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Abstrace: Present National and International codes of
practice lead to a size invariant expression for minimum
percentage of flexural reinforcement. But the influence
of member size or fracture parameters namely, fracture
energy and critical crack tip opening displacement are
not considered. ACI 446.1R-91 (Re-approved 1999)
strongly recommends application of fracture mechanics
principles to quasi-brittle material like concrete.
Detailed literature study is made on the influence of
fracture energy, critical crack tip opening displacement,
size of the member, compressive strength of concrete
and yield strength of concrete on minimum flexural
reinforcement of concrete members, Several researchers
have proposed expressions for minimom  flexural
reinforcement of concrete members, but the review of
literature on fracture hehavior of lightly reinforced
concrete members show contradiction in conclusions.
Designer friendly expressions for fracture energyv and
minimum flexural reinforcement are essential to the
practicing enginecrs to evaluate fracture energy and
minimum flexoral  reinforcement  without knowing
about the RILEM standards.

Index Terms-— Fracture energy, Size effect, Effective length of
fracture process zone, Compressive strength and  Mimimum
flexural reinforcement.

L. INTRODUCTION

A certain minimum  amount of reinforcement s
necessary inoany  concrete member (0 impart adequate
ductility. In this regard, codes of practice of different
Mations have provided size invariant expressions for
minimum flexural reinforcement to be maintained in the
concrete  members. Standard codes of practice have
considered the minimum flexural reinforcement as
dependent on either compressive strength of concrete or
yvield strength of steel. A detailed review of literature on
minimum  flexural reinforcement of reinforced congrete
members iy presented,

I. LITERATURE REVIEW Ox M1 UM FLEXURAL
REINFORCEMENT (OF CONCRETE MEMBERS

Bosco et al [1990] reported experimental studics on
30 RC beams made of concrete of average compressive
strength 91Mpa. The beams were reinforced in such a way
that they fall in five different classes with respect to the
brittleness number. It was found that beams of same
brittleness number revealed same variation in load- same
variation i load-deformation imespective of the heam
depth and the arca of steel,

Bosco et al [1990] used the experimental load-
deformation variations for defining minimum  flexural
reinforcement in high strength concrete (HSC) beams, A
tramsitional brittlencss number was defined when a change
in the behavior of beams occurred from bottle o ductile,
which corresponds to Py

Ananthan et al [1990] developed a model 1o
determine the influence of strain softening in concrete
beams. Softening beam theory was used in the model
development. The size effects were determined by using an
empirical equation for the fracture process zone derived
from the experimental results available in literature. A
linear stress—strain relationship in the post-peak region was
used,

Bosco et al [1992] conducted experiments on 46 more
beams with five different strengths ranging from 16-706
Mpa to calculate the transitional brittleness number Np.
which defines a change in the behavior from brittle to
ductile. Reinforcement corresponding to that was defined as
rho min, Based on experimental data, an expression for
minimum flexural reinforcement was proposed:

K, (0.140.0023F,)
P F D

Baluch et al [1992] combined the concepts of fracture
mechanics as well as constitutive relations and strain
variations o arrive at a theoretical model for prediction of
residual strength of RC beams. The crack propagation
with increase in the moment was predicted osing the
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theoretical model and wvalidated with experiments. The
model was used for a crack controlled design. The design
moment and the crack depth are the design parameters. A
criterion was proposed for minimum flexural reinforceiment
o avoid  unstable  crack  propagation. The  maoment
corresponding to the maximum load of reinforced concrete
beam is greater than the initial cracking moment of a plain
concrete beam. The expression for minimum flexural
reinforcement is:

1.9134 K -°
min T 260, 2
u.wzz[m- 4
A
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Gerstle et al [1992] studied the tensile cracking
behavior of singly reinforced concrete beams in flexure
using the fictitious crack model. An analytical model was
proposed by considering the eguilibrivm of tensile and
compressive forces and deformation of concrete. An
expression for minimum reinforcement was defined but it
does not contain the yield stress of reinforcement, I, which
was objected by many rescarchers.
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Wafa F. F. and Ashour S.A. [1993] presented
experimental results of 20 high strength concrete beams
tested in  flexure to  examine minimum  flexwral
reinforcement  requirement  withowt fracture mechanics
principles, The variables were fexural reinforcement ratio
and  conerete  compressive  strength,  The  flexural
reinforcement ratio ranging from 0,21 to 0.88%, and the 28-
day concrete compressive strength ranging from 45 o 90
MPa were considered. The test results were compared with
the minimum reinforcement ratios of both the ACIL: 318-89
and ACI: 318-95 Codes. Effects of specimen size and
fracture parameters were not considered in this paper.

