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Section 2-2
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Wall Section (So03)

Snap-shot
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Snap-shot (wall section)

‘ \ ) PLASTER 2cm
) ALUMINUM FRAME
DOUBLE GLASS
FLOOR FINISH AS PER SCHEDULE fom——
CEMENT SCREED 4em — <]
SOUND 10N 3cm
R.C_SLAB 20cm | )
CEMENT PLASTRE 2cm || v MARBLE SILL
PLASTER 2cm

f———HOLLOE BLOCK 15cm

(—EXTRUDED POLYSTYRENE INSI 5
SOLID CEMENT BLOC m

PLASTER  2cm

ALUMINUM FRAME

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Analysis of Loads

* Dead Loads (D.L.):
— Permanent loads
— Weight of the structure (R.C. unit weight = 25 kN/m3)
— Weight of fixed attachments

 Live Loads (L.L.):
— Due to intended occupancy
— Snow, ice, rain
— Earth and hydrostatic pressure
— Lateral loads due to wind and earthquakes

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
. |
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Load Transfer to Columns

Snow Load = 4.0 kN/m?2
Live Load = 5 kN/m? 3m
Dead load = 10 kN/m?2

3m
9m «— 3m —
Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
_—
—_——— |
Roof
3 floor
columns
3 Floor
24 floor
columns
2nd Floor
1st floor
columns
1st Floor
Ground floor
columns
Ground
Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Tributary Area = 18 m?

Dr. Hazim Dwairi

. |

45m 1.5m
3m
1.5m
1.5m
3m
9m 3m —

The Hashemite University Reinforced Concrete Il

Dr. Hazim Dwairi

3 Floor Columns (no live load):

2" Floor Columns:

1st Floor Columns :

Ground Floor Columns:

Snow load = (18)(4) = 72 kN
Dead load = (18)(10) = 180 kN
Total = 252 kN

Live load = (18)(5) = 90 kN
Dead load = (18)(10) = 180 kN

Total = 252 + 90 + 180 = 522 kN
Total = 522 + 90 + 180 = 792 kN

Total =792 + 90 + 180 = 1,062 kN

The Hashemite University Reinforced Concrete Il
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One-way Joist Floor System

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

One-way Joist
Floor System

General framing
layout of the pan joist |
system

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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General framing layout of the pan
joist system

' . o Ry { B '
B am ant amil 4 /r o
5 3%n - 8

g e —— g 3y

Dr. Hazim Dwairi

The Hashemite University Reinforced Concrete Il

ACI Code Recommendations

» ACI 8.13.1: Joist construction consists of a
monolithic combination of regularly spaced
ribs and a top slab arranged to span in one
direction or two orthogonal directions.

. 50mm without filler
Solid Slab, h, = larger of 40mm with filler

h k s J  W112)s
s [ °|

/| Slope 1:12 Max. = (3.5)b

Min. b=100mmﬂ| ||< Max. 750mm

Dr. Hazim Dwairi
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Minimum Slab System Depth

« Based on deflection control. use table 9.5(a) in
the ACI code to check minimum thickness
required.

Reinforced Concrete Il

Distribution Rib (Cross Rib)

Distribution Ribs

* Placed perpendicular to joists*
Spans < 6.0 m: Use None
Spans 6.0-9.0 m: Provided at
midspan o
Spans > 9.0 m: Provided at third-
points
At least one continuous ¢12 bar is

provided at top and bottom of
distribution rib.

*Note: not required by ACI Code, but
typically used in construction

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Dead Load Calculations

 Permanent loads such as fixed
machines or furniture

» Weight of the structural elements

(R.C. unit weight = 25 kN/m3)

» Weight of fixed attachments such as
tiles, mortar, false ceiling ...etc.

The Hashemite University

Typical One-way Joist Slab

2bmm
—_25mm

Sand Fill—» 100mm

Solid Slab —=[ 70mm

+ | 180mm

Plaster —— 25mm

Typical Cross-Section

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Load Calculations

« Slab Loads:
— Tiles = (0.025) (22) = 0.55 kN/m?
— Mortar = (0.025) (22) = 0.55 kN/m?
— Sand Fill = (0.100) (13) = 1.30 kN/m?
— Solid Slab = (0.070) (25) = 1.75 kN/m?

Total = 4.15 kN/m?
* Rib Loads:
— Joist Web  =(0.18) (0.135) (25)= 0.61 kN/m
— 5 Blocks/m =5 (0.18 kN/Block) = 0.90 kN/m
— Plaster = (0.52) (0.025)(22) = 0.29 kN/m
Total =1.80 kN/m

The Hashemite University Reinforced Concret te

Load Calculations

» Total Ultimate Rib Load
— Dead Load from Slab= (0.52) (4.15) = 2.16 kN/m
— Live Load from Slab =(0.52) (2.0) = 1.04 kN/m

w, = 1.2 (1.80 + 2.16) + 1.6 (1.04) = 6.42 kN/m

» Total Ultimate Load on Slab:
w, = 6.42/0.52 = 12.34 kN/m?

Dr. Hazim Dwairi The Hashemite University Reinforced Concret te
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Cases of Loading (Pattern Loads)

Using influence lines to determine pattern loads

Largest moments in a continuous beam or frame
occur when some spans are loaded and others
are not.

Influence lines are used to determine which
spans to load and which spans not to load.

The Hashemite University

Qualitative Influence Lines

The Mueller-Breslau principle can be stated as
follows:

If a function at a point on a structure, such as
reaction, or shear, or moment is allowed to act
without restraint, the deflected shape of the
structure, to some scale, represents the
influence line of the function.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Qualitative Influence Lines

The Hashemite University

One-way Joist Slab
Design Example
4400mm——\<74400mm

* Design a typical fr L |
joist and solid slab | | |
for the floor : } } } } el Cotue
system shown  § | | B |
below. L } } } }

« Floor system is " Ll -
part of residential _ } } } }
building. E 1 | |

g | | | |
L \ | | |
.\ \.\ \.

Dr. Hazim Dwairi 8
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One-way Joist Slab
Design Example

ﬂé— 4400mm 0 4400mm 4%;

 Clear Span |, = 4400 — 400 = 4000 mm
* Min. thickness h,,;, = 4000/18.5 = 216 mm
» Use typical slab thickness h = 250 mm.

liles

T T T_T ]~ T 2mm
Mortar 5mm

Sand Fill— 100mm
Solid Slab—s® =+~ % ,* ¢ . P S 70mm

U ° )
2 U ‘.
J " L 180Inm

5mm

Plaster —

l
J&?‘F 400mm 120 %400mm%_§?¢
mm
y

The Hashemite Universit; Reinforced Concrete Il

One-way Joist Slab
Design Example

* Recall:

— Ultimate rib load w, = 6.42 kN/m

— Ultimate slab load w, = 12.34 kN/m?
» ACI moment and shear envelopes

C,.=-1/9ifonly
two spans

@]
Il

-1/24 1/14 -1/10

-1/11 1/16

@]
<
Il

1.0 Eq. 1 1.15 1.0 Eq. 1 1.0

(c¢) Discontinuous end integral with support where support is spandrel beam

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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One-way Joist Slab
Design Example

» Typical Rib Flexure Design
— w, =6.42 kN/m
—1,=4000 mm
-d=250-20-10-10/2 =215 mm
— A, .. = 0.0033 (120) (215) = 85.14 mm?

s, min

Bar size
2010
2010
2010

Coeff.
w,|.2/24
w,|.2/9
w,|.2/14

*Rectangular Section
** T-Section

kN.m
4.28

11.41
7.34

Moment a (mm)
7.88
21.74

3.09

A, (mm?)
544
150.0
92.3

M,—ve*
M, -ve*

M, +ve**

The Hashemite University

Dr. Hazim Dwairi

One-way Joist Slab
Design Example

» Typical Rib Shear Design
= V,=1.15(6.42)(4.0/2) = 14.77 kN
= oV, =1.1x0.75 x V28/6 x 120 x 215 = 18.77 kN
" ¢V,>V, O.K
» Solid Slab Design
— 1. =400 - 2(15) = 370mm
— M, =12.34 (0.37)%/12 = 0.141 kN.m
s = 8.7 mm? (b=1000mm, d=70-20-10/2=45mm)
< min = 0.0018(1000)(70) = 126 mm?
— Use ¢10/block or welded wire mesh

- A
- A

The Hashemite University

Reinforced Concrete Il

Dr. Hazim Dwairi
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Reinforcement Details
0.25 of I,

| L400mm 0/.30 ofl ;orl, OOmm
RN
| /| (.
<

2610 | Ty

40

12410
|
|
AN |

|
|
2510 |
|
1

\
\
\
\
\
||
[ Typical 150mm ; *

At least one bar

continuous or spliced
a class A splice

le
<€

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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One-way and Two-way Slab
Behavior

* One-way slabs
carry load in one
direction.

Slab spans In this direction

Girder

* Two-way slabs
carry load in two
directions.

(a) Plan-beams at middie
of panal.

|"| ' /Slab
-

T r—r

{b) Section A-A.

The Hashemite University Reinforced Concrete Il
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One-way and Two-way Slab
Behavior

* One-way and
two-way slab
action carry
load in two L Sl
directions.

* One-way slabs: Generally,
long side/short side > 2.0

The Hashemite University Reinforced Concrete Il

Types of Two-way Slabs

Two-way slab

Flat slab with with beams

drop panels

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Types of Two-way Slabs

Flat slab without Waffle Slab

drop panels

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Column Connections in Flat Slabs

P i — J— > = g _
i—li‘ H - o ™) Crop pane i =
S . -4 L '\\ I.I."I
T,_: [} capita
1 t— ‘ e . i '
t : ";?* i— 1 - 14, I.
FUE 3 Section A-A Sec 1-4
anp pans 30 pane thout column copital

1. With drop panel

2. Without drop panel

3. With column capital or crown

4. Without column capital or crown

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Joist Construction

Bearr

» The two-way ribbed slab and waffled slab
system: General thickness of the slab is 50mm
to 100mm.

Dr. Hazim Dwairi The Hashemite University

Economic Choices in Slabs

» Flat Plate without drop panels: suitable span

6.0 to 7.5 m with LL= 3.0 -5.0 kN/m?
Advantages

— Low cost formwork

— Exposed flat ceilings

— Fast

Disadvantages

— Low shear capacity

— Low Stiffness (notable deflection)

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Economic Choices in Slabs

» Flat Slab with drop panels: suitable span 6.0
to 7.5 m with LL= 4.0 - 7.0 kN/m2

Advantages

— Low cost formwork

— Exposed flat ceilings

— Fast

Disadvantages

— Need more formwork for capital and panels

The Hashemite University

Economic Choices in Slabs

« Waffle Slabs: suitable span 9.0 to 15 m with

LL=4.0 — 7.0 kN/m?
Advantages

— Carries heavy loads

— Attractive exposed ceilings

— Fast

Disadvantages

— Formwork with panels is expensive

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Economic Choices in Slabs

* One-way Slab on beams: suitable span 3.0 to
6.0 m with LL= 3.0 - 5.0 kN/m?

— Can be used for larger spans with relatively higher
cost and higher deflections
* One-way joist floor system is suitable span
6.0 to 9.0 m with LL=4.0 — 6.0 kN/m?

— Deep ribs, the concrete and steel quantities are
relative low

— Expensive formwork expected.

The Hashemite University

Comparison of One- and Two-
way Slabs Behavior

w, =load taken by short direction

w, = load taken by long direction

O = O S v

SwLs*  SwLl*
384EI  384El

-7

4
ﬂ:L—l‘t For L1=2Ls= w, =16w,
w, Ls

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Static Equilibrium for Two-way
Slabs
« Analogy of two-way slab to plank and

beam floor
Consider Section A-A:

Moment per m width in

Total Moment

2
:MT:(wlz)%kN-m

Dr. Hazim Dwairi The Hashemite University

Static Equilibrium for Two-way
Slabs

Uniform load on each beam: :WTIIkN/m
. VA
Moment in one beam (Sec: B-B) = M, = - gkN-m

2

L1 —~ PRI I Tt - - 2 - 7 2

tdl VIOITIEeTIU IT1 DO pedInnsS. — M = (Wll)_ kN-m
8

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Method of Design

(1) Direct Design Method (DDM):

Limited to slab systems with uniformly distributed
loads and supported on equally spaced columns.
Method uses a set of coefficients to determine
the design moment at critical sections. Two-way
slab system that do not meet the limitations of
the ACI Code 13.6.1 must be analyzed using
more accurate procedures.

The Hashemite University

Dr. Hazim Dwairi

Method of Design

(2) Equivalent Frame Method (EFM) :

A three-dimensional building is divided into a
series of two-dimensional equivalent frames by
cutting the building along lines midway between
columns. The resulting frames are considered
separately in the longitudinal and transverse

directions of the building and treated floor by
floor.

The Hashemite University Reinforced Concret te Il
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Equivalent Frame Method (EFM)

N
T

e e i e

OO

?
Interior equivalent frome

nferior equivalent

i
5
!

L

Longitudinal Transverse
equivalent frame equivalent frame

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Equivalent Frame Method (EFM)

TIT 1% Elevation of
CL 717/ 7J», :4; z i the frame

7 T T 7/Jf/§
Elevation

Interior

x column
Exterior

¢ of .
S < Perspective
view

¢ of siab

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Column and Middle Strips

The slab is
broken up into
column and
middle strips for
analysis

L4 L4

Minimum Slab Thickness for
Two-way Construction

* The ACI Code 9.5.3 specifies a minimum slab
thickness to control deflection. There are three
empirical limitations for calculating the slab
thickness (h), which are based on experimental
research. If these limitations are not met, it will
be necessary to compute deflection.

» For slabs without interior beams spanning
between supports - Table 9.5 (c) and:
— Withdrop panels ........................ 125 mm
— Without drop panels .................... 100 mm

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Minimum Slab Thickness for
Two-way Construction
* For slabs with beams spanning between the
supports on all sides:
(a) fora, >2.0 U

0.8+ 1_4%6)

36 + 9P o

h = >90mm (9-13)

(b) for02<a, <2.0U
f
én(0.8 + ﬁ&)

- >125mm (9-12)
36 + 5B (0, — 0.2)

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Minimum Slab Thickness for

Two-way Construction

TABLE 9.5(c)—MINIMUM THICKNESS OF SLABS
(c) fora,, <0.2 U

WITHOUT INTERIOR BEAMS*

Without drop panels? With drop panelst
. Intenor Intericr
« With drop pane' S: Exterior panels | panels | Exterior panels | parels
h S 1 2 Without | With Without | With
edge edge edge edge
5 mm fy, MPal| beams | beams? beams |beams$
i in tn b b bn fn
* Without drop 0 | B | % | % | % | @ | @
. £ ) [ £ 4 £
-n ~n =n ~n =n ~n
panels 420 30 33 33 33 36 36
4 [/ 4 [# £ [4
tn n sn n n tn
h>100mm 520 28 31 31 31 34 34

" For two-way cengtruction, £ is the length of eloar span in the long diree-
tion, measured face-to-face of supports in slabs without beame and face-to-

face of heams or ather suoports in other cases.

t Far f,, batween the valuez given in the table, minimum thickness shall be

determined by linear interpolation.
t Dres panels as definec in 13.2.5.

§ Slabe with boams between columne along exterior edgee. The value of af

Dr. Hazim Dwairi for the edge beam shall not be less than 0.8,

11
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Minimum Slab Thickness for
Two-way Construction

» Definitions:
= h = Minimum slab thickness without
interior beams.

= | = Clear span in the long direction
measured face to face of column

=3 = The ratio of the long to short clear
span

"o, ,= The average value of a for all
beams on the sides of the panel.

Dr. Hazim Dwairi The Hashemite University Reinforced Concret te Il

Beam-to-Slab Stiffness Ratio, a

» Accounts for stiffness effect of beams located
along slab edge —— reduces deflections of
panel adjacent to beams.

o - flexural stiffness of beam

flexural stiffness of slab

Dr. Hazim Dwairi The Hashemite University Reinforced Concret te Il

Dr. Hazim Dwairi 12



Reinforced Concrete Il

Dr. Hazim Dwairi

Beam-to-Slab Stiffness Ratio,
g YEuly /1Byl
4E_1. /1 E_I

E ., =Modulus of elasticity of beam
E, =Modulus of elasticity of slab

I, = Moment of inertia of uncracked beam

I, = Moment of inertia of uncracked slab

» With width bounded laterally by centerline of
adjacent panels on each side of the beam.

Dr. Hazim Dwairi The Hashemite University Reinforced Concret te Il

Beam and Slab Sections for
calculation of a

/2

(a) Section for Ip—Edge beam.

fol L A T T LTS z A

(b) Section for Is—Edge beam.

Dr. Hazim Dwairi The Hashemite University

Reinforced Concref te

Hashemite University
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Beam and Slab Sections for
calculation of a

bI2 fal2

777 7
A

(c) Section for Ip—Interior beam.

|
77 7 AT P T /,4| 7

|
|

(d) Section for Ig—Interior beam.

The Hashemite University Reinforced Concrete Il

Beam and Slab Sections for
calculation of a

hy, but not more
than 4h bw + 2hy, but not more

than by, + 2(4h)
._.‘ L / "
| | |

_‘_;Z 1\ | T/// 7]
w A7 RN Y
by N
Spandrel (Edge) Beam Interior Beam
Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Dr. Hazim Dwairi
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PCA Charts for calculation of «

5

b + {a-h) = b + 4h
2.4 ] I:——
]

23

22

21 B=b=* = span length

20 Ewm b ra]?
- " En T [‘J‘

1.9

18

1.7

16

1.8

1.4

1.3

1.2

1.1

1.0

Dr. Hazim Dwairi (8):Edge:eam The Hashemite University Reinforced Concrete Il

PCA Charts for calculation of o

| kE+2a-tsban |

ik i SV NP I () I
4 5 .8, 7 8 9 10

amh
Dr. Hazim Dwairi b Interior Beam The Hashemite University Reinforced Concrete Il

Hashemite University
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Example :Flat Slab without Beams

0.25

025 | —»fle T3 == T3 —— 73—

A flat plate floor system Lom ¥
with panels 7.3 by 6.0 m 60 :

is supported on 0.50m
square columns.
Determine the minimum
slab thickness required .
for the interior and A Outas o e 50,
corner panels. ARSEN

Use f’, =28 MPa and
f, =420 MPa

&
it

6.0 t

A

The Hashemite University

Exterior Slab

« Slab thickness, from table for fy =420 MPa and
no edge beams is

hmin = ln
30
| =7.3-0.5=6.8m

h_. = % =226.7mm = use 230mm

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Interior Slab

» Slab thickness, from table for fy =420 MPa and
no edge beams is

[

n

hmin ~— A
33
[ =7.3-0.5=6.8m

_ 6.8x1000

h. =206.1mm = use 210mm

The Hashemite University

Example : Flat Slab with Beams

A flat plate floor system

with panels 7.3 by 6.0 m is RNk e b
supported on beams intwo i [ AT A ¥
directions which supported ¢, Siab 1 -
on 0.40m square columns. A<
Determine the minimum T—m e .
slab thickness required for 602 |5

. . Slab — Beams —»
an interior panel. A (4

Y fe 1 -—

Use f’, = 28 MPa and <
f, =414 MPa

(a)

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Flat Slab with Beams Example

Beam cross-sections
All Dimensions in millimeters

[ 720 — >

S =
I
y=237.9 180

420~ P
420

=300 ~ = ?=218.B

Section B-B
I, = 7.952 x 10° mm?*

LR I
I,=1.170 x 101 mm# <400~

Section A-A
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Interior Slab
* Long Direction :

I, =1.170x10" mm*
3
I,,= % =2.916x10° mm*
- —— 1240 -_- t
i
E] T 3 y=218.8 <180
7 = beam _ 4 ()] m;’r*"i _y-__,':]_l
slab
* Short Direction : e ﬁ
3 Section A-A
I,,= (7300)180)" _ 3.548x10° mm*
12
ashort = EIbeam = 3 3 O
A - slab o -
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Interior Slab

*The Average a ,, for interior slab :

_ 401433

Favrg = 7 .20 !

Compute the S Coefficient : i L .|T'=_2“-“‘:]: .

600 |

7.3-04 i

llong
B=-tre ~1.232 | ;

[, 60-04

Compute thickness for a ;, > 2

J 414
1, 0.8+ =2~ = FgSET
n[ 1400 ) 6.9(0.8+ 1400)
36498  36+9x1.23¢ A =180mm
=160.4mm
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Thickness of Edge & Corner Slabs

*Compute a ,, in long direction :

- 720 — =
Y

I} peum =7-952x 10° mm’* f ;2379 l 180
X | ¢’ oy
slab =w=1.555x109mm4 o 2 s
1 .
7.952x10° 9984
= Section B-B

Uy =5
€ 1.555%10°
*Compute a ,, in short direction :

3
b :(38501& =1.871x10° mm*
952x10°
= 22210 o5
Dr. Hazim Dwairi 1 '87 1 X 1 0 The Hashemite University Reinforced Concrete Il
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Thickness of Edge & Corner Slabs
5.11

3.30+5.11+3.30+4.01
afm = 4

=3.93

4.25+5.11+3.30+4.01

3.30 2y, = 2 =4.17

The Hashemite University Reinforced Concrete Il

Thickness of Edge & Corner Slabs

4.25+4.01+3. 4.01
4.01 afm _ 5+4.0 :3 30+4.0
4.25 3.30 [, =7.30-0.20-0.10="7.00m
Compute the S Coefficient :

/ _
gty 732030
I, 60-030

short

Compute thickness for a , > 2 “

ln(0.8+fy] 7.00(0.8+414) h=180mm

1400 = 1400 =163.0mm

36+90 36+9x1.230

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

=3.89

4.01
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Direct Design Method for Two-
way Slab

* Method of dividing total static moment M,
into positive and negative moments.

