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GLOSSARY

The followrng is a glossary of terms for fiber reinforced concrete (FRC) used in this report.

0.1 GENERAL TERMS

Aspect Ratio - The ratio of length to diameter of the fiber. Diameter may be equivalent diameter.
Balling - When fibers entangle into large clumps or balls in a concrete mixture.
Collated - Fiber bundled together either by cross-linking or by chemical or mechanical means.
Equivalent Diameter - Diameter of a circle with an area equal to the cross-sectional area of the fiber.
Fiber content - The weight of fibers in a unit volume of concrete.
Fibrillated - A fiber with branching fibrils.
First Crack - The point on the flexural load-deflection or tensile load-extension curve at which the form of
the curve fust becomes nonlinear.
Hairline Crack - Cracks with widths less than 0.I mm (0.0039 inches) are termed as hairline cracks.
First Crack Deflection - The deflection value on the load deflection curve at the first crack.
First Crack Strength - The stress obtained when the load conesponding to fust crack is inserted in the
formula for modulus of rupture given in ASTM Test Method C 78.
First Crack Toughness - The energy equivalent to the area of the load deflection curve up to the first
crack.
Flexural Toughness - The area under the flexural load-deflection curye obtained from a static test of a
specimen up to a specified deflection. It is an indication of the energy absorption capability of a material.
Toughness Indices - The numbers obtained by dividing the area under the load-deflection curye up to a
specified deflection by the area under the load-deflection curve up to "First Crack" as given in ASTM C
1018.
Toughness Index, Ir - The number obtained by dividing the area up to 3.0 times the fust crack deflection
by the area up to the fust crack of the load deflection curye, as given in ASTM C 1018.
Toughness fndex, Iro - The number obtained by dividing the area up to 5.5 times the first crack deflection
by the area up to the fust crack of the load deflection curve, as given in ASTM C l0l8
Toughness fndex, Iro - The number obtained by dividing the area up to 10.5 times the flust crack deflection
by the area up to the first crack of the load deflection curye, as given in ASTM C 1018
Residual Strength Factor &'0 - The number obtained by calculating the value of 20(I,o-Ir), as
giveninASTMC 1018.
Residual Strength Factor &o,ro - The number obtained by calculating the value of 10(Iro-I,o), as
giveninASTMC 1018.
Flexural Toughness Factor (JCI) - The energy required to deflect the fiber reinforced concrete beam to a
mid point deflection of l/150 of its span.
Equivalent Flexural Strength (JCI) - It is defined by

F" : Tbxs/ô,oxbxd2
where

F" : equivalent flexural strength, psi
Tr = flexural toughness, inchlb

span, inches
ôtu : deflection of l/150 of the span, inches
b : breadth at the failed cross-section, inches
d : depth at the failed cross-section, inches

Impact Strength - The total energy required to break a standard test specimen of a specified size under
specified impact conditions, as given by ACI Committee 544.
Monofilament - Single filament fiber.
StatÍc Modulus - The value of Young's modulus of elasticity obtained from measuring stess-strain
relationships derived from other than dynamic loading.
High Performânce Concrete - In this report, High Performance Concrete is defined as a concrete with
highly enhanced (or improved) desirable properties for the specific purpose and function for which it is



used. It need not necessarily be high-strength concrete. High performance concrete may have one or more
of the following properties enhanced: ductility, fatigue strength, durability, impact resistance, toughness,
impermeability and wear resistance.
Whitetopping - Whitetopping is concrete placed over asphalt where the concrete thickness is 101 ( 4 inch )
or more mm thick.
Ultra-Thin Whitetopping - Ulha-Thin Whitetopping is concrete placed over asphalt where the concrete is
less than 101 mm ( 4 inch ) thick.

0.2 ACRONYMS USED

ACI - American Concrete Institute
CFP - Collated Fibrillated Poþropylene
F-RC - Fiber Reinforced Concrete
LS - Low Slump
I\MFRC - Non-Metallic Fiber Reinforced Concrete. This acronym refers only to
Polyolefin Fiber Reinforced Concrete. These fibers were manufactured and
purchased from 3M for the purpose ofthis study.
NMFRS - Non-Metallic Fiber Reinforced Shotcrete
PFRC - Polypropylene Fiber Reinforced Concrete
PCC - Portland Cement Concrete
SFRC - Steel Fiber Reinforced Concrete.
SNFRC - Synthetic Fiber Reinforced Concrete
SIFCON - Slurry Infiltrated Fiber Concrete
SIMCON - Slurry Infiltated Mat Concrete

0.3 ASTM SPECIFICATIONS

A 820 - Specification for Steel Fibers for Fiber Reinforced Concrete
C 31 - Practices for Making and Curing Concrete Test Specimens in the Field
C 39 - Test Method for Compressive Stength of Cylindrical Concrete Specimens
C 78 - Test Method for Flexural Strength of Concrete (Using Simple Beam with Thfud-

point Loading)
C 94 - Specification for Ready-Mixed Concrete
C138 - Test for Unit rü/eight, Yield and Air Content (gravimetric) of concrete
C 143 - Test Method for Slump of Portland Cement Concrete
C 172 - Method of Sampling Freshly Mixed Concrete
C 173 - Test Method of Air Content of Freshly Mixed Concrete by the Volumetric

Method
C 231 - Test Method for Ai¡ Content of Freshly Mixed Concrete by the Pressure

Method
C 469 - Test Method for Static Modulus of Elasticity and Poisson's Ratio of Concrete

in Compression
C 995 - Test Method for Time of Flow of Fiber Reinforced Concrete Through Inverted

Slump cone
C1018 - Test Method for Flexural Toughness and Fi¡st Crack Stength of Fiber

- Reinforced Concrete (Using beam with Third-point Loading)
C 1116 - Specification for Fiber Reinforced Concrete and Shotcrete
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0.4 INTERNATIONAL STANDARDS

A - American Concrete Institute Committee 544 Fiber Reinforced Concrete
. ACI544,2R.89 Flexural Fatigue Endurance
Impact Resistanee
Toughness

B - British Standards Institute
BS188l: Part2, Methods of Testing Concrete-Vebe Test

C - Japanese Society of Civil Engineers
JSCE Standard III-1, Specification of Steel Fibers fo¡ Concrete, Concrete Library,
No. 50, March 1983.

- JSCE-SF4 Standard for Flexural Stength and Flexural Toughness, ..Method of
Tests for Steel Fiber Reinforced Concrete," Concrete Library of JSCE, No.3,
June 1984, Japan Concrete Institute (JCI), pp. 58-66,

- "standard rest Method fo¡ Flexural stength and Flexural Toughness of Fiber
Reinforced Concrete, (Standard SF4),"JCI Standards for Test Methods of Fíber

Reinforced Concrete, Japan Concrete Institute, I 983, pp. 45-5 l.
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EXECUTIVE'SUMMARY

This report presents the experimental investigation carried out to evaluate the performance characteristics
ofbasalt fiber reinforced concrete and basalt bar reinforced concrete. The fibers and bars were supplied by
Research & Technology Inc., Madison, WL

All the experiments were conducted following the ASTM standards. The test program was conducted for
fresh and hardened concrete properfies. The fresh concrete properties consisted of the following tests:
slump, Vebe slump, Vebe time, concrete temperature, air content and unit weight. The hardened concrete
properties determined ìvere compressive shength, static modulus, flexural stength, load-deflection
behavior, comparison ofload-deflection curves, ASTM toughness indices, first crack toughness, post crack
behavior, Japanese standard method for toughness indices and equivalent flexural strength.

The test results show that the basalt fiber can be easily mixed in the concrete without any balling,
bridging or segregation. There was a noticeable increase in the post crack energy absorption capacity and
ductility due to the addition of basalt fibers. The impact resistance increased as the fiber ðontent increased.

Tests were also conducted on beams reinforced with basalt bars, which were supplied by the
manufacturer. The load deflection curves were plotted and the toughness indices and first ciack toughness
were calculated in a similar way as the ASTM standards for the beams reinforced with basalt fibers.
Toughness indices according to the Japanese Standard method and the equivalent flexural strength were
also calculated.

Tests were conducted on beams reinforced with basalt bars, which were designed and cast in the lab.
Strain across the depth of the beams was measured, using electrical resistance strain gauges. Deflection was
measured, using a magnetic dial gauge. The tests indicated that there was insufficient bond strength and the
bars slþed gradually before the ultimate load was released. Beams with increased development lengths
failed suddenly with breaking of rods. It was a sudden and brittle failure. The ultimate-load and .ru.kirrg-
load moments and the deflections of the basalt Íod reinforced concrete beams were compared.

The tension tests were conducted on the basalt bars, and a cable, having two basalt bars twisted together.
Graphs of stress vs. stain were plotted and the modulus of elasticity of the basalt bars was calculated.
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l.INTRODUCTION

Plain concrete has two major deficiencies; a low tensile strength and a low shain at fracture. The tensile
strength of concrete is very low because plain concrete normally contains numerous microcracks. It is the
rapid propagation of these microcracks under applied stress that is responsible for the low tensile strength
of the material. These deficiencies have led to considerable research aimed at developing new approaches
to modifying the brittle properlies of concrete.

Current research has developed a new concept to increase the concrete ductility and its energy
absorption capacity, as well as to improve overall durability. This new generation technology utilizes
fibers, which if raudomly dispersed throughout the concrete matrix, provides better distribution of both
internal and external stesses by using a three dimensional reinforcing network. (1,2,3)

The primary role of the fibers in hardened concrete is to modify the cracking mechanism. By modifying
the cracking mechanism, the macro-cracking becomes micro-cracking. The cracks are smaller in width;
thus reducing the permeabilþ of concrete and the ultimate cracking strain of the concrete is enhanced. The
fibers are capable of carrying a load across the crack. A major advantage of using fiber reinforced concrete
(FRC) besides reducing permeability and increasing fatigue shength is that fiber addition improves the
toughness or residual load carrying abilþ after the fust crack. Additionally, a number of studies have
shown that the impact resistance of concrete can also improve dramatically with the addition of fibeis.

Combining the technical benefits and in place costs, FRC has been found to meet the prerequisites of
value engineering for use, particularly in airport and highway pavements, in bridge deck overlays, curtain
walls, sewer pipes and precast concrete products (2). Fibers have also been used in shotcrete for rockfill
stabilization, tunnel linings and dome structures. FRC had been used extensively in overlays and repairs of
airport pavements and bridge decks.

