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Preface

This book is designed as a reference for reinforced concrete design of structures. This book has
seventeen chapters which cover the main aspects of reinforced concrete design in a simple way. The
chapters of this reference discuss the analysis and design of reinforced concrete sections for flexure,
shear, torsion and axial forces. Also, they include the analysis and design of one-way and two-way slab
systems including solid, ribbed, waffle and voided slabs. This reference illustrates the analysis and
design of footing systems, retaining walls, water tanks and shells. Spherical domes and conical shells
are illustrated. Also, this reference introduces the main principles for seismic design of reinforced
concrete structures based on the international codes IBC, ASCE and UBC. The analysis and design of
reinforced concrete sections is based on the American concrete Institute ACI.

This reference is very valuable for design engineers in the design industry, as it contains practical

examples on the analysis and design of reinforced concrete elements and systems like beams, columns,
slabs, footings, retaining walls, water tanks, and shell structures.

Ibrahim Mohammad Arman
12-1-2019
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Chapter 1: Introduction

This chapter introduces the main structural properties of concrete and reinforcing bars. In
addition, it illustrates concrete cover and bars spacings in the structural members. Also, it
discusses the loads and the main reinforced concrete design methods. The following points
illustrate these subjects.

1. Definition of Reinforced concrete: It is a mixture of concrete and steel. Such a
mixture combines the best properties of both materials to overcome their deficiencies.

2. Main concrete properties:

A. Good in compression
B. Low tensile strength
C. Good in fire resistance

3. Reinforcing steel:

A. High tensile strength
B. Low fire resistance

4. Concrete compressive strength:

The compressive strength, f'c, is based on using uniaxial compression test, which 150mm
diameter and 300mm height concrete cylinder is tested after cured under standard laboratory
conditions and tested at a specified rate of loading at 28 days of age. From this test, the stress-
strain curves of concrete cylinders are obtained.

Figures 1.1 and 1.2 show the typical concrete stress-strain curves for concrete in compression.
From these figures, the following notes can be stated:

A. The lower the strength of concrete, the higher the failure strain

B. The length of the initial relatively linear portion increases with the increase in the
compressive strength

C. The first portion of the curve to about 40% of the ultimate strength, f'c, can be
considered linear for all practical purposes

D. There is apparent reduction in ductility with increased strength

After approximately 70% of the ultimate stress, the material loses a large portion

of its stiffness, thereby increasing the curvilinearity of the stress-strain diagram

F. Usually concrete can reach a strain of 0.003 or larger before actual crushing occurs

m
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Figure 1.1: Typical concrete stress-strain curves in compression "REINFORCED
CONCRETE Mechanics and Design by JAMES K. WIGHT and JAMES G. MACGREGOR".
1.0 psi=0.007MPa.
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Figure 1.2: Typical stress-strain curve for concrete in compression
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Figure 1.3: Simplified stress-strain curve for concrete in compression "Park and
Pauly"

Equation 1:

Equation 2:

fo=f".(1—100(€ c—€ 0))

f'c= f'c in the concrete stress-strain curve and it equals 0.85 f'c for concrete member to
account for the differences between cylinder strength and member strength. These
differences result from different curing and placing, which give rise to different water-gain
effects due to vertical migration of bleed water, and differences between the strengths of
rapidly loaded cylinders and the strength of the same concrete loaded more slowly

Based on ACI code, the maximum strain in concrete "ultimate crushing strain" is equal to
0.003

Based on British Standards, the concrete strength is based on testing a cube of 150mm side
length at 28 days. The cylinder compressive strength equals about 0.80 the cube compressive
strength.

Minimum concrete strength:

Special moment frames and special structural walls with Grade 60 or 80 reinforcement:

f'. = 21MPa

Special structural walls with Grade 100 reinforcement:
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f’c > 35MPa
Other structures:

f'.>=175MPa

5. Concrete modulus of elasticity, Ec:

The concrete has no well-defined modulus of elasticity. It depends on concrete compressive
strength and varies with time.

The ACI 318-19 code "American Concrete Institute" gives the following equation for Ec:
E; = 0.043w.25\/f",

Where:

Wc= concrete density in kg/m?3

W, varies between 1440 to 2560 kg/m?3

Ecand f'c arein MPa

For normal weight concrete, substitute wc=2300kg/m? in the above equation, this gives:
E. =4700+/f",
6. Concrete tensile strength:

The tensile strength of concrete is relatively low. It is approximately equals to about 0.1 f'c.

Based on ACI 209R-92: the tensile strength for pure tension is given by:

f: = 0.331 /f’c in MPa

The tensile strength of concrete can be determined using the split cylinder test. Figure 1.4
summarizes the split cylinder test.
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HOZ

(a) Test procedure.

(b) Simplified force system.

Tension <———— Compression

L

P

(d) Distribution of o4 on vertical diameter.

P
(c) Stresses on element.

Figure 1.4: Split cylinder test
For members subjected to bending, the tensile strength of concrete can be determined by

bending test on plain concrete beam. The tensile capacity then can be found using the
following equation:

fr = 0.621/f', in MPa
The factor A is used to consider the type of concrete. A= 1 for normal weight concrete.
Ais less than 1.0 for light weight concrete.

From fr, the cracked moment, M, of a concrete cross section can be computed as follows:

M I
yt—fr—>M=ng
Iy Ve

Q
Il
|

= M,

lg= the uncracked moment of inertia of the cross section. Reinforcing steel can be neglected.

y:= distance from extreme tension fibers to centroidal axis.
7. Reinforcing steel strength:
- The modulus of elasticity of steel is equal to 200 000 MPa
- Steel grade 60. ASTM A615 and ASTM A706
- The main difference between steel A615 and A706, is that the steel A706 is more
ductile and they both have the same yield strength

5
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Grade 40: fy= 40ksi= 280MPa
Grade 60: fy= 60ksi= 420MPa
Grade 80: fy= 80ksi= 560MPa
Grade 100: fy= 100ksi= 700MPa

minimum: 1.10 for steel A615 and 1.17 for steel A706.

20).
In steel bars, sometimes, the ultimate strength of steel, fu= 1.25-1.5 fy.

Stress — strain of steel is as follows, Figure 1.5:

ultimate tensile strength

? upper
yield point

fracture

lower
yield point

Stress

yielding

L
—
173
&
3]
i
o
o
£

Strain

Figure 1.5: Stress-strain curve of reinforcing steel- typical

8. Reinforcing steel bars:

- The bar area is given by:

Ay:mm?, dy:mm

Bar weight “mass” per meter:

T
W = bar area x one meter x steel density = Zdbz(lo)‘e’(l) (

= 0.0062d,>

Based on ACI 318-19, the ratio of actual tensile strength to actual yield strength,

There are limitations on steel yield strength for seismic design especially in special
moment resisting frames to provide ductility provisions (Refer to ACI 318-19 chapter

7850kg> d,?

m3 ) 162
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- Bar types: plain, deformed
- Yield strength of undeformed bars, fy= 250MPa
- Bardiameterin mm: 6, 8, 10, 12, 14, 16, 18, 20, 22, 25, 32

9. Bar spacing and concrete cover:

- It is necessary to guard against honeycombing and ensure that the concrete mix
passes through the reinforcing steel without separation.

- Cover protect steel from corrosion.

- Concrete protect steel from fire.

- Codes specify a minimum required concrete cover.

- Some of the major requirements of ACI 318-19 (Section 25.2) code are:

e In beams, clear distance between parallel bars in a layer shall be not less than the
maximum of the bar diameter, db, 25mm and 4/3 times the maximum size of the
aggregate.

e In beams, clear distance between layer of bars shall be not less than 25mm.

e In columns, clear distance between parallel bars in a layer shall be not less than
the maximum of 1.5 times the bar diameter, 40mm and 4/3 times the maximum
size of the aggregate.

e Minimum clear cover shall be as follows:

** columns, beams: 40mm
** slabs, walls, joists, shells: 20mm for bars with diameter less than 35mm
** members cast against soil: 75mm

** members subjected to drink water: 50mm

10.Loads:
- Gravity loads:

e Dead: own weight of structural elements

e Superimposed dead: weight of nonstructural elements
e Live: people + furniture

e Show

e Soil weight

e Water weight

- lateral loads:

e Earthquake

e Wind
e \Water
e Soil



Design of Reinforced Concrete Structures: A practical Approach IBRAHIM ARMAN

e Blast

- Static loads
- Dynamic loads

Weight of beam per meter= cross section area x unit weight of concrete
Weight of column per meter= cross section area x unit weight of concrete
Weight of solid slab- m?= thickness of slab x unit weight of concrete

Weight of solid concrete wall- m?= thickness of wall x unit weight of concrete

Superimposed dead loads:

- Brick wall: w= thickness of bricks x unit weight of bricks + thickness of plastering x unit
weight of plain concrete

- Tiles: w=thickness of each layer x unit weight of the layer

- Unit weights:

e Reinforced concrete: 25kN/m?

e Plain concrete: 23kN/m?3

e Masonry stone: 27kN/m3

e Concrete blocks: 12-15kN/m?3, take 15kN/m?3
e Fill under tiles: 18kN/m?3

e Plastering: 23kN/m?3

For example:

- Brick wall: 200mm bricks + 20mm plastering + 20mm plastering: w= 3.92kN/m?

- Brick wall: 100mm bricks + 20mm plastering + 20mm plastering: w= 2.42kN/m?

- Masonry wall: 50mm stone + 120mm plain concrete + 0.03 insulation + 100mm bricks
+20mm plastering: w= 6.07kN/m?

- Tiles: 30mm marble tiles + 20mm plain concrete + 100mm fill + 10mm plastering at
bottom surface of slab: w= 3.3kN/m?

- One can add 1-1.5kN/m? to account for 100mm brick partitions, this value can be
added to the tiles loads to have a complete superimposed dead load on the slab.

Live loads:

Codes: 1BC-2012, I1BC-2015, IBC-2018, ASCE 7-10, ASCE 7-16, UBC 97 (IBC: International
Building Code. ASCE: American Society of Civil Engineers. UBC: Uniform Building Code)

11.Design methods:

- Working design method: allowable stress method



Design of Reinforced Concrete Structures: A practical Approach IBRAHIM ARMAN

e Here, in this textbook, it will be used to check stress only.
e Its principles are:

- use of actual, working, unfactored or service loads
- use of allowable stresses in concrete and steel:

Concrete allowable strength; compression: f; 5;; = 0.45f".
Steel allowable strength; tension: f ;;; = 0.4f,
- Ultimate strength method:

e Use of ultimate loads: use load combinations: magnified loads: load factors
e Use of section capacity.

Required strength: required internal forces to be resisted by using load combinations (like
My).

Nominal strength: strength of a member or a section calculated in accordance with provisions
and assumptions of the strength design method of code (like M»).

Design strength: nominal strength x strength reduction factor (like @M,,)
@= 0.9 flexure- tension controlled
@=0.75 shear
@=0.75 torsion
@= 0.65 axial- tied column
@= 0.75 axial- spiral column
Purpose of the strength reduction factor:
- To allow slight variations of material strengths.
- To allow slight variations in dimensions.
- To allow inaccuracies in the design equations.
- Toreflect the degree of ductility.
- Toreflect the importance of the member in the structure.
Purpose of load factors:
- To account for inaccuracy in load calculations.

- To account for slight variations in loads during lifetime of the structure.
- To account for variability is structural analysis.
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In design, use the critical load combinations.
12.Structural analysis and modeling:
- One dimensional structural modeling: beam, truss.
- Two-dimensional structural modeling: plane frame.
- Three-dimensional structural modeling: space frame.
Slabs: one way, two way.
Slabs: solid, waffle, ribbed, voided.
In general, for very stiff supports, when L/B > 2, the solid slab can be assumed to be one-way.

L and B are the panel dimensions.

Figures 1.6 and 1.7 show general components of a building structure.

1
7
L
Spand&g _Column
beam o Beam <Joist stab &
Door lintel s o 2nd floor sy
L Ty
//z/;: :’;’/ e ~
7 Beam—EPTT
‘ Supported slab7

—_Ist floor

-

Figure 1.6: Building components-1

10
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Flat plate

Interiar

Upturned columns ™|
beam 1st floor ™ \‘
A - ‘-“\
e Rl Flat stsb N
Column/f:' r Column capital
bracket [] Exterior
- columns
3 I
d Interior g~
/l columns
Basemant ;
wall Slab on

grade

Figure 1.7: Building components-2

Notes on one-way slab system:

- The beams in one-way slab system are distributed in one direction.

- Align beams in the long direction (maximum column spacings) and align the slab in the
short direction to have a smaller slab thickness.

- The loads on the beams are determined from slab reactions or an approximate
method can be used which is the tributary area or distance method. In this method,
each beam carries the direct load on it plus the load from half the distance to the next
beam.

- Grid and space frame structural models are the best way to analyze the slab systems.

Figure 1.8 shows a plan of a reinforced concrete building. It is required to draw the structural
models of slab strips and beams.

11
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B5

5.00
B6
B4

Figure 1.8: Beams layout

Given:

- Thesslab is solid with thickness, h= 200mm

- Superimposed dead load on slab, Wsp= 3kN/m?

- Live load on slab, W= 4kN/m?

- All beams have width, bw=400mm and thickness, h= 600mm

- Perimeter wall weight= 10 kN/m
The beams are aligned in x-direction and the slab is aligned in y-direction.
Slab own weight = 0.20 (25)= 5kN/m?
Slab ultimate load, Wu= 1.2(5+3)+1.6(4)= 16kN/m?

There are two slab strips

- Strip 1, S1: between gridlines A and B
- Strip 2, S2: between gridlines B and D

Load on beam B1, Wul= weight of beam + weight of wall + loads from slab
Wul= (0.4x0.60x25x1.2) + (10)(1.2) + (5/2)(16)= 59.2kN/m

Load on beam B2, Wu2A= weight of beam + weight of wall + loads from slab
Wu2A= (0.4x0.60x25x1.2) + (10)(1.2) + (5/2)(16)= 59.2kN/m

Load on beam B2, Wu2B= weight of beam + loads from slab

Wu2B= (0.4x0.60x25x1.2) + (5)(16)= 87.2kN/m

Load on beam B3, Wu3= weight of beam + weight of wall + loads from slab

12
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Wu3= (0.4x0.60x25x1.2) + (10)(1.2) + (5/2)(16)= 59.2kN/m

Load on beams B4, B5 and B6= weight of beam + weight of wall

Wu4= Wu5= Wué= (0.4x0.60x25x1.4) + (10)(1.4)= 22.4kN/m

Figures 1.9 and 1.10 show the slab strips and beams structural models.

Wu=16kN/m

l

5.00
Slab 1

Wu=16kN/m

l

5.00 5.00
Slab 82

Wu1=59.2kN/m

7.00

Wu2A=58.2kN/m

8.00 7.00
Beam B1

Wu2B=87.2kN/m

7.00

8.00 7.00
Beam B2

Figure 1.9: Slabs and beams structural models -1

13
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Wu3=592kN/m

bluly

8.00 7.00
Beam B3

Wud=22 4kN/m

5.00 5.00
Beam B4

Wub=22 4kN/m

5.00
Beams BS, B6

————l

Figure 1.10: Slabs and beams structural models-2

14
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Figure 1.13: Steel reinforcement- picture 1

15
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Figure 1.16: Steel reinforcement- picture 4

16
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AR AR AR AR ARRIHERT )

Figure 1.17: Steel reinforcement- picture 5

Figure 1.18: Steel reinforcement- picture 6

17



Design of Reinforced Concrete Structures: A practical Approach IBRAHIM ARMAN

Chapter 2: Working Design Method

The importance of this chapter is as follows:

1. Determine the stresses in concrete and steel due to service loads, this is very
important in the design of water tanks to control cracks of sections designed by the
ultimate design method

2. Determine the cracked moment of inertia of a member, this is very important in
calculating the deflections in beams

By this method, structural elements are designed assuming linear stress-strain behavior, such
that, at service loads the stresses in steel and concrete do not exceed a specified working
stress. This working stress is taken as a certain proportion of the ultimate strength of concrete
or yield strength of steel.

In this method (working desigh method: ASD, allowable stress design), the allowable stresses
in concrete and reinforcing steel are:

fs,a||= 0.4 fy
fc'a”: 0.45 f'c
The concrete sections are classified into:

- Uncracked sections
- Cracked sections

For uncracked sections, the stresses in concrete and steel are calculated using the formula,

_My

7=

Where:
M: the applied service moment
y: distance from the centroid of section to the point at which the stresses are to be calculated

I: gross moment of inertia

So,
My, My, My;
fe= fe=— fs =
‘ Ig I ’ Ig
Where:

18
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Yc: distance from the extreme fibers at the compression edge to the centroid of the section
Yt: distance from the extreme fibers at the tension edge to the centroid of the section

Ys: distance from centroid of tension reinforcement to the centroid of the section

Ig: gross moment of inertia

Here, the strain and stress diagrams are linear as follows: Figure 2.1

compression

M zZone
\\ I
_C o= | S i v S A
As b T
o |\%
N ‘L €s
SA—b—~7
SECTION STRAIN STRESS

Figure 2.1: uncracked section

If the moment of inertia, Ig is computed neglecting reinforcing steel, yc=h/2=yt in a
rectangular section.

For cracked section: Figure 2.2. Note: kd can be denoted by x.

compression
)
M zone E
AN AN
T \ «—C
= =3
As 7
#
o | . (L7
) (G fs fsim=Es Ec Es/Es
/—b—
SECTION STRAIN STRESS FORCES

Figure 2.2: Stress, strain and forces in concrete section based on the working design
method- cracked section

n: modular ratio= Es/Ec

19



Design of Reinforced Concrete Structures: A practical Approach IBRAHIM ARMAN

The neutral axis or line of zero strain is located by considering the equilibrium of forces acting
on cross section, C=T,

bkd%=Asfs

To determine the unknown stresses fc and fs, utilize the relationship between the stresses,
from similar triangles in the stress diagram,

fo __filn
kd _ d—kd
Let,
P = bd

From the three equations, above,

k=—-np+.(np)? + 2np

For a given bending moment, M, the maximum concrete and steel stresses are:

_ Mkd

Cc

ICT

_M@d—kd)

S
ICT
The moment of inertia, Icr is given by: neglecting concrete in tension zone.

b(kd)?
I, = (3) + ndy(d — kd)?

fc and fs can be determined using another procedure, as follows:

M = Cjd = Tjd
g Lk
Ja=a=3 J=173
M = Cjd bkd(f")'d M
= = — - g
J 2)7 fe bd?kj
And
] ] M
M =Tjd = Afijd - fS:Asjd

20
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Example 2.1:

Given: F'c= 24MPa fy=420MPa

600

42520
O

) (N S
77— 300—~

/
/5407

Figure 2.3: Section for example 1
Rectangular section: b= 300mm, h= 600mm, d= 540mm, bottom bars: 4920 (1256mm?)
1. Determine stresses in concrete and steel for service moment, M= 50 kN.m
2. Determine stresses in concrete and steel for service moment, M= 160kN.m
3. Determine the service moment that the section can carry.
Solution:

1. For M= 50kN.m:

Check cracked section:
Es= 200000MPa E. = 4700,/f’c =4700v24 = 23000MPa
n= Es/Ec= 200000/23000= 8.7

neglect reinforcement, Ig= bh3/12=300(600)3/12= 5.4x10° mm*
£ =0.621 / f'_ = 0.62(1)v24 = 3.04MPa

Tensile stress in concrete, ft:

My, _ (50x10°)(300)
I, — 5.4x10°

fe =

= 2.78MPa < f, uncracked section

So, ft=2.78MPa and from symmetry, fc= 2.78MPa

Tensile stress in steel, fs:

My,  (50x10%)(300 — 60)
n=

I, 5.4x10°

fs = x8.7 = 19.3MPa

21
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N\ N N \ \ }
[ > [ >~
N — N S —— ] <
= © &= ©
A
,hs As(n-1) 1
() N : N
N — N
/—b—~ /S—b—~
SECTION TRANSFORMED
SECTION

Figure 2.4: Transformed section
If reinforcing steel is considered (Take the reference line from the top face of section):

 say bh(5)+ (- D@AN@

=S4, bht =Dy oramm

bh? hy?
Iy =5 +bh(y" =3) + (- D@~y = 5.93x10°mm’

V. = 312mm,y, = 600 — 312 = 288mm, y, = 288 — 60 = 228mm.

So,

fc=2.63MPa Ratio= 2.63/2.78= 0.95
ft= 2.43MPa Ratio= 2.43/2.78=0.87
fs= 16.7MPa Ratio= 16.7/19.3=0.87

2. For M= 160MPa
Check cracked section:

Tensile stress in concrete, ft:

My, _ (160x10%)(300)

I, 5.4x10°

ft = = 8.89MPa > f, cracked section

So,

_ 2M _ Mkd
Je = pazg; 07 e =

ICT

22
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fS:Ade or

fs

M(d—kd)

ICT

k=—-np+.(np)? + 2np

j=1-3

P~ bd
As= 1256mm?
b=300mm
d=540mm p=0.007753
n= 8.7 k=0.306 j=0.898 fc=13.3MPa
“note: assume linear stress up to 0.7 f'c”
3. Compute M:
Fc,all= 0.45 f'c= 0.45 x 24= 10.8MPa
Fs,all= 0.40 fy= 0.40 x 420= 168MPa
2M 2Mx10°
fe = pazks 108 = 300(520)2(0306)(0.898) ~
M Mx10°
fs =754~ 168 = 1256(0.898)(540)

Take, M= 102.3 kN.m

23

fs=262.7MPa

M = 130kN.m

- M =102.3kN.m
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Example 2.2:
Given: F'c= 28MPa fy=420MPa
(e}
A 600 7 2
\\ \\ N
4‘ N
S
3 -
M~
8@25
O AN
N N
A 2507

Figure 2.5: Section for example 2.2
Compute fc and fs for service moment, M= 200kN.m
Solution:
As= 8 x 491 = 3928 mm?

Check cracked section:

800

s

&

—
A—— 700 ——4100

N

/2507
Figure 2.6: Section for example 2.2- Ig

At first, ft shall be computed at the bottom edge of section.

__ (250)(800)(400) + (350)(100)(50)

(250)(800) + (350)(100) > romm from top face of section.

24
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(250)(800)3 (350)(100)3
=17+ (250)(800) (400 — 348)% + — 0t (350)(100)(348 — 50)°
= 1.43x10"%mm*
_ My, 200x10°x(800 — 348) _ 6 32MP
fe=7, =7 tasxaon o3eMPa

fr = 0.62(1)V28 = 3.28MPa < 6.32MPa cracked section
Now compute the cracked moment of inertia, lcr:
At first, determine the location of the neutral axis:

Assume that the depth of the neutral axis, x from the top edge of section is equal to the flange
thickness. So,

The moment of area of the zone above the neutral axis (flange):
M, = (600)(100)(50) = 3x10°mm3
The moment of area of the zone below the neutral axis:
M; = nAg(d — x) = 8(3928)(700 — 100) = 18.9x10°mm*

Mt > M, so X >100mm

rd

L

d=700

n As
\

I
/250 /350 /WE
3

ya

Figure 2.7: Section for example 2.2- Icr
Compute X:

Moment of area above the neutral axis= moment of area below the neutral axis

(350)(100)(x — 50) + zsoxz—2 = (8)(3928)(700 — x) - x = 245mm
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1 250)(245)3

I, = (E) (350)(100)2 + (350)(100)(245 — 50) + %
+ (8)(3928)(700 — 245)? = 9.09x10°mm*
Stress in concrete, fc:
_MX (200x10%)(245) — S AMP
c =TT 909x10°0 e
Stress in steel, fs:
M(d-X 200x10%)(700 — 245

fs = ( )n=( X )(8) = 80.1MPa

9.09x10°

ICT
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Chapter 3: Ultimate Design Method: Flexure in Beams

This chapter introduces beam section analysis and design; doubly and singly using the
ultimate strength method. Based on this method, structural elements are designed taking
inelastic strains into account to reach the maximum strength (concrete at ultimate strength
and steel at yielding).

Some of the reasons for the trend towards ultimate strength design are as follows:

1. Reinforced concrete sections behave inelastically at high loads. Thus, the working
stress method based on elastic stress-strain curve, cannot give a reliable prediction of
the ultimate strength of the member.

2. Ultimate strength allows separate load factors to different types of service loads.

3. Ultimate strength design does not require a knowledge of the modular ratio. The
concrete modulus of elasticity is not predicted well.

Structures should be designed for:

Adequate strength at ultimate loads.

Limited and accepted deflections at service loads.

Limited crack widths.

Ductility provisions: the deflection at ultimate loads should be large enough to give
warning of failure so that the total collapse could be prevented. To ensure ductile
behavior, the designers should give special attention to reinforcement ratios and
details.

PwwnNpE

The following assumptions are made in defining the behavior of beam section:

1. Strain distribution is assumed to be linear. This assumption is based on Bernoulli’s
hypothesis that plane sections before bending remain plane and perpendicular to the
neutral axis after bending.

2. Strain in the steel and the surrounding concrete is the same prior to cracking of the
concrete or yielding of the steel.

3. Concrete is weak in tension. It cracks at early stages of loading. Consequently,
concrete in tension zone of the section is neglected in the flexural analysis and design
computations, and the tension reinforcement is assumed to take the total tensile
force.
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3.1Analysis of singly reinforced beam sections:

Figure 3.1 shows section, strain, stress and forces in a general reinforced concrete section
using the ultimate design method.

compression
M zone '©

Esor€t fy fy
SECTION STRAIN ACTUAL EQUIVALENT FORCES
STRESS STRESS:
Whitney

stress block

Figure 3.1: Section, strain, stress and forces- ultimate design method

The location of the compressive force, C, is the centroid of the concrete area that is subjected
to the stress 0.85 f’c and has a depth a.

The depth of the compressive force from the extreme compression fibers is a” for a general
section and it is a/2 for a rectangular compression zone and for a rectangular beam section.

The tension force, T = The compression force, C so,

Asfy = 0.85f" A
Acc: area of the compression zone and can be computed from the above equation (T=C)
The nominal resisting moment, Mn will be:

M,=TorC(d—a")
So,
M, = Asf,(d—a”)  or M, =085f" A,.(d—a”)

For rectangular sections:

My = Af, (d - %) or My, = 0.85f" ba (d - %)

Where b is the width of the compression zone.
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The depth of the compression zone, a in rectangular sections can be computed as above; T=C,
so:

Asfy

A = . ! =
sly 085fcba - a 0.85f’cb

The design moment, @M,, is computed by multiplying the strength reduction factor, ¢ by the
nominal flexural strength, Mn.

The strength reduction factor, @ can be computed using the figure below, Figure 3.2

¢
A
0.90 = —
Spiral -
07542t =
0.65 - Other |
Tension
X Transition | controlled
Compression F B
controlled €= &y €= &, + 0.003

Figure 3.2: Strength reduction factor (ACI 318-19), 0,
Figure 3.2 can be done using the ratio C/d instead of &; as follows:
For £,=0.002 for fy= 420MPa:
For strain 0.002, ¢/d= 0.6 For strain 0.005, c¢/d= 0.375
These values can be obtained using Figure 3.3 by applying equations for similar triangles.

€cu=0.003

A decA—c—~7

€s or £t= 0.002
€s or €t=0.005

Figure 3.3: Strain diagram for flexure
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For beams, the ACI 318-14 specifies that the minimum strain in steel at crushing of concrete
is not less than 0.004 (@ = 0.817). But it is recommended to use a strain of 0.005 instead of
0.004 to have larger ductility and to simply use ¢ = 0.9. In ACI 318-19, the minimum strain in
steel at crushing of concrete shall be not less than 0.005.

In section analysis, ¢ can be between 0.65 and 0.9, but in design, do not use a strain that gives
¢ not equal to 0.9.

Interpolation can be used to determine the values of @ between 0.65 and 0.90, or the
following table can be used. (ACI 318-19 Table 21.2.2).

Table 3.1: ACI 318-19 Table 21.2.2—Strength reduction factor ¢ for moment, axial force, or
combined moment and axial force

¢
Type of transverse reinforcement
Net tensile stain ¢ Classification - -
Spirals conforming to 25.7.3 Other
et <ty Compression- 0.75 (a) 0.65 (b)
controlled
Ety <Egt< Ety Transition[l] (EC - Ety) (C) (et - Ety) (d)
0.75+ 0.15—— 0.65 + 0.25 ———
+0.003 (0.003) (0.003)
€t > ety +0.003 Tension- 0.90 (e) 0.90 (f)
controlled

(1] For sections classified as transition, it shall be permitted to use ¢ corresponding to compression-controlled sections.

The equivalent depth of compression zone a is given by:

a = pic

1 =085 for 17MPa < f' <28MPa

f,c_28

B =085~ 0.05—

for  28MPa < f' <56MPa

B1 =065 for 56MPa<f’,
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Reinforced concrete beam sections can be classified into:

- Under reinforced sections: yielding of steel occurs before crushing of concrete: strain
in steel at crushing of concrete > yield strain of steel.

- Balanced sections: yielding of steel occurs at the same time of crushing of concrete:
strain in steel at crushing of concrete = yield strain of steel.

- Over reinforced sections: crushing of concrete occurs without yielding of steel: strain
in steel at crushing of concrete < yield strain of steel.
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Example 3.1:

Determine the design moment, @Mn for the rectangular section shown in Figure 3.4 below.

Given: f'c= 24 MPa fy=420MPa.
] T
8 2
420
o |\

N 00—
Figure 3.4: Section for Example 3.1
Solution:
As= 4 x 314= 1256 mm?
d=540mm

Asf,  (1256)(420)

T=C= =085/ 5~ 085(24)(300)

= 86.2mm

_a_862__
6_51_0-85_ Amm

€cu=0.003

c /

/-d-c~/

€t

From similar triangles:

0.003 €
= > €, =0013> 0005 @=09
c d—c
o (1256)(420) (540 — %)
M, = Af, (d - E) = o = 262kN.m

The design moment, ¢pM,,= 0.90 x 262= 236kN.m

32



Design of Reinforced Concrete Structures: A Practical Approach IBRAHIM ARMAN

Example 3.2:

Determine the design moment, ¢pM,, for the T- section shown in Figure 3.5 below.
Given: f'c= 28 MPa fy=420MPa

As: 8925

A——bf=1000 ———
— —

420 —/

440 —/ /- hf=60

As
O

/A—d
/—— h=500 —/

/A hw

—bw=250/~

Figure 3.5: Section for Example 3.2
Solution:
As= 8 x 491= 3928mm?
Determine the depth of the compression zone, a:
Tension force, T= As fy = 3928(420)/1000= 1649.76kN
Assume that a= 60mm, then,

Compression force, C= 0.85 f'c x area of the flange= (0.85)(28)(1000)(60)/1000= 1428kN <
1649.76kN, so a>60mm

Compression force, C1= 0.85(28)(1000-250)(60)/1000= 1071kN
Compression force, C2=T-C1=1649.76-1071= 578.76kN
C2=(0.85)(28)(250)(a)/1000= 578.76kN  so, a= 97.3kN

The nominal moment can be computed by taking the moments of forces C1 and C2 about the
location of steel; at T force.

Distance from C1 force to to T force= d- hf/2

Distance from C2 force to T force= d- a/2
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h a  [1071(420- 670) +578.76 (420 9;—3)]
My=Cld-Z)+¢(d-5)=
2 2 1000
= 632.6kN.m
_a 97.3 — 11447
6—31—0.85— 4A7mm
¢ AT 027 <0375 9 =09
d 420 ' e

The design moment, ®M,,= 0.90 x 632.6= 569.34kN.m
Another solution:
T =C - Asfy = 0.85f"Acc = (3928)(420) = 0.85(28)(Acc) = A = 69317.6mm?
Area of flange = (1000)(60) = 60000mm? < A,
So0,A.. = (1000 — 250)(60) + 250a — a = 97.3mm

Determine centroid of Ac:

__ (750)(60)(30) + (250)(97.3)(97.3/2)

(750)(60) + (250)(97.3) = 36.54mm

M, = Ayf,(d — a~) = (3928)(420) (420 — 36.54)/10° = 632.6kN.m
@M, = (0.9)(632.6) = 569.34kN.m

Example 3.3:

Given: f'c= 28MPa fy=420MPa  As= 600mm?

Compute ¢ M,, for the beam section in Figure 3.6 below.

700

Mu |
As

O o

M~

400

Figure 3.6: Reinforced concrete section for Example 3.3
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Solution:
Depth of compression zone is a.

From similar triangles:

a _700 1 =0286
— = - = 0.
X1 200 x a

Tension, T = Compression, C
(600)(420)=0.85(28)(0.286a2)
a=192.4mm

c=192.4/0.85 = 226.4mm
¢/d=226.4/630=0.36 < 0.375, so $=0.9

0.9(600)(420) (630 _ % (192.4))

OM,, = 0.94,f, (d —§a> = TG = 113.8kN.m
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3.2 Design of singly reinforced concrete rectangular beam sections:

For design,
oM, = M,
Asfy
04sf, (4 -3) = My “ =085 b
This gives:
M
b* = R
Q)pfy <1 - 17]3‘// )
c
And
0.85f', 2.35M,, 0.85f', 2.61M,,
— 1— [1———F |, = 1— [1——=——] here,® =0.9
3 / obazf. )" P T, bd?f,
Where:
: steel rati = ﬁ
p: steel ratio. p = b

Mu: ultimate applied bending moment, N.mm

b: width of compression zone, width of section, mm

d= effective depth of section, mm

f'c: compressive strength of concrete, cylinder test, at 28 days, MPa
fy: yield strength of reinforcing steel, MPa

3.3 Minimum thickness of beams and one way slabs:

Note: Beam width:

The width of beam shall be determined using the following hints:

- Section width, b = 200mm to have a space for reinforcement

- Section width, b =~ L/20

- Section width, b = (0.3-0.5)h, where h is the thickness of cross section

- For seismic design, beams of special moment resisting frame: the section width shall
be not less than the minimum of 250mm and 0.3 h.
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- For seismic design, beams of special moment resisting frame: Projection of the beam
width beyond the width of the Supporting column on each side shall not exceed the
lesser of c2 and 0.75 c1. Where c1 is the width of column in direction of beam and c2
is the width of column transverse to beam.

Beam and one way slab thickness:

This section gives preliminary thickness of beams and one-way slabs based on ACI 318-19. The
designed sections shall be adequate for shear and torsion strength in addition to be checked
for deflection.

Table 3.2: ACI 318-19 Table 7.3.1.1—Minimum thickness of solid nonprestressed one-way
slabs

Support condition Minimum hl1]
Simply supported L/20
One end continuous L/24
Both ends continuous L/28
Cantilever L/10

(1] Expression applicable for normal weight concrete and fy = 420 MPa. For other cases, minimum h shall be
modified in accordance with 7.3.1.1.1 through 7.3.1.1.3, as appropriate.

[1] Expression applicable for normal weight concrete and fy = 420 MPa. For other cases,
minimum h shall be modified in accordance with 7.3.1.1.1 through 7.3.1.1.3, as appropriate.

ACl 318-19 section 7.3.1.1.1: For fy other than 420 MPa, the expressions in Table 7.3.1.1 shall
be multiplied by (0.4 + fy/700).

ACI 318-19 section 7.3.1.1.2: For nonprestressed slabs made of lightweight concrete having
Wc in the range of 1440 to 1840 kg/m?3, the expressions in Table 7.3.1.1 shall be multiplied by
the greater of (a) and (b):

(a) 1.65 - 0.0003Wc

(b) 1.09
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Table 3.3: ACI 318-19 Table 9.3.1.1—Minimum depth of nonprestressed beams

Support condition Minimum hl1]
Simply supported L/16
One end continuous L/18.5
Both ends continuous L/21
Cantilever L/8

(1] Expressions applicable for normal weight concrete and Grade 420 reinforcement. For other cases,
minimum h shall be modified in accordance with 9.3.1.1.1 through 9.3.1.1.3, as appropriate.

[1] Expressions applicable for normal weight concrete and Grade 420 reinforcement. For
other cases, minimum h shall be modified in accordance with 9.3.1.1.1 through 9.3.1.1.3, as
appropriate.

ACI 318-19 section 9.3.1.1.1: For fy other than 420 MPa, the expressions in Table 9.3.1.1 shall
be multiplied by (0.4 + fy/700).

ACI 318-19 section 9.3.1.1.2: For nonprestressed beams made of lightweight concrete having
Wc in the range of 1440 to 1840 kg/m?3, the expressions in Table 9.3.1.1 shall be multiplied by
the greater of (a) and (b):

(a) 1.65 - 0.0003Wc

(b) 1.09

3.4 Minimum reinforcement of flexural members:

Based on ACI 318-19, the following points can be stated:

1. At every section of a flexural member where tensile reinforcement is required by
analysis, except as provided in 2, 3 and 4, As provided shall not be less than given by:

0.25,/77 1.4
smin — wad = Ebwd or
0.25./f’ 1.4
Pmin = —fc = —
fy fy

2. For statically determinate members with a flange in tension, As,min shall not be less
than the value given in 1, except that by is replaced by either 2 by or width of the
flange, bf whichever is smaller.

3. The requirements of 1 and 2 need not be applied if As provided is at least 4/3 As
required by analysis.

38



Design of Reinforced Concrete Structures: A Practical Approach IBRAHIM ARMAN

4. For structural slabs and footings of uniform thickness, As,min shall be not less than
0.00184,.

In slabs, the maximum spacing between bars is the smaller of three times the slab thickness
and 450mm.

For shrinkage steel, the maximum spacing between bars is the smaller of five times the slab
thickness and 450mm.

To control cracks, the maximum spacing of bars in beams and slabs is given by (ACI 318-19
section 24.3.2):

280
SSS&% )—25@

S

<300 (%)
S =<
fs

fs = tensile stress in reinforcement at service loads, MPa. fs can be taken equal to 2/3 times
fy

Cc = clear cover of reinforcement, mm
For fy= 420MPa, and for slabs, cover, Cc=20mm, Smax= 300mm

For fy= 420MPa, and for beams, cover, Cc= 52mm, Smax= 250mm (Clear cover= 40mm +
12mm stirrup)

One can use the following criteria for center to center bars,
Slabs: Smax=250mm Smin=100mm
Beams: Smax=150mm Smin= 65mm

In general, the minimum area of steel is required to resist a moment equal at least the
cracking moment of the concrete section (moment capacity of unreinforced section, using

maximum concrete stress in tension equal to modulus of rupture, fr= 0.624,/f" ), so

frlg frlg
M., =— = Asf,d - Ay =
Cr Ve s * Ytdfy
, b _h
912 Y73

Iy 2bh® bh? bd?

~
~

y, 12h 6 6
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_ filg _ fybd*  0.62\/f'.bd
y ytdfy 6dfy 6fy

A

Using factor of safety of 2.4:

0.62/f'.bd 0.25y/f’
PR L P
6fy fy

3.5 Maximum steel ratio for singly reinforced beam sections:

From previous sections, the minimum strain in tensile steel at crushing of concrete is 0.005
which corresponds to C/d= 0.375 (Strain in concrete= 0.003 and strain in steel= 0.005).

Cmax = 0.375d

Compression force= Tension force

0.85f" A

0-85f’cAcc = As,maxfy = Asmax = f
y
Acc is computed using:

Amax = B1Cmax
For rectangular sections:
0.85f' bamax = Asmaxfy = 0.85f'_bB,0.375d
Divide the above equation by bd,

0.85f,

pmax,singly,et=0,005 = 0.375ﬁ1
y

Using the previous procedure, the balanced steel ratio and steel area can be determined using

strain in steel at crushing of concrete equals to €,,= ];—y

N

The balanced steel ratio can be determined by assuming that the tensile strain in steel at
crushing of concrete equals to the yield strain which is equal to 0.002 for steel yield strength,
fy = 420MPa, so:

0.85f",
Pbaianced,singly,€;=0.002 — 0.653, f
y
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The maximum area of steel for any beam section can be determined using the depth of the
compression zone given by:

Amax = P1Cmax = 10.375d

From this formula, the area of the compression zone is determined and then:

Notes:

Compression force = Tension force

0.85f'cAcc = Asmaxfy here Acc is computed using a4

For design, it is recommended to have the steel ratio, p = (0.01 — 0.013) for
economical purpose and to control deflection.

It is not recommended to have the steel ratio, p > 0.025 even using compression
steel for fy= 420MPa and it is not recommended to have a steel ratio, p > 0.02 for
fy=560Mpa.

The designer can choose a steel ratio, then the sections dimensions will be
determined using the equation of bd?.

In previous codes, the maximum steel ratio for singly reinforced sections was 0.75
time the balanced steel ratio

To have a specified strain in tension steel, the value of a can be determined from the
strain diagram, then the steel ratio or the steel area can be derived from
compression force equals to tension force.

Example 3.4 shows the analysis and design of one-way solid slab. The slab is considered as
singly reinforced rectangular beam section of 1000mm width.

The one-way solid slab can be designed using strips perpendicular to beams with 1000mm

width.

When the slab strip modeled as a continuous beam structure (line element) with pin-ends,
the beams will be designed for flexure and shear, and when the continuity between the slab
strips and the beams is considered, the beam shall be designed for flexure, shear and torsion.
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Example 3.4:

f'c= 28Mpa

fy=420Mpa

All columns are 400mm x400mm
Live load on slab= 16kN/m?

Design the beams and the slab (one-way solid) for the plan shown in Figure 3.7. Assume that
beams have rectangular sections.

>y W ||
o
S
o)
| ||
8.00 #-2.00—~

Figure 3.7: Plan for Example 3.4
Solution:
There are two options for one-way slab system as shown below in Figure 3.8.

Option 2 will be adopted as the slab thickness will be minimum.

B1
-] = » ||
c
Loading Direction .%
o o (<4
o o 0
S | [B1 B2 = a
£
(1]
B1 =
A | n || ||
~ 8.00 »—2.00—~ - 8.00 ~—2.00—~
Option 1 Option 2

Figure 3.8: Slab options for Example 3.4
Design of slab: see Figure 3.9: slab structural model
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Minimum slab thickness, h=L/20=5/20=0.25m

Slab own weight, Wp=0.25 x 25 = 6.25kN/m?

The slab is a strip of one-meter width, so, the line load will be, Wp= 6.25kN/m
The live load is given, WL= 16kN/m

The ultimate loads are:

Wul= 1.4(6.25) = 8.75kN/m

Wu2= 1.2(6.25) +1.6(16) = 33.1kN/m

Wp=6.25kN/m
WL=16kN/m

5.00m

Figure 3.9: Structural model of slab
Reaction due to dead load= 15.6kN.
Reaction due to live load= 40kN.
The maximum ultimate bending moment at mid span, Mu= Wul?/8= 33.1(5)?/8= 103.4kN.m
Cross section: rectangle: b= 1000mm, h= 250mm, d= 250-40= 210mm
The steel ratio is given by:

_085f (| _261M,\_ 085@28)( | _261(1034x10°)
P=7, bd2f', |~ 420 1000(210)2(28)

= 0.0066

0.85f"_ 0.85(28)
Pmassingty.ei=0005 = 03751 ——< = 0.375(0.85) —,—-— = 0.01806 > 0.0066 ok
y

Required area of steel, As= 0.0066(1000)(210)= 1386mm?

Minimum area of steel, As, min= 0.0018(1000)(250)= 450mm? < 1386mm? ok
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Take, As= 1386mm? (7$16/m)

The shrinkage steel in the transverse direction; x-direction, As= 450mm?, 4$12/m
Design of beam: Figure 3.10

Assume that width of beam, b= 400mm

Minimum thickness of beam, h:

hl=1/18.5= 8/18.5=0.43m

h2=2/8=0.25m

Try, h=700mm d= 640mm

Weight of beam, Wp1= (0.4)(0.7)(25)= 7kN/m

Dead load on beam from the slab, Wp,= (5/2)(6.25)= 15.6kN.m
Live load on beam from slab, W= (5/2)(16)= 40kN/m

Ultimate load on beam:

Wul= 1.4(7+15.6)= 31.64kN/m

Wu2=1.2(7+15.6)+1.6(40)= 91.12kN/m

Take Wu=91.12kN/m

Wu=91.12kN/m

0 O Y A O A
A wAS

o B () sssssseese 2 00mM -4

STRUCTURAL MODEL

182.2

640.7

MOMENT DIAGRAM (kN.m)

Figure 3.10: Structural model and bending moment diagram of the beam
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Left reaction= 341.7kN. Right reaction= 569.5kN.

For maximum positive moment, Mu= 640.7kN.m:

_085f (| _261M,\_ 085@28)( | _261(640.7x10°)
P77, bd2f'_ |~ 420 400(640)2(28)

= 0.0115

Maximum steel ratio= 0.01806 > 0.0115 ok

Minimum steel ratio:

0.25/f7. 14 0.25v28 1.4
in=——" =— in = ———=0.00315 > -——=0.00333
pmln fy - fy pmln 420 - 420
Use pmin=0.00333 <0.0115 ok
So, As= 0.0115(400)(640)= 2944mm? 6¢25

For maximum negative moment, Mu= 182.2kN.m:

_ossf ([ _261m,) _ 085@8)( | 261(1822x109
P=7% bd2f'_ |~ T 420 400(640)2(28)

= 0.00302

Maximum steel ratio= 0.01806 > 0.00302 ok

Minimum steel ratio:

0.25 f'c 1.4 0.25v28 1.4
P b Prmin = —5— = 0.00315 > = = 0.00333

Use pmin=0.00333 > 0.00302

So, use the minimum of 0.00333 and 4/3 x 0.00302= 0.00403
Use p=0.00333

So, As= 0.00333(400)(640)= 852mm? 4418
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4218
| ‘
625 u
8.00m 2.00m—~

Figure 3.11: Bars layout in the beam

3.6 Design of singly reinforced concrete irregular beam sections:

The T and L sections are commonly found in slabs. Based on ACI 318-14, the width of the
flange, bf or be, is given as below.

ACI 318-14 section 6.3.2.1: For nonprestressed T-beams supporting monolithic or composite
slabs, the effective flange width bf shall include the beam web width bw plus an effective
overhanging flange width in accordance with Table 6.3.2.1, where h is the slab thickness and
Sw is the clear distance to the adjacent web.

Isolated nonprestressed T-beams in which the flange is used to provide additional
compression area shall have a flange thickness greater than or equal to 0.5by and an effective
flange width less than or equal to 0.4b,.

Table 3.4: ACI 318-19 Table 6.3.2.1—Dimensional limits for effective overhanging flange
width for T-beam

Effective overhanging flange width, beyond
face

Each side of 8h
web sw/2
Least of: Ln/8

One side of 6h
web Sw/2
Least of: Ln/12

Ln: clear span length
Sw: clear distance to adjacent web (beam)

h: slab thickness= thickness of flange

Example 3.5:

Given:

f'c= 21MPa
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fy=420MPa
Mu= 840kN.m

Determine the required area of steel to resist Mu.

o
A 850 7 =
b S AN
T
=
% R
As l o
O
N N
/—350

Figure 3.12: Reinforced concrete section- Example 3.5
Solution:

Assume that depth of compression block, a= 100mm, then compute the moment capacity of
the flange, PMnf as follows:

, ay  0.9(0.85)(21)(850)(100)(570 — 50)
OMy; = 00.85f" bra(d ) = o6 = 710kN.m

< Mu = 840kN.m

So, a>100mm, then divide the compression zone to two zones; one within the flange and
the other within the web, see Figure 3.13.

N

A—a—~7
N
A—™510——=
/——550—~/-100

A~ 850

N

/
7

650

As

O

#A—350—~

/
4

Figure 3.13: Reinforced concrete section- Example 3.5- compression zones
The moment capacity of zone 1 is given by:
: hy
OMp, = 00.85f' .(by — by)hs | d — >
= 417.69kN.m

~0.9(0.85)(21)(850 — 350)(100)(570 — 50)
B 106
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The needed area of steel for pMn1 is given by:

, hy hy
OM,y = 80.85f" (by — bu)hy (d = L) = 0Anfy(d - D)

oM.
Ay = —”1h = 2125mm?

of, (¢ - %)
OM,; = Mu — OM,; = 840 — 417.69 = 422.31kN.m

The moment ¢pM,,,= M,,, and will be resisted by compression zone 2. The required area of
steel is determined by applying the formula for steel ratio p for a rectangular section.

_ 0.85f", L _261M,\ 085D 2.61(422.31x10)
P77, bd2f'_ |~ 420 350(570)2(21)
= 0.01131

This value of p is less than maximum p for singly reinforced section, or a<amax

0.85f' 0.85(21
I = 0.375(0.85)$ = 0.0135 > 0.01131 ok

pmax,singly,etzo_oos = 0.37 551
y

Or:
As2=0.01131(350)(570)= 2256mm?

_ Asf,  2256(420)
~ 0.85f'_b  0.85(21)(350)

a = 152mm

Amax = 10.375d = 0.85(0.375)(570) = 181.7mm > 152mm
Total area of steel, As= As1+As2= 2125 + 2256 = 4381 mm?
Additional checks:
Minimum area of steel:
Ag min = 0.00333b,,d = 0.00333(350)(570) = 664mm? < 4381mm?* ok

Maximum area of steel is checked above. If maximum steel area is needed, it will be
calculated as follows:

Amax = B10.375d = 0.85(0.375)(570) = 181.7mm

Compression force = Tension force
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0-85f’CAcc = As,maxfy

0.85(21)((850 — 350)(100) + 181.7(350)) = Ay max(420) > A may = 4828mm?
> 4381mm? ok

Example 3.6:

Given:

f'c= 28MPa
fy=420MPa
Mu= 180kN.m

Determine the required area of bottom steel to resist Mu.

=
c
800

O
B0~

Figure 3.14: Reinforced concrete section- Example 3.6

Solution:

<
=
800

Figure 3.15: Compression zone of depth, a

Check singly or doubly:

The maximum compression block depth, amax is given by:
Amax = $10.375d = (0.85)(0.375)(720) = 229.5mm
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From similar triangles:

a _800 0375
_—= - = V.
x1 300 a

So, x1=0.375(229.5)=86mm. The compression force in concrete, Cc is given by:

o _ 0-85(28)(86)(229.5)

= 469.7kN
¢ 1000 69.7k

The compression force= the tension force
469.7x1000 = A pmaxfy = Asmax(420) = Agpmax = 1118mm?

The design moment, @M,,, is given by:

, 0.9(469.7) <720 - (%) (229.5))
oM, = 0C, (d ——a) _

3 1000
> 180kN.m  singly reinforced section

= 239.7kN.m

Compute area of tension steel:

M, = @M,
180x10° = 0.9(0.85)(28)(0.375a)(a)(720 — ga)

Simplifying,
a® —1080a? + 33.6x10° = 0.0 » a = 194.8mm
The compression force= the tension force
0.85(28)(0.375)(194.8)% = A,(420) —» A, = 806mm?

Example 3.7:

f'c=28MPa
fy=420MPa
Mu= 700kN.m

Determine the required area of bottom steel to resist Mu.
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~——500——

700

As

80

1000

Figure 3.16: Reinforced concrete section- Example 3.7

Solution:
~——5B00——
]l;
Q x1 x1
Mu i~
As
O I %
1000

Figure 3.17: Compression zone of depth, a

Check singly or doubly:

The maximum compression block depth, amax is given by:

Amax = 10.375d = (0.85)(0.375)(620) = 197.6mm
From similar triangles:

a _700 @ 1-0357
JEE— - = ().
x1_ 250 7~ @

The compression force in concrete, Ccl is given by:

_ 0.85(28)(500)(197.6)
cr = 1000

= 2351.4kN
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The compression force in concrete, Cc2 is given by:

_0.85(28)(0.357)(197.6)?

1 500 = 331.8kN

The total compression force, Cc= Ccl + Cc2=2683.2kN
The compression force= the tension force
2683.2x1000 = Ag pmaxfy = Asmax(420) = Agmax = 6389mm?

The design moment, @M,,, is given by:

?

= [C (620 197.6>+C 620 2 197.6)| = 1249kN

> 700kN.m singly reinforced section

@Mn

Compute area of tension steel:

M, = oM,
700x106 = 0.9 [(0.85)(28)(0.357a)(a) (620 - ga) + (0.85)(28)(500a) (620 — g)

Simplifying,
5.664a3 + 682a? — 7378000a + 777.78x10° = 0.0 » a = 107.4mm
The compression force= the tension force
0.85(28)(0.357)(194.8)% + 0.85(28)(500)(194.8) = A,(420) —» A, = 3276mm?
3.7 Analysis of doubly reinforced concrete beam sections:

The basic principle of analysis of doubly reinforced concrete beam section is based on
assuming a trial value of compression depth, a, then checking that the compression force, C
is equal to the tension force T, then the moment capacity, ¢ M,, will be determined.

- Assume a value for a.

- Compute the compression force in concrete: Cc=0.85 f'c Acc.

- Compute the compression force in compression steel: Cs= As’ fs'.

- Compute the tension force in tension steel: T= As fs.

- The values of fs’ and fs are computed by multiplying the strain values by the steel
modulus of elasticity, Es.

- The values of strains in tension steel and compression steel are computed from the
strain diagram based on the value of C=a/f1.

- If Tis approximately equal Cc+ Cs, stop, so the value of a is appropriate.
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- Compute the moment capacity by multiplying Cc and Cs with their distances from
the tension steel location.

0.85f' A + A1 = Af,
For rectangular section:
0.85f'_ba + A S = Asf,

_ Asfs _As,fs, _ T - Cs
085f.b  0.85f.b

Assuming than the tension and compression steel yield, then:

(As - As,)fy
0.85f'.b

For section analysis, one can start with this value. If a is not appropriate, the new value of a
will be:

T — C,

~ 0857 b b T and Cs are computed from the previous step

a

Example 3.8:

Given: f'c= 24MPa fy= 420MPa Compute $Mn.
M =
N— i

O
516
o
w
L]
7025
@) AN
N N
/350 2/ &
M~

Figure 3.18: Reinforced concrete section for example 3.8
Solution:
As= 7x491= 3437mm?
As’= 5x201= 1005mm?

