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Lecture 4(a): Code-based Seismic Design of Structures

The Development of Seismic Design Codes and the Equivalent Static Analysis Procedure

The ELF Procedure in UBC 97
The ELF Procedure in IBC 2000
The Seismic Design Procedure in BCP (2007)

The Concept of Vibration Modes of a Structure

The Response Spectrum Analysis Procedure

The Concept of Response Spectrum
The Elastic Response Spectrum Analysis (RSA) Procedure
The Concept of Inelastic Response Spectra and Design Spectra

The Code-based Response Spectrum Analysis (RSA) Procedure
The Linear Time History Analysis Procedure

Combining Responses for Member Design

The ELF and RSA Procedures as prescribed in ASCE 7-16 — Software Demonstration
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Seismic Analysis Procedures

Next Lecture 4(b)

Structural ] .
Linear

Model

E, A, I L, Getc. = Constant, K= Constant

Seismic
Loading

Static

Nonlinear
E # Constant, El # Constant, K# Constant

1. | Equivalent Lateral Force (ELF) Procedure

2 | Response Spectrum Analysis (RSA)

Dynamic

Procedure

NSPs (Several Pushover Analysis
Methods)

Linear Response History
3. | Analysis Procedure
(LTHA, DI, LDP)

Nonlinear Response History
Analysis Procedure (NLRHA)
NLTHA, NDP, DI

This Lecture 4(a)
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SEISMIC DESIGN CODES

There are several design methods suggested in seismic codes:
« Equivalent static analysis (ESF) method (or ELF method)
« Response spectrum analysis (RSA) method

 Time history analysis method

Equivalent static analysis method is commonly used for the seismic design of ordinary and
"regular" buildings and structures.
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SEISMIC DESIGN CODES

Dynamic analysis methods (Response spectrum and Time history) are required for
"Irregular” buildings and structures, very important structures, and structures that seismic
response is not dominated by the fundamental vibration mode. ... more tedious, more difficult.

Irregularity = lrregular geometry, non-uniform distribution of mass or stiffness, structural
discontinuity, etc.

« Vertical Structural Irregularities

« Plan Structural Irregularities

S, v PAS s

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam)



The Development of Seismic Design Codes and the Equivalent

Static Analysis Procedure

-
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DEVELOPMENT OF SEISMIC DESIGN CODES

1906 The great San Francisco Earthquake

Intensive destruction of buildings by the earthquake and fire (that was
Induced by the earthquake).

The city was rebuilt.

The only lateral force requirement placed on structures designed and
constructed in San Francisco was a 30 1lbf/ft?> wind loading. This was
intended to safeguard structures from the effect of both wind and
earthquakes.

Lateral force is proportional to the surface area of the building.

S, v PAS s
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DEVELOPMENT OF SEISMIC DESIGN CODES

1927 Introduction of lateral earthquake force proportional to mass.

Vg = 0.1 W (an empirical formula)

where, V5 is the base-shear and W is the weight of the
building.

1940 The El Centro Earthquake

The Basic Notion

Convert the Seismic Excitation to an
“Equivalent Static Force” applied at the
base of the building, called the Base
Shear. Then Distribute the Base Shear to
various parts of the Building

The first set of strong motion records (acceleration time histories) ... the first set of
elastic response spectra ... Period-dependent elastic base shear demand.

S, v PAS s

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam)




DEVELOPMENT OF SEISMIC DESIGN CODES

1940-50s Introduction of period-dependent design spectra.
VB — CW
where, C is the period-dependent base shear coefficient.

For long-natural-period structures, the lateral seismic force is inversely proportional to the
period of structure.

C o

0.1

.'--u-

> T .( Nalicral Peviod )

Performance-based SeiSMIC De.. .. o g i g e e e e e e e n) 1



DEVELOPMENT OF SEISMIC DESIGN CODES

1960s Vg =Z 1K S CW (an empirical design formula).

/ = Zone factor =1,3/,,1/,,1/,, ..... (adjustment for seismic hazard level of
the zone relative to that of California)

I = Important factor = 1 (ordinary) ~ 1.5 (very important building)
K = Ductility related factor = 0.67 (ductile system), 1.0 (normal), 1.3 (less ductile)
S = Soil factor =1, 1.2, 1.5 (see diagram below)

C = Period-dependent coefficient (see diagram below)

S, v PAS s
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DEVELOPMENT OF SEISMIC DESIGN CODES

SCx

STIFF SOIL

SOFT soil.
MEDIUM ToSQF T

> T ( Natinal Poviod)
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DEVELOPMENT OF SEISMIC DESIGN CODES

1970s Revolution of Seismic Design Codes

Introduction of a modern design code based on several new scientific concepts—
structural dynamics, soil dynamics, probabilistic seismic hazard analysis, inelastic
response spectra, etc.

ZICW
VB=( )/RW

Z= Zone factor = Normalized Effective Peak Ground Acceleration (EPA/g) =

PGA/g that has a 10% chance of being exceeded in a 50-year exposure period.
The new probabilistic seismic hazard map constructed by Dr. Algermission in
USGS was employed for the development of seismic zone map.

Z = 0.075,0.15,0.2,0.3,0.4 for seismic zones 1, 2A, 2B, 3, and 4, respectively.

S, v PAS s
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DEVELOPMENT OF SEISMIC DESIGN CODES

I = Important factor = 1 (ordinary), 1.25 (important).

C = Normalized (and adjusted) Elastic Design Response Spectra = A/PGA, where A is
spectral acceleration (pseudo acceleration).

C = 1.25 S/T and C < 2.75

?/3

S = Site coefficient, S =1 (rock), 1.2 (stiff), 1.5 (soft to medium), 2.0 (soft clay).

Note: see the comparison between CS spectra and the average acceleration spectra for
different site conditions (constructed by Prof. H. Bolton Seed at UC Berkeley).

S, 2% PSS ear
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DEVELOPMENT OF SEISMIC DESIGN CODES

zrow= (") 1 (i) w = () w

= V3 = Elastic Base Shear Demand

= The base shear that the structure will have if the response is in its linearly elastic
range during the earthquake.

Ry, = Reduction factor = 4 ~ 12
The factor takes into account of two important effects: "ductility" and "overstrength".

The concept of inelastic response spectra (inelastic yield strength demand for various
levels of target ductility), which was introduced by Prof. Newmark, was employed.

S, 2% PSS ear

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam) 16



Spectra for 5% damping

3 Soft to medium clay and sand

/ Deep cohesionless soils
Stiff site conditions

Rock

Spectral acceleration/PGA
.|

(maximum ground acceleration)
o
|

Period (s)
Average acceleration spectra for different site conditions (After Seed, et al., 1976; NEHRP, 1988)
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Site dependent design spectra modified from Seed et al. (1976) and specified by
ATC-3 (Dorby et al. 2000)
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building codes (NEHRP, 1988)
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Equivalent Static Force Procedure in UBC (1997)

FAPAA,
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The UBC-97 Form of Equation

* The new equation:
vV =C.W
C,l

\Y4

> RT

I = Importance factor, for a specific occupancy category, from UBC Table 16-K

C, = Velocity based ground response coefficient, for a specific seismic zone and soil profile, from UBC
Table 16-R

R = response modification factor, for a specific structural system, from UBC Table 16-N

T = Fundamental; period of vibration, from UBC Formula (30-8) or (30-10)

MM VA PAS s
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1630.2 Static Force Procedure.

1630.2.1 Design base shear. The total design base shear in a
given direction shall be determined from the following formula:

C. I
— ! 30-4
% T W (30-4)

The total design base shear need not exceed the following:

2.5 RCH [ W (30_5)

The total design base shear shall not be less than the following:

Vv = 011 C, I W (30-6)

In addition, for Seismic Zone 4, the total base shear shall also
not be less than the following:
_ 08 iN v I (30-7)

v
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1630.2.2 Structure period. The value of 7 shall be determined
from one of the following methods:

1. Method A: For all buildings, the value 7 may be approxi-
mated from the following formula:

T = C,(h)"* (30-8)
WHERE:
C; = 0.035(0.0853) for steel moment-resisting frames.
C; = 0.030 (0.0731) for reinforced concrete moment-resist-
ing frames and eccentrically braced frames.
C; = 0.020 (0.0488) for all other buildings.

Alternatively, the value of C; for structures with concrete or ma-
sonry shear walls may be taken as 0.1/ \f;*{_(, (For SI: 0.0743/ \fA_(,
for A, in m?).

The value of 4. shall be determined from the following for-
mula:

A. = 24,(02 + (D./h,)?] (30-9)

The value of D,/h, used in Formula (30-9) shall not exceed 0.9.

2. Method B: The fundamental period 7'may be calculated us-
ing the structural properties and deformational characteristics of
the resisting elements in a properly substantiated analysis. The
analysis shall be in accordance with the requirements of Section
1630.1.2. The value of T from Method B shall not exceed a value
30 percent greater than the value of 7 obtained from Method A in
Seismic Zone 4, and 40 percent in Seismic Zones 1, 2 and 3.

The fundamental period 7 may be computed by using the fol-
lowing formula:

27 (i w!ﬁ;—z) + (g if; 6;) (30-10)
i=1

i=1

T =

The values of f; represent any lateral force distributed approxi-
mately in accordance with the principles of Formulas (30-13),
(30-14) and (30-15) or any other rational distribution. The elastic
deflections, 0;, shall be calculated using the applied lateral
forces, f;.

v
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The Overall Equivalent Static Analysis Procedure in UBC 97

Step 1: Determine Seismic Zone Factor Z

Step 2: Determine Seismic Source Type

Step 3: Determine Near Source Factor

Step 4. Determine Soil Profile Type

Step 5: Determine Ground Response Coefficients C, and C,

Step 6: Determine Fundamental period T

Step7: Classify the Structural System and determine the Response Modification Factor R
Step 8: Determine the Occupancy Categories and Importance Factor |

Step 9: Determine the Seismic Response Coefficient C;

Step 10: Determine the Base Shear

Step 11: Vertical Distribution of Base Shear into Lateral Forces

S, v PAS s
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The Overall Procedure

« OQOverstrength Factor (Table 16-N)
» Global ductility capacity of lateral force-resisting system

« Soil Profile Types
« SA, SB, SC, SD, SE
« Ranging from hard rock to soft soil
« Ground vibration tends to be greater on soft soil than hard rock

« Seismic Zone Factor (Table 16-1)
« Zonel, 2A,2B, 3,4
« Effective peak ground acceleration as a function of g
* Recurrence interval of 475 years which gives a 10% probability exceeded in a fifty years period

« Seismic Source Type (Table 16-U)
« Depends on maximum moment magnitude potential of a fault and slip rate

» Distance to Source (Table 16-T)
 Ground acceleration increases near the fault in Zone 4

« Importance Factor (Table 16-K)
« Depends on occupancy categories

S, v PAS s
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Inelastic Displacement and Drift (UBC 97)

« Maximum Inelastic Displacement (Eq. 30-17)
Ay = 0.7R A,

Ay = maximum inelastic displacement
R = Overstrength factor

A = design level displacement by design seismic forces

* Drift Limit:
Story drifts shall be computed using the Maximum Inelastic Response Displacement, A,.
For structures having time period < 0.7s, Drift limit = 0.025 x story height

For structures having time period = 0.7s, Drift limit = 0.02 x story height

MM VA PAS s
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1630.7 Horizontal Torsional Moments. Provisions shall be
made for the increased shears resulting from horizontal torsion
where diaphragms are not flexible. The most severe load combi-
nation for each element shall be considered for design.

The torsional design moment at a given story shall be the mo-
ment resulting from eccentricities between applied design lateral
forces at levels above that story and the vertical-resisting elements
in that story plus an accidental torsion.

The accidental torsional moment shall be determined by assum-
ing the mass is displaced as required by Section 1630.6.

Where torsional irregularity exists, as defined in Table 16-M,
the effects shall be accounted for by increasing the accidental tor-
sion at each level by an amplification factor, 4,, determined from
the following formula:

2

O
A, = | —=5— 30-16
X [ 12 aavg] ( )
WHERE:
One = theaverage of the displacements at the extreme points of

the structure at Level x.
Onax = the maximum displacement at Level x.

The value of 4, need not exceed 3.0.

v Vv
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The Equivalent Static Analysis Procedure in UBC 97

TABLE 16-I—SEISMIC ZONE FACTOR Z

ZONE

1

2A

2B 3

z

0.075

0.15

0.20 0.30

0.40

NOTE: The zone shall be determined from the seismic zone map in Figure 16-2.

TABLE 16-J—SOIL PROFILE TYPES

AVERAGE SOIL PROPERTIES FOR TOP 100 FEET (30 480 mm) OF SOIL PROFILE
SOIL PROFILE SOIL PROFILE NAME/GENERIC Shear Wave Velocity, Vg Standard Penetration Test, N [or Ncy for | Undrained Shear Strength, 5, psf
TYPE DESCRIPTION feet/second (m/s cohesionless soil layers] (blows/foot) (kPa)
Sy Hard Rock > 5,000
(1,500)
Sp Rock 2,500 to 5,000 o o
(760 to 1,500)
Sc Very Dense Soil and Soft Rock 1,200 to 2,500 > 50 > 2,000
(360 to 760) (100)
Sp Stiff Soil Profile 600 to 1,200 15 to 50 1,000 to 2,000
(180 to 360) (50 to 100)
Sg ! Soft Soil Profile <600 <15 < 1,000
(180) (50)
Sk Soil Requiring Site-specific Evaluation. See Section 1629.3.1.

ISoil Profile Type Sg also includes any soil profile with more than 10 feet (3048 mm) of soft clay defined as a soil with a plasticity index, PI > 20, w,,. = 40 percent
and s, < 500 psf (24 kPa). The Plasticity Index, P/, and the moisture content, w,,., shall be determined in accordance with approved national standards.

v
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TABLE 16-K—OCCUPANCY CATEGORY

OCCUPANCY CATEGORY

OCCUPANCY OR FUNCTIONS OF STRUCTURE

SEISMIC
IMPORTANCE
FACTOR, |

SEISMIC
IMPORTANCE!
FACTOR, |,

WIND
IMPORTANCE
FACTOR, iy

Essential
facilities2

Group I, Division 1 Occupancies having surgery and emergency treatment
arcas

Fire and police stations

Garages and shelters for emergency vehicles and emergency aircraft
Structures and shelters in emergency-preparedness centers

Aviation control towers

Structures and equipment in government communication centers and other
facilities required for emergency response

Standby power-generating equipment for Category 1 facilities

Tanks or other structures containing housing or supporting water or other
fire-suppression material or equipment required for the protection of Category
1, 2 or 3 structures

1.25

1.50

1.15

Hazardous
facilities

Group H, Divisions 1, 2, 6 and 7 Occupancies and structures therein housing or
supporting toxic or explosive chemicals or substances

Nonbuilding structures housing, supporting or containing quantities of toxic or
explosive substances that, if contained within a building, would cause that
building to be classified as a Group H, Division 1, 2 or 7 Occupancy

1.25

1.50

1.15

Special
occupancy
structures>

Group A, Divisions 1, 2 and 2.1 Occupancies

Buildings housing Group E, Divisions 1 and 3 Occupancies with a capacity
greater than 300 students

Buildings housing Group B Occupancies used for college or adult education
with a capacity greater than 500 students

Group I, Divisions 1 and 2 Occupancies with 50 or more resident incapacitated
patients, but not included in Category 1

Group 1, Division 3 Occupancies

All structures with an occupancy greater than 5,000 persons

Structures and equipment in power-generating stations, and other public utility
facilities not included in Category 1 or Category 2 above, and required for
continued operation

1.00

1.00

1.00

Standard
occupancy
structures3

All structures housing occupancics or having functions not listed in Category
1, 2 or 3 and Group U Occupancy towers

1.00

1.00

1.00

s.

Miscellaneous
structures

Group U Occupancies except for towers

1.00

1.00

1.00

1The limitation of J, for panel connections in Section 1633.2.4 shall be 1.0 for the entire connector.
Performance 2Structural observatmn requirements are given in Section 1702. 32
For anchorage of machinery and equipment required for life-safety systems, the value of /, shall be taken as 1.5.
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TABLE 16-L—VERTICAL STRUCTURAL IRREGULARITIES

IRREGULARITY TYPE AND DEFINITION REFERENCE SECTION

1. Stiffness irregularity—soft story
A soft story is one in which the lateral stiffness is less than 70 percent of that in the story above or less than 1629.8.4, Item 2

80 percent of the average stiffness of the three stories above.

2. Weight (mass) irregularity
Mass irregularity shall be considered to exist where the effective mass of any story is more than 150 percent of the 1629.8.4, Item 2
effective mass of an adjacent story. A roof that is lighter than the floor below need not be considered.

3. Vertical geometric irregularity
Vertical geometric irregularity shall be considered to exist where the horizontal dimension of the lateral- 1629.8.4, Item 2
force-resisting system 1n any story is more than 130 percent of that in an adjacent story. One-story penthouses
need not be considered.

4. In-plane discontinuity in vertical lateral-force-resisting element
An in-plane offset of the lateral-load-resisting elements greater than the length of those elements. 1630.8.2

5. Discontinuity in capacity—weak story
A weak story is one in which the story strength is less than 80 percent of that in the story above. The story strength 1629.9.1
is the total strength of all seismic-resisting elements sharing the story shear for the direction under consideration.

v Vv
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TABLE 16-M—PLAN STRUCTURAL IRREGULARITIES

IRREGULARITY TYPE AND DEFINITION

REFERENCE SECTION

Torsional irregularity—to be considered when diaphragms are not flexible

Torsional irregularity shall be considered to exist when the maximum story drift, computed including accidental
torsion, at one end of the structure transverse to an axis is more than 1.2 times the average of the story drifts of the
two ends of the structure.

1633.1,
1633.2.9, Item 6

Re-entrant corners

Plan configurations of a structure and its lateral-force-resisting system contain re-entrant corners, where both
projections of the structure beyond a re-entrant corner are greater than 15 percent of the plan dimension of the
structure in the given direction.

1633.2.9,
Items 6 and 7

Diaphragm discontinuity

Diaphragms with abrupt discontinuities or variations in stiffness, including those having cutout or open areas greater 1633.2.9,

than 50 percent of the gross enclosed area of the diaphragm, or changes in effective diaphragm stiffness of more Item 6

than 50 percent from one story to the next.

Out-of-plane offsets

Discontinuities in a lateral force path, such as out-of-plane offsets of the vertical elements. 1630.8.2;

1633.2.9, Item 6;

2213.9.1

Nonparallel systems

The vertical lateral-load-resisting elements are not parallel to or symmetric about the major orthogonal axes of the 1633.1

lateral-force-resisting system.

v Vv
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TABLE 16-N—STRUCTURAL SYSTEMS1

HEIGHT LIMIT FOR
SEISMIC ZONES 3
AND 4 (feet)
BASIC STRUCTURAL SYSTEM?2 LATERAL-FORCE-RESISTING SYSTEM DESCRIPTION R Q0 % 304.8 for mm
1. Bearing wall system 1. Light-framed walls with shear panels
a. Wood structural panel walls for structures three stories or less 5.5 2.8 65
b. All other light-framed walls 4.5 2.8 65
2. Shear walls
a. Concrete 4.5 2.8 160
b. Masonry 4.5 2.8 160
3. Light steel-framed bearing walls with tension-only bracing 2.8 2.2 65
4. Braced frames where bracing carries gravity load
a. Steel 44 22 160
b. Concrete3 2.8 2.2 —
c. Heavy timber 2.8 22 65
2. Building frame system 1. Steel eccentrically braced frame (EBF) 7.0 2.8 240
2. Light-framed walls with shear panels
a. Wood structural panel walls for structures three stories or less 6.5 2.8 65
b. All other light-framed walls 5.0 2.8 65
3. Shear walls
a. Concrete 5.5 2.8 240
b. Masonry 5.5 2.8 160
4. Ordinary braced frames
a. Steel 5.6 22 160
b. Concrete3 5.6 2.2 —
c. Heavy timber 5.6 2.2 65
5. Special concentrically braced frames
a. Steel 6.4 2.2 240
3. Moment-resisting frame 1. Special moment-resisting frame (SMRF)
system a. Steel 8.5 2.8 N.L.
b. Concrete? 8.5 2.8 N.L.
2. Masonry moment-resisting wall frame (MMRWF) 6.5 2.8 160
3. Concrete intermediate moment-resisting frame (IMRF)> 5.5 2.8 —
4. Ordinary moment-resisting frame (OMRF)
a. Steel® 4.5 2.8 160
b. Concrete’ 3.5 2.8 —
5. Special truss moment frames of steel (STMF) 6.5 2.8 240

"y A
! M VAN v
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4. Dual systems 1. Shear walls
a. Concrete with SMRF 8.5 2.8 N.L.
b. Concrete with steel OMRF 4.2 2.8 160
c. Concrete with concrete IMRF? 6.5 2.8 160
d. Masonry with SMRF 5.5 2.8 160
e. Masonry with steel OMRF 4.2 2.8 160
f.  Masonry with concrete IMRF3 4.2 2.8 —
g. Masonry with masonry MMRWF 6.0 2.8 160
2. Steel EBF
a. With steel SMRF 8.5 2.8 N.L.
b. With steel OMRF 4.2 2.8 160
3. Ordinary braced frames
a. Steel with steel SMRF 6.5 2.8 N.L.
b. Steel with steel OMRF 4.2 2.8 160
c. Concrete with concrete SMRF3 6.5 2.8 —
d. Concrete with concrete IMRF3 4.2 2.8 —
4. Special concentrically braced frames
a. Steel with steel SMRF 7.5 2.8 N.L.
b. Steel with steel OMRF 4.2 2.8 160
5. Cantilevered column building | 1. Cantilevered column elements 2.2 2.0 357
systems
6. Shear wall-frame interaction 1. Concrete® 5.5 2.8 160
systems
7. Undefined systems See Sections 1629.6.7 and 1629.9.2 — — —

N.L.—no limit

ISee Section 1630.4 for combination of structural systems.

