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ABSTRACT

An experlmental investigation on the behavior oftie confined fiber

reinforced concrete (CFRC) has been carrled out. The

compressive strength of FRC depends on both the volume fraction

(V.) and aspect ratio (l / dl of the fibers, a common parameter,

which combines these two effects, is used ln the form of

leinforclng index, Rl (ploduct of weight fiaction and aspect ratio).

The prlmary variables consldered in this study are: (l) Five values

of confinement Index (C,) (Viz., O.O, O.O8, O.19, O.3 and 0.56) and

(ii) Five vafues of volume fiaction of fibers, Oo/o, O.3%, 0.6%, O.9Vo

and 7..2% (yrz., relnforcing index values 0, O,74, 1'.47, 2.27- and

2.95 respectlvety), A total of 90 specimens of concrete prisms of

size 15O mm X 15O mm X 3OO mm were cast and tested undel

strain control rate of loading. The test results leveal that the

ductile characteristics of FRC are further improved due to tie

confinement and also improved the peak stress, sttain at peak

stress and ductility of concrete. The improvement ls In proportion

to the Rl of the fiber for a given confinement index (C,) of the

lateral reinforcement.

I. INTRODUCTION

Seismic resistant design of structures demands high

ductility. The duetility of concrete is being impror;ed at

present by confining it in steel binders, as ties in com-

pression members and as stirrups in beams. It has been

reported [4] that a concrete strain 0f0.01 is sufficient to

give full redistribution of moments, which results in the

use of procedures of plastic analysis for analysis of con-

crete structures also. However, it can be seen that.the

higher the degree of indeterminacy of the structure the

more will be the concrete strain at failure and conse-

quently the rotation capacity required at the first plastic

hinee which rvill form in the structure. The critical sec-

tions in staticall5' indeterminate structures at rvhich first
hinge forms are incidentallS'also the sections having mar-

imum shear force. The stirrup reinforcement, which is

provided, has to take care of shear at that section and

simultaneously provide confinement. It has been estab-

lished by previous researchers [6] that only the stirrup
reinforcement provided be5'ond n'hat is required for

resisting shear failure u'ill onl1,' provide confinement.

Hence with practical minimum spacing that can be pro-

vided at the critical sections there is limitation t0 the

quantity of the confinement. u'hich can be provided by the

stirrups. N'Ioreover, confinement of a column using a

sophisticated arrangemen[ oI closely spaced stirrups not

only interrupts the continuitl'and creates plane of n'eak-

ness between the core and the concrete cover, but it also

adds to the problem of steel congestion. Thus it ma!,n0t

be possible to snfficientll confine the structure b5'pror id-

ing the laterals alone. Hence it n'ould be useful if a sup-

plementary otinclirect confinement. in adrlition to the lat-

erals. can be prorided at the critical sections or a better

alternative to confinement can be devised. \lany investi-

gations have revealed that the inclusion of steel fibers to

concrete enhances several of its engineefing properties

such as tensile strength. ductilit)-and fiacture toughness.

When short, randomll'distributed fibers are added to con-

crete, the fibers improve the integrity of the material. in
addition to the tensile properties of conmete. Recently a

ferv investigations [1, 5] uere made to confine the con-

crete using fibers in addition to laterals. The conclusions

drarvn were qualitative in rratule but highlighted that

fibers can give some confinement. Such type of concrete

can be termed as CO\FI\ED FIBER REINFORCED CON-

CRETE (CFRC). The present inlestigation is an attempt to

investigate the stress-strain characteristics of CFRC and

to develop prediction equation for the same.
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2. EXPERIMENTAT PROGRAMNIE

2.1 Scheme of experimental work

The experimental pmgramme was designed to study

the behariour of confined steel fiber reinforced concrcte

under a:iial compression by testing prisms of size

150 mm x 150 mm x 300 mm. The variables in the study

are reinforcing index (RI) of the steel fiber, which controls

the behaviour of the FRC and confinement, index (C,) of
lateral steel reinforceinent. The reinforcing index is the
pruduct ofweight fraction of steel and the aspect ratio of

the fiber. The weight fraction (w1) is the ratio of weight of
st€el fiber and weight of concrete.

The pmgramme consisted in casting and testing g0

prisms, which werc cast in two gmups. The first group of
prisms casted with M26 grade of concrete and the second

one with M25 grade of concrcte. Each gmup rvas cast in fir'e

batches. The prisms in each batch werc divided into three

sets. In each set three identical specimens \\'ere cast and

tested and the average behaviour was taken to rcprcsent
the behaviour for that set 0f three specimens. Hence in

each batch the tOtal number of prisms amounted to nine.

