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1.0

INTRODUCTION

VERSAT-2D is a software package consisting of three computer programs, namely, VERSAT-
2D Processor (the Processor), VERSAT-S2D and VERSAT-D2D.

It is noted that these three components of VERSAT-2D function independently. Interactions
among them take place through data files saved in a Windows Explorer file folder. A brief
description for each program is provided below.

VERSAT-2D Processor (the Processor) is a Windows based graphic interface program. It
serves as a pre and post processor for VERSAT-S2D and VERSAT-D2D. The program is used
to generate a finite element mesh, define soil zones, assign material properties, define boundary
conditions, assign pressure loads, and generate input data for VERSAT-S2D & VERSAT-D2D.
The program can also display and plot results from analyses such as stresses, displacements,
accelerations, pore-water pressures, and a deformed mesh.

VERSAT-S2D is a computer program for static 2D plane-strain finite element analyses of
stresses, deformations, and soil-structure interactions. The static analyses can be conducted
using stress-strain constitutive relationships from linear elastic model to elasto-plastic models,
i.e., Mohr-Coulomb model and VVon-Mises model. This program can also be used to compute or
determine static pre-existing stresses for use in a subsequent dynamic finite element analysis.
Main features of VERSAT-S2D are:

e Linear elastic model

e Von-Mises model for CLAY type

e Mohr-Coulomb model for CLAY, SILT and SAND types

e Stress level dependent stiffness parameters

e External load applications

e Staged construction by adding layers

e Staged excavation by removing layers

e Pore water pressure application

e Calculation of stresses and deformations caused by strain-softening of soils
e Simulation of sheet pile wall and anchors

e Updated Lagrangian analysis

e Factors of safety calculation

e Gravity on and off

e Calculation of pre-existing stresses for use in a dynamic analysis using VERSAT-D2D
e 4-node, 6-node and 8-node solid elements to represent soils

Wautec Geotechnical International, Canada (www.wutecgeo.com) .
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e 2-node line elements to represent sheet pile walls (beam) or anchors (bar/truss)
e Use of any consistent units and sign conventions

VERSAT-D2D is a computer program for dynamic 2D plane-strain finite element analyses of
earth structures subjected to dynamic loads from earthquakes, machine vibration, waves or ice
actions. The dynamic analyses can be conducted using linear, or nonlinear, or nonlinear
effective stress method of analysis. The program can be used to study soil liquefaction,
earthquake induced deformation and dynamic soil-structure interaction such as pile-supported
bridges. Main features of VERSAT-D2D are:

e Application of horizontal, or horizontal and vertical, ground accelerations at a rigid base
e Application of horizontal outcropping ground velocities at a viscous/elastic base
e Application of a load-time-history at any nodal points

e Global force equilibrium enforced at all time

e Linear elastic model

e Non-linear hyperbolic stress-strain model for SAND type and CLAY type

e Non-linear strain-softening model for SILT type

e Stress level dependent stiffness parameters

e Mohr-Coulomb failure criterion

e VERSAT-SAND Model for liquefaction analysis of sandy soils

e VERSAT-SILT Model for liquefaction analysis of silty soils (new since 2016)

e Effective Stress Method of analysis, including the effect of earthquake induced pore
water pressure on soil strength and on soil stiffness

e Calculation of ground deformations caused by soil liquefaction

e Calculation of factor of safety against soil liquefaction or strain-softening

e Simulation of sheet pile wall and anchors

e Updated Lagrangian analysis

e Gravity off for VERSAT-1D module

e Free-field stress boundary

e 4-node solid elements to represent soils

e 2-node line elements to represent sheet pile walls (beam) or anchors (bar/truss)
e Use of any consistent units and sign conventions

e Probabilistic Seismic Performance Analysis (PSPA) including subduction Interface (e.g.,
Magnitude 9 or M9) and Non-Interface (e.g., M7) earthquakes (new since 2018)

e Local viscous damping (a, b) for stiff structures

Wautec Geotechnical International, Canada (www.wutecgeo.com) .
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FLOW CHART TO ILLUSTRATE TYPICAL STEPS IN ADYNAMIC ANALYSIS:
Step 1:

VERSAT-2D Processor

e  Generate a finite element mesh (2D)

e Define soil zones and material parameters

e  Define structural elements and parameters

e Define boundary conditions, apply pressure loads

e Generate input data for VERSAT-S2D or VERSAT-D2D

Step 2:

VERSAT-S2D

e Conduct static stress analyses

e Conduct static deformation analyses

e Conduct static pore water pressure applications
e  Conduct static soil-structure interaction analyses

e  Determine pre-existing stresses

Step 3:

VERSAT-D2D

e  Conduct dynamic linear analyses with or without gravity

e Conduct dynamic nonlinear analyses of earth structures subjected to
dynamic loads from earthquakes, machine vibration, waves or ice actions

e Conduct dynamic nonlinear effective stresses analyses to determine soil
liquefaction (SAND & SILT) and earthquake induced deformations

e Conduct dynamic analyses of soil-structure interaction such as pile-
supported bridges

Step 4:

VERSAT-2D Processor

e View and print finite element mesh including node, element numbers

e View and print soil material zones (Color printer required)

e View and print results of stresses or displacements (peak and instant)

e View and print acceleration values (peak and instant), if applicable

e View and print analysis results of shear strains (peak and instant) or pore
water pressure or factor of safety against liquefaction

e View and print deformed mesh

e  Save graphics as image files (.emf, or .gif, or .jpeg etc)

Wautec Geotechnical International, Canada (www.wutecgeo.com)
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2.0 VERSAT-S2D TECHNICAL MANUAL

2.1

2.2

Introduction

VERSAT-S2D is a computer program for static 2D plane-strain finite element analyses of
stresses, deformations, and soil-structure interactions. The static analyses can be conducted
using stress-strain constitutive relationships from linear elastic model to elasto-plastic models,
i.e., Mohr-Coulomb model and VVon-Mises model. This program can also be used to compute or
determine static pre-existing stresses for use in a subsequent dynamic finite element analysis.

Linear Elastic Model

Elastic materials obey linear elastic stress-strain relationships during loading, unloading, and
reloading. From the theory of elasticity for a 2D plane-strain problem, the stress and strain has a
linear relationship as follows:

[2.1] {o}=[D]{¢e}
Where

{G} = astress vector consisting of {Oy, Oy, Ixy}T;

{€} = astrain vector consisting of {€x, &y, Vxy} T
[D] = a matrix of elasticity stiffness defined by shear modulus and bulk modulus of the material.

The shear modulus, G, and the bulk modulus, B, are computed in the program using the
following equations:

[2.2] G=K_ oP,
[23] B=K, P,
Where
P, = atmospheric pressure, 101.3 kPa
Kp = bulk modulus constant
Ky = shear modulus constant

The Poisson's ratio, u, and the Young's modulus, E, can be computed from G and B using:
3B-2G 21+
24l u=—-=- & B/G=———
24l 1= g6 /=302

[25] E=2(1+u)eG

H
g
H
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2.3

231

2.3.2

Plasticity Strength Models for Soil and Rock

Mohr - Coulomb SAND Model
The Mohr - Coulomb SAND Model is used to simulate material shear strengths that are

functions of strength parameters as well as stresses induced by loading. The strength parameters
(c', ¢' for an effective stress analysis, or c,, ¢, for a total stress analysis) for the model are
normally derived from a Mohr — Coulomb stress diagram.

Prior to yield, the stress-strain relationship for the SAND Model is linear elastic. At yield,
plastic irrecoverable deformation occurs. The stress-strain relationship is then governed by the
theory of plasticity.

For analyses of drained loading conditions (or effective stress analyses of undrained loading
conditions), the stresses at yield are confined by

o

[2.6] 793 _clecos ¢'+@sim ¢

Where
o1, 63 = current major and minor principal stresses, respectively;

¢, ¢ = cohesion and friction angle, respectively. These are strength parameters from an
effective stress envelope on the Mohr-Coulomb diagram, and they can be measured in
consolidated-undrained (CU) tests with pore water pressure measurement or in
consolidated-drained (CD) tests.

For analyses of undrained loading conditions, strength parameters ¢, and ¢, that are derived from
a total stress envelope on the Mohr-Coulomb diagram should be used in equation (2.6).

Von - Mises CLAY Model
The Von - Mises CLAY Model is used to simulate material shear strengths that are functions of

strength parameters and stresses prior to loading. However, the strengths remain constant during
loading. This model can be used to simulate undrained response of low-permeability soils such
as clays or silts.

Prior to yield, the stress-strain relationship is linear elastic. At yield, plastic irrecoverable
deformation occurs. The stress-strain relationship is then governed by the theory of plasticity.
The stresses at yield are confined by:

! An effective stress analysis of undrained loading (i.e., saturated sands under earthquake loading) can be conducted in the
dynamic analysis using VERSAT-D2D, but the method is not available in static analyses using VERSAT-S2D.

Wautec Geotechnical International, Canada (www.wutecgeo.com) .
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[2.7] %\/(01 ~0,)" +(0, ~03)* +(05—07)* =S

Where
o1, 02, 03 = Mmajor, intermediate, and minor principal normal stresses, respectively;
S = the shear strength of soils prior to loading.

In VERSAT-S2D? the shear strengths (S) of the CLAY Model are computed using one of the
following two options:

» Option 1: S is a function of pre-load-application effective normal stresses; and

» Option 2: S is a function of pre-load-application effective vertical stresses.

Option 1: S is computed from

[28] S =c-cos¢+%(ox'+ay')sin¢

Where

ox, oy = pre-load-application effective normal stresses in horizontal (X) and vertical (Y)
directions, respectively

c, ¢ = cohesion and friction angle, respectively. For analyses of undrained loading

conditions, strength parameters c, and ¢, that are derived from a total stress envelope on
the Mohr-Coulomb diagram are normally used herein.

The pre-load-application stresses are stresses just before a load application such as adding a new
layer, applying new point loads or changing ground water conditions; and they are updated
immediately after completion of this load application. When constructing a multi-layer fill
embankment over saturated soft clays, for example, the pre-load-application stresses would be
considered as the post-consolidation stresses at completion of consolidation from a previous
layer of filling

Option 2: S is computed from

[29] S=c+keo,'
Where

c, k = shear strength constants that would be derived from results of field vane shear tests or
laboratory direct simple shear tests where horizontal stresses are not well defined; and

% The two options are also used in VERSAT-D2D for computing the shear strengths of the CLAY Model.

