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Abstract:

The seismic design philosophy is based on the principle that destructive earthquakes have a low
probability of occurrence, and it is not economical to design structures to behave elastically during
such rare events. Therefore structures are designed and constructed with much less strength than
their elastic demand imposed by destructive earthquakes. This leads to nonlinear deformations
and thus damage to structures. However, avoiding collapse damage state requires that structures
are able to withstand such large deformations without any significant reduction in the strength
and stiffness. This characteristic is known as the ductility capacity of a structure. Since ductility
capacity, in the design procedure, is only addressed by satisfying some prescriptive requirements
of seismic codes, the fundamental question is: do these provisions ensure adequate ductility
capacity to avoid collapse during a destructive earthquake? The answer to this question is the
cornerstone of our study. To this end, the present study examines three intermediate steel moment
frames of 4, 5, and 7 stories designed according to Iran's national building regulations. Next, the
lateral yield strength and ductility capacity of the designed buildings are estimated by performing
a nonlinear pushover analysis. Then by developing a set of destructive earthquakes, the maximum
elastic lateral strength demand is estimated under each selected earthquakes. The force-reduction
factor which is defined as a ratio of the maximum elastic strength demand to the actual lateral
yield strength of the structures is then computed. According to the computed force-reduction
factors, ductility demands imposed by each of the selected destructive earthquakes are calculated.
The obtained ductility demands are next compared with ductility capacity to compute the failure
probability of the designed structures during destructive earthquakes. Failure probability is
defined as the probability that ductility demand caused by destructive earthquakes will exceed the
ductility capacity of structures. Results demonstrate that 4 and 7-story structures have an average
failure probability of 30% and 15% under destructive earthquakes respectively. This value of
failure probability addresses that there is a lack of proportionality between reduction in the
seismic elastic demand and ductility capacity supplied using seismic design requirements,
especially in low-rise structures.

1. Introduction

difficulty, the acceleration response spectrum is in seismic
design codes to quantify ground motion effects. Using the

Among the various loads imposed on a structure, the seismic
load stands out as one of the most challenging ones. This is
mainly due to lack of knowledge about the intensity,
duration, and frequency content of earthquakes that occur
throughout the structure's lifetime. To overcome this

" BSc Student in civil Engineering, University of Science and Technology of
Mazandaran, Behshahr, Iran. E-mail: reza_fathi@mazust.ac.ir

™ Corresponding author: Assistant Professor, Department of Civil Engineering,
University of Science and Technology of Mazandaran, Behshahr, Iran. E-mail:
mehdikia@mazust.ac.ir

*** Assistant Professor, Department of Civil Engineering, University of Science and
Technology of Mazandaran, Behshahr, Iran. E-mail: m.qorbani@mazust.ac.ir

https://doi.org/1061186/NMCE.2312.1043

acceleration response spectrum, the maximum acceleration
that a structure with specific dynamic characteristics may
experience during a destructive earthquake is estimated.
Subsequently, by applying Newton’s second law, the
maximum lateral elastic force would be computed.
Designing structural elements for such a large lateral force
is not economically feasible. Therefore, seismic regulations
design structures for a lateral force that is significantly less
than the maximum lateral elastic force imposed by
destructive earthquakes. This causes structures to perform
non-linearly during destructive earthquakes, which in turn
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leads to damage to the structures. However, collapse
prevention dictates that structures must be able to withstand
such nonlinear deformations without losing their strength
and stiffness. This capability of structures is known as
ductility capacity. Indeed, there should be a tradeoff between
the ductility capacity of structures and reduction in the
lateral elastic force. Since in the seismic design codes,
ductility is only implicitly considered by satisfying a set of
code prescriptive requirements, an important question is
whether ductility supplied based on these requirements is
sufficient for collapse prevention during severe
earthquakes? In other words, is there proportionality
between the force-reduction factor (R,) and ductility
demand (u) imposed by destructive earthquakes. R, is
defined as the ratio of the elastic strength demand to the
actual yield strength of a structure. In addition, u is usually
expressed as a ratio of the maximum deformation observed
during earthquake excitation to the actual yield deformation.
The answer to this question involves deriving relation
between R, and . As a pioneering and well-known study
in this field, Newmark and Hall [1] proposed two
approximate relationships between R, and w in terms of the
structural period. They have found that for moderate to long-
period structures the maximum displacement of elastic and
inelastic systems remain within the same range, and for
short-period structures the maximum elastic energy and the
maximum inelastic energy absorbed by the structures remain
within the same range. The first one is known as the Equal
Displacement Rule (Figure 1-a) and the latter is recognized
as the Equal Energy Rule (Figure 1-b) [2]. Subsequent
studies have indicated that the structural hysteretic behavior,
fundamental period of structure, soil type, and selected
earthquake play an important role in explaining the
relationship between R, and p. Therefore, next generation
of relationships between R,, and p were developed [3-7]. In
addition, some other studies were conducted to generalize
proposed  relationships  for  multi-degree-of-freedom
structures [8],[9]. These investigations aimed to develop
modification coefficients while maintaining the framework
of the proposed relationships for SDOF.

