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Lecture 1 - Introduction

Conduct of Course

Design Project + Assignments 20 %

Midterm Exam 40 %

Final Exam 40 %
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Grading Policy

Final Score Grade

100 - 90 A
89 - 85 B+
84 - 80 B
79 - 75 C+
74 - 70 C
69 - 65 D+
64 - 60 D
59 - 0 F

Topics CoveredTopics Covered

�� IntroductionIntroduction

�� Schematic Building FormsSchematic Building Forms

�� Wind Load on BuildingWind Load on Building

�� Seismic Load on BuildingSeismic Load on Building

�� Gravity System: SlabsGravity System: Slabs

�� Lateral System:Lateral System:

�� PP--∆∆∆∆∆∆∆∆ EffectEffect

�� Rigid FrameRigid Frame

�� Shear WallShear Wall

�� WallWall--FrameFrame

�� Earthquake Resistant DesignEarthquake Resistant Design
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The Tower of Babel (Babilon) about 3,000 B.C.

The Great Wall of China: 3,000 B.C.
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The Great Pyramid of Giza: 2,500 B.C.

History of Structures

� Stonehenge � Pyramids

- 2500 BC ? - 2500 BC ?

- 23 m tall - 146 m tall
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Lessons

� Limited to stone� Truly monolithic

- mono  = one
- lith = stone

� All depends on
the erector!

� Not slender

� Slope stability limit?

� Organization is key

The Coloseum of Giza: 80 A.D.
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History of Structures

� Tower of Pisa

- 1350 AD

- 56 m tall

� Foundation settlement

- respect the geotech

Lessons

� High aspect ratio = 
sensitive to small 
base movement

� Verticality during and
after construction

� Correction attempted
as they built
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The Taj Mahal (India): 1654

The Empire State Building
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History of Structures

� Empire State Building

- 1931

- 102 stories

- 443 m tall

� Steel frame

Lessons

� Full-width moment
frames

� Window strips,
masonry strips, trim

� Fast construction

- Super-organized
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WorldWorld''s s TallestTallest BuildingsBuildings



TumCivil.com Training Center

Burj Dubai > 800 m
a supertall skyscraper under 
construction in Dubai, Arab Emirates,

at 818 m (2,684 ft). 
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Structural Design Concept

�������� Stability

�������� Safety

�������� Serviceability

��������Economy

��������Environment
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Others Factors . . .

�������� Building fuctions

�������� Fire resistance

�������� Integrate well with others systems (M/E)

�������� Psychologically safe

Building Codes
ACI 318 Building Code:

International Building Code:

ASCE 7 Minimum Design Loads for Buildings and Other 
Structures:

Uniform Building Code: UBC1985 � UBC1994 � UBC1997

*UBC was replaced in 2000 by the International Building Code (IBC) 

ACI 318-89 = มาตรฐาน ว.ส.ท. 1008-38

ACI 318-95

ACI 318-99

ACI 318-02

ACI 318-05

ACI 318-08

ASCE 7-98 ASCE 7-02 ASCE 7-05

IBC 2000

IBC 2003

IBC 2006

IBC 2009
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Building Codes
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Design Loads

� Dead Loads - self weight not known before design

� Live Loads - change in position and magnitude

� Wind Load

� Seismic Load

� Snow/Rain Load

� Earth Pressure

DDEAD EAD LLOADS (DL)OADS (DL)

Weight of materials of construction incorporated into 
the building

Including but not limited to walls, floors, roofs, ceilings, 

stairways, built-in partitions, finishes, cladding and …

All dead loads are considered permanent loads.
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Floor Loads

LIVE LIVE LLOADS (LL)OADS (LL)

Loads produced by the use and occupancy of the building or 

other structure
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TABLE 1607.1

MINIMUM LIVE LOAD

OCCUPANCY OR USE
UNIFORM
(KG/SQ.M)

CONCENTRATED
(KG)

Residential
Habitable attics and sleeping area
All other areas except balconies and deck
Hotel: private rooms
Hotel: public rooms and corridors

150
200
200
500

Assembly areas and theaters
Fixed seats (fastened to floor)
Lobbies
Stages and platforms

300
500
600

Hospitals
Operating rooms, laboratories
Private rooms
Wards
Corridors above first floor

300
200
200
400

500
500
500
500
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IBC2006: TABLE 1607.1 MINIMUM LIVE LOAD

OCCUPANCY OR USE
UNIFORM
(KG/SQ.M)

CONCENTRATED
(KG)

Libraries
Reading rooms
Stack rooms
Corridors above first floor

300
700
400

500
500
500

Manufacturing
Light
Heavy

600
1,200

1,000
1,500

Office buildings
Lobbies and first-floor corridors
Offices
Corridors above first floor

500
250
400

1,000
1,000
1,000

Schools
Classrooms
Corridors above first floor
First floor corridors

200
400
500

500
500
500

Stairs and exits
One- and two-family dwellings
All other

200
500

IBC2006: TABLE 1607.1 MINIMUM LIVE LOAD

OCCUPANCY OR USE
UNIFORM
(KG/SQ.M)

CONCENTRATED
(KG)

Stores
Retail

First floor
Upper floors

Wholesales, all floor

500
400
600

500
500
500

Storage warehouses
Light
Heavy

600
1,200
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COMBINATIONS OF COMBINATIONS OF LLOADSOADS

ก�ก������ก�ก������  ��������������  66 ((��..��.. 2527)2527) ::
(1) #������#�
�%����	���&'.��	$�"���� U =  1.7D + 2.0L

(2) #������#�
�%����	���&'	$�"������
� U =  0.75(1.7D + 2.0L + 2.0W)

��*� U =  0.9D + 1.3L

ACI 318ACI 318--89 = 89 = ��..--..��.. 10081008--38,38,
ACI 318ACI 318--95, ASCE 795, ASCE 7--98 :98 :

UBC 1997 (SECTION 1612):UBC 1997 (SECTION 1612): U =  1.2D + 1.6L

U =  1.2D + 1.3W + L

U =  1.2D + 1.0E + L

U =  1.4D + 1.7L

U =  0.75(1.4D + 1.7L + 1.7W)

U =  0.9D + 1.3W

U =  1.05D + 1.28L + 1.40E

U =  0.90D + 1.43E

ACI 318ACI 318--99 to 05, ACI 31899 to 05, ACI 318--0808
ASCE 7ASCE 7--02, ASCE 702, ASCE 7--0505
IBC2006IBC2006

U =  1.2D + 1.6L

U =  1.2D + 1.6W + L

U =  1.2D + 1.0E + L



TumCivil.com Training Center

� Building Design Evolution

� Building Resistances

� Bending Rigidity Index (BRI)

� Shear Rigidity Index (SRI)

� Structural Forms

Mongkol JIRAVACHARADET

S U R A N A R E E INSTITUTE OF ENGINEERING

UNIVERSITY OF TECHNOLOGY SCHOOL OF CIVIL ENGINEERING

Structural TypesStructural Types

BuildingBuilding DesignDesign

• Rigid Frame
• Shear Wall
• Wall-Frame Structure

What is “Aspect Ratio” ?

� Building height vs. footprint

H

B

� Aspect ratio (height/structural lateral system
footprint width or depth) 

- Preferably < 6

- Could be > 10 if special features
to improve wind comfort are
included
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Evolution of Building Design

� Short Building : Strength Design

Gravity control ( ≈≈≈≈h)  – Strength Design ( ≈≈≈≈h2) 

P 2P M 4M

Evolution of Building Design

� Intermediate Size Building: Deflection

Lateral Load Control – Stiffness Design ( ≈≈≈≈h3) 

∆∆∆∆

� Drift limit based on h; h4 / h   ≈≈≈≈ h3

16∆∆∆∆ = h4
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Evolution of Building Design

� Tall Building:

Wind Induced Bldg Motion (acceleration)
Control – Dynamic Stiffness Design ( ≈≈≈≈h3) 

Evolution of Building Design

� Force Based Design

� Displacement Based Design

� Perforamance Based Design
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TALL BUILDINGTALL BUILDING
Cantilever Beam from EarthCantilever Beam from Earth

Building
inertia forces

WIND

Building cantilevering
from ground

Lateral loadings:

� W I N D � Earthquake

Building must have resistance for:

� Shear � Bending

Tall building must be designed to resist
gravity and lateral loadings

Steel Weight Steel Weight v.sv.s . Building Height. Building Height

Height of the Building

S
te

el
 W

ei
gh

t p
er

 U
ni

t A
re

a 
of

 B
ui

ld
in

g

Floor Framing Steel
Span dependent

Column SteelLinear with height

Quadratic with height

Wind Steel
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Measures of Structural EfficiencyMeasures of Structural Efficiency

WIND���������	
�ก
�������������������	����������������

(a) Uniform distribution of columns

(b) Columns concentrated at the edges

������������������ (a) !
� (b) ����"�#$��	
�#�������%&�ก���'��(��ก�����)�$�($�ก��

�����(*�+,��ก�����#�����&-'����������.:

BRI = Bending Rigidity Index

Building Bending ResistanceBuilding Bending Resistance

(a) Building 
must not overturn

(b) Building 
must not break

(c) Building 
must not deflect

excessively in bending



TumCivil.com Training Center

Bending Rigidity Index (BRI)Bending Rigidity Index (BRI)

��������	�0�(	�0�����(*�,��ก�����1��2������� ก3����&�'�$� 

BRI ����7���� 100 �3����02���	���
	������7����	����	��'�(	��7�

BRI ���2
�#�������.�������.�-	�1�����(7ก�'���0:���.%$#�2�������

2�������1����ก Empire State D����	(������,����ก!
�,��&�������

BRI �	�$��($�ก�0 33

�����#��#$��	�����(*�,��ก�����

��	�� 33% �($�����

World Trade Center (destroyed) Sear Tower (Bundled Tubes)

Modern BuildingsModern Buildings

������������&��$&-'���,����ก��	��&ก
'ก���	
�ก
��������($� (tube)
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World Trade Center (WTC)World Trade Center (WTC)

Height : 417 and 415 meters

Ground Breaking : August 5, 1966

Opened : April 4, 1973

New York City, USA

Twin 110-story towers using a tube-frame
structural design

Destroyed on
September 11, 2001

Typical Floor Plan of the World Trade CenterTypical Floor Plan of the World Trade Center

The central core is designed to carry part of
the vertical loads only.

The closely spaced tabular perimeter columns
act like a hollow tube supporting part of vertical
loads and all the horizontal loads.
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Sears TowerSears Tower

Chicago, USA

The world's tallest building 1974 - 1998 

108-story 1,450 feet (442 m) 

Tallest Skyscraper in the WorldTallest Skyscraper in the World

HyderHyder Consulting TowerConsulting Tower

The new tower will be over 1,600m tall. 
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Citicorp Tower )�$&-'����7�
(3�&�'�$� BRI �ก
���
�� 31%

%'��'�������(	��7�(����	�
��(3�&�'�$� BRI �����1�����P� 56%

Bank of South West
&�'�$� BRI �����1�����P� 63%

Example: BRI CalculationExample: BRI Calculation

3 @ 6 m = 18 m

3 
@

 6
 m

 =
 1

8 
m

Column: 0.40 m x 0.40 m

30.40 0.40
16

12
×

×
28 0.40 0.40 3.0+ × × ×

Moment of Inertia =
3

2bh
Ad

12
Σ + Σ

28 0.40 0.40 9.0+ × × ×

I = 115.2 m4

18 m

18
 m

Total Column Area = 16 x 0.40 x 0.40 = 2.56 m2

Corner column: 2.56
0.80 m

4
=

30.80 0.80
4

12
×

×
24 0.80 0.80 9.0+ × × ×

I = 207.5 m4

115.2
BRI 100 55.5

207.5
= × =
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(a) Building 
must not break

Building Shear ResistanceBuilding Shear Resistance

(b) Building 
must not deflect

excessively in shear

SRI = Shear Rigidity Index

Building Shear SystemBuilding Shear System

V V

V V

H

(a) Solid wall without opening

∆∆∆∆V

V V

V V

H

(b) diagonal web system

∆∆∆∆V

SRI = 100 SRI = 62.5
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PP--Delta EffectDelta Effect

P = Gravity Load

∆∆∆∆ = Story Drift

Second-order effects of gravity loads on lateral deflections and member forces

In the analysis of tall buildings, lateral displacement that increases with the height 

causes additional displacements that cannot be ignored.

Drift LimitationsDrift Limitations

To prevent building to collapse from P-Delta effects

Drift index  =  ∆∆∆∆ / h

h = Total height

∆∆∆∆ = Max. story drift
0.001  to  0.005

or   1/500

Generally, lower values should be used for 
hotels or apartment buildings than for office 
buildings.

Taipei 101Taipei 101
508-meter (1,674 feet)

Tower lateral systems are sized

to limit tower story drift

under the 50 years designwind load

to an inter-story drift of h/200.
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Structural FormsStructural Forms

Structural FormsStructural Forms

Simple Frames

Maimi’s Stiltsvile in

Biscayne Bay is an

example of an extremely

simply framed structure.
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Structural FormsStructural Forms

Rigid Frames
����1'�!1"� : ���!
����%�ก�������7��$�D����	�#��
�'��(��������.
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1'��	 ��� -$����[�����	���
	���(3�&�'�$���$�ก�����
�3�!��$���'��$��!
������

������3����0��������ก�	����)�$�ก�� 25 -���

Empire State BuildingEmpire State Building

New York, USA

The Empire State is also a rigid frame, 
that became the world’s tallest building 
in 1931, two weeks before the Great 
Depression.

Its basic structural form is a steel frame 
encased in cinder concrete.

70,000 tons of structural steel frame 
was erected in only 23 weeks. 

It required 44 psf of structure versus 
the WTC’s required 11 psf.



TumCivil.com Training Center

Structural FormsStructural Forms

Braced Frames ����������� : !���'��1'��%�ก�'��(�����
���.�����(!���7� �	
�ก
������������
%�ก&�!�#����

�����%��0!���'��1'��)�'��$���	
�����(*�,��&���������

���.�����(!���7���ก	�1#��ก�����
#��,��&��-$� ��'��$��!
������ (3�&�'
��ก���������0���#�0��)������
$��
�Z(.
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A braced-frame steel structural building in downtown Mahattan.

Structural FormsStructural Forms

Shear walls 2����]��� : (3���ก���ก�	��������
"ก&-'��0)�'(���
!��&�!�#����!
�!�#��0

�	���Z���&�!�#����0!
�ก3�
�������ก(3�&�'
������3����0ก�����������������

2����]���!1"�!��ก#$�����1'�!1"�(3�&�'�����
�	�#�����������%�� 55 -���

������3����0���!�� ����.���'�(. !
�
���������	�� D����	2�������(7ก-���������ก��
����	2���&�!�#�����$���������P�2����]���)�'
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This photo shows a typical 
condominium in Miami, which consists 
of large perimeter columns and inner 
shear walls, tied horizontally with post-
tensioned slabs.

Structural FormsStructural Forms

Wall-frame Structures ������'���	(�������1'�!1"�!
�2����]��� ก����	�
���(��1��(��������00��%�ก�������&�'2��2���
ก��������!
�����

2���!
������ก���^�������*.ก��&�!�#��0���
�]���(	���������(3�&�'������'���	�#��
!1"�!��!
����Z�����ก1���

������'��!002���	�(3�&�'������	�#��
���������%�� 65 -���
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Structural FormsStructural Forms

Frame-Tube Structures &-'���#����	��&ก
'ก�� (2 - 4 �.) �����0�����(3�
��'�(	������� a($�a ������'��(��������.��ก!��
�'��1'��
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� Assumption of Integrity

� Load-Resistance Implication

� Overturning Resistance

� Bending Stiffness of Buildings

� Symmetry and Asymmetry in Building Forms

Mongkol JIRAVACHARADET

S U R A N A R E E INSTITUTE OF ENGINEERING

UNIVERSITY OF TECHNOLOGY SCHOOL OF CIVIL ENGINEERING

Schematic Building FormsSchematic Building Forms

BuildingBuilding DesignDesign

as Total Structural Systemsas Total Structural Systems

Assumption of IntegrityAssumption of Integrity

In abstracted space organizing terms, a building form may be conceived

as floating in space.

N.S.E.W.?

UP?

OR

N.S.E.W.?

UP?

OR

N.S.E.W.?

UP?
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Basic LoadBasic Load--Resistance ImplicationsResistance Implications

Assumption of total form integrity allows one to take into account certain

simple but important physical observations:

Buildings must be

fixed to ground

Buildings have mass

supported by ground
Buildings resist

environmental forces

Earthquake

Wind

Foundation:Foundation:

���������ก	
����
��������
��
���������ก

����������ก
���
�������ก����
���ก������������

����������

���
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�ก
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ก
���������
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Overall Approximation of Building Footprint LoadsOverall Approximation of Building Footprint Loads

������� ��!���
ก"#��

$���"�!���

��"
%
�&�'�������ก����������&� :

�������ก�	
�����������ก�	
����  ×××××××× 
���������
���������

1 2 2 2 1

1 1 1

1 1 1

½ ½

½ ½

������� ��!�����ก	�����ก�%-������������������
	 ��� #�
��
��

�������ก�������ก  //  �����	����������	�����

DL Resistance Requirement for EquilibriumDL Resistance Requirement for Equilibrium

�������ก����
��� #��ก�
����� #�����ก�
���ก�"���
������
$�ก	
��#��
#��

W

-W

ΣV = 0

No moment

Vertical load

Rotation causes resultant 

of DL resistance (e) varies

between 0 � d/2 max.

-H

ΣM = 0

M = H × a

Horizontal load

H

a

overturn

rotation

W

-W

Vert. + Horiz. load

(overturn resisted)

H

a

d

-H

e
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W

overturn

rotation

-W
e

Asymmetry between Asymmetry between centroidcentroid

of building mass and of building mass and centroidcentroid

of footprint results in DL of footprint results in DL 

overturn moment. overturn moment. 

Asymmetry between resultantAsymmetry between resultant

of horizontal load and resistanceof horizontal load and resistance

requires requires torsionaltorsional resistance.resistance.

Axial & Bending DeflectionsAxial & Bending Deflections

Overall deflections are controlled by overall stiffness of a structural system.

W

-W

Resultant:

Dead load

Axial deflections

due to dead load

∆

-H

Bending deflections

due to horizontal load

H

∆

-V V

Resultant:

Shear + Overturn
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Shape Factor in Bending StiffnessShape Factor in Bending Stiffness

Shape and depth are geometric variables that determine an effective stiffness.
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Stiffness with Interior ColumnsStiffness with Interior Columns

Relative loads on columns are indicated by tributary area analysis.

1/4 1/2 1/2 1/4

1/2 1 1 1/2

1/2 1 1 1/2

1/4 1/2 1/2 1/4

d1

d/3 d/3 d/3

Comparison of Actual Design with Idealized DesignComparison of Actual Design with Idealized Design

Column material will be distributed according to relative load areas.

Actual (4 col.) Idealized (2 col.)

d1

d2

1/6 1/3 1/3 1/6

d1

1/2 1/2

2/3

1/3

interior column

exterior column

Column material

will be distributed

according to relative

load areas

all material concentrated

in exterior columns

1
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Comparison of Actual Stiffness with Idealized StiffnessComparison of Actual Stiffness with Idealized Stiffness

Product of relative material and depth factors indicates shape stiffness factors

Actual (4 col.) Idealized (2 col.)

1/6 1/3 1/3 1/6 1/2 1/2column area

M = fc × Ac × d

fcfc/3
stress

fc

exterior column:

interior column:

27/11

27/23/13/23/1

3/113/11 =













=××

=××

=×× MdAf cc

1111 =××

=×× MdAf cc

exterior column:

Actual column layout is less than half as effective as in the idealized case.

Symmetry and Asymmetry in Building FormsSymmetry and Asymmetry in Building Forms

Eccentricity between DL and L of the support will produce and overturn moment.C

CL

-W

ecentricity due to

assymetry of

building elevation

W

CL

-W

ecentricity due to

assymetry of

support system

W

ecentricity due to

assymetry of DL

with support system

CL

-W

W

o
p
e
n
 s

p
a
c
e
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Horizontal Horizontal Twisting (Torsion) of BLDG. FormTwisting (Torsion) of BLDG. Form

Horizontal asymmetry between a building form and the support system footprint

will produce twisting.

H

-H

H

-H

CL

-H H

eccentricity produced

by assymetry of bldg.

form (footprint sym.)

CL

-H H

eccentricity produced

by assymetry footprint

(bldg. form sym.)

Complex Building FormsComplex Building Forms

Overall analysis may be applied to the complex building forms by dealing with major

parts separately.

overall systematic design

D

A
B

C

Top of C is

foundation

for D

A & B can have

separate structures

Ground supports

A, B, C, D
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Building Forms Conceived as Solid StructuresBuilding Forms Conceived as Solid Structures

Such as Egyptian pyramids and Aztec and Cambodian temples.

Simplest form of subsystem interactions

consider building under DL

sub-system

“slice”

h

Load/Slice

increase with hi

hi

ΣDLhi

load accumulates

from “slices above”

resistance from

“slices below”

must increase

stress

evenly

distributed

@ fc =

ΣDLhi/area

Solid Building under Horizontal LoadSolid Building under Horizontal Load

Horizontal loads must be transferred from one subsystem slice to the next by

shear resistance between slices.

hi

V = H

h

Load

concentrated

at top

H

-H

shear (V) from

“slices above”

shear resistance

from “slices below”

avg. shear

stress =

H/area
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Failure to transfer shear resistance between subsystem blocks wiFailure to transfer shear resistance between subsystem blocks will result inll result in

collapse of form.collapse of form.

H

Primitive means of transferring shear resistance between subsystPrimitive means of transferring shear resistance between subsystem blocks.em blocks.

H

FRICTION

H

KEYING
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Overturning ResistanceOverturning Resistance

To develop overturn resisting forces (C and T), there must be a rotational 

interaction between the subsystem slices.

-H

Bending deflections

due to horizontal load

H

-T -C

resisting force

couple

slice

arm

h

M = H(h) = T(arm)

slice

stretch
compressed

T
C

arm

-T
-C

arm

-M = -T(arm)

compressivestresses

tensile
stresses

T and C stresses

transferred from

“slice” above

T and C stresses

resisted from

“slice” below

Building Forms Conceived as SpaceBuilding Forms Conceived as Space--StructuresStructures

A minimum physical model of a building as a space structure.

4 thin vertical planes

joined to form

open top tube

If planes are too thin,

they will buckle and

the form will collapse
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DL is carried by DL is carried by ringlikeringlike slices.slices.

h

slice is

rectangular

ring

hi

ΣDLhi

ΣDLhi distributed evenly

around ring-slice

-ΣDLhi from ring-slice below

Horizontal loads on a rectangular tube spaceHorizontal loads on a rectangular tube space--structurestructure

H H

If top is open,

horizontal loads cause serious

deformation of top section.

H

addition of horizontal

diaphagm allows (H) to be

transferred to vertical planes

-H/2

-H/2
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Additional horizontal subsystems must be provided toAdditional horizontal subsystems must be provided to

pick up horizontal loads applied over pick up horizontal loads applied over hh..

H

H

H

H

H

V
-M

h

hi

shear

diagram

ΣHhi

V = ΣH

moment

diagram

hi

Mhi

M = ΣH × arm

Horizontal subsystems increase the local stiffness ofHorizontal subsystems increase the local stiffness of

vertical subsystems.vertical subsystems.

A

A
DL

Zones where

localized buckling

is possible

he

Buckling stiffness increases

as heffective decreases

he

vertical section A-A

he
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Vertical subsystems must be able to pick up and transfer wind loVertical subsystems must be able to pick up and transfer wind load ad 

from tributary areas to appropriate horizontal subsystems.from tributary areas to appropriate horizontal subsystems.

h

Tributary areas for

horizontal sub-systems:

roof

3rd

floor

2nd

floor

1st

floor

h/6

h/3

h/3

h/6

Wind pressure

H/3

H/3

H/3

Load resultant

H/6

H/3

H/3

H/6

Shear transferred

at each level

Tube action can be achieved for a variety of sectional shapes anTube action can be achieved for a variety of sectional shapes and byd by

means of structural core designs.means of structural core designs.
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BuildingBuilding DesignDesign

Lecture Lecture 22 –– WIND LOAD # 1WIND LOAD # 1

Asst. Prof. Dr. Asst. Prof. Dr. MongkolMongkol JIRAVACHARADETJIRAVACHARADET

S U R A N A R E E INSTITUTE OF ENGINEERING

UNIVERSITY OF TECHNOLOGY SCHOOL OF CIVIL ENGINEERING

� Climatic Wind

� Wind Map

� Wind Tunnel

� Building Aerodynamic
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Thermally Direct Secondary Circulations

Hurricanes : Tropical cyclones that derive energy from latent
heat released by water vapor condensation.

Tropical cyclones with surface wind velocities > 120 km/hr.

Tropical cyclone, Hurricane and Typhoon

Different names called around the world
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When the air which is warmed near the equator, it goes up and the steam in 
itself change into water. This energy makes a tropical cyclone grow.

Tropical cyclone come from Equator

Local Winds : Tornadoes

Vortex ≈ 300 M

Moving 30-100 km/hr

Wind Max. 350 km/hr

The most powerful of all wind with vortex of rapidly moving air
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Fujita Tornado Intensity Scale : F0 - F5

F-Scale Category km/hr Description

Damage is light. Chimneys on houses 
may be damaged; trees have broken 
branches; shallow-rooted trees pushed 
over; some windows broken; damage to 
sign boards.

65-118Weak0

Shingles on roofs blown off; mobile 
homes pushed off foundations or 
overturned; moving cars pushed off 
roads.

119-181Weak1

Considerable damage. Roofs torn off 
houses; mobile homes destroyed; train 
boxcars pushed over; large trees 
snapped or uprooted; light-objects 
thrown like missiles.

182-253Strong2

F-Scale Category km/hr Description

Damage is severe. Roofs and walls torn 
off better constructed homes,
businesses, and schools; trains 
overturned; most trees uprooted; heavy 
cars lifted off ground and thrown some 
distance.

254-332Strong3

Better constructed homes completely 
leveled; structures with weak foundation 
blown off some distance.

333-419Violent4

Better constructed homes lifted off 
foundations and carried considerable 
distance where they disintegrate; trees 
debarked; cars thrown in excess of 100
meters.

420-513Violent5
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Tornado Valley

Region in North America which receives a extraordinary high number of 
tornadoes. This region stretches from central Texas to Illinois and Indiana.

Damage due to Wind Storms

The Fujita Scale

F1 Moderate: Roof surfaces are peeled off,
windows are broken, some tree trunks are
snapped, unanchored manufactured homes
are overturned, attached garages may be
destroyed.

F2 Considerable: Roof structures are damaged,
manufactured homes are destroyed, debris
becomes airborne (missiles are generated), large
trees are snapped or uprooted.

F0 Light: Chimneys are damaged, tree

branches are broken, shallow-rooted trees
are toppled.
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F3 Severe: Roofs and some walls are torn
from structures, some small buildings are
destroyed, unreinforced masonry buildings
are destroyed, most trees in forest are
unrooted.

F4 Devastating: Well-constructed houses are
destroyed, other houses are lifted from
foundations and blown some distance, cars
are blown some distance, large debris
become airborne.

F5 Incredible: Strong frame houses are lifted
from foundations, reinforced concrete
structures are damaged, automobile-sized
debris becomes airborne, tree are completely
debarked.

Anemometer
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Tornado intensity region

Region I: Vmax = 360 mph

Region II: Vmax = 300 mph

Region III: Vmax = 240 mph
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Wind-tunnel dispersion studies:

to understand the atmospheric dynamics of airborne particulate matter,
composite atmospheric pollution is considered from the perspective of 
the interactions between gaseous atmospheric pollutants and aerosols.

Down-scaled Wind Tunnel Models of Local Sites
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Installation Down-scaled Models

Effects of Friction

Earth surface retard the air flow within boundary layer

Vgr = Gradient wind velocity

δ = Boundary-layer depth

Wind in boundary layer is the direct interest to the designer of
civil structure.
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GRADIENT
WIND

zg = 480 m
(1600 ft)

zg = 360 m
(1200 ft)

zg = 280 m
(900 ft)

zg = 210 m
(700 ft)

A B C D

Variation of wind velocity with heightVariation of wind velocity with height

BOUNDARYBOUNDARY --LAYER HEIGHTSLAYER HEIGHTS
AS A FUNCTION OF SURFACE ROUGHNESSAS A FUNCTION OF SURFACE ROUGHNESS

α
 

∝  
  

1/

g

z
v

z

Power LawPower Law
Velocity Profile:Velocity Profile:

αααα = 5

αααα = 7

αααα = 9.5
αααα = 11.5



TumCivil.com Training Center

�"��
,,
-)ก�����(�.�!���"��
,,
-)ก�����(�.�!��
������������  �	����������	���������  ((..++.. 25442544

.�	� 10 : ก4��
�	
���5�*!$4�.!
ก�����ก
��� 109 �	ก��
��	����ก����
���������
�� ���
��	�������������� ��ก����� 	!���

��	����"#�$�%��ก���&%'�(������� �6��
!����#���6��7�" ����)��	$�������!��!���� 
�(�!$�#�	%* 

�	�������������.�����	!��������
.!�	 5����� ���!"� ก)8����ก��

(ก)8�ก�
�5��-��-������-�)

(1) �$�	�����
��&%'�-�#�$�ก.	 10 ��!� 0.5 (50)

(2) �$�	�����
��&%'�-��ก.	 10 ��!� �!$#�$�ก.	 20 ��!� 0.8 (80)

(3) �$�	�����
��&%'�-��ก.	 20 ��!� �!$#�$�ก.	 40 ��!� 1.2 (120)

(4) �$�	�����
��&%'�-��ก.	 40 ��!� �!$#�$�ก.	 80 ��!� 1.6 (160)

(5) �$�	�����
��&%'�-��ก.	 80 ��!� 2.0 (200)

�"� 110 �	ก����ก���
��	���$�	!$�� 6 �����
���78'��(�	*���	(ก���&9ก
�&%'��"	*���	(ก���&9ก
�&%'
	(*	 6 �%�(ก:�"&%'&������ก.�����('	�"�&8�	�ก$�$�	!$�� 6 �����
��#�� �)$	 	*���	(ก���&9ก
�&%'��ก
�
�8'���(ก� &���.'� �
�	 �� 	!�	 �"!���
��	�����;���ก����('	�"�&8�	 ��"���ก�"�&ก���� �������7.'�
$�
	*���	(ก���&9ก
�&%'��*	�%ก!��
�������"�� �	ก��%&%'#�$�%��ก���&%'����(��������(	&%'�)8'��8�#��
����;�ก��&������8�ก��
��	�� ����7.'�
$�	*���	(ก���&9ก
�&%'��*	�%ก!��!���� �(�!$�#�	%*

&(*�	%* �������)�
$��	$�����&%'�ก.��	�$�	!$�� 6 �����
��!����	
���!��	&�	����.	�!�<�	��ก�ก.	

$�&%'ก���	�#���	����(==(!.	%*#�������" 33.30 �!$!���#�$&������$�	!$�� 6 �����
��	(*	�%
����('	
�	���
#�ก�$���8'�
��	��!���ก!.���#�$
.������

��*�'������	!-���; ��������
5�*!$4�.!
ก�����ก�����-���;

�()�����!$4�.!
ก�����ก������<$!��ก
(�"� �*)

�
�������&%'��"ก�����������"
�	������ก(	�� 	�
���������
��
�78'��(�	*���	(ก�.>!? ��8�	*���	(ก��ก�ก���

100

<�	��ก &���&�� ��"!��$��(��.>!? ��"�9�ก��?�ก%'��ก(���ก�ก��� 40

�
�8'���(ก��	����� &$�!$��6 ��8����!��? #�$	���ก�$� 20

�
�8'���(ก��	�����)	.��-ก�-�)(ก �
�8'��#>>@� #�$	���ก�$� 20



TumCivil.com Training Center

����ก��� 10 50

10 < h < 20 80

20 < h < 40 120

��กก��� 40 160

�����������	 ��
���	���

(���	) (กก./�	.�.)

WIND DIRECTION

Windward
side

Le
ew

ar
d 

si
de

0 m

10 m

20 m

30 m

Step wind loading

�	������ �.	.�. ����������	 �.�. 2522

10 m

20 m

30 m

40 m

0 20 40 60 80 100 120 140 160

Wind load (kg/m2)

5�������ก�*�4��!�����5�������ก�*�4��!�����



TumCivil.com Training Center

Wind BasicsWind Basics

PRESSURE or SUCTION

LIFT

REACTIONSREACTIONS

UPLIFT
OVERTURNING SLIDING
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Building Shapes and Aerodynamics
Drag Coefficient – along wind

Karman Vortex Shedding
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Building Shapes and Aerodynamics
Vortex Shedding Effects – Crosswind

Modification of Building Shapes to 
reduce Wind Effect

‘Stair Step’ CornersTaipei 101

Rough corner can 
reduce vortex 
shedding effect
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Through-Building Opening

Openings reduce
wind forces
(Reduced ‘Sail Area’)

Shanghai Financial Center

Through-Building Opening

Slots reduce wind 
forces and sway from 
vortex shedding

151 Incheon Tower
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Rotate / Twist

Rotate to minimize load 
from prevailing direction

Shanghai Center

Twist avoids simultaneous 
vortex shedding along 
height
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BuildingBuilding DesignDesign

Lecture Lecture 33 –– WIND LOAD # 2WIND LOAD # 2

Asst. Prof. Dr. Asst. Prof. Dr. MongkolMongkol JIRAVACHARADETJIRAVACHARADET

S U R A N A R E E INSTITUTE OF ENGINEERING

UNIVERSITY OF TECHNOLOGY SCHOOL OF CIVIL ENGINEERING

� �������ก���	��
���
��

� ���
���
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� ��
������������������
�������

���

Wind Design CodesWind Design Codes

-- BOCA National Building Code (1999)BOCA National Building Code (1999)

-- IBC International Building CodeIBC International Building Code

-- SBC Standard Building Code (1999)SBC Standard Building Code (1999)

-- UBC Uniform Building Code (1997)UBC Uniform Building Code (1997)

-- ASCE 7 Minimum Design Loads for Buildings ASCE 7 Minimum Design Loads for Buildings 

and Other Structuresand Other Structures

ASCE 7-98 ASCE 7-02 ASCE 7-05

IBC 2000 IBC 2003 IBC 2006
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ASCE STANDARD 7ASCE STANDARD 7--0505

Minimum Design Loads forMinimum Design Loads for

Buildings and Other StructuresBuildings and Other Structures

� Combinations of Loads

� Dead Loads

� Live Loads

� Soil and Hydrostatic Pressure

� Flood Loads

�� Wind LoadsWind Loads

� Snow Loads

� Rain Loads

� Earthquake Loads

� Ice Loads-Atmospheric Icing

�������ก���������ก���	
�
��	
�
�ก��ก��

�����ก��	
ก :

-- National Building Code of Canada National Building Code of Canada 

NBCC 2005NBCC 2005

- �������ก��	
����
���� �.�.�. 2546
E.I.T. Standard 1018-46

- ASCE 7-05 ???
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��� � ρ = �
����������
���ก�! ≈ 1.25 กก./�.3

Velocity Pressure ( q )Velocity Pressure ( q )

21
q V

2
= ρ q  �� �	��
�(�� �����
��)*� ��
�+��������
����

���� 21
q V

2 g

 ρ
=  

 
q  �� �	��
�(�� �����
��)*� ก���ก�+��������
����

=  �
�����
�����
��
 �����
��)*��������
�����V

��

����	
��
���� ��� ����
�����
���,�� �-�.�

�
�� 1 .+ 
��
 �� �
���/
 10 ����0�ก1�2���� 

-��3�13/��)�4��!�)5����
 (Open exposure)

Reference Wind Speed ( V )Reference Wind Speed ( V )

�	���+�����
��ก�+� (return period) 50 )7 (V50)

�	���+�ก����ก����� �3�
4-.�
�� 50V V=

�	���+�ก����ก����� �3�
4ก	��+
 F 50V T V= ⋅

��� TF ������)�4ก��(��89:�

ก�9�� 1 : V50 = 25 m/s, TF = 1.0

ก�9�� 2   :  V50 = 27 m/s, TF = 1.0

ก�9�� 3   :  V50 = 29 m/s, TF = 1.0

ก�9�� 4A :  V50 = 25 m/s, TF = 1.2

ก�9�� 4B :  V50 = 25 m/s, TF = 1.08
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���������	�������
���������	�����  ��	��
�ก���	��

��	��	��
�ก���	��

��	
ก. �4�����
����
��+ก���������
�� (main wind-force resistant system, MWFRS)

;�
��������2���4������/
)��ก��
 h ≤ 80 m ��4 h ≤ 3W

�. <�+
3����ก����� (cladding) ;�
������9ก)�4�3�

W ����
��ก
��
)�4�����<�;�
����� �������	��
�(��0�ก

i i

i

h W
W

h

Σ
=

Σ

�����  Σ =  <��
�;�
�9ก.+2�;�
�����

hi =  �
���/
0�ก1�2���� �=
1�2�.+2���  i

Wi =  �
��ก
��
;�
�����-���!��
�+2
,�กก+���!��
�� �� �
���/
 hi

��
����ก�����
����ก���

���
���
��������������� p (equivalent static wind pressure) �	��
�(��0�ก

w e g p
p I q C C C=

�����  Iw =  ���)�4ก���
���	��+>;�
��
��

Ce =  ���)�4ก����� �
0�ก�3�13/��)�4��! (exposure factor)

Cg =  ���)�4ก����� �
0�กก��ก�4�.ก;�
�� (gust effect factor)

Cp =  ����+�)�4�����?;�
���
���
���� ก�4�	�3����ก�����
(external pressure coefficient)
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$�� �!ก��$������$%&#�
��
��$�� �!ก��$������$%&#�
��
�� (  ( IIww ))

A =A =  ��
���
����� !�""#	����
���
����� !�""#	��

�"�-".�� �!��/�"�-".�� �!��/  (Exposures)(Exposures)

B =B =  ��
���
����� !�""$
��
�����
���
����� !�""$
��
���

C =C =  ��
���
����� !�""!���%ก	
��
�����
���
����� !�""!���%ก	
��
���
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��
���
����� !�""��
���
����� !�""  AA

�3�13/��)�4��!������
@= 
������� ���(�� ������ 
)�/ก����
 ก�40+�ก�40����/����
A
ก+� �����)*�����
�.��8BC
�4��

��
���
����� !�""��
���
����� !�""  BB

�3�13/��)�4��!���.������
 ����1�2��� �� �����(��-�>�������� ��������
�!/��Dก��

����
;������ก
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���
����� !�""��
���
����� !�""  CC

����
�!/��Dก��
����
-�>� ��������/
��/�������� ����� �����(������ก
�������4 50 

���
���
���/
�ก�� 4 .+2�

$�� �!ก����8��
��ก�"�-".�� �!��/$�� �!ก����8��
��ก�"�-".�� �!��/ (  ( CCee ))

�)*����)�4ก���� �	���)�+�������
���
��-���)��)�� ������
���/
0�ก1�2����
��4�3�13/��)�4��!

��
���
����� ! A
0.2

e

z
C

10

 =  
 

��� Ce �� �	��
�(�� < 0.9 Ce = 0.9

�����  z = �
���/
0�ก1�2���� (���
��)*�����)

��
���
����� ! B ��� Ce �� �	��
�(�� < 0.7 Ce = 0.7

0.3

e

z
C 0.7

12

 =  
 
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� '� 2-3 ��
���ก�"�������
ก��
���
����� ! (Ce) �(
��)"��*'ก
����
���
�

ก
�
�������������
�
��������
��
���
�
����
� !�ก
�
�������������
�
��������
��
���
�
����
� !�

������������
����
�� �+2
��/�����
������;���4���.+� �� ���+�����
��4�4��
��
�� 
���
��
�����กก
�� 1 ��� 10 (5.7 �
!�) ��<��	�-���
�����
���,�� ��1� �;=2�

2

( az /L )* h
e e max

h

x
C C 1 S 1 e

kL

−  
= + ∆ −  

  

�����  ∆Smax = ���)�4ก����� �
0�กก���1� �;=2�;�
�
�����
���,�� ��� ��������;�
��4���.+�

a = �+�)�4�����?�+
���
�����
������
���/


Hh = �
���/
;�
�����;� ��4���.+�

Lh = �4�4��
-���
������������0�ก��������;��=
�4�4 Hh/2
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V(z)

Hh

x (Downwind)

Hh/2

Hh/2
Lh

x (Upwind)V(z)

z

z

Speed-up

"����+	
,$)�

∆SV(z)

V(z)

Hh

x (Downwind)

Hh/2

Hh/2

x (Upwind)V(z)

z
Speed-up

Lh

"����+������


∆SV(z)

z

��� ∆Smax ��4 a ;=2�ก+��/)���
��4�
��.+�;�
�����;�

$�� �!ก����8��
��กก��ก�!�(ก#�
��$�� �!ก����8��
��กก��ก�!�(ก#�
�� (  ( CCgg ))

��� �+�����
��4�
��
<�;�
��
���/
�9����<�;�
��
���,�� �

�	���+����)�4ก����� �
0�กก��ก�4�.ก;�
�� �� ก�4�	�ก+�1�2�<�
3����ก�����

ก.  �	���+����
���
����������������� ก�4�	�ก+�1�2�<�
3����ก����� -��-.���� Cg

����ก+� 2.0 -�ก����ก������
����
��+ก���������
�� �ก�
�� )I����4
ก	��1
 -��-.���� Cg ����ก+� 2.35

�.  �	���+����
���
����������������� ก�4�	�ก+�1�2�<�
3����ก����� -��-.���� Cg

����ก+� 2.5 -�ก����ก������
����
��
��4<�+
3����ก�����(cladding) �� ��
;������ก ()�4���;���;�
�������
)
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$���%� �!���
�;#�
<���	��
��"�	��ก$���%� �!���
�;#�
<���	��
��"�	��ก (  ( CCpp ))

;=2�ก+��/)��
;�
����� ��!��
�� ��4 �+กJ�4ก���)��)�� ��;�
�
�����
��
����
���/
����� ���
��ก�)*� 3 ��
� �+
��2

ก. �	���+���������2��� ���
���/
����
��ก
��
 H/Ds < 1 (Ds ����
��ก
��
;�
������ 
����� �9�) ��4���
���/
���
��
 (reference height) ����ก
�� 23 ���� ����+�)�4
�����?;�
���
���
��(���/ก�	����
�ก+����)�4ก����� �
0�ก<�ก��ก�4�.ก;�
�� 
(CpCg) �+
���
-��/)��  ;.1 �=
 ;.8 -�3��<�
ก ;.1

�. �	���+�������/
 �+
���
-��/)��  ;.9 -�3��<�
ก ;.2

�. �	���+����
����
1��!J�/
 �+
���
-��/)��  ;.10 �=
 ;.18 -�3��<�
ก ;.3

&
�
� �-1 ก
��	��ก.$���
�)
����� *�/��������	
�(
��)"�
�
��&'0��	��
�
����
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���
���/
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�
�
��&'0�
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$���%� �!���
�;#�
<���	��
��"�	��ก���<�%���$���.
$���%� �!���
�;#�
<���	��
��"�	��ก���<�%���$���.


