate of f, is higher than that of E, as the size increases. Larger cylinders are stiffer than 

smaller ones, because the core of the cylinder is confined by the outer part, leading to 

overall stiffer response. Concrete containing steel fibers exhibit more sensitivity to size 

variation than concrete reinforced with other fiber types. This response can be explained 

by the fact that in larger structures fibers are more randornly scattered (waiis of the moIds 

orient the fibers in their neighborhood, and in the case of cored specimens fibers are cut at 

the side of cylinders). 



6.2.4.4. Poisson's Ratio 

Poisson's ratio increases with size. This means that the relative circumferential 

strain is lower for srnaUer specimens than Iarger ones. The cross sectionai a r a  of 

longitudinal concrete bars, which develop dong the loading direction (ieading to vertical 

cracks), are related to the aggregate sue. Hence, in a larger specirnen a higher number of 

these bars are formeci, and their deformations result in a higher accumulated laterd strain. 

With respect to the magnitude of V, concrete with high content of polypropylene 

fibers exhibit low xnsitivity, and concrete with steel fibers exhibit high sensitivity to 

variation in size. The network system of polypropylene fibers attach the concrete 

fragments. and causes less accumulated deformation. whereas steel fibers act individually, 

and impose less restraint against separation of these concrete fragments. 

6.2.4.5. Strain at Zero Volumetric Strain 

As the result of higher circumferential strain for larger specimens. the value of e* 

decreases with increaîe in specirnen size. Larger structures store higher energy which 

causes earlier onset of severe damage. Concrete with a high fnction of polypropylene 

fibers is more affected. whereas concrete with high content of micro-fibers is less affected 

by size variation. Polypropylene fibers have low modulus of elasticity. and impose lower 

restriction against increase in area strain. Hence. lower arnount of energy (which is 

dependent on axial strain) is required to create severe damage. Whereas high content of 

steel micro-fibers (high elasticity and dense fiber spacing) demands higher amount of 

energy to cause severe darnage in concrete. 

6.2.4.6. Ductility 

Larger structures store higher energy, which causes higher damage after failure. 

Hence, smaller specirnens exhibit more ductility than larger ones. The value of €85 is 



affected more for concrete with high content of steel fibers, and less for concrete with high 

content of micro-fibers. 

63.4.7. Size Effects in Wrapped Specimens 

Adding layers of wrap increases the compressive strength of srnaller cyiinders 

faster than that of larger ones. A layer of wrap can hold certain amount of energy. On the 

other hand, the amount of energy that larger structures produce is higher than that of 

smailer ones at a certain suain. Therefore, a layer of wrap on the larger specimens faits 

earlier than that on &er ones. By increasing the number of layers, the accumulated 

difference in the strength of the two sizes increases, but approaches to a M t  Plain 

concrete is more sensitive to these variations, since release of energy is rapid after the first 

peak. 

The axial strain corresponding to the maximum strength increases faster for srnaller 

cylinders by addition of wrap layers. The theory of energy release explains this variation, 

as was mentioned in the preceding paragraphs. However, this rate of increase also 

approaches a Iirniting value. The variation in this strain is higher for plain concrete, as was 

explained in the previous paragraph. 

The relative modulus of elasticity of srnaller wrapped cylinder to that of Iarger 

ones shows reduction as the number of layers increases. 

6.2.5. Saturation effects 

When a saturated concrete mernber is Ioaded under compression, pore water 

pressure develops which then acts against the intemal structure of concrete. Hence, the 

applied confinement to a saturated specirnen must be comected to evaluate the effects of 

tnie lateral pressure. 



6.2.5.1. Maximum Strength 

Dry specimens show higher strength for al1 degrees of confimement. However, the 

difference between these values at dry and wet conditions remain alrnost constant at any 

level of lateral pressure. Although the influence of pore pressure is e h a t e d  by the 

correction in applied confinement. the other phenornena such as dilation of the gel. 

shielding effect, swelling pressure in the gel, and solid-water bonds still are in effect. It is 

believed that because these phenornena are not affected by the presence of confinement, 

the difference of the maximum strength of wet and dry specirnens at a certain degree of 

confinement is a constant value. 

6.2.5.2. Strain at Peak Strength 

The value of E, is much higher for dry concrete than wet one at zero confinement, 

particularly for concrete with polypropylene fiben. Perhaps. the effect of solid-solid bond, 

which occurs in dry concrete witti polypropyIene fibers, is highly signifiant. This bond 

provides more interaction between fiber and matrix, leading to enhancement of the E, 

value. Besides, the pore pressure produced by axial load causes damage in wet specimens. 