In the case of more redundant structures, specifically multi-
story frames, the redundancy will result in the structure
yielding progressively before it reaches its ultimate strength
(Figure 1-c). Therefore, a new definition of force-reduction
factor which is computed by multiplying R, and structural
over-strength coefficient (Q,) was presented and called
Response Modification Factor, R, The evaluation of this

quantity is the subject of many previous studies [10-18].
These studies, by computing the R factor, have tried to
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indirectly address the nonlinear capacity of different
structural systems designed according to the seismic codes
provisions. However, none of them has answered the
question of whether the nonlinear capacity of structural
systems reflecting ductility capacity is sufficient to cover
ductility demand during destructive earthquakes. The
answer to this important gap in previous studies
encompasses the central topic and the primary objective of
this study.

1. Analytical Models

According to Iran's national building regulations, three
intermediate steel moment frames with 4, 5, and 7 stories
were designed. The first story of all designed buildings is 2.8
m high and the height of the remaining stories is 3.2 m. Five
and seven-story buildings have a rectangular plan with 22
meters in length and 16 meters in width. the four-story
building, on the other hand, has a 20 m long square plan.
Two perimeter steel moment frames in each direction along
with composite steel deck floors are employed to carry
lateral and gravity loads, respectively (Figure 2). Beam and
column geometries are shown in Table 1. In addition, the
fundamental period of 4,5 and 7- story building is 0.74, 0.88,
and 1.065 seconds, respectively.

Since the models take advantage of the building’s regularity,
two-dimensional analytical models are developed in
OpenSees software to predict nonlinear structural behavior
under seismic loading in each direction. The leaning column
concept is also introduced to account for the effect of the
gravity load system during nonlinear dynamic analysis. The
concentrated plasticity concept is utilized to model the
nonlinear behavior of the designed buildings. For this
purpose, elastic beam-column elements accompanied by
nonlinear rotational springs at both ends are adopted to
model members’ nonlinearity in OpenSees software
(Mazzoni et al. 2006 [19]). The mentioned technique of
modeling nonlinearity requires the moment of inertia of the
elastic-beam column element to be modified so that in
combination with the elastic stiffness of the end rotational
spring provides the original beam rotational stiffness.

The hysteretic behavior of rotational springs is modeled
using Bilin material available in the OpenSees library
(Figure 3). The parameters of Bilin material are calculated
based on data provided in [20]. In addition, Basic strength,
post-capping strength, and unloading stiffness deterioration
modes are considered in the formulation of this material
according to Rahnama and Krawinkler deterioration rule [3].
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Fig. 2: Plans of Modeled Structures: (a) 4-Story Building Plan (b) Plans for 5 and 7-Story Buildings
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Table 1: Beam and Column Sectional Properties
STORY 4 Story-Building 5 Story-Building 7 Story-Building