Assume that both steel yield, so
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_ (As—ASDf, (3437 — 1005)(420)

0.85f" b 085(24)(350)  _ L43.Imm
_a_m31_
C_B1_0.85_ .2mm
€cu=0.003
\P ™
Y ee =7 )
% ©
- (o]
o
-
o
£ AN
€s

From similar triangles:

€, = 0.00556 €,/ = 0.00175

f; = €;E; = 0.00556(200000) = 1112MPa > f, use f; = f, = 420MPa
.| = e,/E; = 0.00175(200000) = 350MPa

_0.85(24)(350)(143.1)

compression in concrete, C. = 0.85f" ba = 1000 = 1021.7kN

_1005(350)

compression in steel, C; = AJ'f,' = 1000 - 351.8kN

. 3437(420)
tension in steel, T = Asf; = T 1443.5kN

Total compression force= 1021.7 + 351.8 = 1373.5kN

T 14435

C 1373.5

= 1.05 error 5%

Try a new value of a:

T—-C;  1443.5-3518

“ = 0857 b 0.85(24)(350)

= 152.9mm

Resolve for a= 152.9mm:
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C=179.9mm
Cc=1091.7kN
e,/ = 0.00183 fs' = 366MPa €, = 0.005

Cs=367.8kN C=1459.5kN T=1443.5kN C/T=1.01

Error 1%, accepted.
Since €, = 0.005,¢ = 0.9

152.9

0.9 [1091.7 (480 - T) +367.8(480 — 70)]

oMy = ¢ [Cc(d—3) + C(d - )] = e
= 528.8kN.m

Note: the procedure in Example 3.8 can be applied for any section shape other than
rectangular sections. Students are responsible to solve for any shape especially flanged
sections (T, L and l). For flanged sections, the compression zone of depth a may be composed
of parts; each part has its own compression force.

Example 3.9:
Given: f'c= 20MPa fy=420MPa
As=7111mm? As’= 1570mm?

Concrete cover to tension steel = 80mm
Concrete cover to compression steel = 60mm

Compute the design moment, ®Mn for the section shown below in Figure 3.19.
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Figure 3.19: Reinforced section for Example 3.9
Solution:
If the tension reinforcement yields, then
Tension, T= As fy = 7111(420)/1000= 2986.62kN
If the depth of compression zone, a= 150mm and the compression steel yields, then
Compression, C= [0.85 (20)(800)(150) + 1570(420) ] / 1000 = 2699.4kN
So, a>150mm
T=Cc+Cs
2986.62 = 0.85(20)(300)(150)/1000 + 0.85(20)(500)(a)/1000 + 1570 (420)/1000
So, a= 184mm
Check a and stresses in tension and compression steel:
Depth of neutral axis = a/f1 = 184/0.85 = 217mm
From similar triangles in strain diagram:

Strain in compression steel = 0.00217 > yield strain = 420/200000 = 0.0021 so,
compression steel yield

Stain in tension steel= 0.0056 > yield strain, so tension steel yield

So, a=184mm
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€cu=0.003

€s' —

d'=60

217~

A—d=620——~

€s

Tension force, T= 2987kN

Compression force in flange, Cc1= 0.85(20)(300)(150)/1000 = 765kN
Compression force in web, Cc2=0.85(20)(500)(184)/1000 = 1564kN
Compression force in compression steel, Cs= 1570(420)/1000 = 659kN
The design moment, ¢pM,, is given by:

¢M,, = 0.90{Cc1(d-hf/2) + Cc2(d-a/2) + Cs(d-d’) = 1450kN.m

3.8 Design of doubly reinforced concrete beam sections:

- The main use of the compression steel is to keep the strain in the tensile steel not less
than 0.005 to ensure ductility provisions for large values of moments. So, the
maximum depth of the compression zone is a4 = 1 Cmax = 10.375d.

- The first step is to compute the needed steel area Asl which is equivalent to the
maximum value of steel ratio or the maximum value of a. See Figure 3.13. For
rectangular sections, the maximum steel ratio or a value less than it, can be used to
determine Asl. For non-rectangular sections, amax or a value less than it, can be used
to determine As1.

- Then, compute the moment capacity, PMn1 for As1.

- Compute the moment to be resisted by As2 and As’ which is PMn2= Mu-®Mn1

- Compute As2 and As1 as follows:

compression compression
M zone zone

As

h————~
A—d—
Ad
,I
AR
e
A—a—~7
—
|
50 |
!
—_—
A d

—b—~ —b— /—b—v
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Figure 3.20: Doubly reinforced beam section
OM,, = ¢As,fs’(d —d) = ¢A52fy(d - d’)

The stress in compression steel, fs’ is computed by multiplying the strain €, by the modulus
of elasticity of steel, Es.

The total area of tension steel in the section will be: As= As1 + As2

Example 3.10:

Given: f'c=28MPa fy=420MPa

Rectangular section: b= 350mm h=700mm d=640mm d’=60mm

Determine the required area of steel to resist an ultimate bending moment, Mu= 1100kN.m.
Solution:

Determine steel ratio for Mu= 1100kN.m:

0.85f"_ 2.61M,, 0.85(28) 2.61(1100x109)
p= 1- |1- = ——(1- [1- = 0.026
f, bd2f' 420 350(640)2(28)
0.85f"_ 0.85(28)
Prmax.singly.ci=0.005 = 0-3750; = 0.375(0.85) —,-— = 0.01806 < 0.026

y

So, there is a need for compression steel.

The maximum steel ratio, p= 0.01806 requires As= 0.01806(350)(640)= 4045.4mm?

_ 40454(420) _
4= 0.85(28)(350) <
ay  0.9(4045.4)(420) (640 — %)
SMuy = PAf, (d - E) = o = 822.7kN.m

¢M,, = 1100 — 822.7 = 277.3kN.m
PMp; = QA fi'(d — d') = pAg, f,,(d — d")
The depth of neutral axis, C= 204/0.85= 240mm
From similar triangles, the strain in compression steel is equal to 0.00225

So, f; = 0.00225(200000) = 450MPa > fy, use f;' = 420MPa
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Substitute in the above equation, As2= As’= 1265mm?
As=4045.4 + 1265=5311mm? 7@32
As’=1265mm? 4020

Example 3.11:

Given: f'c= 20MPa fy=420MPa
Concrete cover to tension steel= 80mm
Concrete cover to compression steel if needed= 60mm

Determine the required reinforcement for the section shown below in Figure 3.21 to resist a
positive moment, Mu= 1450kN.m.

o

o

% A bf=800 ———

I !
=)
S

o I~

D i

Lll? .C

2

£

N N

/A bw=500 —
Figure 3.21: Reinforced section for Example 3.11
Solution:

Assume depth of compression zone, a= hf= 150mm, so, the resisting moment of the flange
will be:

$Mn=0.9{0.85(20)(800)(150)(620-75)/10°= 1000.62kN.m > Mu = 1450kN.m, then a >
150mm

The design moment of the overhangs is given by:

$Mn1 = 0.9(0.85)(20)(300)(150)(620-75)/108= 375.2 kN.m, this moment requires an area of
steel determined as follows:

$Mn1=375.2 kN.m = 0.90 As1 fy (d-hf/2)/10°, so

Asl= 1821 mm?
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The design moment of the web will be 1450- 375.2 = 1074.8 kN.m= $Mn2. This moment
shall be resisted by a rectangular section of width, b= 500mm and thickness, h= 700mm, so:

The steel ratio will be, p = 0.01944 > pmax for singly reinforced section, then there is a need
for compression steel.

0.85f",

y

0.85(20)

20 - 0.0129 < 0.01944

= 0.375(0.85)

pmax,singly,etzo,oos = 0.3 75ﬁ1

For steel ratio, p = 0.012, the resisting moment can be computed as follows:
As2 = 0.012 (500) (620) = 3720 mm?

_3720(420)
%= 0.85(20)(500)

= 183.8mm

$dMn3=0.9(3720)(420)(620-183.8/2)/106 = 742.5 kN.m
dMn4 = PMn2 — PMn3 = 1074.8 — 742.5 = 332.3 kN.m = 0.9 As3 fy (d-d’) = 0.9 As’ s’ (d-d’)

The strain in compression steel is equal to 0.00217 > yielding strain, so, the compression
steel yields.

C=a/p1=217mm

60 /7

m

m—
/21T
620 ——~7

So, As3 = As’ = 1570 mm?
The total tension steel, As = As1 + As2 + As3 = 1821 + 3720 + 1570 = 7111 mm?
The compression steel, As’ = 1570mm?
3.9 Load cases and moment envelope:
- The design should consider the load cases on a structure

- The live load is variable and movable
- Span can have dead load only
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- Span can have dead plus live loads

- Moment envelope can be constructed by applying the dead loads to all spans and
change the live loads from span to another. The maximum positive and negative
moments can be found by using the following two principles — see Figure 3.22:

e Load the two spans adjacent to the support to get the maximum negative
moment at a support

e Load the span itself and load alternative spans to get the maximum positive
moment in a span

- If the arrangement of L is known, the slab system shall be analyzed for that

arrangement
D+L D+L
D D
bbbl TEENEREY
A
L1 L2 L3 L4
MAXIMUM POSITIVE MOMENTS IN SPANS L1 AND L3
D+L D+L
D D
ydddiibid INERNEEY
A
L1 L2 L3 L4
MAXIMUM POSITIVE MOMENTS IN SPANS L2 AND L4
D+L D+L
D D
VPP bbby iyl
JAN A
1 2 3 4 5
L1 L2 L3 L4
MAXIMUM NEGATIVE MOMENT AT SUPPORT 2
D+L D+L
D D
yiddidibiy sl dbiiely
AN JAN
1 2 3 4 5
L1 L2 L3 L4
MAXIMUM NEGATIVE MOMENT AT SUPPORT 3
D+L D+L
D D
TN NE NN
AN JAN
1 2 3 4 5
L1 L2 L3 L4

MAXIMUM NEGATIVE MOMENT AT SUPPORT 4

Figure 3.22: Load cases in a beam
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3.10 Simplified method of analysis for nonprestressed continuous beams
and one-way slabs: ACI coefficients

- It shall be permitted to calculate Mu and Vu due to gravity loads in accordance with
this section for continuous beams and one-way slabs satisfying (a) through (e):

(a) Members are prismatic.

(b) Loads are uniformly distributed.

(c) L< 3D.

(d) There are at least two spans.

(e) The longer of two adjacent spans does not exceed the shorter by 20%.

- Mu due to gravity loads shall be calculated in accordance with Table 6.5.2 in ACI 318-
19 as shown below:

Table 3.5: ACI 318-19 Table 6.5.2—Approximate moments for nonprestressed continuous
beams and one-way slabs

Moment Location Condition M,

Discontinuous end integral with support w214
End span

Positive Discontinuous end unrestrained w11
Interior spans All Wuln2/16
Member built integrally with supporting spandrel beam wula/24

Interior face of exterior support — - - "
Member built integrally with supporting column Wyly/16
Two spans w29

Exterior face of first interior support "
Negativelll More than two spans w710
Face of other supports All wyb2/11

(a) slabs with spans not exceeding 10 ft
Face of all supports satisfying (a) or (b) (b) beams where ratio of sum of column stiffnesses to beam wuln2/12
stiffness exceeds 8 at each end of span

MTo calculate negative moments. £, shall be the average of the adjacent clear span lengths.

- Vu due to gravity loads shall be calculated in accordance with Table 6.5.4 in ACI 318-
19 as shown below

Table 3.6: ACI 318-19 Table 6.5.4—Approximate shears for nonpre- stressed continuous
beams and one-way slabs

Location Vu
Exterior face of first interior 1.15wyLn/2
support
Face of all other supports wulLn/2
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WLn/2 WLn/2 WLn/2 1.15WLn/2

1.15WLn/2 WLn/2 WLn/2 WLn/2

Figure 3.23: Shear envelope

WLn? /16 WLn2/10 WLn2/11 WLn2/11 WLn2/11  WLn2/11 WLn2/10  WLn2/16

| ‘ WLnz/ 14 | ’ WLn2/ 16 ‘ ‘ WLn2/ 16 ‘ ’ WLn?/ 14 ’

Figure 3.24: Moment envelope for a beam

Example 3.12:

F'c=28MPa fy=420MPa
Superimposed dead load, Wsp= 4kN/m?
Live load, W = 6kN/m?

Perimeter wall weight, Wwaw.= 10kN/m
All columns are: 400mm x 400mm

All beams are: 400mm x550mm

Draw moment and shear forces envelopes for the slab and interior beam B2. See Figure 3.25
below.

B3

Figure 3.25: Slab and beams layout- Example 3.12
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Solution:

Slab thickness:

The slab has two spans of 4.5m length. Ln=4.5-0.4=4.10m.
Minimum slab thickness, h=1/24 = 4.5/24=0.19 m, try h=0.20m
Own weight of slab, WD= 0.20(25)= 5kN/m?

Wul= 1.4(5+4)= 12.6kN/m?

Wu2= 1.2(5+4)+1.6(6)= 20.4kN/m?

Take, Wu= 20.4kN/m?

WLn /2=41.82 1.15WLn / 2=48.1

1.15WLn / 2=48.1 WLn / 2=41.82

Figure 3.26: Shear envelope in slab- kN
WLn2/24=143 WLn?/9=38.1 WLn?/9=38.1 WLn?/ 24=14.3

‘ ‘ WLn?/14=24.5 ‘ WLn? [ 14=24.5

Figure 3.27: Bending moment envelope in slab- kN.m

The ultimate load on beam B2 is given by: Wu=1.2(0.40 x 0.55)(25)+4.5(20.4)(1.15)=
112.17kN/m

WLn/2=314.1 WLn/2=370.2 1.16WLn / 2=361.2

I N | B | B
T~ T T

1.15WLn / 2=361.2 WLn/2=370.2 WLn / 2=314.1

Figure 3.28: Shear envelope in beam B2- kN
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WLn?/11=379.4 WLn?/11=379.4
WLn?/16=219.9 WLn?/10=417.4 WLn%/10=417.4 WLn2/16=219.9

=t =

WLn2/ 14=251.3 WLn2/ 16=305.4 WLn2/14=2513

Figure 3.29: Bending moment envelope in beam B2- kN.m

3.11 Simplified flexural bars layout:

For beams analyzed using the ACI coefficients, a simplified bars layout can be used. The main
points of bars layout are as follows:

1. Insimple spans, at least 1/3 the bottom bars shall be extended into the supports with
standard hooks. In continuous spans, at least % the bottom bars shall be extended in
the supports to develop fy at interior supports and will be with standard hooks at end
supports.

2. Top bars at interior supports can be extended to 1/3 the larger clear span at each side,
while at exterior supports, top bars can be extended to % the clear span.

3.12 Beam section subjected to axial force:

If the beam section is subjected to tension force, Pu, in addition to the bending moment, Mu,
the required reinforcement to resist this axial tension force can be calculated by dividing the
force, Pu by @f,, and this reinforcement can be distributed at top and bottom of section or
at section perimeter (Top, bottom and sides).

If the beam section is subjected to compression force, Pu, in addition to the bending moment,
Mu, the required reinforcement to resist both the bending moment and the compression
force can be calculated using the previous principles but the compression force is not equal
to the tension force. The compression force is larger than the tension force by the value of Pu
as follows (Singly reinforced rectangular section):

0.85f/ba — P,
fy

The nominal moment capacity of the section, M, is determined by summing the moment of

0.85f/ba = Asf, + B, S0, A =
the two forces C and T about point a in Figure 3.30.

, h a h
M, = 0.85f./ba (E - E) + Asfy <§ - cov)

The following quadratic equation can be obtained by rearranging the above equations:

0.425f!ba? — 0.85f,/bda + (M,, + 0.5P,h — cov P,) = 0.0
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S —p T O —
% As
c 1 ] -
Q
-
T 4—C

Figure 3.30: Internal forces in the beam section

Solving the above equations for a:

 —B BT —44C
a= 24
A =0425fb
B = —0.85f/bd

C =M, + 05P,h—covP,

Then, the required area of steel can be obtained.

Where:

b: width of beam cross section.

h: thickness of beam cross section.

d: effective depth of beam cross section.

f'.: cylinder concrete compressive strength at 28 days.

fy: steel yielding strength.

a: depth of the compression block.

cov: concrete cover to the centroid of tension reinforcing steel.

The above principle can be modified to determine the required reinforcing steel for the

bending moment, Mu and the axial compression force, pu for other than rectangular beam

sections like T or L shapes.

Also, a section analysis can be done when the tension reinforcing steel and one of the forces

is known (The axial compression or the bending moment) to determine the other force (The

bending moment or the axial compression force).

In general, it is recommended to design a beam as a column when subjected to an axial force

especially when the compression force exceeds 0.1f'CAg, where A is the area of the cross

section.
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Chapter 4: Design for Shear

This chapter illustrates the principles and the procedure for analysis and design of reinforced
concrete sections for shear forces. In a later chapter, the design for torsion will be introduced
and combined with the design for shear.

The design of cross sections subjected to shear shall be based on:

Y
oV, =Vu or I/;lza

Where:
},= nominal shear strength
V,,= ultimate shear force
@= strength reduction factor=0.75
@V, = design shear strength
Vo= VetV
V.= nominal shear strength provided by concrete
Ve= nominal shear strength provided by shear reinforcement
In determining Vc, the effect of any openings in members shall be considered.
4.1 Shear strength provided by concrete:
ACI 318-14:

For members without axial loads, V, can be calculated as:

1
V. = 0.170/f b, d = E/L/f’cbwd

More detailed calculation can be made in accordance with Table 4.1 (Table 22.5.5.1 in ACI
318-14).
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Table 4.1: ACI 318-14 Table 22.5.5.1—Detailed method for calculating V,

Ve
V,d
, [1]
Least of (a), (b), (0 16&\/7 +17pw )b at! (a)
and (c): (b)
(0.16/1\/7’6 +17p,,)byd
0.290y/f by, d (c)

(11 My, occurs simultaneously with Vy, at the section considered.
The value py is the flexural steel ratio in a beam section.
M,,: the ultimate bending moment occurs with the shear Vu at the same section.

For members subjected to axial compression force, V. is given by:

1 —
VC_6< 144 )’1 cbwd

N,,: axial compression force, positive sign, N.

For members subjected to axial tension force, V. is given by:

1
VC:E( 3.54 )’“ cbwd

N,,: axial tension force, negative sign, N. /. shall be not less than zero.

Ay: cross sectional area of member, mm?.

For circular members, the area used to compute V. shall be taken as the product of the
diameter and effective depth of the concrete section. It shall be permitted to take d as 0.8
times the diameter of the concrete section.

AClI 318-19:

V. can be calculated by:

A, (A .
For A, = Ay min (0r — = (—) ) use either of:
S S /min

N
(O 174/ f" + >b d and V.= <0.66/1(pw)1/3\/f'c +j> b,d
g

Ay (Ay
For A, < A, min (or —< (—) )use:
S S /min
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N.
Ve = (0-66215/1(Pw)1/3\/ flet j) byd
g

Where A, is the area of shear reinforcement within spacing s, mm?2,

And, V shall not be taken greater than:

V. < 0.420/f b, d

’ 2
A= |/—————<1.0
s 1+0.004d —

N, < 0.05f"
64, = fe

Ford < 250mm, A, = 1.0

Axial load, Nu, is positive for compression and negative for tension.

The value of As to be used in the calculation of p,, may be taken as the sum of the areas of
longitudinal bars located more than two thirds of the overall member depth away from the
extreme Compression fiber.

The value of /f’c used to calculate Vc for one-way shear shall not exceed 100 psi (8.3MPa),
unless allowed in 22.5.3.2 (4, = Ay min)-

Interaction of shear forces acting along orthogonal axes:

The interaction of shear forces acting along orthogonal axes shall be permitted to be
neglected if (a) or (b) is satisfied:

Vu X I/uiy

a — <05 b <0.5
@ g ®) v,
Vo Ve, Ve Vo,
I ~— > 0.5 and —— > 0.5, then — 4+ ——<15
I ., ov,, ov,, " ov,,

4.2 Shear strength provided by shear reinforcement:

The values of steel yield strength f,,; in design of shear reinforcement shall not exceed
420MPa.
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The shear reinforcement can be calculated using the following formula:

A V. v
v_ s Vs=_u_Vc
s fyd (0]

A,: the area of vertical legs of stirrups (shear reinforcement), mm?
S: spacing of stirrups, mm
fye: yield strength of stirrups reinforcing bars, MPa

d: effective depth of cross section, mm

4.3 Spacing limits for shear reinforcement:

- Iflésg,/f’cbwd —>Smax=min[§,600mm]

1 = 2 7 . [d
- If 3 f'.bwd <Vs < 3 f':bwd = Spax = min [Z,3OOmm]
- If Vo> %,/f’cbwd — Incease section dimensions

So, cross-sectional dimensions shall be selected to satisfy:

V, <9 (V. +0.66Fb,d)
These limitations are summarized in Table 9.7.6.2.2 in AClI 318-19 as shown below.

Reduced stirrup spacing across the beam width provides a more uniform transfer of diagonal
compression across the beam web, enhancing shear capacity. Laboratory tests of wide
members with large spacing of legs of shear reinforcement across the member width indicate
that nominal capacity is not always achieved. The intent of this provision is to provide multiple
stirrup legs across wide beams and one-way slabs that require stirrups. In seismic design, the
maximum spacing between bars restrained by legs of crossties or hoops is 350mm as shown
in Figure 4.1.

Table 4.2: ACI 318-19 Table 9.7.6.2.2—Maximum spacing of shear reinforcement

Maximum s, mm
Required Vs Nonprestressed beam Prestressed beam
Along Across Along Across
length width length width
Lesser of: | d/2 d 3h/4 3h/2
<033V o' byd <00
Lesser of: | d/4 d2 3h/8 3h/4
>0.33+ f' byd 300
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6d}, extension N\

_ Detail B \]
6dp,2 3in.

i extension
: 7 A N

Consecutive crossties
engaging the same
longitudinal bars have
their 90-degree hooks on
opposite sides

Crosstie as defined in 25.3.5

Detail A

Detail C

B

"\

A

Maximum
spacing between
bars restrained by
legs of crossties
or hoops = 14 in.

Figure 4.1: ACI 318-19 Fig. R18.6.
4.4 Minimum shear reinforcement:
A minimum shear reinforcement (Av/s)min shall be provided where 1, > 0.5 @ V., except in
the following cases, ACI 318-19 Table 9.6.3.1 in addition to slabs and footings with uniform

thickness.

Table 4.3: ACI 318-19: Table 9.6.3.1—Cases where Ay, min is not required if 0.5¢Vc < Vy <
Ve

Beam type Conditions
Shallow depth h <250 mm
h < greater of 2.5tfor 0.5bw
Integral with slab and
h <600 mm
Constructed with steel fiber-reinforced normal h <600 mm
weight concrete conforming to 26.4.1.5.1(a), and
26.4.2.2(i), and 26.12.7.1(a) V<9017 f¢ byd
and with f¢' <40 MPa
One-way joist system In accordance with 9.8
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The minimum shear reinforcement is given by:

0.062 D
Ay >
(—) = maxof
S /min 03522
fyt

4.5 Shear reinforcement details:

In general:

If

> V.: There is a need for shear reinforcement

< V,: Use minimum shear reinforceemnt except in the above cases

ISTPNSEIR SYIRSS

<

N|q< s|=<

S|:<

If

: No need for shear reinforcement

For beams built integrally with supports, Vu at the support shall be permitted to be calculated
at the face of support. The critical section can be taken at distance d from face of support if:

(a) Support reaction, in direction of applied shear, introduces compression into the end region
of the beam

(b) Loads are applied at or near the top surface of the beam
(c) No concentrated load occurs between the face of support and critical section

L/— Critical section

UL ¢ c LI

1
™M
>

N
A

7R‘>M

fR

Figure 4.2: Critical sections for shear
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I
IV, T

Figure 4.2 continued: Critical sections for shear
The hooks details for stirrups are as given in Table 4.4 (Table 25.3.2 in ACI 318-19).

Table 4.4: ACI 318-19 Table 25.3.2—Minimum inside bend diameters
and standard hook geometry for stirrups, ties, and hoops

Type of Minimum Straight
standard hook | Bar size | inside bend extensionl1] Type of standard hook
diameter, mm Lext, mm
No. 10 Greater of 6dp and
90-degree through 4dp 75 mm dy 90-d
hook No. 16 i _\bendegree
No. 19 !
through 6db 12dpb Diameter — =~ Lot
No. 25
No. 10 % —
135-degree through 4dp | Greater of 6dp and :}; 11) 35&degree
hook No. 16 75 mm . o
No. 19 Diameter
through 6dp
No. 25
No. 10 Greater of 4 d, and db‘*
180-degree through 4dp 65 mm t T \
hook No. 16 . ) 9
: Diameter = end
No. 19 ; -/
through 6db 2
No. 25

[1] A standard hook for stirrups, ties, and hoops includes the specific inside bend diameter and straight extension
length. It shall be permitted to use a longer straight extension at the end of a hook. A longer extension shall not
be considered to increase the anchorage capacity of the hook.

Notes:

Notel: Seismic hooks used to anchor stirrups, ties, hoops, and crossties shall be in
accordance with (a) and (b):

(a) Minimum bend of 90 degrees for circular hoops and 135 degrees for all other hoops.

(b) Hook shall engage longitudinal reinforcement and the extension shall project into the
interior of the stirrup or hoop.
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Note 2: Crossties shall be in accordance with (a) through e:

(a) Crosstie shall be continuous between ends.

(b) There shall be a seismic hook at one end.

(c) There shall be a standard hook at other end with minimum bend of 90 degrees.
(d) Hooks shall engage peripheral longitudinal bars.

(e) 90-degree hooks of two successive crossties engaging the same longitudinal bars shall be
alternated end for end, unless crossties satisfy 18.6.4.3 or 25.7.1.6.1.

Alternate hook position of
each successive crosstie

Longitudinal
K reinforcement

135-degree
90-degree bend bend

Fig. R25.3.5—Crosstie.

Figure 4.3: Crosstie Fig. R25.3.5 ACI 318-19

Note 3: Stirrups shall extend as close to the compression and tension surfaces of the
member as cover requirements and proximity of other reinforcement permits and shall be
anchored at both ends. Where used as shear reinforcement, stirrups shall extend a distance
d from extreme compression fiber.

Note 4: Anchorage of stirrup deformed bar shall be in accordance with (a), (b), or (c):

(a) For @16 bar and smaller, and for @19 through @25 bars with f,; < 280MPa, a
standard hook around longitudinal reinforcement.

(b) For @19 through ©25bars with f,, > 280MPa, a standard hook around a
longitudinal bar plus an embedment between mid-height of the member and the
outside end of the hook equal to or greater than 0.17dbfyt/lm.

(c) Injoist construction, for ¢p13 bar and smaller, a standard hook.

Note 5: Stirrups used for torsion or integrity reinforcement shall be closed stirrups
perpendicular to the axis of the member. Where welded wire reinforcement is used,
transverse wires shall be perpendicular to the axis of the member. Such stirrups shall be
anchored by (a) or (b): refer to Figure 4.4.

(a) Ends shall terminate with 135-degree standard hooks around a longitudinal bar.
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(b) In accordance with 25.7.1.3(a) or (b) or 25.7.1.4 (Points in Note 4 above), where the
concrete surrounding the anchorage is restrained against spalling by a flange or slab
or similar member.

Note 6: Except where used for torsion or integrity reinforcement, closed stirrups are
permitted to be made using pairs of U-stirrups spliced to form a closed unit where lap lengths
are at least 1.30;:. In members with a total depth of at least 450mm, such splices with
Apfye < 40kN per leg shall be considered adequate if stirrup legs extend the full available
depth of member.

Spalling
restrained
\Spalling can occur py slab -

(a) Sectional elevation

~ Potential spalling

Diagonal .
.. Ccompressive
stresses

< (yp)

o

(b) Detail at corner
Fig. R25.7.1.6—Spalling of corners of beams subjected to
torsion.

Figure 4.4: Corner of a stirrup for torsion or integrity reinforcement
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Stirrup reinforcement

[ ] [ )
Oin. 1 _|
(typ.)

o °

Figure 4.5: Splicing of closed stirrup

Example 4.1:

Given: f'c=24MPa  fy=420MPa

Check slab thickness for shear. See Figure 4.4
Slab width, b= 1000mm

Slab thickness, h=250mm

Slab effective depth, d=210mm

Support (beam) width= 500mm

Pu=26.65kN
Wu=17.22kN/m

P IL Ll LI I
A oA

7/

6.00m———1.80m—~
STRUCTURAL MODEL

39 57.68

‘ N‘B.BS

64.32

SHEAR DIAGRAM (kN)

Figure 4.4: Concrete slab for Example 4.1
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Solution:
The maximum ultimate shear force at distance d from face of support, Vu is given by:
Vu=64.32 -17.22(0.25+0.21) = 56.4kN

ACI 318-14: The concrete shear strength, @V, is given by:

1 0.75 (%) (1)vZ4(1000)(210)
OV, = 0= A/f cbyd = o = 128.6kN > 56.4kN ok

ACI 318-19: The concrete shear strength, @V, is given by:

N
oV, =@ <0.66/1$/1(pw)1/3\/ flo+ j) b,,d
g

250
210

Let p,, = 0.0018 (%) = 0.0018 (22) = 0.0021

So,

N
oV, =0 (0.66/15,1(pw)§ o+ —“) b,,d
\/ ¢ 64,

0.75 <0.66(1)(1)(0.0021)%\/ﬁ + 0.0) (1000)(210)
= = 65.2kN

1000
> 56.4kN.OK

Example 4.2:

Given: f'c=24MPa  fy=420MPa

Design the beam for the maximum ultimate shear force. See Figure 4.5
Beam width, b= 500mm

Beam thickness, h= 900mm

Beam effective depth, d= 810mm

Support (column) width= 500mm
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SRR
2% sy
11.00m

724.6

724.6
SHEAR DIAGRAM (kN)

Figure 4.5: Concrete beam for Example 4.1
Solution:
The maximum ultimate shear force at distance d from face of support, Vu is given by:

Vu=724.6 -131.75(0.25+0.81) = 585kN 1, /®=585/0.75 = 780kN

Ay

The concrete shear strength, Vc is given by (% = ( .

) ), no axial loads exist:
min

1
1 B (g) (1)VZ4(500)(810)
Ve =22 /f byd = o = 330.7kN

< 780kN shear reinforcemnt is required

Vs =780 —-330.7=449.3 kN

2 - §M(500)(810)
Vomax =3 /f byd = = 1322.8kN > Vs = 449.3kN ok

1000

The shear reinforcement is given by:

e

» Vi _ 4493x1000  1.3207mm?

s fpd  420810)  mm

Check minimum area of steel:

[ , bw] 500

0.062 [f' =~ 2
Ay B I nyfl— 0.062\/24420 0.36 _ 0.42mm?
s ). . = maxof b = max of 500  mm

min 0352 J 0.35— = 0.42
e 420
1.3207mm?
< == ok
mm
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Assume using @12mm stirrups, Av= 2 x 113 = 226 mm? - two legs stirrup
So,
$=226/1.3207 = 170mm

Check maximum spacing of stirrups, Smax:

1 %\/ﬂ(SOO)(Slo)
3 /f byd = 500 = 661.4kN > Vs = 449.3kN

So,
Smax = Min (d/2= 810/2= 405mm, 600mm)=405mm > 170mm ok
Additional note:

If it is required to determine the distance at which stirrups at spacing of d/2= 400mm can be
used, so, the following calculations can be done:

For stirrups: 1912/400mm:

Ay _ Ve _226 _ Vx1000 oo
—_—= = = - = .
s fyd 400 420(810)  °

oV, = @[V, + V,] = 0.75[330.7 + 192.2] = 392.18kN

Vu= $Vn, from the shear force diagram, the value of Vu = 392.18 kN is located, then its
location from the left support can be determined from similar triangles.

The distance from left or right support, X1=2.5m

7246

ﬁ 392.18

x1

7246
~——550m——5.50m :

Figure 4.6: Shear force diagram of beam

So, the stirrups @12/400mm can be used in the middle zone of the beam (11-2x2.5)= 6m
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Chapter 5: Development, Anchorage and Splicing of Reinforcement

In a reinforced concrete beam, the flexural compressive forces are resisted by concrete, while
the flexural tensile forces are provided by reinforcement. For this process to exist, there must
be a force transfer, or bond, between the two materials. For the bar to be in equilibrium,
bond stresses must exist. If these disappear, the bar will pull out of the concrete and the
tensile force, T, will drop to zero, causing the beam to fail.

—

|

— — T

T

{a) Internal forces in beam.

ﬁi—%{:—-é—_’__l—>T
—--—

il il —alf—

Bond siresses
(b) Forces an reinfarcing bar.

Figure 5.1: Forces in reinforcing bar
The development length of a bar depends on:

- Bar diameter

- Yield strength of steel

- Compressive strength of concrete

- Force in bar, tension or compression
- Spacing between bars

- Concrete cover

- Confinement of concrete

A smooth bar embedded in concrete develops bond by adhesion between the concrete and
the bar and by a small amount of friction. Both of these effects are quickly lost when the bar
is loaded in tension, particularly because the diameter of the bar decreases slightly, due to
Poisson’s ratio. For this reason, smooth bars are generally not used as reinforcement. In cases
where smooth bars must be embedded in concrete (anchor bolts, stirrups made of small
diameter bars, etc.), mechanical anchorage in the form of hooks, nuts, and washers on the
embedded end (or similar devices) are used.

Although adhesion and friction are present when a deformed bar is loaded for the first time,
these bond-transfer mechanisms are quickly lost, leaving the bond to be transferred by
bearing on the deformations of the bar. Equal and opposite bearing stresses act on the
concrete. The forces on the concrete have both a longitudinal and a radial component. The
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latter causes circumferential tensile stresses in the concrete around the bar. Eventually, the
concrete will split parallel to the bar, and the resulting crack will propagate out toward the
surface of the beam. The splitting cracks follow the reinforcing bars along the bottom or side
surfaces of the beam. Once these cracks develop, the bond transfer drops rapidly unless
reinforcement is provided to restrain the opening of the splitting crack.

The load at which splitting failure develops is a function of:

1. the minimum distance from the bar to the surface of the concrete or to the next bar—the
smaller this distance, the smaller is the splitting load;

2. the tensile strength of the concrete; and

3. the average bond stress—as this increases, the wedging forces increase, leading to a
splitting failure.

The development length, Ld, is the shortest length of bar in which the bar stress can increase
from zero to the yield strength, fy. If the distance from a point where the bar stress equals fy
to the end of the bar is less than the development length, the bar will pull out of the concrete.
The development lengths are different in tension and compression, because a bar loaded in
tension is subject to in-and-out bond stresses and hence requires a considerably longer
development length. Also, for a bar in compression, bearing stresses at the end of the bar will
transfer part of the compression force into the concrete.

5.1 Development of deformed bars in tension:

The values of / f' used to calculate development length shall not exceed 8.3 MPa.

Table 5.1: ACI 318-19 Table 25.4.2.2—Development length for deformed bars and
deformed wires in tension

No. 19 and smaller
bars and deformed

Spacing and cover No. 22 and larger bars

wires
Clear spacing of bars or wires being developed
or lap spliced not less than dp, clear cover at
least dp, and stirrups or ties throughout £4 not <fyll)tll1e¢g> p (fylptlpelpg> p
. . 7 b 7 b
less than the S;)de minimum 211 /f . 1.71 /f .

Clear spacing of bars or wires being developed
or lap spliced at least 2dp and clear cover at

least dp
Other cases <fy¢t¢e¢g) d (fy¢t¢6¢g> d
N L. )
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Table 5.2: ACI 318-19 Table 25.4.2.5—Modification factors for development of deformed
bars and deformed wires in tension

Modification Value of
factor Condition factor
Lightweight concrete 0.75
Lightweight 1 Normal weight concrete 1.0
Grade 40 or Grade 60 (280MPa or 1.0
Reinforcement 420MPa)
grade Grade 80 (560MPa) 1.15
Grade 100 (700MPa) 1.3
Epoxy-coated or zinc and epoxy dual-

Epoxyl1] e coated reinforcement with clear cover 1.5

less than 3d, or clear spacing less than

6ds

Epoxy-coated or zinc and epoxy dual-

coated reinforcement for all other 1.2
conditions
Uncoated or zinc-coated (galvanized)
reinforcement 1.0
No. 7 and larger bars (22mm) 1.0
Size s No. 6 and smaller bars and deformed

wires (19mm) 0.8

More than 300mm of fresh concrete
Casting position[1] e placed below horizontal reinforcement 1.3
Other 1.0

[1] The product ¥, 1, need not exceed 1.7.

The minimum development length in tension shall be not less than 300mm.

The above values

be summarized as follows for normal concrete
(Y1, Y, P, and A are equal to 1.0) and f,=420MPa:

Clear spacing of bars or wires being developed or lap spliced not less than db, clear cover at
least db, and stirrups or ties throughout Ld not less than the Code minimum or:

Clear spacing of bars or wires being developed or lap spliced at least 2db and clear cover at

least db:
] O.48fy
at = -
Vfe
O.59fy
lar = .
f'e

d, for bars less than 20mm

d,  for bars equals and larger than 20mm
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In other cases:

0.71f,
lar = -
Vfe

_091f,
= “p

Lt =
T

In all cases, I3 = 300mm.

dp,  for bars less than 20mm

for bars equals and larger than 20mm

Modification factors:
1. Ifthereis more than 300 mm of fresh concrete placed below horizontal reinforcement,

increase the above values by 30%.
2. The use of excess reinforcement: multiply the above values by:

As, required/ As, provided
5.2 Development of deformed bars in compression:

The development length in compression can be calculated as follows:
l 0.24f,

dc = >
A,

> 0.043f,d,

dp

= 200mm
Modification factors:
- If having spirals less or equals 100mm or having ¢ 13mm or larger ties with spacing

less than or equals 100mm, multiply the above values by 0.75
- Excess reinforcement: multiply the above values by: As, required/ As, provided

5.3 Development of standard hooks in tension:

The development length for hooked bars in tension can be calculated as follows:

VRV
lap = fy‘"—r,‘”dbl-s >8d, = 150mm
2377

Use:

Y, =10, ¥, =16V, =1.25¥, = 1.0
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Then:

L 0087f, 1

lan =
dh /R/ﬁ

Refer to table below: ACI 318-19 Table 25.4.3.2.

Table 5.3: ACI 318-19 Table 25.4.3.2—Modification factors for development of hooked bars

in tension
Modification Condition Value of factor
factor
Lightweight 1 Lightweight concrete 0.75
Normal weight concrete 1.0
Epoxy-coated or zinc and epoxy dual- 1.2
Epoxy 1, coated reinforcement
Uncoated or zinc-coated (galvanized) 1.0
reinforcement
Confining For No. 11 and smaller bars with Ay, = 1.0
Reinforcement 0.44,, or sl > 64,2
Yy
Other 1.6
Location ¥, For No. 11 and smaller diameter hooked
bars: 1.0
(1) Terminating inside column core
with side cover normal to plane of hook
= 65mm, or
(2) With side cover normal to plane of
hook = 6d,
Other 1.25
Concrete For f.' <6000 psi (42MPa) £:/15,000 + 0.6 in
Strength 1, psit: % +
0.6 in MPa
For f.' =2 6000 psi (42MPa) 1.0

[1] S is minimum center-to-center spacing of hooked bars.

[2] db is nominal diameter of hooked bar.

A,y total cross-sectional area of ties or stirrups confining hooked bars, mmz2.

Apg: total cross-sectional area of hooked or headed bars being developed at a critical section, mm?.
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Table 5.4: ACI 318-19 Table 25.3.1—Standard hook geometry for development of deformed
bars in tension

Type of Straight
standard Bar size Minimum extension |Type of standard hook
hook inside bend (1] gext,
diameter, mm mm
No. 10 6db _ )
90-degree through 12dp / ES:’ELZE“V"LTS&C;
hook No. 25 | 9 90-degree
t —* r'\bend
No. 29 8db | f{ f
through : Diameter
No. 36 : Lext
No. 43 and E Lan
No. 57 10db
No. 10 6db
180-degree through Greater of . '

hook No. 25 4dp and 65 / bar's doveloped

No. 29 8db mm ! %7
through 180-gegree
No. 36 ~
No. 43 and 10dp

No. 57

[1] A standard hook for deformed bars in tension includes the specific inside bend diameter and straight
extension length. It shall be permitted to use a longer straight extension at the end of a hook. A longer extension
shall not be considered to increase the anchorage capacity of the hook.

5.4 Development of bundled bars:

Groups of parallel reinforcing bars bundled in contact to act as a unit shall be limited to four
in any one bundle.

Development length for individual bars within a bundle, in tension or compression, shall be
that of the individual bar, increased 20 percent for a three-bar bundle, and 33 percent for a
four-bar bundle.

A unit of bundled bars shall be treated as a single bar with an area equivalent to that of the
bundle and a centroid coinciding with that of the bundle. The diameter of the equivalent bar
shall be used for db in spacing limitations, cover requirements and confinement.

Bundled bars shall be enclosed within transverse reinforcement. Bundled bars in compression

members shall be enclosed by transverse reinforcement at least No. 4 in size (12mm). Bars
larger than a No. 11 (35mm) shall not be bundled in beams.
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Individual bars within a bundle terminated within the span of flexural members shall
terminate at different points with at least 40db stagger.

5.5 Splicing methods for reinforcing bars:
- Lap splice: for bars not larger than 36mm
- Welding: weld splice shall develop at least 1.25 fy of the bars
- Mechanical connection
5.6 Splicing of tension bars:
- Lap splice shall be not less than 300mm.

- It is recommended to use class B splice which equals to 1.3 times the development
length of a bar.

- Splices shall be staggered at least 600mm.

- For contact lap splices, minimum clear spacing between the contact lap splice and
adjacent splices or bars shall be in accordance with the requirements for individual bars
in ACI 318-19 section 25.2.1 (clear spacing shall be at least the greatest of 25 mm, db,
and (4/3)d, aggregate.

- For noncontact splices in flexural members, the transverse center-to-center spacing of

spliced bars shall not exceed the lesser of one-fifth the required lap splice length and 150
mm.

5.7 Splicing of compression bars:
- for fy< 420 MPa or less:
splicing length,ls = 0.071f,d,
- For420MPa < f, < 560 MPa:
splicing length,ls = (0.13fy — 24)db > 300mm
- For f, > 560MPa:

The longer of: splicing length, ls = (0.13fy - 24)db,
splicing length in tension per section 25.5.2.1 in ACI 318 — 19

The splicing length shall be not less than 300mm.

Note: For f'c < 21 MPa, length of splicing shall be increased by one third.
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5.8 Development of flexural reinforcement:

1. Reinforcement shall extend beyond the point at which it is no longer required to resist
flexure for a distance equal to the greater of d and 12db, except at supports of simply-
supported spans and at free ends of cantilevers

2. Continuing flexural tension reinforcement shall have an embedment length at least €d
beyond the point where bent or terminated tension reinforcement is no longer required to
resist flexure.

3. At simple supports, at least one-third of the maximum positive moment reinforcement shall
extend along the beam bottom into the support at least 150 mm, except for precast beams
where such reinforcement shall extend at least to the center of the bearing length. At other
supports, at least one-fourth of the maximum positive moment reinforcement shall extend
along the beam bottom into the support at least 150 mm and, if the beam is part of the
primary lateral-load-resisting system, shall be anchored to develop fy at the face of the
support.

4. At least one-third of the negative moment reinforcement at a support shall have an
embedment length beyond the point of inflection at least the greatest of d, 12db, and Ln/16.

7T T

e -
_/pl =1Ag(mid), KAs(mid) /13‘/4As(mid A |

continuous member

o _.| |‘_
=13As(mid), simply supported member
=6in. =6in.

| |

Figure 5.2: Continuity requirements for positive-moment reinforcement in continuous

beams
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| Y
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| <t [
! — —.
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Figure 5.3: Continuity requirements for negative-moment reinforcement in continuous
beams
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Example 5.1:

Given:

- Materials: F'c= 28MPa fy=420MPa

- Cross section: rectangle: b= 350mm, h= 700mm, d= 630mm

- Support width=0.50m

- Structural model of beam is shown in Figure 5.4 below. The self-weight of beam is
included in Wu.

Design the beam for flexure and compute the required bars lengths.
Solution:
From structural analysis:
- Reaction at Left support, R1=424.11kN
- Reaction at Right support, R2= 787.62kN
- Distance to maximum positive moment from left support=2.73m, shear is zero.
- Distance to inflection point = 5.46m, moment is zero at this point.
Let x is the distance from left support to maximum positive moment, so:
-155.35 X +424.11=0.0, this gives x= 2.73m, then take the moment at location of x, so:
Mu= 424.11(2.73)-155.35(2.73)?/2= 578.92kN.m

Determine location of inflection point:

424.11X — 155.35 X2/2 = 0, this gives X= 5.46m

Wu=155.35kN/m

Iy

7\

/ \
TFITTT7 Vv

T X

424 11kN

Figure 5.4: Beam for Example 5.1
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Wu=155.35kN/m
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Figure 5.4 continued: Beam for Example 5.1

Section reinforcement:

- Maximum positive moment:

Mu=578.92kN.m p=0.01235 > pmin=0.00333  and less than pmax, singly= 0.01548
As=0.01235(350)(630)= 2723mm? 9020

- Maximum negative moment:

Mu= 251.67kN.m p=0.005 > pmin=0.00333  and less than pmax, singly= 0.01548
As=0.005(350)(630)= 1103mm? 4920

Distance, L1:

L12>d=0.63m

L1>12 db=12(20/1000)= 0.24m
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L1>Ln/16=5.5/16 =0.344m so, L1=0.63m
Length of top bars=1.8 +0.54 - 0.04 + 0.63 =2.93m (use 3m)

Distances L2 and L3 for bottom bars:

Three bars @20mm (1/3 As) shall be extended into the supports a distance not less than
150mm. The moment capacity of these three bars are calculated as follows:

A, = 3(314) = 942mm?

__ A220) . ¢ = 0.9
¢ = 085(28)(350) M -
0.90(942)(420) (630 _ 4;—5)

oM, = 215.9kN.m

106

By applying summation of moment about a point with distance X from left support equals to
215.9kN.m, the value of X will be calculated as follows:

215.9=424.11 X — 155.35 X?/2, X1= 0.57m, X,= 4.89m
The length of extended bottom bars is = 5.50 + 2 (0.15) = 5.80m

The short bars (6020) shall be extended beyond X1 and X2 a distance equals to the larger of
12db and d. The value of d is larger than the value of db, so, L2= d=0.63m

The length of cut-off (short) bars is = 4.89 -0.10+0.63 = 5.42m, the left side of these bars
starts extends 0.15m into the left support. So, these bars start from the same point as the
extended bars (3020).

The extended bars (3020) shall be extended a distance L3 beyond the theoretical cut-off point
which is located at a distance 4.89m from the left support.

L3 is equal to the development length of @20mm bars which is given by:

0.59(420)
ldt = m

The distance from the point of Mu=215.9kN.m to the right support is equal to 6-4.89=1.11m.

(20mm) = 937mm < 1.01m  ok.

The extended bars (3020) are extended into the support a distance equal to 0.15m, so the
right end of these bars is located a distance 0.10m from the center of the right support, so,
the available distance from the theoretical cut-off point for Mu= 215.9kN.m to the end of
extended bars 3$20 will be 1.11-0.1=1.01m which is larger than the development length
0.937m and this is adequate based on code specifications. Structural integrity can be achieved
by extending the 3¢20 Ldt or Ldh into the supports.
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5.9 Termination of flexural bars:

Flexural tension reinforcement shall not be terminated in a tension zone unless (a), (b) or (c)
are satisfied:

(@) ¥, < (2/3)@V;, at the cut-off point.

(b) For @35mm bars and smaller, continuing reinforcement provides double the area required
for flexure at the cut-off point and I, < (3/4)0V},.

(c) Stirrup or hoop area in excess of that required for shear and torsion is provided along each

terminated bar over a distance (3/4)d from the cut-off point. Excess stirrup or hoop area
shall be at least 0.41b,,S/f,;. Spacing S shall not exceed d/8f,. Where S, is ratio of area
reinforcement cut-off to total area of tension reinforcement at section.

For simplicity. It is recommended to consider the first requirement in practice.
5.10: Reinforcement continuity and structural integrity requirements:

The primary purpose for both the continuity and structural integrity reinforcement
requirements is to tie the structural elements together and prevent localized damage from
spreading progressively to other parts of the structure. However, because of the limited
amount of calculations required to select and detail this reinforcement, structures satisfying
these requirements cannot be said to have been designed to resist progressive collapse.

Joists:

For joist construction, code requires that at least one bottom bar shall be continuous over all
spans and through interior supports and shall be anchored to develop f,, at the face of exterior
supports. Continuity of the bar shall be achieved with either a Class B tension lap splice or a
mechanical or welded splice satisfying ACI Code specifications.

One-way slabs:

At least one-quarter of the maximum positive moment reinforcement shall be continuous.
Reinforcement at noncontinuous supports shall be anchored to develop f, at the face of the
support.

Beams:

1. The continuous top reinforcement shall consist of at least one-sixth of the negative-
moment (top) reinforcement required at the face of the support, but shall not be less
than two bars.

2. The continuous bottom reinforcement shall consist of at least one-fourth of the
positive-moment (bottom) reinforcement required at midspan, but not less than two
bars.
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3.

4,

At noncontinuous supports (corners), all of the continuous bars must be anchored to
develop f, at the face of the support.

All of the continuous longitudinal bars must be enclosed by closed transverse
reinforcement, as specified for torsional or integrity transverse reinforcement (Ends
shall terminate with 135-degree standard hooks) around a longitudinal bar, and
placed over the full clear span at a spacing not exceeding d/2.

For interior beams, at least one-fourth of the positive-moment (bottom)
reinforcement required at midspan, but not less than two bars shall be continuous.
Longitudinal reinforcement shall be enclosed by closed stirrups in accordance with
25.7.1.6 or hoops along the clear span of the beam.

If splices are necessary in continuous structural integrity reinforcement, positive
moment reinforcement shall be spliced at or near the support and negative moment
reinforcement shall be spliced at or near midspan.

Fully anchored Continuous

A

T B =Ag1/6 B 4
LAS' 1 I_ { = Ago/6 Ast2 [
{0 l
\ - = » -

) L =Y%Ag, L Asp /-::%As,, A

14 1 4

(Must use at least two longitudinal bars at all locations)

Figure 5.5: Requirements for longitudinal structural-integrity reinforcement in perimeter

beams. (Note: required closed transverse reinforcement not shown.)

L

— =WAqp I Asp /‘ Va

4ASD

Fully anchored Continuous
(Must use at least two longitudinal bars at all locations)

Figure 5.6: Requirements for longitudinal structural-integrity reinforcement for interior
beams framing into columns. (Note: required closed transverse reinforcement not shown.)
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Chapter 6: Combined Compression and Bending

A column is a vertical structural member supporting axial compressive loads, with or without
moments. The cross-sectional dimensions of a column are generally considerably less than its
height. Columns support vertical loads from the floors and roof and transmit these loads to
the foundations.

The more general terms compression members and members subjected to combined axial

load and bending are sometimes used to refer to columns, walls, and members in concrete
trusses or frames.

6.1 Types of columns:

- Form or shape: Rectangle, circle, irregular, composite, ....

- Position of loads: concentric and eccentric

- Mode of failure: nonslender (short) and slender (long)

Short column: failure starts by crushing of concrete, yielding of steel or both.
Long column: failure starts by buckling.

The term that is used to differentiate between short and long columns is called the
slenderness ratio, KLu/r, where:

K: effective length factor
Lu: unsupported height of column

R: radius of gyration which is the square root of the section moment of inertia divided by
the section area.

6.2 Column reinforcement:

1. Longitudinal reinforcement shall be at least 0.01Ag but shall not exceed 0.08Ag.

2. Minimum number of bars in a rectangular tied column is four

3. Minimum number of bars in a circular column is six

4, Lateral reinforcement is required to prevent spalling of the concrete cover or local buckling

of longitudinal bars. The vertical spacing of ties are the smaller of 48 ds, 16 db and the column
least dimension.
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Where:
ds: diameter of the tie.
db: diameter of the longitudinal bars.

The ties shall be so arranged that every corner and alternate longitudinal bar shall have lateral
support provided by the corner of a tie having an included angle of not more than 135
degrees, and no bar shall be farther than 150mm clear on either side from such a laterally
supported bar. Longitudinal bars spaced more than 150mm apart should be supported by
lateral ties.

The bottom tie or hoop shall be located not more than one-half the tie or hoop spacing above
the top of footing or slab.

ACI 318-19 section 10.7.4 Offset bent longitudinal reinforcement:
ACI 318-19 section 10.7.4.1: The slope of the inclined portion of an offset bent longitudinal
bar relative to the longitudinal axis of the column shall not exceed 1 in 6. Portions of bar above

and below an offset shall be parallel to axis of column.

ACI 318-19 section 10.7.4.2: If the column face is offset 75 mm or more, longitudinal bars
shall not be offset bent and separate dowels, lap spliced with the longitudinal bars adjacent
to the offset column faces, shall be provided.

ACI 318-19 section 10.7.6.4: Lateral support of offset bent longitudinal bars:

ACI318-19 section 10.7.6.4.1: Where longitudinal bars are offset, horizontal support shall be
provided by ties, hoops, spirals, or parts of the floor construction and shall be designed to
resist 1.5 times the horizontal component of the calculated force in the inclined portion of
the offset bar.

ACI 318-19 section 10.7.6.4.2: If transverse reinforcement is provided to resist forces that
result from offset bends, ties, hoops, or spirals shall be placed not more than 150 mm from
points of bend.

Bars in compression shall be enclosed by transverse ties, at least No. 10 in size for longitudinal
bars No. 32 or smaller, and at least No. 13 in size for No. 36, No. 43, No. 57, and bundled

longitudinal bars.

Note: It is recommended to have bars with spacing (clear) not larger than 150mm.

6.3 Strength of nonslender concentrically loaded column:

The column capacity is given by:
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oP, = 9A(0.85f' (A, — A5) + £, A;)
Where:
@: strength reduction factor. #=0.65 for tied column. $=0.75 for spiral column.
A: factor to consider minimum eccentricity. A= 0.8 for tied column. A= 0.85 for spiral column.
A, gross section area, mm?
Ay: area of longitudinal steel, mm?
F'c and fy are in MPa

So, @P,, will be in N. The value can be divided by 1000 to have @P, in kN.

