Selection of Design Earthquake

Background

A structural engineer needs to know the earthquake or earthquake for which a structure must be
designed. Selection of such earthquake is uncertain, and requires considerable judgement.

Deterministic and probabilistic methods are available.

Deterministic method : Based on the earthquake history, maximum probable earthquakes at the
site are estimated considering the magnitudes and using attenuation laws. Then, based on the
engineer’s judge, a design earthquake is chosen.

Specific EQs are considered independently. Design EQ is determined according to the

engineer’s decision.

Probabilistic_ method : regional earthquakes are expressed as the function of occurrence

probability. By using attenuation laws, the occurrence probabilities are transformed to those at
the site. The overall occurrence probability at the site is calculated by summing the regional
probabilities. Then for the design of structures, a level of earthquake is selected.

Design EQ is determined according to the target occurrence probability.

Selection of design earthquakes is based on the following factors:

1. Regional Geologic Setting : ( within 100 to 300 km of the site)

1) tectonic mechanisms

2) geological history

3) description of current geological formation, rock, and soil deposits
4) location of major geological features

5) identification of active faults, type, and history of movement

6) Data on fault activity: average slip, slip per event, recurrence intervals between earthquakes -

2. Seismic History: Complete Documentation of known earthquakes, including the following
information for each:

1) date, time, epicentral location

2) isoseismal map, magnitude

3) focal depth



4) felt area
5) induced effects on surface

6) relevant strong motion recordings

3. Local Geological Setting :

1) complete map of soil and rock formations

2) documentation of local faulting

3) hydrological conditions, water table, underground flow conditions, permeability

characteristics

Concept of Limit States

In strong and frequent earthquake regions, because of the uncertainty associated with
earthquake loadings, and the likelihood of inelastic response under extreme earthquakes, we
generally do not design a structure for a single level of earthquake. Rather, the structure is
designed for several limit states. Under each limit state, its performance must meet specific
criteria.

On the other hand, in moderate and infrequent earthquake regions like Korea, consideration of
collapse limit state is sufficient for ordinary buildings, except for essential buildings and
facilities. This is because the occurrence probability of both strong and weak earthquakes is
very low, and preparation for the weak earthquakes is not required. However, essential and
critical structures are required to function even under strong earthquakes. Thus, multiple design

criteria are required.
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For nonseismic loading, limit states are classiﬁedvby the level of load.

For seismic loading, limit states are classified by the level of deformation.
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Performance levels are different according to the importance of the structure and its function.

Life safety limit state and Collapse Limit State :

This is based on the largest reasonably conceivable earthquake that is possible along recognized

active faults. The largest conceivable earthquake should be based on geological evidence, rather

than just historical data. Little consideration is given to probability of occurrence. The structure

is expected to resist this ground motion without collapse. Inelastic response is possible in most

cases.

Damage Limit State (immediate occupancy limit state):

During the life of the structure, it is possible that it might be subject to an earthquake which

would not cause collapse, but which might cause sufficient damage to make the building

worthless from an economic viewpoint. To design the building to control this type of damage,
the damage limit state is based on an earthquake with a reasonable probability of not being
exceeded duri2ng the life of the structure. For example, a damage limit state earthquake might

have a 50% probability of not exceeded over a 100 year period.

Service Limit State (operational limit state):

In a seismic region, a structure might be exposed during its economic life to a number of small
carthquakes. The structure would be expected to remain functional after such earthquakes. The
service limit state is based on an earthquake with a reasonable probability of not being exceeded

over a short period of time, perhaps 10 years.
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Chapter 2: General Requirements
(Simplified and Systematic Rehabilitation)
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- Tablez-3

Damage Control and Building Performance Levels

Building Performance Levels

Immediate
Collapse Prevention | Life Safety Occupancy Operational
Level Level Level Level
Overall Damage Severe Moderate Light Very Light

Little residual stiffness
and strength, but load-
bearing columns and
walls function. Large
permanent drifts.
Some exits blocked.
infills and unbraced
parapets failed or at
incipient failure.
Building is near

Some residual
strength and stiffness
left in all stories. ..
Gravity-load-bearing
elements function. No
out-of-plane failure of
walls or tipping of
parapets. Some
permanent drift.
Damage to partitions.

collapse.

Building may be
beyond economical
repair.

No permanent drift.
Structure
substantially retains
original strength and
stiffness. Minor
cracking of facades,
partitions, and
ceilings as well as
structural elements.
Elevators can be
restarted. Fire
protection operable.

No permanent drift;
structure substantiaily
retains original
strength and stiffness.
Minor cracking of
facades, partitions,
and ceilings as well
as structural elements.
All systems important
to normal operation

are functional.

Extensive damage.

Falling hazards
mitigated but many
architectural,
mechanical, and
electrical systems are
damaged.

Equipment and
contents are generally
secure, but may not
operate due to
mechanical failure or
lack of utilities.

Negligible damage
occurs. Power and
other utilities are
available, possibly
from standby sources.

NEHRP Provisions, for
he Design
Earthquake

Significantly more
damage and greater

risk.

Somewhat more
damage and slightly
higher risk.

Much less damage
and lower risk.
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Much less damage
and lower risk.