Wautec Geotechnical International, Canada (www.wutecgeo.com) .
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2.3.3

2.4

2.5

Gvo' = pre-load-application effective vertical stresses (=cy’).

Shear Strength Models for Silts
Shear strengths for silts are determined either using the Mohr—Coulomb SAND Model or Von-

Mises CLAY Model. The following rules are applied for silts:

» Use of parameters ¢ and ¢: Mohr-Coulomb SAND Model with equation (2.6); or
» Use of parameters ¢ and k: VVon-Mises CLAY Model with equations (2.7) and (2.9).

Stress Level Dependent Stiffness Parameters

When the Mohr-Coulomb SAND Model or the Von-Mises CLAY Model is used, linear elastic
shear modulus G and bulk modulus B are considered to be pre-load-application stress dependent:

Gml m
[210] G - Kgpa(?)
[2.11] B=K,P,(Zm)"
Pa
Where

P, = atmospheric pressure, e.g., 101.3 kPa
Ky, = bulk modulus constant
Ky = shear modulus constant
m, n = shear modulus exponential, and bulk modulus exponential, respectively
om = pre-load-application effective mean normal stress, and
1

[2.12] oy'=5 (0,40, '40,)

Bending Elements for Structural Members

Beam elements are used to model the bending behavior of structural members such as beams,
sheet piles or tunnel walls. The bending stiffness of a beam element is given by

12 6L -12 6L

El| 6L 4> —-6L 2L?

[2.13] [K]=—
1®/-12 -6L 12 -6L

6L 2L*> -6L 4L°

Where
E = Young's modulus of the structural member (the beam), and E = Kg*P, ;

H
g
H
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2.6

| = the bending moment of inertia of the beam per unit width®;
L = length of the beam element.

The axial stiffness of the beam element is given by

EA
[214] K,=R,—
L
Where:
A = sectional area of the beam
Ry = a reduction factor used to reduce the axial stiffness of the beam. The use of a Ry, value

from 0 to 1 can simulate a variable degree of frictions between the structural members
and the surrounding soils.

The beam elements can be used to simulate approximately the bending behavior of one row or
multiple rows of piles distributed in the direction perpendicular to the 2D XOY plane. However,
adjustments in structural properties would be needed since the piles, except a wall of sheet piles,
do not form a continuous pile-wall in the direction perpendicular to the 2D XOY plane .

Beam elements can be orientated in any direction within the 2D XOY plane.
Spring Elements for Structural Members

Linear elastic spring elements (truss/bar) can be used to model anchors, struts or shoring
supports. The axial stiffness of a spring (truss/bar) element is defined by

[2.15] K, = E—I:A‘
Where

E = Young's modulus of the structural members (the truss), and E = Kg*P, ;
A = sectional area of the truss;

L = the length of the truss element.

Appropriate adjustments in structural properties would be needed when truss elements are used
to model structural members, such as struts, that are not continuous in the direction perpendicular
to the 2D XOY plane.

* For example, 1=1/12*bh? is for a rectangular section with a width of b and a height of h; and 1=1/64x* d* (where
n=3.1416) is correct for a circular section having a diameter of d. However, they would require some adjustments in
a 2D plane-strain application (lIp=lpe/s and Mpie = Myp * s, where s represents the spacing of piles in the 3"
direction and M represents bending moment).

Wautec Geotechnical International, Canada (www.wutecgeo.com) .
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2.7

The truss elements can be orientated in any direction within the 2D XOY plane.
Pore Water Pressure and Effective Stresses

In static analyses using VERSAT-S2D, pore water pressures induced by loading in a load
application are not considered. Instead, hydrostatic or steady state pore water pressures are
assigned to soil elements using the following two methods:

e Method 1* An element is assigned to a water table or a phreatic surface.

e Method 2: An element is assigned to a non-zero pore water pressure value (e.g., from a
piezometric line) or pore water pressure ratio, ryo:;

The following rules are applied when using the above two methods:

e Pore water pressure in an element is first calculated by the program using Method 1. Any
element that is located below the water table is assigned a pore-water pressure value
equal to the hydrostatic water pressure at the element center calculated using the net
pressure head in the vertical direction;

e The pore water pressure in an element determined using Method 2, if it is not zero, would
replace the value calculated using Method 1, i.e., Method 2 take precedence to Method 1.

Therefore, Method 1 and Method 2 could be applied simultaneously to different zones of a finite
element model to simulate various static pore water pressure conditions. But, pore water
pressures determined using Method 2 can’t be changed (i.e., constant) during a static analysis
although the static analysis can contain several static runs, and each static run could consist of a
few load applications. However, a multi-run static analysis can have several water tables
because each static run can define its own water table. For example, Method 1 can be used to
simulate rising water tables in dams during initial reservoir water filling.

When ry is specified, the pore water pressure in an element is computed by

[2.16] u,=r,00,

Where
Uo = static pore water pressure;
ow = pre-existing’ effective vertical stress at the element center; and

4

When the Option ywt0 > 0 is invoked in a large-strain static analysis or in a dynamic analysis, Method 1 (i.e., a water

table) must be used to define the existing (or static) pore water pressures in the entire model; see User’s Manual Section 2.7
for further details. The use of ywt0 Option will erase all existing PWP assigned using Method 2.

5

In VERSAT-2D static and dynamic analyses, pre-existing stresses are always obtained from an input file with an

extension of PRX, which contains model stresses computed from a previous static analysis and saved (in an output file with
an extension of PR4) for a subsequent static analysis or for a dynamic analysis. The PR4 file is then renamed as PRX file.
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2.8

2.9

2.10

r'uo = static pore water pressure ratio.

Effective Stresses: The normal stresses used in static analysis of VERSAT-S2D are effective
stresses (o’) calculated to be the total stresses (o) subtracted by pore water pressures (up)
determined using Method 1 or Method 2 above, i.c., ' = - Uo.

Calculation of Stresses and Deformations Caused by Strain-Softening of Soils

When the Mohr-Coulomb SAND Model or the Von-Mises CLAY Model is used, the program
checks the state of current stresses against the corresponding yield condition. Compatibility
between stresses and the yield condition is always maintained throughout the analysis. Soil
strengths may change in the event of loading or straining. For instance, shear strengths of sandy
soils will likely reduce when dynamic pore water pressures develop under earthquake loading.

The program can be used to compute stresses and deformations caused by strain-softening of
soils. This is done by assigning a new set of soil parameters, such as reduced shear strengths.

Updated Lagrangian Analysis

The geometry of a mesh is continuously updated during the calculation when the updated
Lagrangian analysis is chosen. This option is provided for solving problems involving large
strain deformations.

Factors of Safety

Factor of safety, fos, against shear failure is calculated by the program for each soil element
using the following equation:

[2.17] fos = S
z-I'THX
Where
Tmax = Maximum shear stress in the element; and
2.18 _ 1 247, °
[ : ] Trex = Z(O-y_o-x) +Txy
Where
ox, Oy = normal stresses in horizontal (X) and vertical (Y) directions, respectively;
Txy = current shear stress in the XoY plane.
S = shear strength. For CLAY Model, S is defined in equation (2.7); for SAND Model, S is

equal to the right-hand side of equation (2.6), i.e.
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2.12

(01 +03)

[2.19] S =c'ecos¢'+ sin ¢'

Gravity On and Off

Normally gravity force is always acting downward in the model. In the absence of external
nodal loads, force equilibrium is maintained between gravity force and internal force consisting
of soil effective stresses and pore water pressures. Gravity force can be set off for analyses of
structures not involving gravity.

Units and Signs

The program accepts any consistent units. The two more commonly used unit systems are
metric units and imperial units. In metric units, the length is expressed in meter, acceleration in
m/s?, and pressure in kilopascal (kPA). In imperial unit, the length is expressed in feet,
acceleration in ft/s?, and pressure in pound (Ib) per square feet (psf). Examples of consistent
units are shown in the following table.

Property Units Metric Imperial
Geometry L metres feet
Water Unit Weight ~ F/L® kN/m® pcf

Soil Unit Weight ~ F/L® kN/m® pcf
Cohesion F/L? kPa pcf
Pressure F/L? kPa psf
Force F KN Ib

E (modulus) F/L? kPa psf

The gravity acceleration, unit weight of water and the atmospheric pressure must be entered
correctly for whichever system of units you may have chosen. These parameters are used
throughout the analysis.

In the program, tensile stress is considered positive; compressive stress is negative. Pore water
pressure is considered positive.

H
g
H
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3.0

3.1

3.11

3.1.2

VERSAT-D2D TECHNICAL MANUAL

VERSAT-D2D is a computer program for dynamic 2D plane-strain finite element analyses of
earth structures subjected to dynamic loads from earthquakes, machine vibration, waves or ice
actions. The dynamic analyses can be conducted using linear, or nonlinear, or nonlinear
effective stress method of analysis. The program can be used to study soil liquefaction,
earthquake induced deformation and dynamic soil-structure interaction such as pile-supported
bridges (Wu, 2001; Wu et al., 2006; Wu, 2010; BC Hydro 2010, 2012, 2013; Finn and Wu,
2013; Sweeney and Yan, 2014; Wu, 2015)

System Equations of Motions and Modal Frequencies
Equations of Motions

For the case of base acceleration input, displacements relative to the base are computed.
Therefore, the relative displacements at the base are zero. Inertial forces on the soil mass caused
by base motions are computed using the Newton’s law, and base accelerations are used directly
in the equations of motions. The equations describing the incremental dynamic force
equilibrium are given as

31 IMHASZHICHA I+ KA} (AP}

Where
[M] = mass matrices
[C] = viscous damping matrices
[K] =tangent stiffness matrices
[A8] = incremental displacement matrices
[Adé/dt] = incremental velocity matrices
[Ad?8/dt?] = incremental acceleration matrices
[AP] = incremental external load matrices

Modal Frequencies and Periods

The nonlinear dynamic analyses are conducted using the finite element method in the time
domain; this method allows that eigenvalues and modal angular frequencies, ®;, m;, @3, ®4, ®s,
and so on, of the entire system be computed at the time interval (specified by the user, e.g., 1.5
sec used in Figure 1a for the example) using the following system equation:

[K] — w?[M] =0
Where

H
g
H

Wautec Geotechnical International, Canada (www.wutecgeo.com)



VERSAT-S2D and VERSAT-D2D Version 2019.10.3: Technical Manual page 13

3.2
321

[M] is mass matrix of the entire system, as in Eq. [3.1] and it is constant with time;

[K] is the stiffness matrix of the entire system, but it varies with time as the soil modulus of each
soil element varies with time and with the level of shaking intensity.

