Seismic Hazard Assessment

-4

[{{d1M}))

oA

Part 2: Introduction to Probabilistic Seismic Hazard Analysis (PSHA)

Dr. Fawad A. Najam

Department of Structural Engineering

NUST Institute of Civil Engineering (NICE)

National University of Sciences and Technology (NUST)
H-12 Islamabad, Pakistan

Cell: 92-334-5192533, Email: fawad@nice.nust.edu.pk

Prof. Dr. Pennung Warnitchai

Head, Department of Civil and Infrastructure Engineering
School of Engineering and Technology (SET)

Asian Institute of Technology (AIT)

Bangkok, Thailand




Probabilistic Seismic Hazard Assessment (PSHA)

-NVWWWWWMMMWWMW«*W% -

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



Probabilistic Seismic Hazard Assessment (PSHA)

» Probabilities are useful in characterizing seismic hazard since earthquakes and their effects are random

phenomena.

* Probabilistic seismic hazard analysis(PSHA) takes into account the seismic potential of the seismic
sources, the random nature of earthquake occurrences, the random nature of the ground motion
produced by these earthquakes, the damage potential of these ground motions, and the uncertainties

involved at all levels of the process.

 Prior to the widespread use of PSHA for assessing earthquake hazards, Deterministic methods (DSHA)

dominated such assessments.
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Probabilistic Seismic Hazard Analysis

The analytical approach of PSHA was first developed by C.A. Cornell in 1968.

It was used by S.T. Algermissen et.al. (USGS) for developing a probabilistic seismic hazard
map of US in 1976.

The map was later on used as a basis for developing the US seismic zone map in the Uniform
Building Code (US) in 1988.

The analysis procedure is currently widely accepted and used all over the world.
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Figure 47. Probabilistic ground acceleration map of the conterminous United States, 50 year exposure time, 10
percent chance of exceedance, contours are percent of g (Algermissen and Perkins, 1976, Ref. 169).
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FIGURE 16-2—SEISMIC ZONE MAP OF THE UNITED STATES
For areas outside of the United States, see Appendix Chapter 16.
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Global Seismic Hazard Map

G LOBAL SEISMIC HAZARDASSESSMENT PROGRAM

http://seismo.ethz.ch/gshap/
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Key Assumptions in Calculating Probabilistic Ground Motions

1)
2)

3)

4)

5)

Earthquakes occur within the defined seismic source zones or along the defined active faults.

Within each defined seismic source zone (or active fault), earthquakes occur randomly at any
location with an equal chance (probability).

Within each defined seismic source zone (or active fault), earthquakes randomly occur in time,
in which the average rate of occurrence is defined by its magnitude-recurrence relation. This
random occurrence in time is modeled as a Possion process.

The occurrence of an earthquake is statistically independent of the occurrence of other
earthquakes.

In any earthquake event, the ground motion parameter (e.g. PGA, SA) at the site of interest can
be estimated from the earthquake magnitude, source-to-site distance, and other earthquake
parameters by using the selected attenuation relationship.
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PSHA Procedure - Objective Study Area
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PSHA Procedure

v’ Selection of site(s)

v Identification of all critical tectonic features (e.g. active faults, seismic source zones) likely to

generate significant earthquakes—seismic sources
v’ Defining the seismicity of these seismic sources

v’ Selection of a suitable attenuation relationship—an equation that estimates ground-motion

parameters from earthquake magnitude and source-to-site distance for various site conditions

v'Computation of the ground motion parameters at the site.
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Step 1: Identification of all Seismic Sources



Step 1: Sources

ldentification of Seismic Sources

 Where active faults have been identified and mapped, they become the sources of future
earthquakes.

* Where specific faults have not been identified or their characteristics are not well understood, it is
common to define ‘seismic source zone’.

« Within the seismic source zone, earthquakes are typically modeled either as a single point of
energy release (a point source) or as a rupture on a fault (a finite-size source) with a random
location or orientation.

 In such cases, the challenge of the analyst is to identify source zones in which the seismicity is
relatively uniform.

