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Abstract. The flexural ductility of solid rectangular reinforced concrete beams has been studied quite
extensively. However, many reinforced concrete beams are neither solid nor rectangular; examples include
T-, -, M- and box-shaped beams. There have been few studies on the flexura ductility of non-
rectangular reinforced concrete beams and as a result little is known about the possible effect of sectional
shape on flexura ductility. Herein, the effect of sectiona shape on the post-peak flexural behaviour of
reinforced norma and high-strength concrete beams has been studied using a newly developed andysis
method that employs the actual stress-strain curves of the constitutive materials and takes into account the
stress-path dependence of the stress-strain curve of the steel reinforcement. It was revealed that the
sectional shape could have significant effect on the flexural ductility of a concrete beam and that the
flexura ductility of a T-, I'-, - or box-shaped beam is generally lower than that of a solid rectangular
beam with the same overal dimensions and the same amount of reinforcement provided. Based on the
numerical results obtained, a simple method of ensuring the provision of a certain minimum level of
flexural ductility to non-rectangular concrete beams has been developed.
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1. Introduction

The simplest sectional shape of a reinforced concrete beam is a solid rectangular section. A solid
rectangular concrete beam requires only ssimple formwork for casting and usually has good al round
structural performance in terms of not just flexural strength, but also shear strength, torsiona
rigidity, lateral stability and robustness. However, the structural efficiency of a solid rectangular
concrete beam is relatively low, especially when the beam design is governed by flexura strength.
This is because when the beam is subjected to flexural loading, the concrete near the neutral axis
contributes little to flexural strength. That is why for a long span beam, in which case the flexura
strength requirement is most critical, a non-rectangular sectional shape, such as T-, I'-, I1- or box, is
usualy adopted. As most of the concrete is located at the extreme compressive end rather than near
the neutra axis of the beam section, a T-, I'-, - or box-shaped beam is in genera structuraly
more efficient than a solid rectangular beam.

It should nevertheless be noted that such optimisation of the sectiona shape of a concrete beam
for maximum flexura strength could lead to lower performance in the other structural aspects such
as shear strength, torsiond rigidity, lateral stability and robustness. More care is generaly needed in
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the design of a non-rectangular concrete beam. However, there is one particular structural aspect
that has often been overlooked: flexural ductility. A non-rectangular concrete beam might have a
similar flexura strength compared to that of a solid rectangular concrete beam with the same
overal dimensions and the same amount of steel reinforcement provided, but it could also have a
significantly lower flexural ductility. Whether the lower flexural ductility of the non-rectangular
concrete beam would cause any structural safety problem requires careful checking, but it seems
that most engineers are ignoring this, probably due to the numerica difficulties involved in the
evaluation of the flexural ductility of a non-rectangular concrete beam.

Although it is well known that both strength and ductility are important for structural safety and
that in the flexura design of a reinforced concrete beam it is necessary to provide a certain
minimum level of flexura ductility to avoid brittle failure, relatively little attention has been paid to
the flexural ductility design of reinforced concrete beams. It was only until recent years when high-
strength concrete, which is generdly more brittle than normal concrete, gradually became more
commonly used that some engineers started to pay more attention to the flexural ductility of
reinforced concrete beams, especidly those made of high-strength concrete (Carreira and Chu 1986,
Skeikh and Yeh 1992, Samra, et al. 1996, Pam, et al. 2001a). However, the evduation of the
flexura ductility of a concrete beam is rather difficult. Whilst the flexural strength of a concrete
beam can be determined quite easily using the ordinary beam bending theory, it is not possible to
evaluate the flexural ductility using any smple method. To evauate the flexural ductility of a
concrete beam, a complete moment-curvature analysis extended well into the post-peak range is
needed. Such kind of analysis is highly nonlinear and involves stress-path dependence of the
congtitutive materials during strain reversal at the post-pesk stage (Pam, et al. 2001b, Ho, et al.
2003). The complexities involved may help to explain why flexural ductility analysis is seldom
carried out and most engineers choose to ignore the problem.