FRC composites are almost ideal materials for repair, rehabilitation, retrofit and renovation of the
world's deteriorating infrastructure. Concrete fiber composites technology has grown over the last th¡ee
decades into a mahue industry. The purpose of this paper is to review the current research on basalt fiber
reinforced concretes.

2. LITERATURE

2.l LITERATTJRE REVIEW

The addition of fibers in concrete matix has many important effects. Most noticeable among the improved
mechanical properties of fiber reinforced concrete are its superior fracture resist¿nce and resistance to
impact and impulsive or dynamic loads. Secondly they impart additional strength under all modes of
loading which include, direct tensiou, shear, flexural and torsion loading. The degrees of improvement of
the mechanical characteristics of fiber reinforced concrete (FRC), are influenced by specimen size, loading
configuration, size and type of fibers (4,5,6).

Even though reinforcing a brittle matrix with discrete fibeis is an age old concept, modern-day use of
fibers in concr€te started iu the early 1960s. In the beginning, only straight steel fibers were used. The
major improvement occurred in the areas of ductility aud fracture toughness, even though some flexural
strength increases were observed. The law of mixtures was applied to analyze the fiber contributions.

Fibers have been produced from steel, plastic, glass and natural materials in various shapes and sizes.
Fibers for commercial application of FRC have been of great variety including (7);



. Diffèring materials: steel, glass, polypropylene, polyolefin and cellulose are representative of the
metallic, mineral, synthetic and natural fiber types.o Differing amounts: rangrng from relatively high frber additions by volume to low-volume
concentrations, with high, being conside¡ed in the range of 3 to 12 percent, intermediate in the range of I
to 3 percent, and low in the range of0.1 to I percent, based on the total volume ofconcrete produced.¡ Differing fiber geometry: prismatic, round or flat, with deformations throughout or at the ends,
irregular cross sections, fibrillated monofilament or bundles of fibers, fine (small effective diameter fibers
of relatively high aspect (length to diameter) ratios, or coarse fibers of lower aspect ratios).

2.2 CI]RRENTLY USED FIBERS

2.2.1 Steel Fibers

The majority of the applications with steel fibers in the United States, has been with mixes using normal
weight concrete. For sfiaight steel fibers, the primary factors that controlled the properties of the composite
were fiber volume fraction and aspect ratio of the fibers. The amount of fiber used ranged from 89 to 119
kg/m3 (tSO to 200 lb/cu. yard) of concrete. The major problems encountered in the earþ stages were
difficulty in mixing and workability. At higher volume fractions, fibers were found to ball up during the
mixing process. This process called balling was found to occur frequently for longer fibers. The size of the
coarse aggregate was normally restricted to facilitate the use of short fibers and to avoid balling.
Additionally, the mortar fraction of concrete was increased to combat the balling problem. There was
always a reduction in workability with the addition of fibers. This tends to affect the quality of concrete in
place, especially for higher fiber volume fractions (8 to l3).

2.2.2 Carbon Fibers

Until mid 1980's the high cost of carbon fibers limited tlei¡ use in portland cement composites. More
recently, low cost carbon fibers have been manufactured with petroleum and coal pitch. Carbon fibers are
very light with a specific gravity of about 1.9 and inert to most of the chemicals. Even though their cost is
higher than polymeric fibers, carbon fibers have potential for special applications that require high tensile
and flexural strength. Carbon fibers are available in stands (tows) that can contain up to 12,000 individual
filaments and have elastic modulus as high as steel and are two to three times stronger than steel.(2 ,14,15)

2.2.3 Glass Fibers

Experiments using glass fibers have been conducted in the United States since the early 1950's as well as
in the United Kingdom and in Russia (15,16). Applications of fiber reinforced concrete investigated since
the mid 1960's have included road and floor slabs, topping layers, refractory materials, and some precast
concrete products. Glass fibers are primarily used for glass fiber reinforced cement (GFRC) sheets (16 to
2t).

2.2.4 Synthetic Fibers

Synthetic fibers are most commonly added to concrete for slab-on-grade construction to reduce early
plastic shrinkage cracking and increase impact and abrasion resistance and toughness. The fibers also can
be added to precast concrete to improve resistance to handling stresses, to pumped concrete to improve
cohesiveness, and to shotcrete, to reduce rebound and material waste.



Synthetic fibers are mainly polypropylene fibers and their use started since the early 1960's. The
common forms of these fibers are smooth mono-filamented, twisted, fibrillated and tri-dimensional mat.
Polypropylene fibers are hydrophobic, so they don't absorb water and have no effect on the mixing water
requirements. It has a low density and is also chemically inert.

The major shortcomings of polymeric fibers are low modulus of elasticity, poor bond with cement
matix, combustibility, and low melting point. Their bond to cement matrix is improved by twisting several
fibers together or by treating the fiber surface.

The latest development in the field of synthetic fibers is polyolefin fibers, with low aspect ratio similar
to steel fibers for use in concrete. These fibers are available in various lengths and diameters and their
addition will improve the stuctural properties of concrete like the steel fìbers. They can be mixed with
conüete in large quantities, as much as 20 %o (by volume) without causing any balling, segregation or
increase in ai¡ entainment in concrete. It is possible to produce high volume fiber reinforced concrete
using the regular concrete mixture proportions including coarse aggregates whereas high volume fiber
concrete using steel fibers are produced using cement slurry instead of regular concrete. There are a
number of advantages for polyolefin fibers, such as no corrosion potential, chemical inerbress, and no
hazardous or nuisance conditions when fibers become loose or protrude from the concrete surface. Unlike
steel fibers, these fibers are non-magnetic and non-corrosive.

2.2.5 Basalt Fibers

Basalt fibers are manufactured in a single-stage process by melting pure raw material. They are
environmentally safe and non-toxic, possess high heat stability and insulating characteristics and have an
elastic structure. When used for composite materials, they provide unique mechanical properties. They can
be easily processed into fab¡ic with high reliability.

The tensile strength of continuous basalt fïbers is about twice that of E-glass fibers and the modulus of
elasticity is about 15-30% higher. Basalt fibers in an amorphous state exhibit higher chemical stability than
glass fibers. When exposed to water at70o C (1580 F), basalt fibers maintain their sfrength for 1200 hours,
whereas the glass fibers do so only for 200 hours.

2.2.6 Basalt Rod Reinforced Concrete

An exhaustive literature survey showed no data on basalt rod reinforced concrete.



3. PERFORMANCE EVALUATION OF 3.D BASALT FIBER REINFORCED
CONCRETE

3.1 PROBLEM STATEMENT

Basalt fibers have been used in Russia for some time. However this technology is now being experimented
in the United States of America. Before beginning the production and use of these fibers commercially, it
was necessary to investigate the fiber in detail.

Therefore this investigation was undertaken to provide the needed information about the influence of
various parameters on performance characteristics of basalt fiber reinforcement.

3.2 RESEARCH OBJECTIVES

The primary objective of this investigation was to determine the various parameters influencing the
performance and properties of basalt fiber reinforced concrete specimens made of different fîber dosages.
And these properties were compÍlred with those of control þlain) concrete. The following tests were
carried out to achieve the primary objective.

¡ The properties of fresh concretes with and without fîbers.¡ The properties of hardened concretes such as compressive stength, static modulus, static flexure
strength, unit weight and impact strength.¡ The toughness indices by the ASTM method with the help of load deflection curves.o The flexural toughness factor and equivalent flexural stength by the Japanese Standard method.¡ The variation offresh and hardened concrete properties with respect to dosage offibers.. To compare the load deflection curves for v¡rious dosages of fibers.

3.3 MATERIALS

Fibers: The fibers used in this investigation were basalt fibers, which were supplied by Research &
Tecbnology Inc. The information about the fibers, as provided by the manufacturer is as follows:
Diameter of fiber : 12 pm(0.0005 in)
Length of fiber (Average) : 13 mm (0.52 in)
Cement: Type I/II normal portland cement satisfying ASTM C 150 requirements was used. The cement
was supplied by Dacotah Cement, Rapid City, South Dakota.
Coarse Aggregate: The coarse aggregate used was crushed limestone, obtained from a local source in
Rapid City, South Dakota. The maximum size of the aggregate used was 19 mm (0.75in) with absorption
of 0.45%.
Fine Aggregate: The fine aggregate used was natural sand with a water absorption coefficient of l.6Vo.
Both the coarse and fine aggregates were according to the grading requirements of ASTM C33,
Water: The water used was tap water from the Rapid City, S. D. Municipal water supply system.

3.4 MIXES

A total of 5 mixes were done for the basalt fiber. The dosages of fibers added to the concrete were 0.1,
0.25,0.4,0.5 %by volume. The water cement ratio was kept constant at 0.5 for all the mixes. The mix
proportions and designations are given in Table l. One mix was done as control (plain) mix.

3.5 MIXING PROCEDT]RE



Mixing for the fust two mixes was done in a batch of 2 cubic feet, whereas for the other three mixes, 2.5
cubic feet was batched out. All mixing was done in a nine cubic feet capacity mixer. The fibers were
weighed accurately and kept in a separate plastic container. First the buffer mix was done. Then coarse
aggregates were put in the mixer. Then the sand and two thirds of the water were added and mixed for one
minute. Cement was then added along with the remaining one third of the water. Then the fibers were
added and the ingredients mixed for three minutes, which was followed by a three minute rest period and a
final mixing was done for 2 minutes so that the fibers distibuted properly.

3.ó TEST SPECIMENS

The following specimens were cast from each mix:. Six -- 101 x 101 x 356 mm (4inx 4in x l4in) beams - For Static Flexural Test.. Six - 152 x 304 mm (6in x l2in) cylinders - For Compressive Strength and Static Modulus.. Six - 152 x 63 mm (6in. dia. x2t/rrn¡ cylinders - For Impact Test.

The specimens were cast according to the ASTM standards and covered with plastic sheets for 24 hts at
room temperature . They were then placed in a lime saturated water tank maintained at 220C 1lZ0 f¡. they
remained in water till they were tested for 7 and 28 day strengths.

3.7 TESTS FORFRESH CONCRETE

The freshly mixed concrete was tested for slump (ASTM Cl43), air content (ASTM C23l), fresh concrete
unit weight (ASTM C138), concrete temperature and Vebe time. No balling or segregation was observed
even after the addition oflarger quantities offibers.

