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Curvature ductility prediction of high strength concrete beams
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Abstract. From the structural safety point of view, ductility is an important parameter, a relatively high level of curvature
ductility would provide to the structure an increased chance of survival against accidental impact and seismic attack. The
ductility of reinforced concrete beams is very important, because it is the property that allows structures to dissipate energy in
seismic zone. This paper presents a revision of an earlier formula for predicting the curvature ductility factor of unconfined HSC
beams to make it simpler in the use. The new formula is compared with the earlier formula and other numerical and
experimental results. The new formula regroups all parameters can affecting the curvature ductility of unconfined HSC beams

and it has the same domain of application as the earlier formula.
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1. Introduction

High strength concrete (HSC) provides several
advantages to reinforced concrete structural elements, but;
it makes these elements more fragile. However, in structural
elements, this type of concrete is not found alone. It should
be accompanied at least with an amount of reinforcement,
depending on the design code used. From here, it appears
that the behavior of HSC associated with the reinforcements
differs completely than the normal strength concrete (NSC).
Although HSC is more fragile than NSC, HSC structural
elements present more curvature ductility compared to NSC
elements due to the reduced depth of the neutral axis.

In principle, a structure response to an earthquake must
have a class of ductility more than normal, because the
seismic energy absorption capacity of the reinforced
concrete structure depends on the level of the curvature
ductility of the elements (Beams, Columns, ...) (Arslan and
Cihanli 2010). From here it comes the particular importance
attached to the curvature ductility in seismic design.
Seismic codes, such as: American code (ACI-318 2014),
Canadian code (CSA-A23.3 2004) and Eurocode 8 (EN
1998-1 2003) recommend a relationship between the
curvature ductility and the longitudinal reinforcements in
the structural elements, by the requirement of a minimum
and a maximum of reinforcement percentage. Recently, Baji
and Ronagh (2015) and Baji ef al. (2016) developed a
probabilistic model to compare between the different design
codes such as the American (ACI-318 2011), Canadian
(CSA-A23.3 2004), European (EN 1992 2004), Australian
(AS-3600 2009), New Zealand (NZS-3101 2006) and the
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fib Model Code (MC 2010) with regards to provide the
minimum curvature ductility for reinforced concrete beams.
The reliability analysis results show that the considered
design codes are in good agreement, when compared to
each other.

Ductility in reinforced concrete beams is an important
factor in their design because it allows large deflections and
rotations to occur without collapse of the beam. Ductility
also allows redistribution of load and bending moments in
multibeam deck systems and in continuous beams. It is also
important in seismic design for dissipation of energy under
hysteretic loadings (Barker and Puckett 2013). The
curvature ductility factor u, is defined as the ratio between
the ultimate curvature ¢, and the curvature at first yield ¢,
(Park and Ruitong 1988)

Pu
Hy =— 1
vy (1)

There have been numerous experimental and numerical
studies performed on the curvature ductility of unconfined
HSC beams. Concerning the experimental studies,
Maghsoudi and Bengar (2006), Maghsoudi and Sharifi
(2009), Shohana et al. (2012) and Mohammad ef al. (2013)
tested singly and doubly unconfined reinforced beams in
order to calculate the curvature and displacement ductility
factors from the moment-curvature and moment-
displacement diagrams respectively. Regarding the new
numerical studies, Arslan and Cihanli (2010) proposed a
simplified formula with the variation of concrete strength
up to 110 MPa; it takes into account the effect of the
concrete strength (fx), the yield strength of steel (fjx), the
tension steel ratio (p) and the balanced steel ratio (ps), the
proposed formula is given as follows
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In another numerical study, Ho et al. (2012) proposed a
formula depended on the concrete strength (fex), the yield
strength of tension and compression reinforcement (f,; and
Jre, respectively), the tension and compression steel ratio (p,
and p., respectively) and the degree of reinforcement (1).
The degree of reinforcement A equals to [(fy pr - fre pe)/ fu
Prol, Where pp, is the balanced steel ratio for singly
reinforced beam section. The formula of Ho ez al. (2012) is
given by the following expression

