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Could this happen in Canada?

16-story building
Collapsed by seismic shakin
Yuanlinaiwan, 1999 .
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How to divide the problem?

| [ PR |

C NMd4did
(Nature’s contribution)

+
Seismic Vulnerability

(Humanity’s contribution through construction)

Seismic Risk
(Capability of causing victims and damage)

Instructor: Dr. C.E. Ventura

Definitions

» Seismic Hazard - A physical effect
associated with an earthquake, such as
ground shaking, that MAY produce
adverse effects.

» Seismic Risk - The probability that
consequences of an earthquake, such as
structural damage, will equal or exceed
specified values in a specified period of
time.
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Seismic Hazard
Shaking irrespective of consequence

Seismic Risk
Hazard * Exposure

hazard * _exposure = risk
Baffin Island high low low
Vancouver high high high
Toronto low high moderate
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Global Seismotectonics

Earthquake Basics
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| Introduction — Plate Tectonics

= The Earth is characterized by a small number of lithospheric plates that float on a
viscous underlayer called the asthenosphere.

= Geological evidence shows that plates undergo constant, gradual change. Magma
is continually upwelling at the mid-oceanic ridges and rises as the seafloor spreads
apart.

= [In some areas, large sections of plates are forced to move beneath other plates
(surface layers of rocks are absorbed into the earth’s interior). These areas are called
subduction zones.

U A plate being subducted beneath another

Instructor: Dr. C.E. Ventura
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Seismicity of Canada
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\Tectonic Plates & Earthquakes

* Majority of the world’s earthquakes occur
near tectonic plate boundaries, but

» Earthquakes also occur within the interior
of tectonic plates

— Different types of faults can exist within
plates, depending on tectonic stress regime

@ Seismic Design of Multistorey Concrete Structures
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Average Annual Global Frequency of EQs

Descriptor | Magnitude |Average Annually

Great |8 and higher 17
Major 7-739 7=
Strong 6.60 1342 Globally, Each Year:
~100,000 earthquakes can be felt
Moderate 5-59 1319% ~100 cause damage
. 13,000
Light 4-49 {estimated)
) 120,000 Source:
Minor S (estimated) USGS, 2005

1,300,000

[estimated)

Wery Minor 2-29

"Based on observations since 1900.
2Based on onservations since 1980,
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\ Earthquake Distribution

* The global distribution of earthquakes is
highly variable; most of the world’s
earthquakes occur within a small portion
of its surface area.

* The rate of earthquake activity in different
regions varies widely.
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Types of Faults

Normal
- Faclt
left -
lateral |

Reverse
Fault

Bl

<

Blind
2| Most earthquakes do not result Thrust
in surface rupture along the fault Fault
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Strike-slip Fault Example
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Normal Fault Example
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Thrust Fault Example
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Earthquake Effects - Ground Shaking
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\Earthquke Effects - Surface Faulting

Landers, CA 1992

--%gﬁl?*.
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Fault Rupture Displacements - Example

2.1m
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Earthquake Effects - Liquefaction

Y] [V] (4] [T [

Source: National Geophysical Data Center

Niigata, Japan 1964
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Turnnagin Heights,Alaska,1964
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Earthquake Effects - Fires

-y

Loma Prieta, CA 1989

Instructor: Dr. C.E. Ventura

KGO-TV News ABC-7
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Earthquake Effects - Tsunami

Instructor: Dr. C.E. Ventura
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\ Earthquake Terminology

7, s Seismic Design of Multistorey Concrete Structures
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Earthquake Magnitude

Magnitude (M):
A measure of the energy released by an
earthquake

« Typically defined by “Richter Magnitude”
(preferably “Moment Magnitude, M,,”)

* An increase of one unit of magnitude is
equivalent to a 32X increase in released
energy

g Seismic Design of Multistorey Concrete Structures
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Ground Motion Intensity

Intensity:

A measure of the shaking level
experienced due to an earthquake

* In general, intensity decreases as
distance from the epicentre increases

* Qualitatively defined by “Modified Mercalli
Intensity” or similar scales

@ Seismic Design of Multistorey Concrete Structures
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Intensity, PGAs and Effects

Modified
Mercalli |Peak Ground
Intensity | Acceleration Typical Effects
I Not felt
Il Felt by few
1 Light shaking
v 0.02g Windows rattle
Vv 0.04g Sleepers awakened
Vi 0.07g Small objects fall off shelves
Vil 0.15g Masonry damaged
Vil 0.30g Chimneys fall
IX 0.50g Substantial building damage
X 0.60g Many structures heavily damaged
Xl Many structures destroyed
Xl Total damage
@ Seismic Design of Multistorey Concrete Structures
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Cascadia Region
Tectonic Setting
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Cascadia Region Tectonic Setting

The Cascadiaregion is one of the more
tectonically complex regions in the world.

