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Abstract

The ultimate strength of reinforced concrete T-beams reinforced with conventional steel bars and short discontinuous steel fibers
are studied. It is found that the presence of steel fibers reduced effectively the deflection, width of cracks and also improved the
ductility and flexural rigidity of the concrete beams. Hence, an appreciable increase to the ultimate compressive strain is observed as
well as the increase in the ultimate compressive strength. These are reflected by an increase in the value of the compressive block
parameters. In addition, an increase in tensile strength is achieved and a rectangular tensile stress distribution is proposed. It was
found that a negligible difference in moment capacity between overreinforced and underreinforced concrete beams. Therefore, it
may be economical to use more amount of tension reinforcement than that allowed by the codes. Theoretical equations are de-
veloped to calculate the ultimate strength of reinforced concrete T-beams taking into account the effect of amount of compression
reinforcement and amount of steel fibers. Theoretical equations show good agreement when compared with experimental re-

sults. © 1999 Elsevier Science Ltd. All rights reserved.
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Notations

A, area of bar reinforcement at tension zone

AL area of bar reinforcement at compression zone

Ay area of steel bar used to balance compression force
in flange

a  depth of equivalent rectangular compressive stress
block

by width of flange of the beam

b, width of web of the beam

C  distance from extreme compression fiber to neutral
axis

C; compressive force in the flange

C, compressive force in the web

d  effective depth of the beam

cylinder compressive strength of concrete

stress in compression steel

fy  yield stress of reinforcing steel bars

h overall depth of the beam

hy  depth of the flange of the beam

V;  volume fraction of steel fiber

fp  factor defining the depth of the equivalent rectan-
gular stress block for ordinary concrete

* Corresponding author.

Py factor defining the depth of the equivalent rectan-
gular stress block for fiber reinforced concrete

y factor defining the intensity of compressive stress
of the equivalent rectangular stress block for
ordinary concrete

y¢  factor defining the intensity of compressive stress
of the equivalent rectangular stress block for fiber
reinforced concrete

e, ultimate concrete strain

& strain in concrete

&  strain in tension steel

gy yield strain of steel

1. Introduction

Fiber reinforced concrete is an ordinary concrete with
randomly dispersed discrete fibers. Different types of
fibers have been used to strengthen the concrete and the
cement mortars in the field. It has been shown by many
researches [1-4] that the addition of steel fibers improves
concrete properties such as tension, compression, shear,
flexural strength, ductility, impact resistance and first
cracking strength.

Few studies dealt with the flexural strength of beams
reinforced with a combination of ordinary steel bars and
steel fiber reinforcement [5-7]. In all these researches the
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contribution of steel fibers in tension and compression
zone of beams was studied. These studies used the
conventionally reinforced concrete beams with rectan-
gular cross-section and different methods for predicting
the ultimate flexural strength were developed.

The main objective of this investigation is to obtain
experimental data on the deformation characteristics
and strength of reinforced concrete T-beams with dif-
ferent percentages of steel bars at compression zone and
different percentages of steel fibers. Equations for pre-
dicting the ultimate strength of such beams are proposed.

A total of eight conventionally reinforced concrete T-
beams were studied. They were divided into two groups
(group one and group two), group one was divided into
four overreinforced concrete T-beams (G10, G11, G12
and G13) with volume fraction of steel fibers of 0%,
0.5%, 1% and 1.5%, respectively. Group two was also
divided into four underreinforced concrete T-beams
(G20, G21, G22 and G23) with volume fraction of steel
fibers of 0%, 0.5%, 1% and 1.5%, respectively.

2. Experimental program

All the beams were geometrically similar having
cross-sections of by = 250, b, = 100, A = 60 and i =

210 mm, total length of 2000 mm and a span length of
1800 mm between supports. The cross-section and the
reinforcement details for tested beams are shown in
Fig. 1.

Six cylinders (150 x 300) mm were cast for determi-
nation of compressive and indirect tensile strengths and
also three beams (100 x 100 x 500) mm were cast for
modulus of rupture.

