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RC Members under Axial and

Combined Loads
(Columns)
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General

J Introduction

e A structural member (usually vertical) , used primarily to support
axial compressive load is called column.

e However, columns would generally carry bending moments as well,
about one or both axes of the cross section.

Column for 60-5&%,_ ar < , Column for 20-story Dominion Mall &
Corporate Center, { A | Apartments, Pakistan (Designed by.DQA).
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General

J Introduction

e Columns transmit loads from upper floor levels to the lower floor
levels and ultimately to the ground through the foundations.

e Unlike beams and slabs that carry the load of a single floor,
columns bear the load of multiple floors above them, resulting in an

accumulation of load. Load
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General

] Reinforcement in RC Columns
= Longitudinal Reinforcement

e They are provided parallel to the direction
of the load to resist the Bending moment
as well as the Compression.
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» Lateral Reinforcement
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e The lateral reinforcement is provided in
the form of ties or continuous spiral to

resist Shear and to hold the longitudinal
bars.
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General

J Classification of RC Columns

e RC columns can be classified on various bases as shown below.

Classification of RC Columns

Based on Lateral Based on Based on
reinforcement Loading Slenderness
] | |
| | | | | |
Tied Spiral Concentric Eccentric Short Long
Column Column Column Column Column Column
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General

1 Types of RC Columns (based on lateral reinforcement)

1. Tied Columns r—

e Columns (of any shape) with closely spaced

lateral ties/hoops.

2. Spiral Columns

o Columns (of any shape) with continuous spiral (" y |

reinforcement wound in a helical pattern.

e They are generally more efficient than tied

columns.

1-1/2 extra turns
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General

1 Types of RC Columns (based on slenderness)

1. Short Columns

e Columns that fail due to the failure of materials
!
are called short columns. W\
\
e Most of the concrete columns fall in this l '\“\‘
e B |
category. ] ! ',":
[ ' [
| ' 'y
| |
2. Long /Slender columns 1t ¥
| ' L
| ! ¥
e Columns in which failure occurs due to | | i ,"’f
. . g . I
geometric instability (buckling) are called long | 1| ___|! ,’,f'
columns. ) f
(a) Short column (b) Long column
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General

d Types of RC Columns (based on loading)

1. Concentric Columns

e Columns in which applied load is aligned with its P
central axis, resulting in uniform compression ,
throughout the column's cross-section. <

2. Eccentric Columns

e Columns in which applied load does not
coincide with its central axis, causing an uneven 1

distribution of compression forces across the _{‘} 7

column's cross-section. They can be

a) Concentric column

b) Eccentric column

1. Uniaxially eccentric

2. Biaxially eccentric
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General

d Types of RC Columns (based on loading)

I/ 25!_0" \l/ 251_011 \l/ 251_011

N
When the spans are equal in both EI] /EI] Ell EI]_A_
directions and the loading is uniformly N
distributed then S
A) Interior columns = Concentric 0 0 0 n A/T
B) Edge columns = Uniaxially eccentric N
c) Corner Columns = Biaxially eccentric /_—m <
/
O Lo’ 0 0-%
o N
Q
j = B 2
8 8
\ O o ) O 0¥
~ _7 - -
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General

d Types of RC Columns (based on loading)

5 Bending about Y axis
(uniaxially eccentric)

No Bending
(Concentric)

Bending about X axis
(uniaxially eccentric)

Bending about
X both axes
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General

(J Dimensional Limits

e The ACI Code does not specify minimum column sizes for columns
that are not part of the seismic-force-resisting system.

1 Reinforcement Limits
a) Longitudinal reinforcement (ACI 10.6.1.1)

e Area of longitudinal reinforcement shall be at least 0.014, but

shall not exceed 0.084,.

e Minimum Reinforcement is necessary to provide resistance
to bending, and to reduce the effects of creep and shrinkage of
the concrete under sustained compressive stresses.
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General

1 Reinforcement Limits
a) Longitudinal Reinforcement

e Maximum amount of longitudinal reinforcement is limited to
ensure that concrete can be effectively consolidated around
the bars.

e Longitudinal reinforcement in columns usually does not exceed 4
percent as the lap splice zone will have twice as much
reinforcement, if all lap splice occur at the same location.
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General

] Reinforcement Limits

a) Longitudinal Reinforcement
e Minimum diameter = #4 (ACI 10.7.3)

e Minimum number of bars = 4 for rectangular columns
6 for circular columns.

o)

N XX/

W\ A /
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General

1 Reinforcement Limits
a) Longitudinal Reinforcement
-  Minimum Spacing Between Longitudinal bars ( ACI 25.2.3)

e Clear spacing between longitudinal bars shall be at least the
greatest of; 1.5 in. and 1.5d, (where d, is the diameter of
longitudinal bar).

e However, to ensure proper concreting,

it is better to maintain a minimum clear i ¢
spacing of 3 inches. 5.4 @
® s
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General

1 Reinforcement Limits
b) Shear Reinforcement
- Maximum Spacing of Lateral ties (ACI 25.7.2.1)

e Maximum spacing S,,,,, shall not exceed the least of;
_ Avfy N
" 50b
Avfy
" 0.75f.'b

ii. 16d, of longitudinal bar

iv. 48d, of hoop/tie bar

v. Smallest dimension of member

Note: These spacing requirements are for gravity loads only.
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General

1 Reinforcement Limits
b) Shear Reinforcement
-  Minimum Diameter of Lateral Ties (ACI 25.7.2.2)

o Diameter of tie bar shall be at least:
i. #3 for longitudinal bars having size up to #10.

ii. #4 forlongitudinal bars having size larger than #10.
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General

(] Reinforcement Limits

b) Shear Reinforcement

- Diameter and Spacing of Spiral Reinforcement (ACI 25.7.3)
e The minimum spiral reinforcement size is 3/8 in.

e Spacing/pitch of spiral must not be less than 1 in. and greater than 3 in.

Spirals ~| Longitudinal

bars

Pitch

/ / /
/ / r V)
/ / /
/ / /
/
=i
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Design of RC Members Under Axial Loads

O Axial Capacity

From the figure shown below, we have

B, =C.+Cs = f A + fAs — 'J/

N A
Because of the perfect bonding between i Concrete
concrete and steel bars, the strain in both Steel bar

materials will be identical. As a result, steel

bars with a grade of 80 or lower will yield at the

ultimate stage (e, = 0.003).

fe =0.85f, and f;=f, (for f, < 80ksi)

P, = 0.85f,'A. + f, A;

olo—
O =—)
N|Mﬁ—>

f, 40

€40 = £ = 29000
60

€y 60 = 29000
80

€yg80 = 29000

=0.0014 <€, =0.003

=0.0021 < ¢,

=0.0028 < ¢,
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Design of RC Members Under Axial Loads

O Axial Capacity
Taking A, = A, — A4 the preceding equation becomes
P, = O.85fc’(Ag — Agt) + At
From which Design Axial capacity can be determined as;
a®P, = a|0.85f,'(A,; — Ast) + f,Asc| (for tied column)
a®P, = aB|0.85f,'(A,; — As) + fAsc| ( for spiral column)

where;
@ = 0.65 for tied columns and 0.75 for spiral columns (ACI Table 21.2.2)

a = 0.8 for tied columns and 0.85 for spiral columns.
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Design of RC Members Under Axial Loads

d Example 3.7

e Design the interior column shown in figure to support a factored
axial compressive load of 500 kips. The specified material strengths

are; f¢ = 3 ksi and f,, = 60 ksi.

i/ 14!_0" \|/ 14!_0" \|
w O |
o 70 TN
©| D o) O 18"
~— \\_//
;G O O 18"
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Design of RC Members Under Axial Loads

J Solution

e Given Data
b =18"
h=18" 18"
A, = 18" x 18" = 324 in?
P, =500 kip
f; = 3 ksi
fy = 60 ksi 18"

e Required Data

Design the column for the given axial load
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Design of RC Members Under Axial Loads

 Solution
> Step 1: Determination of Longitudinal Reinforcement

Calculate design axial capacity of column by assuming 1% steel area
and compare the calculated capacity with demand axial load.

