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EAERIJHF IR PR A4 2
PS1>PS2>PS3  ?
PS1<PS2<PS3 ?
PS1>PS3>PS2 ?

A BA

Q: #E*USER MATERIAL I XH, A oXfA e BfmE%, B
DDSDDE ##5 4 «
"material stiffness matrix';
M#E UMAT 1, DDSDDE ##k A4 :
"material's Jacobian matrix".
% ] DDSDDE M RHAVIZENIEMAEFRIR R R A? “FR IS 42
Ar U T DU B
0 =ddsddex A ¢
B RBIRATE VR BH5ERF: Dep.
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’
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ZEAFRTEREET IR ?

Ar MAEE
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B

Q: ABAQUS FBfTIEREH, ST HHBEAMAE, S2FSHIAUTRER:
ABAQUS Info: License Timeout set to 70(R] B8 A] I{EL) minutes. ?
A NMNBRERBA HBH, JREODIE:) .

Q: EVEESEEREF, msg HFEBEF —FHERE **ERROR: TOO MANY ATTEMPTS
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Ar MANBER:
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BEQOAKMMBER. AR Re—MI7rEx TR MBI EELT, BEF RN FERMNE
HA WS. BEE /A, BE unat FRAKEZENN consistent. FELE ddsdde 450
1E#l, (IRFKH back_Euler 755 —28H:, ddsdde HRAMAEMER CF T
B RERE Zm, s ), EXFTEIREBEAKSE.

uptonow, PRIEXANEPNST Mises, hill, J2, J2d &K JE R R EBUIS EME, {HEAKK
FMBERGEEH, XBBIEXY, EEER.

AN, unat FHEMIRKARTTERM, JFERANAHWEMRRE, NEE BN LR
4. BAREMINE CH unat BAHIR, WRER, EREARS FERNERE/NNES
KE BT, BRBREID KA, Rl Fredth, w8k, g RKHH,
AR TENIRTED. BN %% B —FEE.

— Rk, EREKW.

Q: ZF—IkR%ZEk abaqus6.2.1,3%58 exceed6.2&3D J&, FF 3% 6.2.1 i) Product installation for

network licensing, 45 R 2 BEE K 75% T, 348 H S :

An error ocurred during the move data process: -115

Component:Complete Inslattation

File Group: fg_common

File:c:\abaqus\6.2-1\cae\External\ebt\adi3xcol.dll

BT IR 2R T R KR I IR R SLAR R T AL A O N R, AR 2
Al BRI K5

Q: WARNING: THE SYSTEM MATRIX HAS 1 NEGATIVE EIGENVALUES.
—RAEF AR TS RAERGIERE H I FUFAE(E 2

A RZIEN
Heanid F 4k e AN Bl ORRT .

Q: FEAFME umatmst3.for
1) Mises & H BT, EHAENZRE T Table (2, nvalue) X435
{E AR AT N ) AR LR B, 7T ABAQUS FHi%A %5F UMAT i Table $({&iX b
JINARHIBAER, UMAT BT Table /&4 &1IEHIVE?
2 ) RHS = SMISESS-EG3*DEQPL-SYIELD XA X FR T 42 EBEHE? L HE
3G*DEQPL B4 EA?
A: Bt Constant=8 FHMNFE=ANMFFIRHIHE, FHLIEIE,

Q: TAEVHIN MSG UMM TR, BARE T REBRSH? a4 BEK A
& ?
ERROR: SPECIFIED STANDARD_MEMORY VALUE OF 8000000 IS TOO SMALL
TO RUN THE NALYSIS. STANDARD_MEMORY MUST BE INCREASED.
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> Q

> Q

MINIMUM POSSIBLE VALUE IS 23477555. LOOK AT MEMORY ESTIMATES
SECTION OF .dat FILE FOR FURTHER INFORMATION ?

: % abaqus_v6. env 30457 ] STANDARD MEMORY HI{E#EAT B

B Site SR T I abaqus_v6. env PHRIECE, WT:
#

# System—Wide ABAQUS Environment File

#
pre_memory = 33554432

standard_memory = 33554432  #kkkkkkkr B X B dokok
#

# NT specific settings .

WARNING: THE SYSTEM MATRIX HAS 148 NEGATIVE EIGENVALUES
1 ABAQUS VERSION 6.3-1 DATE 27-NOV-2002 TIME 22:08:00 PAGE..
For use by None user license from HKS Inc.
STEP 1 INCREMENT 1 STEPTIME 0.00
STEP 1 STEADY STATE S.
AUTOMATIC TIME CONTROL WITH -
A SUGGESTED INITIAL TIME INCREMENT OF 0.3007?
¥YRHE) INITIAL TIME INCREMENT B/MSRARE, A, —MHBMRHE, LH£
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ZERO PIVOT EH4AER 2

zero pivot ] CAERMEANIEEAEREH T M@, Fln&ER.

FRRAAFRRE, . RETERRRSRAGETAE, Z A EBAE RE R RS
REMZZ): BRAEF WS, WARASME, SERAETUEINEES: REERN UMAT 5
i [ddsdde] B 4L .

abaqus-uamt {1 M &, > 'ABA_PARAM.INC'3CHE 2

ZE cvf6. 5 AN, BoR #tzb C ABA_PARAM. INC' 304!
XAMBEEEMERE, XAMREAE ABAQUS A UMAT HINR B3h48kE], A X
MERG B EME MR et U, ABAQUS H i F MIFHE, SERRHARAIEXME IR,
FT, BT #—f) 7T, #R#T ABA_PARAM. INC. dp BY, ABA_PARAM. INC. sp $¥£E#RIFEF THE
FEJE , NMiZ%¥30 ABA_PARAM. INC. dp B} ABA_PARAM. INC. sp HIJ5 4. sp BR. dp ZHi,
B ABA_PARAM. IN C. dp % ABA_PARAM. INC. sp B4 & ABA PARAM. INC.

W, AR BT Visual Fortran PFAKFREF, BREBXE—MFIMNE BY
R X BT, HEFEAE ABAQUS H il RARH BRI, R HIRE) UMAT A 15V ER
FH U BRZEARR, IREE ABAQUS AR A BE T L I % .
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Lecture 1
Introduction

Overview

* Introduction

Classical and Modern Design Approaches

Some Cases for Numerical (Finite Element) Analysis
Experimental Testing and Numerical Analysis
Requirements for Realistic Constitutive Theories
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Introduction

Introduction

In this lecture we discuss the philosophy on which the usage of numerical
(finite element) analysis for geotechnical problems is based.

L ecture 2 deals with experimental testing and how it relates to the
calibration of constitutive models for geotechnical materials.

The different ABAQUS constitutive models applicable to geotechnical
materials are presented in Lecture 3. Their usage, calibration,
Implementation, and limitations are discussed.

In Lecture 4 we outline the treatment of porous mediain ABAQUS and
discuss the coupling between fluid flow and stress/deformation.

Several modeling issues relating to geotechnical situations are discussed
In Lecture 5.

In Lecture 6 typical problems are used as illustrative examples.
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Classical and Modern Design Approaches

Classical and Modern Design Approaches

In the classical approach two basic types of calculations are done: failure
estimates and deformation estimates.

Fallure estimates are based on rigid perfectly plastic stress-strain
assumptions:

)
T

,/constant shear strength at failure

Zero elastic strains before failure

S

=

Slope stability

Examples:
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Classical and Modern Design Approaches
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Examples (cont.):

Bearing capacity of foundation

Retaining wall stability

The result is afactor of safety, which is evaluated based on experience
(design code).
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Deformation estimates assume linear elastic behavior with average elastic
properties.

i ’
o

Foundation settlement example:

settlement,w = p b (1‘EV) f

p is bearing pressure

b iswidth of foundation

E, v are average elastic properties

f Is shape factor (based on small scale tests)
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constitutive model

G,-03

In the modern approach, failure and deformation characteristics are
obtained from the same analysis. The analysis requires a complete

and the numerical solution of aboundary value problem.
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Classical and Modern Design Approaches

Numerical (finite el ement) analysis can handle arbitrary geometries.
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_— Some Cases for Numerical (Finite Element) Analysis
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Some Cases for Numerical (Finite Element)
Analysis

Cases when self weight of soil plays an important role, such as slope
stability:

Classical limit failure calculations can predict ultimate stability of aslope
accurately because collapse stresses on the failure plane are proportional
to the weight of the soil and independent of the detailed soil behavior.
Modern numerical analysisis necessary for calculation of deformations.
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Cases when detailed soil behavior plays an important role, such as
building of earth dam and subsequent filling of reservoir:

reservoir
fill up phreatic surface

4

layered
construction

AN

L ocal soil failure (stress or wetting driven) may trigger overall collapse or
hamper functionality of structure. The sequence of events (construction,
filling of reservoir, and long term consolidation) must be considered
using numerical analysis.
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Cases when theinitial state of stress of the soil or rock massisimportant,
for example, tunneling:

V

B

¢ Oy = pgh

- '

? Gh = KOGV

density p

The virgin state of stress caused by the weight of the soil and tectonic
effects must be taken into account at the start of the analysis. The stability
of the excavation depends on the virgin stress state as well asthe
sequence of the excavation process. It is possible to control the stability
of the excavation by designing the excavation sequence (and perhaps
using aids such as liners and rock bolts).
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Experimental Testing and Numerical Analysis

Laboratory testing - -

|
Constitutive model

i
Y

‘
Calibration

!

‘
Finite element model —

|
Small or large scale testing -

Comparison of model predictions
with test results

|
Design prototype
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Experimental Testing and Numerical Analysis

The measurements required in the ssmple laboratory tests depend on the
proposed constitutive model. The constitutive model must be proposed
based on simple experimental observations. Laboratory testing and
constitutive model development are closely tied.

The constitutive model must first be chosen qualitatively: it is important
to capture the major features of material behavior while minor features
may be ignored in the model. Calibration (or quantitative choice) of the
model parameters follows. Calibration should not be attempted beyond
available (and repeatable) experimental results.

The finite element model must capture important features of the physical
situation, without irrelevant detail. Use of an adequate constitutive model
Is critical athough simplifications are often justifiable.

Small or large scale testing usually requires some knowledge of the
physical behavior being modeled. Details of the physical tests and finite
element models must be compatible for meaningful comparisons.

Ultimately, design requires engineering judgment and a good deal of
experience. Testing and numerical ssmulation are only useful toolsto aid
the design.
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Requirements for Realistic Constitutive Theories

Requirements for Realistic Constitutive
Theories

Realistic constitutive models should help us to better understand the
mechanical behavior of the material. Their devel opment must be based on
the understanding of the micromechanical behavior of the material,
trandated to a macro model simple enough to use in numerical
calculations, thus creating atool for rational design.

Realistic constitutive models must be general, in that they must be
capable of representing material behavior in any relevant spatial situation
(one-dimensional, plane strain, axial symmetry, and full
three-dimensional analyses).

Realistic models must be based on experimental data that are relatively
easy to obtain. They must then be able to extrapolate to conditions that
cannot be reproduced with laboratory testing equipment.
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Lecture 2
Physical Testing

Overview

* Physical Testing

» Basic Experimental Observations

» Testing Requirements and Calibration of Constitutive Models
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tests:

Geotechnical materials are generally voided and, thus, sensitive to
volume changes. These volume changes are closely tied to the magnitude
of the hydrostatic pressure stress, so it isimportant to test the materials
over the range of hydrostatic pressure of interest.

Most laboratory testing facilities are capable of performing standard

- Hydrostatic (or isotropic) compression tests

Oedometer

Triaxial compression and extension tests
Uniaxial compression tests (a special case of triaxial compression)

Shear tests

Physical Testing

Physical Testing

(or uniaxial strain) tests
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Physical Testing

A practical constitutive model should require for calibration only
Information generated by these standard tests.

More sophisticated laboratory tests can be performed only at avery
limited number of testing facilities. Truly triaxial tests require cubical
devices that are very expensive and not easy to operate. Any kind of
direct tensile test is difficult to perform since it requires avery “stiff”
machine (the same applies to compression tests in brittle materials that
soften significantly in compression). In most practical constitutive
models, assumptions are made regarding the tensile as well as the true
triaxial behavior of the material because the tests required for calibration
are generally not available.

The diversity of geotechnical materials means that a wide range of
behaviorsis possible. What follows are some very general observations
for frictional materials.
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Basic Experimental Observations

Basic Experimental Observations

| sotropic compression test:

vol
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Oedometer (uniaxial strain) test:
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Triaxial compression tests:

0,, ¢ (01 - 63) ‘

/ 02 &

6, =0, —

&=8&,
P
81
(o, - 03) Evol |
Failure +
envelope —
P
~N - N 81
Dense material
(0, + G,) - — — — Loose material
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The “critical state” concept:

(0,-05) |

e\l

Critical state

Compaction

RN & (0, + Gy)

-€

vol "

Casagrande defined “critical state” asthe state (for monotonic loading) at
which continued shear deformation can occur without further change in
effective stress and volume (void ratio) of the material.
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Cyclic tests:
- |sotropic compression or oedometer tests

o, }

Y

- Triaxia or uniaxial compression tests

(01' 63) A
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Truly triaxial (cubical) tests:

01 & deviatoric }
stress
!
R
- G, €,
Cs, 83/
G, 70,70,

€ FE,FE, X
S, ‘
- |

hydrostatic
stress

deviatoric
plane

S,
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Essential aspects of behavior of voided frictional materials:

Nonlinear stress-strain behavior

Irreversible deformations

|nfluence of hydrostatic pressure stress on “strength”
|nfluence of hydrostatic pressure on stress-strain behavior
Influence of intermediate principal stress on “strength”
Shear stressing-dilatancy coupling

Influence of hydrostatic pressure stress on volume changes
Hardening/softening related to volume changes

Stress path dependency

Effects of small stressreversals

Effects of large stress reversals (hysteresis)

Degradation of elastic stiffness after large stress reversals

+ 4+ + 4+ ++++++

+ Included in most constitutive models
— Not included in most models
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Testing Requirements and Calibration of
Constitutive Models

Basic requirements for laboratory testing of geotechnical materials:

- Specimens must be tested under the assumption that they represent
an average material behavior (in the ground there will be some
variation within the same soil or rock mass and the spatial scale of
such variations may be large compared to |aboratory test
specimens).

- Tests must simulate the in situ conditions as closely as possible:
range of stresses, drainage conditions and density of the material
(for deegp mining cases this may be difficult).

- All stresses and strains must be measured throughout the
stress-strain response to allow complete characterization of the
constitutive behavior.
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Testing Requirements and Calibration of Constitutive Models

L aboratory testing should be guided by a previously proposed
constitutive model. Understanding of this model is necessary for correct
Interpretation of laboratory tests. Model parameters should be physical
and measurabl e in practicable experiments.

Thefollowing isalist of laboratory tests and the corresponding
components of the constitutive model that they help calibrate:

- |sotropic compression test or oedometer test. Onetest is required
to calibrate hydrostatic behavior. One unloading is necessary to
calibrate the elastic part of this behavior.

- Triaxial compression tests. Two (preferably more) tests are
required to calibrate the shear behavior and its hydrostatic
pressure dependence. One unloading (in each test) is necessary to
calibrate the elastic part of this behavior.

- Triaxia extension tests. Two (preferably more) tests are required
to calibrate the intermediate principal stress dependence of the
sShear behavior.

- Direct tension test. One test is required to calibrate tension
behavior of cohesive materials (rocks or soils with cohesion).
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- Truly triaxial (cubical) tests. Many tests are required to calibrate

the behavior of the material when subjected to different stressesin
all directions.

- Shear box tests and indirect tension (Brazilian) tests. These may
be useful to calibrate the cohesive properties of the material.

- Multiple unloading-reloading cycles in any of abovetests. Thisis
necessary to calibrate effects of large stress reversals such as
hysteresis and elastic degradation.
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Lecture 3
Constitutive Models

Overview

» Stress Invariants and Spaces

* Qverview of Constitutive Models
» Elasticity

e Mohr-Coulomb Model

» Modified Drucker-Prager Models
» Coupled Creep and Drucker-Prager Plasticity
* Modified Cam-Clay Model

* Modified Cap Model

» Coupled Creegp and Cap Plasticity
» Jointed Material Model

* Numerical Implementation
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Stress Invariants and Spaces

Stress Invariants and Spaces

Stress in three dimensions: three direct and three shear components.

Y, 2

|
() |
| —_— (511
I Og /
—t— (0}

033 e

z, 3

Symmetry of stress tensor:
O12 = 021, 013 = O31, Op3 = O3p-
ABAQUS convention: tensile stress is positive.
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Principal stresses. stresses normal to planes in which shear stresses are
Zero.

2,y

/ /L__ ______ - 1 X
7
7~
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Stress Invariants and Spaces

ABAQUS

In two dimensions (Mohr’s circle):

<A
(611’112)
20
01 ] 62 G=
(622’112)
., +0 G, —0
G, , = 1" %% J( 11 22) +T122
’ 2 2
27T
tan20 = 12
011 =0y
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Stress decomposition: deviatoric plus hydrostatic:
c =S-pl.
ABAQUS invariants:

pressure stress, p = —% trace(o) ,

Mises equivalent stress, g = JS(S: S),

1
3
third invariant, r = (g S . s:s) |
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Stress Invariants and Spaces

For all models except Mohr-Coulomb, also define deviatoric stress

B e ok

sothatt = g/K intriaxial tension (r = q) andt = g intriaxia
compression (r =—q).IfK =1, t = q.
K istypically between 0.8 and 1.0.

(t = constant isa “rounded” surface in the deviatoric plane—not close to

Coulomb behavior.)
1 Ss >
= Sl 2)]

Curve K

a 1.0

a b 0.8

S S,
S, S
Linear Drucker-Prager Mohr-Coulomb
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Stress Invariants and Spaces
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Useful planes:

deviatoric (IT) plane ™

7

meridional
plane

G, = O,
triaxial plane

’

7
.~ hydrostatic axis
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Meridional plane:
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Deviatoric (or IT) plane:
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Overview of Constitutive Models

Elasticity models:
— Linear, isotropic
— Porous, isotropic (nonlinear)

— Damaged, orthotropic (nonlinear; used in concrete, jointed
material)

Plasticity models:
— Open surface, pressure independent (Mises)

— Open surface, pressure dependent (Drucker-Prager,
Mohr-Coulomb)

— Closed surface (Cam-clay, Drucker-Prager with Cap)
— Multisurface (jointed material)
— Nested surfaces (bounding surface 1)
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Other inelastic moddls:
— Continuum damage theories t
— Endochronic theories T

None of the available models (with the possible exception of the jointed
material model) is capable of accurately handling large stress reversals
such as those occurring during cyclic loading or severe dynamic events.

TNot available in ABAQUS for geotechnical materials
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Elasticity

Elasticity
Either linear elasticity or nonlinear, porous elasticity can be used with the
plasticity models described in the following sections.

Classical linear isotropic elasticity is defined by Young's modulus and
Poisson’s ratio.

Porous elasticity is anonlinear, isotropic, elasticity model in which the
pressure stress varies as an exponential function of volumetric strain:

1+e

p=—pd +(py+pdHexp [ 91— exp(eol >>]

K In p0+pte| :Jel—l
(1+&) " p+pf |

where J¥ — 1 isthe nominal volumetric strain.

or
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Elasticity

Throughout these notes J = dV/dV° istheratio of current volume to
reference volume, so g,,, = In(J) and J = exp(e, ), Whereeg,,, isthe
logarithmic measure of volumetric strain.

This model allows a zero or nonzero elastic tensile stress limit, pte' .

The deviatoric behavior is defined either by choosing a constant shear
modulus,

S = 2G€°,
thus making the deviatoric elastic stiffness independent of pressure stress,
or choosing a constant Poisson’s ratio that makes the deviatoric stiffness
dependent on the pressure stress,
dS = 26 de®,

where the instantaneous shear modulus, G, is

~ _ 3(1-2v)(1+e) el el
K, p;, G, v arematerial parameters; p, istheinitial value of hydrostatic
pressure stress, and g, istheinitia voids ratio.
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Elasticity

No tension
model

Tensile limit
model (with p, = 0)

Porous Elasticity

evol  hasan arbitrary origin, defined sothat p = p, at e%ol = 0.
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Mohr-Coulomb Model

Mohr-Coulomb Model

The Mohr-Coulomb plasticity model is intended for modeling granular
materials such as soils under monotonic loading conditions and does not
consider rate dependence.

The ABAQUS Mohr-Coulomb plasticity model has the following
characteristics:

— Thereisaregime of purely linear elastic response, after which
some of the material deformation is not recoverable and can, thus,
be idealized as being plastic.

— The material isinitially isotropic.

— Theyield behavior depends on the hydrostatic pressure. One of the
consequences of thisis that the material becomes stronger asthe
confining pressure iNcreases.

— Theyield behavior may be influenced by the magnitude of the
Intermediate principal stress.
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Mohr-Coulomb Model

— The material may harden or soften isotropically.

— The inelastic behavior will generally be accompanied by some
volume change: the flow rule may include inelastic dilation as well
as inelastic shearing.

