Response of cross- and tee-shaped
concrete column sections to combined
flexure and axial loading

Winston Onsongo

Most reinforced concrete columns are square or rectangular in
shape. For such, comprehensive design charts and software
are available to enable design for combined compression and
uniaxial bending. The columns designed to support loads such
as those in multistorey apartment buildings are usually much
wider than the thickness of masonry walls that are invariably
part of the building construction system. However, it may be
architecturally desirable to neatly blend the columns with the
walls. This requires the columns to have the same thickness as
the walls and these columns may then have to be tee- or cross-
shaped. As an aid to the design of such columns, this presents
a comparative study of the predicted response to combined
compression and uniaxial bending for the cross- and tee-
shaped sections having the same cross section area and rein-
forcement content as an equivalent square section. It is shown
that the cross- and tee-sections can effectively replace the

square section.

INTRODUCTION

quare or rectangular columns and beams

cast monolithically with reinforced con-
crete slabs constitute a common popular
form of structural support for modern high-
rise buildings. For such standard column
cross sections, the designer has readily avail-
able comprehensive and familiar design aids
in the form of charts and design software.
The square cross section is indeed an efficient
shape for a column carrying a predominant
axial loading.

The columns are often designed to act
together with load-bearing walls, particularly
for office or residential high-rise buildings.
For such buildings external walls and main
internal partition walls demarcate the desired

If a designer chooses to use cross or tee-
shaped columns instead of square or rectan-
gular cross sections, the designer will not
have readily available design charts to use
and the general response to combined bend-
ing and axial loading of such shapes will be
unfamiliar. The objective of this paper is to
present the predicted response to combined
bending and axial loading using well-known
theoretical models for cross- and tee-column
sections and to compare the response to that
for a comparable square section.

Details of column
sections studied

The details of the sections used in the study
are shown in figure 2:
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will require cross- or tee-shaped columns that
blend neatly with the walls, as shown in
figure 1. In contrast the equivalent square
columns would jut out, as they would be
wider than the thickness of the walls.
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Figure 1

Figure 2 Column cross section
details

With respect to figure 2 the reader should
note that:

¢ All the cross sections have the same
cross section area and the same rein-
forcement content. The concrete cover
to the centroid of the reinforcing bar is
40 mm.

¢ The dimensions of BX1, BX2
(which will be referred to as X-type
sections) and B1 (which will be
referred to as T-type section) have
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been chosen to match a wall thickness
of 200 mm.

Section BT is the T-type section shown
with the bending moment applied to
cause compression in the top flange
face, whereas BTI is the same section
but with bending moment applied to
cause compression in the bottom stem
face.

Iy is the minimum radius of gyration
oty the plain section ignoring the rein
forcing steel, whereas 1y, is the radius
of gyration of the section taking the
reinforcing steel into account. In
determining 1,y the modulus of elas-
ticity of concrete has been taken as

E. =26 kN/mm?2 and the modulus of
elasticity for the reinforcing bars has
been taken as Eg = 200 kN/mm?2, The
concrete cylinder strength (about 80 —
90% of cube strength) is assumed o be
f.’ = 30 MPa, and the yield stress for
reinforcing steel is assumed to be

fy = 460 MPa.

As column slenderness is inversely
proportional to the minimum radius
of gyration, the X-type and T-type
sections are stiffer than the square
section BS with respect to buckling.

Stress-strain charac-
teristics of steel and
concrete

The well-known theoretical model based
on ‘plane sections remain plane’ assump-
tion is capable of predicting the complete
response of structural concrete sections
subjected to combined flexure and axial
loading. For accurate predictions, the the-
oretical model requires accurate stress-
strain characteristics of the materials. The
theory will be used to predict the failure
interaction curves for the BS, BX1, BX2,
BT, and BTI sections shown in figure 2.