Age = 0.014,
a®P, = 0.80 x 0.65[0.85 x 3 (4, — 0.014,) + (60)0.014,] = 1.6254,
a®P, = 1.625(324) = 526.5 kip > P, » OK!

Therefore, Ag, = 0.014, = 0.01(324) = 3.24 in”
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Design of RC Members Under Axial Loads

J Solution

> Step 2: Determination of Longitudinal Reinforcement

Using #6 bar with 4, = 0.44in?

Number of bars — — — ~
A, 044 7.36~8

Hence use 8,#6 bars.

Note:
« To maintain the symmetrical distribution along the perimeter of the cross-
section, the number of bars in a square column should be a multiple of 4.

« The configuration may alter for a rectangular or circular column.
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Design of RC Members Under Axial Loads

J Solution

> Step 2: Detailing of Lateral / shear Reinforcement

Using #3 bar with 4, = 0.11in? , maximum spacing S,,,, is the least of:

L Dl 2022 x 60,000/ (50x18) = 14.6"

50b
Ayfy
i o7s/fp = 0-22x60,000/(0.75V3000 x18) = 17.9"

i. 16d, of longitudinal bar =16 x 0.75 = 12"
iv. 48d; of hoop/tie bar = 48 x 3/8 = 18"

v. Smallest dimension of member = 18"

Therefore, S,,,,, = 14.6". Finally provide #3 ties @ 12" c/c
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Design of RC Members Under Axial Loads

J Solution

> Step No.3: Drafting

A

<— #3@12" clc

18"
J <—8- #6 bars
| 18" |
Section A-A
A
<— #3@12" clc
18"
| © <——8- #6 bars
e Sl
| 18" |
Section B-B

A

Lap Splice
(if required)

8- #6 bars

e
——— Beam
A
B
#3@12" clc
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Design of RC Members Under Axial Loads
with Uniaxial Bending

J Introduction

e An eccentrically loaded column is one that is subjected to both axial
load and bending moment simultaneously.

e As a result, combined stresses are induced in the section as shown
below.

Axial Stress Distribution

Bending Stress Distribution Combined Stress Distribution
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Design of RC Members Under Axial Loads
with Uniaxial Bending

J Introduction

e To simplify the computations, this coupled action can be
transformed into P and the equivalent eccentricity e.

w PI V' °=p
/ " P \ P
¥
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Design of RC Members Under Axial Loads
with Uniaxial Bending

O Introduction

X % P,
]

e

“X

My=Puex

€, = 0.003

Strain Diagran

Stress Diagram

0.85f'

T=A52 fs? C=Cc+Cs

Bending moment can be transformed into eccentricity using M,, = P, e,

Red Region: Compression
Blue Region : Tension

Prof. Dr. Qaisar Al CE 5115: Advance Design of Reinforced Concrete Structures
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Design of RC Members Under Axial Loads

with Uniaxial Bending

 Calculation of Capacity

Department of Civil Engineering, University of Engineering and Technology Peshawar, Pakistan

a. Axial Capacity a- g g
< L 2|8 5
R
From the Figure; | il g L2 =
?%@*\‘"Léyéﬁ""" *i"";; ********* (% "”<—;€
P,=C,+Cs—T, | 5
> | © o o NA T -
P, = 0.85f;ab + fs1As1 — fs24s2 T B
g __layer2____. L ,d? ,,,,,,,,,,,,,,,, Egﬁf
P, = 0.85fBrch + As(fy1 — fi2) =
Taking f; = 0.85 gives
[QPTL = ®[072fclbc + As(fsl fSZ)] ]"" 3. 3 < Concrete
( Note that A; is steel area of a SINGLE layer, not the total steel area) Steel bar

Prof. Dr. Qaisar Ali

CE 5115: Advance Design of Reinforced Concrete Structures

30



Updated: Nov 03, 2023 Department of Civil Engineering, University of Engineering and Technology Peshawar, Pakistan

Design of RC Members Under Axial Loads
with Uniaxial Bending

 Calculation of Capacity

b. Flexural Capacity ossf |
A A A ; d

Mn == CCll + CSIZ + Tslg

¢
|
|
1
N
2
|
|
L)
:
- |
~ |
N |
|
S
<
|
IV Y
|
|
1
AA
i <
PRELN
e
|

From figure; NN AT T —
é ..... __..... - o c— - e— Ll o c— o Yo S— e . S— e e S— e S— e — —

[, = h_a ‘ l
172 2 A, ’

, e o S— - T

|l )

L < -1
272

h !
I3 = 2 d Where:

_ , C. = 0.85f/ab = 0.85f/ B, bc
Now, taking moment about the center of section,

Cs = As1fs1
h a . .
Mn:CC E—E +CS E—d +TS E—d Ts:ASZfSZ
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Design of RC Members Under Axial Loads
with Uniaxial Bending

 Calculation of Capacity

b. Flexural Capacity

(hoa oo oo
M,, = 0.85f; B,bc 5_5 + Ag1fs1 E_d + Aga fs2 E_d

Since Ay; = Ag, = A, therefore

0.852
Mn = 2 fc,bc(h - a) + Asl(h/z _ d,)(fsl + fsz )

M, = 0.36f/bc(h — 0.85¢) + A, (h/2 — d)(f,, + f.,) [taking 8 = 0.85]

From which the design flexural capacity is determined as,

[ @M, = 0[0.36f/bc(h — 0.85¢) + A;(h/2 — d")(fs1 + fi2)] ] ---(3.4)
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Design of RC Members Under Axial Loads
with Uniaxial Bending

 Calculation of Capacity

e Calculation of Normal Stresses in Steel (f; and f,)

= Compressive stress f1 <~ €y
’ 3 / __%_LQ@Q"
fs1 = Es€gq T Sy”
c-d ¢
From APQR < ASTR , we have | Z_j__i__}? _____ _
€s1 €u Eu(c - d,) d-c
C—d,=? $651= c . U v 3
N 7/%652% 777777 a
Eu(c - d,) ]
fsl = E; c

Substituting E; = 29000 ksi and ¢,,= 0.003, we get
dl
fs1=87(1- c
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Design of RC Members Under Axial Loads

with Uniaxial Bending

 Calculation of Capacity

e Calculation of Normal Stresses in Steel (f; and f,)

Prof. Dr. Qaisar Ali

= Tensile stress f;,

fsz = Eg€q,
From APQR < AVUR, we have
€s2 _e_u = ¢ _Eu(d—C)
d—c ¢ s2 C
€,(d — ¢)
fsz — Esuf

f —87<d 1)
s2 — Z_

Department of Civil Engineering, University of Engineering and Technology Peshawar, Pakistan
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Design of RC Members Under Axial Loads
with Uniaxial Bending

d Limitations of Equations 3.3 and 3.4
> Itis important to note that equations 3.3 and 3.4 are valid for
1. Two layers of reinforcement.
2 f. <4000 psi (since B; = 0.85 was used)

> For intermediate layers of reinforcement, the corresponding terms
with “A;” shall be added in the equations.
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Design of RC Members Under Axial Loads
with Uniaxial Bending

] Design Approaches

e In case of flexural members ( with no or negligible axial load), the
flexural capacity is expressed as:

Asfy
0.85(b

a

OM,, = DAf, (d—i) L aq =

e However, such straightforward equations cannot be derived when
members are subjected to combined loading.

e This is because the flexural and axial capacities are inherently
coupled (dependent on each other) and cannot be separately dealt
with. Consequently, for such members, two commonly used

approaches are:

1. Interaction Diagram 2. Design Aids

Prof. Dr. Qaisar Al CE 5115: Advance Design of Reinforced Concrete Structures
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Design of RC Members Under Axial Loads
with Uniaxial Bending

O Interaction Diagram

e A graphical representation that shows the interaction/relationship
between axial capacity and flexural capacity of a structural member

having known material properties, dimensions and reinforcement is
called Interaction diagram or Capacity curve.

