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I - — Measure of ground shaking
RISk Hazard and its probability

I Rathje, Grigoratos, Cox, Li, Yust, Savvaidis

X Exposure Characterization of built

environment and inhabitants

F____________

Clayton, Khosravikia, Rathje, Grigoratos

I Susceptibility of the exposure to
X VUInerablllty damage/undesirable consequences
$3, number of people
X COnSGCI uences adversely affected
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Peak Acceleration
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Risk =‘Hazard\x Exposure x Fragility x Consequences

Seismic Source Characterization

Fault

\‘(‘l‘_in:::urce) Requ”_es. For tectonic EQS: For indUCEd EQS:
R * Rate of earthquakes * Stationary * Time-dependent
é , «  Magnitude (M) e Use historical EQ * Relate seismicity to oil/gas
Source distribution catalog operations (e.g., injection)
- * Locations
SOURCES
it ARoneation Ground Motion Characterization
.':.._.ff-.'-{!ﬂ:jzgnitude My Requires:
X | « Ground shaking as a function of For induced EQs:
M, distance (R), and soil/rock Use recordings from events in
Distance conditions (Vs30) geologically similar regions
GROU;'S\Jt;pN?OﬂON * Variabi“ty

(Reiter, 1990)
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Semi-empirical model with parameters derived from seismicity and injection data

x[t] monthly lagged Seismogenic
distributed Index
injection rate |

'
Alt] = (10%cec + v, [t] - 10%) - 1072™
i monthly

with tlag [t] — [t]— distributed

injection rate

. A1 = 10%tec—b'm

Free parameters:
M,, 0 and X~ from monthly injection and seismicity data
a,,. and b from background seismicity (<2009)
Spatial and temporal resolution:
Monthly injection/seismicity for 5-km x 5-km blocks
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Monthly EQs and injection volumes 2000-2018 Gridded and Spatially Distributed Injection Volumes
Cumulative 2006-2018

25 T ~90
— Injection Fairview M, 5.0 —Pz
— Declustered catalog bd - 80 ) )
ﬂgzu- --—-Full catalog L] (;\,I 37N ; 37" N f -4 ;.n.,_mm]r | i
5 17 = 10 I ' b 10
2 Pawnee M_.5.6 s — F__—I'l‘ ” i —
E -60 £ . £ . i i £
Iy = 36N 36N | Ik
s > 106 & | | 108 &
3 M50 O 3 i [ i 2
] Prague M, 5.6 w 9 iii Hii o
3 w0 . 52w it il 10° 2
@ 35 N = 5 N =
3 10° 2 UL, c
> 1 >
Z 430 2 E : £
£ £ 10t © 10* ©
i 420 € 34N 34N
o 5 S
= =
0 103 . 403
101w 100°w 99’ w 98" W 97’ W 96" W 95" W 94" W 101w 100'w 99" w 98’ w 97’ w 96" W 95’ W 9% W

o L L A I R o
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
Time

Cumulative injection volume (m3) 2006-2018 Spatially Varying Model Parameters

| — Seismogenic Index (%) Hydromechanical Parameter (0)
I > 0
=i N _ -
: € "_ W-H.-m-['l .IFI'“ 0.5 10
3 N = g ———_Ii (1] i .",'-m-- II|' LN 'I, )
. i P {] il
E § o r I el anlt 1.5 10°
' € i (| i I
3 N ! % ) m'l “ﬂ"ﬂ!'.lﬁllll"m I 2 i
= i [
?- g o i Do lhaser 2.5 10
. s < an) 00 )
B Nle 402 M. <49 it #MN 3.5 10*
| @ 4.0 < M, <57 o
et i) .
WTW 100w @'w mw orw 96w s W W WTW 00w sw esw  erw s W SsW o s W

01w 100° W 98" w ag’ W o' W o8 W 95 W 84 W

Qs TexNet 4¢CISR



O

Monthly disposed volume (million mB)

Bureau or
EcoNnomic
GEOLOGY

Calibration: Jan 2006 — Dec 2017

Full Study Area

20 -
— Distributed volumes
18—~ Injected volumes
—— Declustered catalog
16~ —— Simulated catalog

-
s

-
na

a
o

| Sl AR 4l

)
o
o

- - l‘\)t [N~} ©w [+ -l‘l-“- -ih
o w o w (=] [%)] (=] w
Monthly number of EQs with M

w

TexNet 4 CISR

Time

0 Q VTN | ] I I I L 0
2006 2007 2008 2009 2010 2011 2012 2

013 2014 2015 2016 2017 2018

>3

w =

Monthly disposed volume (million m®)