— The plastic flow potentia is smooth and nonassociated.
— Temperature may affect the material properties.
— It does not consider rate-dependent material behavior.
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Mohr-Coulomb Model

Description
Linear isotropic elasticity must be used with the Mohr-Coulomb model.
The Mohr-Coulomb yield function is written as

F = R..g—ptano—-c = 0,

where

R..(©, 0) isameasure of the shape of the yield surface in the deviatoric
plane,

1
J3cosd

¢ isthe slope of the Mohr-Coulomb yield surface in the R,,.g—p stress

plane, which iscommonly referred to as the friction angle of the material,
0<0<90;

Rmc -

: ), 1 T
+ = |+ = + =
sin (@ 3) 3 cos(@ 3) tand,
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c isthe cohesion of the material; and

© isthe deviatoric polar angle defined as

3
r

Ccos(30) = 3

@)

The Mohr-Coulomb model assumes that the hardening is defined in terms
of the material’s cohesion, c. The cohesion can be defined as a function
of plastic strain, temperature, or field variables.

The hardening is isotropic.
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Mohr-Coulomb
(¢ =20°)

Rmcq ‘

Tresca

(¢=0°

©

Rankine

(¢ =90°)
\

® = 4n/3

® =271/3

| Drucker-Prager

(Mises)
(a) (b)

Yield Surface in the Meridional Plane (a) and the Deviatoric Plane (b)
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The flow potential, G, is chosen as a hyperbolic function in the
meridional stress plane and the smooth elliptic function proposed by
Menétrey and Willam (1995) in the deviatoric stress plane:

G = A/(ec|0tam|f)2 + (meq)z— ptany.

The initial cohesion of the material, c|, = c(¢” = 0.0); the dilation

angle, y; and the meridional eccentricity, €, control the shape of G inthe
meridional plane.
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¢ definestherate at which G approaches the asymptote (the flow

potential tendsto a straight line in the meridional stress plane as the
meridional eccentricity tends to zero).

Mohr-Coulomb Flow Potential in the Meridional Plane
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R.,(©, & ¢) controls the snape of G in the deviatoric plane:

2 2 2
R = 2 4(1—-€e")(cos®)” + (2e—1) Rmc(g, <|>)
2(1—-e")cosO + (2e— 1)J4(1—e2)(cos®)2 +5e° —4e

The deviatoric eccentricity, e, describes the “out-of-roundedness’ of the
deviatoric section in terms of the ratio between the shear stress along the
extension meridian (© = 0) and the shear stress along the compression
meridian (@ = n/3).

The default value of the deviatoric eccentricity is calculated by

g " :2?‘; and allows the ABAQUS Mohr-Coulomb mode! to match

the behavior of the classica Mohr-Coulomb model in triaxia
compression and tension.

3/03 Analysis of Geotechnical Problems with ABAQUS L3.22



Mohr-Coulomb Model

Menetrey-Willam (1/2 < e <1)

® =47/3

\ Mises (e = 1)

® =2n/3

The deviatoric eccentricity may have the following range: % <e<1.0.

If the user defines e directly, ABAQUS matches the classical
Mohr-Coulomb model only in triaxial compression.

Plastic flow in the deviatoric plane is always nonassoci ated.
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Usage and Calibration

The *ELASTIC, TYPE=ISOTROPIC option (linear, isotropic el asticity)
must be used.

The *MOHR COULOMB option is used to define v, ¢, e, and €.

— The ECCENTRICITY parameter is used to define €. The default
valueisO0.1.

— The DEVIATORIC ECCENTRICITY parameter can be used to
define e. The deviatoric eccentricity may have the following range:

%<eSLQ

— If the user defines e directly, ABAQUS matches the classical
Mohr-Coulomb model only in triaxial compression.

Thefriction angle, ¢, and the dilation angle, y, can be functions of
temperature and field variables.
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The *MOHR-COULOMB option must always be accompanied by the
*MOHR-COULOMB HARDENING materia option, where the
evolution of the cohesion, c, of the material is defined. This can be given
as afunction of temperature and predefined field variables.

*EXPANSION can be used to introduce thermal volume change effects.

Plastic flow in the deviatoric plane is always nonassociated; therefore, the
unsymmetric solver (*STEP, UNSY MM=Y ES) should be used when a

material has Mohr-Coulomb plastic deformation.
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Typically the Mohr-Coulomb model is calibrated using the critical stress
states from several different triaxial tests. These critical stress states are
plotted in the meridional plane to provide an estimate of the friction

angle, ¢, and the cohesion, c, of the material.

— Thedilation angle, v, is chosen so that the volume change during
the plastic deformation matches that seen experimentally.

— If the material is going to harden under plastic deformation, one of
the triaxial tests should be used to provide the hardening data.
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Because the ABAQUS Mohr-Coulomb model uses a smooth plastic flow
potential, it does not always provide the same plastic behavior as a
classical (associated) Mohr-Coulomb model, which has a faceted flow
potential.

— With the default value of deviatoric eccentricity, e, ABAQUS does
match classical Mohr-Coulomb behavior under triaxial extension
Or compression.

— Benchmark Problem 1.14.5, Finite deformation of an
elastic-plastic granular material, shows how to match the
ABAQUS Mohr-Coulomb model to the classical Mohr-Coulomb
model for plane strain deformation.
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This set of modelsisintended to ssmulate material response under
essentially monotonic loading, such as the limit load analysis of a soil
foundation.

These models are the smplest available for smulating frictional
materials.

The basic characteristics of this set of models are:

— Thereisaregime of purely elastic response, after which some of
the material deformation is not recoverable and can, thus, be
Idealized as being plastic.

— The materia isinitially isotropic.

— Theyield behavior depends on the hydrostatic pressure. One of the
consequences of thisisthat the material becomes stronger as the
confining pressure increases. The material may harden or soften
Isotropically. The models differ in the manner in which the
hydrostatic pressure dependence is introduced.
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— Theinelastic behavior will generally be accompanied by some
volume change: the flow rule may includeinelastic dilation as well
as inelastic shearing. Two different flow rules are offered.

— Theyield behavior may be influenced by the magnitude of the
Intermediate principal stress.

— The material may be sensitive to the rate of straining.
— Temperature may affect the material properties.
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Either linear elasticity or nonlinear porous elasticity, as described in
Elasticity (p. L3.12), can be used with these models.

A choice of three different yield criteriais provided. The differences are
based on the shape of the yield surface in the meridional plane: alinear
form, a hyperbolic form, or a general exponent form.

The hyperbolic and exponent models are available only in
ABAQUS/Standard.

In ABAQUS/EXxplicit only the linear model is available.

The choice of model to be used depends largely on the kind of material,
on the experimental data available for calibration of the model
parameters, and on the range of pressure stress values that the material is
likely to see. Calibration is discussed |ater.
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Linear Drucker-Prager Model
Theyield surface of the linear model iswritten as

F =t—ptanf—-d = 0.

The cohesion, d, isrelated to the hardening input data as

d=(1 —% tanf)o, If hardening isdefined by uniaxial compression, o ;

d= (1 + 2 tan B)Gt if hardening is defined by uniaxial tension, o, ; and

K 3

d=d if hardening is defined by shear (cohesion), d.

B (thefriction angle) and K are material parameters. d, ¢, or O; IS used
as the (isotropic) hardening parameter, which is assumed to depend on

the equivalent plastic strain.

L3.31
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The measure of deviatoric stress, t, allows matching of different stress
values in tension and compression in the deviatoric plane, thus providing
flexibility in fitting experimental results. However, as mentioned

previoudly, the surface is too smooth to be a close approximation to the
Mohr-Coulomb surface.
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We assume a (possibly) nonassociated flow rule, where the direction of
the inelastic deformation vector is normal to alinear plastic potential, G:

deP 0G

pl _
de™ = C 00’

where G = t—p tan y, ¢ Isaconstant that depends on the type of
hardening data,

- pl pl
d&” = |def} |inuniaxial compression,

dg” = def! inuniaxial tension, and
pl
d&” = I in pure shear.
J3

v isthedilation angle in the p—t plane. Thisflow rule definition

precludesdilationangles v > 71.5°(tan y > 3),whichisnot likely to
be alimitation for real materials.
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Flow is associated in the deviatoric plane but nonassociated in the p—t
planeif v # B .For y = 0, thematerial isnondilatational; and if
vy = B, themode isfully associated.
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Hyperbolic Model

The hyperbolic yield criterion is a continuous combination of the
maximum tensile stress condition of Rankine (tensile cut-off) and the
linear Drucker-Prager condition at high confining stress. It is written as

F =5 +q°=ptanf—d’'= 0,

where d’ isthe hardening parameter that is related to the hardening input
dataas

d = JIig +0~tanp if herdening is defined by uniaxial
compression, G;

d = JIif +o7+=tanp if hardening is defined by uniaxial tension, o;;

d = IS +d*  if hardening is defined by shear (cohesion), d.
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lo = d'|g— Py ‘OtanB determines how quickly the hyperbola approachesits
asymptote (see sketch).
P|, Istheinitial hydrostatic tension strength of the material, d’|, Isthe

Initial value of d’, and B isthe friction angle measured at high confining
pressure.

The model treats § and | ; as constants during hardening.
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- = = P

| /tanf | /tan | /tanf

Theyield surfaceisavon Misescircle in the deviatoric stress plane. (The
K parameter is not available for this model.)
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Exponent Model

The general exponent form provides the most general yield criterion
available in this class of models. The yield function iswritten as

F=ag’—p-p=0,

where a and b are material parameters independent of plastic
deformation and p; is the hardening parameter that represents the

hydrostatic tension strength of the material and isrelated to the input data

as
p, = acPl - %5‘ If hardening is defined by uniaxial compression, c.;
p, = ac?+ %t If hardening is defined by uniaxial tension, c,; and

p, = adP® if hardening is defined by shear (cohesion), d.
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Theyield surfaceisavon Mises circle in the deviatoric stress plane. (The
K parameter is not available for this model.)

The material parameters a, b, and p, can be given directly; or, if triaxial

test data at different levels of confining pressure are available, ABAQUS

will determine the material parameters from the triaxial test data using a
|east squares fit.
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Flow in the Hyperbolic and Exponent Models

Plastic flow in the hyperbolic and general exponent models is governed
by the hyperbolic flow potential

G = ,/(e5| tany} +o? - ptany,

where y isthe dilation angle in the meridional plane at high confining
pressure; G|, Istheinitial yield stress; and e isaparameter (referred to as
the eccentricity) that defines the rate at which the function approachesits
asymptote (the flow potential tendsto a straight line as the eccentricity
tendsto zero).

This flow potential, which is continuous and smooth, ensures that the
flow direction is always defined uniquely.

The function approaches the linear Drucker-Prager flow potential
asymptotically at high confining pressure stress and intersects the

hydrostatic pressure axis at 90°. It is, therefore, preferred as a flow

potential for the Drucker-Prager models over the straight line potential,
which has a vertex on the hydrostatic pressure axis.
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The potential isthe von Mises circle in the deviatoric stress plane.
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Associated flow is obtained in the hyperbolic model if B = v and

lo
G| tany

In the general exponent model flow is always nonassociated in the
meridional plane. The default flow potential eccentricity ise = 0.1,

which implies that the material has almost the same dilation angle over a
wide range of confining pressure stress val ues.

Increasing the value of the eccentricity provides more curvature to the
flow potential, implying that the dilation angle increases more rapidly as
the confining pressure decreases. Values of the eccentricity less than the
default value may |lead to convergence problems if the material is
subjected to low confining pressures because of the very tight curvature

of the flow potential near its intersection with the p-axis.
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Usage

The modified Drucker-Prager plasticity modelsin ABAQUS are invoked
with the *DRUCKER PRAGER material option. The SHEAR
CRITERION parameter isset to LINEAR, HYPERBOLIC, or
EXPONENT to define the yield surface shape.

The *DRUCKER PRAGER option must always be accompanied by the
*DRUCKER PRAGER HARDENING option. This option defines the
evolution of theyield stressin uniaxial compression
(TYPE=COMPRESSION), in uniaxial tension (TYPE=TENSION), or in
pure shear (TY PE=SHEAR).

It is possible to make the yield function rate dependent by using the
+*RATE DEPENDENT option or by specifying theyield stressas a
function of the plastic strain rate. A rate dependency israrely used for
geotechnical materials, but these same yield models are sometimes used
for other materials such as polymerswhere it isimportant. The manner of
Introducing rate dependence is described in the User’s Manual.
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The elasticity is defined with the *ELASTIC material option in the case
of linear elasticity or with the *POROUS ELASTIC option if porous
elasticity is chosen.

All of the material parameters can be entered as functions of temperature
and field variables.

*EXPANSION can be used to introduce thermal volume change effects.

#*INITIAL CONDITIONS, TYPE=RATIO isrequired to define theinitial
voids ratio (porosity) of the material if porous elasticity is used.

Analyses using a nonassociated flow version of the model may require
the use of the UNSY MM=Y ES parameter on the =STEP option because
of the resulting unsymmetric plasticity equations. If UNSYMM=YESIs
not used when the flow is nonassociated, ABAQUS may not find a
converged solution.
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Matching Experimental Data

At least two experiments are required to calibrate the ssmplest version of
the Drucker-Prager plasticity model (linear model, rate independent,
temperature independent, and yielding independent of the third stress
Invariant).

For geotechnical materials the most common experiments performed for
this purpose are uniaxial compression (for cohesive materials) and
triaxial compression or tension tests. However, other experiments can be
used as alternatives. for example, shear tests for conesive materials.

The uniaxial compression test involves compressing the sample between
two rigid platens. The load and displacement in the direction of loading
are recorded. The lateral displacements should also be recorded so that
the correct volume changes can be calibrated.

Triaxial test data are required for a more accurate calibration.
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Triaxial compressi on/tension experiments are performed using astandard
triaxial machine where a fixed confining pressure is maintained while the
differential stressis applied. Several tests covering the range of confining
pressures of interest are usually performed. Again, the stressand strainin
the direction of loading are recorded, together with the lateral strain, so
that the correct volume changes can be calibrated.

Os ko points chosen to define
shape and position of
yield surface

/—i_\ increasing
confinement

Y
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In atriaxial compression test the specimen is confined by pressure and an
additional compression stress is superposed in one direction. Thus, the

principal stresses are all negative, with0 > 6, = 6, > 0.

Triaxial Compression and Tension Tests

The stress invariant values in triaxial compression are

1
p = —§(201+03), gq=0,—-05 =-0, t=4g.

Thetriaxial results can, thus, be plotted in the g—p plane.
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The stress state corresponding to some user-chosen critical level (the
stress at onset of inelastic behavior or the ultimate yield stress) provides
one data point for calibrating the yield surface material parameters.

Additional data points are obtained from triaxial tests at different levels
of confinement. These data points define the shape and position of the
yield surface in the meridional plane.

ql

3/03 Analysis of Geotechnical Problems with ABAQUS L3.48



(M=)

_— Modified Drucker-Prager Models
3 ABAQUS

Defining the shape and position of the yield surface is adequate to define
the model if it isto be used as afailure surface.

To incorporate isotropic hardening, one of the stress-strains curves from
the triaxial tests can be used to define the hardening behavior. The curve
that represents hardening most accurately over a wide range of loading
conditions should be selected.

Unloading measurements in these tests are useful to calibrate the

elasticity, particularly in cases where the initial elastic region is not well
defined.
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angle 3.

q

Linear Drucker-Prager Model
Fitting the best straight line through the results provides the friction

best fit to triaxial
compression data

loading path in
triaxial compression

best fit to triaxial
tension data

]
| i
! [
/ 7 \ ! h, h h
“ // /// \\ \\ : t W:: - K
d B // // \\ \\ :
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\ p
loading path

in triaxial tension
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Triaxial tension test data are also needed to define K. Under triaxial
tension the specimen is again confined by pressure, then the pressurein

one direction isreduced. In this case the principal stresses are
0>0,2>0, = G4. Thestress invariants are now

q
<
K can, thus, be found by plotting these test results as q versus p and

again fitting the best straight line. The ratio of values of q for triaxial
tension and compression at the same value of p then gives K.

The dilation angle y must be chosen such that a reasonable match of
the volume changes during yielding is obtained. Generally,

O<y <.

1
P = _§(01+263)a q=0;,-03 I=¢q t=
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Hyperbolic Model

Fitting the best straight line through the triaxial compression results at
high confining pressures provides B and d” for the hyperbolic model.
In addition, hydrostatic tension data, p, , are required to complete the

calibration.

-~
[ -
-
| -
-~
J/
1
-
-
-
= e

—d'/tanB P,

p

b) Hyperbolic: F = \/(d' lo— p,|o tan B)>’+q? — ptanB—-d' =0
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Exponent Model

ABAQUS provides a capability to determine the material parameters
a, b, and p, required for the exponent model from triaxial data, which
IS done on the basis of a“best fit” of the triaxial test data at different
levels of confining stress.

ql

3/03

Analysis of Geotechnical Problems with ABAQUS

L3.53



(M=)

_— Modified Drucker-Prager Models
3 ABAQUS

The data points obtained from triaxial tests are specified using the
*TRIAXIAL TEST DATA option. The TEST DATA parameter is
required on the *DRUCK ER PRAGER option to use this feature. The
*TRIAXIAL TEST DATA option must be used with the *DRUCKER
PRAGER option.

The capability allows all three parametersto be calibrated, or, if some
of the parameters are known, to calibrate only the unknown
parameters.
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Matching Mohr-Coulomb Parameters

Sometimes only the friction angle and cohesion values for the
Mohr-Coulomb model are provided. We need to calculate values for the
parameters of the linear Drucker-Prager model to provide areasonable
match to the Mohr-Coulomb parameters.
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The Mohr-Coulomb model is based on plotting Mohr’s circle for stresses
at fallure in the plane of the maximum and minimum principal stresses.
Thefallurelineisthe best straight line that touches these Mohr’s circles.
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The Mohr-Coulomb mode is, thus,

S+ 6,9n¢ —ccosp = O,

where
1
S = 5(01 —03)

Is half of the difference between the maximum and minimum principal
stresses (and is, therefore, the maximum shear stress) and

1
Om = 5(01 +03)

IS the average of the maximum and minimum principal stresses.

The Coulomb friction angle, ¢, is different from the angle B used in the
(p, q) planein thelinear Drucker-Prager model.
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We see that the M ohr-Coulomb model assumesthat failure isindependent
of the value of the intermediate principal stress. The Drucker-Prager
model does not. The failure of typical granular geotechnical materials
generally includes only small dependence on the intermediate principal

stress, so the Mohr-Coulomb model is generally more realistic than the
Drucker-Prager model.
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Matching Plane Strain Response

Plane strain problems are often encountered in geotechnical analysis.
Therefore, the constitutive model parameters are often matched to
provide the same flow and failure response as a M ohr-Coulomb model
In plane strain.

Since we wish to match only the behavior in one plane, we can assume
K = 1. Using the plane strain constraint, we can derive the

relationships
sing = tanBJ3(9—tan2\|1)
9—tanB tany ’
J3(9-tan’y) |
C cosp = 90— tanBtamp
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For associated flow v = 3, which gives

ﬁ’:iw nd g: f3ios¢
. 2 . 2
J1+35mq) J1+§smq)

For nondilatant flow y = 0, which gives

tan P =

tanB = 3sing and g:ﬁcos¢.
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The difference between assuming associated or nondilatant flow
Increases with the friction angle, but for typical friction anglesthe
results are not very different, as shown below:

Associated Nondilatant
Mohr-Coulomb | D-P friction D-P friction
friction angle, ¢ | angle, 3 d/c angle, B3 d/c
10° 16.7° 1.70 16.7° 1.70
20° 30.2° 1.60 30.6° 1.63
30° 39.8° 1.44 40.9° 1.50
40° 46.2° 1.24 48.1° 1.33
50° 50.5° 1.02 53.0° 1.11

The results obtained for a foundation problem using the different
Drucker-Prager matches described here are given in Dry Problems
(p. L6.3) of these notes.
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Matching Triaxial Test Response

An alternative approach to matching Mohr-Coulomb and linear
Drucker-Prager model parameters is to make the two models provide
the same failure definition in triaxial compression and tension. This
approach yields the following Drucker-Prager parameters:

6sIiNG
3—-sno’

tanf} =

3—-sno
3+snd’

COS(
1-sing

0
Oc = 2C
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The value of K in the Drucker-Prager model isrestricted to K > 0.778
for the yield surface to remain convex. Rewriting the second equation

as
. (1=K
sing = 3(1+K)

shows that thisimplies ¢ < 22°.

Many real materials have alarger Mohr-Coulomb friction angle than
thisvalue. In such cases one approach isto choose K = 0.778 and then
to use the first equation to define 3 and the third equation to define G

Thismatchesthe modelsfor triaxial compression only, while providing
the closest approximation that the model can provide to failure being
Independent of the intermediate principal stress. If ¢ issignificantly
larger than 22°, this approach may provide a poor Drucker-Prager
match of the Mohr-Coulomb parameters.
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Coupled Creep and Drucker-Prager Plasticity

Geomaterials may creep under certain conditions.When the loading rate
Is of the same order of magnitude as the creep time scale, the plasticity
and creep eguations must be solved using a coupled solution procedure.