(Z)Pn

@Mn
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Design of RC Members Under Axial Loads
with Uniaxial Bending

4 Interaction Diagram

e If the factored demand in the form of B, and M, lies inside or at the
border line of the design interaction diagram, the column will be
deemed safe against the given demand, otherwise it is failed.

* Point 1 lies within the curve, indicating
that the column is safe against the

Point 2@ demand.
o » Point 2 falls outside the curve, showing
% that the column’s capacity is insufficient
to carry the given demand.
Point 1 O

@Mn
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Design of RC Members Under Axial Loads

Department of Civil Engineering, University of Engineering and Technology Peshawar, Pakistan

with Uniaxial Bending

4 Interaction Diagram

e The horizontal cutoff at upper end of the curve at a value of a@P,
represents the maximum design load specified in the ACI 318-19
10.4.2.1 for small eccentricities i.e., large axial loads.

Prof. Dr. Qaisar Ali

Axial capacity

0.8P,

0.80P,

”””””””””””” ’ Compression controlled region

””””””””””” n O Balanced Condition

Tension controlled region

’T/I | | | | 1 1 | | | | | | | | | 1 1

Flexural capacity

CE 5115:
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Design of RC Members Under Axial Loads
with Uniaxial Bending

4 Interaction Diagram

e Linear Variation of Strength Reduction Factor @

1)
/ ‘\‘ .‘j \
[ € — €
0.75 +0.25 (=) )
0.90 - | - 0-8F, — Compression controlled region
)”, | >
075 -— - ! ot -
| € ~ €y @ 0.80R, /—Balanced Condition
065+ 0.25 (~5557) 3 g
0.65 - | ©
x
Compression 1 <
soritsilsd Transition | Tension controlled 4
| —Tension controlled region
| | 1 1 | L4 | 1 | | k l | 1 l 1 I ~ Et | | | | 1 | 1 | | 1
‘— € =€y —€ = €, +0.003 Flexural capacity
Fig. R21.2.2b Interaction Diagram
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Design of RC Members Under Axial Loads
with Uniaxial Bending

O Development of Interaction Diagram

e The interaction diagram can be developed by calculating certain
points at key locations, using different values of ¢. These points are
obtained from equations 3.3 and 3.4 as described below.

OP, = 0[0.72f¢bc + As(fs1 — f52)]

OM,, = 0[0.36f/bc(h — 0.85¢) + A,(h/2 — d)(fur + fir)]

dl
f51=87<1——>Sfy

C

For a given set of material properties (f.', f),

fs2 =87 (Z_ 1) =Jy dimensions (b, h,d,d") and area of reinforcement
(As), the only variable that remains unknown is
the depth of the neutral axis, c.
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Design of RC Members Under Axial Loads
with Uniaxial Bending

O Development of Interaction Diagram

e Point 1 is determined using equation of concentrically loaded column
ignoring a factor. @B, = 8|0.85f,'(A, — Ast) + fyAst]

e All other control points can be obtained using the following 3 steps.

1. Assume reasonable value of c.

2. Compute f;; and f, o O
13
d' d -
fu=87(1-—|<f and f =87(--1)<f, §
.
3. Calculate P, and ¢M,, (5
OB, = 0[0.72f/bc + As(fs1 — fi2)] ©

OM,, = 0[0.36f.bc(h — 0.85¢c) + A;(h/2 — d")(fs1 + fs2)]
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Design of RC Members Under Axial Loads
with Uniaxial Bending

1 Development of Interaction Diagram

«» Point 1
e Point representing capacity of column when concentrically loaded.
e This is the point at which M,, = 0.
e Design axial capacity equation of concentric column will be used.

F 0[0.85f.'(Ay — Ast) + fyAst]

€. = 0.003
Point @) ¢
D —
7
Qs
1S
h
1 72
€ N
“ " . .
oM, b Strain Diagram
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Design of RC Members Under Axial Loads
with Uniaxial Bending

1 Development of Interaction Diagram

+ Point 2

e This point corresponds to crushing of the concrete at the compression
face of the section and zero stress at the other face.

e c=hand @ =0.65

“ J— From eq. 3.3 and 3.4 e, = 0.003
Point 9 . <>
Qs
1S
c h
vY__ ‘_______‘_..--_ ............. - NA
oM a b - Strain Diagram
n
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Design of RC Members Under Axial Loads
with Uniaxial Bending

1 Development of Interaction Diagram

+ Point 3

e At Point 3, the strain in the reinforcing bars farthest from the compression
face is equal to zero.

e c=h-—d and @ = 0.65

9 From eq. 3.3 and 3.4
Point { """"""""""""""""""""""""""""""

Qf
S

Strain Diagram

oM, b
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Design of RC Members Under Axial Loads
with Uniaxial Bending

1 Development of Interaction Diagram

+ Point 4

e Point representing capacity of column for balance failure condition
€ = €, € = 0.003 and @ = 0.65

0.003
Cc = 0.003 + Ety d = Cqo = 069d and Ce0 = 059d

As Fromeq. 3.3 and 3.4 ﬁ c
Balanced

1S o
Point 9 condition h

oM, b
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Design of RC Members Under Axial Loads
with Uniaxial Bending

1 Development of Interaction Diagram

« Point 5
e Point on capacity curve for which €, = €, + 0.003, €, = 0.003

e P =0.90 or 0.65 (designer's preference)

0.003
c = ( )d = €40 = 0.41d and cgy = 0.37d

0.006 + €,
) €. = 0.003
2 ] <
o C
o Fromeq.3.3 and3.4 ——\ L ;
> . ....................................... - NA
’ © h
Point
________________________________ € = €, +0.003
T N Strain Diagram
< >
oM, b
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Design of RC Members Under Axial Loads
with Uniaxial Bending

1 Development of Interaction Diagram

+ Point 6

e Point on capacity curve at which the strain in tension steel is sufficiently
greater than yield. Let consider ¢; two times that of point 5, then

e 40 =0.25d, cgo = 0.23d (for simplicity, assume ¢ = 0.25d for both grades)

e P=10.90o0r0.65

“ €. = 0.003
O v o mel
o C 7
S R | /7 [ I .. N.A
At T
S
(4] P H
Fromeq. 3.3 and 3.4 ——
. € » €y + 0.003
Point @ v

Strain Diagram

oM, b

Prof. Dr. Qaisar Al CE 5115: Advance Design of Reinforced Concrete Structures 48



Updated: Nov 03, 2023  Department of Civil Engineering, University of Engineering and Technology Peshawar, Pakistan

Design of RC Members Under Axial Loads :3
with Uniaxial Bending

1 Development of Interaction Diagram

+ Point7

e This is the pure bending case on capacity curve at which the axial load is
zero and and @ = 0.90 or 0.65 and ¢ can be taken as;

dl
AS [fy — 87 (1 o ? (Please refer to the Appendix for the derivation of this equation.)

C
0.72f.b
O €, = 0.003
O v o maln
o c R | S CNA
Qs
1S
(4 o H
From eq. 3.3
and 3.4 0 € > €, + 0.003
Pointo L N Strain Diagram
oM, \ b \
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Design of RC Members Under Axial Loads
with Uniaxial Bending

1 Example 3.8

e Develop interaction diagram for the given column. The material
strengths are f; = 3 ksiand f, = 60 ksi with 4 - #8 bars.