Table 2-4

Structural Performance Levels and Damage’—Vertical Elements

Structural Performance Levels

Collapse Prevention Life Safety Immediate Occupancy
ements Type S-5 S-3 S-1 o
oncrete Frames Primary Extensive cracking and Extensive damage to Minor hairline cracking.” .

hinge formation in ductile | beams. Spalling of cover Limited yielding possible. .

elements. Limited and shear cracking (< 1/8" | at a few locations. No

cracking and/or splice width) for ductile crushing (strains below

failure in some nonductile | columns. Minor spalling 0.003).

columns. Severe damage | in nonductile columns.

in short columns. Joint cracks < 1/8" wide.

Secondary Extensive spalling in Extensive cracking and Minor spalling in a few
columns (limited hinge formation in ductile | places in ductile columns
shortening) and beams. elements. Limited and beams. Flexural
Severe joint damage. cracking and/or splice cracking in beams and
Some reinforcing buckled. | failure in some nonductile | columns. Shear cracking

columns. Severe damage | in joints < 1/16" width.
in short columns. ]

Drift2 4% transient 2% transient, 1% transient;
or permanent 1% permanent negligible permanent

Seismic Rehabilitation Guidelines
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Deterministic Method :

Summary of Design Earthquake Selection Procedure — Deterministic Approach

1) Study the region and the site.

2) Select earthquake parameters (magnitude, frequency content, duration, pulse structure) for

each limit state.

3) Use attenuation laws to estimate peak ground motion at the site.

4) In each limit state, determine the design response spectrum for the given structure.
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Example of Deterministic Approach

Selection of Design Earthquake for Quito in Ecuador (South America)

The republic of Ecuador is located in the northwest part of South America. It is an appropriate

subject for a deterministic seismic study because it is highly seismic, with a number of possible
earthquake sources.

This example will use the deterministic approach outlined above to propose design earthquakes

for various limit states for the capital city of Quito, located in the mountains.

Historical Seismicity of Ecuador
During this century Ecuador has been shaken by a number of destructive earthquakes. These are

identified in the map below, and are listed in the accompanying table.
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Depth (km)

Event Location Date Magnitude

1 Esmeraldas 01/19/58 7.8 <33
2 Esmeraldas 01/31/06 8.7 <33
3 Esmeraldas 04/14/58 6.8 <33
2 Manta 05/14742 8.1 <33
5 Manta 01/16/56 7.1 <33
6 Santa Elena 10/02/33 6.9 <33
7 Manglaralto 10/11/62 6.1 <33
8 Machala 12/12/53 7.9 <33
9 Saquisili 10/06/76 5.7 12
10 Saquisili Various 4.5 12
11 Esmeraldas 02/01/58 6.8 3475
12 Baeza 05/11/55 6.75 39
13 Otavalo 12/04/61 6.4 34-75
14 Ambato 08/05/49 6.75 45
15 Manta Various 5.1 34-75
16 Guayaquil Various 5.1 34-75
17 Coca 06/23/25 6.75 180
18 Quito 03/02/67 5.8 128
19 Amazon Basin 07/19/37 7.1 199
20 Chillanes 09/28/06 7.5 150
21 Guayaquil 01/30/43 6.9 >75
22 Guayaquil 07/22/24 5.7 >75
23 Riobamba Various 5.7 180
24 Pastaza River Various 6.5 >75




Geological Causes of Earthquake in Ecuador

We have previously seen that earthquakes are associated with subduction zones, transform

boundaries, and volcanic action. Ecuador is an excellent example of a highly seismic zone; it

has all of these. The figure below is a schematic section through the subduction zone underneath

Ecuador, looking from south to north. As that figure shows, the Nazca Plate is being subducted
beneath the South American Plate. This subduction process has created the Ecuador Trench, and
is uplifting the Andres Mountains. Those mountains have a western and an eastern range;

between the two ranges lies a central plateau, referred to geologically as a “graben,” or block

that is settling. Volcanic activity is present along both ranges. "2 Fet "
500 km
- Western Central . Eastem .
~ Renge Plateau - Range

Sea Laval

South

Subduction of the American
Nazca Plate

300 km below sea level

The following sections contain a review of the geologic causes of earthquakes in Ecuador, going

from shallow earthquakes (<33km) to deep ones.
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Causes of Shallow Earthquakes (< 33 km)

In the map, the shallow earthquakes are indicated separately, using the same identification
numbers corresponding to the previous map and table. In referring to these earthquakes, it must
be pointed out that this focal depth is arbitrary applied to all earthquakes for which a focal depth
cannot be instrumentally determined. Usually, that refers to earthquakes recorded only at distant
stations in North America. Many earthquakes which occurred before Ecuador had a
seismographic network were recorded only at large distances, and were arbitrary assigned this
depth. Ecuador has had a working seismographic network since the late 1970’s, so far fewer

earthquakes are explained below:

1) Ecuadoran Trench:

This trench passes along the Ecuadoran coast, and marks the start of the subduction of the
Nazca Plate underneath the South American Plate. The trench is associated with focal depths of

at least 20 km, and has been the source of many strong earthquakes, such as events 1 through 8

in the maps and table. Among these is Event 2 (01/31/06), probably the largest earthquake ever

recorded by instruments.