« Limitations on use of Direct Design

method:

1. Minimum of 3 continuous spans in each direction.
(3 x 3 panel)

2. Rectangular panels with long span/short span < 2

3. Successive span in each direction shall not differ by
more than 1/3 the longer span.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Direct Design Method for Two-
way Slab

4. Columns may be offset from the basic rectangular
grid of the building by up to 0.1 times the span

parallel to the offset. ] O 0
J "

[ 1

. All loads must be due to gravity only (N/A to
unbraced laterally loaded frames, from mats or pre-
stressed slabs)

. Service (unfactored) live load < twice service dead
load

The Hashemite University Reinforced Concret te Il

Direct Design Method for Two-
way Slab

7. For panels with beams between supports on all
sides, relative stiffness of the beams in the two
perpendicular directions. Shall not be less than 0.2
nor greater than 5.0

2
al l2

2
aZ ll

Relative Stiffness =

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Basic Steps in Two-way Slab
Design

Choose layout and type of slab.

2. Choose slab thickness to control

deflection. Also, check if thickness is
adequate for shear.

3. Choose Design method

= Equivalent Frame Method - use elastic
frame analysis to compute positive and
negative moments

Dr. Hazim Dwairi The Hashemite University Reinforced Concret te

= Direct Design Method - uses coefficients to
compute positive and negative slab moments

7.

8.

Dr. Hazim Dwairi The Hashemite University Reinforced Concret te

Basic Steps in Two-way Slab
Design

Calculate positive and negative moments in the

slab.

Determine distribution of moments across the
width of the slab. - Based on geometry and
beam stiffness.

Assign a portion of moment to beams, if
present.

Design reinforcement for moments from steps
5 and 6.

Check shear strengths at the columns
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Distribution of Moments

» Slab is considered to be a series of frames in
two directions. T

Column

NS1| NSZ |
b 2

Spandrel beam

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Distribution of Moments

» Slab is considered to be a series of frames in
two directions.

] N} [N |' . Frame EW1
____________ 2
O a O l '3 Frame Ewz
________ 1]
e B"\0 O——0 Ol | I, Frame EW3
> ‘\0‘ n |
€ € (_/\'l\.l _____________ _?I_ .
1LY rame EW4
1 O n N 3
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Distribution of Moments

In each span of each frame, the total static
Moment, M, is:

(ACI13-3)

Where:
w, = factored load per unit area T Columnor

[, = transverse width of the strip '€apital diameter
[ =clear span between columns

(for circular columns, calc./, using h = 0.886d.,)

The Hashemite University Reinforced Concret te Il

Distribution of Moments

» Where the transverse span of panels on either
side of the centerline of supports varies, |, shall
be taken as the average.

 Clear span |, shall extend from face to face of
columns, capitals, brackets, or walls. It shall not
be less than 0.65I,.

0.89h 0.93h

e R R Y

Use equivalent square
Columns for |, calculations.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il




Reinforced Concrete Il Hashemite University

Column Strips and Middle Strips

Moments vary continuously across width of slab
panel. To aid the steel placement:

Design moments are averaged over the width of
column strips over the columns & middle strips
between column strips.

The widths of these strips are defined in ACI
sections 13.2.1 and 13.2.2 and illustrated in the
next slide.

Dr. Hazim Dwairi The Hashemite University

Column Strips and Middle Strips

?max
s ZE— -
Middle strips

Vg :

U G
Ky

fminld
Column strips

(a) Short direction of panel.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Column Strips and Middle Strips

Middle

(b) Long direction of panel.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete I

Positive and Negative Moments
in Panels

M, is divided into +ve M and —ve M according to
~ rules given in ACI sec. 13.6.3
e L

0.35 10 o.aaﬂr,_i : ; 3ty
010065 Mo § " ;
= ‘_L % [ 0.85M,
'"_"/-JL__ —_— -

0.65 to 0.75 Mg

Exterior span =ve M Interior span
(see Table 13-2)

L. viazmmrowam " The Hashemite University Reinforced Concrete Il
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Moment Distribution

Exterior Edge

Slab without Beams
Between Interior

Slab with Supports

Beams

(1)

Fully
Unrestrained Restrained

Between All With Without
Supports Edge Beam Edge Beam

(2) (3) (4) ¢

Exterior negative

factored moment

Positive factored

moment

Interior negative
Dr.He factored moment

0.65 016 0.30 0.26

0.50 0.52

0.35 0.57

0.65 0.70 0.70 0,70

Moment
Distribution
in Exterior

2. Full restraint

Dr. Hazim Dwairi
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i
|
|
Ly
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Transverse Distribution of
Moments
Transverse distribution of the longitudinal

moments to middle and column strips is a function
of the ratio of length I,/l,, o4, and B,.

niddie strip

—— - ———§ of pangl ——-——¢

—— —_ Interior

panel

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Factored Negative Moment in
Column Strip

* Interior negative moments

13.6.4.1 — Column strips shall be proportioned to
resist the following portions in percent of interior nega-
tive factored moments:

Lty 0.5 1.0 2.0
(aplalty) =0 75 75 75
(aplyliy) = 1.0 90 75 45

Linear interpolations shall be made between values
shown.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Factored Negative Moment in
Column Strip

« Exterior Negative Moments

13.6.4.2 — Column strips shall be proportioned to
resist the following portions in percent of exterior neg-
ative factored moments:

tollq 0.5

(aplallq) =0

75

(opla/ty) 2 1.0
b2/ 90

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Factored Positive Moment in
Column Strip

* For both Exterior and Interior

13.6.4.4 — Column strips shall be proportioned to
resist the following portions in percent of positive fac-
tored moments:

€ollq 0.5 1.0 2.0
(aptsltq) =0 60 60 60
(aptslty)=1.0 90 75 45
Linear interpolations shall be made between values
shown.
Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Transverse Distribution of
Moments
» Transverse distribution of the longitudinal

moments to middle and column strips is a
function of the ratio of length I,/1;, a4, and B..

|
|
&

Torsion Constant

The Hashemite University

Factored Moment in Column
Strip

o4= Ratio of flexural stiffness of beam to stiffness
of slab in direction I,.

B,= Ratio of torsional stiffness of edge beam to
flexural stiffness of slab

13.6.4.3 — Where supports consist of columns or
walls extending for a distance equal to or greater than
(3/4)¢, used to compute M,, negative moments shall
be considered to be uniformly distributed acrossé,.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Factored Moments in Beams

For slabs with beams between supports, the slab portion of
column strips shall be proportioned to resist that portion of
column strip moments not resisted by beams.

13.6.5.1 — Beams between supports shall be pro-
portioned to resist 85 percent of column strip moments
if anlslty is equal to or greater than 1.0.

13.6.5.2 — For values of ant,/ty between 1.0 and
zero, proportion of column strip moments resisted by

beams shall be obtained by linear interpolation
between 85 and zero percent.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

ACI Provisions for Effects of
Pattern Loads
1. The ratio of live to dead load. A high ratio will
increase the effect of pattern loadings.

2. The ratio of column to beam stiffness. A low
ratio will increase the effect of pattern loadings.

3. Pattern loadings. Maximum positive moments
within the spans are less affected by pattern
loadings.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Slab Reinforcement

» Spacing of reinforcement at critical sections shall

not exceed two times the slab thickness, except

for ribbed construction.

+ve M reinforcement _|_to a discontinuous edge

shall extend to the edge of slab and have

embedment, straight or hooked, at least 150 mm

in spandrel beams, columns, or walls.

-ve M reinforcement _| to a discontinuous edge

shall be bent, hooked, or otherwise anchored in
spandrel beams, columns, or walls

The Hashemite University
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Corner Reinforcement

Liong

(Liong)/5

i v
| B-1
' Astop per 13.3.6
! Agbottom per 13.3.6 — |

i
o -

OPTION 1

(Liong)/5

L short

» top & bottom As shall be
SUfﬁCient to reSiSt a moment 2. Max. bar spacing 2h, where h = slab thickness.

per unit of width equal to the
maximum positive moment
per unit width in the slab.

The Hashemite University

Leong

)

w
Q
=
| &1 §
=

i
! Asper 13.36 / ! B
o ~

| top and bottom —

OPTION 2
Notes:

1. Applies where B-1 or B-2 has oy >1.0

Reinforced Concrete Il
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without Beams

MINIMUM - Ag

AT SECTION WITHOUT DROP PANELS ‘ WITH DROP PANELS

(- 4— 0334 _osss, ool

| |

Details of Reinforcement in Slabs

Dr. Hazim Dwairi

b 0308,
]
e r'- 0.2065
|.|_

o

REMAINDER fr—
R b
{\_ =

or wires shall
conform fo 13.3.8.5

{__— 150 mm |
g T
L |
T T
s Splices shall be
At least two bars. permitted in this region
e v

1
i
T
i 150 mm —]
i »—Continuous bars ]
1
I
1
- s

=Dﬂ!., i El.22(,.=

'
ﬁi 0.228,

}022!,. ’_\_‘

50% ‘

—
150 mm

(= 150 mm

REMAINDER

Max. 0,15, : = Max. 0156,
H

=1

Clearspan -4, © |_"_

Clear span - £,

Face of support | N

= 1

Face of support

Center o center span

Center to canter span =
I3

Exterior support
(No slab continuity)

Interior support
(Continuity provided)

3
Exterior support
{Nao slab continuity)

Concrete Il

Opening sizes:

1 > Any size is allowed

2 - 1/8 of column strip width in &
each span is allowed.

3 > 1/4 of the smallest strip

width is allowed

Reinforcement:

In all cases an amount of
reinforcement equivalent to
that interrupted by an opening
shall be added on the

sides of the opening.

e
s ERE

i

———

Dr. Hazim Dwairi The Hashemite University
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Shear Strength of Slabs

* In two-way floor systems, the slab must
have adequate thickness to resist both
bending moments and shear forces at
critical sections. There are three cases to
look at for shear.

— One-way shear Slabs supported on beams
— One-way shear Slabs without beams

— Two-way shear Slabs without beams

— Shear Reinforcement in two-way slabs without
beams.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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One-way Shear: Slabs with

Beams

« Beams with e£:/¢y equal to or greater than 1.0
shall be proportioned to resist shear on tributary
areas which are bounded by 45-degree lines
drawn from the corners of the panels

* In proportioning beams 71T

with asta/ts less than 10,7
use linear interpolation |
* beams shall also resist |
shears caused by factored

loads applied directly on }=-~
beams .

azim Dwairi

oyl

The Hashemite University

Dr. Hazim Dwairi

One-way Shear: Slabs with

Beams

+ If the stiffness for the beam e t2/¢t1 less than 1.0

then the beams framing into the column will not
account for all of the shear force applied on the

column.

The remaining shear
force will produce

shear stresses in the |
slab around the !

Critical section for

) —~ two-way shear in slab

Critical section for

column that should
be checked similar
to flat slabs.

The Hashemite University

Reinforced Concrete Il

~ ong-way shear in beams
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Shear in Slabs without Beams

» There are two types of shear that need to be
addressed

— One-way shear or beam shear at distance d from the
column

— Two-way or punch out shear which occurs along a

truncated cone.
Two-way shear

One-way shear

Dr. Hazim Dwairi The Hashemite University

One-way shear (Beam Shear)
One-way shear considers critical section a

distance d from the column and the slab is
considered as a wide beam spanning

between supports.
Ve
6

Viga <PV, = | Y2 bd

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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One- & Two-way Shear Critical

1

Sections
FHp—er

;_I

Trlbutal.'yr area
for two-way
shear-column 1

I\ two-way shear-column 2

|}

Tributary area for

Critical section for
one-way shear-
column 4

&l

Tributary area for
/ two-way shear-column 3

e

Dr. Hazim Dwairi

<<

Tributary area for

Xiway shear-column 5,
b e Ny . N ]

5

Critical
section

ed Concrete Il

Example

Let:
w, = 9.8 kN/m?

Then:
V,=9.8x54x243
=128.6 kN

Dr. Hazim Dwairi

54m

54m |

54m

27m

27m
/).
g
i

\l 0.27m

0.325+0.12 =
] 0.445m I:I
T

d=0.12m '///4‘ .

N\ 0.15+0.12= .

54m

0.65m
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Two-way Shear: Critical Section

Two-way shear fails along a truncated cone or
pyramid around the column. The critical section is
located d/2 from the column face column capltal

or drop panel.

.'.I'.he Hashemile Univel:sity

Two-way Shear: Critical Section

Inaffective

Opening
= & —_——
e o o i~} Regerd
as frea
c.z- ]I 5 T ' ‘ }Euge
I | p | i
| I— | I— S |
- R —‘\\_Cr.n{_:al
a ¥ Edge of slab- _ saction
sk fa Tx f _IA
Tk lw I
| B | 8
I el 812 -t
| - | I
g~ — ——y SR T
fb) Perimeters It A and B do not exceed the greater of 4h ar 2¢, o Edge of sinb—
- - * i ¥
|4 |A
e

(c) Perimeaters if A

Dr. Hazim Dwairi The H

R o

| g |
I dan
| = |
[

exceeds the greal

(R N e

et f 4h oc 243, but B doss net.
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Two-way Shear: Critical Section

section nllll’l“l“l‘

stress
(a) Interior column
¢y +d?2 ¢Col. ¢

t " IVAB

‘"c[:" A Vcoit

j| \-Cntlcal

_ _- section
Cco L
Cap

(b) Edge column

The Hashemite University

Shear
stress

Dr. Hazim Dwairi
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Two-way Shear: Concrete Shear

Strength
» For Slabs and footings, V, is the smallest of a, b

and c:

(@) v, = 017(1+-|fb d (11-33)

oL

(b) V, = o.oaa[b—a +2] [fib,d (11-34)

(©) V. =0.33 [f bod (11-35)
Where:

b, = perimeter of critical section
B = ratio of long side of column to short side
a, = 40 for interior columns, 30 for edge columns and

20 for corner columns.

The Hashemite University
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Two-way Shear: f Evaluation

’

’ /
.
/' /"\— Critical section
Ky (11.12.12)

/
/

, / S g Effective load area

~_/
s - Actual load area

= @n

~ bn

Fig. R11.12.2—Value of P for a nonrectangular loaded area

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Augmenting Shear Strength

* For slabs which don’t meet the condition for
shear, one can either:
— Thicken the slab over the entire panel.

— Use a drop panel to thicken the slab adjacent to the
column.

— Increase b, by increasing the column size, or by
adding a fillet or shear capital around the column.

— Add shear reinforcement.

Reinforcement can be done by shear heads, anchor bars,
conventional stirrup cages and studded steel strips.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Shear Reinforcement

+ Shear-heads: consist of steel I-beams or channel
welded into four cross arms to be placed in slab above a
column. Does not apply to external columns due to
lateral loads and torsion.

Shear Reinforcement

a2 314(e, - €y/2) 3/4(2, - €,/2)
cy+d +| -
— dsz'“' N
! i * T wmaae i E DO m =]
(a) No shearhead £,-c4/2
(b) Small interior Ly-eyf2
3/4(L, - €4/2) - e shearhaad (c) Large interior
J: di2— - e (n=4) shearhead
I; pdi2 ‘- c,rz[ L. (n=4)
r AT ‘\\ I - S
o E=
d | 3/4(¢, - c512) N —
tv' c2l2 E:-t,,- C1f2 1
3142, - c4/2) N :
(d) Small edge shearhead (6) Large i‘é :",2 I__?catlon Of
(n=3) iy Critical Section
(" =3) . .. __sity Reinforced Concrete Il
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Shear Reinforcement

* Anchor Bars: consists of steel reinforcement rods or
bent bar reinforcement .

Dr. Hazim Dwairi

The Hashemite University

Bar reinforcement

Reinforced Concrete I

Shear Reinforcement
* Conventional Stirrup Cages:

Slab
edge —,

¢9
;;f¢?

Aﬁf Aii
7 / ) /h
= _—

Elevation |

Dr. Hazim Dwairi

Critical section outside

/_ slab shear reinforcement

df2

‘\ di2
A ,

Critical section
through slab

shear reinforcement
(first line of

”
stirrup legs) A AN
e .,
’ b
i .
,
e -,
g et .
"
4 i i

— C mual slecr:lsr
outside slab shear
~1- fr:ln[lm:em:nl

A

[HRRNAEE

ERERNE

N

,\A Critical section through
“ slab shear reinforcement

A (first line of starrup legs)

Plan

d 2 16d,

1
1
i
o 1

dizy

4

| ']

h = sub
E

T
**IIIIIII HERERAE,
A

ERRRNEEY)

I - [
<d2?  s<dn2

[
Elevation l ‘Sid |‘l.m s=di2

Column
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Shear Reinforcement
* Headed Shear Studs:

Dr. Hazim Dwairi

Holes for attaching formwork

The Hashem

\ Critical

shear perimeter

WIITTT TTTT11Y
L

Shear Remforcement

peripherat ine

Studs with

a U
<8 A /no pners
o ,/ g :‘ N, fine of studs

ISIR__;i_I.LH:T. < g2 ﬂ--uuﬂl
I i sznl ] A

[typd | 1 '

Interior colurnn

A, = cross-sectional
area of studs on any
paripharal ing

__/‘1/__

Dr. Hazim Dwairi

_+_

Section A-A

A E—
H = a2
<4 A
tye) : o_/\\\
* ) RO 71 Outermost
peripharal
sid
lirve: of studs
itye) | |
L tootooh |
- <
B8N
—g diz— g i
5 ey
= d.7
} Py Shaar
T critical
Soctions

Edge column
BN
]
oo
s2d ]
s d2 yp) | |
["“"—1 i —
Shear -r/| 6B 14 ol
critical i diz- o /‘5/\_
sections S g,
Ig S }u -~ Outermost
I peripheral
"L line of studs
- "
Comer column inforced Concrete Il
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Nominal Shear Strength

» Shear reinforcement consisting of bars or wires
and single- or multiple-leg stirrups shall be
permitted in slabs and footings where h is
greater than or equal to 150mm & 16d,

Vn = VC + VS < 05\/76' bod Stirrup Cage

V, =V, +V, <058/ f bd = pomeartead &

V. <0.17)/f bd
L, _ A

: S
The Hashemite University

Shear Example Problem

Determine the shear
reinforcement required for an
interior flat panel considering
the following:

V= 865kN, ra
slab thickness = 220 mm, ' L
d =190 mm, f, =21 MPa,
fy= 420 MPa, and column is
500 x 500 mm.

s

11 |

|
.

T
|

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Dr. Hazim Dwairi

11



Reinforced Concrete Il

Dr. Hazim Dwairi

Hashemite University

Shear Example Problem

» Compute the shear terms find b, for V,

b, = 4(500+190) = 2,760mm
Vo= 017(142) ffib,d  =051./fbod

Smaller rogd _ ;
of 1 Vo= 008335 +2) ffb,d =0.39/fc' bod

o
Ve =0.33 [f bod =0.33 [f bod

&V, = 3033\ £'b,d = 0.75(0.33)(~/21)(190)(2760)
&V =594 8kN

Dr. Hazim Dwairi The Hashemite University

Shear Example Problem

« V, =865 kN > 594.8 kN, so
» Shear reinforcement is need!!!
« Compute maximum allowable shear ¢V,

V. =V, +V. =0.5v21 (190)(2760) = 1,201.6kN

oV =1201.6kN >V =865kN

Shear reinforcement can be used

Dr. Hazim Dwairi The Hashemite University Reinforced Concret 1t

e Il
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Shear Example Problem

» Use shear heads or studs
» Compute length ‘@’ covered by studs

il [

b, = 4(column width + x/Ea)

V,=40.17,/f b,d p
865.000 = 0.75x0.17x~21x | |
4(500++/2a)x190 |
a=1,024mm —sfaufe

The Hashemite Un

Ll
!

Shear Example Problem

Total length =a + d = 1024+190 =1214 mm
Say = 1250 mm

* Determine shear reinforcement

7/
v.="u/ -V
s ¢ c

=865/0.75-793.1=360.3kN
V. Per side =360.3/4 =90.08kN

Dr. Hazim Dwairi The Hashemite University Reinforced Concret 1t

e Il

Dr. Hazim Dwairi
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Shear Example Problem

» Determine shear reinforcement
« Use ¢10 closed stirrups A, =2*78.5=150mm?

_Afd
oV

N

g 150x420x190 132 9mm

90.08x1000
S . =d/2=95mm

USE ¢10 @ 90mm closed stirrups / each direction

S

Dr. Hazim Dwairi The Hashemite University Reinforced Concret te

14
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Example 1: Design of two-way slab according to DDM

Design an interior panel of the two-way slab for the floor system shown. The floor consists of six panels
at each direction, with a panel size 7.30 m x 6.0 m. All panels are supported by 400 mm square columns.
The slabs are supported by beams along the column line with cross sections. The service live load is to
be taken as 3.80 kN/m? and the service dead load consists of 1.15 kN/m? of floor finishing in addition to
the self-weight. Use f. =28 MPa and f, = 420 MPa.

T3 — e 7.3  » L i5ka N
I ) S .
: I j
I A .A ' ]?:218.8 <180
i - %
“Z 800
6.0 Slab 1 L_f 420
Y A 4"] LI | E
i L A 4_] L d - 400 >
7 B Section A-A
60 & Slab 2 — Beams —» |- 720 — .| !
" Pl Jrams |
237.9 180
- ! - & t & | J_“' ;
e 600 420 >
420
AL ! '
SOLUTION: sl
Section B-B

1.0 SLAB THICKNESS

The thickness was calculated in an earlier example. Generally, thickness of the slab is calculated for the
external corner slab. So use h =180 mm.

The Dead Load of the slab is given as:

1000 x 180
DL =1.15 +T x 25 =5.65 kN/m2

w, = 1.2DL + 1.6LL
w, = 1.2(5.65) + 1.6(3.8) = 12.86 kN /m?