At higher levels of confimement, the value of ec increases at a slower rate for dry 

FRCs. Since the pore pressure is zero in dry concrete, the laterai pressure (which is 

applied pnor to the loading) causes contraction and partial collapse of the pores. The 

extend of this damage depends on the level of lateral pressure. Therefore, at higher 

degrees of confinement, the damage is higher, and the value of &, is lower. 

6.2.5.3. Modulus of Elasticity 

The modulus of elasticity is slightly higher for wet FRC at zero confinement, 

particularly for concrete with polypropylene fibers. Pore distribution is deferent in FRC 

than that of plain concrete, since air pockets forrn at the sides of fibers. Perhaps, when 

water molecuies migrate away from the concrete (upon drying) some darnage occurs in 

the material micro-structure, which affect the apparent E value. Besides, upon migration 



of water, solid-solid bonds are formed in concrete. In FRC, possibly the bond of 

concrete-pol ypropylene has 10 wer strength than the bond of concrete-steel, leading t O 

lower E value for dry polypropylene FRC. 

At higher level of confinement, the value of apparent E increases for both dry and 

wet specirnens. The ciifference of shffness in dry and wet conditions remains unchangeci 

for various level of confinement- 

6.2.5.4. Poisson's Ratio 

At zero confiinemen~ the Poisson's ratio is slightly higher for wet plain concrete 

and slightly lower for wet concrete with steel and micro-fibers. The concrete with the mix 

of micro and polypropylene fibers exhibit a ciramatic drop in the vaiue of v at dry 

condition. Both micro-fibers and polypropylene fiben create high amount of porosity. 

which make the concrete micro-smicture susceptible to higher drying damage. 

6.2.55. Strain at Zero Volumetric Strain 

The value of E' is higher for dry specimens at zero confinement The negative 

pore pressure which is developed in the material causes early damage in the internal 

structure. In addition. the solid-solid bonds, which are formed in the drymg stage. are 

stronger than solid-water bond. These strong bonds work against the increase in area 

sûain, and delay the onset of severe damage. Furthemore, the &* value was not obtained 

for concrete with polypropylene plus micro fibers, because these fiben provideci a 

significant degree of resrra.int against volumemc growth. 

The E' value of wet specirnens is higher at higher degrees of confhemenr Upon 

application of axial load on wet specirnen, the generated pore pressure acts against the 

internal structure of concrete at zero confinement (reducing E*), and partially cancels out 

the lateral pressure at higher confinements (increasing E'). In dry case. at high lateral 



pressure the pores coiiapse earlier which leads to a lower e' value. At high levels of 

confuiement, most of wet specimens did not provide E' value within the test range. 

6.2.5.6. Ductility 

Ductility is prcscntcd by the value of €85. This value for dry concrete is higher at 

zero confinement stress. The strong soiid-solid bnds  which X e  f o d  in dry concrete 

slow down the unloading rate on the descendhg branch of stress-strain curve. 

The value of ~ 8 5  of dry specimens îs slightly lower at higher degrees of 

confinement. The darnage that lateral pressure produces in empty pores (dry concrete) 

causes less ductility for dry confined specimens. At high levels of confinement the €85 

vaiue was not obtained for FRCs, due to their high deformation capacity. 

6.2.6. Effects of Mixing Fiber Types 

Various fiber types alter the mechanical properties of concrete differently. Mixing 

different fiber types can tailor these properties to desired values. The interaction of fiber 

types has great significant in this respect. The fiaction of each fiber type in the mix 

determines its influence on the overall response of FRC. in this experirnental study, the 

volumetric ratio of mixed fiber types was maintained at 40% steel micro-fibers and 60% 

steel or polypropylene fibers, but the total volume fraction of fibers was a variable. 

6.2.6.1. Unconfined Response 

Concrete containing steel and micro-fibers reached a siightly lower saength than 

ooncrete containing only micro-fibers with the same fiber fraction. Steel fibers have 

broader spacing . and less connol over the micro-structure of concre te. Combining micro- 

fibers and poiypropylene fibers nsulted in lower compressive strength than using them 

individuail y, since micro-fi bers produce porosity and polypropy lene fibers have 10 w 



elasticity. The tende strength of concrete with combined steel and micro fibers does not 

differ than that of concrete containing either of those fiber types, since both have the same 

modulus of elastici ty. When combining polypropy lene with micro f i  bers, steel micrc Ekrs 

dominate the tensile strength of FRC, due to the high elasticity of steel. 