ABAQUS has a creep model that can be used to augment the
Drucker-Prager plasticity for such problems.

Basic Assumptions

ABAQUS always uses the coupled solution procedure when both
Drucker-Prager plasticity and creep are active.

Using the Drucker-Prager creep model implies that the Drucker-Prager
plasticity model usesisotropic linear elasticity, a hyperbolic plastic flow
potential, and the linear Drucker-Prager yield surface with acircular yield
surface in the deviatoric plane (K = 1).
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The creep laws for the Drucker-Prager creep models are written in terms of
an equivalent creep stress, 6 , which is ameasure of the creep “intensity”
of the state of stress at a material point.

The definition of G- depends upon the type of hardening (compression,
tension, or shear) used with the linear Drucker-Prager plasticity model, but

inal casesc™ = G (q, p,B):

~cr _ _ (q—ptanP) -
G = 1—-(1/3)tnp) (compression)

_ _(gq—ptanp) -
~ (1+(1/3)tanP) (tension)

= (q—ptanp) (shear)

The equivalent creep stress defines surfaces that are parallel to the yield
surface in the meridional plane.
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Points on the same surface have the same creep “intensity.”

iq

yield surface equivalent creep

material point_ surface

no creep

Y
Figure 3—-1. Equivalent Creep Surface in the Meridional Plane

Thereisaconein the meridiona plane in which no creep deformation
will occur.

3/03 Analysis of Geotechnical Problems with ABAQUS

L3.66



Coupled Creep and Drucker-Prager Plasticity

00—0

I ABAQUS

Creep Laws

The default creep laws provided are simple and are intended to model the
secondary creep of the material.

Time Hardening Creep Law

Use this creep law when the stress in the material remains essentially
constant:

£ = AGT)t".
Strain Hardening Creep Law

Use this creep law when the stress in the material varies during the
analysis.

—Cr —Cr

= (AG™) T(m+ 11"
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Coupled Creep and Drucker-Prager Plasticity

Singh-Mitchell Creep Law
Usethis creep law when an exponential relationship between stress and
creep strain rate is needed:

g = A /).

Creep Flow Potential

The Drucker-Prager creep model uses a hyperbolic creep flow potential
that ensures the creep (deformation) flow direction is always defined
uniquely:

G” = /(€5 tany)® + q° — ptany.

Theinitial yield stress, 6, Is defined on the *DRUCKER PRAGER
HARDENING option.
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Coupled Creep and Drucker-Prager Plasticity

Usage

The *DRUCKER PRAGER CREEP option must be used in conjunction
with the *DRUCKER PRAGER and *DRUCKER PRAGER
HARDENING options.

The *DRUCKER PRAGER CREEP option must be used with the linear
Drucker-Prager model with avon Mises (circular) section in the
deviatoric stressplane (K = 1;i.e, nothird stress invariant effects are
taken into account) and can be combined only with linear elasticity.

The material parameters in the default creep laws—A, n, m, t,, and oo—
can be defined as functions of temperature and/or field variables on the
*DRUCKER PRAGER CREEP option.

— To avoid numerical probl ems with round-off, the values of A
should be larger than 107
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Thetimein these creep lawsis the total analysistime, so the duration of
steps where creep is not considered (such as =STATIC steps) should be
relatively short.

More complex creep laws are defined with user subroutine CREEP.

The eccentricity of the creep potential, €, is by default 0.1. Use the
ECCENTRICITY parameter on the *DRUCKER PRAGER option to
specify adifferent value.
— Using values much smaller than 0.1 can create convergence
problems.
The creep flow potential uses the same dilation angle, v, asthe
Drucker-Prager plasticity model.
— Therefore, it is possible for the creegp equations to be unsymmetric
when 3 # y. Inthis case the «STEP, UNSY MM=Y ES option
should be used.
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Modified Cam-Clay Model

Modified Cam-Clay Model

This model isintended to ssmulate the constitutive behavior of
cohesionless materials. It is an extended version of the classical critical
state theories originally developed at Cambridge from 1960-1970.

The basic characteristics of the model are:

— Thereis aregime of nonlinear elastic response, after which some
of the material deformation is not recoverable and can, thus, be
Idealized as being plastic.

— The material isinitially isotropic.

— Theyield behavior depends on the hydrostatic pressure. The
critical state line separates two distinct regions of behavior: on the
“dry” side of critical state the material softens, while on the “wet”
side it hardens (and also stiffens). The hardening/softening
behavior is afunction of the volumetric plastic strain.
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— The inelastic behavior is generally accompanied by volume
changes: on the “dry” side the material dilates, while on the “wet”
side it compacts. On the critical state line the material can yield
indefinitely at constant shear stress without changing volume.

— Theyield behavior may be influenced by the magnitude of the
Intermediate principal stress.

— The model assumes the material is cohesionless.

— Under large stress reversals the model provides a reasonable
material response on the “wet” (cap) side of critical state;
however, on the “dry” side the model is acceptable only for
essentially monotonic loading.

— Temperature may affect the material properties.
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\critical state line,
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Response on the “Dry” Side of Critical State

3/03

Analysis of Geotechnical Problems with ABAQUS

L3.73



Modified Cam-Clay Model

critical state line,
t“ E t=Mp

tl

partially hardened
yield surface
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trajectory initial yield surface
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v
Response on the “Wet” Side of Critical State
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Modified Cam-Clay Model

Description

Either linear elasticity or nonlinear porous el asticity—see Elasticity
(p. L3.12)—can be used with the Cam-clay model.

The modified Cam-clay yield surface is elliptical in the meridional plane
and also includes a dependence on the third stress invariant:

for p>a (the “wet” side of critical state),

f(p,gr) = éé(g_l)ZJr(MLa)Z_l =0;

for p<a (the“dry” side of critical state),

f(p,gr) = (5—1)2+(Mla)2—1 = 0.
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K=1.0 B=05

critical state line B=1.0
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B isaconstant used to modify the shape of the yield surface on the “wet”
side of critical state so that the elliptic arc on the “wet” side of critical
state has a different curvature from the elliptic arc used on the “dry” side:

B = 1 onthe“dry” sideof critical state, while 3 <1 in most cases on the

“wet” sde.

The measure of deviatoric stress, t, allows matching of different stress

values in tension and compression in the deviatoric plane, as discussed
previously in the context of the Drucker-Prager models—see L inear

Drucker-Prager Model (p. L3.31).

[
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M isthe slope of the critical state lineinthe p—t plane (theratio of t to p
at critical state).

//—Critical state surface

Cam-Clay Yield and Critical State Surfaces in Principal Stress Space
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Associated flow is used with the modified Cam-clay model. The size of

theyield surface is defined by a. The evolution of this variable, therefore,
characterizes the hardening or softening of the material.

ABAQUS provides two approaches to defining the evolution a(e®,) .

For some materials, over the range of confining pressures of interest it is
observed experimentally that, during plastic deformation,

de = —Ad(Inp),
where A isaconstant and e isthe voids ratio. Integrating this equation:

~ 1-J ™
a = ag exp {(1+eo)k—_1(\J pl} ,

where e, istheinitial voidsratio, x isthe porous elasticity volumetric

constant (the logarithmic bulk modulus), and a, defines the position of a
at the start of the analysis—the initial overconsolidation of the material.
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T
The value of a, can be given directly or may be computed as
1 (el_eO_Kln po)
- = €&X ,
%o 2 P A—X
where p, istheinitial value of the pressure stress and e, isthe intercept
of the virgin consolidation line with the voids ratio axis in aplot of voids
ratio versus pressure stress.
A e, - locates initial consolidation state, by the
intercept of the plastic line with Inp = 0.
g elastic slope ﬁ =K
plastic slope ﬁ =-A
Inp -
(p = effective pressure
stress)
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Alternatively, the evolution of the yield surface can be defined as a
piecewise linear function relating yield stressin hydrostatlc compression,
D., and volumetric plastic strain, e, : p. = pu(ey).

R, i

'&?lol |o '(85:)I |0 + 8\%)

Pe
(1+P)

The evolution parameter isthen givenby a =

3/03 Analysis of Geotechnical Problems with ABAQUS L3.81



Modified Cam-Clay Model

00—0

I ABAQUS

The volumetric plastic strain axis has an arbitrary origin:

evpcll IS the position on this axis corresponding to the initial state of the
materlal thus defining the initial hydrostatic pressure, pc‘ , and, hence,
theinitial yield surface size, a,. Data must be provided over awide
enough range of values of p. to cover all situations that will arise in the

application.
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ABAQUS checks that the
yield surface is not
violated by the
user-specified material
constants and the initial
effective stress conditions
defined at each point in
the material. At any
material point where the
yield function is violated
and awarning message is
Issued, a, isadjusted so
that the yield function is
satisfied exactly (and,
hence, the initial stress
state lies on theyield
surface).

2.0—

Equivalent shear stress, /P

1.0—

Initial yield —__|
surface

~~—— Critical state line
gq=Mp

[«— Stress
trajectory

Before adjustment

After adjustment
Final yield surface

of | |
1.0 2.0 3.0
Mean normal stress, p/P
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Usage and Calibration

The modified Cam-clay model in ABAQUS isinvoked with the *CLAY

PLASTICITY option. This option defines the yield. It also defines the
hardening if logarithmic hardening ischosen. The*CLAY HARDENING

option can be used to define piecewise linear hardening. These
parameters can be entered as functions of temperature and predefined
field variables.

The elasticity is defined with the *ELASTIC or *POROUS ELASTIC
option. If logarithmic hardening is used, the *POROUS ELASTIC option

must be used (in this case the logarithmic elastic bulk modulus, «, must
be specified together with either a constant shear modulus, G, or a
constant Poisson’'s ratio, v).

In the porous elasticity case, the version with zero tensile strength
(p?I = 0) isnormally used since the material is assumed to be
cohesionless. The elasticity parameters can be entered as functions of
temperature and predefined field variables.
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*EXPANSION can be used to introduce thermal volume change effects.

*INITIAL CONDITIONS, TYPE=RATIO isrequired to definetheinitial

voids ratio (porosity) of the material. User subroutine voIDRI can be
used to specify complex initial voids ratio distributions.

*INITIAL CONDITIONS, TYPE=STRESS isrequired to define the

Initial effective stress state in the material. User subroutine SIGINI can
be used to specify complex initial stress distributions.
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At least two experiments are required to calibrate the ssmplest version of
the Cam-clay model: a hydrostatic compression test (an oedometer test is
also acceptable), and atriaxial compression test (more than one triaxial
test is useful for a more accurate calibration).

The hydrostatic compression test is performed by pressurizing the sample
equally in al directions. The applied pressure and the volume change are
recorded.

Triaxial compression experiments are performed using a standard triaxial
machine where afixed confining pressure is maintained while the
differential stressis applied. Several tests covering the range of confining
pressures of interest are usually performed. Again, the stressand strain in
the direction of loading are recorded together with the lateral strain so
that the correct volume changes can be calibrated.

Unloading measurements in these tests are useful to calibrate the
elasticity, particularly in cases where the initial elastic region is not well
defined. From these we can identify whether a constant shear modulus or
a constant Poisson’s ratio should be used and what itsvalue is.
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Modified Cam-Clay Model

The onset of yielding in the hydrostatic compression test immediately
providestheinitial position of the yield surface, a,. The logarithmic bulk

moduli, ¥ and A, are determined from the hydrostatic compression
experimental data by plotting the logarithm of pressure versusvoidsratio.
Thevoidsratio, e, isrelated to the measured volume change as

(1+e)
(l+ep)

J = exp(gy) =

The slope of the line obtained for the elastic regime is —, and the slope
In the inelastic range is —A. For avalid model A > x.
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Thetriaxial compression tests allow the calibration of the yield
parameters M and 3. M istheratio of the shear stress, q, to the pressure
stress, p, at critical state and can be obtained from the stress values when
the material has become perfectly plastic (critical state). B represents the
curvature of the cap part of the yield surface and can be calibrated from a
number of triaxial tests at high confining pressures (on the “wet” side of
critical state). f must be between 0 and 1.

To calibrate the parameter K, which controls the yield dependence on the
third stress invariant, experimental results obtained from atrue triaxial
(cubical) test are necessary. These results are generally not available, and
the user may have to guess (the value of K is generally between 0.8 and
1.0) or ignore this effect.
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Example

We consider the homogeneous deformation of asingle element asa
demonstration of the modified Cam-clay plasticity model (Benchmark

Problem 3.2.4 Triaxial tests on a saturated clay). Our modified Cam-clay

model provides two extensions of the original Cam-clay model:
“capping” of theyield elipse on the wet side of critical state and
consideration of the third stress invariant in the yield function. Both of
these extensions are included in this example. The specimen isinitially
stressed hydrostatically. Subsequently it is subjected to triaxial
compression or triaxial extension. The material parameters used in this
example are:

Logarithmic elastic bulk modulus, x: 0.026

Poisson’sratio, v: 0.3
Logarithmic hardening modulus, A: 0.174
Critical state ratio, M: 1.0
Wet cap parameter, f3: 0.5
Third stress invariant parameter, K: 0.75

Initial overconsolidation parameter, a;:  58.3KN/ m°
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Material response:

15— / Compression: "capped" modified Cam-clay (B = 0.5)

Compression: "standard" modified Cam-clay

1.0—

Equivalent shear stress, q/P

/ Extension: "standard" modified Cam-clay

Extension: "capped" modified Cam-clay with third stress invariant
dependence (K =0.7)

0.5
Extension: modified Cam-clay with third

stress invariant dependence (K =0.75)

\ \ \ \ \ -

0.1 0.2 0.3 0.4 0.5
Vertical displacement, 6/H
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Yield surface evolution for triaxial extension:;

i
1.0 — _
o K=0.75 \—/ q=Mp
= Critical state lines
g q=KMp
g S
(] - — = I ~
N P ~
%] —~ ~
— -~
c ~N
2 -7 AN
> Ve
H , > R
L 4 -—- -/ — =
0.5 — / _ - ~ N
/ e ~ \
7
/ , Ny N \
/s \
/ 7/ \
/7 \ \
1/ \ \
il \ \
l/ \ \
/ \ \
|
(@) ] -
0.5 1.0 15

Mean normal stress, p/P
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Input Listing:

*HEADING

CAM CLAY EXAMPLE - DRAINED TRIAXIAL TESTS
*NODE

1

3,1.

23,1.,1.

21,,1.

*NGEN, NSET=BOTTOM

1,3

*NGEN, NSET=TOP

21,23

*NGEN

1,21,10

3,23,10

*NSET,NSET=SOIL, GENERATE

1,23

*NSET, NSET=LHS

1,11,21
*ELEMENT , TYPE=CAX8R, ELSET=SOIL
1,1,3,23,21,2,13,22,11
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Modified Cam-Clay Model

*SOLID SECTION, MATERIAL=SAMPLE, ELSET=SOIL
*MATERIAL, NAME=SAMPLE
*POROUS ELASTIC
.026,.3
*CLAY PLASTICITY
.174,1.,58.3
*INITIAL CONDITIONS, TYPE=RATIO
soIL,1.08,0.,1.08,1.
*INITIAL CONDITIONS, TYPE=STRESS,GEOSTATIC
so1iL,-100.,0.,-100.,10.,1.
*STEP
GEOSTATIC INITIAL STRESS STATE
*GEOSTATIC
*DLOAD
1,P2,100.
*EL PRINT
S
SINV
E
PE
EE
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Modified Cam-Clay Model

*NODE PRINT

U

RF

*EL FILE

SINV

*NODE FILE, NSET=TOP

U

*BOUNDARY

TOP, 2

BOTTOM, 2

LHS, 1

*END STEP

*STEP, INC=20
TRIAXTAL COMPRESSION

*STATIC,DIRECT

1.,20.

*BOUNDARY

TOP,2,2,-.5

*END STEP
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Modified Cap Model

Thismodel isintended to ssmulate the constitutive response of cohesive
geological materials. It adds a“cap” yield surface to the linear
Drucker-Prager model, which serves two main purposes: it bounds the
model in hydrostatic compression, and it helps control volume dilatancy
when the material yieldsin shear.

The basic characteristics of this model are;

— Thereisaregime of purely elastic response, after which some of
the material deformation is not recoverable and can, thus, be
Idealized as being plastic.

— Theyield behavior depends on the hydrostatic pressure. There are
two distinct regions of behavior: on the failure surface the material
Is perfectly plastic, while on the cap yield surface it hardens (and
also stiffens). The hardening/softening behavior is a function of
the volumetric plastic strain.
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— The inelastic behavior is generally accompanied by volume
changes: on the failure surface the material dilates, while on the
cap surface it compacts. At the intersection of the surfaces, the
material can yield indefinitely at constant shear stress without
changing volume.

— Theyield behavior may be influenced by the magnitude of the
Intermediate principal stress.

— Under large stress reversals the model provides reasonable
material response on the cap region; however, on the failure
surface region the model is acceptable only for essentially
monotonic loading.

— The materia isinitially isotropic.

— Temperature may affect the material properties.
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Description

Linear elasticity or nonlinear porous el asticity—see Elasticity
(p. L3.12)—can be used with this model.

The model uses two main yield surface segments: alinearly
pressure-dependent Drucker-Prager shear failure surface and a
compression cap yield surface. The Drucker-Prager failure surface itself
IS perfectly plastic (no hardening), but plastic flow on this surface
produces inelastic volume increase, which causes the cap to soften. The
Drucker-Prager failure surfaceis

F.=t-ptan p—-d = 0.
B isthe angle of friction, and d isthe cohesion of the material.

The measure of deviatoric stress, t, allows matching of different stress

values in tension and compression in the deviatoric plane, as discussed
previously in the context of the Drucker-Prager models.
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Transition
surface, F, _
P 7
7
7
7
Shear failure, Fg Pad
—— ____”_”-Z-”-" "~ "~~~ I
a(d+p,tanp)
Cap, F.
d+p,tanf
!

Y

pa pb
R(d+p,tanp)
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The cap yield surface has an eliptical shape with constant eccentricity in
the meridional (p-t) plane and aso includes dependence on the third
stress invariant in the deviatoric plane. The cap surface hardens or softens
as afunction of the volumetric plastic strain: volumetric plastic compaction
(when yielding on the cap) causes hardening, while volumetric plastic
dilation (when yielding on the shear failure surface) causes softening.

The cap yield surfaceis

_ 2 Rt 2 _
Fe = J(p—pg | Tro—aroos) ~ R+ Ppa tanp) =0,

where R isamaterial parameter that controls the shape of the cap, o isa

small number, and pa(e\'c,’& ) IS an evolution parameter that represents the
volumetric plastic strain driven hardening/softening.
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The hardening/softening law is a user-defined piecewise linear function
relating the hydrostatic compression yield stress, p,, and the

corresponding volumetric plastic strain,

I I
pb — pb(850|‘0+ 8\?00 .

Py A

(€, + )
Thisrelationship isdefined inthe *CAP HARDENING option. Therange

of valuesfor which p, is defined should be sufficient to include all values

of effective pressure stress that the material will be subjected to during
the analysis.
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The volumetric plastic strain axis in the hardening curve has an arbitrary
origin: e \0 IS the position on this axis corresponding to the initial state

of the material when the analysis begins, thus defining the position of the
cap (p,) atthe start of the analysis.

The evolution parameter p, isthen given as

p, —Rd
(1+Rtan )

The parameter oo isasmall number (typically 0.01 to 0.05) used to define
atransition yield surface,

Pa =

= J(p—pa)2+[t—(1——)(d+pa tanB)} —o(d+p, tanP) =

cosf3

so that the model provides a smooth intersection between the cap and
failure surfaces.
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A larger value of o can be used to construct more complex (curved)
failure surfaces:

Transition
surface, Ft

Shear failure, F,
)/

Cap,F.

/

p

This approach has practical value, in that the curved surface provides a
better fit of experimentally observed shear failure and aso provides a
softening surface that is consistent with observed shear failure.

The value of o, can be set to zero, in which case there is no transition

surface and no true softening behavior (i.e., softening while yielding on
the same surface) in the model.
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Modified Cap Model

Plastic flow is defined by a flow potential that is associated in the
deviatoric plane, associated in the cap region in the meridional plane, and
nonassociated in the failure surface and transition regions in the
meridional plane. The flow potential surface we use in the meridional
plane is made up of an elliptical portion in the cap region that isidentical
to the cap yield surface,

. , Rt ’
G, = /\/(p_pa) +[(1+0¢—0¢/COSB)} ’

and another eliptical portion in the failure and transition regions that
provides the nonassociated flow component in the model,

G, = J[(pa—p)tanﬁ]%[ t T |

(1+ o —o/cosP)

Thetwo dliptical portions form a continuous and smooth potential
surface.
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Similar
ellipses

(1+o-o secf)
(d+patanp)

R(d+ptanp)

On the failure and transition regions the volumetric plastic strain rate is
proportional to (p,— p)tanf and the deviatoric plastic strain rate is

proportional to t. Thus, the flow is purely volumetric at the apex of the

Drucker-Prager cone, while the flow is purely deviatoric at the
Intersection of the Drucker-Prager cone with the cap (i.e., thecritical state
condition). Moving along the Drucker-Prager failure surface between
these two extremes, the ratio between the volumetric and deviatoric
plastic strain rates varies linearly.
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If the initial stressis given such that the stress point lies outside the
Initially defined cap or transition yield surfaces, ABAQUS will try to
adjust the initial position of the cap to make the stress point lie on the
yield surface and awarning will be issued.