2) Local Faults of the Central Plateau :

There are two distinct fault zones, indicated by the dashed lines on the map. They do not
represent continuous faults, but rather two sets of short faults, aligned more or less in the
direction indicated, and which aré undergoing movement in the senses shown by the arrows on
the map. According to microtremor data, the fault zone running from southwest to northeast has
typical focal depth of about 12 km, while the other zone, running from southeast to northwest,
typical focal depths of about 30 km. It is possible that the first fault zone extends southwest to
Guayaquil, and the second, to the northwest to Esmeraldas. |

The region around the capital city of Quito is crossed by many short faults forming part of the
first fault zone. It is interesting to note that the intersection of these two fault zones corresponds
to the region around Saquisili and Pastocallle, which has been seismicallu very active in recent
years. As shown in the shallow-earthquake map, Event 9 occurred there, Like the other events
surrounded by dotted lines, Event 10 does not represent a single earthquake, but rather a group.

The magnitude value in the preceding table is an average value.

3) Volcanic Activity :

As indicated in the map below, Ecuador has 8 historically active volcanoes: Pichincha, Quilotoa,

ER7
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Cotopaxi, Antisana, Sumaco, Tunhurahua, and Sangay. Other active volcanoes lie just on the
other side of the Colombian border. There are no data regarding the probable magnitude of an
earthquake that might be associated by the eruption of one of those volcanoes. Based on

information from other geologically similar volcanoes, such an eruption might be associated

with a magnitude 5.0 earthquake, with focus 5 to 10 km below the summit of the volcano.

Causes of Medium Depth Earthquake ( > 33 km)
4) Other Fault Zones : |

Events such as 12 and 13 suggest the presence of another fault zone extending from southeast of
Quito, passing through Otavalo, and on to Esmeraldas. This zone is indicated on the map below
by a dashed line, and the direction of movement is indicated by arrows. In the above table, it can
be seen that the focal depths in this fault zone are greater that in the fault zones of the Central
Plateau. It is probable that Event 14 (08/05/49), which seriously damaged Ambato, was
associated with this fault zone, since there are other faults running parallel to the dashed lined
on the map. Such parallel faults are indicated by the dotted line on the map for medium depth

earthquakes.

5) Subduction Zone of Central Ecuador :

Referring to the previous figure showing a section through the subduction zone, earthquakes
might be expected along the contact zone between the two plates. Those near the Ecuadoran

Trench would have shallow focal depths, while those occurring farther from the Trench would

be deeper. Events 11 and 15 represent earthquakes that occurred further inland and therefore
deeper along the contact interface. The subduction zone of Central Ecuador has not been very
active seismically, and Event 18 is the only significant recent earthquake. The Nazca Plate is

believed to dip towards the southeast in the region.

6) Subduction Zone of Southeastern Ecuador :

It is believed that the Nazca Plate dips towards the northeast here, in contrast to its direction
under Central Ecuador. This implies the existence of a fracture zone within the Nazca Plate,
possibly associated with the presence of the southwest-to-northeast-running faults in the Central

Plateau. Unlike the subduction zone is very active seismically. Events 16, 21, and 22 occurred

close to the Ecudadoran Trench at shallow focal depths, and Events 19, 20, 23, an 24 occurred

farther from the Trench, at greater depths.

2-/3
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Example : Determination of Design Earthquakes for Quito

Our first example deals with deterministic procedures for establishing design earthquakes for
Ecuador’s capital city of Quito. In this example, we will study each possible seismic source that
might affect Quito, and we will estimate critical design motions for the collapse, damage, and

service limit states.

Five seismic source are possible :

1) Ecuadoran Trench

2) Local faults of the central plateau
3) Volcanic activity

4) Other fault zone

5) Subduction zones

Considerations when possible events are chosen.
1) magnitude

2) focal distance

3) focal depth

Each possibility will now be discussed in greater detail :

1) Ecuadoran Trench : Possible Event 1

Many strong earthquakes have occurred at or near the Trench (Events 1-8). It is therefore

reasonable to suppose that a similar event could occur anywhere along the Trench. The largest
event is Event 2, with M=8.7.

a) For the collapse limit state, we should therefore consider a magnitude 8.7 earthquake
anywhere along the Trench.

b) For the damage limit state, with a 50 to 100 year return period, we should perhaps consider a
magnitude 8 event. ‘

¢) For the service limit state, with a 10 year return period, we should perhaps consider a
magnitude 7 event.

At its nearest point, the trench is about 280 km from Quito. However, the point of energy

release would probably be somewhere along the contact zone, closer to Quito than the trench

itself. Suppose that we assume this point to be located at 50 km east of the trench, toward Quito.