2Basic structural systems are defined in Section 1629.6.

3Prohibited in Seismic Zones 3 and 4.

4ncludes precast concrete conforming to Section 1921.2.7.

SProhibited in Seismic Zones 3 and 4, except as permitted in Section 1634.2.

6Ordinary moment-resisting frames in Seismic Zone 1 meeting the requirements of Section 2211.6 may use a R value of 8.
7 Total height of the building including cantilevered columns.

8Prohibited in Seismic Zones 2A, 2B, 3 and 4. See Section 1633.2.7.

v Vv
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TABLE 16-Q—SEISMIC COEFFICIENT C,

SEISMIC ZONE FACTOR, Z

SOIL PROFILE TYPE Z=10.075 Z=0.15 Z=0.2 Z=0.3 Z=0.4
Sy 0.06 0.12 0.16 0.24 0.32N,
Sp 0.08 0.15 0.20 0.30 0.40N,
Sc 0.09 0.18 0.24 0.33 0.40N,
Sp 0.12 0.22 0.28 0.36 0.44N,
Sk 0.19 0.30 0.34 0.36 0.36N,
S See Footnote 1

ISite-specific geotechnical investigation and dynamic site response analysis shall be performed to determine seismic coefficients for Soil Profile Type Sg

TABLE 16-R—SEISMIC COEFFICIENT C,

SEISMIC ZONE FACTOR, Z

SOIL PROFILE TYPE Z=0.075 Z=0.15 Z=0.2 Z=10.3 Z=0.4
S4 0.06 0.12 0.16 0.24 0.32N,
Sp 0.08 0.15 0.20 0.30 0.40N,
Sc 0.13 0.25 0.32 0.45 0.56N,
Sp 0.18 0.32 0.40 0.54 0.64N,
Sk 0.26 0.50 0.64 0.84 0.96N,
Sk See Footnote 1

ISite-specific geotechnical investigation and dynamic site response analysis shall be performed to determine seismic coefficients for Soil Profile Type Sk

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam)
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TABLE 16-S—NEAR-SOURCE FACTOR N, 1

CLOSEST DISTANCE TO KNOWN SEISMIC SOURCE?2.3
SEISMIC SOURCE TYPE = 2km 5 km = 10 km
A 1.5 1.2 1.0
B 1.3 1.0 1.0
C 1.0 1.0 1.0

IThe Near-Source Factor may be based on the linear interpolation of values for distances other than those shown in the table.

2The location and type of seismic sources to be used for design shall be established based on approved geotechnical data (e.g., most recent mapping of active faults by
the United States Geological Survey or the California Division of Mines and Geology).

3The closest distance to seismic source shall be taken as the minimum distance between the site and the area described by the vertical projection of the source on the
surface (1.e., surface projection of fault plane). The surface projection need not include portions of the source at depths of 10 km or greater. The largest value of the
Near-Source Factor considering all sources shall be used for design.

TABLE 16-T—NEAR-SOURCE FACTOR N,

CLOSEST DISTANCE TO KNOWN SEISMIC SOURCE?2:3
SEISMIC SOURCE TYPE < 2km 5 km 10 km = 15 km
A 2.0 1.6 1.2 1.0
B 1.6 1.2 1.0 1.0
C 1.0 1.0 1.0 1.0

IThe Near-Source Factor may be based on the linear interpolation of values for distances other than those shown in the table.

2The location and type of seismic sources to be used for design shall be established based on approved geotechnical data (e.g., most recent mapping of active faults by
the United States Geological Survey or the California Division of Mines and Geology).

3The closest distance to seismic source shall be taken as the minimum distance between the site and the area described by the vertical projection of the source on the
surface (i.e., surface projection of fault plane). The surface projection need not include portions of the source at depths of 10 km or greater. The largest value of the
Near-Source Factor considering all sources shall be used for design.

v Vv
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TABLE 16-U—SEISMIC SOURCE TYPE

SEISMIC SOURCE DEFINITION2

and that have a relatively low rate of seismic activity

SEISMIC
SOURCE TYPE SEISMIC SOURCE DESCRIPTION Maximum Moment Magnitude, M Slip Rate, SR (mm/year)
A Faults that are capable of producing large magnitude events and that M=170 SR =5
have a high rate of seismic activity

B All faults other than Types A and C M=170 SR <5

M <70 SR > 2

M= 65 SR < 2
C Faults that are not capable of producing large magnitude earthquakes M<6.5 SR <2

ISubduction sources shall be evaluated on a site-specific basis.
ZBoth maximum moment magnitude and slip rate conditions must be satisfied concurrently when determining the seismic source type.

v Vv
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1630.5 Vertical Distribution of Force. The total force shall be
distributed over the height of the structure in conformance with
Formulas (30-13), (30-14) and (30-15) in the absence of a more
rigorous procedure.

V= F + > F (30-13)
i=1

The concentrated force F} at the top, which is in addition to F;,,
shall be determined from the formula:

F, =007 TV (30-14)

The value of T'used for the purpose of calculating F; shall be the
period that corresponds with the design base shear as computed
using Formula (30-4). F; need not exceed 0.25) and may be con-
sidered as zero where 7'1s 0.7 second or less. The remaining por-

v
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tion of the base shear shall be distributed over the height of the
structure, including Level n, according to the following formula:

_ (V - FI) Wy hx
Z w; h;
i=1

At each level designated as x, the force £ shall be applied over
the area of the building 1n accordance with the mass distribution at
that level. Structural displacements and design seismic forces
shall be calculated as the effect of forces £, and F; applied at the
appropriate levels above the base.

F. (30-15)

"y A
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40



Equivalent Static Force Procedure in IBC (2000)

FAPAA,
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IBC-2000: Equivalent Lateral Force Procedure

* Abuilding is considered to be fixed at the base
« Seismic base shear,

V=CW

where
Cs = The seismic response coefficient
W = The effective seismic weight of the structure including the total dead
load and other loads
W includes:

« In areas use for storage , a minimum of 25 % of the reduced floor live load ( floor live load in public garages and

open parking structures need not be included.
« Where an allowance for partition weight or a minimum weight of 50 kg/m2 of floor area , whichever is greater.

« Total operating weight of permanent equipment.
« 20 % of flat roof snow load where the flat roof snow load exceeds 150 kg/m2

S, v PAS s
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Equivalent Lateral Load
2

V — C W '—' Spbs ZESMS—> SMS — |:aSS

[ c.-

F, = Site coefficient, short period

S = Spectral accelerations for short periods, Maps
R = The response modification factor

I = The occupancy importance factor

Cs need not be greater than Sps = Design spectral response acceleration parameter for short period

S _
= SD1=%S Suwi1=FK/S;

Sps
R
-

ForT<T, Cq =

M1

R T
| E L F,, = Site coefficient, 1 sec period
S T T = Fundamental period (in seconds) of the structure
ForT>T, C, = DlRL forT >T, S, = Spectral accelerations for a 1-second period, Maps
(1)

—

Sp1 = Design spectral response acceleration parameter for long period
0.5S, T; = Long-period transition period, map

Cs must be greater than C¢ =
C, =0.01

R Buildings and structure for which the 1-second spectral
response S1is equal to or greater than 0.6 g

S, v PAS s
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Equivalent Lateral Load Procedure

R Is dependent on structural system and ranges from 3 to 8 (bad to good). It reduces the

design loads to account for the damping and ductility of the structural system.

F, is site modification for short period spectrum and ranges from 0.8 to 2.5 (good to bad)

E, is a site modification for 1 sec period spectrum and ranges from 0.8 to 3.5 (good to

bad)

Iz Ranges from 1.0 to 1.5 (Normal to important)

Total variation can be up to 16 times for buildings in the same Seismic Zone

JAAMA,

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam)

44



1617.4 Equivalent lateral force procedure for seismic
design of buildings. See Section 1616.6 for limitations on
the use of this procedure. For purposes of this analysis pro-
cedure, a building 1s considered to be fixed at the base.

1617.4.1 Seismic base shear. The seismic base shear, V,
" in a given direction shall be determined in accordance
with the following equation:

V=CW (Equation 16-34)
where:
C, = The seismic response coefficient determined in

accordance with Section 1617.4.1.1.
W = The effective seismic weight of the structure, includ-
ing the total dead load and other loads listed below:

FAPAA,

. In areas used for storage, a minimum of 25

percent of the reduced floor live load (floor
live load in public garages and open park-
ing structures need not be included).

. Where an allowance for partition load is

included in the floor load design, the actual
partition weight or a minimum weight of
10 pounds per square foot (500 Pa/m?) of
floor area, whichever is greater.

. Total operating weight of permanent

equipment.

. Twenty percent of flat roof snow load

where the flat roof snow load exceeds
30 pounds per square foot (1.44 kN/m?).

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam)
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1617.4.1.1 Calculation of seismic response coeffi-
cient. The seismic response coefficient, C,, shall be
determined in accordance with the following equation:

C - SDS .
‘T (R (Equation 16-35)
i

where

Ir = The occupancy importance factor determined in
accordance with Section 1616.2.

R = The response modification factor from Table
1617.6.

Sps = The design spectral response acceleration at
short period as determined in Section 1615.1.3.

The value of the seismic response coefficient, C;, com-
puted in accordance with Equation 16-35 need not
exceed the following:
p— SDI -
£ = { R] (Equation 16-36)
—IT

but shall not be taken less than:

C, = 0.044S,l; (Equation 16-37)

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam)

For buildings and structures in Seismic Design
Category E or F, and those buildings and structures for
which the 1-second spectral response, §,, is equal to or
greater than 0.6g, the value of the seismic response coef-
ficient, C,, shall not be taken as less than:

c, = 055, (Equation 16-38)
RII,

where [ and R are as defined above and

Sp; = The design spectral response acceleration at
I-second period as determined from Section

- 1615.1.3.

S; = The mapped maximum considered earthquake
spectral response acceleration at 1-second
period determined in accordance with Section
1615.1.

I = The fundamental period of the building (sec-
onds) determined in Section 1617.4.2.

46



IBC-2000: General Procedure

Maximum Considered Earthquake (MCE) based on 1996 USGS probabilistic hazard maps

Deterministic limits used in high seismicity areas where the hazard can be driven by tails of distributions

Hazards maps provide spectral accelerations for
« T=0.2 Sec called S;
« T=1.0 Sec called S;

Local soil conditions considered using site coefficients

» F, for short duration

» FE, for longer duration

S, VAN PSS ear
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1615.1.2 Site coefficients and adjusted maximum con-
sidered earthquake spectral response acceleration
parameters. The maximum considered earthquake spec-
tral response acceleration for short periods, S, and at
1-second pertod, S,;,, adjusted for site class effects, shall be
determined by Equations 16-16 and 16-17, respectively:

Sys = F,S, (Equation 16-16)
where:

F, = Site coefficient defined in Table 1615.1.2(1).

F, = Site coefficient defined in Table 1615.1.2(2).

Ss = The mapped spectral accelerations for short periods as
determined in Section 1615.1.

§; = The mapped spectral accelerations for a 1-second period
as determined in Section 1615.1.

F, and E,: To adjust maximum considered earthquake spectral response acceleration according to soil conditions

1615.1.3 Design spectral response acceleration para-
meters. Five-percent damped design spectral response
acceleration at short periods, Sy, and at 1 second period,
Sy, shall be determined from Equations 16-18 and 16-19,
respectively:

S, = %'S:us (Equation 16-18)
§ =2¢ _ .

br = VM (Equatmn 16-19)
where:

Sys = The maximum considered earthquake spectral
response accelerations for short period as deter-
mined in Section 1615.1.2.

Siy;; = The maximum considered earthquake spectral
response accelerations for 1 second period as deter-
mined in Section 1615.1.2.

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam)
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TABLE 1615.1.1
SITE CLASS DEFINITIONS

AVERAGE PROPERTIES IN TOP 100 feet, AS PER SECTION 1615.1.5

SITE SOIL PROFILE Soil shear wave Standard penetration Soil undrained
CLASS NAME velacity, Vg, (ft/s) resistance, N shear strength, s, (psf)
A Hard rock v, > 5,000 Not applicable Not applicable
B Rock 2,500 < v, <5,000 Not applicable Not applicable
C Very dense soil and soft rock 1,200 < v, <2,500 N>50 s, > 2,000
D Stiff soil profile 600 < v, < 1,200 15< N<50 1,000 < 5,<2,000
E Soft soil profile v, < 600 N<15 5,.< 1,000

Any profile with more than 10 feet of soil having the following characteristics:
1. Plasticity index Pl > 20; |
2. Moisture content w > 40%, and
3. Undrained shear strength EH < 500 psf
Any profile containing soils having one or more of the following characteristics:
1. Soils vulnerable to potential failure or collapse under seismic loading such as
liquefiable soils, quick and highly sensitive clays, collapsible weakly cemented soils.
F — 2. Peats and/or highly organic clays (H > 10 feet of peat and/or highly organic clay
where H = thickness of soil)
3. Very high plasticity clays (/> 25 feet with plasticity index P/ >75)
4. Very thick soft/medium stiff clays (H > 120 ft)

33
l

For SI: 1 foot = 304.8 mm, 1 square foot = 0.0929 m2, 1 pound per square foot = 0.0479 kPa.

"y A
M VAN v
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Site Coefficient F,, Modification for short period Response

TABLE 1615.1.2(1)
VALUES OF SITE COEFFICIENT F, AS A FUNCTION OF SITE CLASS
AND MAPPED SPECTRAL RESPONSE ACCELERATION AT SHORT PERIODS (S,)?

SITE MAPPED SPECTRAL RESPONSE ACCELERATION AT SHORT PERIODS
 CLASS Ss< 0.25 Ss = 0.50 Sc=0.75 Sc=1.00 Sg> 1.25
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.2 1.2 1.1 1.0 1.0
D 1.6 1.4 1.2 1.1 1.0
E 2.5 1.7 1.2 0.9 Note b
F Note b Note b Note b Note b Note b

a. Use straight line interpolation for intermediate values of mapped spectral acceleration at short period, Ss.
b. Site-specific geotechnical investigation and dynamic site response analyses shall be performed to determine appropriate values.

FAPAA,
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Site Coefficient F,, Modification for 1 Sec period Response

AND MAPPED SPECTRAL RESPONSE ACCELERATION AT 1 SECOND PERIOD (S,)?

TABLE 1615.1.2(2)
VALUES OF SITE COEFFICIENT F, AS A FUNCTION OF SITE CLASS

SITE MAPPED SPECTRAL RESPONSE ACCELERATION AT 1 SECOND PERIOD

CLASS S,< 0.1 S, =02 S, =03 S, =04 S;> 05
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0

- C 1.7 1.6 1.5 1.4 1.3
D 2.4 2.0 1.8 1.6 1.5
E 3.5 3.2 2.8 2.4 Note b
F Note b Note b Note b Note b Note b

a. Use straight line interpolation for intermediate values of mapped spectral acceleration at 1-second period, .
b. Site-specific geotechnical investigation and dynamic site response analyses shall be performed to determine appropriate values.

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam)
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Seismic Design Categories based on Short Period Response Accelerations

SEISMIC USE GROUP
VALUE OF S ¢
| 1 11
Sps <0.1679g A A A
0.167g < S <0.33g B B C
0.33g < S <0.5¢9 C C D
0.50g < S Da Da D2

Note a: Seismic Use Groups | and Il structures located on sites with mapped
maximum considered earthquake spectral response acceleration at 1-second
period, equal to or greater than 0.75g, shall be assigned to Seismic Design
Category E, and Seismic Use Group lll structures located on such sites shall
be assigned to Seismic Design Category F.

S, VAN PSS ear
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Seismic Design Categories based on 1 Second Period Response Accelerations

SEISMIC USE GROUP
VALUE OF S
I Il 1l
Sp; <0.067¢g A A A
0.067g <S,, <1.33g B B C
1.33g < S, <0.20g C C D
0.20g < S, D2 D2 D2

Note a: Seismic Use Groups | and Il structures located on sites with mapped
maximum considered earthquake spectral response acceleration at 1-
second period, equal to or greater than 0.75g, shall be assigned to
Seismic Design Category E, and Seismic Use Group lll structures
located on such sites shall be assigned to Seismic Design Category F.

S, VAN PSS ear
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Seismic design category

» The structure must be assigned a seismic design category.

« determines the permissible structural systems.

» determines limitations on height and irregularity.

« determines those components of the structure that must be designed for seismic loads, and the types of analysis
required.

* The seismic design categories, designated A through F.
* They depend on the seismic use group and the design spectral acceleration coefficients, Sy¢
and Sp;. The structure is assigned the more severe of the two values taken from tables.

S, v PAS s
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Why Seismic Design Categories?

» Seismic Design Category are used to select:

» Type of analysis
» Very Simplified
» Equivalent Lateral Load Procedure
* Response Spectrum
* Time-history
« Type of design and detailing
* Special Detailing
» Intermediate Detailing
* Ordinary Detailing
« Many other checks/requirements

S, VAN VAN
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Example of Use of Seismic Design Categories

Analysis Procedures for Seismic Design Categories D, Eor F

STRUCTURE DESCRIPTION

MINIMUM ALLOWABLE
ANALYSIS PROCEDURE
FOR SEISMIC DESIGN

240 feet in height.

Regular structures, other than those in Item 1 above, up to

Equivalent lateral-force procedure

Structures that have vertical irregularities of Type 1a, 1b, 2
or 3in Table 1616.5.2, or plan irregularities of Type 1a or 1b
of Table 1616.5.1 and have a height exceeding five stories

or 65 feet and structures exceeding 240 feet in height.

Modal analysis procedure

irregularities.

Other structures designated as having plan or vertical

Equivalent lateral-force procedure
with dynamic characteristics

included in the analytical model.

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam)
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TABLE 1616.6.3
ANALYSIS PROCEDURES FOR SEISMIC DESIGN CATEGORIES D, EOR F

MINIMUM ALLOWABLE ANALYSIS PROCEDURE
STRUCTURE DESCRIPTION FOR SEISMIC DESIGN

1. Seismic Use Group I buildings of light-framed construction Simplified procedure of Section 1617.5.
three stories or less in height and of other construction, two
stories or less in height with flexible diaphragms at every

level.

2. Regular structures, other than those in Item 1 above, up to Equivalent lateral-force procedure (Section 1617.4).
240 feet in height.

3. Structures that have vertical irregularities of Type la, 1b, 2 Modal analysis procedure (Section 1618).

or 3 in Table 1616.5.2, or plan irregularities of Type la or
1b of Table 1616.5.1, and have a height exceeding five
stories or 65 feet and structures exceeding 240 feet in height.

4. Other structures designated as having plan or vertical Equivalent lateral-force procedure (Section 1617.4) with
irregularities, dynamic characteristics included in the analytical model.

5. Structures with all of the following characteristics: Modal analysis procedure (Section 1618). A site- specific

- located in an area with §); of 0.2 or greater, as determined response spectrum shall be used but the design base shear
in Section 1615.1.3; shall not be less than that determined from Section 1617.4.1.

- located in an area assigned to Site Class E or F, in
accordance with Section 1615.1.1 and;

- with a natural period 7 of 0.7 second or greater, as
determined in Section 1617.4.2.

For SI: 1 foot = 304.8 mm.