Ln compression, addition of steel fibers in low fiaction raised &,. and in high 

fraction low ered E, slightly. Combining polyprop y lene and micro fibers resulted i ï ~  lower 

E, for low kaction fibers, and higher e, for high fraction fibers (than using them 

individualiyj. fn tension, only high fiaction of combined fibers (rnicro with steel, or 

polypropylene) caused an inmase of more than 20% in the ER value. 

En compression, addition of steel fibers to a concrete containhg micro-fibers 

lowered its E value, due to their less control over the pore structure. Addition of 

polypropylene fibers to the sarne concrete had similar effect, due to their low modulus of 

elasticity. Addition of either steel or polypropylene fibers at low fraction to concrete 

containing micro-fibers decreased the vdue of V, and at high fraction had the reverse 

effect. The fiber network which is formed at high fraction of polypropylene fibers changes 

the influence of this fiber type. Addition of low fraction of polypropylene fibers to 

concrete with micro-fibers reduced its E* value, whereas addition of high Fraction of these 

fi bers had reverse effect. 

In compression, steel fibers increase the ductiiity, however the most dramaticaily 

increase was seen in concrete containing mixed potypropylene and micro-fibers. In 

bending, addition of steel fiben reduced the brinleness of the post-peak response of 

concrete with micro-fiben. Combination of micro-fikn with polypropylene fibers 

produced higher residual strength in the post-peak response. but sunilar shape to the post- 

peak response of polypropylene fiber concrete. 



6.2.6.2. Size Effect 

Combining high fraction of polypropylene and micro fiùers result in high sensitivity 

of compressive strength to size variation, but concrete with low fraction of these fiber 

types show insignincant size effects. Both fiber types create high porosity when used at 

high volume ratio. The high porosity leads to l e s  control over the release of stored 

energy, which results in lower ultimate stress for large specimens. Besides, the individual 

polypropylene fiber nets form fiber network st high fiber fiaction, which changes the 

influence of this fiber type. 

Concretes with high content of polypropylene or micro-fibers showed low 

sensitivity of E value to sue increase. The rate of increase in the modulus of eiasticity of 

concrete with high content of mixed polypropylene and micro fibers is siightly lower than 

that of the individual batches, meaning even less sensitivity to size effect. 

When combined with poiypropylene fibers, micro fibers dominate in determining 

the size effect on Poisson's ratio of FRC. Both high and low content of this combination 

exhibit sirnila. sensitivity to size variation as plain concrete. 

Concrete with high content polypropylene and micro fibers exhibit high sensitivity 

to size variation in the strain corresponding to zero volumeuic strain. This sensitivity is 

equal to that of concrete with high content polypropylene fibers, hence, this fiber type 

dominates in determinhg the size effect on E'. 

The sensitivity in ductiiity to size increase of the concrete with low content of 

polypropyiene and micro fibers is lower than that of concretes which contain individual 

types of these fibers. The ductility of concrete containing high content of these fiber types 

was not evaluated, since cgs was not obtainablt within the test range for this batch. 

6.2.6.3. Wrapping Effects 

lncrease in the number of wrapping layers increases significantly the maximum 

strength of concrete containing high fraction of polypropylene and micro fibers. 

Polypropylene fibers dominate in determining this effect. The variation in the value of 



strain corresponding to maximum stress is higher for concrete conmining low content of 

polypropylene and micro fibers. This response also is detennined by polypropylene fibers. 

Variation of modulus of elasticity with uicrease in number of wrapped layers is high for 

concrete containing low fraction of polypropylene and micro fibers, where as it has slight 

increase for concrete containing high fraction of these fiber types. Addition of wrapping 

layers doubles the value of e* for concrete containing polypropylene and micro fibers. 

6.2.7. Toothpaste Effects 

Because of the diff~culties involved in conducting the related test, only Limited 

information was obtained in this area. However, four tests (one of each batch) were 

accomplished, which iilustrate the possibie sensitivity of the behavior of fiber concrete 

subjected to lateral squeeze. The shape O: the stress-strain curves obtained fkom this 

experirnent are similar to the ones obtaind frorn compression test, but the signs of strains 

are opposite and the growth rate of el is greater than that of ~ 3 .  The shape of the axial 

suain versus volumetric strain cuve is, also, comparable with that of compression test, 

only the sign of €1 is opposite. Except concrete with mixed polypropyIene and micro 

fibers, the strength at failure was within the compressive strength. 

