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In the design of reinforced concrete beams, the effects of small axial loads (axial load < 10% of axial capacity of

concrete section) are often ignored or at most only nominally allowed for. Moreover, the existing guidelines given in

the various design codes are applicable only to beams cast of normal-strength concrete and designers are left to

themselves to decide what to do when high-strength concrete is used. In this study, the effects of small axial loads

on the flexural strength and ductility of normal- and high-strength concrete beams have been investigated by

complete moment–curvature analysis of beam sections cast of different grades of concrete and subjected to different

levels of axial load. The results revealed that the application of a small axial load has the beneficial effect of

increasing the flexural strength but also the adverse effect of decreasing the flexural ductility. Based on the

numerical results, simple formulae for estimating the effects of small axial loads and guidelines for the design of

normal- and high-strength concrete beams subjected to small axial loads have been developed.

Notation

Asc area of compression steel reinforcement

Ast area of tension steel reinforcement

b breadth of beam section

d effective depth of beam section

d1 depth of compression reinforcement

Es elastic modulus of steel reinforcement

fc in situ uniaxial compressive strength of concrete

fcu cube compressive strength of concrete

fyc yield strength of compression steel

reinforcement

fyt yield strength of tension steel reinforcement

h total depth of beam section

P axial load applied to the geometric centre of

beam section

Pb axial load at balanced failure point

Po axial load giving maximum moment capacity

º degree of reinforcement

ºmax maximum allowable degree of reinforcement

� curvature ductility factor

�min minimum required curvature ductility factor

rb balanced steel ratio of section

rbo balanced steel ratio of section without axial load

and compression steel

rc compression steel ratio (rc ¼ Asc/bd)

rt tension steel ratio (rtAst/bd)

�u ultimate curvature of beam section

� y yield curvature of beam section

Introduction

In the design of reinforced concrete beams, both

flexural strength and ductility need to be considered.

However, many engineers just concentrate on the provi-

sion of sufficient flexural strength to resist the ultimate

loads, without paying much attention to flexural ducti-

lity. This is partly the result of lack of awareness of the

importance of flexural ductility and partly the result of

the difficulty of evaluating the flexural ductility of a

given section or member. To ensure the provision of a

certain minimum level of flexural ductility, most of the

existing design codes impose maximum limits onto the

tension steel ratio either directly or indirectly. For ex-

ample, ACI 318-991 imposes a direct limit to the ten-

sion steel ratio equal to 0.75 times the balance steel

ratio. Later, ACI 318-022 imposes an indirect limit to

the tension steel ratio by requiring the net tensile strain

in the tension steel to be not less than 0.004 when the

concrete fails in compression. On the other hand, AS

3600-19943 restricts the tension steel ratio by requiring

the neutral axis depth to be not greater than 0.4 of the
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effective depth. Similarly, BS 8110:19974 restricts the

tension steel ratio by requiring the neutral axis depth to

be not greater than 0.5 of the effective depth.

As the application of a small axial load to a rein-

forced concrete beam would increase the flexural

strength, it is generally assumed in the design codes

that the effects of any axial load may be safely ne-

glected, provided that the axial load is not too large.

For instance, in ACI 318-99, ACI 318-02 and AS 3600-

1994, the effects of axial load are ignored if the axial

load is not greater than 0:1 f c9 times the gross-sectional

area ( f 9c is the cylinder strength of concrete), while in

BS 8110:1997, the effects of axial load are ignored if

the axial load is less than 0:1 f cu times the gross-sec-

tional area ( f cu is the cube strength of concrete). How-

ever, experimental studies5–7 have shown that the

presence of axial load also has the adverse effect of

causing significant reduction in flexural ductility.

Therefore, in cases where ductility is critical, it may

not be safe to ignore the effects of axial load.