The mix proportion of 1:2:2 (cement, sand, crushed
aggregate) with a water cement ratio of 0.57 all by
weight was used. The well graded sand and crushed
aggregate with the maximum size of 9.5 mm were used.
The steel fibers used in this study were low carbon
hooked (0.5 x 50) mm in dimension with a tensile
strength of 1150 MPa.

All the mixes were batched in a rotary mixer of 0.1 m?
capacity. First, the aggregate, sand and cement were
mixed dry for about one minute, the water was added
and then fiber was dispersed to the mixer with hands in
order to achieve homogenous mixes. After 28 days the
beams were tested using a universal testing machine with
a maximum capacity of 250 ton, the effective span of
tested beams was 1800 mm and the load was applied at
mid-span by two-point load (500 mm space between
them). Load was applied gradually and incrementally in
steps of 0.5 ton.
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Fig. 1. Dimensions and reinforcement details.
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3. Test results

The results of the tested beams are shown in Table 1
and the Load-deflection relationship for each group
have been plotted as shown in Figs. 2 and 3. It has
been noted that for a given deflection the beams with
steel fibers resist higher load than the beams without
fibers. The deflection at first crack are also less for the
fiber reinforced beams even though the first cracking
load is much higher (see Table 1(a)). By using steel
fiber content of 0.5%, 1% and 1.5%, the ultimate load
increased by 7.2%, 12.4% and 10.6% for group one and
5.64%, 7.74% and 10.35% for group two, respectively.
The compression reinforcement decreases the deflection
before ultimate load, but at ultimate there is a negli-
gible difference in deflection between beams with and
without compression reinforcement. Beam G13 has
lower ultimate load when compared with beam G12,
because when the discontinous short fibers are used
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4. Analytical study of reinforced concrete T-beams

Analytical method for the analysis of concrete beams
reinforced with a combination of steel bars and ran-
domly distributed steel fibers, based on the ultimate
strength approach of the American Concrete Institute
for ordinary reinforced concrete [8], takes into consid-
eration the contribution of steel fibers to the flexural
compressive strength of concrete. The actual and as-
sumed stress and strain distribution of failure for fiber
reinforced beam is shown in Fig. 4.

The value of y; was increased from 0.85 for plain
concrete to 0.88 for fiber concrete. f; increased
from 0.85 for plain concrete to 0.9 for fiber concrete
and the ultimate compressive strain (g,) increased from
0.003 for plain concrete to 0.004 for fiber concrete.
The value of y;, f; and ¢, can be calculated as follows

1.

WL/D
there is a limit beyond which fiber addition does not 7y = 0.8540.03 45/0 < 0.88. (1)
improve the strength of the composite. This limit
dependc on fiber characteristics as well as the methcd B: = 0.85 + 0.05 WL/D <0.90 for £/ <27.56 MPa.  (2)
of fabrication used in the preparation of the composite 450
beyond a certain amount of steel fiber is ascribable to WL/D
an increase in its porosity. Fiber bundles are porous P = 0.85+0.05 450
themselves and the introduction of large quantities of WL/D /5758
such reinforcements also requires grater amount of _ {1 +0.25 /} {0.05 _Je—2758 (3)
mixing water, the two effects combine to reduce the 450 6.895
strength of the material. for 27.56 < f! < 56.16 MPa.
Table 1
Results of the tested beams
(a) Deflection characteristic at first crack and ultimate load
Beam No. Load (kN) Mid-span defl. (mm)
First crack Ultimate load First crack Ultimate load
Group one G10 19.30 130.00 1.30 20.20
Gl11 19.70 140.00 1.12 20.08
G12 20.30 146.80 1.05 21.20
G13 20.70 144.50 0.92 21.70
Group two G20 18.4 133.40 1.41 21.30
G21 18.50 141.00 1.26 21.7
G22 18.80 143.80 1.12 21.40
G23 19.00 147.00 1.10 21.70
(b) Ultimate moment
Beam No Vi (%) A, (mm?) A! (mm?) S (MPa) My, (KN m)
Group one G10 0.00 628 — 21.30 42.45
Gl11 0.50 628 - 21.40 45.50
Gl12 1.00 628 - 21.79 47.71
G13 1.50 628 — 21.98 46.96
Group two G20 0.00 628 402 17.32 43.38
G21 0.50 628 402 17.72 45.83
G22 1.00 628 402 18.20 46.74
G23 1.50 628 402 18.81 47.87
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Fig. 2. Load-deflection relationship for group one.
!
pr =0.65 for f, > 56.16 MPa. 4)