The author’s research team has recently developed a new method of moment-curvature anaysis
that takes into account the actua stress-strain curves and stress-path dependence of the constitutive
materials and can be applied to analysis at the post-peak stage to produce the complete moment-
curvature curve for ductility evaluation (Pam, et al. 2001b, Ho, et al. 2003). Using this newly
developed method of analysis, the effects of various structural parameters including the concrete
grade, the compression and tension steel yidd strengths and the compression and tension steel area
ratios on the flexural ductility of reinforced concrete beams have been quite thoroughly studied
(Pam, et al. 2001b, Ho, et al. 2003, Kwan, et al. 2004). Based on the numerical results obtained,
new design methods for “concurrent flexural strength and ductility design” and “minimum ductility
design” of reinforced high-strength concrete beams have been developed (Kwan, et al. 2002, Ho, et
al. 2004). However, the previous studies have been limited to solid rectangular concrete beams and
consequently the design methods developed based on these studies are applicable only to solid
rectangular beams.

In the present study, the afore-mentioned analysis method has been expanded to cope with non-
rectangular beam sections. Using the expanded analysis method, the nonlinear flexural behaviour
and flexura ductility of T-, I'-, M- and box-shaped beams cast of normal or high-strength concrete
have been analysed. By varying the shape parameters of the beam sections analysed, the effect of
sectional shape on the flexura ductility of non-rectangular high-strength concrete beams has been
studied and a minimum ductility design method for non-rectangular concrete beams devel oped.
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2. Method of analysis

The constitutive model for unconfined concrete developed by Attard and Setunge (1996), which
has been shown to be applicable to a broad range of concrete strength from 20 to 130 MPg, is
adopted in the moment-curvature analysis. The stress-strain curve of the constitutive model is given

by:
_ Ky(&/ £0) + Ko(E/ £co)”
1+ (Ky—2)(&/ €6) + (Kp + 1)(£/ £c0)’
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in which g, and &, are the compressive stress and strain at any point on the stress-strain curve, f
and &, are the compressive stress and strain at the peak of the stress-strain curve, and K, and K, are
coefficients dependent on the concrete grade. It should be noted that f, is actualy the in-situ
uniaxial compressive strength, which may be estimated from the cylinder or cube compressive
strength using appropriate conversion factors. Fig. 1(a) shows some typical stress-strain curves so
derived.

For the steel reinforcement, a linearly elastic-perfectly plastic stress-strain curve is adopted. Since
there could be strain reversal in the stedl reinforcement at the post-pesk stage despite monotonic
increase of curvature (Pam, et al. 2001b, Ho, et al. 2003), the stress-strain curve of the stedl is
stress-path dependent. It is assumed that when strain reversal occurs, the unloading path of the
stress-strain curve is linear and has the same slope as the initial eastic portion of the stress-strain
curve. Fig. 1(b) shows the resulting stress-strain curve of the sted reinforcement.

Only three other basic assumptions have been made in the analysis. (1) plane sections before
bending remain plane after bending, (2) the tensile strength of concrete is negligible, and (3) there is
no bond-dip between concrete and steel. These assumptions are widely accepted in the literature
(Park and Paulay 1975). The moment-curvature behaviour of the beam section is anaysed by
applying prescribed curvatures to the beam section incrementally starting from zero. At a prescribed
curvature, the strain profile in the section is first evauated based on the above assumptions. From
the strain profile so obtained, the stresses developed in the congtitutive materials are determined
from their respective stress-strain curves. The stresses developed have to satisfy the axia
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Fig. 1 Stress-strain curves of concrete and steel reinforcement
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equilibrium condition, from which the neutra axis depth is evaluated by iteration. Having
determined the neutral axis depth, the resisting moment is calculated from the moment equilibrium
condition. The above procedure is repeated until the curvature is large enough for the resisting
moment to increase to the peak and then decrease to lower than 50% of the peak moment.