Owing to the increasing height of tall buildings and

span length of bridges, which demand higher-strength

materials to be used, high-strength concrete (HSC) is

gaining popularity in the construction industry. Despite

its frequent use, most of the existing codes still do not

cover HSC. As HSC is generally more brittle, the de-

sign of HSC members as per the existing codes that are

applicable only to normal-strength concrete may result

in an unacceptably low ductility level. The effects of

using HSC on the flexural ductility of reinforced con-

crete members have been studied8,9 and a design meth-

od for ensuring the achievement of a minimum

required ductility level has been developed.10However,

the combined effects of using HSC and application of a

small axial load have not been studied so far. Since

ductility might become critical when HSC is used, it is

questionable whether the effects of a small axial load

could be neglected in the design of a HSC beam.

In the study presented herein, a rigorous parametric

study based on complete moment–curvature analysis

has been carried out to evaluate the flexural strength

and ductility of reinforced concrete beams cast of dif-

ferent grades of concrete and subjected to different

levels of axial load. The aims of the study were to

develop formulae for estimating directly the effects of a

small axial load and to set up guidelines for the design

of HSC beams subjected to small axial loads.

Moment–curvature analysis

In the analysis, the actual stress–strain curves of the

constitutive materials, instead of the simplified stress–

strain curves given in the design codes, are used. For

the concrete, the stress–strain curve model developed

by Attard and Setunge11 and Attard and Stewart12 is

adopted. This model has been shown to be applicable

to both normal- and high-strength concrete with uniax-

ial compressive strength ranging from 20 to 130 MPa.

For the steel reinforcement, the stress–strain relation is

assumed to be linearly elastic perfectly plastic. Since

strain reversal could occur in the steel reinforcement

even with monotonic increase of curvature, the stress–

strain curve is stress-path dependent and, for simplicity,

the unloading path is taken to follow the slope of the

initial elastic portion of the stress–strain curve.

Three basic assumptions have been made in the

analysis: (a) plane sections remain plane after bending;

(b) the tensile strength of concrete is negligible; and (c)

there is no bond-slip between concrete and steel rein-

forcement. The axial load is applied at the geometric

centre of the beam section right at the beginning before

any curvature or moment is applied. The moment–

curvature behaviour of the beam section is analysed by

applying prescribed curvatures to the section incremen-

tally starting from zero. At a prescribed curvature, the

strain profile is evaluated based on an assumed con-

crete strain at the extreme compression fibre. From the

strain profile evaluated, the stresses developed in the

constitutive materials are determined from their respec-

tive stress–strain relations. Axial equilibrium is then

checked and if necessary the assumed concrete strain at

the extreme compression fibre is adjusted until the

axial equilibrium condition is satisfied. After satisfying

the axial equilibrium condition, the resisting moment is

evaluated from the moment equilibrium condition. The

above procedure is repeated until the resisting moment,

after reaching the peak, has dropped to 50% of the

peak moment. Other details of the analysis procedures

may be found in references 8–10.

Using the above analytical method, a parametric

study on the complete moment–curvature behaviour of

normal- and high-strength concrete beams subjected to

different levels of axial load has been carried out. Fig.

1 shows the details of the beam sections analysed. The

sections have the same dimensions of b ¼ 300 mm, h ¼
600 mm, d ¼ 550 mm and d1 ¼ 50 mm. In order to

cover both normal- and high-strength concrete, the con-

crete compressive strength fc (to be more precise, the in

situ uniaxial compressive strength, which is taken as

the stress at the peak of the compressive stress–strain

curve) is varied from 30 to 90 MPa. On the other hand,

the steel reinforcement is assumed to have a constant

elastic modulus of Es ¼ 200 GPa and constant tensile

and compressive yield strengths of fyt ¼ fyc ¼ 460 MPa.