Out 0f three sets of gmup I category (A, B and C), in
each batch, the first set

consisted of trvo lateral ties
(Ci = 0.0), second set con-

sisted of five lateral ties
(Cr = 0.30) and third set con-

sisted of seven lateral ties
(Ci = 0.56). And in the three

sets of group II category (D.

E and F), in each batch, the

first set consisted of hvo lat-

eral ties (Ci = 0.0), second

set consisted of four lateral
ties (C1 = 0.08) and third set

consisted of seven lateral

ties (Ci = 0.19).

Each group, out of file
batches. the first batch

with 0olo (RI = g.gg; 10.r.
second batch \\'ith 0.300/o

(RI = 0.74) fiber. third batch

with 0.600/o (RI = 1.48) fiber.

fourth batch nith 0.90%
(PJ = 2.22) fiber and fiftlr
batch nzith 1.200lo (RI = 2.96)

fiber rvere cast. Proper des-

ignation s'as gir-en for each

specimen. The details of
prisms nrere giren in Table 1.

2.2 Materials used

The 0.5 mm diameter
steel fibers n'ith aspect

ratio of 75 rvere used in all
the specimens. The 3 mm

G.l wire used as longitudi-
nal neinforcement in the
prisms of all batches. The

Table 1- Details of prisms

st.
No

Specimen
designation

Longitudinal
reinforcement

Lateral reinforcement Steel fiber

Dia

(mm)

t,
(MPa)

Dia

(mm)

f,
(MPa)

Spacing
(mm)

vf
To

R lc -c
x10€

7 A1 3.92 295 7.18 350 290 0.0 0 0 233 2IO0

z B1 3.92 295 7.78 350 70 030 0 0' 25.5 2too
2 c1 5.VZ 295 7.18 350 trn 0.56 0 0 zJ.5 2LOO

4 A2 3.92 295 7.18 290 0.0 03 0.74 229 2050

82 3.92 295 7.I8 350 70 0.30 03 0.74 zz.J 2050

o c2 3.92 295 7.r8 350 50 0.56 03 0.74 22.9 2050

7 A3 3.92 295 778 350 290 0.0 u.o L48 237 2075

8 B3 3.92 295 7L8 2En 70 0.30 0.6 1.48 23.7 2075

9 U5 5.JZ 295 7t8 ?EN 50 0.56 06 r48 23.1 2075

10 A4 3.92 295 7.I8 JJU 290 0.0 0.9 2.22 234 2r25

77 B4 3.92 295 7.78 350 030 09 2.22 23.4 2725

L2 c4 3.92 2:,J 7.78 350 50 0.56 09 2,22 23.4 2125

A5 3.92 295 7.r8 350 290 00 L2 z.Jo 23.0 2000

T4 B5 392 295 778 350 70 0.30 L2 z.vo 23.0 2000

15 c5 3.92 295 7.r8 350 50 u.co 1,2 2.96 230 2000

D1 3.00 350 700 448 290 000 00 0.0 368 fozo

I7 ca 3.00 350 700 448 88 008 00 00 368 2020

18 F1 3.00 350 700 448 57 0.19 00 00 36.8 2020

D2 300 350 700 448 290 0.00 n? 0.74 370 1980

20 E2 3.00 350 7.00 448 88 008 03 o.74 37.0 1980

ZL F2 3.00 700 448 57 0.19 U5 0.74 370 1980

22 D3 300 7.00 448 290 000 UO 748 37.2 2070

23 E3 3.00 350 700 448 88 008 0.6 7.48 37.2 20LO

24 F3 300 350 700 448 57 0.19 06 r48 37.2 20to
25 D4 3.00 350 700 448 290 000 0.9 2.22 36.5 7970

zo 3.00 350 700 448 88 0.08 0.9 2.22 36.5 t970
27 F4 3.00 350 7.00 448 0.19 0.9 2.22 36.5 1970

28 D5 300 350 700 448 290 000 LZ 296 36.9 1990

29 E5 3.00 7.00 448 88 0.08 IZ 2.96 50.:, 1990

30 F5 3.00 350 7.00 448 019 1,.2 z.Yo JOV 1990
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ties used wer€ mild st€el. The cement used was 43 grade

conforming to IS: 8112-1981. Machine crushed hatd

granite chips passing thrcugh 12.5 mm [S sieve and

relained on 4.75 mm IS sieve was used as coarse aggne-

gate thrcughout the work. River sand prccurcd locally and

passing thrcugh 2.36 mm IS sieve was used. M2s and Mrt
Grade of concrttes werc used for grcup I and gmup II

rcspectively thmughout the work.