uy = 10.7(f, )y °“5(2) %5 x

3 -0.25

f f 3

1+ 95.2(fCk )1-1( fycpCJ [463/8] ®)
yt Pt

In 2013, Lee (2013a, b) studied the curvature ductility
of unconfined reinforced HSC beams. In the first research
the proposed formula contains a new parameter, which is
the stress of the compression reinforcement in the ultimate
state (fi), this formula is given in Eq. (4). In the second
study Lee (2013b) analysed the relation (moment-
curvature) and the curvature ductility factor, the obtained
results are compared with the experimental results of (Jang
et al. 2008, Hong 2011, Rashid and Mansur 2005), the
results were in good agreement with the tests.

-1.279
f
Hy = Kpt - e f—st/ pb] (f, )02

yc

)
[— 0.6(fy )? +88 fy + 2.285]10’3

Recently, based on the Eurocode 2 (EN 1992, 2004)
Bouzid and Kassoul (2016) proposed a new formula to
predict the curvature ductility factor, this formula regroups
all parameters that can affect the curvature ductility of
unconfined HSC beams. The proposed formula has been
compared with the formula of Lee (2013a) and the
experimental results of Maghsoudi and Bengar (20006),
Maghsoudi and Sharifi (2009) and Rashid and Mansour
(2005), this formula is given as follows

132997.261
Ho = 2 x
[— 0.0003 f,. % +0.0476 f, —0.367 J

p 1, 1, p 7 -2.268 093
36p(—-=)-=(—=-2)|f
( p(p 2) 3(p 2)] w P

(6))

Although, the above formula Eq. (5) regroups all
parameters that can influence the curvature ductility of
unconfined HSC beams, the application of this formula is a
bit difficult due to its length and its exponents. From here it
comes the idea to revise the formula and make it more
convenient to use. In this study, an adjustment to the
exponents of p and fix and a reduction to the formula given
in Eq. (5) have been considered.

> &c
&e2 Geu?

Fig. 1 Parabola-rectangle diagram for unconfined concrete
under compression (EN 1992, 2004)

2. Evaluation method of the curvature ductility
factor

2.1 Constitutive laws of materials

2.1.1 Concrete

The model of concrete used by Bouzid and Kassoul
(2016) is the Parabola-rectangle model of the Eurocode 2
(EN 1992, 2004), (Fig. 1). The design value of the
compressive strength of a cylindrical concrete specimens feq
is defined by

o.. f
fea —Zcc ck (6)
Ve

Where, y. is the partial safety factor for concrete, equal
to 1.5 for durable situations and 1.2 for accident situations.
occ 1s the coefficient taking account of long term effects on
the compressive strength and of unfavorable effects
resulting from the way the load is applied, its value varies
between 0.8 and 1.

The stress o, in the concrete is defined by

n
SC

feq 1—( ——j 0<e.<e,
_ &c2

g, = (7)
fcd €c2 < &c S‘gcuz

Where, & is the compressive strain in the concrete and
& 1s the strain at the maximum strength f4, and is
expressed by

2 f4 <50 MPa

Cl

9 =
ez ) 2.0+0.085 (fy —50)"*° f, >50MPa ®)

And, & is ultimate compressive strain in the concrete,
defined as
3.5 fy <50 MPa

Eoyo\%0) = — 4
w2 () 2.6+35[—90100f°kJ f, >50MPa ©)

The exponent n takes the following values
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Fig. 2 Idealized and design stress-strain diagrams for
reinforcing steel (EN 1992, 2004)

2 fy < 50 MPa

4
n = 0-f
1.4+23.4(W*J fy > 50 MPa (19)

2.1.2 Steel

The stress-strain model of reinforcing steel used in the
previous research of Bouzid and Kassoul (2016) is also the
model of the Eurocode 2 (EN 1992, 2004), (Fig. 2).