If the stress point lies outside the Drucker-Prager failure surface, an error
message will be issued and the analysis will be terminated.
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Usage and Calibration

The modified Cap plasticity model in ABAQUS is invoked with the
*CAP PLASTICITY materia option. This option allows the yield and

flow rule parameters to be made dependent on temperature and
predefined field variables.

The *CAP PLASTICITY option must always be accompanied by the
*CAP HARDENING material option, where the evolution of the yield

stress in hydrostatic compression is defined. Theyield stress can be given
as afunction of temperature and predefined field variables.

The elasticity is defined with the *ELASTIC material option in the case
of linear easticity or with the *POROUS ELASTIC option if nonlinear

elasticity ischosen. The elasticity parameters can be entered as functions
of temperature and predefined field variables.

*EXPANSION can be used to introduce thermal volume change effects.
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#*INITIAL CONDITIONS, TYPE=RATIO isrequired to define theinitial
voids ratio (porosity) of the material if nonlinear elasticity is used. User
subroutine vOIDRI can be used to specify complex initial voidsratio
distributions.

The nonassociated flow present in the failure surface of the model
produces an unsymmetric material stiffnessmatrix. The UNSYMM=YES
parameter on the =STEP option should be used if there is a significant

plastic flow due to shearing. When ABAQUS uses a symmetric solver
with unsymmetric equations, the rate of convergence may be slow. If the
region of the model in which nonassociated flow occurs is confined, it
may be possible to omit UNSYMM=Y ES and still get an acceptable rate
of convergence.
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At least three experiments are required to calibrate the ssmplest version of
the Cap model: a hydrostatic compression test (an oedometer test is also
acceptable) and two uniaxial and/or triaxial compression tests (more than
two testsis useful for a more accurate calibration).

The hydrostatic compression test is performed by pressurizing the sample

equally in al directions. The applied pressure and the volume change are
recorded.

The uniaxial compression test involves compressing the sample between
two rigid platens. The load and displacement in the direction of loading
are recorded. The lateral displacements should also be recorded so that
the correct volume changes can be calibrated.
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Triaxial compression experiments are performed using a standard triaxial
machine where afixed confining pressure is maintained while the
differential stressis applied. Several tests covering the range of confining
pressures of interest are usually performed. Again, the stressand strainin
the direction of loading are recorded, together with the lateral strain, so
that the correct volume changes can be calibrated.

Unloading measurements in these tests are useful to calibrate the

elasticity, particularly in cases where the initial elastic region is not well
defined.

The hydrostatic compression test stress-strain curve givesthe evolution of
the hydrostatic compression yield stress, pb(evo| ), required in the «CAP
HARDENING option.
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Thefriction angle, B, and cohesion, d, which define the shear failure
dependence on hydrostatic pressure, are calculated by plotting the failure
stresses of any two uniaxial and/or triaxial compression experimentsin
the pressure stress (p) versus shear stress (q) space: the slope of the
straight line passing through the two points gives the angle 3, and the
Intersection with the g-axis gives d. See the discussion in Linear
Drucker-Prager Model (p. L3.31).

R represents the curvature of the cap part of the yield surface and can be
calibrated from a number of triaxial tests at high confining pressures (in

the cap region). R must be between 0 and 1.

To calibrate the parameter K, which controls the yield dependence on the
third stress invariant, experimental results obtained from atrue triaxial
(cubical) test are necessary. These results are generally not available, and
the user may have to guess (the value of K is generally between 0.8 and

1.0) or ignore this effect. See the discussion in Linear Drucker-Prager
Model (p. L3.31).
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Example

We simulate the behavior of a sample of McCormack Ranch sand under
uniaxial strain conditions. The response is compared to the experimental
result given by DiMaggio and Sandler (1976).

The specimen has the following Cap model properties:

E = 100 Ks

v = 0.25

B = 14.56°

d = 01732 Ks

R=01

elo ‘o = 0.001

K =10

II—Iardeni ng as shown in the *CAP HARDENING option in the input
Isting

Modified Cap Model
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Material response:

Axial stress (Ksi)

Modified Cap Model

120

10|

08|

-0.6

-0.4

02|

McCormack Ranch Sand - Uniaxial strain test

X
— Experimental (DiMaggio & Sandler)
X ABAQUS Cap model
X
X
X
X
X
X
X
X
X
\ \ \ \ | /x| \ |
-0.01 -0.02 -0.03 -0.04 -0.05 -0.06 -0.07 -0.08
Axial strain
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Modified Cap Model

Input listing:

*HEADING

CAP PLASTICITY,McCORMACK RANCH SAND,UNIAXTAL STRAIN, C3DS8
*** KSI UNITS
*NODE, NSET=BOT
1,0.,0.,0.
2,1.,0.,0.
3,1.,1.,0.
4,0.,1.,0.

*NODE, NSET=TOP
5,0.,0.,1.
6,1.,0.,1.
7,1.,1.,1.
8,0.,1.,1.

*NSET, NSET=ALLN
BOT, TOP

*NSET, NSET=BACK
1,4,5,8

*NSET, NSET=FRONT
2,3,6,7
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*NSET, NSET=LHS
1,2,5,6
*NSET, NSET=RHS
3,4,7,8
*ELEMENT, TYPE=C3D8, ELSET=EL1l
1,1,2,3,4,5,6,7,8
*SOLID SECTION, ELSET=ELl, MATERIAL=CAPL
*MATERIAL, NAME=CAPL
*ELASTIC
100., .25
*CAP PLASTICITY
**COHESN, BETA, BIGR, EVOLPI, ALPHA, BIGK
.1732, 14.56, 0.1, 0.001, , 1.0
*CAP HARDENING
** PB, EVOLP
.02 ,.0
.025,.005
.063,.01
.13 ,.02
.24 ,.03
.4 ,.04
.6 ,.05
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1. , .06

5. ;o1

*BOUNDARY

BACK, 1

LHS, 2

BOT, 3

RHS, 2

TOP, 3

*STEP, INC=20,UNSYMM=YES
*STATIC, DIRECT

1., 20.
*BOUNDARY
FRONT,1,,-.066
*EL PRINT

S

SINV

E

PE

PEQC

*NODE PRINT
U, RF

*END STEP
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*STEP, INC=5,UNSYMM=YES
*STATIC, DIRECT

1., 5.

*BOUNDARY

FRONT,1,,-.05

*END STEP
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Coupled Creep and Cap Plasticity

Geomaterials can creep under certain conditions. When theloading rateis
of the same order of magnitude as the creep time scale, the plasticity and
creep equations must be solved using a coupled solution procedure.

ABAQUS has a creep model that can be used to augment the Cap
plasticity for such problems.

Basic Assumptions

Cap plasticity with creep always uses the coupled solution procedure.

The Cap creep model can be used if the Cap plasticity model uses
Isotropic linear elasticity, acircular yield surface in the deviatoric plane
(K=1), and no transition zone between the shear failure region and the cap

region (o. = 0).
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The creep model has two creep mechanisms:

the cap region.

-

! no creep

— Cohesive cregp, which is active in both the shear failure region and

— Consolidation creep, which is active only in cap region.

cohesion and
consolidation
creep

(d+p.tanp)

R(d+p,tanp)

Figure 3-2. Equivalent Creep Surface for the Cap Creep Model
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Cohesion Creep

The cohesion creep mechanism is written in terms of an equivalent
creep stress, G-, which isameasure of the creep “intensity” of the
state of stress at a material point.

The cohesive creep properties must be measured in uniaxial
compression. The format of ' is

5o = (@—ptanp)
(1—%tanB)
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The equivalent creep stress defines surfaces that are parallel to the
shear failure surface in the meridional plane (see Figure 3-2).

Thereisaconein the meridional plane where no creep deformation
occurs. ABAQUS also requiresthat 6° be positive.

kg

yield surface

equivalent creep

material point _ surface

no creep
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Consolidation Creep

The consolidation cregp mechanism is dependent on the hydrostatic
pressure above athreshold value of p,, with a smooth transition to the
areas in which the mechanism is not active.

Therefore, equivalent creep surfaces are constant hydrostatic pressure
surfaces (vertical linesin the p—q plane).

The consolidation creep laws are expressed in terms of an equivalent
consolidation creep pressure stress, p- = p—p,.

Creep Laws

The default creep laws available for the Cap creep models are the same as
those available for the Drucker-Prager cregp model: time and strain
hardening laws and a Singh-Mitchell creep law.

— See Coupled Creep and Drucker-Prager Plasticity (p. L3.64)
for details.
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Creep Flow Potentials

Coupled Creep and Cap Plasticity

The cohesion creep mechanism uses a hyperbolic creep potential in the
meridional plane.

material point

Ag cr

\
similar
A hyperboles
I/,

Ky
Y

Y
This creep flow potential, which is continuous and smooth, ensures that
the flow direction is always defined uniquely. The cohesion creep
potential isthe von Mises circle in the deviatoric stress plane.

3/03

Analysis of Geotechnical Problems with ABAQUS

L3.122



(M=)

stress plane.

Coupled Creep and Cap Plasticity

EABAQUS

The consolidation mechanism uses an elliptical flow potentia that is
similar to the Cap plasticity flow potential inthe p—q plane. The
consolidation creep potential isthe von Mises circle in the deviatoric

similar
ellipses
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Coupled Creep and Cap Plasticity

Usage

The *CAP CREEP option must be used in conjunction with the *CAP
PLASTICITY and *CAP HARDENING options.

The *CAP CREEP option must be used with a cap plasticity model that
has no third stress invariant effects (K = 1) and has no transition surface
(oo = 0). In addition, it can be combined only with linear elasticity.

The material parameters in the default creep laws—A, n, m, t;, and o.—
can be defined as functions of temperature and/or field variables on the
+*CAP CREEP option.

— To avoid numerical probl ems with round-off, the values of A
should be larger than 107
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Usethe MECHANISM parameter on the *CAP CREEP option to specify
which behavior, CONSOLIDATION or COHESION, is being defined.

ABAQUS reguires that cohesion creep properties be measured in a
uniaxial compression test.

Thetimein these creep lawsis the total analysistime, so the duration of
steps where creep is not considered (such as *STATIC steps) should be
relatively short.

More complex creep laws are defined with user subroutine CREEP.

The use of acreep potential for the cohesion mechanism different from
the equivalent creep surface implies that the material stiffness matrix is
not symmetric and the unsymmetric matrix storage and solution scheme
(UNSYMM=YES) should be used.
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Jointed Material Model

Thismode is intended to provide a simple, continuum model for
materials containing a high density of parallel joint surfacesin different
orientations.

The spacing of the joints of a particular orientation is assumed to be
sufficiently close compared to characteristic dimensionsin the domain of
the model that the joints can be smeared into a continuum of slip systems.

An obvious application is the modeling of geotechnical problems where
the medium of interest is composed of significantly faulted rock.
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AECI’

Cohesion Potential

similar
hyperboles

material point

Figure 3—-3. Cap Creep
Flow Potentials
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The basic characteristics of the model are:

— Thereisaregime of purely elastic response, after which some of
the material deformation is not recoverable and can, thus, be
Idealized as being plastic.

— The model provides for up to three joint systems that may exhibit
frictiona dliding and may also open and close. Whenever any joint
system is open, the material response becomes orthotropic.

— The model also includes a bulk failure mechanism based on a
Drucker-Prager mode!.

— The indlastic sliding mechanisms on the joints and bulk material
may be purely frictional or include dilation.

— The model provides a reasonable material response under large
stress reversals (including joint opening/closing and cyclic shear).

— Temperature may affect the material properties.
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inclinded joint set

joint set a

vertical joint set

Jointed element and joint orientation
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Description

Consider joint a oriented by the normal to the joint surface n,.
t.,, @ = 1,2, aretwo unit, orthogonal vectors in the joint surface. The
local stresses are the pressure stress and the shear stresses across the joint

pa = _na.G.na’

Tao = na-G-taa.

We define the shear stress magnitude as
Ta = Taaraa'
Thelocal strains are the normal strain across the joint
€ = Ny -€-Ny
and the engineering shear strain in the o-direction in the joint surface

Yao, — na'e'taoc'i'taoc'g'na'
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We use alinear strain rate decomposition:

de = deeI + depl.

If several systems are active (we designate an active system by i, where
| = b indicatesthe bulk material systemand i = a isajoint system a):

deP = stf’l .
|

When all joints at a point are closed, the elastic behavior of the material is
Isotropic and linear. We use a stress-based joint opening criterion,
whereas joint closing is monitored based on strain. Joint system a opens
when the estimated pressure stress across the joint (normal to the joint
surface) is no longer positive:

P, <0.
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Jointed Material Model

In this case the material has no elastic stiffness with respect to direct
strain across the joint system and may or may not have stiffness with
respect to shearing associated with this direction. Thus, open joints create
anisotropic elastic response at a point. The joint system remains open so
long as

el el
€an(ps) < €an,

el

where ean isthe component of direct elastic strain across the joint and

eS'n( os) 1Sthe component of direct elastic strain across the joint
calculated in plane stress as

I V
€an(ps) = _E(Gal +Ga),
where E isthe Young's modulus of the material, v isthe Poisson’'s ratio

and

Y :taoc'c'taoc

ao

are the direct stresses in the plane of the joint.
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Thefailure surface for diding on joint a is
fa = Ta— P, tan Ba_da = 0,

where 3 isthefriction angle and d, isthe cohesion for system a. So long

as f_<0,]joint a doesnot dlip. When f_, = 0, joint a dlips. The inelastic
strain on the systemis

pl _ pl Tau
dea = dea (snwanana+r— cosy, (Nt +t,,N.)),

a
where d&& isthe magnitude of the inelastic strain rate and v, isthe
dilation angle for thisjoint system (choosing y_, = O provides pure shear
flow on the joint, while v, > 0 causesdilation of the joint asit slips).
The dliding of the different joint systems at a point isindependent, in the

sense that sliding on one system does not change the failure criterion or
the dilation angle for any other joint system at the same point.
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Joint system mode!:
de?
T, A |
i"\llfa f

Ba

1
da

P.
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Jointed Material Model

In addition to the joint systems, the model includes abulk material failure
mechanism based on the linear Drucker-Prager failure criterion

q-p tanPB,—d, = 0,

where B, isthe friction angle for the bulk material and d, is the cohesion

for the bulk materidl. If thisfallure criterion is reached, the bulk inelastic
flow is defined by

1 Jg,
d0

Ob = d—Pp tan vy,

where y, isthe dilation angle for the bulk material. This bulk failure
model isasimplified version of the modified Drucker-Prager model
described earlier in thislecture. Aswith the joint systems, this bulk
failure system is independent of the joint systems in that bulk inelastic
flow does not change the behavior of any joint system.

dsB' = dég
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Bulk material model:

pl
def

q i
AR TA f,
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Usage and Calibration

The jointed material model in ABAQUS isinvoked with the *JOINTED

MATERIAL material option. This option allows the yield and flow rule
parameters to be made dependent on temperature and predefined field
variables. This option must be repeated for each existing system (bulk
material and up to three joints); it may appear four times.

When defining ajoint system, the JOINT DIRECTION parameter must
be used to refer to the orientation definition corresponding to the joint.
The *ORIENTATION option must then be used to define the joint

orientation in the original configuration. Stress and strain components
will still be output in global directions unless the *ORIENTATION

option is also used on the section definition option associated with the
material definition.

When defining the bulk material, the JOINT DIRECTION parameter
must be omitted.

The *JOINTED MATERIAL option may appear afifth time with the

SHEAR RETENTION parameter to define a nonzero shear modulus for
open joints.
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The dasticity must be defined with the *ELASTIC, TY PE=ISOTROPIC
material option since we assume that the material is linear elastic and

Isotropic when al joints are closed. The material cannot be elastically
Incompressible (Poisson’s ratio must be less than 0.5).

*EXPANSION can be used to introduce thermal volume change effects.

Analyses using a nonassociated flow version of the model may require
the use of the UNSY MM=Y ES parameter on the =STEP option because

of the resulting nonsymmetry of the plasticity equations.
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At least two experiments are required to calibrate the behavior of each of
the existing inelastic mechanisms.

For the bulk material the experiments commonly performed for this
purpose are uniaxial compression (for conesive materials) and triaxial
compression tests.

The uniaxial compression test involves compressing the sample between
two rigid platens. The load and displacement in the direction of loading
are recorded. The lateral displacements should also be recorded so that
the correct volume changes can be calibrated.

Triaxial compression experiments are performed using a standard triaxial
machine where afixed confining pressure is maintained while the
differential stressis applied. Severa tests covering the range of confining
pressures of interest are usually performed. Again, the stressand strain in
the direction of loading are recorded, together with the lateral strain, so
that the correct volume changes can be calibrated.
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For the joint systems the most common experiments are shear tests. In
these tests a normal pressure is applied across the joint and then the joint
IS sheared. Several tests covering the range of pressures of interest are
usually performed. Again, the stresses and strainsin the normal and shear
directions must be recorded.

Unloading measurements in all of the above tests are useful to calibrate
the elasticity, particularly in cases where the initial elastic region is not
well-defined.

The angle of friction, 3, and the cohesion, d, defining the failure stress

dependence on pressure are calculated by plotting the failure stresses of
any two experiments in the pressure stress versus shear stress space: the

slope of the straight line passing through the two points gives 3, and the
Intersection with the shear stress axis gives d.
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Jointed Material Model

If more than two experiments are available, a best fit straight line over the
range of interest of pressure stress must be used to calculate the slope of
the failure surface.

Refer also to the calibration discussion in Linear Drucker-Prager
Model (p. L3.31).

Thedilation angle, v, must be chosen such that areasonable match of the

volume changes during yielding is obtained. The volume changes are
calculated from the strainsin al directions.

The calibration of the temperature-dependent model requires repetition of
the experiments at different temperatures over the range of interest.
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Example

We consider a sample of material subjected to uniaxial
compression/tension. The material has two sets of planes of weakness
having an included angle of 2o.. We construct the failure envel ope of the
material asthe orientation (0) of the planes of weaknessisvaried. The
joints have cohesion d, = 1000 and friction angle B, = 45°. The bulk
material has cohesion d, = 8000 and friction angle B, = 45°. Plastic
flow in the joints and bulk material is associated. When all Jomts are
closed, the material isisotropic linear elasticwithE = 3. x10° and

v = 0.3. When ajoint opens, the material is assumed to have no elastic
stiffness. We show the variation of the compressive failure stress P/ 2d,
with 6 for o = 0°, 20°, 30°. For certain ranges of orientation of the
joints, failure along the joints becomes increasingly improbable and
failure of the bulk material takes placefirst. In tension the material cannot
carry any stress since the joints open readily.
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Problem Geometry (Benchmark Problem 3.2.5)
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&Bulk

Material
Failure

_Oﬂi
AN
a -—0-=- a=0°
(Jeager's Theory)
—eo— o =20°
—-X-—- o=30°

2.0 | | | | | | |
0

Uniaxial Compression Failure Envelopes
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Jointed Material Model

Input Listing:

*HEADING

UNIAXTAL COMPRESSION TEST,2 JOINTS,ALFA=20 THETA=0
*WAVEFRONT MINIMIZATION, SUPPRESS

*NODE, NSET=ALLN

1,0.,0.,0.

2,1.,0.,0.

3,1.,1.,0.

4,0.,1.,0.

5,0.,0.,1.

6,1.,0.,1.

7,1.,1.,1.

8,0.,1.,1.

*ELEMENT, TYPE=C3D8, ELSET=ALLE
1,1,2,3,4,5,6,7,8

*SOLID SECTION, ELSET=ALLE, MATERIAL=ALLE
*MATERIAL, NAME=ALLE

*ELASTIC

300.E3,.3

*JOINTED MATERIAL

45.,45.,8000.
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*JOINTED MATERIAL,JOINT DIRECTION=JOINT1
45.,45.,1000.

*JOINTED MATERIAL,JOINT DIRECTION=JOINT2
45.,45.,1000.

*ORIENTATION, NAME=JOINT1

-.9397, .342,0.,-.342,-.9397,0.
*ORIENTATION, NAME=JOINT2
.9397,.342,0.,-.342,.9397,0.

*BOUNDARY

1, PINNED

2,2

I

-

-

-

W N o Ul b oYUl
-
WWERERERREDMDND

-

I

4,3

*STEP, INC=20
*STATIC,DIRECT
1.,20.
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Jointed Material Model

*BOUNDARY
712,,-.2
3,2,,-.2
41211‘.2
8,2,,-.2
*EL PRINT

S

SINV

E

PE

PEQC

EE

*NODE PRINT
U, RF

*EL FILE, FREQUENCY=2
S,E,PE

*END STEP
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Numerical Implementation

For all the material models presented in this set of notes, the constitutive
behavior is given in rate form—the inelastic strain is defined only as a
strain rate.