Apart from the concrete grade, the other variables stud-

ied include the tension steel ratio, the compression steel

ratio and the axial load level. The tension steel ratio rt
(defined by rt ¼ Ast/bd) is varied from 0.2 to 1.2 times

the balanced steel ratio rbo of the section with no com-

pression reinforcement and no axial load so as to cover

both under- and over-reinforced sections, while the

compression steel ratio rc (defined by rc ¼ Asc/bd) is

varied from 0 to 1.5% to cover both singly and doubly

reinforced sections. For the axial load level (defined in

terms of P/fcbd), it is varied from 0 to 0.5.
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Effects of small axial load

Some selected moment–curvature curves showing

the effects of axial load at different tension to balanced

steel ratios of rt/rbo ¼ 0.5 and rt/rbo ¼ 0.75 for singly

reinforced sections with concrete compressive strength

fc ¼ 30 MPa and fc ¼ 70 MPa are presented in Figs 2

and 3, respectively. From these moment–curvature

curves, it is evident that in general at a relatively low

axial load level, increasing the axial load would slightly

increase the moment capacity but when the axial load

level has become higher than a certain critical value,

which is dependent on the tension to balanced steel

ratio and concrete compressive strength, increasing the

axial load would decrease the moment capacity. More

importantly, regardless of the axial load level, increas-

ing the axial load would always decrease the flexural

ductility. Therefore, although a small axial load may

have the beneficial effect of slightly increasing the

moment capacity, it has at the same time the adverse

effect of causing reduction in flexural ductility.

Comparing the moment–curvature curves of sections

with rt/rbo ¼ 0.5 in Figs 2(a) and 3(a) to those with

rt/rbo ¼ 0.75 in Figs 2(b) and 3(b), it is seen that the

increase in moment capacity with the axial load before

the moment capacity drops when the axial load be-

comes too large, is smaller at a higher degree of re-

inforcement (i.e. at a higher value of rt/rbo). It is also

seen that the reduction in flexural ductility owing to

application of axial load is more likely to be critical at

a higher degree of reinforcement. Owing to the smaller

beneficial effect and the higher likelihood of the ad-

verse effect becoming critical, more careful considera-

tion of the effects of axial load is needed when the

degree of reinforcement is relatively high or, in other

words, when the beam is heavily reinforced.

Comparing the moment–curvature curves of sections

with fc ¼ 30 MPa in Fig. 2 with those with fc ¼ 70 MPa

in Fig. 3, it is noted that the adverse effect of axial load

on flexural ductility is in general more pronounced at a

higher concrete strength. As a result, the reduced flex-

ural ductility is more likely to be critical when HSC is

used. Added with the usual provision of heavy reinfor-

cement in conjunction with the use of HSC (so as to

increase the flexural strength, which is the main pur-

pose of employing HSC), such adverse effect could

render the flexural ductility of a HSC beam unaccepta-

bly low. Therefore, although the current practice of

ignoring the axial load if it is not too large has been in

existence for a long time and so far regarded as satis-

factory for beams cast of normal-strength concrete, its

applicability to beams cast of HSC needs to be re-

viewed.

The effect of axial load on moment capacity is better

revealed by plotting the relationship between axial load

and moment capacity in the form of an interaction

diagram, as exemplified by Fig. 4, which depicts such

interaction at various values of rt/rbo ranging from
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Fig. 1. Beam sections analysed
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Fig. 2. Moment–curvature curves of normal-strength

concrete sections
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0.25 to 1.0 for singly reinforced sections with

fc ¼ 30 MPa and fc ¼ 70 MPa. From this and other sim-

ilar interaction diagrams obtained for doubly reinforced

sections, it is evident that on each interaction curve,

there is a turning point giving the maximum moment

capacity. In other words, for a given section, there is an

axial load (denoted by Po) at which the moment capa-

city of the section reaches a maximum. As the axial

load increases from zero, the moment capacity would

increase with the axial load until the axial load is equal

to Po, beyond which the moment capacity would start

to decrease. The axial load levels at these turning

points for the case of rc ¼ 0, expressed in terms of

Po/fcbd, are listed in Table 1. From these results, it can

be seen that the axial load level Po/fcbd at maximum

moment capacity is dependent mainly on the degree of

reinforcement, being approximately equal to 0.28, 0.18

and 0.07 at tension to balanced steel ratios of 0.25,

0.50 and 0.75, respectively. It also varies slightly with

the concrete compressive strength.

In-depth analysis of the failure modes of the sections

revealed that at the turning point of the axial load–

moment interaction curve, that is, at an axial load equal

to Po, tension failure (as characterised by yielding of

the tension reinforcement before the beam fails) occurs.