The fundamental period (1% mode) of a structure (such as an earthfill dam) and its variation
during the duration of shaking (see Figure 1a) are often required in order to develop appropriate
ground motion records for dynamic time history analysis of the structure.

THs(4), 3 records: 2
TALCA, CURICO, HUAL A
2
A AAd\
1.6
T 15
g
el A
8 & a
z an | 0.8
gy A%,
sec
A
0.5 O
0.3-0.5sec < 15t MODE
TIME (sec) < 5th MODE
0 | | |
0 20 40 60 80 100 120 140 160 180 200

Figure 1a Variations of 1 and the 5™ Modal Periods, computed by VERSAT-2D, with time of
shaking for three ground motion records from the Chile Maule M8.8 Subduction Earthquakes

Viscous Damping
System Damping for Global Structure

In a linear elastic analysis, system damping consists only of viscous damping. In the analysis,
viscous damping is assumed to be Rayleigh type and thus is computed by

[3.2] [C]l=a[M]+b[K]
Where

[3.3] a=24,0

[34] b=24 /o

The total damping at the first mode, i.e. w; is

a

[3.5] )\=?\m+hk=b;1 +t =

Where

H
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3.2.2

3.3

Am = the mass proportional Raleigh damping (%) at first mode
Ak = the stiffness proportional Raleigh damping (%) at first mode

Viscous Damping for Local Structure

Since Version 2019.10.3, the program allows viscous damping [C] be calculated for specified
local materials, such as for concrete structures or steel sheet piles that have much higher natural
frequencies than the soils. This is accomplished by assigning material-related viscous damping
constants (a & b) in Egs. [3.3] and [3.4] based on the modal frequency w; of the local structures
of interest.

Linear Elastic Model

Elastic materials obey linear elastic stress-strain relationships during loading, unloading, and
reloading. From the theory of elasticity for a 2D plane-strain problem, the stress and strain has a
linear relationship as follows:

[3.6] {o}=[DI{¢e}
Where

{G} = astress vector consisting of {Oy, Oy, Ixy}T;
{€} = astrain vector consisting of {€x, &y, Vxy} T, where
Ex = dd/dx; €y = doy/dy; Yxy = dou/dy + dd,/dx

[D] = a matrix of elasticity stiffness defined by shear modulus and bulk modulus of the material.
The shear modulus, G, and the bulk modulus, B, are computed in the program using the
following equations:

[3.7] G=K, P,

[3.8] B=K, P,
Where

P, =atmospheric pressure, 101.3 kPa

Ky = bulk modulus constant
Ky = shear modulus constant

H
g
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3.4
34.1

3.4.2

Nonlinear Hyperbolic Stress - Strain Model

Low - Strain Stiffness Parameters

When the nonlinear hyperbolic stress — strain model is used, the low - strain shear modulus,
Gmax, and the bulk modulus, B, are pre-existing stress level dependent and are computed as
follows:

m

Om'\m
[39] G,.= K, P, (?a)

On

[3.10] B=K,P,(—)"
Pa
Where
Pa = atmospheric pressure, 101.3 kPa
Kp = bulk modulus constant
Ky = shear modulus constant

m, n = shear modulus exponential, and bulk modulus exponential, respectively
om = pre-existing effective mean normal stress from the static analysis

[3.11] O'm'=%(UX'+O'y'+UZ')
It is noted that Gnax is also called the initial shear modulus of the hyperbolic stress — strain

model; and it is quite different from the elastic shear modulus G in equations (2-10) which
represents the secant shear modulus over the range of shear strains caused by static loading.

Hyperbolic Shear Stress-Strain Model

The relationship between shear stress, 1y, and shear strain, v, for an initial loading condition is
assumed to be nonlinear and hyperbolic (Figure 1b) as follows:

Grax?
3.12 = e
[ ] TXy 1+ Gmax / z-ult.|7/|
Where
Tut = ultimate shear stress in the hyperbolic model;

Gmax = low-strain shear modulus; and Gpax = st2 with p being the soil density and V; being the
shear wave velocity.

The Masing criterion has been used to simulate the shear stress-strain relationship during
unloading and reloading. A detailed description about this non-linear stress-strain model can be
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3.4.3

found in Finn et al. (1977). The extended application of Masing criterion to irregular loading
such as earthquake loading was also presented by Finn et al. (1977).

SHEAR STRESS

SHEAR STRESS
|

Low dynamic pore High dynamic pore
water pressure water pressure

x x T T \ T Ul * x * x T \
SHEAR STRAIN ( decimal ) SHEAR STRAIN (decimal)

Figure 1b Typical hyperbolic shear stress-strain histories showing hysteresis loops

Determination of Ultimate Shear Stress
The ultimate shear stress in equation [3.12] is determined using one of the following two options:

» Option 1: Ty is the shear strength at start of dynamic loading; or

» Option 2: 1, is proportional to the initial shear modulus Gmax.

Option 1: 1y is taken as s

[3.13] T, =T
Where
Tf = shear strength at start of dynamic loading. The equations presented in Section

3.7 for computing shear strengths for SAND Model and CLAY Model are applied
with pre-existing normal stresses being used in these equations.

Option 2: 1y is computed from

G
3.14 T, =—
[ ] ult Rf
Where
Rs = a modulus reduction factor.

Input of a non-zero value of Rt for a material number triggers the use of equation [3.14],
instead of equation [3.13], for computing the ultimate shear stresses for soil elements
having this material number, unless t,: computed from equation [3.14] is less than from
equation [3.13]. The use of equation [3.14] attempts to match a reduction curve of shear
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modulus versus shear strain at a strain range of interest by selecting an appropriate value
of R¢ (Figure 2).

In a total-stress nonlinear analysis, the ultimate shear stresses computed using the above
described procedures are used directly and their values remain unchanged, for SAND Model or
CLAY Model, during dynamic loading. However, in an effective stress nonlinear analysis, the
effect of dynamic pore water pressure on soil stiffness, i.e. initial shear modulus and ultimate
shear stresses, is also considered for the SAND Model (see Section 3.6.3).

3.4.4 Hysteretic Damping in a Hyperbolic Model
In a nonlinear analysis, the hysteretic damping is inherently included by following the nonlinear

hysteresis loop of shear stress-strain response. The Masing criterion used in the hyperbolic
model during unloading and reloading provides hysteretic damping as shown in Figure 2.
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Figure 2 Secant shear modulus and damping ratios for various values of Rt in a hyperbolic stress
— strain model (after Wu, 2001)
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3.5

3.5.1

During a nonlinear analysis, the viscous damping, which is also of Rayleigh type as in a linear
analysis, is used to control any high frequency oscillations in response that may arise from
numerical integration.

SAND Model - Dynamic Pore Water Pressure Models

In a Non-linear Effective Stress analysis using VERSTA-2D, the PWP and the effective stresses
(and associated effective shear strengths) in soil elements are updated with time regardless of
which PWP models being adopted.

Once liquefaction is triggered the post-liquefaction residual strength (undrained strength, explicit
parameters input by the user) of the soil is applied and kept constant from the time of triggering.

Introduction

An effective stress analysis takes into account the effect of dynamic pore water pressures on
dynamic response of sands or silts. The following rules are applied regarding generation of
dynamic pore water pressures:

e SAND Model can develop dynamic pore water pressure;
e CLAY Model would not develop dynamic pore water pressures.

Dynamic pore water pressures are caused by plastic deformations in the sand skeleton and persist
until dissipated by drainage or diffusion. They have a great impact on the strength and stiffness
of the sandy soils and should be taken into account in the analysis.

The dynamic pore water pressures modelled by the program will show a steady accumulation of
pressure with time but will not show a fluctuation of pressure caused by a change in transient
mean normal stress. The transient pressures are balanced by the mean normal stresses and have
little effect on stability and deformability of soils. Therefore the transient pore water pressures
are not modelled in the analysis.

The increments in pore water pressure Au that develop in saturated soils under seismic shear
strains are related to the plastic volumetric strain increments, Ae,”, that occur in the same soil
under drained conditions with the same shear strain history. For saturated sandy soils in an
undrained condition, water may be assumed to be effectively incompressible compared to the
soil skeleton. Thus under a condition of zero-volume change, Martin et al. (1975) proposed the
following relationship for computing the dynamic pore water pressure increment Au

[3.15] Au=E, e Ag’

r

Where
Ae” = Plastic volumetric strain increment accumulated during a period of strain history
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3.5.2

3.5.3

Au = Dynamic pore water pressure increment corresponding to the plastic volumetric strain
increment Ag,”

E = Rebound modulus of the soil skeleton corresponding to the current effective vertical
stress.

Three models are available for computing dynamic pore water pressures in sands and silts. The
first model was developed by Martin-Finn-Seed (MFS) in 1975. The second model is a
modification of the MFS model proposed by Wu (1996). These two models calculate the
dynamic pore water pressures using the rebound modulus and the plastic volumetric strain, i.e.,
using equation [3.15]. The third model was developed by Seed et al. (1976) who determined the
dynamic pore water pressures based on the number of cyclic shear stresses.

Plastic VVolumetric Strain

Under a drained simple shear condition, the volumetric strain increment Ag,” is a function of the
total accumulated volumetric strain &,” and the amplitude of the current shear strain y. Byrne
(1991) modified the original MFS model (Martin et al., 1975) and proposed the following 2-
parameter relationship:

g’

)
Y

[3.16] Ag,” =C,y e Exp(-C,

The volumetric strain constants, C; and C,, depend on the sand type and relative density of the
sand. In practice these constants may be estimated using the relationships proposed by Byrne
(1991)
[3.17] C,=87(N,),, >
04
3.18 =—
[ ] CZ Cl
Where

(N1)so = Standard Penetration Test (SPT) N values normalized to 60% standard hammer energy
and an overburden stress of approximately 100 kPa.

Under harmonic loads, the plastic volumetric strain increment, Ae,”, is usually accumulated at
each cycle or at each half cycle of strain. Under irregular earthquake loads, Ae,” may be
accumulated at points of strain reversal.