3.8 TESTS FORHARDENED CONCRETE

3.8.1 Static Modulus and Compressive Strength

Cylinders were tested for static modulus (ASTM C469) and compressive strength (ASTM C39) at 7 days
and 28 days.

3.8.2 Static Flexure Test

Beams were tested at7 and 28 days for the static flexural shength (ASTM Cl0l8). The span length was
300mm(12 in). This test is a deflection controlled test. The rate of deflection was kept in the range of 0.005
to 0.01mm(0.0002 to 0.0004 in) per minute as per ASTM Cl018. The load at first crack and the maximum
load reached were noted for every beam. From the load and deflections obtained, load-deflection curves
were drawn from which the toughness indices and the residual strength factors by ASTM method and
equivalent flexural strength by the Japanese Standard method were calculated.

The test apparatus used for the deflection measurement was according to ASTM standards. A specially
designed frame was used to mount the dial gauge. This frame was supported only at the four points, which
are on the neuûal axis above the supports. The dial gauge was fixed such tlat it was touching the center
point of the bottom surface. This arrangement enabled us to measure the true deflection excluding any
extaneous deformations due to crushing of concrete at supports and load points, and any deformations and
stains induced in the testing frame. Because the deflection is measured at the center point, any slight



warping or twisting of beam will not affect true deflections measured. Hence the deflections measured
were the true deflections of the beam. (5)

3.8.3 Impact Test

The specimens were tested for impact at 28 days by the drop weight test method (ACI 544). In this test
method, the equipment consisted of a standard manually operated 4.55 kg (10 lbs) weight with an 0.45m
(18") drop, a 63 mm (2.5') in diameter hardened steel ball, a flat steel base plate with a positioning bracket
and four positioning lugs. The specimen was placed on tle base plate with its rough surface facing
upwards. The hard steel ball was placed on the top of the specimen and the compactor was placed with its
base on the steel ball. The test was performed on a flat rigid surface to minimize the energy losses. The
hammer was dropped consecutively, and the number of blows required to cause the first visible crack on
the specimens was recorded. The impact resistance of the specimen to ultimate failure was also recorded by
the number of blows required to open the crack sufficiently so that the pieces of the specimen were
touching at least three of the four positioned lugs on the base plate.

3.9 FRESH CONCRETE PROPERTMS

Room temperature, humidity and concrete temperafure were recorded to ensure that all the mixes were
carried out under similar conditions. The room temperature and humidity varied in the range of l80C to
260C (650F to 800F) and25o/o to 35o/o respectively. The concrete t€mperature range was Z00C io ZaoC 1OS0f
to 760F). The unit weights of fiber concrete and plain concrete *"t" uppro*imately the same and no
noticeable change was observed due to addition of fibers. The fresh concrete properties are given in Table
2.

3.9.1 Workability

Two tests were performed to determine the workability of the mixes; slump (consistency) and Vebe time
along with the Vebe slump (consolidation). These test results indicate that satisfactory workability can be
maintained even with the addition of the fibers. The test results indicate that the slump and Vebe slump
decreases with the addition of fibers, whereas the Vebe time increases with the addition of the fîbers. Vebe
time measures the workability of concrete based on the energy needed to compact the concrete. The
concrete started to harden in about 40 to 45 minutes. The fibers mixed well and were uniformly distributed
throughout the concrete. Overall, there was no balling, bleeding or segregation. Even though the slump
values show the decreasing trend with the addition of the fibers, no difficulty was encountered ur placing
and consolidating the concrete with the use of the table vibrator.

3.9.2 Air Content

The ai¡ content ranged from l.8% to 2.6Yo. It was constant at 2.2%o for three of the mixes. No air-entraining
agent was used. Therefore the measured air is considered as entapped air.

3.10 HARDENED CONCRETE PROPERTMS

3.10.1 Compressive Strength and Static Modulus Test

The results of the compressive strength are tabulated in Table 3A and 3B. There is little or no variation in
the compressive stength. Compressive strength depends on water cement ratio and air content. If the water



cement ratio is less, compressive strength will be more. Likewise, if the air content is more, the
compressive strength will be less.

A ductile mode of failure, as compared to plain concrete 's brittle failure, was observed while testing for
compressive strength. The plain concrete cylinder failed fully shattering into pieces with a loud noise,
whereas the fiber reinforced concrete cylinders continued to sustain the load and underwent deformation
without totally breaking into pieces. The change of mode of failure from a brittle type to a ductile type is an
important contribution due to the addition of fibers.

The static modulus test served primarily as a means of quality control. The results rndicate that the
mixes were reasonably consistent and the addition of fibers had no effect on the static modulus. The
comparison of compressive stength for the plain concrete and fiber concretes is shown in the form of a bar
chart in Fig. l.

3.10.2 Static Flexural Strength

The static flexwal strength test results, the fust crack load, first crack deflection, ultimate load and flexural
stress are given in Table 4A and 48. When the fiber concrete beams are loaded in flexure, the behavior is
more or less linear up to the fust crack and then the curve is significantly non-linear and reaches its peak at
the ultimate strength or at the maximum sustainable static load. One factor that significantly influences the
flexu¡e test is the fiber volume.

The mode of failure was a simultaneous yielding of the fibers and the matrix. The cracks were
prevented from propagating until the composite ultimate stress was reached. The load deflection curves
indicate a ductile behavior and large energy absorption. Fibers when added in significant volume fractions,
increase the first crack and ultimate flexural stengths of concrete. The flexural strengths are compared in
Fig.2.

3.10.3 Load Deflection Behavior

The area under the curve represents the energy absorbed by the beam. Load deflection curyes for both the
pre fust crack and post fust crack data, were drawn. Toughness indices and the residual strength indices
were calculated by using these curves,

3.10.4 Flexural Toughness @nergy Absorption)

Toughness or energy absorption of concrete is increased considerably by the addition of fibers (2).
Toughness index is the measure of the amount of energy required to deflect the 100 mm (ain) beam in the
modulus of rupture test. The most important variable governing the toughness index of fiber reinforced
concrete is the fiber efficiency. Other parameters influencing the toughness index are the position of the
crack, the fiber type, aspect ratio, volume fraction and the distribution of fibers. Fiber efficiency is
controlled by the resistance of the fiber to pull out from the matrix, which is developed as a result of the
bond strength at the fiber matrix interface. The advantage of pullout type of failure of fiber is that, it is
gradual and ductile, compared to a more rapid and catastophic failure, which may occur, if fibers are
brittle and fail in tension with little or no elongation. The fiber pullout or fracture depends on the yield
stength of the fibers, the bond and anchorage between the matrix and the fiber.

Toughness index (ASTM C1018) is a dimensionless parameter, which defines or finger prints the shape
of the load deflection curve. Indices have been defined on the basis of three service levels, identifìed as the
multiples of the fust crack deflection. The index is computed by dividing the total area under the load
deflection curve up to the frst crack deflection. The toughness index 15 is calculated at three times the fust
crack deflection.'Likewise Iro, Izo and 136 are the indices up to 5.5, 10.5 and 15.5 times the first crack
deflection respectively (5). The toughness indices and the residual strength indices are shown in the form



of bar charts in Fig. 34, 38, 3C and 3D. The toughness index ratio is shown in Fig. 3E and 3F. The
toughness indices are tabulated in Tables 5A and 58. The load deflection curves plotted for both 7 and28
day results are shown in Appendix A.

3.10.5 Japanese Standard Method of Catculating Flexural Toughness Factor and Equivalent Flexural
Strength

In addition to the toughness indices, the equivalent flexural shength (F") as specified by the Japanese
Society of Civil Engineers (JSCE) was calculated for all the specimens. (5)

The Japanese Toughness Test takes into account the absorbed energy up to the deflection ofLl150ú of
the span. The equivalent flexural strength was calculated using the following equation.

F"=T¡*Uôtb*b*h2
where F" : equivalent flexural strength

T6: flexural toughness, (in-lb)
L: span in inches

ôtp = deflection of L/150ù of the span
b : width of failed cross section in inches
h : depth offailed cross section in inches

The Japanese flexural toughness factors and equivalent flexural strength were also calculated. The
results are tabulated in Tables 6A and 68. The results clearly indicate that the toughness increases with the
increase in the fiber dosage. Comparative bar chart of the Japanese toughness indices is shown in Fig. 4A
and the equivalent flexural strength in Fig. 48.

3.10.6 Impact Strength

The drop weight test (ACI committee 544) was used in this investigation. This is a very simple and
inexpensive test that can be done anywhere including in the field. If more specimens are tested, the mean
values indicate qualitatively a good index of the impact resistance of the material.

The impact test was done for 28 days shength, for both plain and fiber reinforced specimens. The
results prove that the fiber concrete had greater impact resistance compared to the plain concrete. Impact
shength increases with the increase in the fiber content. The age of the specimen also affects the impact
strength.

The results clearly indicate the increase in number of blows for the increase in the fiber dosage. The
results are tabulated in Table 7 anda comparative bar chart is also shown in Fig. 5.

3.ll CONCLUSIONS

¡ Satisfactory workability can be maintained, with the addition of basalt fibers, up to 0.5% by volume.¡ Larger quantities of fibers, compared to polypropylene fîbers, could be added without causing any
balling or segregation.o The performance of basalt fiber reinforced concrete is similar to that of the polypropylene fiber
reinforced concrete currentþ being used in the market.
Compared to the control (plain) concrete, there was considerable increase in the toughness and impact
strengths.
The most important contribution due to the addition of fibers, is the change of mode of failure from a
brittle to ductile failure, when subjected to compression, bending and impact.



3.T2 RECOMMENDATIONS

Based on the observations from earlier research conducted using polypropylene fibers, it is suggested that
the length of the fibers be increased to 50mm (2in) for a more efficient performance.



Table 1:Mix Proportions for
Basalt Fiber Reinforced Goncrete

For 0.057 m3 12.0 ft.3¡

For 0.071 mt 1z.s ft.t¡

Basic Mix Proportions for one mt (y¿t)

Table 2:PROPERTIES OF FRESH CONCRETE

Mix
Degn.