WWWWWV\NMMWMWM oo AN
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Seismic Design Category

Seismic Design Seismic Use
Val f Value of S
Category Group A Cf S =

A L, 10, 1 Sps <0.167g S,, < 0.067g

B 11l 0.167g <S,.<0.33g | 0.067g <S,, <0.133g

C [ 0.167g =S,5<0.33g | 0.067g =S, <0.133g
1l 0.33g £S,;<0.50g | 0.133g <S,, <0.20g

5 1l 0.33g £S,;<0.50g | 0.133g <S,, <0.20g
1l 0.50g < S, 0.20g < S,

E 1, 1l . 0.75g S S,

F I . 0.75g S S,

* | =Normal Buildings , (I=1.0)
* |l = Important Structures (l=1.25)
« Il = Essential Structures (I:=1.5)

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam)
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Analysis Procedures

Analysis Procedures SERUIGe Limit
Category

Minimum Lateral Forces

(1616.4.1) A )

Seismic Use Group | buildings of light-
A B,CDEF framed construction three stories or less in
height with flexible diaphragms at every level

Simplified Analysis
(1617.5)

Equivalent Lateral Forces
(1617.4)

Regular structures other than those in Item |

D,E.F above, up to 240 feet in height

Equivalent Lateral Forces (1617.4)
with dynamic characteristics included in the D, EF
analysis model

Other structures designated as having plan
or vertical irregularities

Structures that have vertical irregularities of
Type 1a, 1b, 2 or 3

Modal Analysis Procedure (1618) D,EF Plan irregularities of Type 1aor 1b

Height exceeding five stories or 65 feet
Structures exceeding 240 feet in height

Modal Analysis Procedure (1618)

) : . Sp, 2 0.2, Site Class Eor Fand T2 0.7
With A site-specific response spectrum D, EF o fevlassEortan
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TABLE 1616.5.1
PLAN STRUCTURAL IRREGULARITIES

SEISMIC DESIGN
REFERENCE CATEGORY?
IRREGULARITY TYPE AND DESCRIPTION SECTION APPLICATION
Torsional Irregularity—to be considered when diaphragms are not flexible as determined in Section 1602.1. 1617.4.4.5 C,D,EandF
1620.3.1 D, Eand F
la| Torsional irregularity shall be considered to exist when the maximum story drift, computed including 1616.6.3 D,E and F
accidental torsion, at one end of the structure transverse to an axis is more than 1.2 times the average Table 1616.6.3 D,Eand F
of the story drifts at the two ends of the structure. 1617.4.6.1 C,D,EandF
Extreme Torsional Irregularity—to be considered when diaphragms are not flexible as determined in 1617.4.4.5 C,D,Eand F
Section 1602.1. 1620.3.1 D
1620.4.1 Eand F
1b| Extreme torsional irregularity shall be considered to exist when the maximum story drift, computed 1616.6.3 D,Eand F
including accidental torsion, at one end of the structure transverse to an axis is more than 1.4 times Table 1616.6.3 D,Eand F
the average of the story drifts at the two ends of the structure. 1617.4.6.1 C,D,Eand F
Re-entrant Corners
2 | Plan configurations of a structure and its lateral-force-resisting system contain re-entrant corners 1620.3.1 D,Eand F

where both projections of the structure beyond a re-entrant corner are greater than 15 percent of the
plan dimension of the structure in the given direction.

Diaphragm Discontinuity

Diaphragms with abrupt discontinuities or variations in stiffness, including those having cutout or

3 . . . 1620.3.1 D,Eand F
open areas greater than 50 percent of the gross enclosed diaphragm area, or changes in effective

diaphragm stiffness of more than 50 percent from one story to the next.

Out-of-Plane Offsets 1620.3.1 D,Eand F
4 1616.6.3 D,Eand F
Discontinuities in a lateral- force-resistance path, such as out-of-plane offsets of the vertical elements. 1620.1.9 B,C,D,Eand F

Nonparallel Systems

5 | The vertical lateral-force-resisting elements are not parallel to or symmetric about the major orthogonal 1620.2.2 C,D,Eand F
axes of the lateral-force-resisting system.

Performance-based € ; "ggismic Design Category is determined in accordance with Section 1616. o



TABLE 1616.5.2
VERTICAL STRUCTURAL IRREGULARITIES

SEISMIC DESIGN
REFERENCE CATEGORY®
IRREGULARITY TYPE AND DESCRIPTION SECTION APPLICATION

Stiffness ]me.gularlt_y—S?ﬁ Story ‘ . ' 1616.6.3 D, E and F

la} A soft story is one in which the lateral stiffness is less than 70 percent of that in the story above or less Table 1616.6.3 D.E and F
than 80 percent of the average stiffness of the three stories above. ¢ o ’
Stiffness Irregulanty—Extreme Soft Story 1620.4.1 E and F

Ib| An extreme soft story is one in which the lateral stiffness is less than 60 percent of that in the story 1616.6.3 D,Eand F
above or less than 70 percent of the average stiffness of the three stories above. Table 1616.6.3 D, Eand F
Weight (Mass) Irregularity
Mass irregularity shall be considered to exist where the effective mass of any story is more than 150

2 percent of the effective mass of an adjacent story. A roof that is lighter than the floor below need not Table 1616.6.3 D, Eand F
be considered.

3 | Vertical Geometric Irregularity
Vertical geometric irregularity shall be considered to exist where the horizontal dimension of the Table 1616.6.3 D,Eand F
lateral-force-resisting system in any story is more than 130 percent of that in an adjacent story.
In-plane Discontinuity in Vertical Lateral-Force-Resisting Elements 1620.3.1 D,Eand F

4 | Anin-plane offset of the lateral-force-resisting elements greater than the length of those elements or a 1616.6.3 D,Eand F
reduction in stiffness of the resisting element in the story below. 1620.1.9 B,C,D,Eand F
Discontinuity in Cap.aclty—.-Weak Story ‘ | 1620.1.3 B.C.D.E and F

. | Aweak story is one in which the story lateral strength is less than 80 percent of that in the story above. 1616.6.3 D.E and F

> | The story strength is the total strength of seismic-resisting elements sharing the story shear for the o :

N : . 1620.4.1 E and F

direction under consideration.

a. Seismic Design Category is determined in accordance with Section 1616.

v Vv
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Seismic Load Effect (E)

« Seismic Load Effect (E)
* Where the effects of gravity and the seismic ground motion are additive
E = pQg + 0.25p,5D
* Where the effects of gravity and seismic ground motion counteract

where D = The effect of dead load.

E = The combined effect of horizontal and vertical earthquake-induced forces

p = Areliability factor based on system redundancy obtained in accordance with Section 1617.2

Qr = The effect of horizontal seismic forces

Sps= The design spectral response acceleration at short periods

» Design shall use the load combinations prescribed in Section 1605.2 for strength or load and

resistance factor design methodologies, or Section 1605.3 for allowable stress design methods.

S, v PAS s
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Maximum Seismic Load Effect (E,;,)

« Maximum Seismic Load Effect (Em)
* Where the effects of gravity and the seismic ground motion are additive

E — QOQE + 02 SDS D
* Where the effects of gravity and seismic ground motion counteract

E — ‘QOQE - 02 SD5D
Q, is the system overstrength factor as given in Table 1617.6

« Redundancy Factor (p)
» For Seismic Design Category A,BorC, p=1.0

- For Seismic Design Category D, E or F Tmax = 1he ratio of the design story shear resisted by the
20 most heavily loaded single element in the story to the total
o= 2 _ ( for US) story shear, for a given direction of loading
FMax A A A; =The floor area in square feet of the
6.1 diaphragm level immediately above the story.
p=2———7 (forSl) The value, p, shall not be less than 1.0, and need not
Finax \/ A. exceed 1.5.

S, 2% PSS ear
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Vertical distribution of seismic forces

* The lateral force, (kip or kN) , induced at any level:
F,=C,-V
w, hy

Zn: w, h*

=1

C

VX

where
« C,, =Vertical distribution factor.
 k = Adistribution exponent related to the buildings period 4, and #,= The height (feet or m) from the base to Level

as follows: iorx.
« For buildings having a period of 0.5 second or less, k = 1. V = Total des_‘gl? 'aterf-“l force or shear at the base
- For building having a period of 2.5 seconds or more, k = 2. of the building (kip or kN).

w;and w= The portion of the total gravity load of the

* For building having a period between 0.5 and 2.5 s a :
J Jab building, W, located or assigned to Level i or x.

seconds, k shall be 2 or shall be determined by linear
interpolation between 1 and 2.

S, v PAS s
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1617.4.4.3 Torsion. Where diaphragms are not flexi-
ble, the design shall include the torsional moment, M,
(kip-ft or kN-m), resulting from the difference in loca-
tions of the center of mass and the center of stiffness.

1617.4.4.4 Accidental torsion. Where diaphragms are
not flexible, in addition to the torsional moment, the
design also shall include accidental torsional moments,
M,, (kip-ft or kN-m), caused by assumed displacement of
the center of mass each way from its actual location by a
distance equal to 5 percent of the dimension of the build-
ing perpendicular to the direction of the applied forces.

1617.4.4.5 Dynamic amplification of torsion. For
structures in Seismic Design Category C, D, E or F
(Section 1616), where Type 1a or 1b plan torsional irreg-
ularity exists as defined in Table 1616.5.1, effects of tor-
sional trregularity shall be accounted for by multiplying
the sum of M, plus M,, (as determined in the preceding
sections) at each level by a torsional amplification fac-
tor, A,, determined from the following equation:

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam)

(Equation 16-44)

* 128,
where:
8, = The maximum displacement at Level x (inches
or mm).
O0zg = The average of the displacements at the

extreme points of the structure at Level x
(inches or mm).

The torsional amplification factor, 4,, is not required
to exceed 3.0. The more severe loading for each ele-
ment shall be considered for design.

JAAMA,
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1617.4.6.1 Story drift determination. The design
story drift, A, shall be computed as the difference of the
deflections at the center of mass at the top and bottom
of the story under consideration. Where allowable
stress design 1s used, A shall be computed using earth-
quake forces without dividing by 1.4. For structures
assigned to Seismic Design Category C, D, E or F (see
Section 1616) having plan irregularity Types la or 1b
of Table 1616.5.1, the design story drift, A, shall be
computed as the largest difference of the deflections
along any of the edges of the structure at the top and
bottom of the story under consideration.

The deflections of Level x, d, (inches or mm), shall be
determined 1n accordance with following equation:

5, = ; e (Equation 16-46)
E
where:

C, = The deflection amplification factor in Table
1617.6.

0, = The deflections (inches or mm) determined by
an elastic analysis of the seismic-force-resist-
ing system.

I = The occupancy importance factor determined

n accordance with Section 1616.2.

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam)
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Deflection and Story Drift

» Deflection

where

b, = deflection determined by elastic analysis
C,; = deflection amplification factor

I = importance factor

FAPAA,
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Allowable Story Drift

TABLE 1617.3
ALLOWABLE STORY DRIFT, A,(inches)

SEISMIC USE GROUP
BUILDING | fl mn

Buildings, other than masonry shear wall or masonry wall frame buildings, four stories or

less in height with interior walls, partitions, ceilings, and exterior wall systems that have 0.025 hgyt 0.020 hgy 0.015 hgy
been designed to accommodate the story drifts

Masonry cantilever shear wall buildingse 0.010 hgy 0.010 hgy 0.010 hgy
Other masonry shear wall buildings 0.007 hgx 0.007 hgy 0.007 hey
Masonry wall frame buildings 0.013 hgy 0.013 hgy 0.010 hgy
All other buildings 0.020 hgy 0.015 hgx 0.010 hgy

For SI: 1 inch = 25.4 mm.

a. There shall be no drift limit for single-story buildings with interior walls, partitions, ceilings and exterior wall systems that have been designed to accom-

modate the story drifts.
b. Agyis the story height below Level x.

¢. Buildings in which the basic structural system consists of masonry shear walls designed as vertical elements cantilevered from their base or foundation sup-
port which are so constructed that moment transfer between shear walls (coupling) is negligible.

M

M
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TABLE 1617.6
DESIGN COEFFICIENTS AND FACTORS FOR BASIC SEISMIC-FORCE-RESISTING SYSTEMS

SYSTEM LIMITATIONS AND BUILDING HEIGHT

LIMITATIONS (FEET) BY SEISMIC DESIGN

SYSTEM CATEGORYC AS DETERMINED IN SECTION 1616.3
RESPONSE OVER-
DETAILING MODIFICATION STRENGTH DEFLECTION
REFERENCE COEFFICIENT, FACTOR, AMPLIFICATION
BASIC SEISMIC-FORCE-RESISTING SYSTEM SECTION Ra Qg9 FACTOR, Cab AorB c pd E® Fe
1. Bearing Wall Systems

A. Ordinary steel braced frames (14y 2211 4 2 31/ NL NL 160 160 160
B. Special reinforced concrete shear walls 1910.2.4 52 21/ 5 NL NL 160 160 100
C. Ordinary reinforced concrete shear walls 1910.2.3 41/> 212 4 NL NL NP NP NP
D. Detailed plain concrete shear walls 1910.2.2 21/2 21/2 2 NL NP NP NP NP
E. Ordinary plain concrete shear walls 1910.2.1 11/2 21/2 11/2 NL NP NP NP NP
F. Special reinforced masonry shear walls 2106.1.1.5 5 21/ 3152 NL NL 160 160 100
G. Intermediate reinforced masonry shear walls 2106.1.1.4 31/2 21/2 21/a NL NL NP NP NP
H. Ordinary reinforced masonry shear walls 2106.1.1.2 21/ 21/2 13/a NL 160 NP NP NP
1. Detailed plain masonry shear walls 2106.1.1.3 2 21/2 13/4 NL NP NP NP NP
J. Ordinary plain masonry shear walls 2106.1.1.1 11/2 212 11/4 NL NP NP NP NP

™ siractural panelslsheet sioel panels i 6 3 4 NL | NL | 65 | 65 |65
L. gtltgl;&lzlrt rf]'::g; E:'lvsz:\lls with shear panels—all 2306.4.5 ? 2 1/ 5 NL NL 15 NP NP

2. Building Frame Systems
A. Steel ec_centrically braced frames, mgment—resisting, (15)y g ’ 4 NL NL 160 160 100
connections at columns away from links
B. 1 ntri m '

ressting, connechons a columns away fom links | 7 : 4 NL | NL| 160 | 160 | 100
C. Special steel concentrically braced frames (13)y 6 2 5 NL NL 160 160 100
D. Ordinary steel concentrically braced frames (14y 5 2 41/ NL NL 160 100 100
E. Special reinforced concrete shear walls 1910.2.4 6 212 5 NL NL 160 160 100
F. Ordinary reinforced concrete shear walls 1910.2.3 5 212 41/ NL NL NP NP NP
G. Detailed plain concrete shear walls 1910.2.2 3 21/ 217 NL NP NP NP NP
H. Ordinary plain concrete shear walls 1910.2.1 2 22 2 NL NP NP NP NP
I. Composite eccentrically braced frames (14)k 8 2 4 NL NL 160 160 100

(continued)
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TABLE 1617.6—continued
DESIGN COEFFICIENTS AND FACTORS FOR BASIC SEISMIC-FORCE-RESISTING SYSTEMS

SYSTEM LIMITATIONS AND BUILDING HEIGHT
LIMITATIONS (FEET) BY SEISMIC DESIGN

SYSTEM CATEGORYC AS DETERMINED IN SECTION 1616.3
RESPONSE OVER-
DETAILING MODIFICATION STRENGTH DEFLECTION
REFERENCE COEFFICIENT, FACTOR, AMPLIFICATION
BASIC SEISMIC-FORCE-RESISTING SYSTEM SECTION RA Qg9 FACTOR, C AorB c pd E® Fe
J. Composite concentrically braced frames (13)k 5 2 412 NL NL 160 160 100
K. Ordinary composite braced frames (12)k 3 2 3 NL NL NP NP NP
L. Composite steel plate shear walls (17)k 61/2 212 5z NL NL 160 160 100
. P "
M. S]?cclal composite reinforced concrete shear walls (16) 6 21/ 5 NL NL 160 160 100
with steel elements :
: I k
N. O_rdmary composite reinforced concrete shear walls (15) 5 2/ 41/ NL NL NP NP NP
with steel elements
0. Special reinforced masonry shear walls 2106.1.1.5 512 2112 4 NL NL 160 160 100
P. Intermediate reinforced masonry shear walls 2106.1.1.4 4 212 212 NL NL NP - NP NP
Q. Ordinary reinforced masonry shear walls 2106.1.1.2 3 21/2 21/q NL 160 NP NP NP
R. Detailed plain masonry shear walls 2106.1.1.3 21/2 21/2 2la NL NP NP NP NP
S. Ordinary plain masonry shear walls 2106.1.1.1 11/2 21/2 11/a NL NP NP NP NP
T. Light frame walls with shear panels—wood 2306.4.1/ 61/2 2 4 NL NL 65 65 65
structural panels/sheet steel panels 2211
u. Lnght‘frame walls with shear panels—all other 2306.4.5 2/ 2/ 22 NL NL 35 NP NP
materials
3. Moment-resisting Frame Systems
A. Special steel moment frames 9y 8 3 512 NL NL NL NL NL
B. Special steel truss moment frames (12 7 3 52 NL NL 160 100 NP
C. Intermediate steel moment frames (10y 6 3 5 NL NL 160 100 Nph
| D. Ordinary steel moment frames (11 4 3 31 NL NL 35h Nphi | Nphi
E. Special reinforced concrete moment frames (211 8 3 512 NL NL NL NL NL
F. Intermediate reinforced concrete moment frames 2Ly 5 3 41/3 NL NL NP NP NP
G. Ordinary reinforced concrete moment frames (21.0) 3 3 2/ NL NP NP NP NP
H. Special composite moment frames (9)k 8 3 512 NL NL NL NL NL
I. Intermediate composite moment frames (10)k 5 3 4t/ NL NL NP NP NP
J. Composite partially restrained moment frames (8)k 6 3 512 160 160 100 NP NP
K. Ordinary composite moment frames (LI 3 3 213 NL NP NP NP NP
L. Masonry wall frames 2108.9.6
2106.1.1.6 512 3 5 NL NL 160 160 100

Performance:

(continued)
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TABLE 1617.6—continued

DESIGN COEFFICIENTS AND FACTORS FOR BASIC SEISMIC-FORCE-RESISTING SYSTEMS

SYSTEM LIMITATIONS AND BUILDING HEIGHT
LIMITATIONS (FEET) BY SEISMIC DESIGN

SYSTEM CATEGORYC AS DETERMINED IN SECTION 1616.3
RESPONSE OVER-
DETAILING MODIFICATION STRENGTH DEFLECTION
REFERENCE COEFFICIENT, FACTOR, AMPLIFICATION
BASIC SEISMIC-FORCE-RESISTING SYSTEM SECTION Ra g9 FACTOR, C AorB c pd E® | F®
4. Dual Systems with Special Moment Frames

A. Steel eccentricall rames, moment-resistl .

connections, at ccﬂl?:l;?:: iwi'a;’ng'?)r:\n Enkes S (1sy 8 24 4 NL NL NL NL | NL
B. Stcg] nfl:ca:;enl:'r'iéanl])tr braced frames, nonmoment- ' (15) - - "4 NL NL NI | N

resisting connections, at columns away from links
C. Special steel concentrically braced frames (13) 8 21 6'/2 NL NL NL NL | NL
D). Ordinary steel concentrically braced frames (14) 6 21 5 NL NL NL NL | NL
E. Special reinforced concrete shear walls . 1910.2.4 8 212 6l/2 NL NL NL - NL | NL
F. Ordinary reinforced concrete shear walls 1910.2.3 7 22 6 NL NL - NP NP | NP
‘G. Composite eccentrically braced frames (14)% 3 2'/2 4 NL .NL NL NL | NL
H. Composite concentrically braced frames (13)k 6 21/ 5 NL NL NL NL | NL
I. Composite steel plate shear walls (17)k 8 212 6!/2 NL NL . NL NL. | NL
1. i[:f};:ﬁlcsi:)gllg?‘iﬁ:e.lnforccd concrete shear walls (16)% 3 2 6/2 NL NL NL NL | NL
K. 2:‘3:15:3f;t:£2;1§ reinforced concrete shear walls a 5}"_ 7 213 6 NL NL NP NP NP
L. Special reinforced masonry shear walls 2106.1.1.5 7 3 6!/ NL. NL NL NL | NL-
M. Intermediate reinforced masonry shear walls 2106.1.1.4 6'/2 3 3l NL NL NP NP { NP

