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Representative Stratified Site: Liguefaction
Design Issues
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Bridges — Lateral Spread Design Issues

L

* Crust load—deformation behavior. How much deformation to reach
ultimate passive pressure? Adjustments for non-plane strain behavior.

* Prediction of crust displacement.

* Potential restraining effect of the foundation.

* Potential restraining effect of the superstructure.

* Contribution of inertial loads to the foundation displacement demand.

* More specific performance criteria.
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Stratified Sites: Variability of Triggering
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Historical Developments
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# Laboratory Simulation of Seismic Loading

Shear Stress - Ib. /sq. ft.

a'y,

Initial Stresses

*(f‘}“oﬁo

—“‘/D/"— KDG 0

Cyclic Load Sequence

T

a) IDEALIZED FIELD LOADING CONDITIONS

800

600

Depth=45Ft.
400

200

ﬂ,hm
WY

]
e
| T
==

N ——
—]
P=
=
]
=
~
—]

200

oo |

600

800

o] 6 12 18 24 30
' Time - seconds

b) SHEAR STRESS VARIATION DETERMINED BY RESPONSE ANALYSIS

” (1 e Laboratory Liquefaction Tests
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Historical Developments
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# Laboratory Test Results
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Stress Controlled Cyclic Simple Shear Tests
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Shear strain, ¥

Shear slress, T

Constant Volume Strain Controlled Cyclic
Simple Shear Tests
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Laboratory Tests: Silty Sand — Transitional
Behavior
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Cydlic Simple Shear Test Results: U.C. Berkeley Laboratory
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Effective Stress Site Response Analysis
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% Finn et.al 1978 : DESRA

¢ Matasovic 1993 : D-MOD

% Martin/Qui 1998 : DESRA-MUSC
s Pyke 2000 : TESS

s Elgamal et.al 2002 : Cyclic/Opensees
% Hashash 2009 : DEEPSOIL
% Boulanger et.al 2010 : PM4 Sand Model/FLAC

* Byrne/Beaty 2011  : UBC Sand/FLAC and PLAXIS
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Plasticity Based Constitutive Models
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Fundamentals Constitutive Model — 1D Effective
Stress Site Response Analyses

N

HON~LINEAR HYSTERETIC 1
SOIL BEHAVIOR SIMULATED
BY ELASTO-PLASTIC SOIL
HODEL INCORPORATING
YISCOUS DAWPING AND
DEGRADATION

TRANSMITTING BOUNDARY S E—

%
# Computer Programs: DESRA (Lee and Finn, 1978)

DESRAMUSC (Qui, 1998)

OUTCROP
CONTROL MOTION

SURFACE EOTIO0N

MODIFIED FIRM
CROUKD INTERFACE
HOTION

Objectives:
Time histories of pore water pressure
increases in multi layer sites
Determine critical layer for lateral
spread analyses
Determine effect of pore water
pressure increases on ground surface

response

go_Sept 2014 Martin_Elgamal

EERI_San Die

N



DESRA Constitutive Model Fundamentals —
Cyclic Strain Based Volume Change Parameters
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Fundamentals Constitutive Model — 1D Effective
Stress Site Response Analyses

N
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# Input Data for Practical Applications

©} G_ | Maodulus reduclion curve

= Nonlinear initial t/y backbone

~ Backbone
Gsec: curve

= Masing criteria used to Y' g Genae :
simulate hysteretic behavior //ﬂ -

. . Ye log
m Strain hardening suppressed Y

curve matched to G/G,,,, curve

» Backbone curve degraded as a function of pore water pressure increase

= Representative elastic rebound curves chosen based on N, values

= Volume change parameters (simplified to 2) chosen based on N, values

= Volume change/rebound parameters adjusted to match field liquefaction strength curves

m Pore water pressure dissipation/re-distribution during analyses a program option

1
(Note m,, = = )

T
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Fundamentals Constitutive Model — 1D Effective

Stress Site Response Analyses
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# Example illustrating effects of pore water pressure redistribution and sequential liquefaction
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Table 1. Soil Conditions for Boring R-05-001 (Abutment 1)

Stratified Soil Condition at a Bridge Site

P —

1 Oto7 301023 clayey sand 14
2L 71012 231018 | gravel 4
3L | 12016 18t0 14 | silty gravel 12
4L 161029 l4t01 gravel medium dense 15t0 19
SL 29to0 32 1to-2 sand medium dense 14