Water
Cement

Ratio

Fibers we¡oht in KoflÞs
Water

kollbs)

ks(lbs) Vol
o/o

Cement

kollbsl

Coarse
Agg.

kollbs)

Fine
Agg

ko(lbs)

B1 0.5 20.85 U5.21 53.1 (117) 53.1 117) 10.25 Q2.6\

82 0.5 0.68 t1.5) 0.5 20.85 ø5.2\ 53.1 t'117) 53.1 (117\ 10.25 Q2.61

B3 0.5 0.æ n.12) 0.4 25.68 (56.5) 66.5 (146.3) 66.5 (146.3) 12.83 (28.3)

B4 0.5 0.43 (0.94) 0.25 25.68 (56.5) 66.5 (146.3) 66.5 (146.3) 12.83 (28.3)

B5 0.5 0.17 (0.38) 0.1 25.68156.5) 66.5 t146.3) 66.5 (146.3) 12.83 (28.3)

Cement

knllhsì

Water

ko(lbs)

Fine
Agg.

knflhsì

uoars€
Agg.

kollbsì

Water
Gement

Ratio
361.9
(610)

188
1305)

937.4
11580)

937.4
(1580)

0.5

Mixture
Type

Mixture
Designation

Slump

finches)

Vebe Arr
Content

(o/"\

unit
Weight
flh/ft3ì

uoncrete Remarks
Time
lsecsl

Slump
linchesì

Temp,
IOFì

PIa¡n B1 1.5 3 1 1.8 150.4 78.8

BFRC 82 o.25 I 0 2.6 147.6 78.8 Some of the fibers were
added alono with the aooreoates.

BFRC B3 0.375 5 o.125 2.2 146.8 75.2 Balling or Segregation of
Fibers did not occur

BFRC B4 1 3 4.25 2.2 148 77

BFRC B5 1.5 2 2 2.2 149.6 77

BRRC BR-1 3 2 147.2 78.1

BRRC BR.2 2.75 2 147.6 78.2

Conversion Factors:

25.4mm=1in.
oc=(oF -92y1.9
1 kg/m3 = 0.0625 lb/ft3
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Type
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en
#

Age
(D

ays
D

im
ensions

U
nit

W
eight

tb/ft3

Static
M

odulus
(106 osi)

Ç
om

press¡ve
Strength

losiì
Lenqth

D
iam

eter
Plain

BlC
r

81C
2

81C
3

Average

777

12.0
,::

6.0

'_-l

150.3
151.1

150.7

4.8
4.9

4.8

5040
5't60

5100

BFR
C

B2C
1

B2C
2

B2C
3

Average

777

'12.1)

12.O
6.0

'_-î

150.3
1s0.8

150.6

4.7
4.9

4.8

5680
5670

5675

BFR
C

H
3U

1
B3C

2
B3C

3
Average

777

12.0
12.0
12.0

6.0
6.0
6.0

150.8
't48.4
150.4
149.9

4.9
4.8
4.8
4.8

4970
5030
5010
5000

BFR
C

B4C
1

B4C
2

84C
3

Average

777

1Z.U
12.0
12.0

6.0
6.0
6.0

150.4
150.8
149.9
150.3

4.9
4.7
4.9
4.8

5170
4530
4820
4840

BFR
C

B5C
1

B5C
2

B5C
3

Average

777

12.0
12.O
12.0

6.0
6.0
6.0

150.4
150.4
1 50.1
150.3

4.9
4.5
4.7
4.8

5040
4750
4980
4920

TABLE 3A: C
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C
onversion Factors:

1 M
Pa = 145 psi

1 kg = 2.2 ¡5"
25.4 m

m
 = 1in.

1 kg/m
3 = 0.0625 lb/ft3

M
ix

Type
spec¡m

en
#

Age
(D

ays
D

im
ensions

U
nit

W
eþht

tb/ft3

stattc
M

odulus
1106 osi)

U
om

press¡ve
Strength

(psi)
Length

D
iam

eter
Plain

81C
4

81C
5

Average

2828
12.0
12.0

12.O

6.0
6.0

6-O

150.7
148.0

149.4

5.3
4.3

4,8

6330
6480

6405

BFR
C

H
.z(A

B2C
5

Average

28?:.

12.O
12.0

12.O

6.0
6.0

6.0

148.0
148.0

148 0

4.8
4.8

4.8

6680
6600

6640

BFR
C

B3C
4

B3C
5

B3C
S

Average

282828

12.0
12.0
12.0
12.0

6.0
6.0
6.0
6.0

147.0
148.0
147.5
147.5

5.3
4.7
4.3
4.8

5930
6280
5860
6020

BFR
C

B4C
4

84C
5

84C
S

Average

282828

12.0
12.O
12.0
12.O

6.0
6.0
6.0
6.0

147.9
148.0
147.O
147.6

4.7
4.8
4.8
4.8

6040
61 00
6300
61 50

BFR
C

B5Q
I

B5C
5

BsC
S

Average

282828

12.0
12.0
12.O
12.0

6.0
6.0
6.0
6.0

147.8
147.4
147.8
147.7

4.8
5.0
4.7
4.8

5980
6020
6030
601 0

C
onversion Factors:

1 kg/m
3 = 0.0625 lb/ft3

1 M
pa = 145 psi

25.4m
m

=1in.



M
ixture

Type
Specim

er
#

Age
(D

ays)
First C

rack
M

axim
um

Load
llhsl

Flexural
Strength

losi)
Load
(lbs)

D
eflection
linches)

Stress
(psi)

Plain
8181
81B2
B1 83

Average

777

4096
4932
4393

I
19

950*
850
835

4096
4932
4393

820
950'
850
835

BFR
C

82BI
B2B2
8283

Average

777

4000
3500
3000

0.0018
0.0009
0.0007

772
679
597
683

4340
3903
3968

840
760
790
795

BFR
C

83B1
8382
8383

Average

777

3600
3200
4000

u.0tJ2
0.0019
0.002

691
613
766
690

4669
4552
4240

900
870
810
860

BFR
C

B481
B4B2
8483

Average

777

4U
U

U
4000
4000

0.0021
0.0023
o.oo22

770
767
767
768

4583
4737
4580

880
910
880
890

BFR
C

85B1
8582
8583

Average

777

3600
3200
3200

0.0027
o.oo24
0.0019

o93
611
614
639

4225
3900
3942

810
745
755
770

* - This
considered as an
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M
rxture

Type
Specim

en
#

Age
(D

ays)
F¡rst C

rack
Vlax¡m

um
Load
(lbs)

Flexural
Strengtl

(psi)
Load
llbsl

D
eflection

(inches)
Stress
(psi)

Plain
B

1B.4
81 85
81 86

Average

282828

4723
5650
4846
5073

888.2
1061.5.
909.1
895.0

4723.0
5650.0
4846.0
5073.0

890
1060*
910
895

BFR
C

B2W
9285
82B6

Average

282828

3600
3600
3600
3600

0.0014
0.0013
0.0011

0.001267

bt t.t)
679.0
679.0
678.3

4230.O
4760.0
4390,0
4460.0

795
900
830
840

BFR
C

8384
8385
B3B6

Average

282828

3ti0u
4000
4000
3867

0.0014
0.0015
0.0015

0.001467

67
7.0

751.O
752.0
726.7

4 t 12.1)
4864.0
4792.0
4789.3

890
910
900
900

BFR
C

B4B4
8485
8486

Average

262828

4450
4437
4955
4614

0.0014
0.0016
0.0015
0.0015

836.0
833.8
930.7
866.8

4450.0
4437.0
4955.0
4614.O

840
830
930
900

BFR
C

B584
B5B5
8586

Average

282828

4618
4396
4713
4576

o.oo12
0.0011
0.0013
0.0012

867.2
825.5
885.5
859.4

46
18.0

4396.0
4713.0
4575.7

ö^)
830
890
860

*- This value is considered as an ouflateaãs pãiaTãt¡sfiõã



Mixture
Type

Specimen Frrsl uracK
Toughness
(inch-lbs)

Touqhness lnd¡ces I oughness
Ratios

Res¡dual Strength
lndices#

I5 I10 t20 I I O/Is r20ltl0 Rs.ro Rro,zo
Plain B181

B1B2
B183

Average

BFRC B2B1
B2B2
B2B3

Average

4.1
1.7
1.2
2.4

4.3
4.8
5.0
4.7

7.6
9.0
9.6
8.8

1 1.6
15.2
17.1
14.6

1 .8
1.9
1.9
1.9

1. 5
1.7
1.8
1-7

oo.b
84.8
92.6
81.3

39.7
61.4
74.2
58.4

BFRC B3B1
B3B2
B3B3

Average

4.1
3.6
4.3
4.0

4.3
4.6
4.6
4.5

ti.ö
8.6
8.0
7.7

8.7
14.5
10.9
11.4

1.5
1.9
1.7
1.7

1.3
1.7
1.4
1.5

4b.u
79.2
67.2
u.1

20.5
59.0
29.4
36.3

BFRC B4B1
B4B2
84B3

Average

4.9
5.0
5.1
5.0

4 .0
4.6
4.4
4.4

b.u
7.7
8.2
7.3

8. 1

10.2
14.2
10.8

1.5
1.7
1.9
1.7

1.3
1.3
1.7
1.5

40.2
62.4
75.8
59.5

20.5
24.1
59.2
34.6

BFRC B5B1
B582
B5B3

Avcraoe

c.u
4.3
3.6
4.3

b.1
4.6
4.6
4.7

9.4
8.4
8.7
8.8

't5.6
13.8
15.2
14.8

1.9
1.8
1.9
1.9

7
1.7
1.7
1.7

öt.2'
72.0
70.0
71.0

31.4
30.6
30.9
31.0

Factor: considered as an outlaver as

TABLE 5A: ASTM- TOUGHNESS INDICES -.7 DAYS

1 in-lb = 0.'l 13 Nm and is omitted in calculating the average.