The method of analysis applied to non-rectangular sections and that applied to solid rectangular
sections are basicaly the same. T-, ', M- and box-shaped sections are analysed as equivalent T-
shaped sections, as shown in Fig. 2. In the equivalent T-shaped section, the flange breadth B is
taken as the total breadth of the section, the web breadth B,, is taken as the total breadth of the
web(s), the flange depth Ds is taken as the depth of the flange subjected to compression, and the
web depth D is taken as the effective depth of the section (the distance between the tension
reinforcement and the extreme concrete compression fibre). The equivalent T-shaped section is
provided with tension reinforcement of sectional area Ay and compression reinforcement of
sectional area A at depths of D and D, respectively below the extreme concrete compression fibre.
It is noteworthy that L- and inverted T-shaped sections subjected to hogging moment may aso be
analysed as equivaent T-shaped sections subjected to sagging moment. The mathematical equations
involved and the numerical techniques employed in the analysis are explained in the following.
When the curvature of the beam section is increased to ¢, the strain developed is given by:

£= (x )

where X is the distance from the neutral axis. Therefore, the compressive strain &, a the extreme
concrete compression fibre, the compressive strain & in the compression reinforcement and the
tensile strain &4 in the tension reinforcement can be respectively written as.
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Fig. 2 Analysis of T-, -, I'- and box-shaped sections
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in which d, is the neutral axis depth. The corresponding stresses o, 0« and oy developed in the
concrete, compression reinforcement and tension reinforcement can then be evaluated from the
respective stress-strain curves of the materials.

The stresses developed in the beam section must satisfy the conditions of axia equilibrium and
moment equilibrium. Axia equilibrium leads to

dn
P = [ 'obdx+ Y Acoi— 5 Aly (4)

where P is the applied axia load (compressive force taken as positive) and b is the width of the
section a x from the neutral axis. On the other hand, moment equilibrium leads to

d,
M = IO acbXdX + ZAscasc(dn - Dl) + ZAstht(D _dn) (5)

where M is the resisting moment (sagging moment taken as positive).

Because of the variable width of the non-rectangular beam section, a more sophisticated numerical
integration technique has to be used when integrating over the concrete section to determine the
axial force and the resisting moment contributed by the stresses developed in the concrete. In the
present study, Romberg integration (Gerald and Wheatley 1999), which can significantly improve
the accuracy of the simple trapezoida rule when the integrand is known at equispaced intervals, has
been adopted. The non-rectangular section is first divided into trapezoidal components, each having
its width b varying as a linear function of the distance from neutral axis x. An initial estimate of the
integral is obtained by the trapezoidal rule using equispaced intervals of h. By having the interval h
and reapplying the trapezoida rule, one may then take advantage of the property that the error of
integration is of the order of the second power of the interval, i.e., O(h?), to obtain a more accurate
estimate of the integral. Assuming that the error O(h?) is proportiona to h? (error = C h?), a better
estimate of the integral of O(h? accuracy may be obtained by solving for the unknown constant C
from the previous two estimates of the integral. This process can be continued by further halving
the interval h until the desired accuracy is achieved.

The axia equilibrium condition as shown in Eq. (4) can be used to determine the neutral axis
depth d,. Normally, given a specified curvature @ and a trial value of neutral axis depth d,, the
equilibrium condition is not immediately satisfied and there is an unbalanced axia force R Since
the relation between the unbalanced axial force R and the neutral axis depth d, is nonlinear, an
iterative scheme is required to determine the value of d, which will give a zero value of R. The
scheme adopted here is the modified linear interpolation method (Gerald and Wheatley 1999).
Before the iterations, an initial pair of tria values of d, are chosen so that their values of
unbalanced axial force R are of opposite sign. Let the neutral axis depth and the unbalanced axial
force at the (i-1)th iteration be d, " and R~ respectively and those at the (i)th iteration be d,, and
R respectively. The value of d,"* for the (i+1)th iteration, which is expected to give a smaller
unbalanced axia force, is evaluated as:

i+1 i R i i-1
dn = d“_Ri_Ri—l(d“_d“ ) (6)
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Unless the unbalanced axial force R ** for the (i+1)th iteration is sufficiently small, the pair of
trial values of d, have to be updated. One of the trial values of d, with an unbalanced axia force R
having the same sign as R ** will be replaced by d,"* with the unbalanced axial force R **. The
other trid value will have the value of d, retained but the unbalanced axial force R reduced by half,
as illustrated in Fig. 3. The strategy of aways using a pair of trial values of d,, with values of R of
opposite sign to continue with the iteration so that the iteration proceeds by interpolation is to avoid
infinite loops in computation around local minima/maxima. As opposed to the case of a rectangular
section, the relation between the unbalanced force R and the neutrd axis depth d, for a non-
rectangular section often has kinks around locations of abrupt change in breadth, leading to local
minima/maxima. As extrapolation from trial points near a loca minimum/maximum could lead to
infinite looping, it is essential that the iteration scheme rely on interpolations rather than
extrapolations. The strategy of halving the unbalanced force R of the retained tria vaue of d, is to
speed up the rate of convergence. Both strategies are suggested by Gerald and Wheatley (1999).

3. Flexural behaviour of non-rectangular sections
3.1. Sections analysed

For the sake of comparing the flexural behaviour of a non-rectangular beam section to that of a
rectangular beam section with the same overall dimensions, two beam sections, one rectangular and
one non-rectangular (a T-shaped section), have been analysed. The two beam sections analysed,
shown in Fig. 4, have the same overal dimensions of B = 1000 mm and D = 1500 mm. For the T-
shaped section, the web breadth and flange depth are given by B,,=400mm and D;= 300 mm
respectively. No compression reinforcement is provided. Two separate cases with different amounts
of tension reinforcement provided have been considered. In Case 1, the amount of tension
reinforcement Aq provided in each section is 30,000 mm?, while in Case 2, the amount of tension
reinforcement Ay provided in each section is 75,000 mm?. For a preliminary study, the in-situ
concrete compressive strength fg, is fixed at 50 MPa while the tension steel yield strength fy; is fixed
a 460 MPa. Regarding the Young's modulus of the steel reinforcement, it is assumed to have a
constant value of Es= 200 GPa

{a} Iterations without halving {b} lterations with halving
Fig. 3 Modified linear interpolation method
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3.2. Complete moment-curvature curves
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The complete moment-curvature curves obtained for Case 1 and Case 2 are shown in Fig. 5(a)
and Fig. 5(b) respectively. In Case 1, it is seen that the rectangular section and the T-shaped section,
each provided with the same amount of tension reinforcement, have similar peak resisting moments.
They both fail in tension (i.e., the tension reinforcement yields before the concrete fails). Thus, both
the rectangular section and the T-shaped section are under-reinforced. That is why both these two
sections fail in a ductile manner, as evidenced by the presence of aflat yield plateau in each of their
moment-curvature curves. Nevertheless, it is obvious that the flexural ductility of the T-shaped
section is significantly lower than that of the rectangular section. On the other hand, in Case 2, the
rectangular section and the T-shaped section, though each provided with the same amount of
tension reinforcement, have somewhat different peak resisting moments. Relatively, the peak
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resisting moment of the T-shaped section is lower than that of the rectangular section. They both
fail in compression (i.e., the tension reinforcement remains unyielded even when the concrete has
failed completely). Thus, both the rectangular section and the T-shaped section are over-reinforced.
As a result, they both fail in a brittle manner, as evidenced by the absence of any yield plateau in
their moment-curvature curves. Again, it appears that the flexura ductility of the T-shaped section
is significantly lower than that of the rectangular section.

