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Background

* Amplification of ground motions on ridges and hills, and
deamplification on depressions

* Alternating amplification and deamplification on flanks of a slope

* Frequency dependent — 1nversely proportional to feature
dimension
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Damage in Pietonville District during the Haiti Earthquake. Heavy damage in Orange; light damage in beige (Hough et al. 2010)



Instrumented Case Histories

San Fernando Earthquake, California Northridge Earthquake, California
Mw = 6.6, 1971 Mw = 6.7, 1994
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Background

* 2D numerical studies mostly under predict amplifications in the
field

* 3D simulations are costly to perform

* Effects not accounted for in GMPEs, and not included 1n building
codes

* Design can be un-conservative on ridges
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NSF Topo Project (2009 - 2014
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NSF Topo Project: Field Results
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NSF Topo Project: Field Results
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NSF Topo Project: Centrifuge Tests and Numerical Modeling epid.cch
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NSF Topo Project: Centrifuge Tests and Numerical Modeling ¥ VirginiaTech
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experimental setup

Spectral ratio: Crest/Freefield
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10° : :
— Effects of container boundaries
10° . 100 * Centrifuge studies validated
Fig. 16. Effect of the container rocking to the crest-to-freefield spectral ratio at re Sults frOm numerlc al
the crest. Spectral ratios are the median of all considered motions.
methods

— Numerical methods can
extrapolate results via parametric
studies.
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NSF Topo Project: Centrifuge Tests and Numerical Modeling

Centrifuge Experiment Simulation: full-container

LVirginiaTech

Invent the Future®

Simulation: baseplate only

Contours of maximum acceleration
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NSF Topo Pro ject (2009
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Objective

Develop empirical models to predict topographic eftects through
analyses of strong ground motion dataset

— Predictions represent average behavior with its uncertainty — overcome
1ssues of special variability

— Easy applicability through GMPEs

16
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Analysis methodology

Data collection

— Ground Motion Data
 SMM (California)
* NGA-West?2 (Global)

— Elevation data
* All GM stations

Topographic parameterization
— Site geometry
— Simplistic 2-D numerical analyses

GMPE residual analyses
Regression

17
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PARAMETERIZATION:
TERRAIN BASED axo NUMERICAL-BASED
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Topo parameter; Terrain Based

S Cq

Smoothed slope Smoothed curvature
Quantifies steepness Quantifies convexity
of a point on the or concavity of a point

surface on the surface
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Topo parameter; Terrain Based

No smoothing d=360m d=720m
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Topo parameter; Terrain Based

Hy S Cq

!

Relative elevation Smoothed slope Smoothed curvature
Quantifies relative Quantifies steepness Quantifies convexity
height of a point on of a point on the or concavity of a point
the surface from 1ts surface on the surface

surrounding
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Topographic Parameterization:
Mean Elevation H,

o = = O

Elevation Raster, h Mean Elevation

Raster, hmean,scale
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Topographic Parameterization:
Mean Elevation H,
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Mean Elevation
Raster, hmean,scale
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Topographic Parameterization:
Mean Elevation H,

6.917.1
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Topographic Parameterization:

— .
Mean Elevation H,
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Terrain Based Parameterization

No smoothing d=360m d=720m
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Terrain Based Parameterization
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Relative elevation is strongly
correlated to smoothed
curvature
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Terrain Based Parameterization

1.0 Hz 2.0 Hz 3.0H=z 4.0 Hz
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Smoothed curvature Cs

Amplification factors versus smoothed curvature from an artificial ground motion
dataset generated using 3D finite diference modeling using measured surface
topography in a site in France (right side) for 200 double-couple sources.

The highest linear correlation is reached when the curvature is smoothed over a
characteristic length equal to the S-wavelength divided by two

 Amplification is caused by topographic features whose horizontal dimensions
are similar to half of the S-wavelength.
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Topographic parameterization - Numerical

Empirical correlation

Amp = f(Ampgp)

7 N

Predicted spectral FD prediction of a simplified profile

amplification .
P 2-D cross-sections

lgnore 3-D effects
Elastic analysis
Simplified input motions
Multiple azimuths

(Sa,Topo/Sa,No Topo)

Not a predictive exercise
Family of predictive parameters
Use recorded data to compute empirical correlation

16
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What 1s ngo ?