& = 0.003 4 0.001 VZLS/OD <0.004, (5)
where WL/D is the percentage of steel fiber by weight.

The tensile strength () of fiber concrete can be cal-
culated by the following equation [10].

oy = 0.82 tvpdi L/ D, (6)

where

T interfacial bond stress between fiber and
matrix (MPa),

v volume fraction of steel fiber (%),

dr bond factor of steel fiber (dr = 0.75 for
hooked steel fibers) and

L/D aspect ratio of steel fiber (L/D = 100).

The bond stress (1) can be calculated as follows [11]:
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Fig. 3. Load-deflection relationship for group two.
where
P ultimate load of the (100 x 100 x 500) beam
(kN),
L, effective span of the (100 x 100 x 500) beam
(mm) and

B,D,  width and depth of the (100 x 100 x 500)
beam, respectively.

The maximum steel ratio is calculated as follows [11]:

Bifl +o &y ho
b { }__t7 .
fy ey &y dfy
where
&y ultimate strain of steel bar (e, = fy/E;) (mm/
mm) and

Iy yield stress of steel bars in MPa; f; for 12 mm
¢ =465 MPa; f; for 16 mm ¢ = 517 MPa.
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Fig. 4. Stress and strain distribution.

Strain distribution
Pmax = 0.75(py, + pr) + 01/ fy- ©)
pr = Ase/byd. (10)
Ay = vefe(br — by)hr (1n
Iy

p = A /byd. (12)
1 = ¢E,. (13)
e, =¢e,(1—d'/c) (14)
from equilibrium C =T

C=Cy+C+0C,. (15)
Cw = 1 fobwBre- (16)
Cr = o fe(br — by)hy. (17)
Cs = fidg — e £

y=1fora>d, y=0fora<d. (18)
T=T,+T;. (19)
T, = A f,. (20)
Tt = aby(h —¢). (21)

Ultimate strength of underreinforced concrete T-
beams is calculated as follows:

My = (Asfy = Ast fy = AN (d — a/2) + A f{(d = d')
+ Ay fy(d — he/2) + oiby(h —¢) X (h+c—a)/2
— Ay f{(d = d). (22)
Ultimate strength of overreinforced concrete T-beams is
calculated as follows:
M, =y flbya(d — a/2) + p; f1(be — by)he(d — he/2)
+AS(d = d) =y fi X A(d = d') + aby(h = c)
X (h4+c¢—a)/2. (23)
The calculated stress block parameters (y;, f5; and ¢,),

theoretical moments and the ratio of M, /My, are
shown in Table 2.

5. Discussion of results

The average value of M,/M;, for beams in group
two (underreinforced concrete T-beams) is 1.035, which
is approximately equal to 1.024 for beams in group one
(overreinforced concrete T-beams), that means the
contribution of steel fibers to the tensile flexural strength
is fairly accurately represented by the proposed equa-
tions and gives approximately the same ductility.