Martin-Finn-Seed’s Pore Water Pressure Model

In the Martin-Finn-Seed (MFS) model, an analytical expression for the rebound modulus E,, at
any effective stress level 6/, is given by Martin et al. (1975) as
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3.5.4

(GV |)1—m
[319] E, =——""—+&
mK, (O'vo )
Where
ovo = initial value of the effective stress

K2, m, n = experimental constants derived from rebound tests (m=0.43 & n=0.62 are used in the
program)

Modified MFS Pore Water Pressure Model

Wu (1996, 2001) proposed that the rebound modulus, E; be determined using the current
effective vertical stress 6,' as

[3.20] E, =Meg,’

Or

[3.21] E, = Me(c,,'-U)

Where

M = rebound modulus constant

ov' = initial effective vertical stress

u = current dynamic pore water pressure

Determination of rebound modulus number is based on the volume-constant concept that there is
a unique relationship between the relative density of sand and the amount of potential volumetric
strain required to trigger initial liquefaction. Ishihara and Yoshimine(1992) stated that " the
volume change characteristics of sand during re-consolidation following the cyclic loading is
uniquely correlated with the amount of developed pore water pressure, no matter what types of
irregular loads are used, and irrespective of whether the irregular load is applied in one-direction
or in multi-directional manner.” Their work strongly supports that at a specific relative density
the sample will experience initial liquefaction if a certain amount of potential volumetric strain
(referred as volume change during re-consolidation following the cyclic loading by Ishihara and
Yoshimine) is developed in the sample.

Relationships between pore water pressure ratio and plastic volumetric strain for various values
of M are presented in Figures 3a and 3b. The constant-volume pore water pressure model, or the
modified MFS model, has been verified by Wu (1996) using test data by Bhatia (1980). The
computed pore water pressure response agrees well with the experimental response for sample of
Dr = 45% to 60%.
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1.8
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Figure 3a Relationship between plastic volumetric strain and number of shear strain cycles in the
MFS pore water pressure model (after Wu, 1996, 2001)
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Figure 3b Relationship between pore water pressure ratio (PPR) and plastic volumetric strain in

the modified MFS pore water pressure model (after Wu, 1996, 2001)
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3.5.5 Seed’s Pore Water Pressure Model

Seed et al. (1976) proposed the following relationship (Figure 4)

1
[3.22] u/o,y'= Zarcsin(i2)
V4 NI

where 6 is an empirical constant; N, is the number of uniform shear stress cycles which cause
liquefaction®; and Nys is the equivalent number of uniform shear stress cycles, and

[323] N15 = Z N15(1)

The following equation is used to convert shear stresses of irregular amplitudes to uniform shear
stress cycles (Wu, 2001):

TC C ‘
[3.24] Ny = (—y]

715
where 115 IS the shear stress required to cause liquefaction in 15 cycles;
Teye 1S Cyclic shear stress of any amplitude;
N1s (1) is the equivalent number of cycles corresponding to 15 for 1 cycle of t ¢y; and
o is a shear stress conversion constant.
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Figure 4 Pore water pressure ratios versus cycle ratios (after Seed et al., 1976)

¢ For an earthquake magnitude of 7.5, N, of 15 is used by the program.
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According to Wu (2001), the following two equations are used to relate the number of cycles to
cause initial liquefaction at teyc, Ncye, the magnitude correction factor, Ky, and the number of
representative cycles corresponding to earthquake magnitude, Ny, as shown in Figure 5.

1
[3.25] o - —15]

T15 Ncyc
1
15 |«
[3.26] K,, =| —
NM
a
, @
9 o=1.0 1p
£
5 a=15
S 3 \
©
n a=2.0
7]
ot
3 2 o=2.
(&) A
= o = 3.0 &
2 E >§>\\\
g i N
]
< A
g A Upper San Fernando dam ™~
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Figure 5. (a) Normalized cyclic stress ratios. (b) Magnitude scaling factors for various values of
a in equation (3.24) (after Wu, 2001)
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The shear stress ratio to cause liquefaction in 15 cycles for an individual soil element at its own
vertical and shear stresses, Crris (or t1s), is calculated using the following equation:

[3.27] crris=CRR;s* K, K, or, T15=(CRR;s* K, *K,) Gy
Where the overburden stress correction, K, is made by the  factor using:
[3.28] Ko= (Pa/ow)"

No lower limit is applied to Ks; but K is set by the program to 1.0 if K, > 1.0 is calculated from
the equation. For example, f ~ 0.25 could be input according to Youd et al. (2001) for K.

SPT blow counts corrected for overburden stress and hammer energy, (N1)so, Can be used for
determining the cyclic resistance ratio, CRR;s, for sands (clean or with fines) at an effective
vertical stress of /o' = 1 tsf (i.e., about 101.3 kPa) using the modified Seed’s curve (Figure 6)
recommended in Youd et al. (2001).

2= T
l29 259
Percent Fines = 35 <5
0.5
Ao
9 04
>
b i
S~
s i
S - H ~CRR curves for 5,15, and
g § ! 35 percent fines, respectively
S 20 4 9/ '
f 0.3 555 = el2 I/
8 u ’ /,
: // 4
v 27 /lg
L) Vb - §
% 60° -80 o) ‘_50:,/
5 02 10° @y 20&:)0 /
Sfo'h”.lo ;/: 12
/

FINES CONTENT > 5%
Modified Chinese Code Proposal (clay content = 5%) @

Marginal No
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L —&'|| Adjustment || Pan - American data = ' : 8
L Recommended |j Japanese data ° o e
” By Workshop Chin::sp data i A
-0 10 20 30 40 - 50

Corrected Blow Count, (N)¢o

Figure 6 Relationships between cyclic resistance ratio, CRR35 at /oo'=1tsf, and corrected SPT
blow counts, (N1)s0, Nnormalized to approximately 100 kPa (after Youd et al., 2001)
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3.6

When (N1)eo is selected as input by the user, then the program computes CRR35 = Max [0.05,
0.011 * (Nl)GO] for (N1)60 < 25, and CRR15=0.275 + 0.045 * [(Nl)GO - 25] for (N1)60 >25. For
example, CRRysis calculated by the program to be 0.22 for (N1)eo = 20.

For other cases, when (Ny)so is not available or the above equations are not applicable, CRR1s
can be specified by user as input, such as based on laboratory test results.

The effect of static shear stress on cyclic resistance, K, factor, is not directly taken into account
in the calculation of T35 in equation [3.27], i.e., K,=1.0 is used. However, the K, effect could be
included by increasing (K,>1.0) or decreasing (K,<1.0) of CRR in equation [3.27] for zones
with known K,. Laboratory cyclic tests on sands appear to indicate that K, could be either
greater or less than 1.0, depending on details of sands used in testing.

Effective Stress Dynamic Analysis

The effective stresses used in static analysis of VERSAT-S2D (see Section 2.7) include
reduction of total normal stresses (o) by static pore water pressures, Up. The same concept of
effective stress still applies in dynamic analysis of VERSAT-D2D.

In addition, in an effective stress dynamic analysis, the effective stress () is further reduced by
dynamic pore water pressures (u), i.e., ' =6 — Up — U.

A dynamic effective stress analysis is conducted to accomplish the following tasks:

1. Compute dynamic pore water pressures (U );
Compute factors of safety against soil liquefaction or dynamic pore water pressure ratio;

w

Compute effective stresses (c’), and use ¢’ and pore water pressures (Up & u) in dynamic
force equilibrium;

Reduce soil stiffness and shear strength based on u;

4

5. Determine triggering of soil liquefaction based on u;

6. Apply post-liquefaction stiffness and shear strength to liquefied soils;
7

Compute ground displacements from cyclic volume change or consolidation of u.

When a total stress nonlinear dynamic analysis is chosen and conducted, the program would
carry out calculations for steps 1 and 2 above and output the results; but it would not carry out
steps 3to 7.

An effective stress analysis would have no impact to response of CLAY Model as the CLAY
Model does not generate dynamic pore water pressure.

H
g
H
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3.6.1

3.6.2

3.6.3

Factors of Safety against Soil Liquefaction
Factor of safety against soil liquefaction is calculated and reported in output by the program if

Seed’s pore water pressure model is used for the calculation of dynamic pore water pressures.
The factor of safety against liquefaction is defined by (Seed and Harder, 1990; Youd et al.,
2001):

[3.29] FS, =15

lig
cyc

Using Nis and o as defined in equations [3.23] and [3.24], the factor of safety can be further
calculated using the following equation:

[3.30] Fs. = (;—5)i

lig —
15

VERSAT-2D dynamic analysis is always for undrained condition (i.e., PWP does not dissipate
during shaking), and thus FSjiq always decreases during shaking. However, the program can stop
generating PWP at a time specified by the user. FSjq is calculated for each individual soil
element and it is the lowest at the end of shaking. FSq is tracked and saved for result
presentation only (not used in analysis), but the equivalent PWP is actually used by the program
in the analysis.

Dynamic Pore Water Pressure Ratio: I

Dynamic pore water pressure ratio, Iy (or ppr), is calculated and reported in output (*.OUD) by
the program when the MFS pore water pressure model or the modified MFS pore water pressure
model is used. In time history results, ryis always saved for all three pore water pressure models

(Figure 7), including Seed’s model. The I, is defined by:

[3.31] ru=——
o-vO
u = dynamic pore water pressure caused by earthquake loading;
r = dynamic pore water pressure ratio (ppr = ry); liquefaction is triggered when r,> 0.95.

Reduction of Stiffness by Dynamic Pore Water Pressure
In an effective stress analysis, the effect of u on soil stiffness is considered by reducing the initial

shear modulus and ultimate shear stress (Figure 7) as follows:

[332] G, =G, |

GVO

O-V
1

v0

[3.33] 7, =7

H
g
H
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3.6.4

Where
Go = the updated initial shear modulus for the hyperbolic model;
0 = the updated ultimate shear stress for the hyperbolic model.

The program would ensure that Gy and o are limited (i.e., not less than) by the respective values
of post-liquefaction shear modulus and shear strength of the same soil. In addition, 1o would also
be limited by the current shear strength ¢ of the soil element as determined in Section 3.7.

Behavior of Liquefied Soils
Liquefied soils are considered to have residual shear stiffness and residual shear strength. In

VERSAT-D2D, the shear strength (S, ,,,) and the shear modulus (Gji;) of liquefied soil are
defined using the following equations:

u_liq

[3.34] S, iq=Ciiq +KiicOuo'

[3.35] Gliq = Kg_nq’ Su_liq

Where:

Ciig, Kiiq = shear strength constants of liquefied soils;

Kg iiq = shear modulus constant of liquefied soils; and
ow = pre-existing effective vertical stress.

The shear stress - strain relationship of liquefied soils is also modelled using a hyperbolic model
(Figure 7) as described in Section 3.4.2. Gjiq and S, jiq are used as the initial modulus and the
ultimate shear stress, respectively, in the hyperbolic model.