3.3. Neutral axis depth and strain in tension reinforcement

The variations of the neutra axis depth and the strain in the tension reinforcement with the
applied curvature in Case 1 and Case 2 are shown in Fig. 6(a) and Fig. 6(b) respectively. In Case 1
(under-reinforced sections), the neutral axis depths of the rectangular section and the T-shaped
section remain more or less constant until the two sections reach their respective peak resisting
moments. When the two sections have reached their respective peak resisting moments, the neutral
axis depths start to decrease. Then, in each section, at a certain point within the post-peak stage, the
neutral axis depth starts to increase. In the T-shaped section, the neutral axis depth starts to increase
at an earlier time and once it starts to increase it increases at a faster rate than in the rectangular
section. Conseguently, in the T-shaped section, the strain reversal of the tension reinforcement
happens at an earlier time and once strain reversal happens the strain of the tension reinforcement
drops more quickly than in the rectangular section. This explains why the T-shaped section has a
significantly lower flexural ductility than that of the rectangular section. In Case 2 (over-reinforced
sections), the neutral axis depths of the rectangular section and the T-shaped section remain more or
less constant until the respective peak resisting moments are reached but thereafter start to increase.
As before, the neutral axis depth of the T-shaped section starts to increase a an earlier time and
once it starts to increase it increases at a faster rate than in the rectangular section. Because of this,
in the T-shaped section, strain reversal of the tension reinforcement happens earlier and the strain of
the tension reinforcement drops more quickly than in the rectangular section leading to a significantly
lower flexura ductility of the T-shaped section compared to that of the rectangular section.
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4. Flexural ductility of non-rectangular sections
4.1. Flexural ductility evaluation

The flexural ductility of the beam section may be evaluated in terms of a curvature ductility factor
U defined by:

H=@l @ (7)

where ¢, and ¢, are the ultimate curvature and yield curvature respectively. The ultimate curvature
@, is taken as the curvature of the beam section when the resisting moment of the beam section has,
after reaching the peak value of M, dropped to 0.8 M,. On the other hand, the yield curvature ¢, is
taken as the curvature at the hypothetical yield point of an equivaent linearly elastic-perfectly
plastic system with an elastic stiffness equal to the secant stiffness of the section at 0.75 M, and a
yield moment equal to M,.

4.2. Flexural ductility of rectangular and non-rectangular sections

When comparing the flexural ductility of a non-rectangular section to that of a rectangular section
with the same overal dimensions, it is necessary to take into account aso the other structural
parameters such as the concrete grade and the amount of tension reinforcement provided because
the flexural ductility varies significantly with these parameters. The two beam sections shown in
Fig. 4 are reanalysed using different values of f,, and Aq. To study the effect of the concrete grade,
foo is set equal to 30, 50 or 70 MPa. To study the effect of the amount of tension reinforcement
provided, A4 is varied from 15,000 to 75,000 mm? Fig. 7 shows the variation of the curvature
ductility factor u with the tension steel area A4 for the two beam sections analysed at different
concrete grades.
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Fig. 7 Variation of curvature ductility factor p with tension steel area Ayq
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It can be seen from the results for f,=50 MPa that the flexural ductility of a beam section,
regardless of whether the section is rectangular or non-rectangular, decreases as the tension sted
area increases. For the rectangular section, the value of u decreases from 13.1 to 1.7 when the
tension steel area increases from 15,000 mm? to 70,000 mm? and then remains at around 1.7 when
the tension sted area further increases. For the T-shaped section, the value of u decreases from 11.7
to 1.5 when the tension sted area increases from 15,000 mm? to 50,000 mm? and then remains at
around 1.5 when the tension steel area further increases. In genera, at the same concrete grade and
the same tension steel area, the flexural ductility of a T-shaped section is lower than that of a
rectangular section with the same overall dimensions.

It is dso evident from the figure that the concrete grade has significant effect on the flexura
ductility. In both the cases of rectangular and T-shaped sections, the flexural ductility increases
dightly with the concrete grade, abeit a higher grade concrete should be less ductile. This is
because when a higher grade concrete is used, the tension reinforcement tends to yield at an earlier
time leading to a dightly longer yield plateau in the moment-curvature curve. This may aso be
explained by looking at the degree of the beam section being under- or over-reinforced. The balance
steel area Aqpo IS larger when the concrete grade is higher. Thus, relatively, at the same tension stedl
area A4, the tension to balanced sted ratio (the ratio Aq/Agno) IS Smaller when a higher grade
concrete is used. The tension to balanced steel ratio may be interpreted as a measure of the degree
of the beam section being under/over-reinforced. When the tension to balanced stedl ratio is smaller,
the degree of the beam section being under-reinforced is higher and the degree of the beam section
being over-reinforced is lower. Therefore, at the same tension sted area, the degree of the beam
section being under-reinforced increases with the concrete grade and as a result the flexural ductility
increases dightly with the concrete grade.