Example 6.1:

Design a rectangular tied column of h=2b that can carry an ultimate axial compression force,
Pu= 5000kN. F'c= 28MPa. Fy= 420MPa. b and h are the column sides. Assume that the steel
ratio is around 0.02.
Solution:
Steel ratio, p=0.02.
As = pAy; = 0.024,
P, = 0P, = 02(0.85f" (4, — As) + f,/As)

5000(1000) = 0.65(0.80) (0.85(28)(Ag —0.024,) + (420)(0.02Ag))

So, Ag= 303.03x103 mm?
Ag=bh=b (2b), so, b=389mm
So, use b=400mm and h=800mm, this gives steel ratio less than 0.02
Or, b= 350mm and h=700mm and this gives steel ratio greater than 0.02
Try: b=400mm and h=800mm
5000(1000) = 0.65(0.80)(0.85(28)(400x800 —A;) + (420)(AS))
This gives, As= 5047mm?, steel ratio= 5047/(400x800)= 0.016 < 0.02 ok
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Try: 14022 As= 14 x 381= 5334mm?, see Figure 6.1.

| ——2410/350

N 114022

Figure 6.1: Column details- Example 6.1
Here, the spacing between bars can be calculated as follows:
Clear cover=40mm
Tie diameter= 10mm
Distance from center of edge bar to edge of section=40+ 10 + 11=61mm
Distance available for bars center to center in short direction of column=400-2(61)= 278mm
Distance between bars center to center= 278/2= 139mm < 150mm ok
Distance available for bars center to center in long direction of column= 800-2(61)= 678mm
Distance between bars center to center= 678/5= 136mm < 150mm ok
Ties:
Assume diameter of tie is 10mm
S<48 x 10 =480mm
S<16x22=352mm
Least column dimension=400mm
Use S=350mm

And there is a need for two ties to fix bar after another with corners of ties.
6.4 Amount of spirals and spacing requirements:
The minimum spiral reinforcement required by the ACI code was chosen so that the second

maximum load of the core and the longitudinal reinforcement would roughly equal the initial
maximum load of the entire column before the shell spalled off.
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Under a compressive load, the concrete in the column shortens longitudinally under the stress
f1 and so, to satisfy poisson’s ratio, it expands laterally. This lateral expansion is especially
pronounced at stresses in excess of the cylinder strength. In the spiral column, the lateral
expansion of the concrete inside the spiral (referred to as the core) is restrained by the spiral.
This stresses the spirals in tension. For equilibrium, the concrete is subjected to compressive
stresses f2. From experiment, the triaxial compression was shown to increase the strength of
concrete by:

fl=f,+41f2 (1)

f1

Concrete cure\

—_—— ji:_"_'-"\\ fsp
5 — 1]
1 /’

DD// (o)
-
~
Spiral ~~ : A «”
fq t
(a)
~| fa
-
-~
fp— — —o - f2
fa / *

Figure 6.2: Triaxial stresses in core of spiral column

The amount of spiral reinforcement is defined by using a spiral reinforcement ratio, ps equal
to the ratio of the volume of the spiral reinforcement to the volume of the core, measured
out-to-out of the spirals, enclosed by the spiral.

For one turn of the spiral,

Agpl

Sp*sp
=P 2
pS ACth ( )

Where:
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Asp= area of the spiral bar= (3.14/4)(dsp)?

dsp= diameter of the spiral bar

Isp=length of the turn of the spiral=3.14 Dc

Dc= diameter of the core, out-to-out of the spirals
Ach= area of the core=3.14 (Dc)? /4

Lc= spiral pitch=S

Thus,
A, D
pS = oL 2 ‘ (3)
D, S
(%)
Or
4Asp
P 4
pS SDC ( )

From the horizontal force equilibrium of the free body diagram,

zfspAsp = f2D.S (5)
From equations 4 and 5:
p=tols

The strength of a column at the first maximum load before the shell spalls off is:

P, = (0851 (4, — A5) + f,As)  (7)
And the strength after the shell spalls is:

P, = (0-85f1(Ach - As) + fyAs) ®)
Thus, if P2= Po,

0.85f; (Acn, — As) = 0.85f" (A, — Ay)

Because As is small compared with Ag or Ach, it can be disregarded, so
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A= €)

Substituting equations 1 and 6 into equation 9, taking fsp equal to the yield strength of the
spiral bar, rearranging, and rounding down the coefficient gives:

D = 0.45 (j—i— )%Z (10)

There is experimental evidence that more spiral reinforcement may be needed in high-
strength concrete spiral columns than is given in this equation (10), to ensure that ductile
behavior precedes any failure.

From equation 4,
Spiral spacing, S is given by:

44
s=—2F < 75mm
psD.

Also, the clear spacing between the successive turns of the spiral must be spaced relatively
close together.

Notes:

1. The clear spacing of the spirals is limited to 75mm

2. The minimum clear spacing of the spirals is not less than 25mm but not less than
(4/3) times the nominal size of the coarse aggregate, whichever is greater

3. Spirals shall not be less than 10mm diameter

4. Anchorage of spiral reinforcement shall be provided by 1.5 turns of spiral bar at each
end of a spiral unit

5. Spiral reinforcement shall be spliced if needed. Lap splices not less than the larger of
300mm and 48 times the spiral diameter for deformed uncoated bars should be
used.

Example 6.2:

Design a spiral column that can carry an ultimate axial compression force, Pu= 5000kN. F'c=
28MPa. Fy= 420MPa. Assume that the steel ratio is around 0.02.

Solution:

Steel ratio, p=0.02
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P, = 0P, = 02(0.85f" (4, — As) + f,/As)

5000(1000) = 0.75(0.85) (0.85(28)(Ag —0.024,) + (420)(0.02Ag))

So, Ag= 247230 mm?
1.14 D?/4 = 247230, so D= 561mm
Try column with D= 550mm
Resolve and determine As.
As= 5524mm?

Steel ratio, p= 0.0233 12$25

Spirals:
3.14
A N\ fle (Z1)(550)”
ps=0-45<A - >f =045| 25— -
ch vt (=) (470)?

44, 4(785)
S = 0D, _ 0.01108(470)

Use spirals $10mm/60mm

28 _ 0.01108
420

= 60.3mm < 75mm

6.5 Interaction diagrams for reinforced concrete columns:

Interaction diagrams for columns are generally computed by assuming a series of strain
distribution, each corresponding to a particular point on the interaction diagram, and
computing the corresponding values of P and M. Once enough such points have been

computed, the results are plotted as interaction diagram.

Significant points on the column interaction diagram:

1. Point A: pure axial load: This is the largest axial load the column can carry. The
maximum usable axial load is limited to 0.8 and 0.85 times the pure axial load capacity

for tied and spiral columns respectively.

2. Point B: zero tension: onset of cracking: The strain distribution at this point
corresponds to axial load and moment at the onset of crushing of the concrete just as
the strains in the concrete on the opposite face of the column reach zero. This
represents the onset of cracking of the least compressed side of the column. Here,

€ =0.00reg; =0.0
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3. Point C: Balanced failure: compression — controlled limit strain: This point corresponds
to a strain distribution with a maximum compressive strain of 0.003 on one face of the
section, and a tensile strain equals to the yield strain, in the layer of reinforcement
farthest from the compression face of the column. Here, €; = €,,0r €51 = €,

4. Point D: Tension — controlled limit: This point corresponds to a strain distribution with
a maximum compressive strain of 0.003 on one face of the section, and a tensile strain
equals to 0.005, in the layer of reinforcement farthest from the compression face of
the column. Here, €; = 0.0050r €,; = 0.005

5. Point E: strain limit for beams: here, the column section will have an axial capacity of
zero. So, the tension force will be equal to the compression force as the case in beams.
By applying this principle, the moment capacity will be calculated. One can use, €; =
4 €01 €51 = 4€,, as approximation method to get the moment capacity for axial load
equals to zero. One can use the procedure that was used in doubly reinforced beam
sections

6. Point F: column tension capacity:

P, = QAsf, where Ag is the total area of steel in the cross section

6.6 Derivation of computation method for interaction diagrams:

The relationships needed to compute the various points on the interaction diagram are
derived by using strain compatibility and mechanics.

The general case of computations involves the calculation of Pn acting at the centroid and Mn
acting about the centroid of the gross cross section, for an assumed strain distribution with
crushing strain in concrete, €., = 0.003.

Each layer of reinforcement in column section has an area of steel named As, so there are
Asl, As2, As3, ........ and each layer has a strain €, so there are €4, €55, €53, -- -eu

Layer 1 is closest to the “least compressed” surface and it is at a distance d1 from the “most
compressed” surface. Layer 1 is called the extreme tension layer. It has a depth d1 and a strain

€s1

The interaction diagram can be controlled by selecting a series of values for the neutral axis
depth, c. Large values of ¢ will give points high in the interaction diagram and low values of c
will give points low in the interaction diagram.
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b ey = 0.003
4_»' l‘ » | 0.85fc
F 1 i , y W > ,
A's e ® €g < ol #4
c a = f31¢ <
9 —
5, - N
-PI I(—- Cs
(@) Section. (b) Strains. (c) Stresses.
Cs = A;’;

<+——Cc = 0.85f ab

Ts = A’,s

(d) Internal forces. (e) Resultant forces.

Figure 6.3: Column section forces
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Uniform compression
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[ ] L J |
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5 Balanced failure

Axial load resistance, P,

E
Moment resistance, M, ;

&5 = 0.005

T ~|r-}- r €cu=0.003
3
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!
O
I AS2 832
e AS1 831

Figure 6.4: Computations of column interaction diagram points
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From similar triangles:

0.003 €y
c c—d;

0.003

= 4
€= 0003-¢,

C — di
0.003

Esi=

€41: poisitive for compression strain
€1: negative for tension strain
So, the strain in each layer of reinforcement is determined from the strain diagram.
Then, the stress in each layer of reinforcement is determined by:
fsi =€si Es
The maximum absolute value of fsi shall be not larger than fy.

The relation between the depth of the compression zone and the neutral axis of the section
is given by:

a=p;c

p, =085 for 17MPa<f' <28MPa

f,c_28

B =085 0.05—

for  28MPa < f' <56MPa

B =065 for 56MPa<f’,
The compressive force in the concrete is given by:
C. =0.85f" A
For a rectangular zone, Acc=b a
The force in each layer of reinforcement is determined as follows:

If the depth of the compression zone, a less than depth of reinforcement layer, di, then

Fg = fsiAsi
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And if the depth of the compression zone, a is greater than or equals to the depth of
reinforcement layer, di, then

Fs = (fsi — 0-85f,C)Asi

The nominal axial load capacity, Pn for assumed stress distribution is the summation of the
axial forces:

The nominal moment capacity, Mn for the assumed strain distribution is found by summing
the moments of all internal forces about the centroid of the column. So,

n
Mn = Cc(y_ _a_) +ZFsi(y_ _di)
i=1

Where y is the distance from the extreme compression fiber to the centroid of the section.

Example 6.3:

Draw the moment-axial force interaction diagram for the column shown in Figure 6.5
below.

Given: f'c=28MPa fy=420MPa

Cover to bars centroid= 60mm.

N

CENTROIDAL AXIS

500
|

12925

e 500 s

Figure 6.5: Column cross section for Example 6.3
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Solution:

As=12(491) = 5892 mm?

Point A:

Pure compression axial force capacity.

0.85(28)(500x500 — 5892) + 420(5892)]
1000

, [
B, = (0.85f'_(A; — As) + fyAs) =
= 8284.4kN

@P, = 0.65(8284.4) = 5384.86kN
AQP, = 0.8(5384.86) = 4307.89kN
Point B:

Pn and Mn at strain in tensile steel, e;; = 0.0

€cu= 0.003

- Asd: 4025: 1964mm?

As3: 2025: 982mm?

—As2: 2025: 982mm?
—— As1: 4025 1964mm?

500

Figure 6.6: Section and strains for point B

C=440mm
a = f;c = 0.85(440) = 374mm
0.85(28)(500)(374)
C. = 1000 = 4450.6kN
Fs1=0.0kN
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Fs2:
€= i 0.003 = wo.ow = 0.0008636
s2 c 440
fo2 =€5, Es = 0.0008636(200000) = 172.72Mpa
Since a>d2:
Fso = (fs2 — 0.85f' )As, = (172.72 — 0.85x28)(982)/1000 = 146.24kN
Fs3:
€= —— s 0.003 = Mo.om = 0.001727
s3 c 440
fo3 =€g3 Eg = 0.001727(200000) = 345.4Mpa
Since a>d3:
Fss = (fs3 — 0.85f" )As3 = (345.4 — 0.85x28)(982)/1000 = 315.81kN
Fs4:
€= %0003 = 29799 503 = 0.002591
st c 440
fes =€44 Es = 0.002591(200000) = 518.2Mpa , use f,, = 420MPa
Since a>d4:

Fey = (fosa — 0.85f' )Asy = (420 — 0.85x28)(1962)/1000 = 778.1kN

n
P,=C,+ Z Fs; = 4450.60 + 0.0 + 146.24 + 315.81 + 778.1 = 5690.75kN

=1

n
My = C.m —a)+ ) Fy(y™ = d)
=1
hoa h h h h
= CC (E - E) + Fsl <§ - dl) + FSZ (E - d2> + Fs3 (E - d3> + FS4(E - d4)

Mn= [4450.6(250-374/2)+ 0.0 + (146.24)(250-313.33)+315.81(250-186.67)+778.1(250-60)]=
439kN.m
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@P, = 0.65(5690.75) = 3699kN

@M, = 0.65(439) = 285.35kN

Point C:
Pn and Mn at strain in tensile steel, €; = —€,,= —0.0021
o
(o]
g_
€cu= 0.003 ©
N :
Es4 2 i Asé: 40125: 1964mm?
™
7777777 & 573775‘#7% S g 1;\53: 2025 982mm?
1l o A
w

€£51=0.0021

TIPSR L —As2: 2025: 982mm?
t o @ j:-—As1:4®25:1964mm2

Figure 6.7: Section and strains for point C

(o2
w
N
—d1
| Ad2
3=186.67 =
|
|
|

_0.003 Q- 0.003 440 = 258.8kN
€T 0.003—€, '~ 0.003 + 0.0021 S
a = f;c = 0.85(258.8) = 220mm
0.85(28)(500)(220)
C, = 000 = 2618kN
Fsl:
€,;= —0.0021
fs1 = —420MPa
420(1964)
Fsl = fslAsl = —W = —82488kN
Fs2:
c—d, 258.8 — 313.33
€Ep= 0.003 = >T88 0.003 = —0.000632

fiz =E€¢; Es = —0.000632(200000) = —126.4Mpa
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Since a<d2:
(—126.4)(982)
Fo, = fAsy = 1000 = —124.1kN
Fs3:
e.= 7% 003 = 228818667 ) 0 0000836
s37T ' B 258.8 ' o
fiz =€ Es = 0.000836(200000) = 167.2Mpa
Since a>d3:
, (167.2 — 0.85x28)(982)
Fis = (fis — 0.85f" )Ag = 900 = 140.82kN
Fs4:
e.= "% 00032228860 003 = 0.0023
s4™ YUY T 2588 e
fsa =€s4 E; = 0.0023(200000) = 460Mpa use fy4 = 420MPa
Since a>d4:

(420 — 0.85x28)(1964)
Fsq = (fsa — 0.85f" )Asy = 1000 = 778.1kN

n
P,=C,+ Z F,; = 2618 + (—824.88) + (—124.1) + (140.82) + (778.1) = 2587.94kN

i=1

n
My = C.Om —a)+ ) Fy(y™ —d)
-
K oa h h h h
=C, (E - E) +F, (E - d1> +F, (E - d2> 4 Fi (E - d3> + Fu G — d4)

Mn= [2618(250-220/2)+ (-824.88)(250-440) + (-124.1)(250-313.33)+140.82(250-
186.67)+778.1(250-60)]/1000= 687.86kN.m

@P, = 0.65(2587.94) = 1682.2kN

oM, = 0.65(687.86) = 447.1kN
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Point D:

Pn and Mn at strain in tensile steel, €,; = —0.005
C=165mm

A=140.25mm

Cc= 1669kN

Fs1=-824.88kN

Fs2=-412.44kN

Fs3=-77.38kN
Fs4=703.5kN
Pn=1057.8kN
Mn=611.8kN.m
@P, = 0.9(1057.8) = 952.02kN
OM,, = 0.9(611.8) = 550.62kN
Point E:

Pn and Mn at strain in tensile steel, €,; = —4x0.0021 = —0.0084

Pn=94.58kN
Mn=494.2kN.m
@P, = 0.9(94.58) = 85.1kN
OM,, = 0.9(494.2) = 444.78kN
Point F:

Tensile capacity of the column:

0.9(5892)(420)
- 000 = —2227kN

@Pn:
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®Pn

®dMn

Figure 6.8: Moment- Axial force interaction diagram

6.7 Moment- Axial force interaction diagram sheets:

There are sheets for Moment- Axial force diagrams for rectangular and circular columns in
appendices of many textbooks.

The main points of these sheets are as follows:

- Material strengths; f'c and fy

- Shape of section, rectangle or circle

- Type of reinforcement in rectangular column: distributed bars or bars at two edges
only

- Factor gama, y, which expresses the effectiveness of section to resist moment, this
factor is given by:

h — 2 covers
y = — the cover can be equal to: 40mm clear cover

+ 10mm diameter of tie + 10mm (half bar diameter) = 60mm

- Section dimensions
- The terms that determines the axial force and the bending moment which are:

% d oM,
bh Y Rz

The available sheets here are in units of ksi (kips per square inches), so to convert from Mpa
to ksi, divide by 7.0.
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Figure 6.9: Moment- Axial force interaction diagram for gama= 0.60
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Example 6.4:

Given:

F'c=28MPa fy=420MPa

Section: rectangle: b= 400mm h=800mm

Loads: Pu= 383.3kN Mu= 690kN.m (The moment acts along h=800mm)

Determine the required area of longitudinal steel needed to resist these loads.

Solution:

h —2 covers 800 —2(60)

YT goo 0
P, 383.3(1000
O, = ( ) = 0.17ksi
bh ~ 400(800)(7)
M 690(10)6
oMy (10) = 0.39ksi

bhZ — 400(800)2(7)
Using column moment- axial force interaction diagram sheets:
Fory = 0.75 - p = 0.017
Fory =09 -» p = 0.014
By interpolation for y = 0.85 - p = 0.015
As= 0.015(400)(800)= 4800mm? 16020
Ties:
Spacing of ties:

S <16d, = 16(20) = 320mm

S < 48dg = 48(10) = 480mm

S < least column section dimension = 400mm

So, use S=300mm
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%
’.r
¢ 2010/300
IQ\
S o 16020
)
a
%
L 400 ¥

Figure 6.12: Reinforcement details for column in Example 6.4

6.8 Design of biaxially loaded columns- simplified method:

It is not unusual for columns to support axial forces and bending about two perpendicular
axes. One common example is a corner column in a structure.

For a given cross section and reinforcing pattern, one can draw an interaction diagram for
axial load and bending about either principal axes. These two interaction diagrams form two
edges of a three- dimensional interaction surface for axial load and bending about two axes.
The calculation of each point on such a surface involves a double integration:

1. The strain gradient across the section is varied
2. The angle of the neutral axis is varied

A horizontal section through such a diagram resembles a quadrant of a circle or an ellipse at

high axial loads, and depending on the arrangement of bars, it becomes considerably less
circular near the balanced load.
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/ [

-

/‘y.\ Muy = Pyt

Figure 6.13: Interaction surface for axial load and biaxial bending.

A common simplified method for analysis and design of column section loaded biaxially, is
Bresler Reciprocal Load Method.

ACI commentary gives the following equation, originally presented by Bresler, for calculating
the capacity of a column under biaxial bending:

1 _ 1,1 1
(Z)Pn - Q)an Q)Pny Q)PTLO
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Definitions of variables:

Pu= factored axial load

ex= eccentricity of applied load measured parallel to the x- axis

ey= eccentricity of applied load measured parallel to y- axis

M,,,.= factored moment about x-axis equals to Pu ey

M,,,= factored moment about x-axis equals to Pu ex

@P,, = reduced nominal axial load capacity for the moment about y- axis; Muy using ex.
@B, = reduced nominal axial load capacity for the moment about x- axis; Mux using ey.
@P,, = reduced nominal axial load capacity for ex and ey equal to zero

@P, = design axial load capacity for the moments about the two axes; Mux and Muy.
Lx= length of side of column section parallel to x- axis

Ly= length of side of column section parallel to y- axis

Example 6.5:

Given:

Column section: 400mm x 400mm

Longitudinal bars: 8025

Loads: Pu= 1130kN Mux= 75kN.m Muy= 150kN.m
f'c= 28MPa fy=420MPa

Concrete cover to bars centroid= 60mm

Check the adequacy of the column section to carry the applied loads
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Solution:
Compute @P,,,:

OB, = 0A(0.85f" (A — As) + fAs)
_ (0.65)(0.8)[0.85(28)(400x400 — 3928) + 420(3928)]

1000 = 2789kN

Compute @P,,,: Axial load capacity for ex (M, )

Factored axial load capacity corresponding to ey and p.

= 3928 0246 = 0.025
P = 400000y~ T
& My 199 _ 3

l, P, 1130(0.4)

From the interaction diagram and for

e e
—=—==0.33and p = 0.025
hoL

P, .
h 1.3ksi fory =0.6
oF, .
h 1.4ksi fory =0.75
For

_400-120 0.7
Y= "0

oP, bh(1.36)(7)

= 1.36ksi P, = ————— = 1523kN

bh(7) St Pl 1000

Compute @P,,: Axial load capacity for ey, (M)

Factored axial load capacity corresponding to ey and p.

3928

=27 _0.0246 = 0.025
P = 400(400)
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e M 75
A = 0.166
l,  Pl, 1130(0.4)

From the interaction diagram and for

e e
—=—=0.166 and p = 0.025
h L,
)%
b—zy = 2.1ksi fory = 0.6
@P,
b;lzy = 2.2ksi fory =0.75
For
_400—-120 0.7
=700 ©
OPy, bh(2.16)(7)
= 2.16ksi P, = ———— = 2419kN
bh(7) St Phy 1000
Apply the formula:
1 1 1 1 1 1 1

0P, ~ OP. | ®P,, ©P, 1523 ' 2419 2789

So,
¢P, = 1406kN > 1130kN ok

So, the column section and reinforcement is adequate.

6.9 Loads on Columns:

The columns are subjected to axial forces and bending moments about the two principal axes
of the cross section.

The column loads are computed using the following procedures:

1. Tributary area principle: the column carry axial load from the slab and from the direct
loads which it is subjected to. The column carry dead loads from the slab, beams
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weights, walls weights in addition to its self-weight. Also, it carries a live load from the
slab. The tributary area is computed by taking half the distances to adjacent columns
from all sides. This method is approximate and can be applied for approximate equal
spans. It has large errors if the spans varied largely. The moments on the columns can
be determined by using the ACI coefficients for moments.

2. Reactions from beams using ACI coefficients: the beams are supported by columns, so
the reactions (vertical forces and moments) of the beams are loads on the columns.
The vertical reaction at a support is equal to the summation of shear forces at the
support. The end moments in the beam are moments on the columns.

3. Analysis of continuous beams: the reactions on the beam are loads on the columns.
The end supports of the beam can be treated as hinges in a model and as fixed in
another model and the average values of end moments will be applied to the columns.

4. Analysis of plane frames

5. Analysis of space frames

Many examples can be solved using the above principles.

Note:
Based on the course “Design of Reinforced Concrete 1”, an additional chapter shall

be covered which is the design of single concentric footings; footings which are
subjected to axial compression force only.
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Chapter 7: One Way Slab Systems

This chapter introduces the analysis and design of one-way slab systems; solid and ribbed in
addition to beam- girder systems. Voided slabs are considered implicitly.

In one-way slabs, the load is assumed to be transferred in one direction. Usually, one-way
slabs are concrete structures for which the ratio of the long span to the short span equals or
exceeds a value of 2, when this ratio is less than 2, the floor panel becomes two-way slab.
Pure one-way slabs are available when there are supports in one direction only or when the
section moment of inertia in a direction is very large comparing with the section moment of
inertia in the perpendicular direction, otherwise, all slabs can be treated as two way.

7.1 One-way solid slabs:

7.1.1 Basic principles:

A. A one-way solid slab is designed as singly reinforced 1000mm wide beam strip using the
same design and analysis procedure for singly reinforced beams.

B. One-way solid slabs usually have a thickness that is adequate for shear strength; no shear
reinforcement is used; ¥, < @V.. Generally, shear reinforcement can be used.

C. Transverse reinforcement has to be provided perpendicular to the direction of bending in
order to resist shrinkage, temperature stresses and load distribution which is 0.00184,
where A is the gross sectional area.

D. Preliminary thickness of one-way slabs and beams can be determined using ACI 318-19
code provisions (Minimum thickness of slabs and beams).

E. The exterior beams have L-sections and the interior beams have T-sections. The section
effective width (flange width) for flexure is stated in ACI 318-19 code section 6.3.2.

F. Structural modeling:

Beams and slabs can be modeled as one-dimensional structures (line structure). Here, the
slab and the beam are modeled as line (frame member) and with pined or hinged supports.
In this model, the end moments (exterior negative moments) are equal to zero. Note that,
here, torsion on beams is not considered, it will be discussed in next chapters.

The slab and the beams are casted monolithically, so torsion will develop in beams as the slab
rotates under load, especially edge beams.

Column strips in one-way slabs exist when the slab is modeled as a three-dimensional
structure; space frame. The slab strips which are aligned at column lines will have larger

internal forces.

G. Beam size: For the initial analysis- design cycle, preliminary member sizes can be selected
on prior experience with similar floor systems. Total beams depth, h, are typically in the range
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of L/18 to L/12, where Lis the span length center to center of supports (other than cantilever).
One may use by= 0.5 h for typical drop beams. Beam width shall be not less than 200mm for
practical purposes. Beam width can be equal to about L/20, where L is the span length. In
seismic special frames, width of beam, by, shall be at least 0.3 section thickness, h, and
250mm and its projection beyond the supporting column shall not exceed the lesser of c; and
0.75c;. Cy1is the width of column in direction of beam and c; is the transverse width of column.
Beam size is controlled by:

1. Deflection criteria (Code limitations, deflection calculations)

2. Flexural design (economical section, steel ratio = 0.01-0.014, singly reinforced

section)

3. Shear design

4. Architectural purposes
Beams can be dropped or inverted with different shapes.

H. Distribution of flexural reinforcement in beams and one- way slabs:

The flexural reinforcement shall be distributed to control flexural cracking. The spacing of
reinforcement closest to the tension face, s, shall not exceed that given by:

380 (280) 2.5¢, < 300 (280)
S = — L.0C; =
fs ‘ fs

Where:

f = calculated tensile stress in reinforcement at service loads, MPa (refer to working design
S

method). It shall be permitted to take f; = %fy

C.= the least distance from surface of flexural reinforcement to the tension face.

Generally, the maximum spacing of reinforcing bars is 250mm and 150mm in slabs and beams
respectively.

According to ACI 318-19 Section (7.7.2), the maximum spacing between bars in one-way solid
slabs is the smaller of 3h and 450mm and the maximum spacing of shrinkage steel shall be
the smaller of 5h and 450mm. Where h is the slab thickness.

I.  Structural integrity:

e Longitudinal structural integrity reinforcement consisting of at least one-quarter of
the maximum positive moment reinforcement shall be continuous.
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e Longitudinal structural integrity reinforcement at noncontinuous supports shall be
anchored to develop f, at the face of the support.

e |If splices are necessary in continuous structural integrity reinforcement, the
reinforcement shall be spliced near supports. Splices shall be mechanical or welded in
accordance with 25.5.7 or Class B tension lap splices in accordance with 25.5.2.

More details on structural integrity can be found in chapter 5.

7.1.2 Example: One-way solid slab
Given:

Concrete, f'c= 24MPa.

Steel, fy= 420MPa.

Superimposed dead load, Wsp= 4.5kN/m?.
Live load, W= 2.5kN/m?.

Perimeter wall weight= 21kN/m.

All columns are 300x600mm.

Design the slab strip and draw the structural models for all required beams.

T

| | |
e
| | |
I E—

©

Figure 7.1: Columns layout
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Solution:
Analysis and design steps for one-way slab systems:

Structural system and beams layout.

Slab thickness.

Loads (slab load kN/m?, wall weight).

Analysis and design of slab strips.

Analysis of beams using preliminary dimensions.
Design of beams.

Structural drawings.

NouswNeE

Notes: 1. Here, no torsion is considered.

2. It is considered that a strip represents the whole slab. In reality, a slab strip at
column lines has larger moments than strips between column lines.

3. Beams parallel to slab strip carry no load from the slab.
Step 1: Slab system

- One-way solid slab.
- Beams are distributed in y- direction (to have the smallest slab thickness).

Step 2: Slab thickness

.0
hmin = ﬁ = ﬁ =0.21m

Try h=200mm

Step 3: Loads
Slab own weight, Wp= 0.20(25kN/m3)= 5kN/m?
ultimate load on the slab, Wy1= 1.4(Wp +Wsp)
or  Wy=1.2(Wp+Wsp)+1.6W,
which is larger
W= 1.4(5+4.5)= 13.3kN/m?
W= 1.2(5+4.5)+1.6(2.5)= 15.4kN/m?

Use W,= 15.4kN/m?
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Step 4: Slab analysis and design

A one-meter strip perpendicular to the supporting beams can be taken to represent the whole

slab.

Assume that width of supporting beams= 0.3m.

Clear span for the slab, L,, = 5 — 0.3 = 4.7m.

B3

OR=. I I 0

SLAB 1

6.50m

B1
B2
B2

B1

© 1.00m

i B3 X

‘ 5.00m ‘ 5.00m ‘ 5.00m 7

Figure 7.2: Beams layout

Main beams which are B1 and B2 are in y-direction.

B3; the perimeter beam is used to carry the external wall.
B1: Carries its own weight + load from slab + wall weight
B2: Carries its own weight + load from slab

B3: Carries its own weight + wall weight
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L Ll bbb bbdbbidiy
AN VAN VAN AN

Figure 7.3: Structural model of slab

WulLn/2 WulLn/2 1.15WuLn/2

( W H H
I o) el e

+—Ln=4.70m——

Figure 7.4: Shear envelope of slab
The slab thickness shall be adequate to resist shear.
Check slab for shear:

The maximum ultimate shear force at face of support (Beam) is given by:

L, 4.7
Vi = 115w, 5" = 115(154) —- = 41.6kN
ACI 318-19:

Effective depth of slab=200-40=160mm.

V. can be calculated by:

Ay _ (Ay .
For A, = Ay min (01 — = (—) ) use either of:
S min

N N
Ve = (0-171\/f’c + j) b,d and V.= <0.66/1(pw)1/3\/f_'c + ﬁ) bt
g g

Ay (Ay
For A, < Aymin (or —< (—) )use:
S S /min
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N.
Ve = (0-66215/1(Pw)1/3\/ flet j) byd
g

Where A, is the area of shear reinforcement within spacing s, mm?2,

And, V shall not be taken greater than:

V. < 0.420/f b, d

’ 2
Size factor, Ag = 1400044d <10

Ford < 250mm, A, = 1.0

N, < 0.05f"
6Ag_ . fC

Axial load, Nu, is positive for compression and negative for tension.

N
oV, =@ (0.66151(/)“,)1/3\/ flo+ j) b,,d
g

h 200
Let p,, = 0.0018 (E) = 0.0018 (m) = 0.00225

So,

N
oV, =@ (0.66;15,1(pw)% '+ —“> b, d
\/ ¢ 64,

0.75 (0.66(1)(1)(0.00225%@ + 0.0) (1000)(160)

>41.6kN OK

1000

AClI 318-14:

1000

= 50.85kN

1 0.75 (%) (1)VZ4(1000)(160)
oV, = 01 If byd = = 98kN > 41.6kN  OK.
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WulLn? / 24 WulLnz/ 10 WuLn2/ 11
= 14.2 kN.m H =34 kN.m = 30.9 kN.m H H
U WulLn?/ 14 U WuLn?/ 16 U ) _ U

=243 kN.m =21.3 kN.m Ln=5-0.3=4.70m

Figure 7.5: Moment envelope of slab

Flexural design:

The minimum area of steel in slabsis: 0.0018 bh Where: b= section width=1000mm and
h= slab thickness=200mm.

2
Here, Asmin=0.0018 x 1000 x 200 =360 mm__ (1$12/300mm)
(Here, 1912/250 is used instead of 1¢12/300 to have better bars arrangement)

As an example: calculations for steel area, As for Mu=34kN.m:

bw=1000mm  h=200mm d=160mm f'c=24MPa  fy=420MPa

0.85f", 2.61M,\ 0.85(24) 2.61(34x109)
p= 1— [1- X = 1— [1- = 0.00364
f, bd?f', 420 (1000)(160)2(24)

Ag = pby,,d = (0.00364)(1000)(160) = 582mm? > A pin

And this steel ratio is less than the maximum allowed for singly reinforced section,

0.85f7,
Pmax,singly = 0.375p, T

Number of bars per meter width= 582/154=3.78 bars, spacing=1000/3.78=264mm Use
1914/250mm or use 4 ®14/m

p=0.00149 p=0.00364 p=0.0033
As=238 mm?2 As= 582 mm 2 As=528 mm 2 H H
H p=0.00258 H p=0.00225 H
As=413 mm 2 As= 360 mm 2

Figure 7.6: Flexural reinforcement in slab
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SHRINKAGE

STEEL
1912/250 1912/250  1214/250 1214/250 1912/250
T & 8 8 T I s s T ST s e T e oS S ST ST ST ST T T S & 8 &
J 1912/250 |_| 1012/250 U 1@12/250 L

Figure 7.7: Bars layout in slab
Step 5: Analysis and design of beams:
Beam width, by=300mm.
Generally, it is preferred to use beam width less than column width to facilitate bars layout.
According to ACI 318 -19, the minimum thickness of beam is L/18.5; one end continuous span.
L= 6.5m, then h=6.5/18.5=0.35m
Loads on beams are usually large, so this depth will lead to have doubly reinforced section, or
in general, not adequate section especially for deflection. So, it is recommended to increase
it, say, h=1.5x0.35=0.55m.
Try h=600mm and by,=300mm
B1 and B3 are L-section and B2 is T- section beams.

Use the ACI code limitations to compute width of flange (bror be).

Bl:

1
b, < b, + Eclear transverse span = 300 + 0.5(4700) = 2650mm

be < by, + 6hy = 300 + 6(200) = 1500mm

b, < b + 7 = 300 4 22007600 _ o)
e=bw T 12 /7emm

Use flange width, b= 800mm

B2:

1
b, < b,, + chlear transverse span = 300 + 2(0.5)(4700) = 5000mm

be < by, + 2(8)hs = 300 + 16(200) = 3500mm
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L, 6500 — 600
be < by, + 25 =300 + ———— = 1775mm

Use flange width, be= 1775mm

B3:

Use rectangular section: bw=300mm, h= 600mm

Loads on beams: (The thickness of slab is subtracted from beam thickness; 0.6-0.2=0.4m)
Wul= 0.3(0.4)(25)(1.2)+(5/2)(15.4)+(21)(1.2)= 67.3kN/m

Wu2=(0.3)(0.4)(25)(1.2)+(5)(15.4)= 80.6kN/m (Notice that the factor 1.15 is not used as an
approximation)

Wus3= (0.3)(0.4)(25)(1.4)+(21)(1.4)= 33.6kN/m

Wu1= 67.3 kN/m

YYYvvvyvvevvy
AN AN VAN

6.50m 6.50m

Figure 7.8: Structural model of beam B1

Wu2= 80.6 kN/m

yYvyvvvyvvevvy
o VAN VAN

6.50m 6.50m

Figure 7.9: Structural model of beam B2

Wu3= 33.6 kN/m

YYYVvYvvvyvvvvvy
AN Ao VAN JAY

& 5.00 & 5.00 g 5.00 4

Figure 7.10: Structural model of beam B3
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Design of beam B2 for flexure:

WulLn? /16= WuLn?/9
175.4kN.m =311.7 KN.m

N |
e

=200.4 kN.m

[ [ ]

A———590Mm —

Figure 7.11: Bending moment envelope for beam B2

For Mu= 311.7kN.m:

b,,=300mm h=600mm
d=540mm
- p=0.0106

- As=1717mm?

= 0.00333 < 0.0106 ok.

This As is distributed in the flange width. 2/3 As in 300mm and 1/3 As in (1925-300)mm

0.85f",

y

Prmaxsinglty = 0-3758, = 0.015548 > 0.0106  ok.

For Mu= 200.4mm:

Assume rectangular compression zone; a< hf=200mm

Use the formula for p with b=1775mm

—>p =0.00103

> As = pbd = (0.00103)(1775)(540) = 988 mm? (4920)

Check a: (a is less than amax= 0.3758;d = 0.375(0.85)(540) = 172mm)

Afy  (988)(420)

a= 0.85/.b _ 0.85(24)(1775) = 11.5mm < 200mm and < 172mm ok.
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p=0.00562 p=0.0106
As=910 mm 2 As= 1717 mm 2

1 i i
1IE= i

Figure 7.12: Flexural steel for beam B2

AS MIN AS MmIN
1220 2320 6220 220 1020

4220 |_| 4920

Figure 7.13: Flexural reinforcing bars in beam B2

Design of beam B2 for shear:

Wuln / 2= 237.8kN 1.15WulLn / 2= 273.4

i i |
J i i

1.15WulLn / 2= 273.4 WulLn /2= 237.8kN
5.90m A 7 5.90m

Figure 7.14: Shear envelope for beam B2

For Vu= 273.4kN:

V,/®=273.4/0.75= 364.5kN

1 %(1)@(300)(540)
Ve == A/f chyd = 500 = 132.3kN

V.= V,/®- V. = 232.2kN

2
Ve max = 5\/f’cbwd = 529.1kN > 232.2kN Section size is adeqaute
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AU S
— =—— =1.02mm?/mm
s fyd /
A 0.062./F b, 0.35b
<_”> :maxl I v | = max[0.22,0.25] = 0.25mm? /mm
S /min fyt fyf

Av/s > (Av/s)min ok - use Av/s=1.02 mm?/mm
Try ®10mm stirrups, two legs = s= (2x78.5)/1.02= 154mm

Check stirrups spacing:

- IfV; < % [ bwd = Spax = min [g, 600mm]

1 7 2 . [d
- A 3P bwd <V <2 FTbyd = Spax = min[£,300mm|
- If Vo> %,/f’cbwd — Incease section dimensions

1
3 /f’cbwd = 264.5kN > 232.2kN

d 540
Simax = min [5,600mm] =min - = 270mm, 600mm| = 270mm

270mm> 154mm - use s=150mm 2 legs ©®10mm stirrups

Note:

The maximum transverse spacing of stirrup legs are given by (Section 9.7.6.2.2 in ACI 318-
19):

- IfV < g,/f’cbwd - Smax = min[d, 600mm]
- If é f'.bwd <Vs Sg f':bwd = Spax = min [%,300mm]

1
Here,V, < 3 /f’cbwd S0, Smax = min[d, 600mm] = 540mm

And the value 540mm is larger than the width of the beam, so, two - legs stirrup can be used
for this cross section.
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7.2 One-way ribbed (joist) slabs:

B3
| INERN— E——— E—
To] <
m a1]
p B 1 1
| S S E——
B1

Figure 7.16: One-way ribbed slab layout

7.2.1 Basic principles:

A. Joist construction can be used as a slab system for light loads and it can be with drop or

hidden beams.

Joist construction with blocks can be used for spans up to about 7 meters.

C. Joist construction with removable metal or plastic forms can be used for medium spans
from 7 to 12 meters.

@
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D. The most economical forming results if joists and supporting beams have the same
depth. This will involve beams considerably wider than columns. Such a system is
referred to as joist- band system.

E. Joist dimensions:

b,, 2 100mm
h<3.5 by

S <750mm
hs 250mm

>S5/12

AN
T +
= T BLOCK BLOCK
l Z < OR VOID OR VOID =
S bw S

Figure 7.17: Section in rib

F. Ribbed slab not meeting the above requirements for the rib dimensions are designed as
slabs and beams — Figure 7.18.
G. Therib shear capacity can be increased by 10% if the previous dimensions are used.

B2
~ YT YT YT YT Y YT YT YT ||
[22] m mMMmMaaMmM@MQMA@M | DO
B2

Figure 7.18: Slab layout

H. The overall depth of slab is governed by deflection and shear.
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I. Load distributing rib — Figure 7.19
- span < 6m : no distributing ribs
- 6m < span < 9m : one distributing rib

- 9m < span : two distributing ribs

B3
kx5 K 1
DISTRIBUTING
RIB
R n B2 ° 1
(e} <
s )
P & 1
B1
Figure 7.19: Load distributing rib
J.  Block size:
* Normal weight concrete blocks:
S=400mm
hw= 140, 170, 200, 240, 300, 320 b1l=200, 250

* Ytong blocks (Light weight):
S=500, 550, 600
hw= as required.

b1=300mm usually, or as required.

g

—hw—

Figure 7.20: Block dimensions
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* Light weight concrete blocks: as for normal concrete blocks
* Concrete blocks + polystyrene: concrete blocks, hw=70mm, S= 400mm
* Polystyrene blocks: variable dimensions
* Block unit weights:
Normal weight concrete:  12kN/m?3
Light weight concrete: 6kN/m?3
Ytong: 5kN/m?3

Polystyrene: 0.3kN/m3

7.2.2 Example:

Resolve the Example 7.1.2 using one-way ribbed slab system with hidden beams. Use light
weight concrete blocks, y = 6kN/m3.

O [E— E——— ——

6.50m
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[

B3
B3

6.50m
\
\
\
\
\
\
\
\
[
[
\
\
[
\
\
\
\
\
\
\
\
\
\
\
\

| |
|
|
5.00m——F———5.00m—F———5.00m—

Figure 7.21: Slab layout for example 7.2.2.
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Solution:
Step 1: Slab system:

- One-way ribbed slab.
- Main hidden beams are distributed in x- direction.

Step 2: Slab thickness:
6.5/18.5=0.35m

Check rib dimensions:

bw=150mm > 100mm ok
h=360 < 3.5 x 150= 525mm ok
s =400mm < 750mm ok
Hf= 60mm > 50mm and > 400/12=33mm ok

Try h=360mm - Figure 7.22

Step 3: Loads:

Slab own weight, Wp= {(0.55) (0.06) +(0.15) (0.30)} (25kN/m?) + (0.40) (0.30) (6kN/m?3) =

2.67kN/rib > Wp=2.67/0.55= 4.90kN/m?

360
300—60~

BLOCK BLOCK
400x200x300 400x200x300
7 400 #1560~ 400

Figure 7.22: Section in slab
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550
o
©
o o
o O
@ o™
150 —*

Figure 7.23: Section in rib

Ultimate load on the slab, Wyi1= 1.4(Wp +Wsp)  or W= 1.2(Wp+Wsp)+1.6W, which is
larger.

W= 1.4(4.9+4.5)= 13.2kN/m?
W= 1.2(4.9+4.5)+1.6(2.5)= 15.3kN/m?

Use W= 15.3kN/m?

Or Wu= 15.3 x 0.55= 8.4kN/m for a rib.

Step 4: Slab analysis and design:

Arib strip can be taken to represent the whole slab. Assume support widths are 0.60m which
are the width of the main beams.

Wu= 8.4 kN/m

YYvyvvvyvvvyovy
VAN VAN VAN

#A~——6.50m . 6.50m

Figure 7.24: Structural model of the rib
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Wuln / 2= 24.8kN

| | |
i i i

1.15Wuln / 2= 28.5kN
#———5.90m # 5.90m

Figure 7.25: Shear envelope of the rib

Wuln? /24= Wuln?/9
12.2kN.m =325 kN.m
U WuLn? / 14 U U
=20.9 kN.m

A AW —5.90m——~

Figure 7.26: Bending moment envelope of the rib

p=0.00229 p=0.00637
As= 106 mm 2 As= 296 mm 2

i i i
1= i

Figure 7.27: Flexural reinforcement of the rib

2910 2014 2010

‘J. borze || Toom J

Figure 7.28: Bars layout in the rib
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Check slab for shear: (Maximum shear force at interior support)
ACI 318-14:
L, 5.9
Vi face = 115wy — > = = 1.15(8. 4)— = 28.5kN
Viyata = 28.5 —w,d = 285 — (8.4)(0.31) = 25.9kN

(0. 75)(1)( )\/_(150)(310)

1000 = 31.3kN > 25.9kN OK.

1
oV, = 1.1@16,/f’cbwd =11

No need for shear reinforcement.

AClI 318-19:

N,
If shear reinforcement is not used: @V, = 1.1¢ <0 66A,A(py) Y3\ . + o2 )b d

For minimum steel ratio, p,, = 0.00333:

’ 2 2
= |— <1 = 0.94
A= |T¥0004q = M0 _’\/1+o.004(310) 09

oV, = 1.10 <0 661.4(p,,)3 /f' +%)b d

0.75 (0.66(0.94)(1)(0.00333)%\/ﬁ + o.o) (150)(310)
1000

=11
< 25.9kN N.G.

= 17.4kN

At interior support, p = 0.00637,0V,. = 21.6kN < 25.9kN N.G

So, shear reinforcement shall be used, and the value of @V, is taken equal to
21.6kN/0.94=23.0kN (Notice that the factor A is not used in V¢ when shear reinforcement is
used). The old equation of V. can be used.

V.= 23.0 = 30.67kN
€075
V—V” V.= 259 30.67 = 3.86kN
ST ¢ 075
A, V;  3.86(1000)

e = 0.03mm?
s fyd  (420)(310) mm”/mm
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by,

0.062 [f'
f “fye| _ 0.125mm?

A
(—v> = maxof > 0.03mm?/mm
min

b
s 0.35-% mm
fyt
As a minimum value, use 1¢8/150mm (% = % = 0.67mm?/mm > 0.125mm? /mm

at ends of each rib for one quarter of clear span.

Note: For shear at exterior support, Vu=24.8kN, Vu at distance d from face of support is
22.2kN which is less than ¢V, = 17.4kN, so shear reinforcement is required, same as it is at
the interior support.

Design slab for flexure:

The cross section of slab is T- section. For positive moment, Mu= 20.9kN.m: Assume a < hf=
60mm, then apply formula of p with b=550mm.

> p=0.00106 -> As=0.00106 x 550 x 310 = 181mm? (2P12)

A, (181)(420)
@ =085 b (0.85)(24)(550)

=7mm < 60mm ok.

A s, min= 0.00333(150)(310)= 155mm?< 181mm? ok.

max = 0.3758,d = (0.375)(0.85)(310) = 99mm
> 7mm: Section is singly reinforced.

Slab shrinkage steel:

Ag = 0.0018bh = 0.0018(1000)(60) = 108mm?.

1000

Spacing between bars,s = o8 = 463mm

0

Smax = min(5h, 450mm) = 300mm. Use $8/300mm each way (E.W.).
Step 5: Analysis and design of beams:
For analysis, assume that:

Width of B1 and B2 is 600mm Width of B3 is 400mm

Wul= 0.60(0.36)(25)(1.2)+(6.5/2)(15.3)+(21)(1.2)= 81.4kN/m

Wu2= (0.60)(0.36)(25)(1.2)+(6.5)(15.3)= 106kN/m. More accurate solution: Wu2=
(0.60)(0.36)(25)(1.2)+(6.5)(15.3)(1.15)= 120.8kN/m
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Wu3=(0.40)(0.36)(25)(1.4)+(21)(1.4)= 34.4kN/m

Wu1= 81.4 kN/m

YYvYvvvvvvyvvvvy
AN AN JAY i

2 5.00 e 5.00 2 5.00 2

Figure 7.29: Structural model of beam B1

Wu2= 120.8 kN/m

yYYvyvvvvvvvvvvy
VAN AN AV do

a 5.00 # 5.00 # 5.00 o
Figure 7.30: Structural model of beam B2

Wu3= 34.4 kN/m

yYvYvvvyvvvyvy
AN AN Ao

& 6.50 2 6.50 3

Figure 7.31: Structural model of beam B3

7.3 Beam and girder system — one-way slab (solid, ribbed)

7.3.1 Basic principles:

Beam and girder system can be used to decrease the span of slabs to minimize slab thickness.

7.3.2 Example:

Concrete compressive strength, f'c=32MPa
Steel yield strength, fy=420MPa
Superimposed dead load, Wsp=3kN/m?

Live load, W =5kN/m?
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Perimeter wall weight= 2kN/m?
Floor height=4m

No. of floors=4

All columns are 800mm x 800mm

Determine slab thickness. Draw the structural model of the solid slab and beams

O T T

— 9.00m 11.00m 9.00m T
® © ®

Figure 7.32: Slab layout, example 7.3.2

Solution:
Step 1: Slab system:

- One-way solid slab in y-direction
- Main beams are distributed in x- direction

- Girders are distributed in y-direction
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Step 2: Slab thickness:

4.5/24=0.19m

Try h=200mm

Step 3: Loads:

WD= (0.2)(25)=5kN/m?

Wu= 1.2(5+3)+1.6(5)=17.6kN/m?
Wall weight= 2x4=8kN/m

B1

?
l

B2

9.00m

B3

?
L

B2

B3

G1
G2
G2
G1

B2

B3

B2

9.00m$&00m$&00m

B1

!

9.00m i 1 1.OOMT@9.00m

Figure 7.33: Beams layout, example 7.3.2

i,

Step 4: Slab and beams structural models:

Beam depth, h > 1/18.5= 9/18.5= 0.50m
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or h>L/21=11/21=0.52m
Try h=750mm, bw= 500mm for beams B1, B2 and B3.
Try h=900mm, bw= 500mm for girders G1 and G2.

Interior beams are T- sections and exterior beams are L- sections.

Wu=17.6 kN/'m

YY Y VY vYYYYYYYYYYY vy vyvevyvvvyv vy
" U Y N Y

~—4.50m——4.50m——4.50m 4.50m 4.50m 4.50m 4.50m——4.50m—
SLAB STRUCTURAL MODEL

Figure 7.34: Structural model of slab

Wu1= 57.5kN/m

Y Y Y YVYYYYVYYVYYVYYVYLIYYYYYYTYVDY
YAN AN AN JAN

9.00m - 11.00m 9.00m

Figure 7.35: Structural model of beam B1

Wu2=87.5 kN/m

Y Y YYvvYYyYYYYYvvvvysvvvvvvve

R1 R2 R2 R1
9.00m 11.00m 9.00m

Figure 7.36: Structure model of beam B2

Wu3= 87.5 kN/m

'Y vt b vttt vt b vt v by v v bbb v
L A A N

9.00m - 11.00m 7 9.00m

Figure 7.37: Structural model of beam B3
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Pu= R1=394 kN Pu= R1= 394 kN Pu= R1=394 kN Pu= R1=394 kN

| Wu=20.1 kN/m

—4.50——4.50—*—4.50——4.50——4.50——4.50——4.50——4.50—*

Figure 7.38: Structural model of beam (Girder) G1

Pu= R2= 875 kN Pu= R2= 875 kN Pu= R2= 875 kN Pu= R2= 875 kN
Wu= 10.5 kN/m

Eul;uﬁuduuﬁu; u;uu_lu;i

F— 1y 50Kt 50—k 14 50——F—— 4 50—+ 50—H*—4 50—+ ——4.50 —*——4.50

Figure 7.39: Structural model of beam (Girder) G2

Load calculations:
w,,1= 17.6(4.5/2)+0.50(0.75-0.20)(25)(1.2)+8(1.2)= 57.5kN/m

Wy=17.6(4.5)+0.50(0.75-0.20)(25)(1.2)= 87.5kN/m (Notice that, the factor 1.15 is not used
as approximation)

Wy3= Wuz
R,=(9/2)(87.5)= 394kN

R,=(9/2 +11/2)(87.5)= 875kN

Notes:

The previous calculations and models are applicable for very rigid beams and girders or for
very thin slabs. When the slab-stiffness ratio is taken into account, the beam loads will differ.

The following points shall be considered in the design:
1. Torsion on beams and girders.
2. Stiffness of beams affects the internal forces in the slabs.

3. Slab strips at column lines and between column lines.
4. The supports of beams which are the girders act like springs.
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Chapter 8: Two- Way Slab Systems

In two-way slab systems, the load is assumed to be transferred in two directions. Generally,
two-way slabs are used to decrease the slab thickness for large spans. Also, the slab forms
the diaphragm that transmits the horizontal loads to the vertical elements of the lateral forces
resisting system, so, its strength is very important.

8.1 Types of two-way slabs:

1. Flat plate:

- It has uniform thickness.

- Itis used for light loads; live load is less than 5kN/m?, as in residential and office
buildings.

- There are no interior beams between columns.

- Exterior (perimeter) beams can be used.

- The punching shear capacity is achieved by slab thickness. Punching shear reinforcement
can be used.

- Itis economical for spans up to 7.0m

2. Flatslab:

- There are no interior beams between columns.

- Exterior (perimeter) beams can be used.

- The punching shear capacity is achieved by using drop panels and/ or column capitals.

- In drop panels: the projection below the slab is at least one-quarter of the adjacent slab
thickness and the drop panel extends in each direction from centerline of a support a
distance not less than one-sixth the span length measured from center- to- center of
supports in that direction.

- It can be used for live loads more than 5kN/m?,

- Itis economical for spans up to 9.0m

3. Two-way slab with beams between all columns:
- There are beams between all supports (columns).
- They are used for heavy loads.

- They are economical for spans up to 12m.

The previous types can be:

e Solid

e Voided
o Waffle
e Ribbed
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The following pictures show the different slab systems.

Figure 8.1: Flat plate

Drop panel

Figure 8.2: Flat slab

Figure 8.3: Two-way slab with beams
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Figure 8.6: Voided slab — U Boot-1
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Figure 8.9: Forms of waffle slab
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8.2 Design methods:

There are different ways and methods for two-way slabs analysis and design. Two procedures
for analysis and design of two-way floor systems are presented in detail in ACI code. These
are:

1. Direct design method:

The calculation of moments is based on the total statical moment, Mo. This moment is divided
between positive and negative moment in a span. These moments are further divided
between middle and column strips.

2. Equivalent frame method:

The slab is divided into series of two-dimensional frames in each direction, and the positive
and negative moments are computed by an elastic frame analysis. Then, these moments are
divided between middle and column strips

Computer programs are available that are based on finite element method and equivalent
frame method. So, the slab system is analyzed as three-dimensional structure (space frame).

8.3 Beam to slab flexural stiffness ratio, as:

4EI
It is the flexural stiffness, 7 of the beam divided by the flexural stiffness of a width of slab

bounded laterally by the center lines of the adjacent panels on each side of the beam:

4E 1, /L
oCp= ————
4E I /L

Since, Ecb = Ecs and L of the beam is the same for the slab, so

Iy
Xp= —
f I
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Figure 8.10: Beam and slab sections for calculations of o
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Figure 8.11: Cross section of beams in two-way slab systems
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8.4 Minimum thickness of slabs:

ACI 318-19 defines minimum thicknesses that generally are sufficient to limit slab deflections
to acceptable values. Thinner slabs can be used if it can be shown that the computed slab
deflections will not be excessive.

The slab minimum thickness for two-way slabs can be summarized as follows:

1. For slabs without beams between interior columns and for slabs with beams and
®rym < 0.2, the slab minimum thickness can be determined using Table 8.1 (18.3.1.1

ACI 318-19).