« Even in areas where faults are well defined, a source zone may be needed to model the random
occurrence of small and moderate earthquakes (M < 6.5)—background seismicity.
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Sejsmic Source Zones  withix the ULS.

FiGure 4.—Seismic source zones within the conterminous United States (from Algermissen and Perkins, 1976). Zone numbers correspond to
: those in table 4.
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Step 1: Sources
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Major tectonics in Pakistan

(courtesy: Geological Survey of

Pakistan).




Location of Earthquakes (with Magnitude greater
than 5) in Pakistan (1900 — 2017)
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Step 1: Sources
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Step 1: Sources
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Potential seismic sources in Continental Asia, more than twenty
seismic sources in Pakistan (boundary shown in red color)
(modified from GSHAP).
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Seventeen seismic sources in Pakistan and
surrounding area (NESPAK 2007)

Source: Zaman S. (2016) Probabilistic Seismic Hazard Assessment and
Site-Amplification Mapping for Pakistan
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Step 1: Sources

Area Sources of Pakistan

Shallow Area Sources (23) Deep Area Sources (5)
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Step 2: Quantifying the Seismicity Rate of Sources (The
Development of Magnitude-Recurrence Relationships for All

Sources)



Step 2: Recurrence

Defining the Seismicity of Seismic Sources

One commonly used parameter for defining the seismicity:

The rate of occurrence of earthquakes larger than some lower-bound magnitude m, = v
* m, Is defined as the smallest earthquake expected to produce damage.
* Typically m, =4.0

* In traditional applications of PSHA, v is simply estimated from the historical rate of occurrence of

earthquakes exceeding m,
« The estimate requires historical and instrumental records of earthquakes

» Another relatively new technigue—paleoseismic investigation—has been successful in

providing information on prehistoric fault movements and seismicity of active faults.
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1998-08-27 09:03:36 64 39.5762 77.3403 33 SOUTHERN XINJIANG, CHINA

Step 2: Recurrence

www.structurespro.info/pegmd/
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Instrumental earthquake data of Myanmar, Thailand and Indonesia

SOURCE YEAR MO DA HR MN SEC LAT LONG DEPTH ———————-MAGNITUDES————————- INT
’ (XKM) BODY SUR OTHER LOCAL MAX S.D. OBS.

¥ 1G5 1978 12 21 22 36 13.2.023.1738 096.196E 033 4.4 MB 0.5 s 008
* 2 ISC 1978 12212236 16 022.9 N 095.8 E 032 4.2 MB

BKK 1978 12 25 08 58 24.22017.24 N 096.45 E 010 . “BB L 0.56s 003

GS 1978 12 29 08 53 21.T 023.559N 092.970E 033 4.8 MB 4.0S 1.4 s 038
* 1G5 1978 12 30 23 33 21.9 024.458N 093.918E 033 4.6 MB 1.0 s 008
* 2 ISC 1978 12 30 23 33 23.1 024.81 N 094.17 E 033 4.5 MB 015
* 3 NAO 1978 12 30 23 33 14 023.0 N 094.0 E 4.1 MB
* 4 HFS 1978 12 30 23 33 21 025.0 N 094.0 E 5.0 MB :
* 163 1979 O1 01 18 51 10.8 020.898N 093.752E 062 5.3 MB 0.9 s 166
* 2 ISC 1979 01 01 18 51 10.9 020.8% N 093.69 E 061 5.3 MB 4.7S 236
* 3 MOS 1979 01 01 18 51 5.6 020.62 N 093.76 E 033 5.5 MB 4.6S
* 4 PEK 1979 01 01 18 51 13 020.8 N 093.8 E 050 5.0S

