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‘Seismic problem’ & Geotechnical Earthquake Engineering

Typically concerned with:

* Determining ground motions —
especially as to effects of local site
conditions

« Liquefaction and liquefaction-

related evaluations —(settlements,
lateral spreading movements, etc.)
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*Seismic behavior-Design:

» Slopes/landslides evaluation

» Dams/embankments

» Design of retaining structures

» Deep and shallow foundation
analysis

> Lifelines and Underground
structures (tunnels, etc.)
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Impact of Earthquakes

Economic
Costs

Disast Humanitarian
ISaster Effects = | i,

Impacts - Indirect :

Ecological |
Effects
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Site Effects — Some History

o % .. amovement ... must be modified while
passing through media of different
constitutions. Therefore, the earthquake
effects will arrive to the surface with higher
or lesser violence according to the state of

aggregation of the terrain which conducted
the movement.

Del Barrio (1855)
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Introduction to Site effects

Schematic figure showing wave propagation from fault to ground surface

Surface
waves

IIIIIII

Seismic Bedrock

Earthquake recordings at soil surface include “information”

1. the source activation (fault rupture)

2. the propagation path of seismic energy
3. the effect of local geology at the recording site
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Introduction to Site effects

What do we mean with the term “local geology”?

= Surface soil formations
= products of erosion, weathering and deposition processes
» stacked in layers over more cohesive materials

= Surface topography (ridges, mountains, hills)

= Subsurface topography (valleys, basins, ...)

Surface Body
waves waves

Seismic Bedrock

...... responsible for significant amplification and spatial variation of
surface ground motion and
irregular geographical distribution of damages.
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Introduction to Site effects
Definition
“Soil formations and topography modify the characteristics

(amplitude, frequency content and duration) of the incoming wavefield
having as a result the amplification or deampblification of ground motion”.

amplitude J\

B

duration

Accelpraiygpn

Sand
Shale
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Site Effects on Ground Motions

* Solil profile acts as filter
» Change in frequency content of motion
» Layering complicates the issue

« Amplification or de-amplification of ground
motions can occur

 Duration of motion is increased
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Site Effects on Ground Motions
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Soft Soil

Structures founded on soils, especially if soft, tend to be
subjected to stronger shaking with longer-period motions.
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Definition of Amplification/Deamplification

Free Surface Outcrop
O @
Soil
O
Bedrock Rock
e s Y Free Surface
Amplification = Free Surface Amplification =
Bedrock Qutcrop
» Fourier amplification spectra » Spectral amplification
a f
free surfa{:ef( ) Sa, free surface (T)
anutcmp ( ) Sa, outcrop (T )
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Site Effects due to soft surface soil layers

...... the amplitude of earthquake ground motion is affected by
both the properties and configuration (geometry) of the near
surface soil materials through which seismic waves propagate.

These properties are impedance and damping.

]

the resistance, any material Absorption of seismic energy
exhibits, to particle motion

how do they affect seismic motion?
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Site Effects due to soft surface soil layers

Dr. K. Makra & Dr. D. Raptakis, personal communication

Impedance = the product of the density (p), the shear wave velocity (Vs)
and the cosine of the angle of incidence which is defined as
the angle between the vertical and the direction of seismic
wave propagation

/)
| = p-Vs-cosé SH wave Sediments
COS 9 = 1 6°: angle of incidence  Vs,=200m/sec H
for vertical propagation Z1=5%
of SH waves 6=0°
— . Vs
| = P Vs Rock B2

P,Vs,

When seismic waves meet a decrease in impedance below the earth’s
surface, an increase in their amplitude is observed due to resonance
as seismic waves are trapped in this layer and begin to reverberate.

The change in impedance is expressed with the impedance contrast
c_l2_p-Vs
1 p1-VS
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Site Effects due to soft surface solil layers

Dr. K. Makra & Dr. D. Raptakis, personal communication
damping = Absorption, anelastic attenuation

e Absorption is substantially greater on soft soils than on hard rocks

e and mitigates the increase in amplitude of seismic motion due to
resonance

CONCLUSION

The fundamental phenomenon responsible for the amplification of
motion over soft sediments is the trapping of seismic waves due to the
impedance contrast between sediments and the underlying bedrock

The interference between these trapped waves leads to resonance
Resonance is a frequency-dependent phenomenon related with the

geometrical and mechanical (density, P-wave and S-wave velocities,
damping) characteristics of the soil structure.

Local Site Effects, Seismic Response, Codes




Site Effects due to soft surface soil layers

Dr. K. Makra & Dr. D. Raptakis, personal communication
Freqguency domain features of the resonance phenomenon

¢ One horizontal layer - 1D structures
Sediments
fo = Ve fundamental Vs=200m/sec H
4.H §=5%
fn = (Zn T 1)' fo harmonics Rock C= %=5
e fy = 0.2Hz - 10Hz or more 4 H=100m
l l Ao SH wave
very thick very thin layers of 3 H=50m B°: angle of incidence
deposits deposits c for vertical propagation
or S of SH waves 6=0°
extren‘?gly SOft Weathered I’OCkS '§ ) SRR IS M anssnnunnnnnnnnnnnns
materials ?;1
<
e A, depends on impedance contrast and 1
material damping -
0 A B S | |
Ay = 1 o o 1+ T 2 T 3 4 5
1 fo Frequency (HZ)fl
C+O'5'”‘§1 e A, = 6-10 (in usual cases)

e Ay > 20 (high C value & small damping)
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Site Effects due to soft surface soll layers

Dr. K. Makra & Dr. D. Raptakis, personal communication
Frequency domain features of the resonance phenomenon

e 2D - 3D structures

e Resonant frequencies and amplification
depend also on the width of the soil
structure

e Complex effects are introduced
— consideration of the finite lateral extent
- locally generated at the discontinuities
(edges, faults, etc) and laterally
propagated surface waves

e The effect of surface waves
- fo=f, 1p but A;>A, ,, (shallow basins)
- fo>fy ;pand Ag>A, ;, (deep basins)

e The differences between 1D and 2D are
much more pronounced than between
2D and 3D cases.

1D

transfer functions for the central point of a sinusoidal irregularity

amplification
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Site Effects due to soft surface soil layers

Time domain features of the resonance phenomenon

it sl

Site A Site B .
. . 6 i
§ s
Vs=120 m/s| |Vs=500 m/s € 4l
y=17.3 KN/m3| |y=17.3 KN/m3 E 3l
£€=0.10 £€=0.10 s 2|
T
,
"o 5 10 15 20
Frequency (Hz)
o — oo b —

Softer Soil A will amplify low-frequency input much more strongly that

will the stiffer soil of site B. At higher frequencies, the opposite behavior
Is expected.
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Site Effects due to soft surface soil layers

1985 — Mexico City

COCOS PLATE

L -

MIDDLE
AMERICAN
TRENCH

EADING
EONE

6 CM/YR, =

SUBDUCTION
Z0

NORTH AMERICAN
PLATE

Mexico City, 1985
Ms = 8.1 cause only

moderate damage in the
vicinity of the epicenter but
extensive damage 350 km

away.
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i
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Site Effects due to soft surface soil layers
1985 — Mexico City

Failure of Top Floors, Hotel Continental

Failure of Top Floors, Hotel Continental
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Site Effects due to soft surface soil layers
1985 — Mexico City

SCT: Site period To=4 H/Vs =4x37.5/ 75=2sec

East—West acceleration

UNAM
' b s i Asdadeh st et

SCT ICW&EG
“ '“'”“”""“”“W“"W"VWW”““W“"
I | I 1 I I

0 10 20 30 40 50 60
Time (sec)

__Building damping = 5%

Sa ()

L8] 1 2 3 4 5
Period (sec)
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Site Effects due to soft surface soil layers
1989 — Loma Prieta

USGES Community Intemet Intensity Map for Loma Prieta (OCT 17 1988}
17:04:15 PST Mag=£.9 Latitude=MN37.04 Longitude=W121.88
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Site Effects due to soft surface soil layers
1989 — Loma Prieta

I'u-lllm-\ill.,'.-\ the k
LOMA PRIETA EARTHQUAKE of OCUCTOBER |7, 1889
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Site Effects due to soft surface soil layers
1989 — Loma Prieta

Yerba Buena Island is a rock outcrop Treasure island is 400-arce man-
made hydraulic fill Underlain by 45 ft of loose sandy soil over 55 ft of San

Francisco Bay Mud

200 Yerba Buena Island (E-W) 0.8

5% damping
o~ 0 et b e I
a= (5 :
E . Pga=0.06 _é Treasure
-E =200 i i T LB v ow o E Island
L2 0 5 10 15 20 2
5 Time (sec) E 0.4
E 200 Treasure Island (E-W) w
o o
] 0.2 4]
g 4 a _ Dyerba Buena
Pga=0.16 o\ lsland
200 4 06 iodlE @ . 4 LI IR A o Lo 0 TTTTmere—a.]
0 5 10 15 20 0 1 2 3 4

Time (sec) Period (sec)

The northern portion of the 1-880 Cypress Viaduct that collapsed in the earthquake was
underlain by San Francisco Bay Mud; the southern part that remained standing was not.
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Site Effects due to soft surface solil layers

Dr. K. Makra & Dr. D. Raptakis, personal communication
Time domain features of the resonance phenomenon

Records from recent earthquakes (Mexico, Loma Prieta, Northidge etc) showed
PGAs at soil sites > 4 * PGAs at rock sites.