The stress f,4 in reinforcing steel is equal to

fyd = (11)

Where:

ys: The partial safety factor for reinforcing steel, equal to
1.15 for durable situations and 1.0 for accident situations.

&sna = fro/Es : Elastic elongation of reinforcing steel at
maximum load.

E,: Modulus of elasticity of reinforcing steel, it equals to
200000 MPa.

k = (fi/fy)x : Ratio of tensile strength to the yield stress,
its recommended value is 10%.

eue: Characteristic strain of reinforcement or prestressing
steel at maximum load, this ultimate strain is limited by 5%
for class B and 7.5% for class C.

eud: The strain limit in
recommended value is 0,9¢.

The properties of reinforcing steel for different classes
(A, B and C) can be found in the Annex C of the Eurocode
2 (EN 1992, 2004).

reinforcing  steel, its

2.2 Evaluation method of curvature ductility
factor

The study of the behavior of reinforced concrete beams
in flexure requires a study in limit states (at first yield and
at ultimate). In the following, a section of reinforced
concrete beam in flexure is presented at these two limit
states.

2.2.1 Curvature at first yield

To avoid some micro cracks in compression concrete
and unacceptable deformations in tension reinforcement,
the Eurocode 2 (EN 1992, 2004) limited the stress in
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Fig. 3 Behavior of reinforced concrete beam section in
flexure at first yield

concrete and reinforcement by kife and ksfyk, where; ki =
0.6 and ks = 0.8, respectively. At first yield, the cross
section of a doubly reinforced concrete beam is shown in
Fig. 3.

From Fig. 3(b), the curvature at first yield is expressed
by

(12)

Where, ¢, represents the height factor of the
compression zone at first yield, d is the effective depth of
the section and d ' is the distance from extreme compression
fiber to the centroid of the compression reinforcements.

From the same Fig. 3(b), the strain in the compression
reinforcement &y, 1S written as

(e,d—d) ksfy

Where, k3 =0.8 and y, = 1.

From the previous study of Bouzid and Kassoul (2016),
the static equilibrium equation of the internal forces
presented in Fig. 3(c) leads to a second order polynomial
function with the wvariable &, If the strain in the
compression reinforcement &» < fi/E;, the acceptable
solution is given by

1 ks fyk '
gy (2 ot (p p)

> (14)
Lol ) S B, 8,
2 kg fy Ky fex d
Where p = A,1/bd is the ratio of tension reinforcement,
p' = Ap/bd is the ratio of compression reinforcement and 4
=0.6.
Otherwise, if the strain in the compression
reinforcement ¢, > fi/Es, the compression steel has yielded

in compression, in this case the height factor of the
compressed zone is given by

2K fye

gy —W(P—P') (15)
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Fig. 4 Behavior of reinforced concrete beam section in
flexure at the ultimate limit state

2.2.2 Curvature at the ultimate limit state

At the ultimate state, the cross section of a doubly
reinforced concrete beam is shown in Fig. 4. From Fig.
4(b), the curvature at the ultimate state is expressed by

_fa2
Pu £.d

Where, &, is the height factor of the compression zone at
the ultimate state.

As the height factor at first yield, the static equilibrium
equation of the internal forces presented in Fig. 4(c) leads to
a second order polynomial function with the variable &,. In
this case, the acceptable solution proposed by Park and
Ruitong (1988) is given by the following expression

(16)

(fyd P~ gcquspl) n

0T 2,

e cd (17)
\/(fyd P — gcuZEsp) + 4177 fcd Ecu2 Esp e

d
22477 de

According to the Eurocode 2 (EN 1992, 2004), the
factors 4 and 7 are expressed by the following expressions

0.8 f., <50 MPa
=1 08- % 50 MPa< fy <90 MPa (13)
And
1.0 f, <50 MPa
7= 1.0—% 50 MPa< fy <90 MPa (19

3. Proposed Formula of Bouzid and Kassoul
(2016)

The parametric study conducted by Bouzid and Kassoul
(2016) showed that the curvature ductility factor can be
expressed by the following function

Hy = Ap® (20)

Where, A and B are coefficients can be determined
based on the parameters f, p, p”p and fir.