The slab thickness shall be not less than 125mm in slabs without drop panels or
100mm in slabs with drop panels having dimensions defined in ACI code.

The edge beam defined in ACI 318-19 Table 8.3.1.1 has a value of & not less than 0.8.
In general, a beam with height of at least 2h and of gross area 4h? shall have x> 0.8,
h is the thickness of the slab.

As a recommendation, one shall use a slab thickness at least 10% thicker than the ACI
code minimum values to avoid excessive deflections.
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Table 8.1: Minimum thickness of two-way slabs without interior beams

Table 8.3.1.1—Minimum thickness of nonprestressed two-way slabs without interior beams
(mm)lll

Without drop panels [3] With drop panels [3]
f» MPal2]
Exterior panels Exterior panels
Interior Interior
Without With panels Without edge With edge panels
edge edge beams beamsl4]
beams beams[4]
280 L,./33 L,/36 L./36 L./ 36 L,/40 L,/40
420 L,/30 L,/33 L,/33 L,/33 L,/36 L,/36
560 L,/27 L,/30 L,/30 L,/30 L,/33 L,/33

[117, is the clear span in the long direction, measured face-to-face of supports (mm).

[2]For f» between the values given in the table, minimum thickness shall be calculated by linear
interpolation.

[31Drop panels as given in 8.2.4.

[4]Slabs with beams between columns along exterior edges. Exterior panels shall be considered to be
without edge beams if a; is less than 0.8.

2. For slabs of beams with:

0.2 < apy, < 2

The slab thickness is given by:

fy
L, (0.8 +7 400)

_ > 125
36 + 5B (aym — 0.2) mm

h

3. For slabs of beams with:

afmZZ

The slab thickness is given by:

f;
L, (0.8 + 1200 4{)0)

>
6105 o oomm

h =
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Where:

h: thickness of slab

L,,: Clear span of the slab panel under consideration, measured in the longer direction
®rm: The average of the values of ay for the four sides of the panel

[: Longer clear span divided by shorter clear span of the panel

Table 8.2: ACI 318-19 Table 8.3.1.2—Minimum thickness of nonprestressed two-way slabs
with beams spanning between supports on all sides

“fmm Minimum /4, mm

Ay < 0.2 8.3.1.1 applies (a)
L (O 8+ f—y>
02 < apy < 2.0 Greater of: n\ 1400 (b)[11,[2]
36 + 56 (ar, —0.2)
125 (©)
fy
Apm > 2.0 Greater of: Ln (0'8 + 1400) (d)
36 +9p

90 (e)

[1]afm is the average value of ay for all beams on edges of a panel.

[2]L, is the clear span in the long direction, measured face-to-face of beams (in.).

[3]ﬁ is the ratio of clear spans in long to short directions of slab.
8.5 Direct design method limitations:

1. There shall be a minimum of three continuous spans in each direction

2. Panels shall be rectangular, with a ratio of longer to shorter span center to center of
supports within a panel less than 2.0

3. Successive span lengths center to center of supports in each direction shall not differ
by more than one-third the longer span

4. Offset of columns by a maximum of 10% of the span in the direction of offset from
either axis between centerlines of successive columns shall be permitted

5. Allloads shall be due to gravity only and uniformly distributed over an entire panel.

6. The unfactored live load shall not exceed two times the unfactored dead load,
W, /Wy < 2.

7. For a panel with beams between supports on all sides, the following equation shall be
satisfied for beams in the two perpendicular directions:
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il
02<-1t2 <5

“lel

Where agiand ay, are calculated as follows:

Up1 = gy + Ufp Apy = Apc + App
arpand asgare agpfor the beams in direction 1
arcand agpare apfor the beams in direction 2

L1 and L2 are spans of the panel in directions 1 and 2 respectively.

A

L2 | Qi O

Clia
= L1 [

Figure 8.12: Panel with beams between all supports

8.6 Definition of column and middle strips:
The moments vary continuously across the width of the slab panel. To aid in steel placement,
the design moments are averaged over the width of column strips over the columns and

middle strips between the column strips.

The column strips in both directions extend one fourth of the smaller panel, Lmin, each way
from the column centerline.
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rI'I"I ax

TMiddle strips

/|

Middle
strip

{b) Long direction of panel.
Figure 8.13: Definitions of column and middle strips
8.7 Steps of the direct design method:
The following steps are done to each frame in the slab system.

1. Calculate the total statical moment, Mo for each span. Mo is given by:

— Qulz an

M, 3
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Where L, is the length of the clear span that the moments are being determined. Clear span
Ln shall extend from face to face of columns, capitals, brackets, or walls. The value of Ln shall
not be less than 0.65 L. L1 is the length of the span center to center of supports (columns).

L, is the frame width and qq is the uniform load on the slab.

Circular or regular polygon-shaped supports shall be treated as square supports with the
same area.

2. Determine the negative and positive factored moments in the span.

Negative factored moments shall be located at face of rectangular supports. Circular or
regular polygon-shaped supports shall be treated as square supports with the same area.

In an interior span, total statical moment, Mo, shall be distributed as follows:

- Negative factored moment= 0.65 Mo
- Positive factored moment=0.35 Mo

In an end span, total statical moment, Mo, shall be distributed as shown in Table below
(ACI 318-14). The direct design and the equivalent frame methods are deleted from ACI
318-19.

Table 8.3: ACI 318-14 Table 8.10.4.2—Distribution coefficients for end spans

Exterior edge| Slab with [Slab without beams between| Exterior
unrestrained beams interior supports edge fully
between all | Without edge | With edge | restrained
supports beam beam
Interior 0.75 0.70 0.70 0.70 0.65
negative
Positive 0.63 0.57 0.52 0.50 0.35
Exterior 0 0.16 0.26 0.30 0.65
negative

Edge of beams or edges of slab shall be proportioned to resist in torsion their share
of exterior negative factored moments.

The gravity load moment to be transferred between slab and edge column shall be
0.3Mo in slabs without beams. This moment shall be used in shear- moment transfer

at exterior column.

3. Determine factored moments in column strip.

See Tables below from ACI 318-14.
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Table 8.4: ACI 318-14 Table 8.10.5.1—Portion of interior negative Mu in column strip

op L2/L1 L2/L1
0.5 1.0 2.0
0 0.75 0.75 0.75
>1.0 0.90 0.75 0.45

Note: Linear interpolations shall be made between values shown.

Table 8.5: ACI 318-14 Table 8.10.5.2—Portion of exterior negative Mu in column strip

of L2/L1 12/11
t
y 0.5 1.0 2.0
0 1.0 1.0 1.0
2.5 0.75 0.75 0.75
>1.0 1.0 1.0 1.0
2.5 0.90 0.75 0.45

Note: Linear interpolations shall be made between values shown. Bt is calculated using

Eq. (8.10.5.2a), where Cis calculated using Eq. (8.10.5.2b).

Torsional stiffness of transverse beam  GC (7) C EcC
t= = =

Flexural stiffness of slab T El  El  2Ed]q
G = £ letv =0.0 G = £
" 20+ V== ~2

3

C =Z(1—0.63§>H
y/ 3

Table 8.6: ACI 318-14 Table 8.10.5.5—Portion of positive Mu in column strip

ay L2/L1 L2/11
0.5 1.0 2.0
0 0.60 0.60 0.60
>1.0 0.90 0.75 0.45

Note: Linear interpolations shall be made between values shown.
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4. Determine the factored moments in beams:

The moments in beams shall be based on Table 8.7 (ACI 318-14 Table 8.10.5.7.1).

Table 8.7: ACI 318-14 Table 8.10.5.7.1—Portion of column strip Mu in beams

agl,/Ly Distribution Coefficient
0.0 0.0
> 1.0 0.85

Note: Linear interpolation shall be made between values shown.

The beam also shall carry any direct load on it.
The rest of the moments shall be resisted by the slab in the column strip.
5. Determine the factored moments in the middle strip.

That portion of negative and positive factored moments of the frame not resisted by the
column strips shall be proportionately assigned to corresponding half middle strips

Each middle strip shall be proportioned to resist the sum of the moments assigned to its two
half middle strips.

A middle strip adjacent to and parallel with a wall-supported edge shall be assigned to half
middle strip corresponding to the first row of interior supports.

8.8 Factored shear in slab systems with beams:

Beams between supports shall resist the portion of shear in accordance with ACI 318-14 Table
8.10.8.1 caused by factored loads on tributary areas in accordance with Figure 2.12 below.

Table 8.8: ACI 318-14 Table 8.10.8.1—Portion of shear resisted by beam

agL,/Ly Distribution coefficient
0 0
21.0 1.0

Note: Linear interpolation shall be made between values shown.
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Figure 8.14: Tributary area for shear on an interior beam.
In addition to shears calculated according to 45 degrees principle, beams shall resist shears

caused by factored loads applied directly to the beams, including the weight of the beam stem
above and below the slab.

8.9 Factored moments in columns and walls:

Columns and walls built integrally with slab system shall resist moments caused by factored
loads on the slab system.

At interior support, supporting elements above and below the slab shall resist the factored

moment specified by the following equation (AClI 318-14 equation 8.10.7.2) in direct
proportion to their stiffnesses unless a general analysis is made.

Msc = 0.07[(qpu + 0.5q1.0 10" = apu'ly' (1')?]
where go’ , L2 ,and Ln’ refer to the shorter span.
8.10 Notes on slab reinforcement:
-For nonprestressed solid slabs, maximum spacing, s, of deformed longitudinal
reinforcement shall be the lesser of 2h and 450 mm at critical sections.

-Minimum steel is A i, = 0.00184,

Corner reinforcement:

At exterior corners of slabs supported by edge walls or where one or more edge beams have
a value of af greater than 1.0, reinforcement at top and bottom of slab shall be designed to
resist Mu per unit width due to corner effects equal to the maximum positive Mu per unit
width in the slab panel.
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Factored moment due to corner effects, Mu, shall be assumed to be about an axis
perpendicular to the diagonal from the corner in the top of the slab and about an axis parallel
to the diagonal from the corner in the bottom of the slab.

Reinforcement shall be provided for a distance in each direction from the corner equal to one-
fifth the longer span.

Reinforcement shall be placed parallel to the diagonal in the top of the slab and perpendicular

to the diagonal in the bottom of the slab. Alternatively, reinforcement shall be placed in two
layers parallel to the sides of the slab in both the top and bottom of the slab.

LLong

OPTION 1

L Long

_(_!—Lt:ng)/—‘5

(Liong )/

As per 8.7.3
top and bottom

L Short

B-2

OPTION 2

Figure 8.15: Corner reinforcement
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Flexural reinforcement:

The reinforcement of two-way slab without beams is shown in Figure 8.16 ACI 318-19 Figure
8.7.4.1.3.

Minimum
Strip | Location| Ag at Without drop panels With drop panels
section
4 l 4y 0.300, 030/ 44y 0330, 0334, % N
I AN | I / | AN | | |
50% f , | , | : |
Top 020(, “—Not | /0.20fy| | (0206 \ | 0.20¢,
R ind I [*— less i i | ~—]
emainder ) than /| < Not less 1
Column i 5d— | o | than 5d o
strip E b 6in. | | | 6in. T+ 4
| | | | !
| |/
Bottom |  100% ! ! . A,
° .| —Atleasttwo | Splices shall be | & Continuous |, |,
"I barsorwires | permitted in this region | bars '
‘ shall conform | | I ‘
t0 8.7.4.2
L 0.224, 0.22¢, |, 0.22¢, 022, L1,
I -‘_—I i 1 i '<—— I
100% :
| T N T Al
Middle T T .
strip | — !l,m |
50% i - I
Bottom 4 | LLein. Max. 0.156,— | Max. 0.15¢, 6in. | | H
Remainder e Pl
Y 1T
e 2 & I,
—'-'!'-— Clearspan-f, —=J"I"J=— Clearspan-/, —'—']'~—
| Face of support | Face of support ‘
4~  Centerto center span 4+  Center to center span 4+
¢ ¢ ¢
Exterior support Interior support Exterior support
(No slab continuity) (Continuity provided) (No slab continuity)

Fig. 8.7.4.1.3—Minimum extensions for deformed reinforcement in two-way slabs without beams.

Figure 8.16: Minimum extensions for deformed bars in two-way slabs without beams

Structural integrity:

1. All bottom deformed bars within the column strip, in each direction, shall be continuous
or spliced with full mechanical, full welded, or Class B tension splices at or near the
supports.

2. At least two of the column strip bottom bars or wires in each direction shall pass within
the region bounded by the longitudinal reinforcement of the column and shall be
anchored at exterior supports.
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8.11 Shear — Moment transfer:

The punching shear stress resistance of the slab is given by:

v < 03341 / f.

2
v < 0.174,1 (1 + E) Vi

Cc

a.d
v, < 0.0832,1 (2 += ) 3
o)

Where:
b,: The perimeter length of the critical zone

Rati long side ]
B: Ratio of “hort side of column

a,: Factor describes the location of the column

as; = 40 for interior column
as =30 for edge column
a; =20 for corner column

Ag: Factor used to modify shear strength based on the ef fects of member depth,

commonly referred to as the size ef fect factor.

/ 2
Ay= |————<1.0
s 1+0.004d —

Ag can be taken equal to 1.0 if a or b is applied:

Ford < 250mm, A, = 1.0

by

t

Cc

- Asoar fp
a: 5 =0 f

;h

b: v, <005\f

v, for two-way shear with shear reinforcement (closed stirrups) is given by:
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v < 0.174,1 /f’c

For shear capacity:

Where:

V.= shear resistance attributed to the concrete

Vs= shear resistance attributed to the steel reinforcement

V= factored or ultimate shear force due to the applied loads

;,= nominal shear resistance of the slab

Two-way shear is assumed to be critical on a vertical section through the slab extending
around the column. According to ACI code, this section is chosen so that it is never less than

d/2 from the face of column so that its length bo, is a minimum.

For two-way members with shear reinforcement, effective depth shall be selected such that
v, calculated at critical sections does not exceed the values in ACI 318-19 Table 22.6.6.3.

Table 8.8: Table 22.6.6.3—Maximum v, for two-way members with shear
reinforcement

Type of shear Maximum v, at critical sections
reinforcement defined in 22.6.4.1

Stirrups 00.50,/f'c ' (a)
Headed shear stud $0.667+/f'c (b)
reinforcement

Single- or multiple-leg stirrups fabricated from bars or wires shall be permitted to be used as
shear reinforcement in slabs and footings satisfying (a) and (b):

(a) dis at least 150mm.
(b) d is at least 16db, where db is the diameter of the stirrups

For two-way members with stirrups, vs shall be calculated by:

_ Avfyt Av vsbo

- —=——

V. =
S b,s s fu
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where Av is the sum of the area of all legs of reinforcement on one peripheral line that is
geometrically similar to the perimeter of the column section, and s is the spacing of the
peripheral lines of shear reinforcement in the direction perpendicular to the column face.

If vy, > 0 0.17 A,A\/f'. on the critical section for two-way shear surrounding a column,
concentrated load, or reaction area, As,min, provided over the width by;,;,, shall satisfy the
following equation:

A _ 5qubslabbo
smin — (,'bO( f
sly

bgap = 1.5h + 1.5h + column width for interior column

bgiap = 1.5h + column width for edge and corner column

Where h is the thickness of the slab or the thickness of the drop panel if exists.
For slab with openings, refer to ACI 318-19 section 8.5.4.

“Tests on interior column-to-slab connections with lightly reinforced slabs with and without
shear reinforcement have shown that yielding of the slab flexural tension reinforcement in
the vicinity of the column or loaded area leads to increased local rotations and opening of any
inclined crack existing within the slab. In such cases, sliding along the inclined crack can cause
a flexure-driven punching failure at a shear force less than the strength calculated by the two-
way shear equations of Table 22.6.5.2 for slabs without shear reinforcement and less than
the strength calculated in accordance with 22.6.6.3 for slabs with shear reinforcement.

Tests of slabs with flexural reinforcement less than Asmin have shown that shear
reinforcement does not increase the punching shear strength. However, shear reinforcement
may increase plastic rotations prior to the flexure-driven punching failure.

Inclined cracking develops within the depth of the slab at a shear stress of approximately

0.171/15\/F . At higher shear stresses, the possibility of a flexure-driven punching failure
increases if Asmin is not satisfied. As min Was developed for an interior column, such that the
factored shear force on the critical section for shear equals the shear force associated with
local yielding at the column faces.

To derive Eq. (8.6.1.2) the shear force associated with local yielding was taken as
845 min fyd/bsiap for an interior column connection (Hawkins and Ospina 2017) and
generalized as (a;/5)Ag min f,d/bgsiqp to account for edge and corner conditions. Ag ;i also
needs to be provided at the periphery of drop panels and shear caps.” ACl 318-19 section
8.6.1.2.
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/g,db (75 mm min.)

45 deg max

? See 25.3

(a) single-leg stirrup or bar q
>12d,

I‘Z_See 25.3 See 25.3_l.I

(b) multiple-leg stirrup or bar

(c) closed stirrups

Fig. R8.7.6(a)-(c)—Single- or multiple-leg stirrup-tvpe slab
shear reinforcement.

Figure 8.17: Slab shear reinforcement- stirrups (ACl 318-14)
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Figure 8.18: Shear reinforcement at interior column (ACI 318-14)
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Figure 8.19: Shear reinforcement at edge column (ACI 318-14)
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(a) Interior connection viewed from top at angle

Picture 8.1:

Note slab
suspended by
bottom bar
through column

(b) Exterior connection viewed from exterior

Punching shear failure
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within failure “cone”

- : - { 32 27 /' Spalled cover

N S0 el s sy 8 G
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1. s /TopreinforcementorPT

o A k Bottom reinforcement
N~ through column

Picture 8.1- continued: Punching shear failure

Picture 1 shows the punching shear failure in a flat plate slab. On the basis of these
observations, ACl 352.1 recommends structural integrity reinforcement in the form of
continuous bottom reinforcement passing through the column core at every slab-column
connection. The amount of reinforcement is calculated from equilibrium considerations. The
total load to be resisted at an interior connection is taken equal to w, A4;, where At is the
column tributary area. Defining the area of reinforcement along each principal direction as
As,min, the total available steel area at an interior connection is 4As min (area Asmin enters each
of four faces of the column). Assuming the catenary effective at an angle of 30° with respect
to horizontal, the total resistance at yield stress is 24 i, f; - Equating demand and capacity,
and using a strength reduction factor of @ = 0.9, the design recommendation is to provide
continuous bottom slab reinforcement passing within the column core in each principal
direction (These bottom bars shall have at least development length into the slab in all

directions from face of column) satisfying:
WuAt

As,min - W
y

Where Asmin is the area of steel that passes in the column core at each face of column
(4As,min for an interior column).

For an edge column:
wy A,
As,min =
1.50f,

And for a corner column:

WuAt
As,min = 1 OQ)f
b y

ACI 318-19 section 8.7.5.6.3.1 states equations for the bottom bars through column core for
prestressed concrete slabs if tendons are not provided through the column core to achieve
structural integrity.
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Fig. R22.6.4.2c—Critical sections for two-way shear in slab
with shear reinforcement at corner column.

Figure 8.20: Shear reinforcement at corner column (ACI 318-19)
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Fig. R8.4.4.2.3—Assumed distribution of shear stress.

Figure 8.21: Distribution of shear stress for shear-moment transfer (ACl 318-14)
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Figure 8.22: Value of § for a nonrectangular loaded area (ACI 318-19)
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Fig. R8.6.1.1—Arrangement of minimum reinforcement
near the top of a two-way slab.

Figure 8.23: Arrangement of minimum reinforcement near the top of a two-way slab (ACI
318-19)

The maximum shear stress on the critical section surrounding the column for slab- column
connections transferring shear and moment is given by:

Vu + YVlMulc'l’ + vaMuZCZI
b,d Je Je2

vy =
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Where:

Vu= the factored shear being transferred from the slab to the column, and it is assumed to
act through the centroid of the critical section for shear. It equals to column load considering
loads outside the critical zone for punching.

Mu= the factored moment being transferred at the connection (unbalanced moment).

b,= the length of the critical shear perimeter.

J .= property of assumed critical section analogous to polar moment of inertia.

¢'= the measurement from the centroid of the critical shear perimeter to the edge of the
perimeter where the stress, vu, is being calculated.

¥,=the fraction of the moment that is transferred by shear stresses on the critical section and
is defined as:

Yw=1-vyf
B 1
N

3D,

Y¢= the fraction of the moment that is transferred by direct flexure. Reinforcement already
designed for flexure in this region can be used to satisfy all or part of this strength
requirement.

b;= the total width of the critical section in direction of frame, or perpendicular to the axis
about which the moment acts.

b,= the total width of the critical section perpendicular to the frame direction.
The value of ysM,, shall be resisted by the slab at a section of width equal to the column side
length c2 + 1.5 h at each side for a column in an interior frame or to a section width of c2 +

1.5h at one side for column in an exterior frame.

For interior column:

The centroid of the critical section is located at the center of the columns and at the center
distances of b1 and b2. Jc is given by:

b,3d b,d3 by\2
]C=2<1 +—= -+md<i>>

12 12 2

b1:C1+d b2:C2+d
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For edge column of frame in x- direction or direction 1:

In direction 1, Jc is given by:

b,°d  byd3 bi\* 5
Jor =2 + 2% b <x’ —?) + bydx’

12 12
b1=C1+d/2 b2=C2+d

The value x’ which is the distance from the centroid of the critical section to the right edge is
given by:

2 (3)
¥ T2, +2b2

In direction 2, Jc is given by:

= b13d+bld3 +2b d(bl)
Je2 = 12 12 2%\ 2

The unbalanced moment, Mu, in direction 1, can be determined by:

2

Vyact _ Vug€1

)

Where:

Mua= moment at column left face

Muys= moment at column right face
Vua= shear at column left face

Vus= shear at column right face
C1=length of column side in direction 1

One can neglect
Viac _ VupC1

(————)
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8.12 Notes on ribbed, waffle and voided slabs:

1. Slab thickness: The slab thickness is determined based on ay,,. The calculated value is for
asolid slab. A ribbed, waffle or voided slab can be proposed which has a moment of inertia
greater than or equals that for solid slab.

2. Slab self-weight: The slab self-weight shall account for the voids and blocks in the slab.

3. Slab shear capacity: The shear strength is provided by the width of web in addition to web
shear reinforcement. It is not recommended (Shear reinforcement shall be used if
required) to use shear reinforcement in U-Boot and Cobiax voided slab systems. Shear
reinforcement can be used for large thickness ribbed and waffle slabs. The shear capacity
of the rib can be increased by 10%.

4. Slab- beam stiffness, af: The beam can be considered as rectangle, L-shape or T-shape.
The moment of inertia of the slab must take the voids into account

5. Slab flexural design: The U-Boot and Cobiax slabs can be designed for flexure as solid slab
since the depth of the compression zone is within the flange. The waffle and the ribbed
slabs are designed as T- sections. The moment of a rib can be determined by:

M strip
M., = 5 by
strip

Where:
M,.;,: bending moment in a strip; column strip or middle strip
bstrip: width of strip; column strip or middle strip

by width of flange of the rib
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Example 1: Two-way solid slab with beams

@\. u “ & ||
o |
: |

@ - n ﬁ B |
o |
3 |

@o—m—— - — ——
o |
: |

O—m-—-—-—- N — - —u—

7.500 ‘ 7500 ¢ 7.500

® ® © ©)

Figure 8.24: Plan for example 1

Given:

- Concrete, f'c= 24MPa

- Steel, fy=420MPa

- Superimposed dead load, Wsp= 4kN/m?

- Live load, WL= 5kN/m?

- Perimeter wall weight, Wwau= 21kN/m

- All columns are 0.50m x 0.50m

- Column height, h=3.50m

- All beams are 400mm width and 600mm thickness

Determine slab thickness and design frame (strip) 2.
Solution:
Slab thickness:

Assume that a5, = 2, so:

fi
Ly (0-8 + —4{,(,) 71 (0.8 + —1442000)
h = = =0.165m = 0.09m ok

36 + 98 36 + 9(1.273)
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where: Ln=7.50-0.40=7.10m

_ long clear span  7.5-0.4

= = = 1.27
short clear span 6 —0.4
Try slab thickness, h=200mm
800 A———1200——
I
N
\ o o o
o) o) O
| T T
~—400— ~400 ~

Figure 8.25: Exterior and interior beams in the slab

The moments of inertias are calculated for the two sections, they are:
Edge (Exterior) beam: I=9.867x103m*
Interior beam: 1= 11.573x103m*

The distribution of a; is shown in Figure 8.26.

af3

af2 af2 af2

af3

af1 af1 af1

~

. 7.500 7.500 é) 7.500
® ©

Figure 8.26: Distribution of a,for the beams
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I — edge beam 9.867x1073 193
afl = — - = = 4,
I — slab of 3m width %x:gxo_zg
I — interior beam 11.573x1073 589
a = - = = .
f2 ™ [ —slab of 6m width %x6x0.23
I — edge beam 9.867x1073
%3 = 1" slab of 3.75m width 1 =395
' ﬁx3.75x0.23
I — interior beam 11.573x1073 231
Aep = - = = 2.
T4~ I —slab of 7.5m width %x7.5x0.23

Since all values of a; are greater than 2.0, the average of any four values shall be not less
than 2.0. So, ay,,for each panel is greater than 2.0.

Slab self-weight, wp= 0.2(25)=5kN/m?
Slab ultimate load, w, = 1.2(5+4)+1.6(5)= 18.8kN/m?

Check wide beam shear (one-way shear): for stiff beams, the shear can be calculated
considering the short direction of the largest panel. Here, the short span, L= 6.0m.

Shear can be calculated at distance d from face of beam, so:

L by 6 0.4
Vu = Wu <§ - 7 - d) = 188 (E - 7 - 016) = 496kN

The shear strength capacity of the slab is given by:

0.75 (£) (1)v24(1000) (160)

1
ACI 318 — 14: 9V, = (ag/l\/f’cbwd = 500 98kN
> 49.6kN ok
ACI 318 — 19:
Let p,, = 0.0018 (h) = 0.0018 (200) = 0.00225 A = 1.0
et p, = 0. 7)=0 Teo) = © s = 1.

1 N
oV, =0 (0.66/15/1(pw)3 fl.+ i) b,,d

0.75 <0.66(1)(1)(0.00225)%\/ﬁ + 0.0) (1000)(160)

= 1000 = 50.85kN

> 49.6kN OK
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Analysis and design of frame 2:

1. Compute the total statical moment, M, for each span. Here the three spans are equal.

_ qubl,”  18.8(6)(7)? s 0.4(0.4)(25)(1.2)(7)?

= 720.3kN
0 3 3 3 0.3k

2. Compute positive and negative moments in the span:

0.16Mo=115.2 0.7Mo=504.2 0.65Mo=468.2

/

0.35Mo=252.1

| s |

0.57Mo=410.6

Figure 8.27: Frame bending moment diagram- kN.m

3. Compute the moments in the column strip (slab + beam)
Frame width= 6.0m
Column strip width=3.0m

Middle strip width=3.0m

=23>1
L 7.5
L, 6
Z2=-_—=08
L, 75

From ACI 318-14 Table 8.10.5.5, for positive moment, the ratio = 81%

From ACI 318-14 Table 8.10.5.1, for interior negative moment, the ratio = 81%
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Calculations for 3;:

400
~ \
g8 | 2
N o
1 |8
<o)
400

Figure 8.28: Edge beam parts for §; computations

x\ X3y 0.4\ 0.43(0.6) 0.2\ 0.23(0.4)
C= z (1 - O.63§>T = (1 - O.63—>—+ (1 - 0.63—)—

0.6 3 0.4 3
= 8.155x10"3m*

ExC C  8155(10)73
=== U7 _ 102

2Ely 2l L
2(75)(6)(0.2)?

arl, 2.89(6)

23>1
L, 7.5
L, 6
Z2=—=08
L, 75

From ACI 318-14 Table 8.10.5.2, for exterior negative moment, the ratio = 92%

0.92(115.2)=106  0.81(504.2)=408.4 0.81(468.2)=379.

N AN AN A

0.81(252.1)=204.2

N

‘ ‘ 0.81(410.6)=332.6 ‘

Figure 8.29: Column strip bending moment diagram- kN.m

4. Compute moments in beam:

asz

Since > 1.0, 0.85 of column strip moments are transferred to the beams.

1

Figure 8.30 below shows the bending moment diagram of the beam in frame 2.
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0.85(106)=90.1  0.85(408.4)=347.1 0.85(379.2)=322

IN AN AN
| o |

0.85(332.6)=282.7

(&)

-

0.85(204.2)=173.6 ’ ’

Figure 8.30: Beam bending moment diagram- kN.m
The beam section is shown above, so the steel area can be computed.
Beam section effective depth, d= 600-60=540mm
5. Compute moments in slab column strip:
The slab column strip moment = the column strip moment — the beam moment

Figure 8.31 shows the moments in the slab column strip.

15.9 61.3 569

IN AN AN

‘ ‘ 49.9 ‘ 306 ‘ ‘

—

Figure 8.31: Slab column strip bending moment diagram- kN.m

Slab column strip width = 3000mm —400mm = 2600mm

Effective depth, d= 160mm

Then the steel area can be computed.

6. Compute moments in slab middle strip:

The slab middle strip moment = the frame moment — the column strip moment.

Figure 8.32 shows the moments in the slab middle strip.
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A=~

Figure 8.32: Slab middle strip bending moment diagram- kN.m

Slab middle strip width = 3000mm

Effective depth, d= 160mm

Then the steel area can be computed.

7. Compute ultimate shear in the beam:

Beam weight = 0.4(0.4)(25)(1.2)= 4.8kN/m

Exterior span end moments: M= 90.1kN.m and Mg= 347kN.m
Load on the beam from slab = 6m x 18.8 = 112.8kN/m

4.8kN/m

90.1kN.m 112.8kN/m 347 .1kN.m

Wal

~

#—2.75—41.500 +%—2.75—

7.00

VuL VuR

Figure 8.33: Free body diagram for the exterior span in beam in frame 2

The shear values at left and right ends of span are computed as follows:

1.5 7 (347.1 — 90.1)
V., = 112.8(2.75)(0.50) + (7) 112.8 + (E) (4.8) — - = 220kN
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1.5 7 (347.1 — 90.1)
V,z = 112.8(2.75)(0.50) + (7) 112.8 + (5) (4.8) + - = 293.2kN

For the interior span, the end moments are equal, so they can be cancelled, then:
1.5 7
V., = Vg = 112.8(2.75)(0.50) + (7) 112.8 + (E) (4.8) = 256.5kN

So, the shear reinforcement can be computed.

Example 2: Flat plate

@ -

5.500

A

®

5.500

®

S
G m——w——w—————n

5.500

-
l
‘
i
.
\
i
"

6.000 a 7.000

Figure 8.34: Slab layout for Example 2

6.000

r
w
*
«
.
|
«
= "
©

Given:

- Slab system: flat plate- no beams

- Concrete, f'c= 28MPa

- Steel, fy= 420MPa

- Superimposed dead load, Wsp= 3.5kN/m?
- Live load, WL= 3kN/m?

- Perimeter wall weight, Wwai.= 5kN/m

- Interior columns are 0.60m x 0.60m

- Corner columns are 0.50m x 0.50m
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- Edge columns are 0.50m x 0.60m
- Column height, h=3.00m
- Slab thickness, h= 230mm, d=180mm

Check shear-moment transfer at column A-3.

Solution:

Slab loads:

Slab self-weight, WD= 0.23(25)=5.75kN/m?

Slab ultimate load, Wu=1.2(5.75+3.5)+1.6(3)= 15.9kN/m?

Load on column, Vu= 15.9[(1.15x5.5/2 + 5.5/2)(6/2 + 0.25) — 0.59 x 0.78] + 1.2(5)(1.15x5.5/2
+5.5/2 -0.78)= 329kN

Critical section properties- Frame 3- Direction 1:

_ W,L,L,*  15.9(5.5)(5.45)?

M, 3 3 = 325kN.m

M,, = 0.3M, = 0.3(325) = 97.5kN.m

d
b1=C1 +E=059m b2=C2+d=078m

2h, (%) ) 2059

~ 2b; +b, 2(0.59) + (0.78)

!

X =0.178m

b,°d  byd® 2% 2 _
Jo =2 (A + 22 +b1d(x’—?> + bydx'® = 14.091x10-3m*

1
=———==0.633
Yr1 : +g by
3\ b,
Y1 =1 -y, =1-0.633 = 0.367

b, = 2b, + b, = 2(0.59) + 0.78 = 1.96m (1960mm)

186



Design of Reinforced Concrete Structures: A Practical Approach IBRAHIM ARMAN

X'+
+—500
,,,,,,, [ 2
|
% L1
o (e}
— S —— 00—
<] M~
ke |
_______ I
—59Fﬁz

Figure 8.35: Critical section for the column

Critical section properties- Frame A- Direction 2:

b1=C2+d=0.78m b2=C1+d/2=059m

b,*d b,d3 by\? e
Je2 = (F-FF +2b2d(7) = 39.8x107°m

_ 1
)/fz—l-}_g b,
3 b;

Yoz =1—v¥p, =1—-0.566 = 0.434

= 0.566

My = 0.07 ((@pu + 0.541)LoLn® = Ay Ly L) = 14.6kN.m

Where:

11.1kN
m2

Gpu = qpu’ = 1.2(5.75 + 3.5) =

4.8kN
qiu = 16(3) = mz

L, =3.25m L, =495m L, =3.25m L, =490m
Check stress:
¢, =0.178m ¢," =0.39m
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Vu +yv1Mu1C1’ _'_)’szuzCz'
bod ]cl ]cZ
Uy 1.447

Do _ 2% 193MP
@ 075 a

= 1.447MPa

vy, =

v, < 0.334,1 /f’c = 1.75MPa

2
v, < 01747 (1 + E> If'_=24MPa

a.d
v, < 0.0831,4 <2 + bs ) /f’c = 2.1MPa
(]

1.75MPa < 1.93MPa so, shear reinforcement is required.

Check that v, < 0.50,/fc: 1.447MPa < (0.75)(0.5)V/28 = 1.984MPa  ok.

d = 180mm > 150mm and > 16d, = 16(10) = 160mm

v, = 0.174,A4{ f'. = 0.88MPa

Uy

v, = = v =193 - 088 = 1.05MPa
1.05(1960)(180)
V, = vb,d = 500 = 370.44kN

A, Vi _ 370440
s fypd 420(180)

4.9mm? /mm

6(78.5
( ) =96mm

, » 5=
spacing of stirrups,s 29
180

=== 90mm < 96mm use stirrups 3¢10/90mm

N &

Flexural stresses:

Direction 1:

Yr1My, = 0.633(97.5) = 61.7kN.m
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In X-direction, the moment shall be resisted by a cross section of thickness, h= 230mm with
d=180mm and a width equals to column width plus 1.5h from each side, so, width of section
is given by:

b= 600 + 2(1.5 x 230) = 1300mm
This moment requires:
steel ratio, p = 0.00401, steel area, As = 0.00401(1300)(180) = 938mm?
This area of steel should be available in 1.30m width at column centerline.
Check:

5vV,,bs1apb
If vy > 0017 AAV ', Agmin = %
s)y

1.447MPa > (0.75)(0.17)(1)(1)V28 = 0.675MPa

_ 5Ubaapb, | 5(1.447)(1300)(1960)

Ao = = = 1951mm? 2,
s,min d)asfy (075)(30)(420) 951mm= > 938mm

Use As min = 1951mm?

This reinforcement shall be checked if it is provided in a width of 1.30m in the column strip.
If not, additional steel shall be provided.

Direction 2:
The moment can be neglected because it is very small and the minimum steel shall be used.

Yr2Myz = 0.566(14.6) = 8.3kN.m
Width of strip, bsjab= 500+1.5(230)=845mm.

_ SUubgapb,  5(1.447)(845)(1960)

Asmin =40 1 (075)(30)(420)  _ 1268mm

This reinforcement shall be checked if it is provided in a width of 0.845m in the column strip.
If not, additional steel shall be provided.

Notes:
e Based on ACI 318-19, the shear stress can be calculated for each direction alone. In
direction 1, Vy and My1 are used and in direction 2, V, and My are used.

e If Vu, My1 and My; are used in shear stress calculations, the punching shear capacity,
V¢ can be increased by a ratio like 20%.
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Example 3: U- Boot voided slab:

@ - m n n m
(=)
3
I~
ORE | [ ] [ ] |
o
3
I~
Qo—m-———- ————— - —
o
B
I~
O—m-—-—-— . - —
9.000 9.000 9.000
® © ©

Figure 8.36: Slab layout for Example 3
Given:

- Slab system: voided- U Boot

- Concrete, f'c= 32MPa

- Steel, fy= 420MPa

- Superimposed dead load, Wsp= 4kN/m?
- Live load, W = 2.5kN/m?

- Perimeter wall weight, Wwai= 15kN/m
- All columns are 0.60m x 0.60m

- Column height, h=3.80m

- Design frame (strip) 2.

Solution:

Dimensions of beams:

Width, b= L/20 = 9/20= 0.45m Try, b=0.40m
Thickness, h=1/18.5=9/18.5= 0.49m Try, h=0.70m

Slab thickness:

Assume that ay,,, = 2, so:
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f;
L (0-8 + 14{)0) 8.6 (0.8 + 100
h= ~ 14007 _ 0.2m > 0.09m
36 + 9B 36 + 9(1.21)

Where: Ln=9.0-0.40=8.40m

_ longclear span  9-04 121
 short clear span = 7.5—0.4

B

Try voided slab thickness, h=320mm:
Check a,,:

The distribution of a; is shown in Figure 8.37 below.

@ af1 | af1 [ af1
3 —n
i T
ug-, e b ! Ly ! ®
~ =] =] ‘ =] ‘ k<]
af2 ‘ af2 ‘ af2
@+ = n
\ \
8 «© ‘ <t ‘
5 |8 3 g :
| af2 | af2
\ \
o [s2] i |
3
\ \
af1 | af1 | af1
O n = o
1 9.000 . 9.000 k 9.000 1
® © ®

Figure 8.37: Distribution of asfor the beams
The moment of inertia of the beam, Ib is given by:

0.4)(0.7)3
Lyoam = % = 0.011433m*

ok

The flange width of a voided slab unit ( I- section), bf= 520mm + 150mm = 670mm
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520

150- 520

Figure 8.38: Cross section in slab

The moment of inertia of one unit of width 670mm is given by:

~0.67(0.32)°  0.52(0.2)3

= 1.4828x103m*

12
I — edge beam 0.011433 138
afl = — - = = 1.
I — slab of 3.75m width gg; +1.4828x10-3
I — interior beam 0.011433 0.69
afz = - = = ().
I — slab of 7.5m width 07.657 +1.4828x10-3
| —edge beam 0.011433 115
af3 = - = = 1.
I — slab of 4.5m width 04.657 +1.4828x10-3
I — interior beam 0.011433 0.57
af‘l- = - = = ().
Value of ap,for interior panel is given by:
2a¢, + 2a
Gy =~ = 0.63 < 2
So, slab thickness is given by:
Ln (0-8 + —ﬁ)o) 8.4(0.8 + —1442000)
h = = 0.24m

" 36+ 5B(apm — 0.2) 36+ 5(1.22)(0.63 — 0.2)

the moment of inertia of the solid slab of 0.24m thickness and 0.67m width is given by:
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| _ 0:67(0.24)°

o =0.77x1073m* < 1.4828x103m* ok

Slab self-weight, Wp= [0.67x0.67x0.32-0.52x0.52x0.2]x25 / (0.67x0.67)=5kN/m?
Slab ultimate load, Wu= 1.2(5+4)+1.6(2.5)= 14.8kN/m?

Check wide beam shear (one-way shear):

Here, the short span, L= 7.50m

Load on one unit of slab=14.8(0.67)=9.92kN/m

Shear can be calculated at distance d from face of beam, so:

L by 7.6 0.4
Vu = Wu <§— ? - d) =992 (7 —7 - 028) = 329kN

The shear strength capacity of the slab is given by:

0.75 (3) (DV32(150)(280)(1.1)

1000 32.7kN

1
ACI 318 — 14: 9V, = q)g,l,/f’cbwd =
~ 32.9kN ok

/ 2 2
Si tor, A= |——o <1051 = =097
ize factor s= |1+0.004d s j1 ¥ 0.004 (280)

h 320
Let p,, = 0.0018 (E) = 0.0018 (ﬁ) = 0.002

So,

1 N
ACI318—19: 0V, = @ <0.66AS/1(pw)§ fl.+ j) b,,d
g

(1.1)(0.75) (0.66(0.97)(1)(0.002)%\/§ + 0.0) (150)(280)

1000
= 15.8kN < 329kN N.G.

So, use minimum shear reinforcement in the ribs at least for % the clear span at each end.

Use 198/140mm, A,/s = (2(50))/140 = 0.71mm? /mm
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= max[0.13,0.125] = 0.13mm?/mm

S /min

s for for

< 0.71mm?/mm ok.

Analysis and design of frame 2:

1. Compute the total statical moment, Mo for the span. Here the three spans are equal.

 qulpl,® 14.8(7.5)(84)° | 0407)(25)(1.2)(8.4)°

3 8 3 = 1053.108kN.m

M,

2. Compute positive and negative moments in the span:

N /

0.16Mo=168.5 0.7Mo=737.18 0.65M0=684.52

0.35M0=368.59

=

0.57M0=800.27

Figure 8.39: Frame bending moment diagram- kN.m

3. Compute the moments in the column strip (slab + beam)
Frame width=7.5m

Column strip width=3.75m

Middle strip width= 3.75m

arl, 0.69(7.5)

=0.575< 1
L, 9

L, 7.5 — 0.83
L, 9
From ACI 318-14 Table 8.10.5.5, for positive moment, the ratio = 71.6%
From ACI 318-14 Table 8.10.5.1, for interior negative moment, the ratio = 77.9%

Calculations for 8;:

Rectangular section: b=0.4m  h=0.7m
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x\ x3y 0.4\ 0.43(0.7)
= z <1 —0.63 —) 3 = (1 —0.63 —)— = 0.00955733m*

y 0.7 3
g = FanC _ € 0.00955733 0.29
t = = —_— = .
PADEN | 21 7.5 _
e’ Sl 25755(1.4828x107%)
“sz
= 0.575
Ly
L
2-083
Ly

From ACI 318-14 Table 8.10.5.2, for exterior negative moment, the ratio = 97.4%

AN /

0.716(368.59)=263.9 ‘ ‘ ’

0.974(168.5)=164.1  0.779(737.18)=574.3 0.779(684.52)=533.2

| e |

0.716(600.27)=429.8

Figure 8.40: Column strip bending moment diagram- kN.m

4. Compute moments in beam:

L
Since % = 0.575, the ratio of moments that are transferred to beams is:
1

0.575 (0.85)=0.49

Figure 8.41 shows the bending moment diagram of the beam in frame 2.

80.41 28141 26127

IN AN AN Wi

‘ ‘ 2106 ‘ ‘ 1293 ‘ ‘ ‘

Figure 8.41: Beam bending moment diagram- kN.m
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5. Compute moments in slab column strip:
The slab column strip moment = the column strip moment — the beam moment

Figure 8.42 shows the moments in the slab column strip.

83.69 29289 271.93

N AN ZIN /

219.2 ’ ’ 134.6 ‘ ‘ ‘

Figure 8.42: Slab- column strip bending moment diagram- kN.m
Slab column strip width = 3750mm
Effective depth, d=280mm
Then the steel area can be computed.
6. Compute moments in slab middle strip:
The slab middle strip moment = the frame moment — the column strip moment

Figure 8.43 shows the moments in the slab column strip.

4.4 162.88 151.32

IN AN AN /

‘ 170.47 ‘ ‘ 104.69 ‘ ‘ ‘

Figure 8.43: Slab middle strip bending moment diagram- kN.m
Slab middle strip width = 3750mm
Effective depth, d=280mm
Then the steel area can be computed.
The flexural steel can be determined assuming a solid slab.
For example: the maximum bending moment in the column strip, Mu=292.89kN.m

Section width, b=3750mm
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Section thickness, h=320mm
Section effective depth, d= 280mm

Then,

0.85f", 2.61M,\ 0.85(32) 2.61(292.89x106
p= 1—- [1- 2= 1—- [1- = 0.00269
f, bd2f’, 420 3750(280)2(32)

2825 753mm?
375 m

Ag = 0.00269(3750)(280) = 2825mm?  Aq

Minimum area of steel is given by:

Agmin = 0.0018(1000)(320) = 576mm? < 753mm?

Use 1014/200mm

Example 4: Waffle slab:

@ - = = n |
(=]
3
I~
O [ ] ] |
o
3
I~
Qo—m-———- ————— - —a—
(=]
B
I~
Oo—m-—-—-—- —.—— - - ——
9.000 9.000 9.000
® © ©

Figure 8.44: Slab layout for Example 4
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Given:

- Slab system: Waffle

- Concrete, f'c= 32MPa

- Steel, fy=420MPa

- Superimposed dead load, Wsp= 4kN/m?

- Live load, W= 2.5kN/m?

- Perimeter wall weight, Wwaw= 15kN/m

- All columns are 0.60m x 0.60m

- Column height, h=3.80m

- Determine Mo for spans in frame (strip) 2.

Solution:

Dimensions of beams:

Width, b= 1L/20 =9/20=0.45m Try, b=0.40m

Thickness, h=1/18.5=9/18.5=0.49m Try, h=0.70m

Slab thickness:

Assume that a5, = 2, so:

f;
ln (0-8 + 4360) 8.6 (0.8 + —1442000)
h = = =0.2m = 0.09m ok

36 +9p 36 +9(1.21)
where: Ln=9.0-0.60=8.40m

_ long clear span ~ 9-04 121
 short clear span 7.5—0.4

Try waffle slab thickness, h=(4/3)(0.20)= 0.27m:
Check a,,:

The distribution of a; is shown in the Figure 8.45 below.
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af1 [ af1 af1
. m
@ T "
g e s ¥ "
~ [e] D‘ o] “6

\
|

o & af2 ‘ af2 ‘ af2 ‘
|
|

7.500
af3
gf4
af4

|
@ i af2 i af2 il af2 -

| |
o (%] i i
N [52)
3% g g g
| |
@47 s af1 !_ af1 # af1 .

9.000 . 9.000 + 9.000

Figure 8.45: Distribution of asfor the beams
The moment of inertia of the beam is given by:

0.4)(0.7)3
Lyoam = # = 0.011433m*

The flange width of the waffle slab unit ( T- section), bf= 600mm + 150mm = 750mm

7200

3

o

M=
|
2
~ § 2 %
\L AN

7 600 #1607+ 600 7

Figure 8.46: Cross section in slab
The moment of inertia of one unit of width 750mm is equal to 4.935x10% mm?*.

I — edge beam 0.011433

afl = — ; =
I — slab of 3.75m width % x4.935x10~4

=4.6
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I — interior beam 0.011433 23
afz = - = = 2.
I — slab of 7.5m width 07-75 ¥4.935x10-*
I — edge beam 0.011433 38
af3 = — - = = 5.
I — slab of 4.5m width 04.755 ¥4.935x10*
I — interior beam 0.011433 193
af4 = — . = = .

Minimum value of as,for interior panel is given by:

_ 2af2 + 2af4

Afm ;- =21>2 0K

Slab self-weight, wp= {[0.75x0.75x0.27-0.575x0.575x0.2]x25}/(0.75x0.75)= 3.8kN/m?
Slab ultimate load, wy,= 1.2(3.8+4)+1.6(2.5)= 13.4kN/m?

Check wide beam shear (one-way shear):

Here, the short span, L= 7.50m

Load on one unit of slab=13.4(0.75)=10.05kN/m

Shear can be calculated at distance d from face of beam, so:

V—W(L by d)—1005(7'6 04 022)—340kN
v w2 2 oo 2 2 ' oo

The shear strength capacity of the slab is given by:

0.75 (3) (DV32(150)(220)(1.1)

1
ACI 318 — 14: @V, = (Dglw/f’cbwd = 500 = 23.3kN
< 33.5kN Use stirrups.
V. = 31.1kN.m
v, = <34'0> 31.1 = 14.2kN
s = 0.75 A= . .m
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A, 14.2x1000
— =————— = 0.154mm?/mm

S 420x220
A 0.062/f'.b,, 0.35b 0.13mm?
(—v) = max fe Loy Y| = < 0.154mm?/mm OK
S /min fyt fyt mm

Ay
Use <= 0.154mm?/mm
For @8mm stirrups:

100 d
s = 015 = 667mm > Sy = 5= 100mm

So, use closed stirrups at ends of ribs for one quarter the clear span (The accurate distance
can be specified).

This shear design is applicable for ACI 318-19.

Analysis of frame 2:

Compute the total statical moment, Mo for the span. Here the three spans are equal.

_ qull,”  13.4(7.5)(84)? . 0.4(0.7)(25)(1.2)(8.4)?

3 3 3 = 960.5kN.m

M,

Note:

The moments in the frame, beam, slab column strip and slab middle strip can be found
using the same procedure in the previous examples.

The moment in the rib is given by:

Mcolumn strip
width of column strip

x flange width; 0.75m

M. ip cotumn strip =

Mmiddle strip
width of middle strip

Myip middie strip = x flange width; 0.75m

And the cross section is T for the rib.
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Chapter 9: Design for Shear and Torsion

9.1 Introduction:

A torque, a twisting moment or a torsional moment is a moment that acts about the
longitudinal axis of a member.

In a circular member, the shearing stresses are zero at the axis of the member and increase
linearly to a maximum stress at the outside of the member as shown in Figure 9.1.

In a rectangular member, the shearing stresses vary from zero at the center to a maximum at
the centers of the long sides. Around the perimeter of a square member, the shearing stresses
vary from zero at the corners to a maximum at the center of each side, as shown in Figure 9.1

(b) Principal stresses.

(c) Crack.

Figure 9.1: Distribution of torsional shear stresses
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N

Fixed
end

N\

T
7 /]
Axis
(a) Stress distribution (b) Stress distribution
in a circular bar. in a square bar.

Figure 9.1- continued: Distribution of torsional shear stresses
In structures, torsion results from:
1. Eccentric loading of beams.

2. Deformations resulting from continuity of beams or similar members that join at an
angle to each other.
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(a) Cantilever beam with eccentrically applied load.

Canopy.

8

Section through a beam supporting precast floor slabs.

A ‘\X—:ﬂa ' B

T > W

Figure 9.2: Torsion in structures
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Torsion can be classified into two types:

1. Equilibrium torsion: affects equilibrium.
2. Compatibility torsion: does not affect equilibrium.

l— D

L S
A

(b)

—%

©) l B

(d)

Figure 9.3: Compatibility torsion
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9.2 Behavior of reinforced concrete members subjected to torsion:

When a concrete member is loaded in pure torsion, shearing stresses develop. One or more
cracks (inclined) develop when the maximum principal tensile stress reaches the tensile
strength of the concrete. The onset of cracking failure of unreinforced concrete.

Furthermore, the addition of longitudinal steel without stirrups has little effect on the
strength of the beam loaded in pure torsion because it is effective only in increasing the
longitudinal component of the diagonal tension forces.

A rectangular beam with longitudinal bars in the corners and closed stirrups can resist
increased load after cracking.

300 1 /Uncracked stiffness

200 -

Torque, T (in.-Kips)

100

A A 1 1 A

0 0.02 0.04 0.06 0.08 0.1

Angle of twist, 8, (deg/in.)

Figure 9.4: Torque twist curve for a rectangular beam

At the cracking load, point A, the angle of twist increases without an increase in torque as
some of the forces formerly in the uncracked concrete are distributed to the reinforcement.

After the cracking of a reinforced concrete beam, failure may occur in several ways. The
stirrups, or longitudinal reinforcement, or both, may yield, or, for beams that are over-
reinforced in torsion, the concrete between the inclined cracks may be crushed by the
principal compression stresses prior to yield of the steel. The more ductile behavior results
when both reinforcements yield prior to crushing of the concrete.
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9.3 Combined shear and torsion:

In combined shear and torsion, the cracking load follows a circular interaction diagram as in

Figure 9.6.
In Figure 9.6:
V..= the cracking shear in the absence of torque.

T,,,= the cracking torque in the absence of shear.

1.4
-
. T
—m T

1.2 Tr rT T
QT T T TT
rr r = T

1.0 — d . T r

r

L-beam
r/

0.8 —

T-beam
Tr Fr /

TC . Mmax
Teu T
Rectangular
0.6 v
"

0.4 - T
0.2 —

rnrrTy [ I

I | | | | |
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
VC' max
Veu

Figure 9.5 Interaction of torsion and shear
T 2 v 2
)+ -
TCU ch

9.4 Design methods for torsion:

* Skew bending theory: (1971- 1981) ACI CODES. It assumes that the shear and torsion are
resisted by concrete (Vc and Tc) and the reinforcing steel (Vs and Ts).

* Thin-walled tube/ plastic space truss model: in European codes and in ACI code since 1995.
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Assumptions of thin-walled tube/ plastic space truss:

1. Both solid and hollow members are considered as tubes: tests for solid and hollow beams
suggest that, once the torsional cracking has occurred, the concrete in the center of the
member has little effect on the torsional strength of the cross section and hence can be
ignored. This, in effect, produce an equivalent tubular member.

2. After cracking the tube is idealized as a hollow truss consisting of closed stirrups,
longitudinal bars in the corners, and compression diagonals approximately centered on the
stirrups. The diagonals are idealized as being between the cracks that are at angle 6, generally
taken as 45 degrees for reinforced concrete.

Diagonal compressive
stress at angle 0

Shear flow path

)

Longitudinal
tensile force Shear flow, ¢

(a) Thin-walled tube analogy.

Figure 9.6: Thin-walled tube analogy and space truss analogy.
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Vi

Longitudinal
Bar

Concrete compression diagonal.

(b) Space truss analogy.

—V1+V3

— Outer
tube

D A ) D A
_— —_—
T o T
Py o ]
! | v ! | R N |
T ) 3 | | VT Vs [ |
! | ! | ' [
| | ' | L |
L L —_— ———
4 -
-« -
C B C B
Va Va
{a) Torsional Shear Combined
Figure 9.7: Combined shear and torsion
|
° ® A
T _th
|
o L Effective [ =h— hy
overhang | = 4h;

Figure 9.8: Part of overhanging flange effective for torsion
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Note:

The cracking torque, the threshold torsion, area of stirrups for torsion and the area of the
longitudinal steel needed for torsion resistance can be derived. For details refer to
textbook.