We would then have the following situation:

277




Assuming an average dip angle of 25 degrees, the vertical projection of the focal distance R is

C

altitude of Quito + depth of Trench + vertical component

Rv =
= 28 + 20 + 50tan25 = 46.1km
Euadoron Kuite
Treach / \ : /\\\
. 2.3 km
el
20km | ' 3 Seqa Level

assumed
Foeus

280 fem )

and the horizontal projection is
- horizontal distance from Trench to Focus

Rh = horizontal distance from Trench to Quito

= 280 - 50 =230km

The focal distance is therefore

R= JRE+R! = [230° +46.0° = 235 km

2) Local Faults of the Central Plateau : Possible Event 2

An earthquake could occur in the faults that pass through Quito.
a) The largest earthquake that has occurred along these faults is Event 9 with magnitude 5.7. For
the collapse limit state, we should therefore consider a magnitude 6 earthquake occurring at

10
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the worst possible place, directly under Quito, at a focal depth of 12 km.
(\ b) For the damage limit state, with a 50 to 100 year return period, we should perhaps consider a
magnitude 5.5 event.
¢) For the service limit state, with a 10 year return period, we should perhaps consider a

magnitude 5 event.

3) Volcanic Activity : Possible Event 3

The worst possible case would e an eruption of the Pichincha volcano, right next to the city of

Quito :
Pichinchg Veoleand
elevativn L 4.2 fm
5l<m
—————"/
Quito
C B — elevativ - 2.8 &m
———"R
/ O K ¢
ASSumed ’ 7
Pocuys

Rv =28+ 02 = 3km
Rh =10km

The focal distance is therefore

R= JRZ+R? = .[10°+3* = 105 km

a) For the collapse limit state, we should consider a magnitude 5 earthquake occurring 5 km
below the summit of Pichincha.
b) For the damage limit state, with a 50 to 100 year return period, we should probably not

L include the possibility of volcanic eruption.

11
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d) For the service limit state, with a 10 year return period, we should probably not include the

possibility of volcanic eruption.

4) Other Fault Zones :

Possible Event 4 : An earthquake like Events 12 or 14 (M=6.75) could occur near Ambato or
Baeza, at a focal depth of about 40 km and an epicentral distance of 90 km.

Possible Event 5 : An earthquake like Event 13 (M=6.4) could occur anywhere along the fault
passing through Baeza and Otavalo. The focal depth would again be about 40 km, and the

minimum epicentral distance would be about 50 km.

a) For the collapse limit state, we should consider two events :
Possible Event 4 : magnitude = 7.2

Focal depth = 40 km

Epicentral distance = 90 km
Possible Event 5 : magnitude = 6.8

Focal depth = 40 km

Epicentral distance = 50 km

b) For the damage limit state, with a 50 to 100 year return period, we should again consider two

events :
Possible Event 4 : magnitude = 6.75
Focal depth = 40 km
Epicentral distance = 90 km
Possible Event 5 : magnitude = 6.4
Focal depth = 40 km
Epicentral distance = 50 km

c) For the service limit state, with a 10 year return period, we should again consider two events :
Possible Event 4 : magnitude = 6

Focal depth = 40 km

Epicentral distance = 90 km
Possible Event 5 : magnitude = 5.5

Focal depth = 40 km

Epicentral distance = 50 km

12



5) Ecuadoran Subduction Zones :

Possible Event 6 : An earthquake like Events 18 could occur directly underneath Quito, with a
magnitude 5.8 and a focal depth of 128 km.

Possible Event 7 : An earthquake like Events 23 could occur near Riobamba, with a magnitude
5.7 and a focal depth of 180 km, and an epicentral distance of 130 km.

Possible Event 8 : An earthquake like Events 24 could occur in the Pastaza River area, with a
magnitude 6.5 and a focal depth of 75 km, and an epicentral distance of 250 km.

Possible Event 9 : An earthquake like Events 17 could occur near Coca, with a magnitude 6.75
and a focal depth of 180 km, and an epicentral distance of 170 km.

Possible Event 10 : An earthquake like Events 19 could occur in ther Amazon River basin, with

a magnitude 7.1 and a focal depth of 199 km, and an epicentral distance of 300 km.

a) For the collapse limit state, we should consider 5 events :

Possible Event 6 : a magnitude 6 and a focal depth of 128 km and an epicentral distance of zero.
Possible Event 7 : a magnitude 6 and a focal depth of 180 km, and an epicentral distance of 130
km.

Possible Event 8 : a magnitude 6.8 and a focal depth of 75 km, and an epicentral distance of 250
km.

Possible Event 9 : a magnitude 7 and a focal depth of 180 km, and an epicentral distance of 170
km.

Possible Event 10 : a magnitude 7.3 and a focal depth of 199 km, and an epicentral distance of
300 km.

b) For the damage limit state, with a 50 to 100 year return period, we should again consider 5

events:

Possible Event 6 : a magnitude 5.8 and a focal depth of 128 km and an epicentral distance of

Z€ro.

Possible Event 7 : a magnitude 5.7 and a focal depth of 180 km, and an epicentral distance of
130 km.

Possible Event 8 : a magnitude 6.5 and a focal depth of 75 km, and an epicentral distance of 250

km.

Possible Event 9 : a magnitude 6.75 and a focal depth of 180 km, and an epicentral distance of
170 km.

Possible Event 10 : a magnitude 7.1 and a focal depth of 199 km, and an epicentral distance of
300 km.