-.��	���+�������� ����� H/Ds ≥ 1 ��4�
���/
;�
����� (H) ��กก
�� 23 ����

Cp

<�+
��������� (windward wall) 0.8 (��
�+�)

<�+
����;��
 (side wall) 0.7 (��
�/�)

<�+
���������� (leeward wall) 0.5 (��
�/�)

��+
�� (roof) 1.0 (��
�/�)

���,�
���
��
�
� ���,�
�"��
�
�
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$����.
�=�
��
�-8��>(=>�ก��$����'<�$�� �!ก����8��
��ก�"�-".�� �!�$����.
�=�
��
�-8��>(=>�ก��$����'<�$�� �!ก����8��
��ก�"�-".�� �!��/�/  ((CCee))

- �	���+�ก���	��
����
���
����<�+
����� (windward wall) -��-.�
�
���/
���
��
 = z (�
���/
�����1�2����)

- �	���+�ก���	��
����
���
������+
����4<�+
����;��
 (roof and side walls)

-��-.��
���/
���
��
 = H (�
���/
�+2
���;�
�����)

- �	���+�ก���	��
����
���
����<�+
������ (leeward wall) -��-.�
�
���/
���
��
 = 0.5H

�%��	��
ก��$����'��
������$���.
 ��ก��
�%��	��
ก��$����'��
������$���.
 ��ก��


- �����1+ก��!+�;��� 30×45 ���� �/
 80 ����
- �
�����
�����
��
 27 ����/
�����
- ������+2
��/�-�3/��)�4��!������


��*' (


������/
(���ก�� 80 ���� ��4�
���/
����ก
�� 
3 ��������ก
��
�� ������ �9�

,)��)0��


�3.$���*'���
���
�.�ก
��(
��+���	


1�0������ก�4�	�-���! yy

���
���
�����
��
: 21
q V

2
= ρ 21

1.25 27
2

= × × =  455.625 N/m2

�	���+������1+ก��!+� ���
���	��+>)ก�� �+
�+2� Iw =  1
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-.�����+
)�4ก���3�13/��)�4��! Ce ������
 (A)

Ce ���������
0.2

z

10

 
=  
 

0.20.63z= �+
���
-�����
 �.2-1

Ce ����������
0.2

H/ 2

10

 
=  
 

0.2
40

1.32
10

 
= = 
 

(����� �
���/
 H/2)

����+
)�4ก��<�ก��ก�4�.ก;�
�� Cg = 2.0

����+�)�4�����?;�
���
���
�� Cp ,�
�&��	
 = 0.8

Cp ,�
� �
�	
 = -0.5

���
���
������������������������

p  = Iw q Ce Cg Cp =  1 × 455.625 × 0.63 × Z0.2 × 2 × 0.8

= 459.272 Z0.2

���
���
�������������������������

p  = Iw q Ce Cg Cp =  1 × 455.625 × 1.32 × 2 × (-0.5)

= - 601.20 ���&)�/
.2
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BuildingBuilding DesignDesign

Lecture Lecture 66 –– Earthquake Load # 1Earthquake Load # 1

Asst. Prof. Dr. Asst. Prof. Dr. MongkolMongkol JIRAVACHARADETJIRAVACHARADET

S U R A N A R E E INSTITUTE OF ENGINEERING

UNIVERSITY OF TECHNOLOGY SCHOOL OF CIVIL ENGINEERING

� Nature of Earthquake

� Intensity & Magnitude

� Buildings in Earthquake

The Main Earth Layers are:The Main Earth Layers are:

•• CrustCrust

•• MantleMantle

•• Outer CoreOuter Core

•• Inner CoreInner Core

Earth LayersEarth Layers



TumCivil.com Training Center

LithosphereLithosphere

outer rigid “shell” of Earth 

Earth's Tectonic Plates 
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Ring of fire

Plate borders can be seen by plotting earth quakes or vulcanic activity, which occur at 

plate boundaries.
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Plate MovementPlate Movement

Plate BoundaryPlate Boundary

Divergent Boundary

Transform Boundary

Convergent Boundary
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Three Types of FaultsThree Types of Faults

Normal Fault : one block of rock drops down relative to the other

Strike-slip Fault : the fault blocks slide horizontally past each other

Reverse Fault : one fault block moves upward relative to the other
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St. Andreas FaultSt. Andreas Fault

Right-Lateral Strike-Slip Faults

Location: Carrizo Plain 
area, San Luis Obispo 
County, California. 

Photo credit: 

R.E. Wallace, U.S. Geological Survey.

Surface Rupture

El Progresso, Guatemala February 4, 1976

left-lateral strike-slip fault 

Plastic Deformation

Saturated 
unconsolidated 
deposits
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Dickey, Idaho

Fault scarp

horizontal offset 

~2 m

Earthquake of February 4, 1976, Guatemala 
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Guatemala February 4, 1976San Francisco, April 18, 1906

offset 2.6 m 

Earthquake TerminologyEarthquake Terminology

epicentral distance

epicenter

focal
depth

Shallow 60 km
Intermediate  300 km
Deep             700 km 

hypocenter

fault plane

dip angle

observation station
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SEISMIC WAVESSEISMIC WAVES

Seismic waves are of three types: compression (P), shear (S), and surface waves.

Compression and shear waves travel through mantle to distant points on surface.

Only compression wave can pass through the Earth’s molten core.
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P - waves

Compression waves travel at great speeds 6-8 km/s. Parallel to direction of movement, 

also called primary waves. Similar to sound waves 

P-wave velocity is given by
ρ

λ G
vP

2+
=

Lame’s constant,
)21)(1(3

)2(

νν

ν
λ

−+
=

−

−
=

E

EG

GEG

S - waves

Shear waves travel slower at speeds 4-5 km/s. Perpendicular to direction of movement, 

also called secondary waves. Result from the shear strength of materials. Do not pass 

through liquids. 

S-wave velocity is given by
ρ

G
vS =

Comparison of PComparison of P--wave and Swave and S--wave Motion wave Motion 

While S-waves travel more slowly than

P-waves, they transmit more energy and

cause the majority of damage to structures.
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Earthquake

Earthquake is a term used to 
describe both sudden slip on a fault,

and the resulting ground shaking 

and radiated seismic energy caused 
by the slip, or by volcanic or 

magmatic activity, or other sudden 

stress changes in the earth.

Ground Motion

External excitation in the form of 

• Ground Displacements

• Ground Velocities

• Ground Accelerations

Typical Duration 20-100 sec
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Ground Motion

Horizontal components are of major interest 
(excessive shear forces)

Ground Motion has 3 Components

N-S, E-W and Vertical

Vertical component has been traditionally 
ignored, but may be important.

Intstrumentation

Strong Motion: Accelerograph

A transducer: SDOF highly damped (60-70%)

Known k, m  (fn ~ 25 Hz)

Sampling Rate: 1/100, 1/50 sec

(10,000 sampling points)

accelerometer 

accelerograph
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I Not felt except by a very few persons under especially 
favorable circumstances.

< 0.0017 g

II Felt only by a few persons at rest, especially on upper 
floors on buildings. Delicately suspended objects may 
swing.

< 0.014 g

III Felt noticeably indoors, especially on upper floors of 
buildings, but many people do not recognize it as an 
earthquake.

< 0.014 g

IV During the day felt indoors by many, outdoors by few. 
At night, some awakened. Dishes, windows, doors 
disturbed; walls make cracking sound.

0.014-0.039 g

V Felt by nearly everyone, many awakened. Some dished 
and windows broken; a few instances of cracked plaster; 
unstable objects overturned. Disturbances of trees, 
poles may be noticed.

0.039-0.092 g

ModifiedModified--MercalliMercalli Intensity Scale, Intensity Scale, MMMM

Intensity
Value Intensity Description

Average Peak
Acceleration

ModifiedModified--MercalliMercalli Intensity Scale, Intensity Scale, MMMM

Intensity
Value Intensity Description

Average Peak
Acceleration

VI Felt by all, many frightened and run outdoors. Some 
heavy furniture moved; and fallen plaster or damaged 
chimneys.

0.093-0.18 g

VII Everybody runs outdoors. Damage negligible in 
buildings of good design and construction; slight to 
moderate in well built ordinary structures; considerable 
in poorly built or badly designed structures.

0.18-0.34 g

VIII Damage slight in specially designed structures; 
considerable in ordinary substantial buildings, with partial 
collapse; great in poorly built structures.

0.34-0.65 g

IX Damage considerable in specially designed structures; 
well-designed frame structures thrown out of plumb; 
great in substantial buildings, with partial collapse. 
Building shifted off foundations.

0.65-1.24 g
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ModifiedModified--MercalliMercalli Intensity Scale, Intensity Scale, MMMM

Intensity
Value Intensity Description

Average Peak
Acceleration

X Some well-built wooden structures destroyed; most 
masonry and frame structures destroy with 
foundations; ground badly cracked.

> 1.24 g

XI Few if any, (masonry) structures remain standing. 
Bridges destroyed. Underground pipelines completely 
out of service. Earth slumps and land slips in soft 
ground.

> 1.24 g

XII > 1.24 gDamage total. Practically all works on construction are 
damaged greatly or destroyed. Wave seen on ground 
surface. Lines of sight and level are distorted. 
Objecteds are thrown upward into the air.

g (gravity) = 980 centimeters per second squared.
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LIQUEFACTION-DIFFERENTIAL SETTLEMENTS

Niigata, Japan. June 16, 1964,    7.4

GROUND DEFORMATION-DIFFERENTIAL SETTLING 

Earthquake of July 29, 1967, Caracas, Venezuela.
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GROUND SHAKING 

Huaraz, Peru

May 31, 1970, 7.8R

Before

After

San Fernando Mexico City
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Collapsed Cypress section of Interstate 880 

the 1989 Loma Prieta (California) 

Northridge 1994

Parking garage at California State University 
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Damaged Kobe waterfront (1995)

Office Buildings, Kobe 1995
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Kobe 1995

Collapsed first and second stories 

Collapse of Freeway in 1989 Loma Prieta, CA 
Earthquake (7.1R)
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EarthquakeEarthquake--related events in Thailandrelated events in Thailand

Date
Magnitude

(Richter)
Epicenter Brief Accounts of Event

1545 AD. - Chiang Mai
Strongly felt in Chiang Mai (The 
top of the Luang Pagoda toppled)

Feb. 17, 1975 5.6 Myanmar-Thai Border
Felt in Northern (V) and Central 
Region

April 22, 1983 5.9 Kanchanaburi

Felt in Kanchanaburi and Central 
Region (Reservoir-induced
earthquake; minor damages 
reported)

Oct. 1, 1989 5.3 Myanmar-Thai Border Felt in Upper Northern Region

Sept. 11, 1994 5.1 Phan District,Chiang Rai Felt in Northern Region (VI-VII)

July 12, 1995 7.2 Myanmar
Felt in Upper Northern Region 
and Bangkok (in high-rise 
buildings)

Dec. 9, 1995 5.1 Phrae
Felt in Northern Region (Minor 
non-structural damage)

Dec. 22, 1996 5.5 Loas-Thailand Border Felt in Northern Region (V-VI)

EarthquakeEarthquake--related events in Thailandrelated events in Thailand

Date
Magnitude

(Richter)
Epicenter Brief Accounts of Event

January 22, 2003 6.5 Sumartra
Felt in Southern Region & 
Bangkok (in high-rise buildings) 

Sept. 22, 2003 6.7
Myanmar 

(~850km from Bangkok) 

Felt in the Northern Region and 
Bangkok; cracks in non-structural 
brick walls in 2 tall bldgs

Dec. 26, 2004 9.0 Sumartra

Devastation in 6 southern Thai 
provinces on the Andaman 
coastline; ~5300deaths, ~ 3000
missing, ~280000 fatalities over 
the whole Indian ocean region, 
estimated economic loss ~US$ 10
billion 
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Earthquake Strike Bangkok!Earthquake Strike Bangkok!

Date: September 22, 2003

Magnitude: 6.6

Earthquake InformationEarthquake Information

Date: September 22, 2003

Magnitude: 6.6

Lacation: Sagaing fault 

(south-central of 

Myanmar)

Depth: 10 km

Distance: about 855 km 

NW of Bangkok
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Peak Ground Acceleration in BangkokPeak Ground Acceleration in Bangkok

Peak Ground Acceleration = 5 gal (gal = cm2/s)

Building DamagesBuilding Damages

Building: All Season Place

Location: Bangkok

Structure: RC

Number of stories: 52
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All Season Place DamagesAll Season Place Damages

Slightly visible cracks of 

nonstructural components 

such as plasters and brick 

walls in 12th to 41th floors. 

All Season Place DamagesAll Season Place Damages

Slightly visible cracks of 

nonstructural components 

such as plasters and brick 

walls. 
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Is Bangkok Safe from Earthquake?Is Bangkok Safe from Earthquake?

- The nearest active fault is about 200-400 km from 

Bangkok. The PGA may be as high as 0.05g-0.075g. 

- Due to its thick unconsolidated surficial deposites, 

Bangkok has a risk of long distance earthquake. 
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BuildingBuilding DesignDesign

Lecture Lecture 77 –– Earthquake Load # 2Earthquake Load # 2

Asst. Prof. Dr. Asst. Prof. Dr. MongkolMongkol JIRAVACHARADETJIRAVACHARADET

S U R A N A R E E INSTITUTE OF ENGINEERING

UNIVERSITY OF TECHNOLOGY SCHOOL OF CIVIL ENGINEERING

�� Earthquake Load DeterminationEarthquake Load Determination

�� Seismic Hazard Risk MapSeismic Hazard Risk Map

��  ก�ก������ก�ก������  �	
	����	
	���  4949

�� Example: Seismic Load CalculationExample: Seismic Load Calculation

Buildings in EarthquakesBuildings in Earthquakes

From Newton’s Second Law

F = ma

where m  =  mass of building

a  =  acceleration of ground

ground acceleration

Animation from 

www.exploratorium.edu/faultline/

engineering/engineering5.html
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Inertia ForceInertia Force

F is known as an inertia force,

– created by building's tendency to remain at rest, in its 

original position, although the ground beneath it is moving

Acceleration of the El Centro NAcceleration of the El Centro N--S, California earthquake, 18 May 1940S, California earthquake, 18 May 1940
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Acceleration, velocity and displacement plots from the El CentroAcceleration, velocity and displacement plots from the El Centro NN--S, S, 

California earthquake, 18 May 1940California earthquake, 18 May 1940

Similar oscillatory motions occur upon a buildingSimilar oscillatory motions occur upon a building’’s frame when s frame when 

loaded by steady wind loads and superimposed gusts.loaded by steady wind loads and superimposed gusts.
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1971 San Fernando Earthquake

The Hanshin Expressway collapse was due to the very large horizontal components 

of the Hyogo-Ken Nambu earthquake of January 17, 1995 in Kobe, Japan.
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Shake Table Shake Table –– Flat PlateFlat Plate

Inertia Forces on BuildingInertia Forces on Building

F1 = m1a1(t)

F2 = m2a2(t)

F3 = m3a3(t)

F4 = m4a4(t)

Note: Forces generally

Increase with height

V(t) = ΣΣΣΣ miai(t)i=1,4

TimeS
h
a
k
in
g
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ก�ก������ก�ก������  �	
	����	
	���  4949 ((��..��.. 2540)2540)

��ก���������������	
��
� ��	�!��������ก���������������	
��
� ��	�!������  ��..��.. 25222522

������������������
������������	������
	������� �
����

V = Z I K C S WV = Z I K C S W

V

EQK

V = Base ShearV = Base Shear

!�� " ����#�	
��
	ก$ก������������������%
���
�ก�&%�	'�� �#�(���( 
�#�(����) *�ก �)�� ���(� ���) ��)+)��,�� -� �.�� �-�-� ��/�

Based on UBC 1985Based on UBC 1985

ก�ก������ก"�#�$ก���
	�%"�#�
กก�ก������ก"�#�$ก���
	�%"�#�
ก  ��������&�������'(��)%�$ ��������
	�������������&�������'(��)%�$ ��������
	�����

��ก���*�����'��+
��+�,�)��&��'-.�$ �/#���ก���*�����'��+
��+�,�)��&��'-.�$ �/#�  ��..��.. 25502550

0	� ,�1,23����
�4 ���(�����)� �����������	����������%0���
	1-ก���	%�ก�1)����0��0���ก) %
���
�
ก��	�� %
���
�#'��� %
���
��
��� %
���
�2/�ก3* %
���
������ %
���
�,�!-� �-� %
���
�,'��4��56���

0	� ,�1��� 64 ���(�����)� �����������	���������.7�����)����ก�����%0���
	1-ก���	%�ก�1)����0��
��(�0ก- 0���ก) ก�'���������� %
���
����	'�� %
���
�.�'�6��� %
���
�,�'��.��ก�� �-�%
���
�
,�'��,��� 

0	� ,�1��� 74 ���(�����)� �����������	���������(/)�ก-���(�-���������%0���
	1-ก���	%�ก�1)����0�� 
0���ก) %
���
�ก�&%�	'�� %
���
��#�(���( %
���
��#�(����) %
���
�*�ก %
���
��)�� %
���
����(� %
���
�
���) %
���
���)+)��,�� %
���
�-��.�� �-�%
���
�-���/�

������������������
������������	������
	������� �
����

V = Z I K C S WV = Z I K C S W Still based on UBC 1985 !
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VV = = ZZIKCSWIKCSWSeismic Zone Factor, Seismic Zone Factor, ZZ

ก�ก������ก�ก������  4949 ::  �#*��*,�.�ก
	�#*��*,�.�ก
	  99..:;:;  #�)�#�)�  ��กก�.���กก�.�

+
�<��+ �= >&������,&*�&��'-.�$ �/#�+
�<��+ �= >&������,&*�&��'-.�$ �/#�
Uniform Building Code (UBC) classifies earthquake hazard on a scale from 

0 (least hazard) to 4 (most hazard) 

Zone

Z

1

0.075

2A

0.15

2B

0.20

3

0.30

4

0.40

Z = Effective Peak Ground Acceleration (PGA) with 10% probability of exceedance

in any 50-year period

ก�ก������ก�ก������  5050 :: 	� ,�1���	� ,�1���  66  �#*��*,�.�ก
	�#*��*,�.�ก
	  99..6?6?  #�)���กก�.�#�)���กก�.�  '(�'(�

	� ,�1���	� ,�1���  77  �#*��*,�.�ก
	�#*��*,�.�ก
	  99..:;:;  #�)���กก�.�#�)���กก�.�
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'-����	� ,�1,+��@�A
@'-.�$ �/#�&��<��,��/�@'-����	� ,�1,+��@�A
@'-.�$ �/#�&��<��,��/�@

((�	
	.�
	.�'���
������	
	.�
	.�'���
�����  22  ��..;;.. 2548)2548)
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Seismic Hazard ZoneSeismic Hazard Zone

,&�,&�  00 �����'�������(ก�)� III ����5�
--�
*��%�
�0�����(������������)��
��
(0�)�������,��(� 0�)%���.7�*�����ก�		������
	�1)����0��)

,&�,&�  11 �����'���� III-IV ����5�
--�
1/��(/)	������,/��/�,?ก�)����1)����0��
(�������,��(����( �*)��%�������,�(��(	���)

,&�,&�  22  กก �����'���� V-VII ����5�
--�
�'ก��*ก�% ,���ก)�,������ก�		0�)�� .��ก$�����,�(��(
(�������,��(���ก���ก�������,�(��(�����
	���(@?�.��ก-��)

,&�,&�  22  && �����'���� VII-VIII ����5�
--�
,���ก)�,���������ก�		���,�(��(�-3ก���(
(�������,��(���ก���ก�������,�(��(�����
	.��ก-��)

VV = = ZZIIKCSWKCSWImportance Factor, Importance Factor, II

ก�ก������ก�ก������  5050 ::  &*�&*�  88  �
��D1,ก��@�ก
	ก����*������
��D1,ก��@�ก
	ก����*�����  (( I )I )  �#*��*$
���%�#*��*$
���%

�
��D1,ก��@�ก
	ก����*���������
��D1,ก��@�ก
	ก����*��������

�� $&������� �.�&�� I

(1) ��������%���.7�*)������.7��(/)!��,�6���#� *��!�� B 1.50

1.25

1.00

(2) ���������.7����#'��'���
����?��D 0����กก�)� 300 ��

(3) ���������D
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VV = = ZIZIKKCSWCSWLateral Load Resistance of Structure, Lateral Load Resistance of Structure, KK

+
�<��+ �= >&��F���+�*�����������
	'����'����	+
�<��+ �= >&��F���+�*�����������
	'����'����	

��		'(��� $&��F���+�*���
	'����'����	 �.�&�� K

(1) F���,����G?��0���
	ก����ก�		���ก������
	�������� (Shear Wall)
����F����ก���� (Braced Frame) �
	����
������������	

1.33

0.67(2) F���,����G?��0���
	ก����ก�		���F���!���!3�G?������������(�
(Ductile Moment ] resisting Space Frame) �
	����
������������	

0.80(3) F���,����G?��0���
	ก����ก�		���F���!���!3�G?������������(�
�)��ก
	ก������
	������������F����ก����*�������������	
F�(��!��ก�������ก����������ก�		�
����
(ก) F���!���!3�G?������������(�*���,����@*����������������	

0��0�)���(ก�)����(-� 25 !������������	�
�����

��		'(��� $&��F���+�*���
	'����'����	 �.�&�� K

0.80(!) ก������
	������������F����ก����������(ก�.7���,��%�กF���
!���!3�G?������������(�*���,����@*�������������	0���
�����

(�) F���!���!3�G?������������(��)��ก
	ก������
	������������
F����ก����*���,����@*����������������	0���
�����
F�(,
�,)��!��������ก�����*)�F���,�����*)-���		����.7�0.
*��,
�,)��������*
� (Rigidity) F�(����?�@?�ก��@)�(��!��
�������)��F���,�����
��,��

(4) ��@
����� ����
	���(�,�0�)���(ก�)� 4 *�� �-����ก����(?�
�-�0�)0��*
���(/)	������
���(��*' 1-�/�����)���)� K ก
	�)� C ����#��)�*���,'���)�ก
	 0.12
�-��)�,/�,'���)�ก
	 0.25

2.5

(5) F����������		���� D ��ก%�กF��������*�� (1) (2) (3) ���� (4) 1.0
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VV = = ZIKZIKCCSWSWCoefficient, Coefficient, CC

ก�ก������ก�ก������  4949 ::  &*�&*�  1010  �.�+
�<��+ �= >�.�+
�<��+ �= >  (( C )C )  �#*�"���1���+D��$
���%�#*�"���1���+D��$
���%

related to the fundamental period of vibration of the structure,related to the fundamental period of vibration of the structure, TT

1
0.12

15
C

T
= ≤

ก�ก������ก�ก������  4949 ::  &*�&*�  99  ��	ก��'ก.�����=������ &���������	ก��'ก.�����=������ &�������  (( T )T )  H*�/�.+����H�"���1H*�/�.+����H�"���1

/$*HDก�*��F$@� =��)��/$*HDก�*��F$@� =��)��  �#*�"���1���+D��$
��.�/<��%�#*�"���1���+D��$
��.�/<��%

(1) ,����
	������
��0.�'ก#��� ���������*��,/*�

0.09
n
h

T
D

=

(2) ,����
	F���!���!3��������������(� ���������*��,/*�

0.10T N=

h
n

��� ����,/�!�����������#
��,/�,'��
�%�ก���
	�����������)�(�.7���*�

D ��� ����ก����!��F���,�������������;���!���ก
	���
�1)����0�� ����)�(�.7���*�

N ��� %�����#
��!��������
���������(/)��������
	�������

Building

Height

Typical

Natural Period

2 story 0.2 second

5 story 0.5 second

10 story 1.0 second

20 story 2.0 second

30 story 3.0 second
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Natural Period of Building, Natural Period of Building, TT

Natural Period of StructuresNatural Period of Structures



TumCivil.com Training Center

Natural Period of StructuresNatural Period of Structures

0 50 100 150 200 250
0

1.0

2.0

3.0

4.0

5.0

H (m)

T
1st Mode 2nd Mode

T1 T2

1
HT =
54

2
HT =
184

Natural PeriodNatural Period

of Buildings in Bangkokof Buildings in Bangkok
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VV = = ZIKCZIKCSSWWSite coefficient, Site coefficient, SS

&*�&*�  6767  +
�<��+ �= >&��ก��<��+������H��=������ ��#�.�������'(��
%�$ ����+
�<��+ �= >&��ก��<��+������H��=������ ��#�.�������'(��
%�$ �����
%�&���
%�&��

����������  (S)(S)  ���.�$
��.�/<��%���.�$
��.�/<��%

(
กQ1�&���
%�$ � �.�&�� S

(1) ��� 1.0

(2) ����!3� 1.2

(3) ����)�� 1.5

(4) ����)����ก 2.5

1.01.0
# �# �

����'ก-
ก4��0�)�)�%��.7�����-��(����#- (Shale) ����1-?ก6���#�*� ����
���-
ก4���!3�G?��������-?ก!��#
�����0�)�ก�� 60 ��*��-�#���!���������
	
�(/)�����#
����� �.7����������,@�(�2���� �#)� ���( ก��� �����������(��!3� 

1.21.2
$ �'&S�$ �'&S�

���-
ก4���!3�G?������-?ก!��#
�������กก�)� 60 ��*� �-�#���!���������
	
�(/)�����#
������.7����������,@�(�2���� �#)� ���( ก��� �����������(��!3� 

1.51.5
$ ��.��$ ��.��

�������(��)��@?��������(��!3�.��ก-�� �-��������(��!3������กก�)� 9 
��*� ��%%���#
�����(�
���(/)����0�)ก30��

2.52.5
$ ��.����ก$ ��.����ก

�������(��)�������ก��-
�*��������������!�������,2���0�)��	�(���� 
(Undrained Shear Strength) 0�)��กก�)� ef ก�F-.�,ก�- (e,fhh 
ก�F-ก�
����*)�*������*�) �-����������#
�������กก�)� i ��*� �#)� 
,2��������������ก�'���������� %
���
����	'�� %
���
�.�'�6��� %
���
�
,�'��.��ก�� �-�%
���
�,�'��,���

,�*�'�.ก�1�$ ��.����กH*�-(�D1$
�ก(.����กก�.�,�*�'�.ก�1�$ ��.����กH*�-(�D1$
�ก(.����กก�.�  99..7T7T  �#*��*,�.�ก
	�#*��*,�.�ก
	  99..7T7T

H*�-(�D1��#�.���.�H*�-(�D1��#�.���.� C  C ก
	�.�ก
	�.� S  S ��กก�.���กก�.�  99..6V6V  �#*��*,�.�ก
	�#*��*,�.�ก
	  99..6V6V
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VV = = ZIKCSZIKCSWWSeismic Dead Load, Seismic Dead Load, WW

������
ก!��*
�������
���������
��������
ก!���
,�'�'.ก��5G?��(?�*�?�ก
	���

F�(0�)���������
ก	���'ก%�,����
	������
��0.����������
ก!��*
������

�
��������ก
	���(-� 25 !��������
ก	���'ก%�,����
	Fก�
������-
�,�����
W

F

h

V = F

W0 not included:

goes directly

to base

δ

Base shear distribution along building heightBase shear distribution along building height

=  0.07 T V ( ≤ 0.25 V )

=  0 ( T ≤ 0.7 sec )

=

−
=

∑
1

( )t x x
x n

i i

i

V F W h
F

W h

= + Σt xV F F

V

x

n

Fx

Fn

hx

hn

Ft
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Example: Calculate seismic loadsExample: Calculate seismic loads

5-story office building located in BKK (Zone 2A). Plan dimensions are 20m x 30m; 

assume that a “seismic dead load” of 12 kN/m2 can be used for all story. The 

structure is an ordinary steel braced frame with a value of K = 1.33 and is built upon 

a soft soil with S = 1.5. The typical building section is shown below. 

Problem solution :

1) Find W:

The seismic dead load for each storey is 

(20 x 30) 12 = 7200 kN

The total load, W, for the entire building is

5 x 7200 = 36 000 kN

2) Find V:

a) Find zone factor: The seismic zone for BKK is 2A,

so the zone factor, Z = 0.15

b) Find Coefficient, C: Since the structural system is not a moment-resisting frame

The fundamental period,
0.09

n
h

T
D

=
0.09(21)

0.42 seconds
20

= =

1

15
C

T
=

1
0.103

15 0.42
= =

c) Find V: Now the design base shear can be calculated from:

V  = ZIKCSW

V  =  (0.15)(1.0)(1.33)(0.103)(1.5)W

V  =  0.03 W

V  =  0.03 (36 000)  =  1080 kN

3) Find Fx and Ft:

Since the period, T = 0.48 seconds is less than 0.7 seconds,

the additional top-storey force, Ft, can be taken as zero
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The force at any storey level is: Fx = (V - Ft) wx hx / (Σ wi hi)

Fx = (1080 – 0) 7200 hx / [7200(5+9+13+17+21)] 

Fx = 16.62 hx

Calculating the storey forces, from bottom to top, we get :

F1 = 16.62 (5) = 83 kN

F2 = 16.62 (9) = 150 kN

F3 = 16.62 (13) = 216 kN

F4 = 16.62 (17) = 283 kN

F5 = 16.62 (21) = 349 kN

Note that the sum of all the storey forces equals the design base shear, V. 

Seismic story forces (kN)

V = 1080

83

150

216

283

349

5m

4m

4m

4m

4m

21m

Example 1 : Example 1 : UBC 1985 Seismic LoadUBC 1985 Seismic Load STAAD.Pro
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Example 2 : Example 2 : Seismic Effects on BuildingSeismic Effects on Building

Gravity Load = 2 t/m

2 t/m

2 t/m

6 m

EQK to 

LEFT

EQK to 

RIGHT

4 m

4 m

4 m

STAAD.Pro
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BuildingBuilding DesignDesign

Lecture Lecture 88 –– Thai Seismic CodeThai Seismic Code

�� Seismic Analysis MethodsSeismic Analysis Methods

�� Structural IrregularityStructural Irregularity

�� ASCE Seismic CodeASCE Seismic Code

��  ��������	�
���
�������������	�
���
�����

��  
���
���ก���������������������
���
���ก���������������������

Design of Concrete Buildings for Earthquake and Wind Forces,

by D.A.Fanella and J.A.Munshi, Portland Cement Association

Seismic Design of Building Structures, 8th Edition

by M.R.Lindeburg and M.Baradar, Professional Publications, Inc., Belmont, CA

1994 Northridge Earthquake, California

ก��ก������	
�ก�������
����������������������	����ก��ก������	
�ก�������
����������������������	����

��ก�
���������ก ก��������ก�
���������ก ก������

���������ก�
��!"��#ก %&�� '�������
�����	��ก����&�����������&�(��#�ก��

������)!������������

'�����&������ (���������������ก�
�
�!"��#ก %&��) ��������������

�)!���������������

�	
�����,	����(%����������ก�����-�
ก ก�����������	
��������������(���

���ก ก������-�&ก����%���

�	
��.	�/�0����1
(Dynamic Method)
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Seismic Analysis MethodsSeismic Analysis Methods

- Equivalent Static Analysis

Represent the effect of earthquake ground 

motion by a series of equivalent lateral force

Used in many building codes UBC-1985, 

UBC-1997, IBC 2006, ASCE 7-05

F1

F2

F3

Vbase

- Response Spectrum Analysis

Taken into account the multi-modes response

- Time History Analysis

Linear Dynamic Analysis to calculate 

time varying responses

- Pushover Analysis

Non-linear Static Analysis includes non-linear 

property of materials

- Non-linear Dynamic Analysis Non-linear properties of structure are 

considered as part of a time domain analysis.

Use response spectrum from a ground motion R
e
s
p
o
n
s
e

Period

TimeS
h
a
k
in
g

Structural IrregularityStructural Irregularity

Buildings having irregular configurations are likely to 

suffer greater damage than buildings having regular 

configurations.

(a) vertically regular structure (b) vertically irregular structure
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Vertical Stiffness Irregularity Vertical Stiffness Irregularity –– Soft StorySoft Story

A soft story has a stiffness less than 70% of the story immediately above, 

or less than 80% of the average stiffness of the three stories above.

Soft

story

Soft

story

Shearwall or

braced frame

Soft story stiffness < 70% story stiffness above

< 80% average stiffness of the three

stories above

Mass (Weight) IrregularityMass (Weight) Irregularity

A story has a mass (weight) irregularity when its mass is more than 150% of the effective mass

of the story above or below.

Heavy

mass

Soft mass > 150% adjacent story mass
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Geometric IrregularityGeometric Irregularity

A story has vertical geometric irregularity when the horizontal dimension of a story’s lateral

force-resisting system is more than 130% of that in an adjacent story.

Story dimension > 130% adjacent story dimension

InIn--plane Discontinuityplane Discontinuity

An in-plane discontinuity exists at a story when there is an in-plane offset of the lateral load-

resisting elements greater than the length of those elements.

discontinuous

shearwall

braced

frame
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A weak story (discontinuity in capacity) exists when the story strength is less than 80%

of the story above.

weak

story

Weak story strength < 80% story strength above

Vertical Strength Irregularity Vertical Strength Irregularity –– Weak StoryWeak Story

Torsional irregularity exists when the maximum story drift (caused by the lateral load and the

accidental torsion) at one end of the structure transverse to its axis is more than 1.2 times the

average story drifts calculated from both ends.

TorsionalTorsional IrregularityIrregularity

∆1
∆2







 ∆+∆

>∆
2

2.1 21
2
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A building has reentrant corner irregularity when one or more parts of the structure project

beyond a reentrant corner a distance greater than 15% of the plan dimension in the given 

direction.

ReRe--entrant Corner Irregularityentrant Corner Irregularity

re-entrant corner

L2

L1

D2

D1

projecting wing D2 > 0.15D1

projecting wing L2 > 0.15L1

Diaphragm discontinuity occurs with diaphragms having abrupt discontinuities or variations in

stiffness, including when there are cutout, or open areas greater than 50%

Diaphragm DiscontinuityDiaphragm Discontinuity

rigid

diaphragm
diaphragm

flexible
open
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An out-of-plane offset is a discontinuity in the lateral force path – an out-of-plane offset of the

vertical elements.

A nonparallel system is one for which the vertical load-carrying elements are not parallel to or

symmetrical about the major orthogonal axes of the lateral force-resisting system.

ASCE Seismic CodesASCE Seismic Codes

ASCE 7ASCE 7--0505
Minimum Design Loads Minimum Design Loads 

for Buildings and Other for Buildings and Other 

StructuresStructures

IBC 2006IBC 2006
InternationalInternational

BuildingBuilding

CodeCode

����?��ก����ก�%%���������?��ก����ก�%%�����
�&�������������	�����&�������������	����
ก��ก��'(
�
	'(
�
	ก�������������ก�������������
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ASCE7-05�	
�����,	����(%�����	
�����,	����(%����

���������	
��
������������	������
������	�������
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ก��ก�")�
���������!*�����+��&+�� :

x vxF C V=
k

x x
vx n

k
i i

i 1

w h
C

wh
=

=

∑
� 
��

1�ก���ก�	�%��,
$���� T = 0.42 sec,

����% �	��"�'"(ก�	ก	�1���	
 k = 1.0 � 
�� T ≤ 0.5 sec
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Seismic story forces (kN)
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ΣΣΣΣ = 468.0

Cvx

0.077

0.139

0.200

0.261

0.323

1.000

����������+��&+�� :

F2 = 0.139 x 1,595 = 222 kN

F3 = 0.200 x 1,595 = 319 kN

F4 = 0.261 x 1,595 = 416 kN

F5 = 0.323 x 1,595 = 515 kN
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ASCE-7 
  

Wind and Floor Load Generation 

โครงสรางเฟรมสามมิติในตัวอยางนี้จะถูกวิเคราะหโดยใชเครื่องมือการสรางแรงลมและน้ําหนัก
บนพ้ืนท่ีมีมากับโปรแกรม 

 

n เริ่มตนโปรแกรม เลือกชนิดโครงสราง Space ตั้งช่ือวา WindLoad.std 

n เลือกหนวยความยาว Meter หนวยแรง Metric Ton 

n ในหนาจอตอมาใหเลือก Open Structure Wizard 

n เลือกชนิดโมเดลแบบ Frame Models ดับเบ้ิลคลิกท่ีไอคอน Bay Frame เม่ือหนาจอ
แสดงขึ้นมาใหใสขอมูลดังในรูปขางลาง 
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n ถาแตละ bays มีขนาดไมเทากันใหคลิกปุม ... เพ่ือเปล่ียนแปลง เม่ือคลิก Apply จะได
โครงสราง 

 
n เลือกเมน ูFile > Merge Model with STAAD.Pro Model วางท่ีจุด 0, 0, 0 
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n ไปหนา General > Property เลือกหนาตัดเหล็ก WF แลว Assign To View ใหองค
อาคารท้ังหมด ใชวัสดุเปน STEEL  

n ไปหนา General > Support สรางจุดรองรับแบบ FIXED BUT MX MZ แลวกําหนด 
ใหทุกจุดรองรับดังในรูป 

 

 

 

สังเกตสัญลักษณท่ีจุดรองรับวาตรงกับท่ีกําหนดหรือไม? 
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Wind Load Generation 

ในการวิเคราะหโครงสรางรับแรงลมนั้น ส่ิงแรกวิศวกรจะตองแปลงความเร็วลมหรือแรงดันลมมา
เปนแรงกระทําท่ีจุดตอ, น้ําหนักแผบนองคอาคาร หรือแรงดันบนแผนผนัง การคํานวณท่ีมีหลาย
ขั้นตอนนี้สามารถทําไดโดยใชเครื่องมือสรางแรงลมท่ีมีมากับ STAAD.Pro  

ขั้นตอนหลักมีสองขั้นคือ ขั้นแรกตั้งนิยามแรงลม (Define Wind Load) เปนการกําหนด
พารามิเตอรพ้ืนฐานตามขอกําหนด ASCE-7 ขั้นท่ีสองคือการกําหนดแรงลมกระทํา ณ. ตําแหนง
และทิศทางท่ีตองการ 

n ไปท่ีหนา General > Load คลิกเปดรายการ Definitions เลือก Wind Definitions 

n คลิกปุม Add… เพ่ือเริ่มกําหนดนิยามแรงลม คลิก Add ในหนาตางท่ีแสดงขึ้นมา 

 

n จะมีรายการ TYPE 1 แสดงขึ้นมาตอจาก Wind Definitions คลิกเลือก แลวกดปุม 
Add… 
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n ในหนาตางตอมาจะใหใสความเขมตามความสูง ซ่ึงเราอาจกําหนดเอง หรือใหโปรแกรม
คํานวณ กดปุม Calculate as per ASCE-7 เพ่ือเขาสูการคํานวณตามมาตรฐาน ASCE-7 

n ในหนาตางถัดมา หัวขอ Common Data จะใหเรากรอกขอมูลท่ัวไป ไดแก มาตรฐานท่ีใช, 
ประเภทอาคาร, ความเร็วลม, การเปดโลงของภูมิประเทศ, ชนิดโครงสราง และเปนลมพัดขึ้น
เขาหรือไม ใสขอมูลเสร็จแลวกดปุม Apply  
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< คลิกรายการตอมา Main Building Data ใสขอมูลของอาคารเชนขนาดดานตางๆ สวน
ความถ่ีธรรมชาติถาไมรูอาจใชสูตรประมาณคือ คาบการแกวง: T = 0.1×จํานวนช้ัน เชนใน
ตัวอยางเปนตึกสองช้ันก็ใช T = 0.2 วินาที แปลงเปนความถ่ี F = 1/0.2 = 5 Hz ใสขอมูล
เสร็จแลวกดปุม Apply  
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< ในรายการตอมา Building Design Pressure ใหเลือกวาจะเปนผนังอาคารท่ีจะรับแรงลมวา
เปนดานปะทะลม(Windward), ดานหลบลม(Leeward) หรือดานขาง(Side Wall) เสร็จ
แลวกดปุม Apply  
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< เม่ือคลิกปุม OK จะกลับมาท่ีหนาตาง Add New : Wind Definition เดิมพรอมขอมูล
แรงดันลมท่ีคํานวณได คลิกปุม Add 

  

Exposure 

เปนแถบท่ีใชในการปรับเปล่ียนลักษณะเปดโลงตอแรงลมสําหรับบางจุดตอบนโครงสราง โดย
ปกติคา exposure แฟกเตอรจะเทากับ 1.0 คือแรงลมกระทําเต็มพ้ืนท่ีรับลมของจุดตอ เม่ือสราง 
intensity เสร็จโปรแกรมจะเปดหนาตางขึ้นมาใหใสขอมูล ถาไมใสใหกดปุม Close  

< ใสคา Exposure Factor = 0.9 แลวคลิกปุม Add  

 

< คลิกปุม Close ใตรายการ Wind Definition จะมีรายการเพ่ิมขึ้นมา 
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< รายการ Exposure 0.900000 ยังมีเครื่องหมายคําถามอยู เราตองคลิกเลือกแลวกําหนดใหกับ
จุดตองท่ีจะรับแรงลมท่ีมีลักษณะพิเศษเชนเปนชองเปดในโครงสราง 

< เปล่ียนมุมมองเปน View from +X ใชเคอรเซอรโหนดตีกรอบเลือกโหนดท่ีตองการ แลว
คลิกเลือก Assign To Selected Nodes 
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Load 1: WIND LOAD IN Z-DIRECTION 