N
o
1

-
@

-
(=]

—— Distributed volumes
" | ——Injected volumes

—— Declustered catalog
| | ——Simulated catalog

-
rs
T

-
o
T

-
o

=]
T

@
T

IS
T

n
T

Sub-Regions

-150

NW

e m @ w & &
w o w o o o o
Monthly number of EQs with M

§ ey
=

o

0
2006 2007 20

08 2009 2010 2011

I i < 1 1 1 0
2012 2013 2014 2015 2016 2017 2018
Time

>3

w =

37N
|
36 N
35N
34N
01w 100w o w 98" W 97w 96 W 95’ W

04’ w

Monthly disposed volume (million ma)

Monthly disposed volume (million ma)

20

-
=3

-
o

-
s

-
n

-
(=}

[

o

B

n
o

-
=3

-
@

-
=

-
n

-
(=}

[

(=2}

S

n

-1 50
~—— Distributed volumes NC
I -~ Injected volumes 145
—— Declustered catalog ‘;\’I
| ——Simulated catalog 74075

L
w
[l

I
w
=]

8 @
Monthly number of EQs with M

-
w

-
o

06 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 201%
Time
-150
~—— Distributed volumes C
I -~ Injected volumes 145
— Declustered catalog T\’I
[ | —— Simulated catalog 740 7y

I L
w w
=] @

1
n
o

"
o o
Monthly number of EQs with M

-
=]

w

0 oIl T [ L | 1 |""-'0
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Time




Model performance when we calibrate parameters thru Dec 2014 and then forecast the EQs, given the injection rates
Calibration thru

Calibration thru

Dec 2014 Dec 2017
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Model performance when we calibrate parameters thru Dec 2011 and then forecast the EQs, given the injection rates
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Empirical Ground Motion Characterization of Shear Wave
Model (GMM) Velocity (Vs30)
Using data from Texas, Oklahoma, and Kansas ” . . . -
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Zalachoris and Rathje (2019) EQ Spectra A
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* Events in TX, OK and KS with M > 3.0 between 2005-2017
e Recordings from TX, OK and KS seismic stations (past and existing)
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Atkinson (2015): Potentially
Induced EQs (PIEs)
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* Develop empirical adjustment for
Hassani and Atkinson (2015) GMM
using TX-OK-KS ground motion data
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At each frequency, f:
R = J R2 TUR 1, . he effective depth
: R hyp T Mleff . . (Yenier & Atkfisonp2014)
Overall Adjustment: C = const. o g ;@gg%ﬁg
3 : . ,
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rock rock
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M > 5.0, Vs30 = 760 m/s
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P-wave Seismogram Method
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P-wave Seismogram Method Field Measurements

$ U, Vs30 at Recording Stations In Situ Vs30 Measurements
1
UR : -107.5 -105.0 -102.5 -100.0 -97.5 -95.0 -82.5 -107.5 -105.0 -102.5 -100.0 -97.5 -85.0 -92.5
———a 200/ A Vs30 < 180 m/s 400 400 @ vs30 < 180 m/s 40.0
€ A A A
7! A\ 180 < Vs30 < 360 m/s A * O 180 < Vs30 < 360 mjs
’nll > A‘ A A AA A A ©
, ’ /l z \\ A\ 360 < Vs30 < 760 m/s & Py © 360 < Vs30 < 760 m/s
R \ A 760 < Vs30 < 1500 m/s @ 760 < Vs30 < 1500 m/s
) ! \ 37.5| ! ! 37.5 37.5 - ! 37.5
’ J S\ A Vs30 > 1500 mjs @ Vs30 > 1500 m/s
/7 /] \
Vs 'I \
/’ / A \
/
V4 ; S
33.0 35.0
Reflected P 4 Incident P 30 350 ? >
Reflected SV
A pA AAA A A A pAA
&
325 | h A A A A A AA#A@A P & 2.5 32.5 32.5
Uz AAAA‘AAAAAAAA
. 2 . A A VAN
cos jt.[cos” j+2| =& AAararpas a2
U, N f A A A A A
VS = : 30.0 A A AL AD A P 30.0 {300
5 Uy AA o Aa
z
27.5| — — 27.5 27.5) T 27.5
0 100 200 300 400 500 km 0 100 200 300 400 500 km
. . | | ! | | | \ | ! | | |
Ni et al. (2014), Kim et al. (2016)
-107.5 -105.0 1025 -100.0 -97.5 -95.0 -§2.5 -107.5 -105.0 -102.5 -100.0 -97.5 -85.0 -92.5
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Geologic Proxy for Vs30:

Age and Rock Type

Geologic Age Rock  # V.
Type pts (m 7 s)
Quaternary-Holocene (Outside of Gulf Coast) A/C 11 484
Quaternary-Pleistocene (Outside of Gulf Coast) A/B/C/D 30 526
Quaternary-Undivided (Outside of Gulf Coast) A/B/C 18 588
Quaternary-Holocene (In Gulf Coast) A/C 62 211
Quaternary-Pleistocene (In Gulf Coast) B/C 7 242
Quaternary-Undivided (In Gulf Coast) A/B 4 213
B 11 386
Tertiary C/D 30 466
E 1 696
F 2 838
. B/C/D 42 517
Mesozoic

E 37 765
D 80 747

Paleozoic E 12 971
F 3 1638
Precambrian F 2 1434

Rock Type Groups

Group A: Alluvial and terrace deposits
Group B: Clay, silt, and loess; not alluvium
Group C: Sand and gravel; not alluvium.

Group D: Mud/clay/silt/sand stone, conglomerate, marl, and shale

Group E: Limestone and chalk
Group F: Chert, basalt, granite, and rhyolite
Qs TexNet 4¢CISR

Mapping Approach

Intermediate Result:

1. Vs30 map based on
Inputs: ‘ l Geologic proxy

1. Geologic Atlas of

Texas from BEG Calculate
2. P-wave seismogram residuals
estimated Vs30 Vs30
3. In situ measurement of | pservations
Vs30

Final Output:
1. Kriged Vs30 map

Geostatistical interpolation

Zalachoris et al. (2017) EQ Spectra
Li et al. (in prep) EQ Spectra
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Texas-specific Vs30 Map USGS Global Vs30 from
(This study) Topographic Proxy

Ratio = Texas/USGS
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: — Measure of ground shaking
RISk Hazard and its probability

X Exposure Characterization of built

environment and inhabitants

I x Fragility

$$, number of people
x Consequences
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A Texas Building
% 1.0 | //;;_/___,..
Used to predict the % y/
likelihood of o More /7
damage for a given :g, 0.5 1 frag ' / ,'/ > Less
ground shaking = PR 7.(.7{ fragile
intensity g e
o .7 SN California Building
L -7 s 5

Ground Shaking Intensity
(e.g. Peak Ground Acceleration,

Clayton and Khosravikia Peak Ground Velocity)
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Unreinforced brick: In seismically-active areas:

e Commonly used in Texas * Brick facades and chimneys are avoided

* Known to be vulnerable in earthquakes * When used, more bracing is used to
e ) prevent collapse

5 M5.7 Prague, OK Fragility curves must reflect

(Nov. 2011) . i
local construction practices
@?ow TexNet4¢ CISR 21




Earthquake Frequency Content

“West coast” desigh motions Texas/Oklahoma motions High frequency
. . . . ' ' ' ' ' content = More
— Mean

s | | _ damage to buildings
with low natural
period

S /PGA

Low energy for long
period waves = Less
damage to buildings
with higher natural
period

Fragility curves must reflect

ground motion characteristics
Qs TexNet-#CISR 29
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Residential Masonry Facades
(TexNet - CISR)

I~

(Clayton, Kurkowski, Khosravikia)

o .;-7..

2016 M5.8 Pawnee, OK

(source: P. Clayton)
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Bridges
(TxDOT)

Khosravikia, Potter, Prakhov, Zalachoris)

I
I
(Clayton, Cox, Rathje, Williamson, I

2016 M5.8 Pawnee, OK

(source: P. Clayton)
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~53,000 bridges &
culverts in Texas

GEOLOGY
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* Used computer models to simulate:
 Different geometries (height, span length, etc.)
* Different construction materials & designs
* Wide range of ground motions

Superstructure mass
— Rigid link
—/W\\~ Bearing spring
—/MWW~ Abutment/ foundation springs