13
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c) For the service limit state, with a 10 year return period, we should again consider 5 events:
Possible Event 6 : a magnitude 5 and a focal depth of 128 km and an epicentral distance of zero.
Possible Event 7 : a magnitude 5 and a focal depth of 180 km, and an epicentral distance of 130
km.

Possible Event 8 : a magnitude 6 and a focal depth of 75 km, and an epicentral distance of 250
km.

Possible Event 9 : a magnitude 6 and a focal depth of 180 km, and an epicentral distance of 170
km.

Possible Event 10 : a magnitude 6.5 and a focal depth of 199 km, and an epicentral distance of
300 km.

In each limit state, all the possible earthquakes can be tabulated. Using attenuation curves
appropriate for the region, the maximum ground acceleration for each earthquake can be
estimated. For the purpose of these calculations, the attenuation relationships proposed by
McGuire and by Donovan will both be used, for comparison purposes. The calculations can

quickly be performed on a spreadsheet.

Critical Earthquakes for Collapse Limit State

Possible | Magnitude | Depth (km) | Epicentral Distance PGA (g) PGA (g)

Event Distance(km) | (km) McGuire Donovan
1 8.7 46.1 230 234.6 0.09 0.05
2 6.0 12 0 12 0.21 0.18
3 5.0 3 10 10.4 0.12 0.12
4 7.2 40 90 98.5 0.09 0.07
5 6.8 40 50 64 0.11 0.09
6 6.0 128 0 128 0.03 0.03
7 6.0 180 130 222 0.02 0.02
8 6.8 75 250 261 0.02 0.02
9 70 180 170 2476 0.03 0.02
10 7.3 199 300 360 0.02 0.02

14
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Critical Earthquakes for Damage Limit State

& Possible | Magnitude | Depth (km) | Epicentral | Distance | PGA () | PGA (2)

Event Distance(km) | (km) McGuire Donovan
1 8.0 46.1 230 234.6 0.06 0.04
2 5.5 12 0 12 0.15 0.14
3 - 3 10 104 - -
4 6.75 40 90 98.5 0.07 0.05
5 6.4 40 50 64 0.09 0.07
6 5.8 128 0 128 0.03 0.03
7 5.7 180 130 222 0.01 0.01
8 6.5 75 250 261 0.02 0.02
9 6.75 180 170 247.6 0.02 0.02
10 7.1 199 300 360 0.02 0.01

Critical Earthquakes for Service Limit State

Possible | Magnitude | Depth (km) | Epicentral Distance PGA (g) PGA (g)

(\:\) Event Distance(km) | (km) McGuire Donovan

1 7.0 46.1 230 234.6 0.03 0.02
2 5.0 12 0 12 0.11 0.11
3 - 3 10 10.4 - -
4 6.0 40 90 98.5 0.04 0.04
5 5.5 40 50 64 0.05 0.05
6 5.0 128 0 128 0.02 0.02
7 5.0 180 130 222 0.01 0.01
8 6.0 75 250 261 0.01 0.01
9 6.0 180 170 247.6 0.02 0.01
10 65 199 7300 360 0.01 0.01
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From the above summary, the following ground motions can be identified as critical in each

limit state :

Collapse Limit State :

Possible Events 2 and 3 (corresponding to local faults and a nearby volcanic eruption) are

serious near-field earthquakes. Near-field earthquakes will be rich in short-period waves, and
will be of short duration. Possible Event 2 is more serious, with PGA of 0.21 g (McGuire).

However, Possible Event 1 (corresponding to a large earthquake in the Ecuadoran Trench) is
also significant. It would be rich in long period waves, and would be of long duration. This
earthquake might provoke significant response of soft soil layers even at very large focal

distances. Possible Event 1 has a PGA of 0.09 g (McGuire).

Damage Limit State :

Possible Event 2 (corresponding to local faults) is a serious near-field earthquake. Near-field
earthquake will be rich in short-period waves, and will be of short duration. Possible Event 2
has a PGA of 0.15 g (McGuire).

However, Possible Event 1 (corresponding to a large earthquake in the Ecuadoran Trench) is
also significant. It would be rich in long period waves, and would be of long duration. This
earthquake might provoke significant response of soft soil layers even at very large focal

distances. Possible Event 1 has a PGA of 0.06 g (McGuire).

Service Limit State :

Possible Event 2 (corresponding to local faults) is a serious near-field earthquake. Near-field
earthquake will be rich in short-period waves, and will be of short duration. Possible Event 2
has a PGA of 0.11 g (McGuire).

However, Possible Event 1 (corresponding to a large earthquake in the Ecuadoran Trench) is
also significant. It would be rich in long period waves, and would be of long duration. This
earthquake might provoke significant response of soft soil layers even at very large focal

distances. Possible Event 1 has a PGA of 0.03 g (McGuire).
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Probabilistic Approaches to Selection of Design Earthquakes

Seismicity is the study of the number and size of earthquakes that have occurred in a given
region. If seismicity studies of a region have been done ( and they usually have been for
seismically active areas), the data can be used to estimate the probabilities of occurrence of
various size earthquakes. For a given structural limit state, different size earthquakes are

chosen as a function of the return period associated with the limit state.