< สรางกรณีน้ําหนักบรรทุกขึ้นใหมสําหรับแรงลมจากการคลิก Load Cases Details แลวกด
ปุม Add… ในหนาตาง Primary เลือก Loading Type = Wind ตั้งช่ือวา WIND IN Z-

DIR กดปุม Add ตามดวย Close  

 

< เม่ือมีรายการของกรณีบรรทุกใหมของแรงลมแสดงขึ้นในรายการ ใหเลือกแลวคลิกปุม 
Add… เลือกรายการ Wind Load ในหนาตาง Add New : Load Items  

< เลือกชนิด Type 1 ตามท่ีตั้งไวตอนนิยามแรงลม เลือกทิศทาง และกําหนด Y Range, X 

Range และ Z Range เปนพ้ืนท่ีบนโครงสรางท่ีรับแรงดันลม 

< กําหนดทิศทางในชอง Direction เลือกทิศทาง Z แฟกเตอร -1  

< ดูรูปแรงลมท่ีแสดงขึ้นมาประกอบ ถาทิศไมตรงกับท่ีตองการ คลิกปุม Edit… แลวลอง
ปรับเปล่ียนทิศทางและแฟกเตอรจาก -1 เปน 1 ดูความแตกตาง  

< ปรับ Load Scales ในชอง Point Force ใหเหมาะสม 

คําส่ังท่ีถูกสรางขึ้นคือ : 

LOAD 1 LOADTYPE Wind TITLE WIND IN Z-DIR 

WIND LOAD Z -1 TYPE 1 XR 0 12 YR 0 8 ZR 0 8 
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< โปรแกรมจะสรางแรงลมดังแสดงในรูป 
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Load 2: FLOOR LOAD 

ในน้ําหนักกรณี 2 ของปญหานี้จะใชการสรางน้ําหนักบรรทุกจากพ้ืน(ซ่ึงไมไดเปนสวนหนึ่งของ
โครงสรางในโมเดล) โปรแกรมจะคํานวณน้ําหนักบรรทุกท่ีพ้ืนถายลงสูคาน 

n คลิกรายการ Load Cases Details คลิกปุม Add… สราง Load 2: FLOOR LOAD 

n คลิกรายการ 2 : FLOOR LOAD คลิกปุม Add… เลือกรายการ Floor Load 

สมมุติวาเราตองการกําหนด floor load สําหรับพ้ืนช้ันสอง (YRANGE: 3.9 m à 4.1 m) 

เทากับ 600 kg/m2 และพ้ืนช้ันดาดฟา (YRANGE: 7.9 m à 8.1 m) เทากับ 400 kg/m2 

n ใสขอมูลดังในรูปสองครั้งโดยเปล่ียนคา Pressure และ YRANGE เสร็จแลวคลิกปุม Add 

 

คําส่ังท่ีถูกสรางขึ้นคือ : 
LOAD 2 LOADTYPE Wind  TITLE FLOOR LOAD 
FLOOR LOAD 

YRANGE 3.9 4.1 FLOAD -0.6 XRANGE 0 12  ZRANGE 0 8  GY 

YRANGE 7.9 8.1 FLOAD -0.4 XRANGE 0 12  ZRANGE 0 8  GY 
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n ไปท่ีหนา Analysis/Print เลือก Print Option ท่ีตองการ แลวกดปุม Add 

n ส่ังรันการคํานวณ Analyze > Run Analysis… 

n ในโหมด Post Processing ดู Displacement จาก Wind Load 
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Seismic Load 
  

Analysis of a Frame per UBC 1997 

โครงสรางเฟรมสามมิติในตัวอยางนี้จะถูกวิเคราะหโดยใชเครื่องมือการสรางแผนดินไหวตาม
มาตรฐาน UBC 1997 

 

n เริ่มตนโปรแกรม เลือกชนิดโครงสราง Space ตั้งช่ือวา SeismicLoad.std 

n เลือกหนวยความยาว Meter หนวยแรง Metric Ton แลวคลิกปุม Next > 

n เลือก Open Structure Wizard แลวคลิกปุม Finish 

n ในหนาตาง StWizard ท่ีแสดงขึ้นมาเลือกชนิดโครงสรางเปน Frame Models แลวดับเบิล
คลิกไอคอน Bay Frame ใสขอมูลเพ่ือสรางโครงอาคารดังในรูป 



TumCivil.com Training Center

STAAD.Pro : Seismic Load UBC 1997   2 
 

 

n ไปหนา General | Property คลิกปุม Define… เลือกรายการ Rectangle สรางหนาตัด 
YD = 0.40 m, ZD = 0.4 m เปนเสาท้ังหมด และ YD = 0.50 m, ZD = 0.30 m เปนคาน 
ท้ังหมด เลือกวัสดุ Material = CONCRETE ใชการเปล่ียนมุมมองและกดปุม Ctrl คาง
ชวยในการเลือกเสาและตีกรอบเลือกคาน 

n ลองคลิกเมาทขวาเลือกรายการ 3D Rendering 

 
n กําหนดจุดรองรับเปนแบบ FIXED : ไปท่ีหนายอย Support สรางจุดรองรับแบบ FIXED 

แลวกําหนดใหแกฐานเสาทุกตน 

 
n ไปหนา General | Load เลือกรายการ Definitions | Seismic Definitions คลิกปุม 

Add… เลือกรายการ Seismic ตามมาตรฐาน UBC 1997 กําหนดคาพารามิเตอรตางๆดังนี้ 
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n พารามิเตอร Zone เปนคา Seismic zone coefficient เปนความรุนแรงแผนดินไหวท่ีจะ
เกิดขึ้นในบริเวณนั้น 

STAAD Value Seismic Zone 
0.075 1 
0.15 2A 
0.20 2B 
0.30 3 
0.40 4 

n Importance factor (I) แสดงความสําคัญของอาคาร สวน RWX และ RWZ คือ
พารามิเตอรการตอบสนองตามลักษณะโครงสรางจาก Table 16-N 

n พารามิเตอรชนิดของดิน Soil Profile Type (STYP) มีคาจาก 1 ถึง 5 มีคาสัมพันธกับ 
Table 16-J ของ UBC 1997 ดังนี้: 

STAAD Value Soil Profile Type 
1 SA 
2 SB 
3 SC 
4 SD 
5 SE 

n สวนพารามิเตอร CT และคาบการส่ัน(Period)ในทิศทาง X และ Z นั้นไมตองใสก็ได 
โปรแกรมจะคํานวณเอง 

 

n เม่ือคลิกปุม Add ตามดวย Close รายการในหนาตาง Load จะกลายเปน 
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n คลิกรายการท่ีนิยามขึ้นใหมแลวคลิกปุม Add… 

 

กอนหนานี้เราไดนิยามน้ําหนักแผนดินไหวในขั้นแรกไปแลวคือกําหนดพารามิเตอรท่ีเกีย่วของเชน 
Zone factor, Importance factor, Site coefficient etc. ในสวนของการกําหนดน้ําหนัก
บรรทุกในแนวดิ่ง Seismic Weight ซ่ึงจะใชในการคํานวณแรงเฉือนท่ีฐาน(base shear) ใน
ตัวอยางนี้เราจะใช Self Weight และ 25% ของ Floor Load คือ 400/4 = 100 kg/m2 
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คําส่ังท่ีถูกสรางขึ้นมาคือ 

DEFINE UBC LOAD 

ZONE 0.15 I 1 RWX 3.5 RWZ 3.5 STYP 4 
SELFWEIGHT 

FLOOR WEIGHT 

YRANGE 0 12 FLOAD 0.1  

n ขั้นตอนท่ีสองจะสรางกรณีบรรทุกแลวใสน้ําหนักท่ีนิยามไวกระทําในทิศทางท่ีตองการ 

n เลือกรายการ Load Cases Details คลิกปุม Add… ในหนาตาง Primary เลือก Load 

Type = Seismic ปลอยเปนช่ือ LOAD CASE 1 ก็ได แลวคลิกปุม Add 

n สราง LOAD CASE 2 ในลักษณะเดียวกัน รายการในหนาตาง Load จะเพ่ิมขึ้นเปน 

 

n คลิกเลือก LOAD CASE 1 แลวคลิกปุม Add… 

n ในหนาตาง Add New : Load Item เลือกรายการ Seismic Loads เพ่ือกําหนดทิศทาง
และคาแฟกเตอรดังในรูป 

n คลิกเลือก X Direction และใสคา Factor = 1 แลวคลิกปุม Add 
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n สําหรับ LOAD CASE 2 เลือก Z Direction และ Factor = 1 คลิกปุม Add 

 

n ในแตละ LOAD CASE เราจะใสน้ําหนักในแนวดิ่งเพ่ิมอีกคือน้ําหนักตัวเอง ใหคลิกท่ี
รายการแตละ LOAD CASE แลวเลือก SELF WEIGHT Y -1 รายการจะเพ่ิมเปน 

 

n ไปท่ีหนา Analysis/Print เลือก Print Option ท่ีตองการ 

n ส่ังรันการคํานวณ Analyze | Run Analysis… 

n ผลการคํานวณแรงเฉือนท่ีฐานตามมาตรฐาน UBC 1997 ในไฟลแสดงผลคือ 

 
   *********************************************************** 
   *                                                         * 
   *  X  DIRECTION : Ta =  0.472 Tb =  0.377 Tuser =  0.000  * 
   *  T =  0.377, LOAD FACTOR =  1.000                       * 
   * UBC TYPE = 97                                           * 
   * UBC FACTOR V = 0.1571 x     197027.48 =   30961.46 KG   * 
   *                                                         * 
   *********************************************************** 
  
  
   *********************************************************** 
   *                                                         * 
   *  Z  DIRECTION : Ta =  0.472 Tb =  0.364 Tuser =  0.000  * 
   *  T =  0.364, LOAD FACTOR =  1.000                       * 
   * UBC TYPE = 97                                           * 
   * UBC FACTOR V = 0.1571 x     197027.48 =   30961.46 KG   * 
   *                                                         * 
   *********************************************************** 
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� Floor System in Buildings

� Flat Slabs & Flat Plates

� Column & Middle Strips

� Total Factored Statics Moment 

� Direct Design Method, DDM

� Slab Thickness Limitations

Mongkol JIRAVACHARADET

S U R A N A R E E INSTITUTE OF ENGINEERING

UNIVERSITY OF TECHNOLOGY SCHOOL OF CIVIL ENGINEERING

BuildingBuilding DesignDesign

Lecture Lecture 99 –– Floor Systems in Floor Systems in 

Buildings 1Buildings 1

Floor Systems in BuildingsFloor Systems in Buildings

Reinforced Concrete Framing:

� One-Way Pan Joists and Beams

� One-Way Slabs on Beams and Girders

� Two-Way Flat Plates

� Two-Way Flat Slabs

� Two-Way Waffle Flat Slabs

� Two-Way Slabs and Beams.

Steel Framing:

� One-Way Beam System

� Two-Way Beam System

� Composite Steel-Concrete Floor Systems.

� Three-Way Beam System
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Types of Slab in RC BuildingsTypes of Slab in RC Buildings

One-way slab Two-way slabOne-way slab

Flat plate Flat slab Grid slab

Experiments are conducted to 

see how a flat plate behave at

extreme loading conditions.

This flat plate shows the pattern

of failure of both shear and

flexural stresses.
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This flat plate shows the large deflections that appear before failure.

A two-way flat slab requires capitals or drop panels at the columns to 

increase their shear and negative moment capacities at the supports. 

This system is suited for heavier loads and longer spans, and when the bays 

are roughly square.
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Flat Slabs & Flat PlatesFlat Slabs & Flat Plates

t

Drop panel

Column capital

Drop thk ≥ t /4
≥ span/6

Flat slabs

t

Flat plates

Flat-plates are economical up to

spans of 25 feet whereas flat-slabs

are economical up to spans of 38 ft.

These systems are economical up to

about 25 stories.

Flat-Plate and Flat-Slab Structures.

This is the simplest of all structural

floor forms. It consists of uniform

slabs 5 to 8 inches thick, rigidly

connected to columns.

This flat-plate has drop panels. 

It provides a minimum floor depth,

and behaves like a rigid frame 

under lateral loads.
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TwoTwo--way slab with beamsway slab with beams

Floor load w is shared to slab strip la in short dir. and lb in long dir.

Load on lb is delivered to B1 in short dir.

Load on la is delivered to B2 in long dir.

100% of floor load must be carried in each direction100% of floor load must be carried in each direction

TwoTwo--way slab without beamsway slab without beams

Broad strips of slab centered on column line function as beams.

also…

100% of floor load must be carried in each direction100% of floor load must be carried in each direction
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ACI 318ACI 318--0505

BUILDING CODE REQUIREMENTS FOR

STRUCTURAL CONCRETE (ACI 318-05)

AND COMMENTARY (ACI 318R-05)

CHAPTER 13 CHAPTER 13 –– TWOTWO--WAY SLAB SYSTEMSWAY SLAB SYSTEMS

Interior equivalent frame floor area Width of

equivalent

rigid frame

General Design Concept of ACI CodeGeneral Design Concept of ACI Code

1) Approximate moment and shear coefficient by Direct Design Method (DDM)

2) Structural analysis as a frame by Equivalent Frame Method (EFM)
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Column and MiddleColumn and Middle--stripsstrips

ACI: Column strip is a design strip with a width on each side of a column centerline

equal to 0.25l2 or 0.25l1, which ever is less. Column strip includes beams, if any. 

Middle strip is a design strip bounded by two column strips.

C
o
lu
m
n
 s
tr
ip

l2/2

l1

l1

l2 l2 l2

l1 = span in the direction of 

moment analysis

l2 = span in the lateral 

direction

Portion of slab to be included with beamPortion of slab to be included with beam

For monolithic or fully composite construction, beams are defined to include that 

portion of slab extending a distance equal to the projection of the beam but not

greater than 4 times the slab thickness.

bw

hb

hf
bw + 2hb ≤ bw + 8hf

Symmetric slab

bw

hb

hf

bw ≤ 4hf

Single side slab
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Total Factored Static MomentTotal Factored Static Moment

L1

L2

L2

wu L2 per unit distance

Mneg

wu L2L1/2

Mneg

wu L2L1/2
L1

Mo

Mpos

Mneg Mneg

M0 = Mneg + Mpos =
2

2 1

8

uw L L

Absolute sum of positive & negative factored moments:

2

2ACI: 
8

= u n
o

q l l
M

ln = length of clear span in direction that moments are being determined

Equivalent square section for supporting memberEquivalent square section for supporting member

ln

clear span

h

0.89h

h

0.93h h

h
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Data for Two-Way Slab (with Beams) Design Example

Two-way slab with total area 1,200 m2 is divided into 25 panels with size of 6 x 8 m

1 2

3 4

3 4

1 2

5 @ 8.0 m = 40 m
5
@
6
.0
m  
=
3
0
m

f’c = 210 kg/cm
2

fy = 2,400 kg/cm
2

Service LL = 600 kg/m2

Story height = 3.5 m

Assume:

Slab thickness = 17 cm

Long beam 40 x 80 cm

Short beam 30 x 60 cm

Columns 40 x 40 cm

Example 1: For two-way slab (with beam) design example, determine the total

factored static moment in a loaded span in each of the four equivalent rigid frames

whose widths are designated A, B, C and D.

A

B

6 m

3 m

CD

8 m4 m

Factored load wu per unit floor area is

wu = 1.4wD + 1.7wL

= 1.4(0.17x2,400) + 1.7(600)

= 571 + 1,020 = 1,591 kg/m2
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Compute total factored static moments using clear span (face-to-face of columns)

2 2

0 2

1 1
for frame ,   (1.591)(6.0)(8.0 0.4) 68.92  t - m

8 8
u nA M w L L= = − =

0for frame ,   34.46  t - mB M =

2 2

0 2

1 1
for frame ,   (1.591)(8.0)(6.0 0.4) 49.89  t - m

8 8
u nC M w L L= = − =

0for frame ,   24.95  t - mD M =

Data for Flat Slab Design Example

Total area 1,200 m2 is divided into 25 panels with size of 6 x 8 m

f’c = 210 kg/cm
2

fy = 3,000 kg/cm
2

Service LL = 600 kg/m2

Story height = 3.5 m

Assume:

Slab thickness = 19 cm

Drop panel = 27 cm

Edge beam 40 x 60 cm

Ext. Columns 40 x 40 cm

Int. Columns ∅ 50 cm

5 @ 8.0 = 40 m

5
@
6
.0
=
3
0
m

140 cm

150 cm

250 cm

210 cm

1

43

2
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Example 2: For flat slab design example, determine the total factored static moment

in the long and short directions of an interior panel.

Neglecting drop panel weight, the factored load wu per unit floor area is

wu = 1.4wD + 1.7wL

= 1.4(0.19x2,400) + 1.7(600)

= 638 + 1,020 = 1,658 kg/m2

Compute total factored static moments using clear span (face-to-face of columns)

= = − ×

=

2 2

0 2

1 1
Long direction,   (1.658)(6.0)(8.0 0.89 1.5)

8 8

55.24 t-m

u n
M w L L

= = − ×

=

2 2

0 2

1 1
Short direction,   (1.658)(8.0)(6.0 0.89 1.5)

8 8

36.08  t - m

u n
M w L L

Data for Flat Plate Design Example

Total area 500 m2 is divided into 25 panels with size of 4 x 5 m

f’c = 280 kg/cm
2

fy = 4,000 kg/cm
2

Service LL = 300 kg/m2

Story height = 2.8 m

Assume:

Slab thickness = 16 cm

Columns 30 x 40 cm

5 @ 5.0 = 25 m

5
@
4
.0
=
2
0
m

1 2

3 4

No edge beams

30 cm

40 cm
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Example 3: For flat plate design example, determine the total factored moment

in the long and short directions of an interior panel.

Neglecting drop panel weight, the factored load wu per unit floor area is

wu = 1.4wD + 1.7wL

= 1.4(0.16x2,400) + 1.7(300)

= 538 + 510 = 1,048 kg/m2

Compute total factored static moments using clear span (face-to-face of columns)

2

0

1
Long direction,   (1.048)(4.0)(5.0 0.4) 11.09  t - m

8
M = − =

2

0

1
Short direction,   (1.048)(5.0)(4.0 0.3) 8.97  t - m

8
M = − =

DDIRECT IRECT DDESIGN ESIGN MMETHOD ETHOD ((DDMDDM))

1) At least 3 spans in each direction

2) Rectangular panel with long/short span ratio ≤ 2

3) Sucsessive span not differ > 1/3 longer span

4) Max column offset 10% span length

5) Gravity load only and LL ≤ 2DL

6) If beams are used on column lines, relative 

stiffness of beams in 2 directions:

α
α

≤ ≤
ℓ

ℓ

2

1 2

2

2 1

0.2 5.0

The Six Limitations:
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L1 L1

L2

L2

L1 L1

A

A

L2 t

h

A - A

Beam flexural rigidity

Slab flexural rigidity

cb b

cs s

E I

E I
α = =

Relative stiffness of beam and slab Relative stiffness of beam and slab spaningspaning, , αααααααα

Moment of Inertia of Cross-section

bw

bE
t

h

(h - t ) ≤ 4t

bE

bw

t

h

(h - t ) ≤ 4t(h - t ) ≤ 4t

3

2 3

12

1 1 4 6 4 1

1 1

w
b

E E

w w

E

w

b h
I k

b t t t b t

b h h h b h
k

b t

b h

=

           + − − + + −           
             =

   + −   
  
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

t/h

k = 1

k = 2

k = 1

k = 2

k = 3

k = 4

2E

w

b

b
=

4E

w

b

b
=

3E

w

b

b
=

Values of k in terms of bE /bw and t /h

bE

N.A. axis

t

h

bw
3

12

w
b

b h
I k=

1.0 0.2   for 2 4  and  0.2 0.5E E

w w

b b t
k

b b h

 
≈ + < < < < 

 

Example 4: For the two-way slab (with beams) design example, compute the ratio

α of the flexural stiffness of the longitudinal beam to that of the slab in the
equivalent rigid frame, for all beams around panels 1, 2, 3, and 4.

8 m 8 m

B1 B2

1 2

3 4

B1 B2

B3 B4

B7

B8

B5

B6

B5

B6 6 m

6 m

(a) Effective width bE of B1-B2

Smaller : 40 + 2(80-17) = 166 cm

: 40 + 8(17) = 176 cm

bE = 166 cm

17 cm

63 cm

40 cm

B1-B2

166 17
4.15, 0.213

40 80

E

w

b t

b h
= = = =

3
640 80

1.0 0.2(4.15) 1.83, 1.83 3.12 10
12

bk I
×

= + = = × = ×
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Compute ratio α where Ecb = Ecs ,

3 51 31.2
600 17 2.46 10 , 12.68

12 2.46

cb b
s

cs s

E I
I

E I
α= × × = × = = =

(b) Effective width bE of B3-B4 is the smaller of 40 + (80-17) = 103 cm and

40 + 4(17) = 108 cm. Thus bE = 103 cm.

bE = 103 cm

17 cm

63 cm

40 cm

B3-B4

103 17
2.58, 0.213

40 80

E

w

b t

b h
= = = =

3
6

1.0 0.2(2.58) 1.52

40 80
1.52 2.59 10

12
b

k

I

= + =

×
= × = ×

Compute ratio α where Ecb = Ecs ,

3 51 25.9
300 17 1.23 10 , 21.06

12 1.23

cb b
s

cs s

E I
I

E I
α= × × = × = = =

(c) Effective width bE of B5-B6 is the smaller of 30 + 2(60-17) = 116 cm and

30 + 8(17) = 166 cm. Thus bE = 116 cm.

116 17
3.87, 0.283

30 60

E

w

b t

b h
= = = =

3
5 430 60

1.0 0.2(3.87) 1.77, 1.77 9.55 10  cm
12

bk I
×

= + = = × = ×

3 5 41 9.55
800 17 3.28 10  cm , 2.91

12 3.28

cb b
s

cs s

E I
I

E I
α= × × = × = = =

(d) Effective width bE of B7-B8 is the smaller of 30 + (60-17) = 73 cm and

30 + 4(17) = 98 cm. Thus bE = 73 cm.

73 17
2.43, 0.283

30 60

E

w

b t

b h
= = = =

3
5 430 60

1.0 0.2(2.43) 1.49, 1.49 8.05 10  cm
12

bk I
×

= + = = × = ×

3 5 41 8.05
400 17 1.64 10  cm , 4.91

12 1.64

cb b
s

cs s

E I
I

E I
α= × × = × = = =
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Resulting αααα        values for B1 - B8 around panels 1, 2, 3 and 4

8 m 8 m

1 2

3 4

B1: α = 12.68 B2 : α = 12.68

6 m

6 m

B1: α = 12.68 B2 : α = 12.68

B3: α = 21.06 B4 : α = 21.06B
5
:

α
=
2
.9
1

B
5
:

α
=
2
.9
1

B
6
:

α
=
2
.9
1

B
6
:

α
=
2
.9
1

B
7
:

α
=
4
.9
1

B
8
:

α
=
4
.9
1

Slabs without interior beam spanning between supports.

- Long to short span ratio not greater than 2

- Min. thickness follow ACI-Table 9.5(c) but not less than

For slab without drop panels 12.5 cm (5 in.)

For slab with drop panels 10 cm (4 in.)

ACI-Table 9.5(c) – Minimum Thickness of Slabs without Interior Beams

fy (ksc)

3,000

4,000

Without drop panels With drop panels

Exterior panels Interior

panelsα = 0 α ≥ 0.8

Ln/33

Ln/30

Ln/36

Ln/33

Ln/36

Ln/33

Exterior panels Interior

panelsα = 0 α ≥ 0.8

Ln/36

Ln/33

Ln/40

Ln/36

Ln/40

Ln/36

Depth Limitations of the Depth Limitations of the ACIACI CodeCode
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Slabs supported on beams. 4 parameters affect the ACI equation

1) Longer clear span Ln of slab panel

2) Ratio β of long clear span Ln to short clear span Sn

3) fy of steel reinforcement 

4) Average αm of four α values

Slabs supported on shallow beam ααααm ≤ 0.2 :

Min t same as slabs without interior beams

Slabs supported on medium stiff beam 0.2 < ααααm ≤ 2.0 :

(0.8 /14,000)
Min 12.5 cm

36 5 ( 0.2)

n y

m

L f
t

β α

+
= ≥

+ −

Slabs supported on very stiff beam ααααm > 2.0 :

(0.8 /14,000)
Min 9 cm

36 9

n yL f
t

β

+
= ≥

+

Slab Thickness, Edge Beams, Column Capital and Drop Panel

Slab Thickness.

- Flat plates and flat slabs without drop panels 12.5 cm

- Slab on shallow beams αm < 0.2 12.5 cm

- Slabs without beams but having drop panels 10 cm

- Slabs with stiff beams αm ≥ 2.0 9 cm

Edge Beams.

- Must provide stiffness ratio α ≤ 0.80

- If such beam is not provided, increase min t by 10%

Column Capital.

- Within largest circular cone, right pyramid or taper wedge with 90o vertex

- Diameter 20-25% of span length
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Effective dimension

of column capital

90o

Effective Dimension of Column Capital

Drop panel

Actual column

capital

Drop Panel Detail

Drop panel

- Must extend 1/6 of span length from center of support

- Deeper than slab at least 1/4 of slab thickness

L / 6 L / 6

t

t + t /4
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Example 5: For the two-way slab (with beams) design example, determine the

minimum thickness requirement for deflection control; and compare it with the

preliminary thickness of 17 cm.

Solution: Compute average αm for panels 1, 2, 3 and 4

1
 for panel 1 (21.06 2.91 12.68 4.91) 10.39

4

1
 for panel 2 (21.06 2.91 12.68 2.91) 9.89

4

1
 for panel 3 (12.68 2.91 12.68 4.91) 8.30

4

1
 for panel 4 (12.68 2.91 12.68 2.91) 7.80

4

m

m

m

m

α

α

α

α

= + + + =

= + + + =

= + + + =

= + + + =

Since all αm > 2.0, minimum thickness for all panels, using Ln = 8.0-0.3 = 7.70 m

Sn = 6.0-0.4 = 5.6 m and fy = 2,400 ksc.

(0.8 /14,000) 7.7(0.8 2,400 /14,000)
Min 0.155 < 0.17 m 

36 9 36 9(7.7 / 5.6)

n yL f
t

β

+ +
= = =

+ +
OK

Example 6: Review the slab thickness and other nominal requirements for the

dimensions in the flat slab design example.

Solution: (a) Stiffness ratio of edge beams

40 cm

60 cm

19 cm

bE = smaller of 81 and 116 cm

Ib = 1.01x10
6 cm4

6

3

1.01 10
For long edge beam,  5.90

300 19 /12

b

s

I

I
α

×
= = =

×

6

3

1.01 10
For short edge beam,  4.43

400 19 /12

b

s

I

I
α

×
= = =

×
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5 @ 8.0 = 40 m

5
@
6
.0
=
3
0
m

1

43

2

α = 0α = 0

α = 0α = 0

α
=
0

α
=
0

α
=
0

α
=
0

α = 5.90α = 5.90

α
=
4
.4
3

α
=
4
.4
3

Plan view of αααα values in the flat slab design example

(b) Minimum slab thickness for deflection control

Using equivalent square support,

Ln = 8.0 - 1.33 = 6.67 m 

Sn = 6.0 - 1.33 = 4.67 m

Area

150 cm

Area

Column capital

133 cm

6.67
1.43 2.0 

4.67

n

n

L

S
= = ≤ OKLong to short span ratio:

For fy = 3,000 ksc, a flat slab with drop panels, ACI-Table 9.5(c):

6.67(100)
Min 16.67 < 19 cm 

40 40

nLt = = = OK
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Example 7: Review the slab thickness and other nominal requirements for the

dimensions in the flat plate design example.

Solution: (a) Minimum slab thickness from ACI-Table 9.5(c)

fy = 4,000 ksc

α = 0 (for flat plate)

Ln = 5.0 - 0.4 = 4.6 m = 460 cm

Exterior pane, min t = Ln / 30 = 460/30 = 15.33 cm

Interior pane, min t = Ln / 33 = 460/33 = 13.94 cm

Use 16 cm slab thickness for all panels.

Example 8: Show that for two-way slab (with beams) design example the six

limitations of the direct design method are satisfied.

Solution: The first four limitations are satisfied by inspection.

For the fifth limitation,

2Service dead load  0.17 2,400 408 kg/mDw = × =

2Service live load  600 kg/mLw =

600
1.47 2 

408

L

D

w

w
= = < OK

For the sixth limitation, L1 = long direction, L2 = short direction
8 m 8 m

1 2

3 4

α =12.68 α =12.68

6 m

6 m

α =12.68 α =12.68

α =21.06 α =21.06

α
=
2
.9
1

α
=
2
.9
1

α
=
2
.9
1

α
=
2
.9
1

α
 =
4
.9
1

α
 =
4
.9
1

2

1

1

2

2

2

64
Panel 1,  3.79

0.5(21.06 12.68)

36
9.21

0.5(4.91 2.91)

L

L

α

α

= =
+

= =
+
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8 m 8 m

1 2

3 4

α =12.68 α =12.68

6 m

6 m

α =12.68 α =12.68

α =21.06 α =21.06

α
=
2
.9
1

α
=
2
.9
1

α
=
2
.9
1

α
=
2
.9
1

α
 =
4
.9
1

α
 =
4
.9
1

2

1

1

2

2

2

64
Panel 2,  3.79

0.5(21.06 12.68)

36
12.37

2.91

L

L

α

α

= =
+

= =

2

1

1

2

2

2

64
Panel 3,  5.05

12.68

36
9.21

0.5(4.91 2.91)

L

L

α

α

= =

= =
+

2

1

1

2

2

2

64
Panel 4,  5.05

12.68

36
12.37

2.91

L

L

α

α

= =

= =

All ratio of L1
2/αααα1 to L2

2/αααα2 lie between 0.2 and 5.
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� Distribution of Total Static Moment

� Conditions of Edge Restraint

� Transverse Distribution of Moments

� Torsional Constant

� % of Long. Moment on Column Strip

Mongkol JIRAVACHARADET

S U R A N A R E E INSTITUTE OF ENGINEERING

UNIVERSITY OF TECHNOLOGY SCHOOL OF CIVIL ENGINEERING

BuildingBuilding DesignDesign

Lecture Lecture 1010 –– Gravity SystemsGravity Systems

in Concrete Buildings 2in Concrete Buildings 2

Distribution of total static moment Distribution of total static moment MMoo

For interior spans, the total static moment Mo shall be distributed as follows:

Negative factored moment: Neg Mu =  0.65 Mo

Positive factored moment: Pos Mu =  0.35 Mo

End span ln or

Exterior span Interior span ln

Neg Mu

+

- -

Pos Mu
Pos Mu

Ext Neg Mu

+

-

Int Neg Mu
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Longitudinal moment diagram for interior span

0.35 M0

Ln/2 Ln/2

0.65 M0 0.65 M0

at least

M0

+

- -
i j

2

0 2

1

8
u nM w L L=

Longitudinal moment diagram for end span

Case 1: Exterior edge unrestrained
0.63 M0

Ln/2 Ln/2

0.75 M0

at least M0

+

-

i j

Longitudinal moment diagram for end span (continue 1)

Case 2: Beams on all column lines
0.57 M0

Ln/2 Ln/2

0.70 M0

at least M0

+

-

i j

0.16 M0

Case 3: No beams on all column lines
0.52 M0

Ln/2 Ln/2

0.70 M0

at least M0

+

-

i j

0.26 M0
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Longitudinal moment diagram for end span (continue 2)

Case 4: Edge beams only
0.50 M0

Ln/2 Ln/2

0.70 M0

at least M0

+

-

i j

0.30 M0

Case 5: Exterior edge fully

restrained

0.35 M0

Ln/2 Ln/2

0.65 M0 0.65 M0

at least

M0

+

- -
i j

Distribution of total static moment Distribution of total static moment MMoo

For end spans, the total static moment Mo shall be distributed as follows:

Without

edge beam
With edge

beam

Slab without beams

between interior

supports
Exterior

edge fully

restrained

Slab with

beams

between all

supports

Exterior

edge unre-

strained

Interior

negative

factored

moment

Positive

factored

moment

Exterior

negative

factored

moment

0.75

0.63

0

0.70

0.57

0.16

0.70

0.52

0.25

0.70

0.50

0.30

0.65

0.35

0.65
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Conditions of edge restraint (end span)Conditions of edge restraint (end span)

End span ln
(a) Exterior edge unrestrained,

e.g., supported by a masonry wall

(b) Slab with beams between

all supports

(c) Slab without beams, i.e.,

flat plate

Conditions of edge restraint (end span)Conditions of edge restraint (end span)

(e) Exterior edge fully restrained,

e.g., by monolithic concrete

wall

(d) Slab without beams between

interior supports but with

edge beam
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Example 9: For two-way slab (with beams) design example, determine longitudinal

moments in frames A, B, C, and D.

Solution: (a) Check 6 limitations for DDM : Example 8

(b) Total factored static moment M0 : Example 1

M0 (frame A) = 68.92 t-m

M0 (frame B) = 34.46 t-m

A

B

6 m

3 m

CD

8 m4 m

M0 (frame C) = 49.89 t-m

M0 (frame D) = 24.95 t-m

-M at exterior support

+M in exterior span

-M at 1st interior support

-M at typical interior support

+M in typical interior span

Frame A M0 = 68.92 t-mCoeff.

0.35

0.16

0.57

0.70

0.65

0.16(68.92) = 11.03 t-m

0.57(68.92) = 39.28 t-m

0.70(68.92) = 48.24 t-m

0.65(68.92) = 44.80 t-m

0.35(68.92) = 24.12 t-m

-M at exterior support

+M in exterior span

-M at 1st interior support

-M at typical interior support

+M in typical interior span

Frame B M0 = 34.46 t-mCoeff.

0.35

0.16

0.57

0.70

0.65

0.16(34.46) = 5.51 t-m

0.57(34.46) = 19.64 t-m

0.70(34.46) = 24.12 t-m

0.65(34.46) = 22.40 t-m

0.35(34.46) = 12.06 t-m

(c) Longitudinal moments in the frames A, B, C, and D are computed using Case 2

(0.16, 0.57, 0.70) for exterior span and (0.65, 0.35, 0.65) for interior span
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-M at exterior support

+M in exterior span

-M at 1st interior support

-M at typical interior support

+M in typical interior span

Frame C M0 = 49.89 t-mCoeff.

0.35

0.16

0.57

0.70

0.65

0.16(49.89) = 7.98 t-m

0.57(49.89) = 28.44 t-m

0.70(49.89) = 34.92 t-m

0.65(49.89) = 32.43 t-m

0.35(49.89) = 17.46 t-m

-M at exterior support

+M in exterior span

-M at 1st interior support

-M at typical interior support

+M in typical interior span

Frame D M0 = 24.95 t-mCoeff.

0.35

0.16

0.57

0.70

0.65

0.16(24.95) = 3.99 t-m

0.57(24.95) = 14.22 t-m

0.70(24.95) = 17.47 t-m

0.65(24.95) = 16.22 t-m

0.35(24.95) = 8.73 t-m

5
@

6
.0

=
3
6
m

5 @ 8.0 = 40 m

Equivalent rigid frame A

Equivalent rigid frame B

E
q
u
iv
a
le
n
t 
ri
g
id
 f
ra
m
e

 

D

E
q
u
iv
a
le
n
t 
ri
g
id
 f
ra
m
e

 

C

-11.03 -48.24 -44.80 -44.80

+39.28 +24.12

Frame A

-5.51 -24.12 -22.40 -22.40

+19.64 +12.06

Frame B

-7.98 -34.92 -32.43 -32.43

+28.44 +17.46

Frame C

-3.99 -17.47 -16.22 -16.22

+14.22 +8.73

Frame D
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Example 10: For the flat slab design example, determine longitudinal moments 

in frames A, B, C, and D.

Solution: (a) Check 5 limitations (the sixth limitation not apply here)

(b) Total factored static moment M0 : Example 2

M0 for A = 60.93 t - m

M0 for B = 0.5(60.93) = 30.47 t - m

M0 for C = 41.45 t - m

M0 for D = 0.5(41.45) = 20.73 t - m

(c) Longitudinal moments in the frames A, B, C, and D are computed using Case 4

(0.30, 0.50, 0.70) for exterior span and (0.65, 0.35, 0.65) for interior span

-M at exterior support, 0.30M0

+M in exterior span, 0.50M0

-M at 1st interior support, 0.70M0

-M at typical interior support, 0.65M0

+M in typical interior span, 0.35M0

Frame A

21.33

18.28

30.47

42.65

39.61

M 0 60.93

B

10.66

9.14

15.24

21.33

19.81

30.47

C

14.51

12.44

20.73

29.02

26.94

41.45

D

7.26

6.22

10.37

14.51

13.47

20.73

Longitudinal Moments (t-m) for Flat Slab Design Example
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Example 10: For the flat plate design example, determine longitudinal moments 

in frames A, B, C, and D.

Solution: (a) Check 5 limitations (the sixth limitation not apply here)

(b) Total factored static moment M0 : Example 3

M0 for A = 11.09 t - m

M0 for B = 0.5(11.09) = 5.55 t - m

M0 for C = 8.97 t - m

M0 for D = 0.5(8.97) = 4.49 t - m

(c) Longitudinal moments in the frames A, B, C, and D are computed using Case 3

(0.26, 0.52, 0.70) for exterior span and (0.65, 0.35, 0.65) for interior span

-M at exterior support, 0.26M0

+M in exterior span, 0.52M0

-M at 1st interior support, 0.70M0

-M at typical interior support, 0.65M0

+M in typical interior span, 0.35M0

Frame A

3.88

2.88

5.77

7.76

7.21

M 0 11.09

B

1.94

1.44

2.89

3.89

3.61

5.55

C

3.14

2.33

4.66

6.28

5.83

8.97

D

1.57

1.17

2.33

3.14

2.92

4.49

Longitudinal Moments (t-m) for Flat Plate Design Example
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Transverse Distribution of MomentsTransverse Distribution of Moments

End span ln or

Exterior span Interior span ln

Neg Mu

+

- -

Pos Mu
Pos Mu

Ext Neg Mu

+

-

Int Neg Mu

The moment values mentioned are for the entire width of 

the equivalent frame.

Transverse Distribution of MomentsTransverse Distribution of Moments

This entire width consists of two half column strips and

two half-middle strips of adjacent panels.

Mo is calculated for hatched area.

Panel A Panel B

lA lB

column strip
1/2 middle strip

of panel A

1/2 middle strip

of panel B
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Transverse Distribution of MomentsTransverse Distribution of Moments

Transverse distribution of the longitudinal moments to middle and column 

strips is a function of :

1) Transverse span to longitudinal span ratio: l2 / l1

2) Longitudinal beam stiffness to slab stiffness ratio:

3) Torsional rigidity of edge beam to slab rigidity ratio:

α = cb b

cs s

E I

E I

2
β = cb
t

cs s

E C

E I

3

1 0.63
3

 
= Σ − 

 

x x y
C

y

TorsionTorsionalal ConstantConstant

3

1 0.63
3

x x y
C

y

  
= Σ −   

   
x = smaller dimension

y = larger dimension

calculated by dividing the section into

component rectangles

No edge beam

x

y

bw

hb

hf

bw ≤ 4hf

Edge beam

The subdivision can be done in such a way as to maximize C.
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Example 11: For the two-way slab (with beams) design example, compute the 

torsional constant C for the edge and interior beams in the short and long directions

Solution: Each cross-section is divided into component rectangles in 2 ways

Short direction

17 cm

30 cm

43 cm

73 cm

30 cm

43 cm

73 cm

30 cm

43 cm

116 cm

30 cm

43 cm

116 cm

Long direction

17 cm

40 cm

63 cm

103 cm

40 cm

63 cm

103 cm

40 cm

63 cm

166 cm

40 cm

63 cm

166 cm

For short direction,

3 3

4

edge 0.63 17 17 73 0.63 30 30 43
1 1

beam 73 3 43 3

102,010 216,900 318,910 cm

C
  × × × ×   

= − + −         

= + =

3 3

4

edge 0.63 17 17 43 0.63 30 30 60
1 1

beam 43 3 60 3

52,880 369,900 422,780 cm

C
  × × × ×   

= − + −         

= + =

OR

USE

3 3

4

interior 0.63 17 17 116 0.63 30 30 43
1 1

beam 116 3 43 3

172,430 216,900 389,330 cm

C
  × × × ×   

= − + −         

= + =

4interior
2(52,880) 369,900 475,660 cm

beam
C
 

= + = 
 

OR USE
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For long direction,

3 3

4

edge 0.63 17 17 103 0.63 40 40 63
1 1

beam 103 3 63 3

151,140 806,400 957,540 cm

C
  × × × ×   

= − + −         

= + =

3 3

4

edge 0.63 17 17 63 0.63 40 40 80
1 1

beam 63 3 80 3

85,634 1,169,067 1,254,701 cm

C
  × × × ×   

= − + −         

= + =

OR

USE

3 3

4

interior 0.63 17 17 166 0.63 40 40 63
1 1

beam 166 3 63 3

254,313 806,400 1,060,713 cm

C
  × × × ×   

= − + −         

= + =

4
interior

2(85,634) 1,169,067 1,340,335 cm
beam

C
 

= + = 
 

OR USE

Example 12: For the flat slab design example, compute the torsional constant C 

for the edge and interior beams in the short and long directions

90 cm = distance from outer edge of exterior column to inner

edge of square capital (70 cm + half the 40 cm column)

40 cm

41 cm

90 + 41 = 131 cm

40 cm

41 cm

131 cm

19 cm

Short or long edge beam

3 3

4

0.63 19 19 131 0.63 40 40 41
1 1

131 3 41 3

272,142 337,067 609,209 cm

C
× × × ×   

= − + −      

= + =
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3 3

4

0.63 19 19 91 0.63 40 40 60
1 1

91 3 60 3

180,689 742,400 923,089 cm

C
× × × ×   

= − + −      

= + =

OR

USE

Short or long interior beam

1/3 span has 27 cm thickness and remainder has 19 cm thickness

weighted slab thickness = ( 27 + 2 × 19 ) / 3 = 21.7 cm

21.7 cm

133 cm

(equivalent square column)

3
40.63 21.7 21.7 133

1 406,447 cm
133 3

C
× × 

= − =  

Example 13: For the flat plate design example, compute the torsional constant C

for the edge and interior beams in the short and long directions

40 cm

30 cm

Imaginary beam

16 cm

30 cm

16 cm

40 cm

Long beam

Short beam

3
4

3
4

0.63 16 16 40
Short beam,  1 40,851 cm

40 3

0.63 16 16 30
Long beam,  1 27,197 cm

30 3

C

C

× × 
= − =  

× × 
= − =  
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Percentage of Longitudinal Moment in Column Strip

ASPECT RATIO L2 / L1 0.5 1.0 2.0

- M at exterior

support

+ M

- M at interior

support

α1L2/L1 = 0

α1L2/L1 ≥ 1.0

βt = 0

βt ≥ 2.5

100

75

100

75

100

75

βt = 0

βt ≥ 2.5

100

90

100

45

100

75

α1L2/L1 = 0

α1L2/L1 ≥ 1.0

60

90

60

45

60

75

α1L2/L1 = 0

α1L2/L1 ≥ 1.0

75

90

75

45

75

75

Percentage of moment in column strip in beam:

If α1L2/L1 ≥ 1.0, beam takes 85% of moment

If 0 ≤ α1L2/L1 ≤ 1.0, interpolate from 0% to 85%

Example 14: For the two-way slab (with beam) design example, distribute the

longitudinal moments computed for frames A, B, C and D into 3 parts for longitudinal

beam, for column strip slab, and for middle strip slab.