...... especially when f, of a site exceeds 2-3Hz

GAL NS
00 MAX = 340.60
On the other hand ...... -
liquified sandy deposits induce important A
reduction of peak accelerations (Kobe case). - ~ -340.60 cm/sec?

MAX =564.70

Conclusion 20
. . . GL-16m o
PGA values on sediments cannot be predicted in .
a straightforward manner from PGA values on | -40
I‘OCk 400 MAX=543.30
200
GL-32m o
It depends on the input motion amplitude in -]
combination with the non-linear behavior of soil =5
materials - iR
200
General Trend S
For moderate accelerations levels (<0.2-0.39g), R
HY =+ : H : H 0 5 10 15 20 . 25 (SE
an amplification of PGAs is expec;ed at soil sites ¢ 678 .60 crm/sec?
= refativetytoTockomes
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G/Gmax

Site Effects due to soft surface solil layers

Dr. K. Makra & Dr. D. Raptakis, personal communication

Time domain features of the resonance phenomenon

This behavior of PGA amplification is attributed to

...... soils with low S wave velocity, the accumulated energy results in
amplification and therefore, as the ground becomes softer, amplification becomes

larger (elastic range)

...... under strong dynamic loading the ground becomes softer
(shear strength decreases — nonlinear behavior)

0.8 -
06
04 -

02 -

— Shear Modulus
....... Damping Ratio

30
r hence,

e the peak acceleration becomes

L 20 &
9 smaller
©
|45 & _
19 2 e the fundamental frequency of soil
| o £ profile is shifted to lower values
(@]
-5

0.0001 0.001

0.01 0.1

1 10

—r
P i

Shear Strain (%)
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Site Effects due to soft surface solil layers

Dr. K. Makra & Dr. D. Raptakis, personal communication
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5 4 E=]
g 00(1) _ 0] i
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Site Effects due to soft surface solil layers
& nonlinear effects

- 5M : gilty sand - sandy silt (A B,C)

— CL-ML : silivelay (5<IP<10,e=0.4-0.6) (AB,C)
CL tclay (IP=10-20,e=05-0.7) (B,C,I}

- CH rclay (IP=40,e=0.7-1.00 (D ,E,F)

CL-ML : stiff giliy clay with gravels (D =100m)E,F)

Weathered Rock (G*)

Rock ()

G\ Grmax

0.001 0010 0.100 1.000
v %

Shear modulus and damping
dependency on shear strain
(G/Gmax - y% - D% curves)
for the soil formations of
EUROSEISTEST site

(after Pitilakis et al., 1999)
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Effects of local siteconditions
& nonlinear behavior of soil

leration on Soft Soll Sites (g)
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Effects of local Site conditions
& nonlinear behavior of soil

Response Spectra

Seed et al. (1976)
Soft to medium clay
and sand—15 records

Deep cohesionless soils
(>250 ft)—30 records

Stiff soils
(<200 ft)—31 records

Spectral acceleration
Maximum ground acceleration
N

Rock—28 records

0 0.5 1.0 1.5 2.0 2.5 3.0
Period (sec) |
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Effects of local site conditions
& nonlinear behavior of soil

Design Response Spectra before Loma-Prieta earthquake

Soil Factor, S (NEHRP, 1888)

4 - ; | . : Type Description

ToDIm=Z

SOIL PROFILE TYPE 5‘
3l - 51 A goil profile with either: 1.0
SOIL PROFILE TYPE '53 >
(a] & rock-like material charactenzed by a

SOIL PROFILE TYPE 52 shoar-wawve velosty greater than 2,500
et per second or by other suitable
means of classification, or

ACCELERATION

SOIL PROFILE TYPE §,

(b} 21Ul or danse soll condition whena the
50il depth 5 less than 200 feet,

5o A soil profile with danse or stiff sail 1.2
conditions, wineré tha Soll depln axceans
200 feet or more,

SPECTRAL ACCELERATION

MAXIMUM GROUND

83 A soil profile 70 lest or more in depthand | 4.5
containing more than 20 feet of soft 1o
madium stiff clay but not maore than 40 feet
of soit clay.

1

Q 0.5 1.g 1.5 2.0 25 30

] A zoll prodile, characlerized by a shear 2.0
PERIOD - SECONDS 4 wave welocity kess than 500 feet per

second, containing more than 40 feet of
soff clay.
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Comparison of Response Acceleration Spectrum
from 1989 Loma Prieta at deep Soft Soil Site
with proposed by NEHRP-88 (S4)

0.8
This prompted the development of
Max. Surface Acceleration = 0.16g Category F for such soils that
Damping = 5% require site-specific analysis instead

=
o

—— Surface (Treas. Is.) of simplified analysis (IBC 2003)
----- Rock (Yerbab.)

S4 Soll Profile
NEHRP (1988)

Spectral Acceleration, g's
o
¥
—_—t

0.2

Period, S
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Discussion on EC8

Comparison of Soil Classification in Modern Seismic Codes Worldwide

VS130 (m/sec) 180 360 760 1500
UBC/97 S, Sp Sc S & Sa
1 BC/2000
GREEK SEISMIC D-C C B A A
CODE EAK2000
EC8 (ENV1998) C c B A A
EC8 (prEN1998) D C B A
(Draft4, 2001)
New Zealand, 2000 | D ¢ B A
(Draft) (T>0.6s (T<0.6s
=>VS,30<200) =>VS,30>200)
Japan, 1998 o I 0 I
(Highway Bridges) (T>0.6s- >V, 3,<200) | (T=0.2-0.6 s ->V;3=200-600) | (T<0.2s ->V;3>600)
Turkey/98 24 =23 23 =22 LsZymZ1 | 21
AFPS/90 S; =S, S3-5,-5, S; =S, So

3“" r
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IBC 2003- Site Classification

TABLE 1615.1.1
SITE CLASS DEFINITIONS

AVERAGE PROPERTIES IN TOP 100 feet, AS PER SECTION 1615.1.5

SITE SOIL PROFILE Soil shear wave Standard penetration Soil undrained
CLASS NAME velocity, Ve, (f/s) resistance, N shear strength, 5, , [psf)
A Hard rock ¥, > 5,000 Not applicable Not applicable
B Rock 2,500 < v, £ 5,000 Not applicable Naot applicable
C Very dense soil and soft rock 1,200 < v, < 2,500 N=>350 5,> 2,000
D Stiff soil profile 600= v, = 1,200 15< N<50 1,000 < s, < 2,000
E Soft soil profile V. = 600 N<15 5.< 1,000
Any profile with more than 10 feet of soil having the following characteristics:
- ) 1. Plasticity index PF > 20;
2. Moisture content w > 40%, and
3. Undrained shear strength s, < 500 psf
Any profile containing soils having one or more of the following characteristics:
1. Soils vulnerable to potential failure or collapse under seismic loading such as
liguefiable soils, quick and highly sensitive clays, collapsible weakly cemented soils.
F — 2. Peats and/or highly organic clays (H > 10 feet of peat and/or highly organic clay

where [ = thickness of soil)
3. Very high plashicity clays (i > 25 feet with plasticity index P >75)
4. Very thick soft/medium stiff clays (4 = 120 fi)