TABLE 58: ASTM. TOUGHNESS INDICES ..28 DAYS

outlayer as per statistical considerations,

Mixture
Type

Specimen Frrst uracK
Toughness
(inch-lbs)

[oughness lndices r ougnness
Ratios

lesidual ¡'trengtn
ices#

I5 n0 t20 130
lnd

It0/I5 120/n0 t30/120 Rs,ro Rro.zo
Pla¡n 81ts4

B185
B,I86

Average

BFRC B28'4
82B5
B2B6

Average

2.6
2.7
2.3
2.5

6.8
5.2
5.6
5.9

13.8
13.8
10.6
't2.7

24.4
20.4
18.1
21.0

30.5
23.2
22.4
25.4

1. 7
1.9
1.8
1.8

1.7
1.6
't.6
1.6

1.0
1.1
1.1
1.1

140.0
172.0
100.0
137.3

76.8
66.0
69.0
70.6

BFRC u3ó4
B3B5
B3B6

Average

2.1
2.8
2.2
2.4

5.1
4.9
5,0
5.0

8.8
9.0
9.1
9.0

15.3
14.3
14.1
14.6

1 5.9
15.8
15.5
15.7

2.0
2.6
1.9
2.2

1.8
1.5
1.7
1.7

1.3
1.1
'1.2
1.2

97.9
98.8
99.0
98.6

b5.u
53.0
50.0
56.0

BFRC B4ó4
B4B5
84B6

Average

2.0
2.2
2.0
2.',|

4.6
4.7
4.8
4.7

8.8
8.7
8.9
8.8

14 I
14.6
14.8
14.7

1b.u
15.1
14.9
15.0

1 .9
1.9
1.9
1.9

1.7
1.7
1.7
1.7

1.0
1.0
1.0
1.0

84.0
80.0
82.0
82.0

48. I
47.2
47.8
48.0

BFRC ttþË4
B5B5
B586

Averaoe

1.ð
2.0
1.9
1.9

4.0
4.1
4.2
4.1

8.0
8.4
8.2
8.2

11.7
11.9
12.1
11.9

13.6
13.8
14.0
13.8

2.O
2.0
2.0
2.0

1.þ
1.4
'1.5

1.5

1 .2
1.2
1.2
1.2

öu.9
83.5
82.2
82.2

37.7
36.5
37.2
37.1

actor:
1 in-lb = 0.113 Nm
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M
ixture

Tvoe
Specim

en
#

Age
(D

avs)
Toughness
linch-lbs)

Equivalent Flexural
Shength (psi)

Plain
8181
B182
8183

Average

7.O
7.0
7.O

BFR
C

B2B1
B2B2
8283

Average

7.Q
7.0
7.0

52.7
52.8
47.2
50.9

123.7
124.5
111.1
119.8

BFR
C

83B1
8382
8383

Average

7.O
7.O
7.O

79.8
84.6
80.0
81.0

187.4
200.7
189.5
192.5

BFR
C

84B1
B4B,2
8483

Average

7.O
7.0
7.O

49.0
51.5
48.6
49.7

186.0
189.0
188.0
187.7

BFR
C

85B1
8582
8583

Average

7.O
7.O
7.0

31.6
32.0
30.0
31.2

172
.0

'171.0
173.0
172.0

TABLE 6A: JAPAN
ESE STAN

D
AR

D
- TO

U
G

H
N

ESS & EQ
U

TVALEN
T

FLEXU
R

AL STR
EN

G
TH

 - 7 D
AYS

C
oversion Factors:

1 M
Pa = 145 psi

1 in-lb = 0.113 N
m

TABLE 6B:JAPAN
ESE STAN

D
AR

D
-TO

U
G

H
N

ESS & EQ
U

IVALEN
T

FLEXU
R

AL STR
EN

G
TH

 ..28 D
AYS

C
onversion Factors:

1 M
Pa = 145 psi

1 in-lb = 0.113 N
m

s

M
ixture

Tvoe
speclm

en
#

Age
lD

avsì
Toughness
linch-lbsì

Equivalent Flexural
Strength

Plain
8184
8185
8186

Average

282828

BFR
C

ts2ð4
82B5
B2B6

Average

282828

83.0
75.0
83.0
80.3

20
1.0

182.0
207.0
197.0

BFR
C

8384
8385
8386

Average

2ö2828

U
U

.U
94.0
81.0
85.0

191.0
225.0
194.0
209.0

BFR
C

B4B4
&t85
8486

Average

282828

69.6
67.2
68.1
68.3

220.o
219.0
218.0
219.0

BFR
C

8584
8585
B5B6

Average

282828

59.ö
58.2
56.3
58.0

2U
4.t)

205.0
209.0
206.0



TABLE 7: IMPACT TEST RESULTS - 28 DAYS

Mixture
Type

Age
(Days)

Specimen # Number of Blows to utrerenoe an no.
of blows from

first crack to failure
First Crack Failure

Plain 2ö
28
28
28

B1-1
81-2
81-3
814

Averaoe

77 .0
55.0
23.0
14.0
42.3

80.0
61.0
27.0
18.0
46.5

3.0
6.0
4.0
4.0
4.3

BFRC zö
28
28
28

B,2-1
B2-2
B2-3
B,24

Averaoe

13.U
8.0

26.0
9.0
14.0

44.0
59.0
63.0
27.8
48.5

31.0
51.0
37.0
18.8
34.5

BFRC zö
28
28
28
28
28

83-1
B'3-2
B3-3
B3-4
B3-5
B3-6

Averaoe

ð.u
12.0

107.0
108.0
59.0
14.0
51.3

49.7
77.0
116.0
127.0
72.0
34.0
79.3

41.7
65.0
9.0
19.0
13.0
20.0
28.0

BFRC 28
28
28
28
28
28

84-1
B.4-2
84-3
B.44
84-5
84-6

Averaqe

26.0
98.0
40.0
30.0
62.0
18.0
45.7

90.0
106.0
57.0
52.0
81.0
28.0
69.0

tt4.u
8.0
17.O
22.0
19.0
10.0
23.3

BFRC 28
28
28
28
28
28

85-1
B5-2
85-3
854
B5-5
B5-6

Averaoe

4U.U
43.0
36.0
54.0
54.0
48.0
45.8

62.0
59.0
49.0
96.0
77.0
64.0
67.8

22.O
16.0
13.0
42.0
23.0
16.0
22.0
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4. TENSION TEST FOR BASALT ROD

4.1 TENSION TEST

The tension test was done on basalt bars, with l4.25mm (0.56in.) and 6mm (0.24in.) in diameter and also
on a cable, 6mm (0.24in.) in diameter. The description of the test is as follows.

4.1.1 Tension Test On Basalt Bar With 14.25mm(0.56in.) DÍameter:

The bar was tested for tension on the Tinius Olsen Machine, which has a load capacity of l8l, 818 kg
(400,000 lbs). The test set-up is shown in Photo 1. Two electrical strain gauges with a gauge factor of
2.07 + 0.5 oá, were used to measure ttre stain in the bar. The bar failed at aload of 23636 kg (52,000 lbs).
Mega-Dac data acquisition sofìlware was used for the test. The ultimate tensile stength of the bar is 1458
MPa (211,382 psi). The static modulus of elasticity is 62,069 MPa (9 x 106 psi). The type of failure was
brittle and the bar did not yield. Photo 2 shows the bar at failure in the machine. It splintered into small
bundles of fibers. The results are tabulated in Table 8 and the stress strain curyes drawn for the bar are
shown in Fig. 6 and7. Photo 3 shows the failed specimen with the end anchorages.

4.1.2 Tension Test On Basalt Bar With 6mm (0.24in.) Diameter and Basalt Cable With 0.24in.
Diameter:

For the tension test of the 6mm (0.24n.) diameter bar, and the 6mm (0.24in.) diameter cable, steel
anchorages with rough grooves on the inside, were designed for a better bond. These grooves were
cleaned with acetone to remove all the oil and dust. Then the basalt bar was roughened with a sand-paper
and small grooves were made in the bar for a better bond with the anchorages. Then one end of the bar
was fit into the anchorage and stuctural epoxy was poured into it, which had a curing agenr (25Vo by
weight of the epoxy) to spe ed up the curing process. The epoxy used was 8 15 resin. This mixture along
with the bar was allowed to set for a period of 48 h¡s. Then the process was repeated for the other end of
the bar. The same procedure was adopted for the cable.

Due to the small size of the ba¡ and the cable, strain gauges could not be fixed on them. Both the bar
and the cable were tested on the same Tinius Olsen Machine. The 6mm (0.24in.) diameter bar failed at a
load of 2043 kg(44941bs). The ultimate tensile strength for this bar is 707.5 MPa (102,595 psi). Photo 4
shows the failed specimen. The failure was brittle and the bar splintered into small bundles of fibers
without yielding.

The cable is made of two basaltbars with a diameter of 3mm (0, 12in.), twisted together. The 6mm
(0.24in.) diameter cable failed at a load of 439.5 kg(967lbs), The ultimate tensile strength of the cable is
308 MPa (44,640 psi), Photo 5 shows the failed specimen. The cable broke into two pieces without any
splintering of the fibers, unlike both the bars.
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Photo I Test set-up
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Photo 2 Specimen at failure in the machine
Iliameter of bar = l4.25mm(0.56 in.)
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Photo 3 Failed specimen with anchorages
The bar splintered into small bundles of fibers,
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Photo 4 Failed specimen
Diameter of bar = 6mm(0.24 in,)

Photo 5 Failed specimen
Diamgtey of qlle = 6mm(0.24in.)
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Table 8:Tension Test for Basalt Rod
Diameter of Rod = 0.56in.

Strain Gauge Factor = 2.07

Conversion Factors:

1 MPa = 145 psi
1 kg = 2.21bs
25.4mm = 1in.

Load
(lbs)

Stress
(psi)

Strainl Strain2

0
2000
4000
6000
8000

1 0000
12000
14000
16000
1 8000
20000
22000
24000
26000
28000
30000
32000
34000
36000
38000
40000
42000
44000
46000
48000
50000
52000

0
81 30
16260
24390
32520
40650
48780
5691 0
65040
73170
81 300
89430
97560

1 05691
113821
121951
130081
138211
146341
154471
1 62601
170731
178861
1 86991
195121
203252
211382

0
947

1 850
2792
3561
4550
5449
6329
7271
81 92
9054
9941

1 0888
11879
12831
1 3790
14658
15704
1 6600
1 7661
1 8532
19471
20491
21582
22491
23491
24571

0
949
1797
2798
3570
4561
5464
6334
7280
8198
9068
9967
10889
1 1881
12840
13794
14700
1 5699
16666
17663
18538
19482
20492
21683
22498
23581
24580
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5. CONCRETE REINFORCED WITH BASALT FIBER COMPOSITE REBARS

5.1 PROBLEM STATEMENT

The i¡novative aspect of this project is the detailed study of non-corrosive, basalt fiber composite rebar.
This rebar consists of 80% fibers and has a tensile strength tlree times that of the steel bar. It is made, by
utilizing a resin (epoxy) binder. Basalt fiber composite rebars have the potential to replace steel in
reinforced concrete structures exposed to salt water, ocean climate, etc, wherever the corrosion problem
exists. This advantage alone could warrant a sufficient argument for substitution of the basalt rebar on a
large scale. Other advantages of the basalt rebar are that its weight is one-third of the weight of steel and
the thermal expansion coefficient is very close to that of concrete. The high mechanical performance/price
ratio of basalt fiber composite rebar, combined with corrosion resistance to alkaline attack are further
reasons for replacing steel in concrete by basalt fiber composite rebar. There is no published information
available on the behavior ofthe basalt fiber composite rebar and, therefore, there is a need for this research.