1 5"

1 5"
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Design of RC Members Under Axial Loads
with Uniaxial Bending

4 Solution .
e Given Data
b =15"
h = 15" 15"
As =4%x0.79 = 3.16 in*
f; = 3 Kksi
fy = 60 ksi . R

15"
e Required Data

Develop Interaction diagram
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Design of RC Members Under Axial Loads
with Uniaxial Bending

J Solution

<+ Point 1: Pure Axial Condition

The pure axial capacity of column (ignoring a) is given by

OP, = 0.65/0.85f." (45 — As) + f,As]
On substituting values;

@P, = 0.65[0.85 X 3 (225 — 3.16) + 60 X 3.16]

@P, = 490.9 kip
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Design of RC Members Under Axial Loads
with Uniaxial Bending

J Solution

+ Point 2

d' and d can be calculated as;

d =15 5,8 = 2.375" ’ e
T3 8 * 16
and d’ v
d=15—-d = 12.625" < >
15"

Now, with ¢ =h = 15"
fs1=87(1 —d'/c) =87(1 —2.375/15) = 73.2ksi > f,, - use fs; = 60 ksi

and
fs2 =87(d/c —1) =87(12.625/15 — 1) = —13.8 ksi < f,, - use f;; = —13.8 ksi
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Design of RC Members Under Axial Loads
with Uniaxial Bending

J Solution

« Point 2
Now, from eq.(3.3) and (3.4) we have

OP, = 0[0.72f/bc + A;(fs1 — fs2)] < Note that A; is steel area of single layer.

= 0.65[0.72 X 3 X 15 x 15 4+ 1.58(60 + 13.8)] = 391.7 kip

Similarly,
OM,, = 0[0.36f./bc(h — 0.85c) + A;(h/2 — d")(fs1 + fs2)]
= 0.65[0.36 x 3 X 15 x 15(15 — 0.85 x 15) + 1.58(7.5 — 2.375)(60 — 13.8)]

= 598.56 in.kip or 49.9 ft. Kkip
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Design of RC Members Under Axial Loads
with Uniaxial Bending

d Solution
+ Point 3
withc=h-d =15-2.375=12.625"
fs1 = 87(1 —2.375/12.625) = 70.6 ksi > f,, - use f; = 60 ksi
fiy = 87(12.625/12.625 — 1) = 0
Now,

@B, = 0.65[0.72 x 3 X 15 x 12.625 + 1.58(60 — 0)] = 327.5 kip
OM,, = 0.65[0.36 x 3 X 15 x 12.625(15 — 0.85 x 12.625) + 1.58(5.125)(60 + 0)]

= 883.29in.kip or 73.6 ft.Kip
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Design of RC Members Under Axial Loads
with Uniaxial Bending

J Solution

+ Point 4: Balanced Condition

with c,, = 0.59d = 0.59 x 12.625 = 7.45"

fs1 =87(1—2.375/7.45) = 59.3 ksi < f,, > use f5; = 59.3 ksi

fs2 = 87(12.625/7.45 — 1) = 60.43 > f, - use f;; = 60 ksi
Now,

@P, = 0.65[0.72 x 3 x 15 X 7.45 + 1.58(59.3 — 60)] = 156. 2 kip
®M,, = 0.65[0.36 x 3 X 15 x 7.45(15 — 0.85 x 7.45) + 1.58(5.125)(119.30)]

= 1307.87 in.kip or 109.0 ft.Kip
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Design of RC Members Under Axial Loads

with Uniaxial Bending

J Solution

K/
0’0

Prof. Dr. Qaisar Ali

Point 5

with ¢, = 0.37d = 0.37 x 12.625 = 4.67"
fo1 = 87(1 — 2.375/4.67) = 42.8 ksi < f, - use fy; = 42.8 ksi
fiz = 87(12.625/4.67 — 1) = 148.3 > f, — use fy; = 60 ksi

Now,

@P, = 0.90[0.72 X 3 X 15 X 4.67 + 1.56(42.8 — 60)] = 111. 8 kip
®M,, = 0.90[0.36 X 3 X 15 X 4.67(15 — 0.85 X 4.67) + 1.58(5.125)(42.8 + 60)]

= 1500. 23 in.kip or 125. 0 ft. Kkip
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Design of RC Members Under Axial Loads

with Uniaxial Bending

J Solution

K/
0’0

Prof. Dr. Qaisar Ali

Point 6

with ¢ = 0.25d = 0.25 x 12.625 = 3.16"
fo1 = 87(1 — 2.375/3.16) = 21.6 ksi < f;, > use f5; = 21.6 ksi
fiz = 87(12.625/3.16 — 1) = 260.6 > f, — use fs; = 60 ksi

Now,

@P, = 0.90[0.72 x 3 x 15 x 3.16 + 1.58(21.6 — 60)] = 37.5 kip
®M,, = 0.90[0.36 x 3 x 15 x 3.16(15 — 0.85 x 3.16) + 1.58(5.125)(21.6 + 60)]

= 1162.02 in.kip or 96. 8 ft.Kip
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Design of RC Members Under Axial Loads

with Uniaxial Bending

J Solution

K/
0’0

Prof. Dr. Qaisar Ali

Point 7: Pure Bending Condition

afpw(1-9)
B 0.72f)b

c = on solving and neglecting negative root, c = 2.58"

fs1 =87(1 —2.375/2.58) = 6.9 ksi < f,, > use f;; = 6.9 ksi

fs» =87(12.625/2.58 — 1) = 338.7 ksi > fy = use fs; = 60 ksi

Now,

OP, =0

@M, = 0.90[0.36 x 3 X 15 x 2.58(15 — 0.85 x 2.58) + 1.58(5.125)(66.9)]

= 969.30 in.kip or 80.8 ft.kip
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Design of RC Members Under Axial Loads
with Uniaxial Bending

J Solution

«+ Summary of Calculations

@P, M
Point ¢ o1 fs2 " OMn Remarks
(in.) (fesi) (ksi) (kip) (kip. ft)
1 --- 281.5 0
Compression
2 15.00 60.0 -13.8 391.7 49.9 controlled region
3 12.625 60.0 0.0 327.5 73.6
4 7.45 59.3 60.0 156.2 109.0 Balanced condition
5 4.67 42 .8 60.0 111.8 125.0
Tension controlled
6 3.16 21.6 60.0 37.5 96.8 region
7 2.58 6.9 60.0 0.0 80.8

Prof. Dr. Qaisar Ali
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Design of RC Members Under Axial Loads
with Uniaxial Bending

/ i:

J Solution

<+ Plot of Interaction Curve

800.00

—O0—Nominal Curve —+— Design Curve X

700.00

4-#8 bars
600.00 15"
o
= 500.00 \2
an [ . >
= 15
8 400.00 {|qpPn=3928|- =
1+
o
©  300.00
>
<

200.00

100.00

o0 +—r—1r—r—+—r—r—1r—"~+r—r—r"r"+r—r—rr+H—OoF—Fr—+—r+rr T+
0.00 20.00 40.00 60.00 80.00 100.00 120.00 140.00 160.00 180 00

Flexural Capacity (k.ft)
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Design of RC Members Under Axial Loads
with Uniaxial Bending

1 Design Aids

e In practice, Design Aids are used for the design of eccentrically
loaded RC columns.

e They can be found in handbooks and special volumes published
by the American Concrete Institute (ACI).

e They cover the most frequent practical cases, such as
symmetrically reinforced rectangular and square columns and
circular spirally reinforced columns.

e Design Aids for different ranges of f.' and f, are provided in
Appendix. (at the end of this lecture).
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Design of RC Members Under Axial Loads
with Uniaxial Bending

f CZ \
|z Z

O Procedure of using Design Aids

1. Select a trial cross-sectional 26

. . - _If..\(l‘:l‘;ltti('f'l'l()h' DIAGRAM R3-60.6 | _ "I", - ~.‘
dimensions b and h s B

2. Calculate the ratio y based on
required cover distances to the bar

P, I A

centroids and select the

K,=

corresponding column  design
chart.

h —2d

f— ] 1 1 1 1 1 ]
y h 000 005 0410 015 020 025 030 035 040 045

R,=P,e/f'_Ah

Prof. Dr. Qaisar Ali CE 5115: Advance Design of Reinforced Concrete Structures 63



Updated: Nov 03, 2023 Department of Civil Engineering, University of Engineering and Technology Peshawar, Pakistan

Design of RC Members Under Axial Loads

f CZ \
|z Z

with Uniaxial Bending

O Procedure of using Design Aids

4.