5. Dual Systems with Intermediate Moment Frames _

A. Special steel concentrically braced frames’ (13y 6 21/2 5 NL NL 160 100 | NP
B. Ordinary steel concentrically braced framesf (14) 5 21/ 41/2 NL NL 160 100 | NP
C. Special reinforced concrete shear walls 1910.2.4 6 21/2 5 NL NL 160 100 | 100
D. Ordinary reinforced concrete shear walls 1910.2.3 5112 212 41/2 NL NL NP NP | NP
E. Ordinary reinforced masonry shear walls 2106.1.1.2 3 3 212 NL 160 NP NP | NP
F. Intermediate reinforced masonry shear walls 2106.1.1.4 5 3 41/ NL NL NP NP | NP
G. Composite concentrically braced frames (13)k 5 21/2 41/ NL NL 160 100 | NP
H. Ordinary composite braced frames (12)k 4 21/2 3 NL NL NP NP | NP
L. gir:i]:r;z:erilc;;nggiltr reinforced concrete shear walls (15)k | 51/, 21/ 41/, NL NL NP Ne | NP

{continued)
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TABLE 1617.6—continued
DESIGN COEFFICIENTS AND FACTORS FOR BASIC SEISMIC-FORCE-RESISTING SYSTEMS

SYSTEM LIMITATIONS AND BUILDING HEIGHT
LIMITATIONS (FEET) BY SEISMIC DESIGN

SYSTEM CATEGORYC AS DETERMINED IN SECTION 1616.3
RESPONSE OVER-
DETAILING MODIFICATION | STRENGTH DEFLECTION
REFERENCE COEFFICIENT, | FACTOR, AMPLIFICATION
BASIC SEISMIC-FORCE-RESISTING SYSTEM SECTIOM RA Qg9 FACTOR, C AorB Cc pd E® Fe
J. Shear wall-frame interactive system with ordinary L1
reinforced concrete moment frames and ordinary 191 0 23 51/2 21f2 5 NL NP NP NP NP
reinforced concrete shear walls o
6. Inverted Pendulum Systems
A. Cantilevered column systems 214 2 2172 NL NL 35 35 35
B. Special steel moment frames (9) 21/2 2 212 NL NL NL NL NL
C. Ordinary steel moment frames (11) 11/4 2 21/2 NL NL NP NP NP
D. Special reinforced concrete moment frames 21.1! 215 2 11/4 NL NL NL NL NL
7. Structural steel systems not specifically detailed for AISC—ASD
seismic resistance AISC—LRFD 3 3 3 NL NL NP NP NP
AISI
AISC—HSS

For S1: 1 foot = 304.8 mm, 1| pound per square foot = 0.0479 KN/m2.

a. Response modification coefficient, R, for use throughout.
b. Deflection amplification factor, C,
¢. NL = not limited and NP = not permitted.

d. See Section 1617.6.4.1 for a description of building systems limited to buildings with a height of 240 feet or less.
e. See Section 1617.6.4.1 for building systems limited to buildings with a height of 160 feet or less.

f. Ordinary moment frame is permitted to be used in lieu of intermediate moment frame in Seismic Design Categories B and C.

g. The tabulated value of the overstrength factor, Q;, may be reduced by subtracting 1/2 for structures with flexible diaphragms but shall not be taken as less than 2.0 for any structure.

h. Steel ordinary moment frames and intermediate moment frames are permitted in single story buildings up to a height of 60 feet, when the moment joints of field connections are constructed of bolted end

plates and the dead load of the roof does not exceed 15 pounds per square foot. The dead weight of the portion of walls more than 35 feet above the base shall not exceed 15 pounds per square foot.

i. Steel ordinary moment frames are permitted in buildings up to a height of 35 feet, where the dead load of the walls, floors and roof does not exceed 15 pounds per square foot.

J. AISC Seismic Part I or Part 11, Section number.
k. AISC Seismic Part II, Section number.
l. ACI 318, Section number.

v
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Response Modification Factor (R)

 Intended to account for inelastic deformations.
* Represent a measure of the amount of ductility allowed in various types of building
» Typical Values

R =8.0 for ductile steel frames

7.0 for ductile concrete frames

4.5 for ordinary steel frames

2.0 for ordinary concrete frames

5.5 for RC shear walls

4.5 for reinforced masonry shear walls
1.5 for unreinforced masonry shear walls

S, VAN VAN
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Over Strength Factor (Q,)

» Typical Values

3.0 for ductile steel frames (Special Case)

2.5 for ductile concrete frames

2.5 for ordinary concrete frames

2.5 for RC shear walls

2.5 for reinforced masonry shear walls
2.5 for unreinforced masonry shear walls

2.0 for ordinary steel frames

JAAMA,
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UBC-97 vs. IBC2000

C, = 0.05 to 0.5
[=10t015
R=22108

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam)

« IBC-2000

V = CsW

SDS _ SDSIE

R) R R} RT
IE IE

Sps = 0.13 to nearly 1.0
I[E=1t015

R=41t08

Sp1= 0.05 to nearly 0.5

FAPAA, -
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The ELF Procedure in ASCE 7-10

ELF Do+

T f.
N /?Ta:,T”PP“ bovnd,,  aufSls

Check, S‘fYUd‘”“’Q " - Pé_.,——» Loadng~

Pift wd PA & A’V\al'd’gis

! Yeq) U;YMM.K
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neccesarfgn

-

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam)



The Equivalent Lateral Force (ELF) Procedure

The ELF Procedure in IBC 2003 The ELF Procedure in EC 2003/2008

* Check yourself * Check yourself

 The ELF Procedure in ASCE 7-05  The ELF Procedure in AS Codes
 Check yourself  Check yourself

 The ELF Procedure in IBC 2006  The ELF Procedure in BS 8110
* Check yourself * Check yourself

 The ELF Procedure in IBC 2009  The ELF Procedure in CSA Codes
* Check yourself * Check yourself

 The ELF Procedure in ASCE 7-10  The ELF Procedure in IS Codes
* Check yourself  Check yourself

 The ELF Procedure in IBC 2012  The ELF Procedure in MNBC

* Check yourself * Check yourself

The ELF Procedure in ASCE 7-16 The ELF Procedure in NZS
 Check yourself  Check yourself

FAPAA,
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The Seismic Design Procedure in BCP (2007)

FAPAA,
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Building
Code of

&
GOVERNMENT OF ISLAMIC REPUBLIC OF PAKISTAN Pakls tan

MINISTRY OF HOUSING & WORKS, ISLAMABAD

(Seismic Provisions - 2007)

A AN
~rn/ M v v
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Table 2.1-Seismic Zones

Seismic Zone

Peak Horizontal Ground

Acceleration
1 0.05 to 0.08¢
2A 0.08 to 0.16¢g
2B 0.16 to 0.24¢g
3 0.24 to 0.32g
4 >0.32¢g

Where

66 %

1s the acceleration due to gravity.

g




Table 4.1-Soil Profile Types

Average Properties for Top 30 M (100 ft) of Soil Profile
Soil Profile Soil Profile Name/ Shear Wave Velocity, | Standard Penetration Tests, | Undrained Shear Strength, s,
Type Generic Description Vs N [or N¢y for cohesionless kPa
m/sec (ft/sec) soil layers] (blows/foot) (psf)
>1,500
Sy Hard Rock (>4.920)
750 to 1,500
Sp Rock (2,460 to 4,920) - -
. 350 to 750 >100
Very Dense Soil and
Sc Soft Rock (1,150 to 2,460) >50 (>2,088)
175 to 350 50 to 100
Sp Stiff Soil Profile (575 to 1,150) 15 to 50 (1,044 to 2,088)
<50
I : <175
Sk Soft Soil Profile (<575) <15 (<1,044)
Sr Soil requiring Site-specific Evaluation. See 4.4.2

1 Soil Profile Type Sk also includes any soil profile with more than 3 m (10 ft) of soft clay defined as a soil with a plasticity index, PI > 20,
W, = 40 percent and s, < 25 kPa (522 psf). The Plasticity Index, P/, and the moisture content, w,,., shall be determined in accordance with

the latest ASTM procedures.



5.30.2 Static Force Procedure

5.30.2.1  Design base shear. The total design base shear in a given direction shall be
determined from the following formula:

¥
RT

14 /4 (5.30-4)

The total design base shear need not exceed the following:

2561
R

V

W (5.30-5)

The total design base shear shall not be less than the following:

V =0.11C IW (5.30-6)

In addition, for Seismic Zone 4, the total base shear shall also not be less than the following:

y _O8ZNI
R

(5.30-7)



5.30.2.2  Structure period. The value of T shall be determined from one of the following

methods:
1. Method A: For all buildings, the value 7" may be approximated from the following
formula:
2
T =C,(h)* (5.30-8)
Where:
C, = 0.0853(0.035) for steel moment-resisting frames.
C, = 0.0731 (0.030) for reinforced concrete moment-resisting frames and eccentrically

braced frames.
C, = 0.0488 (0.020) for all other buildings.

Alternatively, the value of C, for structures with concrete or masonry shear walls may be taken as

0.0743 0.1

\//TC (For FPS: \/AT,

formula:

for A, in ftz). The value of 4. shall be determined from the following

2
A :Z A, 0.2+[lh)€] (5.30-9)

n

The value of D, /h, used in Formula (5.30-9) shall not exceed 0.9.



P Method B: The fundamental period 7 may be calculated using the structural properties
and deformational characteristics of the resisting elements in a properly substantiated analysis.
The analysis shall be in accordance with the requirements of Section 5.30.1.2. The value of T
from Method B shall not exceed a value 30 percent greater than the value of 7 obtained from
Method A in Seismic Zone 4, and 40 percent in Seismic Zones 1, 2 and 3.

The fundamental period 7' may be computed by using the following formula:

T:ZE\/[Zn:wi5i2]+(an:fi5iJ (5.30-10)

The values of f; represent any lateral force distributed approximately in accordance with the
principles of Formulas (5.30-13), (5.30-14) and (5.30-15) or any other rational distribution. The

elastic deflections, 0, , shall be calculated using the applied lateral forces, f;.

5.30.3 Determination of Seismic Factors

5.30.3.1  Determination of §2,. For specific elements of the structure, as specifically identified
in this code, the minimum design strength shall be the product of the seismic force overstrength
factor Q, and the design seismic forces set forth in Section 5.30. For both Allowable Stress
Design and Strength Design, the Seismic Force Overstrength Factor, Q,, shall be taken from
Table 5.13.

5.30.3.2  Determination of R. The notation R shall be taken from Table 5.13.



5.30.5 Vertical Distribution of Force
The total force shall be distributed over the height of the structure in conformance with Formulas
(5.30-13), (5.30-14) and (5.30-15) in the absence of a more rigorous procedure.

V=F+)F, (5.30-13)
i=1

The concentrated force F; at the top, which is in addition to F,, shall be determined from the
formula:

F, =0.07TV (5.30-14)

The value of 7 used for the purpose of calculating F, shall be the period that corresponds with
the design base shear as computed using Formula (5.30-4). F, need not exceed 0.25) and may be
considered as zero where 7 is 0.7 second or less. The remaining portion of the base shear shall be
distributed over the height of the structure, including Level », according to the following formula:

h
F =(V-F)—=

Z(Wthl)

At each level designated as x, the force F\ shall be applied over the area of the building in
accordance with the mass distribution at that level. Structural displacements and design seismic
forces shall be calculated as the effect of forces F, and F; applied at the appropriate levels above
the base.

(5.30-15)




5.31.5 Response Spectrum Analysis.

5.31.5.1  Response spectrum representation and interpretation of results. The ground motion
representation shall be in accordance with Section 5.31.2. The corresponding response
parameters, including forces, moments and displacements, shall be denoted as Elastic Response
Parameters. Elastic Response Parameters may be reduced in accordance with Section 5.31.5.4.

5.31.5.2  Number of modes. The requirement of Section 5.31.4.1 that all significant modes be
included may be satisfied by demonstrating that for the modes considered, at least 90 percent of
the participating mass of the structure is included in the calculation of response for each principal
horizontal direction.

5.31.5.3  Combining modes. The peak member forces, displacements, storey forces, storey
shears and base reactions for each mode shall be combined by recognized methods. When three-
dimensional models are used for analysis, modal interaction effects shall be considered when
combining modal maxima.

5.31.5.4  Reduction of Elastic Response Parameters for design
Elastic Response Parameters may be reduced for purposes of design in accordance with the
following items, with the limitation that in no case shall the Elastic Response Parameters be

reduced such that the corresponding design base shear is less than the Elastic Response Base
Shear divided by the value of R.



Designh Response Spectrum (UBC 1997, p 2-38)
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Table 5.9 — Seismic Zone Factor Z

Zone

1

2A

2B

3

Z

0.075

0.15

0.20

0.30

0.40

Note: The zone shall be determined from the seismic zone map in Figure 2-1 or from Table 2.2.




60°E 61°E 62E G63E G64°E ©G5°E 66°E 67°E B68°E 69°E T70°E TI°E 72E 73E. 7TAE 75°E 76°E TTE
- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 —
]
N . hkuman
10% PE In 50 Years e
= . e =
o A - _Gilgit -g
= =
- 8
= =z
9" 3
= L&
o Mianwali "
.Khushab a -
- ‘Sargodha Lt -
= cy
-— " ]
o«
.Jhang
slim.Bagh Leiah Toba Tek Sin =
= . ) _—
[=2n Sahiwa ™
“« .Loralai . Paid
p A
DG K.ha.Multan \ihari ;ah I -
= Muzaffargarf = syrnagar -2
(03. - (]
Nokundi
L]
=
=z | a
=3
o
=z
E_ .Larkan:su_kkur &
) .Panjgur i o
=z
Z &
& Nawabshah
Sanghar
- -4
[~ ©
-~ o
o™ Hyderabad
o~ .
=
™
Z o
X gar Parkar
=
A
o~
T T T T T T T T T T T T T T T
62°E 63°E 64°E 65°E 66°E 67°E 68°E 69°E 70°E T1°E 72°E 73°E 74°E 75°E 76°E

FIG. 2.1

SEISMIC ZONING
MAP OF PAKISTAN

Peak Ground
Acceleration (g)

Zone 1 — (.05 to 0.08¢g
Zone 2A — (.08 to 0.16¢
Zone 2B — (.16 to 0.24¢g
Zone3 —»().24 t0 0.32¢

Seismic Zones

- Zone4 — >032g
. Cities
For enlargement of this map
refer Figs. 2.2t0 2.5
0 100 200 400
ey — <




e N = 5 S s WS s L L s Dl oS el L e R RN 3L S R
Table 5.10 — Occupancy Category®

Occupancy
Category

Occupancy Or Functions of Structure

Seismic
Importance
Factor, /

Seismic
Importance1
Factor, I,

Wind
Importance
Factor, I,

1. Essential
facilties®

Group I, Division 1 Occupancies having surgery and
emergency treatment areas

Fire and police stations

Garages and shelters for emergency vehicles and emergency
aircraft

Structures and shelters in emergency-preparedness centers
Aviation control towers

Structures and equipment in government communication
centers and other facilities required for emergency response
Standby power-generating equipment for Category 1
facilities

Tanks or other structures containing housing or supporting
water or other fire-suppression material or equipment
required for the protection of Category 1, 2 or 3 structures

1.25

1.50

1.15

2. Hazardous
facilities

Group H, Divisions 1,2,6 and 7 Occupancies and structures
therein housing or supporting toxic or explosive chemicals
or substances

Nonbuilding structures housing, supporting or containing
quantities of toxic or explosive substances that, if contained
within a building, would cause that building to be classified
as a Group H, Division 1,2 or 7 Occupancy.

1.25

1.50

1.15

3. Special
occupancy
structures®

Group A, Divisions 1,2 and 2.1 Occupancies

Buildings housing Group E, Divisions 1 and 3 Occupancies
with a capacity greater than 300 students

Buildings housing Group B Occupancies used for college or
adult education with a capacity greater than 500 students
Group I, Divisions 1 and 2 Occupancies with 50 or more
resident incapacitated patients, but not included in Category
1

Group I, Division 3 Occupancies

All structures with an occupancy greater than 5,000 persons
Structures and equipment in power-generating stations, and
other public utility facilities not included in Category 1 or
Category 2 above, and required for continued operation.

1.00

1.00

1.00

4. Standard
occupancy
structures’

All structures housing occupancies or having functions not
listed in Category 1, 2 or 3 and Group U Occupancy towers

1.00

1.00

1.00

5. Miscellaneous
structures

Group U Occupancies except for towers

1.00

1.00

1.00

'The limitation of /, for panel connections in Section 5.33.2.4 shall be 1.0 for the entire connector.
“Structural observation requirements are given in Section 6.2.
*For anchorage of machinery and equipment required for life-safety systems, the value of 7, shall be taken as 1.5.

“See Table 5.21




Table 5.13 — Structural Systems’

Height Limit
s Sicaciadd for Seismic
s ruczura Lateral-Force-Resisting System Description R Qo | Zones 3 And 4
System
(m) (ft)
1. Bearing wall system 1. Light-framed walls with shear panels
a.  Wood structural panel walls for structures three storeys or less 5.5 28 20 65
b. All other light-framed walls 45 2.8 20 65
2. Shear walls
a. Concrete 4.5 2.8 50 160
b. Masonry 45 2.8 50 160
3. Light steel-framed bearing walls with tension-only bracing 2.8 2.2 20 65
4. Braced frames where bracing carries gravity load
a. Steel 44 2.2 50 160
b. Concrete® 2.8 2.2 - -
c. Heavy timber 2.8 22 20 65
2. Building frame system 1. Steel eccentrically braced frame (EBF) 7.0 2.8 75 240
2. Light-framed walls with shear panels
a.  Wood structural panel walls for structures three storeys or less 6.5 2.8 20 65
b. All other light-framed walls 5.0 2.8 20 65
3. Shear walls
a. Concrete 55 2.8 75 240
b. Masonry 55 2.8 50 160
4. Ordinary braced frames
a. Steel 5.6 2.2 50 160
b. Concrete’ 5.6 22 - -
c. Heavy timber 5.6 2.2 20 65
5. Special concentrically braced frames
a. Steel 6.4 2.2 75 240
3. Moment-resisting frame 1. Special moment-resisting frame (SMRF)
system a. Steel 8.5 2.8 N.L N.L.
b. Concrete* 8.5 2.8 N.L N.L.
2. Masonry moment-resisting wall frame (MMRWF) 6.5 2.8 50 160
3. Concrete intermediate moment-resisting frame (IMRF)* 55 2.8 - -
4. Ordinary moment-resisting frame (OMRF)
a. Steel® 4.5 2.8 50 160
b. Concrete’ 3.5 2.8 - -
5. Special truss moment frames of steel (STMF) 6.5 2.8 75 240
4. Dual systems 1. Shear walls
a. Concrete with SMRF 8.5 2.8 N.L N.L.
b. Concrete with steel OMRF 42 2.8 50 160
c. Concrete with concrete IMRF® 6.5 2.8 50 160
d. Masonry with SMRF 55 2.8 50 160
e. Masonry with steel OMRF 4.2 2.8 50 160
f.  Masonry with concrete IMRF? 42 2.8 - -
g. Masonry with masonry MMRWF 6.0 2.8 50 160
2. Steel EBF
a.  With steel SMRF 8.5 238 N.L N.L.
b. With steel OMRF 42 2.8 50 160
3. Ordinary braced frames
a. Steel with steel SMRF 6.5 2.8 N.L N.L.
b. Steel with Steel OMRF 4.2 2.8 50 160
c. Concrete with concrete SMRF? 6.5 28 - -
d. Concrete with concrete IMRF® 42 2.8 - -
4. Special concentrically braced frames
a. Steel with steel SMRF 75 2.8 N.L N.L.
b. Steel with steel OMRF 42 2.8 50 160
5. Cantilevered column 1. Cantilevered column elements 2.2 2.0 117 35
building systems
6. Shear wall-frame 1. Concrete® 55 2.8 50 160
interaction systems
7. Undefined systems See Sections 5.29.6.7 and 5.29.9.2 - - - -




Table 5.16 — Seismic Coefficients C,

Soil Profile Seismic Zone Factor, Z

Type® Z=0.075 Z=0.15 Z=0.2 Z=03 Z=0.4
Sy 0.06 0.12 0.16 0.24 0.32N,
Sp 0.08 0.15 0.20 0.30 0.40N,
Sc 0.09 0.18 0.24 0.33 0.40N,
Sp 0.12 0.22 0.28 0.36 0.44N,
Sk 0.19 0.30 0.34 0.36 0.36N,
Sr See Footnote 1

' Site Specific geotechnical investigation and dynamic site response analysis shall be performed to determine seismic coefficients for Soil
Profile Type Sr.

*For soil profile types, See Table 4.1.