Large earthquakes occur less frequently than small ones. Over much of the range of possible
earthquake magnitudes the probability of occurrence (effectively, the inverse of the return

period) of earthquakes of different magnitude M are well represented by
A=a Vexp(-f M)

where A(M) is the probability of an earthquake of magnitude M or greater occurring in a
given volume V of the earth’s crust per unit time, and « and f are constants related to

the location of the given volume. Figure below shows data for different tectonic zones

compared with predictions of the above equation calibrated to the data by Esteva.
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MACROZONE av B
Crcumpacific | 6.5x107| 2.16
100 + 4 Belt
50 + 4 Aloide Belt | 2.8 x100°| 1.71
Low-seismicity | 3.9-x10%{2.82
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Fig. 215 Magnitude-probability relationships.
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In recent years, probabilistic approaches have been used to prepare seismic risk maps. This
requires a probabilistic study of the seismicity of different source regions, and of attenuation
between those sources and all possible sites.

It is usually assumed that earthquakes are generated following a Poisson process ; that is , that
they are statistically independent of each other in time space, and that their probability at each

point is given by a Poisson distribution (i.e. exponential distribution).

Summary of Steps Involved in Probabilistic Selection of Design Earthquakes

1) Divide the Nation (or other region of interest) into known source regions and a grid of sites.

2)For each source, the probabilistic relationship between the magnitude and the

occurrence is determined based on the history of the earthquake. The average number of

earthquakes per annum of magnitudes greater than or equal to a magnitude from the source is
determined.

3) Using an attenuation law which is fitted to the region of interest, the magnitude is expressed
with a known focal distance(ffom a site) and design ground motion. Therefore, the annual
occurrence which was defined in terms of earthquake magnitude in step 2) is transformed to
the annual occurrence of design ground motion.

4) For different sources, perfoﬁn steps 2) and 3).

5) In a site, the total number of earthquakes per annum which may result in a peak ground
acceleration greater than or equal to a specific ground acceleration can be estimated by the
sum of the occurrence of earthquakes from various sources which were obtained in steps
2) through 4).

6) Determine the return periods(or annul occurrence) which can be allowed to satisfy the
limit states.

7) From the probabilistic relationship obtained in step 5), select design ground acceleration
corresponding to the return period for each limit state.

8) For each return period, plot contours connecting the sites with the same design ground
motion. As a result, the national seismic maps for earthquakes with specific return periods

can be developed.
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Probability ¢annusd)

Attenuation Laws | o020l camnel)

Magnitude ) B PGA at Site

. Megninxie
Source Region #1

Source ‘Region #3
Relationship between annual probability of earthquake and the probability that a building

experience an earthquake.

Let p be the annual probability of a given event (a particular level of earthquake) at a given site.

The annual probability that the event will not occur (that the particular level of earthquake will

not be exceeded) is therefore (1-p). The probability that the event will not occur in 50
consecutive years is therefore (1-p)*°.  The probability that the event will occur at least once in

the 50 year period is therefore (1-(1-p)™). Life s o) of o N-J;,,Ny éw'/lmé =S yeors
If this probability is equal to 10%, we can solve for p :

(1-(1-p)*>) = 0.10

(1-p)*° =0.90
p=2.10x10"

C 1/p=475. 06
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lim(1-p)' =e™

X—>00

(1- p)n ~e ™ Poisson distribution
The assumption of a Poisson process is not obvious. Along a given fault zone, the occurrence of

earthquakes in a certain region increases the probability of earthquakes in previously inactive

regions.
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Figure 2-28. Cumulative frequency-magnitude plot. The
box in the figure represents range of recurrence based on
geological data for earthquake magnitudes of 7.5-8. [After
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Cornell ®*® introduced a simplified method
for evaluating seismic risk. The method
incorporates the -influence of all potential
sources of earthquakes. His procedure as
described by Vanmarcke %% can be
summarized as follows:

1. The potential sources of seismic activity are
identified and divided into smaller sub-
sources (point sources).

2. The average number of earthquakes per
annum Nj(m) of magnitudes greater than or

equal to m from the ith sub-source is o

determined from the Gutenberg-Richter -
relationship (Equation 2-31) as

log N;(m)=A, —Bm (2-32)

3 _27
where A;and B; are known constants for
the ith sub-source.

3. Assuming that the design ground motion is
specified in terms of the peak ground
acceleration a and the epicentral distance
from the ith sub-source to the site is R;, the
magnitude m,; of an earthquake initiated at
this sub-source may be estimated from

m, ; = f(R;,a) (2-33)

where flR;, a) is a function which can be

obtained from the attenuation relationships.

Substituting Equation 2-33 into Equation 2-

32, one obtains |

log N,(m,,) = A, - B,[f(R,,a)] (2-34)

Assuming the seismic events are independent
(no overlapping), the total number of
earthquakes per annum N, which may result
in a peak ground acceleration greater than or
equal to a is obtained from the contribution
of each sub-source as

N, =2 N;i(mg;)
all

(2-35)

4. The mean return period 7, in years is
obtained as

T 1
a Na
In the above expression, N, can be also
interpreted as the average annual probability A,
that the peak ground acceleration exceeds a
certain acceleration a. In a typical design
situation, the engineer is interested in the
probability that such a peak exceeds a during
the life of structure #;. This probability can be
estimated using the Poisson distribution as

P=1-¢%L 2-37)

(2-36)



Development of seismic maps in US

1. Algermissen and Perkins developed isoseismal maps for peak ground accelerations and

velocities.