 Southwest B.C. is situated over an active
subduction zone

 West of the subduction zone is a
divergent plate boundary

 Northwest B.C. is situated adjacent to a
transform plate boundary

” E Seismic Design of Multistorey Concrete Structures
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Cascadia Subduction Zone - Section

UPWELLING DOWNWELLING
HOTMANTLE COLDMANTLE
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Factors Relevant to
Estimation of
Ground Motion Intensity
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Estimating Ground Motion Intensity

« Ground motion intensity is typically
estimated with empirical attenuation
relationships that predict peak ground
motions

» Ground motion intensity is a function of:
— Earthquake source effects
— Travel path effects
— Local site effects

7, @ Seismic Design of Multistorey Concrete Structures
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Seismic Hazard

soil

Source 1

Shaking at site depends on:
* proximity of sources e?
« return period o
* path
* site conditions

E Seismic Design of Multistorey Concrete Structures
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Seismic Hazard

Site conditions can have
significant effect on response.

7, E Seismic Design of Multistorey Concrete Structures
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Source Effects

Earthquake source effects include:
* Magnitude (M)

* Type of fault (F)

* Fault stress conditions

» Nature of rupture propagation

@ Seismic Design of Multistorey Concrete Structures
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Travel Path Effects

Travel path effects include:
» Distance (D)
» Geology

» Location of site relative to fault (in line
with fault or perpendicular to fault)

7, @ Seismic Design of Multistorey Concrete Structures
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Site Effects

Local site effects include:
Local geology (rock or soil)
Surface topography

Subsurface bedrock topography (basin
effects)

Near-fault effects if close to epicentre

” @ Seismic Design of Multistorey Concrete Structures
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Ground Motion
Attenuation
Relationships

7, @ Seismic Design of Multistorey Concrete Structures
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Estimating Ground Motions

 Empirical attenuation relationships typically:

— Predict PGA and Sa (spectral accelerations) at
various vibration periods

— Consider some source effects (M, F), some travel
path effects (D) and some local site effects (basic
ground condition - e.g. rock or soil)

— Do not account for other effects

—Include factors to describe uncertainty in
predictions

@ Seismic Design of Multistorey Concrete Structures
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General Attenuation Relationship Form

In(y) = f{(M, D, F, ¢)

y = PGA or Sa
M = Magnitude
D = Distance

F = Fault Type Factor
& = Uncertainty Term

7, E Seismic Design of Multistorey Concrete Structures
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No, 41

Typical Empirical Attenuation Relationships

In(y) =C, +C,M +C,(85— M)*°
+C, In(D + exp(C; + CsM))
+C,In(D+2)+F+¢

o=Cs—CoeM
y = PGA or Sa(0.03s, 0.07s,... 4.0s)
M = Magnitude (M,,)

D = Distance
F = Fault Type Factor

Instructor: Dr. C.E. Ventura

&= Uncertainty Term (¢=0 = 50th %ile ; e=1 = 84th %ile)

C, = Constants
Ref. Sadigh et al, 1997
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Distance Measures

Station

Epicenter

&<- High stress zone

Surface of fault slippage

Hypocenter

Instructor: Dr. C.E. Ventura

M1 = Hypocentral
M2 = Epicentral

M3 = Dist. To Centre
of Energy

M4 = Closest Distance
To Fault

M5 = Dist. To Surface
Projection of Fault

g Seismic Design of Multistorey Concrete Structures
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Attenuation & Magnitude Effects

Instructor: Dr. C.E. Ventura

PGA Attenuation With Distance
1
@ M7
g 0.1 =M6
ot M5
\
Same PGA for \
various M/D combinations
0.01 ¥
1 10 100
Distance (km)
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0.7
0.6
0.5
0.4
0.3
0.2
0.1