Solution: Total longitudinal moments from Example 9

(a) Negative moment at face of exterior support

Frame A : L2/L1 = 6.0/8.0 = 0.75, α1 = 12.68 (Example 4 )

α1L2/L1 = 12.68(0.75) = 9.51, C = 422,780 cm2 (Example 11 )

Ιs = 600(17)3/12 = 245,650 cm2

βt = C / (2Is) = 422,780/(2x245,650) = 0.86

ASPECT RATIO L2 / L1 0.5 0.75 1.0

α1L2/L1 = 9.51 βt = 0

βt = 0.86

βt ≥ 2.5

100

90

100

75

100

94.0

82.5
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Total moment in frame A 100% = 11.03 t-m

Moment in beam = 0.85(94.0%) = 79.9% = 0.799(11.03) = 8.81 t-m

Moment in column strip slab = 0.15(0.940)(11.03) = 1.56 t-m

Moment in middle strip slab = (1-0.940)(11.03) = 0.66 t-m

Frame B (5.51 t-m): α1L2/L1 = 21.06(0.75) = 15.8

βt = 0.86 same as for frame A

Moment in beam = 0.85(.940)(5.51) = 4.40 t-m

Moment in column strip slab = 0.15(0.940)(5.51) = 0.78 t-m

Moment in middle strip slab = (1-0.940)(5.51) = 0.33 t-m

% M in column strip = 94% same as frame A

Frame C (7.98 t-m): α1L2/L1 = 2.91(1.33) = 3.87

Ιs = 800(17)3/12 = 327,533 cm2

βt = C / (2Is) = 1,254,701/(2x327,533) = 1.92

ASPECT RATIO L2 / L1 1.0 1.33 2.0

α1L2/L1 = 3.87 βt = 0 100 100100

βt = 1.92 73.2

βt ≥ 2.5 75 4565.1

Moment in beam = 0.85(.732)(7.98) = 4.97 t-m

Moment in column strip slab = 0.15(0.732)(7.98) = 0.88 t-m

Moment in middle strip slab = (1-0.732)(7.98) = 2.14 t-m
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Frame D (3.99 t-m): α1L2/L1 = 4.91(1.33) = 6.53

βt = 1.92 same as for frame C

Moment in beam = 0.85(.732)(3.99) = 2.48 t-m

Moment in column strip slab = 0.15(0.732)(3.99) = 0.44 t-m

Moment in middle strip slab = (1-0.732)(3.99) = 1.07 t-m

% M in column strip = 73.2% same as frame C

(b) Negative moment at exterior face of first interior support and

at face of typical interior support

Frame A : ASPECT RATIO L2 / L1 0.5 0.75 1.0

α1L2/L1 = 9.51 90 7582.5

Frame B : ASPECT RATIO L2 / L1 0.5 0.75 1.0

α1L2/L1 = 15.8 90 7582.5

Frame C : ASPECT RATIO L2 / L1 1.0 1.33 2.0

α1L2/L1 = 3.87 75 4565.1

Frame D : ASPECT RATIO L2 / L1 1.0 1.33 2.0

α1L2/L1 = 6.53 75 4565.1
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(c) Positive Moment in Exterior and Interior Spans

Frame A and Frame B : 82.5%

Frame C and Frame D : 65.1%

Since percentage for α1L2/L1 ≥ 1.0 are the same for positive moment and 

negative moment at interior support, all frames have the same result as (b)

FRAME A

Total width = 6.0 m, Column strip width = 3.0 m, Middle strip width = 3.0 m

Total moment

Moment in beam

Moment in column strip slab

Moment in middle strip slab

Exterior Span

Exterior

Negative
Positive Interior

Negative

Interior Span

Negative Positive

FRAME B

Total width = 3.0 m, Column strip width = 1.5 m, Middle strip width = 1.5 m

Total moment

Moment in beam

Moment in column strip slab

Moment in middle strip slab

Exterior Span

Exterior

Negative
Positive Interior

Negative

Interior Span

Negative Positive

-11.03

-8.81

-1.56

-0.66

+39.28

+27.55

+4.86

+6.87

-48.24

-33.83

-5.97

-8.44

-44.80

-31.42

-5.54

-7.84

+24.12

+16.91

+2.98

+4.22

-5.51

-4.40

-0.78

-0.33

+19.64

+13.77

+2.43

+3.44

-24.12

-16.91

-2.98

-4.22

-22.40

-15.71

-2.77

-3.92

+12.06

+8.46

+1.49

+2.11
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FRAME C

Total width = 8.0 m, Column strip width = 3.0 m, Middle strip width = 5.0 m

Total moment

Moment in beam

Moment in column strip slab

Moment in middle strip slab

Exterior Span

Exterior

Negative
Positive Interior

Negative

Interior Span

Negative Positive

FRAME D

Total width = 4.0 m, Column strip width = 1.5 m, Middle strip width = 2.5 m

Total moment

Moment in beam

Moment in column strip slab

Moment in middle strip slab

Exterior Span

Exterior

Negative
Positive Interior

Negative

Interior Span

Negative Positive

-3.99

-2.48

-0.44

-1.07

+14.22

+7.87

+1.39

+4.96

-17.47

-9.66

-1.71

-6.09

-16.22

-8.98

-1.58

-5.66

+8.73

+4.83

+0.85

+3.05

-7.98

-4.97

-0.88

-2.14

+28.44

+15.74

+2.78

+9.93

-34.92

-19.32

-3.41

-12.19

-32.43

-17.95

-3.17

-11.32

+17.46

+9.66

+1.71

+6.09

Example 15: Divide the five critical moments for frames A, B, C and D in the flat slab

design example into 2 parts for column strip slab, and for middle strip slab.

FRAME A B C D

Total width (cm) 600 300 800 400

Column strip width (cm) 300 150 300 150

Half middle strip width (cm) 2@150 150 2@250 250

1/2 of shorter

panel

Exterior -M % to column strip 86.5% 90.6% 89.9% 85.9%

+M % to column strip 60.0% 82.5% 60.0% 65.1%

Interior -M % to column strip 75% 82.5% 75% 65.1%

C (cm4) from example 12 923,089 - 923,089 -

Is (cm
4) in βt 342,950 - 457,267 -

βt = EcbC/(2EcsIs) 1.35 1.35 1.01 1.01

α1 from example 6 0 5.90 0 4.43

L2/L1 0.75 0.75 1.33 1.33

α1L2/L1 0 4.43 0 5.89
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Example 16: Divide the five critical moments for frames A, B, C and D in the flat 

plate design example into 2 parts for column strip slab, and for middle strip slab.

FRAME A B C D

Total width (cm) 400 200 500 250

Column strip width (cm) 200 100 200 100

Half middle strip width (cm) 2@100 100 2@150 150

C (cm4) from example 13 40,851 - 27,197 -

Is (cm
4) in βt 136,533 - 170,667 -

βt = EcbC/(2EcsIs) 0.15 0.15 0.08 0.08

α1 0 0 0 0

L2/L1 0.80 0.80 1.25 1.25

α1L2/L1 0 0 0 0

Exterior -M % to column strip 98.5% 98.5% 99.2% 99.2%

+M % to column strip 60% 60% 60% 60%

Interior -M % to column strip 75% 75% 75% 75%
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� DESIGN AID – DDM

� Shear in Slab Systems with Beams

� Shear in Slab Systems without Beams

� Moments in Column & Middle Strips

� Equivalent Frame Method – EFM

Mongkol JIRAVACHARADET

S U R A N A R E E INSTITUTE OF ENGINEERING

UNIVERSITY OF TECHNOLOGY SCHOOL OF CIVIL ENGINEERING

BuildingBuilding DesignDesign

Lecture Lecture 1111 –– Gravity SystemsGravity Systems

in Concrete Buildings 3in Concrete Buildings 3

DESIGN AID - Direct Design Moment Coefficients

For design convenience, moment coefficients to total moment Mo for typical

two-way slab system

Table 1 Flat Plate or Flat Slab Supported Directly on Columns

1

End Span Interior Span

2 3 4 5

Slab moment

Total moment

Column strip

Middle strip

End Span Interior Span

(1) (2) (3) (4) (5)

Exterior

Negative
Positive First interior

Negative
Positive Interior

Negative

0.26M0

0.26M0

0

0.52M0

0.31M0

0.21M0

0.70M0

0.53M0

0.17M0

0.35M0

0.21M0

0.14M0

0.65M0

0.49M0

0.16M0
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Table 2 Flat Plate or Flat Slab with Edge Beam

1

End Span Interior Span

2 3 4 5

Slab moment

Total moment

Column strip

Middle strip

End Span Interior Span

(1) (2) (3) (4) (5)

Exterior

Negative
Positive First interior

Negative
Positive Interior

Negative

0.30M0

0.23M0

0.07M0

0.50M0

0.30M0

0.20M0

0.70M0

0.53M0

0.17M0

0.35M0

0.21M0

0.14M0

0.65M0

0.49M0

0.16M0

Table 3 Flat Plate or Flat Slab with End Span Integral with Wall

1

End Span Interior Span

2 3 4 5

Slab moment

Total moment

Column strip

Middle strip

End Span Interior Span

(1) (2) (3) (4) (5)

Exterior

Negative
Positive First interior

Negative
Positive Interior

Negative

0.65M0

0.49M0

0.16M0

0.35M0

0.21M0

0.14M0

0.65M0

0.49M0

0.16M0

0.35M0

0.21M0

0.14M0

0.65M0

0.49M0

0.16M0
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Table 3 Flat Plate or Flat Slab with End Span Simply Supported on Wall

1

End Span Interior Span

2 3 4 5

Slab moment

Total moment

Column strip

Middle strip

End Span Interior Span

(1) (2) (3) (4) (5)

Exterior

Negative
Positive First interior

Negative
Positive Interior

Negative

0

0

0

0.63M0

0.38M0

0.25M0

0.75M0

0.56M0

0.19M0

0.35M0

0.21M0

0.14M0

0.65M0

0.49M0

0.16M0

Table 4 Two-way Beam-supported Slab

1

End Span Interior Span

2 3 4 5

Slab and Beam

Moments

Total moment

Column strip   Beam

Slab

Middle strip

Column strip   Beam

Slab

Middle strip

Column strip   Beam

Slab

Middle strip

End Span Interior Span

(1) (2) (3) (4) (5)

Exterior

Negative
Positive 1st interior

Negative
Positive Interior

Negative

0.16M0

0.12M0

0.02M0

0.02M0

0.10M0

0.02M0

0.04M0

0.06M0

0.01M0

0.09M0

0.57M0

0.43M0

0.08M0

0.06M0

0.37M0

0.06M0

0.14M0

0.22M0

0.04M0

0.31M0

0.70M0

0.54M0

0.09M0

0.07M0

0.45M0

0.08M0

0.17M0

0.27M0

0.05M0

0.38M0

0.35M0

0.27M0

0.05M0

0.03M0

0.22M0

0.04M0

0.09M0

0.14M0

0.02M0

0.19M0

0.65M0

0.50M0

0.09M0

0.06M0

0.42M0

0.07M0

0.16M0

0.25M0

0.04M0

0.36M0

Span

ratio

L2/L1

0.5

1.0

2.0

Note: βt ≥ 2.5 and α1L2/L1 ≥ 1.0
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Shear in Slab Systems with BeamsShear in Slab Systems with Beams

Beams with α l1/l2 ≥ 1.0 shall be proportioned to resist shear caused by load on 

tributary area as shown.

In proportioning beams with 0 ≤ α l1/l2 < 1.0 to resist shear, linear interpolation 

shall be permitted. 

A

B

C

D

l1

l2

Tributary area

for BD

Tributary area

for CD

Shear Strength of Slab Systems with BeamsShear Strength of Slab Systems with Beams

The critical location is found at d distance from the column, where

( )φ φ ′= 0.53
c c
V f bd

The supporting beams are stiff and are capable of transmitting floor loads 

to the columns.

The shear force is calculated using the triangular and trapezoidal areas. 

If no shear reinforcement is provided, the shear force at a distance d from 

the beam must equal

φ≤ud cV V

where

l 
= − 

 
2

2
ud uV w d
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Shear Strength of Slab Systems Shear Strength of Slab Systems withoutwithout BeamsBeams

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

1) One-way shear or beam shear at distance d from 

the column

2) Two-way or punch out shear which occurs along a 

truncated cone.

0.53n c c wV V f b d′= =

Wide-Beam Action: nominal strength in usual case where no shear

reinforcement is

0

4
0.27 2n c c

c

V V f b d
β

 
′= = + 

 

Two-Way Action: cracking occur around column with periphery b0 at

distance d / 2 outside column. Vn is the smallest of

0

0

0.27 2s
n c c

d
V V f b d

b

α 
′= = + 

 

01.06n c cV V f b d′= =

ACI Formula (11-35)

ACI Formula (11-36)

ACI Formula (11-37)

Shear Strength of Slab Systems Shear Strength of Slab Systems withoutwithout BeamsBeams
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where

b0 = perimeter of critical section at distance d /2 outside column*

βc = ratio of long side to short side of column

αs = 40 for interior columns, 30 for edge columns and 20 for

corner columns

ก��������� d /2 
��
���
��������� b0:

1) �������������
�� �������ก�����ก
� �!�� ���������"
#���$%ก%�%��

2) '��#��(��"

�)"
��*������+�#,(����� 
-(� ���������ก
��(Column
capital) ����#�:����
��(Drop panel)

Minimum size of square columns for 1.06c c wV f b d′=

d/2

s

0

0

4( )

40
If 4 , 2

/

b s d

s d
b d

= +

= =

Interior column

d/2

s

0

0

3 2

30
If 4.33 , 2

/

b s d

s d
b d

= +

= =

Edge column

d/2

0

0

2

20
If 4.5 , 2

/

b s d

s d
b d

= +

= =

Corner column
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Example 17: Investigate the shear strength in wide-beam and two-way actions in

the flat slab design example for an interior column with no bending moment to be

transferred 

Solution: (a) Wide-beam action. Check section 1-1 and 2-2 in long direction

8.0 m

6
.0

m

1.33 m

Equivalent

square

column

1

1

avg d = 24 cm

3.10 m

8.0 m

6
.0

m

2.50 m

Drop panel

2

2

avg d = 16 cm

2.59 m

2
.1
0
m

1,658 6.0 3.1 30,839 kg

0.53 210 600 16 73,732 kg

0.85 73,732 62,672 kg  > 

u

n c

n u

V

V V

V Vφ

= × × =

= = × × =

= × = OK

1,658 6.0 2.59 25,765 kg

62,672 kg  > 

u

n u

V

V Vφ

= × × =

= OK

It will be rare that wide-beam (one-way) action will govern.

(b) Two-way action.

Check section 1-1 circular at d/2 = 12 cm from edge of column capital

and section 2-2 at d/2 = 8 cm from edge of drop panel

8.0 m

6
.0

m

2.66 m

Section 2-2

2
.2
6
m

8.0 m

6
.0

m

1.50 m

Section 1-1

1.74 m

1.658(6 8 2.26 2.66) 69.62 ton (Section 2-2)uV = × − × =

2 21.658(6 8 0.25 1.74 ) 1.4 0.08 2.4(2.1 2.5 0.25 1.74 )

75.64 0.77 76.41 ton (Section 1-1)

uV π π= × − × + × × × − ×

= + = 8 cm drop panel
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Shear strength at section 1-1:

b0 = π (174) = 546.6 cm, b0/d = 546.9/24 = 22.8

Since b0/d > 20, and βc = 1, ACI Formula (11-36) controls.

( )0 0

40
0.27 2 1.01

22.8

0.85 1.01 210 546.6 24 /1,000 163.2 ton

n c c cV V f b d f b dφ φ φ φ  ′ ′= = + = 
 

= × × × =

Shear strength at section 2-2:

b0 = 2(226+266) = 984 cm, b0/d = 984/16 = 61.5

Since b0/d > 20, and βc = 1, ACI Formula (11-36) controls.

( )0 0

40
0.27 2 0.716

61.5

0.85 0.716 210 984 16 /1,000 138.9 ton

n c c cV V f b d f b dφ φ φ φ  ′ ′= = + = 
 

= × × × =

Shear reinforcement is not required at this interior location.

Example 18: Investigate the shear strength in wide-beam and two-way actions in

the flat plate design example for an interior column with no bending moment to be

transferred. Note that f’c = 280 ksc.

5.0 m

4
.0

m

40 cm

30 cm

1

1avg d = 13 cm

2.17 cm

5.0 m

4
.0

m

53 cm

43 cm

Section 2-2

(a) Wide-beam action. Assuming d = 16-3 = 13 cm

1,048 4.0 2.17 /1,000 9.10 ton

0.53 280 400 13 /1,000 46.12 ton

0.85 46.12 39.20 ton  > 

u

n c

n u

V

V V

V Vφ

= × × =

= = × × =

= × = OK
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(b) Two-way action.

1.048(4 5 0.43 0.53) 20.72 tonuV = × − × =

b0 = 2(43+53) = 192 cm, b0/d = 192/13 = 14.8

Since b0/d < 20, and βc = 1, ACI Formula (11-37) controls.

01.06

0.85 1.06 280 192 13 /1,000 37.63 ton

n c cV V f b dφ φ φ ′= =

= × × × =

Shear reinforcement is not required at this interior location.

Shear Reinforcement in Flat Plate Floors

where no column capitals and drop panels, shear reinforcement is 

frequently necessary.

0 00.53 1.59
v y

n c s c c

A f d
V V V f b d f b d

s
′ ′= + = + ≤

Nominal strength when bar reinforcement is used,

Section

at which

0.53n cv f ′=

Stirrup

Double U-stirrup
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ShearheadShearhead

consists of steel I-beams or channel welded into four cross arms to be 

placed in slab above a column.  Does not apply to external columns due 

to lateral loads and torsion.

Anchor barsAnchor bars

consists of steel reinforcement rods or bent bar reinforcement
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Conventional stirrup cagesConventional stirrup cages

EEQIVALENT QIVALENT FFRAME RAME MMETHODETHOD

Equivalent Frame Method - use elastic frame analysis to compute 

positive and negative moments

Direct Design Method - uses coefficients to compute positive and 

negative slab moments

Structure is devided into continuous frames centered on column line…

Centerline of Column

Centerline of Panel

Centerline of Panel

ACI 318 Section 13.7
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EEQIVALENT QIVALENT FFRAMERAME

3D frame is converted into 2D frames

(slab-beams and columns)

Advantages of EFM over DDMAdvantages of EFM over DDM

1) Moments are distributed by an elastic analysis such as moment 

distribution. Pattern loading have to be considered for the most

critical loading conditions.

2) There are no limitations on dimensions or loadings

3) Variations in the moment of inertia along the axes of members 

have to be considered, such as the effects of column capitals.

4) Effects of lateral loading can be considered.

5) Use of computer analysis

6) Total static moment need not exceed M0 by DDM
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Definitions of Equivalent FrameDefinitions of Equivalent Frame

(3) Elements of the structure that provide moment transfer between 

the horizontal and vertical members.

The equivalent frame comprises three parts:The equivalent frame comprises three parts:

(1) Horizontal slab strip, including any beams spanning in the 

direction of the frame,

(2) Columns or other vertical supporting members, extending above 

and below the slab,
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Equivalent ColumnEquivalent Column

reduction of column stiffness from torsional deformation of

transvers supporting members

= +
Σ

1 1 1

ec c tK K K

Kt = torsional stiffness of edge beam

Kc = flexural stiffness of actual column

Kec = flexural stiffness of equivalent column

or

Σ
=

+ Σ1 /
c

ec

c t

K
K

K K

Fig. R13.7.4 – Equivalent column (column plus 

torsional members)

Fig. R13.7.5 – Distribution of unit 

twisting moment along column 

centerline A-A
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ΣΣΣΣ Kc = Stiffness of columns upper + lower

4 4
CU CL

EI EI

h h
Σ = +

c
K

CU
I

CL
I

h

Kt = Torsional stiffness of the slab in the column line

l
l

=
 

− 
 

Σ
3

2
2

2

9

1

t

EC
K

c

where the torsional constant is

 
= − 

 
Σ

3

1 0.63
3

x x y
C
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� Reinforced v.s. Post-Tensioned Concrete

� Basic Concept

� Post-Tensioned Construction

� Design Concerns

� Design Example

Mongkol JIRAVACHARADET

S U R A N A R E E INSTITUTE OF ENGINEERING

UNIVERSITY OF TECHNOLOGY SCHOOL OF CIVIL ENGINEERING

BuildingBuilding DesignDesign

Lecture Lecture 1212 –– PostPost--tensionedtensioned

Concrete SlabsConcrete Slabs

Conventionally Reinforced StructuresConventionally Reinforced Structures

VersusVersus

PostPost--Tensioned Concrete StructuresTensioned Concrete Structures
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Conventionally Reinforced StructuresConventionally Reinforced Structures

� Regular Strength Concrete

� Initial Crack occurs “soon”

� Reinforcement → Steel Rebar

• Fy = 4,000 ksc (Typical)

• Passive Reinforcement

• After Concrete Crack

• Stresses and Deformations have to occur

before rebar starts working

Conventionally Reinforced StructuresConventionally Reinforced Structures

IN FLOOR SYSTEMS :

Span Length is generally subject to deflection

issues:

� Typical (span/slab thickness) Ratio = 28
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PostPost--Tensioned Concrete StructuresTensioned Concrete Structures

� High Strength Concrete

� High Strength Strands (Tendons)

• Fy = 18,000 ksc

• “Active” Reinforcement

• Induces “Balanced” stresses in concrete

• Efficient Design

PostPost--Tensioned Concrete StructuresTensioned Concrete Structures

IN FLOOR SYSTEMS :

� Much Larger Span/Depth Ratio = 45
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Plain Concrete MemberPlain Concrete Member

Reinforced Concrete MemberReinforced Concrete Member
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PrestressedPrestressed MemberMember

Initial Concepts of Initial Concepts of PrestressingPrestressing

PRESTRESSING

1928

Eugene Freyssinet

(France)

PRE-TENSIONING

HOYER (German Eng.)

(1938)

POST-TENSIONING

FREYSSINET

Steel is tensioned

prior to casting of

the concrete

Steel strands are

tensioned after

concrete has

been cast
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USE OF PREUSE OF PRE--STRESSING IN THE USASTRESSING IN THE USA

IN THE LAST DECADE

1990 - 2000

65% PRE-TENSIONING

(PRECAST)
35% POST-TENSION

PRETENSIONINGPRETENSIONING

STEP 1: Tensioning of prestressing strands in prestressing bed 

before concrete is poured

STEP 2: Casting of concrete around tensioned strands fc = 0
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PRETENSIONINGPRETENSIONING

STEP 3: Cut strand from stressing bed causing stresses and 

shortening of the member

POSTPOST--TENSIONINGTENSIONING

STEP 1: Cast concrete fc = 0, T = 0

STEP 2: Tensioning of the prestressing strand against 

hardened concrete
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POSTPOST--TENSIONINGTENSIONING

STEP 3: Anchoring of strand

PostPost--Tension SystemTension System

The most common post-tensioning system for two-way slab building 

construction uses mono-strand un-bonded tendons. 

In this type of construction, the pre-stressing steel is composed generally 

of high-strength, single-wire steel, wrapped with another six wires to form 

a seven-wire strand.

The sheathed (blue) 

tendon at the left, and 

the bare seven-wire,

0.5-inch-diameter, 

270 ksi tendon at the 

right.
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A gripper jack stressing a tendon.

A heavy duty jack, used here to stress several tendons at the same location.
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STRESS CONTROL BY PRESTRESSINGSTRESS CONTROL BY PRESTRESSING

Plain Concrete BeamPlain Concrete Beam

STRESS CONTROL BY PRESTRESSINGSTRESS CONTROL BY PRESTRESSING

Axially Axially PrestressedPrestressed BeamBeam
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STRESS CONTROL BY PRESTRESSINGSTRESS CONTROL BY PRESTRESSING

Eccentrically Eccentrically PrestressedPrestressed BeamBeam

STRESS CONTROL BY PRESTRESSINGSTRESS CONTROL BY PRESTRESSING

Variable Eccentricity Variable Eccentricity PrestressedPrestressed BeamBeam
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STRESS CONTROL BY PRESTRESSINGSTRESS CONTROL BY PRESTRESSING

BALANCED BALANCED 

LOAD STAGELOAD STAGE

Equivalent Loads and Moments Produced by Equivalent Loads and Moments Produced by 

PrestressingPrestressing TendonsTendons
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This figure shows how the slab is divided into tributary slab widths for an 

equivalent frame analysis, by following the lines of columns and shearwalls.
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Design Concerns:Design Concerns:

� Serviceability:

� Safety:

• Collapse

• Strangth: - Flexural

• Cracks

• Deflections

• Minimum Rebar Requirements

- Shear

Basic Load CombinationsBasic Load Combinations

�� Transfer:Transfer:

• Overload, Material Deficiencies

1.0 D.L. + 0 L.L. + 1.08 Prestressing

�� Service:Service: 1.0 D.L. + 1.0 L.L. + 1.0 Prestressing

�� Safety:Safety: 1.4 D.L. + 1.7 L.L. + 1.0 Prestressing

�� Long Term:Long Term: 3.0 D.L. + 3.0 L.L. + 1.0 Prestressing

• Losses due to material behavior, creep, wedge seating,

shrinking, long term creep, relaxation.
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ACI 318ACI 318--0505

BUILDING CODE REQUIREMENTS FOR

STRUCTURAL CONCRETE (ACI 318-05)

AND COMMENTARY (ACI 318R-05)

CHAPTER 18 CHAPTER 18 –– PRESTRESSED CONCRETEPRESTRESSED CONCRETE

����������	�
���
��
��ก����
����

������� �.�.�. 1009-34

����ก��������	�� �!"��#�$

18.3 18.3 –– Design AssumptionsDesign Assumptions

18.3.2.1 – Strain vary linearly with depth through the entire load range.

(a) Class U : ft ≤ 2.0 √ f’c

Prestressed two-way slab systems shall be designed as Class U 

with ft ≤≤≤≤ 1.6 √√√√ f’c

18.3.2.2 – At cracked sections, concrete resists no tension.

18.3.3 – Prestressed flexural members shall be classified as Class U,

Class T, or Class C based on ft as follows:

(b) Class T : 2.0 √ f’c ≤ ft ≤ 3.2 √ f’c

(c) Class C : ft > 3.2 √ f’c
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18.4 18.4 –– Serviceability requirements Serviceability requirements 

18.4.1 – Stresses in concrete immediately after prestress transfer (before 

time-dependent prestress losses) shall not exceed the following:

(a) Extreme fiber stress in compression …… 0.60 f’ci

(b) Extreme fiber stress in tension except as permitted 

in (c) ….........................………………….. 0.8 √√√√ f’ci

Flexural membersFlexural members

(c) Extreme fiber stress in tension at end of simply 

supported members ….………………….. 1.6 √√√√ f’ci

18.4.2 – For Class U and Class T prestressed flexural members, stresses in

concrete at service loads shall not exceed the following:

(a) Extreme fiber stress in compression due to

prestress plus sustained load …………….…… 0.45 f’c

(b) Extreme fiber stress in compression due to

prestress plus total load …….…………….…… 0.60 f’c
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18.5 18.5 –– Permissible stresses in Permissible stresses in prestressingprestressing steelsteel

18.5.1 – Tensile stress in prestressing steel shall not exceed the following:

(a) Due to prestressing steel jacking force … 0.94 fpy

but not greater than the lesser of 0.80 fpu and the maximum value 

recommended by the manufacturer of prestressing steel or anchorage 

devices.

(b) Immediately after prestress transfer ….… 0.82 fpy

but not greater than 0.74 fpu.

(c) Post-tensioning tendons, at anchorage devices and couplers, 

immediately after force transfer ….……… 0.70 fpy

18.9 18.9 –– Minimum Bonded ReinforcementMinimum Bonded Reinforcement

In positive moment area, 

ft ≤≤≤≤ 0.53 √√√√ f’c → no reinforcement

ft > 0.53 √√√√ f’c → need minimum reinforcement c
s

y

N
A

0.5 f
=

Nc = tension force in concrete due to unfactored

dead load plus live load

In positive moment area, 

Top Rebar @ SupportsTop Rebar @ Supports As = 0.00075 Acf

Acf = larger gross area of slab-beam strips in two orthogonal 

equivalent frames intersecting at a column in a two-way 

slab.
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Design Example: Design Example: A simple twoA simple two--way postway post--tensioned plate for tensioned plate for 

a residential higha residential high--rise building rise building 

8 m 9 m 8 m

7 m

7 m

7 m

7 m

Layout of a typical residential floor plate.

STEP 1 : Define Loads

D.L. = self-weight of the structure

Super imposed D.L.:

= 120 kg/m2 for partitions

L.L. = 200 kg/m2 (residential)

STEP 2 : Define Materials

Normal weight concrete = 2,400 kg/m3

f’c (28 days) = 350 ksc

Compressive strength when post-

tensioned (typically after 24-hours)

Mild reinforcing steel fy = 4,000 ksc

f’ci = 210 ksc

N

STEP 3 : Determine the preliminary slab thickness h

Post-tensioning steel = unbonded tendons, ½”-diameter, 7-wire strands

A = 0.153 in2 = 0.987 cm2, fpu = 270 ksi = 19,000 ksc

Estimated pre-stress losses = 15 ksi = 1,056 ksc (ACI318 Section 18.6)

fse = 0.7 fpu = 0.7(19,000) – 1,056 = 12,244 ksc (ACI318 Section 18.5.1)

Peff = A × fse = 0.987 × 12,244 / 1,000 = 12.085 ton/tendon

Start with L/h = 45 where the longest span = 9 m = 9 x 100 = 900 cm

h = 900 / 45 = 20 cm is the preliminary plate (slab) thickness.

D.L. = self weight = 0.2 x 2,400 = 480 kg/m2

STEP 4 : Design the East-West interior frame

Use the Equivalent Frame Method of ACI 318 Section 13.7 (Exclude 13.7.7.4-5)

Total bay width between centerlines = 7 m

Ignore the column stiffness for simplicity of hand calculations.

No pattern loading required, since LL/DL = 200/480 < 3/4 (ACI318 Section 13.7.6)
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STEP 5 : Section Properties

Two-way plate must be designed as class U (ACI 318 Section 18.3.3).

The gross sectional properties are allowed (ACI 318 Section 18.3.4).

A = bh = (700 cm)(20 cm) = 14,000 cm2

S = bh2/6 = (700 cm)(20 cm)2 / 6 = 46,667 cm3

7 m

0.2 m

STEP 6 : Design Parameters

Allowable stresses: Class U (ACI 318 Section 18.3.3)

Strength at time of jacking f’ci = 210 ksc

Compression = 0.60 f’ci = 0.6 (210 ksc) = 126 ksc

Tension = 0.795 f’ci = 0.795 (210)
0.5 = 11.5 ksc

At service loads (ACI 318 Section 18.4.2(a) and 18.3.3)

Compressive strength f’c = 350 ksc

Compression = 0.45 f’c = 0.45 (350 ksc) = 158 ksc

Tension = 1.59 f’ci = 1.59 (350)
0.5 = 29.8 ksc

Average pre-compression limits (ACI 318 Section 18.12.4)

P / A = 8.8 ksc minimum to 21 ksc maximum

Target load balances, use 60% - 80% of DL (self-weight) for plate

For this example: 0.75 DL = 0.75 (480) = 360 kg/m2

STEP 7 : Tendon Profile

Use the parabolic shape. For a layout with spans of similar length, the 

tendons will be typically located at the highest allowable point at the 

interior columns, the lowest possible point at the mid-spans, and at the 

neutral axis at the anchor locations. This provides the maximum drape 

for load-balancing.

The continuous post-tensioned beam.
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The continuous post-tensioned beam.

Tendon Ordinate Tendon (CG) Location*

Exterior support - anchor 10 cm

Interior support - top 17.5 cm

Interior span - bottom 2.5 cm

End span - bottom 4.5 cm

(CG) means center of gravity, *Means measured from slab bottom

aINT = 17.5 – 2.5 = 15 cm

aEND = (10 + 17.5)/2 – 4.5 = 9.25 cm

STEP 8 : Prestress force P required to balance 75% DL

wb = 0.75 wDL = 0.75 (480 kg/m
2) (7 m) / 1,000 = 2.52 t/m

Since the spans are similar length, the end span will typically govern the maximum 

required post-tensioning force.

This is due to the significantly reduced tendon drape, aEND.

The force P needed in the tendons to counteract the load in the end bay is,

P = (wb L
2 / 8) / aEND = (2.52 × 82 /8) / 0.0925 = 218 tons

STEP 9 : Check pre-compression allowance

Determine the number of tendons required to attain the 218 tons,

Number of tendons = (218 tons) / (12.085 tons/tendon) = 18.04 USE 18 tendons

Actual force for banded tendons = (18 tendons) (12.085 tons) = 217.5 tons

The balanced load for the end span is slightly adjusted,

wb = (217.5 / 218) (2.52 t/m) = 2.51 t/m
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Determine the actual pre-compression stress in the slab,

Pactual / A = (217.5 x 1,000) / (14,000 cm
2) = 15.5 ksc ( > 8.8 ksc minimum and

< 21 ksc maximum) OK

STEP 10 : Check the interior span force P

P = (wb L
2 / 8) / aINT = (2.52 × 92 /8) / 0.15 = 170 tons <  217.5 tons

Therefore, a smaller force is required in the center bay.

For this example, continue the force required for the end spans into the interior span

and check the amount of load that will be balanced:

wb = 217.5 × 8 × 0.15 / 92 = 3.22 t/m

Therefore, wb / wDL = 3.22 / 3.36 = 96% <  100% OK

Therefore, for the East-West interior frame:

Effective Effective prestressprestress force, force, PPeffeff = 217.5 tons= 217.5 tons

STEP 11 : ��������	
����
�	��
	���	

��������	��
���ก�������ก��������ก�������ก�����ก����� �������ก�� ����������ก���������

������ก����� !��������ก	������������"#����������$���%�����&'�� ��!������������������ก%()���

Dead Load Moments: wDL = (480+120)(7 m) / 1,000 = 4.2 t/m

4.2 t/m

8 m 9 m 8 m

20.0 t-m 20.0 t-m

-30.3 t-m -30.3 t-m

12.2 t-m
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Live Load Moments: wLL = (200)(7 m) / 1,000 = 1.4 t/m

1.4 t/m

8 m 9 m 8 m

6.68 t-m 6.68 t-m

-10.1 t-m -10.1 t-m

4.08 t-m

Total Balancing Moments, Mbal : wb = 2.75 t/m ↑ (average of 3 bays)

2.75 t/m

8 m 9 m 8 m

-13.1 t-m -13.1 t-m

19.8 t-m 19.8 t-m

-8.01 t-m
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STEP 12 Stage 1 : Stresses immediately after jacking (DL+PT)

ACI 318 18.4.1Mid-span stresses, ftop = (-MDL + Mbal)/S – P/A

fbot = (+MDL - Mbal)/S – P/A

Interior Span:

ftop = (-12.2 + 8.01)(100)(1,000)/46,667 – 15.5 ksc

= -9.0 – 15.5 = -24.5 ksc compression < 0.60f’ci = 126 ksc OK

fbot = (+12.2 - 8.01)(100)(1,000)/46,667 – 15.5 ksc

= 9.0 – 15.5 = -6.5 ksc compression < 0.60f’ci = 126 ksc OK

End Span:

ftop = (-20.0 + 13.1)(100)(1,000)/46,667 – 15.5 ksc

= -14.8 – 15.5 = -30.3 ksc compression < 0.60f’ci = 126 ksc OK

fbot = (+20.0 – 13.1)(100)(1,000)/46,667 – 15.5 ksc

= 14.8 – 15.5 = -0.2 ksc compression < 0.60f’ci = 126 ksc OK

Support stresses, ftop = (+MDL - Mbal)/S – P/A

fbot = (-MDL + Mbal)/S – P/A

ftop = (30.3 – 19.8)(100)(1,000)/46,667 – 15.5 ksc

= 22.5 – 15.5 = 7.0 ksc tension < 0.8√ f’ci = 11.6 ksc OK

fbot = (-30.3 + 19.8)(100)(1,000)/46,667 – 15.5 ksc

= -22.5 – 15.5 = -38 ksc compression < 0.60f’ci = 126 ksc OK
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Stage 2 : Stresses at service load (DL+LL+PT) ACI 318 18.3.3 & 18.4.2

Mid-span stresses, ftop = (-MDL - MLL + Mbal)/S – P/A

fbot = (+MDL +MLL - Mbal)/S – P/A

Interior Span:

ftop = (-12.2 – 4.08 + 8.01)(100)(1,000)/46,667 – 15.5 ksc

= -17.7 – 15.5 = -33.2 ksc compression < 0.45f’c = 157.5 ksc OK

fbot = (+12.2 + 4.08 - 8.01)(100)(1,000)/46,667 – 15.5 ksc

= 17.7 – 15.5 = 2.2 ksc tension < 1.6 √ f’c = 29.9 ksc OK

End Span:

ftop = (-20.0 – 6.68 + 13.1)(100)(1,000)/46,667 – 15.5 ksc

= -29.1 – 15.5 = -44.6 ksc compression < 0.45f’c = 157.5 ksc OK

fbot = (+20.0 + 6.68 – 13.1)(100)(1,000)/46,667 – 15.5 ksc

= 29.1 – 15.5 = 13.6 ksc tension OK< 1.6 √ f’c = 29.9 ksc

Support stresses, ftop = (MDL + MLL - Mbal)/S – P/A

fbot = (-MDL - MLL + Mbal)/S – P/A

ftop = (30.3 + 10.1 – 19.8)(100)(1,000)/46,667 – 15.5 ksc

= 44.1 – 15.5 = 28.6 ksc tension OK

fbot = (-30.3 – 10.1 + 19.8)(100)(1,000)/46,667 – 15.5 ksc

= -44.1 – 15.5 = -59.6 ksc compression OK

< 1.6 √ f’c = 29.9 ksc

< 0.45f’c = 157.5 ksc

All stresses are within the permissible code limits.All stresses are within the permissible code limits.
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STEP 13 : Determine the factored moments

Primary post-tensioning moments Mprim vary along the length of span

Mprim = P ×××× e
where e = 0 cm at exterior support and

e = 7.5 cm at interior support

Mprim = 217.5 × 7.5 / 100 = 16.3 t-m

Secondary post-tensioning moments Msec vary linearly between supports

Msec = Mbal – Mprim = 19.8 – 16.3 = 3.5 t-m at interior supports

Load combination : Mu = 1.4 MDL + 1.7 MLL + 1.0 Msec

3.5 t-m 3.5 t-m

At midspan, Mu = 1.4(20.0) + 1.7(6.68) + 1.0(1.75) = 41.1 t-m

At support, Mu = 1.4(-30.3) + 1.7(-10.1) + 1.0(3.5) = -56.1 t-m

STEP 14 : Determine minimum bonded reinforcement

Positive moment region:

Interior span: ft = 2.2 ksc < 0.53 √ f’c = 0.53 √ 350 = 9.92 ksc

No positive reinforcement is required (ACI 318 18.9.3.1)

Exterior span: ft = 13.6 ksc > 0.53 √ f’c = 0.53 √ 350 = 9.92 ksc

Minimum positive reinforcement is required (ACI 318 18.9.3.2)

y = ft / (ft + fc) h = [13.6 / (13.6 + 44.6)](20 cm) = 4.67 cm

Nc = MDL+LL / S × 0.5 y L2

= [(20.0+6.68)(100)/46,667](0.5)(4.67)(700) = 93.5 tons

As,min = Nc / 0.5 fy = (93.5×1,000) / [0.5(4,000 ksc)] = 46.75 cm2

%��	��*กก����$�����	��!
�!�����ก�)��&'�� 7 	�
� %ก�)�,��������-�

As,min = (46.75 cm
2) / (7 m) = 6.68 cm2 / m

USE DB16 @ 0.30 m at bottom = 6.70 cm2/m 7 m

0.2 m
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Negative moment region:

As,min = 0.00075 Acf (as per ACI 318 18.9.3.3)

At interior support:

Acf = max of (20 cm)[(9 m+8 m)/2 or 7 m](100) = 14,000 cm2

As,min = 0.00075 (14,000 cm
2) = 10.5 cm2

USE 10 DB12 at the top (11.31 cm2)

At exterior support:

Acf = max of (20 cm)[(8 m)/2 or 7 m](100) = 8,000 cm2

As,min = 0.00075 (8,000 cm
2) = 6.0 cm2

USE 6 DB12 at the top (6.79 cm2)

STEP 15 : Check minimum reinforcement to see if it is sufficient for

ultimate strength

Mn = (As fy + Aps fps) (d – a/2)

Aps = 0.987 cm
2 × (18 tendons) = 17.77 cm2

fps = fse + 704 + f’cbd / (300Aps) for slabs with L/h > 35 (Sec.18.7.2)

= 12,244 + 704 + [(350 ksc)(700 cm) d ] / (300 × 17.77) 

= 12,948 + 46 d

a = (As fy + Aps fps) / (0.85 f’c b)

At supports: d = 17.5 cm

fps = 12,948 + 46 (17.5) = 13,753 ksc

a = [(11.31 cm2)(4,000 ksc) + (17.77 cm2)(13,753 ksc)] / (0.85×350×700)

= 1.39 cm
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Mn = (As fy + Aps fps) (d – a/2)

= [(11.31 cm2)(4,000 ksc) + (17.77 cm2)(13,753 ksc)] (17.5 – 1.39/2)

= 4,867,246 kg-cm = 48.67 t-m

φMn = 0.9 (48.67) = 43.8 t-m <  [ Mu = 56.1 t-m ] NG

Therefore, reinforcement for ultimate strength requirements governs.