2.3 Prcpatation of specimen

The ties are tied b0 the four longitudinal bars at the

required pitch in such a manner that the hooks werc dis-

tributed evenly on all the four corners. Fig. 1(a) shows

the reinforcement details of the specimen. Fig. 1(b)

shows the moulds used for casting the prisms.

2.4 Casting of specimen

The prcparcd cage of reinforcement was kept in the

moulds carcfully. The prisms wer€ casl in the vertical
position. First mould was filled to about the half height

and then a needle vibrator was used to compact the core

concrete. The mould was filled in three layers in the same

technique. The top face of the prism specimen was

capped with a rich cement paste. The specimen was

decoupled 24 hours after casting and curcd for 28 days in

th€ curing pond.

2.5 Testing

The cured specimens were capped with plaster 0f

Paris before testing to pmvide a smooth loading surface.

A Tinius-Olsen testing machine of 1810 kN capacity was

used for testing the prisms under axial compression.

From the studies of previous investigators who worked on

concr€te confined with ties, it was obsen,ed that the

cover concrete started spalling off at about 90 percent of

the ultimate load. Along the concrete, the resistance

strain gauges and demec points fixed t0 the concrcte sur-

face usually came off. Also the compressometer designed

to measure the strains in standard concrete cylinders

could not, be fitted l,o the square prisms.

To overcome the above-mentioned difficulties' com-

pr€ssometer suitable for prisms, which were fabricated

by the earlier investigators on confined concrete were

adopted. Each compressometer consisted of two squarc

frames, a top frame and a bottom frame made of 12 mm

Fig. 1(a) - Reinforcement details in prisms.

I i 7tof. trorc
Firit rcrew
ltogcr bot

Diol 9dJ9€

tcr?w
praq6

Bollm frqm

Fig. 2(a) -
Details of com-
pressometer.

square mild steel bars. Each frame rvas attached t0 the

concrete specimen by two diametrically opposite pairs of

screws at four points. The t vo frames \\'ere attached to

the specimen syrnmetrically at the required gauge length,

i.e., 150 mm apart. TWo pairs of diametricalll' opposite

dial gauges with a minimum count of 0.002 mm s'ere

attached t0 vertical hanger bars fixed t0 the top frame.

The movable spindles of dial gauges rested on the plane

circular heads of the adjustable screws, n'hich n'ere posi-

tioned in mild steel plates proiecting horizontalll'from the

bottom frame. The frames were attached to the specimen

by means of screws, which rvould fit snugll' to the con-

crete. Fig. 2(a) shows the details of the compressometer

attached to the specimen. Fig. 2(b) shols the photograph

of the same arrangement.

Fig. 1(b) - Moulds used for casting the prisms.
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Fig. 2(b) - compres-
someter attached to
the prism.

The capped specimen with the compressometen

attached n'as placed on the movable cross head of the

testing machine and tested under strain rate contml. The

deformations were noted and strains were calculated.

Fig. 3 sho$'s the test arrangement. The test rvas contin-

ued until the load dropped to abOut 75 to B0 percent of

the ultimate load in the post-ult'imate region for both con-

fined and unconfined concrete specimens.

3.II\TERPRETATION AND DISCUSSION OF
TEST RESUTTS

3.1 Behaviour of test specimens under load

3.7.7 General

The load increased rapidly in the inilial stages up [o

about 750/o of peak load and there after increased at a

slon.er rate until the peak load was reached. Tests rvere

continued until the peak load dropped to about 0.75 to

0.80 times the.peak load. Beyond the peak load, the

strains increased at a rapid rate and were accompanied by

a decrease in the load carrying capacity of the specimen.

3.7.2 Relnforced concrete (RC) specimens

In the case ofRC specimens, vertical cracks appeared

in the co\-er region at about half of the peak load. As the

load increased, the number of cracks increased and the

n'idth of cracks widened. The spalling of concrete cover

s'as noticed before the peak load (i.e., aI about 900/o of

peak load) rvas reached. But it was severe after passing

the peak load.