Table 5.17 — Seismic Coefficient C,

Seismic Zone Factor, Z

Soil Profile Type® Z.=0.075 Z.=0.15 Z.=0.2 7Z=03 Z=04
8, 0.06 0.12 0.16 0.24 0.32N,
Sy 0.08 0.15 0.20 0.30 0.40N,
B 0.13 0.25 0.32 0.45 0.56N,
Sp 0.18 0.32 0.40 0.54 0.64N,
S 0.26 0.50 0.64 0.84 0.96N,
Sr See Footnote 1

! Site Specific geotechnical investigation and dynamic site response analysis shall be performed to determine seismic coefficients for Soil

Profile Type S¢.

“For soil profile types, See Table 4.1.




Table 5.18 — Near Source Factor N,’

Closest Distance To Known Seismic Source™
Seismic Source Type <2 km 5 km > 10 km
A 1.5 1.2 1.0
B 1.3 1.0 1.0
C 1.0 1.0 1.0

' The Near Source Factor may be based on the linear interpolation of values for distance other than those shown in the table.

? The location and type of seismic sources to be used for design shall be established based on approved geotechnical data.

* The closet distance to seismic source shall be taken as the minimum distance between the site and the area described by the vertical
projection of the source on the surface (i.e., surface projection of fault plane). The surface projection need not include portions of the source

at depths of 10 km or greater. The largest value of the Near-Source Factor considering all source shall be used for design.

Table 5.19 — Near Source Factor N,’

Closest Distance To Known Seismic Source™’

Seismic Source Type <2 km 5 km 10 km > 15 km
A 2.0 1.6 12 1.0
B 1.6 1.2 1.0 1.0
C 1.0 1.0 1.0 1.0

' The Near Source Factor may be based on the linear interpolation of values for distances other than those shown in the table.

* The location and type of seismic sources to be used for design shall be established based on approved geotechnical data.

3 The closet distance to seismic source shall be taken as the minimum distance between the site and the areas described by the vertical
projection of the source on the surface (i.e., surface projection of fault plane). The surface projection need not include portions of the source
at depths of 10 km or greater. The largest value of the Near-Source Factor considering all sources shall be used for design.




Table 5.20 — Seismic Source Type'

Seismic Source

Seismic Source Definition”

Type Seismic Source Description Maximum Moment | Slip Rate, SR
Magnitude, M (mm/year)
A Faults that are capable of pr(?ducipg large magnitude events and M > 7.0 SR>5
that have a high rate of seismic activity
All faults other than Types A and C M=>7.0 SR <5
B M<7.0 SR> 2
M=>6.5 SR <2
Faults that are not capable of producing large magnitude
C earthquakes and that have a relatively low rate of seismic activity M <6.5 SR<2

! Subduction sources shall be evaluated on a site-specific basis.
* Both maximum moment magnitude and slip rate conditions must be satisfied concurrently when determining the seismic source

type.




The Concept of Vibration Modes of a Structure

v
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The Basic Concept
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Free Vibration Analysis

» Definition

» Natural vibration of a structure released from initial condition and subjected to no external load

or damping

« Main governing equation -Eigenvalue Problem

[MI{U} + [C%}t +[K] ful,

« Solution gives

« Natural Frequencies
« Associated mode shapes

1

* An insight into the dynamic behavior and response of the structure

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam)

ay

JAAMA,

PSS s

99



Natural Periods or Frequency

The heartbeat of the structure

Indicates the “stiffness” and “mass” relationship

Basis for damping, resonance and amplification effects

Many relationships for tall buildings (0.1 N, with Height etc.)

v
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Mode Shapes

A mode shape is a set of relative (not absolute) nodal displacements for a particular mode
of free vibration for a specific natural frequency

There are as many modes as there are DOF in the system

Not all of the modes are significant

Local modes may disrupt the modal mass participation

Performance-based Seismic Design of Buildings — Semester: Spring 2018 (Fawad A. Najam)



Modal Analysis

The modal analysis determines the inherent natural frequencies of vibration

Each natural frequency is related to a time period and a mode shape

Time Period is the time it takes to complete one cycle of vibration

The Mode Shape is normalized deformation pattern

The number of Modes is typically equal to the number of Degrees of Freedom

The Time Period and Mode Shapes are inherent properties of the structure and do not
depend on the applied loads

FAPAA,
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Modal Analysis

« The Modal Analysis should be run before applying loads any other analysis to check the
model and to understand the response of the structure.

* Modal analysis is precursor to most types of analysis including Gravity Load Analysis,
Response Spectrum Analysis, Time History Analysis, Push-over Analysis, etc.

* Modal analysis is a useful tool even if full Dynamic Analysis is not performed.

« Modal analysis is easy to run and is fun to watch when animated.

S, VAN VAN
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Application of Modal Analysis

« The Time Period and Mode Shapes, together with animation immediately exhibit the strengths
and weaknesses of the structure.

 Modal analysis can be used to check the accuracy of the structural model
— The Time Period should be within reasonable range,
— The disconnected members are identified
— Local modes are identified that may need suppression

« The symmetry of the structure can be determined

— For doubly symmetrical buildings, generally the first two modes are translational and the third mode
IS rotational

— If the first mode is rotational, the structural is un-symmetrical

« Theresonance with the applied loads or excitation can be avoided
— The natural frequency of the structure should not be close to excitation frequency

FAPAA,
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Eccentric and Concentric Response
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Modal Analysis Results

c -T,=5.32 sec *Tg=1.28 sec | *Ty=0.75 sec
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Modal Response Influenced by

p

Mass

Y

A

Stiffness
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The Classical Modal Analysis Procedure for Forced Vibrations

A Detailed 3D Elastic . i
Structural Model S —

_______________________________________________________________________________________________________________________________________________________

-
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Modal Analysis

» To determine vibration modes of building
» To understand behaviour of building in schematic design stage
» Adequacy of lateral stiffness
« Minimize torsional response under earthquake
« Tune to structure to be dynamically regular
» Determine the principal directions of building
* Mass source

1.0DL+10LLMEP+0.25LL STO

DL = Dead load
 LL MEP = MEP and other permanent equipment live load
« LL STO = Storage live load

MM VA PAS s
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The Response Spectrum Analysis (RSA) Procedure

v
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The Concept of Response Spectrum

FAPAA,

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam) m



The governing equation of motion of an SDF system subjected to a ground motion i, ()

can be written as follows.

mii(t) +cu(t) + ku(t) = —miig(t)

k
1 c=2méw , w?=—
m

i) +2¢& wu(t) + wu(t) = —iiy(t)

| B

u(t» T, 5) Output of the above equation (u, u, ii) are the
u(t,T,¢) dynamic response to the ground motion for a
il(t, T, f) structure considered as a single DOF

FAPAA,
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A plot of the “maximum?” response for different ground
motion history, different time period and damping ratio
give the “Spectrum of Response”

uo(T,$) = max|u(t,T,$)|
uo(T,§) = max|u(t,T,$)|

iio(T,§) = max|i(t, T, )

The deformation response spectrum is a plot of u, against T for fixed ¢.
A similar plot for u, is the velocity response spectrum, and for u, Is the

acceleration response spectrum.

MM VA PAS s
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(a) Ground acceleration; (b) deformation

response of three SDF systems with & = 2%

and T =0.5, 1, and 2 sec; (c) deformation
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Elastic Response Spectra

If a record of ground acceleration ilg(t) IS known, then the deformation response of a

linearly elastic SDOF system can be computed by the convolution integral (See EQ.(27)),
and internal forces of interest to structural engineers such as bending moments, shears can
be subsequently determined.

Equation of motion: mi+cut+ku= —miiy(e)

The equation can also be written in the form of

428w, u+ wiu= —iiyt) (29)

It turns out that, for a given ground acceleration ilg (t), the deformation response depends
only on w,, (or T};) and ¢ of the SDOF system.

S, v PAS s
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Deformation Response of SDOF systems to the El Centro Ground Motion
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Uy, IN.

D=

Deformation response spectrum

for £ =0.02
20 : - Response Spectrum: A plot of the peak value of a response
quantity as a function of the natural vibration period T, of the
system, or related parameter, is called the response spectrum for
157 | the quantity.
- The response spectrum provides a convenient mean to
10 ¢ e~ . . .
- = summarize the peak response of all possible linear SDOF
v systems to a particular component of ground motion.
° It also provides a practical approach to apply the knowledge
R - of structural dynamics to the design of structures and
05 T S— development of lateral force requirements in building codes.

T,, sec

S, v PAS s
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Let u, be the peak displacement of SDOF system,

Once u, is obtained from the deformation response spectrum, the corresponding peak
internal forces f,, can be determined by:

fso = kug
or fso = Mwiuy=mA (30)
where A = (U% Ug (31)

Note that fgo is m X A not m X the peak value of acceleration (i),

A is not the real peak acceleration response but it has units of acceleration.

A is called “Peak Pseudo-acceleration” or “Spectral Acceleration”.

S, v PAS s
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fso can also be considered as an “equivalent static force” because if the force fq is applied to
the structure statically it will produce the equivalent amount of peak deformation response uy.

S %

SETTAEE ‘ 5'0 '_?I
LIRS (/17 /A W/ ﬁ- /AR 744
B c - - :
N ke LR k2 i K2
. “ "' ] . ‘ (
: &5 44 777 77 77 P77 77277
<—> 9(e)

Stationary
at the instant where u(t) = u,

S, 2% PSS ear
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Let Vpo Dbe the peak value of base shear

Voo = fso =mA (32)

It can be written in the form Voo = —w (33)
g

Where wr is the weight of the structure and g is the gravitational acceleration.
A/g may be interpreted as the base shear coefficient or lateral force coefficient*.

*It is used in the building codes to represent the coefficient by which the structural weight is
multiplied to obtain the base shear.

MM VA PAS s
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Response Spectra (¢ = 0.02) for ElI Centro Ground Motion

20

Deformation Response Spectrum
)
20 ~ “ Pseudo-Velocity Response Spectrum
3 40 A o o
‘§ N - V =w,D
> 20t
10}
0 A
= Pseudo-Acceleration Response Spectrum
. A=w:D
<<
—  (This graph shows 4/9)
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The Pseudo velocity V is related to the peak values of the strain energy, E g, stored in the
system:

1

1 1 1
ESO = Ekuzo = Esz = Emwanz = Emvz

)

The kinetic energy of the structural mass m with velocity V.

(34)

JAAMA,
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Normalized pseudo-acceleration, or base shear coefficient, response
spectrum for El Centro ground motion; § = 0,0.02,0.05,0.1,0.2
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Combined D-V-A Spectrum

Each of the deformation, pseudo-velocity, and pseudo-acceleration response spectra for a
given ground motion continue the same Iinformation-they are simply different ways of

presenting the same information on structural response.

Combined D-V-A response spectrum
(& = 0.02) for EI Centro ground motion

A single curve can simultaneously show
three different quantities.

« The peak deformation

« The peak pseudo-velocity which is
related to the peak strain energy

* The peak pseudo-acceleration which is
related to the peak value of equivalent
static force (and base shear).

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Faw

V, in./sec

100 N ] T ] T L ] | [} 1] |
50+ .
[ Q -/ (=002 "G
H23.5 e ———=-—--gh——--- |
20 ™ // i N
RN
10} SN ]
5 B Q\ | . —
R "f N | -..gv
i @ N\ Q- 2O
2 B : .
- N
1 Q/ QQ; ' 1
- i ]
05 | i
) 7, ! Q>
|
0.2 1 1 st 3 1 1 1 1 Ll | 1 l‘ 11 1
0.02 005 0.1 0.2 0.5 1 2 5 100 20
Ty, sec

50




—
o
= ]
S TR RS KRR TR K] ™
S AAmA L Reedlasd Nl SN
2 RO SRR SN
S RS SX RR 7 RRNNF A
o \MMMM K] D NN \Hﬂww
g 0 7.U X VNNXVfAA AN d /.U_\ X VN\X/ m
m N PP T, e
PR AP SATAD K
@ A A RS Nl I
S % Ml {ikan
11 K X \ ,
ErL S /_wvA,N y//vA,_N < .Ay \v& 2
S NN NN
@
E o H ) N ~
m o 7 <. “ AW ; \mv\\/\xfxxv/
o S Ih SCUARVI oSS PRI
%lo \Ax M XA .u.m..oev LA XA RN @
o N R R
0 o S — D ,MN% AAmAA\/ N
v © IS N % W&
2 S RRRS , RN S K S
25 ) SO
o AN NN _ —
n Il S04 S ATAY AN AN SIS 7S 0,528 A VAN o
v P, PAVAN 7 P NAT Y >
M N\A\\\Lw/ KS S IRV NAYKY Y Y KN
< LAV AN, 410 SA VAP ~ XY VI ONXY S
< R A RN R PSS XA N S
T RSB AN
RN KT N
o
[®) | N 4 Vi -
2 8 R R =2 v - e
hmu 03s/°ul ‘A £3100[2A-0pnasd
@)
@

126

Natural vibration period T, sec

Performance-based Seismic Des




Example

A 12-ft-long vertical cantilever, a 4-in.-nominal-diameter standard steel pipe, supports a
5200-lIb weight attached at the tip as shown in Fig. E6.2. The properties of the pipe are:

outside diameter, d,= 4.500 in., inside diameter d;= 4.026 in., thickness t = 0.237 in.,

and second moment of cross-sectional area, [ = 7.23 in4, elastic modulus E = 29,000 ksi,
and weight = 10.79 Ib/foot length. Determine the peak deformation and bending stress in the

cantilever due to the El Centro ground motion. Assume that & = 2%.

Solution ‘_ o fso =1.04 kip
@520 ()
D]
-
12’ 2-4 . )
5 AlE o,
B 2l 12.48 kip-ft |

@) © () Moment  (e) Section a-a

Performance-based S¢



Note:  The unit of forceis kip : 1 kip = 1000 lb

The unit of mass is therefore the unit of force divided by the unit of acceleration.

The unit of acceleration is in/sec?
1g = 9.81 m/sec? = 32.2 ft/ sec? = 386 in/ sec?

The unit of E is the unit of force divided by the unit of area.

Free-end

The lateral stiffness K in this case is determined from

K_F
)

"/

Fixed-End

S, v PAS s
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The lateral stiffness of this SDF system is

3EI 3(29 x 10%)7.23

k = = = 0.211 kip/in.
I3 (12 x 12)3 p/in .
=
’ 2,
The total weight of the pipe is 10.79 X 12 = 129.5 [b, which may be 12 o
neglected relative to the lumped weight of 5200 [b. Thus i
I/
W22 01347 ki 2 /i o
m_g_386_ : ip — sec”/in.
The natural vibration frequency and period of the system are
k 0.211
Wy, = \ = ) 001374 3.958 rad/sec I:> T, = 1.59 sec

S, v PAS s
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100 ¢

V, in./sec

o))
Wy
P

“From the response spectrum curve
for & = 2%, for T, = 1.59 sec,

D =5.0in. =u,

A = 0.20¢g

02 T BT . . L el ‘ll S -
0.02 0.05 0.2 0.5 1_ 2 5 10 20
T, sec -
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The equivalent static force is

A
fso = EW = 0.20 X 5.2 = 1.04 kips

The bending moment diagram is shown in Fig. (d) with the
maximum moment at the base = 12.48 kip-ft. Points A and B
shown in Fig. (e) are the locations of maximum bending stress

Mc (1248 x 12)(4.5/2)
Omax = 77 7 723

= 46.5 ksi

As shown, o = +46.5 ksi at A and o = -46.5 ksi at B, where +
denotes tension. The algebraic signs of these stresses are
iIrrelevant because the direction of the peak force is not known,
as the pseudo-acceleration spectrum is, by definition, positive.

S, v PAS s

12.48 kip-ft

(d) Moment

,3_@5

(e) Section a-a
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Response Spectrum Characteristics

L B R N B B ‘

b vl

PR B S |

PR B B O

Combined D-V-A response spectrum 100

(¢ =0,0.02,0.05, 0.1) and peak values &

of ground acceleration, ground velocity, 0r
and ground displacement for El Centro -
ground motion 20
For systems with very short period, g 10
the pseudo-acceleration A for all ] s :
damping values approach ilgo and g -

D is very small. )

For systems with very long period, L

D for all the damping values }
approach ug,, and A is very small; 05 E
thus the forces in the structures, i
which are related to the mA, would '
be very small. 0‘?_)_.02
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El Centro Ground Acceleration

itgo =0.319g

T, =0.02 sec, { =0.02

i, =0.321g

A=0321g

(a)

very short
period system
(very rigid)

Total acceleration response (
!

e

of a SDOF system with
very short natural period

(b)

Pseudo-acceleration
response of the same
system

Ll T 1 L}

1 2 3 4
Time, sec

A very short period system s
extremely stiff and rigid. Its
deformation response to the ground
motion is very small. So its mass
move rigidly with the ground and its
peak structural acceleration should

be approximately .

To drive the structural mass to move
with acceleration of Uy, it is

necessary to have f5o & m iig,

therefore, A= Uy




10 El Centro Ground Displacement

very long
period system

0 VV W @ wery flexible)
o "=

107w, =84in.

Ug, 1n.
—

Deformation response of a
Tn=30sec,(=002  gpOF system with very
' long natural period

T N V.0 VN
A
107 u,=8231in.

0 10 20 30
Time, sec

-101

A very long period system is extremely flexible. The mass would be expected to remain
essentially stationary while the ground below moves.

Thus u(t) = —uy(t) that is D = uy

S, 2% PSS ear
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Response Spectrum Characteristics

T T T7T1r1[ .

O B A I I |

[ R B

T B |

100 ¢
Combined D-V-A response spectrum .
(¢ =0,0.02,0.05, 0.1) and peak values 50
of ground acceleration, ground velocity, i
and ground displacement for ElI Centro -0 -
ground motion |
§ 10 |
The reduction of response due to £ f
additional damping is different for the = T
different spectral regions- greatest in
the velocity-sensitive region. C2F
The effectiveness of damping in 1
reducing the structural response also i
depends on the ground motion 0.5
characteristics. :
0402~

i
i

005 O

JAAMA,

i
A

0.2

0.5

T,, sec

20

. 50
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« For Mexico city 85 earthquake where ground motion is nearly harmonic over many cycles,
the effect of damping would be large for a system near “resonance”.

« For Park Filed 66 earthquake where ground motion is very short and shock like, the effect
of damping would be small, as in the case of half cycle sine pulse excitation.

MM VA PAS s
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Response Spectra

 The construction of response spectra plots requires the solution of single degree of
freedom systems for a sequence of natural frequency and of the damping ratio in the
range of interest.

» Every solution provides only one point (the maximum value) of the response spectrum.

« Since a large number of systems must be analyzed in order to fully plot each response
spectrum, the task is lengthy and time consuming even with the use of computer.

* Once these curves are constructed and are available for the excitation of interests, the
analysis for the design of structures subjected to dynamic loading is reduced to a
simple calculation of natural frequency of the system and the use of response spectra.

v
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Response Spectra

« Dynamic analysis of a system with n degree of freedom can be transformed to the problem of
solving n systems in which each one is a single degree of freedom system

« The understanding and mastery of the concepts and methods of solutions for a single degree
of freedom system is quit important.

-
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Pseudo-velocity response spectrum

« Consider a quantity V for an SDF system with natural frequency w related to its peak

deformation D = u, due to earthquake ground motion:

V = D—ZT[D
= W _T

* The quantity V has units of velocity. This is pseudo-velocity.

» Using the above expression, the displacement response spectrum can be converted to

the Pseudo-velocity response spectrum.

S, 2% PSS ear
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Pseudo-acceleration response spectrum

« Consider a quantity A for an SDF system with natural frequency w related to its peak

deformation D = u, due to earthquake ground motion:

5 an
A=(,()D=? D

« The quantity A has units of acceleration. This is pseudo-acceleration.

« Using the above expression, the displacement response spectrum can be converted to

the Pseudo-acceleration response spectrum.

S, v PAS s
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Response spectra (¢ = 0.02) for ElI Centro ground
motion: (a) deformation response spectrum; (b)
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Pseudo-acceleration response spectrum

« The quantity A is related to the peak value of base shear V,, or the peak value of the

equivalent static force f,.
Vbo = fso = mA

* The peak base shear can be written in the form

JAAMA,
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Combined D-V-A response spectrum

* The three spectra (deformation, pseudo-velocity, and pseudo-acceleration) are simply different

ways of presenting the same information on structural response for a given ground motion.

« Knowing one of the spectra, the other two can be obtained by algebraic operations mentioned

earlier.

MM VA PAS s
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Pseudo-velocity V, in./sec
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Construction of Response Spectrum

The response spectrum for a given ground motion component i, (t) can be developed by
Implementation of the following steps:
1) Numerically define the ground acceleration ii, (t); typically, the ground motion
ordinates are defined every 0.02 sec.
2) Select the natural vibration period T and damping ratio ¢ of an SDF system.
3) Compute the deformation response u(t) of this SDF system due to the ground
motion ii, (t) by any of the numerical methods.