4.3. Variation of flexural ductility with tension to balanced steel ratio

From the above, it is obvious that one major structural parameter determining the flexural ductility
is the tension to balanced stedl ratio, which is denoted hereafter by A(A=Ag/Aspo). Fig. 8 shows the
variation of the curvature ductility factor u with the tension to balanced steel ratio A for the two
beam sections analysed at different concrete grades. It is seen that regardless of the concrete grade
and the shape of the beam section, u decreases as A increases and then remains roughly constant
when A > 1.0. At the same concrete grade and the same tension to balanced stedl ratio, the u-value
of the T-shaped section is dightly higher than that of the rectangular section when A < 0.6 (i.e,
when the sections are lightly reinforced) and the p-value of the T-shaped section is dightly lower
than that of the rectangular section when A > 0.8 (i.e., when the sections are heavily reinforced).
Nevertheless, the difference in the p-values of the rectangular and T-shaped sections at the same
tension to balanced stedl ratio is much smaller than the difference in the p-values of the rectangular
and T-shaped sections at the same tension steel area. Hence, it may be said that the single most
important structural parameter determining the flexura ductility of a beam section is the tension to
balanced steel ratio A. Relatively, the change of sectional shape from rectangular to T-shape has
only secondary effect on the flexura ductility; it affects the flexural ductility mainly by reducing the
balanced sted area of the beam section and thus at a given tension steel area, a T-shaped section
would have a higher tension to balanced stedl ratio and a lower flexural ductility.

Fig. 8 aso better reveals the effect of concrete grade on flexura ductility than Fig. 7. From Fig.
8, it can be seen that regardless of the shape of the beam section, at the same tension to balanced
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Fig. 8 Variation of curvature ductility factor ¢ with tension to balanced stedl ratio A

steel ratio (i.e, the same degree of the beam section being under/over-reinforced), the flexural
ductility of the beam section decreases as the concrete grade increases. This is in line with the fact
that a higher grade concrete is generaly less ductile. Nevertheless, the concrete grade has only
secondary effect on flexural ductility. The effect of the tension to balanced sted ratio far outweighs
the effect of the concrete grade and that is why at a fixed tension sted area, the flexural ductility
actually increases with the concrete grade.

5. Effect of sectional shape on flexural ductility

5.1. Parametric study

In order to study the effect of sectional shape on flexural ductility, a number of beam sections
with different B,/B and D¢/D ratios have been analysed by using the method developed herein. All
together, 16 T-shaped sections with B,/B and Dy/D ratios ranging from 0.1 to 0.4 and one
rectangular section with the same overall dimensions have been analysed. The 16 T-shaped sections
are numbered from T-1 to T-16 while the rectangular section is named as RECT, as listed in Table
1. All the beam sections analysed have overall dimensions of B=1000 mm and D=1500 mm. For
each beam section, the concrete strength f, is set equal to 30, 50 or 70 MPa and the tension to

Table 1 Beam sections analysed in the parametric study

D/D
B./B 0.1 0.2 0.3 04 1.0
0.1 T-1 T2 T-3 T-4 -
0.2 T-5 T-6 T-7 T-8 -
0.3 T-9 T-10 T-1 T-12 -
0.4 T-13 T-14 T-15 T-16 -

1.0 - - - - RECT
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balanced sted ratio A is varied from 0.1 to 1.2. However, to reduce the number of variables, the
tension steel yield strength fy; is fixed at 460 MPa.