63. Empirical Results 

The empirical formulas which were estabiished by this experirnental study are 

important from the design respective. These equation were developed for confinement 

and size effect on the compressive strength of cylindrical specirnens. 



63.1. Confinement Effect 

A familiar empirical relation of the effect of lateral pressure on the strength of 

concrete was proposed by Richart et al (1928): 

f cc = f c  +4.1 aa* (6- 1) 

where f, is the axial compressive strength of concrete subjected to the laterd pressure 

ah,, and f, is the uniaxial compressive strength of concrete. h n  and Pantazopoulou 

(1995) found that Equation 6-1 was satisfactory for low sirength concrete, and it 

overestimated the values for high strength concrete. They reasoned that the original 

database used in denving Equation 6-1 only contained triaxial test data of dry concrete 

specimens with Low uniaxial compressive strength (Le, f, in the range of 5 to 25 MPa). 

Figure 6- 1 shows the reIation between strength and confinement on ail the batches 

used in this study under active and passive confinement The data are organized dong a 

Linear pattern. The slope of the drawn line is 3.1, and hence Equation 6- 1 is modified to: 

f cc =f c  + 3 . 1 ~ ~ ~  (6-2) 

The uniaxial compressive strength of the concrete rnatnx in this experiment was 58 

MPa. The high strength of concrete, fiber content, high cernent content, modern cernent 

product, and perhaps different aggregate material may be the cause of deduction in the 

coefficient of q, in Equation 6-2. 

6.3.2. Size Effect 

The compressive strength of concrete reduces with size increase. Bazant (1984) 

proposed the following equation to describe size effect on the tensile strength of concrete: 

GN = B f, (1 +b) -ln (6-3) 

where GN is the tensile strength of size d, f, is tensile saength of size do, and 

p = d l d ,  (6-4) 
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6.4. Summary of Conclusions 
Maximum Strenm 

Increase porosity due to addition of fiber to concrete l ad s  to decrease in compressive 
strength. Addition of fibers with lower modulus of elasticity has more decreasing effect 
Adding fiben with low elasticity decreasts the knding (tende) strength of concrete. Concrete 
bas lower strength in wet condition that &y condition, rnainly because of the developed pore 
water pressure. Confinement increases the compressive strength of concrete. When effective 
lateral pressure is considered, active and passive confinements produce similar results which is a 
linear relationship. Larger speçimens exhibit lower strength, which is explained by the theory of 
"energy release". 

Strain at Maximum Strennth 
In bending, high fraction of steei fibers and mixed polypropylene and micro fibers 

increase the sûain at peak strength. In compression, low fraction of polypropylene fibers 
decreases saain at maximum strength, whereas high fraction of this fiber type has inverse effect 
This strain is higher for dry concrete at zero laterai pressure, but is lower at higher degrees of 
confinement Confinement increases the value of this strain. Passive confinement is more 
effective in this respect. 'Larger specimens exhibit lower strain at peak; which is explained by 
the stored energy. 

Modulus of Elasticitv 
Addition of fibers to high strength concrete decreases its rnodulus of elasticity, due to 

increase in porosity. Fibers which have low elastiçity lower this vdue even m e r .  Saturation 
effect on this modulus is insignificant, however concrete containing polypropylene has  slightly 
higher elasticity in wet condition. Confinement has slight increasing effect on the value of E, 
which is equal for active and passive cases. Larger specimens illustrate higher value for 
elasticity modulus. 

Amarent  Poisson's Ratio 
Except high content of polypropylene fibers, addition of fibers decreases the value of v. 

Ar high content this fiber type forms a fiber network system which has low adhesive bond to the 
matrix, which changes its effect as individual fiber nets. Wet concrete containing po1ypropyIene 
fibers has higher Poisson's ratio. Larger specimens dernonstrate higher value of V. 

Fibers with high modulus of elasticity increase this strain. Dry concrete has higher value 
of E' at zero laterai stress, and lower value of this strain at higher degrees of confinement. 
Confinement has high increasing effect on E', and passive condition is more effective than active 
condition. Larger specimens exhibit lower value of this strain. 