It will be assumed that the stress-
strain relationship for the reinforcing steel
is bilinear as shown in figure 3, and the
modulus of elasticity will be taken as
200 kN/mm?. The stress-strain relation-
ship for concrete will be assumed to be
parabolic over the strain range 0 < €. <&,
and to have constant maximum stress
fnax Over the strain range &, <€. <&, as
shown in figure 4. The strain &, is taken
to be equal to the strain corresponding to
the maximum compressive stress in a
standard concrete cylinder test. This
strain €, has been established from tests
to be approximately 0,002 over a wide
range of concrete strengths. Moreover,
compressive strains of 0,003 to 0,0045
normally occur before a beam fails under
flexure and hence we shall take the con-
crete compressive strain at failure £, to
be 0,0035 for theoretical predictions. We
shall take the maximum compressive
stress f,, to be 0,85 { and the maxi-
mum steel stress f, in tension or compres-
sion to be 460 MPa for the comparative
study.

fy

s
Figure 3 Stress-
strain relationship
for steel
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Figure 4 Stress-_
strain relationship
for concrete

defined as:

fe = fpax (2Q-02) for 0<Q< 1,0
fo = fmax forQ>1,0
where Q= . /&, @

For a rectangular section of width b
and assuming a strain profile with
the neutral axis depth ¢ from the
compression face (see figure 6) F,.
can be deduced as

Solution procedure

For any given section the following proce-
dure has been used to predict sets of axial
force and bending moment that acting
together would fail the section and thus
define a point on the failure interaction
cutve:

(@) Choose a strain profile with a maxi-
mum compressive strain of &, in the
most compressed face, as shown in
figure 5(b). The most compressed face
will be referred to as the compression
face. Such a strain profile presumes
that plane sections before loading
remain plane after loading and that
there is perfect bond between the steel
and concrete. ‘

(b) From the chosen strain profile and
using the defined stress-strain rela-
tionships for steel and concrete (see
figures 3 and 4), the corresponding
stresses are determined to be as shown
in figure 5(c). Note that the tensile
stresses in concrete are ignored.

Fee = fnaxbe ((c1 / ©) + 2/(3Qy))

where Q, =8, /&, and ¢; = depth
over which maximum stress f,,

acts. (5)

The position at which F acts from the
compression face is y. determined as

Ve = fmax b2 (0,5 (¢q /0)2
+2/(3Qy) -5/(129,2) / Fee  (6)

(e) From the resultant tension force in the
steel and the resultant compression
force in the concrete the net axial
compression force on the column sec-
tion is determined as:

P=Fe-Fy )

(f) If the plastic centroid of the section
is located at y, from the compression
face, the moment about the centroid
acting together with the axial force P
can be determined as

M = Fgt (5 - yp) + Fec (vp - ¥0) ®)

b €¢ fmax

(c) The steel stresses acting o O u:l £

on the steel bar section § ¢ £,

areas result in forces e 9 2 ‘

and the force in bar ‘i’ €g fs

o g
can be evaluated as:
o o d €wu fszx* | Ysa
Fgi = fAg (a) Section (b) Strains {c) Stresses
where f; = &; Es for
Esi<8y Figure 5 Solution procedure
and f; = f; for E;=Ly

M -

8 cu fmax

The force Fg; will act at
the location of the bar
at depth y; from the dA

compression face. The

resultant tension force

in all the bars is deter-
mined as

(a) Section in
compression

¢ g, f
NA

(b) Compressive (¢) Compressive (d) Compressive

strains stresses force

Fye = X Fy

The resultant tension
force Fg, will act at a depth y, from
the compression face and

¥s = ZFysi/Fyt (3)

(d) The summation of the elementary
forces f.dA due to the compressive
stresses f, acting on the concrete sec-
tion will give a resultant compressive
force F.. The concrete stresses are

) Figure 6 Evaluation of F_,

Determination of
failure interaction
curves

The solution procedure outlined above
has been used to predict the failure inter-
action curves shown in figures 7 and 8.
The procedure was programmed to gener-
ate sets of moment and axial loads that
would give rise to a maximum compres-
sive strain of €, in the compression face.
The differences in the geometry of the
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cross sections studied were taken into
account in the evaluation of the resultant
compression forces F. by the computer
program. Five reference points on the
interaction curve for a given section were
first determined and this was followed by
the determination of as many intermedi-
ate points as necessary to define the
curve. The reference points were

1 The pure flexure case with zero axial
force (M)

2The balanced failure case (M, Pyp)

3 The case with zero strain at the
‘bottom’ face opposite to the face
with maximum compression (M1,
Pul)

4The case with compressive strain
equal to €, in the bottom face
(Muzr Puz)

5The pure axial compression case
(Pyo)

It should be noted that with the assumed
stress-strain relationship for concrete, case
4 will give the same axial force as for case
5 if all the steel bars are in the post yield
range. Moreover, the predicted capacities
do not include design factors nor-
mally specified in codes of practice
to determine reliable design
strengths.

