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Seismic Hazard Analysis Requires an appreciation
of three effects:

» Source, Path, and Site Effects

Site Response
Soil Type and Depth
Non-linearity

Wave velocity

St. Louis

Surficial layers

Earthquake Source Wave Propagation

Fault Type - Crustal Velocity Structure
Fault Size 3-D Sedimentary Basin
Slip Depth Heterogeneity

Rupture Propagation Damping
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Central United States Earthquakes
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New Madrid Events

Sediments show repeat events
occurred about :

200 years ago (1811-1812)
550 years ago

1,100 years ago

1,700 years ago

Wabash Valley Area

Large earthquakes recorded in
sediments, occurred about:

2,000 years ago — M 6.2
4,000 years ago — M 6.3
6,100 years ago — M 7.1
12,000 years ago — M 6.6
20,000 years ago




Source Effects-New Madrid Magnitude vs. Frequency
New Madrid Seismic Zone Magnitude—Frequency
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2. Path Effects How does the energy and the shaking
frequency change along its travel path?

VIII

VIl

SHAKING
INTENSITY

VEersus
DISTANCE

VI

Intensity (Modified Mercalli)

IV |

| | |
100 200 300 400

Distance from fault (kilometers)

Midwest quakes are less frequent, but much more lethal than California quakes
because there is less damping of seismic energy in the basement rocks.



April 18, 1906
USGS Moment Magnitude 7.8

US East of Rocky Mountains New Madrid Earthquake
) December 16, 1811
v Test of Rocky Moumtains USGS Moment Magnitude 8.1

o




Nov 1968 Earthquake WVSZ M 5.5

Memphis

NOV-d 965 Earthquake
Magnitude 5.5

Source: ISGS (Robert Bauer)




Damage in St. Louis from 1968 quake
177 km (110 miles) away from the
epicenter

Boy injured by a
falling chimney —found
unconscious

30 reports of fallen
chimneys

Several reports of
damaged/fallen walls
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Construction of a Virtual
Geotechnical Database for
the Geology Underlying the
St. Louis Metropolitan Area




The St Louis study area
consists of 29 USGS 7.5
minute Quadrangles In
Missouri and lllinois,
encompassing 4,482 sq
km land area

The area consists of:
floodplains along the
rivers; and loess-
covered elevated
uplands on either side.

Earthquake liquefaction
features have been  Upland
identified along the __ pEAeE
major river channels; n A
some are interpretedas |

having formed in 1811-
1812.

. @ Liquefaction_Sites
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Seven GIS Geodata layers underlying the
St. Louis Metro Area

We collected and/or estimated the following
Information:

- 1) Surficial geology

- 2) Loess thickness

- 3) Bedrock geology

- 4) Borehole information

- 5) Shear wave velocities of surficial materials

- 6) Depth to groundwater

- 7) Depth to Paleozoic age bedrock

Goal Is to estimate the severity of shaking:
- Amplification of incoming seismic energy due to soil cap

overlying dense Paleozoic age bedrock

- Magnification of incoming seismic energy due to
Impedance contrast with the soil cap
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Compiled Surficial Geologic Map
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Loess Thickness Map (in feet)

®| oess (Peoria and
Roxana Silts):

" Thickest along the
river bluffs
bordering the
Missouri and

Mississippi Rivers; —° 2
and 5

—— {0 —— 40

® Thins 12 —— 50
exponentially, away ~ °
from the river bluffs

Vector data model
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Map Scale Matching Problems

Possible Solutions:

For mismatching boundary area, editing another 24K map
boundaries instead of 100K map

Before edge-matchinc After edge-matching

Manchester 7.5’
Quadrangle

House Spring 7.5’
Quadrangle



Compiled Bedrock Geology Map

Unit Symbol
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Borehole
Locations

= Data Sources:
s MODNR-DGLS
2 |ISGS

= Note Data Gaps in
Jefferson and eastern o

1‘

St- Charles Counues Geotechnical bofing(MoDGLg)m Gotechnical boring(ISGS)

Borehole Type Borehole Type
s Bedrock depth and type o Highway log
@ Corelog(RQD) e Highway/Engineering
o Grain Size e Highwayhead
o Material * Log