Thismust be integrated over each finite timeincrement. We use backward
Euler integration:

pl
AeP = ddi At,
t t+ At

where At isthetime increment and t isthe time at the beginning of the
Increment.

The backward Euler method (more traditionally called “radial return”
because of its simple geometric interpretation for the basic case of a
Mises yield and associated flow model) is chosen becauseit is
unconditionally stable. In addition, it provides acceptable accuracy,
especially when the strain increment is large compared to the strain to
cause yield.
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In some simple cases, such as a perfectly plastic Drucker-Prager model, the
backward difference equations can be solved in closed form. However, in
most cases, Newton’s method is used for the numerical solution of the
Integrated plasticity eguations.

In models that involve opening/closing conditions (such as in the jointed
material model) and in models that involve more than one yield surface
(such as the capped Drucker-Prager model), additional logic isused to
handle all the possible combinations of behavior available within the model.

Occasionally ABAQUS fails to find a solution to the integrated constitutive
eguations. It then gives awarning message: “PLASTICITY ALGORITHM
FAILSTO CONVERGE AT n INTEGRATION POINTS.” If automatic
time incrementation has been chosen (which is always recommended), the
program then tries again with a smaller time increment and the problem is,
thereby, resolved. If necessary, detailed information about where the
algorithms are failing can be obtained by setting *PRINT,

PLASTICITY=YES.

ABAQUS provides consistent material Jacobians (tangent stiffnesses) for
the global equilibrium iterations so that quadratic convergence can be
achieved.
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Overview

» Basic Assumptions and Effective Stress
» Stress Equilibrium and Flow Continuity
» Typesof Analysesand Usage

* Examples
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ABAQUS has capabilities for the treatment of single phase flow through
porous media, including fully saturated flow (encountered in many
geotechnical applications), partially saturated flow (encountered in
Irrigation problems and hydrology problems), or a combination of the
two (calculation of phreatic surfaces).

Fluid gravity effects may be considered. It is possible to perform
analysesin terms of total pore fluid pressure or excess pore fluid
pressure.

Total pore pressure analysis (including fluid weight) is required when
the loading provided by fluid gravity islarge, or when “wicking”
(transient capillary suction of liquid into adry body) is of interest.

Two other effects, “gel” swelling and moisture swelling, may be
Included in partially saturated cases. These are usually associated with
modeling of moisture absorption into polymeric systems (such as paper
towels) rather than with geotechnical systems and are not discussed in
these notes.
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Basic Assumptions and Effective Stress

We model a deforming porous medium using the conventional approach
that considers the medium as a multi-phase material and adopts an
effective stress principle to describe its behavior.

An elementary volume, dV, is made up of avolume of grains of solid
material, dV,, and avolume of voids, dV,, which is either fully or partly

saturated with a volume of wetting fluid, dV,,.

1
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The porosity of the medium, n, is defined as the ratio of the volume of
voids to the total volume:

dv,
dv’
ABAQUS generally usesvoidsratio, e = (dV,/dV ), instead of
porosity. Conversion relationships are:
n e 1 1

n =

1-n’  1+¢’ C1+e

e = —— —

Saturation, s, is defined as the ratio of wetting fluid volume to void
volume:

av,,

S =
v,

For afully saturated medium s = 1, while for acompletely dry medium
s = 0.
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The total stress acting at a point, o, Isassumed to be made up of an
average pressure stressin the wetting fluid, u,,, called the “pore pressure”

times afactor, x, and an “effective stress’ in the material skeleton, G
G =o+yu,l.

In general, ¥ = y(s) can be measured experimentally. Typical
experimental data are shown below:

1.0 —

XX 7
/

0.0 —

Since such data are difficult to obtain, ABAQUS assumes y = s.
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The effective stress principle is the assumption that the constitutive
response of the porous medium consists of simple bulk elasticity
relationships for the fluid and for the solid grains, together with a

constitutive theory for the material skeleton whereby 6 isdefined asa
function of the strain history and temperature of the material:

G = G(strain history, temperature, state variables).
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Basic Assumptions and Effective Stress

Any of the constitutive modelsin ABAQUS can be used to model the
material skeleton of voided materials. Models suitable for soils and rocks
were discussed in the previous lectures.

The strain rate decomposition is then

de = (deg” + dew )l +de® +deP

vol vol

wheredeyg , dew  arethevolume strain ratesin the solid grains and

fluid, and de®, de” arethe elastic and plastic strain ratesin the material
skeleton.
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Stress Equilibrium and Flow Continuity

Stress equilibrium for the solid phase of the material is expressed by
writing the principle of virtual work for the volume under consideration

In its current configuration at time t:

J(G—xuwl): oedV = j t-6vdS+J f-ovdV + j sn p,,g-ovdV,
V S \ \%
where 8¢ %€ sym(ddv/ox) isthevirtua rate of deformation, ¢ isthe
true (Cauchy) effective stress, ov isavirtual velocity field, t are surface
tractions per unit area, f are body forces (excluding fluid weight) per
unit volume, p,, isthe density of the fluid, and g is the gravitational

acceleration (assumed constant and in afixed direction).

This eguation is then discretized using a Lagrangian formulation for the
solid phase, with displacements as the nodal variables.
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Stress Equilibrium and Flow Continuity

The porous medium is thus modeled by attaching the finite el ement mesh
to the solid phase. Fluid may flow through this mesh.

A continuity equation istherefore required for the fluid, equating the rate
of increase in fluid volume stored at a point to the rate of volume of fluid
flowing into the point within the time increment:

9[ pWsndV) pWsnn v,, dS
dt

v Pw S pw

where v,, isthe average velocity of the fluid relative to the solid phase
(the segpage velocity) and n isthe outward normal to S. This equation
has been normalized by p\(,)v , the reference density of the fluid.

The continuity equation is integrated in time using the backward Euler
approximation and discretized with finite elements using pore pressure
asthe variable.
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The pore fluid flow behavior is assumed to be governed either by Darcy's
law or by Forchheimer's law. Darcy's law is generally applicable to low
fluid flow velocities, whereas Forchheimer's law is used for higher flow
velocities. Darcy's law may be thought of as alinearized version of
Forchheimer's law.

Forchheimer's law describes pore fluid flow as:

Viw = —

: ou,,
sngpw(1+[3m) ( pwg)

where g is the magnitude of the gravitational acceleration, k(s e) isthe
permeability of the medium (possibly anisotropic) with units of
length/time, and B(e) isa“velocity coefficient”. [ Some texts use a
different definition of permeability. Thisis discussed later.]

Darcy's law is obtained by setting B = 0. We see that, asthe fluid
velocity tends to zero, Forchheimer's law approaches Darcy's law.
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The permeability depends on the saturation of the fluid and on the

porosity of the medium. We assume these dependencies are separable, so
that

K = kk

S

where k (s) givesthe saturation dependency, with k(1) = 1.0,

and k(e) isthefully saturated permeability. For isotropic materials
k = KI.
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Experimental observation often suggests that, in steady flow through a
partially saturated medium, the permeability varies with s°.

10 — —

00 — —
| s |

We, therefore, take k. = s’ by default. Different forms of behavior for
ks(s) can be defined by using the *PERMEABILITY option.

Because u,, measures pressure in the wetting fluid, the medium is fully
saturated for u,, > O . Negativevaluesof u,, represent capillary effectsin
the medium.
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Foru, < O itisknown that, at agiven value of capillary pressure, —u,,,

the saturation lies within certain limits. These limits are defined by using
the *SORPTION option. Typical forms are shown below.

pore
pressure

-u

w

exsorption

absorption

0.0 1.0 saturation
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Wewritetheselimitsass® < s < s°, where s°(u,,) isthelimit at which

absorption will occur (sothat $> 0) and s°(u,,) isthelimit at which
exsorption will occur; thus, s< 0 . We assume that these relationships
are uniquely invertible and can also be written as uy (s) during
absorption and u,, (s) during exsorption. We also assume that some
wetting fluid will always be present in the medium: s > 0.

The transition between absorption and exsorption, and vice-versa, takes
place along “scanning” lines, which are approximated by asingle value

of du,,/ds at all saturation levels.

Saturation is treated as a state variable that may have to change if the
wetting liquid pressure is outside the range for which itsvalue is
admissible according to the actual data.
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Note on permeability units:
In ABAQUS we define permeability in the flow constitutive equation

ek (e
Sngpw(l t B Vi VW) X Pl

as k , with units of length/time. In this equation p,, isthe mass density of

the fluid, s isthe saturation, n isthe porosity, B isthe velocity

coefficient and g Isthe gravitational acceleration. It isthen clear that
both sides of the equation have units of length/time.

vy, = —

However, one other definition of permeability (K) is often used:

K = .ﬂ_&
dPw

where u isthe fluid viscosity in poise units (mass/time-length). In this
context, permeability K haslength squared units (or Darcy) and what we

refer to in ABAQUS as permeability, k , Is called the hydraulic
conductivity.
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In the coupled problem, the stress equilibrium and fluid continuity

eguations must be solved simultaneoudly. In the general nonlinear case,
we use a Newton scheme to solve the equations. The Newton eguations
for various cases of the formulation (transient or steady-state flow, €etc.)

are described in Appendix A.
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Types of Analyses and Usage

The analysis of flow through porous mediain ABAQUS is available for
plane strain, axisymmetric, and three-dimensional problems. Special
coupled displacement/pore pressure elements must be used: these
elements have alinear distribution of pore pressure and either a
first-order or a second-order distribution of displacement.

The coupled stress/flow problems are solved using the «SOILS
procedure. By default, ABAQUS will solve the steady-state problem
(xSOILS, STEADY STATE) while the transient problem is invoked
with #SOILS, CONSOLIDATION.

The steady-state problem assumes that the time scale is so long that there
IS no transient effect in the pore fluid diffusion part of the problem. The
time scale chosen is then only relevant to any possible rate effects in the
constitutive model used for the material skeleton.

Mechanical |oads and boundary conditions can be changed gradually
over a step, to accommodate nonlinearities in the response.
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Uncoupled (purely diffusion) pore pressure elements are not available.
These are useful in cases when only the pore fluid flow part of the
problem is of interest. In such problems we have used coupled elements
and constrained all the displacement degrees of freedom to be
computationally inefficient. Coupled deformation/pore pressure infinite
elements are not available.

Dynamic coupled stress/fluid flow analysis cannot be performed, since
we assume no inertiain the existing coupled analysis capability. Thisis
Important in cases such as the behavior of a dam subjected to earthquake
loading. Again, liquefaction effects may be important.

Three-way coupled stress/fluid flow/temperature analysis cannot be
performed. Thisisimportant in applications such as those encountered in
nuclear waste disposal and oil reservoir ssmulation.

The capability for fluid flow through porous media assumes single-phase
fluid flow; multi-phase fluid flow isimportant in cases such as ail
reservoir ssmulation.

The vapor phaseisignored in the partially saturated flow formulation;
there are situations for which this assumption is not adequate.
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Thetransient problem includes the time integration of the diffusion effects;
therefore, the choice of time increment isimportant. The integration
procedure used in ABAQUS introduces arelationship between the
minimum usable time increment and the element size. Thisminimum isa

requirement only for second-order elements, but it is recommended for all
diffusion elements.

A ssmple guideline that can be used for fully saturated flow is

At > Pwd (1—E)Z(A|)2,

6EK Kg

where At isthe time increment, E isthe Y oung's modulus of the material
skeleton, k isthe permeability of the saturated medium (in units of
length/time), K, is the bulk modulus of the solid grains, and Al isa
typical element dimension.
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A simple guideline that can be used for partially saturated flow is
0
Pwdn ds 2
AU > Bk an, A

where n° istheinitial porosity of the material, kg isthe
permeability-saturation relationsnip, and ds/du,, isthe rate of change of

saturation with respect to pore pressure as defined in the *SORPTION
material option.

If time increments smaller than this value are used, spurious oscillations
may appear in the solution. If the problem requires analysis with smaller
time increments than the above relationship allows, afiner mesh is
required.

Generally there is no upper limit on the time increment size, except
accuracy, since the integration procedure is unconditionally stable,
unless nonlinearities cause numerical problems.
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The accuracy of the time integration is controlled by the tolerance UTOL
(maximum allowable change in pore pressure during the increment),
which is aso used to drive the automatic incrementation procedure for
*SOILS, CONSOLIDATION analysis.

Transient analysis may be terminated by completing a specified time
period, or it may be continued until steady-state conditions are reached,
steady state being defined by all fluid pressures changing at less than a
user-defined rate.

The porous medium coupled analysis capability can provide solutions
either in terms of total or of “excess’ pore fluid pressure.

The difference between total and excess pressure is relevant only for
cases in which gravitational loading isimportant.

Total pressure solutions are provided when the GRAV distributed |oad
typeis used to define the gravity load on the model. Excess pressure
solutions are provided in all other cases (for example, when gravity
loading is defined with distributed load types BX, BY, or BZ).
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In total pore pressure problems, the *DENSITY material option must be
used to specify the density of the dry material only.

The gravity contribution from the pore fluid is defined through the
SPECIFIC (weight) parameter on the *PERMEABILITY option,
together with the direction of the gravity vector specified in the
*DLOAD option with load type GRAV.

The *PERMEABILITY option is used to specify the permeability of the
saturated medium, which can be isotropic or anisotropic and a function
of void réatio.

The «*PERMEABILITY option can be repeated with TY PEEVELOCITY
to invoke Forchheimer's flow law instead of the default Darcy's law.

In partially saturated cases, the *PERMEABILITY option can also be
repeated with TYPE=SATURATION to specify the dependence of

permeability on saturation, k. (s) . By default, k, = s®.
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In partially saturated cases the «*SORPTION option is used to specify the
dependence of negative (partially saturated) pore pressure on saturation.
When used with TY PE=ABSORPTION (default), it defines the
absorption curve. When used with TY PEEEXSORPTION, it defines the
exsorption curve (by default, the exsorption curve isthe same as
absorption). Analytical (logarithmic) or tabular input data are permitted.

In partially saturated casesthe *SORPTION, TY PE=SCANNING option
IS used to define the scanning sl ope between absorption and exsorption.
ABAQUS will generate this dope automatically if the user does not
specify it.

The *POROUS BULK MODULI material option can be used to specify

the bulk modulus of the solid grains and fluid if the user wants to include
the compressibility of these components of the porous medium.

*EXPANSION can be used to introduce thermal volume change effects
for the solid grains and the pore fluid.
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#*INITIAL CONDITIONS, TYPE=RATIO isrequired to define the initial
voids ratio (porosity) of the medium. User subroutine voIDRI can be
used to specify complex initial void ratio distributions.

*INITIAL CONDITIONS, TY PE=STRESS can be used to define the
Initial effective stress state in the material. User subroutine SIGINI can
be used to specify complex initial effective stress distributions.

3/03 Analysis of Geotechnical Problems with ABAQUS L4.24



Types of Analyses and Usage

#*INITIAL CONDITIONS, TY PE=PORE PRESSURE can be used to
define theinitial pore fluid pressure in the medium. Theinitial pore
pressures can be defined as a linear function of elevation in the model or
as a constant value. ABAQUS assumes that the vertical (elevation)
direction is the 3-direction in three-dimensional models and isthe
2-direction in two-dimensional (or axisymmetric) models.

User subroutine upoREP IS also available for complicated cases. To use
this subroutine, the USER parameter must be included on the =INITIAL
CONDITIONS, TY PE=PORE PRESSURE option. The user will be
given the coordinates of each node in the user subroutine.

The specification of initial conditions in coupled stress partially
saturated flow problems with gravity is not alwaystrivial (see Element
Technology (page L5.2) for more information).
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The *DFLOW option allows the outward normal flow velocity, v,,, to be

prescribed across a surface. Complex dependencies of v,, on time and
position can be coded in user subroutine DFLOW.

The *FLOW option defines the outward flow velocity as
Vih = ks(uw_lj; )

where k and u,, are known values. Again, complex conditions can be
coded in user subroutine FLOW.
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If large-deformation analysisis required because of the presence of large
strains, the NLGEOM parameter can be included on the =STEP option.

The UNSY MM=Y ES parameter on the =STEP option is used
automatically if the user requests steady-state analysis or any kind of
partially saturated flow analysis. ABAQUS automatically uses
UNSY MM=Y ES when fluid gravity effects are included in a step. For
other unsymmetric simulations—such as using NLGEOM, nonlinear
permeability, or nonassociated plastic flow—using UNSYMM=YES
may improve the rate of convergence.
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[ Two other saturation-dependent effects can be included in partially
saturated flow analysis:.

The *MOISTURE SWELLING material option can be used to define
saturation driven volumetric swelling (or shrinkage as negative swelling)
of the solid skeleton. In this option, the reversible swelling strain is
defined as afunction of saturation. Anisotropic swelling can be specified
by using the *RATIOS option:

e = 1y 59 -

The *GEL material option can be used to define the growth of gel
particles that swell and trap fluid. The growth of the gel particles
depends on the saturation of the wetting fluid, the size of the gel

particles, and their number per unit of volume of porous material.

An example of the use of these optionsisgiven in Dry Problems
(page L 6.3) of these notes.]
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Fully Saturated Example

We consider the one-dimensional Terzaghi consolidation problem. The
problem is treated with and without finite-strain effects for illustration.

A body of soil is confined by impermeable, smooth, rigid walls on all
but the top surface where perfect drainage is possible, and aload is
applied suddenly. Gravity is neglected.

We wish to predict the response of the soil as afunction of time,
following the load application.

The properties of the soil are described in Benchmark Problem 1.14.1.

The problem isrunin two steps. Thefirst step isa*SOILS,
CONSOLIDATION analysiswith an arbitrary time period, with no
drainage allowed across the top surface (natural boundary condition).
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This establishes the initial solution: uniform pore pressure equal to the
load throughout the body, with no effective stress carried by the soil
skeleton.

The consolidation is now done with a second #*SOILS,
CONSOLIDATION step, using automatic time incrementation. The
accuracy of the time integration for the second step is controlled by the
parameter UTOL.

The gpatial element size and the time increment size are related, to the
extent that time increments smaller than a certain size give no useful
Information. This coupling of the spatial and temporal approximationsis
most obvious at the start of diffusion problems, immediately after
prescribed changes in the boundary values.

Using the time-space criterion described earlier, an initial time increment
of .06 sec (0.001 min) is chosen. Thisgives an initial solution with no
“overshoot.”
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y
| Uniform load, q = 689.5 GPa (1.0 x 108 Ib/in?)
Y Y Y Y Y yYvyYyvyvyvyvyvvyvyvyvyvyvyvyy
\ Perfectly drained
Soil h=254m
(100.0 in)

Impermeable,
smooth and/ Impermeable,
rigid smooth and rigid

L X
Impermeable and rigid

Terzaghi Problem
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a) t<<<1

pore pressure

exact
solution

finite
element
solution

height

“Overshooting”

pore pressure

exact
— solution

-

b) t<<1
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Time =0.06 s Time=0.6s Time =27.72 s
(10" min) (10 min) (0.462 min)
1.0 1.0 1.0
0.8 0.8} 0.8
e
N
= 067 0.6} 0.6
o)
5
I 04r 0.4+t 04r
L
0.2+ 0.27 0.2+
O | 0 | O | |
0 0.5 1.0 0 0.5 1.0 0 0.5 1.0

Normalized pore pressure, p/q

Pore Pressure History
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Examples

Time, minutes
01 0.2 03 04 05 06 07 08 09 10
I I I I I I I I I I

!

Vertical component of the
effective (compressive) stress
,/ Pore pressure
O | | | | | | I ——@— } } |
10 20 30 40 50 60

Time, s

Effective Stress History

3/03

Analysis of Geotechnical Problems with ABAQUS

L4.34



-HABAQUS

— Terzaghi and Frolich
20 e ABAQUS solution

Degree of consolidation, %

100 | | | | | | | | | | |
O 01 02 03 04 05 06 07 08 09 10 11

Time factor

Consolidation History

3/03 Analysis of Geotechnical Problems with ABAQUS L4.35



Vertical displacement at surface, d/h

0.0

0.2

0.4

0.6

Examples

// Finite strain, permeability
dependent on voids ratio

Finite strain,
constant
permeability

Small strain

1073 1072 10? 1 10
Time, minutes

Consolidation History
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Input Listing:

*HEADING

TERZAGHI CONSOLIDATION
*ELEMENT, TYPE=CPE8P, ELSET=0ONE
1,1,3,23,21,2,13,22,11
*ELGEN, ELSET=ALL
1,10,20

*ELSET, ELSET=P1

6,7,8

*NODE

11

2,25.

3,50.

201,,100.

202,25.,100.
203,50.,100.