Beam-section Column-section

Beam-section

Column-section Beam-section Column-section

1 IPE450 TUBE 400x400x12 IPE450 TUBE 350x350x12 IPE5S50 TUBE 400x400x15

2 IPE450 TUBE 400x400x12 IPE450 TUBE 350x350x12 IPE550 TUBE 400x400x15

3 IPE400 TUBE 350x350x12 IPE450 TUBE 350x350x12 IPE5S50 TUBE 400x400x15

4 IPE400 TUBE 350x350x12 IPE330 TUBE 300x300x12 IPE500 TUBE 400x400x12

5 . IPE330 TUBE 300x300x12 IPE500 TUBE 400x400x12

6 ---- ---- ---- IPE400 TUBE 350x350x12

7 IPE400 TUBE 350x350x12
drift restriction. The purpose was to consider a scenario in

- which the structure lacks adequate lateral stiffness.
Initial Backbone 3. Ground Motion Records Selection
M= M, Simulating  structural ~ behavior  under  destructive
N earthquakes requires an appropriate set of ground motion
K : X records. This is one of the most challenging stages in seismic
58 Uuoad 6 8 design. As a general rule, the ground motion records should
= i r u
< * fﬂff-Det [ be unbiased to any site-specific seismological characteristic
T M =x MY of a probable future earthquake event. In addition, the
number of records in the bin should be enough to cover
Post-Capping record-to—record variability in a justified way. According to
Strength Det.

Basic Strength Det. Mc

Chord Rotation

Fig. 3: Bilin-Material Behavioral Model

Rayleigh damping matrix (defined as a linear combination
of the mass matrix and stiffness matrix) is computed using
2% of the critical damping applied in the 1st and vibration
mode corresponding to 90% of the modal mass of the
system. To properly model damping of structures, stiffness
proportional damping is applied only to the frame elements
and not to the highly rigid truss elements that link the frame
and leaning column, nor to the leaning column itself. In
addition, zero-length elements have no contribution to the
stiffness proportional damping. Furthermore, according to
the appendix of the study conducted by Zareian and
Krawinkler (2006) [21], the stiffness proportional damping
coefficient shall be modified due to the modifying moment
of inertia of the frame elements. It is worth noting that the
five-story structure does not meet the maximum allowable
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the mentioned objectives, the general far-field ground
motions set originally introduced by FEMA-P695 [22] is
used. This set includes 30 pairs of horizontal ground
motions, taken from 13 strong seismic events, recorded at
sites with soil shear wave velocity greater than 180 m/sec
and smaller than 375, and located at a distance 10 to 70 km
from fault rupture. This paper defines source-to-site distance
as the average of Campbell and Joyner-Boore fault distances
provided in the PEER NGA database. All selected motions
were recorded in free-field or on the ground floor of a small
building to avoid potential soil structure interaction bias in
the records set. The magnitudes of the selected seismic
events are 6.5 Richter or greater. An earthquake of this
magnitude has a relatively long duration and represents a
significant amount of energy, causing structural and non-
structural damage to engineering structures over a wide area.
Furthermore, to avoid potential event-based bias in the
ground motion bin, a maximum of six records are allowed to
be taken from a single seismic event [22]. In addition,
between different ground motions recorded for a single
seismic event, only those that have a Peak Ground
Acceleration and velocity greater than 0.2 g and 15 cm/sec



R. Fathi et al.

are selected. To ensure that low-frequency content is not
neglected during the recording process, only records from
earthquakes recorded by instruments with a frequency

content of at least Low Pass Frequency < 0.2 were

considered. The complete list of selected records, along with
information regarding the year of occurrence, fault
mechanism, recording station, and distance from the seismic
source, is provided in the appendices (Table A-1).