Compute the average depth, d for the slab. Use an average depth for the shear calculation with a ¢12
bar

dp
d=h—cover—7

12
d=180—20—7=154mm
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2.0 ONE WAY SHEAR ! > f—— X ——
&0m 1 wzrzz

4

‘ 04m —+—» =i

|

The shear stress in the slab are not critical , the critical i |

S . |
section is at a distance d from the face of beam, USE 1.0 y L__ - -
m section. e oy ]

l 7.3
V, = w, (32 — beam width — d) =12.86 (7 —0.30 — 0.154) = 44.59kN

The one way shear on the face of the beam

Vi

V28
Y, = ®*=bd = 0.75 X —— x 1000 x 154 = 101.86kN

dV. >V, OK

3.0 STRIP SIZE

Determine the strip sizes for the column and the middle strip , USE the smaller of |,or |,

l
[ =

2—6—15
4—4—.771

Therefore the columnstripb =2l =2X1.5=3m

The middle stripsareb; =73 —-3=43m ,b, =6—-3=3m

15|15 1.5 |22

-ttt 4.3 ittt

| YI 1.5
< ij.S A
3.0 6.0m
| ¥y

%=3.65-0.3-0.154

= 5
-

1.0m

| One-way

shear
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4.0 STATIC MOMENT COMPUTATION
moment M,for the two directions

long direction: 1,=7.3-0.4=69m , l,=6m

_wylpl2 12.86 X 6 X 6.92

My =~ o = 459.2 kN.m
short direction:1,=6-0.4=5.6 m , [,=7.3m
wylyl2  12.86 X 7.3 X 5.62
os = = = 368.0 kN.m
8 8
4.1 Moment (long):
A {/ w K /f '/
The factored components of the moments for the j':.f]_ EREREERFEEN
beam long /;_. Fé;_,_
2SN/ —
Negative moments = 0.65 x My, = 298.50 kN.m 0.35M; f’; m\\
Positive moment = 0.35 x My = 160.70 kN.m ¥ ___\‘_\‘ ;
| \
\

— -2
4.2 Moment (lonq) Coefficients 0. ()DM”

The moments of inertia about beam, I, = 1.17 x 10 mm* and I, = 2.916 x 10° mm* (long direction) are
need to determine the distribution of the moments between the column and middle strip.

_bk_60_ 0.8219
= I, 73
Eyl,
= =4.01
" Eslsb 0
a,f = 3.296

4.2.1 Negative Moment (lonq) Factor

Need to interpolate to determine how the negative moment is distributed.
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13.6.4.1 — Column strips shall be proportioned to
resist the following portions in percent of interior nega-
tive factored moments:

%Hih 0.5 1.0 2.0
(a14/4)=0 75 75 75
(04%/4) 2 1.0 90 75 45

Linear interpolations shall be made between values
shown.
0.9 —0.75

factor =09 + 05_1

x (0.8219 — 0.5) = 0.8034

4.2.2 Positive Moment (long) Factor
Need to interpolate to determine how the negative moment is distributed.
13.6.4.4 — Column strips shall be proportioned to

resist the following portions in percent of positive fac-
tored moments:

514 0.5 1.0 2.0
(04%6/%4) =0 60 60 60
(04%/6) 2 1.0 90 75 45

Linear interpolations shall be made between values
shown.

0.9 -0.75

factor =09 + 05_—1

x (0.8219 — 0.5) = 0.8034

4.2.3 Moment (long) column/middle strips

Component on the beam (long);
Column Strip:
Negative — Moment = 0.8034 x (-298.5) = -239.80 kN.m
Positive — Moment = 0.8034 x (160.7) = 129.1 kN.m
Middle Strip:
Negative — Moment = 0.1966 x (-298.5) = -58.69 kN.m

Positive — Moment = 0.1966 x (160.7) = 31.59 kN.m
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4.2.4 Moment (long)-beam/slab distribution (Negative)

When o (I,/1;) > 1.0, ACI Code Section 13.6.5 indicates that 85 % of the moment in the column strip is
assigned to the beam and balance of 15 % is assigned to the slab in the column strip.

Column Strip - Negative Moment (-239.8 kN.m)
Beam moment = 0.85 x -239.8=-203.8 kN.m
Slab moment = 0.15 x -239.8=-35.97 kN.m

Column Strip - Positive Moment (129.1 kN.m)
Beam moment = 0.85 x 129.1=109.7 kN.m

Slab moment = 0.15 x 129.1=19.37 kN.m

3k 3k 3k 3k 3k 3k 3k >k k %k %k 3k 3k 3k 3k %k >k %k >k 3k 3k 3k 3k %k %k %k %k %k 3k 3k 3k %k %k %k %k %k %k 3k 3k %k %k %k %k %k 3% 3% %k %k %k %k *k *k % 3k k k

Moment (short):

A, WK/ v/
The factored components of the moments for the _5-;?]_' EEEFEYETERE _J
beam short :».. 7
~ = A

Negative moments = 0.65 x Mg = 239.20 kN.m 0.35M, f"{‘*m\\ i
Positive moment = 0.35 x My = 128.80 kN.m i ______\_\, g
‘ 5 ; ..\..\‘ =

————0.65M,

Moment (short) Coefficients

The moments of inertia about beam, I, = 1.17 x 10'® mm* and I, = 3.548 x 10° mm* (short) are need to
determine the distribution of the moments between the column and middle strip.

L, 7.3

=1=""=1217
F=1 =60
E,l
a, =22 =330
Eslsb
a. B = 4.02

Negative Moment (short) Factor

Need to interpolate to determine how the negative moment is distributed.
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13.6.4.1 — Column strips shall be proportioned to
resist the following portions in percent of interior nega-
tive factored moments:

%Hih 0.5 1.0 2.0
(a14/4)=0 75 75 75
(04%/4) 2 1.0 90 75 45

Linear interpolations shall be made between values
shown.
0.75 - 0.45

tor = 0.75 +
factor 1=

x (1.217 — 1) = 0.685

Positive Moment (short) Factor
Need to interpolate to determine how the negative moment is distributed.
13.6.4.4 — Column strips shall be proportioned to

resist the following portions in percent of positive fac-
tored moments:

5if 0.5 1.0 2.0
(04%lf) =0 60 60 60
(0%/4) 21.0 90 75 45

Linear interpolations shall be made between values
shown.

0.75 —0.45

tor = 0.75
factor + 1>

x (1.217 — 1) = 0.685

Moment (short) column/middle strips

Component on the beam (short);
Column Strip:
Negative — Moment = 0.685 x (-239.2) =-163.85 kN.m
Positive — Moment = 0.685 x (128.80) = 88.23 kN.m
Middle Strip:
Negative — Moment = 0.315 x (-239.20) = -75.35 kN.m

Positive — Moment = 0.315 x (128.80) = 40.57 kN.m
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Moment (short)-beam/slab distribution (negative+positive)

When o (l,/1;) > 1.0, ACI Code Section 13.6.5 indicates that 85 % of the moment in the column strip is
assigned to the beam and balance of 15 % is assigned to the slab in the column strip.

Column Strip - Negative Moment (-163.85 kN.m)
Beam moment = 0.85 x -163.85=-139.27 kN.m
Slab moment = 0.15 x-163.85=-24.58 kN.m
Column Strip - Positive Moment (88.23 kN.m)
Beam moment = 0.85 x 88.23=75.00 kN.m

Slab moment = 0.15 x 88.23=13.23 kN.m

5.0 SUMMARY OF RESULTS

Long Direction Short Direction
+ve M -ve M +ve M -ve M
(kN.m) (kN.m) (kN.m) (kN.m)
Beam 109.70 -203.80 Beam 75.00 -139.27
el 19.37 -35.97 Column 13.23 -24.58
Strip Strip
Middle Strip 31.59 -58.69 Middle Strip 40.57 -75.35
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6.0 DESIGN OF REINFORCEMENT

Long Direction

Column Strip Middle Strip

Negative Positive Negative Positive
Moment (kN.m) 35.97 19.37 58.69 31.59
b (mm) 3000 3000 3000 3000
d (mm) 147.5 147.5 147.5 147.5
h (mm) 180 180 180 180
f, (MPa) 420 420 420 420
f'. (MPa) 28 28 28 28
A, (mm?) 647 348 1057 568
A min (MmM?) 972 972 972 972
oM, (kN.m) 35.971 19.370 58.690 31.590
Bar size (mm) 12 12 12 12
Spacing (mm) 300 300 300 300
As provided (mmz) 1130.97 1130.97 1130.97 1130.97

Short Direction
Column Strip Middle Strip

Negative Positive Negative Positive
Moment (kN.m) 24.58 13.23 75.35 40.57
b (mm) 3000 3000 4300 4300
d (mm) 135.5 135.5 135.5 135.5
h (mm) 180 180 180 180
f, (MPa) 420 420 420 420
f'. (MPa) 28 28 28 28
A, (mm?) 481 259 1478 794
A min (MmM?) 972 972 1393.2 1393.2
oM, (kN.m) 24.580 13.230 75.350 40.570
Bar size (mm) 12 12 12 12
Spacing (mm) 300 300 300 300
As provided (mmz) 1130.97 1130.97 1621.06 1621.06
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Example 2: Design of flat plate with drop panels according to DDM

Using the direct design method, design the typical exterior flat-slab panel with drop down panels only.
All panels are supported on 500 mm square columns, 3500 mm long. The slab carries a uniform service
live load of 3.8 kN/m? and service dead load that consists of 1.15 kN/m? of finished in addition to the
slab self-weight. Use f'. = 28 MPa and f, = 420 MPa.

| |
o |
R e 3. T

| o | |
| i |
£ | £ | |
E |l 5 | |
g || 8 | |
O i (ap] i i

—H1000}=———4800 1000<H1000%4800n'm%1000%10006
| s |
[ o T
il 2 | T |

2. R R = =
| s LIt |
| | |
= 6800 | Columns 500 x 500 mm |
E | £ . Slab Thinkness 200 mm |
s | 3 + Drop Panels 2100 x 2500 mm
S | g " Projection 50 mm |
| L | |
| Lo |
= = i

| |
| |
| |
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solution: TABLE 9.5(c)—MINIMUM THl?KNESS OF SLABS
WITHOUT INTERIOR BEAMS
. . . Without drop panels* With drop panels?
Slab thickness is calculated based upon Table 9.5 (c) in the ACI code: Interior Interior
Exterior panels | panels | Exterior panels | panels
ng‘tjhum \lgiih Wildhoui I e\'glth
. ge | edge edge ge
Without dro anels : f,, MPat| beams | beams® beams | beams®
¥ 1 4
£ [# [# [ 1 £
B l, 7300-500 206 260 | 3 | 3 | 3 | 3 | a0 |
in —mm —— /= mm f [} 1 ) [ i
33 33 w0 | 30 | 3 | @ | @ | 3% | 38
£ [# [# [4 4 £
. 520 25 3"; Sq 31 | 3?1 | 3:
Wlth d rop pa ne IS . " For two-way construction, £ i the length of clear span in the long direc-
[, 7300-500 1866 01 Deams o Ghér supports f ooy conos | Loers and eoslo-
hmin — % — T — 188mm dLt:?rln::,;elzrlr:;ei;r;::;‘r;lll;:;ﬁj::‘\ in the table, minimum thickness shall be
I # Drop panels as dafined in 13,25,

% Slabs with beams between columns along exterior edges, The value of g
for the adge baam shall not ba less than 0.8,

=>» Use h =200 mm
ACI code limitations:

1. For panels with discontinuous edges, end beams with a minimum o equal to 0.8 must be used;
otherwise the minimum slab thickness calculated by the equations must be increased by at least
10%.

2. When drop panels are used without beams, the minimum slab thickness may be reduced by 10
%. The drop panels should extend in each direction from the centerline of support a distance
not less than one-sixth of the span length in that direction between center to center of supports
and also project below the slab at least h/4.

3. Regardless of the values obtained for the equations, the thickness of two-way slabs shall not be
less than the following:

= For slabs without beams or drop panels, 125 mm.

= for slabs without beams but with drop panels, 100 mm.

= for slabs with beams on all four sides with o, > 2.0, 3.5 in. and for o, < 2.0, 5 in. (ACI
Code 9.5.3)

Therfore,

The drop panel thickness is:

h 200
h+Z: 200+T: 250mm

The panel half width is at least L/6 in length:

L_730 ..
6 = 6 = mm
L_6000

6 = 6 = mm

Therefore the drop panel thickness is 250mm and has 2100 x 2500 area.
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1000 | 500 | 1000
Colum | | Colurmn 500x500mm

Panel 2100 x 2500mm

Flat Slab

250
8
=7
1200
AN
800 \ 500 \ 800
|

//

The load on the slab is given as:

The dead load of the slab DL is:

1000 x 200
DL =115+ 05 X 25 = 6.15 kN /m?

w, = 1.2DL + 1.6LL
w, = 1.2(6.15) + 1.6(3.80) = 13.46 kN /m?
The load on the drop panel:
The dead load of the panel DL is:

1000 x 250
DL =115+ 05 X 25 = 7.40 kN /m?

w, = 1.2DL + 1.6LL

w, = 1.2(7.40) + 1.6(3.80) = 14.96 kN /m? 1000 _| 500 [ _ 1000

The drop panel length is L/3 in each direction thus weighted average of w,is: F—————————————

2 . i n
wy, = §(13.46) + 5(14.96) = 13.96 kN /m? : &
I o
The punching shear at center column is: %E(We 3
d =250 — 20 — 12.5 = 217.5mm ! | g
b, = 4(500 + 217.5) = 2870mm L 2 _ _ ______

V, = 13.96[7.3 X 6.0 — (0.5 + 0.2175)] = 604.26kN
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0.17 (1 + %) Jfibyd = 0517 byd

_ a.d
¢V, = smallest of l0'083(2+ bs W febo,d = 0.55{/f.b,d
o
0.33/f/b,d Governs

¢V. = 0.75 % (0.33\/% X 2870 X 217.5) =817.51kN > 604.26kN OK
The punching shear at drop panel:
d=200-20-125=167.5mm
b, = 2(2500 + 167.5) + 2(2100 + 167.5) = 9870mm
V;, = 13.96[7.3 X 6.0 — (2.6675 x 2.2675)] = 527.01kN
@V, = 0.75 x (0.33v28 x 9870 x 167.5) = 2,165kN > 527.01kN OK
One-way shear is not critical to be checked.
Moment M, for the two directions are:
Long direction:

(13.96 X 6.0)(7.3 — 0.5)2
ol = 8

= 484.13kN.m

Short direction:

_ (13.96 x 7.3)(6.0 — 0.5)?

b 2 = 385.34kN.m

The column strip will be 3.0 m (6/4 = 1.5m), therefore the middle strips for long section is 3.0 m and the
middle strip for the short section will be 4.30 m.

The factored components of the moment for the beam in long direction:
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Negative — moment =» 0.65 x 484.13 = 314.68 kN.m

Positive — moment =» 0.35 x 484.13 = 169.45 kN.m

Components on the long interior strip:

Longitudinal momen

Column Strip:

Negative Moment

0.65M,) = —0.49M
0.65M = ().16 M

Positive Moment

+0.35M

0.60(0.35M

0.40(0.35M

Negative — Moment =» 0.75 x 314.68 = 236.01 kN.m

Positive + Moment = 0.6 x 169.45 = 101.67 kN.m

Middle Strip:

Negative — Moment = 0.25 x 314.68 = 78.67 kN.m

Positive + Moment =» 0.4 x 169.45 = 67.78 kN.m

0.21M
0.14M

Long Direction

Column Strip Middle Strip
Negative Positive Negative Positive
Moment (kN.m) 236.01 101.67 78.67 67.78
b (mm) 3000 3000 3000 3000
d (mm) 210 162 162 162
h (mm) 250 200 200 200
fy (MPa) 420 420 420 420
f'c (MPa) 28 28 28 28
A, (mm®) 2990 1669 1290 1111
A, min (mmz) 1350 1080 1080 1080
oM, (kN.m) 236.010 101.670 78.670 67.780
Bar size (mm) 16 12 12 12
Spacing (mm) 200 200 250 300
A provided (MM°) 3015.93 1696.46 1357.17 1130.97
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The factored components of the moment for the beam in short direction:

Negative — moment =» 0.65 x 385.34 = 250.47 kN.m

Positive — moment =» 0.35 x 385.34 = 134.87 kN.m

Components on the interior strips in the short direction:

Column Strip:

Negative — Moment =» 0.75 x 250.47 = 187.85 kN.m

Positive + Moment = 0.6 x 134.87 = 80.92 kN.m

Middle Strip:

Negative — Moment = 0.25 x 250.47 = 62.62 kN.m

Positive + Moment = 0.4 x 134.87 =53.95 kN.m

Hashemite University

Short Direction

Column Strip Middle Strip
Negative Positive Negative Positive
Moment (kN.m) 187.85 80.92 62.62 53.95
b (mm) 3000 3000 4300 4300
d (mm) 224 174 174 174
h (mm) 250 200 200 200
f, (MPa) 420 420 420 420
f'c (MPa) 28 28 28 28
A, (mm?) 2227 1234 954 822
A, min (MM?) 1350 1080 1548 1548
M, (kN.m) 187.850 80.920 62.620 53.950
Bar size (mm) 12 12 12 12
Spacing (mm) 150 250 300 300
A provided (MM”) 2261.95 1357.17 1621.06 1621.06
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Deflection Calculations — Elastic
Theory for Flexure

« Ultimate strength theory does not help in
predicting service-load deflections, so elastic
theory for flexure will be briefly covered.

* Note that ACI permits working stress design as
alternate to ultimate strength design.

* Assumptions:
— Plane sections remain plane after bending
— Linear stress-strain curves for steel and concrete
— Perfect bond between steel and concrete
— Concrete tension capacity is neglected.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Shaded area = permitted stress-strain range

* Note: elastic theory can not be used when
concrete stresses are higher than about 0.6f
because the assumption of linear elastic stress
strain relation is invalid

"Euler-Bernoulli 1 d*A  M(x)

~ = curvature =
beam theory: dx*  EI

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Elastic analysis of beams using
transformed section approach

» Consider an element of concrete with a bar at its
centroid subjected to axial load: |, =¢,

<X ‘., f A
E FE

€ f ‘
y . | —S s E
f.=nf.,where n=—*
___________________________ E,
Now,P=A f.+A,f. A, =A.+nA,
=f(A. +nd,)=f (A /n+A4,) =xy—A, +nA,
LA =xy—A, =xy+(n-D4, =4, +(n-1)4,
A= concrete area A; = all concrete transformed area
A= steel area A4 = gross area of concrete
Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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« Beam section before cracking:

Transformed uncracked section

+ Beam section after cracking:

Transformed cracked section

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Example: Calculate stresses in steel and concrete when
bending moment is (i) 28 kN.m (ii) 113 kN.m and
(iii) M., ? A, = 3000 mm?

300mm | f,=23MPa,f, =276 MPa, and f, = 2.8 MPa

600 mm

Transformed uncracked section
Moment of area about top edge:

A, = (300% 600) + (10 -1)(3000) = 207000mm>

207000y = (300x 600)(600/ 2) +9(3000)(500)
5y =326.1mm

;. _300x600°

T

+(300x 600)(300 —326.1)* +9(3000)(500 — 326.1)’

9 4
Dr. Hazim Dwairi ~ — 6.34x10" mm The Hashemite University Reinforced Concrete Il
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(iii) M, Transformed uncracked section

B

(i) 28 kN.m < M_,

My 28x10°x327.1

.

I, 6.34x10’

My,

28x10° x (500 —327.1)

fiI,  2.8x6.34x10’
y,  (600-327.1)

cr

=65 kN.m

1.44MPa < 0.45f,

=7.64MPa<0.5f,

f ="I—=(10)

T

6.34
My,

x10°
B 28x10° x(600—-327.1)

=1.21MPa< f.

f =

Dr. Hazim Dwairi

I, 6.34x10°

The Hashemite University

Reinforced Concrete Il

(i) 113 kN.m > M_,

300
. e
o
Te)
nA,
— |

Transformed cracked section

moment of area about N.A.:

—2
390¥  10x3000x(500—7)

150" +30000y —15x10° =0
sy =231.7Tmm

cr

Dr. Hazim Dwairi

The Hashemite University

3
=M+(10><3000)><(500—231.7)2 =2.21x10° mm*
My 113x10°%231.7 .
Y
= = =11.85MPa=0.5
J. I, 2.21x10° J
My 113x10° x(500-231.7)
=n—5=(10 =137.2MPa =0.5
/s 10 2.21x10° 7,

Reinforced Concrete Il
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Deflection
Calculation

.
| I——u:—-lj_—:;;—-l

M<M§ ; M>3M,,

M>MCI’

M<M, Wm—>
M>M, >
M > 3M,, m——">> (Re=——T===a

b2 12—

Dr. Hazim Dwairi The Hashemite Un

Deflection Calculation

» ACI code suggests effective moment of inertia to
be used in deflection calculation:

3 3
16=[M”j1 . 1_[%] L
M g M
where:

M, = cracking moment = f//y,
M = maximum moment in member at stage for which deflection is
being computed
l; = moment of inertia of gross section neglecting area of
tension steel
I, = moment of inertia of transformed cracked cross section

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Long-term Deflection

» Due to Creep and Shrinkage
— A, — initial deflection
— A, = AA, — long-term, or additional increment

T 14500

> &=1.0att=23 months
> & =1.2att=6 months “I
>»&=14att=1year

§ A
P T d

> &=2.0att>5yearor more

Dr. Hazim Dwairi

The Hashemite University
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Deflection Calculations

1. Dead load deflection Ay
» Load = self-weight + construction

>

materials

(le)o.