Instructor: Dr. C.E. Ventura

Spectral Attenuation Relationships

M7 at 20 km

~«— Peak at 0.2 sec

- Strike Slip|

=== Thrust

Spectral Acceleration (g)

0.01

01 1 10
Period (s)
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Attenuation in Cascadia Region

Seismic Design of Multistorey Concrete Structures

Different types of attenuation relationships are
required for:

e Crustal earthquakes
 Intraplate earthquakes
 Interplate earthquakes

23
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Cascadia Attenuation Relationships

* Crustal earthquakes:
— Boore, Joyner & Fumal (1997)
— Sadigh et al (1997)
— Campbell (1997)................etc.
* Intraplate earthquakes:
— Gregor et al (2002)
* Intraplate/interplate earthquakes:
— Youngs et al (1997)
— Atkinson & Boore (in press)
— Crouse (1991).........ccevunnnn. etc.

g Seismic Design of Multistorey Concrete Structures
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Seismic Hazard
Assessments

g Seismic Design of Multistorey Concrete Structures
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Seismic Hazard Assessments

 Two basic methods:
— Deterministic Seismic Hazard Assessment
(DSHA)
— Probabilistic Seismic Hazard Assessment
(PSHA)

e Elements from both methods are
sometimes combined

7, @ Seismic Design of Multistorey Concrete Structures
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Seismic Hazard Uncertainties

Two types of uncertainty:

» Epistemic Uncertainty - Due to incomplete
knowledge about a phenomena, which
affects our ability to model it

« Aleatory Uncertainty - Inherent
randomness which arises from physical
variability in a natural process

@ Seismic Design of Multistorey Concrete Structures

25



Instructor: Dr. C.E. Ventura

Seismic Hazard Assessments

Probabilistic
Seismic Hazard
Assessments

Seismic Design of Multistorey Concrete Structures
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Probabilistic Seismic Hazard Assessment

A PSHA consists of:

Define source zones (areas or faults) based on historical
seismicity, tectonics and geology

Develop a magnitude-recurrence relationship for each
source zone

Determine an upper limit (M,) for each source zone

Using an appropriate computer program, compute the
probability distribution of ground motion at the site

Select the design value at the appropriate probability
level

Seismic Design of Multistorey Concrete Structures
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Elements of PSHA

£ 8
s ]
Fault A - Uncertainty in 3
8 2 Attenuation g
5 E @
Site T 2 . kS
e nu:) g Mag’r;:iude ? Bes_t
ources 2 < g Estimate
8 M =
=3 2 E
E v + T+
(s} Magnitude (M] Distance Acceleration
STEP 1 STEP 2 STEP 3 STEP 4
Seismogenic Zone Model Recurrence Model Ground Motion Ground Motion
Attenuation Hazard
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PSHA Overview:
Earthquake Recurrence

Earthquake Activity - Seismic Source Zones > Recurrence Relations

g Seismic Design of Multistorey Concrete Structures
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PSHA Overview:
Ground Motion Attenuation

- =Tl -Shaking very frightening
= -Structural damage posslble

|:| . -Shaking frightening to most
¥l -Damage rare

Fault 5 %
Break i

Y |:| v -Felt by all
B i -No damage
Wb 1
) A
A i
Epicentreﬁ giince Rupert BN E =ly -Felt by some
1,
™ Roman numersls refer to intensity of shaking
1949 j-\ an the Modified Mercalli Intensity Scale
M=8.1 < / e
Yancouver % 0 500km

e —_
a

In(y)=C,+C,-M+C,-In(R)+C, - R+ f (source) + f (site)

g Seismic Design of Multistorey Concrete Structures
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PSHA Overview:
Ground Motion & Likelihood

@)=, [[PIA>almr] f (M) frpy (r;m) dr dm

A(@): annual frequency of earthquakes that produce a ground-motion
amplitude A higher than a (PGA, PGV, SA at a given period, MMI, etc).

The summation extends over all source zones, v is the annual rate of
earthquakes with magnitudes higher than a threshold, m,in source i.

fw (M) and fgy,; (r;m): probability density functions on mand r,
respectively.