For Sl; | foot=304.8 mm, | square foot = 0.0929 m2, 1 pound per square foot = 0.0479 kPa.
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IBC 2003- Site Classification and
Spectral Amplification Factors

TABLE 1615.1.2(1)
VALUES OF SITE COEFFICIENT F, AS A FUNCTION OF SITE CLASS
AND MAPPED SPECTRAL RESPONSE ACCELERATION AT SHORT PERIODS (Sg)®

SITE MAFPED SFECTRAL RESPONSE ACCELERATION AT SHORT PERIODS

CLASS 5 =025 S, =050 £, =075 S, =1.00 8. =125
A 0.8 0.8 0& 08 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.2 1.2 l.i 1.0 1.0
D L6 1.4 12 1.1 1.0
E 23 1.7 1.2 0.9 Note b
F Note b Note b Note b Mote b Note b

4. LUse straight line inerpoiation for intermediare values of mapped speciral acccleration st short period, &
b. Site-specific peotechnical investigation and dymamic site response analyses shall be performed to determine approprate values,
TABLE 1615.1.2(2)
VALUES OF SITE COEFFICIENT F, AS A FUNCTION OF SITE CLASS
AND MAPPED SPECTRAL RESPONSE ACCELERATION AT 1 SECOND PERIOD (5,)*
SITE MAPPED SPECTRAL RESPONSE ACCELERATION AT 1 SECOND PERIOD

CLASS 5, =04 S, = 0.2 5, = 0.3 | &, =04 5, =05
A 0.8 [ 0.8 0.4 0.8
B ) 1.0 1.0 1.0 1.0
cC 17 1.6 1.5 14 1.3
D 24 2.0 1.8 1.6 I5
E 3.5 132 28 2.4 MNote b
F MNote b MNote b Maote b Mote b Maote b

2. Use straight line interpolation for intermediaie values of mapped spectral acceleration at 1-second period, 5,
b, Sie-specific geotechnical mvestigation and dynamic site response analyses shall be performed to determine appropeiate vatues,
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Discussion on site effects and soil categorization: EC8

Shear wave velocity - upper 30m

h.
Z [

i=.N Vi

h, ,V, thickness and velocity of i-
layer up to 30m depth

Table 3.1: Ground

types

Ground
type

Description of stratigraphic profile

Parameters

Nspr

(blows/30cm)

¢y (kPa)

Rock or otl -like geological
lopmerttOn, including at most 5 m of
weaker material at the surface

Viao (mV/s) )
830 o

. /
> 800

Deposits of very dense sand, gravel, or

very stiff clay, at least several tens of m
in thickness, characterised by a gradual
increase of mechanical properties with

depth

360 — 800

> 50

> 250

Deep deposits of dense or medium-
dense sand, gravel or stiff clay with
thickness from several tens to many
hundreds of m

15-50

70 - 250

Deposits of loose-to-medium
cohesionless soil (with or without some
soft cohesive layers), or of
predominantly soft-to-firm cohesive
soil

<70

A soil profile consisting of a surface
alluvium layer with V0 values of type
C or D and thickness varying between
about 5 m and 20 m, underlain by
stiffer material with V10> 800 m/s

S|

Deposits consisting — or containing a
layer at least 10 m thick — of soft
clays/silts with high plasticity index (PI
> 40) and high water content

<100

(indicative)

10-20

Deposits of liquefiable soils, of
sensitive clays, or any other soil profile
not included in types A —E or S
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Discussion on site effects and soil categorization: EC8

. Table 3.1: Ground types
Elastic Response Spectrum — Type 1 P

Ground | Description of stratigraphic profile Parameters
type

4

- b Viso (m/s) | Nspr ¢y (kPa)

L (blows/30cm)

. [ A Rock or other rock-like geological > 800
: \ formation, including at most 5 m of

I 2 M >5 5 weaker material at the surface
S$~29.

i B Deposits of very dense sand, gravel, or |360 —800 [> 50 > 250
very stiff clay, at least several tens of m
- in thickness, characterised by a gradual
increase of mechanical properties with

depth
\ \\ & Deep deposits of dense or medium- 180 -360 |15-50 70 - 250

dense sand, gravel or stiff clay with

thickness from several tens to many
I % hundreds of m

- D Deposits of loose-to-medium < 180 <15 <70

0 cohesionless soil (with or without some
0 3 2 soft cohesive layers), or of

T(s) - predominantly soft-to-firm cohesive

soil
Parameters

E A soil profile consisting of a surface
alluvium layer with V30 values of type
C or D and thickness varying between
about 5 m and 20 m, underlain by
Ground type S Ip(s) Te(s) Ip(s) stiffer material with ¥, 3 > 800 m/s

A 1.0 0.15 0.4 2.0 Sy Deposits consisting — or containing a = 100 10-20

layer at least 10 m thick — of soft

- - s e L indicative
1,2 0,15 0.5 2,0 clays/silts with high plasticity index (PI (incic )

> 40) and high water content

AY) Deposits of liquefiable soils, of

sensitive clays, or any other soil profile
1.4 0.15 05 > 0 not included in types A —E or 5
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=

Elastic Response Spectrum — Type

N

]

Discussion on site effects and soil categorization: EC8

g

D
E

C

3

Ms<5.5

AN

T is)

Parameters

Ground type

Ig(s)

Tp(s)

Table 3.1: Ground types

Ground
type

Description of stratigraphic profile

Parameters

Veso (nV/s)

Nspr

(blows/30cm)

¢y (kPa)

Rock or other rock-like geological
formation, including at most 5 m of
weaker material at the surface

> 800

Deposits of very dense sand, gravel, or

very stiff clay, at least several tens of m
in thickness, characterised by a gradual
increase of mechanical properties with

depth

360 — 800

> 50

> 250

Deep deposits of dense or medium-
dense sand, gravel or stiff clay with
thickness from several tens to many
hundreds of m

15-50

70 - 250

Deposits of loose-to-medium
cohesionless soil (with or without some
soft cohesive layers), or of
predominantly soft-to-firm cohesive
soil

<70

A soil profile consisting of a surface
alluvium layer with V0 values of type
C or D and thickness varying between
about 5 m and 20 m, underlain by
stiffer material with V10> 800 m/s

0,05

0,05

0,10

=

-}
L
[

0,10

0,05

£l
e L

S|

Deposits consisting — or containing a
layer at least 10 m thick — of soft
clays/silts with high plasticity index (PI
> 40) and high water content

<100

(indicative)

10-20

Deposits of liquefiable soils, of
sensitive clays, or any other soil profile
not included in types A —E or S

Local Site Effects, Seismic Response, Codes




Site Effects Estimation Methods

* Empirical techniques
— make use of recordings of strong ground motion

 Theoretical Methods

— Simulation of ground motion based on real or
hypothetical information for
 the source
* the input motion
* the soil model

Local Site Effects, Seismic Response, Codes



Theoretical (numerical and analytical) methods

= Simple estimations
e One horizontal layer - 1D structures

Sediments
fo = 4\-/S|1_| f 0= i Vs1=zzgg:)2/sec H
. T, 1
Ao =
E + 0.5 /A é/l
e horizontal multi-layer 1D structures vy - 1\a t

only f, or T, can be approximated

Local Site Effects, Seismic Response, Codes




Theoretical (numerical and analytical) methods

) ) ) Method Description Mathematical
» Simple estimations Formulation
1 Weighted average of _ i=n
e horizontal multi-layer 1D structures Swave(g'oc't'es /3=(le/3ihi]/h
To ~T, =4h/pB
. 2 Weighted average of _ (i=n
only f, or T, can be approximated <hear moduli and G =(ZGihiJ/h
densities i-1
; = [Z pih; J/h
i=1
] —
¢H1 1, Vi + To =T, = 4h/yG/p
3 Sum of natural i=n
periods of each layer | To T3 = Z4hi /Bi
i=1
4 Linear 5 in
approximation of the | @," = (32 Pi hiJ/h3
fundamental periods i=1
i1 H of each layer To ~ T4 = 27/,
; * : 5 Simplified version of Z, +2,_
' 77 yH i M Rayleigh approach | Xi-1t =Xi * 5.2 =h,
i+1 X, =0
i=n 2
T 4 (Zi + Zzi—l) hi
E Bi
’ Ha n o, Va a)52 - i:n1
Y y vz (x; + x4 )y
- i=1
'rU 'rD ;ﬁ*gb
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Theoretical (numerical and analytical) methods

= The most commonly used theoretical method in microzonation
studies is the

One dimensional response of soil columns

Two Steps:

= (1) Input data
= Modeling the Soil profile

= Input motion (earthquake record)

= (2) Output results

= Acceleration, Velocity, Displacement time histories at
the surface of the soil profile (common) or at various
levels within the profile

= Response spectra and Amplification

= Max acceleration, strain and stress with depth

Local Site Effects, Seismic Response, Codes




Site Response Analysis

Step 1 — Modelling soil Profile:

Stratigraphy and dynamic properties (dynamic
modulus and damping).