2. Dead + Live load deflection o /:

AipLLry M.,

» Load = dead load + live load I (le)or

>

Note: Ay = AjpLsLy) - AipL

Dr. Hazim Dwairi

(Ie)DL+LL
3. Total deflection A .
> A=Ay, +long-term deflection (A) |A

Mppe
|
i
M |
i
i

cr

AiDL ! AiLL

AipLsLy

The Hashemite University
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Maximum Allowable Deflection

TABLE 9.5(b) — MAXIMUM PERMISSIBLE COMPUTED DEFLECTIONS
Type of member Deflection o be considered Deflection limitation

Flat roafs not supportinr or attached to nen- | Immediate deflection due to live load L [ ]

structural elemanits likely to be damagad by 180" A;

large deflections iLL

Floors not supporting or attached to nonstruc- | Immediate deflection due 1o live load L T

léjr‘t?l elemants fikely to be damaged by large 2380 A'LL
efloctions 1

Roof or floar construction supporﬁnﬂ‘: That part of the lotal deflection occurring after

attached to nonstruciural Iy to be 1t of nonstructural elements (sum of £ /480"

damaged by large deflections ihe long-term deflection due to all sustained . A FA
- iLL " =t

Rocf or floor construction supporting or adcﬁ;‘lnr:ﬂ :R‘; mefm defiecticn due to any

attached ‘o nonstructural elements nol fisely to
De damaged by large deftections
Limit not intended to safeguard againat ponding. Purding siould be checked by suilable caiculations of defleciion, including added deflections due ta ponced
mlnr and considerdng long-lem effects of all susained bﬁ by lon tolerances, and retlability of provisions for D dranage.
-tarm daflection shall be determined in awordaneewm9525m9.543 but may be reduced by lmmnfdﬂsmmmhumdmmlbﬁoremm
nonstructural elements. This ameourt shall be d on basie of dala relating to time-ck
\Iar to hosa being corsidered.
*urmt may be exceeded if adequate measures are taken to prevant demage to supparted or attached elemants.
m"\&mall mtzs‘?mam than tolerance provided for nonstructural elements. Limit may be exceeded if camber is pravided so that total deflection minus camber

t/240°

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Example: Deflection of Simply
Supported Beam

For the simply supported

beam shown , calculate the
deflection and compare to [ 7.0 m |
ACI limits. Applied service J k
live load = 22kN/m and

e+ ¢ ¢ ¢ v 343

service dead load = 30kN/m

including self-weight. Use £ z
f:=28 MPa and f, = 414 g S
MPa, n =8 @

Dr. Hazim Dwairi
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Step 1: calculate instantaneous deflection due to DL
M due to DL = 1/8 (30)(7)? = 183.75 kN.m
M., = (0.77F,) (bh?/6) = 89 kN.m
M > Mcr = cracked section (use 1,)

lg =bh312 =7.2 x 10° mm*
400Y2/2 = 8(1960)(525-Y)
200Y2 +16580Y-8232000=0
Y =165.6mm =
l,r = (400)(165.6)3/3 + 8(1960)(525-165.6)2
=2.63 x 10° mm*
(M,/M)3=0.1136

(I)p, = (0.1136) (7.2x109) + (1 - 0.1136) (2.63 x109)
= 3.149 x 10° mm*

Dr. Hazim Dwairi The Hashemite University Reinforced Concret te Il

AppL = SWL4/384E |
= 5(30)(7000)%/384(24870)(3.419 x 10°)
=11.0 mm

Step 2: calculate instantaneous deflection due to DL+LL
M due to DL+LL = 1/8 (30+22)(7)? = 318.50 kN.m
(M/M)3 =0.0218
(I)pLsLL = (0.0218) (7.2x10%) + (1 - 0.0218) (2.63 x10°)

= 2.730 x 10° mm*
AypLaLry = SWLY3BAE oy = 23.94 mm

Step 3: calculate instantaneous deflection due to LL
Ay =23.94-11.0=12.94 mm

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Step 4: calculate long-term deflection A,
__¢ ,:L:Z.O; p = 4 =0.0

1+50p 1+0 b.d
A=A =2%x11.0 =22.0 mm

Step 5: calculate Total Deflections A

short-term A = 23.94 mm

long-term A; =23.94 + 22.0 = 45.94 mm

ACI Deflection limits:

(a) Floors not supporting or attached to nonstructural elements likely to be
damaged by large deflections=1/360 = 19.44mm > 12.94 mm OK

(b) Floors not supporting or attached to nonstructural elements likely to be
damaged by large deflections=1/480 = 14.58mm
14.58 mm < 12.94+22 = 34.94 mm NOT OK

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Crack Control

* (ACI 318-05, Section 10.6.3 and 10.6.4) (where
fo= 2/3fy), the maximum code permitted bar
spacing is:

5 < (380)(%} ~25¢, < (300)[%} (ACIEq.10-4)

s N

« Example: for beam with Grade 60 reinforcement
and with 50mm cover, the maximum code
permitted bar spacing is:

5= (380)(0265;(; ]—(2.5)(50) (300){0265;(} J: 299mm OK!

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Skin reinforcement for Deep
Beams (ACI 10.7)

« longitudinal skin reinforcement shall be uniformly
distributed along both side faces of the member
for a distance of h/2 nearest to the flexural
tension reinforcement

* Must be used if h > 900mm
A, >0.015b, s,
s, < smaller of (d /5 or300mm)

Total( Askl.n)< I;S

The Hashemite University

Skin reinforcement for Deep
Reinforcement in tension, negative bending
e @ o o0 I
5
o) o ——
i RE
. . 9 o
Skin reinforcement ! i ! i 5 w2
Lh 18—
- . ! N
h I.} |.“ o 19
o o s h e
9! 9| —4+—
o o
o el m
[ [ s
o o 4+
® o0 0 g
Reinforcement in tension, positive bending
S mus! con|orm EO KEI :Eq Iaz;
Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Example: Continuous beam deflection

Analyze the short-term and ultimate long-term deflections of end-span of multi-span
beam shown below.

Ignore comp steel 5@25 T
ﬁ P ¢ 600 mm
3¢25 225

\ v

W< 9000 mm |

Beam spacing = 3000 mm

A4

Per =9000/4 =2250 mm Or 16(125) + 300 =2300 mm Or 3000 mm

£ b =2250 mm

«— 2250mm —
'

| T

537 mm

600 mm l
l
——»{ 300 mm }47

Data:

f'. =28 MPa

f, =420 MPa

Ve = 25 kN/m®

Beam spacing 3000 mm

Superimposed dead load (not including beam self weight) = 1.0 kN/m?
Live load = 4.80 kN/m? (30% sustained)

A’sisnot required for strength.
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1- Minimum Slab Thinkness:

Minimum thickness, for members not supporting or attached to partitions or other
construction
likely to be damaged by large deflections:

Nmin=1/18.5=9000/18.5 =486.5 mm <600 mm £ OK
2- Loadsand Moments:
Self weight = [(3000)(125) + (475)(300)]/10°x 25 = 12.94 kN/m
Wy=(3)(1.0) + 12.94 = 15.94 KN/m
w_ =(3)(4.8) =14.40 kN/m

In lieu of a moment analysis, the ACl approximate moment coefficients (ACI 8.3.3) may
be used as follows: Pos. M = wl,?/14 for positive I, and maximum deflection, Neg. M =
wl,?/10 for negative .

a. Positive moments

Pos. My =wgl,° /14 = (15.94)(9)%/ 14 = 92.22 kN.m
Pos. M =w,°/14 = (14.40)(9)?/ 14 = 83.31 kN.m
Pos. Mg, = 92.22 + 83.31 = 175.53 kN.m

Pos. Mg, =92.22 + 0.3(83.31) = 117.21 kN.m

b. Negative moments
Neg. Mg =wgl,° /10 = (15.94)(9)°/10 = 129.11 kN.m
Neg. M. =w,?/10 = (14.40)(9)%/10 = 116.64 kN.m
Neg. Mg, 129.11 + 116.64 = 245.75 kN.m
Neg. Mgs=129.11 + 0.3(116.64) = 164.10 kN.m

3- Modulus of rupture, modulus of elasticity, and modular ratio:
f,=0.7Vf’; =0.7V28 = 3.704 MPa
E. =4700Vf,=4700vV28 = 24870 MPa
n =E/E.,=200,000/24,870 = 8.0
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4- Gross and cracked sections moment of inertia:
a. Positive moment section:

Gross section at mid-span:

«— 2250mm —
'

| =

537 mm
600 mm l
l

—3{ 300 mm |(¢——

yi =163.38 mm

l,=1.156 x 10" mm*

Cracked section at mid-span:

— 2250 mm —
}

T —yf'— 125 mm

537 mm

600 mm
l nA,
—3 300 mm }4*

(2250)( yor)/ 2 =8(1470)(537 - yo)

y?, +10.453y, —5613.4 =0
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L y, =69.88mm
le = 2250(69.88)°/3 + 8(1470)(537 — 69.88)* = 2.822 x 10° mm"*
b. Negative moment section:
Gross section at support:
l, = (300)(600)%12 =5.40 x 10° mm*

Cracked section at support:

537 mm

600 mm

(n-1)A’;
l H Yo

— »{ 300 mm

A

For A, = 2454 mm? A’; =980 mm? d =537 mm and d’ = 63 mm, then
(300)( yqr)?/2 + (8-1)(980)( yo - 63) = 8(2454)(537 - yq)

vy +189.68 y, - 73164 = 0

Yo =191.79 mm

le = 300(191.79)%/3 + 7(980)(191.79 — 63)° + 8(2454)(537 — 191.79)°
ly =3.159 x 10° mm*

5- Effective moments of inertia:

a. Positive moment section
M =flyy; =3.704 x1.156 x 10'°/ (600 — 163.38) = 98.07 kN.m
M/ My =98.07/92.22 = 1.06 >1 thus, (l¢)g = l;=1.156 x 10" mm*
Mo/ Mgs = 98.07/117.21 = 0.84 <1 thus,
(le)sus = Mo/ Mgye)®ly +[1 - (Mo/ M) 1l
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9 9 4
= (0.593)(1.156 x 10'°) + (1 — 0.593)( 2.822 x 10°) =8.00 x 10° mm* <,

Mo/ Mg, = 98.07/175.53 = 0.560 <1 thus,
(ledast = Mo/ M)l + [1 - Mo/ M) 1l
=(0.176)(1.156 x 10"°) + (1 = 0.176)( 2.822 x 10%) =4.360 x 10° mm* <,

b. Negative moment section
Mg =f,lyy; =3.704 x 5.40 x 10°/ (300) = 66.67 kN.m
My/Mg=66.67/129.11 = 0.516 >1 thus,
(le)a = Mo/ Mg)°lg+[1 - Mo/ Mg)° 1l
= (0.138)(5.40 x 10% + (1 - 0.138)(3.159 x 10°) =3.468 x 10° mm“* < |,
Mo/ Mgs = 66.67/164.1 = 0.406 >1 thus,
(le)sus = Mo/ M gye)®ly +[1 - (Mo/ M) 1l
= (0.067)(5.40 x 10% + (1 — 0.067)(3.159 x 10°) =3.309 x 10° mm* < I,
Mo/ Mg, = 66.67/245.75 = 0.271 >1 thus,
(o)t = Mo M)’lg + [1 - (Mo M) Tl
= (0.02)(5.40 x 10°%) + (1 —0.02)( 3.159 x 10%) = 3.204 x 10° mm* < |,

c. Average inertia values
For prismatic members (including T-beams with different cracked sectionsin
positive and negative moment regions), I, may be determined at the support
section for cantilevers and at the midspan section for simple and continuous
spans. The use of the midspan section properties for continuous prismatic
members is considered satisfactory in approximate calculations primarily because
the midspan rigidity hasthe dominant effect on deflections.
Alternatively, for continuous prismatic and nonprismatic members, 9.5.2.4
suggests using the average |, at the critical positive and negative moment
sections. The 1983 commentary on 9.5.2.4 suggested the following approach to
obtain improved results:
Beams with one end continuous:
Avrg.l, = 0851, + 0151 pnt end

Beams with both ends continuous:

Avrg.l, = 0.70L, + 0.15(1,q + I.3)

Where |, refersto I, at midspan, l,; and I, refer to both ends of the beam
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Avrg.(I) g = 0.85(1.156 x 1019 + 0.15(3.468 x 10°) = 1.503 x 10 %mm*
Avrg. (1) sus = 0.85(8.000 x 10%) + 0.15(3.309 x 10°) = 7296 x 10°mm*
Avrg.(I,) g+ = 0.85(4.360 x 10%) + 0.15(3.204 x 10°) = 4.187 x 10°mm*

6- Initial of short-term deflections:

5 M,I?
Ai - K_
48 E.I,

M, isthe support moment for cantilevers and the midspan moment (when Kis so
defined) for simple and continuous beams.

K
1. Canlilevers [celeclon due oo vlalion al suppols 240
Aol A L)
Z. Simple beans 10
3. Contnuouz bzams 1.2-C.20-M,
4. Fixzd-hinged beams {micspen ceflection) nED
6. Fisod hinged beams (maximur doflection using 074
FAARI ST ST
6.  Firzd-fized cears D&
Foroiher wpes 27 loeding, K vaues as ziven i1 Het B4
M-, — Zimple spar momentat midspan e
M, = M&t midspan momani
le/
M 8
0
K=120-020—=120-020—7—= 085
M, wl /
14
5 Myl? 5 (9222 x 10%)(9000)2

(A)g=K = 2301mm

—_—— = (085 —
48 E.(I,)q4 48 24870 x 1.156 x 1010

Or =1.769 mm using avrg. (l¢)g = 1.503 x 10" mm*
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5  Mg,l? 5 (11721 x 10%)(9000)2
(A)gys= K— ——=085— = 4225mm
48 E.(I,)sys 48 24870 x 8.000 x 10°
Or =4.633 mm using avrg. (le)g = 7.296 x 10° mm*
5 My, 12 5 (17553 x 10%)(9000)2
(A) g = K———"—=085— = 11.610mm
48 E.(1,) 41 48 24870 x 4360 x 10°

Or =12.089 mm using avrg. (l¢)qg = 4.187 x 10°mm*
(A= (M) gy —(A)g=11.610—-2301 = 9.309mm
Or=12.089-1.769 =10.320 mm

a. Allowable deflections:
- Forflat roofs not supporting and not attached to nonstructural elements likely

to be damaged by large deflections:

l 9000
(A), £ —=——=50mm> 9309mm OK
180 180

- Forfloors not supporting and not attached to nonstructural elements likely to

be damaged by large deflections:

[ 9000
(Ai)L < %2 %2 25mm > 9.309mm OK

7- Ultimate long-term deflections:

Using ACI method with combined creep and shrinkage effects:

& 2
A: ,: =
1+50p" 1+0

2.0

Aiong = MDA sus = 2.0 x 4225 = 8.45mm
Aong + (4, = 845+ 9.309 = 17.759mm
Or =19.586 mm using avrg. |,

a. Allowable deflections:
- Forroof or floor construction supporting or attached to nonstructural
elements likely to be damaged by large deflections (very stringent limitation):
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l 9000 ,
= ——= 18.75mm NOT OK usign avrg.l,

A A) < —
tong + (A1 S 7o =

- For roof or floor construction supporting or attached to nonstructural

elements not likely to be damaged by large deflections:

l 9000
Aw@+(AQLS5ar:EZT=375mm,OK
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Introduction

» Lap splices are needed for long spans, i.e.
spans longer than the length of available
reinforcing rebar.

» Types of splices

— Butted and welded " Must develop 125%

— Mechanical connec of yield strength

— Lap splices

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Tension Lap Splice

» Types of lap splices
— Contact lap splice

— Non-contact splices (distance < 150mm or one fifth of
splice length

» Splice length is the length of the overlapped
portion of the bars

The Hashemite University

Class A Splice (ACI 12.15.2)

When As(provided) >
As(req'd)
over entire splice length. and 1/2 or less of total

reinforcement is spliced win the required lay
length.

Class B Splice (ACI 12.15.2)

All tension lay splices not meeting requirements of
Class A Splices

Dr. Hazim Dwairi The Hashemite University Reinforced Concret te
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Tension Lap Splices (ACI 12.15)

As,prov/As,req'd | %As Spliced

Splice Class ;

Lap, req’d

<50

> 50

A

B

g

=,

_ Notes

Desirable

ok

<50

=50

B

B

1.3 1,
131

131

ok

Avoid

Ratio of area of reinforcement provided to area of
reinforcement required by analysis at splice locations.

A, (req'd)

= determined for bending

ly = development length for bars (not allowed to
use excess reinforcement modification factor)

Iy must be greater than or equal to 300mm.

The Hashemite University
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Tension Lap Splices

» Lap Spices shall not be used for bars larger than
$36. (ACIl 12.14.2)

» Lap Splices should be placed away regions of
high tensile stresses -locate near points of
inflection (ACI 12.15.1)

» Lap splices of bars in a bundle shall be based
on the lap splice length required for individual
bars within the bundle, increased in accordance
with12.4. Individual bar splices within a bundle
shall not overlap. Entire bundles shall not be lap

sgliced.

Dr. Hazim Dwairi
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Cleal' E T—0Offset bars from

! column below
SpaCiIlg Of E . EMBars in

1 N column above
Spliced Bars ket 3
p ‘—>I>Clear spacing

(a) Offset column bars

Clear spacing

Clear spacing
(b) Staggered splices

Compression Lap Splice

(ACI 12.16)

f, (MPa) Lap Splice Length

< 420 0.0711,d,
> 420 (0,13fy —24)d,,

* Minimum lap splices length = 300 mm

» Forf,'less than 21 MPa, length of lap shall be increased by
one-third.

* In tied column splices with effective tie area throughout
splice length (0.0015hs)  use factor = 0.83

* In spiral column splices, use factor = 0.75
+ But final splice length > 300mm

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Torsion in Plain Concrete
Members

* Torsion in circular members

Ip
1

p

T

T : Applied Torque
p : Radial Distance

| the increase in

1 , : Polar Moment of Inertia | | distance from

| centre of shaft.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Torsion in Plain Concrete
Members

 Torsion in rectangular members
— The largest stress occurs at the middle of the wide face “a”.
— The stress at the corners is zero.

— Stress distribution at any other location is less than that at the
middle and

— greater than zero.

The Hashemite University

Torsion in Plain Concrete
Members

» Torsion in rectangular members

T i
T =

max abza

ab 10 15 20 3.0 5.0 o0
o 0.208 0.219 0.246 0.267 0.290 1/3

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Cracking Strength

fy max at 45°

Bending: T, =T cos45°

Torsion: T, =T cos45°

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Thin Walled Tube Analogy

» The design for torsion is based on a thin walled
tube, space truss analogy. A beam subjected to
torsion is idealized as a thin-walled tube with the
core concrete cross section in a solid beam is
neglected.

Shear flow (g - /

r__ —
v
T (b) Area enclosed by shear flow path

(a) Thin-walled tube

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il




Reinforced Concrete Il Hashemite University

Thin Walled Tube Analogy
V=V, V=V, T -
/,yo

y
According to thin walled theory: J

q = V4/%,=Voly o =Va/X,=V,ly,
q = shear force/unit length o~
g = shear flow = constant

=

2> q=1t
t = shear stress

Dr. Hazim Dwairi

Thin Walled Tube Analogy

Take moment about centroid:
T = (ViHVa)yg/2 + (Vo +V)x,/2
T=2V,y, /2 + 2V x /2

Recall: V,=q.x, & V,=q.y,
T =2V X,y/2 + 2V,y X, /2
T=29A,

> 1= T/(2A)

Dr. Hazim Dwairi The Hashemite University Reinforced Concret te Il
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Threshold Torsion

Torques that do not exceed approximately one-
quarter of the cracking torque T, will not cause a
structurally significant reduction in either the
flexural or shear strength and can be ignored.

Cracking is assumed to occur when the principal
tensile stress reaches 0.33\/70' . In a nonprestressed
beam loaded with torsion alone, the principal
tensile stress is equal to the torsional shear stress,
7 . Recall that: T

T=—
24t

The Hashemite University

Threshold Torsion
According to ACI-R11.6.1 .
A -
Ao — z Acp ; Z‘ — Eﬁ
3 4 Doy

where: 4, =xy ; p,=2(x+y)
Substituting valuesof 4, and ¢

ey
T, =033/ fc'[ACPJ 1

p

Neglect Torsion when 7, < %

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Torsion in
Reinforced |
Concrete L ‘

Members

b,=b,+2h _<b, + 8h,

eff~ Dw w= Py f
Ag=XY; Py =25+ 2y Total area = A,
Ap=XYip, 2x,+ 2y, Cross hatched area = A,

b

‘xo & y, distance from \ o
efl w f
2 Total area = A,

CL to CL Of Stlrrup Cross hatched al:rcu A,

Reinforcement Requirement for
RC Members in Torsion

» Reinforcement is determined using space truss
analogy.

* In space truss analogy, the concrete compression
diagonals (struts), vertical stirrups in tension (ties),
and longitudinal reinforcement (tension chords)
act together as shown in figure on the next slide.

* The analogy derives that torsional shear stress will
be resisted by the vertical stirrups as well as by
the longitudinal steel

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Reinforcement Requirement for
RC Members in Torsio

~Longitudinal bar

N Concrete compression struts

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Vertical Stirrup Reinforcement

—

+ V4 Yo
T
Recall:g=u=——- L |
24, y, cot 6
T v, cotd

Vi=ay, = 24 Yo =14y = s AL n = number of stirrups crossing

_ y, cotf p 24, diagonal crack
T= P tfyv y A, = Area of one leg stirrup

Af ‘ Af f,, = Yield strength of shear
T, =2x,y, —cotd =2—-"4, cotd reinforcement
S s
Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Vertical Stirrup Reinforcement

» For No failure, i.e., torsion capacity greater than
or equal to torsion demand:
or,>T, ; ¢=0.75
 For torsion capacity equal to or greater than
torsion demand, we have at the limit state:
At

T =2¢——=4,cotl
s

» Therefore steel area in one leg stirrup is:
T

. —
" 24,4, cotd

The Hashemite University

Dr. Hazim Dwairi

Vertical Stirrup Reinforcement

» ACI 6.3.6 assumes 6 = 45° for nonprestressed
members and replaces A, by A, where:

A,=0.85A,,
* Therefore:
T
4 =—
quyvAo

The Hashemite University
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Longitudinal Steel Reinforcement

Diagonal Compression Struts

AN,/2
V4‘ /

Q
R
Al by V,

6

ANY/2 V,coto
Axial Force due to Torsion :

A

AN, =V, cot@ ==Ly, f, cot’ @
s

AN, = AN,

Similarly:

A
AN, =V, cotd=—"x,f,, cot’ @
s

Dr. Hazim Dwairi AN] - AN3 The Hashemite University Reinforced Concrete Il

Longitudinal Steel Reinforcement

Total axial force is:
N, =AN,+AN, + AN, + AN,

total

A A
Ny =2-"y,f, cot’ 0+2—Lx, f, cot’ O
s S

A
2 _ 2
S, cot H—F’phfwcot 0

A
Ntotal = 2(x0 +yo)?t

Longitudinal Steel Force:

N 4 ) p, = permimeter of stirrup
Niow = AT, = T Pufy oot & A, = Total area of longitudinal
reinforcement to resist torsion
A = i /, D4 D, cot’ @ f, = Yield strength of longitudinal
y reinforcement
Dr. Hazim Dwair The Hashermite University Reinforced Concrete Il
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Longitudinal Steel Reinforcement

4 =i&ph cot’ @

vl

Recall:

Ts

u

A = >
#yvAo

Substitute 4, in 4,, and for ¢ = 45°
Ts
2# VAD fV
#_yph
s S,

Al — ]-;,lph
204, 1,

The Hashemite University

4=

Combined Shear and Torsion

Shear Stress : r,=V/bd
Torsional Stress : 7, =T/(24))
For crackedsection: A4 =0.854,, , t=4,/p,

B B
1 kol
c eey 2090 i
Torsional stresses Shear stresses Torsional stresses Shear stresses
{a) Hollow section {b) Solid section
V Tp T
w . oh 1 o 7 A oh
Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Equilibrium and Compatibility
Torsion

» Equilibrium Torsion: torsion moment is required for
equilibrium of the structure (cannot be reduced by
internal forces redistribution).