*NGEN, NSET=NALL
1,201,10

2,202,20

3,203,10
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*NSET, NSET=FILE
141,

*NSET, NSET=TOP
201,202,203
*NSET, NSET=BASE
1,2,3

*SOLID SECTION, MATERIAL=Al,ELSET=ALL

*MATERIAL, NAME=A1l
*ELASTIC
1.E8,.3
*PERMEABILITY
.0002
*INITIAL CONDITIONS, TYPE=RATIO
NALL,1.1,0.,1.1,1.
*BOUNDARY
BASE, 1,2
NALL, 1
*RESTART ,WRITE, FREQUENCY=999
*STEP

SUDDENLY APPLIED LOAD
*SOILS, CONSOLIDATION
1.E-7,1.E-7
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*DLOAD

10,P3,1.E8

*PRINT, RESIDUAL=NO

*EL PRINT, FREQUENCY=999
COORD

S

*EL PRINT,ELSET=P1l, FREQUENCY=10
S

*NODE PRINT, FREQUENCY=5

U, POR,RVT

*END STEP

*STEP, INC=100
CONSOLIDATE

*SOILS, CONSOLIDATION, UTOL=5.E7, END=SS
.001,100.,.001,100.,100.
*BOUNDARY

TOP, 8

*NODE FILE,NSET=FILE

U, POR

*EL FILE, ELSET=ONE

S

*END STEP
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Partially Saturated Example

We consider a one-dimensional “wicking” test where the absorption of
fluid takes place against the gravity load caused by the weight of the
fluid.

In such atest fluid is made avallable to the material at the bottom of a
column and the material absorbs as much fluid as the weight of therising
fluid permits.

The material properties and initial conditions are described in
Section 1.8.3 of the ABAQUS Benchmarks Manual.

The weight is applied by GRAV loading.

Aninitial step of *GEOSTATIC analysisis performed to establish the
Initial equilibrium state; the initial conditions in the column exactly
balance the weight of the fluid and dry material so that no deformation
or fluid flow takes place.
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The bottom of the column is then exposed to fluid by prescribing zero
pore pressure (corresponding to full saturation) at those nodes during a
transient *SOILS, CONSOLIDATION step.

The fluid will seep up the column until the pore pressure gradient is

equal to the weight of the fluid, at which time equilibrium is established.

At steady state the pore pressure gradient must equal the weight of the
fluid so that pore pressure varies linearly with height and saturation
varies in the same way (according to the absorption behavior) with
respect to pressure or height.

Thus, points close to the bottom of the column are fully saturated, while
those at the top are still at 5% saturation. Thisisillustrated in the last
figure, which is nothing more than the absorption curve.
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Wicking Model
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pore T T T T T T T T T
pressure, Pa| 1 1

Vo

22000 |- X | B
H
D

-20000 [ X . 1
i
P

-18000 | X 1 B
oo

X inital conditions

Lo

-16000 (- X | .
D

-14000 X ! B
Vo

-12000 - X ! B

"o
-10000 [~ -

-8000

-6000

exsorption
-4000

scanning

-2000 - absorption _

1 1 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
saturation

Initial Conditions
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(*10%%-2)

(m**3)

FLUID VOLUME
[
!
|

or
=
)
w
i

5 6 7 8 9 10
TIME (sec) (*10%x*4)

Fluid Volume Absorbed
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(*10**4)

PORE PRESSURE (Pa)

3 | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10
TIME (sec) (*10%%4)

Pore Pressures
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SATURATION
ul
I
|

T

| | | |
0 1 2 3 4 5
TIME (sec) (*10%*4)

Saturation Histories
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1.0

height, m

0.8

0.6

0.4

0.2

0.0
0.0

Steady-State Profile

1.0

saturation
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Input Listing:

*HEADING

ONE DIMENSIONAL WICKING PROBLEM, COUPLED

*** UNITS: M, TON, SEC, KN
*NODE, NSET=ALLN

1,0.,0.

3,.1,0.

101,0.,1.

103,.1,1.

*NGEN, NSET=BOT

1,3,1

*NGEN, NSET=TOP

101,103,1
*NFILL,NSET=ALLN

BOT, TOP, 20,5
*NSET,NSET=LHS, GENERATE
1,101,5

*NSET,NSET=RHS, GENERATE
3,103,5

*NSET , NSET=POREP, GENERATE
1, 101, 10

3/03

Analysis of Geotechnical Problems with ABAQUS

L4.48



(M=)

EABAQUS

Examples

3, 103, 10
*ELEMENT , TYPE=CPE8RP, ELSET=BLOCK
1,1,3,13,11,2,8,12,6
*ELGEN, ELSET=BLOCK
1,10,10,1
*ELSET, ELSET=0UTE
113151719
*SOLID SECTION, ELSET=BLOCK, MATERIAL=CORE
*MATERIAL, NAME=CORE
*ELASTIC
50.,0.
*DENSITY

.1
*POROUS BULK MODULI

,2.E6
*PERMEABILITY, SPECIFIC=10.
3.7E-4
*SORPTION
-100., .04
-10.,.05
-4.5,.1
-3.5,.18
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-2.,.45

-1.,.91

0.,1.

*SORPTION, TYPE=EXSORPTION

-100.,.09

-10.,.1

-8.,.11

-6.,.18

-4.5,.33

-3.,.79

-2.,.91

0.,1.

*INITIAL CONDITIONS, TYPE=SATURATION

ALLN, .05

*INITIAL CONDITIONS, TYPE=PORE PRESSURE
POREP, -22.0, 1.0, -12.0, 0.0
*INITIAL CONDITIONS, TYPE=RATIO

ALLN, 5.

*INITIAL CONDITIONS, TYPE=STRESS, GEOSTATIC
BLOCK,-1.1,1.,-2.016666667,0.,0.,0.
*EQUATION

2
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3,8,1.,1,8,-1.

*BOUNDARY

ALLN,1

BOT, 2

*RESTART ,WRITE, FREQUENCY=10
*STEP, INC=1

*GEOSTATIC

1.E-6,1.E-6

*BOUNDARY

1,8,,-12.

*DLOAD

BLOCK, GRAV,10.,0.,-1.,0.

*NODE PRINT, FREQUENCY=5,NSET=LHS
U, RF,POR,RVT

*EL PRINT, FREQUENCY=5, POSITION=AVERAGED AT NODES
S, E

SAT,POR,VOIDR

*NODE FILE, FREQUENCY=10,NSET=LHS
U, RF,POR,RVT

*EL FILE, FREQUENCY=10, ELSET=0OUTE
S,E

SAT,POR,VOIDR
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*END STEP

*STEP, INC=100

*SOILS, CONSOLIDATION, UTOL=20.

1.,1000000.

*BOUNDARY

1,8,,0.

*CONTROLS , ANALYSIS=DISCONTINUOUS

*CONTROLS, PARAMETERS=FIELD, FIELD=DISPLACEMENT
ll-l

*CONTROLS , PARAMETERS=FIELD, FIELD=PORE FLUID PRESSURE
llol

*END STEP
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Lecture 5
Modeling Aspects

Overview

» Element Technology

 Infinite Domains

e Pore Fluid Surface Interactions
e Element Addition and Removal

Modeling issues related to geotechnical problems are considered in this
lecture.
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Element Technology

Element Technology

The geotechnical constitutive models can be used in plane strain,
generalized plane strain, axisymmetry, and three dimensions. All
Drucker-Prager models are also available in plane stress, except for the
linear Drucker-Prager model with creep.

Cylindrical (CCL) elements are available for modeling structures that are
Initially circular but are subjected to general, nonaxisymmetric loading.
An example isthe analysis of apile foundation wherethepileis
subjected to axial, horizontal and moment |oading.

These elements permit a coarse yet accurate discretization of a
structure.

They can be used in contact calculations using the standard
surface-based contact modeling approach.

They provide an attractive aternative to axisymmetric-asymmetric
(CAXAxxN) family of elements.
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The analysis of flow through porous mediain ABAQUS is available for
plane strain, axisymmetric, axisymmetric-asymmetric, and
three-dimensional problems. Special coupled displacement/pore pressure
elements must be used: these elements have alinear distribution of pore
pressure and either afirst-order or a second-order distribution of
displacement.

The modified tetrahedral element C3D10MP(H) is particularly well
suited for meshing general, complex structures in three dimensions.
The element works well in contact interactions.

The geotechnical material models can be used in time integration
dynamic analysis. Eigenfrequencies of undamped models can also be
extracted before or after static deformation.
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Infinite Domains

Infinite elements for stress analysis are available in ABAQUS; these are
used in conjunction with the standard elements in problems involving

Infinite or very large domains.

A family of first- and second-order axisymmetric, planar, and
three-dimensional infinite elementsis available.

\J L) \J W

CINAX4 CINAX5R CINPS4
CINPE4

CINPS5R
CINPE5SR
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Infinite Domains

8.

CIN3DS8

A
X

7

CIN3D12R

Standard finite elements are used to model the region of interest, with the

Infinite elements modeling the far-field region.
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The solution in the far field is assumed to be linear, so only linear
behavior is provided in the infinite elements.

—_— [ ] [ ] [ ] [ ]
L
—_— L 2 L 2 L 2 L 2
. 2 . 2 . 2 L
L CPS4
. 2 . 2 L 2 L
CINPS4
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CPESR ] . CINPE5R

The static behavior of the infinite elementsis based on modeling the basic
solution variable, u (in stress analysis u is a displacement component),

with respect to spatial distance r measured from a*“pole” of the solution,
sothat u— 0 asr — «,and u— « asr — 0. The interpolation provides

termsof order 1/r, 1/ r? . Thefar-field behavior of many common
cases, such as a point load on a half-space, is thereby included.
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[ —

CINAX5R

| —
]
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Infinite Domains

It isimportant to make an appropriate choice of the position of the nodes
In the infinite direction with respect to the origin (“pol€e’) of the far-field
solution.

For example, the solution for a point |oad applied to the boundary of a
half-space has its pole at the point of application of the load.

The second node along each infinite element edge pointing in the infinite
direction must be positioned so that it istwice as far from the pole as the
node on the same edge at the boundary between the finite and the infinite
elements.

In addition, be careful when specifying the second nodes in the infinite
direction so that the element edges in the infinite direction do not cross

over. | | Ny
L/ / ZI
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The *NCOPY, POLE option provides a convenient way of defining these
second nodes in the infinite direction.

-
\
----e

vy
pole _Y .-~
node a old set new set

*NCOPY, POLE option
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In plane stress and plane strain problems in which the loading is not
self-equilibrating, the far-field displacement solution is typically of the
form u = In(r) . Thisimplies the displacement approaches infinity as
I — oo,

Infinite elements can still be used for such cases, provided the
displacement results are treated as having an arbitrary reference value.

Thus, strain, stress, and relative displacements within the finite element
part of the model will converge to unique values as the model is refined;
the total displacements will depend on the size of the region modeled
with finite elements.

If the loading is self-equilibrating, the total displacements will also
converge on a unique solution.
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In many geotechnical problems, aninitial stressfield and acorresponding
body force field must be defined.

For standard elements, the initial stressfield isgivenin =INITIAL

CONDITIONS, TYPE=STRESS, and the corresponding body force in
the *DLOAD option. ABAQUS checks for equilibrium in theinitial state

(x*GEOSTATIC step) at the start of the analysis.

For infinite elements, the body force cannot be defined (the elements are
Infinite). Therefore, ABAQUS automatically insertsforces at the nodes of
the infinite elements that cause those nodes to be in equilibrium at the
start of the analysis. These forces remain constant throughout the
analysis.

Thisalowsthe initial geostatic stress field to be defined in the infinite
elements but provides no check on the reasonableness of that stress field.
The user must ensure that, when infinite elements are used in conjunction
with an initial stress condition, the first analysis step must be a
*GEOSTATIC step.
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The Boussinesg (point load on a half-space) and Flamant (line load on a
half-space) problems:

- » .« —» T

¥

4.0

4.0

50 -« zero displacement imposed
' at radius 5.0
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Boussinesqg Problem — Displacement Results (Benchmark Problem 2.2.2)
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Input Listing for Boussinesqg Problem:

*HEADING

BOUSSINESQ PROBLEM, 12 CAX4 + 4 CINAX4
*NODE

1,0.,0.

4,0.,-1.

8,1.,0.

6,.75,-.75

21,0.,-2.

25,0.,-4.

101,2.,0.

105,4.,0.

61,1.5,-1.5
65,2.833333333,-2.833333333
*NGEN

21,25,2

61,65, 2

101,105,2

21,61,20

23,63,20

25,65,20
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61,101,20

63,103,20

65,105,20

*NSET, NSET=INTER, GENERATE
25,105,20

*NCOPY,OLD SET=INTER, CHANGE NUMBER=2, POLE, NEW SET=FAR
1

*NSET, NSET=LHS, GENERATE
1,4,3

21,27, 2
*ELEMENT , TYPE=CAX4 , ELSET=ALL
1,4,6,8,1

2,21,41,6,4

3,41,61,81,6

4,81,101,8,6

5,23,43,41,21

*ELGEN, ELSET=ALL
5,4,20,1,2,2,4

*ELEMENT, TYPE=CINAX4, ELSET=ALL
13,45,25,27,47
14,65,45,47,67
15,85,65,67,87
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16,105,85,87,107
*SOLID SECTION, ELSET=ALL, MATERIAL=ONE
*MATERIAL, NAME=ONE
*ELASTIC
1.,.1
*BOUNDARY
LHS, 1
*STEP
*STATIC
*CLOAD
1,2,-1.
*NODE FILE,NSET=LHS
U
*END STEP
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In direct integration dynamic response analysis (*DYNAMIC) and in
*STEADY STATE DYNAMICS, DIRECT frequency domain analysis,
the elements provide “quiet” boundaries to the finite element model.

This meansthat they maintain the static force that was present at the start
of the dynamic response analysis on the finite/infinite boundary.

As a consequence the far-field nodes in the infinite elements will not
displace during the dynamic response (there is no dynamic response
within the infinite elements).

The infinite elements will provide additional normal and shear tractions
on the boundary, proportional to the normal and shear components of the
velocity of the boundary.
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The concept is ssmple. Consider one-dimensional wave propagation
down the x-axis.

Equilibriumis

The constitutive behavior is assumed to be linear elastic, and we also
assume small deformation:

- e = gOU
c = Ee = de.
Combining,
2
—p[j|+Ed—léI = 0.
dx
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The general solution to this wave eguation has the form

u= f(x=xct),

wherec = [E IS the wave speed and f is any function. A wave traveling

to theright (x increasing) hastheformu = f,(x—ct); onetraveling to
theleftis f,(x + ct).

Suppose we have a boundary to the right of the domain:

/ -
G

If an incident wave, u, = f,(x—ct) approaches this boundary, we want
no reflection, ug = fx(x+ ct), to occur.

;% ABAQUS Infinite Domains
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For this purpose we introduce a dashpot at the boundary:

7 T
7

so that, at the boundary, ¢ = —du .
For bothu, = f,(x—ct) and up = fx(x+ ct), a the boundary
c = E(f+ ) from elasticity
=d(-cf, +cfy) for thedashpot

Thus, (E—dc)f, '+ (E+dc)f, = 0.But,wewantf, = (,sofg = C.

Thisisaways achieved if we choosed = % = pcC.

3/03 Analysis of Geotechnical Problems with ABAQUS L5.22



Infinite Domains

This boundary damping is thus chosen to eliminate the reflection of wave
energy back into the finite element mesh when plane waves cross the
plane boundary:

AN

boundary
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Lysmer and Kuhlemeyer (1969) generalized thisfor 3-D cases, with
damping of the normal velocity of the boundary:

A+ 2G
d, = pc, = p | 5

and damping of the shear velocity:

G
dg = pcs = p[g,

where c,,, c, arethedilatational (pressure) and shear wave speeds, p Is
the mass density of the material, and A, G are Lamé's constants:

Ev E

A= (1+v)(1-2v) G 2(1+v)

This approach assumes that the material behavior close to the
finite/infinite boundary islinear eastic (which is reasonable since the
Infinite elements are also assumed to be elastic).
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Since, during dynamic analysis, the elements hold the static stress on the
boundary constant but do not provide any stiffness, some rigid body
motion of the region modeled will generally occur. This effect is usually
small.

The elements are based on eliminating energy transmission for plane
waves crossing a parallel plane boundary. Therefore, the ability of the
elements to transmit energy out of the finite e ement mesh without
trapping or reflecting it is optimized by making the finite/infinite
boundary as close as possible to being orthogonal to the direction from
which the waves will impinge on this boundary, and far enough from the
detailed part of the mesh to be considered relatively plane.

Close to afree surface where Rayleigh waves may be important or to a
material interface where Love waves may be important, the elements are
most effective if they are orthogonal to this surface.

The elements do not provide any contribution to eigenmode-based
analysis procedures.

A dynamic exampleis presented in Dry Problems (page L 6.3).
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Pore Fluid Surface Interactions

The standard contact options offered in ABAQUS for stress
analysis can be used for geotechnical applications. Their theory and
usage is discussed in the Contact |ecture notes.

The flow pattern is shown below:

([ /S /S S/

d: e

t flow

VAV AV AV YAV AV E SV SV YA EV AV

Two configurations are possible:

1. Pore pressure continuum elements on either side of the interface.

2. Pore pressure elements on one side and “regular” elements on the
other. This models fluid interaction with an impermeabl e surface.
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The pore pressure is assumed to be continuous across the interface,
regardless of whether the element is open or closed.

The contact condition is based on effective stress. Hence, contact points
may open as the pore pressure increases (in acase wherethetotal stressis
constant and the effective stress decreases due to the pore pressure
Increase).

It is assumed that no fluid flow takes place tangential to the contact
surface. In steady-state analysis, thisimplies that fluid that flows out of
one side flows into the other side. In transient analysis, the flow into the
Interface is balanced with the rate of separation of the sides of the
Interface.

In a consolidation analysis fluid volume between the surfacesis
considered when balancing the flow from each surface. The fluid in the
Interface is assumed incompressible.

_——— Pore Fluid Surface Interactions
- ABAQUS
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Geostatic States of Stress

Geostatic States of Stress

In most geotechnical problems, a nonzero state of stress existsin the
medium. This typically consists of avertical stressincreasing linearly
with depth, equilibrated by the weight of the material, and horizontal
stresses caused by tectonic effects.

The active loading is applied on thisinitial stress state. Active loading
could be the load on a foundation or the removal of material during an
excavation.

It is clear that, except for purely linear analysis, with adifferent initial
stress state, the response of the system would be different.

Thiswell illustrates a point of nonlinear analysis: the response of a
system to external loading depends on the state of the system when that

loading sequence begins (and, by extension, to the sequence of loading).

We can no longer think of superposing load cases aswe do in linear
analysis.
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Geostatic States of Stress

ABAQUS provides the *GEOSTATIC procedure to allow the user to
establish theinitial stress state.

The user will normally specify the initial effective stresses using
#*INITIAL CONDITIONS, TYPE=STRESS, GEOSTATIC and in thefirst

step of analysis, apply the body (gravity) loads corresponding to the
weight of the material.

|deally, the loads and initial stresses should exactly equilibrate and
produce zero deformations. However, in complex problems, it may be
difficult to specify initial stresses and loads that exactly equilibrate.

The *GEOSTATIC procedure is used to reestablish initial equilibrium if

the loads and initial stresses specified are not in equilibrium. 1t will also
produce deformations while doing this.

If the deformations produced are significant compared to the
deformations caused by subsequent loading, the definition of theinitial
state should be reexamined.
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Geostatic States of Stress

In a coupled deformation/flow analysis the *GEOSTATIC procedureis
equivalent to the steady-state =SOIL S procedure. In these problemsit is
Important to establish initial stress equilibrium aswell as steady-state
flow conditions.

In fully or partially saturated flow problems, the initial void ratio, as well
astheinitia pore pressure and the initial effective stress, must be defined.

Theinitial conditions discussion that follows is based on the total pore
pressure formulation (the magnitude and direction of the gravitational
loading are defined by using the GRAV *DLOAD option).

L et us assume that the z-axis points vertically upwards. We assume that,
In the geostatic state, the pore fluid isin hydrostatic equilibrium, so that

du,

dz w?

where v, IS the specific weight of the pore fluid.
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Geostatic States of Stress

If we also take vy, to be independent of z (which isusually the case, since
the fluid is almost incompressible), this equation can be integrated:

u= yw(z\?v —2),
where zn isthehe ght of the phreatic surface, at which u = 0 and above
which u < 0 and the pore fluid is only partially saturated.
We usually assume that there are no significant shear stresses t
Then vertical equilibrium gives

do 0
dz - P9+ S Y,

where p isthe dry density of the porous solid material, g isthe

gravitational acceleration, n° istheinitial porosity, and s isthe saturation
(0 £ s < 10).

The *INITIAL CONDITIONS, TYPE=STRESS, GEOSTATIC option
defines the initial value of the effective stress, 6, as

XZ? TyZ'

G = o +sul.
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Combining this definition with the equilibrium statement in the
z-direction and hydrostatic equilibrium in the pore fluid gives

do ds
dZZZ = pg — Yy (s(l n )——(28v —z))

using the assumption that v,, isindependent of z.