Table 2

Stress block parameters and theoretical moments

Beam group Ve Pe & g, (MPa) My, (kN m) Moy My,
Group one

G10 0.850 0.850 0.00300 - 41.41 1.025
Gll 0.861 0.870 0.00337 1.37 43.75 1.040
Gl12 0.872 0.890 0.00375 2.73 45.77 1.042
G13 0.880 0.900 0.00400 4.10 47.46 0.989
Group two

G20 0.850 0.850 0.00300 - 42.90 1.011
G21 0.861 0.870 0.00337 1.37 43.86 1.045
G22 0.872 0.890 0.00375 2.73 44.87 1.042
G23 0.880 0.900 0.00400 4.10 45.90 1.043
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In conventionally reinforced concrete members, suf-
ficient ductility could be achieved by making the ten-
sion steel yield before the crushing of concrete.
Sometimes it may be economical to use more amounts
of tension steel than allowed by codes which leads to
better utilization of concrete section strength. This may
be feasible if the concrete ductility is improved [12].
One method to attain this is by using randomly ori-
ented discrete steel fibers [13,14]. The use of fiber re-
inforced concrete in compression zone of flexural
members will increase the ductility and serve that pur-
pose [12].

6. Conclusion

The following are the main conclusions of the results.

1. The addition of steel fibers causes an increase in ulti-
mate strength for both over and underreinforced con-
crete T-beams.

2. A negligible increase in moment capacity between un-
der and overreinforced concrete T-beams has been
observed, that means the overreinforced concrete
beams may be used instead of underreinforced con-
crete beams by using steel fibers in compression zone.
Moreover, this is more economical.

3. Theoretical equations are developed to calculate the
ultimate strength of reinforced concrete T-beams tak-
ing into account the contribution of steel fibers. They
show good agreement when compared with the exper-
imental results.

4. The addition of steel fibers reduces the width of the
crack and crack propagation is reduced during incre-
mental loading.

References

[11 ACI committee 544, State of-the-Art report on fiber reinforced
concrete. International Symposium on Fiber Reinforced Con-
crete, SP-81. Detroit, Michigan, ACI publication, 1984;411-32.

[2] Johanston CD. Properties of steel fiber reinforced mortar and
concrete. In: Proceeding of Symposium of Fibrous Concrete,
London (UK) 16 April, 1980;29-47.

[3] Romualdi JP, Mandel JA. Tensile strength of concrete affected by
uniformly distributed and closely spaced short length of wire
reinforcement. ACI Journal 1964;6:657-71.

[4] Swamy RN. Mechanics of fiber reinforced concrete In: Interna-
tional Symposium of Fiber Reinforced Concrete, SP-44, 1974;
1-28.

[5] Parameswaran VS, Rajagopalan K. Strength of concrete beams
with aligned or random steel fiber microreinforcement. In:
Proceeding RILEM Symposium on Fiber Reinforced Cement
and Concrete, London: Construction Press, September 1975;
95-103.

[6] Henager CH, Doherty TJ. Analysis of reinforced fibrous concrete
beams. Proceeding of ASCE Journal 1976;102(STI): 177-88.

[7]1 AL-Ta’an SA. Structural behaviour of conventionally reinforced
concrete beams with steel fiber. Ph.D. Thesis, Sheffield University,
UK, 1978.

[8] ACI, ASCE committee 327 Ultimate strength design. ACI Journal
1956;27(5):505-24.

[9] Mazin Abdul-Majeed. Feasibility of using steel fiber in concrete
members subjected to Bending, Masters Thesis, Baghdad Univer-
sity, 1987.

[10] Narayanan R, Palanjian ASK. A space truss model for fiber
concrete in torsion, Structural Eng. 1985;63B(1):14-9.

[11] Aziz Omer Qarani. Flexural behaviour of conventionally R.C.T-
beams with steel fibers, M.Sc. Thesis, University of Technology,
Baghdad, Iraq, 1993.

[12] Shah SP, Rangan BV. Effect of reinforcements of ductility of
concrete, ASCE proc. 1970;96(ST6):1167-83.

[13] Shah SP, Rangan BV. Fiber reinforced concrete properties, ACI
Journal Proc. 1971;68(2):126-1.

[14] Abdul-Ahad RB. Qarani O. Effect of location of steel fibers on the
flexural behaviour of R.C.T-beams, Journal of Technology and
Engineering 1996;20(1):12-22.