Try As,reqd = (56.1 / 43.8) (11.31) = 14.47 cm
2 USE 30 DB12 (33.9 cm2)

a = [(33.9 cm2)(4,000 ksc) + (17.77 cm2)(13,753 ksc)] / (0.85×350×700)

= 1.83 cm

Mn = [(33.9 cm2)(4,000 ksc) + (17.77 cm2)(13,753 ksc)] (17.5 – 1.83/2)

= 6,302,148 kg-cm = 63.02 t-m

φMn = 0.9 (63.02) = 56.7 t-m >  [ Mu = 56.1 t-m ] OK

Final PT Layout

8 m 9 m 8 m

7 m

7 m

7 m

7 m

N
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STEP 15 : Check Punching Shear

Tributary area = (7 m) (8 m + 9 m) / 2 

At supports: d = 17.5 cm

Interior column : 40 cm x 40 cm

= 59.5 m2

Shear area = (0.4+0.175) x (0.4+0.175) 

= 0.33 m2

wu = 1.4 (480+120) + 1.7 (200) = 1,180 kg/m
2

Vu = (1,180 kg/m
2) (59.5 m2 – 0.33 m2) / 1,000 = 69.8 tons 

c c 0V 1.06 f b d′= 1.06 350 (4)(40 17.5)(17.5) /1,000= +

= 79.8 tons <  [ Vu/φ = 69.8/0.85 = 82.1 tons ] NG

Need Punching Shear Reinforcement

7 m

7 m

8 m 9 m
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� Rigid Frames

� Portal Method

� Cantilever Method

� Story Drift

Mongkol JIRAVACHARADET

S U R A N A R E E INSTITUTE OF ENGINEERING

UNIVERSITY OF TECHNOLOGY SCHOOL OF CIVIL ENGINEERING

BuildingBuilding DesignDesign

Lecture Lecture 1313 –– Rigid FramesRigid Frames

The Chrysler Building, seen here under 

construction in early 1930, is an excellent 

example of a rigid frame taken to its extreme 

economic performance.

Resistance to horizontal loads is provided by 

the bending resistance of the

In the modern version of rigid frames, the 

girders may be replaced with a rigid flat plate.

(1) columns, 

(2) the joints, and 

(3) the girders. 

Rigid frames are simple to design and provide 

large openings for windows, which is preferred 

by owners and architects. 

Used alone, they are economical to about 25

stories, but when combined with shear walls 

they can be economical to around 60 stories.
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Typical Design ProcedureTypical Design Procedure

� Estimate forces from gravity loads in beams and columns

by approximate method

� Estimate member size based on gravity load with arbitrary increasing

for horizontal loading

� Calculate horizontal loadings: earthquake and wind

� Check on drift and adjustment of member size if necessary

� Check on strength of members for worst combination of gravity and

horizontal loadings, and adjustment of member size if necessary

� Computer analysis of total structure for more accurate check on member

strength and drift, with further adjustment of size where required

� Detailed design of members and connections

Rigid FrameRigid Frame

Cast-in-place concrete buildings have the inherent advantage of continuity.

No. System Number of Stories

1 Flat slab, columns and shear walls up to 20

2 Coupled shear walls and beams up to 25

3 Rigid frame up to 25

4 Shear - wall frame up to 50

Table 1: Structural Systems for Concrete Buildings
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Structural SystemsStructural Systems

Rigid Frame BehaviorRigid Frame Behavior

The behavior of a rigid frame structure has two components:

(1) Forces and deformations caused by external shear

(2) Forces and deformations caused by external moment
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Under external shear

Moment in beams

The moments applied to a joint from the 

columns above and below are resisted by 

the girders, which are also placed in double 

curvature. 

Rigid Frame BehaviorRigid Frame Behavior

These resulting deformations produce the racking of the frame in each story.

Shear in columns

The horizontal shear above any floor level is 

resisted by shear in the columns at that level. 

Moment in columns

The shear force causes the columns to 

bend in double curvature between stories.

Under external bending moment

E
x
te

n
s
io

n

S
h
o

rt
e
n

s
io

n

CompressionTension

Rigid Frame BehaviorRigid Frame Behavior

The consequent stretching and 

shortening of the columns cause 

overall rotation from the bending 

and displacements of the structure.

Each story drift is the sum of the 

shear racking and the moment 

rotation at that level.

The overall moment of the external horizontal load is resisted in each level by 

the couple of axial tension-compression in the opposing external columns.
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Building Drift Caused by Lateral ForcesBuilding Drift Caused by Lateral Forces

Lateral forces push the building sideways until the resistance of the structure 

balances with those forces.

Normal

Position

Inertia Force

Inertia Force

Story Drift Total Drift

Drift causes stress in structure

because it forces them into 

deformed shapes.

Maximum drift occurs at the top

of a building, but each story level

is subjected to a certain amount 

of story drift

Preliminary Hand CalculationsPreliminary Hand Calculations

Approximate analysis of structures before using computer softwares:

• STAAD.Pro : REI Engineering (India)

• ETABS : CSI Berkeley (USA)

Objectives:

1) To select preliminary member sizes:

Starting with best possible selection results in rapid convergence of iteration

2) To select a suitable structural system:

Comparing several designs before choosing the most likely to be the best

In lateral load analysis, wind and earthquake are treated as equivalent loads and 

are distributed to a series of point loads applied at each floor. 

Portal and Cantilever methods offer quick ways of analysis of rigid frames.



TumCivil.com Training Center

Basic requirementsBasic requirements

Approximate methods are valid for simple frame structures loaded with horizontal 

concentrated loads applied at the joints.

High frame, assume axial forces distribution in columns 

use cantilever method

Low frame, assume shear forces distribution in columns 

use portal method

Portal Method: up to 25 stories and H / L < 4

Cantilever Method: up to 45 stories and H / L ≥ 5

Symmetrical Floor Plan & Horizontal LoadingSymmetrical Floor Plan & Horizontal Loading

symmQ

Therefore, the shear rigidity at any bent at a level 

i can be found from the formula : 

Since the slab is assumed to be rigid, all bents at 

any one level deflect equally.

The total external shear at any level will be 

distributed among the bents in proportion to their 

shear rigidities (GA) at that level.

and C = ΣΣΣΣ (Ic/hi) for all the columns in story i.

i

12E
GA

1 1
h

G C

=
 + 
 

where hi = the height of that level i,

G = ΣΣΣΣ (Ig/L) for all the girders of span L

across floor i of the bent,

bent
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Asymmetrical Floor PlanAsymmetrical Floor Plan

Q

6

5

4

3

2

1

Bent no.

Center of

shear rigidity

Arbitrary origin

O
x1

x2

x

e
c3

c4

c2

c5

c6

causes a horizontal-plane torque in addition to 

transverse shear.

j
i

(GA)x
x

(GA)

Σ
=

Σ

The shear Qji carried by bent j at the level i :

ei is the eccentricity of Qi from the 

center of shear rigidity, and

where Qi is the total shear for level i, 

[ ]i ii ji ji
ij 2

i
i

Q e (GA)cQ (GA)
Q

(GA) (GA)c
= +

Σ  Σ  

cj is the distance of the bent j from 

the center of rigidity.

The location of the center of shear rigidity xi of 

the set of parallel bents in story i, relative to an 

arbitrary origin O is

Portal MethodPortal Method

2 basic assumptions regarding the location of inflection points

1) Inflection pt. in beam @ midspan

2) Inflection pt. in column @ midheightP

h

L = inflection point
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Portal MethodPortal Method

3rd basic assumption: consider frame to be composed of a series of portals

V 2V V V V V V

∴ Shear at interior columns is twice that at exterior columns

P

h
L L

P

h
L L

P

V 2V V

Vh/2

Vh/2

Vh/2

Vh

Vh/2

Vh/2

Vh/2

Example 1: Analysis of Moments and Shears in a Multistory Frame

4.8 t

4.8 t

4.8 t

3.6 t

Foundation

First floor

Second floor

Third floor

Fourth floor

Roof

5 m7 m5 m

3.6 m

3.6 m

3.6 m

3.6 m

Compute the moments and shears in the first and second-story columns and

the second-floor interior beams

A B C D
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7.5 t

3.8 t 3.8 t

Total shear in second story  =  3.6 + 2(4.8)  =  13.2 t

Total shear in first story  =  3.6 + 3(4.8)  =  18 t

4.8 t

3.6/2

=1.8 m
Second floor

V = 13.2/6 = 2.2 t

2.2 t 4.4 t 4.4 t 2.2 t

V = 18/6 = 3 t

3 t 6 t 6 t 3 t

M2e = 2.2(1.8) = 4.0 t-m M2i = 4.4(1.8) = 8.0 t-m

M1e = 3(1.8) = 5.4 t-m M1i = 6(1.8) = 10.8 t-m

Beam in exterior bays: Mue = M2e + M1e = 4.0 + 5.4 = 9.4 t-m/bay

Vue = 9.4/(5/2) = 3.8 t/bay

Beam in interior bays: Mui = 8.0 + 10.8 = 18.8 t-m/bay, Vui = 18.8/2.5 = 7.5 t/bay

Cantilever MethodCantilever Method

� Inflection points in beam @ midspan, in column @ midheight

� Assume axial stress in column is proportional to its distance from 

the centroid of all column areas.

Building frameBeam
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Cantilever MethodCantilever Method

x2

1 2 3 4

x1=0

x3

x4

x

Locate centroid of column areas:

j j

j

A x
x

A

Σ
=

Σ

Compute the second moment of column 

areas about the centroid :

2
j jI A c= Σ

where cj is the distance of column j from 

the centroid.

Quite often the column areas Aj are not known (although easily guessed 

from experience). 

Cantilever MethodCantilever Method

In order to proceed, these areas are initially taken as unity.

The column axial forces in each level is given by,

j
j j

Mc
F A

I
=
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Example 2: Analysis of Moments and Shears in a Multistory Frame

A

D

G

B

E

H

C

F

I

2.5 t

5 t

3.6 m

3.6 m
9 m 6 m

Locate centroid of column :

d = (9 + 15)/3 = 8 m

d = 8 m

centroid

A B C
2.5 t

PAD

PBE PCF

1.8 m 9 m 6 m

1 m

Axial stresses:

8 1 7
CFAD BE

σσ σ
= =

Assume same area for all columns

PBE =  P

PAD =  8P

PCF =  7P

[ΣMCG = 0]

2.5 (1.8) – 8P (8) – P (1) – 7P (7) = 0

P = 2.5 (1.8) / (64 + 1 + 49)

P = 0.04 t

=  0.04 t

=  0.32 t

=  0.28 t

Example 2: Analysis of Moments and Shears in a Multistory Frame

A

D

G

B

E

H

C

F

I

2.5 t

5 t

3.6 m

3.6 m
9 m 6 m

Locate centroid of column :centroid

A B C
2.5 t

PAD

PBE PCF

1.8 m 9 m 6 m

1 m

Moment of area:

# 2

Assume all column areas, Aj = 1

j j

j

A x 0 9 15
x 8 m

A 3

Σ + +
= = =

Σ

x 8 m=

2 2 2 2 4
j jI A c 8 1 7 114 m= Σ = + + =

M = (2.5)(1.8) = 4.5 t-m

Column axial forces:

j
j j

Mc
F A

I
=

AD

4.5 8
P 0.32 ton

114

×
= =

BE

4.5 1
P 0.04 ton

114

×
= =

CF

4.5 7
P 0.28 ton

114

×
= =
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A B

0.32 t
0.04 t

1.8 m

4.5 m

C
2.5 t

0.28 t

4.5 m 3 m 3 m

0.32 t 0.32 t

0.8 t

0.8 t

0.28 t
0.47 t

2.03 t

0.28 t
1.23 t

A

B C
2.5 t

1.4 t-m

1.4 t-m

1.4 t-m

2.2 t-m

0.8 t-m

0.8 t-m

0.8 t-m

InterstoryInterstory DriftDrift

Lateral displacement between consecutive floors

Interstory drift in rigid frame cames from: 

- Deflection due to column deformations 

- Deflection due to beam deformations 
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Deflection due to column deformationsDeflection due to column deformations

V

V

∆1 ∆1/2

∆1/2

h/2

h/2

3

1 ( / 2)

2 3
c

V h

E I

∆
=

Σ

3

1
12

c

V h

E I
∆ =

Σ

For rigid floor, lateral delfection ∆1/2 of each column is

Deflection due to beam deformationsDeflection due to beam deformations

V

V

∆2 = θh

h/2

h/2

2

2
12 ( / )b

V h
h

E I L
θ∆ = =

Σ

Consider rigid column, each girder undergoes rotation θθθθ giving rise to

θ

L

internal moment : 12 /E I Lθ

total internal moment : 12 ( / )E I Lθ Σ V h= = external moment
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2

Total 1 2

col beam

1

12 ( ) ( / )

V h h

EI EI L

 
∆ = ∆ + ∆ = + Σ Σ 

Total Frame DeflectionTotal Frame Deflection

or

Total 1 2

col beam

V V

K K
∆ = ∆ + ∆ = +

3

col col
12( ) / Stiffness from columnK EI h= Σ =

2

beam beam12( / ) / Stiffness from beamK EI L h= Σ =

���������	
��
�����������
������
����	�������������	
��
�����������
������
����	����  ((∆∆∆∆∆∆∆∆aa))
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Example 3: Determine story drift of the building (Drift index ≤ 0.002)

All beam size: B = 0.3x0.6 m

Column size: C1,C2 = 0.5x0.5 m, C3, C4 = 0.4x0.4 m, C5, C6, C7 = 0.3x0.3 m

C1

C2

C3

C4

C5

C6

C7

+0.0

+4.0

+8.0

+12.0

+16.0

+20.0

+24.0

+28.0

C1

C2

C3

C4

C5

C6

C7

C1

C2

C3

C4

C5

C6

C7

C1

C2

C3

C4

C5

C6

C7

B B B

B B B

B B B

B B B

B B B

B B B

B B B

1,200 kg

1,200 kg

1,800 kg

1,800 kg

2,400 kg

2,400 kg

1,200 kg

8 m 8 m 8 m

5 3

col 3

12(2.3 10 ) 30 30
Floor 5-7:    4 11,644 kg/cm

400 12
K

× ×
= × × =

5 3

col 3

12(2.3 10 ) 40 40
Floor 3-4:    4 36,800 kg/cm

400 12
K

× ×
= × × =

5 3

col 3

12(2.3 10 ) 50 50
Floor 1-2:    4 89,844 kg/cm

400 12
K

× ×
= × × =

5 3

beam 2

12(2.3 10 ) 30 60
All Floor:    3 34,931 kg/cm

400 12 800
K

× ×
= × × =

×

Wind

1,200

2,400

2,400

1,800

1,800

1,200

1,200

Kcol

11,644

11,644

11,644

36,800

36,800

89,844

89,844

∆1

0.10

0.31

0.52

0.21

0.26

0.12

0.13

Shear

1,200

3,600

6,000

7,800

9,600

10,800

12,000

∆2

0.03

0.10

0.17

0.22

0.27

0.31

0.34

∆total

0.13

0.41

0.69

0.43

0.53

0.43

0.47

Floor

7

6

5

4

3

2

1

3.09ΣΣΣΣ =

Drift Index:

= 3.09/(7x400)

= 0.0011

< 0.002 OK

HK: Recalculate by

using STAAD.Pro
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Flat Plate Structure as an Analogous Rigid FrameFlat Plate Structure as an Analogous Rigid Frame

Flat plate structures behave as rigid frames under horizontal loads. The lateral 

deflections of the structure are the result of simple double curvature bending of the 

columns, and a more complex 3-D double bending of the plate.

Each bay-width in the figure above is replaced by an equivalent rigid frame bent. The 

slab is replaced by an equivalent beam with the same double bending stiffness. The 

analysis is then carried out by one of the hand-calculation methods outlined in this 

lecture, or via a computer program. An example is shown in the next slide of how the 

inertia of the equivalent beam is determined.

Example 4: Flat plate as an equivalent beam

A flat-plate high-rise residential building 

consists of a regular rectangular grid of 

columns spaced at 8 m x 6 m c-c. The columns 

are 0.6 m square and the slab is 0.2 m thick. 

Determine the moment of inertia of an equivalent 

beam to replace the slab when the horizontal 

load is applied in parallel to the 8 m dimension.

a = 8.0 m,   b = 6.0 m,   u = 0.6 m

u 0.6
0.075

a 8.0
= =

b 6.0
0.75

a 8.0
= =

These values are entered into the graph at right, 

and it yields, b’/b = 0.61

The effective plate width b’ = (0.61)b 

= (0.61)(6 m) = 3.66 m
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The moment of inertia of the equivalent beam I is,

3
4(3.66 m)(0.2 m)

I 0.00244 m
12

= =

This value of 0.00244 m4 is reduced by 50% to allow for the

reduction in stiffness due to cracking as the plate bends.
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� What is a shear wall ?

� Shear wall structure

� Proportionate wall system

� Analysis of a Shear Wall

� Design of a Shear Wall

Mongkol JIRAVACHARADET

S U R A N A R E E INSTITUTE OF ENGINEERING

UNIVERSITY OF TECHNOLOGY SCHOOL OF CIVIL ENGINEERING

BuildingBuilding DesignDesign

Lecture Lecture 1414 –– Shear WallShear Wall

Many parts of the US use cheap wooden frame structures for single 

family residences. Some of the wall are stiffened by using shear walls.
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Consider the simple analogy of a typical residential interior stud wall.

The wall is 12’ long by 8’ high sitting on a concrete slab.

A horizontal load from wind or seismic loads is applied to the stud wall.

The stud wall will “rack” and some nails are pulled out.
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Eventually, the stud wall collapses, as this California house.

Now reinforce the structure with 4’ x 8’ plywood or drywall sheets.

When the shear wall is now pushed, it does not deform but rather

slides to the right.
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When the lateral load is applied, shear appears in the middle of the panel,

tension on the left, and compression on the right.

The shears at the center of the panel cancel out. However, the tension 

and compression forces create a couple which is equal to a moment.
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This is identical to a tall building that bends under wind and seismic loads.

In a tall building, columns on the windward side 

may go in tension, and columns on the leeward 

side have an increase of compression. This is 

the same model we just saw for the stud wall.

Because the tall building is subject to this force 

couple, it deflects primarily in flexure (bending).

Therefore, a shear wall is perhaps a misnomer, 

since or model stud wall panel is primarily 

influenced by the tension on one side and the 

compression on the other side, also creating a 

moment. Hence, our “shear wall” is really a 

short and stubby flexural wall.

All shear walls behave like this, including the 

large and heavy reinforced concrete shear walls 

we use for our tall buildings in our cities.
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Harmony & Concord Blocks

The Most Common Building Design in Hong Kong

Harmony Block projects from the Housing 

Authority are usually composed of 3 identical 

blocks plus some open space facilities etc. This 

arrangement is considered to be optimum. This 

photo series is based on a case study of Phase 

IV redevelopment at Lam Tin Estate. 

Shear Walls StructuresShear Walls Structures

Resistance to all horizontal loading is provided by shear walls.

The walls may be part of :

- service core

- stairwell

- partition

Walls are usually continuous down to the base.

Shear walls may be planar, but are often of

L-, T-, I-, or U-shaped sections.



TumCivil.com Training Center

Proportionate Wall SystemProportionate Wall System

Proportionate

wall system

Nonproportionate

wall system

Statically indeterminate and

therefore much more difficult

to visualize and analyze.

Proportionate Proportionate NontwistingNontwisting StructuresStructures

Shear and moment in a wall j at a level i :

( )

( )

ji

ji i

i

EI
V V

EI
=

∑

( )

( )

ji

ji i

i

EI
M M

EI
=

∑

where

Vi and Mi = shear and moment at a level i

(EI)ij = flexural rigidity of wall j at level i

Σ(EI)i = summation of flexural rigidity of all the walls at level i

Shear and moment are distributed between the walls in the ratio of their flexural 

rigidities.
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Proportionate Twisting StructuresProportionate Twisting Structures

C

C

Rotation

Translation

X-location of the center of twist:

x

( )

( )
i

i

EIx
x

EI

Σ
=

Σ

( )iEIxΣ = the sum of the first 

moments of the flexural 

rigidities.

Centroid of

wall rigidities

Asymmetric structure with walls parallel to loadingAsymmetric structure with walls parallel to loading

1

x1

2

x2

3
C

e
c3x3

c2
c1

x
x

y

Shear and moment in a wall j at a level i :

2

( ) ( )

( ) ( )

ji ji

ji i i

i i

EI EIc
V V V e

EI EIc
= +

∑ ∑

2

( ) ( )

( ) ( )

ji ji

ji i i

i i

EI EIc
M M M e

EI EIc
= +

∑ ∑

where

cji = distance of wall j from the shear center

e = eccentricity of shear force from the shear center

cji is taken as positive when on the same side of center of twist as e
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Asymmetric structure include Asymmetric structure include perpendicularperpendicular wallswalls

1

y1

2

y2

3

y3

y

d3 d2 d1

x

y
Y-location of center of twist:

( )

( )
i

i

EIy
y

EI

Σ
=

Σ

Shear and moment in a wall r at a level i :

2 2

( )

( ) ( )

ri
ri i

i

EId
V V e

EIc EId
=

 ∑ + ∑ 

2 2

( )

( ) ( )

ri
ri i

i

EId
M M e

EIc EId
=

 ∑ + ∑ 

EIc2 is the second moment of 

the parallel walls.

where

EId2 is the second moment of 

the perpendicular walls.

Shear Wall AnalysisShear Wall Analysis

Find the shears and moments in a 20Find the shears and moments in a 20--storystory

buildingbuilding’’s shear wallss shear walls
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Example 1 : Consider the structure shown below which consists of 20 3.5-m stories

with a total height of 70 m. The five shear wall include two symmetrical pairs and a 

central core.

1
5
 m

1 2 3 4 5

40 m

U
n
if
o
rm

 w
in
d
 p
re
s
s
u
re
 0
.1
5
 t
/m

2

=
 3
 t
/m

h
e
ig
h
t 
(h
a
lf
 s
tr
u
c
tu
re
)

B @ 21.0 m

Change level

A @ 45.5 m

6
 s
to
ri
e
s

2
0
 s
to
ri
e
s
 @

 3
.5
 =
 7
0
 m

7

7

Lateral load = 3x3.5 = 10.5 ton/stories

(HALF BUILDING)

WIND
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STEP 1 : Determine the inertia I of each wall

Shear Wall #1

Floor 1 - 6, 0 – 21 m:
3 3

4bh (0.45m)(8m)
I 19.2 m

12 12
= = =

Floor 7 - 13, 21 – 45.5 m:
3 3

4bh (0.30m)(8m)
I 12.8 m

12 12
= = =

Floor 14 - 20, 45.5 – 70 m:
3 3

4bh (0.20m)(8m)
I 8.533 m

12 12
= = =

8 m

W
 A
 L
 L
  
#
 1

Shear Wall #2

Floor 1 - 6, 0 – 21 m:
3 3

4bh (0.5m)(7m)
I 14.292 m

12 12
= = =

Floor 7 - 13, 21 – 45.5 m:
3 3

4bh (0.30m)(5m)
I 3.125 m

12 12
= = =

Floor 14 - 20, 45.5 – 70 m:
3 3

4bh (0.20m)(5m)
I 2.083 m

12 12
= = =

5-7 m

W
 A
 L
 L
  
#
 2

Shear Wall #3

Floor 1 - 6, 0 – 21 m:
3 3

4(6 )(6 ) (5.2)(5.2)
I 47.07 m

12 12
= − =

3 3

1 1 2 2b h b h
I

12 12
= −

3 3
4(6 )(6 ) (5.6 )(5.6 )

I 26.046 m
12 12

= − =
Floor 7 - 13, 21 – 45.5 m:

Floor 14 - 20, 45.5 – 70 m:

6 m

W A L L  # 3

6 m

Wall Dimension and Inertias (HALF BUILDING)

Wall 1 Wall 2 Wall 3

Half

Inertia

I3/2

(m4)

Total

Inertia

I3
(m4)

13.02326.046

Dimensions

(m)

Outside

6x6, walls

0.2 m thick

Inertia

I2
(m4)

Dimensions

(m)

13.02326.046Outside

6x6, walls

0.2 m thick

23.53547.070Outside

6x6, walls

0.4 m thick

2.083

3.125

14.292

5 x 0.2

5 x 0.3

7 x 0.5

Inertia

I2
(m4)

Dimensions

(m)

8.533

12.800

19.200

8 x 0.2

8 x 0.3

8 x 0.45

Top region,

45.5 – 70 m

Middle region,

21 – 45.5 m

Bottom region,

0 – 21 m
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Top region, Wall 1: EI/(ΣEI)  =  8.533/(8.533+2.083+13.023)  =  0.36

Wall 2: EI/(ΣEI)  =  2.083/(8.533+2.083+13.023)  =  0.09

Wall 3: EI/(ΣEI)  =  13.023/(8.533+2.083+13.023)  =  0.55

STEP 2 : Determine the flexural rigidity EI of each wall

Shear and moment in any wall j at level i are given by,

( )

( )

ji

ji i

i

EI
V V

EI
=

∑

( )

( )

ji

ji i

i

EI
M M

EI
=

∑

Middle region, Wall 1: EI/(ΣEI)  =  12.800/(12.800+3.125+13.023)  =  0.44

Wall 2: EI/(ΣEI)  =  3.125/(12.800+3.125+13.023)  =  0.11

Wall 3: EI/(ΣEI)  =  13.023/(12.800+3.125+13.023)  =  0.45

Bottom region, Wall 1: EI/(ΣEI)  =  19.200/(19.200+14.292+23.535)  =  0.34

Wall 2: EI/(ΣEI)  =  14.292/(19.200+14.292+23.535)  =  0.25

Wall 3: EI/(ΣEI)  =  23.535/(19.200+14.292+23.535)  =  0.41

10.5 t 20

10.5 t 19

10.5 t 18

10.5 t 17

10.5 t 16

10.5 t 15

10.5 t 14

10.5 t 13

10.5 t 12

10.5 t 11

10.5 t 10

10.5 t 9

10.5 t 8

10.5 t 7

10.5 t 6

10.5 t 5

10.5 t 4

10.5 t 3

10.5 t 2

10.5 t 1

Shear Force

V13 = 10.5 x 7 = 73.5 ton

V6 = 10.5 x 14 = 147 ton
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Bending Moment

10.5 t 20

10.5 t 19

10.5 t 18

10.5 t 17

10.5 t 16

10.5 t 15

10.5 t 14

10.5 t 13

10.5 t 12

10.5 t 11

10.5 t 10

10.5 t 9

10.5 t 8

10.5 t 7

10.5 t 6

10.5 t 5

10.5 t 4

10.5 t 3

10.5 t 2

10.5 t 1

M13 = 3 x (7 x 3.5)
2/2 = 900 t-m

M6 = 3 x (14 x 3.5)
2/2 = 3602 t-m

w = 10.5/3.5 = 3 t/m

M = wL2/2

Level Wind Total shear Shearwall 1 Shearwall 2 Shearwall 3

20 10.5 10.5 3.78 0.95 5.78

13 10.5 73.5 32.3 8.09 33.1

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

6 10.5 147 50.0 36.8 60.3

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Shear forces in walls

Level Wind Moment Shearwall 1 Shearwall 2 Shearwall 3

20 10.5 0 0 0 0

13 10.5 900 396 99 405

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

6 10.5 3602 1225 901 1477

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Moment in walls
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Shear Wall Design
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11.9 11.9 –– Provision for wallsProvision for walls

11.9.1 – Design for shear forces perpendicular to face of wall shall be in

accordance with provisions for slabs in 11.11.

11.9.2 – Design of horizontal section for shear in plane of wall :

11.9.3 – Vn at any horizontal section for shear in plane of wall shall not be

greater than 

ACI318-08

n uV Vφ ≥ n c sV V V= +

n cV 2.7 f hd′≤
V

h

lw

h = wall thickness

d = 0.8 lw

lw = overall length of the wall
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0.88
4

′= +
l

u
c c

w

N d
V f hd (11-27)

11.9.5 – Unless a more detailed calculation is made with 11.9.6,

c cV 0.53 f hd′≤

11.9.6 – Vc shall be permitted to be the lesser of the values computed 

from Eq. (11-27) and (11-28)

or

0.33 0.2

0.16

2

  
′ +  

  ′= +
 

− 
 

l
l

l

u
w c

w

c c
u w

u

N
f

h
V f hd

M

V

(11-28)

where Nu = is positive for compression and negative for tension.

if (Mu/Vu – lw/2) is negative, Eq. (11-28) shall not apply.

11.9.9 11.9.9 –– Design of shear reinforcement for wallsDesign of shear reinforcement for walls ACI318-08

11.9.9.1 – Where Vu exceed φφφφVc, horizontal shear reinforcement shall be  
computed by

u
s c

V
V V= −

φ
v y

s

A f d
V

s
=

11.9.9.2 – Ratio of horizontal shear reinforcement area to gross concrete 

area of vertical section, ρρρρt ≥ 0.0025

11.9.9.3 – Spacing of horizontal shear reinforcement shall not exceed the 

smallest of lw/5, 3h, and 45 cm.

11.9.9.4 – Ratio of vertical shear reinforcement area to gross concrete area

ρρρρl shall not be less than the larger of

( )0.0025 0.5 2.5 0.0025
 

= + − − 
 

l

l

w
t

w

h
ρ ρ and 0.0025, but ≤ ρt

hw = overall height of the wall
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11.9.9.5 – Spacing of vertical shear reinforcement shall not exceed the 

smallest of lw/5, 3h, and 45 cm.

ρρρρt : horizontal shear
reinforcement

ρρρρl : vertical shear
reinforcement

Example 2 : Shear wall design from Ex.1

Total shear @ 1st level = 10.5x20 = 210 ton

Shear in wall1 = 0.34 x 210 = 71.4 ton

Factored shear Vu = 1.3 x 71.4 = 92.8 ton

2.7n c uV f hd Vφ φ ′= ≥

d = 0.8 lw = 0.8 x 800 = 640 cm

0.85 2.7 240 20 640 /1,000 455 tonnVφ = × × × = > 92.8 ton   OK

Check wall thickness:

Shear strength of concrete:

0.88
4
u

c c

w

N d
V f hd′= +

l

Nu = 1.4DL + 1.7LL 

1
5
 m

40 m

5 m

= (5x15x20)(1.4x500 + 1.7x300)/1,000 

= 1,815 ton 
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1,815 640
0.88 240 20 640 /1,000

4 800
cV

×
= × × +

×
= 538 ton

or   
′ +  

  ′= +
 

− 
 

l
l

l

0.33 0.2

0.16

2

u
w c

w

c c
u w

u

N
f

h
V f hd

M

V

Mu = 1.3x10.5x3.5x(1+2+…+20)x0.34 = 3,411 t-m

  ×
+  ×  = +

× − 
 

31,815 10
800 0.33 240 0.2

800 20
0.16 240 (20)(640) /1,000

3,411 100 800

92.8 2

cV

=  119 ton Control

Shear reinforcement:

Use Min ρρρρhton 2.10111985.0Vc =×=φ >  [ Vu = 92.8 ton ]

Use ρh = 0.0025

Ah = 0.0025x20x100 = 5.0 cm
2/m Use DB10 @ 0.30 (2 legs)

( )0.0025 0.5 2.5 0.0025w
v h

w

h
ρ ρ

 
= + − − 

 l

Vertical shear reinforcement:

Since ρh = 0.0025, therefore use ρv = 0.0025 Use DB10 @ 0.30 (2 legs)

Moment reinforcement:

5
2

2 2

3,411 10
46.3 kg/cm

0.9 20 640
u

n

M
R

bdφ
×

= = =
× ×

0.85 240 2 46.3
1 1 0.0133

4,000 0.85 240
ρ

 × ×
= − − = 

× 

min max[ 0.0035] [ 0.0197]      ρ ρ ρ= < < = OK

As = 0.0133x20x640 = 170 cm
2 Use 36DB25
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DB10@0.30m

36DB25 36DB25DB10@0.30m

HOMEWORK: Complete a shearwall design example wall2, wall3
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� Wall-Frame Structures

� Frame-Shear wall Interaction

� Analysis using Graphical Method

Mongkol JIRAVACHARADET

S U R A N A R E E INSTITUTE OF ENGINEERING

UNIVERSITY OF TECHNOLOGY SCHOOL OF CIVIL ENGINEERING

BuildingBuilding DesignDesign

Lecture Lecture 1515 –– WallWall--FrameFrame

Engineers used a performance-based 

approach to design the IDX Tower’s 

shear wall core and frame, removing 

the need for bulky extras like diagonal 

steel bracing and an exterior moment 

frame. 
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WallWall--Frame StructuresFrame Structures

Lateral resistance is provided by

a combination of shear walls and

rigid frames.

Walls and frames interacts 

horizontally through floor slabs

Interaction can be effective

up to 50 stories or more…

Symmetric wall-frame arrangement

Wall and frame interact horizontally

through axial forces in the 

connecting beams and slabs
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Frame Frame -- Shear walls InteractionShear walls Interaction

System Number of Stories

Rigid frame up to 25

Frame - Shear wall up to 50

Vertical walls that are used to stiffen the structural frames of buildings. 

They help frames resist sideways earthquake forces.

Shear Mode Deformation

of Frame

Bending Mode Deformation

of Shear Wall

link

Behavior of symmetric wallBehavior of symmetric wall--framesframes

flexural

cantilever

shear

cantilever

Wall restrains frame near the base

Frame restrains wall at the top
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WallWall--frames Interaction: frames Interaction: 

deflection, moments, and sheardeflection, moments, and shear

Planar wallPlanar wall--frame frame 

In nontwisting structure, parallel walls and frames translate identically.
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Assumptions Assumptions 

1) Properties of wall and frame not change over height

2) Wall is represented by flexural cantilever which  deforms 

in bending only

3) Frame is represented by continuous shear cantilever

which  deforms in shear only

4) Connecting members transmit horizontal forces only

and cause the wall and frame to delfect identically

ShearShear--flexure Cantileverflexure Cantilever

where αααα 2 = GA/EI

w(x) is the uniform lateral load

y(x) is the displacement

x is the distance at any height from top

GA is the shear stiffness of frame

EI is the flexure stiffness of shear wall

The moment resisting frames in these buildings act like shear beams.

This is due to the shear racking displacements of the column-girder frame, which 

may be about 75% of their total displacements.
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Determination of Shear Rigidity Determination of Shear Rigidity (GA)(GA)

(GA) is defined as the shear force to cause unit horizontal displacement

per unit height

( )
V h

GA =
∆

12

1 1

E

h
G C

=
 

+ 
 

where G = Σ Ig / L for the girders across one floor level of a bent

C = Σ Ic / h for the columns in one story of a bent

∆ V

Analysis by the use of graphsAnalysis by the use of graphs

using the dimensionless parameters αααα H and z / H to determine:

Deflection:
4

( ) ( , / )
8

wH
y z H z H

E I
α= 1K

Story drift index:
3

( , / )
6

dy w H
H z H

dz E I
α= 2K

Bending moment:
2

( ) ( , / )
2

wH
M z H z Hα=

3
K

Shear: ( ) ( , / )V z w H H z Hα=
4

K



TumCivil.com Training Center

Deflection: Deflection: KK11

Story drift: Story drift: KK22
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Bending moment: Bending moment: KK33

Shear: Shear: KK44
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Commonly usedCommonly used

shear wall shapes shear wall shapes 

Elevator ShaftElevator Shaft

t

6t 6t



TumCivil.com Training Center

EXAMPLE: A ten stories building frame as shown in plan below has the following 

property.

Column: Section 0.30 x 0.60 m2

Height 4.0 m

Number 30

Beam: Section 0.30 x 0.80 m2

Span 8.0 m

Number 20

Shear wall: Dimension as shown

Number 2

Lateral load: 120 kg/m2

120 kg/m2

8.0 m

8.0 m

4 @ 5.0 = 20 m 4 @ 5.0 = 20 m

3 m

3 m
0.2 m

Elastic modulus E : 2.3 x 105 kg/cm2

6 m

ΣIc = (1/12)(0.3)(0.6)
3x30 = 0.162 m4

3.0 m

3.0 m
0.2 m

6x0.2=1.2 m

y

3 0.2 1.5 1.2 0.2 2.9
1.9 m

3 0.2 1.2 0.2
y

× × + × ×
= =

× + ×

ΣIw = (4/12)(0.2)(3)
3+4(0.2x3x0.42+0.2x1.2x1.02)

= 3.14 m4

Flexural rigidity EI of the cores:

E ΣIw =  2.3 x 109 x 3.14  =  7.22 x 109 kg/m2

Shear rigidity GA of the frame:

G = ΣIg/L =  20(1/12) x 0.3 x 0.83 / 8  =  0.032 m3

12

(1/ 1/ )

E
GA

h G C
=

+

C = ΣIc/h =  0.162 / 4  =  0.041 m3

9
812 2.3 10

1.24 10  kg
4(1/ 0.032 1/ 0.041)

GA
× ×

= = ×
+
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8

9

1.24 10
40 5.22

7.27 10

GA
H H

EI
α

×
= = =

×

Determine Horizontal Displacement

4

( ) ( , / )
8

wH
y z H z H

E I
α= 1K

Wind loading per unit height w =  120 x 46  =  5,520 kg/m

At the top, z/H = 1.0 K1 =  0.12  (from graph)

4

9

5,220 40 0.12
( ) 0.0276 m

8 7.27 10
y H

× ×
= =

× ×

Total height, H =  4 x 10  =  40 m

Ans.

Determine Maximum Story Drift Index

is obtained by scanning ααααH curve to find max K2 which is then substituted in

3

(max) (max)
6

dy w H

dz E I
= 2K

For the given structure, K2(max) = 0.14 at an approximate height z/H = 0.4

3

9

5520 40 0.14
(max) 0.0011  or  1/ 882

6 7.27 10

dy

dz

× ×
= =

× ×

Determine Bending Moments in Wall & Frame

2

( ) ( , / )
2

wH
M z H z Hα= 3K

For example, at the mid-first story level ( z = 2 m, z/H = 0.05 ) K3 = 0.24

2
35520 40 0.24

( 2 m) 1.06 10  t-m
2

M z
× ×

= = = ×

2 2
3

3

( ) 5520 (40 2)
(frame) (wall) 1.06 10

2 2

2.93 10  t-m

w H z
M M

− × −
= − = − ×

= ×

Bending moment in wall:

Bending moment in frame = external moment - moment in wall

Determine Shear Forces in Wall & Frame

( ) ( , / )V z w H H z Hα= 4K
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For example, at the mid-first story level ( z = 2 m, z/H = 0.05 ) K4 = 0.70

( 2 m) 5.52 40 0.70 155 tV z = = × × =

(frame) ( ) (wall) 5.52 (40 2) 155 55 tV w H z V= − − = × − − =

Shear force in walls:

Shear force in frame = external shear - shear in walls
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� Combined Axial-Bending

Mongkol JIRAVACHARADET

BuildingBuilding DesignDesign

S U R A N A R E E INSTITUTE OF ENGINEERING

UNIVERSITY OF TECHNOLOGY SCHOOL OF CIVIL ENGINEERING

Biaxial Bending Column

� Interaction Diagram

� Biaxial Column

� Bresler Reciprocal Load Method

� Bresler Load Contour Method

� PCA Load Contour Method

Column subjected to eccentric compressionColumn subjected to eccentric compression

Pn
e

h

width = b

c

d

d′

sε
sε ′

cu
ε

a

s sA f s s
A f′ ′

0.85 cf ′

0.85n c s s s sP f a b A f A f′ ′ ′= + −y
F Σ 

L
[ ]CMΣ 0.85

2 2 2 2
n n c s s s s

h a h h
M P e f ab A f d A f d

     ′ ′ ′ ′= = − + − + −     
     

Equilibrium between external and internal axial forces requires that

Moment about centerline of the section of internal stresses and forces must be

equal and opposite to the moment of external force Pn, so that
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c

d

d′

s
ε

sε ′
cu

ε

a

s s
A f s sA f′ ′

0.85 cf ′

Tension steel:

s cu

s s s cu s y

d c

c

d c
f E E f

c

ε ε

ε ε

−
=

−
= = ≤

Compression steel:

s cu

s s s cu s y

c d

c

c d
f E E f

c

ε ε

ε ε

′−′ =

′−
′ ′= = ≤

Concrete stress block:

1

0.85 c

a c h

C f a b

β= ≤

′=

Pn

Mn

Interaction Diagram for Combined Bending and Axial LoadInteraction Diagram for Combined Bending and Axial Load

For any eccentricity, there is a unique pair of Pn and Mn.

P0

e
=
 0

e
s
m
a
ll

Compression failure range

By plotting series of pairs coresponding to a different 

eccentricity, will result in an interaction diagram.