1D approach: soil depth is reasonably constant
s reasonably constant beneath the structure
and the soil layers and ground surface
reasonably flat. Otherwise, 2D or 3D models of
the site can be used.

A range of properties should be defined for the
soil layers to account for uncertainties (Unless
soil properties are well constrained)

Local Site Effects, Seismic Response, Codes



Site Response Analysis

Step 2 — Calculating ‘expected’ motions:

Analysis should incorporate nonlinear soll
behavior (either through equivalent linear or true
nonlinear methods)

Design Input motions at outcropping bedrock
conditions — compatibility with the
seismotectonic of the broader area

Assume base or halfspace (Vs>700m/s is often
assumed but not always is OK). Determine
‘'seismic bedrock’ according both to Vs and
geological criteria.
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Techniques Site Response Analysis

« Linear analyses

* Quarter-wavelength approximation
 Equivalent linear analyses
 Nonlinear analyses

Codes

 Equivalent linear analyses:

— SHAKE (Schnabel, Seed, and Lysmer 1972;ldriss and Sun 1992)
— WESHAKE (Sykora, Wahl, and Wallace 1992)
— EERA (J. P. Bardet, K. Ichii, and C. H. Lin, 2000) http://geoinfo.usc.edu/gees/

 Nonlinear analyses

DESRA-2 (Lee and Finn 1978), DESRA-MUSC (Qiu 1998)
SUMDES (Li, Wang, and Shen 1992)

MARDES (Chang et al. 1990)

D-MOD (Matasovic 1993)

TESS (Pyke 1992)

CYBERQUAKE (BRGM 1998)

DEEPSOIL (Hashash and Park 2001)

Local Site Effects, Seismic Response, Codes




Equivalent-Linear Analysis (SHAKE)

|
wn " Rock Outcrop Ground Surface i i,
Ay i b L

= |

Soil Layers

Rock Layers

Base of Sail Pmﬁlemll A

*' Earthquake
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Equivalent-Linear Analysis (SHAKE)

Figure adapted from Rix, G. J., (2001)
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Equivalent-Linear Analysis (SHAKE)

Step 1: Modelling the Soil Profile - Layers

Maximum layer Thickness (H):
dependent on change in material properties 1 hy, Ves, D1, o4 [

Usually Hmax=Vs/4fmax, 1-3m

2 ho, Vo, Do, 2 I
|

n hn: III"IIrSﬂ' Dn: .Ioﬂ [ 1

FETTTAN, FEITer FETETRN

n*+1 Vgnety Dinety Pnety
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Equivalent-Linear Analysis (SHAKE)

Step 1: Modelling the Soil Profile — Vs (Gmax)

Crosshole J M S e il
‘Downhole/SCPT oA T— | |
- P-S suspension logger ,2; Bl | .
*VVertical arrays / S Sl I I
*Surface wave methods 17 | — -
*Empirical correlations (SPT, CPT) 7 e e
g-
-25-% ..... _ VR B
. -
D
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Equivalent-Linear Analysis (SHAKE)

Modulus Reduction and Damping Curves

Laboratory Tests:
*Resonant column
*Torsional shear
*Cyclic simple shear
Cyclic triaxial

g
0]
U]

*Seed et al. (1986)
*Sun et al. (1988)
*\Vucetic and Dobry (1991,1993)
Ishibashi and Zhang (1993)
*EPRI (1993)
Hwang (1997)
: : *Toro and Silva (2001)
T T e *Stokoe and Darandeli (2001)

Sheerstan. 1 (4 *Roblee and Chiou (2004)
Vucetic and Dobry (1991)

Damping Ratio, D (%)
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Equivalent-Linear Analysis (SHAKE) - example

Vs(m/s)

C .
-4.00 1Debris
TSC-CL
10“ sC
1l C
T c
20 ¢
304 CL
401
50 CL
601
704
80

BIBEBNWWNNN ==

400 800 1200
LI

:Debris-(A)
[2}sC-(B1)

[3]sC

[4]:CL-High Ds (E)
BBl.cL-Low Ds (E-F)
Weath. Rock (G)

Based on Resonant Column Tests & Literature

Microzonation of
Thessaloniki

A(center) o

A(E-part)

0.0
0.0001 0.001 0.01 0.1 1 10
Shear Strain, y(%)

Microzonation of
Thessaloniki Based on Resonant Column Tests & Literature

A(center)

A1(East part) D
B1 E
B2 T T —F

0.0 L
0.0001 0.001 0.01 0.1 1 10
Shear Strain, y(%)

Local Site Effects, Seismic Response, Codes



Equivalent-Li Analysis (SHAKE) |
200 Focal Epicentral
“o IR BLARLE DL LA LA BLALELELN BLALA BLELAARL I BN Depth | Magnitude | Mecha- | Station’s | Building distance R | PGA
3 200 ] No. Name Earthquake Country Date Time Lat. | Long.| (Km) Mw nism name type Geology (Km) (9)
E 100 'l _ Cubbio-
F N 1 855-Y Umbria-March Ital 5/4/1998 | 15:52:20 | 43.19 | 12.72 10 4.8 | Pi free-field k 18 0.235
A 0 X M M" \"w\-‘{lf"Hf'?"‘ﬁ\w\%"«‘,fwwﬁ,—-mfw«mwfw‘mmw,-.fa: mbria-Marche| taly normal iene ree-fiel rocl
o -100 ¥ - Hercegnovi
Q . h Novi-0.8.D.
< 200 TP P IS EE IS I T PR 2 MONT_T Montenegro | Yugoslavia | 15/4//1979| 6 :19 :41 | 41.98 | 18.98 12 6.9 thrust Pav.Sch | free-field rock 65 0.256
15 20 25 30 35 40 45 50 Campagno 2377798
3 Sturno_T Lucano ltaly 0 18 :34 :52| 40.78 | 15.33 16 6.9 normal Sturno free-field rock 32 0.323
Kozanr's
& 300 4 Koz95-T Kozani Greece | 13/5/1995| 8:47:15 | 40.18 | 21.66 14 6.5 normal | Perfecture | free-field rock 17 0.142
) NLJBLANL A L B B B L B B B B 07T
3 n . 5 | Thes78_Dec | Thessaloniki Greece | 20/6/1978| 20:03:22 | 40.73 | 23.25 6 6.2 normal | The_6-City | free-field rock 29 (0.143)
~ = -
§ of Ao ]
. : E 40 1 1 1 1 | 1 1 1 1 | - 1 1 1 . 1 | 1 1 1 1
2_300‘....|....|....|....|....|....|....|....' e Design Input Motions - Mean Value
0 5 10 15 20 25 30 35 40 = == Design [nput Motions - Mean Value+,- o
. ++++s Ambrasseys M=5
I e i o i o i o o o e e
$ 300 F ' ' ' ' ' ' ' E = = Ambrasseys M=6
w = -
= 2 3 - Ambrasseys M=6.5
o L e ] .
~‘% 3 hotei g ==se== Sabetta-Pugliese M=5
&3_300 3 ' . . . : . : 3 < = = = Sabetta-Pugliese M=6
0 5 10 15 20 25 30 35 40 ©) == Sabetta-Pugliese M=6.5
E o EC8/Draft4/Type 1-Soil A
NB100_....,l....,....,....,....,...._ = = = EC8/Draft4/Type 2-Soil A
X - ‘ | 1 <
% 0 M&“ M || IIJ}«M,N\‘U.\'AWM}rfwrw\-m’lpmw»m«m,wwuw-w..mwvw- 8
8' -100 |= -
<€ _2p0 al Ml BRI B PP
0 5 1 _ 15 20 25 30
m’;‘ 100 L L B e e e e B B B s SRl -
h . | 00 Wi i Gugeae -
~ ' .U -
A ]
E o awwuf,l‘, JWMWW V‘u';wm%wmwmwwqu
\_f ‘ lll L) L) L) L) I L) L) L) L) I L) L) L) L) I L) L) L) L)
3 [ ] 0.0 0.5 1.0 15 20
Q: -100 PR T T T N T TN S T R S T U U R S T T