Ductilitv 
Addition of fibers provides ductiiïty for high strength concrete. Polypropylene fibers 

have higher effect. Ductility increases with increase in fiber content. Dry concrete is more 
ductile at zero lateral stress and less ductile at higher degrees of confinement. Confinement, 
partic dari y passive increases this value rapidl y. 
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Appendices 

Appendix A 

The cornputer disks containhg dl the processed testing data in spread-sheet form. 

Appendix B 

Forca catelogue; copies of the pages which are relevant to the application of cabon 

fiber wraps on the cylinderical specimens. 
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PROPERTIES OF FORCA TOW SHEET 

fYPE 1 CARBON FIBER Tow S m f T  G L A S  FIBER TOW SHEE 
L 1 

GRADE 1 FïS-Cl-20 1 FE-Cl-30 1 FTSCS-30 1 FTS-GE-30 1 FTS-GT~(  
m 

FiBER Eiit3HENSü.E HIGH TENSiiE HKIH mmus E-GïASS T - G U S  

CF CF CF 

W E R  DMSITY. dcm3 1 1.82 1 1.82 1 1.82 1 2.55 1 2-50 

g h . 2  

TOW S m  WiDm cm 

TENSiLE STRENGTH 
/cm-shœt uridth 

k-lb / inch- ~ i d f h  

TE?;SiLE MODüLUS 
kg ! cmihcct ut& 

k-Ib / inch-sfiect \\tckù 

DESIGN TMCKNESS 
rnrnlply * 1  
mch 1 piv 1 

IIFSSILE STRENGTH 
FORDESIGN *2 

kg/& 

ksi 

TESSILE MODULUS 
FOR DESIGN *? 

kg/& 
MSI 

NOTE ' 1 The dcsig~ thickness is defincd as the dculjted t o d  cross rcctiaul wea of  tibcn 

per single pi? and IS usa i  for design purposcs. Rcfcr to " Design Proccdure " m ths 

tcchniui noce. From cxpcncncc. thc acnrjl cured hcknrss of Tow Sheet on avense 

1s O 024 to O 039 mch ( O 6 CO 1 O mm ). 

NOTE '2 The tcnstlc m g t h  Yrd modulus for design arc danvd from the m i l e  sucngh d 

rnoduius diwded by the destg thickness. Refer to " Design Proccdure " III dus 

tcdinical note 
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4 4 .  Application of primer coat 

* No primer coat should be applied if ambient temperature is lower than 5 OC (41 OF), or if d l  or 
dew condensation is antïcïpated. Temperature and degrec of dampness of  the concrete to be prcparcd 

must be wnfirmed in order to sdect type of primer which is best suited. 

1 ) FP primer musc be thoroughly mixed with hardener at the specified ratio in the mixing pot until it 
is unifonnly Mx& (about 2 minutes). Agituion &di ùc by m e ~ s  of d d c  hand mixer. Volume 
of primer to be preparbd at one time must be such that it can be applied wittun its batch Iife. A 

rnixed primer batch which has excceded its batch life must not be used. ( Life of mixed primer 

batch is shown in Attach-3. The batch iife rnay vary subject to arnbient temperame or volume of 

the rnixed primer batch and care m m  be taken accordingly. ) 
2) The mixd primer must be apptitd using a roller bnish. ifnccessary, a second coat shaii be applied 

&cr first coat has penetrated into thc concrete. Volume of p h e r  to be applied may vuy 

depending on direnion or coarseness of concrne surfàce to be prepared. 
3) Applied primer coat m m  be cured for 3 houn to a halfday unul tack-fiee by finger, 
4) Surface irre&rity aused  by primer wating musc be ground and removed using disc suider, etc. 

If any minor prouusions on the concrete surface stiii remains. nich surfàce defecu may be 
conccted again using epoxy resh putty as needcd. 

Work site mus be thorou-dy vcntilated. 
L'se of fire is nrictiy prohibiteci. Because permeable type primer (FP-S) contains organic soivent. 
care mus be taken to prevent inhalation of organic solvent fùmes. Protcttive gear such as rnasks, 
goggies. rubber @oves, etc. m u s  be uscd without faiI whenever primer is applicd. 

4-5. Adhesion of  Tow Sheet 
* No Tow Sheet &il1 not be applied whenever ambient temperature is lower than 5 OC (4 1 OF), or 

whenever rainfdl or dew condensation is anticipated. Temperature and dampness of the concrcte 
surface ro which Tow Shett is to be adhered mus be confirmeci in order to select the proper type of 
resin to be used. 