Above the turning point, there is a point on the inter-
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Fig. 3. Moment–curvature curves of high-strength concrete

sections
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Fig. 4. Axial load–moment interaction diagrams of the

sections

Table 1. Axial loads at maximum moment capacity (rc ¼ 0)

fc: MPa Axial load level at maximum moment capacity, Po/fcbd

rt/rbo ¼ 0.25 rt/rbo ¼ 0.50 rt/rbo ¼ 0.75 rt/rbo ¼ 1.00

30 0.307 0.185 0.063 0.00

50 0.287 0.181 0.075 0.00

70 0.275 0.176 0.077 0.00

90 0.265 0.172 0.079 0.00
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action curve, that is, there is an axial load higher than

Po, at which balanced failure (as characterised by the

tension reinforcement just reaching the yield stress

when the beam fails) occurs. The point at which ba-

lanced failure occurs and the corresponding axial load

may be called balanced failure point and balanced axial

load (denoted by Pb), respectively. At an axial load

higher than Pb, compression failure (as characterised by

compression failure of the concrete without yielding of

the tension reinforcement when the beam fails) occurs.

The balanced axial load levels for the case of rc ¼ 0,

expressed in terms of Pb/fcbd, are listed in Table 2.

These results indicate that the balanced axial load level

Pb/fcbd decreases as the tension to balanced steel ratio

increases more or less as a linear function and on the

whole decreases as the concrete compressive strength

increases.

Comparing Table 1 and Table 2, it is obvious that the

values of Po and Pb are not the same. In general, Pb is

significantly higher than Po. This can be explained by

referring to Fig. 5, in which the variations of the re-

sisting moment M, the concrete strain at extreme com-

pression fibre �ce and the tension steel strain �st with
the curvature for the section with fc ¼ 30 MPa, rt/
rbo ¼ 0.50 and rc ¼ 0 are plotted. Fig. 5(a) is for the

case of P ¼ Po while Fig. 5(b) is for the case of

P ¼ Pb . It can be seen from the curves plotted that

regardless of the applied axial load, the tension steel

strain �st increases with the curvature until it reaches a

certain maximum value at the post-peak stage and then

starts to decrease owing to strain reversal. The maxi-

mum tension steel strain and maximum resisting mo-

ment do not occur at the same time. From Figs 5(a)

and 5(b), it can be read that the tension steel strain at

maximum moment when P ¼ Po is 0.0241 while the

tension steel strain at maximum moment when P ¼ Pb
is only 0.0213, which is smaller than the previous

value. Since it is the tension steel strain at maximum

moment that determines the moment capacity of the

section, the moment capacity at P ¼ Pb is smaller than

that at P ¼ Po and consequently Po 6¼ Pb . The common

conception that the moment capacity is largest when

balanced failure occurs (i.e. when the axial load is

equal to the balanced axial load) is not exactly correct.

Using a trial-and-error process of analysing sections

with different tension steel ratios and checking whether

the tension steel has yielded before the beam fails, the

balanced steel ratios of sections with any given values

of fc, rc and P/fcbd can be evaluated. The balanced steel

ratios so obtained for the case of rc ¼ 0 are listed in

Table 3, from which it is noted that the balanced steel

ratio rb decreases with the axial load level P/fcbd at a

constant rate and on the whole increases significantly

as the concrete compressive strength fc increases. Based

on these and other similar results at different values of

rc, it can be shown that the balanced steel ratio rb of a

beam section with compression reinforcement and sub-

jected to axial load is related to the balanced steel ratio

rbo of the beam section with no compression reinforce-

ment and no axial load by

Table 2. Balanced axial loads of beam sections (rc ¼ 0)

fc: MPa Balanced axial load level, Pb/fcbd

rt/rbo ¼ 0.25 rt/rbo ¼ 0.50 rt/rbo ¼ 0.75 rt/rbo ¼ 1.00

30 0.365 0.243 0.121 0.00

50 0.321 0.214 0.107 0.00

70 0.296 0.197 0.098 0.00

90 0.277 0.185 0.092 0.00
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Fig. 5. Variations of resisting moment and strains with

curvature
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rb ¼ rbo þ rc �
P

f ytbd
(1)