6 321045 2tw-15 |clay stiff 8

7 4510 50 -15t0-20 | sandy clay stiff 8

Notes: 1. N60 (blow count) values are field N values corrected for hammer efficiency (ERi = 55%).
2. “L” indicates a liquefiable layer.
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Fundamentals Constitutive Model — 1D Effective

Stress Site Response Analyses

@ Example illustrating effects of large strain liquefaction
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LIQUEFACTION POTENTIAL OF SATURATED SAND DEPOSITS
UNDERLY ING FOUNDATION OF STRUCTURE

Liu Huishan (I)
Qiao Taiping (II)
Presenting Author: Liu Huishan
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Site Liquefaction (Solil Liquefaction)
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Sand (mostly from upper layer), Clay, and wWater

//W/////%’/////,/////////

Excess pore pressure some time after earthquake
but before dissipation of water interiayer

u
Excess pore pressure
+—2al and of earthquake
e
Ny

aHy*#H2
b= Adu IIm'thI
quefaction
e AlUmgy —o line (r,= 1)

Elgamal et al. 1989

-

Depth I3

Average hydraulic gradient in clay layer = Au/(, Hsy)
Average maximum hydraulic gradient in clay layersaumgy/ (dy Ha)
[ SUmay = ﬁIHI + ﬁH?j

Example: (3= ¥ )

Avarage Max. Hydraulic
M) | Hp(ft) Gradient In Clay Layer

5 5 2
S 1 &
10 S 3
10 1 11

Fig. 4.19 Development of high gradients in clay layer. Notice that the average hydraulic

gradients in the clay layer reaches a maximum of Aupa Yy, Ha some dme afier
the earthquake. Local gradients at the lower boundary of the clay layer will be
even larger due to low clay permeability (Elgamal et al. 1989),
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Site Liquefaction (Solil Liquefaction)
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Fig. 4.29 Hydraulic fill iquefaction.

Adalier and Elgamal 1992
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Site Liquefaction (Soil Liquefaction)

/
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Fig. 1. Photograph of slope for soil investigation in dewatered trench

Elevation {m)

Kokusho et al. (2000)

—0—: 0.075mm  --A- - (.250mm
-#- :0.106mm -0 :0.850mm

20 40 60 80 100

Percent finer by weight (%)

Fig. 3. Vertical change in grain size distribution along depth for

reclaimed land
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Site Liquefaction (Solil Liquefaction)
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Project VELACS (1993) ~

IMcdel No. 1

Laminar Bax[ ]

(Verification of Liquefaction

Analyses by Centrifuge

| Model No. 2

Laminar Box

Studies)

Model
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Simple Configurations

-
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am ||| T
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e
—_— 1. 30T e
S| Eadmeen] o
1 _7.8m ) ;
sana)/ (5w \| 3 P
i IMocel No. 12 International Confesance on the Verification of Numerical
u Procedures for the Analysis of Soil Liguefaction Problems
— 4m ﬁlgld Box
u Sl T}rﬁ 17 - 20 October 1993
b 3 e Organized by

Sand: Or = 60%

|

|-—§’

The University of California, Davis
and

The California Institute of Technology
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~legel and Kutter 1994

N

INITIAL PROFILE, SILT
OVER SAND BEFORE
SHAKING

SHAKING STARTS
AND SAND SETTLES,
WATER INTERLAYER
DEVELOPS

HEAVIER SILT ZONES
FALL THROUGH THE
WATER GAP, CRACKS
DEVELOP IN THE SILT

BOILING OCCURS AT A
WEAK ZONE IN THE
OVERLYING SILT LAYER

(a)

(b)

Figure 1: The mechanism of liquefaction in layered soils as observed in centrifuge model
tests: (a) a sloping surface and a level interface leads 1o a thin zone at the right side of the
model, test GF4, and (b) a level surface with a sloping interface leads to a thin zone at the
center of the model, tests GF5 and GF6.
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Boulanger et al. and Kutter et al. 2001-2004 |

N

L

Strength Loss and Localization at Silt Interlayers in Slopes
of Liquefied Sand

R. Kulasingam, M.ASCE": Erik J. Malvick, M.ASCE?; Ross W. Boulanger, M.ASCE®; and
Bruce L. Kutter, M.ASCE?

go_Sept 2014 Martin_Elgamal
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Fig. 8. Photos of Test 3 (imitial Dp=35%) after: (a) event 1: Motion
A. base @px=032g and (b) event 2: Motion B. base ayay
~032¢g
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Site Stratification (Wildlife Array, Imperial County, CA)
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Youd and Holzer 1994 Steidl and Seale 2010
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Cyclic mobility at large shear strain (Zeghal and Elgamal 1994)