2. ATC (Applied Technology Council)-40 used the map developed by Algermissen and Perkins
to develop similar maps for effective peak acceleration A, and effective peak velocity-related
acceleration A., corresponding to 10% probability of being exceeded in 50 years. According to
McGuire, A, and Ay are obtained by dividing the spectral accelerations between periods of 0.1
and 0.5 sec and the spectral velocity at a period of 1.0 sec by a constant amplification factor (2.5

for a 5% damped spectrum).

3. 1985, 1988, 1991 and 1994 NEHRP(National Earthquake Hazard Reduction Program)
Recommended Provisions for seismic regulations for New buildings (FEMA, Federal

Emergency Management Agency, 222a) include the ATC A, and A, maps.

4. 1991 NEHRP provided spectral response acceleration maps for 10% probability of being
exceeded in 50 years and for 10% probability of being exceeded in 250 years (a return period
of 2375 years). This maps including elastic spectral response accelerations were introduced to
present new and relevant data for estimating spectral response accelerations an reflect the

variability in the attenuation and in fault rupture length.

5. The 1997 NEHRP introduced the maps corresponding to the maximum considered EQ,
defined as the maximum level of earthquake ground shaking that is considered reasonable for
design of structures. The maximum considered EQ is defined with a uniform probability of

exceeding 2% in 50 years (a return period of approximately 2500 years). The use of the

maximum considered earthquake was adopted to provide a uniform protection against

collapse at the design ground motion. While the conventional approach in earlier editions

provided for a uniform probability that the design ground motion will not be exceeded, it did

not provide for a uniform probability of failure for structures designed for that ground motion.

In particular, in low and moderate seismic zone, 500 year period is not sufficient to define the
maximum earthquake that possibly occurs in the region. Thus, higher return period EQs
should be selected to prevent collapse of structures under maximum EQ. The design ground

motion is based on a lower bound estimate of the margin against collapse which is judged,
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based on experience, to be 1.5: The design ground motion is 2/3 the maximum considered
earthquake motion. It is assumed that concrete and steel design codes provide design
strengths corresponding to life safety limit state. Thus, the design ground motion
corresponding to the life safety limit state is defined as 2/3 value of the maximum considered

earthquake motion which corresponds to collapse limit state.

6. The 1997 NEHRP Guidelines for the seismic rehabilitation of buildings (FEMA-273)
introduce the performance-based design. Therefore multiple levels of ground shaking need to
be defined by the designer. FEMA-273 provides two sets maps: 10% probability of being
exceeded in 50 years (Basic safety earthquake 1) and for 2% probability of being exceeded in

50 years (Basic safety earthquake 2). Each set includes spectral accelerations at 0.2 and 1.0

SCCS.

7. IBC (International Building Code) uses the maps corresponding to the maximum considered
EQ, defined as the maximum level of earthquake ground shaking that is considered reasonable
for design of structures. They provides 0.2 sec spectral response acceleration Ss and 1.0 sec
spectral response acceleration S1. The concept of Ss and S1 in IBC are equivalent to Aa and Av
specified in NEHRP
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(\ Development of seismic maps in Korea

In 1988, for the first time, the earthquake design code for buildings wés developed. In
the code, the design ground acceleration 0.12 g specified in the code was regarded as
that related to earthquake with 500 year return period. In concrete and steel design for
earthquake, load factors greater than 1.0 was used for the earthquake load combination.
According to the Building law at that time, only buildings more than 5 stories are
required to be designed for earthquake loads. Low-rise and small buildings were
exempted from the earthquake design.

In early 1990’s, earthquake design was introduced in the bridge code (1992).

In 1997, a project «“ WA A A 7] FA T II” was performed. In the project, studies for
establishing seismic maps of Korea were performed. The seismic maps for the
carthquakes with 100, 500, 2500 year return periods were developed by the
seismologists in Korea.

In year 2000, in 7138815 7], the design ground acceleration was changed from
0.12g t0 0.11g. based on the result of “ WX AA 7| EA T 11"

In ifz%wKoreml Building Code (KBC) -2005 came into effect. In KBC, the design
acceleration was defined based on the 2400 year return period earthquake, following
IBC. Also, the shape of the response spectrum and the soil factors were revised
following that used in IBC. Considering the inherent safety margin of structures, the
design ground motion was determined as 2/3 the maximum considered earthquake
motion. Since the 2400 year return period earthquake was considered as the probable
maximum earthquake, the load factors for material design were set to 1.0.

In Year 2065, the building law was revised so that all buildings over two stories are
designedzt%l'j éarthquake load.

