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Tied and S p] ral Columns
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e core, making the column more ductile.



Behavior of Tied and Spiral Columns 89

The figure on the right shows a portion of
the core of a spiral column enclosed by one
and a half turns of a spiral.

Under a compressive load, the concrete in
this column shortens longitudinally under
the stress f, and so, to satisfy the Poisson’s
ratio, it expands laterally.

This lateral expansion is especially pronounced at
stresses in excess of 70% of the cylinder strength.

In spiral column, the lateral expansion of
the concrete inside the spiral (the core) is
restrained by the spiral.

These stresses in the spiral are in tension

For equilibrium the concrete is subjected
to lateral compressive stresses, f,.
Addis Ababa institute of Technology April 23, 2020
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Behavior of Tied and Spiral Columns |
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I maximum logd z§
Spiral breaks

Such a failure is much more
ductile and gives warning of
impending failure, along with
possible load redistribution to

other members.
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Sway Frames vs. Non-sway Frames |




Sway Frames vs. Non-sway Frames 12

For design purpose, a given story in a frame can be considered “non-sway” if horizontal
displacements do not significantly reduce the vertical load carrying capacity of the structure.

In other words, a frame can be “non-sway” if the P-A moments due to lateral deflections are
small compared with the first order moments due to lateral loads.

In sway frames, it is not possible to consider columns independently as all columns in that
frame deflect laterally by the same amount.

V{ Moments. P-A Moments.

Fig. Non-sway Frame Fig. Sway Frame/ Un-braced columns
/ Braced columns
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Slender Columns vs. Short Columns
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Slender Columns vs. Short Columns 514

When slenderness effects cannot be neglected, the designh of compression members,
restraining beams and other supporting members shall be based on the factored forces and
moments from a second-order analysis.

P
(b) Free-body diagram.

P
Addis Ababa institute of Technology (a) Column. April 23, 2020







Strength of Axially Loaded Columns 545

When a symmetrical column is subjected to a concentric axial load, P, longitudinal strains e,
develop uniformly across the section as shown.

Because the steel & concrete are bonded
together, the strains in the concrete &
steel are equal.

For any given strain, it is possible to
compute the stresses in the concrete &
steel using the stress-strain curves for the
two materials.

Failure occurs when P, reaches a maximum:

P, = fcd(Ag - AS,tot ) + fydAS,tot (in compression)

- . BUT WHAT IF WE HAVE
o = ~fydAs tor (1IN tension) BENDING MOMENT IN ADDITION
TO THE AXIAL LOAD?

Addis Ababa institute of Technology April 23, 2020
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Interaction Diagrams/ M-N Relationship 546

Almost all compression members in concrete structures are subjected to moments in addition
to axial loads.

These may be due to misalighment of the load
on the column, or may result from the column
resisting a portion of the unbalanced moments
at the ends of the beams supported by the
columns . )

The distance e is referred to as the eccentricity [ EG—G_G__GGEG ”
of load.

P

{a) Cross section.

These two cases are the same, because the
eccentric load can be replaced by an axial load M = Pee

P plus a moment M=Pe about the centroid.
(c) Axial load and moment.

Addis Ababa institute of Technology April 23, 2020







Interaction Diagrams/ M-N Relationship

18

Points on the lines plotted in this figure represent combinations of P and M corresponding to
the resistance of the section.
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Interaction Diagrams/ M-N Relationship
for Reinforced Concrete Columns

/////

So, how can we address the M-
N R latio h ip of RC Sectlons?

y assuming a series of strain
point on the interaction diagram,

® ) |
= allf

compu results are summarized in an interaction
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Interaction Diagrams/ M-N Relationship
for Reinforced Concrete Columns

ndividual forces in the concrete and
omen these forces about the geometric

le extreme compression fiber.
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Interaction Diagrams/ M-N Relationship 21
for Reinforced Concrete Columns
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Interaction Diagrams/ M-N Relationship
for Reinforced Concrete Columns
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Interaction Diagrams/ M-N Relationship

for Reinforced Concrete Columns
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A set on interaction
charts are prepared by by
Dr-Ing Girma Z., for both
uniaxial and biaxial
bending.