H
g
H
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3.7

3.7.1

SAND model 200

CRR=0.24 with CSR=0.29 E Vv d, A
g . /‘ Liquefaction
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SAND Model:
CRR=0.24 with CSR=0.29
Liquefaction Occurs at 7 Cycles

Figure 7 Shear Stress — Strain Curves for Liquefaction SAND Model
Determination of Shear Strength and Maximum Shear Stress

At each Gauss point in an element, current effective stresses are checked at each time step to
ensure a stress state not violating the failure criterion, i.e., the maximum shear stress does not
exceed the shear strength. The Mohr-Coulomb SAND Model and the Constant Strength CLAY
Model, normally used to define shear strengths for sands and clays, respectively, are presented
below.

Mohr-Coulomb SAND Model:

(o, +0,)

[3.36] T, =CeCOS@+ sin ¢

Where

H
g
H

Woutec Geotechnical International, Canada (www.wutecgeo.com)



VERSAT-S2D and VERSAT-D2D Version 2019.10.3: Technical Manual page 29

3.7.2

3.7.3

ox, oy = current normal stresses in horizontal (X) and vertical (Y) directions, respectively;
¢, ¢ = cohesion and friction angle of the soils, respectively;

The Mohr - Coulomb SAND Model is used to simulate material shear strengths that are
functions of strength parameters as well as stresses induced by loading.

In an effective stress dynamic analysis, the current effective stresses (¢’) are used in equation
[3.36]. The shear strength of SAND Model would decrease as dynamic pore water pressure (u)
builds up with time during dynamic loading.

Constant Strength CLAY Model:
In either a total stress or an effective stress dynamic analysis, the shear strength of Clay Model

remains unchanged (constant) during dynamic loading, and it is a function of the strength
parameters and the pre-existing stresses.

The shear strength of the Clay Model is calculated by:

_ (0+0,")
[3.373] 7, =CeCOS¢p+——

sin ¢
[3.37b] 7, =C+ko,,’

Where
c, ¢ = cohesion and friction angle of the soils, respectively;

¢, k = shear strength constants that would be derived from results of field vane shear tests or
laboratory direct simple shear tests where horizontal stresses are not well defined,;

ox,oy = pre-existing effective horizontal (X) and vertical (Y) stresses, respectively; and

ow' = pre-existing effective vertical stress (cyo'=0y).

Equation [3.37a] is applicable to Clay Model using strength parameters of ¢ and ¢; and equation
[3.37b] is applied when strength parameters ¢ and k are input.

Maximum Static Plus Dynamic Shear Stress
The maximum static plus dynamic shear stress, tmax, IS calculated using

[3.383] 7., = 1((7 ~0,) +1,)}
max 4 y X Xy

Where
ox, Oy = current normal stresses in horizontal (X) and vertical (Y) directions, respectively;
Tyy = current shear stress in the XoY plane.
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3.7.4 Maximum Shear Strain

3.8

In each time step of a dynamic analysis, the maximum shear strain, ymax, IS calculated using:

Vinax = \/ (ey = )" + 7
[3.38b]
Where
&x, &y = current normal strain in horizontal (X) and vertical (Y) directions, respectively.

Yxy = current shear strain in the XoY plane.
Bending Elements for Structural Members

Beam elements are used to model the bending behavior of structural members such as sheet piles
or tunnel walls. The bending stiffness of a beam element is given by

12 6L -12 6L
EI| 6L 4L -6L 2L°
[3.39] [K]=—
L°|-12 -6L 12 -6L
6L 2L° -6L 4L°
Where
E = Young's modulus of the structural member (the beam), and E = Kg*P, ;
| = the bending moment of inertia of the beam per unit width’;
L = length of the beam element.

The axial stiffness of the beam element is given by

EA
[3.40] Ky,=R,—
L
Where:
A = sectional area of the beam
Ry = a reduction factor used to reduce the axial stiffness of the beam. The use of a Ry, value

from 0 to 1 can simulate a variable degree of frictions between the structural members
and the surrounding soils.

7 For example, 1=1/12*bh? is for a rectangular section with a width of b and a height of h; and 1=1/64x* d* (where
n=3.1416) is correct for a circular section having a diameter of d. However, they would require some adjustments in
a 2D plane-strain application (lIp=lpe/s and Mpie = Myp * s, where s represents the spacing of piles in the 3"
direction and M represents bending moment).
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3.9

3.10

3.11

The beam elements can be used to simulate approximately the bending behavior of one row or
multiple rows of piles distributed in the direction perpendicular to the 2D XOY plane. However,
appropriate adjustments in structural properties would be needed since the piles do not form a
continuous pile-wall in the direction perpendicular to the 2D XQY plane. Only a sheet pile wall
does.

Beam elements can be orientated in any direction within the 2D XOY plane.

The bending moment, M, and shear force, Q, at the center of a beam element are computed by
the program. The shear force within a finite beam element is constant. The bending moment at
the first node (M;) and at the second node (M;) can be calculated using the following equations:

[3.41a] Mi=M-05QL
[3.41Db] Mj=M+05QL
Spring Elements for Structural Truss or Bar

Elastic truss elements, or spring/bar elements, can be used to model anchors, struts or shoring
supports. The axial stiffness of a truss element is defined by

EA
342] K,=—
[ ] A L
Where
E = Young's modulus of the structural members (the truss), and E = Kg*P, ;
A = sectional area of the truss;

L = the length of the truss element.

Appropriate adjustments in structural properties would be needed when truss elements are used
to model structural members, such as struts, that are not continuous in the direction perpendicular
to the 2D XOY plane.

The truss elements can be orientated in any direction within the 2D XOY plane.

Updated Lagrangian Analysis

The geometry of a mesh is continuously updated during the calculation when the updated
Lagrangian analysis is used. This option is provided for solving problems involving large strain
deformations.

Gravity On and Off

Normally gravity force is always acting downward in the model. Dynamic force equilibrium is
maintained including gravity force and internal force consisting of soil effective stresses and
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3.12

3.12.1

3.12.2

3.12.3

pore water pressures. Gravity force can be set off for analyses of structures not involving
gravity.

Boundary Conditions

In a dynamic analysis, three boundary conditions are available:
e Fixed boundary,
e Free-field stress boundary,
e Constrained displacement boundary, and
e Viscous boundary (see Section 4 for more details).

Fixed Boundary

A fixed boundary consists of any nodes that are fixed (zero) in displacements for both X and Y
directions. For the case of base excitation, input motions are applied at the fixed boundary, and
displacements relative to the fixed boundary are computed. For a non-base-excitation case,
absolute displacements at the fixed boundary are set to zero at all time.

A fixed boundary, either at the base or along sides of a model, may cause wave/energy reflection
at the boundary. Therefore, a fixed boundary should be applied far away from the area of
interest so that soil material damping is sufficient to absorb any energy reflected back from the
boundary.

Free-Field Stress Boundary

The free-field stress boundary, with a fixed Y-displacement and a free X-displacement, is
designed to approximately model the response of side (lateral) boundaries when they are not
placed sufficient far away from area of interest. The free-field stresses, including horizontal
normal stress (ox) and the shear stress 1y, are applied on the boundary and updated during the
dynamic analysis.

Constrained Displacement Boundary
Constrained displacement boundary consists of nodes with a fixed Y-displacement and a free X-

displacement but without applying free-field stress on the boundary. This boundary condition
may be used to reduce wave/energy reflection from the lateral boundary for dynamic analyses
not involving gravity force. Use of this boundary condition with gravity on may result in
collapse at the side boundary.

H
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3.13

3.14

3.15

3.16

Dynamic Point Loads

For problems not involving earthquake loading, dynamic loads can be applied at any nodes using
the degrees of freedom associated with a node number, i.e., nldof. The degrees of freedom
associated with a node can be found in the output file for geometry data, i.e., a file with an
extension of OUG.

Dynamic Analysis of 1D Soil Columns
Refer to Section 4.6 in the VERSAT-2D Vol. 2 User Manual for details.

Units and Signs

This section is the same as Section 2.12.
Dynamic Analysis of Upper San Fernando Dam under 1971 Earthquake

The 2017 refined model is shown below; see Appendix B and also in “Ex_d2017_USF-Dam_2704-Elem”
in VERSAT-2D 2019 Examples for detailed analysis input files and results.

Material Color Legend

(41 Rolled Fill
. [2] Hydraulic Fill
USF_2017: Dynamic Finite Element Analyses of the Upper San Fernando Dam Using a Finer Mesh
. [3] Clay Core
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4.0

4.1

411

Advanced Options for VERSAT-2D Dynamic Analysis

Advanced options for dynamic analysis, including the Outcropping Velocity Input Option and
the SILT Model Option, are made available in VERSAT-2D since 2011.

Outcropping Velocity Input

Equation of Motions and its Formulations
For a finite element model having an elastic base instead of a rigid base, outcropping velocity

time histories are applied directly at the base of the model through a viscous boundary (i.e.,
energy absorbing boundary or elastic base boundary). The viscous boundary developed by
Lysmer and Kuhlemeyer (1969) is used in VERSAT-2D, and it consists of viscous dashpots
attached to the model base. One dashpot is independently attached to one base node in the finite
element model in the X direction (i.e., the shear direction). The viscous boundary is fixed to zero
displacement in the Y direction (i.e., the normal direction).

The equation of motions (equation [3.1]) presented for models with acceleration input is also
applicable for models with velocity input, and the equation is rewritten as follows:

[41] [MKAa}+[C{AV}+[K{AS}={AP}

Where

[M] = mass matrices

[C] = viscous damping matrices

[K] = tangent stiffness matrices

[A8] = incremental displacement matrices
[Av] = incremental velocity matrices

[Aa] = incremental acceleration matrices
[AP] = incremental external load matrices

However, constitution of the equation of motions is quite different for the two types of ground
motion input. Firstly, displacement (also velocity and acceleration) at the model base with
acceleration input is known and equal to the input motions. The ground motion (displacement,
velocity and acceleration) at the viscous boundary with the velocity input are the within motions
to be determined by the analysis. Secondly, the calculation of external load matrix [AP] is also
different for the two input motion methods. With acceleration input at the rigid base,
incremental inertial forces on the soil mass caused by base accelerations are computed using the
Newton’s law and applied as [AP]. With the velocity input at the elastic base, incremental shear
forces at the base nodes are determined and applied as [AP].
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The method of Joyner and Chen (1975) for including the effect of finite rigidity of the base
material on shear stress at the base is incorporated in VERSAT-2D. The method basically
evaluates the shear stress, g, being transmitting across the base boundary between the soil
deposit and the underlying elastic medium. It is assumed that the propagating shear waves are
plane waves traveling vertically.