Table 1 Modification of the exponent of p

Errors

P pO p! PO pt 0.777 p! (p9;0.777p7)

(%)
0.01 72.44 100.00 0.72 77.66 6.72
0.015 49.69 66.67 0.75 51.78 4.04
0.02 38.02 50.00 0.76 38.83 2.08
0.025 30.90 40.00 0.77 31.07 0.54
0.03 26.08 33.33 0.78 25.89 0.73
0.035 22.60 28.57 0.79 22.19 1.83
0.04 19.96 25.00 0.80 19.42 2.78
0.045 17.89 2222 0.80 17.26 3.64
0.05 16.22 20.00 0.81 15.53 4.40

Average (p** /p™) 0.777

To facilitate the determination of a general formula, the
coefficient B is fixed by the value -0.93 and the coefficient
A is written according to the parameters studied, so

A=? Ty (P 1) fu ) o)

A=a( Ty )x BTy )x¥(p'p) (22)

Where, a (fu), f (fw) and y (p"/p) are functions of the
variables fu, fx and (p'/p), respectively.

In the case of high strength concrete, the coefficient 4 is
obtained as follows

Ao 132997.261 y
—0.0003 f,, % +0.0476 f, —0.367

P 1, 1 0 7 -2.268
36p(L--2)-= (£ - L) |f
( AL =35 2)} "

(23)

The proposed formula is applicable for unconfined
reinforced concrete beams having a concrete strength fu
from 50 up to 90 MPa, yield strength of steel fx from 400 to
600 MPa, a percentage of tension reinforcement 1 < p < 5%
and ratio of compression reinforcement p' from 0,25 p up to

p.

4. Adjustment of the earlier formula

In this section, an adjustment to the exponents of the
parameters (tension steel ratio (p) and the yield strength of
steel (f,x)) is conducted. Also, another form of the function
o (fx) which represents the effect of the concrete strength is
proposed.

4.1 Effect of tension steel ratio

Table 1 shows the various values of the tension steel
ratio p with the exponents -0.93 and -1.

From this Table, it can be seen that the average of the
ratios (p %% / p!) is equal to 0.777 and the error calculated
between p*% and 0.777p" does not exceed 7%, so we can
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Table 2 Modification of the exponent of fx

Errors

. y Suc2268 S S22 fuc? 0.190 fis 2268, - 2
fyk (MPa) (E-7) (E-6) (E-1) (E-7) (fik 5 ‘()).777,/»A )

(%)
400 12.5 6.25 2.01 11.9 5.80
450 9.61 4.94 1.95 9.37 2.51
500 7.56 4.00 1.89 7.59 0.35
550 6.09 3.31 1.84 6.27 2.86
600 5.00 2.78 1.80 527 5.10

Average (f 2%/ fo?) 0.190

Table 3 New and old form of the function a(f:x).

2 (MFa) -0.0003,,2*(2); 607.0424 fox -0.0?23@629).25) E(rr/o)rs
51 1.015 1.015 0.06
55 1.058 1.057 0.06
60 1.097 1.096 0.07
65 1.122 1121 0.08
70 1131 1.130 0.09
75 1.126 1.124 0.10
80 1.105 1.104 0.12
85 1.070 1.068 0.13
90 1.019 1.017 0.15

Ancient = — = New
1,14
TN

1,12
. / N\

~1,08

% 1,06 / \

1,04

1:02 / \

fok (MPa)

Fig. 5 New and old form of the function a(fx)

replace p % by 0.777 p.
4.2 Effect of yield strength of steel f

Concerning the yield strength of steel, the -earlier
formula uses an exponent equal to -2.268, in the Table 2 we
tried to adjust this exponent to -2.