5.2. Effect of flange depth

To illugtrate the effect of flange depth, the p-values of T-shaped sections with D¢/D ratios ranging
from 0.1 to 0.4 and B,/B ratios set equa to a fixed value are plotted against the corresponding A-
values in Fig. 9. From the curves plotted in Fig. 9(a) and Fig. 9(b) for sections with B,/B=0.1 and
0.3 respectively, it can be seen that the effect of the D¢#/D ratio on the flexural ductility is dependent
on the value of A. Basicaly, when A is small, a smaller flange depth or D¢/D ratio would lead to a
higher flexural ductility. However, it should be noted that a smaller flange depth would lead to a
smaller balanced sted area and, for a given tension sted area, a higher value of A. Hence, at the
same tension steel area, a smaller flange depth would till result in a lower flexura ductility.
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Fig. 10 Effect of web breadth on flexural ductility
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5.3. Effect of web breadth

To illustrate the effect of web breadth, the p-values of T-shaped sections with B,/B ratios ranging
from 0.1 to 0.4 and Dy/D ratios set equa to a fixed value are plotted against the corresponding A-
values in Fig. 10. From the curves plotted in Fig. 10(a) and Fig. 10(b) for sections with D¢/D=0.1
and 0.3 respectively, it can be seen that the B,/B ratio has relatively larger effect on the flexural
ductility when D¢/D is small, especidly if at the same time the value of A is small. In general, when
A is smadll, a smaller web breadth or B,/B ratio would lead to a higher flexural ductility. However, it
should aso be noted that a smaller web breadth would lead to a smaller balanced steel area and, for
a given tension steel area, a higher value of A. Hence, at the same tension steel area, a smaller web
breadth would still result in a lower flexura ductility.

5.4. Minimum ductility design of non-rectangular beams

To ensure the provision of a certain minimum level of flexural ductility, it is a common practice
to set a maximum limit to the tension sted ratio of the beam section to be designed. In the
American Code ACI 318, the tension stedl ratio is limited to be not more than 0.75 of the balanced
steel ratio, while in the British Standard BS 8110, the tension stedl ratio is limited to be not more
than that leading to a neutral axis depth equal to 0.5 of the effective depth. These two codes have
been in use for a long time and presumably are applicable mainly to norma concrete beams rather
than high-strength concrete beams. It has been shown that for beams cast of normal concrete with
fx=30 MPa, ACI 318 would yield a minimum curvature ductility factor u of 3.32 whereas BS 8110
would yield a minimum curvature ductility factor u of 3.22 (Ho, et al. 2004). Herein, it is suggested
to impose the minimum curvature ductility factor to be achieved for al beams, including
rectangular and non-rectangular, normal and high-strength concrete beams, as 3.32 in order to

Table 2 Maximum tension to balanced steel ratios for u = 3.32 ( f,,=30 MPa)

Dy/D
B./B 01 0.2 0.3 0.4 10
01 0.81 0.79 0.77 0.75 -
0.2 0.79 0.77 0.75 0.73 -
0.3 0.77 0.75 0.74 0.72 -
0.4 0.75 0.73 0.72 0.72 -
10 - - - - 0.75

Table 3 Maximum tension to balanced stedl ratios for = 3.32 ( f,, = 50 MPa)

Dy/D
Bw/B 0.1 0.2 0.3 04 1.0
0.1 0.75 0.72 0.69 0.66 -
0.2 0.72 0.69 0.66 0.64 -
0.3 0.69 0.66 0.64 0.62 -
0.4 0.65 0.63 0.62 0.61 -

1.0 - - - - 0.62
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Table 4 Maximum tension to balanced sted ratios for y = 3.32 ( f,, = 70 MPa)

D+/D
B./B 01 0.2 0.3 04 10
0.1 0.72 0.68 0.64 0.60 -
0.2 0.68 0.65 0.61 0.58 -
0.3 0.64 0.61 0.58 0.56 -
0.4 0.60 0.58 0.56 0.54 -
1.0 - - - - 0.55

maintain a consistent minimum level of flexura ductility.