Balanced failure occurs when the tension steel ratio rt
is equal to the balanced steel ratio rb, that is

rt ¼ rbo þ rc �
P

fytbd
(2)

Since the applied axial load when balanced failure oc-

curs is actually the balanced axial load, the above equa-

tion may be expressed in the following form

rt ¼ rbo þ rc �
Pb

fytbd
(3)

from which the balanced axial load level Pb/fcbd may

be obtained as

Pb

f cbd
¼ rbo þ rc � rtð Þ f yt=

�
f cÞ (4)

It can be verified that the values of Pb/fcbd presented

in Table 2 agree almost exactly with the above formula

so derived. This formula clearly shows how the bal-

anced axial load level Pb/fcbd varies with the balanced

steel ratio rbo, the tension steel ratio rt, the compres-

sion steel ratio rc, the steel yield strength fyt and the

concrete compressive strength fc. In actual design prac-

tice, it is more convenient to use this formula than to

use the tabulated values given in Table 2, especially if

the design procedure is to be computerised.

Ductility analysis

From the moment–curvature curves, the flexural

ductility of the sections can be evaluated in terms of a

curvature ductility factor �, given by

� ¼ �u=�y (5)

where �u and �y are the ultimate curvature and yield

curvature respectively. The ultimate curvature is de-

fined as the curvature of the section when its resisting

moment, having reached the peak, drops to 80% of the

peak moment. The yield curvature is taken as that at

the hypothetical yield point of an equivalent linearly

elastic perfectly plastic system with an elastic stiffness

equal to the secant stiffness of the section at 0.75 of the

peak moment and a yield moment equal to the peak

moment.

The curvature ductility factors so obtained for singly

reinforced sections are plotted against the tension to

balanced steel ratios in Fig. 6. Only the numerical

results at concrete compressive strength of fc ¼ 30 MPa

and fc ¼ 70 MPa are presented because the results at

other concrete compressive strength are similar. As has

been shown before,8–10 the ductility factor � decreases

as the tension to balanced steel ratio rt/rbo increases

and is generally lower at a higher concrete compressive

strength fc. Application of any axial load up to the

range of axial load level covered in the study (i. e. up

to an axial load level of P/fcbd ¼ 0.5) does not change

Table 3. Balanced steel ratios of beam sections (rc ¼ 0)

fc: MPa Balanced steel ratio, rb: %

P/fcbd ¼ 0 P/fcbd ¼ 0.05 P/fcbd ¼ 0.10 P/fcbd ¼ 0.15 P/fcbd ¼ 0.20

30 3.18 2.85 2.52 2.20 1.87

50 4.66 4.12 3.58 3.03 2.49

70 6.02 5.25 4.49 3.73 2.97

90 7.24 6.27 5.29 4.31 3.33
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this general trend of decreasing ductility factor with

increasing tension to balanced steel ratio and/or con-

crete compressive strength. Comparing the � versus

rt/rbo curves at different axial load levels, it is evident

that for a given section, the application of axial load

significantly reduces the ductility factor. For example,

when the axial load level P/fcbd is increased from

0 to 0.1, the ductility factor � at rt/rbo ¼ 0.5 and

fc ¼ 30 MPa decreases from 5.5 to 3.2 while the ducti-

lity factor � at rt/rbo ¼ 0.5 and fc ¼ 70 MPa decreases

from 3.6 to 2.1. At a higher tension to balanced steel

ratio, the reduction in ductility factor owing to applica-

tion of axial load is smaller but because of the rela-

tively low ductility, the reduction in ductility is more

likely to be critical, especially when HSC is used.