The elastic base model with the viscous boundary is presented in Figure 8. The shear stress, 1z,
at the viscous boundary is determined by

[42] 75 =pV,(2v, -V,)

Where:

Pb = mass density of the elastic base material,

Vs = shear wave velocity of the elastic base material,

V| = particle velocity at the boundary due to the incident shear wave, and
Vi = within particle velocity at the boundary.

The particle velocity at the boundary, vy, together with displacement and acceleration at the
boundary, is unknown and to be determined by the analysis. Thus, equation [4.2] is divided into
two components:

[433] TBI = prsVo
[4.30] 75, =—p VY,

Where
Vo = outcropping particle velocity of the elastic base material, and
8 = 1g| + Tap.

The shear force at i™ node on the boundary, derived from equation [4.3a], is then applied as
external load in equation [4.1], i.e.

[44] AF:: = AiprsAVo

Where
Av, = incremental outcropping particle velocity of the elastic base material, and
A = area of the base boundary represented by i™ node.

On the other hand, the shear force at i™ node derived from equation [4.3b] is moved to the left
side of equation [4.1]. The viscous damping constant, C;, corresponding to the unknown
boundary velocity vy, is then determined to be
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[45] Ci=ApV,

The viscous damping constant, C;, computed from equation [4.5] is directly added to the
damping matrix [C] of equation [4.1] as an addition to the diagonal term corresponding to its
boundary velocity vy;.

The stiffness matrix [K] in equation [4.1] is not affected by the viscous boundary; the diagonal
terms of the mass matrix [M] corresponding to the nodes on the viscous boundary are set to zero
in the dynamic analysis.

The velocity input option may be used to examine the influence of the rigidity of the underlying
elastic medium on ground motions transmitting to the soil deposit. The displacements, velocities
and accelerations determined from this type of analysis are absolute, i.e., not relative to the base,
for every node in the finite element model.

The velocity input option in VERSAT-2D requires that the base boundary be horizontal and free-
field stress boundaries (if exist) be used for vertical side boundaries.

Velocity time history, vg(t), at
outcrop of base soil or rock, then
Vo=2v, & 13=0

T~

Vi Vg
Overburden soils
Vp = V| + Vg at the boundary
5= PpV.(V,-Vg), where 5= PpVa(2V)- Vi)
v, = velocity of incident wave \/ = PpVe(Vo- Vi)

vg= velocity of reflection wave Base soil or
v, = velocity at the boundary rock p,, V

Vy(t) is applied at the
T = shear stress at boundary ) >

viscous boundary

Figure 8 Elastic base model with a viscous boundary
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4.1.2 Traveling of Input Motion at the Viscous Base

4.1.3

For acceleration input at the base, input motions (i.e., inertial forces) on the entire model must be
applied at the same instance in time; however, for velocity input at the base, input velocity time
history (i.e., shear forces) can be applied to a node on the viscous base starting at any specified
instance in time.

In VERSAT-2D, a simple method is used to simulate traveling of input motion at the viscous
base. The method assumes that the same velocity trace (time history) is applied to i node on the
viscous boundary at a time instance, t;, proportional to its distance to a user specified point, i.e.

[4.6] t :lxi_xol
wave
Where
Xo = a user defined X coordinate where the velocity trace is applied at t; = 0;
Xi = the X coordinate of i node on the viscous base;

Vwae = Speed of wave traveling along the viscous base.

An Example Using Outcropping Velocity Input and Comparing with SHAKE

Computed response for a 1D soil column (147.5 m high) with a rigid base are compared in
Figure 9 with that for the same 1D column on an elastic base with a V; of 100,000 m/s. The
analysis for the rigid base model is conducted by applying an acceleration time history of an
input ground motion to the model; while a velocity time history of the input ground motion is
used for the elastic base model. See “Ex 1D Dyn Elastic-vs-Rigid_base” in VERSAT-
2D 2019 Examples for detailed input and output files.

As expected and shown on the top plot in Figure 9, computed absolute ground displacements at
the base of the elastic model are practically identical to the displacement time history of the input
ground motion (i.e., input displacement for the rigid base model) because of the very high shear
velocity of the elastic base. Furthermore, as shown on the bottom plot in Figure 9, absolute
displacements at the top of the 1D column using the elastic base model (directly computed by the
program)are also practically identical to those computed using the rigid base model. Absolute
displacement for a rigid base model is the summation of computed displacement (i.e., relative to
the rigid base) and the input ground displacement at the base.

The effects of an elastic base with Vs=450 m/s on ground response are illustrated in Figure 10,
and the results are compared with analysis results from SHAKE (Schnabel et al. 1972). At a
low-moderate level of earthquake shaking, SHAKE equivalent linear approximation is able to
produce very good representation of true soil nonlinear hysteresis behavior. More details of this
comparison are provided in Appendix A of this document (Ex_1D_Elastic-base_Compare-to-SHAKE).
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Figure 9 Response of a 1D Soil Column: Acceleration versus outcropping velocity input
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Figure 10 Results of SHAKE & VERSAT-1D Soil Column with an elastic base, V=450 m/s
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4.2

421

SILT Model - updated in v.2016.6.18

Shear Stress - Strain Relationship for SILT Model
VERSAT-2D simulates the shear stress-strain relationship for silts by simulating strain-softening

response with increasing cycles of stress but hardening response within a particular stress cycle.
When the pore water pressure ratio (ry) is less than the threshold value, r, o, the hyperbolic
stress-strain model as described in Section 3.4 is used. When r, exceeds the threshold value of
Iy o, a strain-softening model is then used in the analysis (Finn and Wu, 2013; Wu 2015).

The relationship between shear stress, Ty, and shear strain, y, for the hardening condition within
a stress cycle, at I, is assumed to be nonlinear and hyperbolic (see Figure 11) as follows:

Gny

[47] Ty = 1-|yl/vn

(48] Gy = 1 —TuGay (0.1 —0.0757,)
[49] vp = Max(0.05, yyo — o )+ Vho " T

Su_liq
Where,
Gn = initial shear modulus of the hardening hyperbolic curve
Yh = ultimate shear strain (%) of the hardening hyperbolic curve
ry = pore water pressure ratio, calculated using Eq. [3.31] as for SAND Model
Tfo = the static shear strength (<) prior to shaking, i.e.,att=0
Suiiq = post-liquefaction or residual shear strength, see Section 4.2.4
Yo = input, shear strain (%) to trigger initial strain softening, typically 3.5 — 5%

In the SILT Model, ry o and ywo are the two input parameters that should be assigned by the user.
All other parameters are self-calculated by the program or defined elsewhere.

,Y Tf at t=0 Yh (%) Yh (%)
HO Swtia @r,=0 @r,=0.95
1 25 6
3.5% 1.5 2 5.3
35 0.05 3.4
1 4 8.75
5.0% 3 2 6.75
57 0.05 4.8

** Increasing from 1 to 5 shows ductile to brittle
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4.2.2

4.2.3

4.2.4

The above empirical relationships were developed by fitting to data from laboratory cyclic tests
on silts. For either non-level ground conditions where static shear stress exists or for a level

ground condition where t4 = 0, the ultimate strain (yn) is always referenced from zero shear
strains.

Shear Strengths for SILT Model
Shear strengths for the SILT Model are determined either using the Mohr—Coulomb SAND

Model or Constant Strength Clay Model. The following rules are applied:

» Use of parameters ¢ and ¢: Mohr-Coulomb SAND Model with equation (3.36); or
» Use of parameters c and k: Constant Strength CLAY Model with equation (3.37b).

A comparison of features for the SAND Model and the SILT Model is presented in Table 1.

Dynamic Pore Water Pressures and Liquefaction for SILT Model
SILT Model can always develop dynamic pore water pressure, u, regardless of shear strength
models adopted for the silts (see Table 1).

The three dynamic pore water pressure models, developed for SAND Model and described in
Section 3.5, are equally applicable for the SILT Model.

For the SILT model, initial strain softening (or liquefaction) is triggered using one of the three
criteria:

e Cumulative dynamic pore water pressure ratio exceeds 0.95, i.e., ry, > 0.95, or
e Peak shear strain (yxy) exceeds the threshold strain, Yo, Or

e Peak shear stress (Tyy) exceeds the dynamic shear strength (where Crr15 is defined in Eq.
[3.27] and « is the shear stress conversion constant in Section 3.5.5):

[4.10] Tay> 0v0' * [M"15 + (15)%]

Post Liquefaction Simulation for SILT model

Once initial strain softening is triggered, the shear strength of the silt is reduced gradually to

Su iig s the shear strain increases towards yy. The fraction of strength reduction is determined
by the fraction of strain increment and a strength reduction factor (also called a fit factor, or
St fac), @n input parameter by the user.

Fraction of strength reduction is calculated using an exponential function and

H
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= (fraction of strain increment)*-°

The fraction (0 — 1) of strength reduction is linear with the fraction (0 — 1) of strain increment
when S; e = 1, and it becomes nonlinear when S, o > 1 (slow reduction) or when 0 <'S; o <1
(fast reduction).

The minimum strength of the liquefied silt, i.e., the residual strength is reached and then kept
constant (Figure 11) when the shear strain reaches or exceeds y:

[4.11] Su_lig = Ciig + Kiig*ovo’
Suiiq = the residual strength of the silt, also referred as Syr;
YH = shear strain y,., (%), an input parameter, corresponding to the residual strength.

The

ultimate strain (yp) is set to be 2 — 3.5%, and the initial shear modulus (Gp) of the hardening
hyperbolic curve is set to be 2.5% of the shear modulus of the liquefied silt (Giiq in Eq. [3.35]):

Equation [4.7] is also used for stress — strain relationship of the silt after liquefaction.