Superstition Hills 1987 Earthguake., "Wildlife Site
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Cyclic mobility at large shear strain (Zeghal and Elgamal 1994)

iquefaction During the Superstition Hills 1987 Eart Superstition Hills 1987 Earthquake, Wildlife Site

Observed Shear Stress-Strain History
Wildlife Refuge Site, CA, USA
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Soil Constitutive Model

» Multi-yield surface plasticity model (based on Prevost 1985)
» Incorporating dilatancy and cyclic mobility effects

A
Y

’
ag, Principal effi

Conical yield surfaces for granular
soils (Prevost 1985; Elgamal et al.
2003; Yang and Elgamal 2008)
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Shear stress-strain and effective
stress path under undrained shear
loading condition (Parra 1996, Yang
2000, Yang and Elgamal 2002)
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Permeability is a critical parameter for the estimation of
liquefaction-induced lateral deformations

N

L

oo

o

Shear stress (kPa)
D B

02 04 06 08 1 12
Shear strain (%)

::.E

Yang, Z. and Elgamal, A.“Influence of Permeability on Liquefaction-Induced Shear
Deformation,” Journal of Engineering Mechanics,ASCE, 128, 7, July 2002.
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Shaking Table Tests: US-Japan Research (UCSD, NSE NIED, PEER, CALTRANYS)
5m height: Liquefaction-Induced lateral Spreading Effects on Piles (NIED, Tsukuba)

Professor Kohji Tokimatsu, Dr. Masayoshi Sato, and Dr. Akio Abe

N
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—.I"-L:‘ T : . 'rf "_.._, . ":: . _TIF
it B ¥ : 1 £ 4
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Before After

1m of Lateral Spreading ( > 3 pile diameters)

NIED, Tsukuba, Japan
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Shaking Table Tests: US-Japan Research (UCSD, NSF NIED, PEER, CALTRANY)
5m height: Liquefaction-Induced lateral Spreading Effects on Piles (NIED, Tsukuba)
Professor Kohji Tokimatsu, Dr. Masayoshi Sato, and Dr. Akio Abe
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Shaking Table Tests: US-Japan Research (UCSD, NSF NIED, PEER, CALTRANS)
5m height: Liquefaction-Induced lateral Spreading Effects on Piles (NIED, Tsukuba)
Professor Kohji Tokimatsu, Dr. Masayoshi Sato, and Dr. Akio Abe
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Shaking Table Tests: US-Japan Research (UCSD, NSFE NIED, PEER, CALTRANS)
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OpenSees FE Model
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Instrumentation Layout/Experimental Data
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Recorded and computed free-field displacement profile at 10 seconds

N

Free-Field Displacement Profile at 10 seconds

Numerical
—6— Experimental ||

k= 5 e-5 m/sec

| | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Ground Lateral Displacement (m)
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Influence of permeability on free-field displacement profile
at 10 seconds

N

L

Free-Field Displacement Profile at 10 seconds
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Influence of permeability on stiff pile moment profile at 10 seconds

Stiff Pile Moment Profile at 10 seconds

Moment (kN-m)
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Conclusion

N

“-Permeability is a critical parameter for the estimation of
liquefaction-induced lateral deformations

- Permeability is a critical parameter for the estimation of pile
moments due to liquefaction-induced lateral ground deformation
- Larger ground displacement is not always proportional
to higher moment in piles

e A A
%’6- /A,:/ 7 kPa / /
§4 4 kPaH/ /
z 7
Ez P=1 kPi.__/
% 02 04 06 08 1 1>
Shear strain (%)

Yang, Z. and Elgamal,A. “Influence of Permeability on Liquefaction-Induced
Shear Deformation,”’ Journal of Engineering Mechanics,ASCE, 128, 7, July 2002
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For Saturated Cohesionless soils...

Shear resistance depends on:
1) Nioy » CPT Q.1 Vs
2) Soil/System Permeability k
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3D Lateral Pile-Ground Interaction

N

http://soilquake.net/openseespl/
[ fome Coppioh_Baamples _FeQ Feronces

Related Software
= CycliclD
= OpenSees Soil Madels

OpenSeesPL is a PC-based graphical pre- and post-processor (user-interface) for three
dimensional {3D) ground and ground-structure response. The 3D Finite Element (FE)

computations are conducted using OpenSees developed by the Pacific Earthquake Engineering Register/login to download

Research Center {(PEER). The analysis options available in OpenSeesPL* include: 1) Pushowver OpenSeesPL
Analysis, 2) Mode Shape Analysis and 3) Base Input Acceleration Analysis. - Segl_ster

= Login
OpenSeesPL is recently re-written in Microsoft .NET Framework {WPF or Windows Presentation Earthquakes

= M6.5 Barbados 2 hours ago

= M4.1 South Carclina 3 days
ago

= M6E.9 China 6 days ago

= M&.5 Vanuatu 2 weeks ago

Foundation). OpenTK {OpenGL) library is used for visualization of FE mesh and .NET Chart
Component is employed for x-y plotting.