ISC 1979 01 09 02 39 56 C24.96 N 092.5 E 064 4.3 MB 012

BKK 1979 01 09 17 45 50.1 019.02 N 097.29 E 010 3.5 L 0.40s 003
* 1GS 1979 01 09 23 28 44.3 020.914N 101.770E 033 4.8 MB 1.0 s 020
¥ 2 ISC 1979 01 09 23 28 44.5 020.97 N 101.77T E 033 4.7 MB 030
* 1 GS 1979 01 09 23 33 44.6 020.966N 102.017E 033 4.9 MB L.7S 1.4's 040
* 2 ISC 1979 01 09 23 33 4l 8 021.05 N 102.03 E 033 4.8 MB 4.7S 056
* 3 MOS 1979 ©0O1 09 23 33 0.0 021.0t N 102.05 E 001 4.9 MB 4 .88
* 1 BKK 1979 O01 13 06 41 20.8 021.08 N 102.90 E 018 4.5 L 1.71s 003
* 2 ISC 1979 01 13 06 41 28.5 021.34 N 102.39 E. 000 : 005
* 3 PEK 1979 01 13 06 41 26 021.2 N 103.0 E 4,48

BKK 1979 01 14 12 38 47.6 022.48 N 100.68 E 009 4y 4L 0.85s 003

BKK 1979 01 18 01 40 28.3 014.36-N 096.56 E 010 3.7 L 1.59s 003
* 165 1979 ©O1 20 17 06 50.5 015.847N 096.262E 033 4.1 MB 0.9 s 008
* 2 ISC 1979 01 20 17 06 48.8 016.1 N 096.08 E 033 4.1 MB 011

BKK 1979 O1 20 21 40 31.2 020.79 N 102.05 E 016 / 3.8 1L 1.18s 003

BKK 1979 01 20 21 52 44.9 020.80 N 101.91 E 007 3.6 L 0.31s 003

BKK 1979 01 21 17 19 54.2 £*8.05 N 096.25 E 008 4.1 L 0.87s 003



Step 2: Recurrence

Investigation of Active Faults: Fault Trenching in Taiwan
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: Recurrence

Compressional stress «=———
(b) Thrust or reverse fault (compression)




Fault Trenching in Kanchanaburi, Thailand

Step 2: Recurrence
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Step 2: Recurrence

1 The probability of having an
1 earthquake with M = 6 in next
| 1year=280%

1 The probability of having an

1 earthquake with M > 6 in next
1 1 year =88%

| = Probability of Exceedance

Fig. 5.5. Mean annual frequency distribution of world earth-

e.g. the rate of occurrence of an earthquake with M > 6

. having magnitudes lying between M and M + dM.
in one year = 0.88

quakes, 1904-1946; ndM is the mean annual number of shocks



Step 2: Recurrence

Magnitude-Recurrence Relationship

* The most commonly used equation (model) to describe the occurrence of earthquakes is the
well-known Gutenberg-Richter relationship:

Log,oN(m) = a- b.m

where

N(m) is the average number per year of earthquakes having magnitudes greater than m.

a and b are constants; they are conventionally obtained from an appropriate statistical analysis of
historical earthquakes.

102 is the average number per year of earthquakes above magnitude zero.

b describes the relative rate of occurrence of different magnitudes. b is typically 1.0 + 0.3.

 The form of this relationship has been verified from observations of seismicity
throughout the world.
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AR ] Step 2: Recurrence
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Fig. 5.5. Mean annual frequency distribution of world earth-
quakes, 1904-1946; ndM is the mean annual number of shocks
having magnitudes lying between M and M + dM.



Recurrence Models and Seismicity Parameters

The Seismicity Parameters (Recurrence Rates) are calculated by Gutenberg-Richter Law (1974)
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Step 2: Recurrence

10 L ¥ ¥ L I T |

Fault Sources

« For some faults, the occurrence rate of large

[,
<

earthquakes deviates from that predicted by

Gutenberg-Richter relationship.

o
b

« For these faults, a characteristic earthquake

o
L

model Is thought to represent more accurately the

Annual Number of Earthquakes, N (m)
o
o

seismicity of the fault.