April 23, 2020



Example 4.1. Draw the interaction diagram for column cross section. Use: C 25/30, S - 460,

100mim
- () (_J (]
SO0 mm
@ Q C." C As Jgtotal — = 6800 mm?
100mmm Af
_Asfyd _ 6800400  _
A0Q0 W = fcdgh = Ta1666+400-400 — 0-90

Show at least a minimum of 6 points in the interaction diagram.
i.  Pure axial compression
ii. Balanced failure
iii. Zero tension (Onset of cracking)
iv. Pure flexure
v. A point b/n balanced failure and pure flexure
vi. A point b/n pure axial compression and zero tension

Addis Ababa institute of Technology April 23, 2020



Thank you for the kind attention!

Questions?
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Biaxially Loaded Columns 32

Up to this point in the chapter we have dealt with columns subjected to axial loads
accompanied by bending about one axis.

It 1s not unusual for columns to support axial forces and bending about two

Efggendlcular axe
common example is a corner column in a frame.

So, how can we construct the

interaction chart or design
such a section?

One approach is, we can convert biaxial bending into uniaxial
bending by finding the resultant moment vector thus:

If we now rotate the section anticlockwise so that M., points vertlcally, we
have uniaxial bending of a non-rectangular section.

This is a mathematically complicated analysis!

April 23, 2020
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Biaxially Loaded Columns



34

Case (.B)
Plane of
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Biaxially Loaded Columns




Biaxially Loaded Columns

cont
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Questions?

ally loaded columns.







Buckling in Columns:
What is buckling?




Buckling in Columns:
What is buckling?

the sideways deflection is to increase the moment at any section by an

am %Z/%/ _________ to the axial load times the deflection at that section, thus:

‘ ‘ In many, If not most, practical situations the
EVIR effect of deflections is so small that it can be
ignored. Where it is significant the member

is described as being slender.

I
I
I
Pl
I
I
|-

However, if the load is applied through the centroid of the column section and
aligned with the longitudinal axis, and if the column is perfectly straight and fully
elastic, in other words an , then buckling will not occur.

There needs to be some lateral disturbance to produce a rotation of the column, no

matter how slight.

Addis Ababa institute of Technology April 23, 2020



Buckling in Columns: 43
What is buckling?

Of course an does not exist in the real world - columns will not
be absolutely vertical , loads are always slightly eccentric, and reinforced
concrete is not a fully elastic material - but their behavior gives an insight into
the behavior of actual columns.

. ITTT'r*TTﬂJI | ,,-1'1'T$T‘[-‘r‘r.

neutral equilibrium stable unstable
Leonhard Euler (1707-1783) was a great Swiss mathematician who first investigated buckling.
He discovered that for an there is a critical load, (now called the Euler load)

when the column is in a state of neutral equilibrium. When the load is less the column is
stable, and when the load is more the column is unstable.

He found the critical load for single curvature buckling of a is:

Thus, a column is more likely to buckle (  is reduced) when either the
length is increased or the flexural rigidity ( ) is reduced the term is
result of the sinusoidal deflected shape.

. E I

I‘*l{:r |_2

Addis Ababa institute of Technology April 23, 2020



Slenderness Effects in Structures




Slenderness Effects in Structures

"

- |—
) -_h.-ih

 determine how the structur d

10|
R4

3 |

"%/”4//,

ULES

S
5 <
T1C ’42/

g
)| S
'ved 2SSE

| echno



Classification of Structures




Classification of Structures 47

The sensitivity of a structure and its parts to deflection depends to the large extent on the
general layout and detailing of the structure as a whole, and of its component parts. It is not
possible to define all cases which are likely to occur in practice, so the Code provides a limited
classification of structures, distinguishing only between :-I T————

and unbraced

A braced structure is one which contains bracing elements. These are vertical elements, usually
walls, which are so stiff relative to other vertical elements that may be assumed to attract all
horizontal forces. A braced structure may be defined as -

"one where the bracing element(s) attract and transmit to the foundations,

at least 90% of all horizontal forces applied to the structure”

An unbraced structure relies on the stiffness of the frame to transmit the horizontal forces to the
foundation.