From this Table, it can be noticed that the average of the
ratios (f,2%%%/ f,i'?) is equal to 0.190 and the error calculated
between £x%*® and 0.190 f4? does not exceed 5.8%.
Consequently, we can replace f;x22% by 0.190 f2.

4.3 Effect of concrete strength f
The function which represents the effect of the concrete

strength fox on the curvature ductility a(fs) given by the
following relation

af fy )=-0.0003f, 2 +0.0424f, —0.367 (24)

The function a(f:x) can also be written as follows

o o ) =-0.0003|f® — 141,33, +1223.33) (25)
Or
a( Ty ) =~-0.0003(fy —9.25) fy —132)  (26)

Table 3 summarizes the errors calculated between the
earlier and the new form of the function a(f.) given in Eq.
(24) and Eq. (26). It can be seen that these errors do not
exceed 0.15%, where it exists a coincidence between the
two forms as shown in Fig. 5.

4.4 Final formula

The earlier formula is given in Eq. (5) as follows

132997.261
Ho =

X
—0.0003 f, % +0.0476 f,, —0.367 }
(27)

pF 1.1 p 7 -2.268 -0.93
36p(L-2)-= (-0t
( p(p 5) 3(p 2)} P

Replacing: the function a(f:x) by its new form, the factor
of the yield strength of steel £,+>2% by 0,190 £, and the
factor of tension steel ratio p%% by 0.777p! in Eq. (10), we
obtain the following formula

132997.26{36,0( pF.ly Ler -7)]
p 2 3 p 2

—0.0003(fy —9.25) fy —132) " (28)

Hy =

(0.290f, 2 Jo.777 o)

The final form of the curvature ductility factor is
obtained as follows

_6.53x107 PPyl p T
6.53x10 [36,0(/) 5) 3(,0 2)) L

(fo—9.25)(fo —132)F 2

Hy=

5. Comparison between the new formula and the
numerical results

The new formula given in Eq. (29) must be compared
firstly with the earlier formula Eq. (5). The mean values
(MV) and standard deviations (SD) of 540 ratios calculated
between these two formulas are presented in Table 4. From
this table, we can see that:

* The mean values (MV) of the ratios Eq. (5)/Eq. (29)
are between 0.95 and 1.06;

* The standard deviations (SD) of the ratios Eq. (5) /Eq.
(29) are always equal to 0.04.

As a conclusion, we can say that the new formula is
in good agreement with the earlier formula.

In the second station, the new formula Eq. (29) has been
compared with the numerical results of the method
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Table 4 Comparison between the new and the earlier
formula

fi p/p=0.25 pp=05 p/p=0.75 pp=1
MPa) My SD MV SD MV SD MV SD
400 106 004 106 004 106 004 106 0.04
500 099 004 099 004 099 004 099 0.04
600 095 004 095 004 095 004 095 004

Table 5 Comparison between the new formula and the EC2
method

fi p/p=0.25 pp=05 p/p=0.75 pp=1
(MPa) My SD MV SD MV SD MV SD
400 095 005 094 004 095 005 098 0.05
500 1.04 008 096 002 093 003 093 003
600 1.13 0.1 101 004 094 002 091 003

Table 6 Comparison between the new formula and the
formula of Lee (2013a) Eq. (4)

fok pp=0.25 p/p=0.5 p/p=0.75 pp=1
MP)) My SD MV SD MV SD MV SD
400 106 011 107 010 110 010 L4 009
500 106 008 102 007 101 007 101 007
600 109 008 103 005 098 005 096  0.05

Table 7 Comparison between the new formula Eq. (29) and
the experimental results of Maghsoudi and Bengar (2006),
Maghsoudi and Sharifi (2009)