4 5 6 7 8
Magnitude, m

FIGURE 8.7 Comparison of the exponential
(solid line) and characteristic recurrence (dashed

o
b

line) frequency curves. (From Youngs, R.R. and
Coppersmith, K.J., Bull. Seismol. Soc. Am., 75,
939-964, 1985.)
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Step 3: The Selection of Attenuation Models (or Ground Motion
Prediction Equations, GMPEs)



Step 3: Attenuation/GMPEs

Attenuation Relationships

« The ground motion attenuation relationships provide the means of estimating a strong-
ground-motion parameter of interest from parameters of the earthquake, such as magnitude,

source-to-site distance, fault mechanism, local site conditions, etc.

« Awide variety of empirical ground motion attenuation relationships is available for

application in PSHA.

* The choice of an appropriate relationship is governed by the regional tectonic setting of site of
Interest, whether it is located within a stable continental region, or an active tectonic region,

or whether the site is in proximity to a subduction zone tectonic environment.
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. , Step 3: Attenuation/GMPEs
= R - g
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Earthquake Magnitude 2
Ground Shaking Intensity
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Distance from the Causative Fault
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Tectonic Regions Step 3: Attenuation/GMPEs

Active Tectonic Regions

% Subduction Regio

<

Stable Conti tll; : ’;"'.-....
apie continenta eglons ‘ /

FIGURE 5.6 Geographic distribution of active and stable continental tectonic regions worldwide. (From Johnston,
A.C. 1994. “Seismotectonic Interpretations and Conclusions from the Stable Continental Region Seismicity Database,”
in The Earthquake of Stable Continental Regions, Vol. 1, Assessment of Large Earthquake Potential, Electric Power
Research Institute, Palo Alto, CA, pp. 1-103. With permission.)
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Step 3: Attenuation/GMPEs

Region Tectonic Environment Attenuation Relation

TABLE 5.3 List of Selected Attenuation Relations

Western North America Shallow active crust Abrahamson and Silva [1997]
Boore et al. [1997]
Campbell and Bozorgnia [in press]
Sadigh et al. [1993, 1997]

Eastern North America Shallow stable crust Atkinson and Boore [1995, 1997]
Toro et al. [1997]
Campbell [in press]

Europe Shallow active crust Ambraseys et al. [1996]

Shallow stable crust Dahle et al. [1990]
Japan All types undivided Molas and Yamazaki [1995, 1996]
Worldwide Shallow extended crust  Spudich et al. [1999]

Subduction interface Youngs et al. [1997]

Subduction intraslab Youngs et al. [1997]
Subduction undivided Crouse [1991a, 1991b]
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Step 3: Attenuation/GMPEs

Attenuation Relationships

Ground motion attenuation is often represented by the form:

where

w T 1 <

&

Log,,Y = ¢; +¢c,,M +c;.log,,R +Cc,.R+ Co.F + .5 + ¢

IS
IS
IS
IS
IS

IS

the ground motion parameter of interest (i.e. PGA, PGV, SA, SD)
earthquake magnitude

source-to-site distance

the faulting mechanism of the earthquake

a description of the local site conditions

a random error term with a mean of zero and a standard deviation of s (a

Gaussian probability distribution); this term describes the variability in ground motion.
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: Step 3: Attenuation/GMPEs

|

Peak Horizontal Acceleration (gl

Campbell {1981a) \M
_ . a
| ——— Joyner and Boore {1981} M=55 |
DE” | I 1 1 1 111 | | 1 [ |
1 10 100

Distance (km)

FIGURE 7.4 Median (50th percentile) estimates for peak horizontal acceleration from
Campbell (1981a} and Joyner and Boore (1981). Joyner and Boore {1981) estimates of the
maximum horizontal component have been reduced by 12% so that they may be com-

pared with the (Campbell 1981a) estimates of the mean horizontal component {after
Campbell 1981a).