20
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AKE) - example

Acceleration,
Velocity and
Displacement
Time Histories

at Ground Surface
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Equivalent-Linear Analysis (SHAKE) - example

Variation with depth of PGA, Shear Strain and Shear Stress

Vs(mls)

Maximum Acceleration

Maximum Shear Strain

Maximum Shear Stress

PGA (g) Y(%) 1(kPa)
O 400 800 1 200 0.6 0.001 0.01 0.1 1 0 40 80 120 160
l 1 l 1 l 1 o L \H‘ 11 H‘ ‘ 0 ‘ ‘ ‘
TDebris |
7777777 - 57 577 A
N e+ - (- - - — = 1 - 10 10+ - |- - AL - -1 -
SC , ]
ES b i
}
4 i |
CL 77777777 — 15 — 15 — |
- - 4 4 l\‘
I
Tol |
J 4 v
= CL - 420+ -——-+4H4)/4F--——-—- - - — A — 20 — 20 — |
7777777777 — 25 — 25 —
p— CL p— — — — — & - — - — - — = = — 30 LI r\T\‘\ r\‘r\‘\ T\7\ \T\7 L 30 T T TTTTIT T T TTTTIT T T TTTTIT 1T 30
L N 1. Seismic Excitation KOZ95_T 5. Seismic Excitation Umbria855
la: Qo 2. Seismic Excitation Thess_D 6. Seismic Excitation Dir_L1(Synthetic)
i = M 3. Seismic Excitation Monte_T Mean Value
4. Seismic Excitation Sturno_. T - — — — Mean Valuet o

e
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PSA (g)

| 1 1 1 1

1

1. KOZ95 T
2. Thess_D
3. Monte_T
4. Sturno_T r
5. Umbria855 I
6. Dir_L1(Synthetic)|
Mean Value r
Mean Value £ ¢

———————————————————

———————————————————

7777777777777777777

*******************

,,,,,,,,,,,,,,,,,,,

7777777777777777777

*******************

,,,,,,,,,,,,,,,,,,,

GA

PSA /PH

4.0

3.5

3.0

25

2.0

1.5

1.0

0.5

0.0

Equivalent-Linear Analysis (SHAKE) - example

Acceleration and Normalized Acceleration Response Spectrum at free Surface

TR |

0.0
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PSV (cm/s)

Equivalent-Linear Analysis (SHAKE) - example

Velocity and Displacement Response Spectrum at free Surface

200.0 1 1 1 1 1 1 1 1 1 1 1 1 ‘l 1 1 1 1 40.0 ! ! ! ! ! ! ! ! ! ! 1 1 I‘ 1 1 1 1
4 e — 1.KOZ95_ T L 4 s P R 1. KOZ95_T
82 2Thess D || = O 2. Thess_D i
A [ i — 3.Monte_T A A | — 3.Monte_T
"”f”f’"i""i ”””” | ——— 4 Sturno_T [ "”f’"i""i""i ”””” i""i""i"’f””"f” — 4.Sturno_T
T — 5. Umbria855 im I e 5. Umbria855 Fe
150.0 — 6. Dir_L1(Synthetic)|| 30.0 R E—— T : 6. Dir_L1(Synthetic)| |
Mean Value L 4 4 4 | | | = Mean Value L
— — — — Mean Value t o | I | |==-== MeanVvalueto
100.0
50.0
0.0
0.0
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Amplification

4.0

3.5

3.0

25

2.0

1.5

Equivalent-Linear Analysis (SHAKE) - example

Amplification ratios at free surface

T (sec)
10 1 0.1 10
T R 1 1 1 | N B 1 1 1 | |
B | 1. Zeiop.Aiyepon KOZ95_T
— s - 2 | 2. Zeiop.Aiéyepon Thess_D -
: 3. Zeiop.Aiéyepon Monte_T -1
N I 4. Zeiop.Aiéyepon Stumo_T L
n | 5. Zelop.Aigyepon Umbria855
u 6. Zeiop.Aiéyepon Dir_L1(Zuve.)
_ | Méon Tiry (Sieyepo. 1-5) B 100 + — — — — — — — — — — — —
4 | = == == MikpoU TAdTOUG SIEyEPan A
] c
. o .
. -
. ©
- 2 ]
e =
] o
. E o e
N T ———— 1. zei0p.Arfyepon KOZ95_T
. 1 2. zeiop Aéyepon Thess_D
. — 3. Zeiop.Aiéyepon Monte_T
— T — 4. Zeiop.Aiéyepon Stumo_T
E — 5. Zeiop.Aéyepon Umbria855
] . — 6. Zeiop.Aiyepon Dir_L1(Zuve.)
- — \Eon TR (Sieyepo. 1-5)
T = = «= MkpoU TTAGTOUG dIfyEpOn
0.1 T T T T T LI
0.1 0.1

grou‘r‘1d surface_ / s”eismic_r_notion ground surface / the incident
at “outcropping” conditions seismic vibration

%"’- £ - - .
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Liguefaction

Liquefaction = phenomenon in which
the strength & stiffness of a soil is
reduced by earthquake shaking or
other rapid loading.

Conditions:

-Saturated,uniform,loose sandy-silty
layers

*Strong ground motion - duration

Soil grains in
a soil deposit

Pore water
pressure

Length of
arrows=size of
contact

Pore water
pressure
increases

Soil particles
lose contact

Friction~0
Sfrpngfh~ﬂ
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Niigata, Japan, June 16, 1964

A remarkable ground failure occurred near the Shinano river bank where the Kawagishi-cho apartment
buildings suffered bearing capacity failures and tilted severely. Despite the extreme tilting, the buildings
themselves suffered remarkably little structural damage.

[ Local Site Effects, Seismic Response, Codes
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Adapazari, Koaceli - Turkey,1999

This new building was not yet
occupied at the time of the
earthquake. Again, the bearing failure
of its mat foundation was related to

its relatively large height-to-width
ratio.

The mat foundation for this building was
exposed when it overturned. This building has a
relatively large height-to-width ratio, making it
more susceptible to overturning failure.
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Liguefaction - Lateral Spreading

% Sand

boils

1 Liquefied
soill

Bl Unliquefied
soil

» One of most pervasive forms of ground damage; especially troublesome for
lifelines

* Mostly horizontal deformation of gently-sloping ground (< 5%) resulting from soil
liquefaction
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Kobe, Japan, Jan. 17, 1995

Collapse of crane due to lateral movement (~2 m) of quay wall on Rokko Island. Note settlement of 1-2 m
also occurred behind wall
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Kobe, Japan, Jan. 17, 1995

W R+ |
A, ’ o o
Ry 4 j - %
n.y - X
NA _,_. 'f' s M
h L IR A g
+ 3 e R

A segment of this new bridge (Nishinomiya bridge) collapsed because of foundation deformations that are
attributed to the effects of liquefaction. Ground cracks behind the quay walls and parallel to the water

edge are indicative of the lateral ground movements that occurred. Sand boils are visible on the ground
surface.
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Northridge, California, Jan. 17, 1994 Kobe, Japan, Jan. 17, 1995

Pipes separated by lateral spreading
Typical utility pipe ruptured by lateral spreading in  petween a building and adjacent

Granada Hills on Balboa Blvd concrete slab near Nakahara Wharf
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Hanshin Expressway - Jan. 1995
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Seismic Codes & Liquefaction — Evaluation of risk

Liquefaction Susceptibility - Criteria

Historical Criteria

Observations from
earlier earthquakes

Soils that have liquefied
in the past can liquefy
again in future
earthquakes

Moment Magnitude, M

9_

(00)
|

(&)
|

Liquefaction

1

10 100
Epicentral Distance (Km)
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Liguefaction Susceptibility - Criteria

Geological Criteria:

Saturated soil deposits created by
sedimentation in rivers and lakes (fluvial or
alluvial deposits), deposition of debris or
eroded material (colluvial deposits), or
deposits formed by wind action (aeolian
deposits) can be very liquefaction
susceptible.