In previous studies8,9 the first author’s research group

has shown that the major factor determining the flexur-

al ductility of a singly or doubly reinforced beam sec-

tion is the degree of reinforcement º, which may be

measured in terms of the tension steel ratio rt, the

compression steel ratio rc and the balanced steel ratio

with no compression reinforcement rbo, as given by the

following equation

º ¼ rt � rcð Þ=rbo (6)

When º , 1, º ¼ 1 and º . 1, the section would fail

by tension, balanced and compression failure, respec-

tively. Extensive parametric studies8,9 have yielded the

following formula for direct estimation of the ductility

factor �

� ¼ 10:7 f �0:45
c º�1:25 (7)

in which all strengths are in MPa and º should be taken

as 1.0 when º . 1.

For the purpose of incorporating the effect of axial

load on flexural ductility, it is proposed to redefine the

degree of reinforcement º as

º ¼ rt � rc þ
P

f ytbd

� ��
rbo (8)

As before, when º , 1, º ¼ 1 and º . 1, the section

would fail by tension, balanced and compression fail-

ure, respectively. The � values shown in Figs 6 and 7

are re-plotted against the º values in Fig. 8. It is found

that the different � versus º curves at various axial load

levels and compression steel ratios are very close to

each other, especially when º . 0.6. Hence, a reason-

ably accurate and conservative estimate of the ductility

factor � may be obtained using just the lowest � versus

º curve, that is, the one corresponding to the case of no

axial load. The equation of this � versus º curve is the

same as equation (7).

From the above analysis, it may be concluded that

the applied axial load causes reduction in flexural duc-

tility mainly through the increase in degree of reinfor-

cement. Hence, the adverse effect of axial load on

flexural ductility may be controlled by limiting the

degree of reinforcement.

Design of beams subjected to small axial

loads

The effects of the applied axial load may be ne-

glected if the following conditions are satisfied: (a)

there is no reduction in flexural strength and (b) the

reduced flexural ductility is still higher than a certain

minimum required level. Otherwise, the effects on both

flexural strength and flexural ductility should be fully

considered in the design.

Since the moment capacity increases with the axial

load until P ¼ Po, the moment capacity would actually

become larger when an axial load not higher than Po is

applied. The moment capacity would start to decrease

when the axial load is higher than Po but would remain

larger than that with no axial load applied until the

axial load is excessively high. The numerical results

obtained in the present study revealed that in general,

or at least within the ranges of parameters covered in

the study, even when the axial load is increased to Pb ,

which is higher than Po, the moment capacity would

remain larger than that with no axial load applied.
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Hence, there should be no reduction in flexural strength

provided the axial load applied is not higher than the

balanced axial load, which may be evaluated using

equation (4). It is therefore recommended to set a limit

to the applied axial load as

P

f cbd
< rbo þ rc � rtð Þ f yt=

�
f cÞ (9)

Based on similar studies, a minimum flexural ducti-

lity design method for both normal- and high-strength

concrete beams has been developed previously by the

first author’s research group.10 The basic principle be-

hind this design method is that in order to provide a

consistent level of minimum flexural ductility, a fixed

minimum value for the curvature ductility factor should

be set. The minimum required curvature ductility factor

(denoted by �min) may be established by referring to

the curvature ductility factors being provided in the

various existing codes for normal-strength concrete

beams (the provisions in the existing codes are largely

developed from experience with traditional materials

like normal-strength concrete). After surveying the var-

ious existing codes, a minimum curvature ductility fac-

tor of �min ¼ 3.32 has been recommended. However, if

considered necessary, a higher value of �min may be

adopted. Setting this minimum limit �min to the re-

duced flexural ductility, which may be evaluated using

equation (7), the maximum limit ºmax that should be

applied to the degree of reinforcement can be obtained

by solving the following equation

�min ¼ 10:7 f �0:45
c º�1:25

max (10)

from which the maximum limit ºmax is derived as

ºmax ¼ 6:66 f �0:36
c ��0:8

min (11)

Substituting this maximum limit into equation (8),

the corresponding limit to be set to the applied axial

load is obtained as

P

f cbd
< ºmaxrbo þ rc � rtð Þ f yt=

�
f cÞ (12)