A braced structure is one where sidesway of the whole structure is unlikely to be significant,
while in unbraced structures sidesway is likely to be significant in the context of the Code
significance is defined as :-

Addis Ababa institute of Technology April 23, 2020



Classification of Structures 48

The classification of a structure as braced or unbraced is very important in the design of
columns because it establishes the mode of deflection.

The two types of structure give very different forms bending moment in the columns.

deflection modes of columns in a structure

== =3 bending moment ~-.— bending moment

I I I
I I I
I |
| = d
due to deflection due to deflection
Braced Unbraced

Addis Ababa institute of Technology April 23, 2020
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Effective Length

50

The effective length, |, of a member is defined as the length of a pin-ended strut with constant

normal force having the same cross-section and buckling load.

This can be expressed as :

(where, | is the clear height between end restraints).

lEsmin

P range

In practice the lower limit is more likely to be about 0.7

Addis Ababa institute of Technology
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Effective Length 51

The effective length is dependent on the deflected shape and the end restraints, and is the
length between points of contraflexure.

For a braced structure the deflected shape For an unbraced structure only one point of
gives two points of contraflexure within the contraflexure is within the length of the
length of the member. If both ends are fully member. If both ends are fully restrained
restrained B=0.5, and if both ends are B=1.0. If one end is fully restrained and the
pinned B =1.0 other is free 8=2.0.

wirtual point of
,-’ contraflesure

thiz section IIII

winks 'E-r' will behave
: - sidesway I{:- |

contraflexurne as a pinned

ended stut [/ "'”j"'j "'"

point of "ﬁ
contraflexure I *

SRR TR Urbracec

Addis Ababa institute of Technology April 23, 2020




Effective Length 52

For braced members - For unbraced members -

k Greater of :
B=05[(1+———

Where,

K, Ky are the relative flexibilities of rotational restraints at ends 1 and 2, = (6/M) x (EI/L)
(where 6=0 then k=0, but a rigid rotational restraint is unlikely in practice so take )

S is the rotation of the restraining members for bending moment

El is the sum of the bending stiffness of the columns which contribute to the restraints.

Where 6 is not known k,,k, can be calculated from the ratio S0

of the column bending stiffness to beam/slab bending g 2= T 51452
stiffness, but taking only 50% of beam stifnesses to allow for
cracking (see opposite). — A _ SC1+5C2
Note: in this calculation of k, and k, only members properly (L T 53454

framed into the end of the column in the appropriate plane
of bending should be considered.

Addis Ababa institute of Technology April 23, 2020



53

NN B A B

a) lo=1 b) ly=2l ) ly=07l d) ly=1/2 €) ly=1 \f) I2<ly<| g) l,> 2l

The figure above gives guidance on the effective length of the column. However, for
most real structures figures (f) and (g) only are applicable.

Addis Ababa institute of Technology April 23, 2020
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Slenderness Ratio

dius of gyration. This gives lower values.

s better than the other, they are both related to the
//// o problem is not one of classical buckling).
have the advantage of providing a suitable way of
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Example 4.4. If the effective length of a 350mm
square column is 2.63m, what is its
slenderness ratio?

Solution

Step1 Compute the cross sectional parameters of the square section.