30m

Depth (m)

:

Vertical wave - Travel time in upper 30 - Vs3o
propagation

37



Sa,ZD(T)
Vertical wave propagation =

Station T

/\

q —[I—g
5 |7 8
il I I

| -

-

38



a,2D (T)

S
Vertical wave propagation % = log(Sa2n/Sa1p)
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Topo parameter: Numerical

A - il - WA

X- sections FLAC meshes Output time
histories from

FLAC
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Topo parameter: Numerical

A - i~ WA

X- sections FLAC meshes Output time
histories from

FLAC
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Topo parameter: Numerical
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Topo parameter: Numerical

A - dfiin - WA

X- sections FLAC meshes Output time
histories from

FLAC
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Topo parameter: Numerical

Station
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Topo parameter: Numerical

2 approaches

— V. of 500 m/s for all stations

— V.=V

3 periods of input harmonic motion
— T=05s,1s,and 2 s

6 orientations for every GM station

Total of 23,940 analysis

fﬂmVlrglnlaTech
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Topo parameter: Numerical

A - i - -

X- sections FLAC meshes Output time
histories from

FLAC
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Normalized PGA

Topo parameter: Numerical

Normalized PGA = PGA ,p/ PGA p
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Topo parameter: Numerical

* For a given GM station: use natural log of Normalized PGA
(InAmp) from 6 orientations to develop a family of parameters

— Maximum, Minimum, Average Unigue to a site

— Parallel
— Perpendicular

—

=

Unique to a recording

48
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1 1

2 1

3 2

4 3
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RESIDUAL ANALYSES
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Residual Partitioning

* GMPE
InS, = f(M,R...) + A

|

Median Residual

19
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Residual Partitioning

* GMPE residuals
Ao = 0B, + OW,

]

Event 5525 + SWS,.

R

Site Residual
term

19
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Residual Partitioning

 GMPE residual
Apoe = 0B, + 0525, + OW S,

— Site term (0S52S) 1s the average event-corrected residual at a site

* The site term contains all the information about the
‘repeatable’  site effects

* QOur analysis will focus on the site term

19



In S,

Residual Partitioning

InS, = f(M,R...) + A

Distance

19



In S,

Residual Partitioning

X InS, =f(M,R...) + A

|

(Inter-event) 6B, + OW.,, (Intra-event)

Distance
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In S,

Residual Partitioning

X InS, =f(M,R...) + A

|

(Inter-event) 6B, + OW.,, (Intra-event)

Distance
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In S,

Residual Partitioning

InS, =f(M,R...) + A

|

(Inter-event) 6B, + OW.,, (Intra-event)

Distance
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In' S,

Residual Partitioning

InS, =f(M,R...) + A

* |
55255 (Inter-event) 5Be + 5Wes (Intra-event)
* |
(Site term) 6525+ SWS,,

(Site-and-event

\ corrected)

Distance
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Residual Analysis; Terrain

VANF-AANAN

Relative elevation Smoothed slope Smoothed curvature

60



Residual Analysis; Terrain

SW,, = 5525, + SWS.,

-to
1T=001s Hd TOq 2] T203s
1.
%w
m 0
2o}
_1_
_2_ .
-100 0 100 200 -100 0 100 200
H1500 (m) HISOO (m)
T=10s 21 T=30s

200

-100 0 100 200

LVirginiaTech
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Residual Analysis; Terrain

SW.. = 5525, + SWS,,

1 T=0.015s

Intermediate

T=03s

T=1.0s

-100 0 100 200

T=30s

-100 0 100 200

-100 0 100 200
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High:

Low :
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Residual Analysis: Terrain

SW.. = 5525, + SWS,,

OS2S,. = mean (6525,)

0.5 d=500m,t=05

TP IR PP B .
01 T (5)
1d=1500m,t=1

/d=500m,t=1

High
Intermediate
s IGW,

B

Differences in classes
(High, Intermediate, Low)
are statistically significant
for some period band and

some scales
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Residual Analysis; Terrain

500 1000 1500

500 1000 1500

SW,, = 5S2S, + SWS.,,
2.