8 Physical property Water well

Vector data mQgel

o  \Water observation




Borehole Information
= Data Sources (Digital Format); MODNR-DGLS and ISGS

Number of

State Borehole type CTELS Item
Missouri Bedrock 2338 Depth to bedrock, Bedrock type
Corelog 729 Core recovery (%), Rock Quality Designation (RQD)
Grain Size 93 Grain size anaysis of soil
Material 2330 Description of soil material
Physical Property 1906 Standard Penetration Test (SPT) N-value, Cone
Penetration Test (CPT), ASTM class, Unit weight
(water content,%), Liquid limits, and Plastic index
Water Observation 961 Depth to groundwater
Site 2394
Illinois  Highway Log 857 Description of soil material
nghway_ 496 Standard Penetration Test (SPT) N-value
Engineering
Highway Head 2226  Description of geotechnical boring
Log 3636 Description of soil material
Water Well 4728 Description of water well
Site 4817
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Locations of Shear Wave Velocity
(Vs) Measurements
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T SES (17) Franklin
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VS5, @and NEHRP Soil Classes

s VS50, = average Vs in the upper 30m
= The higher Vs, the stiffer materials

Avg. Vs (m/s) in

Site Class General Description

the upper 30m

A Vs >1500 Hard rock

5 260<\Vs <=1500 Rock with moderate_fracturlng and
weathering

C 360<\Vs <= 760 Very dense soil, soft rock, highly fractured

and weathered rock

D 180<Vs<=360 Stiff soll

E Vs <=180 Soft clay soll

F

Soils requring site-specific evaluations
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Shear Wave Velocity (Vs) and NEHRP Soil Classes
overlain on Surficial Geology Map

VS;o, = average Vs upper 30 m

o
e Y ‘ i}
o @o K o
R o Ml 04
S ca?.g.:%a-sw Fo g Gigyd © AP, s
o o _ @ QI-stC : P o © .O.O ce) O
0 @0 © oy e e
QI-StL o& 0?0 0 o) _
x VE) ] ; EN
o @9 o Q W ¢ Qi
0 @ O 0. o)
%a%t?ﬂQ%@,?) cn
Legend % g0l
9 : o P 2 > c(s)
Site Class Mg e 0 o 2
Vs30 (m/s) : éedrockq o o :
@ B (761-1500) o e - Legend
© C(361-760) " - R Surifical Geology I Qis-st.
unmapped & _ Abbrev1 Qt-Stc
i D (181 ) 360) p 2 S | Bedrock Qt-StL
@ E(0-180) R— K River
Y Reference Profile Borhole Qa-MR af(dg)
Qa-StC cl(c)
Qa-StL c(f)
Vector data model Qi o)
QI-StC unmapped

Ql-StL



Mean Vs;,,, (M/s) by Geologic Units
and NEHRP Soil Type

Surficial Geologic Unit Vvs® (ms) NEHRP Class
: : o
Material Location Symbol o Range Median Mean Stahd.ard 21 o
count deviation | Type catergory
Artificial Fill  along Mississippi River af(dg) 14 159~620 242 277 113 D 7
along sreamsin St Charles o, gic | 3 409-454 437 433 2 c 100
County
along streams in St. Louis
- 240~4 14 1 D
County & Cily Qa-StL 6 0~456 3 319 76 83
Alluvium  @long Major Rivers Qa-MR | 10 192~259 230 228 23 D 100
Cahokia fan c(f) 2  137~254 195 195 83 DtoE 50/50
Cahokia sandy c(s) 9 197~264 221 226 24 D 100
Cahokia clayey c(c) 11 194~304 228 229 31 D 100
Terrace or : .
LoketionasE St Louis County & City Qd-st. | 5  200~615 347 360 155 CtoD 20/80
St Charles County QI-StC 6 410~1123 686 715 239 < 67
Loess St Louis County & City Q-StL | 24 182~720 341 368 113 CtoD 46/54
Ilinois Ql-II 5 201-386 249 270 69 D 80
St Charles County QtSIC | 13  293~840 440 448 141 C 92
Till
St Louis City QtStL 6 218~560 292 340 130 CtoD
Karst St Louis County & City K 5 410~534 506 487 55 C
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Vector data model