P [A>a | m,r]: the probability that an earthquake of magnitude m at
distance r produces a ground motion amplitude A at the site that is
greater than a.

g Seismic Design of Multistorey Concrete Structures
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PSHA Overview:
Poisson Probability Model

Annual frequency... Return period... Probability of exceedance...

A(@): Annual frequency of earthquakes that produce a ground-motion
amplitude A higher than a (PGA, PGV, SA at a given period, MMI, etc), OR

A: Annual rate of exceedance

1

Return TR — z
period:
—AX -
pe = 1 —e Probability of at least one event (or exceedance)

occurring in a period of X years (Poisson probability
distribution), OR

Probability of exceedance

@ Seismic Design of Multistorey Concrete Structures
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PSHA Overview:
Poisson Probability Model

How is “2% chance of being exceeded in 50 years”
equivalent to “1 in 2475 ground motion” ?

p,=1-e* —— 002=1-*

Z - 404054 10 —4 per annum

TR = % = 2474 916  years

@ Seismic Design of Multistorey Concrete Structures
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Probabilistic Ground Motion Parameters

Ground motion parameters that can be
derived from a PSHA include:

PGA and Sa hazards (mean, median and
uncertainties)

De-aggregation of hazards by magnitude
and distance (and uncertainty)

Uniform hazard response spectra (UHRS)

Parameters for assisting in time history
selection

7, @ Seismic Design of Multistorey Concrete Structures
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Site-Specific PGA Hazard Curve
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Uniform Hazard Spectrum

The UHS is a representation that plots, for each spectral
period, the spectral amplitude that has a specified
probability of exceedance.

Thus the probability of exceeding a UHS is constant (or
uniform) as a function of period.

The UHS represents a composite of all earthquakes that
contribute to the hazard.

Typically, the short period end of the UHS is attributable
to moderate nearby earthquakes, while the long-period
end reflects the hazard from larger, more distant events.

The UHS may not resemble the response spectrum from
any specific earthquake magnitude and distance.

@ Seismic Design of Multistorey Concrete Structures
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PSHA Overview:
NBCC UHS (GSC OF4459)

Spectral H Model R Model
Par. | 50%ile | 84%ile | 50%ile | 84%ile
Sa(0.1) 0.83 1.7 0.80 1.6
Sa(0.15) | 0.97 1.9 0.95 1.9
Sa(0.2) | 0.96 1.9 0.96 1.9 s
Sa(0.3) | 0.83 1.7 0.84 17 | &
sa(0.4) | 072 | 14 0.74 15 | "
Sa(0.5) 0.65 1.3 0.66 1.3 °
Sa(1.0) 0.30 0.60 0.34 0.68
Sa(2.0) 0.14 0.27 0.18 0.35 S Beriod (e
PGA 0.48 0.96 0.47 0.94
2%-in-50-yr Uniform Hazard Spectrum (UHS) for Vancouver
E Seismic Design of Multistorey Concrete Structures
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UHS for selected Canadian cities for a probability level of
2% in 50 years on firm ground.

(5]
o

-
o

o
o

o
L]

Note:

£ The expected shaking in

D Victoria is eight times stronger
than that in Calgary or
Winnipeg.

eight

Spectral Acceleration, 5% damped (g)
o
o
(4]

Buildin

The UHS for Winnipeg is also
the stable Canada UHS and
represents the floor spectrum
for sites in the lowest seismicity
parts of Canada

0.1 0.2 0.5 1 2
Period (seconds)
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Seismic Criteria for Buildings - Issues

Issues in selecting seismic criteria for buildings:

» Consistent level of protection across the
country is desired

» Based on a standard probabilistic approach;
generally no site specific study is required

 Same ground motion parameters required for
most design cases

» Site-specific importance factor and foundation
factor generally can be readily determined

@ Seismic Design of Multistorey Concrete Structures
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NBCC 2005
Seismic Ground Motion
Provisions

7y ' Seismic Design of Multistorey Concrete Structures

Instructor: Dr. C.E. Ventura

Key Changes from NBCC 1995 to 2005

Seismic Design of Multistorey Concrete Structures
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Change in Probability Level

2.0 PR PRI | 1 1 al 1 1 1
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@l_o_ ---------- :.
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o
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£
3 o
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O 0.2 g S =
= o X
2 S o
o ©
“2 0.1 -
0.05 — g T — g T — g
20 50 100 200 500 1000 2000 5000 10000 20000
1/Probability (years)
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Change in Probability Level

Sa(0.2) hazard curves for Vancouver and Montréal, showing how increasing
the 10% in 50 year median hazard by a factor of two (2x) produces different
increases in safety.