T=04s

500 1000 1500

500 1000 1500

4+ Intermediate

= Low

LVirginiaTech
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No correlation of
different classes
with Vs30
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. . Scale (m
Residual Analyses: Terrain spectal Peiod () S
0.01 0.0094 -0.0346 -0.0636

. : : 0.05 -0.0242 -0.0642

* The optimal smoothing scale 1S o oo | ovee; -

. . 0.15 0.0078 -0.0465 -0.0708
propoonnal to the oscillator 0.2 0.0423 0.0117 | -0.0379
. 0.25 0.0767 0.0301 0.0016
p@fl()d 0.3 0.0976 0.0582 0.0299
0.4 0.1445 0.1088 0.0787
— Except at short periods, where 03 B o5l | 007
. o . . 0.6 0.1627 0.1461 0.1248
topographic amplification 1s not E 01531 | o5 | os0s
. 1 0.1232 0.134 0.1308
SCCN 11N th@ data 1.5 0.0911 0.1259 0.1396
. o 2 0.0818 0.1156 0.1411
» For simplicity - one scale ; oosis | ooon | ot
4 0.0335 0.0726 0.0911
(1500m) Selected 5 0.0392 0.0691 0.086
7.5 0.0359 0.0842 0.1087
10 0.0779 0.1206 0.1419

— Captures better the “high” class

Correlation coefficients values between the site
residuals and the relative elevation parameters
computed at scales of 500 m, 1500 m, and 3000 m



Residual Analysis; Terrain

SW.. = 5525, + SWS,,

High: H, > to,4
Low : H, < -to,,

OS2S. = mean (6525,)

~0.504, el el

0.25- d =500 mt=1

m’.ﬂ

L 0.00-
2]

¥ -0.25,

-0.50-

1 10.0
T(s)

0.251 d=1500m, t=0.5

_0.50.‘ ul PPN |

..,.! PREPEPE PPN
01 T (s)

0.25:d=3000m,t=1

0.1 T (s) 10.0

——— High

- Intermediate

==~ Low
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Regression; Terrain

Fit multi-linear model using linear mixed etfects regression;

quo

Chigh

0 /—J

CIow

ftopo

-20-17 17 20

His00 (M)
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ftopo
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Proposed model: Terrain

0.15

0.10 -/ \
0.05 / \\. ¢ C,, (unsmooth)
0.00

—— C, (smooth)
* w low
005 4 . n .
. \ a"” — Cpgn (smooth)
-0.10
\ B Cpgn (Unsmooth)

-0.15 \
-0.20 L g
\ Chad

-0.25 \_/
-0.30 -

-0.35

0.01 0.1 1 10
Period (s)
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Residuals

0.8+ 0.8

—— High
- Intermediate
—— oW

* More site-to-site variability for sites on topography
* Higher single-station standard deviation for sites classified as “low

9
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Residual Analysis; Terrain

SW., = 5S2S, + SWS,,

Japan NCal

Warning: Does not
work equally well in

0S2S

all regions

SCal All

-100 0 100 200 ~100 0 100 200
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Residual Analysis: Numerical

A - il WA

X- sections FLAC meshes Output time
histories from

FLAC
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Residual Analysis: Numerical

* ) approaches
— Constant V, of 500 m/s

- Vs = V830
* 3 periods of input harmonic waves

— T=05s,1s,and 2 s
* 6 orientations : Use natural log of Normalized PGA (InAmp) to develop

family of parameters

— Maximum, Minimum, Average

— Parallel

— Perpendicular

73
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Residual Analysis: Numerical

* Compare predictive power of different InAmp parameters

— Fit loess models to the intra-event residuals with respect to all
InAmp parameters

— Compare R? values from different regressions
* R21s coefficient of determination
* Quantifies goodness of fit of a regression to the data

74



Residual Analysis: Numerical

Approach 1, constant V of 500 m/s Approach 2, V, of Vg,

. 0.04] 0.04
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Comparison; Terrain and Numerical

Cor (Hy, InAmp,,,)
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Comparison; Terrain and Numerica
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Summary and Conclusions

* Numerical-based parameters perform equally well than geometry-
based parameters (e.g., Hy)

— Shows that Hy captures topographically-related effectds
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Summary and Conclusions

* Relative elevation can capture topographic biases in the residuals
— Amplifications of about 13 % were observed for high sites at T =0.5 s
— De-amplification of about 25% for low sitesat T =2 - 4 s

* A parameter based on 2D numerical analyses does equally well,
but not better

— (Geometry-based parameter 1s simpler to compute
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Significance of this work

* An empirical model to predict topographic effects
* Significantly reduce prediction biases

* Findings can directly be used by ground motion modelers to
improve next generation ground models
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Future work

Study other datasets

[mplement model in GMPE development
Topographic etfects on vertical motion

Study site terms 1n Fourier Amplitude-based GMPEs
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