Compositional Criteria:

Fraction finer than 0.005mm £15%
Liquid Limit, LL <35%

Natural water content =2 0.9 LL
Liquidity index < 0.75

() Sand with low uniformity coefficient
100 /

s 5k Particularly

_'5) susceptible

g to liquefaction

5 50— / 4

é’ Susceptible to liquefaction—

g

25
k: (By) (Bc)
0 0.01 0.1 1.0 10
Particle diameter (mm)
Clay Silt Sand Gravel
0.005 0.074 2.0
(B) Sand with high uniformity coefficient
100 = /

S

= 15 Particularly susceptible

) to liquefaction

H L (4)

2 so-

5

g Susceptible to liquefaction

g

Q

g 25— 7 (B.)

(-9

0 1
0.01 0.1 1.0 10
Particle diameter (mm)
Clay Silt Sand Gravel

0.005

0.074

Local Site Effects, Seismic Response, Codes

2.0



Evaluation of Liquefaction Potential - Procedures

Stress-based : Calculation of strength and load in term of stresses

CRR,

: Factor safety=Capacity-'strength’/ Demand — ‘load’ FS =

Strain procedures - Energy-based procedures

Aseismic Codes:

EC8: S2 subsoil class liquefiable soils are described by the S2 subsoil class
(Deposits of liquefiable soils, of sensitive clays, or any other soil profile not included
in classes 1-E or S1)

Stress based procedure (Factor safety=Capacity-'strength’/Demand — ‘load’)

Greek Code: Group X soils (loose saturated sands, Evaluation of liquefaction
potential by Using appropriate analytical methods based on in-situ and
laboratory tests
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Evaluation of Liquefaction Potential - Procedures

NCEER 1997: Demand — Cyclic Stress Ratio — ‘load’:

Total vertical
stress at depth z

Dimensionless
T O /parameter
_ ave VO
CSR = =0.65 o,

rd that accounts for the
]

1 .
stress reduction
O Vo O Vo

(1.0-0.007652 for 2<9.15m

1174002672 for 9.15<z<23m
. _
Peak Horizontal ground 4707440008z  for 23m<z<30m

acceleration, PGA in g _ _ 05 for z>30m
effective vertical

stress at depth z
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Evaluation of Liquefaction Potential - Procedures

NCEER 1997: Capacity — Cyclic Resistance Ratio (CRR) - ‘strenqgth’:

L].{jiJ T T T T T T T T T
sea Mo Lquetaction

(L33 1 e [ jquelaction
— (R

(3,50

Empirical Correlation s
N (S.P.T.) 040

(.55

rara

Csrs. 0

(3. 34

(1,25

W

[3.2¢] -
(]2 -
[ 14 -
(L= _
(h.0) —t 1
5 o 15 200 25 30 35 40 45 A0

M e
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Geotechnical Site Characterization - SPT Tests

Hammer

Repeatedly Standard Penetration Test
Anvil Falling 0.76 m .

¢ 63.5-kg Drop

Rotary-drilled
Borehole

Split-Barrel
(Drive) Sampler:
O.D. = 50 mm
I.D.=35 mm
L= 760 mm

Seating
> <

Standard Penetration Test (SPT)
Procedures: ASTM D 1586

N = measured Number of Blows to
drive sampler 300 mm into soil.

ollow Sampler Driven in
Successive Increments

d.15 m ‘0.15m ‘0.15m ‘
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Evaluation of Liquefaction Potential - Procedures

NCEER 1997: Capacity — Cyclic Resistance Ratio (CRR) - ‘strenqgth’:

0.?‘ RN BRI A AN

¢ &M Liguefied Deposit Field Performance Data
¢ A0 Non Liquefied Deposit

I Shibataetal (1988) data
& Stark et al (1995) data
A Suzuki et al (1995) data _
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Clean sands (Fines < 5%)
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Empirical Correlation
CPT
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Stark et al 1995
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NCEER recommendation
for clean sand

Normalized Liquefaction Cyclic Resistance Ratio (CRR,)
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CPT Profile, Downhole Memphis
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Comparison CPT and SPT - Downtown Memphis

SPT-N (bpf) and q. (MPa) Soil Profile
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Evaluation of Liquefaction Potential - Procedures

NCEER 1997: Capacity - Cyclic Resistance Ratio (CRR) - 'strength':

Step 1: Correction of SPT blow
count data

(N1)60 — I\Im 'Cn °Ce °Cb 'Cr 'Cs

[ &N

Factor Test Vanable Term Correction
.-" - 0.5
[ 1 . _|"" |
Crverburden Pressure Cy a |
bY a ViF .-'l
Energy Ratio Dionut Hammer g 0.5t 1.0
Safety Hammer 0.7t01.2
,-'\umnmu_c.—] rp 081013
Donut-Type Hammer
Borehole Dhameter G5 to 1 3w {p 1.0
| 500 1.05
20000 1.15
Rod Length’ 3m Cr 0.75
Jimi to 4 0.8
4ar to Gun (.85
G to 10m (.95
[ Omi o 30 1.0
Sampling Method Standard Sampler Cs 1.0
Sampler without Liners 0.1to01.3

iModified from Skempton 19806 and Robertson and Wride 1998)

The effective overburden pressure should be the value corresponding to that at the time
of drilling and testing. A higher groundwater level might be assumed for conservatism in
the hquetaction resistance caleulations,

2 1 . " - .

“Rod corrections were not apphied for lengths greater than 3er in the formulation of the
simplified procedure; therefore, comections are not required m applying the procedure for
lengths greater than 3m.
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Evaluation of Liquefaction Potential - Procedures
NCEER 1997: Capacity - Cyclic Resistance Ratio (CRR) - 'strength':

Step 2: Fines Content Correction of SPT

Nl,6Ocs =a+ ,B N1,60

0 for FC <5%

a=4exp[l.76—(190/ FC?)] for 5% < FC <35%
5.0 for FC > 35%

1.0 for FC <5%

B =4[0.99 - (FC** /1000)] for 5% < FC < 35%
1.2 for FC >35%
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Evaluation of Liquefaction Potential - Procedures
NCEER 1997: Capacity - Cyclic Resistance Ratio (CRR) - 'strength':

Step 3: Calculation of CRR7.5

.60

] T T T T
| eee No Liquefaction
U.55 e Liquefaction

1 N N, s0cs N 50 1 050} — CRR
34-N, e 135 (10N, +45)° 200 045}
0.40 ¢

CRR,; =

035+

0.30+

CSRus, CRR

025
0.20F
015 -
0.10F

005

0.00

0 5 10 15 20 25 30 35 40 45 50
N 1 goes
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Evaluation of Liquefaction Potential - Procedures
NCEER 1997: Factor of Safety:

j\"G
0.0
0 1 2 3 4 5 6 7 8 9 10
Vertical Effective Stress o (aimn units, e.g.. 1sf)
Capacity=CRR,, =CRR,, - MSF 45 ,
.\ | —— Seed and Idriss, (1982)
iy 1 Kange of recommended | —#— Idriss
2.24 E 35 5 f}fﬂF from NCEER ¥ Ambraseys (1985)
10 : )& Workshop o Arango (1996)
— 8 5 ¢ Arango (1996)
MSF _ 2.56 % 3 \\ —8— Andrus and Stokos

M I s o A Youd and Noble, PL<20%
= m \ & Youd and Noble, PL<32%
;;5-; 2 —\ 4 Youd and Noble, PL<50%

CRR § s
FS =M i
—_ &0
CSR s 05
0 ;
30 6.0 1.0 B0 9.0

Earthquake Magnitude, M,,
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Evaluation of Liquefaction Potential - Procedures

EC8: Demand - Cyclic Stress Ratio - ‘load':

r,=0.65-a-S -0,

a . ground acceleration ratio, i.e. ratio between the design acceleration a; and
the gravity acceleration

S : Soil profile parameter (see table 6.3)
o,, -is the total overburden pressure

type 1 (high seismicity)

Criodnd tvpe & Crroaind 1y &
A 1.0 A 1.0
£ [,X & 1,35
C 1,15 & |5
13 1,35 I3 l.8
I .4 B |6

type 2 (low seismicity)
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Evaluation of Liquefaction Potential - Procedures

EC8: Capacity - Cyclic Resistance Ratio (CRR) - 'strength':

Step 2: Fines Content Correction of SPT
-Calculation of CRR7.5

CLEAN SANDS SILTY SANDS
0.6 0.6
[] i |
0.5 : : |
1h2, 3
| | I
[t

I ! /

.FF i'-r !