[4.12] Gn = 0.025 * Gyig

Gn =2.5% * (Kg_iig® Su_liq) (Kg_iiq = 100 to 400 as for SAND Model)

Table 1 Comparison of Features for SAND Model and SILT Model

Features SAND Model SILT Model
(c, ¢) parameters (C, ) parameters (c, k)
Shear stress — strain hvoerbolic Hyperbolic hyperbolic
Relationship yp & strain-softening & strain-softening
Dynamic pore Yes Yes Yes
water pressure, u
u in force Yes Yes Yes
equilibrium
Reduction Yes Yes Yes @
of stiffness
Shear strength prior T -f(d, ¢, §) T (o', ¢, ) Tt - C + Koo'

to liquefaction,

) Reduced with u Reduced with u No change with u
_Trlgger_ Yes Yes Yes
of liquefaction
. . Yes Yes
Trigger by strain No

Post-liquefaction
shear strength,

Su_qu (or Sur)

Su_lig = Ciig * Kiig*ovo’
- Invoked at trigger

Su_lig = Ciig * Kiig*ovo’

- Reduced from T¢ with Yxy

invoked at Yxy > YH

Su_lig = Ciig * Kiig*ovo’

- Reduced from T¢ with Yxy

invoked at Yxy > YH
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@ In hyperbolic portion (i.e., for r,<r, o), equations [3.32] and [3.33] are used (i.e., shear modulus is
reduced as u increases. When SILT model is invoked (i.e., for r,>r, o), shear stiffness is governed by
equations [4.8] and [4.9], and is also reduced as u increases.

@ &' = f(u), current effective stresses; 6o’ = pre-existing effective stresses

i
un
D

Prior to liquefaction

8

9]
D

Shear Stress (kPa)
IR

Aear Strain (%)

5 3 3 5

- -
| ™
J ———VETSAT-2D SILT model
5
A / r. ’
Lrs7 S, = 115kPa
Vi R
150 Tu=10%

Prior to liquefaction

“
8

Shear Stress (kPa)

)
-5
= VETSAT-2D SILT model
= | ab Cyclic DSS Data

S, =115kPa
Tuo= 3.5%
s Y= 10%
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4.3
43.1

200 Strain Softening SILT model:
Post liquefaction

w
-1
=
w ‘V Shear Strain (%)
g T [ T [ T T T 1
2 10 15 20 25 30 35
3
-=
;]
100
S, = 100 kPa
7150, Yo = 3.5%
200 V= 25%

Figure 11 Shear Stress — Strain Curves for Strain-Softening SILT Model

Probabilistic Seismic Performance Analysis (PSPA)

PSPA Method (version 2019.05 and later)
In many cases, it is desirable to generate performance hazard curves (such as displacement

hazard) for a structure located in an area with seismic hazard contributions from both the
subduction Interface (e.g., Magnitude 9 or M9) and the Non-Interface (e.g., M7) crustal or
subduction intra-slab earthquakes.

To efficiently carry out the probabilistic approach, dynamic time-history analyses would be
carried out in an automation setup where a set of ground motion records (such as 11 Interface
records plus 11 Non-Interface records) can be applied automatically to one model at various
levels of probability levels. For instance, the same suite of ground motion records can be scaled
linearly at different scale factors to simulate seismic hazards at 1/475-yr, 1/1000-yr, 1/2475-yr,
1/5000-yr, 1/10,000-yr and 1/50,000-yr. The procedure of automation was demonstrated in a
technical article “Probabilistic approach to design of seismic upgrade to withstand both crustal
and subduction earthquake sources” (Wu 2018), where a total of 264 dynamic analyses were
conducted in about 3 days (24 hours a day) of computer time on a PC.

Results of dynamic analyses (Wu 2018) for the Upper San Fernando (USF) dam, assumed to be
relocated in Campbell River area of BC, indicated that displacement hazard contributions for all
earthquake sources are dominated by the M9 Interface Event; and the earthquake magnitude (i.e.,
duration) has a much greater impact on seismic displacement than UHS.

The analysis results in Figure 12 (after Wu 2018) also indicated that, at the dam crest the
displacement hazard fractions at the 1/2475-yr level (AEF of 0.000404 or 4.04 x 10™) consisted
of the following:

e 0.000371 or 3.71 x 10™ from the Interface earthquake source, i.e., 1/2695-yr
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4.3.2

4.4

e 0.000033 or 0.33 x 10™* from Non-Interface earthquake source, i.e., 1/30,300-yr

The above observation is significant. It implies that for design of 1/2475-yr hazard level, the
design ground motions would be developed to target at 1/2695-yr Interface spectra, or at
1/30,300-yr Non-Interface spectra. It is noted that the 1/2695-yr Interface spectral acceleration
(Sa) is significantly (about 25%) lower than the 1/2475-yr UHS at T=0.015 sec, and it is still
lower (for about 10%) at T=1.0 sec.

Figure 12 Displacement Hazard Curves from the probabilistic analyses (after Wu 2018)

Method B "all cumulated": | Method B "all cumulated":
il 0 Ojmo oo o @ i USF Dam As-ls 0O m O %'&t@h USF Dam, Upgrade #1
3 10603 || 8 i W 1.0E-03
= 1=
5 5
2 2
] . <] 2475-%
& i % is]
5 . 5
z y z
k- ! 1.06-04 || & 1.0E-04
E-] 1 o
2 <]
a 1 a
= 1 ©
g A non-Interface |ﬁ o] g A non-Interface
< |« subd. Interface I < |« subd. Interface
[ All-SOURCE : & O All-SOURCE
| 1.0E-05 1.0E-05
0.1 1.0 | 10.0 0.1 1.0 10.0
DIS-X DIS-X (m)

Input and Output Files

See Section 4.10 in “VERSAT-2D Volume 2: USER MANUAL” for more instructions on how
to perform the PSPA with one more input file.

Use ICHANG=3 to Input Soil Strength by Element

This function is available for version 2019.05 and later.

In some cases, it is not sufficient to define strength of soils by using the soil material zone; the
user may wish to input soil strength of an individual element based on its location or its in-situ
shear and/or vertical stresses. This can be achieved by using the “ICHANG=3" option.

This “ICHANG=3" option is only valid in a dynamic analysis, i.e., not applicable to a static
analysis. Its functionality is the same as “Non-linear Effective Stress Analysis” or ICHANG=2.

See Section 4.11 in the User Manual to learn how to invoke the option in VERSAT-2D
Processor.
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Appendix A: Comparing 1D Soil Column Analyses: SHAKE and VERSAT-1D

H
g
H

Wautec Geotechnical International, Canada (www.wutecgeo.com)



2.4 Example 2 — prepared in March 2018
Comparison between SHAKE and
VERSAT-1D at low-moderate level of
earthquake shaking:

1D soil column - MODEL

1D Soil Column Model

Top = Representative ground surface

EL. 240- -~

21 Soil Layers
Thickness varies
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-~ CLAY &SIEF---

_iz WL atEL 236
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Base El. 232.2m

(10,190)

/

"elastic base" with V, =450 m/s



2.4 Example 2: Comparison between SHAKE and VERSAT-1D at low-moderate level of

earthquake shaking: 7 input crustal ground motions

Table 2.1 Meta Data of the Seven Crustal Earthquake Records

Ma. Short NGA Record Earthguake Name Year Station Name Magnitude Mechanism Rib Rrup Vs30
Mame Mumber {km) (k) {m/fsec)
1 FTR 63 "San Fernanda" 1571 "Fairmont Dam" B.b Reverse 26 30 634
2 CPE 164 "Imperial Valley-06"| 1579 "Cerro Prieta” b.5 strike slip 15 15 472
3| SCN 365 "Coalinga-01" 1533 "Slack Canyon" 6.4 Reverse 26 27 648
4 SIR 472 "Morgan Hill" 1584 "San Justo Dam (R Abut)’ B.2 strike slip 32 32 544
5| GO6 765 "Loma Prieta" 1585 "Gilroy Array #6" 6.9 Reverse Obligud 18 18 663
6| CHL 989 "Northridge-01" 1994 "LA - Chalon Rd" 6.7 Reverse 10 20 740
7 V3 10259 "Northridge-01" 1554 "Leona Valley #3" 6.7 Reverse 37 37 459
Set Dir N dt Max.Accel. Max. Vel. Max. Disp. Arias Int. Duration
points [sec] [g] [m/s] [m] [m/s] 5%-95%][sec]
7 Crustal EQ Records - Horizontal (X) and Vertical (2)
1X 6112 0.01 0.202 0.167 0.038 0.342 17.86
2 X 6382 0.01 0.131 0.082 0.041 0.562 33.7
3 X 5999 0.01 0.139 0.147 0.026 0.175 13.51
4 X 5673 0.005 0.125 0.131 0.071 0.408 21.98
5X 7998 0.005 0.136 0.126 0.05 0.261 13.23
6 X 3107 0.01 0.106 0.087 0.017 0.183 9.08
7 X 1600 0.02 0.145 0.163 0.04 0.316 12.54




2.4 Example 2: Comparison between SHAKE and VERSAT-1D at low-moderate level of
earthquake shaking: soil profiles and parameters

Table 2.2 Soil Unit Weights and Shear Wave Velocities for SHAKE and VERSAT-1D

. o Unit Weight N CETRNE S
Soil Layer Description )
(kN/m3) Velocity, V, (m/s)
Wet Loose to Compact Sand and Gravel
1a 19.5 (a.wt)
(above water level)
Saturated Loose to Compact Sand and
21.2 (b. wt) 300
Gravel (below water level)
- Compact Gravel to Gravel 21.2 400
“ Very Stiff to Hard Clay and Silt 20.4 360
- Very Dense/Hard Silt and Sand 21.7 (“elastic base” input) 450

Table 2.3 Soil Stiffness and Strength Parameters for VERSAT-1D (viscous damping 0.5% for mass & stiffness)

VERSAT-1D
. Soil Layer Description
Soil Zone #

Wet Loose to Compact
M1 50887 1500
Sand and Gravel (a.wt)

-
Q
4

M2 Saturated Layer 1a (b.wt) 194495 1920 0 35 1500

M3 Compact Gravel to Gravel 345770 3413 0 35 1500
Very Stiff to Hard Clay

M4 . 269505 2660 30 25 750
and Silt
Very Dense/Hard Silt and

Elastic base .