Prof. Dr. Qaisar Ali

Ca I C u I ate Kn a n d Rn fa Cto r 2 E INTERACTION DIAGRAM R3-60.6 h -
P, 1Fam ¥ ):T
K, =—+ |
@f.bh L
o My —
n — @ fc ! bh 2 f :

Ky=

Using values of K,, and R,,, read
the required reinforcement ratio p,
from the graph.

| 1 1 1 1 1
000 005 0410 015 020 025 030 035 040 045

Calculate the total steel area
Ay = pgbh
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Design of RC Members Under Axial Loads
with Uniaxial Bending

O Example 3.9

e Design the highlighted edge column to support a factored load of
450 kip and a factored moment of 80 ft.kip. The material strengths

are f.' = 4 ksi and f,, = 60 ksi.

l< 14-0" Sle 14-0" S|
IS IS 7]
»~ 0 O O
=O 1 5"
:é
AN 15"
~-0 (o) O
\ e
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Design of RC Members Under Axial Loads
with Uniaxial Bending

O Solution
1. Dimensions are already given to us
b=h=15"

2. Calculate ratio y

_h =24
B h

Y

Assuming d’' = 2.5 in

15 — 2(2.5)
)/ —

= 0.67
15

y = 0.70
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Design of RC Members Under Axial Loads
with Uniaxial Bending

J Solution

3. Calculate K,, and R,, factor

P 450

"7 @f’bh~ 0.65x 4 x 15 x 15
K, = 0.77
B = M, 80 X 12

"7 @f/bh? " 0.65 X 4 X 15 X 152
R, = 0.11

For y =0.70, f/ = 4ksi and f,, = 60 ksi, the relevant Design Aid is
DA-6 (from Appendix).
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Design of RC Members Under Axial Loads

with Uniaxial Bending

d Solution
3. Read p, from the graph
pg = 0.015
Calculate Area of steel

Age = 0.0154, = 3.38 in?

Using #6 bar
3.38

No. of bars =mz 8

Prof. Dr. Qaisar Ali

ey

o

0.40

| INTERACTION DIAGRAM ,DA-6 f 1;[
p;=0.08 ff=4k5i_ cm——.
1.8 F ¢ f,=60ksi O + ®
N y=0.7 @ - ]
0.0 & B &
16} c !
0.06 g !
le B
1.4 0.08 i |
- 0.04 -0 \)—I-
0.03
1.0 k 0.0 \ 0.25
0.01 \
0.8 | \\ ‘\ 0.50
“ 0.75
04 |
£y 1.0
j"*?g’ltf
'f%./li ]
02k af.
0_0....1./ AP | M N I....l...
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
_ P.e
" 0flAgh
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Design of RC Members Under Axial Loads
with Biaxial Bending

J Introduction

e Column section subjected to compressive load (P,) at eccentricities
e, and e, along x and y axes causing moments M,, and M,
respectively.

M,
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Design of RC Members Under Axial Loads
with Biaxial Bending

f CZ
\2 ;T

1 Behavior of Columns Subjected to Biaxial Bending

e The biaxial bending resistance of an axially loaded column can be
represented as a surface formed by a series of uniaxial interaction
curves drawn radially from the P axis.

P
Ps—"
- == -
-~ ’--"‘g
,‘\Q,J \i N\~ o
- I o R,
< Q B
e e [ 3 Mp, Pp
,_l!a/
=
,’ "-_‘ .—.‘-
/’ =/ Mx
\I\ -~
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Design of RC Members Under Axial Loads
with Biaxial Bending

1 Behavior of Columns Subjected to Biaxial Bending

Y
i
P a] (a] A (4]
kn [w ] {a] [ _-X
T ]
Case (b) (@) —— €y —-‘
Plane of I
constant P, P
Load contour | el
[o) Q Y
MIIXO 3 3 ‘ - X
Q 1 Q

Plane of
constant A

(d)

a) Uniaxial Bending about y Axis, b) Uniaxial Bending about x Axis,

c) Biaxial bending about Diagonal Axis.
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Design of RC Members Under Axial Loads
with Biaxial Bending

1 Behavior of Columns Subjected to Biaxial Bending

¢ . Stress Block

/
| 22 1
® L]
ke M,
& 3
~
\\\\ Mx
h ~ — >
P b ~
, SN
/ ~
N~ Neutral
o .4 e’ \<: axis
’ ~

&es;
Uy,
A 7,
or(,( . 2

Force, Strain and Stress Distribution Diagrams for Biaxial Bending
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 Difficulties in Constructing Biaxial Interaction Surface
e The triangular or trapezoidal compression zone.

e Neutral axis, not in general, perpendicular to the resultant
eccentricity.
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Design of RC Members Under Axial Loads
with Biaxial Bending

1 Analysis Methods

e Following are the Approximate methods for analyzing RC Members
Under Axial Loads with Biaxial Bending:

= PCA Approximate Method
= Bressler’'s Reciprocal Load Method

= Bresler Load Contour Method
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Design of RC Members Under Axial Loads
with Biaxial Bending

d PCA Approximate Method

e The Portland Cement Association (PCA) has developed equations
to transform biaxial demands into equivalent uniaxial demands.

e The method is suitable for rectangular sections with reinforcement
equally distributed on all faces.

h(l-

Myox = Mz +7 (Tﬁ) M,,  — (Eq.20,Ch#7,PCA)
b(1-R

Mnoy = May +3 —5 M,, — (Eq.17,Ch#7,PCA)
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Design of RC Members Under Axial Loads
with Biaxial Bending

(©)]

d PCA Approximate Method
e In the above equations the factor § ranges from 0.65 to 0.7.

e A value of 0.65 for B is generally a good initial choice in a biaxial

bending analysis.

e Taking value of B = 0.65, and converting nominal moments to
factored moments, the equations can be simplified as below:

4 N

h y
e = 0500, (1) | 05 1
g J o |
] s ¢ Rge || Mu=Re
b — e x
Myoy = My, + 0.54M,,, <ﬁ) - (3.6) e 4
N Y, Jl*e*
i

NOTE: Pick the larger moment for onward calculations.
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Design of RC Members Under Axial Loads

with Biaxial Bending

d Example 3.10

e Using PCA Approximate Method, Determine Area of longitudinal

Prof. Dr. Qaisar Ali

reinforcement for the highlighted corner column, to support factored
axial load of 190 kip and factored moments of 35 ft.kip about x axis

and 50 ft.kip about y axis. Take f; = 4 ksi and f,, = 60 ksi.