0.3 it

CYCLIC STRESS RATID 7, /0y

0.2
PERCENT FINES
0.1 1. 35
/ 2. 15
3 <5
O 0 20 30 a0 o 10 20 30 40
Ny (BO) Ny (60)
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Evaluation of Liquefaction Potential - Procedures

EC8: Capacity - Cyclic Resistance Ratio (CRR) - 'strength':

Step 3: Correction of CRR7.5 for magnitude

M 5.5 6.0 6.5 7.0 8.0
M 2.86 2.20 169 130 0.67

Capacity=CRRy=CRR75s*CM

_ CRR,
CSR

A soil shall be considered susceptible to liquefaction under level
ground conditions whenever the earthquake-induced shear stress
exceeds a certain fraction of the critical stress known to have

caused liquefaction. The recommended value is 80%, which
implies a safety factor of 1.25

Step 4: Factor of Safety FS

Pl
e

[ Local Site Effects, Seismic Response, Codes




Estimation of Settlement

20{- P R . %
Saturated layer: S, =—dz
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Volymetric ftrain (%)
1.4 |- 0.5 19543 2 1 0..5
[ M
1.2 H
N . A I
FSL 1.0 F"alé x: ‘- --.:_ — == TEE SPESOR g 03 ._.'::.'..0‘1
< &%
08 |- o _ _ 3]
_ \ ,\\ ?\ ; | )= 50 {%._aio\ e 0.2 |-
0.6 |- —6% RN & N::;] Lo 745) o= )
' AY ! Ba- 1 i 0.1 |-
8% ’ " ( 1—=2Q 1=1i0) ' .
0.4 |- Ll
Ymag = a /3’ H = 47) - 0 : : 2 :
02l kv 0 10 20 30 40 50
[qcﬁ=290l Icm"J i i | j | (N1)'E-0
0 T 10 20 80 40 50

Post-liquefication volumetric strain, £, (%) TO k| m atS u & S ee d , 1 9 8 7

Ishihara & Yoshimine, 1992
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Lefkada’s earthquake (2003): Liquefaction Assessment - example

Borehole L2

V W.T. -0.74
- < 0.0

g =\ 6L Vi DB, NSPT=5
SC-CL, NSPT=5

-1.1
-3.2

SC,NSPT=5

-6.8
SM, NSPT=47-60

“9436L-ML, NSPT=60
115

SM, NSPT=60

-145
CL, NSPT=61

.0

%"—. -4 . . .
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Lefkada’s earthquake (2003): Liquefaction Assessment - example

W.T.-0.74
0.0
Vﬂ DB 1D Equivalent Linear Analysis: Input
-11 sc-CL Motion=deconvolved time history of the
-3.2 recorded T-component at Hospital
SC
-6.8
SM
_945 CL-ML § 1 l' F AR AAARAAAA AR
-115 [ 30
SM g
-145
CL
0
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Lefkada’s earthquake (2003): Liquefaction Assessment - example

1D EQL Analysis
W.T. -0.74

-11.5

©
g
c
(®)
=
o
2
m_
o
o
< -

SM

-145

CL
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Lefkada’s earthquake (2003): Liquefaction Assessment - example

M=6.4
W.T. -0.74 PGA=0.32g
W o
-1.1
3.2 SC-CL
N1(60)
SC 40
-6.8
SM
-9.45 CL-ML
-115
SM
-145
CL
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Lefkada’s earthquake (2003): Liquefaction Assessment - example

M=6.4
W.T. -0.74 PGA=0.32g
B o
-1.1
35 SC-CL
SC
-6.8
SM
-9.45 CL-ML
-115
SM
-145
CL
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Lefkada’s earthquake (2003): Liquefaction Assessment - example

M=6.4 Z=-5m,Ns(SPT)=5
W.T.-0.74 P6A=0.329 " Fines =24%, Vs=150m/sec?
0.0 .
{1 D8 o g,= 123.6 kPa
 SC-CL R u = 45.2 kPa
32 o= 78,4 kPa
.., SC et (Equivalent linear analysis)
-68 .....IIIIIII-“ amax=0’26g S=0,9
> 0.65-a-S
r.=0.65-a:-S-o
-9.45 CL-ML e VO
-115
SM l
145 o
load'= |CSR = 0.384
CL
.0
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Lefkada’s earthquake (2003): Liquefaction Assessment - example

Z=-bm, N3o(SPT) =5
Fines =24%, Vs=150m/sec?

Ngpr=3.,0
CN=1.13
N1(60)=6,0

Fines=24%

CRR75 = 0.120

CM=1.792
CRRéA = 0.215

0.6

Q.5

0.4

0.3

0.2

0.1

SILTY SANDS

FERCENT FINEZ=
| 1. 35
2., 15
J. <5

10

20 30 40
Ny (ED)
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Lefkada’s earthquake (2003): Liquefaction Assessment - example

Depth (m)

_ CRR,
CSR

FS

FS=0.215/0.384=0.560
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Lefkada’s earthquake (2003): Liquefaction Assessment - example

Calculation of
Settlements

N1(60)=6,0
N1=4,7
FS=0.560

1

Lo 0
'_° \‘\\: \<\ -—; ‘—f' 1 | ) £:V-4.'9 /o
N \\ '/’\ D=0 D, =X

XSSO

YDI=50]rn da\ AN =3)
N =10 -(Qciz“ﬁ;[ qu“ﬂaj

YT | AH=0,074m

8% ’\ A | (N = 2061 = 1h0)

04 |-
=1Q0%4 Pr=
__Tm 21 v =1qﬂ_=k147)
o

D, = 90%

02} ik
SEAA o | Total Settlement

0 10 20 30 40 50

Post-liquefication volumetric strain, €, (%)

Ishihara & Yoshimine, 1992
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Cyclic 1D — Non Linear effective stress code

& Cyclic1D - Untitled
File Analyze Output Report  Help

DESHE| %

& Model Input

Analyziz Type
% Plastic Analysis

Help

™ Elastic Analysis

Model Prafile

Soil Profile Height [5m-300m: 10

Mumber of Elements: 10 hd
‘wiater Table Depth [m): L

Inclination Angle [0-10.0deq.): lgi
Bedrock |F|igid j

_ ek |

Input otion

Motion Wiew b otions |

0.2g sinuzoidal motion [enter parameters below) j

Scale Factor (0.07 ko 5.0 1
Frequency [0.5-5Hz]: 1
Mumber of Cycles (3-30 10

Feget Damping | Help

Change Damping Coefficients... |

R ayleigh D amping

Rayleigh ['amping Coeffizients:

A= 215422001 Ak = 9.0346e-004

Set Time Integration Parameters... ‘

Ready

Soil Properties

1: Cohesionless Loos
2 Cohegionless Loos
3 Cohesionless Loos
4: Cohesionless Medi
5: Cohesionless Medi
E: Cohesionless Medi
7: Cohesionless Medi
Permeability

8 Cohesionlezs Medi
Permeability

9 Cohesionless Medi
Permeability

10: Cohesionless Der

11: Cohesionless Der
12: Cohesionless Der
13: Cohesive Soft
14: Cohesive Medium
158: Cohesive SHiff

http://cyclic.ucsd.edu

-5
Help

CycliclD
Ver 1.0 (November 2005)

Copyright [C] 2007-2005 University of Califarmia, 5an Diego

7

Digclaimer: Cyclic1D iz in an experimental research phaze, and the results are for
demanstration purposes only. Seismically-induced liquefaction, and resulting deformations are
complex mechanizms, and much expertize and zound engineering judament are necessany.

Cyclic1D iz a nonlinear Finite Element pragram for execution of one-dimenzional zsite
amplifization and liquefaction zsimulationz. Cyclic1D can alzo be acceszed on the
Internet at hitp: A/ cyclic.uced. edu.