Step 3: Attenuation/GMPEs

Random Error of Attenuation Model

2 —
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Step 3: Attenuation/GMPEs

Station

Source-to-Site Distance

) /1
Epicenter
i
High Stress
/ Zone

Surface of
fault slippage

Hypocenter

FIGURE 7.2 Schematic illustration of methods of distance measurement used in the
determination ol the distance value to be associated with a ground motion observation,
M1 is the hypocentral distance (focal depth is h), M2 is the epicentral distance, M3 is the
distance to the center of high-energy release (or high localized stress drop), M4 is the
closest distance to the slipped fault, in this case, the fault rupture does not extend to the
surface, and M5 is the closest distance to the surface projection of the fault rupture (after
Shakal and Bernreuter 1931},



Step 3: Attenuation/GMPEs

TABLE 5.5 Faulting Mechanism Categories and Related Rake Angles for Selected Attenuation

Faulting Mechanism

Relations
Attenuation Relation Category F Rake Angle (A)

Abrahamson and Silva [1997] Strike slip 0 0-30°, 150-210°, 330-360°
Normal 0 210-330°
Reverse-oblique 0.5 30-60°, 120-150°
Reverse 1.0 60° to 120°

Boore et al. [1997] Strike slip — 0-30°, 150-210°, 330-360°
Normal — 210-330°
Unknown — Unknown or random
Reverse — 30-150°

Campbell and Bozorgnia [in press]  Strike slip 0 (0—22.5°, 177.5-202.5°, 337.5-360°
Normal 0 202.5-337.5°
Reverse (Fpy =1) 1.0 22.5-157.5° (8 > 45°)
Thrust (Fpy =1) 1.0 22.5-157.5° (0 <45°)

Sadigh et al. [1993, 1997 ] Strike slip 0 0-45°, 135-225°, 315-360°
Normal 0 225-315°
Reverse 1.0 45-135°

Spudich et al. [1999] Strike slip — 0-45°, 135-225°, 315-360°
Normal — 225-315°

Note: Unless otherwise indicated, an unknown or random faulting mechanism is given by F = 0.5,
Fry=0.25, and Fp; = 0.25.



Step 3: Attenuation/GMPEs

Slip Terminology

Rake: The slip direction of Slip amount
the hangingwall block mea- A. Net-slip: The total slip
sured in the fault plane and  on the fault.

from the dip-vector. B. Dip-slip: The dip-
parallel slip component.

Rake C. Strike-slip: The strike-
\ parallel slip component.
D. Vertical throw: The
C E vertical component of the
net-slip.
E E. Horizontal throw: The
total horizontal compo-

S B A D nent of the net slip.
Ootyw, F. Heave, Stratigraphic
al| . .
heave: The apparent hori-
zontal component of the

\ Hangingwall | net-siip.

Source: https://www.naturalfractures.com/
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Step 3: Attenuation/GMPEs

Local Site Conditions

TABLES5.2 Definition of Building-Code Site Classes

30-m Velocity, Vg, (m/sec)

Site Class Soil Profile Name Range Average
A Hard rock >1,500 1890
B Rock 760-1500 1130
BC BC boundary 555-1000 760
C Very dense soil and soft rock 360-760 560
CD CD boundary 270-555 360
D Stiff soil 180-360 270
DE DE boundary 90-270 180
E Soft soil <180 150

Source: Adapted from Wills, C.]J. et al. 2000. “A Site-Conditions Map for Califor-

nia Based on Geology and Shear-Wave Velocity,” Bull. Seismol. Soc. Am., 90,
S187-5208. With permission.
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Step 3: Attenuation/GMPEs

Attenuation Relationships

Log,,Y = ¢; +¢,,M +c;.log,,R +Cc,.R+ Co.F + C..5 + ¢

Coefficients ¢, c,, c5, C,, Cs, and c, are normally determined by fitting the equation to
actual ground motion data (applying statistical regression analyses).

The term c,.Log,, R represents the geometric attenuation of the seismic wave front as
It propagates away from the earthquake source.

The term c,.R represents the anelastic attenuation that results from the material
damping and scattering as the seismic waves propagate through the crust.
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Step 3: Attenuation/GMPEs

Ground motion database used for developing an attenuation relationship
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FIGURE 5.1 Example PGA attenuation relation (top) and its associated database (bottom). Uncorrected recordings
are analog or digital acceleration time histories that have not been processed and, therefore, can provide only estimates
of PGA. Corrected recordings are acceleration times histories that have been processed to derive velocity and
displacement time histories, response spectra, and Fourier amplitude spectra. (From Campbell, K.W. and Bozorgnia,
Y. 1999. “Vertical Ground Motion: Characteristics, Relationship with Horizontal Component, and Building-Code
Implications,” in Proc. SMIP99 Seminar on Utilization of Strong-Motion Data, M. Huang, Ed., Sept. 15, San Francisco,
pp- 23—49. California Strong Motion Instrumentation Program, Sacramento. With permission.)