Summing up the above flexural strength and flexural

ductility considerations, the condition that there is no

reduction in flexural strength leads to equation (9)

while the condition that the reduced flexural ductility is

still higher than a certain minimum required level leads

to equation (12). Since ºmax is in general smaller than

1.0, the limit set by equation (12) is always smaller

than that set by equation (9) and therefore equation

(12) would govern. In other words, the flexural ductility

consideration would control the design of beams sub-

jected to small axial loads. The axial load level limit

imposed by equation (12) decreases with both the de-

gree of reinforcement and the concrete compressive

strength. This is in line with the general observation

that the reduction in flexural ductility owing to applica-

tion of axial load is more likely to be critical in heavily

reinforced sections and/or sections cast of HSC.

When the degree of reinforcement is relatively low

and normal-strength concrete is used, there should be

no particular difficulties in meeting the axial load limit

requirement. However, when the degree of reinforce-

ment is relatively high and/or HSC is used, it may be

difficult to meet the axial load limit requirement. This

problem may be dealt with in the following ways: (a)

increase the section size so that the degree of reinforce-

ment and the axial load level are reduced and (b) in-

crease the compression steel ratio so that the degree of

reinforcement is reduced. Increasing the section size

would increase the dead weight and affect the general

layout of the structure. Comparatively, the alternative

of putting in more compression steel until equation

(12) is satisfied would seem to be a simpler and better

solution. The amount of compression steel needed in-

creases with the concrete compressive strength but is

generally smaller than that required to carry the whole

of the applied axial load.

Based on the above, the following design guidelines

are developed.

(a) If the applied axial load is larger than 10% of the

axial load capacity of the concrete section, the

member should be designed as a column.

(b) If the applied axial load is smaller than or equal to
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10% of the axial load capacity of the concrete

section, the member may be designed as a beam

provided the axial load level limit imposed by

equation (12) is satisfied.

(c) The effects of axial load are generally more sig-

nificant at a higher degree of reinforcement and/or

a higher concrete compressive strength. Thus, par-

ticular care is needed to cater for the effects of

axial load when the beam is heavily reinforced

and/or cast of high-strength concrete.

(d) If necessary, the axial load level limit imposed by

equation (12) may be satisfied by increasing the

section size or putting in more compression steel.

Conclusions

A comprehensive parametric study based on theor-

etical analysis has been carried out to investigate the

effects of axial load on the complete moment–curvature

behaviour of normal- and high-strength concrete beams

with different degrees of reinforcement. The study led

to the following conclusions and design guidelines for

beams subjected to small axial loads.

(a) As the axial load increases from zero, the moment

capacity would increase with the axial load and

reach a maximum when the axial load is equal to a

certain value (denoted by Po) beyond which the

moment capacity would start to decrease but would

remain larger than that with no axial load applied

even when the axial load is increased to the ba-

lanced axial load (denoted by Pb). At Po, tension

failure would occur while at Pb, balanced failure

would occur. Provided the axial load is not larger

than the balanced axial load, there should be no

reduction in flexural strength owing to the applica-

tion of axial load.

(b) No matter how small the axial load is, the flexural

ductility would always decrease upon the applica-

tion of an axial load. The reduction in flexural

ductility is generally more serious when the beam

section is heavily reinforced and/or cast of high-

strength concrete. Correlation of the ductility fac-

tors of the beam sections analysed to the degrees

of reinforcement revealed that the applied axial

load causes reduction in flexural ductility mainly

through the increase in degree of reinforcement. To

incorporate such effects, a new measure of degree

of reinforcement has been developed.

(c) Based on the numerical results obtained, formulae

for the evaluation of the balanced axial load, de-

gree of reinforcement and ductility factor of a

beam section subjected to a small axial load have

been derived, as given by equations (4), (8) and

(7), respectively.

(d) When designing beams subjected to axial loads,

the conditions that there should be no reduction in

flexural strength and that the reduced flexural duc-

tility is still higher than the minimum required

level must be satisfied. Between these two condi-

tions, the latter one would govern because it im-

poses a lower limit to the axial load level. A

formula for the evaluation of this axial load limit

has been derived, as given by equation (12).
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