Radial lines show constant e = Mn/Pn

eebb : Balance failure: Balance failure

e large Tension failure range

e = ∞
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Balanced Failure, Balanced Failure, eebb

b b b
M P e= Condition of failure that :

Concrete reaches the strain limit: εεεεcu and

Tensile steel reaches the yield strain: εεεεy

cb

d

d ′

yε

cu
εs

ε ′

6,120

6,120
cu

b

cu y y

c d d
f

ε
ε ε

= =
+ +

1b b
a cβ=

0.85b c b s s s yP f a b A f A f′ ′ ′= + −

b
s s s cu s y

b

c d
f E E f

c
ε ε

′−
′ ′= = ≤

0.85
2 2 2 2

b
b c b s s s y

ah h h
M f a b A f d A f d

     ′ ′ ′ ′= − + − + −    
    

/
b b b
e M P=

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

2.00

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10

'

n

g c

P

A f

φ

'

n

g c

M

A hf

φ

γ h

h

b

γ = 0.80

ρgm=0

0.5

1.0

1.5

2.0

2.5

3.0

Normalized Interaction Diagram
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BiaxialBiaxial Bending Bending ColumnColumn

ex

ey

Pn

h

b

x x

y

y

Mnx = Pn enx

Mny = Pn eny

PCA Notes on ACI 318-05 Building Code

Requirements for Structural Concrete

BIAXIAL INTERACTION STRENGTHBIAXIAL INTERACTION STRENGTH

Mx = P × ex

My = P × ey

Biaxial Bending Moments:
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Biaxial Column Design Methods

� Bresler Reciprocal Load Method

� Bresler Load Contour Method

� PCA Load Contour Method

BreslerBresler Reciprocal Load MethodReciprocal Load Method

Failure Surface
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BreslerBresler Reciprocal Load MethodReciprocal Load Method

Plane S2 is defined by points A,B, 

and C.

Use Reciprocal Failure surface S2 (1/Pn,ex,ey)

The ordinate 1/Pn on the surface S2 is 

approximated by ordinate 1/Pn on the 

plane S’2 (1/Pn ex,ey)

00y0x

n

00y0xnn

111

1

11111

PPP

P

PPPPP

−+
≈⇒

−+=
′

≈

Pn = Nominal axial load strength at eccentricities, 

ex & ey Limited to cases when 
gcn 1.0 AfP ≥

BreslerBresler Reciprocal Load MethodReciprocal Load Method

P0y =  Axial Load Strength under uniaxial eccentricity, ex

(corresponds to point A ) Mny = Pn ex

P0 =  Axial Load Strength under pure axial compression

(corresponds to point C) Mnx = Mny = 0

P0x =  Axial Load Strength under uniaxial eccentricity, ey

(corresponds to point B ) Mnx = Pn ey
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BreslerBresler Reciprocal Load Method ExampleReciprocal Load Method Example

The section of a short tied column is 40 × 60 cm. and 

is reinforced with 8DB32 bars as shown.

x

y

40 cm

6
0
 c
m

Determine the nominal strength Pn of the section if it 

acts at ex = 20 cm and ey = 30 cm.

Use f’c = 350 ksc and fy = 4,000 ksc

(1) Compute P0 = pure axial compression strength

Ast = 8 (8.04 cm
2) = 64.32 cm2

P0 = 0.85f’c (Ag – Ast) + Ast fy

= 0.85(350)(40x60 – 64.32) + 64.32x4,000

= 952,145 kg = 952 tons

(2) Compute P0x = axial load strength under ey

x

y

40 cm

6
0
 c
m

60 cm

ey = 30 cm Pn

Point B
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Balance condition:

6,120
55 33.3 cm,

6,120 4,000

0.80(33.3) 26.6 cm

 
= = + 

= =

b

b

c

a

0.85 0.85 0.35 26.6 40

316.5 ton

′= = × × ×

=

c c bC f a b

33.3 5
6,120 5,201 ksc

33.3

 ′− − ′ = = =   
  

b
s s cu

b

c d
f E

c
ε

3(8.04)(4.0) 96.5 ton′= = =s s yC A f

cb

d

d ′

yε

cu
εsε ′

d’ = 5 cm, d = 55 cm

3(8.04)(4.0) 96.5 ton= = =s yT A f

316.5 96.5 96.5 316.5 ton= + − = + − =b c sP C C T

2 2 2 2

316.5(30 26.6 / 2) 96.5(30 5) 96.5(55 30)

10,111 ton-cm 101.1 ton-m

     ′= − + − + −     
     

= − + − + −

= =

b c s

h a h h
M C C d T d

10,111
31.9 cm

316.5
= = =b

b

b

M
e

P

ey = 30 cm < eb

∴∴∴∴ Compression control

f’c = 350 ksc → β1 = 0.80

εcu

cbεy
Mb

M<Mb

c > cb εs < εy fs < fy

Compression Failure: e < eb

0.85 0.85 0.35 0.8 40 9.52′= = × × × =c c bC f a b c c

3(8.04)(4.0) 96.5 ton′= = =s s yC A f

24.12= =s s sT A f f

55
6,120

− − 
= =  

 
s cu s

d c c
f E

c c
ε

T CsCcCL

d’

a/2

h/2

d

h

Pn

e

d - h/2

Taking moment about tension steel :

( )
2 2

    ′⋅ + − = − + −   
   

n c s

h a
P e d C d C d d

( )(70 cm) 9.52 (55 0.4 ) 96.5 55 5= − + −nP c c

The resulting equation is :

Pn = Cc + Cs – T 9.52 96.5 24.12= + −n sP c f

27.48 0.0544 68.93= − +
n
P c c
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Two equations for Pn : 9.52 96.5 24.12= + −n sP c f

27.48 0.0544 68.93= − +
n
P c c

Equate two equations and solve for fs :
20.00226 0.0846 1.143= + +sf c c

55
6,120

− − 
= =  

 
s cu s

d c c
f E

c c
εBy definition : →

255
6,120 1 0.00226 0.0846 1.143

 
− = + + 

 
c c

c

Solving cubic equation: c =  54.89 cm →→→→ Pn = 425 ton ∴∴∴∴ P0x = 425 tons

Or try to use interaction diagram…

m = 4,000/(0.85x350) = 13.4

As = 6(8.04) = 48.24 cm
2

Ag = 40 x 60 = 2,400 cm
2

ρgm = (48.24/2,400)(13.4) = 0.27

Compute parameters:

n

q c

P e

A hf

φ
→

′

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

2.00

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10

'

n

g c

P

A f

φ

'

n

g c

M

A hf

φ

γ h

h

b

γ = 0.80

ρgm=0

0.5

1.0

1.5

2.0

2.5

3.0

Normalized Interaction Diagram

ρgm = 0.27

→ ey/h = 30/60 = 0.5

1

e/h

0.29

Pn = 0.29(2,400)(0.35)/0.7 = 348 tons ∴∴∴∴ P0x = 348 tons
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(3) Compute P0y = axial load strength under ex = 20 cm

40 cm

ex = 20 cm Pn

x

y

40 cm

6
0
 c
m

Use interaction diagram :

As = 6(8.04) = 48.24 cm
2

Ag = 40 x 60 = 2,400 cm
2

ρgm = (48.24/2,400)(13.4) = 0.27

ex/h = 20/40 = 0.5

Same as before

∴∴∴∴ P0y = 348 tons

(4) Compute the nominal load

n 0x 0y 0

1 1 1 1

P P P P
= + −

1 1 1

348 348 952
= + −

Pn = 213 tons Ans.

Load Contour Load Contour MethodMethod

Cut failure surface at constant Pn

Pn

Pn

Mny

Mnx

M0x

M0yLoad contourBiaxial Interaction Surface
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where Mnx and Mny are the nominal biaxial moment strengths in x and y directions.

Mox and Moy are the nominal uniaxial moment strengths in x and y directions.

Mnx

Mny

M0x

M0y

21

0 0

1.0
nynx

x y

MM

M M

αα
  

+ =       

Bresler (1960) suggests that it is acceptable to take α1 =α2 = α

BreslerBresler’’ss Load Contour MethodLoad Contour Method

1=









+








αα

oy

ny

ox

nx

M

M

M

M

With α = 1, interaction becomes linear:

1=+
oy

ny

ox

nx

M

M

M

M

Always yield conservative results

It should only be used when

gcn AfP ′< 1.0
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PCA Load Contour MethodPCA Load Contour Method

From Notes on ACI 318-05 Building Code Requirements for Structural Concrete, PCA Portland Cement Association, pp.7-15

PCA approach was developed as an extension of the Bresler Load Contour Method.

Mnx

Mny

M0x

M0y

Bresler load contour at certain Pn:

B

Point B is defined as 

oy

ox

ny

nx

M

M

M

M
=

Mox

Moy

Coordinate of point B : ),( oyox MM ββ

β Mox

β Moy
Substitute point B in Bresler’s equation:

1=









+








αα

oy

ny

ox

nx

M

M

M

M

1=









+








αα ββ

oy

oy

ox

ox

M

M

M

M

β
α

log

5.0log
=

Thus Bresler’s equation may be written as:

0.1
log

5.0log

log

5.0log

=









+
























ββ

oy

ny

ox

nx

M

M

M

M
0.5 ≤ ββββ ≤ 1.0

Bilinear Approximation of Load ContourBilinear Approximation of Load Contour

45o

1.0

1.0

Mny

Moy

Mnx

Mox

0

β

β

B

Upper line:

ox

oy

nx

ny

oy

ny

ox

nx

M

M

M

M

M

M

M

M
>=+







 −
for  0.1

1

β
β

Lower line:

ox

oy

nx

ny

oy

ny

ox

nx

M

M

M

M

M

M

M

M
<=







 −
+ for  0.1

1

β
β
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y

h

b

x x

y

Mnx

Mny

For rectangular sections with reinforcement equally 

distributed on all faces, it can be approximated that:

Upper line:

0.1
1

=+






 −

oy

ny

ox

nx

M

M

M

M

β
β

h

b

M

M

ox

oy ≈









≈>
h

b

M

M

M

M

ox

oy

nx

ny
for Lower line: 








≈<
h

b

M

M

M

M

ox

oy

nx

ny
for 

oyny
ox

oy
nx MM
M

M
M =+







 −









β
β1

oynynx MM
h

b
M ≈+







 −
β

β1

0.1
1

=






 −
+

β
β

oy

ny

ox

nx

M

M

M

M

ox
oy

ox
nynx M
M

M
MM =







 −










+

β
β1

oxnynx M
b

h
MM ≈







 −
+

β
β1

In design, b and h must be chosen and ββββ is generally 

assumed to 0.65.

Example 7.8  Design of a Square Column for Biaxial Loading

Determine the required square tied column size and reinforcement for the factored 

load and moments given. Assume the reinforcement is equally distributed on all 

faces.

Pu = 600 ton, Mux = 60 ton-m, Muy = 40 ton-m

f’c = 350 kg/cm
2, fy = 4,000 kg/cm

2

1. Determine required strengths:

Solution:

 tons8577.0/600/ === φun PP

m- ton679.0/60/ === φuxnx MM

m- ton449.0/40/ === φuyny MM

2. Assume ββββ = 0.65
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3. Determine an equivalent uniaxial moment strength

40.0
47

19
==

nx

ny

M

M
column) (square 0.1=<

h

b








 −
+≈

β
β1

b

h
MMM nynxox

Therefore, use lower line equation

m- ton91
65.0

65.01
)0.1(4467 =






 −

+=

4. Assuming a 60 cm square column, 

48.0
35.06060

8577.0
=

××
×

=
′cg

n

fA

Pφ
11.0

35.0606060

100919.0
=

×××
××

=
′cg

ox

fhA

Mφ

Determine the reinforcement required to provide an axial load strength Pn = 779 tons

and an equivalent uniaxial moment strength Mox = 57 ton-m

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

2.00

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10

'

n

g c

P

A f

φ

'

n

g c

M

A hf

φ

γ h

h

b

γ = 0.80

ρgm=0

0.5

1.0

1.5

2.0

2.5

3.0

Normalized Interaction Diagram

4.0

)4.13(

=

=
g

s
g

A

A
mρ

4.13

35085.0

000,4

=

×
=m

2

2

cm 108

60
4.13

4.0

=

×=sA

Use 14DB32
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14DB32

Square Column Section

60 cm x 60 cm 

x x

y

y

Column required strengths:

n uP P / 600 / 0.7 857 tons= φ = =

nx uxM M / 60 /0.9 67 ton-m= φ = =

ny uyM M / 40 /0.9 44 ton-m= φ = =

5. Check a selected section by the methods…

a. Bresler Reciprocal Load Method

Check Pn ≥ 0.1 f’c Ag

857 tons >  0.1(0.35)(3,600) = 126 tons OK

To employ this method, P0, P0x and P0y must be determined.

P0 =  0.85 f’c (Ag – Ast) + Ast fy

Ast = 14 (8.04) = 112.56 cm
2

=  0.85 (0.35) (3,600 – 112.56) + 112.56 (4.0) =  1,488 tons

Compute P0x under ey = Mny/Pn = 44(100)/857 =  5.13 cm

10DB32 As = 10 (8.04) = 80.4 cm
2

x x

y

y

ρgm  =  (80.4 / 3,600) (13.4)  =  0.30

ey/h =  5.13 / 60  =  0.0855

From interaction diagram P0x = 1,206 tons

Compute P0y under ex = Mnx/Pn = 67(100)/857 =  7.82 cm

x x

y

y

8DB32 As = 8 (8.04) = 64.32 cm
2

ρgm  =  (64.32 / 3,600) (13.4)  =  0.24

ey/h =  7.82 / 60  =  0.13

From interaction diagram P0y = 1,008 tons

n

0x 0y 0

1
P 857 tons

1 1 1

P P P

= ≤
+ −

1
870 tons

1 1 1

1206 1008 1488

< =
+ −

OK



TumCivil.com Training Center

Modified Load Contour MethodModified Load Contour Method

The interaction expression for the load and  bending moments about the two axes is

1.51.5

nyn nb nx

no nb nbx nby

MP P M
1.0

P P M M

    −
+ + =      −     

where

Pn =  nominal axial compression (positive), or tension (negative)

Mnx, Mny =  nominal bending moments about the x- and y-axis respectively

Pno =  maximum nominal axial compression (positive) or axial tension (negative)

=  0.85 f’c (Ag – Ast) + fyAst

Pnb =  nominal axial compression at the limit strain states ( εt = 0.002 )

Mnbx, Mnby =  nominal bending moment about the x- and y-axis respectively,

at the limit strain state ( εt = 0.002 )

T CsCcCL

d’

a/2

h/2

d

h

Pn

e

d - h/2

d”

nb c 1 b s s s yP 0.85 f c b A f A f′ ′ ′= β + −

The value of Pnb and Mnb can be obtained from:

nb nb b c s

a
M P e C d d C (d d d ) Td

2

 ′′ ′ ′′ ′′= = − − + − − + 
 

where

a = depth of the equivalent block = β1cb

b

y s

0.003 6,120
c d d

f /E 0.003 6,120 4,000

   
= =    + +  

s
f ′ = stress in the compressive reinforcement

y s yf  if  f f′= ≥

T = Force in the tensile side reinforcement
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EXAMPLE 18 – 3 : Design of a Biaxially Loaded Column by the Modified Load

Contour Method

A nonslender corner column is subjected to a factored compressive load Pu = 100 ton,

a factored bending moment Mux = 18 t-m about the x axis, and a factored bending

moment Muy = 12 t-m about y axis. Given f’c = 280 ksc, fy = 4,000 ksc

x

y

Muy

Mux

x

y
Pu = 100 ton

ex

ey

Solution: Step 1: Calculate equivalent uniaxial bending moment assuming equal

numbers of bars on all faces

Assume that φ = 0.70 for tied columns.

Required nominal Pn = 100/0.7 = 143 ton

Required nominal Mnx = 18/0.7 = 25.7 t-m

Required nominal Mny = 12/0.7 = 17.1 t-m

ey = Mnx / Pn = 25.7(100)/143 = 18.0 cm

ex = Mny / Pn = 17.1(100)/143 = 12.0 cm

x

y
Pu

ex

ey
b

h

Mux

Muy

x : axis parallel to the shorter side b

y : axis parallel to the longer side h

Assume column section : b = 30 cm, h = 50 cm, d’ = 5 cm, and As = 8DB25

εs = εy = 0.002

Balance failure

εcu = 0.003

c

b = 30 cm

h
 =
 5
0
 c
m

5 cm

5 cm

d
 =
 4
5
 c
m

c 0.003
0.6

d 0.003 0.002
= =

+

c = 0.6(45) = 27 cm

a = β1c = 0.85(27) = 23 cm
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εs = εy = 0.002

εcu = 0.003
c
 =
 2
7
 c
m

T = As fy

0.85f’c

a
 =
 2
3
 c
m

Cc

Cs1

Cs2

f’s = 6120(1-d’/c) = 6120(1-5/27) 

= 4987 ksc USE fy = 4000 ksc

f’s = 6120(1-25/27) = 453 ksc

Pnb =  nominal axial compression at the limit strain

= Cc + Cs1 + Cs2 – T

Cc = 0.85f’c b a = 0.85(0.28)(30)(23) = 164.2 ton

Cs1 = (3DB25=14.73)(4.0) = 58.9 ton

Cs2 = (2DB25=9.82)(0.453) = 4.5 ton

T  = (3DB25=14.73)(4.0) = 58.9 ton

Pnb =  164.2 + 58.9 + 4.5 – 58.9 = 168.7 ton

Compute Pnb :

Mnbx = 164.2(25 – 23/2) + 58.9(25 – 5) + 58.9(45 – 25)

Compute Mnbx :

T = As fy

0.85f’c

a
 =
 2
3
 c
m

Cc

Cs1

Cs2

nbx c s

h a h h
M C C d T d

2 2 2 2

     ′= − + − + −     
     

= 4573 t-cm = 45.7 t-m

nbx
by

nb

M 4573
e 27.1 cm

P 168.7
= = =

eby > ey = 17.8 cm, hence compression failure

Compute Mnby :

b = 30 cm

h
 =
 5
0
 c
m My

εcu =
0.003

εy =
0.002

cnbx

anbx = β1cnbx = 0.85(0.6)(d=25) = 13 cm

Mnby = 0.85×0.28×50×12.75(15 – 13/2) + 58.9(15 – 5)

+ 58.9(25 – 15) 

= 2468 t-cm = 24.7 t-m
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no c g st st yP 0.85 f (A A ) A f′= − +

= 0.85 x 0.24 (30 x 50 – 8 x 4.91) + 8 x 4.49 x 4.0

= 442 ton

Using the interaction surface expression for biaxial bending

1.51.5

nyn nb nx

no nb nbx nby

MP P M

P P M M

    −
+ +       −     

1.5 1.5
143 168.7 25.7 17.1

442 168.7 45.7 24.7

−    = + +   −    

= -0.094 + 0.422 + 0.576 = 0.904 < 1.00 OK

Hence, accept the design, namely,

b = 30 cm, h = 50 cm, d = 45 cm, and As = 8DB25

b = 30 cm

h
 =
 5
0
 c
m
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STAAD.Pro : Application Examples  Ex 08 - 1 
 

 
 
 

  

Biaxial RC Column 
ในตัวอยางนี้จะสาธิตการออกแบบเสาคอนกรีตเสริมเหล็กรับแรงอัดและโมเมนตดัดสองแกน 

 

Example 7.8  Design of a Square Column for Biaxial Loading 

Determine the required square tied column size and reinforcement for 
the factored load and moments given. Assume the reinforcement is 
equally distributed on all faces. 

Pu = 600 ton,        

Mux = 60 ton-m,        

Muy = 40 ton-m 

f’c = 350 kg/cm2,     

fy = 4,000 kg/cm2 

 

 เร่ิมตนโปรแกรม เลือกชนิดโครงสราง Space ตั้งช่ือวา BiaxialColumn.std 

 เลือกหนวยความยาว Meter หนวยแรง Metric Ton 

 เร่ิมตนสรางโมเดลเปนเสาหน่ึงตนสูง 4 เมตรในแนวแกน Y  
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STAAD.Pro : Application Examples  Ex 08 - 2 
 

 
 ไปหนา General > Property คลิกปุม Define… เลือก Rectangle กําหนดคาดังนี้ 

- YD = 0.60 m, ZD = 0.60 m กําหนดเปนหนาตัดคานท้ังหมด 
- Material เลือกเปน Concrete 

 

 คลิกปุม Add ตามดวย Close 

 เลือก Assign To View แลวคลิกปุม Assign 

 ไปยังหนา General > Support สรางจุดรองรับแบบ Fixed แลวกําหนดใหท่ีฐานเสา 
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STAAD.Pro : Application Examples  Ex 08 - 3 
 

 

 ไปท่ีหนา General > Load สรางกรณีบรรทุก LOAD CASE 1 คลิกปุม Add ตามดวย 
Close 

 คลิกปุม Add… เลือกรายการ Nodal Load | Node สรางเพิ่มสามรายการคือ 

- Fy = -600 MTon คลิกปุม Add 

- Mx = 60 MTonm คลิกปุม Add 

- Mz = 40 MTonm คลิกปุม Add ตามดวย Close 

 Assign น้ําหนักบรรทุกท้ังสามรายการใหท่ีปลายบนหัวเสา 

 
 ไปท่ีหนา Analysis/Print เลือก Print Option ท่ีตองการ แลวกดปุม Add 

 ลองส่ังรันการคํานวณ Analyze > Run Analysis… 



TumCivil.com Training Center

STAAD.Pro : Application Examples  Ex 08 - 4 
 

 เลือกเมนู Commands > Loading > Load List เพื่อกําหนดกรณีบรรทุกท่ีจะใชในการ
ออกแบบ ในตัวอยางนี้มีเพียง Load 1 แลวกด OK 

 ไปท่ีหนา Design > Concrete เลือกมาตรฐานเปน ACI 

 เปล่ียนหนวยความยาวเปน Centimeter หนวยแรงเปน Kilogram 

 คลิกปุม Define Parameters… เพื่อกําหนดคาพารามิเตอรในการออกแบบ 

 เลือกรายการ FC กําลังอัดประลัยคอนกรีต ใสคา 350 kg/cm2 กดปุม Add 

 เลือกรายการ FYMAIN กําลังครากเหล็กเสริมหลัก ใสคา 4000 kg/cm2 กดปุม Add 

 เลือกรายการ MAXMAIN กําหนดขนาดเหล็กเสริมใหญท่ีสุดท่ีจะใชในการออกแบบใสคา 
32 mm กดปุม Add 

 เลือกรายการ MINMAIN กําหนดขนาดเหล็กเสริมใหญท่ีสุดท่ีจะใชในการออกแบบใสคา 
16 mm กดปุม Add 

 เลือกรายการ Track เลือกหัวขอ (2) คลิกปุม Add ตามดวย Close 

 กําหนดรายการท่ียังเปนเคร่ืองหมาย ? แบบ Assign To View 

 คลิกปุม Commands… เลือกรายการ DESIGN COLUMN แลวคลิกปุม Add กําหนด
ใหแกเสา 
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STAAD.Pro : Application Examples  Ex 08 - 5 
 

 ส่ังรันการคํานวณ Analyze > Run Analysis… 

 เปดด ูOutput File สวนท่ีเปน Concrete Design 

 
   ==================================================================== 
  
        COLUMN  NO.     1  DESIGN PER ACI 318-02 - AXIAL + BENDING 
  
 
   FY - 392.3  FC -  34.3 MPA,  SQRE SIZE - 600.0 X 600.0 MMS, TIED 
           AREA OF STEEL REQUIRED = 15192.0  SQ. MM 
  
   BAR CONFIGURATION       REINF PCT.   LOAD   LOCATION   PHI 
   ---------------------------------------------------------- 
  
    20 - 32 MM               4.468        1      END     0.650 
   (PROVIDE EQUAL NUMBER OF BARS ON EACH FACE) 
   TIE BAR NUMBER   12 SPACING 512.00 MM 
  
       COLUMN INTERACTION: MOMENT ABOUT Z -AXIS (KN-MET) 
  
    -------------------------------------------------------- 
      P0        Pn max    P-bal.    M-bal.     e-bal. (MM) 
   16343.20  13074.56   4745.26   1805.10     380.4 
       M0       P-tens.   Des.Pn    Des.Mn     e/h 
    1479.02  -6309.55   9052.29    603.49    0.01667 
    -------------------------------------------------------- 
  
       COLUMN INTERACTION: MOMENT ABOUT Y -AXIS (KN-MET) 
  
    -------------------------------------------------------- 
      P0        Pn max    P-bal.    M-bal.     e-bal. (MM) 
   16343.20  13074.56   4745.26   1805.10     380.4 
       M0       P-tens.   Des.Pn    Des.Mn     e/h 
    1479.02  -6309.55   9052.29    905.23    0.02500 
    -------------------------------------------------------- 
                            Pn       Mn       Pn       Mn    (@ Z ) 
            |            12068.83   795.94  6034.41  1687.08 
         P0 |*           11063.09  1116.08  5028.68  1779.79 
            | *          10057.35  1250.15  4022.94  1799.76 
      Pn,max|__*          9051.62  1379.90  3017.21  1779.32 
            |   *         8045.88  1492.87  2011.47  1711.80 
      Pn    |    *        7040.15  1592.98  1005.74  1611.75 
     NOMINAL|     *         Pn       Mn       Pn       Mn    (@ Y ) 
       AXIAL|      *     12068.83   795.94  6034.41  1687.08 
 COMPRESSION|       *    11063.09  1116.08  5028.68  1779.79 
          Pb|-------*Mb  10057.35  1250.15  4022.94  1799.76 
            |      *      9051.62  1379.90  3017.21  1779.32 
 ___________|____*_______ 8045.88  1492.87  2011.47  1711.80 
            |  * M0   Mn, 7040.15  1592.98  1005.74  1611.75 
            | *   BENDING 
      P-tens|*     MOMENT 
            | 
  
  
   ********************END OF COLUMN DESIGN RESULTS******************** 
 

 



TumCivil.com Training Center

� Combined Axial-Bending

Mongkol JIRAVACHARADET

BuildingBuilding DesignDesign

S U R A N A R E E INSTITUTE OF ENGINEERING

UNIVERSITY OF TECHNOLOGY SCHOOL OF CIVIL ENGINEERING

Biaxial Bending Column

� Interaction Diagram

� Biaxial Column

� Bresler Reciprocal Load Method

� Bresler Load Contour Method

� PCA Load Contour Method

Column subjected to eccentric compressionColumn subjected to eccentric compression

Pn
e

h

width = b

c

d

d′

sε
sε ′

cu
ε

a

s sA f s s
A f′ ′

0.85 cf ′

0.85n c s s s sP f a b A f A f′ ′ ′= + −y
F Σ 

L
[ ]CMΣ 0.85

2 2 2 2
n n c s s s s

h a h h
M P e f ab A f d A f d

     ′ ′ ′ ′= = − + − + −     
     

Equilibrium between external and internal axial forces requires that

Moment about centerline of the section of internal stresses and forces must be

equal and opposite to the moment of external force Pn, so that
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c

d

d′

s
ε

sε ′
cu

ε

a

s s
A f s sA f′ ′

0.85 cf ′

Tension steel:

s cu

s s s cu s y

d c

c

d c
f E E f

c

ε ε

ε ε

−
=

−
= = ≤

Compression steel:

s cu

s s s cu s y

c d

c

c d
f E E f

c

ε ε

ε ε

′−′ =

′−
′ ′= = ≤

Concrete stress block:

1

0.85 c

a c h

C f a b

β= ≤

′=

Pn

Mn

Interaction Diagram for Combined Bending and Axial LoadInteraction Diagram for Combined Bending and Axial Load

For any eccentricity, there is a unique pair of Pn and Mn.

P0

e
=
 0

e
s
m
a
ll

Compression failure range

By plotting series of pairs coresponding to a different 

eccentricity, will result in an interaction diagram.

Radial lines show constant e = Mn/Pn

eebb : Balance failure: Balance failure

e large Tension failure range

e = ∞
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Balanced Failure, Balanced Failure, eebb

b b b
M P e= Condition of failure that :

Concrete reaches the strain limit: εεεεcu and

Tensile steel reaches the yield strain: εεεεy

cb

d

d ′

yε

cu
εs

ε ′

6,120

6,120
cu

b

cu y y

c d d
f

ε
ε ε

= =
+ +

1b b
a cβ=

0.85b c b s s s yP f a b A f A f′ ′ ′= + −

b
s s s cu s y

b

c d
f E E f

c
ε ε

′−
′ ′= = ≤

0.85
2 2 2 2

b
b c b s s s y

ah h h
M f a b A f d A f d

     ′ ′ ′ ′= − + − + −    
    

/
b b b
e M P=

0.00
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0.40
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1.60

1.80

2.00

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10

'

n

g c

P

A f

φ

'

n

g c

M

A hf

φ

γ h

h

b

γ = 0.80

ρgm=0
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2.0
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Normalized Interaction Diagram
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BiaxialBiaxial Bending Bending ColumnColumn

ex

ey

Pn

h

b

x x

y

y

Mnx = Pn enx

Mny = Pn eny

PCA Notes on ACI 318-05 Building Code

Requirements for Structural Concrete

BIAXIAL INTERACTION STRENGTHBIAXIAL INTERACTION STRENGTH

Mx = P × ex

My = P × ey

Biaxial Bending Moments:



TumCivil.com Training Center

Biaxial Column Design Methods

� Bresler Reciprocal Load Method

� Bresler Load Contour Method

� PCA Load Contour Method

BreslerBresler Reciprocal Load MethodReciprocal Load Method

Failure Surface
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BreslerBresler Reciprocal Load MethodReciprocal Load Method

Plane S2 is defined by points A,B, 

and C.

Use Reciprocal Failure surface S2 (1/Pn,ex,ey)

The ordinate 1/Pn on the surface S2 is 

approximated by ordinate 1/Pn on the 

plane S’2 (1/Pn ex,ey)

00y0x

n

00y0xnn

111

1

11111

PPP

P

PPPPP

−+
≈⇒

−+=
′

≈

Pn = Nominal axial load strength at eccentricities, 

ex & ey Limited to cases when 
gcn 1.0 AfP ≥

BreslerBresler Reciprocal Load MethodReciprocal Load Method

P0y =  Axial Load Strength under uniaxial eccentricity, ex

(corresponds to point A ) Mny = Pn ex

P0 =  Axial Load Strength under pure axial compression

(corresponds to point C) Mnx = Mny = 0

P0x =  Axial Load Strength under uniaxial eccentricity, ey

(corresponds to point B ) Mnx = Pn ey
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BreslerBresler Reciprocal Load Method ExampleReciprocal Load Method Example

The section of a short tied column is 40 × 60 cm. and 

is reinforced with 8DB32 bars as shown.

x

y

40 cm

6
0
 c
m

Determine the nominal strength Pn of the section if it 

acts at ex = 20 cm and ey = 30 cm.

Use f’c = 350 ksc and fy = 4,000 ksc

(1) Compute P0 = pure axial compression strength

Ast = 8 (8.04 cm
2) = 64.32 cm2

P0 = 0.85f’c (Ag – Ast) + Ast fy

= 0.85(350)(40x60 – 64.32) + 64.32x4,000

= 952,145 kg = 952 tons

(2) Compute P0x = axial load strength under ey

x

y

40 cm

6
0
 c
m

60 cm

ey = 30 cm Pn

Point B



TumCivil.com Training Center

Balance condition:

6,120
55 33.3 cm,

6,120 4,000

0.80(33.3) 26.6 cm

 
= = + 

= =

b

b

c

a

0.85 0.85 0.35 26.6 40

316.5 ton

′= = × × ×

=

c c bC f a b

33.3 5
6,120 5,201 ksc

33.3

 ′− − ′ = = =   
  

b
s s cu

b

c d
f E

c
ε

3(8.04)(4.0) 96.5 ton′= = =s s yC A f

cb

d

d ′

yε

cu
εsε ′

d’ = 5 cm, d = 55 cm

3(8.04)(4.0) 96.5 ton= = =s yT A f

316.5 96.5 96.5 316.5 ton= + − = + − =b c sP C C T

2 2 2 2

316.5(30 26.6 / 2) 96.5(30 5) 96.5(55 30)

10,111 ton-cm 101.1 ton-m

     ′= − + − + −     
     

= − + − + −

= =

b c s

h a h h
M C C d T d

10,111
31.9 cm

316.5
= = =b

b

b

M
e

P

ey = 30 cm < eb

∴∴∴∴ Compression control

f’c = 350 ksc → β1 = 0.80

εcu

cbεy
Mb

M<Mb

c > cb εs < εy fs < fy

Compression Failure: e < eb

0.85 0.85 0.35 0.8 40 9.52′= = × × × =c c bC f a b c c

3(8.04)(4.0) 96.5 ton′= = =s s yC A f

24.12= =s s sT A f f

55
6,120

− − 
= =  

 
s cu s

d c c
f E

c c
ε

T CsCcCL

d’

a/2

h/2

d

h

Pn

e

d - h/2

Taking moment about tension steel :

( )
2 2

    ′⋅ + − = − + −   
   

n c s

h a
P e d C d C d d

( )(70 cm) 9.52 (55 0.4 ) 96.5 55 5= − + −nP c c

The resulting equation is :

Pn = Cc + Cs – T 9.52 96.5 24.12= + −n sP c f

27.48 0.0544 68.93= − +
n
P c c
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Two equations for Pn : 9.52 96.5 24.12= + −n sP c f

27.48 0.0544 68.93= − +
n
P c c

Equate two equations and solve for fs :
20.00226 0.0846 1.143= + +sf c c

55
6,120

− − 
= =  

 
s cu s

d c c
f E

c c
εBy definition : →

255
6,120 1 0.00226 0.0846 1.143

 
− = + + 

 
c c

c

Solving cubic equation: c =  54.89 cm →→→→ Pn = 425 ton ∴∴∴∴ P0x = 425 tons

Or try to use interaction diagram…

m = 4,000/(0.85x350) = 13.4

As = 6(8.04) = 48.24 cm
2

Ag = 40 x 60 = 2,400 cm
2

ρgm = (48.24/2,400)(13.4) = 0.27

Compute parameters:

n

q c

P e

A hf

φ
→

′

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

2.00

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10

'

n

g c

P

A f

φ

'

n

g c

M

A hf

φ

γ h

h

b

γ = 0.80

ρgm=0

0.5

1.0

1.5

2.0

2.5

3.0

Normalized Interaction Diagram

ρgm = 0.27

→ ey/h = 30/60 = 0.5

1

e/h

0.29

Pn = 0.29(2,400)(0.35)/0.7 = 348 tons ∴∴∴∴ P0x = 348 tons
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(3) Compute P0y = axial load strength under ex = 20 cm

40 cm

ex = 20 cm Pn

x

y

40 cm

6
0
 c
m

Use interaction diagram :

As = 6(8.04) = 48.24 cm
2

Ag = 40 x 60 = 2,400 cm
2

ρgm = (48.24/2,400)(13.4) = 0.27

ex/h = 20/40 = 0.5

Same as before

∴∴∴∴ P0y = 348 tons

(4) Compute the nominal load

n 0x 0y 0

1 1 1 1

P P P P
= + −

1 1 1

348 348 952
= + −

Pn = 213 tons Ans.

Load Contour Load Contour MethodMethod

Cut failure surface at constant Pn

Pn

Pn

Mny

Mnx

M0x

M0yLoad contourBiaxial Interaction Surface
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where Mnx and Mny are the nominal biaxial moment strengths in x and y directions.

Mox and Moy are the nominal uniaxial moment strengths in x and y directions.

Mnx

Mny

M0x

M0y

21

0 0

1.0
nynx

x y

MM

M M

αα
  

+ =       

Bresler (1960) suggests that it is acceptable to take α1 =α2 = α

BreslerBresler’’ss Load Contour MethodLoad Contour Method

1=









+








αα

oy

ny

ox

nx

M

M

M

M

With α = 1, interaction becomes linear:

1=+
oy

ny

ox

nx

M

M

M

M

Always yield conservative results

It should only be used when

gcn AfP ′< 1.0
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PCA Load Contour MethodPCA Load Contour Method

From Notes on ACI 318-05 Building Code Requirements for Structural Concrete, PCA Portland Cement Association, pp.7-15

PCA approach was developed as an extension of the Bresler Load Contour Method.

Mnx

Mny

M0x

M0y

Bresler load contour at certain Pn:

B

Point B is defined as 

oy

ox

ny

nx

M

M

M

M
=

Mox

Moy

Coordinate of point B : ),( oyox MM ββ

β Mox

β Moy
Substitute point B in Bresler’s equation:

1=









+








αα

oy

ny

ox

nx

M

M

M

M

1=









+








αα ββ

oy

oy

ox

ox

M

M

M

M

β
α

log

5.0log
=

Thus Bresler’s equation may be written as:

0.1
log

5.0log

log

5.0log

=









+
























ββ

oy

ny

ox

nx

M

M

M

M
0.5 ≤ ββββ ≤ 1.0

Bilinear Approximation of Load ContourBilinear Approximation of Load Contour

45o

1.0

1.0

Mny

Moy

Mnx

Mox

0

β

β

B

Upper line:

ox

oy

nx

ny

oy

ny

ox

nx

M

M

M

M

M

M

M

M
>=+







 −
for  0.1

1

β
β

Lower line:

ox

oy

nx

ny

oy

ny

ox

nx

M

M

M

M

M

M

M

M
<=







 −
+ for  0.1

1

β
β
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y

h

b

x x

y

Mnx

Mny

For rectangular sections with reinforcement equally 

distributed on all faces, it can be approximated that:

Upper line:

0.1
1

=+






 −

oy

ny

ox

nx

M

M

M

M

β
β

h

b

M

M

ox

oy ≈









≈>
h

b

M

M

M

M

ox

oy

nx

ny
for Lower line: 








≈<
h

b

M

M

M

M

ox

oy

nx

ny
for 

oyny
ox

oy
nx MM
M

M
M =+







 −









β
β1

oynynx MM
h

b
M ≈+







 −
β

β1

0.1
1

=






 −
+

β
β

oy

ny

ox

nx

M

M

M

M

ox
oy

ox
nynx M
M

M
MM =







 −










+

β
β1

oxnynx M
b

h
MM ≈







 −
+

β
β1

In design, b and h must be chosen and ββββ is generally 

assumed to 0.65.

Example 7.8  Design of a Square Column for Biaxial Loading

Determine the required square tied column size and reinforcement for the factored 

load and moments given. Assume the reinforcement is equally distributed on all 

faces.

Pu = 600 ton, Mux = 60 ton-m, Muy = 40 ton-m

f’c = 350 kg/cm
2, fy = 4,000 kg/cm

2

1. Determine required strengths:

Solution:

 tons8577.0/600/ === φun PP

m- ton679.0/60/ === φuxnx MM

m- ton449.0/40/ === φuyny MM

2. Assume ββββ = 0.65
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3. Determine an equivalent uniaxial moment strength

40.0
47

19
==

nx

ny

M

M
column) (square 0.1=<

h

b








 −
+≈

β
β1

b

h
MMM nynxox

Therefore, use lower line equation

m- ton91
65.0

65.01
)0.1(4467 =






 −

+=

4. Assuming a 60 cm square column, 

48.0
35.06060

8577.0
=

××
×

=
′cg

n

fA

Pφ
11.0

35.0606060

100919.0
=

×××
××

=
′cg

ox

fhA

Mφ

Determine the reinforcement required to provide an axial load strength Pn = 779 tons

and an equivalent uniaxial moment strength Mox = 57 ton-m

0.00

0.20

0.40

0.60

0.80

1.00
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1.40

1.60

1.80

2.00
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n

g c

M

A hf

φ

γ h

h

b

γ = 0.80

ρgm=0

0.5

1.0

1.5

2.0

2.5

3.0

Normalized Interaction Diagram

4.0

)4.13(

=

=
g

s
g
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A
mρ

4.13

35085.0

000,4

=

×
=m

2

2

cm 108

60
4.13

4.0

=

×=sA

Use 14DB32
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14DB32

Square Column Section

60 cm x 60 cm 

x x

y

y

Column required strengths:

n uP P / 600 / 0.7 857 tons= φ = =

nx uxM M / 60 /0.9 67 ton-m= φ = =

ny uyM M / 40 /0.9 44 ton-m= φ = =

5. Check a selected section by the methods…

a. Bresler Reciprocal Load Method

Check Pn ≥ 0.1 f’c Ag

857 tons >  0.1(0.35)(3,600) = 126 tons OK

To employ this method, P0, P0x and P0y must be determined.

P0 =  0.85 f’c (Ag – Ast) + Ast fy

Ast = 14 (8.04) = 112.56 cm
2

=  0.85 (0.35) (3,600 – 112.56) + 112.56 (4.0) =  1,488 tons

Compute P0x under ey = Mny/Pn = 44(100)/857 =  5.13 cm

10DB32 As = 10 (8.04) = 80.4 cm
2

x x

y

y

ρgm  =  (80.4 / 3,600) (13.4)  =  0.30

ey/h =  5.13 / 60  =  0.0855

From interaction diagram P0x = 1,206 tons

Compute P0y under ex = Mnx/Pn = 67(100)/857 =  7.82 cm

x x

y

y

8DB32 As = 8 (8.04) = 64.32 cm
2

ρgm  =  (64.32 / 3,600) (13.4)  =  0.24

ey/h =  7.82 / 60  =  0.13

From interaction diagram P0y = 1,008 tons

n

0x 0y 0

1
P 857 tons

1 1 1

P P P

= ≤
+ −

1
870 tons

1 1 1

1206 1008 1488

< =
+ −

OK
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Modified Load Contour MethodModified Load Contour Method

The interaction expression for the load and  bending moments about the two axes is

1.51.5

nyn nb nx

no nb nbx nby

MP P M
1.0

P P M M

    −
+ + =      −     

where

Pn =  nominal axial compression (positive), or tension (negative)

Mnx, Mny =  nominal bending moments about the x- and y-axis respectively

Pno =  maximum nominal axial compression (positive) or axial tension (negative)

=  0.85 f’c (Ag – Ast) + fyAst

Pnb =  nominal axial compression at the limit strain states ( εt = 0.002 )

Mnbx, Mnby =  nominal bending moment about the x- and y-axis respectively,

at the limit strain state ( εt = 0.002 )

T CsCcCL

d’

a/2

h/2

d

h

Pn

e

d - h/2

d”

nb c 1 b s s s yP 0.85 f c b A f A f′ ′ ′= β + −

The value of Pnb and Mnb can be obtained from:

nb nb b c s

a
M P e C d d C (d d d ) Td

2

 ′′ ′ ′′ ′′= = − − + − − + 
 

where

a = depth of the equivalent block = β1cb

b

y s

0.003 6,120
c d d

f /E 0.003 6,120 4,000

   
= =    + +  

s
f ′ = stress in the compressive reinforcement

y s yf  if  f f′= ≥

T = Force in the tensile side reinforcement
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EXAMPLE 18 – 3 : Design of a Biaxially Loaded Column by the Modified Load

Contour Method

A nonslender corner column is subjected to a factored compressive load Pu = 100 ton,

a factored bending moment Mux = 18 t-m about the x axis, and a factored bending

moment Muy = 12 t-m about y axis. Given f’c = 280 ksc, fy = 4,000 ksc

x

y

Muy

Mux

x

y
Pu = 100 ton

ex

ey

Solution: Step 1: Calculate equivalent uniaxial bending moment assuming equal

numbers of bars on all faces

Assume that φ = 0.70 for tied columns.