Preliminary NEHRP Soil Classification Map
(mean Vs, 7 Surficial Geology)
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Vs Reference Profiles and Soil Columns derived from adjacent

Depth (m)

Depth (m)

boreholes

Vs Profile-Cahokia Clayey
(Monk Mound, Granite City, Cahokia Quads)

Vs Profile-Loess in lllinois
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Geospatial Prediction of the
Groundwater Table in the STL study
area

Application: important consideration in
engineering and environmental decision
making; for

. waste disposal sites

- natural hazards, such as shaking-
Induced soll liquefaction and lateral

spreads.
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General Specifications of the
Groundwater Table

The groundwater table elevation generally meets the following
specifications:

1) follows the shape of the land surface
2) Is equal to the ground elevation at streams,
3) the depth to groundwater table is deepest in hilly area

Well

A
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DTW: Depth to Groundwater; DTW 1> DTW 2




Profile of Groundwater Table (W) with and without
considering the ground surface (G)

Ground surfce (G) 7, 2
/
| ; 3 S ¢
,' - 1 's' r 4 1
- L ’ “'-.~ )' ’ \‘ ’ \
- N ’/ 'b.“.. 4 'J ” \l “
= N ~ 4 TN '
o ‘-.,,‘ / \ " i S
— \ A v I \\
c>u \ S / :
D : W=G e
0] estimated Groundwater table (W) i

After Hoeksema et al.(1989)

Distance along section Distance along section

_ : = Estimate W
Estimated W without concerning G and

FRRSIGEng > constraining W=G

LUsing kriging 1Using cokriging -



Input data for Modeling Groundwater Table

=  Observation Well Major River

Data Point for Obtaining Water Elevation at Streams and Rivers Stream



Kriging Map of Groundwater Table Elevation

Kriging Map
Groundwater Elevation (m)
B 0s2- 1158 175.5-182.1
B 1151224 182.1-188.8
P 2241201 1888-1954
I 12011357 || 19542020
[ 1357 - 1423 [0 2020 - 2088
[0 1423 - 1400 [ 2086 - 2153
U 1400-1556 [ 2153 - 2219

1556 - 1622 [l 2219 - 2285

162.2-168.9 [ 2285 - 2352
168.9-175.5 [ 2352-2418

_JRaster data model

Standard Error Map Using
Kriging

Kriging
Standard Error Map
Bl o317 ]74-87
B 15-3.1 [ 88-10.

B o245 [ 102-115[ 0“0
[ 46-59 Il 116129 |00
[ J6o-7.3 M 130-1430




Cokriging Map of
Groundwater Table

Primary variables:
- 1,052 well logs

. 2,569 artificial data points along drainage.

Secondary variable:
- Ground elevation (500m x 500m grids)

extracted from USGS DEMs
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2) Cokriging Map of Groundwater Table

Cokriging Map 1

Groundwater Elevation (m)
B 1092-11538 175.5 - 182.1
B 1158-1224 | 182.1-188.8
I 122.4-1290. | 188.8 - 195.4
[ 120.1-1357 | 1954-2020
[ 13s57-1423 ] 202.0- 2086
| 1423-1490[ | 2086-2153

[ 1490-1556 [ 215.3-2219 |
I 155.6-162.2 [ 221.9- 2285
162.2-168.9 [ 2285 - 235.2
168.9-175.5 [ 235.2- 2418

Cokriging
Standard Error Map

-3 ]71-80
I 32-41 [ 81-90

Raster data model — oy — il

[ Je2-70 N 110-118 "
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Problems with interpolating the
Bedrock Surface
In undulating terrain, the bedrock surface often

presents a complex feature, shaped by numerous
erosional and deformational events

<4 The interpolation in rugged

terrain often leads to erroneous |
Unconsolidated

results, because:

sediments

4 1) overestimation of bedrock surfaces in
paleovalley systems

JZ : o 7 O}Oﬁ /
) alocal contouring model may result in ks

d : , ; Sty
poor estimates when applied o a different “Ce |
geomorphic province or terrain Paleozoic bedrock

i -




Procedure for Interpolating Depth-to-Bedrock

3) Of these two approximations, my model was programmed to
select the deeper bedrock surface, which appears to be more
accurate