Curvature ductility factor u ,

Ne  fa d d p p' Pl fu

Beam (MPa) (mm) (mm) (%) (%) (MPa) Exprecrsilrlrlltesnta] ACI CSA folj;\:lila
1 73.65 256 40 4.103 2.0515 0.5 400 433 2.75 3.51 2.65
2 66.81 266 40 4.773 2.3865 0.5 400 - 2.07 2.65 2.28
3 77.72 258 42 5851 29255 0.5 400 3.38 1.76 2.18 1.88
4 5631 254 42 0.61 0.61 1 400 11.84 9.89 1191 17.72
5 7298 256 40 4.81 0.61 0.13 400 32 1.84 229 1.08
6 6348 250 47 125 0.61 0.488 400 6.84 6.68 8.13 877
7 7342 256 40 481 123 026 400 3.29 2.15 272 149
8 6321 251 42 203 1.01 04975 400 5.75 5.53 687 5.41
9 7298 256 40 481 241 0.5 400 433 2.77 3.52  2.26
10 7145 250 47 251 124 0494 400 5.6 475 5.87 430

presented in section 2. The mean values (MV) and standard
deviations (SD) of 600 ratios Eq. (29)/ g numerique are
presented in Table 5. The results of this table showed that:

* The mean values of the ratios Eq. (29)/u, numerique are
between 0.91 and 1.13;

 The standard deviations of the
(29)/tig, numerique are between 0.02 and 0.11.

This conclusion shows that there is a good agreement
between the new formula and the numerical results of the
Eurocode 2.

In the last station, the new formula Eq. (29) has been
compared with the formula of Lee (2013a) Eq. (4). The

ratios Eq.

‘ ——New formula ——Expirimental results —=— Theoretical (ACI)
20

Theoretical (CSA)

18

s \

\
. N ~
N

& N

2 \\g‘\‘

.
50 60 70 80
fox (MPa)

Fig. 6 Comparison between of the new formula Eq. (29)
and experimental results

mean values and standard deviations of 600 ratios
calculated between these two formulas are presented in
Table 6. From this table, we can be noticed that:

* The mean values of the ratios Eq. (29)/Eq. (4) are
between 0.96 and 1.14;

* The standard deviations of the ratios Eq. (29)/Eq. (4)
are between 0.05 and 0.11.

These remarks show that there is reliability between the
new formula and the prediction of Lee (2013a).

6. Comparison between the proposed formula
and experimental results

In the same context, Table 7 that found above presents a
comparison between the results obtained experimentally by
Maghsoudi and Bengar (2006) and Maghsoudi and Sharifi
(2009) and the results obtained by the new formula. From
this table, it can be noticed that the results of the new
formula are close to the experimental results, as well as
with theoretical results of the ACI and CSA codes. Fig. 6
confirms this convergence, where there is a harmonization
between the results of the new formula and the
experimental results when concrete strength is above 55
MPa.

7. Conclusions

This paper presents an adjustment of the formula
proposed by Bouzid and Kassoul (2016). The new formula
given in Eq. (29) is simpler than the previous formula
shown in Eq. (5) with less length and adjusted exponents.
The comparison between the new and the earlier formula
has shown a good agreement between these two
expressions. Furthermore, the new formula is validated by
the Eurocode 2 numerical results and other numerical and
experimental results.

As the earlier expression given in Eq. (5), the new
formula regroups all parameters that can affect the
curvature ductility of unconfined HSC beams. This formula
is applicable for beams having a concrete strength fx from
50 up to 90 MPa, yield strength of steel fx from 400 to 600
MPa, a percentage of tension reinforcement 1 < p < 5% and
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a ratio of compression reinforcement p' from 0.25p up to p.

References

ACI 318 (2011), Building Code Requirements for Structural
Concrete and commentary (ACI 318R-14), American Concrete
Institute; Farmington Hills, M1, U.S.A.

ACI 318 (2014), Building Code Requirements for Structural
Concrete (ACI 318-14) and Commentary (ACI 318R-14),
American Concrete Institute, Farmington Hills, MI, U.S.A.