For Vancouver this would give ground motions with a 1/2400 per annum
exceedance probability, but for Montréal the ground motions would have a
1/1600 per annum exceedance probability.

Clearly the same level of safety would not be achieved. Even if different
constants were used for east and west, the geographical variation present
across Canada would preclude achieving a constant level of safety.

As suggested by Heidebrecht (1999), the 2% in 50 year probability level
represents the approximate structural failure rate deemed acceptable, and
so the 2% in 50 year seismic hazard values recommended by CANCEE can
help to achieve a uniform level of safety.

@ Seismic Design of Multistorey Concrete Structures
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“Robust” 2%/50 Year PGA Hazard Map

0 S0 1000 e

Figure 1. Conteur map o12%/50 year seismic hazard prepared

under the “rcbust” methed lor 5% damped P3A 0.2, on lirm ground.
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“Robust” 2%/50 Year 0.2s Sa Hazard Map

Mational B Bing Cocke of Canaca 2005 vales
& Cirningieal Sureey of Caraca, Fednary 2003

Figure & Sa(0.7) for Canads (madian valuss oEjS% Adampad speotral acosleration

for She Claze C amd 3 probabllity of 29/30 years).
OTIDIIIL UEDIYIT Ul IVIUILDLUITY LUIILITLE O ULLUI©D
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“Robust” 2%/50 Year 0.5s Sa Hazard Map
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“Robust” 2%/50 Year 1.0s Sa Hazard Map

Figure 14, Sa{1.0) for Canada [median vahis
aeseleration for Site Class © and a peobability of 2950 yeass),

& of 5% damped spasteal
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‘ “Robust” 2%/50 Year 2.0s Sa Hazard Map

17 g Seismic Design of Multistorey Concrete Structures
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NBCC Design Data Sites (650)

” @ Seismic Design of Multistorey Concrete Structures
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Table 1. Summary of NBCC 2005 design values (median values) and uncertainty (84th percentile) for selected Canadian cities.

Median (50th percentile) robust values B4th percentile robust values
City §,0.2) 5,10.5) S01.00 SA2.0) PGA PGV FA0.2) 5,40.5) 80000 F42.0) PGA PGY
018 R ol R 0.060 R 0ole R L0900 R 0.05TR 03I R 0.29 R 016 R 0.14F 014 R
0.23 R 013 R 0.070 R 0019 R 012 R 0071 R 04l R 034 R 018 R 019 R 018 R
0.30 H 016 H 0.068 H 0021 H 021 H 0095 H 052 H 042 H 022 H 030 H 023 H
Fredericion 039 R 020 R 0,086 H 0.027TH 027 R 012 R 060 R 052 R 027 R 038R 029 R
La Malbaic 23 H 1.2 H o600 H ole H Il H 062 H 38 H il H 18 H 20 H LS H
Québec nse R 0 H ni4 H K H niT R mie B Lo R 075 H 044 H NATR 041 R
Trois-Rivitres 0.64 R 03l R 012 R 043 R 040 R 017 R LI R 07T R 040 R 062 R 0.44 R
Maontréal 069 R 034 R 014 R 0048 R 043 R 018 R 1.2 R D83 R 044 R 063 R 048 R
Otaw o67 R 03 R o4 R M5 R 042 R g R Ll R 0.80 R 042 R 063 R D46 R
Miagara Falls 041 H 020 H 0073 H 0021 H 030 H 013 H 093 H 052 H 025 H 045 H 0.35 H
Toromnto 028 H 004 H 0055 B D016 H 020 H [XCER ] 056 H B35 H 017 H 0.28H 0.32H
Windsor 018 R D087 R 0040 B 0011 R 012 R 0055 1 032R 022 R 011 R 019 R 014 R
Winnipeg IZF 0056 F 0023 F 0006 F 0.0 F 40 F 21F w17 F 0079 F 14 F Il F
Calgary 015 H 0.084 H 0.041 H 0.023 H 0,088 H 0.29H 01T H 0080 H 0.045 H 018 H
Kelowna 0,25 H 017 H 0089 R 0053 R o4 H 0.55H 034 H 018 R o1l R 0.27H
Kamloops 028 H 017 H ol R 060 R o4 H LS5 H 034 H 020 R 02 R 027TH
Prince George 013 H 0080 H 004l R e R 0TI H 026 H ITF OB H OS2 R 14 H
Vancouver 0.96 H 066 R 034 R 018 R 048 H 1.9 H 1.3 R 068 R 0.35 R 0.96 H
Victoria 1.2 H 083 H 038 H 0% R 062 H 25 H L7 H 077 H 037 R 1.2 H
Tofine 12 C 083 C 047 C© 021 C 052 C 23 C L8 C (LR 44 C Lo
Prince Rupert 038 R 025 R 017 R 0096 R 018 R 0.75 R 0.50 R 033 R 019 R 0.36 R
Queen Charlotte City 066 R 063 R 050 R 026 R 036 R 13 R 12 R o R 053 R 071R
Inuvik 0.12 F 0,067 H 0,039 R 0,025 |t 0,060 H 0.21 F 017 F 0079 F 0,050 R 014 F