5.2 OBJECTIVE

This investigation was undertaken to evaluate the performance of concrete reinforced with basalt fiber
composite rebars. The following were the objectives of the research.
¡ To determine the ultimate failing load.
. To study the load-deflectionbehavior.
o To observe the bond stength.
¡ To measure the shain in the concrete.
¡ To study the mode of the failure.

5.3 RESEARCH PROGRAM

In all, eleven beams reinforced with basalt rebars were tested. Research & Technology Inc supplied five
beams and six beams were designed and cast in the lab. The beams tlat were designed and cast in the lab
are referred to as BRC-A to F in the discussion, whereas the beams supplied by the manufacturer are
referred to as BRC-I to 5. Three plain concrete (control) beams were also supplied which are referred to as
Pl-3.

The concrete beams reinforced with basalt bars were tested in bending. Load deflection behavior was
studied by measuring the true deflections. Stain across the depth of the beam was measured using the
Mega-Dac data acquisition software. Beams with increased development lengths were also tested.

5.4 BASALT BAR REINFORCED CONCRETE BEAMS (DESIGNED AND CAST IN THE LAB)

Six beams were designed and cast in the lab for the investigation. Photo 6 shows the casting of the beam in
the lab. Needle vibrator was used to consolidate the concrete. Table 9 gives the mix proportions, used for
the beams.

The details of BRC-A and B are as follows. These beams were reinforced with two basalt bars with
l4.25mm(0.56in) diameter, placed at the bottorr¡ with a cover of 25.4mm (lin). The distance between the
bars was kept tolT5mm (7in) for the beam, BRC-A and 125mm (5 in) for BRC-B. The distance of the
reinforcement from the sides of the mould was kept to 64mm (2.5in). The cover for the reinforcement was
maintained by 25.4mm (lin) wooden spacers, placed at regular intervals over the length of the bars. Care
was taken to prevent the spacers from moving, by tying them to the mould by binding wires. Sketch I
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shows these details. Two other beams, BRC-C and D were also cast. They had an increased cover of
87mm (3.5in) for the reinforcement. Sketch 2 shows the details of these beams.

The details of the remaining two beams, BRC-E and F are as follows. BRC-E was reinforced with two
basalt bars of l4.25mm (0.56in) diameter and, BRC-F with two basalt bars of 5mm (0.2in) diameter. The
cover was maintained at25.4mm (lin) and 18.8mm (0.75in) respectively with the help of wooden spacers.
The bars along with the spacers were tied to the bottom of the mould with the help of binding wires for
maintaining the correct cover. The bars were kept at a distance of 25.4mm (lin) from the sides of the
mould. Sketch 3 shows these details. The details of beams BRC-A to F are rabulated in Table 10.

5.4.f Design of Beams

The design details of the beam BRC-A are as follows:
Notation:

a: lever arm, mm(in.)
Abr : area of tension reinforcement, mm2 1in.t¡
b : width of member, mm(in.)
d : distance of extreme compression fiber to cenhoid of tension reinforcement, mm (in.)
fc': compressive strength of concrete, MPa (psi)
fr: modulus of rupture, MPa þsi)
ffb : yield strength of basalt reinfo¡cement, MPa (psi)
l: span length of beam, mm(in.)
M. R: Moment of resistance, N.m (in-lb)
W: Load kg (lbg

Data:
fc' = 36.8Mpa(5334 psi)
fyb : 1458MPa(211,382 psi)
Length of Bar = l.2m(4ft.)
Diameter of Bar : l4.3mm(0.562n)
BeamSize :300mmx300mmx l.3m(l2inxl2inx5lin)
No. of Bars Used = 2
Area of Reinforcement : 2 x (n/4) x (14.3)2: 32lmm2(0. 496 in2)
Effective Depth (d) , = 279mm(llin,)

a = (Abr x fyb)/(0.85 x fc' x b): (321x 1458)(0.85 x 36.8 x 300)
:49.9mm(1.96in.)

Jd: {d -(a/2\}:279 - (49.e/2)
:25amm(1Oin.)

On similar lines, beams BRC-B, C and D were designed.

5.4.2 Calculation of Ultimate and Cracking moments for the beam

5.4.2.1 Ultimate Momentfor BRC-A

Actual Bending Moment: (3Wl)/14
(Measured ultimate Load: 71.2 KN (16,000 lbs) .......,...Ref. Table l0a

:(71.2 x 1.067) x3l14: I 6.27KN.m(12.0 k-ft.)
Moment of resistance : A¡, x Fr5 x (d - a/2)
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= 119.8 KNm (88.35 k-ft.)
The calculated ultimate moment is much hìgher than the actual moment at maximum load. This
indicates that the beam did not reach its ultimate load, as there was a bond slip in the reinforcing' bars. Table 10a shows the comparison of the measured and calculated ultimate moments for
beams BRC-B to F.

5.4.2.2 Cracking Momentfor BRC-A

Actual Bending Moment: (3Wl)/14
at cracking load
(Measured Cracking Load:66 KN (15,000lbs) .............Ref. Table l0a: (66 x 1.067)x3 / t4

:15.25 KNm (11.25 k-ft)
Calculated Cracki"g Moment: (fr x Ig) / y,

fr :7 .5 x sqrt (f c)
:7.5 x 5.8
:3.77lvIpa(547psl)

tg :1bxd3) / 12: (300 x3003) I t2: 6i5 x 106 mm41l72g in4¡
y, : 150mm(6 in.)

.'. Moment : (3.77 x675 x 106) / 150: 17.82I(Nm (13.14 k-ft.)
The calculated cracking moment of the beam is close to the actual cracking moment, which also indicates,
that the beam did not reach its ultimate moment after cracking, as the reinforcing bars experienced a slip.
Table lOa shows the comparison of the measured and calculated cracking moments for beams BRC-A to F.
Table 10b shows the measured deflections at fîrst crack and ultimate loads for beams BRC-A to F.

5.5 TESTING OF THE BASALT REINFORCED CONCRETE BEAMS (BRC-A TO F)

The beams were tested after 14 day curing period. The test set-up is as shown in Photo 7. Five strain
gauges were fixed for measuring the stain variation along the depth of the beam. Photo 8 shows the
electrical strain gauges fixed on the beam. Sketch 3a shows the details of the position of strain gauges on
beams BRC-C and D. Deflections were measured during the test, with the help of a dial-gauge (Photo 9).
The load-deflection curves for BRC-A and B are shown in Fig. Bl and 82 in Appendix B. The load-
deflection curves for BRC-C and D are also plotted, and are shown in Fig. 83 and 84 in Appendix B. The
measured deflection values are tabulated in Tables Bl and 82 in Appendix B.

Photo l0 shows the close-up of the cracked beam, still carrying the maximum load. Fig. 85 and 86
show the load deflection curves for the beams, BRC-B and F. Load versus shain graphs were plotted, and
are shown in Fig. 87 through B16 in Appendix B.

5.6 MEAST]REMENT OF SLIP OF REINFORCEMENT

Photo l1 shows a close-up of the beam after failure which shows a single crack instead of muþle
cracking which indicates slip of the reinforcing bars. After the testing was done and the beams failed, the
edges were cut using a diamond tipped saw and the slip in the bars was measured. Photo 12 shows the
maximum width of the crack was 50mm (2in) and Photo 13 shows the close-up of the slip of the
reinforcement.
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The concrete beam was cut at the corners, on the same side of a bar with the help of a diamond tipped
saw, in such a way that the ends of the bar at both the ends were exposed. Photos 14 and 15 show the slip
of the reinforcement at the left end and the right end of the same beam, respectively. Sketch 4 shows the
details of the slip.

Care was taken to prevent the bar from being damaged while cufting and not to damage the concrete
near the exposed reinforcement.

After carefully removing the cut concrete, the slip of the basalt bar was clearly visible at both the ends
with a distinct mark left in the concrete at the original placing of the reinforcement. Photo 16 shows
another view of the slip in the reinforcement after testing. Then the slip distance was measured using an
accurate measuring scale. The slip for the beam BRC-A, at the left end, was 25mm (lin) and 29mm
(1.141in) at the right end. The total slip was 54mm (2.141in). The slip for beam BRC-B, was 17mm
(0.7in) at both the ends with a total slip of 34mm (1.4in).

The overall test results indicate that there was insufficient bond stength and the bars slipped gradually
before the ultimate load was reached. Two beams, BRC-E and F, were tested with increased development
lengths. The spans for the beams were 0.75m (30in) and 0.9m (36in) respectively. Beam BRC-E failed in
flexure, but at a higher load than beams BRC-A to D, due to the increased development length, whereas
beam BRC-F, failed suddenly with the breaking of the reinforcement. It was a sudden and brittle failure.
The measured and calculated ultimate and cracking loads, are compared in Table l0a.

5.7 BASALT BAR REINFORCED CONCRETE BEAMS (BEAMS SUPPLIED BY
MANUFACTIJRER)

Research & Technology Inc. supplied 8 beams. Five beams (BRC-1 to 5), were reinforced with basalt fiber
composite rebars. Four of these beams had 3-D basalt fiber reinforced concrete. Three beams (Pl to P3),
were plain concrete (contol) beams. The details of these beams are given in Table I I and sketch 5 shows
these details. The beams were tested in bending. The test set-up is shown in Photo 17. Electrical strain
gauge was used to measure the strain. Photo 18 shows the close-up of the test set-up along with the
electrical shain gauge. Three students required for noting down the results, are also seen in the
photograph.