Arslan, G. and Ercan, C. (2010), “Curvature ductility prediction of
reinforced high strength concrete beam sections”, J. Civil Eng.
Manage., 16(4), 462-470.

AS 3600 (2009), Australian Concrete Structures Standard,
Standards Australia, Sydney, Australia.

Baji, H., Ronagh, H.R. and Melchers, R.E. (2016), “Reliability of
ductility requirements in concrete design codes”, Struct. Safety,
62, 76-87.

Baji, H. and Ronagh, H.R. (2015), “Probabilistic models for
curvature ductility and moment redistribution of RC beams”,
Comput. Concrete, 16(2), 191-207.

Barker, M.R. and Puckett, A.L. (2013), Design of Highway Bridges
an LRFD Approach, John Wiley & Sons, Inc, Hoboken, New
Jersey, U.S.A.

Bouzid, H. and Kassoul, A. (2016), “Curvature ductility of high
strength concrete beams according to Eurocode 27, Struct. Eng.
Mech., 58(1), 1-19.

CSA-A23.3 (2004), Design of Concrete Structures for Building,
Canadian Standards Association, Ontario, Canada.

EN 1992-1-1 (2004), Design of Concrete Structures-Part 1-1:
General Rules and Rules for Buildings, European Committee
for Standardization, Brussels, Belgium.

EN 1998-1 (2003), Design of Structures for Earthquake
Resistance Part 1: General Rules, Seismic Actions and Rules for
Buildings, European Committee for Standardization, Brussels,
Belgium.

Fb Model Code (2010), First Completed Draft, Fédération
International du Béton, Lausanne, Switzerland.

Ho, J.CM., Lam, J.Y.K. and Kwan, A.K.H. (2012), “Flexural
ductility and deformability of concrete beams incorporating
high-performance materials”, Struct. Des. Tall Spec. Build.,
21(2), 114-132.

Hong, G.H. (2011), “Flexural performance evaluation of
reinforced concrete beams with high-strength concrete and
reinforcing bars”, J. Archit Inst. Kor., 27(6), 49-56.

Jang, LY., Park, H.G., Kim, S.S., Kim, J.H. and Kim, Y.G. (2008),
“On the ductility of high-strength concrete beams”, Int. J.
Concrete Struct. Mater., 2(2), 115-122.

Lee, H.J. (2013a), “Predictions of curvature ductility factor of
reinforced concrete beam sections used high strength concrete
and steel”, J. Kor. Soc. Civil Eng., 33(2), 483-493.

Lee, H.J. (2013b), “Evaluation on moment-curvature relations and
curvature ductility factor of reinforced concrete beams with
high strength materials”, J. Kor. Concrete Inst., 25(3), 283-294.

Maghsoudi, A.A. and Bengar, H.A. (2006), “Flexural ductility of
HSC members”, Struct. Eng. Mech., 24(2), 195-212.

Maghsoudi, A.A. and Sharifi, Y. (2009), “Ductility of high
strength concrete heavily steel reinforced memb”, Sci. Iran.
Trans. A Civil Eng., 16(4), 297-307.

Mohammad, M., Suhatril, M., Shariati, M. and Ghanbari, F.
(2013), “Ductility and strength assessment of hsc beams with
varying of tensile reinforcement ratios”, Struct. Eng. Mech.,
48(6), 833-848.

NZS 3101 (2006), Concrete Structures Standard-Partl-The
Design of Concrete Structures, Standards New Zealand, New
Zealand.

Park, R. and Ruitong, D. (1988), “Ductility of doubly reinforced
beam sections”, ACI Struct. J., 85-S24.

Rashid, M.A. and Mansur, M.A. (2005), “Reinforced high-
strength concrete beams in flexure”, ACI Struct. J., 102(3), 462-
471.

Shohana, 1., Maina, K. and Noor, M.A. (2012), “Beam ductility
experiment using 500 grade steel”, Int. J. Sci. Eng. Inves., 1(1),
1-6.

cc