Compatibility Torsion: torsional moment results
from the compatibility of deformations between members
meeting at a joint (torsional moment can be reduced by
redistribution of internal forces after cracking if the
torsion arises from the member twisting to maintain
compatibility of deformations). The reduction in T, is of
the magnitude: ‘a2

$0.33,/f| —"E]
\Pep

The Hashemite University Reinforced Concrete Il
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Equilibrium Torsion

The torsion in the beams
in Figs (a) & (b) must be
resisted by the structural
system if the beam is to
remain in equilibrium. If
the app“ed torsion is not (@ Cantilever beam with eccentrically applied load.
resisted, the beam will
rotate about its axis until
the structure collapses.

B
1

(b) Section through a beam supporting precast floor slabs.

The Hashemite University Reinforced Concrete Il
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Equilibrium Torsion

Design torque may not be reduced because
moment redistribution is nof possible

The canopy applies a torsional moment to the beam A-B.
For this structure to stand, the beam must resist the
torsional moment, and the columns must resist the
resulting bending moments.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Compatibility Torsion

If joint A is monolithically built o,
with cross beam C-D then / l .
beam A can only develop end 5/4 s

slope at A if beam C-D twists

about its own axis. If ends C

and D are restrained against 1
rotation, a torsional moment T © G p->
will be applied to beam C-D. if
C and D are free to rotate

about axis C-D then T would Tao /TN

b . e
e zero Z (——

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Compatibility Torsion
A B

| p—
S—a

N

Design torque for this spandrel beam may be
reduced because moment redistribution is possible

B A

‘ Hinge\J
- |

Stiff edge beam Flexible edge beam

ACI Requirements for Torsion
Design

Equilibrium Torsion: design for full T,

Compatibility Torsion: reduce T, to the following
* Nonprestressed member without axial force:

A2
$0.33 ﬁ[—@]

* Nonprestressed member with an axial force:

(A2 N
$0.33 /f ' c”] /1 + =
\Pep) \ o.saAgﬁ

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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ACI Requirements for Torsion
Design

It shall be permitted to neglect torsion effects if
the factored torsional moment T, is less than:

» Nonprestressed members without axial force:

» Nonprestressed members with an axial force:

-

2
A N
$0.083 [f! —"‘E] /1 —_—
¢ \pcp Aj 0.33A9. /E

AJ

ACI Requirements for Torsion
Design

* The cross-sectional dimensions shall be such
that:

(a) For solid sections:

T
%J(gﬁ!)z +( T, Py ]2g¢[:7"d+ 0.66 /7] (11-18)

1742,

(b) For hollow sections:

"4 T v
[bW:’J ! [1.7u:£h] : ¢(b:d+ 0.66,/7;) (11-19)

* If NOT, increase section dimensions.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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ACI Requirements for Torsion
Design

» Reinforcement for torsion

Recall ACI Eq. (11-21)

4 _ L ; 30°<60<60°
s 24,4, cotd

Voo

 Combined shear and torsion reinforcement
(for closed stirrup) Q

Ay _A, 24 A

A —
S S S

The Hashemite University

ACI Requirements for Torsion
Design

« Maximum spacing of torsion reinforcement

P
s =smaller of ]

300 mm

» Spacing is limited to ensure the development of
the ultimate torsional strength of the beam, to
prevent excessive loss of torsional stiffness after
cracking, and to control crack widths.

Dr. Hazim Dwairi The Hashemite University Reinforced Concret te
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ACI Requirements for Torsion
Design

Minimum area of closed stirrups
0.35b,s
(4, +24)=1 f T
= larger o .
o) = RIEEON 0,062,/ £ b,

fyv
Minimum area of longitudinal torsional

reinforcement
of the closed stirrups with a maximum
0 42\/_c Acp (A jp Jw | spacing of 300 mm.
h
stirrups.

Al min —

’ /s

A b - i .
A5 01750 3- shall have a diameter at least 0.042

N

where :
S #10

1- shall be distributed around the perimeter
f 2- The longitudinal bars shall be inside the
y

times the stirrup spacing, but not less than

Dr. Hazim Dwairi ashemite University

Reinforced Concrete

ACI Requirements for Torsion
Design

» Torsion reinforcement shall be provided for a
distance of at least (b, + d) beyond the point

where T is less than ®T_/4. e

Stirrup Detailing

alli 2
Spalling —, Spalling can m:(:ur_I

1

JrSpaIIing restrained

comprassion

Diagonal -

| h%\b T swesses
H H @ (b)

Fig. R11.6.4.2—Spalling of corners of beams loaded in torsion

Dr. Hazim Dwairi

Reinforced Concrete Il
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ACI Requirements for Torsion
Design

135° hooks Confinement 135° hooks

Confinement Confinement on No confinement
on one side both sides (isolated beam)

(a) Recommended.

/No confinement\
1 1
1

1
et |

Note lack of confinement of anchorages when
compared to similar members in (a).

aii (D) Not permitted.

Example: Equilibrium Torsion

A cantilever beam supports its own weight plus a
concentrated load. The beam is 1400mm long,
and the concentrated load acts at 150mm from the
end of the beam and 150mm away from the
centroidal axis of the beam.

The unfactored concentrated load consists of a 80
kN dead and 80 kN live load. The beam also
supports an unfactored axial compression dead
load of 180 kN.

Use normal weight concrete with £, =21 MPa and
both f, and f,, = 420 MPa.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Example: Equilibrium Torsion

| 125,

0

m
\ Q

e v
> \180 kN

80 kN

350 mm l

According to ACI9.5.2.1-Table9.5(a)

h =L 1800 s,
8§ 8

min

USE /A = 600 mm and b = 350mm
d=600-50-10-25/2~525mm

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Example: Equilibrium Torsion

Factored beam self weight =1.2 x (M

jx (25)=6.3kN /m
Factored concetrated load=1.2DL +1.6LL

=1.2x80+1.6x80=224kN
Factored axialload (N,) =1.2x180 = 216kN

Structural Analysisleadsto:
V, =232.82kN
V,@d =232.82-6.3x0.525=229.51kN
M, =286.17kN.m
T @d =33.6kN.m
N, =216kN

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Example: Equilibrium Torsion
checkif N, >0.1/.4,

N, =216kN

O.I_ﬂAg =0.1x21x(0.35%0.60)x1000 = 44 1kN

=N, 20.1 ﬂAg

Therefore axial force affect can be neglected in flexure design.

Otherwise, member shall be designed for bending and axial load

interaction.

Design for Flexure:

By trialand error A =1610mm”
use 4¢25 =1960mm’

#M, =342.5kN.m>M, OK. 350 mm

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Example: Equilibrium Torsion

Design for Both Shear and Torsion :

A, =b,h=350x600= 210,000mm’

Py =2b, +2h=2x350+2x600=1900mm
Assume cover to center of stirrup =50+5 =55mm
x, =350-2x55=240mm

v, =600—-2x55=490mm

A, =x,y, =240x490 =117,600mm’

A =0.854,, =99,960mm’

p, =2(x, +y,)=1,460mm

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Check for size of beam :

Example: Equilibrium Torsion

v\ (T, Y [V -
() (] o voasir)

2.260<2.853

—=|Beam size is okay

Dr. Hazim Dwairi

The Hashemite University

32 6 2
229.5x10 N 33.6x10 ><21460 S0.75(0.17\/E+0.66\/ﬁ)
350x525 117600

Reinforced Concrete Il

Check for critical torsion ¢T, :

(4
¢Tc—¢0.083\/7c{—J 1+—0.33Ag A

Example: Equilibrium Torsion

N,

u

P
2 3
4T =0.75%0.0834/21] 210000 \/1+ 216x10
900 0.33x350%600~/28

@I, =9.640kN.m < T,, ={Torsion must be considered

(a) Torsion Reinforcement
A T, 33.6x10°

=0.534mm* / mm

- u —
s 2041, 2x0.75%99960

Dr. Hazim Dwairi

The Hashemite University

x420

Reinforced Concrete Il

Dr. Hazim Dwairi

20



Reinforced Concrete Il

Hashemite University

Example: Equilibrium Torsion

(b) Shear Reinforcement

Dr. Hazim Dwairi

o =017 14+-2s
14

y J f.b.d

g

216x10°
14(350% 600)

22951
0.75

o, =0.17(1+

J@x350x 525=153.7kN

V =

s

—153.7=152.3kN

c

V.
¢
A, V. 1523x10°

= = =0.691lmm* / mm
s f.d 420x525

The Hashemite University Reinforced Concrete Il

Dr. Hazim Dwairi

Example: Equilibrium Torsion

(c) Add shear reinforcement and select stirrups

ﬂ: 4, %:1.759mm2 / mm
s s s
Check minimum stirrups
} 03930 _g
—=L > larger of
s 0.062v21x350 _ .
420

Assume @12 stirrups: 4,,, = 226mm’
§=226/1.759=128.6mm=s_, =1460/8=182.5mm OK

=

USE ¢12@125mm Closed Stirrups

The Hashemite University Reinforced Concrete Il
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Example: Equilibrium Torsion

(d) Design longitudinal reinforcement for torsion

4 = A 2, Ju (0.534)(1460)@ = 780mm*
S 420

AZ min
’ ) s)
_0.424/21x210000
hmin 420
= 4, =780mm’

Max.spacing = 300mm = use 6 bars :

M(i}) /.
f h

- (0.534)(1460)@ =182.3mm’
420

A

2 at top, 2 at middle and 2 at bottom
min. bar diameter =0.042x125 =5.25mm or 10 mm

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Example: Equilibrium Torsion

Use 4¢12 = 452mm” in bottom half of the beam
add to flexural reinforcement 780 - 452 = 328mm?*

= Flexural Reinforcement =1610+ 328 =1938mm” < 4¢25

600 mm

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Example 7-4: Compatibility Torsion
Macgregor and Wight, Fourth Edition in Sl units.

The one-way joist system shown in Fig. 7-29 supports a total factored dead load of 7.5 kN/m?
and a factored live load of 8 kN/m®. Totaling 15.5 kN/m?. Design the end span, 4B, of the
exterior spandrel beam on grid line 1. The factored dead load of the beam (i.e., self-weight) and
the factored loads applied directly to it total 16 kN/m. The spans and loadings are such that the
moments and shears can be calculated by using the moment coefficients from ACI Section 8.3.3
(see Section 10-2 of this book). Use f, = f,, = 420 MPa and f, = 30 MPa.

300 mm
—_——— — o o e —— — — — —
T 1 |
____________ —J |
———————————— = T
| | ]
L o o _J L | %omm
. T = | |osT/Emmimm e T s = e | I =
1 | |
7200 mm ":::::::::::::# h:
1 | | |
6600 mm r'===:==:====:::‘| —%—
| | |
s s o b G i e ey o i et o | | ST
:'_ ——————————— - — =
| | 1
s o = = e e e e e T e e s . | A
| e = — e | = =
= | | | =
L o — — — — — — — — — — — L
I —
S — (J—
B:=_—_=";-:.==_—_:===—l '—‘:
Columns " | .—: :_
600mm x 600 mm | L.
—_— e~ T T TS TS T S - —
. ad l 1
350mm —* ! 9300 mm -Jl 350 mm
10000 mm
(a) Plan.
650 mm

A | /Top slab of joists A

: \Spandrel beam \

-

(b) Section 1-1.
Figure 7-29
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1. Compute the bending moments for the beam. In laying out the floor, it was found that joists
with an overall depth of 470 mm would be required. The slab thickness is 110 mm. The spandrel
beam was made the same depth, to save forming costs. The columns supporting the beam are 600
mm square. For simplicity in forming the joists, the beam overhangs the inside face of the
columns by 50 mm. Thus, the initial choice of beam size is h =470 mm, b = 650 mm, and d =
405 mm.

Although the joist loads are transferred to the beam by the joist webs, we shall assume a uniform
load for simplicity. Very little error is introduced by this assumption. The joist reaction per meter
of length of beam is:

wl 155x9.30

-——_— =" "..F‘,".-
5 =5 721 kN /m

F

The total load on the beam is:
w=T721+16=3881kN/m

The moments in the edge beam are as follows:

Exterior end negative: =, = 12 =—2399kNm

Midspan positive: -}, = 1—“’ =+3741kNm

1

First interior negative: =M, = 1“.,’ = —3838kNm

p—

2. Compute b, d, and h. Since b and h have already been selected, we shall check whether they
are sufficiently large to ensure a ductile flexural behavior. Going through such a check, we find
that: p=0.36p; at the first interior negative moment point and that the ratio, 2 , is smaller at

other points. Thus, the section has adequate size for flexure. The areas of steel required for
flexure are as follows:

Exterior end negative: A =1791 mm?>
Midspan positive: A, = 2046 mm”
First interior negative: A = 2865 mm?>

Note: The actual steel will be chosen when the longitudinal torsion reinforcement has been
calculated.

3. Compute the final M, V, and 7, diagrams. The moment and shear diagrams for the edge
beam, computed from the ACI moment coefficients (ACI Section 8.3.3; Section 10-2 of this
book): are plotted in Fig. 7-30a and b. The joists are designed as having a clear span of 9300 mm
from the face of one beam to the face of the other beam. Because the exterior ends of the joists
are "built integrally with" a "spandrel beam." ACI Section 8.3.3 gives the exterior negative
moment in the joists as:
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13

Wis

—M, ==
“ 24

Rather than consider the moments in each individual joist, we shall compute an average moment
per meter of width of support:

15.5% 9,32
-M_ = R —GE9 kN m

Although this is a bending moment in the joist, it acts as a twisting moment on the edge beam.
As shown in Fig. 7-31a, this moment and the end shear of 72.1 kN/m act at the face of the edge
beam. Summing moments about the center of the columns (point A in Fig. 7-31a) gives the
moment transferred to the column as 81.5 kN-m/m.

For the design of the edge beam for torsion, we need the torque about the axis of the beam.
Summing moments about the centroid of the edge beam (Fig. 7-31b) gives the torque:
t=8L5-881x0.025=79.3kN.m/m

OR:

t=559+721X0.325=79.3kN.m/m

The forces and torque acting on the edge beam per meter of length are shown in Fig. 7-31 b. If
the two ends of the beam A-B are fixed against rotation by the columns, the total torque at each
end will be:

tl,
T= T

If this is not true, the torque diagram can vary within the range illustrated in Fig. 7-22. For the
reasons given earlier, we shall assume that 7 = ¢/,/2 at each end of member: A-B. This gives the
torque diagram shown in Fig. 7-30c.

The shear forces in the spandrel beam are:

EndA: 1, =881 X 6.6/2 = 290.7kN
Atdfromend A: 1, =881 X (=——0.405) = 255kN

End B: V, = 1,15 X 290.7 = 334.3kN
Atdfromend B: V, =881 X (115 % 25 —0.405) = 298.7 kN
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—

-239.9

- -383.8
(a) Moments, My (kN.m)

334.3
298.7
{
30.7 255
4 e
(b) Shears, Vy (kN) 290.7
261.7
261.7
(c) Torque (kN.m)
55.1
55.1

(d) Reduced Torque, T, (kN.m)

Figure 7-30



Hashemite University Dr. Hazim Dwairi

650mm
16kN/m 325mm
72.1 kN/m
.Centroid of . I/K(
81.5 kN.m/m
\ 55.9 kN.m/m
= = 25mm
88.1 kN/m
— 7 v L9 —~
Edge beam Joist

(a) Freebody diagram of edge beam.

79.3 kN.m/m

\P 79.3 kN.m/m

88.1 kN/m
(b) Forces on edge beam resolved through
centroid of edge beam.

Figure 7-31
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4. Should torsion be considered? If 7, exceeds the following. it must be considered:

AN

1
c

A~
T, = 0083V £| = )

\tog

The effective cross section for torsion is shown in the Fig below. ACI Section 11.6.1 states that
the overhanging flange shall be as defined in ACI Section 13.2.4. The projection of the flange is
the smaller of the height of the web below the flange (360 mm) and four times the thickness of

the flange (440 mm): | 650mm [, 360mm |
I > g L

A, =470X650+110 X 360 = 345100mm’ ¥ | 110mm
P, =470+650+360+360+ 110+ 1010= 2960 mm 1 T
i ..-‘345]1 DD: 470mm| 260
T, =0.083X0.75 XV/30| —) = o
. 2960
=13,773,327 Nmm = 13.8kN m y Y

Since the maximum torque of 261.7 kN.m exceeds this value, Torsion must be considered.

5. (a) Equilibrium or compatibility torsion? The torque resulting from the 25-mm offset of the
axes of the beam and column (see Fig. 7-31a) is necessary for the equilibrium of the structure
and hence is equilibrium torque. The torque at the ends of the beam due to this is:

6.2
881 xX0025x =Y =T73kNm
On the other hand, the torque resulting from the moments at the ends of the joists exists only
because the joint is monolithic and the edge beam has a torsional stiffness. If the torsional
stiffness were to decrease to zero: this torque would disappear. This part of the torque is
therefore compatibility torsion.
Because the loading involves compatibility torsion, we can reduce the maximum torsional
moment, T, in the spandrel beam, at d from the faces of the columns to:

) =E551kNm

S

—(345,100°
T,=033%X0.75%V30 ———

. 2960
but not less than the equilibrium torque of 7.3 kN-m/m. Assuming the remaining torque after

redistribution is evenly distributed along the length of the spandrel beam. The distributed

reduced torque, ¢, due to moments at the ends of the joists has decreased to:
t= -1 =95kNm/m
6.6—(2X0.405) T

5. (b) Adjust the moments in the joists. The moment diagram for the joists, with the exterior

negative moment of —% per meter of width of floor, is plotted in Fig. 7-33a. The torsional

moments in the spandrel beam - mainly compatibility moments - can be dissipated by torsional
cracking of the spandrel beam. ACI Section 11.6.2.2 allows the negative moment at the joint
between the joists and the spandrel beam to be decreased to the value given by (17-31)
decreasing from -55.9 kN.m/m to -9.5 kN.m/m, for a reduction of 46.4 kN.m/m in the moment

6
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in the one-meter wide strip of joists. This causes a redistribution of the end moment. The
moment at the spandrel beam end of the joist, end 1, will decrease by 46.4 kN.m/m. Half of this,
23.2 kN.m/m, is carried over to the far end of the joist, as shown in Fig. 7.33b. The changes in
the joist end moments at the faces of the spandrel beam and interior beams are +49 kN.m/m and
-25.8 kKN.m/m. At midspan, the change is +11.6 kN.m/m. The resulting moment diagram per
meter of width is shown in Fig. 7-33c. Each joist supports a 900-mm-wide strip and hence
supports 90 percent these moments. The exterior negative-moment steel in the joist should be
designed for a negative moment since it is necessary to develop torsional cracks in the spandrel
beam before the redistribution can occur. ﬁ good rule of thumb is to design the exterior negative

steel for the moment computed from — %, as shown by the dashed line in Fig. 7-33c.

© ®
+95.76

—79.3

(a) Moment in joists per meter width before adjustment (kN-m).

+46.4
+49.0/

+11.6
r]\
w

- —25.8

(b) Redistribution of moment per meter of width (kN-m).

+107.4

-85

-55.9

Figure 7-33

(c) Design moments per meter of width (kN-m). -157.3 7
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6. Is the section big enough for the torsion? For a solid section, the limit on shear and torsion
is given by:

2 ' Y &

(f Van© s \ Ve r7d

\ (Jd) B (.\]_.?_4;,: ) = ‘3’( b.d ' 067/ J

A, =(470- (2X40)—127)(650—-(2x40)— 127) = 377X 557 = 209,989 mm"
p, =2 X (377+557) = 1868mm

| "
I

;'('"298.? X 10°
|

\\ 650 x 405

-
h &

) <0.75(017v30+0.6V30)

) (55.1 X 10% X 1868
e e 24 e iy

1.761 = 3423

=>» The section is large enough.