*Lu, 1., Elgamal, A., and Yang, Z. (2011). OpenSeesPL: 3D Lateral Pile-Ground Interaction, User s M6.S5 New Zealand 2 weelks
Manual, Beta 1.0. ago
Last update : Tue 11:14:58
(UTC)

Also, check the publications below for examples of different pile, footing, embedded structure,
February 2014
M T w T F 5 5

pile group, and ground modification scenarios:

_Martin_Elgamal

go_Sept 2014

1 2
= Elgamal, A., Lu, J., Yang, Z., and Shantz, T. (2009). Scenario-focused three-dimensional
3 4 &5 & T & 9
computational modeling in geomechanics, Alexandria, Egypt, 4 IYGEC'09 - Proc. 4th
] ] ] i 10 11 12 13 14 15 16
International Young Geotechnical Engineers’ Conference (2 - 6 October), ISSMGE [Wiew PDF
17 18 1% 20 21 22 23
File]
24 25 26 27 28

EERI_San Die



N

OpenSeesPL: http://soilquake.net/openseespl/

——

—Saoil
Thickness Residual Shear Strength
Lawer# (From , g
topoown) [m] soil Type [kPa] P L E
1: |10 20: U-Sand1B (PressureDependMultivield).. =] oz e o o
2 ID 1:Sat. cohesionless very loose, silt parmeability ID'2 6~
2: 3at. cohesionless wery loose, sand permeahility
3 IU 3 Sat cohesionless very loose. gravel permeahility IDE = C
] Ii 4: Sat. cohesionless loose, silt permeakility Ii
4 0 h: 3at. cohesionless loose, sand permeahility U i el e
5 |[| b: Sat. cuhes?unless qusn_a, gra‘ffel permea_b_ili’ry ||]_2 = T
7. Sat cohesionless medium. silt permeakility
b ID 8. Sat cohesionless medium, sand permeability I':'-:2 # C C
. I 9: 5at. cohesionless medium, grawvel permeakility I
. ’ 10: Sat. cohesionless medium-dense, silt permeability he o e .
g IEI 11: Sat. cohesionless medium-dense, sand permeakility IEI.2 IO S &
_ I=Sateahesizn reehtregianse, gravel permeability f
3 ID 13 Sat cohesionless densa, silf permeakility ID':2 2
10 i TA =&l cohesioness dense, sand permealility In_g (OB S
I 15: Sat. cohesionless dense, gravel permeability
16: Cohesive soft
[~ Saturated Soil Analysis |17 Cohesive medium [m]
183 Cohesive stiff
13 U-Sand1A (PressureDependhultivield)...

[~ Activate File Zone
[T Activate Interfacing Layer

[T Activate Qutermost Zane

24

0; L-mand1B [PressureDependhdultivield)...
U-Clay1 (Fressurelndependhulivield)...
J-Clay? (Pressurelndependhulivield)...
JU-Sand2A (PressureDependbdultivield0z2). ..

IL-Sand?B (PressureDependMultivielddz). .

ayer Same as Soil
layer Same as Soil

layer Same as Soil

[T Activate Tension Cutoff for Cohesive Soll

Mote: P. Land Crepresents Parabolic, Linear increasing and Constant wariation of soil modulus with depth. respectively.

(0] Cancel |
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files/

input

(http://soilquake.net/openseespl/example

OPENSEESPL Example Input Files

leweb|3 unteN T0Z 1des obslg ues 1433

3-D Shear Beam Site Amplification

Pile in Ground Strata


http://soilquake.net/openseespl/example_input_files/

OPENSEESPL Example Input Files
(http://soilquake.net/openseespl/example input files/

N

Ground Modification by Stone Columns. Pile-pinning, Earthquake Drain,
or Deep Soil Mixing Grids

go_Sept 2014 Martin_Elgamal
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http://soilquake.net/openseespl/example_input_files/

OPENSEESPL Example Input Files
(

HRIAMIATALATA

i
i
n
1

NI

[l
I
I
|

JGUITTHIL

Pile Groups and Piled Rafts

It
LU

T
TN

i
AT
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http://soilquake.net/openseespl/example_input_files/
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