4) Determine u,, the peak value of u(t).

S, v PAS s
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Construction of Response Spectrum

5) The spectral ordinates are D = u,, V = (2n/T)D, and A = (2 /T)*D.
6) Repeat steps 2 to 5 for arange of T and ¢ values covering all possible systems of

engineering interest.

7) Present the results of steps 2 to 6 graphically to produce three separate spectra or

a combined spectrum.

fAM VA AP e
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Sample Response Spectra

0.8

07 - 0.68

Spectral Acceleration (g)

Time Period (sec)
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Spectra For Different Soils

'S

w

Spectral Acceleration
Maximum Ground Acceleration
—_ N

o

-

Soft to medium clay and sand
Deep cohesionless soil

Stff site condition

Rock

A L . | 1

0.0 0.5 1.0 1.5 2.0 y A 3.0
Period (Seconds)
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The Elastic Response Spectrum Analysis (RSA) Procedure

FAPAA,
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The Elastic Response Spectrum Analysis (RSA) Procedure

Arturo Danusso (1880 - 1968) Theodore von Karman (1881-1963)  Maurice Anthony Biot (1905 - 1985)

WA,

v
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Earthquake Response of MDF Structures

A shear building subjected to ground displacement u,(t):

Vs

I

Ug

J7771 IIIIIII‘AITTITTTW ,
o 2 15 iy ¥ W
¢ l ;
Yy’ groond. AP ad !
v ¢ stroctural (vekativ®) \J(t) = 1 U&(f) + LUU:")
meflawm lD (t) . Lﬂ, Ug @) + U )
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Earthquake Response of MDF Structures

Mathematical Formulation:
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Uncoupled Equations of Motion:
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Uncoupled Equations of Motion

\

(

Elastic Modal Response
History Analysis (RHA)

Procedure

Solve the uncoupled equation of
motion for each significant mode
(represented by an SDF system)
and sum the dynamic responses
to get the dynamic response of

MDF system

\

Response Spectrum
Analysis (RSA) Procedure

Directly pick the peak response
of each significant mode
(represented by an SDF system)
and approximately combine
those peak responses to get the

peak response of MDF system

JAAMA,
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The “Elastic” Response

Spectrum Analysis Procedure

forces corvespondiVg-

The f’»‘v""""dwt . ohich will deform
o ith-mode: (i€ fie  forces ) The “Equivalent Static Forces” for each Mode
itude) !
. ; Shape omd. rmag
shru(fum n (U;,max -
Fyom elgaen—\/i‘xue Sa’ w Sd.
F.. = KUmax  equation of it " A Sa
) mode & " Sd,
= KE Sy KM / e
| T
= [ w?ME Sd N - T
My 4
- I’:M)'Q‘Qd‘[ \\0 j[‘; ] T[/‘eygfofe; )
O M . ﬁc = {T [T'/Idh Sal
Sl drom
e3 ponse Sp€
S ._—->oleiunun64 fron el § f
al .

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam)




The “Elastic” Response Modal

Com bi nafion .
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The “Elastic” Response Spectrum Analysis Procedure
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The “Elastic” Response

Spectrum Analysis Procedure

Notes:
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The “Elastic” Response Spectrum Analysis Procedure
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How to Use Response Spectra?

1) For each mode of free vibration, corresponding Time Period Is obtained.

2) For each Time Period and specified damping ratio, the specified Response Spectrum is read
to obtain the corresponding Acceleration.

3) For each Spectral Acceleration, corresponding velocity and displacements response for
the particular degree of freedom is obtained.

4) The displacement response is then used to obtain the corresponding stress resultants.

5) The stress resultants for each mode are then added using some combination rule to
obtain the final response envelop.

FAPAA,
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ELF vs. Response Spectrum Analysis

 Static methods specified in building codes are based on single mode response and appropriate
for simple and regular structures
« Dynamic analysis should be used for complex buildings to determine significant response

characteristics
 Effects of structure’s dynamic characteristics on vertical distribution of lateral forces
 Increase in dynamic loads due to torsional motions

* Influence of higher modes, resulting in an increase in story shear and deformations

S, v PAS s
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The Concept of Inelastic Response Spectra and Design Spectra

(Evolution of Seismic Design Factors (R, Q and C;) in Building Codes)

(Evolution of the Concept of Ductility in Building Codes)

FAPAA,
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Basic Design Objective of Seismic Resistant Design:
e To protect the life safety of the building occupants and the general public.

e To control the severity of damage in small or moderate earthquakes.

Expected Seismic Performance of Buildings:

O Elastic or lightly inelastic response
O Drift control

Need Elastic Response Spectrum

e Resist a minor level of earthquake ground h
motion without damage

e Resist a moderate level of earthquake ground -

motion without structural damage, but possibly o Acceleration spectra for strength design
experience some non-structural damage o Displacement spectra for stiffness (Drift)
-~ design
o
e Resist a major level of earthquake ground d Inelastic response
motion having an intensity equal to the strongest d Control of inelastic deformation
either experienced or forecast for the building -

_ _ ) _ Need Inelastic Response Spectrum
site, without collapse, but possibly with some

o Inelastic strength Demand spectra for
structural as well as nonstructural damage

strength design
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UNIFORM BUILDING CODE Comparison of base shear coefficient from elastic design spectrum
and Uniform Building Code (a US. code) :

Base shear coefficient

1.2
ok VB/W
| Elastic design spectrum
0.8+ |
_' 0.6 |
04 1

Un{ffarm Building Code
R,=4to 12

0.2

Natural period T, sec

The design should be based on
Inelastic Response Spectrum.

V},: Peak base shear induced in a linear elastic
system by strong ground motion (PGA=0.4Q)

W' The weight of the system

Most buildings are designed for base shear much
smaller than the elastic base shear associated
with the strongest shaking that can occur at the site.

Buildings design by the code forces will be deformed
beyond the limit of linearly elastic behavior when
subjected to ground motions represented by the 0.4g
design spectrum. Thus it should not be surprising that
buildings suffer damage during intense ground shaking.

The challenge to the engineer is to design the structure
so that the damage is controlled to an acceptable degree.
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FORCE-DEFORMATION RELATIONS

During an earthquake, structures undergo oscillatory motion with reversal of deformation.

The experimental results from cyclic loading conditions indicate that the cyclic force-deformation
behavior of a structure depends on

o the structural material (concrete, steel)
o the type of structural members (beam, shear member, axial member)
o how members are assembled into the structural system.

S, 2% PSS ear
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Force-deformation relation of a steel beam

*I‘u.

Force F S A
A : e : '
. i

- !Nrr:ff( J(ﬂ‘l’l:; |

- o
Deformation u

Hysteresis loop under cyclic deformation because
of inelastic behavior.

MM, v PSS s
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Force-deformation relations of a structural steel component
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Force-deformation relation of areinforced concrete structure

Force

1800 -
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Force-deformation relation of a masonry structure

Force

§ OF=10F=2 DFs4 DF=§ L

S, v PAS s
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Typical force-deformation hysteresis loop shapes for concrete and masonry structural elements

. i a_mcéw /L
L1/ [

(clIdedl elastoplastic {b} Beom p.fashc hmge

Force

e

.f ej T-section wall {f] Shear .fq:‘lure-

VA _
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ELASTOPLASTIC IDEALIZATION

Force-deformation curve during initial loading: Actual and elastoplastic idealization

' ' —> Deformation U
Uy | Un S
U Maximum deformation fy: Yield strength
Uy Yield deformation K: Stiffness in elastic range

S, v PAS s
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ELASTOPLASTIC IDEALIZATION

Force-deformation curve of an elastoplastic system for a typical cycle of loading, unloading, and

reloading:
fs} Force - -~ Thesimplest model of inelastic behavior of simple
| | structure under cyclic loading

7 &

k _ o —

4 Deformation u = ductility factor = uy, /u,,
. o :
um
i | | - The ductility factor is commonly used as an
1 - Index of seismic-induced inelastic damage.

T
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ELASTOPLASTIC IDEALIZATION

Elastoplastic system and its corresponding linear system
(having the same k in their initial loading phases)

fs) ~ |
, Corresponding linear system
/
Jo f
f ‘ // Elastoplastic system
y .

In order to understand the effects of the inelastic force-deformation relation on the earthquake

response, it is necessary to evaluate the peak deformation of an elastroplastic system and

compare this deformation to the peak deformation of the corresponding linear system.
w/\WMJ\/\/\wWMNMMMNWWMWVM oot , e
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RESPONSE OF ELASTOPLATIC SYSTEM TO EARTHOUAKE GROUND MOTION

d?u du d?ug
Equation of motion: m—: C— u) = —m
9 dt? T dt T fs( ) dt?

where f,(u) is a nonlinear function of u (as shown earlier).
2

d“ug

dt?

The response u(t) to an earthquake ground motion can be computed from the above equation

by a step-by-step direct integration.

The nonlinear resisting force f; can also be obtained from the elastoplastic force-deformation
relation.

For alow-level ground motion, the system may behave like a linear elastic system with

f== | (T ="/¢),

2T\ m

where k= initial stiffness in the elastic range.

S, v PAS s
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EFFECTS OF INELASTICITY ON EARTHOUAKE RESPONSES

Response of a linearly elastic system with T=0.5 sec and ¢ = 0 to El Centro ground motion:
. 4.
Deformation

w i,

44 | | | | U, =334 in.
N | |
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EFFECTS OF INELASTICITY ON EARTHQUAKE RESPONSES

Response of an elastoplastic system 2
. L u(t)
having the same mass and initial 0 <
stiffness as the linear system (T = . \SLW\\/ \/ \_/\/\/\N\/\/\/\/
— -2 un=1711n.
0.5 qnd ¢ = 0) to El Centro ground o | £, /w=01%
motion. f - be N f\ A [\ /\
s A AV A ANAY AAAN /
A W VYU VVY VY
YT o | '.fyIW-‘-"O-”
Time intervals / + Yield - anid oo il
of yielding - Yield - a dar 1 U U
\ 0 | Timg, séc ' | 10
The yield strength fy of the system is setto p 03 | | | |
0.125 fy, thatis f,, = 0.125 f = 0.125 x fw | a/ —
137 W = 0.17W 0 ./g’ / |
f _ —e
-0.3 — -
2 -1 0 1 u(e) 2
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EFFECTS OF INELASTICITY ON EARTHOUAKE RESPONSES

Deformation response and yielding
of four elastoplastic systems due to
El Centro ground motion;

T = 0.5sec,& =0.05
and fy — fo, O.Sfo, 025 fo and 0125 fO

All four systems have identical properties - Yield™ T
In their linearly elastic range, but they | 2

(c) 'ﬁ; 0‘25":9 E(astop!ashc |
differ in their yield strength.

J UWVVV\/\‘“NV\/\N‘M/\]V\MA/VVWWNWV\N“NV\NV\J\NWNMP—I lin.
} uy,=1.751n. :
Systems with lower yield strength yield tyeldy gy, I W el

more frequently and for longer intervals.

With more yielding, the permanent
deformation u,, of the structure after the
ground stops shaking tends to increase.

u,=1.131n.

0 10 20 30
Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fa o . Time, sec



DUCTILITY FACTOR Ductility factor for the four elastroplastic systems:
System | Yield strength | Yield deform. Max. Deform. | Ductility factor
fy u,, (in) u,,(in) u
A fo 2.25 2.25 1.00
B 0.5/, 1.125 1.62 1.44
C 0.25f, 0.562 1.75 3.11
D 0.125f, 0.281 2.07 7.36

* For each system, the computer ductility factor u is the “ductility demand” imposed on
elastoplastic system by the ground motion.

« The system should be designed such that its “ductility capacity” (i.e. the ability to
deform beyond the elastic limit) exceeds the “ductility demand”.

Decreasing in Yield Strength — Increasing in “Ductility Demand”.

S, 2% PSS ear

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam) 181



CONSTANT-DUCTILITY SPECTRUM

The procedure to construct the response spectrum for elastoplastic systems corresponding to

specified levels of ductility factor is shown by a flow chart below.

( Numerically define i, (£) )

C Specify T, and & of the system )

UL
Determine the response u(t) of the corresponding linear ) 4 o
system (convolution integral) LJ“WM\W MM...?

Determine the peak deformation 1,
And the peak force f; = ku,

( Select the value offy, where f, < 1 )

l -
( Determine the response u(t) of the elastoplastic system ) /L Un
Manffinnlansyt

Determine the peak deformation 1w, and the ductility
—Ymea;_
Factor (u e X //y)

Specify the value of y of interest ) Repeat the process
or’ er selected

C

Determine the corresponding value of [;, from
The obtained nonlinear relation between f, and y

fy X uq
L=

Please see next slides for
enlarged flow chart

u, = i
— PN _ Ay
fy = ku, =moju, =mi, = 7
Ay is the yield pseudo-acceleration
Ay = w’u,

( Constant-ductility spectrum )
P
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( START )

A 4
( Numerically define i, (t) )

A 4

C Specify T, and & of the system )

l UL
C Determine the response u(t) of the corresponding linear /t U
system (convolution integral) %;WW,

Determine the peak deformation u,
And the peak force f, = ku,

( Select the value of f,, where f,, < 1 )

Repeat the process of th
other values for T,

-

Uct)
( Determine the response u(t) of the elastoplastic system ) :

U

Performance-b



Performance-based Seismi

!

Determine the peak deformation u,,, and the ductility

Factor,u(,u =i—’:xa/f>
y

l

Sufficient
data points

Repea
calculation toge

values of pu that
correspond to several
selected values of f,

1 Yes

( Specify the value of u of interest ) Repeat the process
er selected

values of

Determine the corresponding value off; from
The obtained nonlinear relation between f, and u

\ 4

uy=fyxu0

2 Ay
fy = kuy, =mwyu, =ma, =—.w
g
re A, is the yield pseudo-acceleration

N
Ay—a) Uy

\

\ 4

( Constant-ductility spectrum )

184



DUCTILITY DEMAND Ductility demand for elastroplastic system due to El Centro ground motion:
¢ =0.05and f, = f,,0.5fy,0.25f; and 0.125f,.

Ductility T VN T ] . .
demand \ | R 1 For systems with long natural periods,
50 N ! sl . .
Il \/ 5 The ductility demand i = fy/f,,
or | | For systems with short natural period,
| 0F {;_.0_125% The ductility demand u can be longer
_ - o - than fO/fy-
. 5F fy= 6.25%]
wo_- It may be more appropriate to design
2t [ | N/ ' - these short-period systems to remain
| fi=f elastic: otherwise, the inelastic
1} . == deformation and ductility demand may
[ | be excessive.
Q‘g.oz ) '0.65'”611 012- '_'0.5““1 2 5 10 20 50

Natural period T, sec



DUCTILITY DEMAND Ductility demand for elastroplastic system due to El Centro ground motion:
¢ =0.05and f, = fy,0.5fy, 0.25f; and 0.125f,.

o, 10 T T T T ] T T
Ductility \ | :
demand _ \\/ | N\ | ” [ <[ 1 If the acceptable value of ductility
U i | factor U is specified, it is possible to
o I determine the corresponding yield
? | strength f,, by an interpolative
ok {;._.-0.125% procedure.
.5 N v\/ ‘g,: 0.‘15‘?0;
W‘: - This "f,,” may be considered as the
L | | ‘/\'_, / - “vield strength demand” for the
44 o - - desired ductility factor p.
1 , heto
9'8.02 " 065 | Oll 012- | , IO.S’ I i é .‘IS “10 : ZIO | 50

Natural period T, sec



YIELD STRENGTH DEMAND

Yield strength demand for elastroplastic systems (¢ = 0.05) for specified ductility
u=1,1.5,2,4, and 8; El Centro ground motion.

Yield strength
demand

fy/W

0.8

0.6

0.4

02

1

I L}

3 I |

fo/wr
.
15
4

— " The structure having the specified ductility

factor u should be designed such that its
yield strength exceeds the “yield strength
demand”.

The yield strength demand is reduced with
iIncreasing values of the ductility factor.

The design yield strength fy for a simple
structure permitted to undergo inelastic
deformation can be much lower than the
strength required for the structure to remain

= elastic.

\ Y T‘W

2 25 3

Natural period T', sec



Combined D,, — V,, — A,, plot of the above constant ductility response spectrum

50 ¥ '_rllill 1§ L) ¥ | DR | l L L] [rrrl_|

20

10 £

0.5 !

0-2 .1 N S X | L [ A N K ] 1 PR UTER I |
- 002 005 01 02 05 1 2 5 10

T. <ec

Note:
Dy =u,

the yield deformation

Vy = wnuy

the yield pseudo-velocity

— 2

the yield pseudo-acceleration
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DESIGN OPTIONS

A structure may be designed for earthquake resistance by making it strong, by making it
ductile, or by designing it for economic combinations of both properties.

Consider a simple structure with T = 0.5 secand ¢ = 0.05

If the structure is designed for strength f, = fy/W -
0.919 W or larger, it will remain within its linearly 0.8+
elastic range during the El Centro ground motion; ! £l
therefore, it needs not to be ductile. 0.6k |
On the other hand, if it can develop a ductility factor i h=1
of 8, it needs to be designed only 12% of the 0.4f
strength f, (thatis only 0.11W )
0.2F
Alternatively, it may be designed for strength |
equal to 37% of f, and a ductility capacity of 2. IR T =
0 0.5 1 1.5 2 25 3

Natural period T, sec



Normalized strength fy of elastoplastic systems as a function of natural vibration period
T, foru=1,1.5, 2, 4 and 8; ¢ = 5%; EI Centro ground motion.

1 L) |ll’1ll r T ¥ lllll ([rrll I T
_ — !
] / 15
I n=1
u:

hoo2f Ry
0.1
=~ =
0.05 1 TS N W S A I 1 1 L3l | TR N N A 1 | NI | 20
0.02 005 01 0.2 0.5 1 2 5 10 20 50
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DESIGN OPTIONS

A structure may be designed for earthquake resistance by making it strong, by making it
ductile, or by designing it for economic combinations of both properties.

Consider a simple structure with T = 0.5 secand ¢ = 0.05

1 . . T l T T T T T .

fy/W ! o
For some types of materials and structural member, ost aft / . - i
ductility is difficult to achieve. In such cases, the |
structure should be designed to have a high yield | Tolur |
strength and low ductility. 06r
For others, providing ductility is much easier than i =
providing lateral strength. So, the structure in this '
case should be designed for low yield strength and
high ductility. 02F
Economic combinations of strength and ductility o - l ——
properties. 0 0.5 1 15 2 25 3

Natural period T, sec



RELATIVE EFFECTS OF YIELDING AND DAMPING

Response spectra for elastoplastic systems and EL Centro ground motion,;
§=2,5and 10% and u = 1,4 and 8.

50 T L T LI | 1 1 vﬁ' I L

TTT T T T 1 T v ¥ |
,
~<7

<
Q
’ 0.

Jod (=2,5,10%

20 | \ 7
. \ "
10 | ;
S 1 - Both yielding and damping reduce
8] 4
V- - = .
S L=t the pseudo-acceleration A, and
> 2 y hence the peak value of the lateral
.. force for which the system should
1k 3 .
: p=4 be designed.
0.5 3
O | n=28 _ - But the damping is, in general, not
R BT /N . P S as effective as yielding
002 005 01 02 05 1 2 ..5 10 20 50



INELASTIC DESIGN RESPONSE SPECTRA

Obtained from a comprehensive statistical study of yield strength demands on simple
structure when subjected to many different ground motions recorded in various earthquakes.

Mean Normalized Strength Demand Spectraforu=1,2,3,4,5,6

By
1=m PGA 5 . R, = the system's yield strength = f,
| ROCKS”ES o m = the mass of the system
31 - - PGA = Peak ground accelaration
2

The computed results are based on:
o 124 ground motions

o systems with bilinear hysteretic behavior.

00 10 20 3.0 e
" PERIOD (séc) - fsT 3% postyielding
o ” a - | H stiffness

(Miranda, ASCE J.Struc. Eng., 119, No5, May, 1993) i / >

u



INELASTIC DESIGN RESPONSE SPECTRA

Obtained from a comprehensive statistical study of yield strength demands on simple
structure when subjected to many different ground motions recorded in various earthquakes.

Mean Normalized Strength Demand Spectraforu=1,2,3,4,5,6

R, = the system's yield strength = f,

ALLUVIUM SITES
o o m = the mass of the system

4
31 - - B PGA = Peak ground accelaration

0.0 3.0

1.0 2.0
PERIOD (sec)

(Miranda, ASCE J.Struc. Eng., 119, No5, May, 1993)

S, v PAS s
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INELASTIC DESIGN RESPONSE SPECTRA

Obtained from a comprehensive statistical study of yield strength demands on simple
structure when subjected to many different ground motions recorded in various earthquakes.