7. Compute the stirrup area required for shear in the edge beam. From (ACI Egs. (11-1) and
(11-2)),

— — 405
V.=017 fb,d =017+ B0 X —— = 240.313kN
E 3]_7’1‘ fib, d=017/30x6 GKIOUD 40.313kN
V=1= -V
T
At the left end of the beam (End B):
V.= 2343 240.313 = 205.42kN
sT Q75 ST T ANaEe

A, U, 20542x10°

S Tad  doxaos - L07€

At d from End B:

298.7
.= — 240, = i 51..'|
, =575 ~240.313 = 157.95kN

4, V. 157.95x103
5

" fnd  420X405 = 05286

Figure 7-35a illustrates the calculation of I, = rEl — V7. Figure 7-35b is a plot of the Ay/s required

for shear along the length of the beam. The values of Ay/s for shear and A,/s for torsion (step 8)
will be superimposed in step 9.
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334.3/0.75= 445.7 kN

298.7/0.75= 398.3 kN

Dr. Hazim Dwairi
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b kN
V. =240 kN
" \ .
»d e = 240.0
1.208 387.6
4
0.929 340
3 ,~ 0.866
b _Vv 2
(b) = ,mm’/mm ™ 0.586
%
Stirrups Required | _ Stirrups Required
73.5
(c) i, | , kN.m ¥ 18.4
)
V4
18.4 73.5
0.490 0.490
(d)y Zt, ,mm*/mm ¥ 0.123 ¥
AN SSSANNNY
No. 13 @125mm= 2.064
goweansnny No. 13 @150mm=1.720
AV 2Af RS L e e e
(8)—-emt A 1.909 | 1.566
?" No. 13 @200mm=1.290
2A,
o
[ 200200mm ||
1@75 mm + 1@75 mm +
12@125 mm 7@150 mm

Figure 7-35
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8. Compute the stirrups required for torsion. From (ACI Eq. (1 1-21)), taking € = 45° and
A= 0.85A,; gives:

T T

::1— ,.'"qb u,."qb
s 2X0854,,f, 2X085X209,989X470

% 108

|

Bl

=6.6697 ¥ 1073

Lo |

t = E6-(2X0405)

=95kNm/m

Atend B, T, = 62.8 kN.m, T,/¢= 62.8 kN.m, and A/s= 0.5583

Atd fromend B, 7, = 55.1 kN.m, T,/¢=73.5 kN.m, and A/s= 0.4902

Atdfromend A, T, = 55.1 kN.m, T,/¢p= 73.5 kN.m, and A/s= 0.4902

Where T, is in kN.m and these values are plotted in Fig. 7-35c. A/s is plotted in Fig. 7-35d

9. Add the stirrup areas and select the stirrups.

Agsy A, 24,

nd

5 5 =
At d from End B:

A,
- - 09286+ 2x04502=1906

For No. 13M double-leg stirrups. s = 135.1 mm
A,+/s 1s plotted in Fig. 7-35e. The maximum allowable spacings are as follows:
for shear (ACI Section 11.5.4.1), d/2 = 202.5 mm,;
for torsion (ACI Section 11.6.6.1), smaller of 300 mm and p,/s = 1868/8 = 233.5 mm.

The dashed horizontal lines in Fig. 7-35¢ are the values of 4,+/s for No. 13M closed stirrups

at spacings of 125 mm (= 2 x 129/125 = 2.064), 150 mm and 200 mm. Stirrups must extend to
points where V,,/¢ = V./2, or to (d + b), where b, is the width of the portion of the edge beam
with closed stirrups, which is 405 + 650 = 1055 mm, past the point where torsional
reinforcement is no longer needed, that is, past the points where 7,/¢ = (the torque given by (7-
18))/¢ = 13.8/0.75 = 18.4 kN-m. These points are indicated in Fig. 7-35c to e. Since they are
closer than 1055 mm to midspan, stirrups are required over the entire span.

Provide No. 13M closed stirrups:
End A: One @ 75 mm, seven @ 150 mm

10
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End B: One @ 75 mm, 12 @ 125 mm, then @ 200 mm on centers throughout the rest of the
span
10. Design the longitudinal reinforcement for torsion.
(a) Longitudinal reinforcement required to resist 7,
-';11. 3 i nuny A -
A= ( - | ,,( — )ca—r-&
=5 )Pz,
where A/s is the amount computed in step 8. This varies along the length of the beam. For
simplicity; we shall keep the longitudinal steel constant along the length of the span and shall
base it on the maximum A/s = 0.4902 mm’/mm. Again, & = 45°. We have

A, =04902X 1868X 1 X 1 = 916 mm’

Alternatively, use (7-30) to compute the required amount of longitudinal reinforcement. Instead

of (7-31),
_ Tn'p.*:
_-':].L: = mﬂ]‘t (E]

where T, = nominal resisting torque.

Ppn = perimeter of closed stirrup = 2(377 + 557) = 1868 mm

A, = area enclosed by centerline of the shear flow path = 0.854,, and

A, 1s the area inside the centerline of the closed stirrups = 377 x 557 = 209,989 mm?>
@ = inclination of cracks. The same valve of #must be used in (7-30) and (7-31).
ACIT Section 11.6.3.6 (a) suggests the use of &= 45°. Substituting in (7-30) gives:

B T, % 1868
! 2% 0.85% 209,989 %470

A cot(45) = 12459 X 107°T,

The minimum A; is given by ACI Eq. (11-24):

where A/s shall not be less than b,/6f,, = 650/(6 x 420) = 0.2579. Again, A/s varies along the
span. The maximum A; will correspond to the minimum A4,/s. In the center region of the beam,

No. 13M stirrups at 200 mm have been chosen. (See Fig. 7-35¢.) Assuming half of those stirrups
are for torsion, we shall take 4,/5 =112 x 2581200 = 0.645 mm’/mm:

p _ 5/30x 345100
Tomn T 12X 420

—(0.645)% 1686(1.0)= 670mm"

= Use A, = 916 mm?

11
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From ACI Section 11.6.6.2, the longitudinal steel is distributed around the perimeter of the
stirrups with a maximum spacing of 300 mm. There must be a bar in each comer of the stirrups,
and these bars have a minimum diameter of 1/24 of the stirrup spacing, but not less than a No. 10
bar. The minimum bar diameter corresponds to the maximum stirrup spacing: For 200 mm.
200/24 = 8.33 mm.

To satisfy the 300-mm-maximum spacing, we need 3 bars at the top and bottom and one
halfway up each side. A, per bar = 916/8 = 114.5 mm’. Use No. 16M bars for longitudinal
steel A,.

The longitudinal torsion steel required at the top of the beam is provided by increasing the area
of flexural steel provided at each end and by lap-splicing 3 No. 16M bars with the negative-
moment steel. The lap splices should be at least a Class B tension lap for a No. 16M top bar (see
Table 8-4), since all the bars are spliced at the same point.

Exterior end negative moment: A, = 1791 + 3 x 114.5 = 2134.5 mm’. Use No. 19M bars
because bars must be anchored in column.

Use 8 No. 19M = 2272 mm®. These fit in one layer.

First interior negative moment: A; = 2865 + 3 x 114.5 =3208.5 mm’.

Use 7 No. 25M = 3570 mm’. These fit in one layer, minimum width 462 mm.

The longitudinal torsional steel required at the bottom is obtained by increasing the area of steel
at midspan. The increased area of steel will be extended from support to support.

Midspan positive moment: A;= 2046 + (3 x 114.5) = 2389.5 mm?®
Use 5 No. 25M = 2550 mm”. These fit in one layer.

The steel finally chosen is shown in Fig. 7-36. A section through the beam at the first interior
support is shown in Fig. 7-34. The cutoff points for the flexural steel were based on Fig. A-5b.
except that the area of positive moment steel anchored in the supports by hooks and lap splices
was taken equal to the larger of the amounts given in Fig. A-5h and the bottom layer of = 3 x
114.5 = 343.5 mm”. This was rounded up arbitrarily to 2 No. 22M bars.

No. 13 stirrups

P

<
S LT

A
/

12
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Figure 7-34

Dr. Hazim Dwairi

2m 1.5m
/S 7No25 3No16 1No16 each side 8No19 A
\
"4 { < I
Z :
|
r * ]
/I:\/‘\ No.13 \ No.13
closed SNo25 closed \V\\
Lap Splice stirrups No13 closed stirrups stirrup
2No.22M bars
1@75mm 20@200mm 1@75mm
12@125mm 7@150mm

L

Figure 7-35

Hook

2No.22M bars
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Interaction Diagram

Py

P, — M,
interaction

Failure —
surface

The Hashemite University

Approximation of Section
Through Intersection Surface

Mox

/]
/

/
4

Horizontal section
A through interaction
surface (see Fig. 11-32)

VY
A

/ Approximation to section
through interaction surface
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Notation

P, = factored axial load, positive in compression

e, = eccentricity measured parallel to the x-axis, positive to
the right.

e, = eccentricity measured parallel to y-axis, positive

upward.

M, = factored moment about x-axis, positive when causing
compression in fibers in the +ve y-direction = P,.e,

M,, = factored moment about y-axis, positive when causing
compression in fibers in the +ve x-direction = P .e,

The Hashemite University

Analysis and Design

» Method I: Strain Compatibility Method

This is the most nearly theoretically correct method
of solving biaxially-loaded-column (see Macgregor
example 11-5)

* Method Il: Equivalent Eccentricity Method

An approximate method. Limited to columns that
are symmetrical about two axes with a ratio of side
lengths 1,/l, between 0.5 and 2.0 (see Macgregor
example 11-6)

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Strain Compatibility Method

AN

[

4/

4. T~

-~

®

®

The Hashemite University

Equivalent Eccentricity Method

* Replace the biaxial eccentricities e, & e, by an
equivalent eccentricity e,

e
if j—x > l—y then design column for P, and M, =P ¢,

x y
ae,l
er:ex+ —
y
forP,[A,f. <04 forP,JA,f.>04
+276 +276
a=|05+ b | 506 a=|13- o |12 >0.5
Af. ] 696 Af.) 696

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Analysis and Design

» Method lll: 45° Slice through Interaction Surface
(see Macgregor page 524)
» Method IV: Bresler Reciprocal Load Method

ACI commentary sections 10.3.6 and 10.3.7 give
the following equation, originally presented by
Bresler for calculating the capacity under biaxial
bending. 1 1 1 1

= + -
P, ¢P, ¢P, b,
« Method V: Bresler Contour Load Method

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Bresler Reciprocal Load Method

1. Use Reciprocal  ———
Failure surface S,
(1/P,.ex.e))

2. The ordinate 1/P, on
the surface S, is
approximated by
ordinate 1/P, on the
plane S’; (1/P, e,.e,)

3. Plane S, is defined
by points A,B, and C. | AT

F
e}‘

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Bresler Reciprocal Load Method

P, = Axial Load Strength under pure axial
compression (corresponds to point C )

Mnx = Mny = O
P, = Axial Load Strength under uniaxial
eccentricity, e, (corresponds to point B )
M =P,e
Py, = Axial Load Strength under uniaxial
eccentricity, e, (corresponds to point A )
M,, =P, e

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Bresler Load Contour Method

* In this method, the surface S; is approximated
by a family of curves corresponding to constant
values of P,. These curves may be regarded as
“load contours.” :

where M,,, and M,,, are the nominal biaxial
moment strengths in the direction of the x-
and y-axes, respectively.

Note that these moments are the vectorial
equivalent of the nominal uniaxial moment ==
M,. The moment M, is the nominal :
uniaxial moment strength about the x-axis,
and M,, is the nominal uniaxial moment
strength about the y-axis.

¥
Dr. Hazim Dwairi The Hashemite Universit
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Bresler Load Contour Method

» The general expression for the contour curves
can be approximated as:

B
1 =10
n0y

The values of the exponents « and fare a
function of the amount, distribution and location
of reinforcement, the dimensions of the column,
and the strength and elastic properties of the
steel and concrete. Bresler indicates that it is
reasonably accurate to assume that a = g

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Bresler Load Contour Method

 Bresler indicated that, typically, « varied from 1.15
to 1.55, with a value of 1.5 being reasonably
accurate for most square and rectangular sections
having uniformly distributed reinforcement. A
value of a = 1.0 will yield a safe design.

|

» Only applicable if:
R1<O‘1f:Ag 0 0z 04 06 08 10

Dr. Hazim Dwairi The Hashemite University
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Biaxial Column Example

66mm

The section of a short tied
column is 400 x 600 mm
and is reinforced with 6¢32
bars as shown. Determine

the allowable ultimate load

on the section ¢P,, if its
acts at e, = 200mm. and e,
=300mm. Usef, =35
MPa and f, = 420 MPa.

The Hashemite Universi

Biaxial Column Example

« Compute P, load, pure axial load
A, =6x804 = 4824mm’
A, =400x 600 = 240000mm’
P=085f(4,—4,)+4,71,
P, =0.85x35x(240000 — 4824)+ 4824 x 420

P, =9023kN
P,=0.8x9023=7218kN | P, =T7218kN

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Biaxial Column Example

« Compute P,,, by starting with e, term and
assume that compression controls. Check by:

e, =300mm <2/3d =2/3(534) =356mm OK!

» Compute the nominal load, P,, and assume
second compression steel does not contribute

Assume =0.0
Pn — Cc +Cs1 +%2 _T

The Hashemite University

Biaxial Column Example

» Brake equilibrium equation into its components:
C. =0.85(35)(0.81¢)(400) =9639¢
C,, =(1608)(420-0.85x35)=627715N

534-c¢ 534 -¢

T =(1608)( )(600) = 964800(

)

» Compute the moment about tension steel:
Pe = Cc(d—%j+csl(d ~d')

P,(300+234) = 9639¢(534 — 0.405¢)+ (627715)(534 — 66)

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Biaxial Column Example

» The resulting equation is:
P, =9,639¢—7.311c* +550,132
» Recall equilibrium equation:

P, =9,639¢+627715-1608f,
» Set the two equation equal to one another and
solve for f:

£ =0.0046¢> +390.4

The Hashemite University

Biaxial Column Example

* Recall f; definition:
r :600(534_Cj
c

» Combine both equations:

0.0046¢” +390.4 = 600(

534—c

)
0.0046¢” +990.4c —320400 = 0

» Solve cubic equation by trial and error

= ¢ =323 mm

Dr. Hazim Dwairi The Hashemite University

Reinforced Concrete Il

Dr. Hazim Dwairi
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Biaxial Column Example

» Check the assumption that f,, = 0.0

£., =600 32373000 _ 4 72mPa
‘ 323

C,=68.7kN TOO SMALL
« Calculate P,
P.=9,639(323)—7.311(323)* + 550,132

P =2900kN

The Hashemite University

Biaxial Column Example

« Compute P, by starting with e, term and
assume that compression controls. Check by:

e. =200mm <2/3d =2/3(334) =223mm OK!

« Compute the nominal load, P,

P=C +C, -T

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Biaxial Column Example

» Brake equilibrium equation into its components:
C, =0.85(35)(0.81c)(600) =14458.5¢
C,=(2412)(420-0.85x35) =941283N

334—-c 334—c¢

T =(2412)( )(600) = 1447200( )
C C

+ Compute the moment about tension steel:

Pe = C{d—TC}LCﬂ(d—d')

n

P (200 +134) = 14458.5¢(334 — 0.405¢ )+ (941283)(334 - 66

Dr. Hazim Dwairi The Hashemite University

Reinforced Concre!

te Il

Biaxial Column Example

» The resulting equation is:
P, =14,458.5¢—17.50c” + 755,281
» Recall equilibrium equation:

P, =14,458.5¢+941,283-2,412f,

» Set the two equation equal to one another and
solve for f:

£, =0.0073¢* +77.12

Dr. Hazim Dwairi The Hashemite University

Reinforced Concrete
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Biaxial Column Example

+ Recall f; definition:
7 :600(334—cj
c

« Combine both equations:

C

0.0073¢* +77.12 = 600(

334—0}

0.0073¢” +677.12¢ — 200400 = 0

» Solve cubic equation by trial and error
= ¢ =295 mm

Dr. Hazim Dwairi The Hashemite University

Biaxial Column Example

« Calculate P,
P, =14,458.5¢—17.50c” +755,281
P =14,458.5(295)—17.50(295)* + 755,281

P, =3498kN

Dr. Hazim Dwairi The Hashemite University

Reinforced Concrete Il
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Biaxial Column Example

+ Calculate Nominal Biaxial Load P,,
1 | 1 1

— + —
IDn Ian Ijny I)nO

1 1 1 1

= + —
P 2900 3498 7218

P =2032kN

P =¢P, =(0.65)(2032) =1321kN

The Hashemite University

Design of Biaxial Column

1) Select trial section

P
“ ); use p, =0.0015

A tria 2 !
= 0.40(f + o, f,
2) Compute y }<— & ﬁ‘

3) Compute ¢P,,, 6P, dPg T le o e
A4, , | @ °
pem lxly [ J [ J ( J
o My o M.
l B,tlx ly })uly

Reinforced Concrete Il
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Design of Biaxial Column

L1

i
X

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Design of Biaxial Column

4) Solve for ¢P,

1 _ 1t 1 1
oF, @b, 9b, 9P

5) If P, < P, then design is inadequate, increase
either area of steel or column dimensions

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Definitiorwof Slender Column

When the-s¢centric loads

P are apilied, the column
deflects laterally by
amount o, however the
internal moment at
midheight:

M, =P(e+0)
The deflection &
increases the moments
for which the column
must be designed.

The Hashemite University

M, = Ple + o)

P
(b) Free-body diagram.

Dr. Hazim Dwairi
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Definition of Slender Column

» Failure occurs
when the load-
moment curve O-B
for the point of ;
maximum moment Ye=Foy Ps S
intersects the

Short column
/ interaction diagram

Axial load

interaction / .
. "~ Load-maximum
diagram of the moment curve
cross section. /
/’/l'
o D Moment

Dr. Hazim Dwairi The Hashemite Univergity Reinforced Concrete Il

Definitiorwof Slender Column

» A slender column is defined as the column that
has a sigttiicant reduction in its axial load
capacity due to moments resulting from lateral
deflections of the column. In the derivation of the
ACI code. “a significant reduction” was arbitrarily
taken anything greater than 5%.

* Less than 10 % of columns in “braced” or “non-
sway” frames and less than half of columns in
“unbraced” or “sway” frames would be classified
as “slender” following ACI Code Procedure.

Dr. Hazim Dwairi
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Buckling

P

» The differential equation o
for column in state of b T

neutral equilibrium is:

Ely =~Py | )

« Leonhard Euler solution: i !
2

n*7r° El

=t \

 n: number of half-sine | >

waves in length of ‘
column

Dr. Hazim Dwairi The Hashemite Univergity Reinforced Concrete Il

©) Number of half-sine waves.

Buckling

« The lowesi value for P, will occur withn=1.0
 This gives'the Euler Buckling Load:

o = 2% El
c 2
 Effective length concept !
_JTEl _TEl > :
c~ 1 - (kl)z
—1H?
D o L 7TEl
c Iz
Effective Length Factor =k
(a) (b)

Dr. Hazim Dwairi The Hashemite University Reintorced Concrete Il
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=
Effective Length Factor
T T% (Half-sine wave)
0 Half-sine wave Half-sine wave
J, l _L*% (Half-sine wave)
@n=1k=2¢ (b)n:2,ke:%?
Frames braced against sidesway.
| e—— |
T
% (Half-sine wave)
} * 2 Haii-sine wave)
J- % (Half-sine wave) ;
—t Y/ A
©n=1k=¢ (d)n:%,k?:?(
Frames free to sway laterally.
Dr. Hazim Dwairi The Hashemite Univergity Reinforced Concrete Il
= S lw/
] h
N
Effective Length Factor
B P
l p
1 - 676 5
. _xr, o B —_——
\ I TR T /<2,
\ ‘{\ Y \ /,/ . 7
. L, \kL, =0.70L
e, =, | ki = L Co ¥ /
| ) i 2 | L [ kL, <L,
| | y [ u e
/ VA 3 =t !
‘ r / \
/ / ’/ ot 1
- [ ¥ ' Al e,
7 ' AT ;_ZL
P
(a) End rotations (b) End rotations ( (c) One endj ’ (d) Partially restrained
i restrained, other at each end
unr vk
estrained fully restrained inrastrained
Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Effective Length Factor

With sidesway

The Hashemite Univergity
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05< k<07

Without sidesway
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B Z El./l, of columns
Z El, /|, of beams

end Wis zero or 1.

Effective Length Factor

W, and Wy are top and bottom factors of columns.
For a hinged end W is infinite or 10 and for a fixed

Assumptions for nomographs:

1. Symmetrical rectangular frames |
2. Equal load applied at top of columns '
3. Unloaded beams. e =

4. All columns buckle at the same manisnt

Dr. Hazim Dwairi The Hashemite Univergity

Reinforced Concrete Il

I —_—=
N
Nontvographs for k
LK, LK LKe LK
t % bottom tt
Ko op ¥ TKp =Ko top K Ko bottom
oo 3 B
1.0 . Y
100 3 I F 100 19001 F 100 £'200
5.0 J F 5.0 - I 5.0 o
3.0 0.9 L 30 20.0 T 40 - 20.0
2.0 - [ 20 e » L
10.04 -+ 3.0 e 10.0
T 08 8.0 r F 80
10: = 1.0 60_ = 60
08: i - 0.8 5:0—_ 1 = 5:0
g-g~ . - g-g 4.0 —+ 20 - 40
0.4 1 F 04 8.0 - 30
0.3 - 0.3 2.0 - 20
1 F —+ 15
0.2 06 - 02 i
b 3 1.0 — 1.0
0.1+ - ~ 0.1 ]
o—J L 05 L o 0- L 10 - o0
(a) Nonsway frames. (b) Sway frames.
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Nomographs for k

 As a result of these very idealized assumptions,
nomographs tend to underestimate the values of
the effective length factor k for elastic frames of
practical dimensions up to 15%. This leads to an
underestimate of the magnified moment, M..

» The lowest practical values for k in a sway frame
is about 1.2 due to friction in the hingas. When
smaller values obtained from nomag:apiis, it is
good practicetouse k =1.2.

Dr. Hazim Dwairi The Hashemite Univergity Reinforced Concrete Il

= s —
TABLE 12-2 Effective-Lanath Factors for Nonsway (Braced) Frames
Top k
’ | - ‘
Hinged = L0 0.81 0.91 0.95 1.00
Elastic )
b=3.1 4'» 0.67 0.77 0.86 0.90 0.95
Elastic, Flexible
4=1.6 0.65 0.74 0.83 0.86 0.91
Stiff o _
$=0.4 T 0.58 0.67 0.74 0.77 0.81
Fixed L‘[“ 0.50 0.58 0.65 0.67 0.70
s s g& + 2
| : Elastic, : )
Stiff Flexible Elastic Hinged
Bottom
Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Slenderness Effect
» For columns in nonsway frames, ACI Sec. 12.12.2
allows the slenderness effects to be neglected if:
ki M
U<34-12—
r 2
k : effective length factor e A~ b
|, : column unsupported
length
r : radius of gyration \
r =0.3h (Rectangular) Y - .
r = 0.25 D (Circular) () Singleoc;rxzt/:ﬂrze 501-.2 % (d) Doui)ze;:ul\r”\/j;/l;;escglumn.
Slenderness Effect

* For ceciumns in unbraced frames, ACI Sec.
12.12.2 ailows the slenderness effects to be

neglected if: y
= <22
.
K, .
. If e >100 design shall be based on a

second-order analysis.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Moment Magnifier Design
Procedure

1) Length of Columns. The unsupported length |, is the
clear height between slabs or beams capable of giving
lateral support to the column.