4. Nonlinear Static Analysis

The nonlinear static analysis, also known as pushover
analysis, is one of the most widely used methods to evaluate
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the performance of a structure under lateral loads. The
output of the analysis is a capacity curve. The lateral yield
strength and ductility coefficient of a structure can be
estimated using a capacity curve. To this end, the capacity
curve is substituted with a simple multi-linear force-
displacement model. Various methods for idealizing
pushover curves have been proposed in technical texts,
including those recommended in ATC-19 [23], Paulay and
Priestley [24], ATC-40 [25], and FEMA 356 [26]. Figure 4
illustrates each of these methods graphically.
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Base Shear Force (V)
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areas above and below
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Fig. 4: Idealization of the Structural Capacity Curve a) Paulay & Piestly b) ATC-19 c) ATC-40 d) FEMA 365
(Note: Ki= Initial Stiffness, Areai=Areaz)

In this paper, the proposed FEMA 356 method has been
employed. In this method, the first segment of the simplified
multi-linear model is drawn in a way that passes through the
point 0.6 V. In the simplified model, it must be ensured that
V, is not greater than the maximum base shear in the capacity
curve. The second line, with a positive slope, is drawn by
utilizing the points (V;, 44), (¥, 4,) and intersecting with
the first line in such a way that the area under the two-linear

model is equal to the area under the capacity curve up to the
point (V;,4,) . The point (V. 4,)on the capacity curve
defines the displacement corresponding to the maximum
shear force. Nevertheless, the aforementioned references
provide no recommendations to idealize the capacity curve
beyond the point 4, . It is worth noting that in the 2014
edition of Instruction for Seismic Rehabilitation of Existing
Buildings No 360, it is suggested that the third line, with a
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negative slope, should be drawn using the points (V,,4,)
and the point on the capacity curve where the shear force is
equal to 0.6 V,. However, due to numerical instability during
analysis, achieving such a displacement level was not
feasible. Therefore, the third line with a negative slope was
drawn using the point (V;, 4,) and the point where the shear
force is equal to ¥}, although it does not affect the results.
According to above mentioned procedure, the capacity curve
and thus the simplified multi-linear model for the studied
structures were prepared and presented in Figure 5.

Based on the simplified curves, the values of lateral yield
capacity and ductility were calculated and are presented in
the Table 2.

Table 2: Lateral Yield Capacity and Ductility Coefficient
Ductility & Yield Strength

Yield Strength (Ton) Ductility
4-Story Building 148.00 2.82
5-Story Building 132.00 2.54
7-Story Building 200.00 3.11

5. Calculation of Elastic Demand and Force

Reduction Factor

To calculate seismic elastic demand, the acceleration
response spectrum of selected earthquakes are extracted
using the SeismoSignal software. The spectral acceleration
of 4,5 and 7-story buildings is then calculated according to
the fundamental period of the structures. Next, multiplying
the mass of the structure by the corresponding spectral
acceleration is concluded seismic elastic demand, and results
are presented in Table 3. The force-reduction factor is
computed by dividing the seismic elastic demand by the
lateral yield strength.

6. R, — p Relationship

Riddell et al [27], by applying inelastic spectra for four sets
of earthquakes recorded on stiff and well-consolidated soil,
proposed an equation to calculate the ductility reduction
coefficient of single-degree-of-freedom (SDOF) systems.
The systems had an elastoplastic behavior and a 5%
damping ratio. The mathematical expression of the proposed
equation is as follows.

R=F "t gcr<r
17 T* = —= (1)
R, =R" T*<T

In the above relationship, T represents the structural period,
and T* and R* are constants that vary proportionally with
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the ductility coefficient, ranging between 0.1 to 0.4 and 2 to
8, respectively, as indicated in Table 4. This relationship is
applicable for ductility coefficients in the range of 2 to 10.

Table 4: Calculation of T"& R (Riddell and Colleagues'
Relationship)

1) 2 3 4 5 6 7 8 9 10

R* 2 3 4 5 56 62 68 74 8

™ 01 02 03 04 04 04 04 04 04
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Table 3: Seismic Elastic Demand Values and Force-Reduction Factor

Range 4-story 5-story 7-story
of Count of Range of Range of !Count of Range of Range of  !Count of Range of Range