Ruiz et al [1998] performed experimental studies on
lightly reinforced beams inm which the importance of
concrete cover and bond between sieel and concrete on the
behavior of RC beams was described. Beams with a large
cover showed a secondary peak between concrete cover and
steel yielding, which provides a hint as to the role of
reinforcement cover in crack propagation,

M.Bruckner and R.Eligehausen [1998] rescarch
results suggest that minimuem reinforcement ratio dependent
on size of the member. The experiments on beams with
depths varying from 0.125m to 0.5m and with 0,15 % of
reinforcement revealed that the load-deformation curves of
these beams showed a large plateau after the peak load
indicating wvery ductile behavior. It was observed that with
increase in beam size, the brittleness increased. The need
for a size-dependant definition of minimum reinforcement
was emphasized. The value of, Poyy is obtained by solving

the following condition

M
bd (d - 0.5yx) f,
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Ashour S.A. [2000] tested mine reimforced  high-
strength concrete beams to investigate the effect of concrete
compressive strength and flexwral tensile reinforcement
ratio on load-deflection behavior and displacement ductility
of cracked rectangular reinforced concrete beams. Concrete
compressive strengths of 48, 78, and 102 MPa and tensile
remnforcement ratios of 1,18, 1.77, and 2.37% were used.
Displacement ductility was investigated and it was Tound
that for a displacement ductility index of 3, the ratio p/ p,
should not exceed (.25 and 0L50 for concrete beams with
concrete compressive sirength of 102 and 48 MPa,

Ivengar K.T.S.R. et al [2002] used fictitious crack
midel to model the propagation of cohesive cracks in a
beam of quasi-brittle material such as concrete. The stress-
displacement relation was assumed as a generalized power
law function. Expressions for moment-rotation relations
were given. The analysis gives the effect of the softening
exponent on the size effect and snapback bebavior of
beams. The effect of the elasticity co-efficient of the central
elastic layer on  moment—rotation  relation  was  also
determined.

Shamu et al [2004] performed fracture studies on
reinforced concrete beams based on bi-linear tension
softening response of concrete, The proposed model
predicts the minimum reinforcement in flexure as well as
the crack width in RC beams.

Raghu Prasad et al [2005] considered strain
softening of concrete in t(ension  along  with  fractiure
mechamics  principles,  An  improved model  based on
fundamental equilibrivm equation for progressive failure of
plain concrete beam was presented and extended for lightly
reinforced concrete beam.

Fantilli AP et al [2005] cxperimentally investigated
the transition from the un-cracked to the cracked phase in
lightly reinforced concrete beams by testing five full-scale
beams under three-point bending. All beams had the same
dimensions and the same percentage of flexwral
reinforcement. But the diameters of bars and the number of
bars used are varied. Test results demonstrate that during
the growth of crack, the moment rotation diagrams, the
tensile strains in conerete and the shape of crack profiles
depend on the mechanical response of bar diameter.

Kumar 5. and Barai V. 5. [2008] presented finite
element formulation of cohesive crack model for predicting
nom-linear Mode-T fracture  behaviour of  geometrically
similar notched plain concrete beams. The effect of finite
element mesh on load bearing capacity of the beam was
further analyzed. It was shown that for normal size-range
structures, the values of peak load determined using the
concept of linear elastic fracture mechanics deviates from
those obtained using cohesive crack model. Influence of
some important softening functions of concrete on the
global response and size-effect curve was also presented.
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Carpinteri. A et al [2010] presented a new fracture
mechanics based model for the amalysis of reinforced
concréte beams in bemding describing both cracking and
crushing growths taking place during the loading process
by means of the concept of strain localization. The
nonlinear behaviour of concrete in compression is maodelled
by the Overlapping Crack Model. On the basis of different
nonlinear contributions due to concrete and steel, a
numerical finite element algorithm is proposed. According
to this approach., the flexural behaviour of reinforced
concrete structural elements is analyzed by varying the
main  geometrical and mechanical parameters. It s
conclided that the ductility is an increasing function of the
compression steel percentages, the concrete compressive
strength, the stirmups contents, whereas it decreases as the
tensile steel percentage andfor the structural dimension
increase.