Mean Normalized Strength Demand Spectraforu=1,2,3,4,5,6

4 — —SOET SOIL SITES R, = the system's yield strength = f,
- o | . m = the mass of the system

| PGA = Peak ground accelaration
2 T, = the predominant period of the ground motion
i;_ 1}
00 10.,.20 = 3.0
| S TITg T

(Miranda, ASCE J.Struc. Eng., 119, No5, May, 1993)

S, 2% PSS ear
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OVERSTRENGTH

Suppose that a structure is designed to resist a code-prescribed design shear V,
by “Allowable Stress Design” method.

The behavior of the structure under a monotonically increasing load would be:

Iclealized actvold - The yield strength of the structural system fy IS
/ usually considerably higher than the design base
ST TTTETTTes RN shear l/,, ( the effect of “overstrength”)

Therefore, the design base shear V,, can be set
much lower than the “yield strength demand”.

-
Unax &

S, v PAS s
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UNIFORM BUILDING CODE (1994)

| ZIC
Design Base Shear V), = — W

Base Shear
Ry,

A

ZICW = Elastic Strength Demand (f;)

R,, = Reduction Factor = Rq R,

R,, = factor for reducing “elastic strength demand” (f,) to
“inelastic yield strength demand” (f,)

-% 'FO(' Rw=4 t012

e i R S R, is associated with the ductility capacity of the system.
0 1 2 | 3
Natural period, sec

R, = factor for reducing “yield strength demand” (f,)
to “design base shear” (V).

R, Is associated with the overstrength of the system.

S, v PSS ear
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REDUCTION FACTOR

R T - | | R, | 'R,, =factor for reducing “elastic strength demand” (f) to
“inelastic yield strength demand” (f,)

R, Is associated with the ductility capacity of the system.

Rq R, = factor for reducing “yield strength demand” (f,)
to “design base shear” (V).

R, is associated with the overstrength of the system.

%
Natural period, T

S, v PAS s
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REDUCTION FACTOR R,,

1994 UNIFORM BUILDING CODE
TABLE 16N-STRUCTURAL SYSTEMS

BASIC H
STgyscTTéJn:!lAL LATERAL-FORCE-RESISTING SYSTEM—DESCRIPTION R, | x 304.8formm
1. Bearing wall | 1. Light-framed walls with shear panels
system a. Wood structural panel walls for structures three stories or less 8 65
b. All other light-framed walls 6 65
2. Shear walls
a. Concrete 6 160
b. Masonry 6 160
3. Light steel-framed bearing walls with tension-only bracing 4 65
4. Braced frames where bracing carries gravity loads
a. Steel 6 160
b. Concrete? 4 _
¢. Heavy timber 4 65

Note: H is height limit applicable to seismic zones 3 and 4

S, v PAS s
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REDUCTION EACTOR RW TABLE 16N-STRUCTURAL SYSTEMS
R, H
2. Building 1. Steel eccentrically braced frame (EBF) 10 240
frame 2. Light-framed walls with shear panels
system a. Wood structural panel walls for structures three stories or less 9 65
b. All other light-framed walls 7 63
3. Shear walls
a. Concrete 8 240
b. Masonry 8 160
4. Ordinary braced frames
a. Steel 8 160
b. Concrete? § _
¢. Heavy timber 8 65
5. Special concentrically braced frames
a. Steel 4 240
3. Moment- 1. Special moment-resisting frames (SMRF)
resisting a. Steel 12 N.L.
frame b. Concrete 12 N.L.
system 2. Masonry moment-resisting wall frame 9 160
3. Concrete intermediate moment-resisting frames (IMRF)? 8 -—
4. Ordinary moment-resisting frames (OMRF)
a. Steel® 6 160
b. Concrete’ 5 -

Note:N.L.= No limit 200
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REDUCTION FACTOR R,

TABLE 16N-STRUCTURAL SYSTEMS

R,, H
4, Dual 1. Shear walls
systems a. Concrete with SMRF 12 N.L.
b. Concrete with steel OMRF 6 160
¢. Concrete with concrete IMRF? g 160
d. Masonry with SMRF 8 160
¢. Masonry with steel OMRF 6 160
f. Masonry with concrete IMRF* 7 -
2. Steel EBF
a. With steel SMRF 12 N.L.
b. With steel OMRF 6 160
3. Ordinary braced frames
a. Steel with steel SMRF 10 N.L.
b. Steel with steel OMRF 6 160
¢. Concrete with concrete SMRF4 9 —
d. Concrete with concrete IMRF? 6 —
4. Special concentrically braced frames
a. Steel with steel SMRF 11 N.L.
b. Steel with steel OMRF 6 160
5. Undefined See Sections 1627.8.3 and 1627.9.2 — —
Syslems

LR L e I L LI A =2 C IS T I I UL s NI Y Ve I MAVE A L 1 Nyl
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The Code-based Response Spectrum Analysis (RSA) Procedure

v
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The Code-based Response Spectrum Analysis (RSA) Procedure

Ray W. Clough (1920 - 2016)

! B At VAN
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The Standard RSA Procedure (ASCE 7-10, IBS 2012, EC 8)

Determine Spectral Acceleration

Linear Elastic Model Reduce Elastic Base Shear to account for

| \ ! ) ! I
l | : for each Significant Mode ! : s et ~° : N inelasticity
| — | ! . ! +° ! |
| N - . ! / / e ! 31y,
| b L StOTiES | L L sa, | ! / 7 i ! 7 L .
| ! i _§ i For Initial i : ',' :'I \\ : i é@ //; R = Response Modification
: | | O ﬁiscous Damping ! : I ] “ | ! yan Factor, ASCE 7 (or
| .‘ 9 .‘ ,,' \ ! :». s Behavior Factor, EC 8)
| : 1 o SA : 1 [\ 1 1 : - / !
A e R \ TSI L R N e Ve
| : 8 ! | < < «— | ! ! Vip = R/
| . . ! L9 ! v Vb1 Vb2 Vb3 : !
| Eigen-value Analysis , - : ! N ! | A=A
! [K — w’M]® = O i : > i : Vpn = zrn m; - Pin - SAn | i “ "
| Determine Modal Properties | | T3 L T ! | i=1 | I . >
i T;, ¢;, I; : ! Time Period (sec) ! Vo = V)2 4+ (V)2 + (Vi3 )2 + ... | ! X Roof Displacement
> > > For members not desired to yield Vi — Q@
. \/(Vbl )o+ (Vp2 )o+ (V3 ) + ... during a design earthquake Design R
VDesign - R/[
Q = Structural Over-strength Factor
2 2 2 Cix™
Mn. . — \/(Mbl ) + (sz ) + (Mb3 ) T Maximum Displacement duringa x' = —az
Design — : max I
R design earthquake
2 2 2 C4 = Displacement Amplification Factor
_ CayJ(Bern)? + (Der2)? + (Beiz)? + ... a = PP P

R/I

VAN
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The Standard RSA Procedure (ASCE 7-10, IBS 2012, EC 8)

Modal  |propertiel
velo -————'? 0. 0f wodes |
D;\a&thRS == mo d@q C X o{?vfw(— \

| Modou(
re Combine <«——| RS m
COMPU‘ B (ﬂdﬂ. Aivection. L_,__.__cf:— m
ELF "Zu pom Yesus usmgn
eath o4F C.AC
l . Sm Ma.( "S
De/t'evwd&’?' —_ Reform sl i s
i dent
qcaTox(iUV\
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Modal Combination Rules

« ABSSUM Rule
« Add the absolute maximum value from each mode. Not so
popular and not used in practice
« SRSS
« Sqguare Root of Sum of Squares of the peak response from
each mode. Suitable for well separated natural frequencies.
« CQC
« Complete Quadric Combination is applicable to large range of

structural response and gives better results than SRSS.

S, v PAS s
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-
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The Input — Output Summary

 Input needed for Response Spectrum Analysis

 Mass and stiffness distribution

A Specified Response Spectrum Curve

The Response Input Direction

The Response Scaling Factors

The number of modes to be included

* Output From Response Spectrum Analysis

« Unsigned displacements, stress resultants and stresses etc.

S, VAN PSS ear
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The RSA Procedure in UBC 97

1631.5 Response Spectrum Analysis.

1631.5.1 Response spectrum representation and interpreta-
tion of results. The ground motion representation shall be in
accordance with Section 1631.2. The corresponding response
parameters, including forces, moments and displacements, shall
be denoted as Elastic Response Parameters. Elastic Response
Parameters may be reduced in accordance with Section 1631.5.4.

1631.5.2 Number of modes. The requirement of Section
1631.4.1 that all significant modes be included may be satisfied by
demonstrating that for the modes considered, at least 90 percent of
the participating mass of the structure 1s included in the calcula-
tion of response for each principal horizontal direction.

1631.5.3 Combining modes. The peak member forces, dis-
placements, story forces, story shears and base reactions for each
mode shall be combined by recognized methods. When three-
dimensional models are used for analysis, modal interaction ef-
fects shall be considered when combining modal maxima.

WA,

v
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1631.5.4 Reduction of Elastic Response Parameters for de-
sign. Elastic Response Parameters may be reduced for purposes
of design in accordance with the following items, with the limita-
tion that in no case shall the Elastic Response Parameters be re-
duced such that the corresponding design base shear is less than
the Elastic Response Base Shear divided by the value of R.

1. Forall regular structures where the ground motion represen-
tation complies with Section 1631.2, Item 1, Elastic Response
Parameters may be reduced such that the corresponding design
base shear is not less than 90 percent of the base shear determined
in accordance with Section 1630.2.

2. Forall regular structures where the ground motion represen-
tation complies with Section 1631.2, Item 2, Elastic Response
Parameters may be reduced such that the corresponding design
base shear 1s not less than 80 percent of the base shear determined
in accordance with Section 1630.2.

3. For all irregular structures, regardless of the ground motion
representation, Elastic Response Parameters may be reduced such
that the corresponding design base shear is not less than 100 per-
cent of the base shear determined in accordance with Section
1630.2.

The corresponding reduced design seismic forces shall be used
for design in accordance with Section 1612.

v Vv
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Dynam Ic An alyS IS Procedure in IBC 2000 1618.1.1 Modeling. A mathematical model of the building

shall be constructed that represents the spatial distribution
of mass and stiffness throughout the structure. For regular
structures with independent orthogonal seismic-force-
resisting systems, independent two-dimensional models
may be constructed to represent each system. For irregular
structures without independent orthogonal systems, a
three-dimensional model incorporating a minimum of

SECTION 1618
DYNAMIC ANALYSIS PROCEDURE FOR THE
SEISMIC DESIGN OF BUILDINGS

1618.1 Dynamic anayisis procedures. The following
dynamic analysis procedures performed in accordance with

the requirements of this section may be used in lieu of equiv- three dynamic degrees of freedom consisting of translation
alent lateral force procedure of Section 1617.4: in two orthogonal plan directions and torsional rotation

' about the vertical axis shall be included at each level of the
1. Modal Response Spectra Analysis. building. Where the diaphragms are not rigid compared to
2. Linear Time-history Analysis. the vertical elements of the lateral-force-resisting system,
3. Nonlinear Time-history Analysis. the model shall include representation of the diaphragm’s

flexibility and such additional dynamic degrees of freedom
as are required to account for the participation of the
diaphragm in the structure’s dynamic response. In addi-
tion, the model shall comply with the following:

1. Stiffness properties of concrete and masonry ele-
ments shall include the effects of cracked sections.

2. For steel moment frame systems, the contribution
of panel zone deformations to overall story drift
shall be included.

S, 2% PSS ear
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1615.1.4 G.eneral procedure response spectrum. The The RSA Procedure in IBC 2000
general design response spectrum curve shall be devel-
oped as indicated in Figure 1615.1.4 and as follows: Design Spectral Values
1. For periods less than or equal to 7, the design spec- « Adjust Maximum Considered Earthquake
tral response acceleration, S,, shall be given by (MCE) values of Ss and S1 for local site effects
Equation 16-20. . Sys = Fy X S,
2. For periods greater than or equal to 7}, and less than Sur = By X5y

or equal to the 7§, the design spectral response accel-

. * (Calculate the spectral design values
eration, S, shall be taken equal to S g J

SDS = 2/3 X SMS
3. For periods greater than 7, the design spectral Sp1 = 2/3 X Su
response acceleration, S, shall be given by Equation

16-21. where:
(Equation 16-20) Sps = The? design spectr.al response acceleration at short
| periods as determined in Section 1615.1.3.
Sp; = The design spectral response acceleration at 1 sec-
ond period as determined in Section 1615.1.3.
(Equation 16-21) 7T = Fundamental period (in seconds) of the structure
(Section 1617.4.2).
Ty, =0.28,,/8p
Ts = Sp/Sps

MM VA PAS s

S
S, = 0.67‘;5 T + 0.4S,4

__SDI
S.= 7T

a
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1618.2 Modes. An analysis shall be conducted to determine
the natural modes of vibration for the building including the
period of each mode, the modal shape vector, ¢, the mass
participation factor, and the modal mass. The analysis shall
include a sufficient number of modes to obtain a combined
modal mass participation of at least 90 percent of the actual
building mass in each of two orthogonal directions.

1618.3 Modal properties. The required periods, mode
shapes, and participation factors of the building shall be cal-
culated by established methods of structural analysis for the
fixed base condition using the masses and elastic stiffnesses
of the seismic-force-resisting system.

1618.4 Modal base shear. The portion of the base shear
contributed by the m* mode, V,, shall be determined from
the following equations:

V,=C,W, (Equation 16-51)
n 2
Y
W, = ““E;T——“_ (Equation 16-52)
wb,, -

i=1

where:

C..= The modal seismic response coefficient determined in
Equation 16-53.

W,= The effective modal gravity load.

w; = The portion of the total gravity load, ¥, of the build-
ing at Level i, where W = the total dead load and other
loads listed below:

1. In areas used for storage, a minimum of 25 per-
cent of the reduced floor live load (floor live load
in public garages and open parking structures
need not be included).

2. Where an allowance for partition load is included
in the floor load design, the actual partition weight
or a minimum weight of 10 pounds per square foot
(0.479 kN/m2) of floor area, whichever is greater.

3. Total operating weight of permanent equipment.

4. Twenty percent of flat roof snow load where the
flat roof snow load exceeds 30 pounds per square

- foot (1.44 kN/m?).

¢,, = The displacement amplitude at the it level of the

building when vibrating in its m* mode.

MM VA PAS s
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The modal seismic response coefficient, C,,, shall be
determined by the following equation:

S

Con = 2 (Equation 16-53)
o

where:

I = The occupancy importance factor determined in
accordance with Section 1616.2.

S,.= The modal design spectrél response acceleration at

period 7,, determined from either the general design
response spectrum of Section 1615.1 or a site-specif-
ic response spectrum per Section 1615.2.

R = The response modification factor determined from
Table 1617.6.
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1618.5 Modal forces, deflections and drifts. The modal
force, F,, at each level shall be determined by the following
equations:

Fou=CooVn (Equation 16-55)
Com = 22 |
Z WP (Equation 16-56)
i=1
where:
C,.. = The vertical distribution factor in the m mode.
V., = The total design lateral force or shear at the base
in the m# mode.
w, w, = The portion of the total gravity load of the build-
ing, W, located or assigned to Level i or x.
¢, = The displacement amplitude at the i level of the

building when vibrating in its m* mode.
The displacement amplitude at the x* level of the
building when vibrating in its m™ mode.

<
5
£

|

The modal deflection at each level, d,,,, shall be deter-
mined by the following equations:

C At
S, = "f i (Equation 16-57)
= (8] [T un
Ouen = [417’] [ W, ] (Equation 16-58)
where:
C, = The deflection amplification factor determined from
Table 1617.6.
F.,, = The portion of the seismic base shear in the m

mode, induced at Level x.
g = The acceleration due to gravity (ft/s? or m/s2).

I, = The occupancy importance factor determined in
accordance with Section 1616.2.

T,, = The modal period of vibration, in seconds, of the m
mode of the building.

w, = The portion of the total gravity load of the building,
W, located or assigned to Level x.

O..m = The deflection of Level x in the m* mode at the cen-

ter of the mass at Level x determined by an elastic

analysis.
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1618.7 Design values. The design value for the modal base
shear, V,; each of the story shear, moment and drift quantities;
and the deflection at each level shall be determined by com-
bining their modal values as obtained from Sections 1618.5
and 1618.6. The combination shall be carried out by taking
the square root of the sum of the squares of each of the modal

values or by the complete quadratic combination (CQC) The modal base shear, ¥, need not exceed the base shear
technique. . ' : .
calculated from the equivalent lateral force procedure in

The base shear, V, using the equivalent lateral force pro- . i D
. | - P Section 1617.4. However, for buildings with a value of the

cedure in Section 1617.4 shall be calculated using 'a funda-

mental period of the building, 7, in seconds, of 1.2 times the design spectral response acceleration at 1 second period, Sp,,
Eoeﬁ'l?eg f0;6ul;37132r21im_it on th; calculated perif;g, gm taker; of 0.2 or greater, as determined in Section 1615.1.3, with a
rom 1aoic L, times the approximate n €n . - ' .

seriod of the building, T. Calcu]g; i acoor dan:lwitfh period 7, as determined in Section 1617.4.2, of 0.7 secnnq or
Section 1617.4.2.1. Where the thus calculated base shear, V, greater, and located on Site Class E or F sites (Section
is greater than the modal base shear, V;, the design story 1615.1.1), the design base shear shall not be less than that
shears, moments, drifts and floor deflections shall be multi- determined using the e quival ent lateral force proce dure in

plied by C,,, the modification factor: :
Section 1617.4.

C, = 1‘;'. (Equation 16-59)

where

V' = The equivalent lateral force procedure base shear, cal-
culated in accordance with this section and Section
1617.4.

¥V, = The modal base shear, calculated in accordance with

this section.

Py M
M " "
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o Design Earthquake R = Response Modification
& Ground Motions Coefficient = VgV
3 C4 = Deflection Amplification
@ Factor = (&/6g)R
& Cq £, = Overstrength Factor = V__ /V
5 <
2
£ .
L
2 R Pushover
= Vinax Curve
) I 2 N
® V ¥
-
>

S/R 5 S

Lateral Displacement (Roof Drift)

v A Vv
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Routine Design Office Practice

« Run equivalent static analysis according to code Scaling the Results

» Find principal directions from modal base shear * Reduce the elastic response for design purpose, but

design base shear is not less than elastic base shear

« Run response spectrum analysis along principal divided by R.
directions with scale factor of 9.81 (m/s"2) - Design base shear shall not be less than 85% of static

lateral force base shear according to ASCE 7-05.

* Find the scale factor for scaling elastic response « In ASCE 7-16, base shear shall be scaled to 100% of
spectrum results to equivalent static base shear

static lateral force base shear.

* Run response spectrum analysis with calculated
scale factor in principal directions

fAM VA AP e

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam) 220



Principal Directions

» Lack of definitions of the principal directions in code

« The direction of the base reaction of the mode shape associated with the fundamental frequency of the

system is used to define the principal direction.

 Run modal analysis
« Extract base shear of mode 1
* Find angle between X and Y components of base shear

* Another direction is 90 degrees apart

Y

Principal major

R .
~ geg
~

A
Principal minor

direction
Fx =-1,041 kN
Fy = 846 kN
Angle = tan-1 (Fy/Fx)
= -39 deg.

Courtesy: Mr. Aung (AIT Solutions)

v A Vv
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Directional and Orthogonal Effects

« Seismic forces act in both principal directions of the building simultaneously
» But seismic effects in two directions are unlikely to reach their maxima simultaneously

* 100% of seismic forces in one principal direction combined with 30% of seismic forces in the orthogonal

direction

S, VAN VAN
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Accidental Torsion

» Arise from several factors » Structures assigned to Seismic Design Category C,
« Rotational components of ground motions D, E, or F, where Type la or 1b torsional irregularity
» Effects of non-structural elements exists, accidental torsional moment needs to be
« Actual distribution of dead and live loads amplified.
* Uncertainties in defining building’s material A = (]z‘:?:;m- )2 s
28avg

properties for dynamic analysis

. . where
» Generally 5% of eccentricity from center of mass is | _ ‘
Smax = the maximum displacement at Level x (in. or mm) com-

considered puted assuming A, = |
dave = the average of the displacements at the extreme points of
the structure at Level x computed assuming A, = | (in. or
mm)
EXCEPTION: The accidental torsional moment need not be amplified
for structures of light-frame construction.
The torsional amplification factor (A, ) is not required to exceed
3.0. The more severe loading for each element shall be considered
for design.