§.(T) Record V,(Ton) R, Record V,(Ton) R, Record V,(Ton) of R,
[0.1,0.3) 11 75.68 16559  0.51-1.12 16 99.61-183.11  0.75-1.39 25 90.43-250.4  0.45-1.25
[0.3,0.5) 18 173.39-277.33  1.17-1.87 22 189.27 - 30243  1.43-2.29 23 262.76 - 418.32  1.31-2.09
[0.5,0.7) 15 282.41-386.97  1.91-2.61 14 313.94-429.77 2.38-3.26 5 43474 -546.84 217273
[0.7,0.9) 7 398.16 —483.78  2.69-3.27 1 526.83 3.99 2 616.78 -638.45  3.08-3.19
[0.9,1.1) 6 512.27 -608.23  3.46-4.11 4 791.56-863.8  3.96-4.32
[1.1,1.3) - - - 3 729.1-773.99  5.52-5386
[1.3,1.5) 1 736.98 4.98 2 828.71-852.96 6.28-6.46 1 1129.28 5.65
[1.5,1.8) - - - 1 1072.2 8.12
[1.8,2.06] 2 1030.58 — 1167 6.96 —7.89 1 1135.62 8.6

-As described in section 3, in this study, a set of 30 pairs of horizontal ground motion records is considered. Since each pair has two horizontal

components, the total number of records will be 60.

Sa(T) is defined in terms of gravitional acceleration (e.g. the Sa(T) of record number 1 is 0.66g)

V, = W X Sa, where W defines seismic weight, and computed as Wpeaq 10aa + 0-2Wiive 10ad

Naser and Krawinkler [28] subjected nonlinear single-
degree-of-freedom systems to 15 ground motion records. All
ground motion excitations are recorded in the western
United States. In this study, the sensitivity of the force-
reduction factor relative to hypocenter distance and some
structural parameters are investigated, and consequently, the
following relationships were presented

= [e(u— 1) + 1] @
a b
C(T’a):1+T“+T 3)

In Equation 3, « is defined as the ratio of post-yielding
stiffness to initial stiffness. In addition, the coefficients a and
b are calculated according to Table 5.

Table 5: Calculation of Coefficient Values a and b

a a b
0.00 1 0.42
0.02 1 0.37

1 0.8 0.29

Miranda [29,30] investigated the impact of a variety of
ground motion characteristics on the force-reduction
coefficient. To this end, a set of 124 ground motion
excitations is selected and then classified into three
categories, including: a) ground motions recorded on
bedrock, b) excitations recorded on alluvial soil, and finally
ground motions recorded on very soft soil. In the mentioned
study, the force-reduction factor of bi-linear single-degree-
of-freedom systems with a 5% damping ratio and ductility
coefficients between 2 to 6 were investigated. The study
concluded that site soil conditions significantly influence the

force-reduction factor, but earthquake magnitude and
hypocenter distance have a negligible effect on the force-
reduction coefficients. Based on this study, the following
mathematical expression is presented:

R#=—;1+1>1 (4

In the above equation, ¢ is a function of the ductility
coefficient, the fundamental period of structure (T), and the
site soil conditions. this quantity is calculated using
equations (5), (6) and (7):

1
¢=1tor—ar 2TexP[ E(lnT__)] ®)

1

=14 —
=1tz uT 5T

exp [ 2(InT — —) ] (6)

_ T 3T
¢ = ﬁ—ﬁexp[ 3(ln———)] ()

In the above equations, T4 represents the characteristic
period of the site.

Vidic et al. [8] in 1994, proposed a simple relationship for
estimating force-reduction coefficient. In this study, single-
degree-of-freedom systems with hysteretic behavior
represented by a bi-linear model and stiffness degradation
were considered. Based on the results obtained in this
study, the following relationship in equations (8) a (9) was
presented for a 5% damping ratio:

T
R, =Ci(u—1DR() +1 T<T,

To ®)
p=Ci(p— DR +1 To<T
Ty = CZ.uCTTg )
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In the above equations, T represents the structural period, T
is the characteristic period of the site, and the coefficients C
are calculated based on the type of damping and the
structural hysteretic behavior from Table 6.