A=Db x h=h2=0.1225m?; where h=b=0.35m
| = bh3/12 = h*/12 = 0.001251m*
i= (1/A)°-> = 0.2887h = 0.1013m

Step2 Compute the compute the slenderness ratio

A=1,/i=2.63m/ 0.1013m = 26.03 (26)



Slenderness Ratio 57

Consider a stiff column (say ) subjected to a
eccentric axial force . This produces

moment in the column. Ignoring an
deflection effects we can plot this on the M-
relationship (described in previous lessons), thus

Now if we include the buckling deflection of the
column for a range of slenderness ratios.

The ‘buckling deflection’ produces an additiona
moment in the column. This reduces the
load carrying capacity of the column -

When the reduction is significant, it must be allowed for in the design.
When A=25 the reduction is relatively small| When A=200 the precise behavior | These are
and can be ignored, but when A=90 the| is uncertain. The column may fail | the
reduction is considerable and must be taken| due to buckling prior to reaching | effective
into account. For these slenderness ratios| the ultimate load N, at point C. | length s fo
the column is stable and will suffer allf this does not occur then |the
material failure at points A and B| material failure will occur almost

respectively. immediately due to instability. column.
AddispAbaba inst}{ute of Technology y y
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Design Considerations

59

The Code states that second order (slenderness) effects may be ignored if they are less than
0% of the corresponding first order effects, or as an alternative for isolated members if he

slenderness ratio, is less than given by:-

= 0.5
A =20ABCn

where, A =1/(1+02¢_) [if b is notknowntake A=0.7]

B =(1+20)" [if @ is not known take B=1.1]
C =17- M [if o Is not known take C=0.7 ]

n =Ngg (A fy4)

il'E+|:||::-"l Mi}Ed

Is the 1st order moment due to quasi-permanent load combination (SLS)

¢ is the effective creep ratio = p(w,t ) M

MﬂEﬂP
M

0Ed Is the 1st order moment due to design load combination (ULS)

Is the mechanical reinforcement ratio = AS f}'d I Ac fcd )

As I5 the total area of longitudinal reinforcement

is the moment ratio= My, I My,

l|.~'lﬁ,|,l'.~'l,‘l,2 are the 1st order end moments, | l'.r'lﬂ,2 | =] Mm |

Addis Ababa institute of Technology

If the end moments give tension on the same side then
r., is taken positive, otherwise negative.

In the following cases M should be taken as 1 -

B for braced members where the 1st order
moments are predominantly due to geometric
imperfections or transverse loading,

B for unbraced members in general.
April 23, 2020
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Thank you for the kind attention!

Questions?

thod based on the
mation of curvatures.
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Design of Columns for second order

effects




Design of Slender Columns: 63
Simplified Design Method based on Nominal Curvature

The aim of a rigorous non-linear analysis is to calculate the
maximum load capacity of a slender column by ascertaining the
load-deflection relationship. A simplified method must aim to find a
close estimate of this ultimate load in a single calculation.

The nominal curvature method proposed in the Code aims to
predict the deflection at which failure of the concrete commences,
that is at the maximum compressive strain.

This point either corresponds to the actual ultimate load(A), or to a

lower value (B). The method will therefore, in principle, give a
lower bound estimate of the strength.

The deflection of a pin-ended strut is calculated from its curvature, but to calculate the
curvature at each section along the length of the strut requires a rigorous analysis. Therefore,

the shape of the curvature distribution must be assumed. Various shapes produce a central
deflection of Bl 2(1/r).

Addis Ababa institute of Technology April 23, 2020



Design of Slender Columns:
Simplified Design Method based on Nominal Curvature




Design of Slender Columns: 65
Simplified Design Method based on Nominal Curvature

The next step is to calculate the curvature (1/r). This can be
done by considering the M-N interaction curve.

At the balance point the compressive strain in the concrete is
at its maximum and the tensile strain in the steel is at its yield
point, thus balance
Now the curvature of the section is equal to the "--..._...______Ipuirjlt
change in strain over the depth of the section, ...