Not piercing bedrock interface

Unconsolidated
sediments

Paleozoic bedrock

----- Estimated bedrock surface using borings piercing the bedrock interface
----- Estimated bedrock surface using all borings

Final estimated bedrock surface, selecting the deeper bedrock surface
Actual bedrock surface




Kriging Map of Bedrock Elevation

subtracted DEM from kriged Depth to Bedrock

L
Alge P P

Bedrock elevation (m) -

Value [ 1452-1513
[le04-8a9 [_]1514-1575
[ls50-809 [_]1576-1643
[Js00-947 [ ]1644-1718
[Joe4s-1008 [__]171.9-1803
[ 1007-107.7 ] 180.4- 1898
[ 107:8- 1155 [ 189.9-202.4
[ 1156 - 123.6 [ 20255-220
[ 123.7- 131.6 [ 220.1- 2425
[ 131.7- 1387 [ 2426 - 2794
[ ]1388-1451

E Bedrock exposure

Floodplain

. Sloped zone

:l Flat zone

Data points

A seismic station

Geotechnical borings

0 5 10 20 = reaching bedrock

Km - not reaching bedrock

Bedrock elevation (m)

Raster data model



Preliminary Assessment
of Soil Liquefaction
Potential




Liquefaction is a soil failure
mechanism that occurs
when saturated
cohesionless soil looses T Ay
shear strength. This occurs f o
when the soil pore pressure Mog '

exceeds the effective 2 i
confining stress.

It often occurs in loose

unconsolidated sands during

earthquake-induced ground

?Ihgging, and behaves like a
uid.

Liquefﬁ‘ sand

When the water pressure e
INcreases and Sand IS —_— of America, v. 85, p. 51-65.]

liguefied, a slurry of
sand/water is forced to the
ground surface. e 36



Locations of 564 Borings used to calculate the
Liquefaction Potential Index, or LPI

Surficial Geology

afidg) [T

af aQlqo
[ Jaa [ ] alice
[ Jaae [N o
Qa(s) R

[ Joaad [T7]K | '
[ Jaaad B Jefferson
[ Jad [ | unmapped °

EEE o
- Data Sources (Boring information):,,.. 57

MoDNR-DGLS, ISGS

Data Point

0 5 10
KM




Historical Liquefaction Severity
Assessed from LPI (Iwasaki, 1982)

LPI Severity of Liquefaction
0 None
O0< LPIL5 Little to none
5<LPI<15 Moderate
15 < LPI <100 Severe

" The higher LPI value, the more severe
liguefaction damage.

ssssss




Advantage of LPI over FS

Factor of Satefy

Om Where the mixture
=3 ES= 4.2 of a liquefiable and
= e Non- non-liquefiable soil
2.1 layer exists at a
?? i single boring,
0'7 X Will liquefaction
' occur?
0.71 | Liquefiable .
0.7 If so, how severe is
09l|* the liquefaction?
1.6
7 1 Non-
20m 8.1 -




Advantages of LPIl over FS

LPI

F.S= 4.2

2.4

Depth o

2.1

2.5

1.1

0.7

0.7

0.7

0.9

1.6

7.1

LPI=6.2
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LPI = 6.2 In this soil
column;

therefore,liqguefaction
IS likely to occur

Liguefaction severity
will be “MODERATE”,
based on historical
liguefaction evidences
(Iwasaki et al., 1982)




Calculation LPI and Earthquake
Scenario

Liquefaction potential in the upper Mississippi
Embayment may not be a significant issue at
Magnitudes < 6.4 (Obermeier, 1989; Tuttle and

Schweig, 1995)

LPI values (564 data points) were calculated for
a M7.5 quake with a PGA of 0.10g to 0.30g (Toro
and Silva, 2001), emanating from the New Madrid

Seismic Zone
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Liquefaction Potential Map (inferred from
LPI1) for M7.5 with 0.10 PGA

Severe Liquefaction

Potential Area

(LPI1>15):