7. Results

In this section, the ductility demand of three designed
structures, according to the value of force-reduction
coefficients presented in Table 3, are calculated by equations
proposed in the previous section. The results are modified
by the following equation to be acceptable for multi-degree-
of-freedom systems and then presented in Table 7.

1
R, =
"7 140.15T2Ln(w)

(10)

Given the dispersion of the data presented in Table 7, it is
essential to apply a probabilistic framework to answer the
question ”whether ductility capacity is sufficient for collapse
prevention during severe earthquakes?" To answer this

Numerical Methods in Civil Engineering 9-1 (2024) 93-102

Equation (11) is next applied to calculate failure probability.
Results are presented in Table 8.

P(.“demand = Plcapacity) =

the number of data greater than or equal to ductility capacity value

(11)

Total number of data

Table 6. Coefficients of Equations (8) and (9) corresponding to
the structural hysteretic behavior

Dampin Structural
C; Cr C, C, T pe g hysteretic
yp behaviour
02 095 075 135 mass Without
damping degradation
Stiffness Without
0.2 0.95 075 11 damping degradation
mass With
0.3 1 0.65 ! damping degradation
Stiffness With
0.3 1 0.65 075 damping degradation

Table 8: Failure Probability of the Structures

question, the probability that ductility demand caused by Riddle et al 0.36 04 0.17
destructive earthquakes will exceed the ductility capacity of Nasser et al 0.30 0.38 0.13
structures, i.e. P(Haemana > Heapaciey) 1S cOmputed using Miranda 0.23 0.27 012
data pr_e§ented in Ta_ble 7. _This quantit_y_is r?amed failure Vidic et al 0.27 0.28 0.15
prot?ablllty. Computing failure probability is -started by Average 0.29 036 0.14
sorting the database from large to small values in a vector.
Table 7: Ductility demand of 4, 5, and 7-story Structures
Range of 4-Story Building 5-Story Building 7-Story Building
Ductility Riddel Nassar Miranda Vidicet Riddel Nassar Miranda Vidicet Riddel Nassar Miranda Vidic et
O etal etal al etal etal al etal etal al
[1,15) 16 17 19 19 13 13 16 13 22 24 30 25
[15,2) 7 9 11 10 11 12 15 12 15 14 17 13
[2,25) 9 10 8 7 11 12 8 12 10 11 4 10
[25,3) 13 11 9 9 6 9 10 7 4 4 2 4
[3,35) 5 4 3 5 8 6 3 5 2 0 2 1
[35,4) 5 4 5 5 3 0 1 3 2 2 2 2
[4,5) 2 3 2 2 1 1 0 1 2 4 2 3
[5,7) 1 1 3 1 0 5 5 3 2 1 1 2
[7,103) 2 1 0 2 7 2 2 4 1 0 0 0

8. Conclusion

In the present study, the proportionality between the
reduction in seismic elastic demand and ductility supplied
using prescriptive requirements is evaluated. Therefore,
three intermediate steel moment frames with 4, 5, and 7
stories are designed according to the steel structure design
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code and Standard 2800. Among them, a 5-story building
was designed in such a way that the maximum story drift
criterion was not met. According to the results of the
investigations, the following conclusions can be drawn:

e Seismic design procedure suffers from a lack of
proportionality between lateral design forces and
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ductility provided by the prescribed requirements in
seismic codes. Overcoming this difficulty necessitates
increasing lateral design forces or enhancing ductility
capacity by rethinking the prescriptive requirements in
seismic design codes.

e The probability of failure decreases as the number of
floors increases. In other words, taller structures are less
likely to collapse than low-to-mid-rise structures. The
4-story structure has an average failure probability of
30% under selected destructive earthquakes, While the
average probability of failure of the 7-story building,
representing a relatively mid-rise structure in this study,
is about 15%, which is significantly lower than the
failure probability of the 4-story structure.

e The investigations demonstrate that the lack of lateral
rigidity diminishes the effectiveness of seismic design
provisions in ensuring adequate ductility. This increases
the probability of structural failure (refer to the structure
of five stories).
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Appendix
Table A-1: Information of Used Record
Event Information Site Information Record Information
@ e > —_
£ o é | - = S § é 2 8 £ o LowestUseable
s 9 i ¢ 2 = S S EE£ S5 Freqen
g " b : ? 2 J §8 8¢« ™
o L & >