I ) Tow Sheet must be cut beforehand into prescribed sues using scissors and cutter. The sue of 
Tow Sheet to be cut is preferably less than Zrn in Icngh. The number of Tow Sheets to be cut 

shall be limited to the nurnber to be adhercd within the day 
2) It must be coniirmed that the primer coat applicd onto the concrete surface is thoroughly cured. 

When the primer coat has been left unattended for more than one week &er the application. 
surface of the primer coar must b t  roughened using sand paper. 
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3) FR resin musr be mixed with hardmer at the specitSed ratio in the mixing pot until unifomiy 

mixcd ( about two minutes ). Agitation is prdcrably by means of an clccuic hand mixer. Volume 

of mhed resin batch mus be çuch that it can be applied within its batch WC. A mixai resin batch 

which has mcnded its batch life must not be used. (Life of a mixed rein batch is shown in 

Anach-4. The iife may Vary subject to ambient temperature and volume of mixed resin batch and 

w e  mus be takm accordiigiy.) 
5) The mixed resin batch mus  be unifonnly applied to the concrete surface using a roller bmsh 

( Primarq. coat ). Volume to be applicà may vary depending on direction and roughness of the 

concrete surface. Mort m i n  mir m u t  be applitd into internai angles than for Bat concrete 

surfaces. 

6) Tow Sheet is placeci fiber side down onto concrac surface on which resui mk coat has b e n  

applied and surface papcr is petleci away. Surface of adhered Tow Sheet must be squeucd rather 
strongiy two to thre urnes in fiber lonqitudinal direction using dcfoaming roller and nibber 

spatula in order to imprcgnatc rein into Tow S h m  and to dcfoarn the resin coat. For joining 

strips of Tow Sheet. a 10 mm overiappina musc be maintained in fiber longitudinal direction. 'io 
lapping is requird in the fiber lateral dirmion. 

7) Tow Shett so a d h d  mus be left aione for at lcast 30 minutes. Any lifting or dislocation which 

rnay occur dunnp this period must be correctcd by pressing down Tow Sheet using a roiter or 

spatula. 
8) M x e d  min  mus then be applied onto the surface of the Tow She t  ( secondary coat ) The 

surface onto which resin has bcen applied mus be squeezed rather strongiy w o  to three cimes in 

fiber loncjtudinai direction, in order to impreonate and replenish min into the Tow Sheet. using 
defoamin~ roller and spatula in the same manner as detaiied in item 6) abovc. 

9) In casc more chan two layes cf Tow Sheet m u s  be laminated. the processes as detailed in 

items 5 i through 8) m u s  be repeated. 

Work site rnust be thoroughly ventiiated. Cse of fire is strictly prohibited. 

Care must be taken to prevent inhalation of resin tiimes. 
Protecrive gear such as masks. ~oggles and mbbcr gfoves must be used without fail durino 
adhesion of Tow Sheet 

4-6. Protection 

In the casc of outdoor application, the work must be protected fiom min. sand. dust. etc. by usin9 

protective jheetin~ or othar bamïers. 

1 ) .Mer cornpietion of Tow Shcet adhesion sep. the work must be protected against rainfall usino 
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PVC shetts in order to autocatalitically cure the adhercd Tow Shcct. Carc must be taken so that 

the protective sheets do not corne into contact with the surfiacc of the adhered Tow Sheet. 

2) Curing of adhcred Tow Sheet mus be for no less than 24 hours. 

j) The foilowing curing time is required in order to achievc hl1 design nrcngth. 

Two wceks curing tirne @ Average ambient temperature of 10 OC (50 "ï) 
One week curing time @ Average ambimt temperature of 20 OC (68 OF) 

4.7 Finish coat 

* Finish coat shail be applied to the surface of adhcred Tow Shett as  necessary. 

1 ) Carbon fiber (CF) Tow Shect, by virtue of the carbon f ier itselC is capable of preventing 

deterioration of rtsin by intempting the uluavioiet rays. Howcver. it is prefcrablc to appiy a 

weather resistant paint coat ( urethane system paint, fluorine system paint, etc.) in cases wbere the 

concrete surface onto which Tow Sheet has bcen adhercd will be exposcd to direct sun light. 

2) Application of the paint coat m u s  be carricd out after completion of the initial resin curing stcp. 

as determined when a nail mark can no longer be left on the surface. 
2 )  Application of finish coat shall be in cornpliance with the standard application process specific to 

each type of paint. 