Required nominal Pn = 100/0.7 = 143 ton

Required nominal Mnx = 18/0.7 = 25.7 t-m

Required nominal Mny = 12/0.7 = 17.1 t-m

ey = Mnx / Pn = 25.7(100)/143 = 18.0 cm

ex = Mny / Pn = 17.1(100)/143 = 12.0 cm

x

y
Pu

ex

ey
b

h

Mux

Muy

x : axis parallel to the shorter side b

y : axis parallel to the longer side h

Assume column section : b = 30 cm, h = 50 cm, d’ = 5 cm, and As = 8DB25

εs = εy = 0.002

Balance failure

εcu = 0.003

c

b = 30 cm

h
 =
 5
0
 c
m

5 cm

5 cm

d
 =
 4
5
 c
m

c 0.003
0.6

d 0.003 0.002
= =

+

c = 0.6(45) = 27 cm

a = β1c = 0.85(27) = 23 cm
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εs = εy = 0.002

εcu = 0.003
c
 =
 2
7
 c
m

T = As fy

0.85f’c

a
 =
 2
3
 c
m

Cc

Cs1

Cs2

f’s = 6120(1-d’/c) = 6120(1-5/27) 

= 4987 ksc USE fy = 4000 ksc

f’s = 6120(1-25/27) = 453 ksc

Pnb =  nominal axial compression at the limit strain

= Cc + Cs1 + Cs2 – T

Cc = 0.85f’c b a = 0.85(0.28)(30)(23) = 164.2 ton

Cs1 = (3DB25=14.73)(4.0) = 58.9 ton

Cs2 = (2DB25=9.82)(0.453) = 4.5 ton

T  = (3DB25=14.73)(4.0) = 58.9 ton

Pnb =  164.2 + 58.9 + 4.5 – 58.9 = 168.7 ton

Compute Pnb :

Mnbx = 164.2(25 – 23/2) + 58.9(25 – 5) + 58.9(45 – 25)

Compute Mnbx :

T = As fy

0.85f’c

a
 =
 2
3
 c
m

Cc

Cs1

Cs2

nbx c s

h a h h
M C C d T d

2 2 2 2

     ′= − + − + −     
     

= 4573 t-cm = 45.7 t-m

nbx
by

nb

M 4573
e 27.1 cm

P 168.7
= = =

eby > ey = 17.8 cm, hence compression failure

Compute Mnby :

b = 30 cm

h
 =
 5
0
 c
m My

εcu =
0.003

εy =
0.002

cnbx

anbx = β1cnbx = 0.85(0.6)(d=25) = 13 cm

Mnby = 0.85×0.28×50×12.75(15 – 13/2) + 58.9(15 – 5)

+ 58.9(25 – 15) 

= 2468 t-cm = 24.7 t-m
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no c g st st yP 0.85 f (A A ) A f′= − +

= 0.85 x 0.24 (30 x 50 – 8 x 4.91) + 8 x 4.49 x 4.0

= 442 ton

Using the interaction surface expression for biaxial bending

1.51.5

nyn nb nx

no nb nbx nby

MP P M

P P M M

    −
+ +       −     

1.5 1.5
143 168.7 25.7 17.1

442 168.7 45.7 24.7

−    = + +   −    

= -0.094 + 0.422 + 0.576 = 0.904 < 1.00 OK

Hence, accept the design, namely,

b = 30 cm, h = 50 cm, d = 45 cm, and As = 8DB25

b = 30 cm

h
 =
 5
0
 c
m
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STAAD.Pro : Application Examples  Ex 08 - 1 
 

 
 
 

  

Biaxial RC Column 
ในตัวอยางนี้จะสาธิตการออกแบบเสาคอนกรีตเสริมเหล็กรับแรงอัดและโมเมนตดัดสองแกน 

 

Example 7.8  Design of a Square Column for Biaxial Loading 

Determine the required square tied column size and reinforcement for 
the factored load and moments given. Assume the reinforcement is 
equally distributed on all faces. 

Pu = 600 ton,        

Mux = 60 ton-m,        

Muy = 40 ton-m 

f’c = 350 kg/cm2,     

fy = 4,000 kg/cm2 

 

 เร่ิมตนโปรแกรม เลือกชนิดโครงสราง Space ตั้งช่ือวา BiaxialColumn.std 

 เลือกหนวยความยาว Meter หนวยแรง Metric Ton 

 เร่ิมตนสรางโมเดลเปนเสาหน่ึงตนสูง 4 เมตรในแนวแกน Y  
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STAAD.Pro : Application Examples  Ex 08 - 2 
 

 
 ไปหนา General > Property คลิกปุม Define… เลือก Rectangle กําหนดคาดังนี้ 

- YD = 0.60 m, ZD = 0.60 m กําหนดเปนหนาตัดคานท้ังหมด 
- Material เลือกเปน Concrete 

 

 คลิกปุม Add ตามดวย Close 

 เลือก Assign To View แลวคลิกปุม Assign 

 ไปยังหนา General > Support สรางจุดรองรับแบบ Fixed แลวกําหนดใหท่ีฐานเสา 
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STAAD.Pro : Application Examples  Ex 08 - 3 
 

 

 ไปท่ีหนา General > Load สรางกรณีบรรทุก LOAD CASE 1 คลิกปุม Add ตามดวย 
Close 

 คลิกปุม Add… เลือกรายการ Nodal Load | Node สรางเพิ่มสามรายการคือ 

- Fy = -600 MTon คลิกปุม Add 

- Mx = 60 MTonm คลิกปุม Add 

- Mz = 40 MTonm คลิกปุม Add ตามดวย Close 

 Assign น้ําหนักบรรทุกท้ังสามรายการใหท่ีปลายบนหัวเสา 

 
 ไปท่ีหนา Analysis/Print เลือก Print Option ท่ีตองการ แลวกดปุม Add 

 ลองส่ังรันการคํานวณ Analyze > Run Analysis… 
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STAAD.Pro : Application Examples  Ex 08 - 4 
 

 เลือกเมนู Commands > Loading > Load List เพื่อกําหนดกรณีบรรทุกท่ีจะใชในการ
ออกแบบ ในตัวอยางนี้มีเพียง Load 1 แลวกด OK 

 ไปท่ีหนา Design > Concrete เลือกมาตรฐานเปน ACI 

 เปล่ียนหนวยความยาวเปน Centimeter หนวยแรงเปน Kilogram 

 คลิกปุม Define Parameters… เพื่อกําหนดคาพารามิเตอรในการออกแบบ 

 เลือกรายการ FC กําลังอัดประลัยคอนกรีต ใสคา 350 kg/cm2 กดปุม Add 

 เลือกรายการ FYMAIN กําลังครากเหล็กเสริมหลัก ใสคา 4000 kg/cm2 กดปุม Add 

 เลือกรายการ MAXMAIN กําหนดขนาดเหล็กเสริมใหญท่ีสุดท่ีจะใชในการออกแบบใสคา 
32 mm กดปุม Add 

 เลือกรายการ MINMAIN กําหนดขนาดเหล็กเสริมใหญท่ีสุดท่ีจะใชในการออกแบบใสคา 
16 mm กดปุม Add 

 เลือกรายการ Track เลือกหัวขอ (2) คลิกปุม Add ตามดวย Close 

 กําหนดรายการท่ียังเปนเคร่ืองหมาย ? แบบ Assign To View 

 คลิกปุม Commands… เลือกรายการ DESIGN COLUMN แลวคลิกปุม Add กําหนด
ใหแกเสา 
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STAAD.Pro : Application Examples  Ex 08 - 5 
 

 ส่ังรันการคํานวณ Analyze > Run Analysis… 

 เปดด ูOutput File สวนท่ีเปน Concrete Design 

 
   ==================================================================== 
  
        COLUMN  NO.     1  DESIGN PER ACI 318-02 - AXIAL + BENDING 
  
 
   FY - 392.3  FC -  34.3 MPA,  SQRE SIZE - 600.0 X 600.0 MMS, TIED 
           AREA OF STEEL REQUIRED = 15192.0  SQ. MM 
  
   BAR CONFIGURATION       REINF PCT.   LOAD   LOCATION   PHI 
   ---------------------------------------------------------- 
  
    20 - 32 MM               4.468        1      END     0.650 
   (PROVIDE EQUAL NUMBER OF BARS ON EACH FACE) 
   TIE BAR NUMBER   12 SPACING 512.00 MM 
  
       COLUMN INTERACTION: MOMENT ABOUT Z -AXIS (KN-MET) 
  
    -------------------------------------------------------- 
      P0        Pn max    P-bal.    M-bal.     e-bal. (MM) 
   16343.20  13074.56   4745.26   1805.10     380.4 
       M0       P-tens.   Des.Pn    Des.Mn     e/h 
    1479.02  -6309.55   9052.29    603.49    0.01667 
    -------------------------------------------------------- 
  
       COLUMN INTERACTION: MOMENT ABOUT Y -AXIS (KN-MET) 
  
    -------------------------------------------------------- 
      P0        Pn max    P-bal.    M-bal.     e-bal. (MM) 
   16343.20  13074.56   4745.26   1805.10     380.4 
       M0       P-tens.   Des.Pn    Des.Mn     e/h 
    1479.02  -6309.55   9052.29    905.23    0.02500 
    -------------------------------------------------------- 
                            Pn       Mn       Pn       Mn    (@ Z ) 
            |            12068.83   795.94  6034.41  1687.08 
         P0 |*           11063.09  1116.08  5028.68  1779.79 
            | *          10057.35  1250.15  4022.94  1799.76 
      Pn,max|__*          9051.62  1379.90  3017.21  1779.32 
            |   *         8045.88  1492.87  2011.47  1711.80 
      Pn    |    *        7040.15  1592.98  1005.74  1611.75 
     NOMINAL|     *         Pn       Mn       Pn       Mn    (@ Y ) 
       AXIAL|      *     12068.83   795.94  6034.41  1687.08 
 COMPRESSION|       *    11063.09  1116.08  5028.68  1779.79 
          Pb|-------*Mb  10057.35  1250.15  4022.94  1799.76 
            |      *      9051.62  1379.90  3017.21  1779.32 
 ___________|____*_______ 8045.88  1492.87  2011.47  1711.80 
            |  * M0   Mn, 7040.15  1592.98  1005.74  1611.75 
            | *   BENDING 
      P-tens|*     MOMENT 
            | 
  
  
   ********************END OF COLUMN DESIGN RESULTS******************** 
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� Column Slenderness

� Buckling of Column

� Alignment Chart

� ACI Moment Magnification

Mongkol JIRAVACHARADET

S U R A N A R E E INSTITUTE OF ENGINEERING

UNIVERSITY OF TECHNOLOGY SCHOOL OF CIVIL ENGINEERING

BuildingBuilding DesignDesign

Lecture Lecture 1717 –– Slender ColumnsSlender Columns

Column SlendernessColumn Slenderness

Slenderness ratio u
kL

r
=

where k =  effective length factor (depend on rotational and lateral

restraints at the ends of the column)

Lu =  unsupported column length

r =  radius of gyration of the column cross-section

� A column is slender if its cross-section is small in comparison to

its length.

� Short column has strength equal to that computed for its section.

� Slender column has strength reduced by second-order deformation.
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Buckling Buckling StrengthStrength ofof ColumnColumn

σ

L/r

Euler formula

Failure by strength

Failure by buckling

Actual

1 2 3

1 Short blocks and piers L/r ≤ 3

2 “Short” columns (small secondary moments)

3 “Long” columns (significant secondary moments)

P

L

B

A

2

2

E I
P

L

π
=

Strength Interaction Diagrams for Slender ColumnsStrength Interaction Diagrams for Slender Columns

P

M

kL/r = 0 � Short column

130

100

3060
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10.10 10.10 –– Slenderness effects inSlenderness effects in

compression memberscompression members

10.10.1 – Slenderness effects shall be permitted to be neglected in the

following cases:

ACI318-08

ukL
22

r
≤

(a) for compression members not braced against sidesway when:

(b) for compression members braced against sidesway when:

u 1

2

kL M
34 12 40

r M
≤ − ≤

where M1/M2 is positive if the column is bent in single curvature, and 

negative if the member is bent in double curvature.

Long Long -- Short Short ColumnsColumns

Short Columns:
1

2

22 Unbraced members

34 12 Braced members

kL
M

r
M

≤

 ≤ −


1

2

for single curvature

for double curvature

M

M

+


−

2 Largest of two momentsM =

Long Columns: Otherwise

M1

M2

M1

M2
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Zone 3 : Consider slenderness, moment magnifier method

40

Zone 3

Zone 2 : Neglect slenderness, nonsway frames

34

Zone 2

Zone 1 : Neglect slenderness, nonsway and sway frames

Zone 1

22

Column Slenderness ConsiderationsColumn Slenderness Considerations

M
1
/M

2
D

o
u
b
le

c
u
rv

a
tu

re
S

in
g
le

C
u
rv

a
tu

re

1.0

0.5

-0.5

-1.0

kLu/r

Zone 4 : Consider slenderness, second-order(P-∆) analysis

100

Zone 4

1

2

34 12
MkL

r M
= −

Sway

Frame

Nonsway

Frame

Neglect

Slenderness
kL/r < 22

kL/r ≤

34-12(M1/M2)*

22 ≤ kL/r ≤ 100
Moment

Magnifier
100 ≥ kL/r ≥

34-12(M1/M2)*

P-∆
Analysis**

kL/r > 100 kL/r > 100

*34 – 12(M1/M2) ≤ 40

**Permitted for any slenderness ratio
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�	� K ��
����� 0.5 0.7 1.0 1.0 2.0 2.0

�	� K ��ก���� 0.65 0.8 1.2 1.0 2.1 2.0
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Effective Length Factor Effective Length Factor ((K K ))

The primary design aid to estimate the effective length factor k

Alignment ChartAlignment Chart

A

B

∑
∑=

beams of /

columns of /

u

u

lEI

lEI
ψ

ψψψψA and ψψψψB are the top and bottom factors of 

the column. 

For a hinged end ψψψψ is infinite or 10 and for a 

fixed end ψψψψ is zero or 1
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Nonsway Frames Sway Frames

EXAMPLE 1: Compute an effective length factor k

c

4
 @

 4
 m

 =
 1

6
 m

Sway Frame

3 @ 6 m = 18 m

A

B

30 x 30 cm

30 x 50 cm

40 x 40 cm

30 x 50 cm

50 x 50 cm

c
A

b

I / L

I /L

Σ
ψ =

Σ

3 3

3

(30 30 40 40 ) / (12 4)

2(30 50 ) / (12 6)

× + × ×
=

× ×

0.674=

3 3

B 3

(40 40 50 50 ) / (12 4)
1.762

2(30 50 ) / (12 6)

× + × ×
ψ = =

× ×

k  =  1.37

From alignment chart,

Ans.
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Strength Interaction for Slender ColumnsStrength Interaction for Slender Columns

P

P

M = Pe

M

∆

P

P

M = Pe

M = P (e + ∆)

M

P

P e

sh
or

t c
ol

um
n

Due to loading, the column has a deflection ∆∆∆∆ which will cause an additional 

(secondary) moment in the column.

P ∆

material failure

stability

failure

If a column is very slender, its deflections may increase indefinitely with an 

increase in the load P.

Loading moment (PLoading moment (P--M) magnification interaction diagramM) magnification interaction diagram

Consider a slender column subjected to axial load Pu at an eccentricity e.

e m
in

Pu (max)

Pu

M

Pu e Pu ∆

M2 Mc=δ M2

P

Lateral displacement ∆∆∆∆ causes the total moment to becomes: Pu e + Pu ∆∆∆∆

The column should be designed

for a larger magnified moment Mc
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MomentMoment MagnificationMagnification

P0

P0

M0

M0

ymax

M0

M0

P0 ymax

Secondary

moment

Mmax

M0

M0

Bending moment increase = axial load  x  displacement 

M = M0 + P y

Moments in slender members with compression + bending, 

Bent in single curvature

MomentMoment MagnificatioMagnification: Firstn: First--order Analysisorder Analysis

By taking into account the influence of cracks along member and load duration,

ACI 318 allows using the following average values:

(1)(1) ModulusModulus of of elasticityelasticity,, EEcc

1.5 3 34,270 for  1.45 t/m     2.48 t/m
c c c c

E w f w′= ≤ ≤

315,100 for normal weight concrete   = 2.32 t/mc c cE f w′=

(2)(2) Moments of Moments of inertiainertia,, II

Beams 0.35Ig

Columns 0.70Ig

Walls-Uncracked 0.70Ig

Walls-Cracked 0.35Ig

Flat plates and flat slabs 0.25Ig
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(3)(3) AreaArea 1.01.0 AAgg

(4)(4) Radius of Radius of gyrationgyration::

Circular column: diameter = h

4

2

(4)
0.25

64

I h
r h

A h

π
π

= = =h

Rectangular column: width = b, depth = h

31
12 0.288 0.30
bhI

r h h
A bh

= = = ≈

b

h

MomentMoment MagnificatioMagnification in n in NonswayNonsway FramesFrames

Slenderness effect can be disregarded if kL/r ≤≤≤≤ 34 – 12(M1/M2) ≤≤≤≤ 40

Columns shall be designed for Pu and the magnified moment Mc :

2c nsM Mδ=

where the nonsway magnification factor

1.0

1
0.75

m
ns

u

c

C

P

P

δ = ≥
−

2

2( )
c

EI
P

kL

π
=

stiffness EI is to be taken as

0.2

1

c g s se

d

E I E I
EI

β

+
=

+
or

0.4

1

c g

d

E I
EI

β
=

+

For nonsway frames, βd = ratio of max factored axial sustained load to

max factored axial load

For sway frames, βd = ratio of max factored sustained shear to

max factored shear
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simplified EI, assuming βd = 0.6 0.25 c gEI E I=

For members without transverse loads between supports,

1

2

0.6 0.4 0.4m

M
C

M
= + ≥

For members with transvers loads, Cm = 1.0

Minimum value of M2 is

2,min (1.5 0.03 )uM P h= +

where h is in centimeter.

P

M

P

M

0 +0.5 +1.0-0.5-1.0

0.2

0.4

0.6

0.8

1.0

Cm

Sway

frames

C
m

=
 1

.0

M2

M1 = M2

C
m

=
 0

.6

M2

M1 = 0

C
m

=
 0

.4

M2

M1 = M2/2

A multistory concrete frame building is braced by stair and elevator shaft. The structure will be 

subjected to DL and LL. Trial calculations indicate that LL pattern as shown produces max 

moments with single curvature in column C1. Design C1 using ACI moment magnifier method.

C1 Dead load

P = 100 ton

M2 = 0.25 t-m

M1 = -0.25 t-m

C1 Live load

P = 80 ton

M2 = 12 t-m

M1 = 10 t-m

All beam: 0.3 x 1.2 m

Int. column: 0.5 x 0.5 m

Ext. column: 0.4 x 0.4 m

Column height: 4 m

f’c = 280 ksc

fy = 4000 ksc

5 bay @ 8 = 40 m

C1

6
 s

to
ri
e
s
 @

 4
 =

 2
4
 m

Solution:

Factored load

Pu = 1.4(100)+1.7(80) = 276 t

M1 = 1.4(-.25)+1.7(10) = 16.7 t-m

M2 = 1.4(.25)+1.7(12) = 20.8 t-m

kL/r = (1.0)(400)/(0.3x50) = 26.7

34 – 12(M1/M2) = 34 – 12(16.7/20.8)

= 24.4 < kL/r

Slenderness must be considered

EXAMPLE 2 : Design of a slender column in a nonsway frame
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Use moment magnification method:

515,100 280 2.53 10  ksc
c

E = = ×

Ig = 50(50)3/12 = 5.21 × 105 cm4

EI = 0.25EcIg = 3.29 × 1010 kg-cm2

2 2 10

2 2

3.29 10

( ) (1.0 400) (1,000)

2,029 ton

c

EI
P

kL

π π × ×
= =

×

=

0.6 0.4(16.7 / 20.8) 0.92
m

C = + =

0.92

1 / 0.75 1 276 /(0.75 2,029)

1.12

m
ns

u c

C

P P
δ = =

− − ×

=

Magnified moment:

2 1.12 20.8 23.3 t-mc nsM Mδ= = × =

Use column design chart:

276
0.56

0.7 0.28 2500
u

c g

P

f Aφ
= =

′ × ×

23.3(100)
0.095

0.7 0.28 2500 50
u

c g

M

f A hφ
= =

′ × × ×

0.00

0.40

0.80

1.20

1.60

2.00

0.00 0.20 0.40 0.60 0.80 1.00

'

n

g c

P

A f

'

n

g c

M

A hf

γh

h

b

γ = 0.80

ρgm=0

0.5

1.0

1.5

2.0

2.5

3.0

0.36 0.85 280 / 4000 0.021gρ = × × =

20.021 2500 53.6 cmstA = × = (4DB32+4DB28)

50 cm

50 cm

4DB32 corners

4DB28 sides

2DB10 ties 

@ 0.4 m

MomentMoment MagnificatioMagnification in Sway Framesn in Sway Frames

Slenderness effect can be disregarded if kL/r <  22

On the assumption that M2 > M1, the design moment should be

Magnified sway moments δδδδsMs shall be calculated using Second-order analysis

1 1 1ns s sM M Mδ= +

2 2 2ns s sM M Mδ= +

2 2c ns s sM M Mδ= +

2nd alternative: δδδδsMs shall be calculated as

1
, 1.5

1 1
s

s s s s

M
M M

Q Q
δ δ= ≥ = ≤

− −

3rd alternative: δδδδsMs shall be calculated as

, 2.5
1 / 0.75

s
s s s s

u c

M
M M

P P
δ δ= ≥ ≤

− Σ Σ
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Stability Index, QStability Index, Q

Structure can be considered nonsway if a stability index, Q ≤ 0.05 :

u o

u c

P
Q

V

Σ ∆
=

ℓ

where ΣPu = total factored vertical load

Vu = story shear

∆o = first-order relative deflection between top and bottom of the story

due to Vu

lc = length of compressive member measured center-to-center of the joints

EXAMPLE 3: Design of a slender column in a sway frame

ΣPu = 1600 ton

ΣPc = 9778 ton

Vu = 40 ton

∆o = 3 cm

Stability index,

1600 3
0.3

40 400
u o

u c

P
Q

V

Σ ∆ ×
= = =

×ℓ

Since Q > 0.05, sway analysis is required.

M1ns = 1.4(-.25)+1.7(10) = 16.7 t-m

M2ns = 1.4(.25)+1.7(12) = 20.8 t-m

M1, wind = ±9 t-m

M2, wind = ±12 t-m

M1s = 1.7(-9) = 15.3 t-m

M2s = 1.7(12) = 20.4 t-m

1 1
1.28

1600
11

0.75 97780.75

s
u

c

P

P

δ = = =
Σ

−−
×∑

1 1
1.43

1 1 0.3
s

Q
δ = = =

− −
Control

Total magnified moments:

M1 = 16.7 + 1.43(15.3) = 38.6 t-m

M2 = 20.8 + 1.43(20.4) = 50.0 t-m

276
0.56

0.7 0.28 2500
u

c g

P

f Aφ
= =

′ × ×

50.0(100)
0.20

0.7 0.28 2500 50
u

c g

M

f A hφ
= =

′ × × ×

0.75 0.85 280 / 4000 0.045gρ = × × =

20.045 2500 112 cmstA = × = (14DB32)

Use data from EX1 and loads per floor of all column at the level of C1 are:
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� Overturning Moment

� Design Story Drift

� P-Delta Effect

� P-∆ Iterative Procedure

� Highest Building in Thailand

Mongkol JIRAVACHARADET

S U R A N A R E E INSTITUTE OF ENGINEERING

UNIVERSITY OF TECHNOLOGY SCHOOL OF CIVIL ENGINEERING

BuildingBuilding DesignDesign

Lecture Lecture 1818 –– PP--∆∆∆∆∆∆∆∆ EffectEffect

���������	ก��
�����������	ก��
��  (Overturning Moment, (Overturning Moment, M)M)

V

Level x

Level n

Fx

Fn

hx

����������	
�����ก
�����������
������ก�����ก�������������ก
��ก�	������
�����������
��
� ����!��
�	
����

�����
"���ก����� Mx �#��	�$�%$&� x :

n

x i i x

i x 1

M F (h h )
= +

= −∑

Example: n = 6, x = 3

M3 = [ F4(h4 – h3) + F5(h5 – h3) + F6(h6 – h3)]
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ก������
����
����������������ก������
����
����������������  (Design Story Drift, (Design Story Drift, ∆∆∆∆∆∆∆∆))

�����'��ก��
 ���	�� ��� �ก���ก �
$��#�%$&���
�	%$&�� ���#������'��$��()

� �ก���ก �
$� δδδδx �#��	�$�%$&� x :

d xe
x

C

I

δ
δ =

V

Level x

Level n

Fx

Fn

hx

δδδδx
����� Cd ��� 
$�)�	ก���*�*� �ก���ก �
$�

δδδδxe ��� � �ก���ก �
$��#������'��ก��+#������	�"

�������
�ก

I ��� 
$�)�	ก����������$,��������

���������	
� 2

���������	
� 1

ก������������ก����ก���������������ก������������ก����ก���������������
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P P –– Delta EffectDelta Effect

SECONDSECOND--ORDER EFFECTS OF GRAVITY LOADINGORDER EFFECTS OF GRAVITY LOADING

� What are the P-Delta effects ?

� Stability Coefficient, θ

� Amplification Factor P-Delta Analysis

� P-∆ Iterative Procedure

� Example

What are the PWhat are the P--Delta effects?Delta effects?

There are two P-Delta effects:

Structure effect
Member effect

����� P-Delta ���*�-� �����
"�$��#�������-&���������ก������&����$ก����.ก��
������

ก�	���ก$������������
��
�� ��#��#ก���ก �
$��������� �����
"�#&�����#*ก�#ก�* ��!��� � 

�����
"����$��#���� (secondary moment)
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����������	��	 ��!�"�#������������	��	 ��!�"�#��  (stability coefficient, (stability coefficient, θθθθθθθθ)) ���.

����� P-Delta ��ก�#��ก�ก��!)���� ���
 ����#*�/�������������� �-�
���


��������*ก�������'� ��$�)�	���+�0���#*�/�� �$��#&

x

x sx d

P

V h C

∆
θ =

Cd ��� 
$�)�	ก���*�*ก���ก �
$�

��*�#�

Px  ��� �&����$ก�������
�������$&���� �#��	�$�%$&� x 
�	������-&�!) 
ก�������'� � Px !� 
����%�
$�)�	ก���&����$ก����.ก��กก� � 1

∆ ��� ก���������
$����������$��$�+"�	�� ��%$&�����	�$�%$&� x �#��ก����ก

���1���Vx

Vx  ��� 
���1����#��ก����ก
��
� ����!���	�� ���	�$�%$&� x 
�	 x-1

hsx ��� �����(�����	�$�%$&� x

������ก�$%"�"ก���ก�����������ก�$%"�"ก���ก�����  ( ( CCdd ))
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Cd

Cd
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Cd

3. �	������
���
���$�
(Moment Resisting Frame)

����������	��	 ��!�"�#������������	��	 ��!�"�#��  (stability coefficient, (stability coefficient, θθθθθθθθ)) ���.

� ��$�)�	���+�0���#*�/��
����#� �!� �ก�� θθθθmax �$��#&

��*�#�

ββββ  ��� �$
��� ��
���1����#��ก���-&�
 �ก���$��1����	�� ���	�$�%$&� x 
�	 x-1
2-������%�� ��#�)���/$*�� �ก$� 1

ก���������� ��� P-Delta :

max
d

0.5
0.25

C
θ = ≤

β

θθθθ < 0.10 !� 
��������'� P-Delta

0.10 < θθθθ < θθθθmax

��������'� P-Delta

θθθθ > θθθθmax �#��ก����#*���#*�/�� 
�����ก
����� 
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0.10 < θθθθ < θθθθmax

��������'� P-Delta

ก����!����"#� ��� P-Delta :

� Amplification Factor P-Delta Analysis

��*�%�� � 1/(1-θ) �('� �
��
�	ก���������
$������"�����

* 1

1
∆ = ∆

− θ

* 1
M M

1
=

− θ

� Iterative P-Delta Analysis

��ก�'#�#����ก��������	�" P-Delta ��*
����* ����%�� � (1+θ) ���� � θ �#�
�����'!��ก ��
������� ��$�ก� ��!)
������ก$�� � θmax

Floor

5

4

3

2

1

EXAMPLE 1 : EXAMPLE 1 : PP--∆∆ Analysis by Amplification FactorAnalysis by Amplification Factor

Seismic analysis of five-story concrete building by the Equivalent Lateral Force (from

lecture BLD08)

V = 1595 kN

123

222

319

416

515

5m

4m

4m

4m

4m

21m

Kcol = 12(ΣEI)col/h
3

= 12(16)(2.3×105)(2/12)(304)/4003

Kbeam = 12(ΣEI/L)beam/h
2

= 12(12)(2.3×105)(30x503/12)/800/4002

∆ = Vx (1/Kcol + 1/Kbeam)

Force

515

416

319

222

123

∆

1.21

0.98

0.75

0.52

0.29

= 93,152 kg/cm = 913 kN/cm

= 80,856 kg/cm = 792 kN/cm

Beam : 12 x 0.3m x 0.5m

Column : 16 x 0.3m x 0.3m

δex

3.75

2.54

1.56

0.81

0.29
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Floor

5

4

3

2

1

Px

7,200

14,400

21,600

28,800

36,000

∆∆∆∆

1.21

0.98

0.75

0.52

0.29

hsx

2100

1700

1300

900

500

����
���
���$����ก�#
��������3ก
��+����� Cd = 2.5

�&����$ก�����

 �	%$&� =  7,200 kN

Vx

515

416

319

222

123

θθθθ

0.00322

0.00798

0.01563

0.02998

0.06790 ≈≈≈≈ 0.10 PP--∆∆∆∆∆∆∆∆ AnalysisAnalysis

����$������%����!����"#����$������%����!����"#  PP--∆∆∆∆∆∆∆∆  "�&�'��"�&�'��??

x

x sx d

P

V h C

∆
θ =�����'� ��$�)�	���+�0���#*�/��

max

d

0.5

C
θ =

β

0.5
0.20

(1.0)(2.5)
= = 0.25< OK

� Amplification Factor P-Delta Analysis

* 1

1
∆ = ∆

− θ

Floor

5

4

3

2

1

Px

7,200

14,400

21,600

28,800

36,000

∆∆∆∆

1.21

0.98

0.75

0.52

0.29

hsx

2100

1700

1300

900

500

Vx

515

416

319

222

123

θθθθ

0.00322

0.00798

0.01563

0.02998

0.06790

∆∆∆∆*

1.214

0.988

0.762

0.536

0.311
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SecondSecond--Order Frames Analysis: Order Frames Analysis: PP--∆∆∆∆∆∆∆∆ EffectEffect

Include internal forces resulting from deflection of column.

Deflections is computed based on reduced stiffness EI of the cracked sections.

Large majority of columns do not need 2nd-order analysis since kL/r in most cases 

below 100.

IterativeIterative PP--∆∆∆∆∆∆∆∆ AnalysisAnalysis

When a frame is displaced sideways under the action of lateral and vertical loads

The column end moments:

H

 MomentsHℓ  MomentsP − ∆

top buttom( ) cM M H PΣ + = + Σ ∆ℓ
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H

The moment ΣΣΣΣP∆∆∆∆ can be represent by a shear forces /
c

PΣ ∆ ℓ

Sum of the story shears from the column above and 

below a floor gives rise to a sway force on the jth

floor is :

( )( )
sway force

j ji i
j

i j

PP Σ ∆Σ ∆
= −

ℓ ℓ

Sw

Lateral load, H
Structure

Analysis

Lateral deflection, ∆

Sway force

Lateral load, H

+ Sway force
Structure Reanalyze

Lateral deflection, ∆

P-∆∆∆∆ Interactive Procedure

If ∆
change 

> 5%

yes

no
Finish
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EXAMPLE 2 : EXAMPLE 2 : Iterative PIterative P--∆∆ AnalysisAnalysis

2 ton
4 t/m

4 m

2 ton
4 t/m

4 m

2 ton
4 t/m

4 m

6 m

Beam size = 0.3 m x 0.5 m

Column size = 0.3 m x 0.3 m

Kcol = 12(ΣEI)col/h
3

= 12(2.3×105)(2/12)(304)/4003

= 5,822 kg/cm

Kbeam = 12(ΣEI/L)beam/h
2

= 12(2.3×105)(30x503/12)/800/4002

= 6,738 kg/cm

∆ = V(1/Kcol + 1/Kbeam)

Force

2,000

2,000

2,000

∆

0.64

1.28

1.92

Shear

2,000

4,000

6,000

Floor

3

2

1

Σ∆∆∆∆ = 3.84 cm

1st Iteration:

(lateral force only)

Floor

3

2

1

Px

24,000

48,000

72,000

∆∆∆∆

0.64

1.28

1.92

hsx

1200

800

400

����
���
���$����ก�#
��������3ก
��+����� Cd = 2.5

�&����$ก�����

 �	%$&� =  (4 t/m) (6 m)  =  24 tons 

Vx

2,000

2,000

2,000

θθθθ

0.00256

0.01536

0.06912 ≈≈≈≈ 0.10 PP--∆∆∆∆∆∆∆∆ AnalysisAnalysis

����$������%����!����"#����$������%����!����"#  PP--∆∆∆∆∆∆∆∆  "�&�'��"�&�'��??

x

x sx d

P

V h C

∆
θ =�����'� ��$�)�	���+�0���#*�/��

max

d

0.5

C
θ =

β

0.5
0.20

(1.0)(2.5)
= = 0.25< OK
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Floor

3

2

1

( )( )
sway force

j ji i
j

i j

PP Σ ∆Σ ∆
= −

ℓ ℓ

Sway Force

38.4

38.4

38.4

∆

0.64

1.28

1.92

Force

2,038

2,038

2,038

Pi = 4 x 6 = 24 ton, l = 400 cm

2nd Iteration:

Force

2,038

2,038

2,038

∆

0.65

1.31

1.96

Shear

2,038

4,076

6,114

Floor

3

2

1

Σ∆∆∆∆ = 3.92 cm

∆∆∆∆

Number of iteration

Converge

PP--∆∆∆∆∆∆∆∆ AnalysisAnalysis

�&����$ก

 �	%$&� :

ΣP

24,000

48,000

72,000

(ΣP∆/L)i

38.4

76.8

115.2

(ΣP∆/L)j

0

-38.4

-76.8

�(ก�(ก  ""������������""  �(ก��
�*���
�+,-�.�"�(ก��
�*���
�+,-�.�"

�"����  ���������(� 77 %$&� �)5�
����ก��
�� mixed-use )�	ก��!)
���* ���	 ���2"-���"�
$�, ���2�����2� 
���ก�ก, ��&��#���+��'	
� ���� , !�8
�!
�"���2 ��	�$� !9����" 
�	���ก�ก
����%$�� ���
����(�	�$������� �	
���
���3���): 2555



TumCivil.com Training Center

� Seismic Design Philosophy

� Effect of Building Configuration

� Strong-Column Weak-Beam

� Longitudinal Reinforcement

� Transverse Reinforcement

Mongkol JIRAVACHARADET

S U R A N A R E E INSTITUTE OF ENGINEERING

UNIVERSITY OF TECHNOLOGY SCHOOL OF CIVIL ENGINEERING

BuildingBuilding DesignDesign

Lecture Lecture 1919 –– Seismic Design 1Seismic Design 1

Seismic Design PhilosophySeismic Design Philosophy

(a) Under minor but frequent shaking:

- structural members should not be damaged 

- nonstructural members may sustain repairable damage

(b) Under moderate but occasional shaking:

- structural members may sustain repairable damage

- nonstructural members may have to be replaced

(c) Under strong but rare shaking:

structural members may sustain severe 

(even) irreparable) damage, 

but the building should not collapse.
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Damage in Buildings: UnavoidableDamage in Buildings: Unavoidable

Diagonalcracks in columns 

jeopardize vertical load capacity of 

building - unacceptable damage

Design of buildings to resist earthquakes involves controlling the damage to 

acceptable levels at a reasonable cost.

Damage of building after an earthquake is unavoidable.

Some of these damages are acceptable (in terms of both 

their size and location), while others are not.

Cracks between columns 

and masonry filler walls are 

acceptable, but diagonal 

cracks running through the 

columns are not.

This approach of earthquake-resistant design 

is much like the use of electrical fuses in houses: 

to protect the entire electrical wiring and appliances 

in the house, you sacrifice some small parts of the 

electrical circuit, called fuses; these fuses are easily 

replaced after the electrical over-current. 

Electrical FuseElectrical Fuse

Likewise, to save the building from collapsing, you need to allow some pre-

determined parts to undergo the acceptable type and level of damage.
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Acceptable Damage: DuctilityAcceptable Damage: Ductility

Ductility is one of the most important factors affecting the building performance. 

Brittle failure of a 

reinforced column 

Building performances 

during earthquakes: 

Two extremes-the 

ductile and the brittle 

Concrete

Steel

Brittle material

Ductile material

Earthquake-resistant buildings, need to be built with ductility in them.

Buildings have the ability to sway back-and-forth during an earthquake, and to 

withstand earthquake effects with some damage, but without collapse.

Reinforced concrete

Effect of Building ConfigurationEffect of Building Configuration

Uniform Building Code (UBC) defines buildings as regular or irregular.

Irregular buildings require special analysis and design.

Examples of irregularities are:

1. Large concentrated masses or abrupt changes in mass, stiffness, or 

strength from story to story

soft story due to discontinuous shear wall
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2. Discontinuous shear walls

Walls

3. Large eccentricities

Eccentricity

Center of

resistance

Center of

mass

4. Low torsional stiffness

5. Geometric irregularities

Wall farther from center provide 

more torsional resistance

Large eccentricity and

little torsional resistance
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Seismic Design CodesSeismic Design Codes

National Earthquake Hazards Reductions (NEHRP)

Uniform Buiding Code (UBC 1997)

International Building Code (IBC 2006)

American Society of Civil Engineers (ASCE 7-05)

American Concrete Institute (ACI 318-05)

ACI 318-05 Sec. 9.2.1 defines the load combinations to be used as

U = 1.4D

U = 1.2D + 1.6L

U = 1.2D + 1.6W + 1.0L

U = 1.2D + 1.0E + 1.0L

U = 0.9D + 1.6W

U = 0.9D + 1.0E

W = Wind load

E = Load effects of earthquake

Strength reduction factor φφφφ :

φ = 0.90 for tension-controlled section

φ = 0.70 for spirally reinforced compression members

φ = 0.65 for other reinforced members

φ = 0.75 for shear and torsion

���. 1301-50

�
��

����ก��ก
���ก����
�
�
�������
��
�ก
����������������� �!"�#$%

StrongStrong--column weakcolumn weak--beambeam

Strong-Column

Weak-Beam

Design

Strong-Column

Weak-Beam

Design

Weak-Column

Strong-Beam

Design

Weak-Column

Strong-Beam

Design

Beams must be the weakest links and not the column – this can be 

achieved by appropriately sizing the members and providing correct 

amount of steel reinforcement in them.
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One common form of this type of discontinuity occurs when shear walls that are 

present in upper floors are discontinued in the lower floors. The result is frequently 

formation of a soft first story that concentrates damage. 

ACI 318ACI 318--0505

BUILDING CODE REQUIREMENTS FOR

STRUCTURAL CONCRETE (ACI 318-05)

AND COMMENTARY (ACI 318R-05)

CHAPTER 21 CHAPTER 21 –– SPECIAL PROVISION FOR SEISMIC DESIGNSPECIAL PROVISION FOR SEISMIC DESIGN
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/10
u g c

P A f ′≤

Flexural Members in FramesFlexural Members in Frames

Plastic hinge

Strong-column weak-beam behavior

Factored axial compressive force on the member,

4n d≥ℓ

Clear span for member,

Width of member, bw shall not be less than the smaller of 0.3h and 25 cm

0.3 25 cmwb h≥ ≥

Width of member, bw shall not exceed width of the supporting member plus 3/4d

on each side of the supporting member.

14 /
w y

b d f,min

0.8 c

s w

y

f
A b d

f

′
=

(1) ����ก����	
���
����ก����	���������������������	���������� 2 ����

- ���	������ก����	�
�����	�����ก ��

��
�	�����ก ��

- ������� �����ก����	 ρρρρ = As/bd  �
�����	��ก�� 0.025

min

0.8
14 /

c

y

y

f
f

f
ρ

′
= ≥

max 0.025ρ =

ก
����"��$'(ก�
��
%)��
�ก
����"��$'(ก�
��
%)��
�
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(2) ก!��������"	�	��#
 ก���$�
$���%���� ≥≥≥≥ 1/2 ก!��������"	�	��#�


(3) ก!��������"	�	��#
 ก��
"	�	��#�
������������� ≥≥≥≥ 1/4 ก!��������"	�	��#�


B

B

A

A

�� �����
ก������	����ก

8 DB 20

4 DB 20

Mneg

1/2 Mneg

����������$�����

B B

2 DB 20

4 DB 20

1/4 Mneg

A A

����������

,�����-!�!)��
�,�����-!�!)��
�
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EXAMPLE 1 : Moment Envelope in beam Using STAAD.Pro

LL = 0.6 t/m

EQK

2 ton

6 m 4 m

DL = 0.8 t/m
South Korean Steel Table:

Column section: 300x200x56

Beam section: 350x250x69

Load Case Datails:

L1 : DL → Selfweight + UNI GY -0.8 Mton/m

L2 : LL → UNI GY -0.6 Mton/m

L3 : EQK FROM LEFT → FX 2 Mton

L4 : EQK FROM RIGHT → FX -2 Mton

Load Combinations:

C5 : 1.2DL + 1.6LL

C6 : 1.2DL + 1.0EQK_left + 1.0LL

C7 : 1.2DL + 1.0EQK_right + 1.0LL

Load Enveloped: C5, C6, C7
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���� Analyze > Run Analysis…

���� Go to Post Processing Mode

C5 : 1.2DL + 1.6LL

L3 : EQK FROM LEFT

Bending Moment Envelope

���� Beam > Graph > Envelope

5.22 ton-m

4.82 ton-m 4.82 ton-m
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ก
����"��$'(ก�'�ก)��
�ก
����"��$'(ก�'�ก)��
�

�&'������%�	(��ก�����
�)��ก��ก��"ก�����
$������ก����	��
������

• �
����������	�����ก���ก*����
��� �����(�� ��ก$�
�%������
�$��	���+�
�
�
 2 ����( �	�-ก(�� (2h)

• ����ก���ก��ก�
��.�������ก$�
$���%������
�	��ก�� 5 cm

• �
�
��������ก���ก	�ก����%� smax �����	��ก��(������������/

(1) 1 �� 4 ( �	�-ก��
���0�1� (d/4)

(2) 8 ����$��$�������ก����	��	�� $������ก����%�

(3) 24 ����$��$�������ก���ก

(4) 30 cm

h

≤ 5 cm

2h

smax

Hoops and CrosstiesHoops and Crossties

Seismic hook is defiened as a hook on a stirrup(b), hoop(c), and cross-tie(a) having

a bend ≥ 135o with 6 diameter (but not less than 7.5 cm)

135o
6db ≥ 7.5 cm

Extension

Use hoop(c) or . . .