Cyclic1D waz developed by Dr. Zhachui %'ang [vangaaa@agmail. corm)] and Dr. Abrmed
Elgamal [elgamali@uczd.edu). This Windows interface was developed by Dr. Jinchi Lu
[inlu@uced. edu), Dr. Zhachui Yang and Or. Ahmed Elgamal.

Far more information, please visit: Cyclic1 D on the Web |

For questions or remarks, pleaze zend email to Dr. Zhaohui *r'ang [vangaaat@gmail. com],
Drr. Jinchi Lu [jinlu@uced. edu), ar Dr. Akmed Elgamal [elgamaliaiuczd. edu]
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Lefkada’s earthquake (2003): Liquefaction Assessment - example

Borehole GX5

W.T. -12

0.0
DB, NSPT=4

- T=
46 CH-CL, NSPT=4

SM, NSPT=16-21

-10.3

ML, NSPT=15
-114

PITAL__X/G) 1
"’\,’ GL11 GL13
STV w3

L6 = CL, NSPT=42-80
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Lefkada’s earthquake (2003): Liquefaction Assessment - example

Liquefaction Susceptibility

i y ‘ /,, —
1 ( /

, ; I /

| / /

| / ‘ (L

/ ]
Ry
| ) /
| /
/ /

0,1

/ /

)

Si1dpeTpog mm

SM 0.0-3.5m
CH-CL 3.5-4.0m

CH-CL 4.0-4.6m
ML 10.3-11.5m

ML 10.3-11.4m
CL 11.4-20.0m

3
LY
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Lefkada’s earthquake (2003): Liquefaction Assessment - example

Soil Model CycliclD

W.T.-1.2 1D Equivalent Linear Analysis: Input
0.0 Motion=deconvolved time histories of the
Medium Dense to Dense SAND, Vs=225m/sec recorded components at Hospital

-35 L cuvicTwoa

CLAY, Vs=150m/sec?

Medium Dense to Dense sandy SILT, Vs=

105 Medium Dense sandy ST o
—115 Time (sec)

CLAY, Vs=300Qr

Acceleration (g)

Time (sec)
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Lefkada’s earthquake (2003): Liquefaction Assessment - example

T component

Horizontal Acceleration (mdsss)

W.T.-1.2

DB O T

35

CH-CL 3

Y RRRRECLEELEETE :5..._ EE

SM = i

-1058. Ak = oy i) - o 8

ML RN i& .......... -;-'-E

o :

cL -15 - £
200 YV J SN S S S N S

2.0 =gr=liatelEeiet: 0 B85 ¥ Eig #2 23

Acceleration (mAs/s)

Y, ;..%"f. -3 . - .
[ Local Site Effects, Seismic Response, Codes
5 ]




Lefkada’s earthquake (2003): Liquefaction Assessment - example

W.T. -12

DB
-3.5
-4.5

SM
ML -105
-115

CL
-20.0

T component

Horizontal Displacement (Relative to

() 1 | | | . .
— o —odf
o Min. ]
=
e T Tt 143.- -
...... trbeeeeannens
0
=
~15 a
_E[:] | i i i

-0, 058,88, 028.08. 010,00, 0050 0, 008,00, 018. 0%

Relative displ.(m)
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Lefkada’s earthquake (2003): Liquefaction Assessment - example

T component

Shear Strain

W.T.-1.2
DB T T T T —
35 .............! i | ek s G P : 7
CH-CL , ol i T A SEERE P
-45 ; :
SM E -8 | -
-10.b=. ..., mee s sl d—- -1 cp oyl i
ML RN i-%..._..i.g..:_——_:' . - ':.'- : ﬁ_
= =14 - =
CL =05 ke _
-18 + : | _ ; 2
-20.0 -0 | ' ' I ' I 1 I

0.0, DL 028 GD L OFR . D 0050 0,008, 00.01

Shear sirailin
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Lefkada’s earthquake (2003): Liquefaction Assessment - example

T component

Fxcess Pore Pressure (kPa)

W.T. -12 .
DB | ' Er‘:d _I.a._
CH-cL g LTI Mai. —e—
49 TR bk s
SM E
-10 b ... .. .. o L P S et i
ML BRI e dannanes g
=
cL -1or ]
_200 _ED ] 5 | | | |
-20 0 20 40 B0 g0 100 120 140
Excess pore press. (kPa)
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Lefkada’s earthquake (2003): Liquefaction Assessment - example

T component

Effective Confinement (kPa)

W.T. -1.2

DB _g § b Fd —e—
A ) M, —e—
| P LR R
SM s B 4
-10 b | ... o v iy B -
ML BRI ﬂ—ig |
& —14 s
CL ~1F o =
-17 R

-20.0 — 21 ' ' i ' | i ! B

[ 20 40 g0 B0 100 120 140 160 180
Effect. confinement (kPa)
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Lefkada’s earthquake (2003): Liquefaction Assessment - example

Horizontal Displacement Time History (Relative to the hase

T component 0.01
= 0.005 R
e 0
_; —0.005
Bo-0.01
o
= -0.015
...00000.... = =002 I 1 i I i i i i i
WT _12 ..0' ° 0 5 1w 15 20 25 30 35 40 45 &0
o
. . Time (sec)
DB % Response Spectrum of Acceleration
o
‘4.5 o E g
> & 2
. E_
SM é%l e
Z=-11.0m 0 10 100
-105 '
ML Period (sec)
-115 Horizontal Acceleration Time History
T 1.8
~ 7L
CL 3 oL
= 0.8
§ 1t
E :E 1 1 1 1 1 1 1 1 1
-20.0 0 5 10 15 20 25 30 35 40 45 50
Time (sec)
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Lefkada’s earthquake (2003): Liquefaction Assessment - example

T component

Shear Stress ws Shear Strain
40

30

..........
o®® °, 20 b

W.T. "1.2.0. ®
DB .

-3.5 y
CH-CL , ¢
-4, 1:='> :30 :
SM _5—{'0.03 —0.:325 -0.02 —O.IUIS -0.01 —D..‘)DE Q O.EIJUS 0.01 0.015
z= - 1 1 .om Shear Strain
-105

ML _11.5 | | Shelar Stresls vE EFF;en:‘t.Lve IE::mFiﬂe-‘nre-m:

cL ‘
. 5%»? # K J\

-20.0

10 +

-10 |

=20

Shear Stress (kPa)

Shear Stress (kPa)
s &
s &
Fi
Lo
R
L
————
e
_'—'—'_"'_'_'_"_ﬂ-
L

0 10 20 30 40 S0 [ 70 g0 90 100
Effective Confinement (kPa)
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Recommendations For Specific Site Response
Analysis Studies

A site specific analysis study requires a methodological criterion

a) the available information
b) Budget / available time
c) risk level of the area under study.

Taking into account ...

e the majority of the techniques for the estimation of local effects

e the variation of their cost/accuracy

e the information they require (which is not always available)

e the nature of the results (quantitative, not always comparable and
usable in a straightforward manner in a regulatory context)

e the required expertise in their use which is not always available
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Concluding Remarks

One dimensional body wave propagation models are the basic tool for ground
response analyses. In their simplest form (i.e. linear elastic or equivalent
linear elastic soil behaviour) they are rather simple while they need for few
parameters which are easily estimated even without performing specific
dynamic field and laboratory tests, as there are many correlations with
conventional geotechnical parameters (i.e. Vs-SPT, Vs-CPT, G/Go-y-DT%
with Pl and DR% for clays and sands etc).

Generally 1D models are reliable for nearly horizontally layered deposits and in
cases when the impedance contrast between soil deposits and underlying rock
is the controlling parameter of ground motion. The velocity of the bedrock and
the incident wave field characteristics are playing an equally important role.
With the 1D modelling the higher frequency parts of the expected ground
motion can be captured quite accurately. Low frequency parts are less reliable
and this is an important shortcoming for the case of deep basins (>300m).
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Concluding Remarks - Needs :

» Next generation of well focused and designed strong motion
networks (surface, down-hole arrays)

» Improved knowledge of soil and site conditions for site effects

» Validation of existing models with well constrained data

» Development of accurate low cost In-situ survey techniques

“SITE EFFECTS” - IN ENGINEERING PRACTICE
» CODE ORIENTED

» Complex site effects

» Microzonation-CODES

» MORE DATA (well designed-focused) - Test Sites
» Combined efforts

» Cooperation at European Level
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Thank you for
your attention ...
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