Ur,, = (0.0035 +1 /E, )/ d

In the Code ... 1/rpy = 1/1, = &yq /(0.45d)

- 2
e, =0.112(1r)

The curvature at the ultimate axial load N 4 of the section is zero

Addis Ababa institute of Technology April 23, 2020



Design of Slender Columns: 66
Simplified Design Method based on Nominal Curvature

Assuming the curvature to vary linearly between 1/r  and
1/r,., then for any load N¢, the curvature can be expressed as

The Code uses a simplified expression for 1/r,, by assuming
that for a balanced section the neutral axis depth is 0.55d, thus

The coefficient K, allows for the effects of creep, but if the
following three conditions are satisfied then creep can be L

ignored, i.e. K, =1.

¢ pot )<2 ®Ar<75 @My /N, >h

N
K =

ud ~

r Hud-H

Ed —

Ury g, = &4/ 0.45d

Addis Ababa institute of Technology April 23, 2020



Braced slender columns M, = My Mz = My -

C cCU @ Q@ &
Ends of [ritial moments  Additional Design moments ’ - OINe g
column  [from analyziz]  moments ervelope
L
(J
+ -
O DIraced O =
. aUd Ol'ld @ = UJuc U Ui LC O
|"-"|E |"-"|3_.|;||;|.'"E ME 4€ 0 ose to Z e
eree Mz | e ggad? W& of the actual cc as sha

‘ +MEEH / -. dDlE C ... = .. -“ . O-C‘

+M3Ik| ( e E dUd Olld OITIE O

/

! | for- bogs/? we] e B+ Mga? Mg, = MAX (M, +N_ (e, +e ), M, +N_ e)
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Finallyy we need to find the
maximum design moment, M.

Unbraced slender columns M, = My Mo = M
Endz of  Iribial moments  Addibional Dlezign 6 8
column [from analysis]  moments rmomenkts

Pl 244 bl + P2 g

2. For unbraced columns the maximum
moment due to deflection, Ng,e, occurs
at the column end as does the additional
moment for imperfections, Ng4e; giving a

b4
2dd total design moment of ...
1 = My, *+ Negle,+e;)

o - W y iy + w
jeos ariffiine. 1 Madg M1+ Magg
may be reduced in proportion to
Ehe ratic of the stiffness of the
le== SEifF ko the stiffer joint
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Design of Slender Columns:
Simplified Design Method based on 69
Nominal Curvature

To determine the maximum moment is not straightforward because
Mg, depends on e, which in turn depends on K.

This cannot be calculated until the area of steel is known because N 4
= Afy + Af 4 (for a symmetrically reinforced rectangular section Ny,
can be taken as 0.4A f_,).

Therefore an iterative procedure must be adopted, thus

1) Assume K. (usually = 1).

2) Calculate Mg,. ]

3) Find area of steel required in column section for axial load
Ngy and moment Mg,.

4) Re-calculate K.

5) If this value of K. differs significantly from the previous value
return to 2).

Addis Ababa institute of Technology April 23, 2020



Example 4.6: Calculate the area of steel required in the column below by addressing
the questions | to V sequentially.

*MEd = 3200 Kkn

400 mm square

fl 210 kNm u:i2 =40 mm
! USE
 (C40/50 and S-500 bars for all reinforcement. o
Bm « 6.=1/200

* Ignore creep ¢=0
» All beam stiffnesses and column stiffnesses are equal

|. What is the effective height of the column, Solution:
l,(m)? Step1: Summarize the given parameters
II.  What is the slenderness ratio, A of the column | Material C40/50
and its slenderness limit, A, ? f=40MPa; f_,=22.66MPa;
lll. What is the value of the equivalent first order fetk 0.05=2-9MPa; f4=1.4MPa
moment, M, (kKNm)? E..=35,000MPa
IV. What is the value of the coefficient, K? S-500
V. What area of reinforcement is required, A, f,x=500MPa;
(mm?2)? f,4=434.78MPa;

E.=200,000MPa; €,=2.17%o
Action Ne,=3200 kN
M,,=60 kNm

M,,=210 kNm
Addis Ababa institute of Technology April 23, 2020




Step2: Compute the effective height of the _

column.