Deflections were measured using a dial-gauge. A specially designed frame was used to mount the dial
gauge. Photo 18a shows the close-up of the frame. This frame was supported only at four points, which
are on the neutral axis above the supports. The dial gauge was fixed such that, it was touching the center
point of the bottom surface of the beam. This arrangement enabled the measurement of the true
deflections, excluding deformations due to the crushing of concrete at the supports and load points. As the
frame could move laterally, it took care of the deformations and stains induced in the frame. As the
deflections \ryere measured at the center point, any slight warping or twisting of the beam did not affect the
true deflections measured.

The toughness indices, Japanese toughness indices, and the Equivalent flexural strength were calculated
and the results are tabulated in Table 1.2. T\e comparative bar charts for these values are shown in Fig. 8
through 11. The measured load-deflection readings are given in Table Cl in Appendix C and the curves
are shown in Fig. Cl through C5 in Appendix C. Two of the beams failed in flexure. Photos 19 and 20
show the flexural failure and Photo 20a shows the beams after the flexural failure. 20b shows the close-up
of the flexural failures. The basalt rods are also visible in the photograph. Two beams failed in shear.
Photo 21 shows the close-up of shear failure, whereas Photo 2la shows a general view of all the eight
tested beams. The plain concrete beams failed by breaking into two pieces, unlike the basalt rod reinforced
beam. One beam failed by secondary end splitting and the close-up is shown in Photo 21b. The
reinforcing bars used in these beams had a tensile stength of 707.5 MPa (102,595 psi) which is low in
comparison to the bars used to reinforce the beams designed and cast in the lab. These bars failed by
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breaking into two pieces at the ultimate load. Beams BRC- 1,2,3 and 5 had small amount of fibers, due to
which, a ductile failure was observed. In beam BRC-4, there were no fibers, hence a brittle failure was
observed. Photo 22 shows close-up of the secondary shear failure.

All tbree plain concrete beams failed instantaneously, at the appearance of the fìrst crack. The failure
was brittle and sudden, whereas all the beams reinforced with the basalt rebars had a gradual failure after
considerable amount of deflection. As expected, the addition of reinforcement, either in the form of small
fibers or composite basalt rods, converted the brittle failure into a ductile failure.

The manufacturer supplied cylinders with 75mm (3in) diameter and l50mm (6in) height. Compression
tests were done on these cylinders. Photos 23 and 23a show the failure of both the plain as well as basalt
fiber reinforced cylinders. The plain cylinder failed by splitting into two pieces, whereas the reinforced
cylinder did not.

The ultimate and cracking moments of the basalt rod reinforced beams, were also calculated and
compared to those of the actual moments. Table 13 shows the actual and the calculated ultimate moments
for the beams. The bending moments at which the bond slip occurred are given in Table 13. The results
indicate a slip of the ¡sinfs¡çing bars.

5.8 CONCLUSIONS

o The tests indicated that there was insufficient bond strength and the bars experienced a gradual slip
after the ultimate load was reached.

o The basalt bar had a very high tensile strength. The bar did not have a yield point and it had a brittle
failure. It was a very sudden and explosive type of failure.

o The failure observed in the beams was a ductile failure, due to a gradual slip of the bars, thus
preventing a brittle failure.
The beams supplied by the manufacturei were reinforced with smaller diameter bars which did not
have a high tensile stength in comparison to the bar used for reinforcing the beams designed and cast
in the lab. These beams supplied by the manufacturer, failed at the ultimate load, by breaking into two
pieces. The type of failure was of a brittle nature.
The beams that were designed and cast in the laboratory failed in flexure, whereas the beams supplied
by the manufacturer exhibited a primary failure in flexure and shear and a secondary failure in
splitting.
In general, it can be concluded that it is feasible to make concrete beams reinforced with basalt
composite rebars. However, the bond between the bar and the concrete should be increased in order to
increase the load carrying capacity of the beams, and hence the efficient use of basalt composite
rebars.

5.9 RECOMMENDATIONS

o Roughening of the bar or having modulations on the surface is suggested for improving the bond with
the concrete.

Using a different resin (epoxy) binder for increasing the roughness of the bar surface is also suggested.
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Photo 6 Casting of Basalt Reinforced Concrete Beams

Phofo 7 Test set-up for Basalt Reinforced Beam
Data Acquisition Software(Mega-Ðac)seen in the picture
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Photo 8 Test set-up for the Basalt Reinforced Concrete Beam
Electrical Strain gaugÊs seen in the photograph

Photo 9 Ðeflection Measurement for Basalt Reinforced Concrete Beam



Photo 10 Close-up of cracked beam
still earrying the maximum load
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Photo 1I Close-up of beam after failure
A single crack insÉead of multiple cracking caused the failure.

This indicates bond slip.
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Photo 12 Close-up showing maximum width of crack
Maximum crack width = 50mrn(2 in.)
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Photo 13 Close-up of slip of reinforcement

Photo 14 Slip of reinforcement at left end of the beam.
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Photo 15 Slip of reinforcement at the right end of the beam.

Photo 16 ,A.nother view of the slip of
reinforcement after testing.
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Photo 17 Close-Up of Test Set-Up rvith True Dcflection Measuring Frame &
Electrical Strain Gauge Lead Wire

Photo 18 General View of Test Set-Up. Mega-Dae' LVDT D*ta Logger and the
Students Recording the Data can be seen in the Photograph



Photo 18a Close-Up of Test Set-UP.
True Deflection Measuring I'rame is seen in the Photograph

Photo 19 Typical Flexural Failure' (Close-Up)
lVide Ciack is Visible in the Photograph
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Photo 20 Test Set-Up, Without Dellecfion Gauge
TYPical Flexural Failure

Phofo 20a Comparison of Failure of Plain & Basalt Rod Reinforced Bsams
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Pboto 20b Close-Up of Typical Flexural Failure
The Basalt Rods ¡re Yisible in the Photograph
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l-loto 
21 Close'Up of Failure in ShearMode

Photo 21a General View of Tested Beams



Photo 2lb Close-Up of Secondary End Splitting Failure

Photo 22 Close'Up of Secondary Shear Failure'



Photo 23 Comparison of Cylinder Failure in Compression

Photo 23a Gener¡t Vieq of Both Large & Small and Plain & Reinfarced Cylinders
(CIose-Up)
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c,"",."',:T:,'"'#::,iJffiIå"å:[ï"0",."
(Beams Designed & Gast in the Lab)

Fo¡ 0.142 m3 15.0 ft3¡

For 0.0852 m3 1a.o ft3¡

BRC.E & F 0.5 1 1

Basic Mix Proport¡ons for one rt (yd.t)

Cement

kq(lbs)

Water

kaf lbsì

Fine
Agg.

ks(lbs)

Coarse
Agg.

kollbsì

waler
Cement

Ratio
361.9
t610)

188
t305)

937.4
(1580)

937.4
(1580)

0.5

Table l0: Details of Beams Designed and Gast in the Lab

Specimen No. W/C Cement
'kollbs)

Fine Agg.
kollbs)

Coarse Agg.
kollhsì

Water
ko(lbs)

BRC-A 0.5 51.36 t113) '133 (292.61 133 (292.6) 25.68 (56.5)
BRC-B 0.5 51.36 (1 13) 133 (292.6\ 133 t292.6) 25.68 (56.5)
BRC-C 0.5 5r.36 (113) 133 (292.61 133 (292.6) 25.68 t56.5)
BRC-D 0.5 51 .36 (1 13) 133 (292.6) '133 t2S2.6l 25.68 (56.5)

No.
Beem Dimensions

lin)
Details of Reinforcement

BRC-A 12inx12inx51in Two basalt rebars with a diameter of 0.56in
and length 48in. The cover was maintained at 1in.
Development length was 4.5in on each side.

BRC.B 1Oinx1Oinx51in Two basalt rebars with a diameter of 0.56in
and length 48in. The cover was maintained at 1in.
Development length was 4.5in on each side.

BRC-C 12inx12inx51in Two basalt rebars with a diameter of 0.56in
and length 48in. The cover was maintained at 3.5in.
Development length was 4.5in on each side.

BRC-D 1Oinx1Oinx51in ïwo basalt rebars with a diameter of 0.56in
and length 48in. The cover was maintained at 3.25in.
Development length was 4.5in on each side.

BRC-E oinx6¡nx51in Two basalt rebars with a diameter of 0.56in
and length 48in. The cover was maintained at 1in.
Development length was 12in on each side.

BRC-F ôrnxeitnxtititn Two basalt rebars with a diameter of 0.2in
and length 60in. The cover was maintained at 1in.
Development lenqth was 15in on each side.
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Table 10a: Comparison of Galculated & Actual Moments
(For Beams BRC-A to F)

Table 11: Details of the Basalt Rods Used for Reinforcing the Concrete

Details of the Plain Goncrete Beams

Beam
No.

Ultimate
Load

KNllbsì

uracKrng
Load

KN(lbs)

Actual Moments Calculated Moments
Ultimate

KN.mlk-ft.
Cracking

KN.mlk-ft.
ulttmate

KN.mlk-ft.)
Çracl(lng

KN.m(k-ft.)

BRC-A 71.20
(1 6000)

66.00
(1 5000)

16.27
(12.00)

15.25
(11.25)

1 19.80
(88.35)

17.82
(13.14)

BRC.B 44.50
(1 0000)

37.80
(8500)

10.17
(7.50)

8.65
(6.38)

92.60
(68.26)

9.9ð
(7.36)

BRC-C 68.50
(1 5400)

57.80
(1 30oo)

15.66
(11.55)

't3.zz
(e,75)

89.60
(66.00)

17.76
(13.10)

BRC-D 43.00
(s700)

35.60
(8000)

9.87
(7.28)

8.14
(6.00)

69.69
(48.44)

9.98
(7.36)

BRC-E 45.00
(10100)

40.00
(e000)

6.85
(5.05)

o.1u
(4.50)

35.9U
(2ô.50)

2.26
(1.67)

BRC-F 12.2U
(2750)

11.10
(2500)

2.33
(1.72)

2.12
(1.56)

3.57
(2.63)

2.25
(1.66)

r\am€ srze 01
Beam

(inches)

No. o
Bars

Description of Bars Coarse
Fibers

(Yo)

BR-1 3rnx4rnx14tr 5 2 rods with 6.75mm(0.265in) in diamete(top) & 1 rod
having periodical twisted ribs & made from 2 cables of
3mm(0.118in) diameter & 2 rods with 6.75mm(o.27in)
in diameter at bottom.