It is considered that the best way to ensure the achievement of the above required minimum
curvature ductility factor is to set a maximum limit to the tension to balanced sted ratio A. From the
parametric study, the maximum vaues of A that would lead to a minimum value of u=3.32 for
beam sections with different shapes and cast of different grades of concrete have been evaluated, as
presented in Tables 2, 3 and 4. These maximum values of A can be used directly for the minimum
ductility design of non-rectangular concrete beams.

It is evident from the results presented in the tables that at the same concrete strength, the
maximum value of A does vary with the B,/B and Dy/D ratios. Nevertheless, in most cases, the
maximum value of A for a non-rectangular beam is somewhat larger than that for a rectangular
beam. It is only when B,/B = 0.4 and D¢/D = 0.4 would the maximum vaue of A become dlightly
smaller than that for a rectangular beam. Hence, for simplicity, in the design of a non-rectangular
beam, provided the balanced sted ratio is evaluated with the sectiona shape taken into account, the
non-rectangular beam may be deemed to have satisfied the minimum flexural ductility requirement
if its tension to balanced sted ratio is not higher than the maximum allowable value of tension to
balanced stedl ratio for a rectangular beam cast of the same concrete.

6. Conclusions

The nonlinear flexurd analysis method previoudy developed by the authors team has been
improved by changing from trapezoidal to Romberg integration and from the use of extrapolation in
the iterations to the use of interpolation to increase its numerical accuracy and stability. Using this
improved analysis method, the post-peak flexural behaviour of non-rectangular beams of various
shapes has been analysed. From the analytical results, the following conclusions may be drawn:

(1) At the same tension steel area, the flexural ductility of a T-, I'-, M- or box-shaped section is
lower than that of a rectangular section with the same overall dimensions.

(2) At the same tension to balanced sted ratio, the flexura ductility of a T-, I'-, - or box-shaped
section is dightly higher than that of the rectangular section when the sections are lightly rein-
forced and dightly lower than that of the rectangular section when the sections are heavily
reinforced.

(3) The main effect of changing from a rectangular section to a T-, I'-, - or box-shaped section is
the significant reduction of the balanced steel area of the beam section. That is why at a given
tension steel area, a T-, -, M- or box-shaped section would have a higher tension to balanced
steel ratio and thus a lower flexural ductility.
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A parametric study on the effect of sectional shape on the flexura ductility of non-rectangular,
normal and high-strength concrete beams has been carried out. Based on the results of the
parametric study, the maximum allowable values of tension to balanced steel ratio that would ensure
the provision of a minimum curvature ductility factor of 3.32 have been evaluated. These maximum
allowable values of tension to balanced steel ratio can be used directly for the minimum ductility
design of non-rectangular, normal and high-strength concrete beams. Nevertheless, for smplicity,
since the maximum allowable value of tension to balanced stedl ratio for a non-rectangular beam is
in most cases larger than that for a rectangular beam, a non-rectangular beam may be deemed to
have satisfied the minimum flexural ductility requirement if its tension to balanced sted ratio is not
higher than the maximum alowable value for a rectangular beam cast of the same concrete.
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Notation

A, Ay  =areas of compression and tension stedl reinforcement respectively
Astpo =balanced sted area

B =breadth of beam section

B, =breadth of the web or total breadth of the webs
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=breadth at x from neutral axis

=effective depth of beam section

=depth of compression flange

=depth of compression reinforcement

=depth of neutral axis

=Young's modulus of sted reinforcement

=in-gitu uniaxial compressive strength of concrete

=yield strength of tension stedl reinforcement

=moment acting on beam section

=peak resisting moment of beam section

=axid load acting on beam section

=unbalanced axial force acting on beam section

=distance from neutral axis

=gtrain in beam section

=drain in concrete

=gtrain a the extreme concrete compression fibre

=gtrain in concrete at peak stress

=gtrains in compression and tension reinforcement respectively
=curvature of beam section

=ultimate and yield curvatures of beam section respectively
=degree of beam section being under/over-reinforced
=curvature ductility factor

=stress developed in concrete

=stresses developed in compression and tension reinforcement respectively
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