P 14'_0" \I/ 14'_0" \I y
-0 (| O
A T S B X
2 12
700N :
~0 0 (O ) 12"
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Design of RC Members Under Axial Loads
with Biaxial Bending

J Solution

> Step 1: Converting Biaxial Case to Uniaxial Case

Determine the values of M,,,, and M,,,,,, as follows:
M., = 35+ 0.54 x 50(12/12) = 62 ft.kip

} Take the larger value
M0y = 50 + 0.54 X 35(12/12) = 68.9 ft.kip

The biaxial column can now be designed as an equivalent uniaxial

column with moment M,, = 68.9 ft. kip
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Design of RC Members Under Axial Loads
with Biaxial Bending

J Solution

> Step 2: Calculate Reinforcement using Design Aids

12 — 2(2.5)
y =

v = 0.583 = 0.60

P, 190

= 0fbh 06sxaxizxiz Ot

Ky

M, 68.9 x 12

= = = 0.18
@f.bh? 0.65 x4 x 12 x 122

Ry

e Fory =0.60, f/ =4 ksiand f,, = 60 ksi, the relevant Design Aid is DA — 2
(from Appendix)
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with Biaxial Bending

J Solution

> Step 2: Calculate Reinforcement using Design Aids

[ | INTERACTION DIAGRAM ,DA-S | 1;‘
e From graph: p, = 0.033 9 SO it =
708 e & o

e Calculate Area of Steel “F % |

Ag = 0.0334, = 4.75 in? N J:il

Using #6 bar: 3 1o %
4.75 \
No. of bars = 044 = 10.8 06 \‘}

Provide 12-#6 bars =II\\ |
02 f *ZZZ”” —
| S ' s

00 bl ], [ i) il il
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
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Design of RC Members Under Axial Loads
with Biaxial Bending

1 Bressler's Approximate Methods
1. Reciprocal Load Method

e Suitable for columns having y
factored axial load B, = 0.14,f; .

2. Load Counter Method

® ¢ Pu_e;_o__!_ My = Rey
s
®

s

59—
®
|

e Appropriate for columns having
factored axial load B, < 0.14,f. .
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Design of RC Members Under Axial Loads
with Biaxial Bending

1. Reciprocal Load Method

e Bressler's reciprocal load equation can be derived from the
geometry of the approximating plane. It can be shown that:

1_t 1 .1
Pn anO PnyO PO

Where;

P, = approximate value of nominal load in biaxial bending with eccentricities e,
filfy=0
and e,.

P, = nominal axial capacity when only eccentricity e, is present (e, = 0),
P« = nominal axial capacity when only eccentricity e, is present (e, = 0),

P., = nominal axial capacity for concentrically loaded column
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Design of RC Members Under Axial Loads 5:3

1.

Prof. Dr. Qaisar Ali

with Biaxial Bending

Reciprocal Load Method

<+ Stepwise Procedure

> Step 1: Check Applicability of Method

P, = 0.14,f; — applies, otherwise not.

> Step 2: Calculate Necessary Parameters

Bending about X axis

Bending about Y axis

h—2d’
h

'}/:

b —2d’

e_y — Mux
b Pb

Assume p = A;/bh

Select relevant graph based
ongiven f/, f, and y

Select relevant graph
based on given f/, f,, and y

N
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Design of RC Members Under Axial Loads
with Biaxial Bending

1- RQCiprocaI Load MethOd 20 gé} Interaction diagram
1.9 S fi= 4 ksi
4 f, = 60 ksi h
. 18 s ¥ =060 I—:Y":I
< Stepwise Procedure ~ i [
- L ] o
1o EoieerE 008 ! A%
> Step 3: Calculate P, , P, . o segee
sassd 83" = i
and P, R C——
. : §F(°°5 S o e H
= Bending about X axis P g i o
,
Pro = kndgec 3
_— ! ! -
P nx0 — kn Agf c o7 vt \.““‘*
06 ‘ l“’\
9@ [Bait v
K’ f(ifvpnxo Assumed p
02 f : ’2:‘;‘003
0.1 H i : E,;o_x%

0.0 .
000 005 010 0.15 020 025 030 035 040 045 050 055 060 065

R.= —Pne = _PUG
" 'C’Agh gb.féAgﬂ
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Design of RC Members Under Axial Loads
with Biaxial Bending

1- RQCiprocaI Load MethOd 20 gé} Interaction diagram
1.9 S fi= 4 ksi
S f, = 60 ksi h
. 18 s ¥ =060 I—:Y":I
< Stepwise Procedure ~ i et
16 o " ]_ : l :
> Step 3: Calculate P, , P, . o segee
i oy .
and P, c-,,g:, :EL\
= Bending about X axis % Lo
; ex/h
Ppo = knAgfc,
_ " ’
Pnyo _ kn Agfc 07 P
0.6 ‘ l“’\
05 | ~;;’-'~ H >
0.4 | : :‘sz H
o Ii"y o | Assumed p i 2:2‘002
P B

0.0 .
000 005 010 0.15 020 025 030 035 040 045 050 055 060 065

R.= —Pne = _PUG
" 'C’Agh gb.féAgﬂ
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Design of RC Members Under Axial Loads
with Biaxial Bending

1. Reciprocal Load Method

< Stepwise Procedure

> Step 4: Calculate Axial Capacity

Calculate P, using the following equation

1_ 1,1 1
Pn anO PnyO PO

If 9P, > P, — Design is OKI

Otherwise, adjust material properties (f/,f,) or geometric
properties (b, h), or the reinforcement area (A;), and repeat the
above steps.
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Design of RC Members Under Axial Loads
with Biaxial Bending

d Example 3.11

e Using Reciprocal Load Method, Determine area of longitudinal
reinforcement for the corner column highlighted in figure, to support

P, = 185 kip, M,,,, = 30 ftkip and M,, = 34 ftkip. Take f; = 4 ksi

and f,, = 60 ksi.
< 140" i< 140" S

7~ O O y

:

ol i bbbt o e X

12"
700N !
Y0 O =0 ) 197
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Design of RC Members Under Axial Loads
with Biaxial Bending

J Solution

> Step 1: Check Applicability of Method

P _f_ 185 = 284.62 ki
nTp T 065 -OrOeNP

0.14,f; = 0.1 X (12 X 12) X 4 = 57.6 kip

P, = 284.62 kip > 0.14,f; = 57.6 kip - Reciprocal Load Method applies
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Design of RC Members Under Axial Loads
with Biaxial Bending

J Solution

> Step 2: Calculate Necessary Parameters

Bending about X axis Bending about Y axis

h—2d" 12 —2(2.5) b—2d 12 —-2(2.5)

y=——= - ~ 0.60 y=—0p—= 5 ~ 0.60
M 30 M 34

& Dux = 0.16 T Tw = 0.18
b P, 185(1) h P 185(1)

AS 4(0 44)

" bh 12 x 12 = 0.012
For f/ =4 ksi, f,, = 60 ksi and y = 0.60, For f/ =4 ksi, f,, = 60 ksi and y = 0.60,
Graph A.5 of Nilson 14th Ed. applies Graph A.5 of Nilson 14th Ed. applies
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Design of RC Members Under Axial Loads
with Biaxial Bending

J Solution

> Step 3: Calculate P, ,, P,,, and P

ny0
= Bending about X axis iz Fﬁ o
| | S T
From Grapgh, the curve p interest Y axis i : FOOEEEE [ (201
at K,, = 1.09. Raws 17
14 ‘(I%J\_fosz_‘ ] AHH%H o§§§§ l:l[j__l
Pro = KnAyfi = 1.09 x 144 X 4 o R e
¢ o
[Pno — 627.84 kip} % 4%%&% .
&lllz 0925:5‘%2% :
Again, from Grapgh, the intersecting point = o st i
of curve p and the line e, /b is K;, = 0.7. o] D p
P, = 0.7 X (144) X 4 b
: AP £ RS
P = 403.2 ki o2 it Fe s
[ 0 P o
" H I

1 s mEvEETa
000 005 010 0.15 020 025 030 035 040 045 050 0.55 060 0.65

= e _ _FRe
o= A = BLAR
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Design of RC Members Under Axial Loads
with Biaxial Bending

J Solution

> Step 3: Calculate P, P, and P,

= Bending about X axis y 5 i
_ _ o N i R e
From Grapgh, the curve p interest Y axis ;= : FHEEERE [[i0fe:
— ceceee ez [[Sedet
at K,, = 1.09. = : o
14 0.06 T % :5§ l:l[j—_l
Puo = KnAyf! = 1.09 X 144 x 4 o ROIE L e
L 12 RO v o TP
[Pro = 627.84 kip | N
&lllz 0925:5‘%2% Sardiss
Again, from Grapgh, the intersecting point = essei ik
. . 7 G ,‘ \;"’ﬂh
of curve p and the line e,./h is K;, = 0.67. ﬁ FrHRE YRR
Pnyo| 05 it 1242400 2
04 s I %
Pny = 0-67 X (144) X 4 03 FEEF 4 f : "ﬂ;‘-
. 0.2 : :ﬂ .__ - ; s  ams 212-032
[Pny -_ 385-92 klpJ 0.1 ;}ﬂ;;r\\;o%\l :?i:: :“:i#{*_”
0.0 aresss bus m may e