Py M
M VAN v
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Performance-|

Seismic Design

Reference Category

Type Description Section Application

la. Torsional Irregularity: Torsional irregularity is defined to exist where the maximum story 12.3.3.4 D, E, and F
drift, computed including accidental torsion with A, =1.0, at one end of the structure 12.7.3 B,C,D,E, and F
transverse to an axis is more than 1.2 times the average of the story drifts at the two ends of 12.8.4.3 C,D,E, and F
the structure. Torsional irregularity requirements in the reference sections apply only to 12.12.1 C,D,E and F
structures in which the diaphragms are rigid or semirigid. Table 12.6-1 D.E, and F

16.3.4 B,C,D,E and F

1b. Extreme Torsional Irregularity: Extreme torsional irregularity is defined to exist where 12.3.3.1 E and F
the maximum story drift, computed including accidental torsion with A, = 1.0, at one end of 12.3.3.4 D
the structure transverse to an axis is more than 1.4 times the average of the story drifts at the 12.34.2 D
two ends of the structure. Extreme torsional irregularity requirements in the reference 12.7.3 B,C,and D
sections apply only to structures in which the diaphragms are rigid or semirigid. 12.84.3 Cand D

12.12.1 Cand D
Table 12.6-1 D
16.3.4 B, C, and D

2. Reentrant Corner Irregularity: Reentrant corner irregularity is defined to exist where 12334 D,E, and F
both plan projections of the structure beyond a reentrant corner are greater than 15% of the Table 12.6-1 D,E, and F
plan dimension of the structure in the given direction.

3. Diaphragm Discontinuity Irregularity: Diaphragm discontinuity irregularity is defined to 12.3.34 D,E, and F
exist where there is a diaphragm with an abrupt discontinuity or variation in stiffness, Table 12.6-1 D.E, and F
including one that has a cutout or open area greater than 50% of the gross enclosed
diaphragm area, or a change in effective diaphragm stiffness of more than 50% from one
story to the next.

4, Out-of-Plane Offset Irregularity: Out-of-plane offset irregularity is defined to exist where 12.3.3.3 B,C,D,E, and F
there is a discontinuity in a lateral force-resistance path, such as an out-of-plane offset of at 12.3.3.4 D,E, and F
least one of the vertical elements. 12.7.3 B,C,D,E, and F

Table 12.6-1 D,E, and F
16.3.4 B,C,D, E, and F

5. Nonparallel System Irregularity: Nonparallel system irregularity is defined to exist where 12.5.3 C,D,E, and F
vertical lateral force-resisting elements are not parallel to the major orthogonal axes of the 12.7.3 B,C,D,E, and F
seismic force-resisting system. Table 12.6-1 D, E, and F

16.3.4 B,C,D,E,and F

- 22Z2UT—seses 0000000000000 el TSR TR T SRR Ty - B e SRR s S e e o, e e S e il
Table 12.3-1 Horizontal Structural Irregularities
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Seismic Design as per
ASCE 7-10

-

siomic, Lok Effeck (E)

S |
(b Moo Combinafiond) |

(12 +028%) D+ PG il O3S

E = Ehi (:v
Z \> el ZSDS]%) \
= b
£ % dead
Yw\wo\{”‘ﬁ' e pe \% .
’FagFYoY |'3>
Qo Combinakions for stregth. Aig,

C eigmic. Load Effect k
Tncodivg Slo

= m- E w\hj: £ g

Seigmic feg
ik o
= ,Q_ocj e
om VE
ek ¥ from 2=
Q.Z+o-2§1>;>:D+—QoQE+L—
~+0:28

\—/(o a-0.250)D tpag +1eH

\fﬂ—- 0-251>$> D ""‘QDGH-(&

=

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam)

225




o : Catagoy, SpPC) —> assigned £
The RSA Procedure (ASCE 7-10) ——» GSeicmic Degﬁﬂww( aioig ka Categoryr ond

A chructure \
- . s 4 - 3 h .
Tab‘Q ‘5'_-1 ,,,?Q;\gk @i@gOfaﬂ 6:? Bwtd‘n% M gg\/e'ﬂxg, 0{ al\p/g(arn EQ mwmohi0
I LI, 0 —> witbout any Yeduckon factor:
T mportance Fadors of Risk _> Nominad St
T T ZTMTF T -4 (o T «d T gl = Nominad  chength X P
Caﬁaov'& ‘ZF v ﬂg « 10l w@o*«jl—f;/ ])63( B
=115 4ov V. S
CPL - base on  Spg OF Sp1 and RiSR Caffgoﬁ S MAPP@Q ACC@ (jYa(WYl Podamd@ 4 ;(6 -
2 A B,C,
&t ¥ C/D’f ig70’1§3
& 70-’!% {mﬂ/
for Lr,ﬁ,lil Sie Coeﬁﬁawlf
fa, v

cap—

B

p—
MCE Rgg{DOY)SC

ch/ |- 5x DBE

-

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam) 226




The RSA Procedure _for ©C DEF —> PaA shil b ootermived  based

(ASCE 7-10) on (A A site-spedfic Sty taking oo account
coil.  owplificatim  effecks O (b) PGA,,= ;PG,A P&A
. 4 cife Coefficient
G Table 1181
sife loss effed

- R) _(2-0 and Cd CTab!e 19\-2."0

b}"% \éﬁeme)‘r dc@?jﬂ g"DYg O('Tl‘ft
Gt alo/SiT\ fiwws Ny
‘ et g .
——5  Combini n4 Fadmeo( foads  Ing wgff/’n
BogiC combinali mMS
) 4D —
oD+ 6L T 05 v, $2
% ‘l.'zp‘”pbﬂ“ 'l*;é'('L;)US‘;Y’?‘)LI; Y0-5 { Ly S oY P\)
Lt L0 E +L-7 0-2S

5) FLP T
6) 04D T I-O\g
76) 04D + l- O

-

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam) 221




The RSA Procedure (ASCE 7-10)
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The RSA Procedure (ASCE 7-10)
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Strength Design Load Combinations (ASCE 7-16)

Gravity Load Combinations EQ = pE, + E,
1) 1.4DL E, = 0.2 Sps DL

2) 1.2DL + 1.6LL
eg.lfSps = 0.7and p = 1.3,

Seismic Load Combinations E, = 02 X 0.7xDL = 0.14 DL

1) 1.2DL + 1.0EQX + 0.3EQY + 0.5LL 1) (1.2 + 0.14)DL + 1.3EQX + 0.39EQY + 0.5LL
2) 1.2DL + 0.3EQX + 1.0EQY + O0.5LL or 1.34DL + 1.3EQX + 0.39EQY + 0.5LL

3) 0.9DL + 1.0EQX + 0.3EQY 2) 1.34DL + 0.39EQX + 1.3EQY + 0.5LL

4) 09DL + 0.3EQX + 1.0EQY 3) (09—-0.14)DL + 1.3EQX + 0.39EQY

or 0.76DL + 1.3EQX + 0.39EQY
4) 0.76DL + 0.39EQX + 1.3EQY

fAM VA AP e
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The Response Spectrum Analysis (RSA) Procedure

The RSA Procedure in IBC 2003 The RSA Procedure in EC 2003/2008

* Check yourself * Check yourself

 The RSA Procedure in ASCE 7-05 « The RSA Procedure in AS Codes
 Check yourself  Check yourself

 The RSA Procedure in IBC 2006  The RSA Procedure in BS 8110
* Check yourself * Check yourself

 The RSA Procedure in IBC 2009  The RSA Procedure in CSA Codes
* Check yourself * Check yourself

« The RSA Procedure in ASCE 7-10  The RSA Procedure in IS Codes
* Check yourself  Check yourself

 The RSA Procedure in IBC 2012  The RSA Procedure in MNBC

* Check yourself * Check yourself

The RSA Procedure in ASCE 7-16 The RSA Procedure in NZS
 Check yourself  Check yourself

JAAMA,
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The Linear Time History Analysis (LTHA) Procedure

v
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The Linear Time History Analysis (LTHA) Procedure

« Direct Integration (DI) Analysis Procedure
 LDP, LTHA, LRHA
 NDP, NDA, NLTHA, NLRHA

Mu + Cu + Ku =—|v|1ug

« The full dynamic equilibrium equation is solved for each time step on the acceleration-time curve.
« The history of the deformations resulting from previous time step calculation is considered in computing
the response for the current time step.

« The time-history analysis is in-fact a piece-wise solution of the entire force histogram.

S, v PAS s
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Ground Motion

U+ 2 + U = —i

« The input Variables are ground » — t=0.2

acceleration, damping ratio and

circular frequency

=0.3

g

Ground Motion Input

« The final unknown is displacement

(and its derivatives) 050 4

.005 -

&

—® Time, t
5

Displacement Output

v

B

+

=% Time, t
5
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Input-Output for Time History Analysis

* Input

 Mass and stiffness distribution

The acceleration-time record

The scaling factors

Directional factors

Analysis Time step etc.
« QOutput
« Displacements, stress resultants and stresses are each time step

« The envelop values of response

M
S, VAN v
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Time History Analysis in UBC 97
1631.6 Time-history Analysis.

1631.6.1 Time history. Time-history analysis shall be per-
formed with pairs of appropriate horizontal ground-motion time-
history components that shall be selected and scaled from not less
than three recorded events. Appropriate time histories shall have
magnitudes, fault distances and source mechanisms that are con-
sistent with those that control the design-basis earthquake (or
maximum capable earthquake). Where three appropriate recorded
ground-motion time-history pairs are not available, appropriate
simulated ground-motion time-history pairs may be used to make
up the total number required. For each pair of horizontal ground-
motion components, the square root of the sum of the squares
(SRSS) of the 5 percent-damped site-specific spectrum of the
scaled horizontal components shall be constructed. The motions
shall be scaled such that the average value of the SRSS spectra
does not fall below 1.4 times the 5 percent-damped spectrum of
the design-basis earthquake for periods from 0.27 second to
1.5T seconds. Each pair of time histories shall be applied simulta-
neously to the model considering torsional effects.

v A Vv
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Time History Analysis in UBC 97

The parameter of interest shall be calculated for each time-
history analysis. If three time-history analyses are performed, then
the maximum response of the parameter of interest shall be used
for design. If seven or more time-history analyses are performed,
then the average value of the response parameter of interest may
be used for design.

1631.6.2 Elastic time-history analysis. Elastic time history
shall conform to Sections 1631.1, 1631.2, 1631.3, 1631.5.2,
1631.5.4, 1631.5.5, 1631.5.6, 1631.5.7 and 1631.6.1. Response
parameters from elastic time-history analysis shall be denoted as
Elastic Response Parameters. All elements shall be designed
using Strength Design. Elastic Response Parameters may be
scaled 1n accordance with Section 1631.5.4.

v
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1631.6.3 Nonlinear time-history analysis.

1631.6.3.1 Nonlinear time history. Nonlinear time-history
analysis shall meet the requirements of Section 1629.10, and time
histories shall be developed and results determined in accordance
with the requirements of Section 1631.6.1. Capacities and charac-
teristics of nonlinear elements shall be modeled consistent with
test data or substantiated analysis, considering the Importance
Factor. The maximum inelastic response displacement shall not
be reduced and shall comply with Section 1630.10.

1631.6.3.2 Design review. When nonlinear time-history analysis
is used to justify a structural design, a design review of the lateral-
force-resisting system shall be performed by an independent engi-
neering team, including persons licensed in the appropriate
disciplines and experienced in seismic analysis methods. The
lateral-force-resisting system design review shall include, but not
be limited to, the following:

1. Reviewing the development of site-specific spectra and
ground-motion time histories.

2. Reviewing the preliminary design of the lateral-force-resist-
ing system.

3. Reviewing the final design of the lateral-force-resisting sys-
tem and all supporting analyses.

The engineer of record shall submit with the plans and calcula-
tions a statement by all members of the engineering team doing the
review stating that the above review has been performed.

v
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Dynam Ic An alyS IS Procedure in IBC 2000 1618.1.1 Modeling. A mathematical model of the building

shall be constructed that represents the spatial distribution
of mass and stiffness throughout the structure. For regular
structures with independent orthogonal seismic-force-
resisting systems, independent two-dimensional models
may be constructed to represent each system. For irregular
structures without independent orthogonal systems, a
three-dimensional model incorporating a minimum of

SECTION 1618
DYNAMIC ANALYSIS PROCEDURE FOR THE
SEISMIC DESIGN OF BUILDINGS

1618.1 Dynamic anayisis procedures. The following
dynamic analysis procedures performed in accordance with

the requirements of this section may be used in lieu of equiv- three dynamic degrees of freedom consisting of translation
alent lateral force procedure of Section 1617.4: in two orthogonal plan directions and torsional rotation

' about the vertical axis shall be included at each level of the
1. Modal Response Spectra Analysis. building. Where the diaphragms are not rigid compared to
2. Linear Time-history Analysis. the vertical elements of the lateral-force-resisting system,
3. Nonlinear Time-history Analysis. the model shall include representation of the diaphragm’s

flexibility and such additional dynamic degrees of freedom
as are required to account for the participation of the
diaphragm in the structure’s dynamic response. In addi-
tion, the model shall comply with the following:

1. Stiffness properties of concrete and masonry ele-
ments shall include the effects of cracked sections.

2. For steel moment frame systems, the contribution
of panel zone deformations to overall story drift
shall be included.

S, 2% PSS ear
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1618.10.1 Time history. Time-history analysis shall be
performed with pairs of appropriate horizontal ground-
motion time-history components that shall be selected and
scaled from not less than three recorded events.
‘Appropriate time histories shall have magnitudes, fault
distance and source mechanisms that are consistent with

those that control the maximum considered carthquake. ~ 1018.10.2 Elastic time-history analysis. Elastic time-his-
Where fhree appropriate recorded ground-motion time- ¢y analysis shall conform to Sections 1616.6, 1618.1,

history pairs are not available, appropriate simulated

ground-motion time-history pairs shall beusedtomakeup  1618.9 and the base shear scaled in accordance with
the total number required. For each pair of horizontal

eround-motion components, the square root of the sumof  S€Ctlon 1618.7. Strength design shall be used to determine

the squares (SRSS) of the 5 percent damped site-specific <y
spectrum of the scaled horizontal components shall be member CapaCItles.

constructed. The motions shall be scaled such that the
average value of the SRSS spectra is not less than 1.4
times the 5 percent damped spectrum of two-thirds the
maximum considered earthquake for periods from 0.2 T
second to 1.5 T seconds. Each pair of time histories shall
be applied simultaneously to the model considering tor-
sional effects.

The parameter of interest shall be calculated for each
time-history analysis. If three time-history analyses are
performed, then the maximum response of the parameter
of interest shall be used for design. If seven or more time-
history analyses are performed, then the average value of
the response parameter of interest may be used for design.

fAM VA AP e
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1618.10.3 Nonlinear time-history analysis. Nonlinear Time History Analysis

: : : . . Procedure in IBC 2000
1618.10.3.1 Nonlinear time history. Time histories

shall be developed and results determined in accor-
dance with the requirements of Section 1618.10.1.
Capacities and characteristics of nonlinear elements
shall be modeled consistent with test data or substanti-
ated analysis, considering the importance factor. The
responses shall not be reduced by R// . The maximum
inelastic response displacement shall comply with
Table 1617.3. Strength design shall be used to deter-
mine member capacities.

1618.10.3.2 Design review. When nonlinear time-his- L . :
tory analysis is used to justify a structural design, a I. Reviewing the development of  site-specific

design review of the lateral-force-resisting system shall spectra and ground-motion time histories.

be performed by an independent team of registered 5 Reyjewing the preliminary design of the lateral-
design professionals in the appropriate disciplines and force-resisting svstem

others experienced in seismic analysis methods. The &Y '
seismic-force-resisting system design review shall 3. Reviewing the final design of the lateral-force-

include, but not be limited to, the following: resisting system and all supporting analyses.

MM VA PAS s
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Selection and Modification of Ground Motions for the LRHA

Will be discussed in-detail in Lecture 6

FAPAA,
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Combining Responses for Member Design
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Applying Wind Loads

At least 3 basic Wind Load Cases should be considered
» Along X-Direction
« Along Y Direction
« Along Diagonal
« Each Basic Wind Load Case should be entered separately into load combinations twice,
once with (+ve) and once with (-ve) sign

» Total of 6 Wind Load Cases should considered in Combinations, but only 3 Load Cases

need to be defined and analyzed

MM VA PAS s
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Applying Wind Loads

e Atleast 3 Basic Load Case for Wind Load should

be considered

» Diagonal wind load may be critical for special

types and layouts of buildings
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Wind Load Combinations

Combl Comb2 Comb3 Comb4 Comb5 Comb6

Example: * (f) Is the load factor specified for Wind in
Comb = 0.75(1.4D + 1.7W) will need Six Actual Combinations the design codes

Comb1=0.75(1.4D + 1.7Wx) : . .

Comb2 = 0.75(1.4D - 1.7Wx)  Six Additional Load Combinations are
Comb3 = 0.75(1.4D + 1.7Wy) required where ever “Wind” is mentioned
Comb4 = 0.75(1.4D - 1.7Wy) In the basic Load Combinations

Comb5 = 0.75(1.4D + 1.7Wxy)
Comb6 = 0.75(1.4D - 1.7Wxy)

v
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Obtaining Envelop Results

Comb1 Comb2 Comb3 CombN

Load Case -1
Load Case - 2
Load Case - 3 Envelope Results
Load Case - M Vi .
ax,
Total P1 P2 P3 PN —'{ Min, P

S, VAN VAN
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Can Envelop Results be Used

Actions Interact with each other, effecting the stresses

* For Column Design: P, Mx, My

« For Beam Design: Mx, Vy, Tz

« For Slabs: Mx, My, Mxy

« At least 3 Actions from each combination must be considered
together as set

» Therefore, Envelop Results Can Not be Used

« Every Load Combinations must be used for design with

complete “Action Set”

Performance-based Seismic Design of Buildings — Semester: Spring 2020 (Fawad A. Najam)
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Design Actions For Static Loads

 For static loads, Design Actions are obtained as Combinations

oot "
the cumulative result from each load PG(\O“ 3
combination, as set for all interacting actions 8
o
5,
3
» The final or critical results from design of all load
combinations are adopted
Design
Actions
Obtained as
set fromall
Combinations

S, VAN VAN
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Static, Dynamic and Nonlinear Results

« For a Single Action:

Static Load Case

Response Spectrum Load Case

1 for each Time Step
Time History Load Case OR 1 for envelop

1 for each Load Step

Static Non-linear Load Case OR 1 for Envelop

Load
Combination
Table

—

v
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Response Spectrum Case

All response spectrum cases are assumed to be earthquake load cases

The output from a response spectrum is all positive.

Design load combination that includes a response spectrum load case is checked for all possible

combinations of signs (+, -) on the response spectrum values

A 3D element will have eight possible combinations of P, M2 and M3 and eight combinations for M3, V, T

MM VA PAS s
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Response Spectrum Results

» Design Actions needed for Columns:

Maximum Results obtained by:

+P, +Mx, +My
+P, +MXx, -My
+P, -Mx, +My
+P, -Mx, -My

SRSS, CQC, etc. =)

P, Mx, My>

-P, +Mx, +My
-P, +Mx, -My
-P, -Mx, +My
-P, -Mx, -My

\

Load Combination Table

!
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Time History Analysis Results

« Response Curve for One Action

Option - 2:
Design For All Values
(At each time step)

A

T (sec),

—— Max Val

Option - 1:
Envelope Design

Vi
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Time-History Results

« The default design load combinations do not include any time history results

« Define the load combination, to include time history forces in a design load combination

« Can perform design for each step of Time History or design for envelops for those results

« For envelope design, the design is for the maximum of each response quantity (axial load, moment,
etc.) as if they occurred simultaneously.

« Designing for each step of a time history gives correct correspondence between different response

guantities

S, v PAS s
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Time History Results

« The program gets a maximum and a minimum value for each response quantity from the envelope
results for a time history

« For a design load combination any load combination that includes a time history load case in itis
checked for all possible combinations of maximum and minimum time history design values.

« If a single design load combination has more than one time history case in it, that design load
combination is designed for the envelopes of the time histories, regardless of what is specified for

the Time History Design item in the preferences.

S, v PAS s
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Static Non Linear Results

» The default design load combinations do not include any Static Nonlinear results
» Define the load combination, to include Static Nonlinear Results in a design load combination

» For a single static nonlinear load case the design is performed for each step of the static nonlinear

analysis.

S, VAN VAN
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The Result Combination

» The Result combination does not consider the interaction of Earthquake, Wind, Vibration and Fire.

» That would be really complex and probably not realistic scenario.

FAPAA,
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The ELF and RSA Procedures as
prescribed in ASCE 7-16

Software Demonstration

ETABS v2016




Thank you