3.1.3 CFRC specimens

In the case of CFRC specimens, fine t'ertical cracks

appeared on the surface of the specimen at about 800/o to

850/o of the peak load. With increase of load, the number

of cracks increased at a reduced rate compared to that of

RC specimens. The behaviour of all the CFRC specimens

up t0 750/o of the peak load of the confined RC specimens

rvas about the same. Beyond the peak load, the fine verti-

cal cracks rvere widened. The extent 0f the cracking and

rate of decrease in load after the peak (in the descending

poilion of stress- strain curve) dependence up on the

reinforcing index (RI) 0f the fiber, if the tie confinement

indicated by confinement, index (C') is the same. The

higher the RI ,the lorver is the rate of decrease in load ancl

the extent of spalling. This may be due the improt'ement

of the internal crack arresting mechanism, dimensional

stability as rvell as integrity of the material caused by the

presence of large volume fraction of the fiber ptesent in

the concfete. The maximum stress and strain at peak load

and the strain at 850/o of peak load in the descending por-

tion ofthe stress-strain curve increased as a RI increased

\,vith the same C'.

3.2 Experimental sttess-strain curve

From the observed data, for a given sp€cimen, the

longitudinal deformations were calculated from the aver-

age readings of the four dial gauges of the compressome-
'ter. As there \\/as no severe spalling in CFRC specimens

until the load dropped by about 20 Io 25o/o of ultimate

load, the specimens rvere treated as dimensionallystable

and hence the sross cross sectional atea tt'as used in cal-

Fig. 3 - Testing of the prism on UTM.
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A - Series

V1=t.2o1o
- Vl=o'e %

V1=06'/216

Vt=0.1 %

Vf =o'o%

7s0 1350 1950
Strain x 10'5 -)>

7so 1350 1950
Strain x 10-s -)>

C - Series

1350 1950 2550
Strain x 10's..>

Fig. 4 - Stress-strain curves of 150 x 15O x 3OO mm tie confined
FRC orisms.

culating the stress values. Stress-strain curves were

clrann for three companion specimens of a set with the

same origin, and average curve was taken to represent

the set. Such average curves for all the sets of one []pi-
cal batch with a common origin are shown in Fig. 4.

3.3 Effect of reinforcing index (Rl) on

3.3.7 Ultimate strcn$th
The uttimate strength of concrete increased N'ith an

increase in reinforcing index (RI) for the same level of

confinement. To quantify the effect of indirect confine-

ment due to steel fiber on ultimate strength, the effect 0f

tie confinement is separated using the follon'ing equation:

flflc^f.A*=K1 t.A* (l)
= The load taken bv the tie confined concrete

where, Kr = 1.0 + 0.5o Ci

ci = (P5 - P55) x (fvlf c)i(b/s)

Since the ultimate load carrying capacitl'(P) is erper-

imentalll,determined (P - fflr) gives the contribution to

load carrying capacity due to both indirect confinenent of

the steel fiber and tie confinement. This lalue is non-

dimensionalised by dividing rvith f.-{.. This means that

K2 = (P - fy.Ar)/% A* Bives the strength of concrete as the

ratio of the strength 0f concrete confined bl,lateral ties

only. A plot 0f K2 versus (RI) is given in Fig. 5. -\n erami-

nation of plot shows that there is a linear relationship

between K2 and (RI). A straight line then fit betNeen

these two parameters. The linear equation thus obtained.

with 95 percent confidence limits, is given belori:

K2= 0.0228 t 0.0236) + (0.102-l t 0.0101)(RI) (4)

Hence, the final equation for the load calrling capac-

ity (P) of concrete, indirectly confined \\'ith steel fiber in

addition t0 lateral ties can be N'ritten as:

P = f c (1.0 + 0.55 Ci) (1.0228 + 0.1021 (RI)) \g + f, {, (5)

3.3.2. Strain at peak strengith

The ultimate strain increased with an increase in rein-

forcing inder (RI). Fig.6 shorvs the plot bets'een the ratio
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K2= (.0228 + 0.0236) + (0.10241 0.0101) (Rl)

Fig. 5 - Load ratio (K2) vs. reinforcing index (Rl).
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tU ,^ ^^^^- 
= (0.9899 + 0.0632) + (o.22o4 + 0.0271) (Rl)

t"

0 0.735 1.47 2.21 2.95
RI

Fig. 6 - Ratio of strains at ultimate strength vs. reinforcing index (Rl).

of obsen'ed strain (€u) at the peak strength of concrcte

indirectly- confined by steel fiber, in addition t0 lateral

ties, t0 the theoretical strain (e.) at peak strength of con-

crete confined by lateral ties only and the reinf0rcing

index (RI). -\n examination of the plot clearly indicates

that there is a linear relationship between RI and the

ratio of strain at the peak strength of concrete indirectly

confined br-steel fiber in addition to lateral ties to the

strain of concrete confined by lateral ties only.