= Alluvial fans in part 5
(where,

DTW<0.5m) In
1llinois

® Near confluence of
I\/_IlSSlSSlppl—lIIlnms soveryforn7s | SR>
rivers with a PGA of 0.10g | I 5 s

|:| Little to None
|:| Moderate
- Severe

raye 4«

Grey areas have insufficient # of
borings




Liquefaction Potential Map (inferred from
LPI) for M7.5 with 0.20 PGA

" Severe Liquefaction
Potential Area

(LPI>15):
" Alluvial fan in part |
(DTW<4.7m) in
lllinois
® Alluvium in part
(DTW<4.4m) along
major rivers and ﬁ\r’le;itgéczﬁﬁszog |
streams o S Vi
® Clayey alluvium e e U s

(DTW<4.6m) and [ wocerate Jefferson
sandy alluvium .-
(DTW<5.1m) in ox
bow and adjacent

alluvial fan
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Physical Factors
Affecting Seismic Site
Response




What is Site Response? How the soil under the site
affects the intensity of ground shaking.

Site Response
. Soil Type and Depth
St. Louis Non-linearity
Wave velocity

ooo
oo

rficial layers

Fault — \\
': ;
Earthquake Source I Wave Propagation
Fault Type i Crustal Velocity Structure
Fault Size 3-D Sedimentary Basin
Slip Depth Heterogeneity
Rupture Propagation Damping

The type, depth and size of fault, combined with
physical properties of crust and geophysical
properties of the surficial soils affect site response.
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Estimating surface accelerations

Surface accelerations can be
estimated using 1-D seismic
site response software

Typical input data includes:
- Soil physical properties

- Soil dynamic properties

- Soil thickness

- Input rock motion at the
base of the soil column

These are combined to
estimate the site
amplification, or de-
amplification
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Ground Motion
Parameters

Peak Ground Acceleration (PGA) is the maximum
acceleration experienced by the particle during the
course of the earthquake motion.

Spectral Acceleration (SA) what is experienced by
a building, as modeled on a massless vertical rod
having the same natural period of vibration as the
building.
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Spectral Accelerations (SA)

The spectral acceleration value varies with the
natural period of the structure.

0.5

10 -
e
g Ground surface
R e | 1 e
]
Q
3]
B 11 e e
©
3
2 o1 o BETOCK N
&0

L T T ST e
2 0 0.5 1.5 2 2.5
Period (sec)

y =
Page 48

(approximately related)




The MS&T pilot study sought to develop the
following maps, of a —460 km? land area.

1) Site amplification maps for different levels of ground
shaking (0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0) in
terms of PGA, 0.2 sec and 1 sec spectral accelerations.

2) 2% probability of exceedance in 50 years in terms of
PGA;

3) 5% probability of exceedance in 50 years in terms of
PGA;

4) 10%0 probability of exceedance in 50 years in terms of
PGA;

5) 0.2 second spectral accelerations for 220, 5% and 10%o
probabilities of exceedance in 50 years;

6) 1 second spectral accelerations for 2%, 520 and 10%o
probabilities of exceedance in 50 years;

7) 2 scenario earthquakes (Mo 7.0 and 7.7) and their

associated PGA and 0.2 sec-SA and 1 sec-SA;
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Distribution of

Site Amplification

and

Development of

Site Amplification Maps




What information do we need to
estimate site amplification?

1) Characterize the shallow geology overlying the bedrock

Surficial geology maps
Depth to Bedrock

2) Characterize the bedrock acceleration

3) Characterize the thickness and shear wave velocity of the
bedrock underlying the surficial materials

4) Characterize the properties of the surficial materials
(—soil cap)
Physical soil properties
Dynamic soil properties (shear modulus and damping, shear wave

velocity)
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190 m

Digital Elevation Model

175 m

150 m

125 m

100 m

75m




Depth to Bedrock (Surficial Geology
Thickness Map)

Legend

| Depth to top of Bedrock
in meters

It
B o -0
[ 101 -20




N

Drawbacks .

When the bedrock surface @(\M e
IS uniform there is little - | ’s;
uncertainty in the 0D
calculations. However, A
large variations in the '
data within small
distances cause problems
INn the predictions.