Transverse

Transverse

Pounding Element

Longitudinal Longitudinal

[Developed in OpenSees Software }
Qs TexNet-#CISR ’6




Slight Moderate Extensive Complete
'PSte'eI and | - | | | | | | | | | | |
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Continuous steel girder bridges

Slight Moderate Extensive Complete

Probability of damage

PGA (g) PGA (g) PGA (g) PGA (g)
Texas —H— HAZUS

C¥ s TexNet#pCISR 28




P(Damage State)
10fp=======---

—— Slight
~—— Moderate
— Extensive
— Complete

BUREAU OF
EcoNnomic
GEOLOGY

Shaking level

TexNet 4 CISR

Probability

Monetary loss

29




Hypothetical Earthquake with M5 in Dallas, Texas

P(Damage State)
LOF======- = Damage Probability
| Slight 0.4
|
|
i o [ Moder'flte 0.2
: : - lg/lodergte EXtCHSlVC 0 1
: = = — Complete
= Earthquake o : ]M Complete 0.1
N with M5 PGA=05g¢ No damage 0.2
NI From ground
| motion models @

One Realization

<= [ Siicht damags

i Slight 0.03 x Construction Cost
Moderate 0.08 x Construction Cost
Extensive 0.25 x Construction Cost
Complete 1.00 x Construction Cost
LDEXSE TexNet-#pCISR 30




Hypothetical Earthquake with M5 in Dallas, Texas
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Earthquake
with M5
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Std.= 0.8 M
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Earthquake
with M5.8

A

Earthquake
with M4

A

Earthquake
with M5
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Earthquak
with M4

Using HAZUS
Fragility Curves
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Rapid Post-Event Consequence Assessment

National Earthquake Information Center (NEIC)

%USGS I ShakeCast Report

science for a changing world

Magnitude 6.02 - NORTHERN CALIFORNIA Version 1

Origin Time: 2014-08-24 10:20:44 GMT Created: 2018-06-15 20:39:34 GMT
Latitude: 38.21517 Longitude: -122.31233 Depth: 11.12 km

These results are from an automated system and users should consider the preliminary nature of this information when
making decisions relating to public safety. ShakeCast results are often updated as additional or more accurate earthquake
information is reported or denived.
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Type Ep. Distance PGA (%g) PGV (cm/s) PSA 1s
km) %g)
BRIDGE 06_21_0098 21.0098 - STANLEY CREEK 43 Moderate 1062 3965 39.14 VIO 269477
BRIDGE 06_21 0087 21 0087-STATEROUTE29 8.1 Moderate 3975 4002 4109 VIO 323411
ERIDGE 06_21C0006 2100006 - SODA SPRINGS 1597 Moderate 2229 3305 3106 VI 33111
CREEK
BRIDGE 06_21C0081 21C0081 - CARNEROS CREEE 214 B - s 4524 44384 VID 293382
BRIDGE 06_21C0047 21C0047 - FAGAN CREEK 348 N :: o 2863 2789 VII 298697
BRIDGE 06_21C0078 2100078 - HUICHICHA CREEK 376 N 4155 4081 VIO 307819
3313 3743 VIO 21946

BRIDGE 06_21_0049 210049 -NVRR NAPARIVER 406 _ 3459
1 STANLY

 TXDOT implementation of
ShakeCast software

* Input TXxDOT bridge inventory &
vulnerability (from research)

* Automatically retrieves
ShakeMap from USGS minutes
after event

* Integrate new GMM and Vs30 map
* Real-time report of inspection
priorities

* Sends notifications to personnel
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Simulated Seismicity Ground Motion Hazard Monetary Loss Curves
10% Annual Probability of Exceedance
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* Annual seismicity rates from Grigoratos et al. BSSA model calibrated through 2017

e After 2017, injection rates assumed constant

e Ground shaking from Zalachoris and Rathje (2019, EQS) GMM

* Event-based annual PSHA from 10,000 simulations using OpenQuake (GEM Foundation)
e Building inventory from 2010 census and 2018 replacement costs

* Fragility curves for “low-code” buildings in the US (from GEM/USGS)
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Conclusions

» Seismic hazard and risk approaches for tectonic
earthquakes can be adapted for induced earthquakes

« Key improvements required:

— Semi-empirical models to forecast spatial and temporal
variations in seismicity

— Ground motion models for induced earthquakes in the region of
interest

— Detailed Vs30 maps using regional/local data

— Fragility models to predict infrastructure damage for the
expected ground shaking characteristics and local construction
practices
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