1 s mEvEETa
000 005 010 0.15 020 025 030 035 040 045 050 0.55 060 0.65

= e _ _FRe
o= A = BLAR
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Design of RC Members Under Axial Loads
with Biaxial Bending

 Solution
> Step 4: Calculate Design Axial Capacity

Calculate B, using the following equation

1 1 .\ 1 11 .\ 1
P, Py Puo P 4032 38592 627.84

= 0.003479

P, = 287.43kip

= 0.003479

@P, = 0.65 x 287.43 = 186.82 kip > P, = 185 kip - OK!
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Design of RC Members Under Axial Loads
with Biaxial Bending

2. Load Contour Method

e The load contour method is based on representing the failure
surface of 3D interaction diagram by a family of curves

corresponding to constant values of P,. The equation is given
below:

<M"x )al _ (Mny )az <1
M0 MnyO B

Where;

My = Prey ; Mpyxo= My, (When M, = 0)

My, = Pyey ; Myyo = My, (When My, = 0)

a, & a, are exponents depending on column dimensions, amount and distribution
of reinforcement, concrete cover and size of transverse ties or spiral.
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Design of RC Members Under Axial Loads
with Biaxial Bending

2. Load Contour Method

e Calculations reported by Bressler indicate that a falls in the range
from 1.15 to 1.55 for square and rectangular columns.

e Values near the lower end of that range are the more conservative.
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Design of RC Members Under Axial Loads
with Biaxial Bending

ff CZ \
\> 2l

2. Load Contour Method

e When a, = a, = a, the shapes of such interaction contours are as
shown for specific a values.

e For values of M,,/M,,, and M,,/M
given graph.

nyo » O €an be determined from the

0 ! ! |
0 0.2 0.4 0.6 0.8 1.0

Mnx /1 Mnxo
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Design of RC Members Under Axial Loads
with Biaxial Bending

2. Load Contour Method

< Stepwise Procedure
> Step 1: Check Applicability of Method
P, < 0.14,f; — applies, otherwise not.

> Step 2: Calculate Necessary Parameters

Bending about X axis Bending about Y axis y
h—2d’ b—2d’ &

y=—jp Y=—"7 DA
.
! (7

e_y _ Mux e_x _ Muy : eyl b

b P, h PR | f T 17X

Assume p = A;/bh ---

Select relevant graph based | Select relevant graph < h s

ongiven f/, f, and y based on given f/, f,, and y
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Design of RC Members Under Axial Loads
with Biaxial Bending

2. Load Contour Method o5 ————

1.9 £=4ksi

A f, = 60 ksi h
18 s Y = 0.60 |I'_7,"_'I|
LN ]

S [t

> Step 3: Calculate M, and ctces vt [[Sedot

15 0.07

~ - - - H e Pn
L ga
M 14 Ho.06 H S —3
L

ny0
T

= Bending about X axis 3 12 BREERTER : s t
S . FENH ‘

My, = RnAgfc’b o

= 0.‘;5

< Stepwise Procedure

13

11
e
o
o
e
it
N
"

1.Q
<
[ 0.9

TTTH]

08

0.7 H PAND)
ri

0.6 ‘ i A
]
41 t 4
05 1 ﬁ"'
1 i

04

0.3

=O'm2
b

P

02

01 H o
-t -

= 5

0.0 -
000 005 OO Q.15 020 025 030 035 040 045 050 055 060 065

Pne F.e
Ry, for Myxo A= AN = BLAR

Prof. Dr. Qaisar Ali CE 5115: Advance Design of Reinforced Concrete Structures 97



Updated: Nov 03, 2023 Department of Civil Engineering, University of Engineering and Technology Peshawar, Pakistan

Design of RC Members Under Axial Loads
with Biaxial Bending

2. Load Contour Method o5 pr——
18 s 2:?‘5""5& I—:;’":I

17 G, : ‘T'
e ' °

> Step 3: Calculate M, and ctces vt [[Sedot

15 0.07

~ - - - H e Pn
L ga
M 14 Ho.06 H S —3

ny0
T

= Bending about Y axis 3 12 BREERTER : f£55 t
S . FENH ‘ '

_— ! !/
Mnyo -_ Rn Agf;':h fo & "

n 0.9

= 0.‘;5

< Stepwise Procedure

13

11
e
o
o
e
it
N
"

TTTH]

08

0.7 PAND)
ri

1
06 ; ] \ A
ri
A |8 t 4
05 $28
1 ¥
04 H
1
I ‘"

0.3

=O'm2
b

02

NS
P

(S
0.1 ARl
et

= 5
0.0 1
000 005 0.& ?5 020 025 0230 035 040 045 050 055 060 0.65

Pne F.e
Ry for Mayo fn = TAJ = SLA
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Design of RC Members Under Axial Loads
with Biaxial Bending

1. Reciprocal Load Method

< Stepwise Procedure

> Step 4: Check the Capacity

= Knowing the required values, select a; = a, = a from graph

= Substitute values in Load contour equation
Mnx “ Mny "2
+ <1
MnxO MnyO

= |f LHS <1 - Designis OK!,

otherwise repeat the process.

0 0.2 0.4 0.6 0.8 1.0
Mnx/MnxO
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Design of RC Members Under Axial Loads
with Biaxial Bending

d Example 3.11

e Using Load Contour Method, determine area of longitudinal
reinforcement for the corner column highlighted in figure, to support

factored load of B, = 30 kip, M, = 20 ftkip and M,, = 30 ft.kip.
Take f/ =4 ksi and f,, = 60 ksi.

i/ 121_0" \I/ 121_0" \|
O O O y
S
ol v b e X
12"
~;n0 O (/[;\\\ .
N ! 12
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Design of RC Members Under Axial Loads
with Biaxial Bending

J Solution

> Step 1: Check Applicability of Method

P _fu_ 30 = 46.15 ki
nTp T 065 o2 KPP

0.14,f; = 0.1 X (12 X 12) X 4 = 57.6 kip

P, = 46.15kip < 0.14,f;/ = 57.6 kip — Load Contour Method applies
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Design of RC Members Under Axial Loads
with Biaxial Bending

J Solution

> Step 2: Calculate Necessary Parameters

Bending about X axis Bending about Y axis
h—2d" 12 —2(2.5) b—2d 12 —-2(2.5)
y=—p—= - ~ 0.60 y=—p = 12 ~ 0.60
ey _ My, _ 20 _ 067 ex _ My, 30 _q
b P, 30(1) h P 30(1)
AS 4(0 44)
" bh 12 x 12 = 0.012
For f/ =4 ksi, f,, = 60 ksi and y = 0.60, For f/ =4 ksi, f,, = 60 ksi and y = 0.60,
Graph A.5 of Nilson 14th Ed. applies Graph A.5 of Nilson 14th Ed. applies
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Design of RC Members Under Axial Loads
with Biaxial Bending