Sand Elastic base, V, = 450 m/s

March 2018 Dr. G. Wu



Comparison of Results from SHAKE and VERSAT-1D

2. Non-Linear

e 2.4 Example 2: Comparison between SHAKE and VERSAT-1D at low-moderate level of
earthquake shaking:

G/G,, ., and damping curves used in SHAKE analyses

1 L L 30 I T I I I
====S5AND - Seed & Idriss U. bound 1970, Byme 1990 =——SAND - Byme (1990), adapted from H&D

08 N ——CLAY - Vucetic and Dobry (1991)

08

—— CLAY - Vucetic and Dobry {1991) /#
i el e bl 25 —— SAND & GLAY - Idifss (1990), Seed & Idiss L. range (1970)
\ E /4’
07 N
2
06 \ \\\
05 \ 15 / A2 ]

-1 /7

AR : /
- \\ 5 y /
‘“ s >~
o £ﬁ
0.0001 0.001 0o 0.1 1 0.0001 0001 001 0 - -
Shear Strain (%) Shear Strain (%]

March 2018 Dr. G. Wu 4



Comparison of Results from SHAKE and VERSAT-1D

2. Non-Linear

e 2.4 Example 2 Comparison between SHAKE and VERSAT-1D:

RESULTS - at low-moderate level of earthquake shaking, SHAKE equivalent linear approximation is able to produce

very good representation of true soil nonlinear hysteresis behavior

Acceleration Profiles of 1D Soil Column

Acceleration Profiles of 1D Soil Column

SHAKE & VERSAT2D, Elastic Base SHAKE & VERSAT2D, Elastic Base
245 245 .
240 240 Ground surflace . . : . }
: I Id ;
; : - H
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; | i H
Powerhouse | 4/ ' '
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230 | : ———FTR-5hake 230 4 . : ——— G06-Shake
. - = FTR-Versat . ! | - = GO6-Versat
: ——— CPE-Shake ; ——— CHL-Shake
225 B = = CPE-Versat 225 sometis ~ = CHL-Versat
; - 5CN-Shake : —Lv3-Shake
_ i ~ ~ SCN-Versat _ i ~ — LV3-Versat
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% : - = SIR-Versat % : — = MEAN-Versat
> g i
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2.4 Example 2 Comparison between SHAKE and VERSAT-1D:
RESULTS for average of 7 crustal EQ motions - at low-moderate level of earthquake shaking, SHAKE equivalent

linear approximation is able to produce very good representation of true soil nonlinear hysteresis behavior.

EL. 240- - -

21 Soil Layers
Thickness varies
from 1t0 0.4 m

g WLatEL 23

_Powerhouse
Base El. 232.2m

EL. 228---

8 Soil Layers
Thickness =1m

EL.220---

30 Soil Layers
Thickness =1m

" TCOMPAET ST
[ -SAND 3 GRAVEL: -
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"elastic base" with V., =450 m/s
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Appendix B: VERSAT-2D Dynamic Analyses of Upper San Fernando Dam
(see Volume 2 User Manual for Step-by-Step Preparation of the Model)
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e 4.1 Case History Study by Finite Element Approach

for Dynamic Analysis Of the Upper San Fernando Dam Under The 1971 San Fernando
Earthquake: Pacoima Record (PGA 0.6g) (Wu 2001)

e [1] Model creation:

[380.0 [1] Rolled Fill
USF_2017: Dynamic Finite Element Analyses of the Upper San Fernando Dam Using a Finer Mesh

375.0 [2] Hydraulic Fill

" — . 3] Clay Core
3700 " Reservoir level & phreatic line Zone 7: [1] X23@1.57m & Y7@0.78 m [3] Clay
365.0 [4] Upper Alluvium
360.0 [5] Lower Alluvium

Mat-6 [2]Above water

(5] Zones 1,2,3: X100@3.0 m & Y20@1.0 m

BEDROCK

™ | | | | |
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« 4.1 Case History Study by Finite Element Approach Analysis Of Upper
San Fernando Dam Under The 1971 San Fernando Earthquake

e [1] Model creation:

USF_2017: Dynamic Finite Element Analyses of the Upper San Fernando Dam Using a Finer Mesh
Other Modes (x, v)

Node.4 (-17.51,366) 5
"Node.5 (-3.05,371.46) Zone 7: [1] X23@1.57m & Y7@0.78 m
"Node.6 (3.05,371.46)

"Node 8 (7.61,366) N4 & 'NON10(24.4,366) 2(50,366)
"Node.9 (18,366)

[2] Zones 5,6: X43@3.0 m & Y12@1.0

ode.2(-138,354) N3(-48,354) 354) N13(81,354) 15(1¢€

Node.11(27,349)

[5] Zones 1,2,3: X100@3.0 m & Y20@1.0 m

ode.1(-138,334) 14(1€

Table 1. Soil stiffness and strength parameters of the Upper San Fernando Dam (Seed et al. 1973).

Strength parameters Stiffness parameters*

Soil Unit weight

unit Soil material (KN/m?) ¢’ (kPa) o (%) K>max K, Ky

1 Rolled fill 22.0 124.5 25 52 1128 2821
2 Hydraulic fill 19.2 0 37 30 651 1630
3 Clay core 19.2 0 37 —T 651 1630
4 Upper alluvium 20.3 0 37 40 868 2170
5 Lower alluvium 20.3 0 37 110 2387 6000

*Modulus exponents (m = n = 0.5) were used for all soil units.



« 4.1 Case History Study by Finite Element Approach Analysis Of Upper
San Fernando Dam Under The 1971 San Fernando Earthquake

* [2] Model creation: Assign soil unit or material zones

Material Color Legend

[1] Rolled Fill
[380.0 . [2] Hydraulic Fill
USF_2017: Dynamic Finite Element Analyses of the Upper San Fernando Dam Using a Finer Mesh
375.0 . [3] Clay Core
[370.0 S\ Zone 7: [1] X23@1.57m & Y7@0.78 m . [4] Upper Alluvium
365.0 N1962 [5] Lower Alluvium
550.0 . Mat-6 [2]Above water

Mat-7 [2] low stress zone
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4.1 Case History Study by Finite Element Approach Analysis Of Upper
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[3] Define soil parameters, Adjust D/S layer thickness, Set RUNs (layers, water
tables, etc.), boundary, water loads

[1] Rolled Fill
USF_2017: Dynamic Finite Element Analyses of the Upper San Fernando Dam Using a Finer Mesh

[2] Hydraulic Fill
RESERVOIR LEVEL

Zone 7: [1] X23@1.57m & Y7@0.78 m [3] Clay Core
FEEE R RN
Pt vl 7 /;’r”};\}} IFEEEEARRRVRRRRY N i
RUN 4 A FAFEES NI EE N R ARARAANNN [4] Upper Alluvium
XA Firi AR
s PN NS NEE .= R i KN
AP A DR i
s . T ERER R R [5] Lower Alluvium
P Yl .. LA Z 0O g LB A5 Pt
Pl %l i VM#M% B I Al vl IR, < Sl W
ANV Y A A L T W o
P Ve Vi Vil Vi VAV A A A A0 0 A 8 Y I A s Sy Mat-6 [2]Above water
1 7
¥

[i%H1 L
ke T

LTI

LT

L

I

{51 Zbr ofa-4Y2hde

[4] Run static analysis to obtain stresses with the existing dam
Input file: USF_4 FINAL.sta
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* [5] Conduct the dynamic analysis:

setup the dynamic run in 5 minutes

Setup moduli and pwp parameters for dynamic
Create a text file for input ground motion

Save and run to completion in 15 minutes

Table 4. Pore-water pressure parameters and residual strengths used in Seed et al. (1976) pore-water pressure model.

Material Equivalent Residual strength

No. Soil description (N1)so CRR o G (kPa)* K.LIQ
2a Upstream hydraulic fill 14 0.154 3.0 0.1 23.0 (480) 400
2b Downstream hydraulic fill 14 0.154 3.0 0.1 23.0 (480) 400
2¢ Hydraulic fill in the downstream free field 14 0.154 3.0 0.1 14.4 (300) 400

* Pounds per square feet in parentheses.



« 4.2 Case History Study — Results Shown

« [1] Factor of Safety Against Liquefaction using Seed’s PWP model

FOS,, < 1.0 is considered liquefied in earthquake

[380.0

375.0

370 O injl'i (Ilﬂﬂl\\\\\\.\;{{"\\.\

R

i
FNTLRT
i AT

365.0

360.0
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355.0

350.0

345.0

340.0

[335.0

(Gray: no PWP generated)
[330.0

325.0 ‘ ‘
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« 4.2 Case History Study — Results Shown -
« Horizontal (X) and Vert (Y) ground displacements (m) e

1.5
]

=a0 1
3800
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« 4.2 Case History Study — Results Shown
2017 large model with 2835 Nodes and 2704 Elements

Deformed Ground (RED) on original ground (black) with Seed’s PWP model

3750
3700 Ngjje 1962
3650
il B N N W
”m B L ML
e T e
360.0 VA IS NN IR EANAERER 5 e e NN
Vi 27 T T T T T T e o o L N
Z 7z 7 7 T T T e e e
= VA A A i Ifﬂf}’j[.ffr.'];jlklillll'.‘—\—\“‘c —e e
P A A v s 1 | B |
—— IjirrrarTrfr = =
= [ i i, .
350
345
340
385
-85.0 -75.0 -65.0 -55.0 -45.0 -35.0 -25.0 -15.0 -50 5.0 15.0 25.0 35.0 45.0 55.0 65.0 75.0 85.0 95.0 105.0

Note: Feb. 2017 Computed displacements at Node points:
N1150 (0.77 m,-0.52 m); N1962(2.72m, -0.40m) with Seed’s PWP Model;
N1150 (0.42 m,-0.44 m); N1962(2.54m, -0.50m) using Wu(2001) PWP Model:



e 4.3 Results from Wu (2001) Small Model:

678 nodes and 625 elements used in Wu (2001) model  The dynamic analysis results are
robust, consistent between 2001 small and 2017 large model (2835 Nodes and 2704 Elements).

crest displacements: (4.9, -2.5) ft measured 2017 Large model at the edge (downstream crest):
(4.9,-2.4) ft computed by VERSAT  Node 1962: (2.72m, -0.4m) with Seed’s PWP Model
Node 1962: (2.54m, -0.5m) with Wu (2001)

= PWP ,model
éx —f—’:::"'i_; Edge displacements: (1.2, -1.4) ft measured
T T RENTHL T H (7.4,-1.3) ft computed by VERSAT
1 ﬁ%‘\‘--‘
) BRI EEIN, ~ [
NN LU L P
LU ff fI ;f 11 Jrf fJ f =Nl
/ EZ"“—& [ TR 1] T

| | | | |
-100.0 00 100.0 2000 000

Horizontal Distance (Axis -X)

Wu, G. 2001. Earthquake induced deformation analyses of the Upper San Fernando dam

under the 1971 San Fernando earthquake. Canadian Geotechnical Journal, 38: 1-15.
Download Now 9



http://www.wutecgeo.com/downloads/Wu_2001CGJ_USF.pdf
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