1.5

BR-2 3inx4inx14ir 5 2 rods with 6.75mm(0.265in) in diamete(top) & I rod
8mm(0.32in) in diameter & 2 rods with 6.75mm(0.27in
diameter at bottom.

2

BR-3 3inx4inx14ir 5 2 rods w¡th 6.75mm(0.265in) in diamete(top) & 1 rod
having periodical twisted ribs & made from 2 cables of
3mm(0.118in) diameter & 2 rods with 6.75mm(0.27in)
at bottom.

1.5

BR.4 3inx4inx14ir 5 2 rods with 6.75mm(0.265in) in diamete(top) & 1 rod
having periodical twisted ribs & made from 2 cables of
3mm(0.118in) diameter with 2 rods of 8mm(0.32in)
diameter at bottom.

BR-5 3inx4inx14ir 4 2 rods at top with 6mm(0.24in) in diameter & 2 rods
at bottom with 6mm(0.24in) in diameter. Fibers
were ROVING RB-1S(chopped) & 10mm(0.4in) in
length.

2

P1 3inx4inx14ir Plain(Control) Concrete Beam

P2 3inx4inx14ir PIa¡n(Control) Concrete tseam

P3 3inx4inx14ir Plain(Control) Concrete Beam

54



TABLE 12: TOUGHNESS INDICES

Japanese Toughness lndex & Equivalent Flexural Strength

Mixture
Type

Specimen
#

Toughness
(inchJbs)

Equivalent Flexural
Strength(psi)

BRC

BRC

BRC

BRC

BRC

I

2

3

4

5

154.8

141.2

138.2

155.2

137.3

469.0

415.5

407.8

487.9

404.9
Conversion Factor:
1 inlb = 0.113 Nm

Conversion Factor:
25.4mm = 1in.
1 in-lb = 0.113 Nm

Table 13: Gompar¡son of Calculated and Actual Moments

Mixture
Type

Specimen
#

First Crack
Toughness
(inch-lbs)

Touqhness lndices Toughness
Ratios

Residual Strength
lndices

I5 I10 t20 I 1 0/I5 r20lr10 Rs, to R'to,zo

BRC

BRC

BRC

BRC

BRC

1

2

3

4

5

3.0

2.8

2.4

3.5

2.3

5.2

4.8

5.2

4.8

4.8

9.7

9.0

9.9

8.9

o?

1 6.2

15.4

17.7

15.0

16.5

1.7

1.7

1.8

1.7

1.8

1.9

1.9

1.9

2.0

2.0

64.5

64.1

77.9

60.3

72.3

90.8

83.6

94.4

83.0

88.4

Beam
No.

Ultimate
Load
(KN)

Cracking
Load
IKN)

Actual Moments Calculated Moments
Ultimate
(KN.m)

Bond Slip
(KN.m)

Ultimate
(KN.m)

Cracking
(KN.m)

BRC-1

BRC.2

BRC-3

BRC4

BRC-s

20.00

18.20

15.60

21.00

16.00

17.70

16.00

12.40

19.00

15.00

1.27

1.16

0.99

1.33

1.02

1.12

1.02

0.79

1.21

0.95

4.07

4.30

4.07

5.50

3.20

0.33

0.33

0.33

0.33

0.33
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APPENDIX A

LOAD-DEFLECTIOI{ CURVES
FOR

BASALT FIBER REIT{FORCED
COI{CRETE BEAMS
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BR
C

.A
BR

C
-B

BR
C

-C
Load
(lbs)

D
eflection

(in)
Load
(lbs)

D
eflection

(in)
Load
llbsl

D
eflection

(in)
0

1000
2000
3000
4000
5000
6000
7000
8000
9000
10000
1 1000
12000
13000
14000
15000
16000
9500
10000
10289
10500
1 1000
I l3B3
12000
12500
13000

0
0.0006
0.0013
0.0020
0.0026
0.0032
0.0037
0.0041
0.004s
0.0048
0.0050
0.0053
0.0057
0.00s9
0.0060
0.0061
0.0063
0.0189
0.0298
0.0346
0.0419
0.0586
0.0662
0.0800
0.0977
0.1123

0
1000
2000
3000
4000
5000
6000
7000
8000
9000
8699
7237
6800
7900
8300
8900
9500
9900
10000

0
0.0001
0.0017
0.0023
0.0027
0.0032
0.0037
0.0041
0.0043
0.0107
0.0129
0.0236
0.0268
0.0394
0.04s2
0.0s61
0.0667
0.0800
0.0983

0500
1 000
2000
3000
4000
6000
7000
8000
9000
10000
11000
12000
1 3000
14000
1 5000
1 1893
7000
5752
5000
4000
3775
3000

0
0.0003
0.0048
0.005s
0.0059
0.0062
0.0068
o.0072
0.0075
0.0078
0.0082
0.0086
0.0088
0.0090
0.0091
0.0095
0.o273
0.0386
0.0500
0.0689
0.0800
0.0955
0.1000

Table B1: D
eflection M

easurem
ents for Beam

s BR
C

-A to C
Table 82: D

eflectlon M
easurem

ents for Beam
s BR

G
-D

 to F

{

C
onversion Factor:

25.4m
m

 = lin
1 kg = 2.2lbs

BR
C

-D
BR

C
-E

BR
C

-F
Load
llbsl

D
eflection

lin)
Load
flbsl

D
eflection

lin)
Load
llbsl

D
eflection

linl
0

1000
2000
3000
4000
5000
6000
7000
8000
9000
7981
6669
6500
5000
4000
3826
3000
2000
1000

0
0.0006
0.0010
0.0014
0.0025
0.0041
0.0053
0.0062
0.0068
o.oo72
0.0204
0.0374
0.0396
0.0512
0.0696
0.o714
0.0800
0.0982
0.1080

0500
1000
1500
2000
2500
3000
3500
4000
4500
5000
5500
6000
6500
7000
7500
8000
8500
9000
9500
f0000
8474
7000
7800
8345
9000
9400
9800

0
0.0004
0.0007
0.0009
0.0011
0.0013
0.0016
0.0019
0.0020
o.oo22
0.0041
0.0050
0.0056
0.0060
0.0069
0.0076
0.0083
0.0090
0.0100
0.0109
0.0120
0.0105
0.0591
o.0792
o.0822
0.0863
0.0882

0.09
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2264
1 969
1 380
1000
1500
2000
2500
2700

0
0.0010
0.0015
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0.0025
0.0030
0.0090
0.0165
0.0315
o.0412
0.0663
0.0800
0.0880
0.0920

C
onversion Factor:

25.4m
m

 = 1in
'l kg -- 2.2 lbs
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Fig. 82 LOAD DEFLECTION GURVE
Sp:BRG-B

0.1 0.12

0.1 012

Conversion Factors:
1 kg=2.216",r5.4 m m = 1 i n.

0.02



10000 -r
I

9000 +

8000

7000

6000 *
5000 +
4000 r
3000

2000

1000

0

16000 -
I

I

14000 +
I

I

12000 +
I

1 0000

8000

6000

4000

2000

0

(Beam Size = 12in x 12in x 51in)
(Diameter of Bar = 0.56in)

oe
d
GIoJ

0.02 0.04 0.06 0.08

Deflection, inches
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Conversion Factors:
1 kg=2.216",r5.4 m m = 1 i n.
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LOAD-DEFLEC TIO¡{ CUR\TE S
FOR
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Table C
1: D

eflection M
easurem

ents for Beam
s BR

G
-I to 5

BR
C

-1
BR

C
.2

BR
C

-3
BR

C
-4

BR
C

-5
Load
(lbs)

D
eflection

(in)
Load
(lbs)

D
eflection

(in)
Load
(lbs)

D
eflection

(in)
Load
llbs)

D
eflection

linl
Load
llbs)

D
eflection

linl
0400

800
1200
1600
2000
2400
2800
3200
3600
4000
4400
3890
3221
1 903
1200
1400
1 600
2000
2400
2800
3200
3500
3900
4300

0
0.0001
0.0003
0.0004
0.0006
0.0007
0.0009
0.0011
0.0013
0.0014
0.0015
0.0016
0.0045
0.0083
0.0158
0.0198
0.0314
0.0528
0.0692
0.0800
o.1121
0.1348
0.1 562
0.1 783
0.1 897

0400
800
1200
1 600
2000
2400
2800
3200
3600
3800
4000
361 1
3088
2041
1 100
1 385
1 500
1 700
2000
2300
2600
2900
3400
3985

0
0.0001
0.0002
0.0004
0.0005
0.0007
0.0009
0.0010
0.0011
0.0014
0.0015
0.0016
0.oo42
0.0077
o.0147
0.0210
0.0398
0.0510
0.0712
0.0800
0.0992
0.1181
o.1434
0.1 683
0. I 892

0400
800

1 200
1600
2000
2400
2800
3200
3300
3048
2712
2040
1 000
1 350
1 800
2100
2265
2672
2934
3128
3200

0
0.0001
0.0004
0.0006
0.0008
0.0010
0.0014
0.0016
0.0017
0.0018
0.0048
0.0088
0.0168
o.0292
0.0497
0.0681
0.0800
o.128'l
o.1422
0.1617
0.1821
0.'1973

0400
800

1 200
1 600
2000
2400
2800
3200
3600
4000
4400
4600
41 0B
3440
2123
1 000
1 400
2000
2300
2800
31 00
3600
41 00
4500

0
0.0001
0.0002
0.0003
0.0005
0.0006
0.0008
0.0009
0.0011
0.0012
0.0014
0.0015
0.0017
0.0045
0.0083
0.0158
0.0222
0.0487
0.0612
0.0800
0.1121
0.1 392
0.1498
0.1 681
0.1797

0400
800
1200
1 600
2000
2400
2800
3400
3500
3244
2893
2200
1 200
1400
1 600
2000
2400
2800
3300

0
0.0001
0.0003
0.0005
0.0006
0.0007
0.0009
0.0010
0.0013
0.0015
0.0039
0.oo72
0.0137
0.0231
0.0498
0.0682
0.0800
0.1 021
0.1 451
0.1 683
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Conversion Factors:
1 kg=2.216",r5.4mm= 1 in
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