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Outline

» Introduce soil improvement with
Prefabricated Vertical Drains (PV-Drains)

» Discuss modeling issues of the response of
sandy soils treated with PV-Drains

» Validation against Centrifuge Test



1. PV-Drains



PV-Drains
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PV-Drains: Cross Section

T FINS: Transmit

PREFABRICATED vibratory motion to the
DRAIN soil for densification

STEEL CASING:
Protects drain from
driving stresses



PV-Drains: Installation




2. Previous research



Analytical Solutions

» Radial Dissipation of Excess Pore Pressure: Unit Cell
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» Excess Pore Pressure Accumulation:
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» Key References
Seed & Booker: Perfect drains

Onoue et al. Effect of well resistance
Pestana et al.: FEQDRAIN (includes storage effect)



Validation: Importance of Drain

Resistance
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» Predictions of Seed
& Booker
Read r,

Much lower than
measured data

» Measured r fit
modified theory
(well resistance)

Onoue, 1987



2-D (Plane-Strain) Modeling
Approximation

Match the degree of consolidation (average diffusion) within soil
Doesn’t match the pore pressures at all points  Equivalent

plane strain PV
Drain

PV Drain

For infinite permeability drains inside a uniform
soil: 2K,

;=
. 3]

k.. : true soil permeability,

Ky eq.uivalen.t soil permeability in a plane stain analysis

n :drain spacing ratio

Hird et al., 1992



Equivalence between radial and plane strain
drainage around a pre-fabricated drain

Normalized Excess Pore Pressure Ratio around a
perfect PV drain
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3. Modeling of PV-Drains



PV-Drains: Hydraulics

» Darcy Weisbach Equation

Friction Factor
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A, dimensionless flow coefficient
L, length of pipe

D, diameter of pipe

p, mass density of fluid

V, average velocity of the flow
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PV-Drain Elements: Laminar flow
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PV-Drain Elements: Fully turbulent flow
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OpenSees Object Oriented Finite Element
Framework

» Developed for Research Purposes

» Capability to solve dynamic fully coupled pore pressure
displacement analyses

» Modular

» But ... with minimal documentation, no pre- and post-
processing, and small bugs here and there!

» Most importantly:

FUN: interface in tcl/tk and source in C++



PV-Drains: Opensees Implementation

» Laminar flow:
element Pipelin2 eleid nodel node2 Material Area C; Y,

A-D?
Clz
32U

» Turbulent Flow
element Pipe4 eleid nodel node2 Material Area C, Y, d.

2-D - A2
C, = o




4. Centrifuge Testing



Centrifuge Testing
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Centrifuge Testing: UC Davis Centrifuge
Device




PV-Drains: Scaling Principles

» Scaling of Dimensions:
XP=XM-N

» Scaling of Stresses:
P = oM

» Scaling of Acceleration:
a"=a" /N

» Scaling of Time:
tP=t"-N

» Scaling of Permeability:

kP=kM- N



PV-Drains: Scale Modeling Issues (I)

» Scaling of flow:
QP — QM .N2
» Scaling of Drain Flow Properties:
Laminar flow
CIP — CIM .N3
Fully turbulent flow
CtP — CtM .N5/2



PV-Drains: Scale Modeling Issues (II)

» Scaling of Reynolds number

For the same pore fluid:

Re”=ReM™-N
For different pore fluid (diffusion scaled)
ReP = ReM-N?

e Problem Statement:

“What is the model scale diameter of a PV-
drain (where flow is laminar) that corresponds
to a selected prototype scale diameter (where
flow is turbulent)?”



PV-Drains: Scale Modeling Issues (III)
Flow Rate, Q

0 _aminar Drains
max

Fully Turbulent
Drains

, Pressure
imax Gradient, |

The model scale diameter that minimizes
differences between model scale laminar and
prototype scale turbulent flow is:
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5. Validation



PV-Drains Validation: Centrifuge Model

PV drains
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PV-Drains Validation: Centrifuge Model

Kamai et al, 2008



PV-Drains Validation: Centrifuge Model

» Shaking sequence

Centrifuge Motion
Spin Event ID Acceleration | Amplitude'” Time Date
(g) (g)
Spin Up 4:15 PM 3/9/2007
SSKO1_08 15 0.01 4:45 PM os2007
SSK01_09 15 0.03 5:06 PM os2007

Spin5 | SSKOI_10 0.07 3/9/2007
SSKO1_11 6:19PM | 39/2007

SSK01_12 6:45PM | 3/9/2007

Spin Down --- t:51 PM 309/2007




PV-Drains Validation: Centrifuge Model

Kamai et al, 2008



PV-Drains Validation: Base Case
Scenario

No-tension Periodic

" connection Boundary
Drains Conditions
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*pressure independent multiyield model, QUAD Elements
** pressure dependent multiyield model, QUADUP Elements




PV-Drains Validation: Final Deformed
Shape

|Di5p|acement5|
l‘ 0.54469
I 048417
“ 042365
- 036313
- 0.3026
Il 024008

-0.18156

0.12104
0.060521
0

¢ Numerical simulations indicate the
effectiveness of PV-Drains!!



PV-Drains Validation: Pore Pressure




PV-Drains Validation:
PV-drain outflow

Flow Rate (m>/s)

Volume (m3)

Displacement (m)
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PV-Drains Validation:
Pore Pressures, amax=0.07g

Treated side

Untreated side
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PV-Drains Validation:
Horizontal Accelerations, amax=0.07g

Treated side Untreated side

Horizontal Acceleration, o, (m/sz)

Time, t(s) Time, t (s)
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PV-Drains Validation: Surface
Horizontal Displacements, amax=0.07g

Treated side Untreated side
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PV-Drains Validation:

Surface Settlements, amax=0.07g

Vertical Settlement, u, (m)
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PV-Drains: Validation Observations

» Excess Pore Pressures
Reasonable agreement at mid layer
Underestimate at top of sand

» Horizontal Accelerations
Good agreement on treated side
No de-amplification in untreated sand
No ‘prediction’ of liquefaction event
» Horizontal Displacements
Reasonable magnitudes
No slippage between sand and loam
» Vertical Displacements (surface)
Mismatched across model

Effect of variable g field (centrifuge) and/or slope failure
mechanism?



Coming up ...

4

Investigation of the non-uniformity of the acceleration
field inside the centrifuge device (CMMI 2009)

Submission of code and manuals to OpenSees (PV-drain
elements, element wrappers, and material models)

Examination of the effect of numerical model by
comparing with Dafalias Manzari model (5% IC on

RAGEESD)

Field performance
Long term performance!
Effect of buckling, clogging, sedimentation & biofouling?

Free Field Analyses (Incl. Transmitting Boundaries)
Colloidal Silica Grout Simulation



Thank you!