In many cases s is constant. For example, in fully saturated flow s = 1.0

everywhere. If we further assume that the initial porosity, n°, and the dry
density of the porous medium, p, are also constant, the above equation is
readily integrated to give

622 = (m — YwS (1_n0)(z_20) ’
where 2° isthe position of the surface of the medium.

In more complicated cases where s, n® and/or p vary with height, the
equation must be integrated in the vertical direction to define the initial
valuesof G,,(z) .
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In partially saturated cases theinitial pore pressure and saturation values
must lie on or between the absorption and exsorption curves.

In many geotechnical applications thereis also horizonta stress. If the
pore fluid is under hydrostatic equilibrium and t,, = 1, = 0,

equilibrium in the horizontal directions requires that the horizontal
components of effective stress do not vary with horizontal position:

6,(z) only, where G,, is any horizontal component of effective stress.

The horizontal stressistypically assumed to be afraction of the vertical
stress. those fractions are defined in the x- and y-directions with the
#*INITIAL CONDITIONS, TYPE=STRESS, GEOSTATIC option. If the
horizontal stressis nonzero the boundary conditions on any
nonhorizontal edges of the finite element model must be fixed in the
horizontal direction, or infinite elements used, so that horizontal
equilibrium is maintained.
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Element Addition and Removal

Practical geotechnical excavations involve a sequence of steps, in each of
which some part of the material mass is removed. Liners or retaining
walls may be inserted during this process. Similar situations arise in the
case of building an embankment.

Thus, geotechnical problems offer an interesting perspective on the need
for generality in creating and using a finite element model: the model
itself, and not just its response, changes with time—jparts of the origina

model disappear, while other components that were not originally present
are added.

The need for aclose liaison between the analysis and geometric modeling
IS important.

The *MODEL CHANGE, REMOVE, ADD option isused to allow the
user to remove or add elements to the modd!.
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While elements are inactive, any distributed loads, fluxes, flows, and
foundations specified for them are aso inactive. A record of theseloadsis
still kept, and continuation of |oads across steps is not affected by
removal, so on reactivation these loads are still present, unlessthey are
removed by the user. Concentrated loads or fluxes are not removed.
Therefore, the user must ensure that the concentrated loads or fluxes,
which are carried by elements being removed, are aso removed;
otherwise, a solver problem will occur (aforceis applied to a degree of
freedom with zero stiffness).
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The nodal variables are not changed by the *MODEL CHANGE option.
However, the user can reset these variables by using the *BOUNDARY
option while the elements are inactive. For example, if some elements
that are removed are to be reintroduced with a different displacement, an
Intermediate step can be used in which the displacements for the nodes on
these elements are reset by a *BOUNDARY that is removed when the
elements are reactivated.

Elements can be reactivated either

« with strain (e.g., when simulating the refueling of a nuclear reactor,
where the new fuel assembly must conform to the distortion of its old
neighbors)

*MODEL CHANGE, ADD=WITH STRAIN

« without strain (e.g., when simulating the addition of a new, strain-free
layer to a strained construction)

*MODEL CHANGE, ADD=STRAIN FREE

Example Problem 1.1.10 discusses the technique further.
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Lecture 6
Example Problems

Overview
* Dry Problems
— Limit Analysis of Foundation
— Slope Stability Problem
— A Dynamic Analysis
« Saturated Problems
— Consolidation Problem (Trans ent)
— Dam Problem (Steady-State)
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o Partially Saturated Problems
— Demand Wettability Problem (Uncoupled)
— Desaturation of Soil Column (Transient)
— Phreatic Surface Calculation (Steady-State)
» Excavation and Building Analysis
— Tunneling Problem
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Dry Problems

We present problems that involve the analysis of dry media: we solve the
stress deformation equations only.

Limit Analysis of Foundation

This example presents solutions to limit load calculations for a strip of
sand loaded by arigid, perfectly rough footing (Benchmark Problem
1.14.4). It compares the results obtained with different parameters used in
the modified Drucker-Prager model in ABAQUS, with and without a cap,
matched to the classical Mohr-Coulomb model.

We may want to match the Drucker-Prager model to Mohr-Coulomb data
for various reasons.

e Creep
» Rate dependence
o Compatibility with ABAQUS/Explicit
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A mesh of finite/infinite elements is used to model the problem. In
ABAQUS the infinite elements are always assumed to have linear elastic
behavior; and, therefore, they are used beyond the region where plastic
deformation takes place.

The easticity is assumed to be linear, with E = 30x 10° psi and

v = 0.3.Yiddisgoverned by the Mohr-Coulomb surface, with

¢ = 20° and ¢ = 10 ps.

In Stress | nvariants and Spaces (page L 3.2) we showed alternative
methods of converting these parameters to the parameters of the modified

Drucker-Prager model. In this example we show results for the two
standard conversions.

Matching the response of the models in triaxial compression and tension

provides3 = 37.67°, K = 0.795, and Go = 28.56 psl. The exampleis
run for these parameter values with associated flow (y =) and
non-dilatant flow (v =0).
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Matching the limit load response of the models for plane strain provides
B = 30.16° and 6. = 19.8 psi for associated flow; p = 30.64° and

6 = 20.2 psi for non-dilatant flow. The plane strain matching assumes
that K = 1. The exampleisrun using the associated flow parameters
together with v = 3 and using the non-dilatant flow parameters with

v = 0.

The Drucker-Prager/Cap model is run using both the triaxial and the
plane strain matching of the Mohr-Coulomb parameters. The additional

material parametersrequired for the Cap model are adopted from Mizuno
and Chen (1983).
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The cap eccentricity parameter ischosenas R = 0.1, theinitial cap

position is taken as 8%(0) = 0.00041, and the cap hardening curveis
shown below. The transition surface parameter oo = 0.01 is used.

P, P,
(MPa) (Ib/in?)
4
-1 500
3L
2 L
-1 250
1 —
| | |
0 0.001 0.002 0.003 '(€p|| ¥ pl|)
Vollg VO
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The | oad-displacement responses are shown and compared to the limit
analysis (dlip line) Prandtl and Terzaghi solutions.

In this case the plane strain matching of the Mohr-Coulomb parameters
provides significantly better predictions of the limit load than the triaxial
compression/tension matching of the Mohr-Coulomb parameters.

Thisis attributable to the plane strain matching providing the same
definition of plastic flow direction as well as of failure for plane strain.
The triaxial matching only matches failure stress values under triaxial
conditions.

The non-dilatant Drucker-Prager models give a softer response and a
lower limit load than the corresponding dilatant versions. The Cap model
provides responses that are comparable to the corresponding
Drucker-Prager non-dilatant responses.

Thisis due to the addition of the cap and the nonassociated flow in the
failure region, which combine to reduce the dilation in the model and
therefore approximate the Drucker-Prager non-dilatant flow model.
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The closest comparisons to Mohr-Coulomb behavior are those obtained
with the plane strain matching, non-dilatant, Drucker-Prager model, and
the plane strain matching Cap model.

They provide amost identical limit loads, which fall between the Prandtl
and Terzaghi solutions.

This conclusion can be extended to general geotechnical problems that
are analyzed under plane strain or axisymmetric assumptions.

4‘ 1.52m \F

(6 f)

LR

3.66m
(12 ft)

TITTTTTTITTTIT T T T TTTTITTTTITTTTTTTT]

} 8.84m } 8.84m }
(29 ft) (29 ft)

Finite/Infinite Element Model
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Dry Problems
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Drucker-Prager and
Cap Limit Load Results
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Limit Analysis Problem File (Drucker-Prager):

*HEADING

LIMIT LOAD STUDIES, DRUCKER PRAGER, PE, NON-DILATANT FLOW
*RESTART,WRITE, FREQUENCY=10
*NODE

1

7,60.

13,180.

15,228.

19,348.

801, ,144.

807,60.,144.

813,180.,144.

815,228.,144.

819,348.,144.

20,696.

820,696.,144.

*NGEN, NSET=BASE

1,7

7,13

13,15
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15,19

*NSET, NSET=F1

801,

*NSET, NSET=F2 , GENERATE
802,807

*NGEN, NSET=CENTER
1,801,100

*NGEN, NSET=TOP
801,807

807,813

813,815

815,819

*NFILL

BASE, TOP, 8,100

*NGEN, NSET=FAR
20,820,200
*ELEMENT , TYPE=CPES8R
1,1,3,203,201,2,103,202,101
*ELGEN, ELSET=ALL
1,4,200,1,9,2,10
*ELSET, ELSET=PRINTELS
1,2,3,4
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*SOLID SECTION, ELSET=ALL,MATERIAL=Al
*MATERIAL, NAME= Al

*ELASTIC

30000.,0.3

*DRUCKER PRAGER HARDENDING

20.2,0.

*DRUCKER PRAGER, SHEAR CRITERION=LINEAR
30.64,1.0,0.

*ELEMENT , TYPE=CINPESR
101,219,19,20,220,119

*ELGEN, ELSET=FAR

101,4,200,1

*SOLID SECTION, ELSET=FAR,MATERIAL=A2
*MATERIAL, NAME= A2

*ELASTIC

30000.,0.3

*EQUATION

2

F2,2,1.,801,2,-1.

*BOUNDARY

CENTER, 1

F2,1
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BASE, 1,2

*STEP, INC=50, UNSYMM=YES
PRESCRIBE DISPLACEMENT

*STATIC

.025,1.,,.1

*BOUNDARY

801,2,,-5.0

*MONITOR, NODE=801, DOF=2

*CONTROLS , ANALYSIS=DISCONTINUOUS

*EL PRINT, ELSET=PRINTELS, FREQUENCY=10

S,E

SINV

ENER

E,IE

PE

*NODE PRINT, FREQUENCY=5

U, RF

*NODE PRINT,NSET=F1

U, RF

*EL FILE, ELSET=PRINTELS, FREQUENCY=10

S

SINV

3/03 Analysis of Geotechnical Problems with ABAQUS

L6.13



——— Dry Problems
- ABAQUS

ENER

IE

*NODE FILE,NSET=F1

U,RF

*END STEP
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Limit Analysis Problem File (Cap Model):

*HEADING

LIMIT LOAD STUDIES, CAP MODEL, TR, IE
*RESTART,WRITE, FREQUENCY=10
*NODE

1

7,60.

13,180.

15,228.

19,348.

801, ,144.

807,60.,144.

813,180.,144.

815,228.,144.

819,348.,144.

20,696.

820,696.,144.

*NGEN, NSET=BASE

1,7

7,13

13,15

3/03 Analysis of Geotechnical Problems with ABAQUS

L6.15



Dry Problems

(M=)

EABAQUS

15,19

*NSET, NSET=F1

801,

*NSET, NSET=F2 , GENERATE
802,807

*NGEN, NSET=CENTER
1,801,100

*NGEN, NSET=TOP
801,807

807,813

813,815

815,819

*NFILL

BASE, TOP, 8,100

*NGEN, NSET=FAR
20,820,200
*ELEMENT , TYPE=CPES8R
1,1,3,203,201,2,103,202,101
*ELGEN, ELSET=ALL
1,4,200,1,9,2,10
*ELSET, ELSET=PRINTELS
1,2,3,4
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*SOLID SECTION, ELSET=ALL,MATERIAL=Al
*MATERIAL, NAME= Al

*ELASTIC

30000.,0.3

*CAP PLASTICITY
16.212,30.64,0.1,.00041,.01,1.0
*CAP HARDENING

2.15,0.

20.96,.0005

46.6,.001

79.67,.0015

126.28,.002

205.95,.0025

311.27,.0028

655.6,.00299
*ELEMENT , TYPE=CINPES5SR
101,219,19,20,220,119

*ELGEN, ELSET=FAR

101,4,200,1

*SOLID SECTION, ELSET=FAR, MATERIAL=A2
*MATERIAL, NAME= A2

*ELASTIC
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30000.,0.3

*EQUATION

2

F2,2,1.,801,2,-1.

*BOUNDARY

CENTER, 1

F2,1

BASE, 1,2

*STEP, INC=50, UNSYMM=YES
PRESCRIBE DISPLACEMENT

*STATIC

.025,1.,,.1

*BOUNDARY

801,2,,-5.0

*MONITOR, NODE=801, DOF=2

*EL PRINT, ELSET=PRINTELS, FREQUENCY=10

S,E
SINV
ENER
E,IE
PE
PEQC
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*NODE PRINT, FREQUENCY=5
U, RF

*NODE PRINT,NSET=F1

U, RF

*EL FILE, ELSET=PRINTELS, FREQUENCY=10
S

SINV

ENER

IE

PEQC

*NODE FILE,NSET=F1

U, RF

*END STEP

3/03 Analysis of Geotechnical Problems with ABAQUS

L6.19



Dry Problems

Slope Stability Problem

Thisisan illustration of the use of the jointed material model. We
examine the stability of the excavation of part of ajointed rock mass,
leaving a sloped embankment (Example Problem 1.1.6).

This problem has been studied previously by Barton (1971) and Hoek
(1970), who used limit equilibrium methods, and by Zienkiewicz and
Pande (1977), who used a finite element model.

Asin most geotechnical problems, we begin from a nonzero state of
stress. The active “loading” in this case consists of removal of material to
represent the excavation.

We examine the effect of joint cohesion on slope collapse through a
sequence of solutions with different values of joint cohesion, with all
other parameters kept fixed.
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ﬁ 90° Joint set 1
70m

60°

A 52.5° Joint set 2

E =28 GPa Joint sets : fa =45°

v =0.2 da = variable
K,=1/3 Bulk rock : Bb = 45°

p = 2500 kg/m® db = 5600 kPa

I
I .

I removed in
I single stage
I

g =9.81 m/s?
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Jointed Rock Slope Problem

L6.22
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The displacement results show the variation of horizontal displacements
as cohesion is reduced. They suggest that the slope collapses if the
cohesion islessthan 24 kPafor the case of associated flow or less than 26
kPa for the case of nondilatant flow.

These values compare well with the value calculated by Barton (26 kPa)
using a planar failure assumption in his limit equilibrium calculations.
Barton's calculations also include “tension cracking” (akin to joint
opening with no tension strength) as we do.

Hoek calculated a cohesion value of 24 kPafor collapse of the slope.
Although he also makes the planar failure assumption, he does not
Include tension cracking. This may be why his calculated value is lower
than Barton's.

Zienkiewicz and Pande assume the joints have atension strength of 1/10
of the cohesion and calculate the cohesion value necessary for collapse as
23 kPafor associated flow and 25 kPa for nondilatant flow.
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Dry Problems

Point A
0
— ' ' I | |
20 40 60 80 100 120 d_ (kPa)
------------ O--------0
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o7

—x—— Associated

----0--- Nonassociated

Displacement Results
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DISPLACEMENT MAGNIFICATION FACTOR = 3.000E+03
1

Displaced Shape
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s

PEQCL VALUE
-6.03E-07

+2.30E-05

+4.66E-05

+7.02E-05

+9.38E-05

+1.17E-04
+1.64E-04

[

Joint Set 1 (Vertical Joints) - Plastic Strains (Nonassociated Flow)
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Joint Set 2 (Inclined Joints) - Plastic Strains (Nonassociated Flow)
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Jointed Slope Stability Input File:

*HEADING

JOINTED ROCK SLOPE, 2 JOINTS, C=30, NONASSOC FLOW,
RET

*NODE

1,0.,0.
11,100.,0.
23,272.9,0.
241,0.,74.
251,100.,74.
263,272.9,74.
731,140.4,144.
743,272.9,144.
*NGEN, NSET=BLHS
1,241,40

*NGEN, NSET=BCEN
11,251,40
*NGEN, NSET=BRHS
23,263,40
*NGEN, NSET=TCEN
251,731,40

.5 SH
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*NGEN, NSET=TRHS
263,743,40
*NFILL,BIAS=1.5,TWO STEP
BLHS, BCEN, 10
*NFILL,BIAS=.66666666,TWO STEP
BCEN, BRHS, 12
*NFILL,BIAS=.66666666,TWO STEP
TCEN, TRHS, 12

*NSET, NSET=SLHS, GENERATE
241,251

*NSET, NSET=SRHS, GENERATE
731,743

*NSET,NSET=BOT, GENERATE
1,23

*NSET, NSET=FILN
251,411,731
*ELEMENT , TYPE=CPE4
1,1,2,42,41
101,11,12,52,51

*ELGEN, ELSET=ALLE
1,6,40,1,10,1,10
101,18,40,1,12,1,20
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*SOLID SECTION, ELSET=ALLE, MATERIAL=ALLE
*MATERIAL, NAME=ALLE

*ELASTIC

2.8E7, .2

*JOINTED MATERIAL, JOINT DIRECTION=JOINT1
45.,22.5,30.

*JOINTED MATERIAL,JOINT DIRECTION=JOINT2
45.,22.5,30.

*JOINTED MATERIAL, SHEAR RETENTION

.5

*ORIENTATION, NAME=JOINT1
1.,0.,0.,0.,1.,0.

*ORIENTATION, NAME=JOINT2
.7934,-.6088,0.,.6088,.7934,0.

*INITIAL CONDITIONS, TYPE=STRESS,GEOSTATIC
ALLE,O0.,144.,-3600.,0.,.333333

*RESTART ,WRITE, FREQUENCY=5

*STEP, UNSYMM=YES

*GEOSTATIC

1.,1.

*DLOAD

ALLE, BY, -25.
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*BOUNDARY

BOT,2,2,0.
BLHS,1,1,0.
BRHS,1,1,0.
TRHS,1,1,0.
SLHS,1,2,0.
TCEN,1,2,0.
SRHS,1,2,0.

*EL PRINT

S,MISES, PRESS

E

PE

PEQC

*NODE PRINT

U, RF

*NODE FILE,NSET=FILN
U

*END STEP

*STEP, INC=20, UNSYMM=YES
*STATIC
.1,1.,.001,.1
*CONTROLS , ANALYSIS=DISCONTINUOUS
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*BOUNDARY , OP=NEW
BOT,2,2,0.

BLHS,1,1,0.

BRHS,1,1,0.

TRHS,1,1,0.

*MONITOR, NODE=411,DOF=1
*END STEP
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A Dynamic Analysis

This example shows the effectiveness of the infinite element quiet
boundary formulation in a wave propagation problem
(Benchmark Problem 2.2.1).

We compare the results obtained using a small mesh including infinite
element quiet boundaries with an extended mesh of finite elements only.

Results obtained using the small mesh without the infinite element quiet
boundaries are also given to show how the solution is affected by the
reflection of the propagating waves.

The three plane strain meshes used for the infinite half-space problem
excited by avertical pulse line load are shown.

The finite e ement meshes are assumed to have free boundaries at the far
field and will reflect the propagating waves.

The material iselasticwith E = 73 GPa, v = 0.33, and

0 = 2842 kg/m°. Material damping is not included. The applied vertical
pulse has a triangular amplitude variation with amplitude of 1.0E+9.
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The speed of propagation of push waves in the material is approximately
6169 m/s and the speed of propagation of shear waves is approximately
3107 m/s.

The predominant push waves should reach the boundary of the small
mesh in 0.324 us and reach the boundary of the extended mesnin 0.97

us. Theanalysesarerun for 1.5 us so thewaves are allowed to reflect into
the meshes.

Theresults are shown as time histories of vertical displacements at nodes
13, 103, and 601. It is clear that the small finite/infinite element and the
extended finite element meshes give very similar results. The small finite
element mesh response is very different as soon as the waves have had
time to reflect.
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Infinite Element Quiet BoundaryMesh
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Small Finite Element Mesh
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050

Extended Finite Element Mesh
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—— Extended Mesh-Explicit

&—® Extended Mesh-Standard

- == Quiet Boundary-Explicit
A——4A Quiet Boundary-Standard
-------- Small Mesh-Explicit

B—8 Small Mesh-Standard [X10£]
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Node 13 Vertical Displacement Response

3/03 Analysis of Geotechnical Problems with ABAQUS L6.38



IIx

[ XXY

ABAQUS

Dry Problems

Extended Mesh-Explicit

Extended Mesh-Standard

Quiet Boundary-Explicit
Quiet Boundary-Standard
Small Mesh-Explicit

Small Mesh-Standard [X106]
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Node 103 Vertical Displacement Response
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Extended Mesh-Explicit
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Wave Propagation Problem Input File:

*HEADING

VERTICAL PULSE LOADING, QUIET BOUND, 16X16 CPE4R + 32
CINPE4

*NODE

1,0.,0.