I SIGNIFICANCE OF PRESENT STUDY

In the near future, there 1 going o be a gradueal
change in the design methodology from the strength based
design to fracture based desizgn, And in this, fracture energy
of concrete and minimom flexural reinforcement play a
vital role. When the concrete strength increases to high
strength levels, its fracture properties also change. While
designing a structure using high strength concrete, the
designer usually ignores the altered properties of concrete
and possible changes in the overall response of the
structure, hecause of the lack of adequate information in the
present codes of practice.

In view of the safe design of structures, it is essential
o develop designer friendly expressions for guantifying the
fracture energy and mindmum flexural reinforcement, which
will be very uscful to the practicing engineers. By using
such formulae, laborious testing can be avoided to estimate
them. If such formulae are developed, then the Practicing
engineers need not know what the RILEM standards are
and how to implement them ia the field o evaluate the
fracture energy of concrete.

TV, Discussion Ox LITERATURE FINDINGS

On the basis of minimum reinforcement expressions

suggested by  different  researchers, the following
conclusions are made.
1} According to  the minimum  percent  flexwral

reinforcement expressions given by Bosco et al, Ruiz et al
amd Hawkins et al, the minimum percent flexural
reimforcement 15 found (o be decreasing with the increase in
size of the beam for a given compressive strength of
conerete,

The minimum percent flexural reinforcement is observed
as increasing with the increase in the compressive strength
of concrete. As per Bosco et al, Ruiz et al and Hawkins et
al, when the compressive strength of concrete is increased
from 20Mpa to 30Mpa, the percent increéase in minimum
fexural reinforcement for 200mm depth beam 15 15.77%.,

27.18% and 25.49% respectively and the percent increase
in minimmm flexural reinforcement for 1000mm  depth
beam 15 15.8%, 28.91% and 25.51% respectively. For a
compressive strength of 20 MPa, the percent decrease in
minimum (lexural reinforcement when the beam depth is
varied from 200mm w 1000mm is 55.29%, 21.45% and
25.19% respectively, The wvaration of minimum
reinforcement with size of beam for different compressive
strengths of concrete is presented in Fig. 1, Fig. 2 and Fig. 3
respectively.

okg

Biminum percont Dievural
renfion vt

(=] L=
Bofefol
O =h O PR N L0

o M0 400 B0 BOO 1000 1300
Hire of beaiti, Tt {mm)

“Figure 1. Variation of minimum flexural reinforcement
with size of beam (Bosco et al, f=150MPa}
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Figure 2. Wariation of minimamn flexural reinforcement
with of beam (Hawkins et al, F=2500Pa)
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Figure 3. Variatiom of minimurm flexoral reinforcement
with size of beam (Ruiz et al, fy=231MPa)

2} The findings of Bosco et al, Hawking et al, Ruiz et al
reveal that the minimum percent flexural reinforcement
decreases with the increase in size of the beam for a given
yield strength of steel, It is also observed that the minimum
percent flexural reinforcement decreases with the increase
in the vield strength of steel. For 200mm depth of beam
with fy=250Mpa. the percent decrease in minimum percent
flexural reinforcement between Bosco et al and Hawkins et
al is 16.43% and the Bosco et al and Ruiz et al is 16.36%.
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For 200mm depth of beam with £,=415Mpa. the percent
decrease in minimum percent flexural reinforcement
between Bosco et al and Hawkins et al is 16.43% and the
Bosco et al amd Ruiz et al 15 18%. For 2(0mm depth of
beam with [,=50Mpa, the percent decrease in minimum
percent flexural reinforcement between Bosco et al and
Hawkins et al is 16.44% and the Bosco et al and Ruiz et al
is 18.4%. The variation of minimum reinforcement with
size of beam when yield strength of steel increased is
presented in the Fig. 4, Fig. 5 and Fig. 6 respectively.

reinforcement for 20MPa compressive strength of concrete
in Bosco et al and Hawkins et al and Bosco et al and Ruiz
et al is 16.43% and 18% respectively. The percent increase
in mimmum flexural reinforcement when the compressive
strength of concrete is varied from20MPa o 100MPa in
Bosco et al, Hawkins et al, and Ruiz et al is 55.76%, 59.4%
and 61.18% respectively.