Iﬂ =Bl wherelisthe clear height
K, k

= S — 2 4405
B=05101*0a5+k,) 1 * 025+
Beam stiffnesses and column 1 5o
stiffnesses are euqal therefore - 501 - I,
5C1+502 £53 54 ¢
k, =k, = =1
1 2 S3+54 507 ] II

B=05x[169x169]%° =0.845

|, = 0.845x6 = 5.07m

Step3: Compute the slenderness ratio, A of
the column

A= IDH For a rectangular sectioni = 0.2887h
Hence, A = 5070 /(0.2887 x 400 )=43.9

Addis Ababa institute of Technology

Step4: Compute the slenderness ratio [ifm't, A, Of
the column

= 0.5
A, =20ABCn
A=1/(1+ D.2-1:Ef] b= 0 therefore A=1.0
B =(1+20)" A (0)is unknown so B=1.1
C=17-r_ r_=My/My,=-60210=-0.286

C =1.986
3200 x 1000
n =Ng,/(A_f

cd) = 400 x 400 x08ox40/1.5

m =0.88
A =20x1x1.1x1.986x0.88% = 41.0

.- this is <43.9 therefore the column is slender.

April 23, 2020



Step5: Compute the equivalent first order

moment.
M,_ = 0.6M,, +0.4M,, <0.4M,,

=06x210+04x-60 =126-24 = 102 kNm
(>04x210)

The eccentricity due to imperfections is -

e, = 0501

=0.5x(1/200) x 5070
=12.675 mm

giving an additional moment of -

N-, e =3200x12675/1000 = 40.56 kNm

Step6: Compute the value of the coefficient,
K.

- 2 : -
e, =K K 0.11 %€ ,10.46d (withK = 1)
0.1 x 50702 x (500/1.15/200000) 7 (0 45 x 360) Kr

34 49 Kr
MEd = Mt}e + NEdei + MEdF.-2 = 102 + 40 .56 + 3.2&2

N/bhf_, =3200x1000/(400x400x40)=0.5

Addis Ababa institute of Technology

| If the effects of creep are ignored design charts

cab be produced with K. lines superimposed to
show their influences, but they are jof little
practical value.

For h’/h =40/400=0.1; v=N/bhf_ = 0.5 and
u=M. /bh?f = 0.174;

Using the chart we have the new K =0.47

14r
13t fck{“ED MPa

1.2
11§

>
—>l b

d,th =010

A
-I'I:I- =0.3 Ts .
nat 204 | b |
0at L

N =08

bhf Aty
06} sy

bhf

i

Hr=1
0 005 010 045 020 025 5040 045 050

M/ bh?_, |

y e

:- By iterating the value of K.

assumed Kr MEd I‘|.‘|Edﬂ:|h2fch new Kr
1.0 2529 0.099 0.47
0.47 187.8 0.076 0.41
0.41 188.1 0.073 0.40
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Step7: Compute area of reinforcement required.

e, = 3448K = 3449x040= 13.6 mm

Mgy =My + Ney& + Negey

= 102 + 40.56 + 3200 x 13.8/1000 = 186.7 kNm

This is less than larger end moment plus the
imperfection moment = 210 + 40.56 = 250.56 kNm

Therefore, MEd = 250.6 KNm

N/bhf_, = 3200 x 1000/ ( 400 x 400 x 40 ) = 0.5
Mibh?f_, = 250.6 x 10007/ ( 4007 x 40 ) = 0.098

From chart for d2!h=ﬂ.1
W= ﬂsf?kfhhfck = 0.23 approximately

A_=023x400x400x40/500 = 2944 mm?

T »
80124 A o
. s o
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Questions?

sion method nominal stiffness!

sed on nominal stiffness.
pt of Torsion for next class.
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