ACI allows hoops to

be made up of a

cross-ties plus

a stirrup with seismic

hooks at each end.
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Lu
���

(��

Ln

*�/!����ก
���%ก���
(�� wu ��
 Pu ���
(!�� ���ก�/!����ก�� 	ก�
�!�$���/!����ก

���%ก(���� �/!����ก
���%ก�� ��
���
�1������� 

Lu

Pu

Ve3

Mpr3

Ve4

Pu

Mpr4

����2'��
�����

pr3 pr4
e3,4

u

M M
V

L

+
=

����/���)���
�'��
�����/���)���
�'��
�
�0
$���ก
���ก����0
$���ก
���ก���

����2'����(��

pr1 pr2 u u
e

n

M M w L
V

L 2

+
= ±

Ln

wu

Mpr2

Ve2

Mpr1

Ve1

Shear Force DiagramsShear Force Diagrams

wu

Shear due to gravity loads

nℓ

Beam swaying to right

Mpr1

Mpr2
V

V

Shear due to lateral loads

Shear due to sway to left

1 2pr pr

n

M M
V

+
=

ℓ

where Mpr = probable moment capacity at the joint
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Probable Moment Strength, Probable Moment Strength, MMprpr

����ก��
����2'������3.ก��������	����&���&��&'���)��ก��ก�� �
�����กก���2'��ก���

�ก���%��	%�&�����ก (plastic hinge) �������(��

Mpr ('�ก!����"	�	��#����������$����(#��(�� 4-��ก������ก���%��	%�&�����ก (plastic 

hinge) ��(�� ��+�ก!��������	'����� �����-�������ก����ก�
 1.25 fy ��
�� (.���

ก!��������ก�
 1.0 :

pr s y

a
M A (1.25f ) d

2

 = − 
 

�	'�� s y

c

A (1.25 f )
a

0.85 f b
=

′

ก���5���� ����������ก����	 1.25 fy �
5� ���"�ก��$��ก���ก�� �
�����กก���2'��

ก���ก��(��ก$����(#��(����'�����กก�����

Shear ReinforcementShear Reinforcement

Design shear force envelopes

Ve

Ve

1 2

2

pr pr u n
e

n

M M w
V

+
= ±

ℓ

ℓ

The beam is than designed for the shear force Ve in the normal way except that if

(a) Earthquake-induced shear force due to Mpr1 and Mpr2 is half or more of

the total shear, Ve, and

(b) The factored axial compressive force Pu, including earthquake effects

is less than Ag f’c / 20.

then Vc is taken equal to zero.
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EXAMPLE 2 Design of a Flexural Member

The beam as shown below is in a moment resisting frame of an office building in

a region zone 2A. It supports a uniform unfactored dead load of 2.4 t/m and live

load 0.8 t/m. Earthquake loads cause unfactored end moments of ±25 t-m at

the exterior end and ±24 t-m at the interior end. The concrete and steel strength

are 280 ksc and 4,000 ksc. Design the reinforcement.

60 cm 60 cm
6.4 m

60 cm

60 cm

1) Compute the factored moments.

Load combination 1: U = 1.2D + 1.6L

Factored uniform load: wu = 1.2(2.4) + 1.6(0.8) = 4.16 t/m

Exterior negative gravity load moment
2 24.16 6.4

10.65 t-m
16 16

u nw ×
= = =
ℓ

Midspan positive gravity load moment
2 24.16 6.4

12.17 t-m
14 14

u nw ×
= = =
ℓ

Interior negative gravity load moment
2 24.16 6.4

17.04 t-m
10 10

u nw ×
= = =
ℓ

Load combination 2: U = 1.2D + 1.0E + 1.0L

Factored uniform load: wu = 1.2(2.4) + 1.0(0) + 1.0(0.8) = 3.68 t/m

Exterior negative gravity load moment = 9.42 t-m

Midspan positive gravity load moment = 10.77 t-m

Interior negative gravity load moment = 15.07 t-m

Load combination 3: U = 0.9D + 1.0E

Factored uniform load: wu = 0.9(2.4) + 1.0(0) = 2.16 t/m

Exterior negative gravity load moment = 5.53 t-m

Midspan positive gravity load moment = 6.32 t-m

Interior negative gravity load moment = 8.85 t-m

Exterior negative lateral load moment = ±25 t-m

Midspan positive lateral load moment = 0 t-m

Interior negative lateral load moment = ±24 t-m

Earthquake Load: 1.0E
Moments due to 

sway to right
25 t-m

-24 t-m

0
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Moments including earthquake effects are

Exterior Moment

(t-m)

Midspan Moment

(t-m)

Interior Moment

(t-m)

Load combination 1

Load combination 2

Sway to right

Sway to left

Load combination 3

Sway to right

Sway to left

-10.65 +12.17 -17.04

+15.58 +10.77 -39.07

-34.42 +10.77 +8.93

+19.47 +6.32 -32.85

-30.53 +6.32 +15.15

2) Calculate flexural reinforcement.

Interior support, negative moment:

5

2 2

39.07 10
24.8 ksc

0.90 60 54

u
n

M
R

bdφ
×

= = =
× ×

0.85 280 2 24.8
1 1 0.00656

4000 0.85 280
ρ

 × ×
= − − =  × 

min max[ 0.0035] [ 0.0229]ρ ρ ρ= < < =

20.00656 60 54 21.25 cmsA = × × = USE 5DB25 (As = 24.54 cm
2)

-39.07-34.42

+19.47 +12.17 +15.15

Interior supportExterior support

Midspan

M-

M+

As-

As+

5DB254DB25

3DB25 3DB25 3DB25

5DB254DB25 2DB25

3DB25

3) Compute the probable moment capacities, Mpr

Exterior negative moment: As = 19.63 cm
2 (4DB25)

1.25 19.63 4,000
1.25 4,000 19.63 54

2 0.85 280 60

49.63 t-m

pr
M

× × 
= × × − × × × 

=
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4) Compute the shear envelope.

Reaction due to gravity load: wu ln / 2 = 3.68(6.4)/2 = 11.8 tons upward at each end, plus

Load combination 2 with frame swaying to the right: wu = 3.68 t/m

Exterior positive moment: Mpr = 37.87 t-m

Interior negative moment: Mpr = 60.99 t-m

Interior positive moment: Mpr = 37.87 t-m

Beam swaying to right

Reaction due to Mpr at each end = (37.87 + 60.99)/6.4 = 15.5 tons downward & upward

3.68 t/m37.87 t-m 60.99 t-m

11.8 t11.8 t

15.5 t15.5 t

-3.7 t

-27.3 t

Frame swaying to right

3.68 t/m49.63 t-m 37.87 t-m

11.8 t11.8 t

13.7 t13.7 t

1.9 t

25.5 t

Frame swaying to left

3.7 t

27.3 t

Superimposed shear

force diagrams

1.9 t

25.5 t

Stirrup for shear: ACI state that Vc shall be taken equal to zero if

(a) Earthquake shear represents more than half the shear: it does at both ends

(b) Factored axial load including earthquake effect is less than Ag fc’/ 20: it is.

Therefore, Vc = 0.

Left end: Maximum shear = 25.5 ton

25.5
0 34 ton

0.75

u
s c

V
V V

φ
= − = − =

ACI Sec. 11.5.7.9 : Max 2.1 114 ton 
s c w

V f b d′= = OK

Try DB10 stirrup, Av = 2(0.785) = 1.57 cm
2

1.57 4.0 54
9.97 cm

34

v y

s

A f d
s

V

× ×
= = = USE DB10@0.09 m
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Left end: Maximum shear = 27.3 ton

27.3
0 36.4 ton

0.75

u
s c

V
V V

φ
= − = − =

ACI Sec. 11.5.7.9 : Max 2.1 114 ton s c wV f b d′= = OK

Try DB10 stirrup, Av = 2(0.785) = 1.57 cm
2

1.57 4.0 54
9.32 cm

36.4

v y

s

A f d
s

V

× ×
= = = USE DB10@0.09 m

Hoops for confinement: ACI requires hoops over a distance of 2h = 2(60) = 120 cm and the 

first hoops at 5 cm from face of columns. The maximum spacing s of hoops:

(a) d/4 = 54/4 = 13.5 cm

(b) 8 long bar = 8(2.5) = 20 cm

(c) 24 hoop bar = 24(1) = 24 cm

(d) 30 cm

USE DB10@0.09 m

Therefore, place first DB10 hoop at 5 cm from column face, plus 13 at 9 cm, total 122 cm

Shear at 122 cm from the face of right column = 27.3 – (27.3-3.7) x (1.22/6.4) = 22.8 ton

1.57 4.0 54
11.2 cm

22.8 / 0.75

v y

s

A f d
s

V

× ×
= = = USE DB10@0.11 m

5DB254DB25 2DB25

3DB255 cm

DB10@0.09

1.17 m

5 cm

DB10@0.09

1.17 m

DB10@0.11

Exterior support

0
.6
0

0.60

4DB25

DB10@0.09

3DB25

Midspan

0
.6
0

0.60

4DB25

DB10@0.11

3DB25

Interior support

0
.6
0

0.60

5DB25

DB10@0.09

3DB25
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BuildingBuilding DesignDesign

Lecture Lecture 2020 –– Seismic Design 2Seismic Design 2

21.4 21.4 –– Special moment frame membersSpecial moment frame members

21.4.1.1 – The shortest dimension, measured through the centroid,

subjected to bending and axial loadsubjected to bending and axial load

ACI 318

Apply to special moment frame members :

(a) resisting earthquake-induced forces

(b) Having a factored axial compressive force Pu > Ag f’c / 10

shall not be less than 30 cm

21.4.1.2 – The ratio of the shortest dimension to the perpendicular dimension

shall not be less than 0.4

x ≥≥≥≥ 30 cm

y 

x / y ≥≥≥≥ 0.4

x 



TumCivil.com Training Center

ก��������	
�	ก�����
�����ก��������	
�	ก�����
�����

(6 / 5)nc nbM MΣ ≥ Σ

����� ΣMnc = �����ก����� ���	�!
�����
"����#�����
��$%����

ΣMnb = �����ก����� ���	�!
�����
"����#�����
��$%����

�&������'��&(��ก��� ����
��-*�	���	 (strong column-weak beam) *������ก��$%�
��%	&�����ก�	*�	�
	
"�$+��,	�	��� $+����
�����

Mnb

Mnt

Mnr Mnlnt nb nl nr

6
(M M ) (M M )

5
+ ≥ +

����������ก���������������������ก�����������  :: 0.01 Ag ≤≤≤≤ Ast ≤≤≤≤ 0.06 Ag

0.12 0.45 1
gc c

s

yt ch yt

Af f

f A f
ρ

 ′ ′
= ≥ − 

 

0.3( / )[( / ) 1]sh c c yt g chA s h f f A A′= −

0.09 /sh c c ytA s h f f′=

ก�����������ก���ก�	���ก�����������ก���ก�	���

	�ก��"�$�ก����ก���&������	
�	ก������	��กก��� �����-����ก���ก
"�����ก������ 
*����.� l0 $�ก
�/��������
����� ��,	���	"/

(a) ��������	�����-����ก���ก�ก�"�� ρρρρs $+����'��	���ก���

(b) &�/	
"��	�����
�/����
������ก���ก�"����"��� Ash $+����'��	���ก���

����� Ach = &�/	
"��	������ก	���������
��	�ก
������ก���ก

Ag = &�/	
"��	��������
�/����

Ach
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hc
Ash

hc = �+�+*���������	
���ก	*�	ก�"����

�+�����0.	�!ก�������ก���ก���		�ก

Ach = &�/	
"��	�����
������ก���ก
%ก���	1���	
�+�+���� s ��/���กก���+�+ hc

hx

hx

hxhxhx

hx = *����ก
"��%�
���+�+�����+���������ก���ก ≤≤≤≤ 35 cm

(c) 45 cm

(c) 10 cm ≤ so = 10 + (35 – hx)/3 ≤ 15 cm

ก�����������ก���ก���	�����������
��� ����ก�����������ก���ก���	�����������
��� ����

$+�������������ก���ก��"���
"��"�+�+'����กก����+�+ s0 ����
*������ l0 
"����$�ก
��
��
��������

*������ l0 �����"*��'��	���ก����+�+������'�	"/

(a)  *����2ก�	��������
"����
���������$%�
"�$+�ก��
ก��*��ก$�กก�����

(b)  �	2�����	�ก�
��
���+�+#�������*����.���� H/6

�+�+���� s0 �+��������ก $+����'����กก����+�+������'�	"/

(a)  �	2���	�"�
�����	
"����ก
"��%�
���	��������

(b) 6 �
��
��
	�����	���0.	�!ก�������ก�����������

"��"
	�����ก
"��%�

l0

l0

l0

l0

H

s0

s0

s0

s0
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ก�����������ก���ก���	�����������
��� ����ก�����������ก���ก���	�����������
��� ����

������-
����������"ก�����������ก���ก��,	�����-'��	���ก���

�ก���������ก������	��������������-#���ก���*����.����
H s ≤≤≤≤ 2s0

l0

l0

Av

Av

w
v

y

b s
A 3.5

f
=

��+�+�����+��������ก s 	�ก#��� l0 $+����'����กก��� 2s0

Typical Detailing of ColumnTypical Detailing of Column

h

h

Depth 

1/6 (clear span)

45 cm

o

h


≥ 



ℓ

oℓ

0.12

0.45 1

c

yt

s

g c

yt

f

f

A f

A f

ρ

′



≥ 
′  −   

h

h

Depth 

1/6 (clear span)

45 cm

o

h


≥ 



ℓ

0.09

0.3 1

c
c

yt

sh

g c
c

ch yt

f
sh

f
A

A f
sh

A f

′



≥ 
  ′ −   

s/2

s

1/ 4 minimum 
column dimension

6

35
10

3

10 cm 15 cm

b

x
o

o

d
s

h
s

s






≤  − = +

 ≤ ≤
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Design Shears for Beams and ColumnsDesign Shears for Beams and Columns

nℓ

uℓ

wu

Ve1 Ve2

Mpr1

Mpr2

1 2

2

pr pr u n
e

n

M M w
V

+
= +

ℓ

ℓVe

Beam shear

Pu
Mpr3

Ve3

Pu

Mpr4

Ve4

3 4

3,4

pr pr

e

u

M M
V

+
=

ℓ

Column

shear

ก��������	
�	!���"#�	�	���ก��������	
�	!���"#�	�	���

�������	
"��#�ก��ก����ก��� Ve $+&�$��-�$�ก�����ก
"��%�
"�$+�ก��
2/	
"����$%����
 ��&�$��-�'��$�ก��3"*��	�-������'�	"/

prc top prc btm

e

u

M M
V

+
=

ℓ

(a) *��	�-$�กก����� ���	�!��� Mpr 
"�����+����
�����42����,	����$�ก	/���	�ก

���
%ก����*�� Pu 
"�ก�+
�������

Mpr

Pu

*reduction factor = 1.0

����� Mprc top ��+ Mprc btm *��ก����� ���	�!���


"������	��+��������
����� ��'��$�ก��	1.��

�5����&�	3! Pu – Mpr
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prb top top prb btm btm

e

u

M DF M DF
V

Σ + Σ
=

ℓ

(b) �������	
"��#�$+�����"*��'���ก�	
"�*��	�-'��$�กก�����
"�$%����42��'����$�กก�����

 ���	�! Mpr 
��*�	
"�$%����

����� Mprb top ��+ Mprb btm *�� ก����� ���	�!���
��*�	
"�$%����
"������	��+

��������
����� ���������

DFtop ��+ DFbtm *�� ���*.-ก��ก�+$�� ���	�!
"������	��+��������


�����
"�$+��ก��� ���������

(c) �������	
"��#�$+�����"*��'��	���ก����������	����*�� Vu 
"�*��	�-'��$�ก

ก�����*��+�! *�������

The column supporting the interior end of the beam designed in Ex.1 is 60 cm

square and constructed of 280-ksc concrete and 4000-ksc steel. The floor-to-

floor height is 3.6 m with 60-cm deep beams in each floor, giving a clear column

height of 3.0 m. The unfactored moments, shears, and axial loads from elastic

analysis for earthquake loads are given in the table below.

EXAMPLE 3 Design of a Column

Axial loads, ton

Column in story over

Column being designed

Column in story under

Moments, t-m (CCW+)

Top of column

Buttom of column

Shears, ton

Dead Load Live Load Earthquake

230

250

270

-6

-6

0

64

70

76

-1.5

-1.5

0

± 2

± 2

± 2.5

± 280

± 300

18
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(1) Compute factored loads and moments. Load combination 1: U = 1.2D + 1.6L

Load combination 2: U = 1.2D + 1.0E + 1.0L

Load combination 3: U = 0.9D + 1.0E

Column in story over

Load combination 1

Load combination 2

Load combination 3

378

342

209

Axial Load

(ton)

Top Moment

(t-m)

Shear

(ton)

Bottom Moment

(t-m)

Column being designed

Load combination 1

Load combination 2

412 -9.6 0-9.6

Sway to right

Sway to left

372 271 18291

368 -289 -309 18

Load combination 3

Sway to right

Sway to left

227 275 18295

223 -285 -305 18

Column in story over

Load combination 1

Load combination 2

Load combination 3

Axial Load

(ton)

Top Moment

(t-m)

Shear

(ton)

446

403

246

Bottom Moment

(t-m)

(2) Check general requirements.

/10 60 60 0.28 /10 101 ton  < g c uA f P′ = × × = OK(a) Factored axial compressive force

(b) Shortest column dimension not less than 30 cm OK

(c) Ratio of short to long column dimensions not less than 0.4 OK

(3) Initial selection of column steel. As a first trial we shall select 12 DB25, Ast = 58.92 cm2

58.92
0.0164

60 60
g
ρ = =

×
0.01 0.06 gρ< < OK

(4) Check if the column strength satisfies ΣΣΣΣMnc ≥≥≥≥ (6/5)ΣΣΣΣMnb

ΣΣΣΣMnb is the sum of φMn strength of the beams meeting at the joint 
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For the frame swaying to right, Beam swaying to right

From step 2 of example 1:

Flexural reinforcements are

Interior supportExterior support

Midspan 5DB254DB25 2DB25

3DB25 3DB25

Interior support, negative moment: 5DB25 (As = 24.54 cm2)

24.54 4,000
6.87 cm

0.85 0.85 280 60

s y

c

A f
a

f b

×
= = =

′ × ×

( / 2) 0.9 24.54 4.0(54 6.87 / 2) /100

44.67 t-m

n s yM A f d aφ φ= − = × × −

=

Interior support, positive moment: 3DB25 (As = 14.73 cm2)

a =  4.13 cm → φMn =  27.54 t-m

Mnc

Mnc

φMn = 44.67 t-m

φMn = 27.54 t-m

Frame swaying to right

Mnc

Mnc

φMn = 27.54 t-m

φMn = 44.67 t-m

Frame swaying to left

For the joint shown, the ΣΣΣΣMnb is the same for both cases.

6
5

1.2 (44.67 t-m 27.54 t-m)

86.85 t-m

nbMΣ = × +

=
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For load combination 2, axial load in column in story over is φPn = 342 ton

From interaction diagram for φ Pn – φ Mn, the correspoding moment capacity, φMn = 68 t-m

Axial load in story being design is φPn = 372 ton

The corresponding moment is φMn = 65 t-m
582 ton

0 20 40 60 80

100

200

300

400

500

600

nPφ

nMφ

φMn = 65 t-m

φMn = 68 t-m

φMn = 44.67 t-m

φMn = 27.54 t-m

Frame swaying to right

68 t-m 65 t-m 133 t-mncMΣ = + =

[ (6 / 5) 86.85 t-m ]
nc nb

M MΣ > Σ =

∴∴∴∴ Column strength satisfies the requirement

Control

(5) Design the confinement reinforcement.

Total cross-sectional area of hoop not be less than the larger of

0.09 c
sh c

yt

f
A s h

f

′
=

0.3 1
g c

sh c

yt

A f
A s h

A f

′ 
= − 

 

260 60 280
0.3(50.8) 1 0.354 cm / cm

2,704 4,000

shA

s

× 
= − = 

 

hc = cross-sectional dimension of the core = 60 – 2 × (4 + 1.2/2) = 50.8 cm

hc4 cm

DB12

60 cm

Ach = cross-sectional area of the core = (60 – 2×4)2 = 2,704 cm2

or

2280
0.09(50.8) 0.320 cm / cm

4,000

shA

s
= =or

Spacing s of transverse reinforcement shall not exceed the smallest of:

(a) 1/4 of the minimum column dimension = (1/4) (60) = 15 cm

(b) 6 x diameter of longitudinal bar = 6 (2.5) = 15 cm

(c) 10 cm ≤ so = 10 + (35 – hx)/3 ≤ 15 cm
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max hx ≤≤≤≤ 35 cm

60 cm

60 cm

hx

x

x = (60 – 2x(4+1.2) – 4x2.5)/3 = 13.2 cm

so = 10 + (35 – hx)/3

= 2x13.2 + 3x2.5 + 1.2 ≈ 35 cm OK

= 10 + (35 – 35)/3 = 10 cm Control

Hoops must be provided over a height of lo from each end of the column. 

The height lo is the greater of

(a) The depth of column at the joint face = 60 cm

(b) One-sixth of the height of the column = 300/6 = 50 cm

(c) 45 cm

Control

Thus lo = 60 cm. Throughout the rest of the height of the column, ACI Sec. 21.4.4.6 requires 

spacing s not exceed the smaller of 

(a) 6 x diameter of longitudinal bar = 6 (2.5) = 15 cm

(b) 15 cm Use s = 15 cm for the remainder of column length

(6) Design the shear reinforcement. The design shear force Ve shall be:

(a) the shear corresponding to plastic hinges at each end of the column given by

prc top prc btm

e

u

M M
V

+
=

ℓ

0 50 100 150

Mpr

0

200

400

600

800

Ppr

φb = 0.9 → 1.0

φc = 0.7 → 1.0

For load combination 2, factored axial loads in column being designed are 372 and 368 ton

For load combination 3, factored axial loads are 227 and 223 ton

From Ppr – Mpr interaction diagram, max. value of Mpr = 101 t-m

101 101
67.3 ton

3
eV

+
= =

(b) but need not be more than

prb top top prb btm btm

e

u

M DF M DF
V

Σ + Σ
=

ℓ

From step 3 of Ex. 1, Mpr of beams framing into joints

at the top and buttom of the column are ±60.99 t-m

and ±37.87 t-m.

Since columns in stories over, under and being designed

all have the same stiffness, DFtop and DFbtm are 0.5.

(60.99 37.87) 0.5 (60.99 37.87) 0.5

3

33.0 ton

eV
+ × + + ×

=

=
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The shear Ve shall not be less than the factored shear from the analysis = 18 ton OK

Therefore, the designed shear Ve = 33 ton

Stirrup for shear: ACI Sec. 21.4.5.2 state that Vc shall be taken equal to zero if

(a) Earthquake shear represents more than half the shear: it does at both ends

(b) Factored axial load including earthquake effect is less than Ag fc’/ 20: it is.

Therefore, Vc = 0.

33
44 ton

0.75

u
s c

V
V V

φ
= − = =

244
0.204 cm / cm

4 54

sv

y

VA

s f d
= = =

×

For s = 10 cm, Av = 2.04 cm2. The hoops for confinement have Av = 3.39 cm2 OK

Outside of the length lo, Vc is given by

0.53 1 0.0071 u
c c w

g

N
V f b d

A

 
′= +  

 

223 1,000
0.53 1 0.0071 280 60 54 41.4 ton

3,600

× 
= + × × = 

 
/c uV V φ>

∴ No need stirrup for shear and instead will be provided for confinement.

60 cmo =ℓ

5 cm

s = 10 cm

Column Design Result

BB

AA

60 cm

60 cm

12 DB25

DB12 @ 0.10 Stirrup

AA

60 cm

60 cm

12 DB25

DB12 @ 0.15 Stirrup

BB
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� ก����ก������	
����

�����������

� ก�����������ก����
��������������������

� ก����ก������������

� 	�
� 
��ก����ก������������

Mongkol JIRAVACHARADET

S U R A N A R E E INSTITUTE OF ENGINEERING

UNIVERSITY OF TECHNOLOGY SCHOOL OF CIVIL ENGINEERING

BuildingBuilding DesignDesign

Lecture Lecture 2121 –– Seismic Design 3Seismic Design 3

Detail of structural building failure caused by 

the earthquake in Cotabato, PHILIPPINE,

August 16, 1976

Building Joint FailureBuilding Joint Failure
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ก����ก������	
����

�����������ก����ก������	
����

�����������

� ก��� !"����ก�����	�� �
��������	��� �#�����ก

�$%&��'ก"�������ก��������'ก��()� &"� 
��

��' ���	����	�*��
ldh

� ��ก�+'�'#����ก�����	�� �
��� �#��
��,!"

�������"����'#����ก������ก����� ≥≥≥≥ 20db

standard

90o hook

� �� �()� &" ldh ≥≥≥≥ 8db ≥≥≥≥ 15 cm ���	�����
��� ก

�

dh y b cf d / (17.3 f )′=ℓ

≥≥≥≥ 20db

ก��������	����ก��������	����

T

d
b

D = diam of  bend

4 d
b
≥ 6 cm

180o Hook

T

d
b

D

12 d
b

90o Hook

Min. Dia. of Bend (D)

DB10 - DB25      6d
b

DB28 - DB36      8d
b

DB40 - DB60    10d
b
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ก����ก���	����������������	
�ก����ก���	����������������	
�

������������
����-��!"�'#ก���.�	
����	
� Vj ,�	�����
�ก��ก.����	��������������

j nV V≤ φ

Vj =  C1 + T2 - Vcol

=  T1 + T2 - Vcol

=  (As1fy + As2fy) - Vcol

Vj

Vj

Vcol

Vcol

C1 = T1

T1 = As1fy

T2 = As2fy

C1 = T1

Mn1 Mn2

ก�����	�����������ก�����	�����������  VVnn

ก.����	��������������! Vn ������	
��'�
�"��	
��$�'�

(1) ���	
��'#�"����ก�� &"����,�ก������� 4 "���

n c jV 5.4 f A′=

(2) ���	
��'#�"����ก�� &"����,�ก������� 3 "��� ����
��� 2 "����'#� -
	������ก��

n c jV 3.9 f A′=

(3) ���	
���#�/

n c jV 3.2 f A′=
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Aj

�������	���������������
��� ���!�"!#�������	
��������	���������������
��� ���!�"!#�������	
�  AAjj

,�%�����	
��"����ก�� &"����,�ก���ก�	
����#�����'�
��ก
��� ≥≥≥≥ 3/4 �
��ก
������ ���

�'�
���&ก ≥≥≥≥ 3/4 ����
���&ก�����ก�'#�!"�'#�����,��'#���	
�

�
��ก
���$�����0���
≤ b + h

≤ b + 2x1�
���&ก���	
� = h

��������������ก�����
�'#ก
�����ก�"ก.���������

b

��2����������'#ก
�����ก�"ก��
����������	
�

����ก������'#ก
����
�ก�"ก.��������� h

x1

�����'#	�����������
$�����0��� Aj

h

x1x2

��� ��	! x1 < x2
b

EXAMPLE 4 ก����ก������	
� (from Example-2 & Example-3)

Interior supportExterior support

Midspan 5DB254DB25 2DB25

3DB25 3DB25

60 cm

60 cm

12 DB25

DB12 @ 0.10 Stirrup

Column Section

Interior support

5DB25

DB10@0.09

3DB25

Beam Section

60 cm

60 cm
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(1) 	�
,����� � &"���'# 


≥≥≥≥ 20db20 x 2.5 = 50 cm <  60 cm OK

(2) ����ก$��ก��� �'#�!"����
+���	
� w
v

y

b s
A 3.5

f
=

DB12 : Av = 2(1.13) = 2.26 cm
2

Smax = Av fy / (3.5 bw) = 2.26 × 4,000 / (3.5 × 60) = 43 cm

(3) �����'#	����������� Aj :

Aj

���	
�%-ก &"����,�ก��� 2 "���
�'#� -
	��ก������

h

b
���ก
�����
�ก����� → b = 60 cm

Aj = b × h = 60 × 60

Aj = 3,600 cm
2

USE DB12 @ 0.25 m

Aj

���	
�%-ก &"����,�ก��� 2 "���
�'#� -
	��ก������

h

b

(4) ก.����	����������� : n c jV 3.9 f A′=

nV 3.9 280 3,600 /1,000= ×

Vn = 235 ton

(5) ������������
��� :

Vj =  (As1fy + As2fy) - Vcol 5DB25

As = 24.55 cm
2

3DB25

As = 14.73 cm
2

Vj

Vj

Vcol

Vcol

=  (24.55+14.73) × 4 – 18

=  139 ton

φVn =  0.85×235 = 200 ton

Vj < φφφφVn OK
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�%����

$����+����ก�����������"
���#�	������ Mslab 	���

��� -
���%����

c2 + 3h

ก�����!����$ก���#
��������������%�����ก�����!����$ก���#
��������������%�����

c2

���

����ก�����	���4����	5 γγγγf Mslab 	���� -
���
��ก
���$�����0���

�	
	�����
��� ก

���&#���&#��������ก��������%����

��&�����&'ก�����!����$ก���(������&�����&'ก�����!����$ก���(����
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��&�����&'ก�����!����$ก���(�ก�����&�����&'ก�����!����$ก���(�ก���

�����������)���#
��������������%����������������)���#
��������������%�����

c c 0
c

4
V 0.27 2 f b d

 
′= + β 

���������'#����	�"
�ก6	�������'#�ก�",�ก��.����ก����!ก$����
�����
"�#� ,�	����'�
�

��
�ก�� 0.4 φφφφ Vc ���#� φφφφ = 0.75 ��� Vc �$7��
���� �'#�!"����
�	
��$�'�

s
c c 0

0

d
V 0.27 2 f b d

b

 α
′= + 

 

c c 0V 1.06 f b d′=

c p c pc 0 pV (0.27 f 0.3 f )b d V′= β + +

�.�������
��������������ก�'	��"���
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Shear Wall Design

Earthquake Resistant

ก����ก���#��������ก����ก���#��������

Boundary zone

Boundary zone

Axial force

Axial force

Moment

at bottom

Moment

at top

In-plane

shear

In-plane

shear

�����ก�+'��,	����' ก��4����"�'#������� (boundary zone confinement) 8&#��ก�"
�
�����' ",�ก�����"��ก
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21.7 21.7 –– Special reinforced concrete structuralSpecial reinforced concrete structural

walls and coupling beamswalls and coupling beams

ρρρρl =  longitudinal reinforcement ratio (vertical, ρρρρv )

ρρρρt =  transverse reinforcement ratio (horizontal, ρρρρh )

21.7.2 – Reinforcement

The required vertical and horizontal web reinforcement ratios, ρρρρv and ρρρρh

depend on the design shear force Vu :

u cv cFor  V 0.265A f  :′≤

u cv cFor  V 0.265A f  :′> ρρρρv and ρρρρh ≥ 0.0025

ρρρρv ≥ 0.0012  for DB16 and smaller

ρρρρv ≥ 0.0015  for DB20 and larger

ρρρρh ≥ 0.0020  for DB16 and smaller

ρρρρh ≥ 0.0025  for DB20 and larger

Acv =  gross area of concrete section bounded by web thickness and length 

of section in the direction of shear force considered

� At least two curtains of reinforcement shall be used in wall if 

u cv cV 0.53A f ′> OR Thickness  >  25 cm

� Reinforcement spacing each way shall not exceed 45 cm

hw

t

wℓ
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Shear DesignShear Design

φφφφ Vn ≥≥≥≥ Vu

Factored Shear Force :

Vu =  1.2 VD +  f1 VL ± VE

=  0.9 VD ± VE

f1 =  1.0 for LL ≥ 500 kg/m2

where

f1 =  0.5 otherwise

f1VL 1.2VD VE

Shear Strength, Shear Strength, VVnn

The nominal shear strength Vn of structural walls shall not exceed:

where αc =  0.80  for hw / lw ≤ 1.5

=  0.53  for hw / lw ≥ 2.0

αc varies linearly between 0.80 and 0.53 for hw / lw between 1.5 and 2.0.

� hw / lw shall be taken as the largest ratio for

the entire wall or segment of wall.

segment segment

1 2

hw

lw

n cv c c t yV A ( f f )′= α + ρ
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Flexural and Axial Load DesignFlexural and Axial Load Design

� No need to apply moment magnification due to slenderness

� Non-linear strain requirement for deep beam does not apply

� Strength reduction factor φφφφ =  0.70 except for walls with

low compressive load

φφφφ =  0.70 for φ Pn ≥ 0.1 f’c Ag

TO

φφφφ =  0.90 for φ Pn =  0

φφφφ Pn

0.1 f’c Ag

0.70

0.90

φφφφ

0

Flexural and Axial Load DesignFlexural and Axial Load Design

� Effective flange width for L-, T-, C-, or other wall sections shall be

assumed to extend from the face of the web a distance equal to 

the smaller of � 1/2 distance to an adjacent wall web

� 25% total wall height

hw

Mtension

flange

web

web

compression

flange

Ln

0.25 hw

1/2 Ln

1/2 Ln
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Load Load –– Moment Interaction Diagram Moment Interaction Diagram 

When the geometry and the vertical reinforcing distribution for wall are 

known the capacity check of the section may be performed by generating

a load-moment interaction diagram.

lw

wall section

εs1
εs2

εs3

εs4
εs5 εs6

c

strain diagram

T1 T2 T3 C4 C5 C6

0.85 f’c

a = β1c

force diagram

max c g s y sP 0.80 [0.85 f (A A ) f A ]′= φ − +

φMn

φPn

Pmax

Boundary Zone Determination Boundary Zone Determination –– Simplified ApproachSimplified Approach

Boundary zone detailing is not required if the factored axial stress on 

linear elastic gross section <  0.2 f’c

Boundary

element

Mu

Vu

hw

lw

Pu

> 0.2 f’c
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If required, boundary zones at each end of the wall shall be provided along

Boundary Zone Determination Boundary Zone Determination –– Simplified ApproachSimplified Approach

� 0.25 lw for Pu = 0.35 P0

� 0.15 lw for Pu = 0.15 P0

With linear interpolation for Pu between 0.15 P0 and 0.35 P0

Minimum boundary zone length : 0.15 lw

lBZ ≥ 0.15lw

lw

Boundary Zone Determination Boundary Zone Determination –– Rigorous ApproachRigorous Approach

PER ACI, special boundary zone reinforcement is required where:

w

u w

c
600( /h )

≥
δ
ℓ

u w/ h 0.007δ ≥where

hw

lw

c

tension

compression

Vu

δδδδu

c  =  distance from extreme compression

fiber to neutral axis

δu =  design displacement
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Boundary Zone Determination Boundary Zone Determination –– Rigorous ApproachRigorous Approach

If required, boundary zones length lBZ shall be not less than the larger of

lBZ ≥ c – 0.1lw

lw

lBZ ≥ c/2

Special boundary elements are extended from the critical section

a distance not less than lw and Mu/4Vu
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Confining Reinforcement of Boundary Elements

Maximum allowable spacing of hoops and crossties :

max

0

min. member dimension / 4

s the lesser of 6  longitudinal bar

s





= ∅




x
0

35 h
10 cm s 10 15 cm

3

− ≤ = + ≤ 
 

where

hx = horizontal spacing of crossties or legs of overlapping hoops ≤ 35 cm

The required area of confining reinforcement : c
sh c

y

f
A 0.09sh

f

′
=

hc = cross-sectional dimension of boundary element measured

center-to-center of confining reinforcement.
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Web-Crushing Failure of Structural wall with Confined Boundary Elements

EXAMPLE 4 Design of a Shear Wall

A shear wall is part of a lateral load resisting system of a 10-story building. 

δe = horizontal elastic displacement

at roof level corresponding

to code-level seismic

forces = 5.46 cm

9.3 m

40 cm

Section modulus: S = bh2/6

S = 40 x 9302 / 6 = 5,766,000 cm3

Ag = 37,200 cm
2Gross area:

PD = 720 tons

PL = 136 tons

Vu = VE = 614 tons

Mu = ME = 9,698 t-m 1st

2nd

3rd

4.8 m
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1. Determine minimum longitudinal and transverse reinforcement.

a. Check if two layers of reinforcement are required.

cv c0.53A f ′ 0.53 40 930 280 /1,000= × × ×

= 330 tons <  Vu = 614 tons required 2 layers

b. Required longitudinal and transverse reinforcement in wall.

u cv cFor  V 0.265A f  :′> ρρρρv and ρρρρh ≥ 0.0025, max spacing = 45 cm

With Acv (per meter of wall) = 40 x 100 = 4,000 cm2, minimum required 

area of reinforcement in each direction = 0.0025 x 4,000 = 10 cm2/m

Assuming DB16 bars in 2 layers (As = 2 x 2.01 = 4.02 cm
2), 

Required spacing, s = 4.02 / 10 x 100 = 40.2 cm < 45 cm OK

2. Determine reinforcement requirements for shear.

Assume 2 layers of DB16 @ 0.30 m

Shear strength of wall:

where φ = 0.75 and αc = 0.53 for hw / lw = 10 x 4.8 / 9.3 = 5.16 > 2

Acv = 40 x 930 = 37,200 cm
2

nV 0.75 37,200 0.53 280 0.00335 4,000 /1,000 φ = × + × 

= 621 tons >  Vu = 614 tons OK

n cv c c t yV A ( f f )′= α + ρ

t

4.02
0.00335

40 30
ρ = =

×
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3. Determine reinforcement for combined flexural and axial load.

Load Combinations: 1.2D + 1.6L 0.9D + 1.0E

For compression check: Pu = 1.2(720) + 1.6(136) = 1,082 tons

For tension check: Pu = 0.9(720) + 1.0(0) = 648 tons

φMn

φPn (ton)

8,000 ton

-4,000 ton

10,000 t-m

1
Point 1 : Mu = 9,698 t-m

Pu = 1,082 t-m
2

Point 2 : Mu = 9,698 t-m

Pu = 648 t-m

Although hand calculations are possible, it is more 

desirable to use a computer program such as PCACOL.

Interaction diagram for the wall with

- 16DB36 near wall boundary

- DB20 @ 0.20 m each face

4. Determine if special boundary elements are required.

4.1 Simplified approach (stress-index procedure):

Maximum compressive stress  = 0.2 f’c = 0.2(280) = 56 kg/cm
2

Ag = 930 x 40 = 37,200 cm
2

Ig = 40 x 930
3 / 12 = 2.68 x 109 cm4

S = 2.68 x 109 / (930/2) = 5.76 x 106 cm3

3 5

u u

6

g

P M 1082 10 9698 10

A S 37,200 5.76 10

× ×
+ = +

×

= 29.1 + 168.4 = 197.5 kg/cm2 >  [0.2 f’c = 56 kg/cm
2] NG

Therefore, boundary elements are required by the simplified approach.
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4.2  Rigorous approach (displacement-based procedure):

w

u w

c
600( /h )

≥
δ
ℓ

Boundary zone detailing is required if

Compute the neutral axis depth c using a strain compatibility analysis,

Or using PCACOL program, the depth c = 274 cm

δδδδu is calculated by multiplying an elastic displacement δδδδe by a deflection 

amplification factor Cd

d e
u

C 5 5.46
27.3 cm

I 1.0

δ ×
δ = = =

u

w

27.3
0.0057

h 10 480

δ
= =

×
<  0.007 (min) USE 0.007

w

u

w

930
221 cm

600 0.007
600

h

= =
× δ

 
 

ℓ
<  [ c = 274 cm ]

5. Boundary Zone Reinforcement Details

� The required width of boundary element is the larger of c – 0.1lw and c/2

� Special boundary elements are extended from the critical section

a distance not less than lw and Mu/4Vu

c – 0.1lw =  274 – 0.1 × 930  =  181 cm

c/2  =  274/2  =  137 cm

control USE 185 cm

u

u

M 9,698 100
395 cm

4V 4 614

×
= =

×
<  [ lw = 930 cm ]

USE Boundary Zone Confinement of 40 x 185 x 930 cm 
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Boundary Zone Reinforcement Details

4
0
 c
m

185 cm

8 DB36 on each face

6. Confinement of Boundary Zone

Maximum allowable spacing of hoops and crossties, using DB16 bars,

min. dimension / 4  =  40/4  =  10 cm

6 ∅ long bar  =  6 x 3.2  =  19.2 cm

x35 h
10

3

− +  
 

35 30
10 11.7 cm

3

− = + = 
 

control USE s = 10 cm

The required confining reinforcement area:

c
sh c

y

f
A 0.09sh

f

′
=

280
0.09 10 30

4,000
= × × × =  1.89 cm2

USE DB12 hoops with 2 legs provide Ash = 2 x 1.13 = 2.26 cm
2 > 1.89 cm2
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