The variation of minimum reinforcement with compressive
strength of concrete is presented in Fig. 7.

Figure 4. Variation of minimum flexural reinforcement
with vield stress of steel (1,=23) MPa)
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4) Minimom percent flexural reinforcement predicted by
Baluch ¢t al is wvery high compared o the minimum

reinforcement predicted by the other researchers, Bosco et
il al, Hawkins et al and Ruiz et al. For £=250MPa and
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Figure &, YVariation of minimum flexural reinforcement
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¥ According to Bosco ot al, Hawkins ef al, Ruiz et al,

the minimum reinforcement is found to be increasing with
the increase in compressive strength of concrete for a given
size of beam. The percent increase in minimum flexural

al, Ruiz et al and Baluch et al. Minimum reinforcement
variation with the increase in size of beam for compressive
strengths of concrete. 200Pa. 30MPa and 60MPa, is
presented in Fig. 9. It is found that the minimum percent
flexural reinforcement increases with the increase in size of
beam when compressive strength of concrete is increased.
According to Gerstle et al, when the compressive sirength
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of concrete 15 increased from 20Mpa to30Mpa. the percent
increase in minimum flexural reinforcement for 200mm
depth beam is 11.08% and the percent increase in minimum
flexural reinforcement for 1000mm depth beam is 9.45%.
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Figure 9. Variation of minimum flexural reinforcement with compressive
strength of concrete (f,=2530MPa)

The minimum reinforcement expressions given in the
present Mational and International codes of practice like
BIS: 456-2000, ACE: 318-2007 and BS: S110-2003 are
dependent on either yield stress or compressive strength of
concrete or only the tensile strength of concrete. Hence, the
codes of practice are giving a minimum reinforcement
value which 15 invariant of size of the member, where as in
case of AS: 3600-2005, the minimum  reinforcement
expression consists of size of the member, But no-where in
code it is mentioned whether fracture mechanics size effect
is considered or not. The minimum reinforcement
expressions by BIS, ACL, BS and AS are given in Table 1.
The minimum reinforcement as per AS: 3600-2005 is
decreasing with the increase in the size of the specimen.
The variation of minimum reinforcement with the size of
member is presented in Fig, 10,

=
a T
b & =

=
(=

=
b

Mmirmem parcent faoual
reisfoecament (%)
a

o=
.

E-]
@

00 Loag
S of baam [ o)

Figure 10 Vanation of minimuom fexoral reinforcement
with size of beam as per present codes of practice

Tabbe 1. Minimurm reinforcement expressions by Mational and
Tnternatiomal codes off Practice

V. CONCLUSIONS

I. A detailed review of literature on the behavior of lightly
reinforced concrete members  showed  contradiction . of
conclusions, Bosco et al [1992] in

their studies indicated a decrease in minimum steel ratio
with the increase in beam height (h) in the proportion of

A", The study of Hawkins et al [1992] and Baluch et al
[1992] indicated the variation of minimem reinforcement

withsize s B and A" cespectively. Studies by
Clerstle et al [1992] showed minimum reinforcement ratio

variation with size ash"" whereas Ruiz ct al [1996]
predicted the variation of minimwm steel ratio with size
o h—ﬂ.lm

2, Based on literature study, it is felt that:
i. Can an analytical model be developed for estimating
the minimum flexwral strength of RC as well as
high strength concrete?
ii If 50, how to quantify the fracture energy of normal
as well as high strength concrete?
ili. Can an expression for minimum flexural
reinforcement be obtained using the analytical data
developed in (i) and (i1) knowing the compressive
strength of conerete, vield strength of reinforcing
bars and fracture energy of concrete?
iv. Whether the expressions developed in {iii) stands
valid or not,
3. In near future, there is going to be a gradual change in
the design methodology from strength based design to the
fracture based design. And in this, fracture energy of
concreéte and the minmum flexural reinforcement play a
vital role. In view of the above, it is necessary o develop
designer friendly expressions for gquantifying the fracture
encrgy and minimum flexural reinforcement, which will be
very useful to the practicing engineers.
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