1 12011 953 6.7 1994 Northridge Blind thrust Beverly Hills - 14145 Mulhol 356 17.2 9.4 0.25
2 12012 960 6.7 1994 Northridge Blind thrust ~ Canyon Country - W Lost Cany 309 12.4 11.4 0.13
3 12013 1003 6.7 1994 Northridge Blind thrust LA - Saturn St 309 27.0 21.2 0.13
4 12014 1077 6.7 1994 Northridge Blind thrust Santa Monica City Hall 336 27.0 17.3 0.14
5 12041 1602 7.1 1999 Duzce, Turkey Strike-slip Bolu 326 12.4 12.0 0.06
6 12061 169 6.5 1979 Imperial Valley Strike-slip Delta 275 225 22.0 0.06
7 12062 174 6.5 1979 Imperial Valley Strike-slip El Centro Array #11 196 135 12.5 0.25
8 12063 162 6.5 1979 Imperial Valley Strike-slip Calexico Fire Station 231 11.6 10.5 0.25
9 12064 189 6.5 1979 Imperial Valley Strike-slip SAHOP Casa Flores 339 10.8 9.6 0.25
10 12072 1116 6.9 1995 Kobe, Japan Strike-slip Shin-Osaka 256 285 19.1 0.13
11 12073 1107 6.9 1995 Kobe, Japan Strike-slip Kakogawa 312 3.2 22.5 0.13
12 12074 1106 6.9 1995 Kobe, Japan Strike-slip KIMA 312 95.8 0.9 0.06
13 12081 1158 7.5 1999 Kocaeli, Turkey Strike-slip Duzce 276 15.4 13.6 0.24
14 12091 900 7.3 1992 Landers Strike-slip Yermo Fire Station 354 23.8 23.6 0.07
15 12092 848 7.3 1992 Landers Strike-slip Coolwater 271 20.0 19.7 0.13
16 12101 752 6.9 1989 Loma Prieta Strike-slip Capitola 289 35.5 8.7 0.13
17 12102 767 6.9 1989 Loma Prieta Strike-slip Gilroy Array #3 350 12.8 12.2 0.13
18 12103 783 6.9 1989 Loma Prieta Strike-slip Oakland - Outer Harbor Wharf 249 74.3 74.2 0.13
19 12104 776 6.9 1989 Loma Prieta Strike-slip Hollister - South & Pine 371 27.9 27.7 0.13
20 12105 777 6.9 1989 Loma Prieta Strike-slip Hollister City Hall 199 27.6 27.4 0.13
21 12106 778 6.9 1989 Loma Prieta Strike-slip Hollister Diff. Array 216 24.8 24.5 0.13
22 12121 721 6.5 1987  Superstition Hills Strike-slip El Centro Imp. Co. Cent 192 18.5 18.2 0.13
23 12122 725 6.5 1987  Superstition Hills Strike-slip Poe Road (temp) 208 11.7 11.2 0.25
24 12123 728 6.5 1987  Superstition Hills Strike-slip Westmorland Fire Sta 194 135 13.0 0.13
25 12132 829 7.0 1992  Cape Mendocino Thrust Rio Dell Overpass - FF 312 14.3 7.9 0.07
26 12141 1244 7.6 1999 Chi-Chi, Taiwan Thrust CHY101 259 155 10.0 0.05
27 12145 1595 7.6 1999  Chi-Chi, Taiwan Thrust WGK 259 15.4 10.0 0.09
28 12151 68 6.6 1971 San Fernando Thrust LA - Hollywood Stor FF 316 25.9 22.8 0.25
29 12053 1762 7.1 1999 Hector Mine Strike-slip CDMG 21081 Amboy 271.4 43.05 41.82 0.08
30 138 7.4 1978 Tabas, Iran Thrust 70 Boshrooyeh 338.6 28.79 24.07 0.16
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