The cracking torsion:

From mechanics of materials principles and from ACI assumptions, the cracking torsion, Tcr,
is given by:

Agm°
P

1
T = g\/lt_,c

cp

This formula is derived based on that the torsional cracking is assumed to occur when the
principal tensile stress reaches the tensile strength of concrete in biaxial tension- compression
which is:

1 A
O = § f c
Also,
T\? (V.2
)+ -
TC‘U. l/C‘l/l,

If T, = 0.25T,,, then:

% 0.25T,
Ve _ | ( cu) Ly
I/C‘LL TC‘LL

So, the existence of a torque equal to 0.25 of the cracking torque will reduce the cracking
shear by only 3%. This is deemed to be negligible. In ACI code, the threshold torsion, @T,,
below which torsion can be neglected in a solid section is given by:

cp

Tables 9.1 and 9.2 show T}, equations.

Table 9.3 shows T,,- equations.

210



| Design of Reinforced Concrete Structures: A Practical Approach

IBRAHIM ARMAN

Table 9.1: ACI 318-19 Table 22.7.4.1(a)—Threshold torsion for solid cross sections

Type of member
T
Nonprestressed 1 : Acpz
member EA f'c R, ()
2
Prestressed %Amii\/l + L[ (b)
member cp 0.331\/ﬂ
Nonprestressed 1 : Acpz N,
member subjected EA fe B \/1 e ()
to axial force cp 0.33444/f"¢

Table 9.2: ACI 318-19 Table 22.7.4.1(b)—Threshold torsion for hollow cross

sections

Type of member

Ty
1 ’ Agz
Nonprestressed Ik fC? (a)
member ?
1 A’ f
Prestressed 27 f’cpi\/l‘FL, (b)
member P 0.334f ¢
Nonprestressed 1 Agz N,
member subjected El fe P 1+ ——F (c)
to axial force i 0.334g4V 7«
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Table 9.3: ACI 318-19 Table 22.7.5.1—Cracking torsion

Type of member
TCT
Nonprestressed 1 , Acpz
member “MNfe— 5
3 Py (a)
1 A2
Prestressed 51 f. PCP 1+ fpc ’ (b)
member cp 0.331\/f'.
Nonprestressed 1 4.2 N
member subjected 5/1\/f’c PCp 1 +—”I (©
to axial force cp 0.33Agﬂw/f c
Where:

Ag: gross area of concrete section, mm? . For a hollow section, Ag is the area of the
concrete only and does not include the area of the void(s).

Acp: area enclosed by outside perimeter of concrete cross section, mm?.
P,: outside perimeter of concrete cross section, in.

fpc: compressive stress in concrete, after allowance for all prestress losses, at centroid of
cross section, MPa.

N,,: factored axial force normal to cross section occurring simultaneously with Vu or Tu; to
be taken as positive for compression and negative for tension, N.

Maximum shear and torsion:

A serviceability failure may occur if the inclined cracks are too wide at service loads. The limit
on combined shear and torsion in ACI code was derived to limit the service load crack width.

9.5 Torsion diagrams:
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At support
/ /‘V
7 N
‘ A { Mt == T
M,
Pk L .
» At support
7 O A A A A A A M™
? ,[ L [1 L L L L /)
7 7 /A B A B M, =m,L
[ L——‘*ﬂ
N m, = uniform torque

T
2 /NT Mf1=M;z=E
/ f Z
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Figure 9.9: Torsion diagrams

9.6 ACI design method for shear and torsion:
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1. Calculate Vu and Tu at a section. Usually, the critical section is located at distance d from
face of support.

2. Determine whether torsion is compatibility or equilibrium. For compatibility torsion, the
calculated torsion can be reduced to the cracking torsion @T,.
If Ty is reduced to @T,,, moment redistribution shall be applied.

3. Design for torsion if T,, > @Tyy.

4. Check whether section is large enough for torsion design (check section adequacy).

For solid sections:

() +(Fi) =007

1.7 A,yp2

Where:

I},= ultimate shear force, N.

V= ultimate torsion, N.mm.

P;,= perimeter of centerline of outermost closed transverse torsional reinforcement, mm.

A,p=area enclosed by centerline of the outermost closed transverse torsional reinforcement,
2
mm?.

b,,= width of web.

d= effective depth.

For hollow sections:

V. = TPy
+
byd | 1.7 Ay,

5 !
ZSQ)E fc

For hollow sections where the wall thickness is less than A, /Py, the term (T, Py /1.7A,47)
shall be taken as (T, /1.7A,,t), where t is the thickness of the wall of the hollow section at
the location where the stresses are being checked.

5. Compute the area of stirrups required for shear, Av/S, mm?2/mm.
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6. Compute the area of stirrups required for torsion, At/S, mm?2/mm, using the following
equation:

d__n T—T“ A = 0.854
S_ZAofyt n_¢ o~ Y- oh

Where Ao= gross area enclosed by shear flow path, mm?2.

7. Add the required stirrup amounts together:

Av+t Av At

=— 42— 21 losed sti .
- . . for 2 legs closed stirrup
A A A
e R for 4 legs closed stirrup.
s s s
Av+t

b,, 0.35b,,
> max [0.062+/f'. —

foe" fye

P
The maximum spacing between the closed stirrups is the smaller of Eh and 300mm.

8. Determine the longitudinal reinforcement for torsion:
T, P,
Al: nth :( )P (fyt)
2A,fy S fy

5./f (fyt> A, 0.175b,
homn =S4, (%) and 2 5 01750
l,mlTl 12fy h fy S fyt

9.7 Notes:

1. Torsional reinforcement shall continue a distance (b; + d) past the point where the
torque is less than the threshold torsion. Where b, is the width of that part of cross section
containing the closed stirrups resisting torsion, mm.

2. The stirrups must be closed.

3. Longitudinal torsion reinforcement shall be developed at both ends.

B

The longitudinal reinforcement shall be distributed around the perimeter of the closed
stirrups with a maximum spacing of 300mm.

5. The longitudinal bars shall be inside the closed stirrups.
6. There shall be at least one longitudinal bar in each corner of the stirrups.
7. Longitudinal bars shall have a diameter at least 1/24 (0.042) times the stirrup spacing, but

not less than 10mm.
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Example 1:

f'c= 28MPa

fy=420MPa

Rectangular section: bw=350mm h=600mm

Clear cover to stirrup= 40mm

Assume @12mm stirrups and @25mm longitudinal bars
Mu (negative moment) = 310kN.m

Vu= 260kN

Tu=38kN.m

Solution

Step 1: Determine the flexural reinforcement:
For Mu= 310kN.m, bw=350mm and h=600mm:
d= 600- ( 40+12+25/2)= 600-65=535mm

> p = 0.00887
Pmin = 0.00333 Pmax,singty = 0.375p;

Pmin < p < pmax,singly ok
A, = 0.00887(350)(535) = 1661mm?

Step 2: Check torsion: T, = 38kN.m

1 —Ay’

216
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1 210000)?2
2 (0.75)(1)@/%%

1 —A
OT,p, = mﬁ\/ f. P’: = o8 = 7.68kN.m

So, consider torsion.

Step 3: Check section adequacy: check section dimensions:

7, \2 TP, \° 5 —
\/ <bwd> +(1.7th2> <OgVT

V,=260x103N T, = 38x10°N.mm

b, = 350mm d = 535mm

x; = 350—-(40+12/2)(2) = 350—-92 = 258mm
y; = 600—-92 = 508mm

Aop = x1y; = 258(508) = 131064mm?

P, = 2(258 +508) = 1532mm

Applied stress (left side of the equation) = 2.43MPa
Allowed stress (right side of the equation) = 3.31MPa

- Section dimensions are ok.

Step 4: Compute shear reinforcement: Applicable for ACI 318-14 and ACI 318-19:

4
Vu= 260kN  —t= 346.7kN
" %(1)\/_28(350)(535)
Ve = 2 AVF chd = — — 165kN

Vs = 346.7 — 165 = 181.7kN

A_ W _ 181700 _
s~ frd  (a20)(535)  -8imm?/mm

Step 5: Compute torsion transverse reinforcement:
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Ar  T/®  (38x10%/075 0.541mm?

s 2A.fye (2)(0.85)(131064)(420)  mm

Step 6: Add shear and torsion transverse reinforcement:

A A A
‘;” = ?" + z?f = 0.81 + 2(0.541) = 1.892mm?/mm

Avie
S

ok.

b, 0.35b,, 0.29mm2 1.892mm?
= max |0.062 [f', <

fye' Syt

Stirrups spacing, S= 113x2/1.892= 119mm

mm mm
P, 1532
Smax = 3-8 192mm < 300mm

Use S= 100mm

Step 6: compute torsion longitudinal reinforcement:

B

— 5\/f’cA ( )P fyt g A 0.175b,, _ 0.175(350) _ 0.15mm”
bmin 12, "\ £, s T 420 mm
A, 0.541mm? 0.15mm?
< = — > — P, = 1532mm

Aep = 210 000mm?

- A; = 829mm?  Al,min = 126mm?
Use A, = 829mm?

Step 7: Bars distribution:

Torsion longitudinal bars: they can be divided into three layers to have maximum spacing
between bars not larger than 300mm; bottom, middle and top.

So,

829 ,
As = T = 276mm

Top bars, A; = 1661 + 276 = 1937mm? 4¢25
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Middle bars, A, = 276mm? (2¢14)

Bottom bars, A, = 276mm? (2¢14)

Y
Wﬂ
3 b o 2014
12101100
] 2014
y 350 ¥

Figure 9.10: Beam cross section
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Chapter 10: Deflection of Beams and One-Way Slabs

10.1 Structures should be designed for:
- Adequate strength at ultimate loads.
- Limited and accepted deflections at service loads.
- Limited crack widths.

- Ductility provisions: the deflection at ultimate loads should be large enough to give
warning of failure so that the total collapse could be prevented

10.2 Behavior of beams:

When a beam is subjected to load, it is subjected to bending moment, Ma. The beam will be
subjected to the following stages:

Stage 1: Pre-cracking stage
M, <M,

M, < oM,

= ﬂlg

MCT yt

£ = 0.620/f.

Where:

M,: Service bending moment.

M, : Cracked moment.

M,,: Ultimate moment.

@M,,: Design strength for flexure.

I;: Gross moment of inertia.

fr: Modulus of rupture, MPa.

A: Modification factor reflecting the reduced mechanical properties of lightweight concrete,

all relative to normal weight concrete of the same compressive strength.
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y;: Distance from centroidal axis of gross section, neglecting reinforcement, to tension face,
mm.

Stage 2: Post-cracking stage
Ma = Mcr

M, < M,

Stage 3: Post-serviceability

Where the stress in the tension reinforcement reaches the limit state of yielding, then a
failure will develop.

M, > M,

10.3 Effective moment of inertia:
ACI 318-14:

For nonprestressed members, effective moment of inertia, I,, shall be calculated by Eq.
(24.2.3.5a) unless obtained by a more comprehensive analysis, but I, shall not be greater than

I,.

MCT 3 MCT 3
I, = (M ) I+(1- (M ) I, ACI318 — 14 eq. (24.2.3.5a)
a a

Where I, is the section cracked moment of inertia.
If Mg <My - I, =1
If 3M,, 2 M, > M, -1, ACI318 — 14 eq.(24.2.3.5qa)
If Mg > 3Mep = Ip = Iy
ACl 318-19:

For nonprestressed members, unless obtained by a more comprehensive analysis, effective
moment of inertia, I, shall be calculated in accordance with Table 24.2.3.5.
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Table 10.1: ACI 318-19 Table 24.2.3.5—Effective moment of inertia, I,

Service moment Effective moment of inertia, I, mm4
2
Ma < _Mcr Ig (a)
3
M, > 2 M
a 3 cr 1 _ ICT (b)
e = 2 2
- (3) Mer (1-1)
M, Iy

10.4 Deflection computations:
The deflection value depends on:

- Span

- Loads

- Supports

- Modulus of elasticity

- Moment of inertia

The deflection can be divided into:

- Immediate (instantaneous) deflection
- Long term deflection (due to creep and shrinkage)

The total long-term deflection, A, is given by:
Air = Ay + Ao Ap + A Aps
where:
Ar: immediate live load deflection.
Ap : immediate dead load deflection.

Ais : immediate sustained live load deflection.

A a: multiplier for additional deflection due to long-term effects

§
A= —
A7 14 50p
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where p’ (compression steel ratio) shall be the value at midspan for simple and continuous
spans, and at support for cantilevers.

It shall be permitted to assume §, the time-dependent factor for sustained loads, to be equal
to:

5vyears or more .........cceveuneen.. 2.0

12 monthsS...ccoevveeeiiiiiiniiiins 1.4

6 MONtNS...covveiiiiieiiiiereeis 1.2

3 mMONthS..cccueeeiiiiiiieeeeeceeeennn, 1.0
2.0

1.5+
1.0

0.5+

0 1 : : | ] | | | | | | | | |
0136 12 18 24 30 36 48 60
Duration of load, months

Figure 10.1: Multipliers for long-term deflections

10.5 Member effective moment of inertia
Computations of I, (option 1):

For continuous members, I, shall be permitted to be taken as the average of values for the
critical positive and negative moment sections.

Computations of I, (option 2):

For prismatic members, I, shall be permitted to be taken as the value at midspan for simple
and continuous spans, and at support for cantilevers.
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Computations of I, (option 3):
Or, one can use the following formulas to compute I, in beams:
For simple span: I, = I, miaspan
For cantilever: I, = I fixed ena
For one end continuous span: I, = 0.851, migspan + 0.151¢ continuous end
For two ends continuous span:
I, = O-7Ie,midspan + 0-151e,continuous end-1 T 0-151e,continuous end-2
10.6 Allowable deflections:
The minimum thickness stipulated in ACI 318-19 code Tables 7.3.1.1, 9.3.1.1 shall apply for
one-way construction not supporting or attached to partitions or other construction likely to
be damaged by large deflections, unless computation of deflection indicates a lesser thickness

can be used without adverse effects.

Table 10.2: ACI 318-19 Table 24.2.2—Maximum permissible calculated deflections

Deflection
Member Condition Deflection to be considered limitation
Flat roofs Not supporting or attached to| Immediate deflection due to | ;/180[1]
nonstructural elements likely to be| maximum of L,,, S, and R
damaged by large deflections
Floors Immediate deflection due to L L/360
Likely to be | That part of the total deflection | ;/480[3]
Roof or Supporting or damaged occurring after attachment of
floors attached to by nonstructural elements, which is
nonstructural large the sum of the time- dependent
elements deflections deflection due to all sustained
Not likelyto | loads and the immediate | ;/740[4]
be deflection due to any additional
damaged | live load [2]
by large
deflections

[1] Limit not intended to safeguard against ponding. Ponding shall be checked by calculations of
deflection, including added deflections due to ponded water, and considering time- dependent effects of
sustained loads, camber, construction tolerances, and reliability of provisions for drainage.

[2] Time-dependent deflection shall be calculated in accordance with 24.2.4, but shall be permitted to be
reduced by amount of deflection calculated to occur before attachment of nonstructural elements. This
amount shall be calculated on basis of accepted engineering data relating to time-deflection characteristics
of members similar to those being considered.

[3] Limit shall be permitted to be exceeded if measures are taken to prevent damage to supported or
attached elements.

[4] Limit shall not exceed tolerance provided for nonstructural elements.
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10.7 Note:

¥ v ¥y ¥ 3
& =
+
n( -

+

Figure 10.2: Deflection at mid span
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The midspan deflection for a continuous beam with uniform loads and unequal end moments
can be computed with the use of superposition as follows (notice the signs of deflections):

A=AO_A1_A2

_ 5M,L* 3M;I* 3M,I?
"~ 4A8ElI  48EI  48EI

Where:

M,: The moment at midspan due to uniform loads on a simple span.
M, and M,: The span end moments.

Example 1:

Calculate the immediate and long-term deflections for the beam shown in Figure 10.3 below
assuming half the live load is sustained forever and compare with code allowable values.

Given: f'c= 24MPa

fy=420MPa
Wo=40kN/m including
beam weight
WL=30kN,/m
7777777 5
8.00m
BEAM STRUCTURAL MODEL
8 L A 0—74®12
o
o
@
e o o 8025
8 ssecee
400
CROSS SECTION

Figure 10.3: Beam model and section for example 1
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Solution:
Immediate deflection due to dead load:

wpl?  (40)(8)?

3 8 = 320kN.m

Ma:MD:

bh®  (400)(800)3
I, = o= 5 = 1.707x10%mm*

f. =0.621 / f', =0.62(1)vV24 = 3.037MPa

_ frlg _ (3.037)(1.707x10°)

M
Ty, 800/2

/10® = 129.6kN.m

Since M, > M_,,the moment of inertia shall be reduced.

Calculations of I.,.:

b= 400

d=720

n As

Figure 10.4: Cracked section for the beam

Since As’ is very small comparing with As, so it will be neglected.

The location of the neutral axis can be calculated as follows:

bc% =nd,(d —c)

E. = 4700 /f’c = 470024 = 23000MPaq

B, 200000 _
"= E T 723000
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A, = 8(491) = 3928mm?
c C
be = nA(d - c) = (400)(c) (E) = (8.7)(3928)(720 — )

c?+171c—123000=0 - c = 275mm

bc3
I, = — +nA,(d — ¢)? = 9.54x10%mm*

3
ACI 318-14:
3M,. =M, = M,,
M,\3 M,\3
I, = (MC:) I, + <1 — (Mcar) )Icr = 1x10"%mm*
SwpL* (5)(40)(8000)*
= = = 9.3mm
384E.1, (384)(23000)(1x1010)
ACI 318-19:
I 9.54x10°
I, = 2 < = : . = 9.86x10°mm*
) (3) Mer (1 _,C_r) (3296 ( _9.54x10° )
M, Iy 320 1.707x1010
SwpL* (5)(40)(8000)*
= = = 9.4mm
384E.1, (384)(23000)(9.86x107)
Immediate deflection due to dead + live load:
WD+LL2 (70)(8)2
Ma = MD+L = = = 560kNm

8 8
ACl 318-14.
M, = 3M,, > I, = I, = 9.54x10°mm*

CSwpy Lt (5)(70)(8000)*

_ _ =17
384E,1, _ (384)(23000)(9.54x10%) _ '™
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ACI 318-19:
I 9.54x10°
I, = ; - = : — = 9.64x10°mm*
- (g) My (1 _ Ic_r) - 3(129.6) (1 _9.54x10° )
M, I, 560 1.707x101°

or M, >=3M, -1, =1, =954x10°mm*

_Swpy Lt (5)(70)(8000)*

_ - =17
384E,1,  (384)(23000)(9.54x10%) "

ACI 318 — 19: A=Apy, —Ap=17 —94 =7.6mm
Immediate deflection due to dead + sustained live load:

wpsL? _ (55)(8)*

Mo = Mpyis = —25 o= 440kN.m > 3M,,
I, =1, = 9.54x10°mm*
_ Swpyelt (5)(55)(8000)*

= 13.4mm

~ 384E.1,  (384)(23000)(9.54x10%)
ACI 318 — 19: A= Dpyps —Ap=13.4— 9.4 = 4.0mm

ACI318—19: Ay ynsustained= Apir — Apsrs= 17 — 13.4 = 3.6mm

Total long-term deflection:
ALT = AL + }\oo AD + )\tALS

, A (®H(13)
P = b,d " (400)(740)

¢ 2
A_ = =
A7 14500 14 (50)(0.00153)

= 0.00153

=1.86

Apr= 3.6 + (1.86) (9.4) + (1.86) (4.0) = 28.5mm
Compare deflections with ACI allowable values:
L/180= 44mm >  A=7.6mm OK

L/360=22mm >  A=7.6mm OK
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L/480=16.7mm < A= 28.5mm N.G

L/240=33.3mm > Air=285mm  OK

So, this beam is not applicable for:

Roof or floor construction supporting or attached to nonstructural elements likely to be
damaged by large deflections.

Example 2:

Calculate I; and I, for the section shown in Figure 10.5 below.

Given: n=8.72
# 750 #
N N AN
‘ L R
©
0
o<
B
© As=
‘ 1847mm?
N @)
AN
<300 ~
Figure 10.5: Beam section for example 2
Solution:

Gross moment of inertia:

Calculate location of centroid (take the reference line at top edge of section):
(750-300)(75)(75/2)+ (300)(550)(550/2)=y’ ((750-300)(75)+ (300)(550))

- y'=234.7mm

lg= (1/12)(750-300)(75)3 + (750-300)(75)(234.7-75/2) + (1/12)(300)(550)3
+(300)(550)(234.7-55/2)2 = 5.76 x 10° mm*
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Cracked moment of inertia:

The centroid is not clear, it is within the flange or within the web. So, assume that the
centroid is located at the web- flange junction, c= 75mm, so:

(750)(75)(75/2) <? (8.72)(1847)(486-75)

2109375 < 6619500 - c>75mm

# 750 4
Y A
, To)
- e
o
©
©
o< N
B
o
n As
AN

Figure 10.6: Cracked section

Calculate c:
(750-300)(75)(c-75/2) + (300)(c) (c/2) =(8.72) (1847)(486-c) - c= 126 mm

ler = (1/12)(750-300)(75)3 + (750-300)(75)(126-75/2)2 + (1/3)(300)(126)? + (8.72)(1847)(486-
126)2=2.4x10° mm*

I
<L =042
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Chapter 11: Slender Columns

11.1 Introduction:

If the column fails due to initial material failure, it is classified as a short column. As the length
of the column increases, the probability that failure will occur by buckling also increases.
Therefore, the transition from the short column to the long column is defined using the
slenderness ratio which is given by:

KLy/r

Where:

K= effective length factor that depends on end or support conditions of the column

Lu,= unsupported length of the column

r=radius of gyration of the section

I= column moment of inertia in the direction of buckling
A= column section area
r=0.3 h for rectangular column

r=0.25 D for circular column
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'y by
|
! I
I ]
] ]
1 |
oa | K L] AL
I | -
| ]
I 1
1
1
P B -
k= k=05
Pin-pin Fixed-fixed
_ -1
h
Points
= of -
k=8 flection kR,=0500, &,
S
-
-
k=10 k=0.50
(a) (b)

05<k<1.0
Elastically restrained

Point
of
inflection

k=070
(©)

Figure 11.1: Unbraced length factors for columns
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Y/ ]
]
I
777 —-x—— kR =218,
|
\
\

4

\
\ \

(a) Upper end free to rotate and
translate, lower end fixed

Figure 11.1 - continued: Unbraced length factors for columns
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(a) (b) (¢) (d) (e) ()
Jﬂzz ; g [ ? B e
A / \ ' / l
Buckled / I \ ! / ,
shape of ! | \ / / J
) \ /
column | 1 / |
shown by | \ | I/ | !
dashed \\ \ / /
line \ /’ //
ar | wr wr |\ g
Theoretical K value 0.5 0.7 1.0 1.0 2.0 2.0
Recommended design values when
ideal conditions are approximated 0.65 0.80 1.0 1.2 2.10 2.0

Rotation fixed, Translation fixed

End
conditions
code

Rotation free, Translation fixed

Rotation fixed, Translation free

~ ] ~RR

Rotation free, Translation free

Figure 11.1- continued: Unbraced length factors for columns

Calculations of K:

K can be calculated from monographs for effective length factors using the factor W as
follows:

Z% of columns
Y=

El
ZT of beams
L= length of member center to center of the joints.
E= modulus of elasticity of concrete.

I= section moment of inertia.
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W= 0 if the column is fully fixed at that end.

W= infinity if the column end is perfect hinge.

In practical structures, there is no such thing as truly fixed end or truly hinged end
Reasonable upper and lower limits on W are 20 and 0.2.

Note: For columns in nonsway frames, k should never be taken less than 0.6

YA k vB YA k ¥B
[>e) o0 [~}
50.01 —— 1.0 _Eso.o 00 — _/3'/=_ — 0
10.0 o 1 — 10.0 1g8.8: 20.0—"F~_ 100 —258%0
503 i £ 50 30.0 -+ 50 =~ 30.0
3.0 : — 3.0 20.0 — B — 20.0
2.0 — 4 — 2.0 . : -

- - 10.0 - - 10.0

HE |

88 — 38 7.0 1 — 7.0
0.8 — T — 08 6.0 — T — 6.0
0.7 — — 0.7 5.0 — + — 5.0
0.6 — + o7 — 0.6 4.0 — -+ 20 — 4.0
05—_ _—05 N X1 -
0.4 — 1 — 0.4 3'°f T ?3.0

] i i —+ 15
0.2 - 0.6 — 0.2 ] 1 i

] i 1.0 — + — 1.0
0.1 - — 0.1 . 1 -

0 L 05 -0 0 L 10 0
(a) (b)
Nonsway frames Sway frames

Figure 11.2: ACI 318-19 Fig. R6.2.5.1 Effective length factor k

11.2 P — delta moments:

P-86 moments (member P- delta): these moments result from deflections of the axis of bent
column away from the chord joining the ends of column. The slenderness effects in pin- ended
columns and in nonsway frames result from P-6 effects.

P-A moments (structure P- delta): these moments result from lateral deflections of the
beam- column joints from their original undeflected locations. The slenderness effects in sway
frames result from P-A effects.
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P P
y y
* e ——— - // I*
| \
l |
! | 1L
\ 05< K<0.7 f
' t
1
NN A

P
/"’_F'éj
~—— /
']

/

/

1< KL2 /
NN

Figure 11.4: Unbraced length factors in unbraced frame with fixed supports
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P P
\ \
o ’V,,_ifj
T |
/ |
Ll /
// K =2 //
/ /

Figure 11.5: Unbraced length factors in unbraced frame with pin supports

11.3 First and second order analyses:

A. In a first order analysis, the equations of equilibrium are derived by assuming that
deflections have a negligible effect on the internal forces in the members
B. In a second order analysis, the equations of equilibrium considered the deformed shape of
the structure

C. Instability can be investigated only via a second order analysis, because it is the loss of
equilibrium of the deformed structure that causes instability

D. However, because many engineers’ calculations and computer programs are based on first
order analysis, methods have been derived to modify the results of a first order analysis
to approximate the second order effects.

11.4 Braced frames (columns):

It shall be permitted to analyze columns and stories in structures as nonsway frames if a, b
or c is satisfied:

(a) If bracing elements resisting lateral movement of a story have a total stiffness of at
least 12 times the gross lateral stiffness of the columns in the direction considered.

(b) The increase in column end moments due to second- order effects does not exceed
5% of the first — order end moments.

(c) Q (Stability index) in accordance with ACI 318-19 section 6.6.4.4.1 does not exceed
0.05.

o _ R,
VU.S lC

where ) P, and V,, are the total factored vertical load and horizontal story shear,
respectively, in the story being evaluated, and A, is the first order relative lateral deflection
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between the top and bottom of that story due to V, ;. [, is the length of compression member,
measured center to- center of the joints.

11.5 Moment computations in slender columns:

1. Second order analysis
2.  Moment magnification for first order analysis for K L,/r < 100

11.6 Moment magnification in nonsway (braced) frames:

For columns braced against sidesway, slenderness effects shall be permitted to be neglected
if:

kL, M,
—<34+12—<40
T M,

where M; /M, is negative if the column is bent in single curvature, and positive for double
curvature. M; and M, are the smaller and larger end column moments respectively.

The magnified moment is given as:

P

—_—u__
1=575E

_ 2(ED sy
T (kl?

0.4E,I,

(El)eff B 1+ ﬁdns

(1)

(0.2E.1, + Esls,)
(El)eff N 1+ ﬁdns

E.I
1+ Bdns

(2)

(EDesr = 3)

C,. =06 04M1
m_ . . MZ

where 4,5 shall be the ratio of maximum factored sustained axial load to maximum factored
axial load associated with the same load combination and | is calculated according to ACI 318-

19 Table 6.6.3.1.1(b) for columns and walls. For equation 3, table 11.1 shall be used.

For columns with transverse loads applied between supports, C,,, = 1.0.
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Table 11.1: ACI 318-19 Table 6.6.3.1.1(b) Alternative moments of inertia for elastic analysis
at factored loads

Alternative value of I for elastic analysis
Member | Minimum I Maximum
| 4 M P
Columns | o .o/ 110804252 |[1-22 —0.5%* |1 | 0.8751
and walls g A Ph PJ: g
Beams. flat b
plates.and | 0.25I, (0-10+25P)(1-2-0»27')I, 0.5I,
flat slabs

Notes: For continuous flexural members, 7 shall be permutted to be taken as the average
of values obtained for the critical positive and negative moment sections. P, and M,
shall be calculated from the load combination under consideration, or the combination
of P, and M, that produces the least value of 1.

The factor Cm is a correction factor relating the actual moment diagram to an equivalent
uniform moment diagram. The derivation of the moment magnifier assumes that the
maximum moment is at or near midheight of the column. If the maximum moment occurs at
one end of the column, design should be based on an equivalent uniform moment C,,, M, that
leads to the same maximum moment at or near midheight of the column when magnified
(MacGregor et al. 1970).

Where:

6ns= nonsway moment magnification factor.

Pu= ultimate axial compression on the column.

P.= Euler buckling load for pin- ended column.

lg= gross moment of inertia of the concrete section about its centroidal axis ignoring
reinforcement.

lse= moment of inertia of reinforcement about the centroidal axis of concrete section.

M; must be greater than M,,;,,.
Myin = Puemin

emin = 0.015 + 0.03h
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Where h is the side length of section in meters and e,,,;;, is the minimum eccentricity.

If M ,,;,, exceeds M,, C,, shall be taken equal to 1.0 or calculated based on the ratio of the
calculated end moments M;/M,, using the considered equation.

Note: The cross-sectional dimensions of each member used in an analysis shall be within 10
percent of the specified member dimensions in construction documents or the analysis shall
be repeated. If the stiffnesses of Table 6.6.3.1.1(b) are used in an analysis, the assumed
member reinforcement ratio shall also be within 10 percent of the specified member
reinforcement in construction documents.

Unless slenderness effects are neglected, the design of columns, restraining beams, and other
supporting beams shall be based on the factored forces and moments considering second-

order effects. M, including second-order effects shall not exceed 1.4M,, due to first- order
effects. So, if 8, is greater than 1.4 enlarge section.

11.7 Moment magnification in sway (unbraced) frames:

Slenderness effects can be ignored if:

The end moments will be:

Where:
6s= sway moment magnification factor.
The magnified moment is given as:
M, = 8,sM;
The sway moment magnification factor &s, can be computed using the following procedures:
A. Second order analysis: ACI code allows the use of second order analysis to compute &
M.
B. Moment magnification procedure.
Elastic second-order analysis shall consider section properties determined taking into account

the influence of axial loads, the presence of cracked regions along the length of the member,
and the effects of load duration.
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In elastic analysis, it shall be permitted to use the following properties for the members in the
structure as shown in Table 11.2 below.

Table 11.2: Table 6.6.3.1.1(a)—Moments of inertia and cross- sectional areas permitted for
elastic analysis at factored load level

Cross- sectional Cross- sectional
Member and Moment of area for axial area for shear
condition inertia deformations deformations
Columns 0.70lq4
Uncracked 0.701, 1.0A4 bwh

Walls Cracked 0.35/,
Beams 0.35/4
Flat plates and flat slabs 0.25/,

The moment magnification factor, §; is given by:

1
(a) 5S=—1_ >1
Or
1.0
b 0 =———2=>1.0
() S 1_ ZPu_
0.75). P.

If §5 exceeds 1.5, &s shall be calculated using second order elastic analysis or from equation
(b).

Where:

Y P,= The summation for all the factored vertical loads in a story.

2 P.=the summation of Pc for all columns in the story.

When sustained lateral loads are present, | for compression members shall be divided by (1 +
Bds). The term Bds shall be taken as the ratio of maximum factored sustained shear within a
story to the maximum factored shear in that story associated with the same load

combination, but shall not be taken greater than 1.0.

Notes: ACI 318-19

6.6.3.1.2 For factored lateral load analysis, it shall be permitted to assume I = 0.5/g for all
members or to calculate | by more detailed analysis, considering the effective stiffness of all
members under the loading conditions.
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6.6.3.2.2 It shall be permitted to calculate immediate lateral deflections using a moment of
inertia of 1.4 times I defined in 6.6.3.1, or using a more detailed analysis, but the value shall
not exceed Ig.

11.8 Moment - axial force interaction diagrams:
Column design for axial force and a moment can be achieved by:

1. Try a section with a specific steel ratio, draw P-M interaction diagram then check the
location of P and M in the diagram
2. Try asection and use P-M interaction diagram sheets

In this chapter, P-M interaction diagram sheets are used.
P-M interaction diagram sheets:

- Section shape (rectangular or circular)
- Concrete strength, f'c

- Steel strength, fy

- Factory

h — 2 covers to bars centroid
’)/ =
h

Bars distribution (at two sides/ distributed at 4 sides)
Determine ®P,/bh and ®M,,/bh?
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Figure 11.6: Moment- Axial force interaction diagram for rectangular column with y=0.6
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Figure 11.7: Moment- Axial force interaction diagram for rectangular column with y=0.75
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Figure 11.8: Moment- Axial force interaction diagram for rectangular column with y=0.9
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Example 1:

Design a 6m tall column to support an unfactored dead load of 410kN and unfactored live
load of 340kN.

F'c= 28MPa
Fy= 420MPa
Assume that the column braced and K=1.0.

The bending moment diagram for the column is shown in Figure 11.9.

MD= 31kN.m
ML= 26kN.m

MD= 21kN.m \_

ML= 17kN.m

Figure 11.9: Bending moment diagram for the column in example 1

Solution:

Stepl : Compute ultimate loads:
Pi=1.2Pp+1.6 P,

P.= 1.2 (410) + 1.6 (340)= 1036 kN
Muy1=1.2 Mp1 + 1.6 M1

Mui= 1.2 (21) + 1.6 (17)= 52.4 kN.m
Muz= 1.2 Mp+ 1.6 M,

Mu= 1.2 (31) + 1.6 (26)= 78.8 kN.m
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Step2 : Estimate column size:
Assume steel ratio, p= 0.01. Assume My=0.0
oP, = 9A(0.85f' (A, — A5) + f,A;)
®=0.65
A=0.8
f'c=28MPa
fy=420MPa
As = pAy; = 0014,
Substitute in above equation - Ag= 71764mm?
(270mm x 270mm)  try: 400mm x 400mm

Step 3: Check slenderness

kL, M;
—<34+12—<40
T M,

K=1 Lu= 6m

r=0.3h=0.3(0.4)=0.12

kLu/r= 50

M1=52.4 kN.m

M2=78.8 kN.m

M1/M2 Negative single curvature
34-12(M1/M2)= 26 < 50 consider slenderness

Step 4: Compute moment magnification factor

M, = 8,sM,
C
Sps = ’”Pu > 1.0
1 =575
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_ T[Z (El)eff
T (kly)?
0.4E.I
(EDeps = —2
erf 1+ Bdns

C. =06 04M1
m_ . . M2

Cp=0.866
P.= 1036 kN

K=1

Lu= 6000mm

E. = 4700V28 = 24870MPa

I,= (1/12)(400)*= 2.133 x 10 ® mm*

1.2P,
1.2P, + 1.6P,

Bans =
Po= 410kN

P.= 340kN

Pu.= 1036kN

> Byns = 0475
El=1.439 x 10 3 N.mm?
Pc= 3945kN

- 6ns=1.333

Muz= 78.8kN.m

Minin = Riemin

e, = 0.015 + 0.03h

h=0.4m - e;;;,=0.027m

Mmin= 1036 (0.027)= 28kN.m < M= 78.8kN.m
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OK
M= (1.333)(78.8)= 105kN.m
Step 5: Section design
Column dimensions: 400 x 400 mm
b= 400mm h=400mm
Pu=1036kN Mu= 105kN.m
Concrete cover= 60mm
y = (400 — 2x60)/400 = 0.7

¢P, _ (1036)(1000)
bh ~ (400)(400)(7)

= 0.93ksi

¢M, _ (105)(1000 000)

bhZ — (400)(400)2(7) . O-23kst

Using column design aids: P-M interaction diagrams

- Steel ratio, p=0.01 As= 0.01(400)(400)= 1600mm? Use 8116 reinforcing bars

12101250

| 8@16

~—400——~

400
Figure 11.10: Section in column
Ties:
s < 48d; = 48(10) = 480mm
s < 16d, = 16(16) = 256mm controls

s < least column dimension = 400mm
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Example 2:

Design the column shown in the frame in Figure 11.11.

The axial force and the bending moment diagrams are shown in Figure 11.12.
f'c=28MPa

fy=420MPa

Load combination: U=1.2D + 1.0L + 1.6W

WD= 18kN/m + own weight

R T {i n

B
a1P 7.000
15.000
1.50
v
o
o
@
o
hN
o
<
o
AN ~0.40+
~——0.80—~
SECTION A-A SECTION B-B

Figure 11.11: Frame and sections for example 2
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Mo= 460kN.m Pp= 273kN
Mc= 110kN.m PL= 52kN
Mw= 17kN.m Pw= 2.3kN
E
<
N~
Il
-l
MD= 224kN.m
ML= 53kN.m
— MW= 32kN.m
BENDING MOMENT AXIAL COMPRESSION
DIAGRAM DIAGRAM

Figure 11.12: Bending moment and axial force diagram for the column for example 2

Solution:

Stepl: Compute ultimate axial loads:
Pu=1.2Pp+1.0P.+1.6W

Pu=1.2(273) +1.0(52) + 1.6 (2.3)=383.3 kN

Step 2: Check slenderness

— <22
T

> % of columns

Z% of beams

| column=1.707 x 10 *®*mm* (0.0171 m#)
| beam=2.89 x 10 *®* mm* (0.0289 m?)
Modified I:

| column=0.71=0.01197 m*

| beam=0.351=0.01012 m*

Y, =0 (fixed end)
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Y5=(0.01197/7)/(0.01012/15) = 2.54

Using monograph for effective length factor of sway frames:
K=1.35

Radius of gyration, r=0.3h =0.3 (0.8) = 0.24m

kl, _ (135)(7 = 04)

=37.1 22
0.24 >
- consider slenderness
Step 3: Calculate moment magnification factor, 6s:
5 = 1.0 10
§ 1 Z Pu - '
0.75) P.
© (kly?
0.4E.I,
EIl
( )eff 1 + ﬁ <
Bas = 0.0
K=1.35
L,=6600mm

El= 1.7 x 10 ¥* N.mm?

Pc=21111kN

3P,=2(1.2x273+1x52)=759.2 kN

(note 2Pw=0)

6s=1.025
My = Myps + 8:Mis
My = Maps + 6sMps

M3 is larger than M, so

M2n5= 1.2 MD + 1.0 ML
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Mans= 1.2 (460) + 1.0 (110) = 662 kN.m

Mas= 1.6 Mw

M= 1.6 (17) = 27.2 kN.m

My= 662 + 1.025 (27.2) = 690 kN.m

Mins=1.2 Mp + 1.0 M

Mins= 1.2 (224) + 1.0 (53) =321.8 kN.m

M1s= 1.6 Mw

Mis= 1.6 (32) =51.2 kN.m

Mi=321.8 + 1.025 (51.2) =374.28 kN.m

Step 4: Calculate moment magnification factor, éns:

M, = 8,sM,

M= 374.28kN.m

Mz= 690kN.m

My .
Double curvature. M—l is positive.
2

K=1

- Cn=0.38
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1.2P, _12P,  (12)(273) 0.85
1.2P, +1.0P, +16P, P, 3833

Bans =

ElI=9.18 x 10 ¥ mm*
Pc=20778 kN
Pu=383.3kN
6ns=0.39<1.0 use 6n=1.0
So, the design moment will be,
Mc=1 x 690= 690 kN.m
Step 5: Section design:
b=400mm
h=800mm
P,=383.3k.N
Mu= 690 kN.m
y = (800— 2x60)/800 = 0.85

¢P, _ (383.3)(1000)

bh  (400)(800)(7) _ 17kt

¢M, _ (690)(1000 000)

bhz ~ (400)(800)2(7) . O-39kst

Using column design aids: P-M interaction diagrams -
Fory=0.75 - p=0.017

Fory=09 ->p=0.014

- p=0.015

As=0.015(400)(800)= 4800mm?

Use 1620 reinforcing bars

Ties:

$<16(20) =320 mm
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$<48(10) =480 mm

S <400 mm
So,
Use s= 300mm
o o @
® )
o 2310/300
8 ® )
% )
) )
o o @\ 16020
A——400—

Figure 11.13: Section in column
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Chapter 12: Introduction to Seismic Design

12.1 Introduction:

Earthquakes result from the sudden movement of tectonic plates in earth’s crust. The
movement takes place at fault lines, and the energy released is transmitted through the earth
in the form of waves that cause ground motion many kilometers from the epicenter.

The mapped values, expressed as a percent of gravity, represent the expected peak
acceleration of a single-degree-of-freedom system with 0.2 seconds period and 5% of critical
damping, known as the 0.2 sec. spectral response acceleration Ss (Subscript s for short
period), it is used along with 1.0 second spectral response acceleration S1, to establish the
loading criteria for seismic design based on IBC 2012/ ASCE 7-10.

Accelerations Ss and S1 are based on historical records and local geology. They represent
earthquake ground motion with a likelihood of exceedance of 2% in 50 years, a value that is
equivalent to a return period of about 2500 years. Refer to Figure 12.1 for single degree of
freedom system.

S

F = ma
kx
- |, _ | |
P —
oX
-kx - o +f(.i‘) = mx

Figure 12.1: Single degree of freedom system

—kx — cx + f(t) = mx-
kx + cx' + mx- = f(t)
(Second order nonhomogeneous ordinary differential equation)
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Note:

The return period 1/r can be computed from the mathematical following equation:
1-PF, =e™"

Where:

Po= Probability of exceedance, 2%

y: number of years, 50 years

1—-0.02 =e7%" =0.98

1
— = 2475 years

Ln(0.98) = —=50r = —0.0202 > r = a7 - .

Or:

1—P,=e¥/r

Here, the return period isr.

As experienced by structures, earthquakes consist of random horizontal and vertical
movements of the earth’s surface. As the ground moves, inertia tends to keep structures in
place, resulting in the imposition of displacements and forces that can have catastrophic
results. The purpose of the seismic design is to proportion structures so that they withstand
the displacements and the forces induced by the ground motion.

12.2 Structure response:

Design of earthquakes differ from design for gravity and wind loads in the relatively greater
sensitivity of earthquake-induced forces to the geometry of the structures.

A. Structural considerations:

e The closer the frequency of the ground motion to one of the natural frequencies of a
structure, the greater the likelihood of the structure experiencing resonance, resulting
in an increase in displacement and damage.

e Earthquake response depends on the geometric properties of a structure, especially
height. The building has many mode shapes. The relative contribution of each mode
to the lateral displacement of the structure depends on the frequency characteristics
of the ground motion.

e The configuration of the structure has major effect on its response to an earthquake.
Structures with a discontinuity in stiffness or geometry can be subjected to high
displacements or forces.
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Stiffer members tend to pick up a greater portion of the load like the existence of
shear walls. However, when the effects of higher stiffness members, such as masonry
infill walls, are not considered in the design, unexpected and often undesirable results
can occur.

There is a need to provide an adequate separation between structures. Spacing
requirements to ensure that adjacent structures do not come into contact as the result
of earthquake induced motion are specified in codes.

B. Member considerations:

Members must perform in a ductile fashion and dissipate energy.

The principal method of ensuring ductility in members subject to shear and bending
is to provide confinement for the concrete by using closed stirrups (hoops) in beams
and columns. So, beams and columns can undergo nonlinear cyclic bending while
maintaining their flexural strength and without deteriorating due to diagonal tension
cracking. The formation of ductile (plastic) hinges allow reinforced concrete frames to
dissipate energy. Hinges will form in the beams rather than in columns, minimizing the
portion of the structure affected by nonlinear behavior and maintaining the overall
vertical load capacity. So, the “weak beam-strong column” approach is used to design
reinforced concrete frames subjected to seismic loading. The ends of the beam must
be designed to resist maximum shear that can be developed. Refer to Figures 12.2 and
12.3.

259



Design of Reinforced Concrete Structures: A Practical Approach IBRAHIM ARMAN

=] HE
B o= 3
|
|
|
|

E+ == =
Ea 5

-j (12+02SDs)D+10L+02S
Mnl Q 3 Mnr

fn

MN'I-M wu
2

l i
/—\ Mm
Vu

/ Column shear

Vu
— —p

w_ \—Y—l
Mnb V. - Mpt + Mpp
Py

u
Lu

Fig. R18.4.2—Design shears for intermediate moment
frames.

Figure 12.2: Design shears for intermediate moment

Frames
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Where:

Mn = Nominal flexural strength at section.

M,r = Probable flexural strength of members, with or without axial load, determined using
the properties of the member at joint faces assuming a tensile stress in the longitudinal bars
of at least 1.25fy and a strength reduction factor @ of 1.0.

D= Dead load

L= Live load

S=Snow load

Ln= length of clear span measured face-to-face of supports

Lu= unsupported length of column or wall

e Two-way systems without beams are especially vulnerable because of low ductility at the
slab-column intersection.

12.3 Load combinations:

Table 12.1: ACI 318-19 Table R5.2.2—Correlation between seismic-related terminology in
model codes

Level of seismic risk or assigned seismic performance or

Code, standard, or resource design categories as
document and edition defined in the Code
AClI 318-08, ACI 318-11, ACI 318-14,
ACI 318-19; IBC of 2000, 2003, spcllla, B sSDCC SDCD,E, F

2006, 2009, 2012, 2015, 2018; NFPA
5000 of 2003, 2006, 2009, 2012,
2015, 2018; ASCE 7-98, 7-02, 7-05, 7-
10, 7-16; NEHRP 1997, 2000,
2003, 2009, 2015

ACI 318-05 and previous editions Low seismic risk | Moderate/intermediat | High seismic
e seismic risk risk
BOCA National Building Code 1993, spcl2l A, B
1996, 1999; Standard Building SPCC SPCD, E

Code 1994, 1997, 1999; ASCE 7-93,
7-95; NEHRP 1991, 1994

Uniform Building Code 1991, 1994, Seismic Zone O, Seismic Zone 2 Seismic Zone
1997 1 3,4

[1] sbc = seismic design category as defined in code, standard, or resource document.
(2] spc = seismic performance category as defined in code, standard, or resource document.
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The seismic design category in IBC 2012/ ASCE 7-10 depends on the values of Sp; and Sps and
the risk category. (Tables 11.6-1 and 11.6-2 in ASCE 7-10)

Based on seismic design category, the lateral forces resisting system is selected and the
reinforcement details are specified based on ACI code.

Refer to Table 12.2 for load combinations in ACI 318-19.

Table 12.2: ACI 318-19 Table 5.3.1 Load combinations

Load combination Equation Primary load
U=1.4D (5.3.1a) D
U=1.2D + 1.6L + 0.5(L. or S or R) (5.3.1b) L
U=1.2D+1.6(Lror SorR) + (1.0L or 0.5W) (5.3.1¢) LrorSorR
U=1.2D+1.0W + 1.0L + 0.5(L, or S or R) (5.3.1d) w
U=1.2D+ 1.0E+1.0L+0.2S (5.3.1¢) E
U=0.9D + 1.0W (5.3.1f) w
U=0.9D + 1.0E (5.3.1g) E
Where:
D= Dead loads

L= Live loads

Lr= Roof live loads

S=Snow loads

R=Rain loads

W= wind loads

E= Earthquake loads

Load combinations in ASCE 7-10 section 2.3.2:
1.1.4D

2.1.2D+1.6L+0.5(Lror SorR)
3.1.2D +1.6(Lror Sor R) + (L or 0.5W)
4.1.2D+1.0W +L+0.5(Lror SorR)
5.1.2D+1.0E+L+0.2S
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6.0.9D + 1.0W
7.0.9D + 1.0E

Where fluid loads F are present, they shall be included with the same load factor as dead load
D in combinations 1 through 5 and 7.

Where load H (Soil pressure) are present, they shall be included as follows:

1. where the effect of H adds to the primary variable load effect, include H with a load factor
of 1.6;

2. where the effect of H resists the primary variable load effect, include H with a load factor
of 0.9 where the load is permanent or a load factor of O for all other conditions.

Seismic Load Effect: ASCE 7-10
The seismic load effect, E, shall be determined in accordance with the following:
e For use in load combination 5, E shall be determined in accordance with:
E =E, +E,
e For use in load combination 7, E shall be determined in accordance with:
E =E,-E,
Where:
E = seismic load effect
Eh = effect of horizontal seismic forces
Ev = effect of vertical seismic forces
Horizontal Seismic Load Effect:

The horizontal seismic load effect, Eh, shall be determined in accordance with:

Eh = pQg
Where:

Qg = effects of horizontal seismic forces

p =redundancy factor. In general, it equals to 1.0 for seismic design categories B and C and it
equals 1.30 for seismic design categories D, E and F.
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Vertical Seismic Load Effect:

The vertical seismic load effect, Ev, shall be determined in accordance with:
E, = 0.25pgD

Where:

Sps = design spectral response acceleration parameter at short periods

D = effect of dead load

Seismic Load Effect Including Overstrength Factor:

Where specifically required, conditions requiring overstrength factor applications shall be
determined in accordance with the following:

e For use in load combination 5, E shall be taken equal to Em as determined in
accordance with:

En = Enn + Ep

e Foruseinload combination, E shall be taken equal to Em as determined in accordance
with:

E, = En- Ey
Where:
Em = seismic load effect including overstrength factor
Emh = effect of horizontal seismic forces including overstrength factor
Ev = vertical seismic load effect
Horizontal Seismic Load Effect with Overstrength Factor:

The horizontal seismic load effect with overstrength factor, Emn, shall be determined in
accordance with:

Emn = Q0QE
Where:
Qg = effects of horizontal seismic forces

1, = overstrength factor
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EXCEPTION: The value of Emn need not exceed the maximum force that can develop in the
element as determined by a rational, plastic mechanism analysis or nonlinear response
analysis utilizing realistic expected values of material strengths.

12.4 Equivalent lateral forces procedure:

The seismic base shear, V, in a given direction shall be determined in accordance with the
following equation:

V=CW
Where:
C, = the seismic response coefficient
W = the effective seismic weight
The seismic response coefficient, Cy, shall be determined in accordance with:

Sps

C. =
> R/l

Where:

Sps = the design spectral response acceleration parameter in the short period

R = the response modification factor in Table 12.2-1 ASCE 7-10

I, = the importance factor determined in accordance with Section 11.5.1 ASCE 7-10
The value of Cs need not exceed the following:

S
Csmax = “PL forT< T,

(1)

SpyT,
Comax = ——e for T > T,

(1)

Cs shall not be less than:

Comin = 0.044Spgl, > 0.01

C _ 055 ifS, > 0.6
s,min_m1 1 = V.08

Sp1 = the design spectral response acceleration parameter at a period of 1.0 s.
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T = the fundamental period of the structure in seconds.
T, = long-period transition period in seconds.

Ss = mapped MCER (Maximum Considered Earthquake), 5 percent damped, spectral response
acceleration parameter at short period of 0.2 second.

S1 = mapped MCER, 5 percent damped, spectral response acceleration parameter at a period
of 1.0 second.

Effective Seismic Weight:

The effective seismic weight, W, of a structure shall include the dead load above the base and
other loads above the base as listed below:

1. Inareas used for storage, a minimum of 25 percent of the floor live load shall be included.

2. Where provision for partitions is required in the floor load design, the actual partition
weight or a minimum weight of 0.48 kN/m? of floor area, whichever is greater.

3. Total operating weight of permanent equipment.

4. Where the flat roof snow load, Pf, exceeds 1.44 kN/m?, 20 percent of the uniform design
snow load, regardless of actual roof slope.

5. Weight of landscaping and other materials at roof gardens and similar areas.

Site Class:

Based on the site soil properties, the site shall be classified as Site Class A, B, C, D, E, or F in
accordance with Chapter 20 in ASCE 7-10. Where the soil properties are not known in
sufficient detail to determine the site class, Site Class D shall be used unless the authority

having jurisdiction or geotechnical data determines Site Class E or F soils are present at the
site.

Site Coefficients and Risk-Targeted Maximum Considered Earthquake (MCER) Spectral
Response Acceleration Parameters:

The MCER spectral response acceleration parameter for short periods (SMS) and at 1 s (SM1),
adjusted for Site Class effects, shall be determined by:

Sus = F;Ss
Su1 = E,5;

Where: site coefficients Fa and Fv are defined in Tables 11.4-1 and 11.4-2 in ASCE 7-10,
respectively.
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Design Spectral Acceleration Parameters:

Design earthquake spectral response acceleration parameter at short period, Sps, and at 1 s
period, Sp1, shall be determined from:

Sps ==S

DS = 3OMs
Sp1 = §SM1
Risk category:

Buildings and other structures shall be classified, based on the risk to human life, health, and
welfare associated with their damage or failure by nature of their occupancy or use, according
to Table 1.5-1 in ASCE 7-10 for the purposes of applying flood, wind, snow, earthquake, and
ice provisions. Each building or other structure shall be assigned to the highest applicable risk
category or categories. Minimum design loads for structures shall incorporate the applicable
importance factors given in Table 1.5-2 in ASCE 7-10, as required by other sections of this
Standard (ASCE 7-10). Assignment of a building or other structure to multiple risk categories
based on the type of load condition being evaluated (e.g., snow or seismic) shall be permitted.
When the building code or other referenced standard specifies an Occupancy Category, the
Risk Category shall not be taken as lower than the Occupancy Category specified therein.

Approximate Fundamental Period:

The approximate fundamental period (T;), in seconds, shall be determined from the following
equation:

T, = Cthnx

Where: hpis the structural height as defined in Section 11.2 (ASCE 7-10: STRUCTURAL HEIGHT:
The vertical distance from the base to the highest level of the seismic force-resisting system
of the structure. For pitched or sloped roofs, the structural height is from the base to the
average height of the roof.) and the coefficients Ct and x are determined from Table 12.8-2.

The general equation for the period T (Frequency= 1/Period) is given by:

T—Z\/m
_T[k

\"1
I
|
=
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Where:
m= mass
k= stiffness

f= frequency

12.5Distribution of base shear to floors:

The lateral seismic force, Fx induced at any level shall be determined from the following
equations:

E, = C,V

k
Wy hx

C - -
vXx n k
i=1 w;h;

k=1forT < 0.5sec k=2 forT > 2.5sec
Where:
C,, = vertical distribution factor
V = total design lateral force or shear at the base of the structure (kN)

wiand wx = the portion of the total effective seismic weight of the structure (W) located or
assigned to Level i or x

hiand hx = the height from the base to Level i or x.