Nodez The second columa for ench parmmeter indicates which of the four models provides the “robust™ or largest values: C, deterministic Cascadin scemario; F. floor level probabilistic: H, H model
probabilistic: R. R model probatalistic, Peak amd spectml acceleration vadues are in g, and peak velocity in m's. All values are reporied o two significant figures, Peak velocity values ane mot available
for the west, and B4th percentibe valves for 5,(2.00 are not available for the east
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Sample “Robust” Design Data

Table 1

Seismic hazard values intended for the 2005 NBCC "Design Data
for Selected Locations in Canada" table

Notes. Peak and spectral hazard values are determined for an exceedence of 2%/50 years. Values are for "firm
ground" (NBCC 2005 soil class C - average shear wave velocity 360-750 m/s). Median (50th percentile) values are
given in units of g for peak horizontal and 5% damped spectral horizontal acceleration.

Locality LatN Lon W Sa(0.2) Sa(0.5) Sa(l.0) Sa(2.0) PGA
100 Mile House BC 5150 -121.28  0.28 0.17 0.11 0.063 0.14
Abbotsford BC 4910 -122.25  0.92 0.62 0.31 0.17 0.45
Agassiz BC 4923 -121.77  0.67 0.50 0.29 0.16 0.32
Alberni BC 4927 -124.80  0.75 0.55 0.30 0.16 0.35
Ladner BC  49.08 -123.08 1.1 0.73 0.35 0.18 0.54
Langley BC 4910 -122.65 1.1 0.71 0.33 0.17 0.53
New W estminster BC 4922 -122.92 099 0.66 0.33 0.17 0.49
Notth Vancouver BC 4932  -123.07 088 0.61 0.33 0.17 0.44
Richmond BC 4917  -123.10 1.0 0.68 0.34 0.18 0.50
Surrey (88 Ave. & 156 St.) BC 4917 122,78 1.0 0.69 0.33 0.17 0.51
Vancouver BC 4925 123,12 0.94 0.64 0.33 0.17 0.46
Vancouver (Granville & 41 Ave) BC 4923 -123.13 095 0.65 0.34 0.17 0.47
West Vancouver BC 4933 12317  0.88 0.62 0.33 0.17 0.43
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Final remarks

The seismic hazard results generated from the new national model will provide a
more reliable basis for seismic design of new buildings across Canada.

They provide an updated depiction of hazard across Canada, including its
variability with spectral period.

The spectral parameters used will describe the expected shaking better than the
peak motion parameters used in the 1995 NBCC.

Understanding of the new results will be aided by new ways of presenting the
information, such as deaggregation.

More reliable hazard values for future building codes will arise from reducing the
epistemic uncertainty wherever possible
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Additional sources of information:

» Geological Survey of Canada:
— http://www.pgc.nrcan.gc.ca/seismo/table.htm

» US Geological Survey:
— http://earthquake.usgs.gov/

» USGS National Earthquake Information Centre:
— http://neic.usgs.gov/

* Many of the slides presented here were kindly
provided by Mr. Tim Little, P.Eng. of BC Hydro.
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