D SOIUtlon - EE:} Interaction diagram
19 !"5 =4 ksi
A f, = 60 ksi h
18 3 ¥ = 0.60 I—:yn:l
> Step 3: Calculate M_,, and - i [t
M | 0.08 ¥ ole 1o
- L] L ]
nyO :: é‘é; L oo{o;
p ~ -] n
. . e a1t =
= Bending about X axis 14 EEHo 06 % SHE
13 | 0“0'5':: s S A:,;' ‘Ez'a
_ ! L 12 isiii: I ’ ' @
Mnxo -_ R’l’lAng b tfl.-_:g y == 13?‘; - QO )
- ' 0.03
I R
M, =012 x 144 X 4 x 12 ;-
- 08 S 587
. . . 07 : ‘A‘;“ o ey/b
[Mnx = 829.44 in. klp] L aseumed p FibA N
- 7 jz ] nl\'"’\
05 :
0s 20 :ll i
03 33
02 F '6,::‘2002
0.1 0
y o4 'j:
9800 005 0Y5,0.15 020 025 030 035 040 045 050 055 060 065
R;, for M, R"“%'ct;:_u:g!
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Design of RC Members Under Axial Loads
with Biaxial Bending

D SOIUtlon - EE:} Interaction diagram
1.9 !"5 L= A4ksi
L. f, = 60 ksi h
18 3 ¥ = 0.60 I—:yn:l
> Step 3: Calculate M_,, and 7 [[eotee
nx - 8 . T .
= b|le e
0.08
MnyO e S | :.l.:
15 QST o
. . S 5 A %
= Bending about Y axis 14 EEHo 06 % (725 [ w—
13 [ 0“0'5'-: f S A:,;' ‘Ez'a
_ ! / 12 is:"ii: I 4 ' @
Mnyo -_ Rn Agfc h 'fl.‘-:!‘ » == 13?‘; : QO )
M 0.03
<2 N
M,, =0.10 X 144 X 4 X 12 s os iR
ny x Epg=0.
08 i
. . s L l.ﬁ\z‘;—h
MleO = 691.2 in. klp o IAssumedp S 1 P
05 ; jlzﬁ H
04 : 1 & ' ex/h
02 i s
02 F y '6,::‘2002
0.1 . O.C‘b;

0.0 -
0.00 005 \0.10/0.15 020 025 030 035 040 045 050 055 060 065

Pne F.e
Ry" for Mpyq il AR = STLAR
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Design of RC Members Under Axial Loads
with Biaxial Bending

J Solution

> Step 4: Check Capacity

M 20/0.65) X 12 M 30/0.65) x 12
nx _ (20/0.65) - 045 & ny _ (30/0.65) 08
M0 829.44 M0 691.2

From grapgh, a; = a, =a =1.6

Substitute values in Load contour equation

My /Mpyo

0.978 <1 - OK!
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Design of RC Members Under Axial Loads
with Biaxial Bending

(J Behavior of Circular Columns

e The Strain distribution at ultimate load is
shown in figure.

e The concrete compression zone subject

to the equivalent rectangular stress
distribution has the shape of a segment of . lec=0.003

€
a circle, shown shaded. e Ao

T

As4fs4 Assfss A52f52 A51fs1

| " |
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Design of RC Members Under Axial Loads
with Biaxial Bending

O Example 3.12

e Design a circular column section shown in figure using approximate
methods to support factored loads P, = 60 kip, M,,,, = 20 ft.kip and

M, = 30 ft.kip. Take f; =4 ksi and f,, = 60 ksi.

.~ D=16"
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Design of RC Members Under Axial Loads
with Biaxial Bending

J Solution

> Step 1: Check Applicability of Method

P _fu_ 60 = 92.3 ki
nTp 065 0P

T X 162

0.14,f; = 0.1 x ( ) X 4 = 80.42 kip

P, = 92.3kip > 0.14,f; = 80.42 kip — Reciprocal Load Method applies
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with Biaxial Bending

J Solution

> Step 2: Calculate Necessary Parameters

Bending about X axis

Bending about Y axis

D—2d 12 -2(2.5)

D—2d 16— 2(2.5)

— — ~ 0.70 = = ~ 0.70
4 D 12 4 D 16
e, M. 20x12 M,, 30x12
Ty o Tux — 0.25 Sx _Twy =036
D~ PD_ 60(16) D~ P,D_ 60(16)
A5 6(044)
o 12x 12 0018

For f; = 4 ksi, f, = 60 ksi and y = 0.70,

Graph A.140f Nilson 14th Ed. applies

For f; = 4 ksi, f, =60 ksi and y = 0.70,

Graph A.14 of Nilson 14th Ed. applies
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Design of RC Members Under Axial Loads
with Biaxial Bending

J Solution

> Step 3: Calculate P, P, and P,

- Bending about X axis T 1
. ] 18 :ﬁ::ﬂ:'rt ’yr: 070 rghj
From Grapgh, the curve p interest Y axis LSS 4
at K, = 1.08. o A
14 3 ‘i“ﬂ 1 ﬁ::'eéé ﬂl
Pno = KnAyf! = 1.08 x (201.06) x 4 ‘”N W
12 ECH R B PR S 53 S
[Pno — 868.58 kip} EP !
g .“'5 3 ,l. , :::fh! it i
Again, from Grapgh, the intersecting point os EEHT" AR i
: : i 5855
of curve p and the line e, /D is K = 0.48. iy zaf
P, = 0.48 x (201.06) x 4 5 i e,
Puco| 02 HiEES s
[ano — 386.04 kipJ N

1t
0.00 005 0.10 0.15 020 025 030 035 040 045 050 055 060 0.65

Pye

Ppe
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Design of RC Members Under Axial Loads
with Biaxial Bending

J Solution

> Step 3: Calculate P, P, and P,

= Bending about Y axis T ] wciondogan
. . 18 :ﬁ::ﬂ:'rt ey rghj
From Grapgh, the curve p interest Y axis LSS 4
at K, = 1.08. o S A
14 hh‘ili 1 QEE ﬂl
Pho = KpAyfe = 1.08 X (201.06) X 4 | s RS i —
12 LSRR AT
] RN : AT aisas
[Pno = 868.58 klp} ?‘;;: @ o R H- #it H
42 e FHR R R e/D [
3 : - % b i
i ] ) . ;ﬂ 09 E‘:’.- QI A 3 :\L‘ﬂ i
Again, from Grapgh, the intersecting point os EEET" 2 i
of curve p and the line e, /D is K, = 0.36. os LAV Bt
05 A 58 AT
Pyy0 = 0.36 X (201.06) x 4 e s 2
[Pnyo = 289.52 kipJ Pl il L L

1t
0.00 005 0.10 0.15 020 025 030 035 040 045 050 055 060 0.65

Pye

Ppe
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Design of RC Members Under Axial Loads
with Biaxial Bending

 Solution
> Step 4: Calculate Design Axial Capacity

Calculate B, using the following equation

1 1 .\ 1 11 s 1
P. Py Puo P, 38604 28952 86858

= 0.00489

P, = 204.5 kip

~ 0.00489

@P, = 0.65 X 204.5 = 132.93 kip > P, = 60 kip — OK!
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Appendix

O Derivation of c for Pure Bending Condition

As we know that;
P=C.+C;—T;

For pure bending case, P = 0
T, = C, + C;

! A zfz — A 1f1
As2f2 =085fcab + A1 fsy = a= : 5.85fc’2 :

Here Ay, = Asp = Ag, fo1 =87(1—d'/c), f = f, and a = 0.85c

Substituting the above values, we get

dl
A |f, —87(1—= o |
_ y C (This is an implicit equation, hence shall be solved by Equation Solver)
0.72f/b

J
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Appendix

0O DESIGN AIDS (DA-1)
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Appendix

0 DESIGN AIDS (DA-2)
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Appendix

d DESIGN AIDS (DA-3)
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Appendix

0 DESIGN AIDS (DA-4)
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Appendix

d DESIGN AIDS (DA-5)

' INTERACTION DIAGRAM, DA-5
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Appendix

d DESIGN AIDS (DA-6)

' INTERACTION DIAGRAM , DA-6
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Appendix

0O DESIGN AIDS (DA-7)

INTERACTION DIAGRAM , DA-7
f/=4ksi
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Appendix

d DESIGN AIDS (DA-8)
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