12.6 UBC 97 code provisions:

V= C"IW
" RT
_25C,1
max — R

Vinin = 0.11C,IW

3
T = Cth'Tl4
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C; = 0.0853 for steel moment resisting frames

C: = 0.0731 for concrete moment resisting frames
C; = 0.0488 for all other buildings

E, = 0.5C,ID E=pQg +E,

V=F+YL.F

F, =0.07TV <0.25V  forT > 0.7sec and F; = 0.0

_ (V - Ft)thx

o =1 Wih
UBC sesimic zones 0,1 use SDC:A,B
UBC sesimic zone 2 use SDC:C
UBC sesimic zones 3,4 use SDC:D,E,F
Where:
W: seismic effective weight
I: importance factor, Table 16-K
R: response factor, Table 16-N
C.: seismic factor, Table 16-Q
C.: seismic factor, Table 16-R
Soil profile as stated in Table 16-)

T: approximate period in seconds.

forT < 0.7sec

The calculated structural period from structural analysis shall be less than 1.3 T from method
A (The above equation) if the structure exists in seismic zone 4 and 1.4 T from method A if the

structure exists in seismic zones 1,2 and 3.

The redundancy factor, p is equal to 1.0 for seismic zones 0, 1 and 2 and it equals 1.5 for
seismic zone 3. In general, it can be calculated based on code provisions.

E.: vertical seismic force component

wi and wy : The portion of the total effective seismic weight of the structure (W) located or

assigned to Level i or x
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hi and hx = the height (ft or m) from the base to Level i or x.
Fi: the concentrated force at the top
Moment resisting frames:

For seismic zones 3 and 4, the lateral forces resisting system shall be special moment resisting
frames and for seismic zone 2, it shall be intermediate moment resisting frames.

Example 1:
Given:

- Concrete strength, f'c= 28MPa

- Steel strength, fy= 420MPa

- Office building

- Five floors

- Floor height=4m

- Live load, WL= 3kN/m?

- Superimposed dead load, WSD= 4kN/m?

- Perimeter wall weight= 6kN/m

- Slab system: Two way solid. Slab thickness, t= 0.17m.
- All columns are 0.60m x 0.60m

- All beams are 0.30m (Width) x 0.55m (Depth)
- Location: Ss=1.12g, S1=0.53g, z=0.3

- Soil class= C or Sc

Determine the base shear and its distribution to the floors.

C? 6.00 ? 6.00 COP 6.00 CE?

- w
|
|
|
T
|
|
L
|
|
|
‘T—

Figure 12.4: Building plan for the example

271



Design of Reinforced Concrete Structures: A Practical Approach IBRAHIM ARMAN

Solution:

ASCE 7-10 / IBC 2012 codes:

From ASCE Table 11.4.1, F,= 1.0
From ASCE Table 11.4-2, F,=1.30
Sus = F,.S¢ = (1)(1.12) = 1.12

Sys = E,S; = (1.30)(0.53) = 0.689

2
Sps =5 Sus = (2/3)(1.12) = 0.75

2
Sp1 =551 = (2/3)(0.689) = 0.46

Risk category: IlI ASCE 7-10 Table 1.5-1

I,=1.25 ASCE Table 1.5-2

Seismic design category: D Table 11.6-1 ASCE 7-10

Seismic design category: D Table 11.6-2 ASCE 7-10

So, the seismic design category is D.

Seismic force resisting system: Special reinforced concrete moment frames.

From ASCE 7-10 Table 12.2-1:

R =38
Q, =3
Cd=55

Period:

T, = C.h,,* = (0.0466)(5x4)%° = 0.69 seconds

If structural analysis is done, the period is limited to Ta C,= (0.69)(1.4)=0.97 seconds.
Building effective weight:

Slab: (21)(18)(0.17)(25)=1606.5kN
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Beams: {(21)(4)+(18)(4)}(0.3)(0.55)(25)=643.5kN
Columns: (16)(0.6)(0.6)(4)(25)=576kN

Walls: {(21)(2)+(18)(2)}(6)=468kN
Superimposed dead load: (21)(18)(4)=1512kN
0.25 of Live loads: (0.25)(21)(18)(3)=283.5kN
Weight of one floor= 5089.5kN

Weight of five floors= (5)(5089.5)=25447.5kN

Sps 0.75

CS=ri= (8/.1.25)

=0.117

Spr 0.46

Cs,max = T (E) = (0.69)(8/1.25) = 0.104 controlds
I,

Csmin = 0.0445p61, = 0.044(0.75)(1.25) = 0.041 = 0.01
So, use 5 = 0.104
V =CW = (0.104)(25447.5) = 2647kN
Distribution of base shear to floors:

K=1.095

Table 12.3: Floor forces — ASCE 7-10/ IBC 2012

Floor Height (m) | Weight (kN) | Wi hi* Cvx Force to
hi Wi floor Fx (kN)

5 20 5089.5 135301.6 0.346 916

4 16 5089.5 105970.9 0.271 717

3 12 5089.5 77335.4 0.198 524

2 8 5089.5 49608.8 0.127 336

1 4 5089.5 23223.7 0.059 156

391440.4 1.001 2649
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UBC 97 code:
Effective weight, W= 25447.5kN
=1.0 Table 16-K
Seismic zone: 3 Z=0.3
Special moment resisting frame.
R =8.5 Q, =28
Soil profile: Sc: given

a=0.33 Table 16-Q C,=0.45 Table 16-R

3
T = C;h, % = (0.0731)(20)3/* = 0.69 seconds

y=Gly o QD) o006~ 195300
=&t = @5)0.69) FH7) =
L 25C, - (2.5)(0.33)(1)
Vmax = —p— W =""g3

(25447.5) = 2470kN > 1953kN

Vinin = 0.11C,IW = (0.11)(0.33)(1)(25447.5) = 924kN
Use V=1953kN

Distribution of base shear to floors:

Since T< 0.7 seconds, F;=0.0 kN

F = (V B Ft)thx
* = Wil

Table 6.4: Floor forces — UBC 97

Floor Height (m) Weight (kN) | Wi hi* Cvx Force to
hi Wi floor Fx (kN)
5 20 5089.5 101790 0.333 650
4 16 5089.5 81432 0.267 521
3 12 5089.5 61074 0.200 391
2 8 5089.5 40716 0.133 260
1 4 5089.5 20358 0.067 131
305370 1.000 1953
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12.7 Seismic response spectrum:

The effect of the size and type of vibration waves released during a given earthquake can be
organized so as to be more useful in design in terms of a response spectrum for a given
earthquake or family of earthquakes. Figure 5a shows a family of inverted, damped
pendulums, each of which has a different period of vibration, T. To derive a point on a
response spectrum, one of these hypothetical pendulum structures is analytically subjected
to the vibrations recorded during a particular earthquake. The largest acceleration of this
pendulum structure during the entire record of a particular earthquake can be plotted as
shown in Figure 6.5b. Repeating this for each of the other pendulum structures shown in
Figure 6.5a and plotting the peak values for each of the pendulum structures produces an
acceleration response spectrum.

Generally, the vertical axis of the spectrum is normalized by expressing the computed
accelerations in terms of the acceleration due to gravity. If, for example, the ordinate of a
point on the response spectrum is 2 for a given period T, it means that the peak acceleration
of the pendulum structure for that value of T and for that earthquake was twice that due to
gravity. The random wave content of an earthquake causes the derived acceleration response
spectrum to plot as a jagged line, as shown in Figure 6.6¢c. The spectra in Figure 6.5b has been
smoothed.
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Viscous damping

-

Z 2 77/ 7z LFW,W

(a) Damped pendulums of varying natural frequencies.

T
0.5%Damping
s °f |
c 2% Damping
o ‘
g 2 L 5% Damping
@
Q
<
1
0 A A A
0 1.0 2.0 3.0 4.0

Natural period of vibration, T (sec)

(b) Acceleration response spectrum,

Figure 12.5: Earthquake response spectrum

Velocity and Displacement Spectra:

Following the procedure used to obtain an acceleration spectrum, but plotting the peak
velocity relative to the ground during the entire earthquake against the periods of the family
of pendulum structures, gives a velocity response spectrum. A plot of the maximum
displacements of the structure relative to the ground during the entire earthquake is called a
displacement response spectrum. These three spectra for a particular earthquake measured
on rock or firm soil sites are shown in Figure 6.
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Figure 12.6: Displacement, velocity, and acceleration spectra for a given earthquake
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Response spectrum analysis:

An elastic dynamic analysis of a structure utilizing the peak dynamic response of all modes
having a significant contribution to total structural response. Peak modal responses are
calculated using the ordinates of the appropriate response spectrum curve which correspond
to the modal periods. Maximum modal contributions are combined in a statistical manner to
obtain an approximate total structural response.

Time-history analysis:

An analysis of the dynamic response of a structure at each increment of time when the base
is subjected to a specific ground motion time history.
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Table 1.5-1 Risk Category of Buildings and Other Structures for Flood, Wind, Snow, Earthquake,
and Ice Loads

Use or Occupancy of Buildings and Structures Risk Category
Buildings and other structures that represent a low risk to human life in the event of failure I
All buildings and other structures except those listed in Risk Categories I. III, and IV II
Buildings and other structures, the failure of which could pose a substantial risk to human life. I

Buildings and other structures, not included in Risk Category IV, with potential to cause a substantial
economic impact and/or mass disruption of day-to-day civilian life in the event of failure.

Buildings and other structures not included in Risk Category IV (including, but not limited to, facilities that
manufacture, process, handle, store, use, or dispose of such substances as hazardous fuels, hazardous
chemicals, hazardous waste, or explosives) containing toxic or explosive substances where their quantity
exceeds a threshold quantity established by the authority having jurisdiction and is sufficient to pose a threat
to the public if released.

Buildings and other structures designated as essential facilities. v
Buildings and other structures, the failure of which could pose a substantial hazard to the community.

Buildings and other structures (including, but not limited to, facilities that manufacture, process, handle, store,
use, or dispose of such substances as hazardous fuels, hazardous chemicals, or hazardous waste) containing
sufficient quantities of highly toxic substances where the quantity exceeds a threshold quantity established by
the authority having jurisdiction to be dangerous to the public if released and is sufficient to pose a threat to
the public if released.”

Buildings and other structures required to maintain the functionality of other Risk Category IV structures.

“Buildings and other structures containing toxic, highly toxic, or explosive substances shall be eligible for classification to a lower Risk Category
if it can be demonstrated to the satisfaction of the authority having jurisdiction by a hazard assessment as described in Section 1.5.2 that a
release of the substances is commensurate with the risk associated with that Risk Category.

Table 1.5-2 Importance Factors by Risk Category of Buildings and Other Structures for Snow, Ice, and
Earthquake Loads”

Risk Category Snow Importance Ice Importance Ice Importance Seismic Importance
from Factor, Factor—Thickness, Factor—Wind, Factor.
Table 1.5-1 I I; 1, 1,
I 0.80 0.80 1.00 1.00
Il 1.00 1.00 1.00 1.00
11 1.10 1.25 1.00 1.25
v 1.20 1.25 1.00 1.50

“The component importance factor, I,, applicable to earthquake loads, is not included in this table because it is dependent on the importance of
the individual component rather than that of the building as a whole, or its occupancy. Refer to Section 13.1.3.

Table 11.4-1 Site Coefficient, F,

Mapped Risk-Targeted Maximum Considered Earthquake (MCER) Spectral Response Acceleration
Parameter at Short Period

Site Class Ss<0.25 S¢=0.5 Ss=0.75 Ss=1.0 Ss 2= 1.25
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.2 1.2 1.1 1.0 1.0
D 1.6 1.4 1.2 1.1 1.0
E 25 1.7 1.2 0.9 0.9
F See Section 11.4.7

Note: Use straight-line interpolation for intermediate values of Ss.
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Table 11.4-2 Site Coefficient, F,

Mapped Risk-Targeted Maximum Considered Earthquake (MCEg) Spectral Response Acceleration

Parameter at 1-s Period

Site Class 5,201 S$;=02 S;=03 S;,=04 5,205
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.7 1.6 1.5 1.4 1.3
D 24 2.0 1.8 1.6 1.5
E 35 3.2 28 24 2.4
F See Section 11.4.7

Note: Use straight-line interpolation for intermediate values of §;.

Table 11.6-1 Seismic Design Category Based on
Short Period Response Acceleration Parameter

Risk Category
Value of Sy I orII or III v
Sps< 0.167 A A
0.167 < Sps < 0.33 B C
0.33 < Sps < 0.50 C D
0.50 < Sps D D
Table 11.6-2 Seismic Design Category Based on
1-S Period Response Acceleration Parameter
Risk Category
Value of Sp; I orII orIII IV
SD| < 0.067 A A
0.067 < Sp; <0.133 B C
0.133 <55, <0.20 C D
0.20 < Sp, D D
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Table 12.2-1 Design Coefficients and Factors for Seismic Force-Resisting Systems

Structural System
Limitations Including

ASCE 7 Structural Height, A, (ft)
Section Limits®
Where Response
Detailing  Modification Deflection Seismic Design Category
Requirements  Coefficient, Overstrength Amplification
Seismic Force-Resisting System Are Specified R* Factor, Q*  Factor,C B C DY E F
A. BEARING WALL SYSTEMS
1. Special reinforced concrete shear 14.2 5 21 5 NL NL 160 160 100
walls" ™
2. Ordinary reinforced concrete shear 14.2 4 2% 4 NL NL NP NP NP
walls!
3. Detailed plain concrete shear walls' 14.2 2 2% 2 NL NP NP NP NP
4. Ordinary plain concrete shear walls' 14.2 12 2Y, 1 NL NP NP NP NP
5. Intermediate precast shear walls / 14.2 4 2% 4 NL NL 40 406 40
6. Ordinary precast shear walls' 14.2 3 2'2 3 NL NP NP NP NP
7. Special reinforced masonry shear walls 144 5 22 3 NL NL 160 160 100
8. Intermediate reinforced masonry shear 144 32 2% 2% NL NL NP NP NP
walls
9. Ordinary reinforced masonry shear 14.4 2 2% 134 NL 160 NP NP NP
walls
10. Detailed plain masonry shear walls 144 2 2% 134 NL NP NP NP NP
11. Ordinary plain masonry shear walls 144 12 2% 14 NL NP NP NP NP
12. Prestressed masonry shear walls 144 12 2% 134 NL NP NP NP NP
13. Ordinary reinforced AAC masonry 144 2 2% 2 NL 35 NP NP NP
shear walls
14. Ordinary plain AAC masonry shear 14.4 12 21, 12 NL NP NP NP NP
walls
15. Light-frame (wood) walls sheathed 14.1 and 14.5 6% 3 4 NL NL 65 65 65

with wood structural panels rated for
shear resistance or steel sheets
16. Light-frame (cold-formed steel) walls 141 62 3 4 NL NL 65 65 65

sheathed with wood structural panels
rated for shear resistance or steel

sheets

17. Light-frame walls with shear panels of 14.1 and 14.5 2 2% 2 NL NL 35 NP NP
all other materials

18. Light-frame (cold-formed steel) wall 14.1 4 2 3 NL NL 65 65 65

systems using flat strap bracing

B. BUILDING FRAME SYSTEMS

1. Steel eccentrically braced frames 14.1 8 2 4 NL NL 160 160 100
2. Steel special concentrically braced 14.1 6 2 5 NL NL 160 160 100
frames
3. Steel ordinary concentrically braced 14.1 3% 2 3% NL NL 3% 3% NP
frames

Continued
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Table 12.2-1 (Continued)

Structural System
Limitations Including

ASCE 7 Structural Height, h, (ft)
Section Limits*
Where Response
Detailing  Modification Deflection Seismic Design Category
Requirements Coefficient, Overstrength Amplification
Seismic Force-Resisting System Are Specified R* Factor, )  Factor,C/ B C D' E F
4. Special reinforced concrete shear 14.2 6 2Ya 5 NL NL 160 160 100
walls™™
5. Ordinary reinforced concrete shear walls'  14.2 5 2 42 NL NL NP NP NP
6. Detailed plain concrete shear walls' 14.2 and 2 24, 2 NL NP NP NP NP
14.2.2.8
7. Ordinary plain concrete shear walls' 14.2 12 2 1%z NL NP NP NP NP
8. Intermediate precast shear walls' 14.2 2% 4% NL NL 40* 40¢ 40*
9. Ordinary precast shear walls' 14.2 4 22 4 NL NP NP NP NP
10. Steel and concrete composite 14.3 2% 4 NL NL 160 160 100
eccentrically braced frames
11. Steel and concrete composite special 14.3 5 2 4'2 NL NL 160 160 100
concentrically braced frames
12. Steel and concrete composite ordinary  14.3 3 2 3 NL NL NP NP NP
braced frames
13. Steel and concrete composite plate 14.3 6Y2 2 b2 NL NL 160 160 100
shear walls
14. Steel and concrete composite special 14.3 6 22 5 NL NL 160 160 100
shear walls
15. Steel and concrete composite ordinary ~ 14.3 5 2% 442 NL NL NP NP NP
shear walls
16. Special reinforced masonry shear walls  14.4 Sl 2Ya 4 NL NL 160 160 100
17. Intermediate reinforced masonry shear 144 4 2 4 NL NL NP NP NP
walls
18. Ordinary reinforced masonry shear 144 2 212 2 NL 160 NP NP NP
walls
19. Detailed plain masonry shear walls 14.4 2 22 2 NL NP NP NP NP
20. Ordinary plain masonry shear walls 14.4 Y2 22 1'4 NL NP NP NP NP
21. Prestressed masonry shear walls 14.4 12 22 134 NL NP NP NP NP
22. Light-frame (wood) walls sheathed 14.5 7 2%, 4 NL NL 65 65 65
with wood structural panels rated for
shear resistance
23. Light-frame (cold-formed steel) walls 14.1 7 22 4'2 NL NL 65 65 65
sheathed with wood structural panels
rated for shear resistance or steel sheets
24. Light-frame walls with shear panels of 14.land 14.5 2% 2'a 22 NL NL 35 NP NP
all other materials
25. Steel buckling-restrained braced 14.1 8 2% 5 NL NL 160 160 100
frames
26. Steel special plate shear walls 14.1 7 2 6 NL NL 160 160 100
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Table 12.2-1 (Continued)

Structural System
Limitations Including

ASCE 7 Structural Height, i, (ft)
Section Limits*
Where Response
Detailing  Modification Deflection Seismic Design Category
Requirements  Coefficient, Overstrength Amplification
Seismic Force-Resisting System Are Specified R? Factor, *  Factor,C B C D' E' F
C. MOMENT-RESISTING FRAME
SYSTEMS
1. Steel special moment frames 14.1 and 8 3 5% NL NL NL NL NL
12255
2. Steel special truss moment frames 14.1 7 3 5% NL NL 160 100 NP
3. Steel intermediate moment frames 12257 and 4% 3 4 NL NL 35" NP* NP*
14.1
4. Steel ordinary moment frames 12256 and 3% 3 3 NL NL NP NPF NP
14.1
5. Special reinforced concrete moment 12255and 8 3 5% NL NL NL NL NL
frames” 14.2
6. Intermediate reinforced concrete 14.2 5 3 4% NL NL NP NP NP
moment frames
7. Ordinary reinforced concrete moment  14.2 3 3 2% NL NP NP NP NP
frames
8. Steel and concrete composite special 12255and 8 3 5% NL NL NL NL NL
moment frames 14.3
9. Steel and concrete composite 14.3 5 3 4% NL NL NP NP NP
intermediate moment frames
10. Steel and concrete composite partially  14.3 6 3 5 160 160 100 NP NP
restrained moment frames
11. Steel and concrete composite ordinary ~ 14.3 3 3 2% NL NP NP NP NP
moment frames
12. Cold-formed steel—special bolted 14.1 3 3 3 35 35 35 35 35
moment frame”
D. DUAL SYSTEMS WITH SPECIAL 122511
MOMENT FRAMES CAPABLE OF
RESISTING AT LEAST 25% OF
PRESCRIBED SEISMIC FORCES
1. Steel eccentrically braced frames 14.1 2% 4 NL NL NL NL NL
2. Steel special concentrically braced 14.1 2 5% NL NL NL NL NL
frames
3. Special reinforced concrete shear walls' 14.2 2% hi% NL NL NL NL NL
4. Ordinary reinforced concrete shear 14.2 6 22 5 NL NL NP NP NP
walls'
5. Steel and concrete composite 14.3 8 2% 4 NL NL NL NL NL
eccentrically braced frames
6. Steel and concrete composite special 14.3 6 2% 5 NL NL NL NL NL

concentrically braced frames
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Table 12.2-1 (Continued)

Structural System
Limitations Including

ASCE7 Structural Height, h, (ft)
Section Limits*
Where Response
Detailing Modification Deflection Seismic Design Category
Requirements Coefficient, Overstrength Amplification
Seismic Force-Resisting System Are Specified R’ Factor, * Factor,C/ B C D' E' F
7. Steel and concrete composite plate 14.3 T2 2\ 6 NL NL NL NL NL
shear walls
8. Steel and concrete composite special 14.3 7 2 6 NL NL NL NL NL
shear walls
9. Steel and concrete composite ordinary ~ 14.3 6 22 5 NL NL NP NP NP
shear walls
10. Special reinforced masonry shear walls  14.4 5 3 5 NL NL NL NL NL
11. Intermediate reinforced masonry shear 14.4 4 3 32 NL NL NP NP NP
walls
12. Steel buckling-restrained braced 14.1 8 s 5 NL NL NL NL NL
frames
13. Steel special plate shear walls 14.1 8 2% 6% NL NL NL NL NL
E. DUAL SYSTEMS WITH 12251
INTERMEDIATE MOMENT
FRAMES CAPABLE OF
RESISTING AT LEAST 25% OF
PRESCRIBED SEISMIC FORCES
1. Steel special concentrically braced 14.1 6 2% 5 NL NL 35 NP NP
frames’
2. Special reinforced concrete shear walls'  14.2 6'2 2Ya 5 NL NL 160 100 100
3. Ordinary reinforced masonry shear 14.4 3 3 2% NL 160 NP NP NP
walls
4. Intermediate reinforced masonry shear  14.4 32 3 3 NL NL NP NP NP
walls
5. Steel and concrete composite special 14.3 52 2'2 4% NL NL 160 100 NP
concentrically braced frames
6. Steel and concrete composite ordinary  14.3 Ki%3 2'2 3 NL NL NP NP NP
braced frames
7. Steel and concrete composite ordinary 143 5 3 42 NL NL NP NP NP
shear walls
8. Ordinary reinforced concrete shear 14.2 52 2'2 4% NL NL NP NP NP
walls'
F. SHEAR WALL-FRAME 12258 and 4% 24 4 NL NP NP NP NP
INTERACTIVE SYSTEM WITH 14.2

ORDINARY REINFORCED
CONCRETE MOMENT FRAMES
AND ORDINARY REINFORCED
CONCRETE SHEAR WALLS'

284



Design of Reinforced Concrete Structures: A Practical Approach IBRAHIM ARMAN

Table 12.2-1 (Continued)

Structural System
Limitations Including

ASCE7 Structural Height, h, (ft)
Section Limits®
Where Response
Detailing ~ Modification Deflection Seismic Design Category
Requirements  Coefficient, Overstrength Amplification
Seismic Force-Resisting System Are Specified R* Factor, *  Factor,C B C D' E F
G. CANTILEVERED COLUMN 12.2.5.2
SYSTEMS DETAILED TO
CONFORM TO THE
REQUIREMENTS FOR:
1. Steel special cantilever column 14.1 22 1% 22 35 35 35 35 35
systems
2. Steel ordinary cantilever column 14.1 1% 1% 1% 35 35 NP NP NP
systems
3. Special reinforced concrete moment 12255and 2% 1% 2% 35 3 35 35 35
frames" 142
4. Intermediate reinforced concrete 142 12 14 1% 35 35 NP NP NP
moment frames
5. Ordinary reinforced concrete moment  14.2 1 1% 1 35 NP NP NP NP
frames
6. Timber frames 145 12 1¥2 1%2 35 35 35 NP NP
H. STEEL SYSTEMS NOT 14.1 3 3 3 NL NL NP NP NP

SPECIFICALLY DETAILED FOR
SEISMIC RESISTANCE,
EXCLUDING CANTILEVER
COLUMN SYSTEMS

“Response modification coefficient, R, for use throughout the standard. Note R reduces forces to a strength level, not an allowable stress level.
"Deflection amplification factor, Cy, for use in Sections 12.8.6, 12.8.7, and 12.9.2.

“NL = Not Limited and NP = Not Permitted. For metric units use 30.5 m for 100 ft and use 48.8 m for 160 ft.

See Section 12.2.5.4 for a description of seismic force-resisting systems limited to buildings with a structural height, h,, of 240 ft (73.2 m) or less.
“See Section 12.2.5.4 for seismic force-resisting systems limited to buildings with a str I height, h,, of 160 ft (48.8 m) or less.

/Ordinary moment frame is permitted to be used in lieu of intermediate moment frame for Seismic Design Categories B or C.

*Where the tabulated value of the overstrength factor, {2, is greater than or equal to 2¥2, €2, is permitted to be reduced by subtracting the value of 1/2
for structures with flexible diaphragms.

*See Section 12.2.5.7 for limitations in structures assigned to Seismic Design Categories D, E, or F.

See Section 12.2.5.6 for limitations in structures assigned to Seismic Design Categories D, E, or E

iSteel ordinary concentrically braced frames are permitted in single-story buildings up to a structural height, h,, of 60 ft (18.3 m) where the dead load of
the roof does not exceed 20 psf

(0.96 kN/m?) and in penthouse structures.

An increase in structural height, h,, to 45 ft (13.7 m) is permitted for single story storage warehouse facilities.

'In Section 2.2 of ACI 318. A shear wall is defined as a structural wall.

“In Section 2.2 of ACI 318. The definition of “special structural wall” includes precast and cast-in-place construction.

“In Section 2.2 of ACI 318. The definition of “special moment frame” includes precast and cast-in-place construction.

“Alternately, the seismic load effect with overstrength, Egs, is permitted to be based on the expected strength determined in accordance with AISI S110.
PCold-formed steel — special bolted moment frames shall be limited to one-story in height in accordance with AISI S110.
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Table 12.6-1 Permitted Analytical Procedures

Seismic Equivalent Lateral ~ Modal Response Seismic Response
Design Force Analysis,  Spectrum Analysis, History Procedures,

Category Structural Characteristics Section 12.8" Section 12.9° Chapter 16°

B.C All structures P P P

D.E,F Risk Category I or II buildings not exceeding 2 P P P

stories above the base
Structures of light frame construction

Structures with no structural irregularities and not
exceeding 160 ft in structural height

Structures exceeding 160 ft in structural height P P P
with no structural irregularities and with T < 3.5T;

Structures not exceeding 160 ft in structural P P P
height and having only horizontal irregularities of

Type 2, 3,4, or 5 in Table 12.3-1 or vertical

irregularities of Type 4, 5a, or 5b in Table 12.3-2

All other structures NP P P

“P: Permitted; NP: Not Permitted; T, = Sp)/Sps.

Table 12.8-1 Coefficient for Upper Limit on
Calculated Period

Design Spectral Response Acceleration

Parameter at 1 s, S, Coefficient C,
>04 1.4
0.3 1.4
0.2 1.5
0.15 1.6
<0.1 1.7

Table 12.8-2 Values of Approximate Period Parameters C, and x

Structure Type C, x

Moment-resisting frame systems in which the frames resist 100% of the required seismic force
and are not enclosed or adjoined by components that are more rigid and will prevent the frames
from deflecting where subjected to seismic forces:

Steel moment-resisting frames 0.028 (0.0724)° 0.8
Concrete moment-resisting frames 0.016 (0.0466)° 09
Steel eccentrically braced frames in accordance with Table 12.2-1 lines Bl or D1 0.03 (0.0731)* 0.75
Steel buckling-restrained braced frames 0.03 (0.0731)" 0.75
All other structural systems 0.02 (0.0488)" 0.75

“Metric equivalents are shown in parentheses.
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Table 12.12-1 Allowable Story Drift, A,*"

Risk Category
Structure Torll I v

Structures, other than masonry shear wall structures, 4 stories or less above the base as 0.025h,° 0.020h,, 0.015h,,
defined in Section 11.2, with interior walls, partitions, ceilings, and exterior wall systems

that have been designed to accommodate the story drifts.

Masonry cantilever shear wall structures? 0.010h,, 0.010h,, 0.010h,,
Other masonry shear wall structures 0.007he 0.007hy, 0.007hy
All other structures 0.020h,, 0.015h,, 0.010h,,

“hy; 1s the story height below Level x.

"For seismic force-resisting systems comprised solely of moment frames in Seismic Design Categories D, E, and F, the allowable story drift shall
comply with the requirements of Section 12.12.1.1.

“There shall be no drift limit for single-story structures with interior walls, partitions, ceilings, and exterior wall systems that have been designed
to accommodate the story drifts. The structure separation requirement of Section 12.12.3 is not waived.

“Structures in which the basic structural system consists of masonry shear walls designed as vertical elements cantilevered from their base or
foundation support which are so constructed that moment transfer between shear walls (coupling) is negligible.

Table 20.3-1 Site Classification

Site Class v, NorN,, 5
A. Hard rock >5,000 ft/s NA NA
B. Rock 2,500 to 5,000 ft/s NA NA
C. Very dense soil and soft rock 1,200 to 2,500 ft/s >50 >2,000 psf
D. Stiff soil 600 to 1,200 fu/s 15 to 50 1,000 to 2,000 psf
E. Soft clay soil <600 ft/s <15 <1,000 psf
Any profile with more than 10 ft of soil having the following characteristics:
—Plasticity index PI > 20,
—DMoisture content w > 40%,
—Undrained shear strength 5, < 500 psf
F. Soils requiring site response analysis See Section 20.3.1

in accordance with Section 21.1

For SI: 1 ft/s = 0.3048 m/s; 1 Ib/fe* = 0.0479 kN/m’.

MAXIMUM DIAPHRAGM
DEFLECTION (MDD)

AVERAGE DRIFT OF VERTICAL ELEMENT
(ADVE)

Note: Diaphragm is flexible if MDD > 2(ADVE).

FIGURE 12.3-1 Flexible Diaphragm
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Table 12.3-1 Horizontal Structural Irregularities

Seismic Design

Type Description Reference Section  Category Application

la. Torsional Irregularity: Torsional irregularity is defined to exist where the 12.3.3.4 D,E,and F
maximum story drift, computed including accidental torsion with A, = 1.0, 12.7.3 B,C,D,E,and F
at one end of the structure transverse to an axis is more than 1.2 times the 12.84.3 C.D.E, and F
average of the story drifts at the two ends of the structure. Torsional 12.12.1 C.D.E,and F
irregularity requirements in the reference sections apply only to structures Table 12.6-1 D,E,and F
in which the diaphragms are rigid or semirigid. Section 16.2.2 B.C,D,E,and F

1b. Extreme Torsional Irregularity: Extreme torsional irregularity is defined 12.3.3.1 Eand F
to exist where the maximum story drift, computed including accidental 12334 D
torsion with A, = 1.0, at one end of the structure transverse to an axis is 12.7.3 B.C,and D
more than 1.4 times the average of the story drifts at the two ends of the 12.84.3 Cand D
structure. Extreme torsional irregularity requirements in the reference 12.12.1 Cand D
sections apply only to structures in which the diaphragms are rigid or Table 12.6-1 D
semirigid. Section 16.2.2 B.C,and D

2. Reentrant Corner Irregularity: Reentrant corner irregularity is defined to  12.3.3.4 D.,E,and F
exist where both plan projections of the structure beyond a reentrant corner  Table 12.6-1 D,E,and F
are greater than 15% of the plan dimension of the structure in the given
direction.

3. Diaphragm Discontinuity Irregularity: Diaphragm discontinuity 12334 D.E.and F
irregularity is defined to exist where there is a diaphragm with an abrupt Table 12.6-1 D,E,and F
discontinuity or variation in stiffness, including one having a cutout or open
area greater than 50% of the gross enclosed diaphragm area, or a change in
effective diaphragm stiffness of more than 50% from one story to the next.

4. Out-of-Plane Offset Irregularity: Out-of-plane offset irregularity is 12333 B.C,D,E,and F
defined to exist where there is a discontinuity in a lateral force-resistance 12334 D.E,and F
path, such as an out-of-plane offset of at least one of the vertical elements. 12.7.3 B.C.D,E,and F

Table 12.6-1 D.E.and F
Section 16.2.2 B.C.D,E, and F

5. Nonparallel System Irregularity: Nonparallel system irregularity is 12.5.3 C,D,E,and F
defined to exist where vertical lateral force-resisting elements are not 12.7.3 B,C,D,E,and F
parallel to the major orthogonal axes of the seismic force-resisting system.  Table 12.6-1 D.E.and F

Section 16.2.2 B,C,D,E,and F
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Table 12.3-2 Vertical Structural Irregularities

Seismic Design

Type Description Reference Section  Category Application

la. Stiffness-Soft Story Irregularity: Stiffness-soft story irregularity is Table 12.6-1 D,E, and F
defined to exist where there is a story in which the lateral stiffness is less
than 70% of that in the story above or less than 80% of the average
stiffness of the three stories above.

1b. Stiffness-Extreme Soft Story Irregularity: Stiffness-extreme soft story 12.3.3.1 Eand F
irregularity is defined to exist where there is a story in which the lateral Table 12.6-1 D.E, and F
stiffness is less than 60% of that in the story above or less than 70% of the
average stiffness of the three stories above.

2. Weight (Mass) Irregularity: Weight (mass) irregularity is defined to exist ~ Table 12.6-1 D.E. and F
where the effective mass of any story is more than 150% of the effective
mass of an adjacent story. A roof that is lighter than the floor below need
not be considered.

3. Vertical Geometric Irregularity: Vertical geometric irregularity is defined  Table 12.6-1 D, E, and F
to exist where the horizontal dimension of the seismic force-resisting
system in any story is more than 130% of that in an adjacent story.

4. In-Plane Discontinuity in Vertical Lateral Force-Resisting Element 12333 B,C,D.E and F
Irregularity: In-plane discontinuity in vertical lateral force-resisting 12334 D.E, and F
elements irregularity is defined to exist where there is an in-plane offset of ~ Table 12.6-1 D,E, and F
a vertical seismic force-resisting element resulting in overturning demands
on a supporting beam, column, truss, or slab.

Sa. Discontinuity in Lateral Strength-Weak Story Irregularity: 12.3.3.1 Eand F
Discontinuity in lateral strength-weak story irregularity is defined to exist Table 12.6-1 D.E, and F
where the story lateral strength is less than 80% of that in the story above.

The story lateral strength is the total lateral strength of all seismic-resisting
elements sharing the story shear for the direction under consideration.

5b. Discontinuity in Lateral Strength-Extreme Weak Story Irregularity: 12.3.3.1 D.E, and F
Discontinuity in lateral strength—extreme weak story irregularity is defined 123.3.2 B and C
to exist where the story lateral strength is less than 65% of that in the story  Table 12.6-1 D.E, and F

above. The story strength is the total strength of all seismic-resisting
elements sharing the story shear for the direction under consideration.

2.4 COMBINING NOMINAL LOADS USING

ALLOWABLE STRESS DESIGN

2.4.1 Basic Combinations

Loads listed herein shall be considered to act in
the following combinations; whichever produces the

most unfavorable effect in the building, foundation, or
structural member being considered. Effects of one or
more loads not acting shall be considered.

1. D
2. D+L
3. D+ (L,orSorR)

289



Design of Reinforced Concrete Structures: A Practical Approach IBRAHIM ARMAN

4. D +0.75L+ 0.75(L, or S or R)

5. D+ (0.6Wor0.7E)

6a. D + 0.75L + 0.75(0.6W) + 0.75(L, or S or R)
6b. D + 0.75L + 0.75(0.7E) + 0.758

7. 0.6D + 0.6W

8. 0.6D +0.7E

Basic Combinations for Strength Design (see
Sections 2.3.2 and 2.2 for notation).

5. (1.2 + 0.28p5)D + pQr + L + 0.28
6. (0.9 - 0.28,5)D + pQr + 1.6H

Basic Combinations for Allowable Stress Design
(see Sections 2.4.1 and 2.2 for notation).

5.(1.0+0.148p9)D + H+ F + 0.7pQ¢

6. (1.0 + 0.108ps)D + H + F + 0.525pQ¢ + 0.75L +
0.75(L, or S or R)

8. (0.6 —0.145p5)D + 0.7pQx + H

Basic Combinations for Strength Design with
Overstrength Factor (see Sections 2.3.2 and 2.2 for
notation).

5. (12 +0.2S5y9)D + Q,0; + L + 0.2
7. (0.9 — 0.2Spe)D + Q,0; + 1.6H

Basic Combinations for Allowable Stress Design
with Overstrength Factor (see Sections 2.4.1 and
2.2 for notation).

5. (1.0 + 01480 + H+ F + 0.7Q,0¢

6. (1.0 + 0.1058p5)D + H+ F + 0.525Q,0; + 0.75L +
0.75(L;or Sor R)

8. (0.6 —0.145,5)D + 0.7Q,0 + H
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Sbs ;

Sbi

Spectral Response Acceleration,Sa (g)

T, T, 1.0
Period, T (sec)

1. For periods less than Ty, the design spectral
response acceleration, S,, shall be taken as given

by Eq. 11.4-5:

Sa = SDS (04'*‘061)

To

2. For periods greater than or equal to 7 and less
than or equal to T, the design spectral response
acceleration, §,, shall be taken equal to Sp;.

3. For periods greater than T, and less than or equal
to T;. the design spectral response acceleration, S,,
shall be taken as given by Eq. 11.4-6:

Sazﬁ
T

4. For periods greater than 7, S, shall be taken as

given by Eq. 11.4-7:
_SolTy

5 a
T &

TO = O-ZSDI/SDS
Ts = Spi/Sps
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TABLE 16-—SEISMIC ZONE FACTOR Z

ZONE 1 2A

2B 3

zZ 0.075 0.15

0.20

0.40

NOTE: The zone shall be determined from the seismic zone map in Figure 16-2.

TABLE 16-J—SOIL PROFILE TYPES

AVERAGE SOIL PROPERTIES FOR TOP 100 FEET (30 480 mm) OF SOIL PROFILE
it 7 Standard Penetration Test, N [or Ny for i 5,
SOILT:F;gFlLE SOIL PRSE%ERB:;#CE,I'?ENERIC She'g;‘.v’\'sae\éeoxdﬂ?rﬁlg. Vs cohesionless soil layers] (bllowslfouoq Undrained Shm;as)mnmh, 5y psf
Sy Hard Rock > 5.000
(1.500)
Sp Rock 2.500 to 5.000 - -
(760 to 1,500)
Sc Very Dense Soil and Soft Rock 1.200 to 2,500 >50 > 2,000
(360 to 760) (100)
Sp Stiff Soil Profile 600 to 1,200 15 to 50 1.000 to 2.000
(180 to 360) (50 to 100)
St Soft Soil Profile < 600 <15 < 1,000
(180) (50)
Sr Soil Requiring Site-specific Evaluation. See Section 1629.3.1.

1So0il Profile Type Sg also includes any soil profile with more than 10 feet (3048 mm) of soft clay defined as a soil with a plasticity index, P7> 20, e = 40 percent
and s, < 500 psf (24 kPa). The Plasticity Index. P/, and the moisture content, 11,., shall be determined in accordance with approved national standards.

TABLE 16-K—OCCUPANCY CATEGORY

SEISMIC SEISMIC WIND
IMPORTANCE IMPORTANCE! IMPORTANCE
OCCUPANCY CATEGORY OCCUPANCY OR FUNCTIONS OF STRUCTURE FACTOR, / FACTOR, |, FA! X
1. Essential Group I, Division 1 Occupancies having surgery and emergency treatment 125 1.50 1.15
facilities? areas
Fire and police stations
Garages and shelters for emergency vehicles and emergency aircraft
Structures and shelters in emergency-preparedness centers
Aviation control towers
Structures and equipment in government communication centers and other
facilities required for emergency response
Standby power-generating equipment for Category 1 facilities
Tanks or other structures containing housing or supporting water or other
fire-suppression material or equipment required for the protection of Category
1, 2 or 3 structures
2. Hazardous Group H. Divisions 1, 2, 6 and 7 Occupancies and structures therein housing or 125 1.50 1.15
facilities supporting toxic or explosive chemicals or substances
Nonbuilding structures housing, supporting or containing quantities of toxic or
explosive substances that, if contained within a building, would cause that
building to be classified as a Group H. Division 1, 2 or 7 Occupancy
3. Special Group A, Divisions 1, 2 and 2.1 Occupancies 1.00 1.00 1.00
occupancy Buildings housing Group E. Divisions 1 and 3 Occupancies with a capacity
structures’ greater than 300 students
Buildings housing Group B Occupancies used for college or adult education
with a capacity greater than 500 students
Group I, Divisions 1 and 2 Occupancies with 50 or more resident incapacitated
patients, but not included in Category 1
Group I, Division 3 Occupancies
All structures with an occupancy greater than 5.000 persons
Structures and equipment in power-generating stations, and other public utility
facilities not mcluded in Category 1 or Category 2 above, and required for
continued operation
4. Standard All structures housing occupancies or having functions not listed in Category 1.00 1.00 1.00
occupancy 1, 2 or 3 and Group U Occupancy towers
structures?
5. Miscellaneous Group U Occupancies except for towers 1.00 1.00 1.00
structures

The limatation of J, for panel connections in Section 1633.2 4 shall be 1.0 for the entire connector.
2Structural observation requirements are given in Section 1702.
3For anchorage of machinery and equipment required for life-safety systems, the value of I, shall be taken as 1.5.
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TABLE 16-N—STRUCTURAL SYSTEMS!

HEIGHT LIMIT FOR
SEISMIC ZONES 3
AND 4 (feet)
BASIC STRUCTURAL SYSTEM2Z LATERAL-FORCE-RESISTING SYSTEM DESCRIPTION R Q, x 304.8 for mm
1. Bearing wall system 1. Light-framed walls with shear panels
a. Wood structural panel walls for structures three stories or less 55 28 65
b. All other light-framed walls 45 28 65
2. Shear walls
a. Concrete 45 28 160
b. Masonry 45 28 160
3. Light steel-framed bearing walls with tension-only bracing 28 22 65
4. Braced frames where bracing carries gravity load
a. Steel 4.4 22 160
b. Concrete’ 28 22 -
c. Heavy timber 28 22 65
2. Building frame system 1. Steel eccentrically braced frame (EBF) 7.0 28 240
2. Light-framed walls with shear panels
a. Wood structural panel walls for structures three stories or less 65 28 65
b. All other light-framed walls 50 28 65
3. Shear walls
a. Concrete 55 28 240
b. Masonry 55 28 160
4. Ordinary braced frames
a. Steel 5.6 22 160
b. Concrete’ 5.6 22 —
c. Heavy timber 5.6 22 65
5. Special concentrically braced frames
a. Steel 6.4 22 240
3. Moment-resisting frame 1. Special moment-resisting frame (SMRF)
system a. Steel 85 28 NL.
b. Concrete? 85 28 NL.
2. Masonry moment-resisting wall frame (MMRWF) 6.5 28 160
3. Concrete intermediate moment-resisting frame (IMRF)’ 55 28 —
4. Ordinary moment-resisting frame (OMRF)
a. Steel® 45 28 160
b. Concrete’ 35 28 —
5. Special truss moment frames of steel (STMF) 6.5 28 240
4. Dual systems 1. Shear walls
a. Concrete with SMRF 85 28 NL.
b. Concrete with steel OMRF 42 28 160
c. Concrete with concrete IMRF 6.5 28 160
d. Masonry with SMRF 55 28 160
e. Masonry with steel OMRF 42 28 160
f Masonry with concrete IMRF? 42 28 —
g. Masonry with masonry MMRWF 6.0 28 160
2. Steel EBF
a. With steel SMRF 85 28 NL.
b. With steel OMRF 42 28 160
3. Ordinary braced frames
a. Steel with steel SMRF 6.5 28 NL.
b. Steel with steel OMRF 42 28 160
c. Concrete with concrete SMRE3 6.5 28 —
d. Concrete with concrete IMRF? 42 28 —
4. Special concentrically braced frames
a. Steel with steel SMRF 75 28 NL.
b. Steel with steel OMRF 42 28 160
5. Cantilevered column building | 1. Cantilevered column elements 22 20 357
systems
6. Shear wall-frame interaction 1. Concrete® 5.5 28 160
systems
7. Undefined systems See Sections 1629 6.7 and 162992 —_ —_ —_
N.L.—no limit
ISee Section 1630.4 for combination of structural systems.
ZBasic structural systems are defined in Section 1629.6.
3Prohibited in Seismic Zones 3 and 4.
4Includes precast concrete conforming to Section 1921.2.7.
Prohibited in Seismic Zones 3 and 4. except as permitted in Section 1634.2.
50rdinary m t-resisting frames m Seismic Zone 1 meeting the requirements of Section 2211.6 may use a R value of 8.
7 Total height of the building including cantilevered columns.
8prohibited in Seismic Zones 2A. 2B, 3 and 4. See Section 1633 2.7.
TABLE 16-Q—SEISMIC COEFFICIENT C,
SEISMIC ZONE FACTOR, Z
SOIL PROFILE TYPE Z=0.075 Z=015 Z=02 Z=03 Z=04
S4 0.06 0.12 0.16 0.24 0.32N,
Sp 0.08 0.15 0.20 0.30 0.40N,
Sc 0.09 0.18 0.24 0.33 0.40N,
Sp 0.12 0.22 0.28 0.36 0.44N,
SE 0.19 0.30 0.34 0.36 0.36MN,
SF See Footnote 1

1Sjte-specific geotechnical investigation and dynamic site response analysis shall be performed to determine seismic coefficients for Soil Profile Type SF.
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TABLE 16-R—SEISMIC COEFFICIENT C,

SEISMIC ZONE FACTOR, Z

SOIL PROFILE TYPE Z=0.075 Z=0.15 Z=0.2 Z=03 Z=04
S4 0.06 0.12 0.16 0.24 0.32V,
Sp 0.08 0.15 0.20 0.30 040N,
Sc 0.13 025 032 045 0.56N,
Sp 0.18 032 040 0.54 0.64N,
SE 0.26 0.50 0.64 0.84 0.96
SF See Footnote 1

Igite-specific geotechnical investigation and dynamic site response analysis shall be performed to determine seismic coefficients for Soil Profile Type Sk

TABLE 16-P—R AND @, FACTORS FOR NONBUILDING STRUCTURES

STRUCTURE TYPE R Q,
1. Vessels, mcluding tanks and pressurized spheres, on braced or unbraced legs. 22 20
2. Cast-in-place concrete silos and chimneys having walls continuous to the foundations. 36 20
3. Distributed mass cantilever structures such as stacks, chimneys, silos and skirt-supported vertical vessels. 29 20
4. Trussed towers (freestanding or guyed), guyed stacks and chimneys. 29 20
3. Cantilevered column-type structures. 22 20
6. Cooling towers. 36 20
7. Bins and hoppers on braced or unbraced legs. 29 20
8. Storage racks. 36 20
9. Signs and billboards. 36 20
10. Amusement structures and monuments. 22 20
11. All other self-supporting structures not otherwise covered. 29 20

TABLE 16-L—VERTICAL STRUCTURAL IRREGULARITIES

IRREGULARITY TYPE AND DEFINITION REFERENCE SECTION

1. Stiffness irregularity—soft story
A soft story 1s one 1n which the lateral stiffness 1s less than 70 percent of that in the story above or less than 16298 4, Item 2
80 percent of the average stiffness of the three stonies above.

2. Weight (mass) irregularity
Mass irregulanty shall be considered to exist where the effective mass of any story is more than 150 percent of the 16298 4, Item 2
effective mass of an adjacent story. A roof that is lighter than the floor below need not be considered.

3. Vertical geometric irregularity
Vertical geometric irregularnity shall be considered to exist where the honizontal dimension of the lateral- 1629.8 4. Ttem 2
force-resisting system in any story i1s more than 130 percent of that in an adjacent story. One-story penthouses
need not be considered.

4. In-plane discontinuity in vertical lateral-force-resisting element
An in-plane offset of the lateral-load-resisting elements greater than the length of those elements. 1630.8.2

5. Discontinuity in capacity—weak story
A weak story is one 1n which the story strength is less than 80 percent of that in the story above. The story strength 16299.1
1s the total strength of all seismic-resisting elements sharing the story shear for the direction under consideration.

TABLE 16-M—PLAN STRUCTURAL IRREGULARITIES

IRREGULARITY TYPE AND DEFINITION REFERENCE SECTION
1. Torsional irregularitv—to be considered when diaphragms are not flexible
Torsional irregularity shall be considered to exist when the maximum story dnift, computed including accidental 1633.1,
torsion, at one end of the structure transverse to an axis 1s more than 1.2 times the average of the story dnifis of the 163329, Item 6

two ends of the structure.

2. Re-entrant corners
Plan configurations of a structure and its lateral-force-resisting system contain re-entrant corners, where both 1633.2.9,
projections of the structure beyond a re-entrant corner are greater than 15 percent of the plan dimension of the Items 6 and 7

structure in the given direction.

3. Diaphragm discontinuity
Diaphragms with abrupt discontinuities or vanations in stiffness, mcluding those having cutout or open areas greater 163329,
than 50 percent of the gross enclosed area of the diaphragm, or changes in effective diaphragm stiffness of more Item 6
than 50 percent from one story to the next.

4. Out-of-plane offsets
Discontinuities in a lateral force path, such as out-of-plane offsets of the vertical elements. 1630.8.2:
1633.2.9, Item 6:
221391

5. Nonparallel systems
The vertical lateral-load-resisting elements are not parallel to or symmetric about the major orthogonal axes of the 1633.1
lateral-force-resisting system.
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- CONTROL PERIODS
25C T = G/25G,
B T =027

SPECTRAL ACCELERATION (g's)

PERIOD (SECONDS)

FIGURE 16-3—DESIGN RESPONSE SPECTRA
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Chapter 13: Design of Footings

This chapter illustrates the design of the following types of footings:

- Wall footing

- Single footing

- Combined footing
- Strap footing

- Mat foundation

- Pile foundation

Figure 13.1: Wall, single and combined footings
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Figure 13.2: Mat foundation

13.1 Design of Wall Footing:
Design steps:
1. Determine footing width, B:

P service

A= Qau

Where:

As= area of footing=B x 1m

B= width of footing, m

1 m= unit length of wall footing

Pservice= SUmmation of service compression axial force, kN/m
gai= allowable soil bearing capacity, kN/m?

So,

P service

B =
qan
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2. Determine footing thickness, h:

Footing thickness, h=d + cov

d= footing effective depth, mm

cov= concrete cover to flexural bars centroid = clear concrete cover + half bar diameter, mm
Clear cover= 75mm if the footing is casted directly on soil.

Clear cover=40mm if the footing is casted on plain concrete.

d>= 150mm for footing on soil.

d>=300mm for footing on piles.

It is recommended to use the thickness of the footing not less than 300mm to take into
account environmental conditions to protect concrete.

Footing effective depth, d can be determined from wide beam shear strength (one-way
shear), as follows:

The ultimate shear force, V;, should be less than or equals the section shear strength, @V..
Vu < 0V,

ACI318 — 14: 0V, = = A\/f chd

ACl 318-19:

V. can be calculated by:
Ay _ (Av .

For A, =2 Ay min (or — = (—) ) use either of:
S min

N N
Ve = (0-17Mf’c + 67”) byd and V.= <0.66/1(Pw)1/ Wf'e+ 67”) byd
g g

Ay (Ay
For A, < Ay min (or —< (—) )use:
S S /min

N.
Ve = (0-6615/1(/0‘”)1/3\/ flet j) byd
g
Where A, is the area of shear reinforcement within spacing s, mm?2.
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And, V. shall not be taken greater than:

V., <0420/ f'.b,d

Size factor, A, = 1.0

— - <
1+0.004d

Ford < 250mm, A, = 1.0

Ny < 0.05f"
6Ag— . fC

Axial load, Nu, is positive for compression and negative for tension.

The value of A to be used in the calculation of p,, may be taken as the sum of the areas of
longitudinal bars located more than two thirds of the overall member depth away from the
extreme compression fiber.

The value of /f’c used to calculate Vc for one-way shear shall not exceed 100 psi (8.3MPa),
unless allowed in 22.5.3.2 (4, = Ay min)-

When no shear reinforcement is used, the ACI 318-19 equation of V. will give the same value

as in AClI 318-14 if the steel ratio, p,, = 0.017. In footings, this ratio is high and will not be
obtained, so, the controlling equation will be that of ACI 318-19.

W=q.l,—d)

b, = 1000mm

q, = ultimate stress under the footing, kN/m?
— B,

Qu = B

P, = ultimate axial downward load on the footing in kN/m

L1= clear distance from face of wall (support) to edge of footing

3. Determine flexural steel:

The moment at face of the wall, M,, is given by:
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qul1?
2

: cantilever of span L1

M, =

The steel ratio, p is given by:

Where:

f'c= concrete compressive strength, Mpa

fy= steel yield strength, Mpa

Mu= ultimate moment at face of wall, N.mm

b= width of section=1000mm

d= effective depth of section, mm

The flexural steel area, As= pbd = Ag i

Agmin = Pshrinkage X Xxh — b=1000mm

Pshrinkage = 0.0018

Shrinkage steel should be used in the longitudinal direction of footing.
The flexural steel is used in the transverse direction of footing.

Itis recommended to use top reinforcement equals to half the shrinkage steel if the thickness
of footing is large (may be larger than 500mm).

Check development of flexural bars:

The length of bar from face of wall to the end of footing should be larger than or equal to the
bar development length, L, or Lgp.

The development length in tension, L; is given by:

0.48f,
N
0.59f,

A7,

dp = 300mm ford, < 20mm

dp, = 300mm ford, = 20mm
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For top bars and d>= 300mm, increase these values by 30%.

The development length for hooked bars, L, is given by:

0.24f,
ACI 318 — 14: Lygp, = 2 d,
N3
0.087
ACI 318 —19: Iy, > fy dy™®

NG
> 8d,

> 150mm

Example (wall footing):

Concrete f'c= 24MPa

Steel yield strength, fy=420MPa

Soil allowable bearing capacity, gall= 300kN/m?
Wall thickness= 0.25m

Dead load, Pp= 300kN/m

Live load, P.= 200kN/m

Design the required wall footing?

Solution:

1. Footing width, B:

Pqerpice= Pot Pi= 300 + 200= 500kN

Puitimate= 1.2 Po + 1.6 P1=1.2(300) + 1.6(200) = 680kN

B = Pservice — 500 = 1.7m
qau 300
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2. Footing thickness, h:

Pultimate _ 0 — 4OOkN/m2

W= "5 T 17

The distance from face of wall to the edge of footing, L1 is:

1.7 -0.25
1=

> = 0.725m

The ultimate shear at distance d from face of wall is given by:
V, = q,(1—d) =400(0.725 —d) = 290 — 400d
ACl 318-14:

The concrete shear capacity, @V, is:

(0.75) (%) (1)VZA(1000)(dx1000)
1000

1
OV = O - A f'cbyd =
V, =0V, —>d=029m

Footing thickness, h = d + cover to bars centroid= 0.29+0.05= 0.34m Use h=0.35 for practical
purposes.