2) Effective Length Factor. can be estimated from the
nomographs.

3) Braced or Unbraced Frames. Inspect bracing
elements, such as walls, whether stiffer than columns
(braced) or not (unbraced).

4) Consideration of Slenderness Effects. Check

slenderness ratio: K
u :f)

r

Dr. Hazim Dwairi The Hashemite Univergity Reinforced Concrete Il

= ~—=

Momert Magnifier Design
Procedure

5) Minimuir Mcment. ACI Eqgn. (10-14) states that for
columns'itibraced frames, minimum moment M,:
M, .. =P,15+0.03h)
6) Moment Magnifier. ACI Sec. 10.12.3 states that columns
on nonsway frames shall be designed for P, and M.:

M.=0M, ; O,=

Cc ns

C,=0.6+ 0.4(ﬂj >0.4
M

2

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete
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Moment Magnifier Design
Procedure

* Where M, is the larger end moment

* M,/M, is positive for single curvature and negative for
double curvature.

» Buckling load, P, is:

0.2EI,+EJ|g 0.40E_I
* and: El = 9 = EI = _ ~°9
1+, 1+ [,
B, = max. factored axial dead load in‘the <.olumn
= S

total factored axial load in thz zoliumn

Dr. Hazim Dwairi The Hashemite Univergity Reinforced Concrete Il

Example :Design of Columns in
Braced Frame

The figu:= stiows a typical frame in an industrial
building. The'frames are spaced 6.0 m apart. The
columns rest on a 1.2 m-square footings. The soil
bearing capacity is 190 kN/m2. Design columns C-
D and D-E. Use f; = 20 MPa and f, = 420 MPa for
beams and columns. Use lower combination and
strength-reduction factors from ACI 318-05
sections 9.2 and 9.3

(Example 12-2 : Macgregor and Wight — 4t edition
in Sl units)

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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=
A —
Jé Wall 93.0
= pon = 4
7300mm
(b) SectionA-A
B AT
D
A 4—}—
6000mm
A C
§1ZOOmm2 -
| 9100mm l 7600mm |
I | v
(a) Elevation. (c) Moments in columns
CDand DE, (kN.m)
Dr. Hazim Dwairi The Hashemite Universioy Reinforced Concrete Il

Example :Design of Columns in
Braced Frame

1) Calcu'ate ihe column loads from frame analysis

a first-oraer-elastic analysis of the frame gave the
following forces and moments

Column CD Column DE
Service load, P Dead = 350 kN Dead = 220 kN
Live = 105 kN Live = 60 kN
Service moment at Dead = -80 kN.m Dead = 57.5 kN.m
top of columns Live =-19 kN.m Live = 15.0 kN.m
Service moments at Dead = -28 kN.m Dead = -43 kN.m
bottom of columns Live = -11 kN.m Live = -11 kN.m
Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Example : Design of Columns in
Braced Frame

2) Determine the factored loads
a) Column CD
P,=1.2x350 + 1.6 x 105 = 588 kN
Moment attop =1.2x-80 +1.6 x -19 = -126.4 KN.m
Moment at bottom =1.2x-28 + 1.6 x 11 =-51.2 kN.m

ACl sec. 10.0, M, is always +ve, and M; is +ve if the
column bent in single curvature. Since:CD is bent in
double curvature, M, = +126.4kN.m ard i, = -51.2
KN.m

b) Column DE

P, =360 kN, M, = +93 kN.m, M; = «89:2 kN.m

Dr. Hazim Dwairi The Hashemite Univergity Reinforced Concrete Il

Example :Design of Columns in
Braced Frame

3) Make a preliminary selection of the column size
(assume g = 0.015)
P

fo+1,0)

_ 58810’
~0.40(20 +0.015%420)
= 55,894mm’

Because of slenderness and large moments use
350mm x 350mm columns throughout

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Pywia) = 0.40(
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Example : Design of Columns in
Braced Frame

4) Are the columns slender?
a) Column CD:

|, =6000-610=5390mm (ACI10.11.3.1)
From Table12-2,k = 0.77
r =0.3x350=105mm (ACI10.11.2)

K, 0.77x5390 _ " 395.289

2 39.5 N
r 105 ? Column CD st slender

34 —12[%} =34 —IZ(ﬁ] =38.2

) 126.4

Dr. Hazim Dwairi The Hashemite Univergity Reinforced Concrete Il

Example :Design of Columns in
Braced Frame

4) Are the columns slender?
b) Columv DE:

|, =7300-610=5390mm (ACI10.11.3.1)
From Table12-2,k = 086

r=0.3x350=105mm (ACI10.11.2)
K,  0.86%6690 s4g  B48>251
r 105 ' Column CD is slender

34 —12[&J =34 —12(%) =25.1

2

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Example : Design of Columns in
Braced Frame

5) Check whether the moments are less than the
minimum
ACI Sec. 10.12.3.2 requires that braced slender

columns be designed for minimum eccentricity of
(15 + 0.03h). For 350-mm column, this is 25.5 mm.

Column CD: Pe . =588x25.5x107 =15kN.m

Column DE: Pe . =360%25.5x107 =£2kN.m

Since actual moments exceed these valies, ihe
columns shall be designed for actual rre:inznts

Dr. Hazim Dwairi The Hashemite Univergity Reinforced Concrete Il

I

Example :Design of Columns in
Braced Frame

6) Comrute £l
Use a coricervative estimate by

0.40E,|
El =——=0¢
1+ B,
E. =4700+/20 =21,019MPa
_350%350°

I =1250.52x10° mm’

g

0.40E,| , =10,513.87x10° N.mm?

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Example : Design of Columns in
Braced Frame

6) Compute EI
a) Column CD

1.2x350
=1.2%350 _ 514
Ps =33
9
g = 1031387107 _ o 1 1x10° N
140714
b) Column DE
1.2%x220
== =" =0.733
Pa =350
9
g =10 1387X10° _ (0c6 aakio’ Nomm?
1+0.733

Dr. Hazim Dwairi The Hashemite Univergity

Reinforced Concret
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Example :Design of Columns in
Braced Frame

7) Comrute the effective-length factors

We will us='the nomograph this time just for
demonstration, once should use the same method

throughout all calculations. — zrsmm —> "
= Y E, /I,
Y E /I,
l// _ Ec X87536X]06 /7300 _ 173 (b) Section A-A
E~ 9 -
Eb x5.27 Xlo /7600 |g - 1507 X 109 mm4

_ E_(875.36x10° /5695 +875.36x10° /7300) 1, =0-35x1g

WYy = 5 =5.27 x 10° mm*
E, x5.27x10° /9100 I, = 0.70 x 3504/12
=0.472

= 875.36 x 106 mm*

Dr. Hazim Dwairi

Reinforced Concrete Il
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Example : Design of Columns in
Braced Frame

» Column CD is restrained at C by the rotational resistance

of the soil under the footing, thus:
W= 4E_1 /1,
I f ks

* Where [ is the moment of inertia of the contact area
between the footing and the soil and k; is the subgrade
reaction. - 1200

o=

=172.8x10° mm’

o= 2 o7 RS =1.24

Dr. Hazim Dwairi The Hashemite Univergity Reinforced Concrete Il

Ezf, top K ik bottom
oo oo
10.03 ¢ ' éw.o
2'8 ] —i—ug F 50 —_
o1 L0 L ke=0625<086

oo Jy .| =>USE0.86
/

06 kCD =0.710<0.77
04| USE 0.77

T T T
o
o

o
2
L
\
I
o
o
I
o
N

o
I
!

T
I
o

0- —- 05 L 0

(a) Nonsway frames.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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=
Subgrade Modulus
Allowable bearing capacity (kN/m?)
239.4 478.8 718.2 957.6

. 400 62.8

£

E

< 300 e 47.1

E
® <
T 200 - 314 =
2 4
]

ks

E 100 7 ~=315.7

S

©

o

O

0 5000 10,000 15,000 1 20,000
Allowable soil bearing pressure3s:)
Dr. Hazim Dwairi The Hashemite Univergio. Reinforced Concrete Il

IF T T— T

Braced Frame

8) Comrute magnified moments

a) Columit/CD ‘M =10x 1264

C,, =0.6 +0.4(— 012 jz 0.40 =126.4kN.m
126.4
=0.438
9
p - 7fEI2 _ 772><6134.11><120 —3514.7KN
(K, (0.77x5390)
0438 =0.564<1.0

o =
™ 1-588/(0.75%3514.7)

USE I, =1.0(i.e.section of maximum moment remains

Dr. Hazim Dwairi at th?e }?a&e(;it(e)i;ivtelr%?y COlumn) Reinforced Concrete Il
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Example : Design of Columns in
Braced Frame

8) Compute magnified moments

a) Column DE ‘M =1.225x93

= 1.13.9 kN.m
C,=0.6 +0.4(—%) >0.40

=0.900

9
p = J7El _ T x6066.86 %10 — 1309KN

© (k) (0.86x6690)
5 = 0.900 _
™ 1-360/(0.75%1809)

This column is affected by slenderneas

Dr. Hazim Dwairi The Hashemite Univergity Reinforced Concrete Il

I

Example :Design of Columns in
Braced Frame

9) Select the reinforcement

a) Designzolumn CD for P, =588 kN and M, = 126.4
KN.m

USE 350mm x 350mm with 4¢25

b) Design column DE for P, = 360 kN and M, = 113.9
KN.m

USE 350mm x 350mm with 4¢25

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Footings Definition

« Footings ar¢ structural members used to support
columns and walls to transmit and distribute their
loads to the soil in such a way that the load
bearing capacity of the soil is not exceeded,
excessive settlement, differential settlement, or
rotation are prevented and adequate safety
against overturning or sliding is maintained.

 Since the soil is generally weaker than concrete
columns and walls, the contact area between the
footing and the soil is much larger than between
the supported members and footing.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Types of Footings

a) Strip or Wall Footing
b) Spread Footing (Single or Isolated)

L 2

2N
(a) Strip or wall footing.

(b) Spread fooling

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Types of Footings

c) Spread Faoting (Stepped)
d) Spread Footing (Tapered)

(d) Tapered footing.

(c) Stepped footing.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Types of Footings

e) Pile Cap
f) Combined Footing

(f) Combined footing.

(e) Pile cap.

Dr. Hazim Dwairi The Hashemite University

Reinforced Concrete Il

Types of Footings

g) Cantileveror Strap Footing

Column Column
Elevation
Strap
Footing Footing
Strap beam
T TR
%:_ - - //% Plan

Dr. Hazim Dwairi The Hashemite University
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Types of Footings

h) Mat or Raft Footing

g
p

AN
| ‘/
4 £ A o

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Distribution of Soil Pressure

» When the =olumn load
P is applied on the
centroid of the footing, a Column
uniform pressure is

assumed to develop on

the soil surface below EEERERER

the footing area.

» However the actual distribution of the soil is not
uniform, but depends on may factors especially
the composition of the soil and degree of
flexibility of the footing.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Distribution of Soil Pressure

* ]

(a) Footing on sand. (b) Footing on clay.
Soil pressuredistribution Soil pressitedistribution
in cohesionless soil. In cohexvesoil. (Sand)
(Clay)

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Design Considerations

Footings musi e designed to carry the column
loads and transmit them to the soil safely while
satisfying code limitations.

1. The area of the footing based on the allowable
bearing soil capacity

2. Two-way shear or punch out shear.

3. One-way shear

4. Bending moment and steel reinforcement
required

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Design Considerations

Footings must be designed to carry the column
loads and transmit them to the soil safely while
satisfying code limitations.

Dr. Hazim Dwairi

1. Bearing capacity of columns at their base
2. Dowel requirements
3. Development length of bars
4. Differential settlement
Eccentrically Loaded Footing
Locate column within the
P Kern of footing to prevent
developing tension
Y cenoidalaxis  stresses in the soil
= underneath the footing
” ‘ /y ’ Kern
.
I I \ 1
(a) Loads on footing. e %#; g;g__ b
L(Z(i(:lﬁ

1

PIA

—1 myn

(b) Soil pressure distribution.

The Hashemite University

I ¢

(c) Plan view showing Kern dimensions.

Reinforced Concrete Il
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Gross and Net Bearing Capacity

0.6m 1M BN/m? ﬁ

' bob
06m] b | menm I |
woor T P ] ] ] e el e
(a) Self weight and soil surcharge.
\Lc CInet = qgr0$ _Ws _Wfooting
T MG = weight of soil
b 4 b ] mawme Wi = sveight of footing
Sl { 0 R
LT e

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Size of Footing

» The area ¢fiooting can be determined from the
actual external loads such that the allowable soil

pressure is not exceeded.
Service Load

Total load (including selfweight)

Area of footing = :
Gross allowable soil pressure

— Y
Qa ES
FS = Factor of safety in the range
of 2.5t03.0

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Design for Two-way Shear

» For Slabs and footings, V. is the smallest of a, b
and c:

@) V, = 017(1 +§]|ﬁbad (11-33)

ad
b) Vv, = 0.083( “bL +2) [fibyd  (11-34)

o

(c) Ve=0.33 [f) bod (11-35)

Where:

b, = perimeter of critical section

B = ratio of long side of column to short Gicae < 2

a, = 40 for interior columns, 30 for edge Cceiumns and
20 for corner columns.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete

Design for Two-way Shear
—#{ 2=
The shear tocr¢e V, acts at a Pl
section that has a length s
by =4(c+d) or 2(c,+d) + 2(C,4d) | -~
where d is the effective depth et + 0y
the section is subjected to a
vertical downward load P, and i
vertical upward pressure q,,. L mmaa:
For Square column: : I 7. :
Vu = Pu —q, (c+ d)2 LL_*f_Jl
For Rectangular column: “(cvdw
Il o S




Prestressed Concrete Hashemite University

Design of One-wau Shear

]

For footings with bending N
action in one direction the .cines crack
critical section is located a

distance d from face of one-way shear |
column.

V, =0.17/ . bd

L_¢
V, =qb(= -2 ~d
u qu(2 5 )

Tributary area for
one-way shear

N

A
N\ ]

|

L-Direction Column

o
(¢
IN)

- C,
V. =0.17, f,Ld S
b c, b-Direction
I::{:Jazim:vaa]itiJ L(E ) ? ) d )- The Hashemite(lj:ivoe:iet;way Qh:c:.._ | Reinforced Concrete Il
Flexural Sitrength and Footing
reinforcement

The bending moment in
each direction of the footing
must be checked and the
appropriate reinforcement
must be provided.

o

i "
Column W
I VY /A8 s r T T ' Gnu
Fl | reinforcement
oxural el I f2 - Resultant of soil
"_’ pressure = qp,bf
A
(6) Tributary area for moment at section A-A (c) Moment About Section A-A.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Dr. Hazim Dwairi 9



Prestressed Concrete

Dr. Hazim Dwairi

Flexural Strength and Footing

reinforcement
e M, =1/8xq,x (L—c) ﬂﬂ%
M ) r(/ ~ Y2~
A= a [T T T Tt
¢y d - n o
2 ///
* Minimum area of steel ‘ |
— Grade-40 A; i, = 0.002bh
— Grade-60 A i, = 0.0018bh
— Maximum spacing, S, is the oSy~

smallest of (3h or 450mm)

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Flexural Sitrength and Footing
reinforcement
* The reinfotgement mustbe

distributed across the entire |
width of the footing.

_ long side of footing ]

"~ short side of footing

Reinforcement in band width 2

Total reinforcement in short direction [ +1

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Bearing Capacity of Column at
Base

« The column applies a concentrated load on
footing. This load is transmitted by bearing
stresses in the concrete and the stresses in the
dowels crossing the joint.

« Maximum bearing load on the concrete is given
as: (ACl sec. 10.17)

N = 0.85 fCA)\/%s A1.70f28)

@=0.65 for bearing

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

- ER

Bearing Capacity of Column at
Base

(a) Side view.

(b) Plan.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Dr. Hazim Dwairi 11



Prestressed Concrete Hashemite University

Dowels Reinforcement

* A minimum steel ratio p= 0.005 of the column
section as compared to p= 0.01 as minimum
reinforcement for the column itself. The number
of dowel bars needed is four which may be
placed at the four corners of the column. The
dowel bars are usually extended into the footing,
bent at the ends, and tied to the main footing
reinforcement. The dowel diameter shall not
exceed the diameter of the longitucinal bars in
the column by more than 4.0 mn.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Dowsels Reinforcement

©iNoe bars

f;é
P |
Sotdrmi Larger of (Compression
development length for
#8 bar OR compression
4No.7 dowels Lap-splice for #7 bar)
Fooung\ I I
Compression
\L development length
for #7 bars
o gé\

_0.241,d,

£ = e« I _
N \ db ;
(a) Column-footing joint. fC

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Example 1 — Wall Footing

Design a plain concrete footing to support a 400
mm thick concrete wall. The load on the wall
consist of 230 kN/m dead load (including the self-
weight of wall) and a 146 kN/m live load. The base
of the footing is 1200 mm below final grade. f.' =
21 MPa, f, = 420 MPa, the gross allowable soil
pressure = 240 kN/m?, and the soil density is 18
KN/ms.

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Example 1 — Wall Footing

1) Estimate itte size of the footing and the
factored net pressure.

assume depth of footing = (1 ~1.5) % wall thickness

=1.25 %400 = 500mm
Weooing = VoD =(25)(0.5) =12.5kN / m?’
W, =y.h =(18)1.2-0.5) =12.6kN/m’

(0 )., =240-12.5-12.6 =214.9kN /m’

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Example 1 — Wall Footing

Calculate total service load :

Poviee = DL+LL

=230+146

=376
Estimate footing width (consider 1 - m strip) :
b= emice = 370 _y 55, ysE b=1.80m

(qall )net 2149
q = 1.2x230+1.6%146 _ 283, 1kN /e
1.80

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Example 1 — Wall Footing

2) Check ons-way shear

Estimate d =500-75-12.5=412.5mm

(1.80 —0.40

V, @d =283.1 —0.4125j><1.0m:81.40kN

@V, =0.75 x0.17 x+/21 x1000x412.5 = 241.0kN
V, <V, = OKAY!

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Example 1 — Wall Footing

3) Design flexural reinforcement

M =283.1x(1.80—0.40

u 2 2
M, =¢Af (d-a/2)
69.4 x10° =0.9 x A, x420x(412.5— A 420 j

0.85x21%1000
= A, =451mm*; A =0.0018 x1000 *412.5"=742.5mm’
USE 5¢@4/m OR 5¢l4@ 200mm

2
j =69.40kN.m

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Example 1 — Wall Footing

4) Check aevzlopment length
_91,d, _9x420x14

I _10\/E_ T =1155mm

I, =1155mm>| :M:mOmm

= USE 90° HOOK

lgn = 0'2\7%% =02 :7;0)(14 =308mm< 700mm
c

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Prestressed Concrete

Dr. Hazim Dwairi

Hashemite University

Example 1 — Wall Footing

1

T
168 mm 500 mm
[ [ [ [ [ [ \ |3 [ ]
l // 1800 mm NN %‘
N
@L4@200mm $44@200mm

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Example 2 — Single Footing

Design a sguare footing to support a 450 mm-
square tied interior column reinforced with 8g25
bars. The column carries an unfactored axial
dead load of 1000 kN and an axial live load of
900 kN. The base of the footing is 1200 mm
below final grade and allowable soil pressure is
240 kN/m2, Use f;' = 28 MPa and f, = 420 MPa.

Dr. Hazim Dwairi The Hashemite University Reinforced Con

crete Il
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Prestressed Concrete Hashemite University

Example 2 — Single Footing

1) Estimate the footing size and the factored net
soil pressure.

Assume footing depth h = 600mm
Wiggiing =0.6%25 =15kN / m?’
W, =(1.2-0.6)x18 =10.8kN/m’
Effective (Net) Allowable Soil Pressure :

(0 )., =240 -15-10.8 = 214.2kN,/ 7

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Example 2 — Single Footing

Service Loac!=P =DL+LL
=1000+900 =1900kN
Factored Load =P, =1.2DL +1.6LL
=1.2(1000) +1.6(900) = 2640kN

Area of footing = 1900 _ ¢ g7y
214.2

USE 3.0mx3.0m

2640
3x3

=293.3kN/n’

u

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Prestressed Concrete

Dr. Hazim Dwairi

Example 2 — Single Footing

2) Check thickness for two-way shear
Average d =600-75-1.5%25=487.5mm
Perimeter b, =4(450+487.5) =3750mm

0.17(1 +%j\/7 b,d =0.51/f b,d

‘Lsd ¥ z}/ff‘ b,d =0.59,/ f.b,d
0.33,/f,b,d

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

V. =smallest of < 0.083(

Example 2 — Single Footing
@V, =0.75 x0.33 x+/28 x3750x487.5 = 2394.2kN
V, =2640-293.2x(0.9375) = 2382.3kN
V, <@/, Two-wayshear OKAY
3) Check one-way shear

V, =293.3 X(% —O'—;S —0.4875) x3=692.9kN

@V, =0.75 x0.17 x4/28 x3000x487.5 =986.7kN
V, <@V, One - way shear OKAY

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Hashemite University
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Prestressed Concrete Hashemite University

Example 2 — Single Footing

4) Design the flexural reinforcement
Calculate ultimate moment at the edge of column :

M, = 293.3x(L20'45j x3=1121.9kN.m

1121.9 X10° =0.9 XA, x420x(487_5 __ Ax420 J
2 x0.85%28 %3000

= A =6325mm’
A in =0.0018 x3000%600 = 3240mnm’

o
USE 13¢25 =6370mm’|; S:&O?":i_'i =237.5mm

The Hashemite University Reinforced Concrete Il

Dr. Hazim Dwairi

Example 2 — Single Footing

5) Design caliumn-footing connection
Check Bearing Stress :

A =0.45%0.45=0.203m"
A =(12+0.45+1.2) =8.123m"
N, =1.7 x0.65 x28x0.203 = 6,28 1kN

N, =0.85 x0.65 x28 x(0.203) % =19,865kN > N,

= N =6,281kN
P, =2640kN <N =6281kN = OKAY

The Hashemite University Reinforced Concrete Il

Dr. Hazim Dwairi
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Prestressed Concrete

Dr. Hazim Dwairi

Example 2 — Single Footing

Incase N>P :

[J Area of dowels required = I\;P“ ;@=0.65

y

Area of dowels >0.005(450x%450) =1013mm

USE 4¢20 =1256mn’
Development length of dowels
_0.24d, f,

dc :

>0.044d, f,
f

Cc

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Example 2 — Single Footing

0.24220%420

for ¢20 - 1, =—- 78 =381mm >0.044 x20 %420 =370mm

or s 1, = U220

Development length for footing reinforcement ¢25:
_9f,d, _9x420%25

=476mm >0.044 x25x420 =462mm

|, = = =1786mm
" roff,  10x428
Available | :%;450 -75=1200mm<1786mm

Provide 90° Hook :
_0.24x25x%x420

Idh - \/2_8

=476mm<1200mm OKAY

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Prestressed Concrete

Hashemite University

Dr. Hazim Dwairi The Hashemite Un

Example 2 — Single Footing

—%| 450 mm ‘%

8(“25

13@e5
476 mm
600 381 mm 476
mm

3000 mm NG "/ |

Dr

Example 3 — Combined Footing

Design a recizngular footing to support two square
columns. The exterior column (l) has a section
400 x 400 mm, which carries DL of 800 kN and a
LL of 530 kN. The interior column (ll) has a section
of 500 x 500mm, which carries a DL of 1100 kN
and a LL of 620 kN. The base of the footing is
1500 mm below final grade and allowable soil
pressure is 240 kN/m?. Use ;' = 28 MPa and f, =
420 MPa. The distance between columnis 5.0 m
center to center (cc).

. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Dr. Hazim Dwairi

Example 3 — Combined Footing

DL = 1900 kN
LL=1150 kN
DL = 800 kN DL = 1100 kN
LL =530 kN I LL = 620 kN

K v

<—— 2820 mm ——l«—— 2820 mm —>~
«——— 5000mm ——>

«—— 3250 mm % 3250 mm

| .. =5000+200+200 =5400mm
USE | =6500mm

The Hashemite University

Reinforced Concrete Il

Dr. Hazim Dwairi

Example 3 — Combined Footing

P =14001150 = 3050kN

P, =1.2 x1900 +1.6 x1150 = 4120kN
Assume depth of footing h =1000mm

(0 ) =240 =25 x1 =18 x0.5 = 206kN /

Area of footing = 3050 =14.81m’
206

B =%=2.3m:>USE B=2.5m
q, = 4120 =254kN / m’
6.5%2.5

The Hashemite University

Reinforced Concrete Il

Dr. Hazim Dwairi
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Example 3 — Combined Footing

I 6500 mm i
3250 3250
F 2820
2500
mm | 1300 1400
1080 1400
230 400 | 4550 500 ".820
[ ] | i

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il

Example 3 — Combined Footing
Averaged =000~ 75-25=900mm
Two - way stiear for column I':
V, =(1.2 x800 +1.6 x530) —254 x(1.08 x1.3)
=1451kN
b, =(2 %1080 +2x1300) =4760mm
@/, =0.75 x0.33 x+/28 %4760 X900 = 4284kN >V, OK!
Two - way shear for column I1:
V, =(1.2 X1100 +1.6 x620) =254 x(0.5+0.9)
=1814kN
b, =4 x%(500+900) =5600mm

@V, =0.75 x0.33 x4/28 x5600 X900 =5040kN >V, OK!

Dr. Hazim Dwairi The Hashemite University Reinforced Concrete Il
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Prestressed Concrete

Dr. Hazim Dwairi

Example 3 — Combined Footing
1808 kN 2312 kN
I
{ 633.8 kN/m? 1633.53
272.53
| 242m /I
V,, kN
B B
1535.47 678.47
1799.3
My, kN.m //\ o
e RS
16.8 ;é > 103
) . V) H

Example 3 — Combined Footing
One - way sheai
V, @d =1633,52 ~633.8 x(0.25 +0.9) = 904.7kN
V. =0.75 x0.17 x/28 X900 x2500 = 2250kN >V,
OKAY!!
M " =1800kN.m

1800 x10° =0.9 x A, x420 x(g()()_ A %420 j
0.85x28x2500

= A =5406mm’

USE 15¢22 = A, =5702mm’

A in =0.0018 x2500 x1000 = 4500mm’* = 12¢22
A =0.0018 x6500 %1000 =11700mm’* = 31¢22

e Hashemite University Reinforced Concrete Il

Hashemite University
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Example 3 — Combined Footing

230 400 4550 | 500

Ly o

31ge2

12402

The Hashemite University

Reinforced Concrete Il

Dr. Hazim Dwairi

Example 3 — Combined Footing

 Things sii¥'need to be checked:

\ Cases of loading

v Bearing stresses under columns
v Development length

v Dowel bars if needed

The Hashemite University

Reinforced Concrete Il

Dr. Hazim Dwairi
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Reinforced Concrete Structures/Design Aids

AREA OF BARS (mm?)

Size of Number of bars

bars (mm) 1 2 3 4 5 6 7 8
8 50 101 151 201 251 302 352 402
10 79 157 236 314 393 471 550 628
12 113 226 339 452 566 679 792 905
14 154 308 462 616 770 924 1078 1232
16 201 402 603 804 1005 1206 1407 1609
18 255 509 763 1018 1272 1527 1781 2036
20 314 628 943 1257 1571 1885 2199 2513
22 380 760 1140 1521 1901 2281 2661 3041
25 491 982 1473 1964 2454 2945 3436 3927
32 804 1609 2413 3217 4021 4826 5630 6434
50" 1964 3927 5891 7854 0818 11781 13745 15708

* Available through special request.

MINIMUM BEAM WIDTH (mm) ACCORDING TO THE ACI CODE

Size of Number of bars Add for each
Bars (mm) ) 3 4 5 6 7 8 added bar
10 175 211 246 282 317 352 388 35
12 177 215 252 290 327 364 402 37
14 179 219 258 298 337 376 416 39
16 181 223 264 306 347 388 430 41
18 183 227 270 314 357 400 444 43
20 185 231 276 322 367 412 458 45
22 187 235 282 330 377 424 472 47
25 190 241 291 342 392 442 493 50
32 204 268 332 396 460 524 588 64
50 240 340 440 540 640 740 840 100

e Table shows minimum beam widths when @10 stirrups are used.

e For additional bars, add dimension in last column for each added bar.

e For bars of different sizes, determine from the table the beam width for smaller size bars and then add last
column figure for each larger bar used.

*  Assume maximum aggregate size does not exceed three-forth of the clear space between bars (ACI-3-3.3).
Table computation procedure is in agreement with the ACI code interpretation of the ACI Committee 340.

LA MC! D

A =40 mm clear cover to stirrups

B = 10 mm stirrup bar diameter

C = use twice the diameter of @10 stirrups.

D = clear distance between bars = d,, or 25.4 mm, whichever is greater
(where d, is the diameter of the larger adjacent longitudinal bar)

Dr. Hazim Dwairi/Hashemite University Page 1



Reinforced Concrete Structures/Design Aids

Development Length of Straight Bars and Standard Hooks

For deformed bars, ACI318-05 Section 12.2.2 defines the development length /¢ given in the table
below. Note that /d shall not be less than 300 mm.

Case < @20 > @20

Case 1: Clear spacing of bars being
developed not less than db, clear
cover not less than db, and stirrups

throughout /4 not less than code
minimum ] lsz v, )\ / lzqu W, 7\

‘ 25\/7 ‘ 20\/7

or

Case 2: Clear spacing of bars being
developed not less than 2db and clear
cover not less than db

Other cases / 18f b, 7\ ; 18f vy, 7\

‘ 25\/7 ‘ 20\/7

The terms in the foregoing equations are as follows:
Y, = reinforcement location factor
Horizontal reinforcement so placed that more than 300 mm of fresh concrete is cast
in the member below the development length .........c.ccccoeviiiiiiiiiiiiiiiiie, 1.3
Other reINfOrCeMENL. .........oouiiiiiiiieiie e 1.0

Y. = coating factor

Epoxy-coated bars with cover less than 3db, or clear spacing less than 6db ......... 1.5
All other epoxy-coated Dars ...........cccceeiiiiiiiiiiiiiiie e 1.2
Uncoated reinforcement...........co.eoviiriiiiiiiiienienine et 1.0

A = lightweight aggregate concrete factor

When all-lightweight aggregate concrete is USed ........eeecvveeeivieiiiieniiieeeieeeeieens 1.3
When sand-lightweight aggregate concrete 1S Used .......ccceeevveevvieeiieenieeenieeeee. 1.2
Normal weight CONCIete 1S USEd......couvieeiieeiiie e 1.0

Dr. Hazim Dwairi/Hashemite University Page 2



Reinforced Concrete Structures/Design Aids

Table 1: Basic tension development-length ratio, //d, (mm/mm)

l, = % Xy A xd,,but not less than 300 mm
b
f,=21 MPa f,=25 MPa f,=28 MPa f,= 30 MPa f.=35 MPa
Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top
Bar size bar bar bar bar bar bar bar bar bar . bar
(mm) Case 1: Clear spacing of bars being Qeveloped not less than db, clear cover not less than db, and stirrups
throughout Id not less than code minimum, or
Case 2: Clear spacing of bars being developed not less than 2db and clear cover not less than db
f, = 420 MPa, uncoated bars, normal weight concrete
< @0 43.6 56.7 40.0 52.0 37.8 49.1 36.5 47.5 33.8 43.9
> @20 53.9 701 494 64.2 46.7 60.7 451 58.6 41.8 54.3
f, = 300 MPa, uncoated bars, normal weight concrete
< @20 31.2] 405] 286] 371] 270] 351] 261] 339 241] 314
Other Cases:
< @0 64.5 83.9 59.1 76.9 55.9 72.7 54.0 70.2 50.0 65.0
> @20 82.1 106.8 75.3 97.9 711 92.5 68.7 89.3 63.6 82.7
f, = 300 MPa, uncoated bars, normal weight concrete
< @20 468 608| 429] 557] 405] 526 391 509 362] 47.1

e For top bars, more than 300 mm of fresh concrete is cast in the member (i.e. a = 1.3)
*  Bisthe coating factor, and A is the lightweight concrete factor

[ —=d,
— Ties salisfying ACI Section 7.10.5 ar
stirrups satistying AC| Code Sections 11.4.5
| 1 =y and 11.4.6.3 along development length
=

M|

=y ™ Minimum cover satisfying AC| Section 7.7.1
{a) Casa 1.
_,——____'_Fl\‘-_'___.___'_-
@ @ @ | =2
T __--?"_----
|"__1 / _'1
@ @ @ ]
‘=g
{b} Casa 2. e

When there is insufficient length available to develop a straight bar, standard hooks are used. The

standard 90 degree hook is shown below: \
'

I ]
¥

@10 to @25: R = 3d,
@28 to @32: R = 4d,
@8 to @50: R = 5d, 24,

Dr. Hazim Dwairi/Hashemite University Page 3



Reinforced Concrete Structures/Design Aids

The development length of a hook, /,, is given by the following equation. Note that the development
length shall not be less than 8db nor less than 150mm:

0.24 A 8d
=¢db > larger of |’

f 150mm
where Y, = the coating factor = 1.2 for epoxy coated bars and 1.0 for uncoated reinforcement, and A is

the lightweight aggregate factor = 1.3 for lightweight aggregate concrete. For other cases Y, and A, shall
be taken as 1.0

dh

Standard Hooks — ACI sections 7.1 and 7.2.1

Lan db | Lan db
4 | !

R ! C f
= 2R
R
4db or
65 mm
90’ Hook 180  Hook

¢10 to ¢25: R =3d,
@28 and @32: R =4d,
@50: R = 5dy

12db

Stirrups and tie hooks — ACI section 7.1.3

@16 and smaller: 6d»
@18 to @25: 12ds

135°Stirrup Hooks

90’ Stirrup Hooks

¢16 & smaller: R = 2d,
@18to @5: R=4d,

Dr. Hazim Dwairi/Hashemite University Page 4



Reinforced Concrete Structures/Design Aids

Requirements for structural integrity in spandrel beams
/ Fully anchored / Continuous

= 1"
I\ IASH J’{ = J:Z;;;g I_ Astz i/
e ” = |

e

1 !
i S

b L =W Agp L Asb /:31’*1*43:: b

(Must use at least two longitudinal bars at all locations)
Requirements for structural integrity in interior beams

4 z

‘1
/

l -
- = -
A
VL /. #x
1{"\ =Agp —Agp "'H-‘qsn_ | \
~ Fully anchored Continuous
(Must use at least two longitudinal bars at all locations)
{a) Interior beam without closed transverse reinforcement.
'Ed
{31 2d), ]»
2 ={,/16 I ~ -
L {
] "Aar? rﬂ'
=Y Agr | L5 At i
- = - -
|— =WAg, — Agp : Z::!&Aﬂ.
% \\ ""/ (.

Points ~
J-‘ -« of inflections e e

=6 in. =6 in.
(Must use at least two longitudinal bars at all locations)

(b) Interior beam with closed transverse reinforcement over total clear span at
spacing less than or equal to d/2 (fransverse reinforcement is not shown).

Dr. Hazim Dwairi/Hashemite University Page 5



Reinforced Concrete Structures/Design Aids
ACI Moment and Shear Coefficients

M, = Cm(wul,,z) 5 Cin : moment envelope coefficient
V= Cy(Wuln/2) 5 C, : shear envelope coefficient
Where w, is total factored load and 1, is clear span

Discontinuous
End End Span Interior Spans

Interior face of ) .
exterior support Exterior face of first Other faces of interior

interior support supports
(a) Terminology
Cn=-1/9 if only
two spans

Cn= 0.0 1/11 -1/10 -1/11 -1/16 -1/11 -1/11
C,= 1.0 Eq. 1 1.15 1.0 Eq. 1 1.0 1.0

(b) Discontinuous end unrestrained

Cn=-1/9 if only
two spans

-1/11
1.0

1/14
Eq. 1

-1/24
1.0

-1/11 1/16
1.0 Eq. 1 1.0

Cn=
C,=

1.15

(c¢) Discontinuous end integral with support where support is spandrel beam

Cn=-1/9 if only
two spans

-1/11
1.0

-1/11 1/16 -1/11
1.0 Eq. 1 1.0

(d) Discontinuous end integral with support where support is a column

Eq.1: C, =largerof (0.15)or WE where wy, is factored live
Wu

Dr. Hazim Dwairi/Hashemite University Page 6



Reinforced Concrete Structures/Design Aids

TABLE 2.5(a)—MINIMUM THICKNESS OF
NONPRESTRESSED BEAMS OR OME-WAY SLABS
UNLESS DEFLECTIONS ARE CALCULATED

Minimum thickness, h

Weambar

Both ends
continuaus

Cne end
continuous

Simply
supported

Cantilavear

Membears not supporiing ar attached 1o partitions ar
other construction likely 1o be damaged by large

deflactions,

Solid one-
way slabs

£120 £24 if2g

A0

Beams or
ricbsd ana-
way slabs

L6 2185 €421

£13

Metes;

Valuss given shall be used direclly for members with nermalwsight corcrake
(densily w, = 2320 kgm®) and Grade 420 rsinforesment. For olhar condi-
lionzs, the values shall b2 modilisd as Fllows:

a] For structural lightvezight concrste having unit density, w, in the @nge
1440-19320 kgim=, the valucs shall bo multiplicd by (1,68 — 0.003w, ) bt not

I than 1.08

k) For £, othar than 427 P, the valuss shall be muliplisd by 0.4+ 700}

TABLE 9.5(b) — MAXIMUN PERMISSIBLE COMPUTED DEFLECTIONS

Type of membsr
Flat reafs not supporting or attached ta nan-

Daflection to ba considerad
Immediata daflaction duea to liva lead L

Daflection lirmitaticn

structural elements likely b b= dJamaged by £A80
large deflactions

Floars not supporting ar attachad t2 nanstruc- | Immediata deflaction due to live lcad L

tural elements likaely to b2 damaged by lamge £.360
deflactions

Raaf or fleor construction suppoerting or That part of the tetal daflection accurning aftar

attachad to ncnstructural elements likaly to ba | attachmant of nonstructural elements (sum of ¢.amp!
damaged by large deflections the long-term daflacticen dus to all sustained

Raaof ar floar construction supparting ar E’gg}ﬁjﬁ} It::',':;'lrlqn":?'ﬂtﬁ deflection duzto any i
altached to nenstructural elements not likely 1o o ¢-2a0%

be damaged by large deflactions

* Lmit not inteaderd to sefequard against ponding. F"nndil'rif shaould ke checked by suitable calculaficrs of deflection, incoding added defloctions due o ponded

weater, and considering bng-aim effocts of all sustained loac
T Lang-tzrm deflection shall be dstermined in accardancs with 2.5.2

=, vamben, constnaction tekances, and reliakility of provigions for drainage.
o B.5.4.3, but may be reduced by amount of dedlection calculated to occur before aftach-

manl o nanstructural slements. This amound shall be detsrminad on basis of accepdsd angirsarning data ralating b time-deflsclion charscleristics ol membses sim-

ilar fo these being considared.

= Limnit may be exoeeded if adequals rmeasures ane baken bo provent domage o suppored or aboched clements,
E | it shall net ke greater than talerance pravicked for ronstructunsl elements. Limit may be excoeded it camber is provided so that tetal deflecticn minos camber

toes net cxcoed limit.

TAELE 5.5(c)—MINIMUM THICKNESS OF SLABS

WITHOUT INTERIOR BEAMS™
Wit-out droz pane st With droz panelst
IMbericr nks-or
Exterior panels | panels | Exterlar pansls | panels
Withow: Wit~ Without | Witl
adge adge . adpge edge
fp. MP=T| beams  beams® bezms | beams®
En n i in i F
- =3 36 36 36 440 0
g En & iy ép n
420 30 k4 a2 33 26 36
E’J'!I‘ Eﬂ 'EJ‘J f_.-_, E‘J‘.I‘ E|'|'I
520 23 31 31 31 34 k-

Fro buowcay —onestu chicn, &g s dhe [=ngth of cear span n the ong ciroe-
dan, measured face-to-ace of supports noslabs wilioul bearme and el

“ace oF Boams o ather supports in olhor sasos.

tE. f L omencnn Thiz saluss given o e Luble, nm o Wick sse shell bz

ceslenmiinmec] Ly

v frlznpal i

1 TOroppansls as dsfined in 13.2.5.

b Hlabe with Bazrs batwsar columng alang arlarns coas. 1RD wa ool o,

o lho edqo baam shall el ba lose than 2.8,

Dr. Hazim Dwairi/Hashemite University
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Reinforced Concrete Structures/Design Aids

Instantaneous Deflection Calculations:

5 M,l?
Ai = K_
48 E.I,

M, is the support moment for cantilevers and the midspan moment (when K is so defined) for
simple and continuous beams.

K
1. Cantilevers (deflection due to rotation at supports 240
not included)
2. Simple beams 1.0
3. Continuous beams 1.2-0.2 M /M,
4. Fixed-hinged beams (midspan deflection) 0.80
5. Fixed-hinged beams (maximum deflection using 0.74
maximum moment)
6. Fixed-fixed beams 060
Forother types ofloading, K values are givenin Ref. 8.2.
e
My = Simple span momentat midspan | —
M, = Net midspan moment.

Long-term Deflection:

Along—term = A(Ai)sustained load

1+ 50p
E=1.0.....cccevini.... t = 3 months
E=12 ..., t = 6 months
E=14 ... t = one year
=20 t> 5 years

Dr. Hazim Dwairi/Hashemite University Page 8



Reinforced Concrete Structures/Design Aids

Direct Design Method (DDM) — Two-way Slabs

Total Static Moment =

Column
strip

Spandrel beam
~~in edge frame

Dr. Hazim Dwairi/Hashemite University Page 9



Reinforced Concrete Structures/Design Aids

Total static moment distribution

Fire
daeno interior enor
! " [T
|
} L d
[ == [N L
‘ | Support |5 ane gl [
| i N

/. Full restraint

| 035 070 0 A5 4
k) L g
| | |
il { L [
3. Sigb with beams between E‘K ¢ —
suppors RSl
MES = ot { f. .‘. rl -r-.

- 0.& .‘,a \U.0a 0
4 Fdoe bearr — ‘;'.‘ |1 | \‘\ /
: '_‘._%‘.w‘_r'ﬁ &,, - ,_._,_,_,_._/,,L_’ | \\\ .
I G0 | ’j )

0750 loes

/ r\
1. Ng restraint - \_// '_X“* =
i nazl loas 15 il

cther beoams

5 No beams

TABLE 13-3 Percentage Distribution of Interior Negative Factored
Moment to Column Strip

01¢, 0.5 1.0 2.0
(er162/8)) = 0 75 75 75
[:ﬂf[fg."frd = 1.0} 40 75 45

Dr. Hazim Dwairi/Hashemite University Page 10



Reinforced Concrete Structures/Design Aids

TABLE 13-4 Percentage Distribution of Midspan Pasitive
Factored Moment to Column Strip

(e 0.5 1.0 2.0
(a1 bally) = 0 60 60 60
(&'_Ip | f _‘-H t] = 1.0 0() 75 45

TABLE 13-5 Percentage Distribution of Exterior Negative Factored
Moment to Column Strip

(/{4 0.5 1.0 2.0
(apibat ) =0 B =0 100 100 100
B =25 75 75 73
(eplall)) = 1.0 B =0 100 100 100
B: =25 9() 75 45

{:I I \\Midme slrias i}—\ \ Columin ..}‘}

I
o N /f” & B
i {:-!)IIH:!:‘ sir |"$ I_E__f"'_lm'l s

) Bhors direstion of panel,

Calumn
slrip
e Ty Pai
A - RLA e
Irintd
o Midale
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Rectangular Column Interaction Diagrams
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Circular Column Interaction Diagrams
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¥ = ratio of Z(ELY.) of compression members to ZEVE) of flexnral members in a plane at one end of a compression wember
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