Currently, KBC-2016 is being under review for publication. In KBC-2016, the soil
factors were revised, considering the shallow soil depth in Korea. Further,
performance-based earthquake design was included for the first time, in Korea ( In EQ

design, the earthquake load depends on the deformation capacity of the structure.).
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CURRENT DESIGN RESPONSE SPECTRA

Table 1 and Figure 1 compare the site class criteria and the corresponding design
response spectra of eight current design codes. The effective peak ground acceleration of the
design response spectra was normalized as 0.4g, except for the Canadian code, Australia, and
New York City. For the Canadian code (Figure 1 (d)), 0.44g (PGA for Vancouver) was used.
For moderate seismic zones of Australia and New York City, respectively, 0.13g and 0.24¢g

were used.

Table 1. List of current design codes

Site class

. . . o1 n
Codes Nation (Year) Seismic hazard Probability criteria T, (s)
IBC 2009 USA (2009) 2% in 50 years x 2/3 Vsso 2 -
USA (1998) 10% in 50 years
NYCDOT ' . Vs 30 -
New York 2% in 50 years x 2/3 '
10% in 10 years
EuroCode 8 EC (2003) . V.30 2.0
10% in 50 years
NBCC 2005 Canada (2005) 2% in 50 years x 2/3 Vs30 2.0
50% in 30 years 3
BCJ Japan (1997) ; ) Ts -
10% in 50 years
GB50011-2001 China (2001) Site dependent Ts 5Tg
MOC-2008 Mexico (2008) Site dependent Tg 2.0
AS11704 Australia (2007) 10% in 50 years Tc 1.5

DT, = long-period transition period defining the constant-displacement range
V530 = average shear-wave velocity of the top 30m soil
AT = site period

Figure 1(a) shows the design response spectrum of IBC 2009 [1]. The site class criteria is
the average shear wave velocity Vg3 of top 30m soil from the surface. The short-period
amplification factor F,, and the mid-period amplification factor F,, are defined according to
the site classifications from Sa to Sg. The amplification of response spectrum is determined

by the F, and F,.

Since the site classification of the IBC 2009 does not properly address the effect of
shallow soil deposits, the New York City Department of Transportation (NYCDOT)

published a design guideline containing new design response spectra for the New York City

'
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area where the soil deptﬁs to bedrock are relatively shallow (Figure 1(b)) [2]. The site class
criteria is the same as IBC 2009: Vs30. For stiff rock sites of Sy and Sp, the constant-
acceleration range does not exist. For very soft soil of Sg, the amplification of the short-
period acceleration is the same as that of Sp while the amplification of the long-period

acceleration is greater.

Figure 1(c) shows the design response spectra of EuroCode 8 (European Committee for
Standardization) [3]. The site class criterion is the same as Vg3 which is used in IBC 2009.
However, the site classes Sa, Sp, Sc and Sp correspond to Sp, Sc, Sp and Sg in IBC 2009,
respectively. When the soil depth to bedrock is less than 30m and the property of the stiff
bedrock is included in the estimation of V3, the site class is categorized as Sg. In this case,
the short-period acceleration of Sg is greater than that of Sp, while the long-period
acceleration is close to that of Sc¢, which is less than that of Sp. This trend of the design
response spectrum for the shallow soil depth is similar to the results of previous studies [4-6]

reporting that only the short-period accelerations are amplified by shallow soil deposits. In

the EuroCode 8, the constant-displacement range is defined for the structures with periods

greater than 2.0s. The spectral acceleration of the constant-displacement range is defined as

the function of 1/7°.

In the Canadian code (Figure 1(d)), the site class criteria is Vg3, and the design
accelerations are defined by using linear interpolation between the values at the periods 0.2,
0.5, 1.0, and 2.0s [7]. From the S, to Sp sites, the spectral acceleration gradually increases. In
case of Sg, the short-period acceleration is smaller than that of Sg, but the long-period
acceleration is greater than that of Sp. For the periods greater than 2.0s, a constant

acceleration is used.

Figures 1(e) and (f) show the design response spectra of Japan and China [8], [9]. Unlike

~ other design codes, the site class criteria is defined by the site period 7, and only three site

classes are used. The short-period acceleration is uniform regardless of the site classes, while
the long-period acceleration increases with the site period. In the Chinese code, a constant-

displacement range is used for the periods greater than 57%.

In the Mexican code [10], the spectral accelerations are defined by the site period. As the
site period increases, the short-period accelerations decrease, and the long-period
accelerations increase or decrease (Figure 1(g)). However, the difference in the spectral

accelerations according to the site period is not significant, when compared to other design




codes. As shown in the figure, the shape of the response spectrum curve varies with the site
class. This is because the site amplification factor is defined addressing the resonance
between the site and structures: In case of soft soil, an amplitude reduction factor is used to
address the damping effect due to the nonlinear behavior of soft soil; and to consider the
decrease of the soil stiffness, a site period shift factor is used. For the structure periods
greater than 2.0s, the spectral acceleration in the constant-displacement range is defined as

the function of 1/7°.

Figure 1(h) shows the design response spectra in the Australian code [11]. While other
design codes defines the spectral accelerations using the period - acceleration (7-4)
relationship, the Australian code uses the spectral displacement - acceleration (S,-S,)
relationship. By using the short-period amplification factor and the mid-period amplification
factor, the highest acceleration and velocity spectral values (RSAuux and RSV,..) are

computed. The period 7> for the definition of the constant-displacement range is 1.5 sec.
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Figure 1. Current design response spectra
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