I straight line fit between the reinforcing index (RI)

and the ratio (ru/sc) resulted in the following equati0n:

(en/e.) = (0.9899 + 0.0632) + 10.2204 a 0.0271) RI (6)

The strain at peak suength of a CFRC section can be

re \\'ritten in the follor,ving form: (er)

ru = rc (1.0 + 5.2 Ci) (0.9899 + 0.2204 (RI)) (7)

3.3.3. Ductility of CFRC

The ductility 0f CFRC, as expressed by the strain at

850/o of the peak strength in the descending portion of the

stress-strain curve, is increased with the increase in the

reinforcing index (RI). The observed strain at 850/o of the

peak strength) is expressed in terms of the theoretical

strain (e,,) gilen by Equation (7). A plot between the ratio
(e6.s5u/sr) and the reinforcing index (RI) is given in Fig.7.

The folloning relationship is obtained betrveen the above

ratio and the reinforcing index (RI):

(eo.er,/eu) = (1.8847 x 0.1223) + (0.121 t 0.0525) RI

= 1.8847 + 0.121 RI (B)

Further the area under stress strain curves, repre-

senting the toughness, increased with the increasing rein-

forcing inde-r (RI) for a particular value of tie confinement

--+---?---r--T-F
- - Range bare repre*nting

95% confidence limits

Eo.*,u

eu
= (1.8847 + 0 12231 + (0.121 + 0.0525) (Rl)

Fig. 7 - Ratio of strains at 0.85 of ultimate strenglth vs. reinforc-
ing index (Rl).

level (Ci). This gives an indication that for the same [er-el

of Energy absorytion, the tie spacings may be increased

with the inclusion of Fibers. This is advantageous in situ-

ations where congestion of reinforcement poses difficultr
in casting.

4. CONCTUSIONS

The following conclusions can be drann from the

experimental investigation on CFRC:

1. The confinement of FRC improved the stress-strain
behaviour under axial compression.

2. For the same level of tie confinement, the increase

in volume fraction of fiber increased the ductilitr- repre-

sented by the area under the stress-stfain cur\-e.

3. The tie confined FRC has improled the peak

strcngth and strain at peak strength.

4. The impmverfi'ent in strain is more pfonounced

compared to the improvement in the strength.

5. The improved peak strength with steel fiber variecl

linearly with reinforcing index (RI). The prediction equa-

tion for peak load carrying capacity of confined steel fiber
reinforced concrete prism is:

P = tc (t.O + 0.55 C;) (1.0228 + 0.1024 (RI))Ag + fr- \r.
6. The improved strain at peak stress \\/ith indirect

steel fiber confinement varied linearly with reinforcing
index (RI) and can be expressed as:

€u = tc (.0 + i.2 Ci) (0.9899 + 0.2204 (RI)).

7. The ductility of CFRC, as expressed b"v- the strain at

850/o of the peak strength in the descending portion of
stress-strain curve is increased with the increase in the

reinforcing index (RI) and can be expressed as:

to.B5u = tu (1.8847 + 0.121 (RI)).

B. For higher levels of confinement in reinforced cou-

crete, there exist equivalent, lower levels of confinement
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in CFRC. Hence some amount of confining [ransverse

reinforcement can be replaced by intmducing steel fiber
in concrete. This will ease the situation like seismic resis-

tant, beam column junctions where high conhnement
r€quircment leads to congestion of steel.

NOTATIONS

to.Bbu = Strain at 85026 of peak of CFRC in the descend-
ing portion of stress-strain curve

Kr, Kz = Coefficients as explained in the paper
fu = Peak strength of CFRC

RI = Product of weight fraction of fiber (rv6) and
Aspect ratio
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= Laleral dimensions of prism

= Yield strength of longitudinal/tie/fiber (Thble 1 )

= Ar€a of longitudinal steel

= Strength of unconfined concrete

= Strain at peak of unconfined concrete

= fc (1 + 0.55 Ci) = Strength of tie confined con-

cr€te [7]

= s; (1 + 5.2 Ci) = Smain at peak of tie confined

concrete [7]

= Gross cross sectional area

= Weight ftaction = ratio of weight of steel fiber
and weight of concrete

= confinemenr index = (pu - pbb) (fl;) (r/(nls))

= Ratio of volume 0f transverse steel to the vol-

ume of concrete

= Ratio of volume of transverse steel to the vol-

ume of concrete corresponding to a limiting pitch

equal to 1.5b

= Sttess in the lateral ties

= Spacing of ties

= Strain at peak of CFRC
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ci
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