ACI 318-19:

The concrete shear capacity, @V, is:
[ Nu
oV, =0 0.66/15/1([)‘4,)1/3\/]( ct 6A. byd
9

Let p,, = 0.0018 (g) = 0.0018(1.1) = 0.00198

Based on ACI 318-19 section 13.2.6.2, the size factor in footings can be neglected.

0.75 (0.66(1)(1)(0.00198)%\/ﬁ + o.o) (1000)(d X1000)

1000 =290 — 400d

290
305d =290 —-400d - d = 705 =041m > h =041+ 0.05=0.46m > use h
= 0.50m.
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3. Design for flexure:
The ultimate bending moment at face of wall, Mu is given by:

_q, 112 (400)(0.725)>

=5 > = 105kN.m

ACI 318-14: Footing thickness, h= 350mm, d= 300mm.

Steel ratio, p is:

= 0.0032

_085@4)( | 261(105x10%)
T 420 |7 (1000)(300)%(24)

Steel area (bottom), As= pbd=0.0032(1000) (300) = 960mm?

Minimum area of steel (bottom), As,min= As,shrinkage = 0.0018bh= 0.0018(1000)(350)=
630mm?2 < 960mm?2.

Use As= 960mm?/m. Use §16/200mm

Longitudinal bars: As, shrinkage = 630mm?2/m. Use 16/300mm

ACI 318-19: Footing thickness, h= 500mm, d= 450mm.

Steel ratio, p is:

_ 0.85(24) _j 261105x109) \ _

T 420 ~(1000)(450)%(24)

Steel area (bottom), As= pbd=0.0014(1000) (450) = 630mm?

Minimum area of steel (bottom), As,min= As,shrinkage = 0.0018bh= 0.0018(1000)(500)=
900mm? > 630mm?2.

Use As= 900mm?/m. Use §16/200mm
Longitudinal bars: As, shrinkage = 900mm?/m. Use §16/200mm

As the footing has large thickness, it is recommended to use top bars not less than half the
shrinkage steel.

A = 0.5(900) = 450mm? use 1912/200mm
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Check development of flexural bars:

The bars are extended to the end of the cantilever (footing), so, the length of bar after the
critical section extends a distance of:

L=0.725-0.05=0.675m

The development length in tension, Ldt is:

0.48
Lgr = ],Cy
AT,

| . 048(420)
T )24

dp = 300mm

(16) = 658m = 300mm

So, 675mm > 658mm, there is no need for standard hook.

As a common practice and for bars fixation, hooks can be used.

0.24f, _ (0.24)(420)
A0 ()24

0.087f, 15 _ 0.087(420)
A, (V24

ACI 318 — 14: Ly, = (16) = 330mm

ACI 318 — 19: 1y, > (16)15 = 477mm

> 8d, = (8)(16) = 128mm

> 150mm
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P R GRS
2 1@14 / 250 (7 bars)
~ Wia 2ot

2 1216/200
.3
[4p]

o L e o o (o of :I

x ¥ I I
2 0_107|9|;0_725 ,|( l,lf 0725 ﬁHfo_m
= 0.25

0.10 M 1.70 ,Ielfo_m

Figure 13.3: Section in wall footing — ACI 318-14
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|
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0.10

Figure 13.4: Section in wall footing — ACI 318-19
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13.2 Design of single footing
Design steps:
1. Determine footing area:

P service

A, =
! dau

Where:

Ap=area of footing=B x L

B= width of footing

L= length of footing

It is preferred to have the distance from the column edge to the four footing edges constant,
so the shear and moment have the same values.

Figure 13.5: Footing layout
2. Determine footing thickness, h:
Footing thickness, h=d + cov
d= footing effective depth, mm
cov= concrete cover to flexural bars centroid = clear concrete cover + half bar diameter, mm
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Clear cover= 75mm if the footing is casted directly on soil
Clear cover=40mm if the footing is casted on plain concrete
d>= 150mm for footing on soil

d>=300mm for footing on piles

Pu

3

f—L—

F—n—r

EEXEEX

Figure 13.6: Section in footing

Wide beam shear (or one-way shear):
Footing effective depth, d can be determined from wide beam shear strength.

Vo< 0V

1
ACI318 — 14: 0V, = -A/f ch,d

N,
ACI318—19: OV, = ¢ <0.66,1$/1(pw)1/3,/ o+ j) b, d
g

W= Qu(L, - d)
b, = 1000mm
qu - BL
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Pu= ultimate axial downward load on the footing in kN/m

L1=the larger distance from face of column to edge of footing

Punching shear (or two-way shear):

OV, < 90.331,1 / f' bod

oV, < @0.17,15,1(1 +[2—;) \/}T’Cbod

a.d .
@V, < 90.0832,2 (2 2 ) I bod

(o]

Where:
b,: The perimeter length of the critical zone

Rati long side ]
p: Ratio of “hort side of column

a,: Factor describes the location of the column

as; = 40 for interior column
as =30 for edge column
a; =20 for corner column

d: effective depth of section

The punching shear force, Vyp= Py- qu A1
Pu= ultimate load on column, kN

qu= ultimate pressure at footing, kN/m?
Al= area inside the critical section, m?

The critical section is located at minimum of d/2 from face of column and maximum of d. Use
d/2 to be conservative.
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3. Determine flexural steel:

The bending moments in the two directions are computed based on a cantilever span of L1
and L2.

2
qu Ly
M, = uT
2
Gu L
M, = u2

Then area of steel is computed and compared with As,min which is As,shrinkage as discussed
in design of wall footings.

Note:

In rectangular footings of dimensions L and B, where L is larger than B, determine the portion
of Asl of the total steel area As for the short direction to be uniformly distributed over the
central band. The central band has a width B.

2

Ay = ——
ST R+

As

Where: B is the long side divided by the short side of footing

And the remainder of steel As-As1, will be distributed out the central band.

\
i

B
Short Direction

|’ As1 |’
L N ’

Figure 13.7: Band reinforcement
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Check development of flexural bars:

The length of bar from face of wall to the end of footing should be larger than or equal to the
bar development length, Ly or Lgy,.

Example (single footing):

Given:

Column: 0.50 x 0.50m

Square footing

Concrete f'c= 24MPa

Steel yield strength, fy= 420MPa

2

Soil allowable bearing capacity, qall= 350kN/m

Dead load, PD= 1500kN

Live load, PL= 1000kN

Design the square footing.

Solution:

1. Footing area:

Total service axial compression force, Pserice= Po+ PL
Psorpice = 1500 + 1000= 2500kN

Puitimate= 1.2 Po + 1.6 P_ = 1.2(1500) +1.6(1000) =3400kN
Af =2500/350=7.14 m?

Footing side length =/7.14 = 2.70m

B=L=2.70m
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"d
"3

1.100

2.700
174 I
40.500

73
1
#—1.100

J¥——1.100—F0.5004—1.100
k 2.700

Figure 13.8: Footing plan

2. Footing thickness:

Wide beam shear:

P, 3400

- = 2
AF ~ 270x2.70  1664KN/m

qQu

Ly = Ly = (2.70-0.5)/2= 1.10m

V, =q,(L'—d) =466.4(1.10 — d)
The concrete shear capacity, @V, is:
ACI 318-14:

Wide beam shear:

(0.75) (%) (1)vZ4(1000)(dx1000)
1000

1
oV, = Q)g/l\/ f'cbwd =
From Vu = ®Vc > d=0.48m
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Check punching shear:

d=0.48m (480mm)

bo= 4(column side + d/2) = 4(500+480) = 3920mm?
=1

as, = 40

y = 1 normal weight concrete

Pu= 3400kN

A;= (0.5+0.48)%= 0.9604m?

Then Vup=2952kN OV, = 2281kN N.G

Try d=0.58m

So, Vyp= 2856kN @V, = 3038kN  O.K.
Footing thickness, h=0.58+0.06=0.64 m use h=0.65m.
ACl 318-19:

V,=q,(L'—d) =466.4(1.10 —d) = 513.04 — 466.4d

Let p,, = 0.0018 (g) = 0.0018(1.1) = 0.00198

Based on ACI 318-19 section 13.2.6.2, the size factor in footings can be neglected.

0.75 (0.66(1)(1)(0.00198)%\/ﬁ + o.o) (1000)(d X1000)

1000

513.04

305d = 513.04 —466.4d > d = 7714

= 0.75m.

Check punching shear:
d=750-60=690mm.

bo= 4(column side + d/2) = 4(500+690) = 4760mm?
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y = 1 normal weight concrete
P.= 3400kN
As= (0.5+0.69)%= 1.416m?

Then Vup=3400-(466.4)(1.416)=2740kN OV, = 4023kN ok.

3. Flexural steel:

_quL? 466.4(1.1)?
2 2

My, = 282.2kN.m/m

ACl 318-14: h= 650mm, d= 580mm

Steel ratio = 0.00227 As= 1317mm?
Asmin= 0.0018(1000)(650)= 1170mm? < 1317mm?
Use As=1317mm? @16mm/150mm in each direction bottom bars.

Top bars for shrinkage can be used with As= 1170/2= 585mm? ?12/150mm or @16/
300mm

ACI 318-19: h=750mm, d= 690mm

Steel ratio =0.0016  As= 1104mm?
As,min= 0.0018(1000)(750)= 1350mm? > 1104mm?
Use As= 1350mm? @16mm/150mm in each direction bottom bars.

Top bars for shrinkage can be used with As= 1350/2= 675mm? @12/150mm or @16/
300mm

Check development of bars:
L=1.1-0.05=1.05m

The development length in tension, L; is:
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0.48f,
M,
0.48(420)
Loy > ——
()24

So, 1050mm > 658mm.

Lat

\%

dp = 300mm

(16) = 658m = 300mm

0.100

Y
11

2.700
100 —fgf——1.100 — 0.500 F——1.100 ——4-0.100

Kl
a1

0.100

S
0.100 =kk——1.100 —0.500 ——1.100 —k-0.100

0.100kk 2.700 Hk-0.100

1216/300

1916/300
1016/150 1216/150

SN

Q
0
N
-
o
o]
©
o
o
=]
=
o

0.100 Ak——1.100—0.500 k——1.100—kk-0.100

0.100kk 2.700 Hk-0.100

Figure 13.9: Footing details — ACI318-14

314



Design of Reinforced Concrete Structures: A Practical Approach IBRAHIM ARMAN

1216/300

1216/300
1916/150 116/150

0.100 44— 0.750 ———1.250
—
L,
C

0.100 —4F——1.100 ——# 0.500 #——1.100 —¢-0.100

0.100 k¢ 2.700 k- 0.100

Figure 13.10: Footing details — ACI318-19

13.3 Design of single footing with combined compression and bending
moments:

The stress at the footing is determined from the known formula:

P M M
() ()
A~\1),7\T1),

Where:

o
1]

compression force on footing

A= area of footing

M= applied moment in a direction

| = moment of inertia in a direction

y= distance from centroidal axis to a point where pressure will be computed

The pressure under the footing is variable.

For simplicity, the maximum pressure can be used for flexural design, wide beam shear and
punching shear computations. The punching shear force can be computed by multiplying the

maximum stress by the footing area to approximately taking into account shear- moment
transfer.
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So,

Vup = Qu,mafo

2
_ Qu,max l1

My max = >
Vu,max = Qu,max(ll —d)
Af= area of footing

L1= distance from face of column to edge of footing

Note:

The known equation of stress calculation is used when there is no tension at soil when the
eccentricity, e, is less than or equals to footing length divided by 6.

But, when tension exists; eccentricity larger than L/6, the minimum stress is zero. And the
maximum stress is computed by:

_ (/3P
CImax - B(L _ 26’)

Where:

P= axial compression force

L= footing side in direction of moment
B= footing transverse direction

e= eccentricity= M/P
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m .

L3
-
=

e

qgmin= 0.0
gmax
—2e—k L-2e +

Figure 13.11: Stresses under footing with e >L/6

Derivation:

B/2)-
Pe—HL(»r &
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2P P 4P (4/3)P

"m‘”:7:§(§ ):3(3—26)_(B—2e)

2—8

Note that when a footing is subjected to an axial compression force and a bending moment
on a wall or a column, the footing can be shifted with an eccentricity equals to the bending
moment divided by the axial compression force to have a uniform pressure under the footing.

Example: (single footing with combined compression and moment)
Given:

Column: 0.40 x 0.80m

Rectangular footing.

- Concrete f'c= 28MPa

- Steel yield strength, fy= 420MPa

- Soil allowable bearing capacity, qall= 400kN/m?

- Dead load, PD=1700kN

- Live load, PL= 1300kN

- Moments: MD= 255kN.m ML= 195kN.m in long direction of column

- Assume that weight of footing, backfill and surcharge equal to 10% of total compression
load on footing.

Design the required rectangular footing?

Solution:

1. Footing area:

Total service load, P= 1.1(1700+1300) = 3300kN
Total service moment, M= 255+ 195= 450kN
Pu=1.1(1.2x1700+1.6x1300) = 4532kN

Mu= 618kN
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If the total service moment, M=0.0, then, the area of footing will be:

Pgorvi 3300
Area of footing, A; = S;rme =700 = 8.25m?

aa

Footing side,L = B =+V8.25 = 2.90m
So, the footing will be larger than 2.90m x 2.90m.
Assume length of footing = 3.5m in direction of column long side, so:

3.5
My 3300 450(%)

P
=~ + (=) =400 =
? A_(I) 3.53+i3533
z3

B=3.0m

So, use footing 3m x 3.5m

ar Av
(e ]
®
O
<
=y =
S
(e ]
@
Ar "V
X 1.35 +—0.80—k 1.35 &
2 3.50 *

Figure 13.12: Footing layout

The stresses at the footing should be checked to check the existence of tension stress.

So,

Minimum stress= 240.82kN/m? compression
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Maximum stress= 387.76kN/m? compression

Or the eccentricity, e can be computed as follows:

—M—450—0136 <L—3'50—0583 tensi ists at ti
e—P—3300— . m 6— = U. m, SO no tension exists a fOO mg.
Pu= 4532kN.m
Mu= 618kN.m
f—1.35—F

qu= 330.7KN/m?

qu= 532.5kN/m?

Figure 13.13: ultimate stresses under the footing

2. Footing thickness:

Apply the equation of stress computation using ultimate loads:

P, Muy
=24
CTATT
Maximum ultimate stress, qumax= 532.5kN/m?
Minimum ultimate stress, qumin= 330.7kN/m?
Assume d=0.62m and h=0.70m
The length of cantilevers in the two directions are:
3.5-0.8
[y =———=135m
2
3.0—-0.4
l, = — = 1.30m
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So, the maximum cantilever distance is L1= 1.35m.
Ultimate shear at distance d from face of column, Vu:
V, =q,(1—d) =532.5(1.35 — 0.62) = 388.7kN

ACI 318-14: Concrete shear capacity, @Vc:

0.75 (%) V28(1000)(620)
1000

oV, = = 410kN > 388.7kN

Check punching shear:
Vup = (3)(3.5)(532.5) = 5591.25kN
@Ve,p = 3962 kN < 5591.25kN N.G
Assume h=0.90m and d=0.82m:
@Vc,p = 6161kN > 5591.25kN 0.K
ACI 318-19: Concrete shear capacity, @Vc:

0.75 (0.66(1)(1)(0.00198)%\/ﬁ + o.o) (1000)(820 X1000)
1000

= 270kN

V, =q,(1 —d) =532.5(1.35 - 0.82) = 282.2kN > 270kN N.G
Increase footing thickness, h=950mm, d= 870mm, so:
¢V, = 286.5kN

V, = 255.6kN < 286.5kN  ok.

3. Design for flexure:

h=950mm, d=870mm.

The ultimate moment, My= 532.2(1.35)%/2= 485. 2kN.m

This moment is the maximum in the two directions of footing.
Steel ratio, p = 0.00172 A, = 1496mm?

This moment requires minimum area of steel:
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As,min = 0.0018(1000)(950) = 1710mm?
Use 1020/150mm bottom bars in each direction.

Use 1014 /150mm top bars shrinkage in each direction or use 1920/300mm bars.

Q
™ 1220/300
- —

1@20/150

2

¥t
( L
-

[
—fl— 1.35 * 0.80 = 1.35%
0.10 —## 3.50 #\— 0.10

0.10 0.10

Figure 13.14: Footing reinforcement

13.4 Design of combined footing:

e Combined footing is a footing that is used to support more than one column; usually

two.
e In general, the combined footing has a uniform width or it has a trapezoidal area.

e Itisrecommended to have the centroid of forces coincides with the centroid of footing

area especially when considering the footing rigid.

e Combined footing is recommended to be used to have a uniform pressure under the
footings when one column is located at edge of a single footing, so, this column is

connected with another column in a combined footing with uniform pressure.

e Also, combined footing is used to support two columns when the areas of single
footings for these columns are large and the clear distance between these footings is

small.

Steps:
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1. Determine footing area and its dimensions: it is recommended to have the centre of area
to coincide with the centroid of loads to have uniform pressure as the footing is considered
rigid.

2. Determine footing thickness based on wide beam shear and punching shear. Shear
reinforcement can be used. The combined footing that supports two columns can be modeled
as a beam element. The column loads are downward point loads and the line soil pressure is
the uniformly distributed line load. The downward point loads are equal to the upward line
load multiplied by the beam element length. The shear force diagram can be constructed to
this model.

Also, the footing thickness must be determined or checked based on punching shear or
moment- transfer strength.

3. Determine flexural reinforcement in longitudinal direction. Analyze and design the footing
as a beam element. The bending moment diagram can be constructed to the beam (footing)
structural model.

4. Determine flexural reinforcement in the transverse direction. It is considered that there
is a strip in the transverse direction under the column of width equals column side plus d/2
at each side of column, so strip width equals: c2 + d/2 for exterior column and c2 + d for
interior column where c2 is the transverse dimension of column.

Example (combined footing):
Given:

- Refer to Figure 13.15 below.

- Concrete strength, f'c= 21MPa

- Steel strength, fy= 420MPa

- Soil allowable bearing capacity, gall= 180kN/m?

- Column C1:0.35m x 0.35m Pp1=580kN Pp1=312kN
- Column C2:0.40m x 0.40m Pp2=670kN PL2=423kN
- Distance between the two columns, L=4.85m

Design a combined footing to support the two columns.
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Po1, Pu1 Poz, P
1) @
C1 c2 p
— T W H\A)
L

Figure 13.15: Columns layout- combined footing

Solution:
1. Footing area:
The centroid of the footing area shall coincide with the centre of the loads.

To locate the center of the loads, the moments of loads about point A at the centroid of left
column is calculated as follows: refer to Figure 13.16:

(Pp1+P11) (0.0) +(Pp2+P12) (L)=R X x=2.67m.
Where:
R=resultant of vertical loads

X= distance from the resultant force R to the centroid of the left column, C1

Po1, Puy R Po2, P2

N4 %
@® @
C1 C2
— B R®
—X—
L

Figure 13.16: Resultant force
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Distance from the resultant force to the edge of column C1, L1=0.35/2 + 2.67 = 2.845m
Length of footing, L= 2(L1) = 5.70m

Total force= resultant= R= Pp1+ Pi1+ Pp2+ Po= 1985kN

Area of footing, Af= 1985/180= 11.03m?

Width of footing, B= 11.03/5.70= 1.93 m (2.00m)

C1

—®

SA— 2000 —~
—1.0064.000
I
L _-_
I

4.850
0.175 0.675

5.700

J
;

Figure 13.17: Footing layout

2. Footing thickness
Average load factor =

Y ultimate loads  1.2(580 + 670) + 1.6(312 + 423)
Y service loads (580 + 670 + 312 + 423)

= 1.348

Pu1= 1.348(580+312) = 1202.4kN

Pu= 1.348(670+423) = 1473.4kN

Ultimate load at footing = (Pu1+ Pu2)/5.7= 469.4kN/m

Which equals to 234.7kN/m?
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Figure 13.18 shows the structural model, shear force diagram and bending moment diagram
for the combined footing.

Pul= Pu2=
1202.4kN 1473.4kN
{7 {7 SIMPLIFIED
STRUCTURAL
TTEETTTT T mooe
469.4kN/m -
BE. ‘ SHEAR
| | kN
1120.3 317.11
1329.6 L
1317.9R
MOMENT
v kN.m
7.19L 94.7 L
184 R 106.9 R

Figure 13.18: Footing shear and moment diagrams

The maximum shear force at support, Vu= 1156.3kN

The maximum shear force at distance d from face of column, Vul= 1156.3-469.4(0.4/2+d)

ACI 318-14:
1
0.75 (g) VZ1(2000)(dX1000)
Ve = 1000
Vul = @0Vec - d = 0.66m
ACI 318-19:

0.75 (0.66(1)(1)(0.00198)%\/ﬁ + 0.0) (2000)(d X1000)

= 1156.3 — 469.4(0.4/2 + d)

1000
1062.42
569.8d = 1156.3 —93.88 — 469.4d — 569.8d = 1062.42 — 469.4d - d = 20392
= 1.02m '
1062.42
If Pw = 0.00333 —» 676.7d = 1062.42 —469.4d »> d = m = 0.93m
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ACI 318-14: Check punching shear — column C1: d=660mm:

The critical section is located at distance d/2 from face of column.
Vu,p=1202.4-234.7{(0.35+0.66)(0.35+0.66/2)}= 1041.2kN

0.75(0.33)v21 (350 + 660 + 2 (350 + @)) (660)

oV, , = = 1774kN

1000
> 1041.2kN ok

ACI 318-14: Check punching shear — column c2: d=660mm:

The critical section is located at distance d/2 from face of column.

Vu,p=1473.4-234.7{0.4+0.66}2= 1209.7kN

_0.75(0.33)v21(400 + 660)(4)(660)

cp 1000 = 3174kN > 1209.7kN ok

ACI 318-19: Check punching shear — column C1: d=1020mm:

The critical section is located at distance d/2 from face of column.

Vu,p= 1202.4-234.7{(0.35+1.02)(0.35+1.02/2)}= 926kN

1020

0.75(0.33)v21 (350 +1020 + 2 (350 n T)) (1020)

oV, , = = 3607kN

1000
> 926kN ok

ACI 318-19: Check punching shear — column C2: d=1020mm:

The critical section is located at distance d/2 from face of column.

Vu,p=1473.4-234.7{0.4+1.02}2= 1000kN

_0.75(0.33)v21(400 + 1020)(4)(1020)

cp 1000 = 6571kN > 1000kN ok
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Ay

If it is suggested to use ( 5

) ~, then the thickness will be reduced as follows:
min

by,
| 0062 [f', 2
(—v> = max of b Y| = max[1.35,1.67] = 1.67mm? /mm
> Jmin 0.35 %
fyt

Spacing of stirrups, s=d/2 in the long direction and it is d across the section.

The maximum shear force at distance d from face of column, Vul=1156.3-469.4(0.4/2+d)

0.75 (%) V21(2000)(dX1000)

ove = 1000

Vul = @Vc —» d = 0.66m
Try h=600mm, d= 520mm.

Check punching shear — column C1: d=520mm:

The critical section is located at distance d/2 from face of column.

Vu,p= 1202.4-234.7{(0.35+0.52)(0.35+0.52/2)}= 1078kN

0.75(0.33)v21 (350 +520+2 (350 + %)) (520)
— 1233kN > 1078kN ok

OVep = 1000

Check punching shear — column C2: d=520mm:

The critical section is located at distance d/2 from face of column.

Vu,p= 1473.4-234.7{0.4+0.52}?>= 1275kN

_0.75(0.33)v21(400 + 520)(4)(520)

1000 = 2170kN > 1275kN ok

oV,

(%) V21(2000)(520X1000)

V. = 500 = 794.3kN

0.4
I, = 1156.3 — 469.4 (7 + 0.52) = 818.3kN >V,
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1 —
V, = il v, = 8183 7943 = 296.8kN < 3 21(2000)(820) 1282kN
ST @ ¢ 075 RS 1000 -
d
S0,S5 a0 = Mmin <§, 600mm> = 210mm
A, V. _ 296800 _ 1.68mm? <A,,> )
s fped  (420)(420) mm  \s)pm OO
d
d= 520mm,§ = 260mm
Section width, b=2000mm. Section effective width=2000-150=1850mm.
Number of =1850/520=3.6 4 spacings; 5 legs.
So,
_ A, 565
For ®12 closed stirrups: A, = 113(5) = 565mm? ~ =380= 2.825mm?
> 1.68mm?/mm
_ A, 3925
For ®10 closed stirrups: A, = 78.5(5) = 392.5mm? — =355 = 1.57mm?
< 1.68mm?/mm
Use 0 ! losed sti 51
se @ 5eo.— closed stirrups Slegs.

3. Flexural reinforcement in longitudinal direction:

ACl 318-14: d=660mm, h=750mm

Section width, b=2000mm
Section thickness, h= 750mm
Section effective depth, d= 660mm
For Mu=1329.6 KN.m:
Steel ratio, p= 0.00424 As=0.00424(2000) (660) = 5600mm?. Use 12025
For the other moment values, use minimum steel area.
Agmin = As shrinkage = 0.0018(2000)(750) = 2700mm? (12018)
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ACl 318-19: d=520mm, h=600mm

Section width, b=2000mm

Section thickness, h= 600mm

Section effective depth, d= 520mm

For Mu=1329.6 KN.m:

Steel ratio, p= 0.0071 As=0.0071(2000) (520) = 7384mm?. Use 15025
For the other moment values, use minimum steel area.

Shrinkage steel, Ag sprinkage = 0.0018(2000)(600) = 2160mm? (12¢16)

4. Flexural reinforcement in transverse direction:
d = 660mm:

Left column, C1:

beffective = column width +d/2 = 0.35 + (0.66/2) = 0.68m

12024 _ o,
W= 06822 /m
20235
b === 0825

M, = 884(0.825)?/2 = 301kN.m/m
For strip of 1000mm width, steel ratio, p = 0.00186, As=0.00186(1000) (660) =1227.6mm?/m
For width of 680mm, As= 0.68(1227.6) = 835mm?
Ag min = 0.0018(680)(750) = 918mm? 3020 controls

Right column, C2:

befrective = column width + d = 0.40 + 0.66 = 1.06m

14734
= To6x2

= 695kN /m?
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(2 — 0.40)2
M, = 695 —— —— = 222.4kN.m/m

For strip of 1000mm width, steel ratio, p = 0.00137, As= 0.00137(1000) (660) =904mm?/m
For width of 1060mm, As= 1.06(904) = 958mm?
Ag min = 0.0018(1060)(750) = 1431mm?* 5020 controls

The steel area in the transverse direction top and bottom in other zones will be half the
shrinkage steel.

A = 0.0018(1000)(750)(0.5) = 675mm?  1016/300

Figure 13.18 shows the reinforcement details for the combined footing.

d =520mm:

Left column, C1:

beffective = column width +d /2 = 0.35+ (0.52/2) = 0.61m

_12024 _ o,
W= 06122 /m
2 - 035
b= —— = 0825

m
M, = 986(0.825)*/2 = 335.5kN.—

For strip of 1000mm width, steel ratio, p = 0.00342, As= 0.00342(1000) (520) =1778mm?/m
For width of 610mm, As= 0.61(1778) = 1085mm?
Asmin = 0.0018(610)(600) = 659mm? < 1085mm? 4020

Right column, C2:

befrective = column width +d = 0.40 + 0.61 = 1.01m

4734
W= 10122 /m
204
1 — 2 - .
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729(0.8)? m
= ——— = 233.3kN.—
2 m

For strip of 1000mm width, steel ratio, p = 0.00234, As= 0.00234(1000) (520) =1217mm?/m
For width of 1010mm, As= 1.01(1217) = 1219mm?

Ag min = 0.0018(1010)(600) = 1091mm?
use 4920

The steel area in the transverse direction top and bottom in other zones will be half the
shrinkage steel.

A = 0.0018(1000)(600)(0.5) = 540mm?  1912/200

The used stirrups are 12/250 which are less than $12/200mm, so use $12/200mm to
serve as shear reinforcement and shrinkage steel.

Figure 13.19 shows the reinforcement details for the combined footing using h=750mm. And
Figure 13.20 shows the reinforcement details using h=600mm.

¥ 4.850  {

12625 12318 1€16/300

3020 520

Ko0700-% —1.100—F

4.475 & 47
‘Iq d0.350 \-0.400 0.100
0.100
,Ir{ 5.700 ;Ir{_
0.100 0.100

Figure 13.19: Combined footing details, h=750mm

0.100f4—0.750—
.--
¢
P
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y 4.850 A
15@25 12316 @12/200-5 LEGS
I i || / i
2 . ! d I
o s (B ' I
£ .
S 4220 4020
S k0600 J'—1 .000—
Autk 4.475 0. 475*{_
*{_ 0.350 o 400 \“-0.100
0.100

Ar{_ 5.700 ,."{_
0.100 0.100

Figure 13.20: Combined footing details, h=600mm

13.5 Design of cantilever or strap footing:

The strap footing is a footing that combines two columns in one footing. It is composed of
two single footings for the two columns and a connecting beam between them. One of the
single footings is eccentric. The connecting beam (strap beam) is not supported on soil. The
major purpose of using this type of footing is to have uniform pressure under the footing
system. So, the two single footings and the connecting beam form one structure.

Example (strap footing):
Given:

- Refer to Figure 13.21.

- Left column, C1: exterior: 0.30m x0.30m. PD1= 320kN, PL1= 250kN
- Right column, C2: interior: 0.35m x 0.35m. PD2= 600kN, PL2= 360kN
- Soil allowable bearing capacity, gall= 160Kn/M?2

- Concrete strength, f'c= 21MPa

- Steel strength, fy= 420MPa

- Distance between the centerlines of the two columns, L= 5.50m

Design a strap footing to carry the columns C1 and C2.
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Column Column
C1 =9

e

b |=5500——

Figure 13.21: Strap footing

Solution:

1. Determine area of the two footings:

Service load on left column, C1, P1= 320 + 250 = 570kN
Service load on right column, C2, P2= 600 + 360 = 960kN
Total service loads, P= P1 + P2 = 1530kN

Assume that width of left footing, F1, b = 1.40m.

Take summation of moments about a point located at center of column C2:
ZMA =0 P;(5.5) = R,(4.95) so, R; = 633.3kN

Rl + RZ =P So, RZ =P - Rl = 1530 - 633.3 S 896.7kN

Area of footing F1 is:

Width of footing, B= 1.40m
Length of footing = 3.96/1.40 = 2.83m (use 3.00m)

Area of footing F2 is:

L8967 _
2= g0 2O
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B =L =+5.60=240m
2. Ultimate loads and structural model:

summation of ultimate loads

Average load factor, F = summation of service loads
1.2(320 + 600) + 1.6(250 + 360)

1.36
(320 + 600 + 250 + 360)

Average load factor,F =

So,

Ultimate load on column C1, Pul = 1.36(320+250) = 775.2kN
Ultimate load on column C2, Pu2=1.36(600+360) = 1305.6kN
Ultimate load (reaction) on footing F1, Rul= 1.36(633.3) = 861.3kN

Ultimate load (reaction) on footing F2, Ru2=1.36(896.7) = 1219.5kN

0 2
a3 = 205.1kN/m

Ultimate pressure at footing F1,q,; =

1219.5

— 2
ap g = 21L7kN/m

Ultimate pressure at footing F2,q,, =

Note that, the pressures qu1 and gu2 must be equal. Here, these two numbers are not equal
due to numerical approximations.

61.3
—— = 615.2kN/m

ultimate linear load at footing F1,qy,, = 14

1219.5
2.4

ultimate linear load at footing F2,qy,, = = 508.1kN/m

335



Design of Reinforced Concrete Structures: A Practical Approach IBRAHIM ARMAN

Pu1=775.2kN Pu2= 1305.6kN

Column 1.100 1. 025’|'_’|' Column
0.300

C1 0.350
F1 |

qu1t'= qu2'—
615.2kN/m 508.1kN/m

¥1.4004—3.050—+F—2.400—+F
0. 7007|f—Jr—4 950 k——k1.200

k 6.850 ¥

Figure 13.22: Footing model and loads

3. Design of strap beam:

Assume that the strap beam has a width, b= 600mm and thickness, h= 500mm. effective
depth, d=430mm.

Length of strap beam= 3.05m.
Left shear,V,; = 615.2(1.4) — 775.2 = 86.1kN
Right shear,V, s = 86.1kN
Left moment, M,,;, = 775.2(1.4 — 0.15) — 615.2(1.4)%(0.5) = 366.1kN.m

Right moment, M, = 775.2(3.05 + 1.4 — 0.15) — 615.2(1.4)(3.05 + 0.7)
= 103.6kN.m

Shear strength,V, = 0.75(1/6)v21(600)(430)/1000 = 197kN

b _B61_ = 114.8kN
® 0.75
, W A, 0.35(600)
—> = — ————= = 0.5mm?
o~ 2 "¢ (s)mm 420 mm”/mm
For @10mm stirrups,s = 05 = 314mm  use stirrups atd/2 = 200mm

For left moment, Mu = 366.1KN.m:
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p = 0.00986,4, = 0.00986(600)(430) = 2544mm? 820
For right moment, Mu = 103.6KN.m:

p = 0.0025, use pp; = 0.00333,4, = 0.00333(600)(430) = 859mm? 5016

4. Design of left footing, F1:

Let the footing thickness is 0.60m which is 0.10m larger than the thickness of the strap beam.
Note that this beam should not be supported on soil. h=0.60m. d= 0.53m.

Check punching:

Gy = 205.1kN/m?

Vip = 205.1(1.4x3 — 0.565x0.830 = 765.2kN

OV, = 0.75(0.33)/f.'b,d = 0.75(0.33)v/21(565x2 + 830)(530)/1000 = 1178kN
> 765.2kN OK

Column Column
C1 c2
1.40
'i; ﬁr iz 2.40 ;r
A | 1
S |
. o I AT
| /‘0.ﬁ87’
? Se=p==
o [s0] o
3 *-— - ] sal Nl
| St
)ﬁﬁlﬁo.%r
]
NI | i
S
Footing Footing
F1 F2
,," L=5.50 ,||'

Figure 13.23: Footings dimensions

337



Design of Reinforced Concrete Structures: A Practical Approach IBRAHIM ARMAN

Check wide beam shear:

In longitudinal direction:
V, = 615.2(0.3 + 0.53) — 775.2 = —264.6kN

And

264.6
V= —5— =88.2kN/m

In transverse direction:

3—03
2

V, = 205.1( —0.53) = 168.2kN/m

@V, = 0.75(1/6)v21(1000)(530)/1000 = 303.6kN > 168.2kN

Design for flexure:

In longitudinal direction: at face of column:
M, = 615.2(0.3)2/2 — 775.2(0.15) = —88.6kN.m Tension at top
Or:
M, = 88.6/3 = 30kN.m/m

In transverse direction:

2
) /2 = 187kN.m/m

M, = 205.1(

Mu in the longitudinal direction at the end of the footing is:
M, = 615.2(1.4)2/2 — 775.2(1.4 — 0.15) = —366.1kN.m Tension at top face.
Or:
M, = 366.1/3 = 122kN.m/m
Ag min = 0.0018(1000)(600) = 1080mm? 1016/180mm

Af, 1080(420)
0= _

- - = 254
085£b ~ 0.85(21)(1000) _ 2>-4mm
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25.4
OM,, = BA,f,(d — %) = 0.9(1080)(420)(530 ~ —-)/10° = 211kN.m

> My max in each direction

Use As,min top and bottom in the longitudinal direction and bottom in the transverse
direction.

5. Design of right footing, F2:

Let the thickness of the footing is 0.60m as for the left footing, F1.

Check punching:

Gy = 211.7kN /m?

Vip = 211.7(2.4% — 0.88%) = 1055.5kN

@V, = 0.75(0.33)v21(880x4)(530)/1000 = 2116kN

Check wide beam shear:

In longitudinal direction:

2.4 —0.35
Vg = 508.1 (— - 0.53) = 251.5kN
Or:
251.5
Vu,R = 7 = 1048kN/m
Vyr = 508.1(1.025 + 0.35 + 0.53) — 1305.6 = 338kN
Or:

338
Vu,L = ﬁ = 1617kN/m

In transverse direction:

2.4 —0.35
V, =211.7 (T — 0.53) = 104.8kN

@V, = 303.6kN > 161.7kN OK
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Design for flexure:

In longitudinal direction:

M, r = 508.1(1.025)%/2 = 267kN.m

Or:
267
Myg = >4 = 111.25kN/m
0.35
M,, = 508.1(1.025 + 0.35)2 — 1305.6 (T) — 251.8kN.m
Or:
251.8
Mu,R = W = 1049kN/m
In transverse direction:
2.4 — 0.35\°
M, = 211.7 (T) /2 =111.2kN.m/m

OM,, psmin = 211kN.m/m > 111.2kN.m 0K

ACI 318-19:

0.75 (0.66(1)(1)(0.00198)%\/ﬁ + 0.0) (1000)(530)
1000

oV, = = 151.3kN <V, pmax

= 168.2kN

So, the footings shall be increased by a small amount like 2700mm.
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F1

,{LL 0.30 | ,{i'L 035

8_ 1916/150 5@16 8 8220 1@16/1508
= 1016/300 =) 116/300 =
e
(e E OO T T P [P
116/150 1210/250 116/150
1.40ﬁ|_3.05 * 2.40
6.85

Figure 13.24: Strap footing reinforcement

Cross sections in the two footing and in the strap beam can be constructed.

13.6 Design of mat foundation:

A mat foundation, which sometimes referred to as a raft foundation, is a combined footing
that may cover the whole area under a structure supporting several columns and walls.

In some conditions where spread footings may cover more than half the building area, mat
foundations may prove to be more economical.

Some of the common types of mat foundations are:

Flat plate: uniform thickness mat

Flat slab: mat with drop panels to resist punching shear upward or downward
Mat with beams: one way or two way

Slab (mat) with basement walls as part of the mat

Voided mat

Mat on piles

Mats are sometimes supported on piles. The piles help in reducing the settlement of the
structure located over highly compressive soil. where the ground water table is high, mats are
often placed over piles to control buoyancy.
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The structural design of mat foundation can be carried by two conventional methods: the
conventional rigid method and the approximate flexible method. Finite difference and finite
element methods can be used; however, this section will cover the basic concepts of the
conventional rigid method.

Steps of conventional rigid method:

1. Determine area of mat: check stresses under the mat:

The maximum compression stress under the mat should be less than the soil allowable
bearing capacity and there is no tension under the mat, this is the typical case. If tension
exists, this should be taken into account and part of the area is excluded. Nonlinear analysis
is recommended for the case of tension stresses under the mat.

The procedure here assumes that the mat is rigid. In general, finite element analysis is
recommended for analysis of mat foundations. Also, soil — structure interaction is
recommended to be used if it is required to know the effect of soil settlements on the
superstructure.

The stress under the mat is given by:

P MX MY
q=-7t—>—+—
AT L, T

Where:

P= summation of column (walls) loads, kN

A= area of mat, m?

My= bending moment about Y axis, kN.m

M= bending moment about X axis, kN.m

l,= moment of inertia about Y axis, m*

l,= moment of inertia about X axis, m*

X= distance from the point at which stress will be computed to the Y axis, m
Y= distance from the point at which stress will be computed to the X axis, m
X andY are the axes that pass through the centroid of the mat area.

2. Determine thickness of mat:

The thickness of mat is controlled by wide beam shear and punching shear (shear- moment
transfer).
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3. Design the mat for flexure:

The mat should be analyzed using structural analysis principles. For a two-way mat like flat
plate, the mat should be divided into strips (frames) in the two directions.

The following procedure is usually used for analysis of a strip in flat plate mat foundation:

e The pressure (stress) on soil shall be computed for at least two points; at the start and
at the end of the strip g1 and qz.
e The average soil pressure in the strip will be:

_aQ +q;
qav 2

e The total soil reaction in the strip will be:
R = qg, x strip width x strip length

e Usually for a strip, the sum of the column loads are not equal to the soil reaction, R.
This will be a problem in drawing shear and bending moment diagrams, so this
problem must be solved by modifying column loads and pressure on soil to be equal.
So:

R + sum of column loads
Quv = >

e The soil pressure under the strip shall be modified to:

= <%)
qavm an R

e The column loads shall be multiplied by load modification factor, F, which is:

_ Qav

summation of column loads

e A structural model shall be constructed for the strip with modified column loads
downward and with line upward load which is equal to gavm multiplied by width of
strip. Then the shear and bending moment diagrams can be constructed.
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Example (Mat foundation):

Given:
- Mat foundation plan is shown in Figure 13.25
- All given loads are service (unfactored)
- All columns are 0.50 m x0.50 m
- Concrete strength, f'c= 20MPa
- Steel strength, fy= 420MPa
- Soil allowable bearing capacity, gall= 60kN/m?
- Ultimate load factor=1.4
- Check mat area and design the interior strip in Y direction.
4 — —
O F 400kN 500|<NF 450kN !
o
<
| | |
1500kN 1500kN 1200kN
@ — -4
I I |
o
o
'\. ‘
I | I
1500kN 1500kN 1200kN
© ) B A L
I
o
o
~
400kN 500kN 350kN
O
8.00 8.00
® ® ©
Figure 13.25: Mat layout
Solution:

1. Footing (Mat) area and stresses:

The stress at a point is given by:
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P= summation of column loads = 11000kN
A= area of mat = BL=(16.5) (21.5) =354.75kN
Ix= moment of inertia about X axis which passes through centroid of mat area, it is given by:

BL* (16.5)(21.5)*
12 12

I, = = 13655m*

l,= moment of inertia about Y axis which passes through centroid of mat area, it is given by:

= 8048m*

L= LB® (21.5)(16.5)°
yoo12 o 12

M= bending moment about X axis= P ey
My= bending moment about Y axis= P e

The eccentricity of loads in X direction is ex and it is given by:

_XQix; B

e = XQ; 2

e, = {[(400 + 1500 + 1500 + 400)(0.25) + (500 + 1500 + 1500 + 500)(8.25) + (450
+ 1200 + 1200 + 350)(16.25)]/11000} — (16.5/2) = —0.436m

The eccentricity of loads in Y direction is ey and it is given by:

20
= X0

e, = {[(400 + 500 + 350)(0.25) + (1500 + 1500 + 1200)(7.25)(1500 + 1500

+1200)(14.25) + (400 + 500 + 450)(21.25)]/11000} — (21.5/2)
= 0.095m

L
2

So,
M= (11000) (0.095) =1045kN.m

M,= (11000) (0.436) =4800kN.m
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400KN 500kN 350kN T
8.00

®

Figure 13.26: Eccentricity and moments in mat foundation

The maximum pressure under the area of mat is located at point A and the minimum
pressure under the area of mat is located at point B.

11000 4800(8.25) 1045(10.75)

_ — — - 2
94= 735475 " T 8048 13655 36.8kN/m

_ _ 11000 4800(825) 1045(1075) _ ... ..,
96 = "354.75 8048 13655~ 2>26kN/m

These stresses are less than gai and there is no tension under the mat.
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2. Mat thickness:
Try thickness of mat, h=800mm and d= 700mm.

Vip = 1500(1.4) = 2100kN

V., = 0.75(0.333)v20((500 + 350)(2) + (500 + 700))(700)/1000 = 2247kN

> 2100kN.
#—0.85—4
_____ = A(
|
~ |
(@] | O
i) | «
O I <
o |
|
_____ —1 AY
40504

Figure 13.27: Critical section for punching shear

Note: Shear — moment transfer should be done for columns for axial force and moments.
3. Flexural design of the interior strip in Y direction:

Strip width, L2=8.0m

Strip length, L= 21.5m

11000 1045(10.75) _

— — _ 2
dc = ~35475 T 7 13655 30.2kN /m
_ 11000 1045(1075) _ . .,
9 = T 35475 13655~ SLBKN/m
_I_
oy = . 9D _ 31kN /m?

Total soil reaction, R= q,,,(8)(21.5) = 5332kN
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Total column loads in the strip, Q1= 4000kN

Average load, Qav:

R+0Q, 5332+ 4000
av: 2 = 2

= 4666kN

Average pressure in the strip is given by:

Q 4666
Qavm = Qav (%) =31 (@) = 27.13kN/m2

Column loads modification factor, F1 is given by:

Qu» 4666
=¥ — 11665
Q, 4000

Fy

So, the line load on the strip will be:
q = (8)(27.13) = 217kN/m

Figure 13.28 shows the structural model, the shear force and the bending moment diagrams
for the strip.
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583.

25kN 1749

.75kN

1749.75kN

iR EE

g=217kN/m
7.00 7.00 7.00
0135 Structural model 0f3
990
759.75 509
54.25 /
/ / / 5425
529
759.75 990
Shear force diagram
638 638
v/\ /\v
. 6.78
6.78 290.3
16203 1620.3

Figure 13.28: Structural model, shear force diagram and bending moment diagram for the

Bending moment diagram

interior strip in Y direction in the mat

The strip (frame) can be divided into column and middle strips based on ACI code

specifications. The moments in the column strip are about 2/3 the moments of the frame.

As an example: for Mu=1620.3 kN.m x 1.4 = 2268 kN.m:

Moment in column strip = 0.6667 (2268) = 1512kN.m. b= 3500mm, d= 700mm, p =
0.0024, A, = 0.0024(3500)(700) = 5880mm? or A, = 5880/3.5 = 1680mm?/m

Moment in middle strip = 2268-1512 = 756kN.m. b= 4500mm, d= 700mm, p =

0.00092, 4, = 0.00092(4500)(700) = 2898mm? or A, = 2898/4.5 = 644mm?/m

Minimum steel area= shrinkage steel area= 0.0018(1000) (800) = 1440mm?/m

So, for column strip, use As= 1680mm?2/m 1922/200mm

For middle strip, use As= 1440mm?/m 1920/200mm
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13.7 Pile foundations

Pile foundation is used to transmit structure loads to deeper soil stratum. They are used if the
soil is weak and having low bearing capacity and so spread foundation is not practical. They
are effective to minimize structure settlement especially when water is found in the site.

Piles can be divided into two types:

e Bearing piles
e Friction piles

The bearing pile develops its capacity by the bearing end of the pile. These piles usually
supported on rock.

The friction pile develops its capacity by the friction between its surface and the surrounding
soil or rock.

There are equations to compute the pile strength whether it is bearing or friction pile.

In general, pile construction is fast in construction and practical and provide stability for the
structure more than spread or shallow foundation.

The minimum distance between piles centerlines is three times the pile diameter, d.

When the distance between piles centerlines is less than 3d, the pile efficiency shall be
determined, as there is overlap between the soil area affected by pile load. More detailed are
found in Foundation Design references.

The column can be supported on one pile or on group of piles which depends on the load
value and the pile capacity. The group of piles shall be connected by a pile cap. The pile cap
thickness shall be determined from punching and one-way shear. Also, the cap shall be
designed for flexure in each direction. In general, the pile cap can be considered rigid.

The minimum steel in the cap is similar to than in a footing which is the value specified for
shrinkage.

Group of piles supported by a cap can be subjected to a vertical eccentric or concentric force
in addition to moments about the two axes.

Example 1 (Pile foundation):

Design a pile system to carry a column load of Pp= 500kN and P.= 300kN. The pile can carry a
load of 450kN. The pile is 800mm diameter. Concrete strength, f'c= 24MPa and steel strength,
fy= 420MPa. The column is 350mm x 350mm. Assume the pile cap weight is 5% of the total
applied loads.
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Solution:
Load, P=(1.05) (500+300) =840kN
Number of piles, N= 840/450=1.87 (Two piles)

Figure 13.29 shows the pile foundation.

0 ' '
T [ A~ 1T A~
O B VA W - DAY
e ¥+ L+ H-
0 N 7 - N 7
L | S
A . .
| | |
J-055-4 1.20 k 1.20 F-055F
J-055-4 2.40 =055
k 3.50 }

—1.10—

1.60

*—0.80—kk-0.15

J-0554

1.20 k

1.20

Figure 13.29: Pile foundation
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Ultimate column load, Pu= 1.05(1.2(500) +1.6(300)) =1134kN

PL  1134(2.4)

My =~ 7 = 680kN.m
P, 1134
Vu = 7 = T = 567kN

At least a minimum transverse reinforcement shall be used that resists shear and
shrinkage.so,

@V, = (0.75)(1/6)V24(1100)(d)/1000

, =0V, d= 842mm

h= d+ cover =842 + 200 = 1042mm

Try h=900mm, d= 700mm.

. (0.17)(1)v24(1100)(700)

= 641.3kN
c 1000
4 567 1
v, = 6“ Ve = gog — 6413 = 114.7kN < 5@(1100)(700) = 1257.4kN

d 700
Smax = min [600mm, E] = min (600mm,7 = 350mm) = 350mm

A, V; 114700 _ 0.39mm?
s fyped  (420)(700)  mm

b,
| 0062 [f', £
(—”) = max of Y| = max[0.74,0.92] = 0.92mm?/mm
S /min 035b_W
l fyt J
A, 0.92mm?
use — = —
s mm

Use 012 closed stirrups, 4 legs: A, = (4)(113) = 452mm?

Spacing, s = 092 = 491mm > 350mm, use s = 350mm
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Shrinkage steel in the transverse direction = 0.0018(1000)(900)(0.5)=810mm?/m. So,

U 810_72bars
se 13- /2

Use $12/120mm large stirrup and @12 /360mm interior small stirrup.
d=900mm b=700mm Mu= 680kN.m steel ratio, p=0.0035>0.00333
As= 0.0035(1100) (700) =2690mm? (6025)

Top bars, As= 0.0018(1100) (900)/2= 891mm? (6014)

Note: See Figure 13.30.

«—

_
N__p
—
—»

ol
)
2
o
=
5
ol
U

Figure 13.30: Piles group

Example 2 (Pile foundation):

Calculate the maximum and the minimum pile load for the pile foundation shown in Figure
13.31 if the column load, P= 2500kN.
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4.00
0.50+—+—1.50—4—1.50——4—=0.50
|

Figure 13.31: Pile group with cap
Solution:
P=2500kN
Mx= 2500(0.5) =1250kN.m
My= 2500(0.75) =1875kN.m
Ix= 6(1.5)2= 13.5m?

ly= 6(2)2=24m*

P M,y Mx
Pile load,P = — + Y + 2%
NI, © I,

—2500 1250y 1875x
t +
9 13.5 24

Pile load, P =

—2500 1250(1.5) 1875(2)

9 13.5 24
= —573kN (Compression)

Maximum pile load, P4, =

2500 1250(15) | 1875(2) _

Minimum pile load, Py, = 3 + 135 Y +17.3kN (Tension)
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Chapter 14: Design of Retaining Walls

e Gravity retaining wall

e Cantilever retaining wall
e Counterfort retaining wall
e Basement wall

e Special retaining walls

14.1 Introduction

- The coefficient of lateral pressure is based on soil type and compaction. It is
determined from backfill soil properties. In general, there are three types: static,
active and passive. Static: if the retaining wall is stiff and difficult to move away from
soil. Active: if the retaining wall can deflect and move away from the soil. Passive: if
the retaining wall is inclined toward or moves toward the soil.

- In this chapter, the backfill soil has uniform properties (one type of soil). More details
are found in soil mechanics and foundations textbooks and references for backfill
composed of soil layers with different properties and soil with water.

- The design of a retaining wall is composed of two stages:

o Design for serviceability: Preliminary dimensions: Check stability of
retaining wall structure.

o Design for strength: Shear, moment, axial, ........... . The stem and the
base thicknesses are controlled by shear.

- The retaining wall stability includes: Overturning, sliding and bearing.

- The factor of safety against overturning should be not less than 2.0

- The factor of safety against sliding should be not less than 1.5

- The pressure under the base of the retaining wall (footing) should be less than the soil
allowable bearing capacity. Tension pressure under the footing shall be considered.
The footing of the retaining wall can be supported on piles.

- The retaining wall should be designed for the most critical cases. Construction phases
control the design of the retaining walls.

- Retaining walls shall be designed for soil lateral pressure, self-weight, surcharge on
soil surfaces, wind loads and seismic forces.

- Refer to geotechnical references for computations of seismic forces due to soil effects.

- For a cantilever retaining wall, the preliminary dimensions are as follows:

» Stem thickness at top is not less than 200mm. Minimum of 250mm and
300mm are recommended.

» Stem thickness at bottom (at base) is about 0.10 the height of the wall
from top surface of soil fill to bottom of footing, h.
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Base thickness is about 0.10 the height, h.

Base length is about 0.33 to 0.75 the height, h.

The length of the heel is not less than 1.5 times the length of the toe.
A key can be used to increase sliding resistance.

Refer to Figure 14.1.

YVVVYVY

- The surcharge on backfill soil for vehicle movement is not less than 12kN/m?. Refer to
AASHTO for more details.

surcharge

YYYYy
LI

Backfill

Upper level

———Stem

Heel

Lower level W
| —|— Base

Figure 14.1: Cantilever retaining wall

Toe

Example: Cantilever retaining wall:
Given:

- Refer to Figure 14.2.

- Concrete strength, f'c= 28MPa

- Steel yield strength, fy=420MPa

- Soil allowable bearing capacity, qall= 400kN/m
- Soil unit weight, y,= 19.2kN/m?3

- Soil friction internal angle, @= 30 degrees

- Base friction coefficient, F1= 0.5

2

Check retaining wall dimensions and design it.
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W= 20kN/m?
o_zo+4 ¢ ‘L ¢ ¢
LK
(@]
L
°© &
Yo ~
n <
ﬂ'.
B KK
(e}
AF *
;F :(; I
-
o o
il —1.20— f—150—+
—40.40
P 3.10 ¥

Figure 14.2: Cantilever retaining wall for the example

Solution:

Step 1: Check stability

e Check overturning of the retaining wall: refer to Figure 14.3.
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s e

8 S le——P2
P1

A q1 A q2

Figure 14.3: Soil pressure on wall
g1 = yhk

B 1—sin®

=—=10.333
1+ sin®

K,

1 = (19.2)(4.55)(0.333) = 29.1kN/m?

g, = wK, = (20)(0.333) = 6.66kN/m?
1 1

Py =5 uh = (29.1)(455) = 66.2kN

P, = g,h = (6.66)(4.55) = 30.3kN
P=P +P,=662+303 = 96.5kN

4.55 4.55
M,, = Pl(T) + Pz(T) = 169.3kN.m

Figure 14.4 shows the weight zones for the retaining wall to compute the resisting moment.
Table 14.1 shows calculations for weight and moments of the zones.
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Table 14.1: Weight and resisting moments in the cantilever retaining wall

Ho40f  F060+

W8= 20kN/m?
‘L ¢ .
0.20 1.70
1 ws
e
w3_ | =
W6
W4
W7
o
W1 =020 ot
W2 ¥
I—1.20—4n.40k 1.50 +

Figure 14.4: Weight zones for the retaining wall

Part | Weight (kN) Moment arm | Moment
(m) (kN.m)

W1 | (0.45)(3.1)(25)=34.88 1.55 54.06

W2 | (0.4)(0.4)(25)=4.0 1.4 5.6

W3 | (0.2)(4.10)(25)=20.5 1.3 26.65

W4 | (0.5)(0.2)(4.1)(25)=10.25 1.47 15.07

W5 | (0.5)(0.2)(4.1)(19.2)=7.87 1.53 12.04

W6 | (1.5)(4.1)(19.2)=118.08 2.35 277.49

W7 | (1.2)(0.6)(19.2)=13.82 0.6 8.29

W8 | (20)(1.7)=34 2.25 76.5

W=243.4kN MR=475.7kN.m
) . Mg  475.7
Factor of safety against overturning,F.S.= =——=28>2 OK.