The loess deposits
mantling uplands tend to
thicken towards hilltops
and thin towards valleys,
because of erosion.

When thickness data is
missing in these valleys,
kriging techniques can be <\
unreliable, as shown at ___ . o
lower right.

\/\

The true bedrock surface

L

The predicted bedrock surface

The topographic
urface




Surficial Geology of St.
Louis study area
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Surficial Geology

:l Mississippi River

UNIT

- Alluvium -Terrace deposits
- Alluvium -undifferentiated
|:] Cahokia - clayey

:| Cahokia - fan

:l Cahokia - sandy

:| Cahokia Fm

I:] Disturbed ground

D Equality Fm

- Henry Fm

- Peoria Silt and Roxana Silt
[ Vandalia Till of Glasford Fm and Mill Creek Till

0o 1 2 4 6
Kilometers




Typical Cross section thru Mississippi flood plain
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Location of Boreholes
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Estimation of Top of Bedrock Elevations

Legend

Top of Bedrock Elevation
Prediction Map
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Bedrock properties

We used 1750 m/sec +/- 250 m/sec for the weathered
bedrock shear-wave velocity, as suggested by Prof. Robert
Herrmann at St. Louis University.

We selected Om /Z 2m /7 20 m thicknesses for the
weathered bedrock.

We also used 2800 m/sec for the half-space below the
weathered bedrock.

Missouri lllinois

Mississippi River

Alluvium

1
L__L__1l 2800 m/sec
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Characteristic Profiles
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Characteristic Profiles

Shear wave velocity (misec)
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Distribution of Site
Amplification
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Amplification factor at 0.01g
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Site Amplification Maps

Site amplification maps are generated for
every ground motion level of earthquake
Input and for ground motion parameter :

- Peak Ground Acceleration (PGA)
- 0.2 sec Spectral Acceleration

- 1.0 sec Spectral Acceleration
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Site Amplification Factors
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Site Amplification Factors
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Summary of Results

Site amplification depends on level of input
motion induced.

Site amplification depends on the distinct
geologic characteristics.

Site Amplification is most severe on upland
sites underlain by loess.

Site Amplification is also most severe for long
period structures on deep (>—20 m) alluvial
sites, in the natural flood plains.
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Seismic Hazard Maps

Previous Examples:

- National Seismic Hazard Maps
(2002)

- Memphis Shelby County Seismic
Hazard Maps (2004)

PPPPPP




The National Seismic Hazard Maps were constructed
the best earth science information available.

National Seismic Hazard Map

However, they do NOT include the effects of loc
soils, or so-called “site effects”
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Urban Seismic Hazard Maps
(Memphis and St Louis)

INnclude the effects of variations In
local geology

Are completely consistent with the
national maps

The scale iIs useful locally, but not
InNntended to be site specific
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Summaury of Results

2% probability of exceedance in 50 years
acceleration values for loess at 0.2 sec Sa and for
alluvium at 1 sec Sa values appear to be large
enough to cause structural damage in the St.
Louis Metro Area.

Earthquake forces may be most severe for short
period structures, on upland sites underlain by
loess.

Earthquake forces may also be severe for long
period structures on deep (=14 m) alluvial sites,

INn the natural flood plains.
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Recommendations - 1

The results indicate that the site amplification on
alluvial sites is most influenced by the unit
thickness. Therefore, more data is needed to
better define the variations of thickness in
alluvium.

The depth to top-of-bedrock (soil cap thickness)
map was prepared using kriging methods. There
are inherent advantages and disadvantages
assoclated with this methodology. Every effort
should be made to amend this map with additional
data and hand-estimate the bedrock topography,

INn lieu of kriging, to elicit a more accurate

prediction (ignoring 3D effects).

Page 82




Recommendations - 2

Site amplification and seismic hazard depend
largely on the estimated input parameters.

Some of these parameters must be estimated
more accurately, i1.e., maps showing thickness of
the soil cap.

The hazard results are based on the 2002 USGS
model. The USGS will be updating their models
and the National Map sometime in 2008. New
calculations will have to be performed to evaluate

how these changes will compare with the

estimates In this study.
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