Step 3: Attenuation/GMPEs

Coefficients of an attenuation relationship

TABLES5.11 Coethcients for Sadigh et al. Rock Attenuation Relation: Horizontal Component

T, (s) 5] Gy Gy €y G5 Cg G Ca Gy €10 o €13 (SE C1a
M,<65
PGA 0.182 —0.624 1.0 0 —2.100 0 3.6564 0.250 0 1.39 0.14 0.38 0 7.21
0.05 0.182 —0.090 1.0 0.006 —2.128 —0.082 J.e564 0.250 0 1.39 0.14 0.38 0 7.21
0.07 0.182 0.110 1.0 0.006 —2.128 —0.082 3.6564 0.250 0 1.40 0.14 0.39 0 7.21
0.09 0.182 0.212 1.0 0.006 —2.140 —0.052 J.e564 0.250 0 1.40 0.14 0.39 0 7.21
0.10 0.182 0.275 1.0 0.006 —2.148 —0.041 3.6564 0.250 0 1.41 0.14 0.40 0 7.21
0.12 0.182 0.348 1.0 0.005 —2.162 —0.014 J.e564 0.250 0 1.41 0.14 0.40 0 7.21
0.14 0.182 0.307 1.0 0.004 —2.144 0 3.6564 0.250 0 1.42 0.14 0.41 0 7.21
0.15 0.182 0.285 1.0 0.002 —2.130 0 J.e564 0.250 0 1.42 0.14 0.41 0 7.21
0.17 0.182 0.239 1.0 0 —2.110 0 3.6564 0.250 0 1.42 0.14 0.41 0 7.21
0.20 0.182 0.153 1.0 —0.004 —2.080 0 J.e564 0.250 0 1.43 0.14 0.42 0 7.21
0.24 0.182 0.060 1.0 —0.011 —2.053 0 3.6564 0.250 0 1.44 0.14 0.43 0 7.21
0.30 0.182 —0.057 1.0 —0.017 —2.028 0 36564 0.250 0 1.45 0.14 0.44 0 7.21
0.40 0.182 —0.298 1.0 —0.028 —1.990 0 3.6564 0.250 0 1.48 0.14 0.47 0 7.21
0.50 0.182 —0.588 1.0 —0.040 —1.945 0 36564 0.250 0 1.50 0.14 0.49 0 7.21
0.75 0.182 —1.208 1.0 —0.050 —1.865 0 3.6564 0.250 0 1.52 0.14 0.51 0 7.21
1.0 0.182 —1.705 1.0 —0.055 —1.800 0 36564 0.250 0 1.53 0.14 0.52 0 7.21
1.5 0.182 —2.407 1.0 —0.065 —1.725 0 36504 0.250 0 1.53 0.14 0.52 0 7.21
2.0 0.182 —2.945 1.0 —0.070 —1.670 0 3.6564 0.250 0 1.53 0.14 0.52 0 7.21
3.0 0.182 —3.700 1.0 —0.080 —1.610 0 J.e564 0.250 0 1.53 0.14 0.52 0 7.21
4.0 0.182 —4.230 1.0 —0.100 —1.570 0 3.6564 0.250 0 1.53 0.14 0.52 0 7.21
5.0 0.182 —4.714 1.0 —0.100 —1.540 0 J.e564 0.250 0 1.53 0.14 0.52 0 7.21
7.5 0.182 —5.530 1.0 —0.110 —1.510 0 3.6564 0.250 0 1.53 0.14 0.52 0 7.21
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Attenuation
Relationships

Step 3: Attenuation/GMPEs
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Step 4: The Development of Hazard Curves for the Sites
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Thank you for your attention
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