M,, 169.3

e Check sliding of the retaining wall: Refer to Figure 14.5.
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3 S I

G o < P2
P1

A q1 A q2

Figure 14.5: Soil lateral pressure for computing sliding force

Psiiaing = P1 + P, = (0.5)(4.95)(19.2x4.95x0.333) + (20x0.333)(4.95)
= 78.33 + 32.97 = 111.3kN

1 1
Presisting = Wf +5¥sh*K, = (2434)(05) +5 (19.2)(1.45)°(3) = 121.7 + 60.552
= 182.25kN

FResisting _ 182.25

= =1.64>15 OK.
Fstiging 111.3

Factor of safety against sliding, F.S.=

e Check bearing: check pressure under the base of the retaining wall: Refer to Figure 14.6.
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Mov=169.3kN.m

(\ W=243.4kN
Mr=475.7kN.m
W=243.4kN
k 3.10 ¥ F—a—k-e—t
b—1.556——1.55—+
¥ 3.10 ¥

Figure 14.6: Forces at the base of the retaining wall

_AM _4757-1693
CEW T T 2232 ™M

3.1
Mabout center of footing = (7 - 1.26) (243.4) = 0.29(243.4) = 70.6kN, m

—P Mc —2434 70.6(155) _

q = = — = —122.62kN/m?
A1 181 1
G S ey
_oP Mc_ 2434 7060155 _ . ...,
A T R ! = —3442kN /m

2 (HED?

See Figure 14.7.
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W2=34.42kwm2

q1=122.62kN/m?

Figure 14.7: Pressure under the base of retaining wall

Note that g1 and g2 are compression.

The eccentricity is located in the middle third of the base length. The eccentricity is given by:

_M_706 _ oo 31
CTW T 2434 M S Tg T UM

Step 2: Strength design:
e Design of the stem:
Height, h=4.10m
Thickness at base, t=0.40m d=0.33m section width=one unit=1.0m

See Figure 14.8.
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P1

i q1 L Q2

Figure 14.8: Soil lateral pressure for computing internal forces in the stem of the cantilever
retaining wall

g1 = yhk, = (19.2)(4.1)(0.333) = 26.21kN/m?

g, = wk, = (20)(0.333) = 6.66kN /m?

1 1
Pr =2 qih =5 (26.21)(4.1) = 53.73kN

P, = q,h = (6.66)(4.1) = 27.31kN

P=V =P, +P, = (53.73) + (27.31) = 81.04kN

M=P, (g) +P, (g) = (53.73) (43—1) +(27.31) <42—1) = 129.43kN

V, = (1.6)(81.04) = 129.7kN
M, = (1.6)(129.43) = 207.1kN.m
ACI 318 — 14: @V, = (0.75)(1/6)V28(1000)(330)/1000 = 218.3kN > 129.7kN OK

From Mu = 207.1kN.m, steel ratio,p = 0.0053,4s = (0.0053)(1000)(330) =
1749mm? use 1920/150mm
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ACl 318-19: shear design

V. can be calculated by:

A

A
For A, = Ay (or — > (—v) ) use either of:
S /min

S

N N
Ve = (0-17Mf’c + 67”) byd and V.= <0.66/1(Pw)1/ Wf'e+ 67”) byd
g g
S

Ay, (A
For A, < Aymin (or —< (—) >use:
S min

N.
Ve = (0-66/’15/1(%)1/3\/ flet j) byd
g

Where A, is the area of shear reinforcement within spacing s, mm?2,

And, V. shall not be taken greater than:

V. < 0.420/f b, d

2
= |—< 1.
As ,’1+0.004d_10

Ny < 0.05f'
6Ag— . fC

Ford < 250mm, A, = 1.0

Axial load, Nu, is positive for compression and negative for tension.

The value of As to be used in the calculation of p,, may be taken as the sum of the areas of
longitudinal bars located more than two thirds of the overall member depth away from the
extreme Compression fiber.

The value of / f’c used to calculate Vc for one-way shear shall not exceed 100 psi (8.3MPa),
unless allowed in 22.5.3.2 (4, = Ay min)-
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, 2 2
A= [————<10- 1, = =0.928
sT [T+0004g="""" J1 + 0.004 (330)

_ (6.67 bars) (314)
Pw = ""1000)(330)

= 0.0063

(0.66(0.928)(1)(0.0063)%\/2_8 + o.o) (1000)(330)

@V. =0.75 T

= 148.4kN

> 129.7kN ok.

At exterior face of wall, one can use steel ratio= 0.0025/2 if the wall is interior and is not
subjected to environmental hazards.

If the wall can be subjected to environmental hazards, one can use steel ratio based on ACI
350, and steel ratio= 0.003/2.

Here, use steel ratio= 0.003/2
A, = (0.003/2)(1000)(400) = 600mm? use 1912/150

For horizontal steel, one can use steel ratio= 0.0025/2 if the wall is interior and is not
subjected to environmental hazards.

If the wall can be subjected to environmental hazards, one can use steel ratio based on ACI
350, and steel ratio= 0.003/2 if expansion joints are used with spacing not larger than 9.0m.

Here, use steel ratio= 0.003/2

A = (0.003/2)(1000)(400) = 600mm?  use 1912/150 or 1914/250

Check shear key: Refer to Figure 14.9.

£0.05
3

o

o

+—=+0.45

Figure 14.9: Shear key at base of the cantilever retaining wall

Check that:
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14
Y < ¢(0.2f'.) <5.5MPa
Akey
129.7(1000) _ ) 311py < 0.75(0.20)(28) = 4.2MP
1000(100) _ 3MPa < 0.75(0.20)(28) = 4.2MPa

e Design of the toe: Refer to Figure 14.10.

g5=20kN/m?

YYYvy

g6=78.72kN/m?

e | F YV

- Vi
R I A A

4040

—120—F I—150—4%

q1=122.62kN/m?

88.5kN/m?
77 1kN/m?

q3=
qa=

Figure 14.10: Loads at the base of the cantilever retaining wall
ds = Y<h = (19.2)(4.1) = 78.72kN /m?
q; = ysh = (19.2)(0.6) = 11.52kN /m?

qs = vch = (25)(0.45) = 11.25kN /m?
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Use an average load factor of 1.4 for shear and moment computations.

v ((122.62 + 88.5)

z )(1.2) — (11.52)(1.2) — (11.25)(1.2) = 99.35kN

V, = (1.4)(99.35) = 139.1kN

M = (88.5)(1.2)(0.6) + (122.62 — 88.5)(0.5)(1.2)(0.667)(1.2) — (11.52)(0.5)(1.2)?
— (11.25)(0.5)(1.2)2 = 63.71kN.m

M, = (1.4)(63.71) = 89.2kN.m

ACI 318 — 14: @V, = (0.75)(1/6)v21(1000)(380)/1000 = 218kN > 139.1kN OK
Flexure:
p =0.001664 A, = 0.001664(1000)(380) = 632mm?
Ag min = 0.0018(1000)(450) = 810mm? use 1620/300mm

ACl 318-19: shear:

’ 2 2
A= |—————=<10-> A, = = 0.89
s 1+0.004d s \/1 + 0.004 (380)

_ (3.3 bars) (314)
Pw = "(1000)(380)

= 0.0027

(0.66(0.89)(1)(0.0027)%\/% + 0.0) (1000)(380)

1000 = 138.6kN

@V. =0.75
~ 139.1kN ok.

e Design of heel: Refer to Figure 14.10 above:
Use an average load factor of 1.4 for shear and moment computations.
V =(20)(1.5) + (78.72)(1.5) + (11.25)(1.5) — (34.42 + 77.1)(0.5)(1.5) = 81.32kN
V, = (1.4)(81.32) = 113.85kN
M= (20)(1.5)? N (78.72)(1.5)? N 11.25(1.5)2 B (34.42)(1.5)?

2 2 2 2
— 34.42)(0.5)(1.5)(1.5/3) = 69kN.m

— (771
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M, = (1.4)(69) = 96.6kN
Flexure:
p =0.001805 A, = 0.001664(1000)(380) = 686mm?
Ag min = 0.0018(1000)(450) = 810mm? use 1620/300mm
ACI 318 — 14: @V, = 218kN > V, = 113.85kN ok.

ACI 318 — 19: 9V, = 138.6kN > V,, = 113.85kN  ok.

Shrinkage steel in the base: use 810/2 = 405mm? use 1912/250mm

o
0 Y
& 0 o |
B < 1214/250 1014/250
q-l o e
1012/150 |1 ¢l 1020/150
X 4 b
@ o« b
* 2§§§§ « W 1012/250
7 1220/300
* > . r . r .n .a ry 2l @
“ ‘ I”I 1620/300
¥ 1 $
< P,
= o
<
o

F—120—~+F +¥—150—~=
#—4 0.40

b—— 310 ———=

Figure 14.11: Cantilever wall reinforcement details
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14.2 Design of counterfort retaining wall:
The counterfort retaining walls are composed of slabs and counterforts.

The toe slab represents a cantilever built in a long the front face of the wall, loaded upward
by the bearing pressure, exactly as the cantilever walls.

The panel of the vertical wall between two counterforts is a slab acted upon by the horizontal
earth pressure and supported along three sides; the two counterforts and the base slab, while
the fourth side; the top edge, is not supported. Slab moments are determined for strips one
meter wide spanning horizontally, usually for the strip at the bottom of the wall and for other
strips at higher elevations.

The heel slab is supported as in the wall slab; by counterforts and at the wall (stem). It is
loaded downward by the weight of the fill resting on it, its own weight, and surcharge as there
may be. This load is partially counteracted by the bearing pressure. Horizontal strips are taken
with the corresponding loads; the top and downward loads.

The counterforts are wedge-shaped cantilevers built in the base slab. They support the wall
slab (stem) and therefore are loaded by the total soil pressure over a length equal to the
distance center to center between counterforts.

Example: (counterfort wall):
Given:

- Refer to Figure 14.12

- Concrete strength, f'c= 32MPa

- Steel yield strength, fy=420MPa

- Soil unit weight, y,=20kN/m3

- Soil internal friction angle, =30 degrees

- Clear distance between counterforts is 2.50m
- Thickness of counterfort wall is 0.30m

Design the stem and the counterfort wall.
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3 ~ :ggg;
Counterfort wall
8. Sar I @2.80m c/c
© o
o ]
=~ ~
o
* :; ;;Q
o
o
) o
—1.60— & 3.05 * ©
—+0.35 =
¥ 5.00 +

Figure 14.12: Counterfort retaining wall
Solution:
e Design of wall (stem):
q = yshk, = (20)(7.5)(0.333) = 50kN/m?
g, = (1.6)(50) = 80kN /m?
Clear span length, L,= 2.50m

Load, gu= 80kN/m on a horizontal strip of 1.0m width at the base.

L 80)(2.5
Quin _ 1.15()2# — 115kN

V, =115

_ qula® _ (80)(2.5)

Mymax = =55 5 = 50kN.m

Effective depth, d= 350-60=290mm.

ACI 318 — 14: @V, = (0.75)(1/6)V32(1000)(290)/1000 = 205kN > 115kN OK

Steel ratio, p = 0.0016 < 0.00333 A, = (0.00333)(1000)(290) =
966mm? use 1016/200mm
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ACl 318-19: shear:

, 2 2
l= |—% 1051 = — 0.96
sT [T+000ad =" 7% \/1 +0.004 (290)

_ (5 bars) (201)
Pw = 1000)(290)

= 0.0035

(0.66(0.96)(1)(0.0035)%\/5 + 0.0) (1000)(290)
1000

@V, =0.75 = 118.6kN

> 115kN ok.
Vertical steel in the wall = (0.003/2)(1000)(350)=525mm?. Use 1912/200mm.
e  Design of the counterfort wall:
q, = (80)(2.8) = 224kN /m . Triangular load.
IV, = (0.5)(224)(7.5) = 840kN

M, = (840)(7.5/3) = 2100kN.m

@
65 )
I~
N
a
b
¥ 3.10 4

Figure 14.13: Counterfort wall

sma=ﬁ= ﬁ - L =287m

L
oM, = QAsfyjd
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2100(10)° = (0.9)(4,)(420)(0.9)(0.8x2870) — A, = 2689mm? use 9920

Shear:

V. = (1/6)V32(300)(0.8x2870)/1000 = 649kN

h _ 840 _ 1120kN
® 075
V, = 1120 — 649 = 471kN

Vo 471000
~ fyrd  (420)(0.8x2870)

A 0.35b,, 0.062/f'.b
(—v> = max( d i W) = 0.25mm?/m
m

“ | >

= 0.49mm?/m

S fyt ’ fyt
A, 0.49mm? 113x2
use — = - s = = 461mm @12/450mm
s m 0.49

0.003
Shrinkage steel = T(lOOO)(BOO) = 450mm?/m

Use 19012/250mm in horizontal and vertical directions
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Chapter 15: Design of Water Tanks

15.1 Design of rectangular water tanks:

- Tanks can be divided to:
o On-ground tanks
o Underground tanks
o Elevated tanks
- Tanks can be of different shapes:
o Rectangular
o Circular
o lrregular
- Based on load transfer, water tanks can be divided to:
o Shallow tanks
o Medium tanks
o Deep tanks

Shallow water tanks:

In shallow tanks, mainly, water loads are transferred in walls in the vertical direction. So, walls
can be designed for one meter strip in the central zone of wall.

- For tanks without roof: L/H = 4
- For tanks with roof: L/H > 2

Where L is the side length and H is the side height.
Figure 15.1 shows the shear and moments for a wall.

Here, w= unit weight of water= 10kN/m3.
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wH3/30 .
1 wH?/46.6
2 2
0.4 wH >
L 0.35 wH
wH ’

wH/15

Figure 15.1: Shear and moments in a wall of shallow tank in the vertical direction

0.1 wH? 015wH2 5
- —'4’% wH3/30

7} wH*/20

Horizontal forces in walls of shallow tanks (At corners of tank):

Loads are transferred to walls at corners by the 45 degrees load distribution principle.

Refer to Figure 15.2.

JeH24

0.5 wH

wH>16

=

1

With roof

Figure 15.2: Water loads distribution in walls of shallow water tank

Tank with roof:

F=alls>
wH

M = F * Distance = 3

374
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Without roof

1 HWH_WH3

8
3/1H _WH4
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Force (tension force on the perpendicular wall= shear force in this wall) per meter height is
given by:

F_WH3 H_WHZ

=g /=73
Moment per meter height is given by:

M_WH4 H_WH3

=3z M =3

Tank without roof:

1HHWH_WH3
2 2 4

M = F % Distance =

wH?3 (H) wH*
2

4 "8
Force (tension force on the perpendicular wall= shear force in this wall) per meter height is
given by:

F_WH3 H_WHZ

=3 /M=
Moment per meter height is given by:

M_WH4 H_WH3

=g /M=73

Medium water tanks:

In medium tanks, water loads are transferred in walls in the vertical and horizontal directions.
Here L/H or H/L is between 1 and 2. In general, the wall shall be analyzed as two-way slab
subjected to triangular surface load.

Deep water tanks:

In deep water tanks, mainly, water loads are transferred in walls in the horizontal direction.
Here, H/L = 2.

Refer to Figure 15.3.
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PN

m g=wH M+ m*
-

"/
\_+/
M

Load Moments

L OBl

L

S
-~

Figure 15.3: Load and moments in horizontal direction of deep water tank

Tension in side B = q7

Tension in side L = q7

_q(Ll’ +B®)

e negative moment at corner is given by 12(L + B)

And the span moments will be:

LZ

At side L, M* = % — (M)
BZ

At side B,M* = % — (M)

Design methods:

e Working design method: Allowable stress method.
e Ultimate design method with serviceability check.

In this chapter, the ultimate design method is used.

The environmental durability factor, Sq will be used in the design for moment, tension, shear
and torsion. It is given by:

_%%
TS
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factored load
unfactored load

')/:

Note that Sq is equal to 1.0 for seismic forces and for compression.
The allowable stress in steel, fs is discussed below.
Flexure:

For normal exposure:

2200MPa 55880
fs = MPa

3J52+4(50+ )/254 ﬁJ52+4 50+dzb)

fs < 250MPa
fs = 138MPa for one way members.
fs = 165MPa for two way members.

For severe exposure:

1794MPa 45560
fs = MPa

3J52+4(50+ )/254 ﬁJ52+4 50+dzb)

fs < 250MPa
fs = 117MPa for one way members.

fs = 138MPa for two way members.

Where:
S= spacing between bars, mm

dp= diameter of bar, mm

h—c
d—c

ﬁ =
h= overall thickness of member

d= effective depth of section
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C= distance from extreme compression fiber to neutral axis. It is calculated at service loads
for cracked section.

For simplicity:
B =12 for h = 400mm

B =135 for h < 400mm

Tension:
fs = 138MPa for normal exposure

fs = 117MPa for severe exposure

Shear:

fs = 165MPa for normal exposure

fs = 138MPa for severe exposure

It is not recommended to use shear reinforcement in walls and base of tank, so:
oV, =V,

The environmental durability factor, Sq will be multiplied by Vs if shear reinforcement is used
in the member like for beams.

In walls and base of water tank, the minimum steel ratio is similar to beams.

The shrinkage steel area in the vertical direction of walls shall be not less than 0.003 multiplied
by the gross sectional area.

The minimum shrinkage steel ratio in the horizontal direction is given in Table 3.1 based on
ACI 350-06.
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Table 15.1: Minimum shrinkage and temperature reinforcement in environmental structures

Length between movement joints, | Steel ratio for fy=|Steel ratio for fy=
L,m 280MPa 420MPa
L<6 0.003 0.003
6<L<9 0.004 0.003
9<L<12 0.005 0.004
12<L 0.006 0.005
Notes:

- For underground water tanks, major two loading cases shall be taken into account:

o The tank is full of water and no backfill: this case happens mainly during water
tightness test.
o The tank is empty and there is backfill.

- The minimum concrete strength is 28MPa.
- The minimum thickness of buried wall or wall subjected to water and its height is more
than 3.0m, is 300mm.

In addition to that, construction method shall be considered in the design stage.

The design of a water tank for seismic loads can be done with the reference to ACI 350.3-06;
Seismic Design of Liquid-Containing Concrete Structures and Commentary.

Example: Rectangular on-ground water tank:
Given:

- Concrete strength, f'c= 28MPa

- Steel yield strength, fy=420MPa

- Rectangular on-ground tank.

- Noroof.

- Tank area dimensions: 25m x 25m

- Tank height=5.0m

- Soil allowable bearing capacity, qall= 340kN/m
- Assume severe exposure.

2

Solution:

25

T =~
Il

|

ol

So, the tank is shallow.
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T wH=(10)(5)=50kN/m
Figure 15.4: Load on wall of tank - example

Vertical direction:

Shear= reaction = area under the load diagram = (0.5)(5)(50)=125kN
Moment = shear x (h/3)=125(5/3)=208.33kN.m
Load combination: U=1.4D+1.4F
I, = (1.4)(125) = 175kN
M, = (1.4)(208.33) = 291.66kN.m
Try wall thickness at top= 300mm
Try wall thickness at bottom=500mm d=430mm

Check shear in walls:

@V, = (0.75)(1/6)V28(1000)(430)/1000 = 284kN > 175kN OK

380



Design of Reinforced Concrete Structures: A Practical Approach IBRAHIM ARMAN

0.30+—

o

5.00

+~—+0.50

Figure 15.5: Section in wall of the rectangular tank - example

Design for flexure:

Let S=150mm
Let db=25mm

B = 1.2 since 500mm > 400mm

45560 45560
fi = MPa = = 194MPa
\/52+4(50+@)2 12\/150 2+4(50+§)2
8 : (12),/(150) 2
< 250MPa

And > 117MPa for one-way member — sever exposure

_0f,  (09)(420)
=Y T A9

M, = (1.4)(291.66) = 408.3kN.m

p =0.0062 > 0.00333 0K ,A, = (0.0062)(1000)(430) = 2666mm? 1025/150mm)
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Check stress in reinforcing steel at service load:

A, = 3273mm? for 1025/150mm

E;, 200000

=—— -8
E. 470028

3273

=<2 _ 000761
P = (1000)(430)

k =—np+.(np)? + 2np = 0.2934
=1 k = 0.902
] - 3 - *

M 208.33(10)°

== = 164MPa < 194MPa  OK
Is = 4jd = 3273)(0.902)(430) @ a

ACI 318-19: shear:

f 2 2
A= |— = <1051 = = 0.86
s [14+0004d="" % J1 + 0.004 (430)

p,, = 0.0076

N
¢ <0.66lsl(pw)1/3\/f_’c + —“) b,d

oV,
‘ 64,

0.66(0.86)(1)(0.0076)%\/% + 0.0) (1000)(430)

1000 = 191kN > 175kN ok.

(DVC=0.75(

Horizontal direction:

Total force = (0.5)(5)(5)(10x5/2)=312.5kN

Total moment= Total shear x Distance = 312.5(0.5x5)=781.25kN.m
Force/m=312.5/5= 62.5kN

Moment/m= 781.25/5=156.25kN.m

M, = (1.4)(156.25) = 218.75kN.m

P, = (1.4)(62.5) = 87.5kN
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Design for flexure:

M, = (218.75)(1.4) = 306.3kN.m

b=1000mm

h=400mm

d=330mm

p =0.008 > 0.003330K ,A, = (0.008)(1000)(330) = 2640mm?

Use the above procedure to check fs at service loads.

Design for tension:

0f,  (0.9)(420) _
v (1.4A17)

P, = (2.31)(87.5) = 202.125kN

Sy = 2.31

2

P, P _202.125(1000)

As = of, fi _ (0.9)(420)

35mm

Total horizontal steel at side of water= 2665 + (535/2) = 2933mm? (19025/150mm)
Minimum horizontal steel at a side = (0.005/2)(1000)(400)=1000mm? < 2933mm? OK
Horizontal steel at outer side of wall = 1000mm? (1914/150mm)

Vertical steel at outer side of wall = (0.003/2)(1000)(500)= 750mm? (1914 /200mm)

See Figure 15.6.
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Figure 15.6:

Horizontal cross section in tank
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15.2 Design of circular water tanks:

The loads are transferred in the horizontal direction as hoop tension in the cylindrical walls.
When there are no restraints at the wall ends, the total load is transferred to the walls as
tension. But when there are restraints at top and or at bottom ends, bending moments
developed and the tension in the walls decreased at these regions.

Cylindrical tanks can be divided into:

- Free base: tension only in the walls
- Fixed base: tension, moment and shear in the walls

— -
— -

k D ¥ k D +

Figure 15.7: Loads at ring (horizontal section in cylindrical wall)

wH
Figure 15.8: Loads at cylindrical walls — vertical distribution
ZFY=O - 2T =qD - T=%qD=qr=er
The hoop tension in concrete must be checked to be less than ft.

fi = 03334/,

The stress in concrete is given by:
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_ CEAs+T
© Ay +nd

Where:

C= coefficient of shrinkage of reinforced concrete. It is in the range of 0.0002 and 0.0004. It
can be taken equal to 0.0003. (3x104).

When the bottom of walls is fixed, moments and shears are developed and the maximum
tensile force in the walls will be less than that for free base.

The following tables show the tension, moments and shear in walls of cylindrical tank with
fixed base.
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"CYLINDRICAL TANKS WITH FIXED BASE, FREE TOP
Coefficients for tension in circular ring
T= Coefficient x (WHR)
Positive values indicate tension

w= water unit weight
D= diameter of tank

H= depth of water

t= thickness of wall

Triangular Load

R= radius of tank

387

H?/Dt Coefficient at a point
0.0H 0.1H 0.2H 0.3H 0.4H 0.5H 0.6H 0.7H 0.8H 0.9H
0.4 0.149 0.134 0.12 0.101 0.082 0.066 0.049 0.029 0.014 0.004
0.8] 0.263 0.239] 0.215 0.19 0.16 0.13 0.096 0.063 0.034 0.01
1.2} 0.283 0.271] ~ 0.254 0.234 0.209 0.18 0.142 0.099 0.054 0.016
1.6{ 0.265 0.268| 0.268 0.266 0.25 0.226 0.185 0.134 0.075 0.023
2] 0.234| 0.251] 0.273 0.285 0.285 0.274 0.232 0.172 0.104 0.031
3] 0.134{ 0.203] 0.267 0.322| 0.357 0.362 0.303 0.262 0.157 0.052
41 0.067 0.164} 0.256 0.339 0.403 0.429 0.409 0.334 0.21 0.073
51 0.025 0.137} 0.245 0.346 0.428 0.477 0.469 0.398 0.259 0.092
6| 0.018 0.119 0.234 0.344 0.441 0.504 0.514 0.447 0.301 0.112
8| -0.011 0.164] 0.218 0.335 0.443 0.534 0.575 0.53 0.381 0.151
10} -0.011 0.098{ 0.208 0.323 0.437 0.542 0.608 0.589 0.44 0.179
12] -0.005 0.097 0.202 0.312 0.429 0.543 0.628 0.633 0.494 0.211
14} -0.002 0.098 0.2 0.306 0.42 0.539 0.639 0.666 0.541 0.241
16 0} 0.099f 0.199 0.301 0.413 0.531 0.641 0.687 0.582 0.265
H/Dt Coefficient at a point
0.75H {0.80H |0.85H |0.90H 0.95H
201 0.716 0.654 0.52 0.325 0.115
24 0.746 0.702f 0.577 0.372 0.137
321 0.782 0.768| 0.663 0.459 0.182
40 0.8 0.805{ 0.731 0.53} - 0.217
48| 0.791 0.828f 0.785 0.593 0.254
56| (.763 0.838] 0.824 0.536 0.285
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CYLINDRICAL TANKS WITH FIXED BASE, FREE TOP

Coefficients for moments in cylindrical walls

M= Coefficient x

(wH?)

Positive values indicate tension in the outside face of wall

s

w= water unif ;)veight
D= diameter of tank

H= depth of water

t= thickness of wall

Triangular Load

R= radius of tank

H%/Dt Coefficient at a point
0.1H 0.2H 0.3H 0.4H 0.5H  |0.6H 0.7H 0.8H 0.9H 1.0H
0.4} 0.0005{ 0.0014] 0.0021} 0.0007} -0.0042 -0.015{ -0.0302} -0.0529f -0.0816] -0.1205
0.8 0.0011| 0.0037| 0.0063 0.008 0.007] 0.0023| -0.0068} -0.0224] -0.0465] -0.0705
1.2| 0.0012] 0.0042| 0.0077| 0.0103| 0.0112 0.009 0.0022{ -0.0108| -0.0311} -0.0602
1.6§ 0.0011] 0.0041| 0.0075f{ 0.0107] 0.0121} 0.0111 0.0058{ -0.0051| -0.0232} -0.0505
2} 0.001] 0.0035| 0.0068] 0.0099 0.0121 0.0115 0.0075| -0.0021( -0.0185f( -0.0436
3| 0.0006] 0.0024( 0.0047] 0.0071 0.009] 0.0097 0.0077 0.0012| -0.0119| -0.0333
4] 0.0003] 0.0015| 0.0028} 0.0047| 0.0066| 0.0077 0.0069 0.0023 -0.008} -0.0268
5| 0.0002{ 0.0008| 0.0016} 0.0029| 0.0046f 0.0059 0.0059 0.0028| -0.0058{ -0.0222
6| 0.0001] 0.0003| 0.0008{ 0.0019] 0.0032] 0.0046 0.0051 0.0029| -0.0041} -0.0187
8 0} 0.0001| 0.0002f 0.0008] -0.0016] 0.0028 0.0038 0.0029| -0.0022| -0.0146
10 0 0] 0.0001} 0.0004{ 0.0007{ 0.0019 0.0022 0.0028| -0.0012f{ -0.0122
12 0} -0.0001{ 0.0001; 0.0002{ 0.0003; 0.0013 0.0023 0.0026| -0.0005| -0.0104
14 0 o 0 0| 0.0001}] 0.0008 0.0019 0.0023] -0.0001 -0.009
16 0 0| -0.0001} -0.0001| -0.0001| 0.0004 0.0013 0.0019} -0.0001] -0.0079
H?/Dt Coefficient at a point
0.80H |0.85H |[0.90H |0.95H 1.0H
20| 0.0015( 0.0014| 0.0005| -0.0018| .-0.0063
24] 0.0012| 0.0012} 0.0007| -0.0013} -0.0053
32| 0.0007| 0.0009}f 0.0007{ -0.0008{ -0.004
40| 0.0002| 0.0005f 0.0006]{ -0.0005| -0.0032
48 0| 0.0001} 0.0006{ -0.0003| -0.0026
56 0 0} 0.0004| -0.0001} -0.0023
Coefficients for shear at base shear, V= coefficient x (wH’)
H?/Dt 0.4 0.8 1.2 1.6 2 3| 4 5 6 8
Coeff. 0436 0.374] 0.339 0.317 0.299 0.262 0.236 0.213 0.197 0.174
H’/bt 10 12 14 16 20 24 32 40 48 56
‘|Coeff. 0.158| 0.145] 0.135 0.127 0.114 0.102 0.089 0.08 0.072 0.067
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Example 1:

Design the walls of a circular water tank with free base for capacity of 1000m3 and height of
6.0m with free board of 0.25m. Concrete strength, f'c= 28MPa and steel strength, fy=
420MPa. Assume sever exposure.

Solution:

e Determine diameter of tank:
T T
Tank volume,V = ZDZH = 1000 = ZD2(6 —0.25) > D =15m
e Forces in the wall:
Tension, T = qr = (6)(10)(15/2) = 450kN

e Design the wall:

T, = (1.4)(450) = 630kN

0f, (0.9)(420) _
v (1.4)@A17)

T,' = (2.31)(630) = 1455.3kN

S, = 2.31

T,'  (1455.3)(1000)

A= = = 3850mm?
ST 9f, (0.90)(420) mm”/m
Or:
_ T _(450)(1000) _ ,
s= 7= 117 = 3850mm~/m

Use 1018/125mm. As= 4064mm?2.

This reinforcement is for the maximum tension in the walls at bottom of wall. The tensile
force can be calculated at different heights and then the required reinforcing steel can be
calculated. This can be done for economical purposes.

The minimum horizontal reinforcing steel is 0.005Ag and the minimum vertical reinforcing
steel is 0.003Ag.

The stress in concrete is given by:
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_ CE;A;+T _ (0.0003)(200000)(4064) + 450(1000)

fe = = =0.333(1)V28 =t
A, +nA 200000
g s 1000)(t) + ————— (4064
(1000)(t) 4700 78( )
= 400mm

As minimum = (0.005)(1000)(400) = 2000mm? > 3850mm? OK
Vertical reinforcement:

A = 0.003(1000)(400) = 1200mm?2.  (600mm? at each face: 1014/250mm)

Example 2:

Resolve the previous example assuming fixed base.
Solution:

Assume wall thickness, t= 0.30m

HZ 3 (6)2 3
Dt~ (15)(0.3)

8
Tension:
Maximum hoop tension occurs at 0.6H from top.
Maximum hoop tension is:
T = 0.575wHR = (0.575)(10)(6)(7.5) = 259kN
T,' = SqT,
T, = (1.4)(259) = 362.6kN

of, (0.9)(420) _
v (1.4)(117)

T, = (2.31)(362.6) = 838kN

Sy = 2.31

T,” (838)(1000)
Ay =—=—"—2=2217mm? 1014/125mm, A; = 2464mm?
s of, ~ (0.90)(420) mm*/m use 1014/125mm, A, mm

Or use 1916/150mm, A_s = 2680mm?

Ag minimum = 0.005(1000)(300) = 1500mm? < 2217mm? 0K
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Wall thickness:

The stress in concrete is given by:

CEA,+T  (0.0003)(200000)(2464) + (259)(1000)
fe= A 3na. = 200000 = 1.27MPa
g Tnds 1000)(300) + 2464
(1000)(300) + 2582k (2464)

< 0.333(1)V28 = 1.75MPa 0K

Shear:
Maximum shear is located at bottom of wall:
V =0.174wH? = (0.174)(10)(6)2 = 62.64kN

V, = (1.4)(62.64) = 88kN

1
oV, = (0.75) (g) v/28(1000)(230)/1000 = 152kN > 88kN 0K
ACI 318 —19: 0V, = ¢ (0 66A,A(py )3 f e + e >b d

0.75 (0.66(1)(1)(0.00333%@ + o.o) (1000)(230)

Ve = 1000

= 90.1kN > 88kN ok

Flexure:
Maximum positive moment is located at 0.7H:
* =0.0038wH? = (0.0038)(10)(6)* = 8.21kN.m
Maximum negative moment is located at bottom of wall:
M~ = 0.0146wH? = (0.0146)(10)(6)3 = 31.5kN.m

For negative moment:

45560 45560
fs = MPa = = 179MPa

,8\/52 +4(50+ dzb) (1. 35)J(150)2 +4(50+ 124)
< 250MPa
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> 138MPa for two way member.

of, (0.9)(420) _
v (1.4)(179)

M, = S;M, = (1.51)(1.4)(31.5) = 68kN.m

Sy = 1.51

p =0.0035 > 0.00333, 4, = (0.0035)(1000)(230) = 805mm? use 1914/150mm

The stress in this steel can be checked using the service design method as shown in the
example of rectangular tank.

For positive moment of 8. 21kN.m, one can use minimum steel of p = 0.00333.

A, = 0.00333(1000)(230) = 766mm? wuse 1¢14/200mm
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Chapter 16: Design of Shell Structures: Spherical domes and

Conical shells

16.1 Design of spherical domes:

The internal forces, the dome geometry and the normal distributed force are related
together by the following equation:

Ny Ny
5> T35 = DPr
Ry R,

Where:

R1: the radius of curvature of the meridian, m

R2: the radius of curvature of the second principal curve (horizontal direction), m
Ny: the meridian force, kN/m

Ng. the hoop (horizontal) force, kN/m

P.: the normal force (distributed) on the shell surface toward the center, kN/m?
Surface loads:

The surface load on the dome is defined as g in kN/m? downward (-Z direction).
The internal force Ny can be determined as follows:

The load on surface area is given by:

)
W, =j g2nrRd®,
0

(0]
w, =] 2mgR?*sin®,d®,
0

)

= —anchos(Z)lo

= —2mgR?*(cos @ — 1)

= 2ngR?(1 — cos®)
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Vertical reaction = 2nrNgsin® = 2n(R sin®)Nysin® = 27R sin®@Ny
Surface load = reaction

2ngR?*(1 — cos®) = 2nR sin*@N,

gR(1 — cos®) = sin*@N, (Divided by 2mR)

_gR(A —cos®) gR(1—cosP) gR(1 — cos®) L
o= sin?@ (1 —-cos2@) (1 —-cos®)(1+ cos®) 1+ cos®
|

Rd@: r |
|
|
|
|
|
I
|

k &l
T kY
g |

Figure 16.1: Spherical dome — derivation for Ny

Ng |
N©
\\ :
|
|
//% N |
v NS |
NG !

Figure 16.2: Internal forces in spherical dome
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N@ sin @

Figure 16.3: Components of Ny in spherical dome

The normal component of g is g cos@ as shown in Figure 16.4.

Figure 16.4: Pr in spherical dome due to load g

In spherical domes, R1=R2=R

Ny N
2+ %—p
RTR T

gR + Ng @
(14+cos®)R R geos

R g 1+ cos®

Ng = gR(cos® — )

1+ cos®

At @ = 51°50',Ny = 0
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@=0 -gR/2 -gR/2

@=90 -gR +gR

NG NS

Figure 16.5: Variation of Ny and Ny due to surface load in spherical dome

Projected loads:

Total live load on the section= grr?
Reaction= 2nrNysin®
Total live load = Reaction
qnr? = 2nrNysin®

qr_qRsin® qR

Ny = = =
4 2 sin® 2 sin® 2

Ny Ny

RYRH
QR Ng_ 2
2R+ R = q cos“Q

Where: P. = surface laod x cos® = projected load x cos® x cos®

N
?ezqcosz(z)—%

1 qR qR
Ny = qR(cos?® — E) = 7(2 cos?p—1) = - cos 20

Figure 16.6 shows the distributions of Ny and Ny for the angles from zero to 90 degrees.
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@=0 -qR/2 -qR/2

=90 -qR/2 +qR/2

NG NO

Figure 16.6: Variation of Ny and Ny due to live load in spherical dome

Ng = 0 at angle, ® = 45 degrees

Load on the ring beam:

The dome is attached to a ring beam in many structures. There are two cases:
Case 1: the ring beam is attached to walls. Here, there are no spans for this beam, and so no
shear or moment is developed. The main internal force in the ring beam in this case is tension.

Torsion may be developed.

Case 2: the ring beam is supported on columns. Here, there are spans to the beam, and so,
internal forces of shear, moments and torsion are developed in addition to the tensile force.

The vertical load on the ring beam is: Nysin®
The horizontal load on the ring beam is: Nycos®
The tension force in the ring beam is given by:
Tension,T = Nycos@r
Where: r is the radius of the ring beam.

For the beam in case 2, the vertical load causes the internal forces of shear, moment and
torsion.

Table 16.1 shows the internal forces in the ring beam that is supported by columns. Here,

the vertical load on the ring beam is denoted by g and the radius of the ring beam is
denoted by r.
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Table 16.1: Internal forces in ring beam supported by columns

No. of Load on shear Moment at | Moment at | Torsion
columns column midspan support
4 2nrq /4 2ntrq/8 0.11qr? 0.22qr? 0.033qr?
6 2mrq/6 2nrq /12 0.047gr? 0.1qr? 0.0088qr?
8 2mrq/8 2nrq/16 0.026qr? 0.052qr? 0.0038qr?
12 2nrq /12 2nrq /24 0.012gr? 0.023gr? 0.0013qr?
Example:
Given:

- Spherical dome
- ltis aroof for cylindrical tank. Tank diameter= 25m
- Dome height=4m
- Dome thickness, t=0.12m

- Concrete strength, f'c=28MPa

- Steel strength, fy= 420MPa

- Live load (projected)= 1.5kN/m?

Design the dome and the ring beam.

Solution:

The radius, R and the inclination angle, @ are determined as follows:

Refer to Figure 16.7.

Figure 16.7: Dome properties
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(12.5)% + (R — 4)? = R? = 156.25 + R? + 16 — 8R

172.25=8R - R = 21.531m

— — — o
=51531 0.5806 - @ = 35.5

sin®

Loads:
Weight of dome, WD=0.12(25)=3.0kN/m?

Live load, WL= 1.5kN/m?

Ny and Ny from dead load:

gR
Ny = —2——
@ 1+ cos®
Ny = gR ) !
o = gR(cos 1+cos®)

N(D,(D:O.O = _323kN/m
N®,®=35_5 = _356kN/m
N9,®=0.0 = _323kN/m

N9,®=35_5 = _1698kN/m

Ny and Ny from live load:

qR
Ny = —cos 20

N@,Q):O.O = _161kN/m
N®’®=35_5 = _161kN/m
NG,(Z)ZO.O = _16.1kN/m

N9,®=35.5 = —53kN/m
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Note that Ny and Ny are compression.
Nomax = Nogeaa + No,iive
Ngmax = 35.6 +16.1 = 51.7kN/m
Ng maxuitimate = 1.2(35.6) + 1.6(16.1) = 68.48kN/m at @ = 35.5 degrees
Ngmax = No,geaa + No,ive
Ng max = 32.3 +16.1 = 48.4kN /m

Ng maxuitimate = 1.2(32.3) + 1.6(16.1) = 64.52kN/m  at @ = 0.0 degrees

The compressive capacity of section is given by:
QP, = (0.65)(0.80)(0.85f’C(Ag — Ag) + fAs)

®P, = (0.65)(0.80)(0.85)f", A, = (0.442)(28)(1000)(120)/1000 = 1485kN
> 68.48kN OK.

Use minimum steel area in the dome, As= 0.003(1000)(120)=360mm?. Use 1910/200mm.

Ring beam:

The ring beam is supported on the walls of tank.

Horizontal force on the ring beam, P=Ny cos @ = (51.7)(cos 35.5) = 42.09kN /m
Tension in the ring beam, T= P.r=(42.09)(12.5)=526kN

The required reinforcement is given by:

T 526000

=== = 4496mm?
STFET 117 mm

The tensile stress in the ring beam is given by:

_ CE,A;+T _ (0.0003)(200000)(4496) + (526)(1000)

fe= =
A, +nA 200000
g s A)) + ——— (4496
(4g) 4700\/28( )

= 175MPa - A, = 416194mm?

= 0.333(1)V28

Use square section with side length= 650mm.
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Use 15020

16.2 Design of Conical Shells:

The following paragraphs illustrate the calculations of the membrane forces for a conical
shell that is supported at its bottom end.

The surface downward load is P in kN/m?2.

If the load P is the self-weight, then it is equal to Y, t, where ¥, is the unit weight of concrete
and t is the thickness of the shell.

Figure 16.8 shows a section in a conical shell.

Ns sin a

Figure 16.8: Conical shell

Weight of the conical shell is given by:
r
W = ZnESP

The reaction or the internal force is given by:

R =2nr Ny sina

r -SP

W=R=2nZSP=2nrNssina—>NS=

2sina
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The hoop force Ny can be determined as follows:

N9 = Pr )
Refer to Figure 16.9.
S S
tana =—-r1, = =Scota
Ty tan a

And,

P.=Pcosa

Ng =P. 1, =PcosaScota

Figure 16.9: Conical shell, determination of Ny

Example 1:
Given:

- Conical shell

- ltis aroof for a circular tank. Diameter of tank= 25m.
- Height of shell=4m

- Shell thickness, t=0.12m

- Live load on surface= 1.5kN/m?

- Concrete strength, f'c= 28MPa

- Steel strength, fy= 420MPa

Design the shell and the ring beam.
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Solution:

P, = (0.12)(25) = 3kN/m?

P, = 1.5kN /m?
P:PD+PL:3+1.5:4.5kN/mZ
P, = 1.2P, + 1.6P, = 1.2(3) + 1.6(1.5) = 6kN /m?

Ng =B.1p,=PcosaScota

4 H=4.0#

/O'__J____

F—a=126—F+—a=12.5—*
Figure 16.10: Conical shell example
4
tana = —— - a = 17.74 degrees

12.5

S=L=+42+1252=13.12m

Substitute in the previous equations:

Ny =P. 1, =PcosaScota=(4.5)(13.12)(cos 17.74)(cot 17.74)

= 175.8kN/m compression

Ngy =PF-1, =PcosaS cota=(6)(13.12)(cos 17.74)(cot 17.74)

= 234.4kN/m compression

N SP (13.12)(4.5)
ST 2sina 2sin17.74

_SP (13.12)(6)
SU osina 2 sin 17.74

The tension in the ring beam is given by:
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T = Nscosa a = (97)(cos 17.74)(12.5) = 1155kN
The required reinforcement is given by:

T 1155000

== = 9872mm?
sTFET T 117 mm

The tensile stress in the ring beam is given by:

_ CE,A;+T _ (0.0003)(200000)(9872) + (1155)(1000)

¢ = A, + nd, Ay + 200000 o = 0.333(1)v28
977 4700428

= 1.75MPa - A, = 912258mm?
Use square section with side length= 1000mm.

Use 26022

Example 2:

Determine the membrane forces in the concrete umbrella shown in Figure 16.11 at point A.

4.0m

ke 7.5m 7.5m ¥

Figure 16.11: Reinforced concrete umbrella
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Solution:

P = (0.15)(25) = 3.75kN /m?

4
tana = 7 - a = 28.07 degrees

X
L= cos «o x; = 441m > x, = 7.5 — 441 = 3.09m

5
7.5+ 3.09 ) .
(3.75)(5)(271)(T) = N; sin a (2m)(3.09) - N; = 68.3kN/m tension

3.5
tan 28.07 = — -1, = 6.56m

Ng =Br,=Pcosar,
T2

Ng =Pcosar, = (3.75)(cos 28.07)(6.56) = 21.7 kN/m  compression

Example 3:

For the reinforced concrete tank shown in Figure 16.12, determine the membrane forces at

point A due to:

- Dome loads
- Tank self-weight
- Water loads

CONICAL
SHELL, t=
0.15m

A——6.00———

CENTER OF
DOME

6.00 6.00

Figure 16.12: Reinforced concrete conical tank
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Solution:

Membrane forces due to dome loads:

Refer to Figure 16.13 below.

The horizontal force Ny cos® will be taken by a ring beam.

Dome radius, R= 8.49m

gR (4)(8.49)
Ny = = = 20kN
4 14+cos® 1+ cos45 /m
A 6.00 |

A 4.586 +1.414

6.00

Figure 16.13: Dome loads on the conical shell

#1.414%

Vertical reaction on the conical shell= Ny sin @ = (20)(sin 45) = 14.1kN

(14.1)(27)(6) = N, cos® (2m)(4.586) - N, = 26.1kN/m

Membrane forces due to tank self-weight:
Refer to Figure 16.14.

Dead load (self-weight) = (0.15)(25)=3.75kN/m?

(3.75)(2)(21) (6 — #) = N, cos® (21)(6 — 1.414) - N, = 12.25kN /m

Ng = P..1, = P sin® r, = (3.75)(sin 45)(6.485) = 17.2kN/m
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6.00

Figure 16.14: Effect of self-weight of tank

Membrane forces due to water loads:
Refer to Figure 16.15 below.
1 2
(E)(1.414)(1.414)(10)(2n)(6 — 5(1.414)) = N cos® (2m)(4.586) = N,
= 15.6kN/m compression

Ny = P..1, = y,,hr, = (10)(1.414)(6.485) = 91.7kN/m tension

L 6.00 f
2 4.586—r1.414
| e e s 3
Rl
S
N
Q
q/.

6.00

Figure 16.15: Water loads on the conical shell
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Chapter 17: Design of Shell Roofs Using Beam Theory

It is known that cylindrical shells with large (L/a) values, spanning between diaphragm
supports, tend to behave as simply supported beams. Folded plates, which are composed of
interconnected plates, can be considered to span as beams between diaphragm supports.

This leads to consider that the longitudinal stresses in a folded plate or cylindrical shell could
be obtained by using simple formula of beam theory; g, = #, where M is the bending

moment and | is the moment of inertia of the cross section about the neutral axis. For
symmetrical sections, the neutral axis is horizontal.

In a folded plate or a shell, there are also transverse bending moments, shears and in plane
forces (Mg, Qg and Ny) which are generally not considered for simple beams. These have to
be found by a secondary analysis called arch analysis, in the case of shells and folded plates.
The analysis of shells by this simple combined procedure is called beam theory.

Deformations of the cross section are not considered when deriving formulas for beams in
strength of materials. For shells or folded plates, such deformations of the cross section in the
transverse direction do take place, and they can change the resultants My and Ny obtained

from simple beam theory.

Transverse deformations and forces can be neglected for:

Single shells: 2 >5
Single shells with edge beams: é >3

Internal shell of multi-barrel shell structures:é > 1.67

Selection of shell configuration and dimensions:

Although smaller column spacings generally result in economical structure, the requirement
for spacing of columns; in both the longitudinal and transverse directions; is usually directed
by the client, depending on what size of column — free bays he can work with.

The loads from the shell are transmitted to the diaphragm beams, which span on columns in
the transverse direction. Hence the width of each bay of multi-bay shell need not have any
relation to the column spacing in the transvers direction, since each span of the diaphragm
beam can carry loads from one or more shell bays, or from any fractions thereof.
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The depth of the shell can be:

to —

The thickness of the cylindrical shell can be:

Lo, L
160 “° 200

The thickness of the folded plate can be:

L L

80 “° 120

Thus, the choice of using a folded plate or a barrel shell cross section for a given span would
thus depend on the relative saving in cost of concrete and steel compared to the added cost
of preparing formwork for the curved barrels. These costs vary from country to country, as

well as within a country.

For barrel shells, the angle @, is kept between 20 degrees and 45 degrees. Angles between
30 degrees and 40 degrees are preferred. Angles greater than 45 degrees are not used, so as
to avoid double formwork when pouring concrete, and also because a larger perimeter is
required to cover the same bay width. If the depth of the curved cross section of the shell
itself is less than L/8 to L/12, the balance should be made up by the provision of sufficiently

deep edge beams.

Figure 17.1: Cross section in a cylindrical shell
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17.1 Application of Beam Theory for cylindrical shell:

Refer to Figure 17.2 below.

% &
o, | £ N
a™ ®k|®1/®2/
NTRD
Sl N

Figure 17.2: Cylindrical shell parameters

q
I A A A A
FaY

7

Figure 17.3: Structural model of a shell unit

1. Calculate the load per unit length, g, along the span, for the given distributed loading
P per unit area:

q = 2aPQ;

2. Find the location of the neutral axis and the moment of inertia about the neutral axis
for the cross section:

asin®
z, = 2510
o
2sin®
I =a3t| @, + sin @y (cos D — —k>
Dy
3. Find the maximum stresses in the cross section:

_ MZtop _ MZbottom

Otop = I and Opottom = f
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4. Compare the maximum compression stress to the allowable concrete strength which
is 0.45 f'c.

Find the tensile force from the tensile stress multiplied by the area of section in

tension. Then, the area of steel can be calculated.

Z
cos @, = ;0 - find @,

(252=(Z5k—(251

. . . Otension
Tension force, T = tensile area x average tensile stress = @2 at 5

T

Reinforcing steel area, Ag = 7
N

Agmin = 0.0034, = 0.003(b)(h)

17.2 Application of Beam Theory for folded plate:

Use the same procedure as for cylindrical shells. The neutral axis and the moment of inertia

can be determined using simple principles in statics.

Figure 17.4: Folded plate unit

For the folded plate in Figure 17.4, the moment of inertia is given by:

=9 td3 -
= 12 sSin“a

h

Ztop = Zpottom = E
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Example 1:
Given:

- Refer to Figure 17.5

- Cylindrical shell

- Shell thickness, t= 0.12m

- Span, L=20m

- Concrete strength, f'c= 28MPa

- Steel strength, fy= 420MPa

- Surface live load, WL= 0.8kN/m?

Figure 17.5: Cylindrical shell -1

Design the cylindrical shell.

Solution:

q = 2aP®, P = (0.12)(25) + 0.8 = 3.8kN /m?

Refer to Figure 17.6 below.

Figure 17.6: Cylindrical shell-2
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a? =25%+(a—180)2=6.25+a*—-3.6a + 3.24 > a=2.64m

71.26(m)

2.5
sin @y =_" D, =71.26° ( 180

= 1.243 radians)

q = (2)(1.243)(2.64)(3.8) = 24.94kN/m

qL*  (24.94)(20)2

M = = 1247kN.
8 8 m
asin®, (2.64)(sin 71.26)
Z, = = = 2.01
°= T o, 1.243 m
2sin®
I = a3t<®k + sin @, (cos O — 5 k)) = 0.23m*
k
Refer to Figure 17.7 below.
Z
Q A
g | N
©

Figure 17.7: Cylindrical shell-3

_ MZyy _ (1247)(0.63)

Otop = WE = 3416kN/m? = 3.416MPa < 0.45(28) = 12.6MPa
MZ 1247)(1.17
Opottom = b})ttom = ( 0)2(3 ) = 6343kN/m2
0] 20 @, = 40.4d
= —— =
cos V4 .64 1 . egrees

@, =0, — 0, =71.26 — 40.4 = 30.86 degrees (0.538 radians)
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Otension

2

Tension force, T = tensile area x average tensile stress = @, at

6343
= (0.538)(2.64)(0.12)(——) = 540kN

T 540000

e ,
f. 0.4(420) 3214mm (11620mm)

Reinforcing steel area, Ay =

Agmin = 0.0034, = 0.003(b)(R) = (0.003)(1000)(120)
= 360mm?/m (1¢10/200mm)

Example 2:
Given:

- Refer to Figure 17.8

- Folded plate

- Plate thickness, t=0.12m

- Span, L=20m

- Concrete strength, f'c= 28MPa

- Steel strength, fy= 420MPa

- Surface live load, WL= 0.8kN/m?

Design the folded plate unit.

Figure 17.8: Folded plate

Solution:

P = (0.12)(25) + 0.8 = 3.8kN/m?

Length of inclined line = /2.5% + 2.52 = 3.536m

q = P(2)(3.536) = (3.8)(2)(3.536) = 26.87kN/m
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qLl>  (26.87)(20)>

M= = 1343.5kN.
8 8 m
td? 0.12)(3.536)3
1=2 <§> sina = (2) <( )iz ) )sin2 45 = 0.442m*
h 25
Ztop = Zpottom = E = 7 = 1.25m

MZy,, (1343.5)(1.25) ,
Orop == 0 =4y = 3799.5kN/m? = 38MPa < 0.45(28)

= 12.6MPa Compression OK

Mz
Opottom = —2™ — 3799 5kN /m? Tension

I

3799.5
2

Tension, T = (0.12)(0.5)(3.536)( ) = 403kN

T 403000

== 2 2
7 = 04@20) 399mm (89020mm)

Reinforcing steel area, A; =

Agmin = 0.0034, = 0.003(b)(h) = (0.003)(1000)(120)
= 360mm?/m (1¢10/200mm)
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This Third Edition of Design of Reinforced Concrete Structures: A Practical
Approach book covers the analysis and design principles of reinforced
concrete sections, members and systems in a simplified way. It
introduces the design of beams, slabs, columns and footings based on ACI
318-19. In addition, it introduces the design of special structures like
retaining walls, water tanks and shell structures.

This book presents the basic mechanics of structural concrete in a
practical approach. It presents many practical examples in the design of
reinforced concrete elements and systems.
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