350

Predicted
response

Figure 7 shows the predicted failure
interaction curves for the square sec-
tion and the X-type sections. Figure
8 shows similar plots for BS, BT, and
BTI. The values of moment and axial
force sets for the five reference
points on each of the interaction
curves are summarised in table 1.
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much more than for the X-type section.
Thus at axial load levels close to balanced
failure, the square section has a moment
capacity greater than that of either BX1 or
BX2.
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Figure 8 Bending moment / axial
force interaction for BS, BT, and
BTI

Figure 8 shows that the T-section will
resist substantially larger moments than
the square section over the entire interac-
tion curve. The inverted T-section — whose
response is also shown - resists larger
moments than the square section for axial
load levels below the balanced failure
loading, but for higher axial loads the
response of BTI is close to that of BS.
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Figure 7 Bending moment / axial
force interaction for BS, BX1, and
BX2

Examination of figure 7 and table 1
reveals that the interaction curve for BX2
is very similar to that of BS. Note that
both BX1 and BX2 have pure moment
capacities larger than that of BS, but the
axial loading enhances the moment
carrying capacity of the square section
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Figure 9 Moment / curvature plot
for BS, BX1, and BX2

Figure 9 shows the failure moment-curva-
ture plots for the square and for the X-
type sections. The peak on the curves cor-
responds to the balanced failure point
and the maximum curvature corresponds
to the pure flexure case. These plots indi-
cate that the response at failure of BX1
and BX2 are very similar and for axial
load levels smaller than that at balanced
failure, the square section displays much
greater curvature than the X-type section
for the same moment. Thus BX1 and BX2
have greater flexural stiffness than BS.
This characteristic is even more clearly
revealed by figure 10, where using the
moment at balanced failure and the
corresponding curvature as the base
moment ratios are plotted against curva-
ture ratios. The plot shows that the curva-
ture of BS for pure flexure is over three
times the curvature at balanced failure,
whereas for the X-type sections the
curvature for pure flexure is about twice
that at balanced failure.
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curvature plot for BS, BX1, and
BX2
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Figure 11 shows the failure moment-cur-
vature plots for the square and for the T-
type sections. Note that for the same cur-
vature the T-type sections resist higher
moments than the square section. Figure
12, which is similar to Figure 10 discussed
above, shows that for axial load levels
below the balanced failure, the T-type sec-
tions display greater curvature for the
same moment than the square section.
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curvature plot for BS, BT, and
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CONCLUSION

The moment-axial load interaction curves
and the plots involving curvature reveal
some differences between the response of
the square section and the X- type and T-
type sections. However, the differences
indicate some advantage in using the X-
type and T-type sections. The symmetric
X-type section can replace an interior




square column with the advantage of
greater stiffness, and with judicious steel
layout the X-type section can resist
greater moments at the same axial load
level than the square section. The T-type
section will provide suitable external
columns that will match with external
walling. Such external columns are often
subjected to greater bending moments
than the internal columns. The interac-
tion curves show that the T-type section
will provide greater moment resistance
than the square section at the same axial
load level and this is advantageous. Thus
it is concluded that the X-type and T-type
column sections can effectively replace
square or rectangular sections to achieve
more desirable finishes.

Interaction curves suitable for the design
of X-type and T-type column sections can
be obtained by introducing the relevant
safety factors specified in codes of prac-

tice. Alternatively, theoretical interaction

curves such as those predicted in this
paper can be used if appropriate safety

factors are incorporated into the design
loads.

Table 1 Moment and axial force values at reference points

Ref. point 1 2 3 4 5

Muo Mub | Pub Mul | Pul Mu2 [ Pu2 |Puo
Section (kN-m) [ (kN-m)| (kN) [(kN-m)| (kN) [(kN-m){ (kN) | (kN)
BS 1844 [317,8 | 1810} 162,4 [3964| 3,8 |5104(5128
BX1 196,8 |274,1 | 18061 132,4 (4235| 3,0 [{5114}|5128
BX2 2194 3050 | 1778 144,6 [ 4201] 4,5 |5106]5 128
BT 209,3 407,1 [ 2821 192,2 4337 7,5 |5099]5128
BTI 265,4 |367,4 9991 212,2 | 3438} 4,6 |5099[5128
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