801,2e-3,0.
17,0.,-2e-3
817,2e-3,-2e-3

*NGEN, NSET=LHS

1,17

*NGEN, NSET=RHS
801,817

*NFILL

LHS,RHS,16,50

*NSET, NSET=INTER1l, GEN
17, 817, 50

*NSET, NSET=INTER2, GEN
801,816

*NSET, NSET=INTER
INTER1, INTER2
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*NCOPY,OLD SET=INTER, CHANGE NUMBER=1000, POLE,NEW SET=FAR

1,

*NSET, NSET=FILEN

13, 103, 601
*ELEMENT , TYPE=CPE4R, ELSET=FE
1,2,52,51,1

*ELGEN, ELSET=FE

1,16,1,1,16,50,16

*SOLID SECTION, ELSET=FE, MATERIAL=MAT1
*ELEMENT, TYPE=CINPE4, ELSET=IE

257, 67,17,1017,1067

273, 816,817,1817,1816

*ELGEN, ELSET=I1E

257, 16, 50, 1

273, 16, -1, 1

*ELSET, ELSET=LOAD, GEN

1,81,16

*SOLID SECTION, ELSET=IE,MATERIAL=MAT1
*MATERIAL, NAME=MAT1

*ELASTIC

7.3E10, .33
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*DENSITY

2842.0,

*BOUNDARY

LHS, 1

*AMPLITUDE, NAME=PULSE
0,0,1le-7,1,2e-7,0

* %

*STEP, INC=400
*DYNAMIC, NOHAF
8e-9,1.5e-6

*DLOAD, AMPLITUDE=PULSE
LOAD,p3,1e+9

*QUTPUT, FIELD

*NODE OUTPUT

U,V,A

*QUTPUT, HISTORY

*NODE OUTPUT,NSET=FILEN
U,V,A

*NODE FILE, FREQUENCY=1000, NSET=FILEN
U

*END STEP
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Saturated Problems

We present problems involving the analysis of saturated media: we solve
stress/fluid flow coupled problems.

Consolidation Problem (Transient)

This example involves the large scal e consolidation of atwo-dimensional
solid (Benchmark Problem 1.14.3).

Nonlinearities caused by the large geometry changes are considered, as
well as the effects of the change in the voids ratio on the permeability of
the material.

The model, material properties, and boundary conditions used are shown
In the first figure.

Theload is applied in two equal time increments of afirst *SOILS,
CONSOLIDATION step, and it is kept constant thereafter.

Practical consolidation analyses require solutions across several orders of
magnitude of time, and the automatic time incrementation scheme is
designed to generate cost effective solutions for such cases.
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The algorithm is based on the user supplying a tolerance on the pore
pressure change permitted in any increment, UTOL.

ABAQUS usesthis value in the following manner: if the maximum
change in pore pressure at any node is greater than UTOL, the increment
IS repeated with a proportionally reduced time increment.

If the maximum change in pore pressure at any node is consistently less
than UTOL, the time increment size is proportionally increased.

Inthiscase UTOL isset to 15 psi. Thisisabout 3% of the maximum pore
pressure in the model following application of the load.

With this value the first time increment is 7.2 seconds and the final time

increment is 1.266 x 10" seconds. Thisis guite typical of diffusion

processes. at early times the time rates of pore pressure are significant
and at later times these time rates are very low.

Thefirst analysis considers finite-strain effects, and the soil permeability
varies with void ratio. A small-strain analysisis also run, with constant
permeability. The predictions of the midpoint settlement versus time are
shown.
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The two analyses predict large differences in the final consolidation: the
small-strain result shows about 40% more deformation than the
finite-strain case. Thisisconsistent with results from the one-dimensional
Terzaghi consolidation solutions.

Clearly, in cases where settlement magnitudes are significant, finite-strain
effects are important.
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Material:

Young's modulus = 6.895 MPa (1.0 x 10° Ib/in?)

q {1y Poisson’s ratio = 0.0

a Initial void ratio = 1.5

b Permeability = 5.08 x 10" m/s (2.0 x 10° in/s)
at void ratio = 1.5

H=1.524m (60.0in) Permeability = 5.08 x 10® m/s (2.0 x 10 in/s)

T

B =304.8 mm (12.0 in) at void ratio = 1.0

Loading:

Pressure = q = 3.4475 MPa (500.0 Ib/in?)

o Boundary conditions:
Free drainage across top surface

Other surfaces impermeable and smooth

Model and Properties

_——— Saturated Problems
- ABAQUS
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Normalized pore fluid pressure, u/u,
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2-D Finite-Strain Consolidation Input File:

*HEADING

2-D CONSOLIDATION - FINITE STRAIN EXAMPLE
*NODE, INPUT=CONSOL .NOD, NSET=NODES
*NSET, NSET=CLINE, GENERATE

1,11

*NSET,NSET=BOT, GENERATE

11,1411,100

*NSET, NSET=WALL, GENERATE

1401,1411

*NSET ,NSET=TOP, GENERATE

1,1401,200

*ELEMENT , TYPE=CPE8RP
101,1,201,203,3,101,202,103,2

*ELGEN, ELSET=SOIL

101,7,200,100,5,2,1

*SOLID SECTION, ELSET=SOIL,MATERIAL=Al
*MATERIAL, NAME=Al

*ELASTIC

1000.

*PERMEABILITY
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2.E-6,1.

2.E-5,1.5

*BOUNDARY

CLINE, 1

BOT, 2

WALL, 1

TOP, 8

*INITIAL CONDITIONS, TYPE=RATIO
NODES, 1.5
*RESTART, WRITE, FREQUENCY=25
*STEP, NLGEOM, AMPLITUDE=RAMP

SET UP INITIAL PORE PRESSURES
*SOILS, CONSOLIDATION

3.6,7.2

*DLOAD

101,P1,500.

201,P1,500.

301,P1,500.

*NODE PRINT, FREQUENCY=5, NSET=CLINE
U, RF,POR,RVT

***PRINT, RESIDUAL=NO, FREQUENCY=5
*EL PRINT, FREQUENCY=25, POSITION=CENTROID
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S, MISES, E
*NODE FILE,NSET=CLINE, FREQUENCY=25
U
POR
*END STEP
*STEP, NLGEOM, INC=500
CONSOLIDATE
*SOILS, CONSOLIDATION, UTOL=15.
7.2,7.2E5,7.2
*END STEP
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Dam Problem (Steady-State)

Thisisabenchmark problem run on ABAQUS regarding the analysis of a
concrete dam on arock foundation. The original description of the
benchmark problem provided by Dr. G. Pande of Swansea University
formed the basis of the analysis.

The problem consists of aconcrete dam on arock foundation. Thedam s
30 m high and the rock foundation extends to a depth of 30 m where an
Impervious boundary is assumed. The benchmark definition calls for a
model of the foundation that extends horizontally 30 m on either side of
the base of the dam. We assume that no horizontal displacements take
place at the ends of the foundation model; we also assume zero vertical
displacements at the bottom, impervious boundary of the rock
foundation. The finite element mesh used in the analysis contains 110
CPESRP elements.
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The material comprising the rock foundation has a Young's modulus
E = 30000MPaand aPoisson'sratio v = 0.2. We assume the rock
behaves as a Drucker-Prager material with nonassociated flow. The
material constants used in the Drucker-Prager model are: cohesion of
0.1 MPa, friction angle of 40°, and dilation angle of 20°. The rock
exhibits orthotropic permeability with k,, = 0.0002m/sec and

k, = 0.00001m/sec. The mass density of the rock is 2400 ka/m®. The

concrete material that forms the dam wall has a Young's modulus of

E = 20000 MPaand a Poisson'sratio v = 0.25. In addition, we have
used the concrete model in ABAQUS where we assumed that the
concrete cracksin tension at a stress of 0.15 MPato simulate the
requirement that the material should resist a minimal amount of tensile
stress. Thisisavery low tensile strength, perhaps less than one tenth of
the real tensile strength of the material. The permeability of the concrete

is 0.00001 m/sec and its mass density is 2400 kg/m°.
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The problem is done in three stages.

In the first stage, we establish geostatic equilibrium where the in situ
stresses balance the gravity loads in the rock. At this point, the rock has a
vertical stress of zero at the surface increasing linearly to approximately
—0.7 MPa at the impervious bottom boundary; the horizontal stresses are

0.6 times the vertical stress. The excess pore pressure in the rock is zero.
This state of stress corresponds to the undeformed configuration of the
rock mass.

In the second stage of analysis, we apply the gravity loads due to the
concrete dam construction and the pressure loads on the upstream face of
the dam representing the filling of the reservoir. In this step of analysiswe
are concerned with the short-term behavior and assume that no pore
pressures devel op because the concrete and rock have very low
permeabilities. We show the short-term results in the form of a deformed
shape and contours of principal stresses and plastic strain.
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In the final stage of analysis, we perform a steady-state pore fluid
diffusion/stress analysis to calculate the state of the structure 25 years
after filling the reservoir. The boundary conditions on the seepage part of
the problem consist of an impervious boundary at the bottom of the rock
foundation, zero excess pore fluid pressure on the downstream boundary
of the rock foundation, and nonzero excess pore pressures on the
upstream face of the dam and foundation corresponding to the hydrostatic
pressure caused by the head of water in the full reservoir. We also include
a phreatic surface in the concrete dam wall. In this case the position of
this zero pore pressure surface is assumed, the analysisis performed, and
the validity of the assumption is checked; an iterative procedure can then
be used to correct the location of the phreatic surface at steady state.
Although not done in this case, ABAQUS is capable of calculating the
phreatic surface automatically, asillustrated later in Phreatic Surface
Calculation (Steady-State) (page L6.114). Steady-state results are
shown.
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Finite Element Model
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Short-Term Minimum Principal Stress

3/03 Analysis of Geotechnical Problems with ABAQUS L6.59



IIx

[ XXY

Saturated Problems

ABAQUS

999999999

sssssssss
777777777
777777777
333333333
,,,,,,,,,
---------
sssssssss

666666666

—————————

Short-Term Intermediate Principal Stress

3/03

Analysis of Geotechnical Problems with ABAQUS

L6.60



IIx

[ XXY

ABAQUS

sssssssss
777777777
777777777
777777777
333333333
---------
---------
777777777
777777777
222222222
444444444
444444444
---------

+++++++++

Saturated Problems

Short-Term Maximum Principal Stress
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Long-Term Minimum Principal Stress
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Long-Term Maximum Principal Stress
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Long-Term Pore Pressure
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Dam Problem Input File:

*HEADING

ABAQUS BENCHMARK FOR UNITED NATIONS DAM IN INDIA
**% ST UNITS (METER, KILOGRAM, SECOND)
*NODE, NSET=ALLN

1,0.,0.

7,30.,0.

15,51.,0.

21,81.,0.

401,0.,30.

407,30.,30.

415,51.,30.

421,81.,30.

807,31.,40.

1607,31.,60.

1215,35.,50.

1615,35.,60.

*NGEN, NSET=BOTF

1,7

7,15

15,21
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*NGEN, NSET=TOPF
401,407

407,415

415,421

*NFILL, NSET=NODF
BOTF, TOPF, 10,40
*NSET, NSET=LHSF, GEN
1,401,40

*NSET, NSET=RHSF, GEN
21,421,40

*NGEN, NSET=LHSD
407,807,40
807,1607,40

*NGEN, NSET=RHSD
415,1215,40
1215,1615,40
*NFILL, NSET=NODD
LHSD,RHSD, 8,1
*NSET, NSET=DRAIN, GEN
21,421,80

415,421,2
415,1615,80
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813,1613,80

971,1611,80

1129,1609,80

1287,1607,80

*NSET, NSET=ALLN

NODF, NODD

*ELEMENT , TYPE=CPES8RP
1,1,3,83,81,2,43,82,41
54,407,409,489,487,408,449,488,447
*ELGEN, ELSET=FOUND
1,10,2,1,5,80,10

*ELGEN, ELSET=DAM

54,4,2,1,15,80,10

*ELSET, ELSET=ALLE

FOUND, DAM

*ELSET, ELSET=0UTE, GEN

4,194,10

7,197,10

*SOLID SECTION, ELSET=FOUND, MATERIAL=ROCK
1.

*SOLID SECTION, ELSET=DAM, MATERIAL=CONCRETE
1.
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*MATERIAL, NAME=ROCK
*ELASTIC
30000.E6, .2

*YIELD

.139E6

*DRUCKER PRAGER
40.,1.,20.

*DENSITY

2400.
*PERMEABILITY, SPECIFIC=9810., TYPE=ORTHO
.0002,.00001,.0002
*MATERIAL, NAME=CONCRETE
*ELASTIC
20000.E6, .25
*CONCRETE

10.E6

20.E6, .001

*FAILURE RATIOS
1.16,.0075

*TENSION STIFFENING
1.,0.

0.,.5E-3
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*SHEAR RETENTION

1.,1000.

*DENSITY

2400.

*PERMEABILITY, SPECIFIC=9810.
.00001

*BOUNDARY

BOTF, 2

LHSF, 1

RHSF, 1

*INITIAL CONDITIONS, TYPE=RATIO
ALLN, .5

*INITIAL CONDITIONS, TYPE=STRESS, GEOSTATIC
FOUND,0.,30.,-706320.,0.,.6
*RESTART,WRITE, FREQ=10

*STEP

GEOSTATIC STATE OF STRESS IN FOUNDATION
*STATIC

1.,1.

*DLOAD

FOUND, BY, -23544.

*EL PRINT, ELSET=0UTE
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S,PRESS,MISES,POR,E11,E22
PE

*EL PRINT, ELSET=DAM
CRACK

CONF

*NODE PRINT

U, RF, POR

*END STEP

*STEP

IMMEDIATLY AFTER FILLING:DAM GRAVITY LOADS+FULL RESERVOIR
LOADS

*STATIC

1.,1.

*DLOAD
DAM, BY, -23544.
41,P3,215820.
42,P3,215820.
43,P3,215820.
54,P4,215820.
64,P4,196200.
74,P4,176580.
84,P4,156960.
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94,P4,137340.
104,P4,117720.
114,P4,98100.
124,P4,78480.
134,P4,58860.
144,P4,39240.
154,P4,19620.
*END STEP
*STEP

25 YEARS AFTER FILLING:DAM GRAVITY LOADS+FULL RESERVOIR
LOADS

*SOILS

.7884E9, .7884E9
*BOUNDARY
DRAIN, 8,8,0.
1,8,8,519930.
81,8,8,461070.
161,8,8,402210.
241,8,8,343350.
321,8,8,284490.
401,8,8,225630.
403,8,8,225630.
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405,8,8,225630.
407,8,8,225630.
487,8,8,206010.
567,8,8,186390.
647,8,8,166770.
727,8,8,147150.
807,8,8,127530.
887,8,8,107910.
967,8,8,88290.
1047,8,8,68670.
1127,8,8,49050.
1207,8,8,29430.
*END STEP
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Partially Saturated Problems

We present problems that involve the analysis of partially saturated
media: we solve coupled and uncoupled problems.

Demand Wettability Problem (Uncoupled)

This example illustrates the ABAQUS capability to solve uncoupled
partially saturated porous fluid flow problems (Benchmark Problem
1.8.1).

We consider a“constrained demand wettability” test. The demand
wettability test is a common way of measuring the absorption properties
of porous materials. In such atest, fluid is made available to the material
at a certain location and the material is allowed to absorb as much fluid as
It can.

We consider a square specimen of material and allow it to absorb fluid at
Its center. The quarter mesh of reduced-integration elements is shown.
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We investigate two cases. one in which the material contains alarge
number of gel particlesthat entrap fluid and, as aresult, enhance the fluid
retention capability of the material, and the other in which the material
does not contain gel. We also study the cyclic wetting behavior in the case
of the sample containing gel particles.

The*“loading” consists of prescribing azero pore pressure (corresponding
to full saturation) at the center of the sample (node 1). This pore pressure
IS held fixed for 600 seconds to model the fluid acquisition process.

Draining for 600 seconds is modeled by prescribing a pore pressure of
—10000.0 at node 1, this corresponds to a saturation of 10%, which isthe

|east saturation the sample can have once it has been wetted.

Finally, we model the rewetting process over atime period of 800
seconds in the third step, by once again prescribing a zero pressure
corresponding to full saturation at the center of the sample.
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The analysisis performed with the «SOILS, CONSOLIDATION
procedure using automatic time incrementation. UTOL, the pore pressure
tolerance that controls the automatic incrementation, is set to alarge
value since we expect the nonlinearity of the material to restrict the size
of the time increments during the transient stages of the analysis.

Since the volume occupied by the sasmpleisfixed (all displacements have
been constrained) we must expect the volume of fluid absorbed to be the
same in the cases of the sample with and without gel particles. The
difference will be in the proportions of the volume of the sample that will
be occupied by free fluid and fluid trapped in the gel particles.

Time histories of the response at six nodes along the diagonal of the
sample are shown.

The cyclic wetting response of the sample is also shown.
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Finite Element Model
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pore
pressure, Pa

-10000 - -

-8000 - -

-6000 - -

exsorption
-4000 - -
scanning

-2000 - absorption -

l l l l l l l l l
0.0 0.2 0.4 0.6 0.8 1.0

saturation

Absorption/Exsorption Curves
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NE VARIABLE SCALE
C

+++++++++

000000000
000000000

(Pa)

PORE PRESSURE

Pore Pressure for Samples With and Without Gel

3 4 5 6
TIME (sec) (*10**2)
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(m**3)

TOTAL VOLUME

Fluid Volume Absorbed for Samples With and Without Gel
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10 )
(*¥10%%-1)

LINE VARIABLE SCALE
FACTOR 9

1 +1.00E+00
+1.00E+00
+1.00E+00
+1.00E+00
+1.00E+00
+1.00E+00

o v R W

SATURATION
Ul

I I I
0 1 2 3 4 5 6
TIME (sec) (*10%*2)

Saturation for Samples With and Without Gel
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LINE VARIABLE SCALE
FACTOR

+1.00E+00
+1.00E+00
+1.00E+00
+1.00E+00
+1.00E+00
+1.00E+00

o v W e

VOIDS RATIO

TIME (sec) (*10%%*2)

Void Ratio for Sample With Gel

3/03 Analysis of Geotechnical Problems with ABAQUS L6.85



Partially Saturated Problems

(*10**-1)
LINE VARIABLE SCALE
FACTOR
1 +1.00E+00 7 — -
2 +1.00E+00
3 +1.00E+00
4 +1.00E+00
5 +1.00E+00 6 — -
6 +1.00E+00

GEL VOLUME RATIO

Gel Volume Ratio for Sample With Gel
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F——— 1 voids =.007
total = 1.0 voids = .792 %
;E fluid = .826
F—————————————1 fluid = .042 E;:::::::::::::::::::
solid = .167 solid = .167
t=0 sec. t =600 sec.

Volume of Different Phases (Without Gel)

voids = .004

fluid = .343

total = 1.0 voids = .792

gel =.555
] fluid =.042
SYOCK OO0 _
9000000202026 % % 20 %% %0 %% gel =.068
solid = .098 “..0:::::::::::::::::::::::::1 solid =.098
t=0 sec. t = 600 sec.

Volume of Different Phases (With Gel)
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LINE VARIABLE SCALE
FACTOR
-1
1 +1.00E+00
+1.00E+00

N

+1.00E+00
+1.00E+00
+1.00E+00
+1.00E+00 §

v oe W

(Pa)
[ %)

PORE PRESSURE
Ul
|

Pore Pressure in Cyclic Wettability Test
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(m**g)

TOTAL VOLUME

0 1 !
0 1 2
TIME (sec) (*10%*3)

Fluid Volume Absorbed in Cyclic Test
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[]
(*10** -
LINE VARIABLE SCALE
FACTOR _
1 +1.00E+00
2 +1.00E+00
3 +1.00E+00
4 +1.00E+00
5 +1.00E+00
6 +1.00E+00
Z
]
H
E —
=)
3
<
o —
2
TIME (sec) (*10%*3)

Saturation in Cyclic Wettability Test
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GEL VOLUME RATIO

0 1
TIME (sec)

Gel Volume Ratio in Cyclic Wettability Test

(*10%*3)
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FFFFFF

ooooooooo
ooooooooo
ooooooooo
ooooooooo

VOIDS RATIO

TIME (sec) (*10%*3)

Void Ratio in Cyclic Wettability Test
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Cyclic Demand Wettability Test Input File:

*HEADING

2-D CYCLIC DEMAND WETTABILITY,WITH GEL
*** UNITS: M, SEC, NEWTON

*NODE, NSET=ALLN

1,0.,0.

21, .0508,0.

801,0.,.0508

821, .0508,.0508

*NGEN, NSET=BOT

1,21,1

*NGEN, NSET=TOP

801,821,1

*NFILL,NSET=ALLN

BOT, TOP, 20,40

*NSET, NSET=0UTN
1,165,329,493,657,821

*ELEMENT , TYPE=CPE8RP, ELSET=BLOCK
1,1,3,83,81,2,43,82,41

*ELGEN, ELSET=BLOCK
1,10,2,1,10,80,10
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*ELSET, ELSET=0UTE
1,23,45,67,89,100

*SOLID SECTION, ELSET=BLOCK, MATERIAL=CORE
.02

*MATERIAL, NAME=CORE
*PERMEABILITY, SPECIFIC WEIGHT=10000.
3.7E-4

*SORPTION

-100000., .04

-10000., .05

-4500., .1

-3500., .18

-2000., .45

-1000., .91

0.,1.

*SORPTION, TYPE=EXSORPTION
-100000., .09

-10000.,.1

-8000., .11

-6000., .18

-4500., .33

-3000.,.79
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-2000., .91

0.,1.

*POROUS BULK MODULI
,100000000.

*GEL
.0005,.0015,1.E8,500.

*INITIAL CONDITIONS, TYPE=SATURATION

ALLN, .05

*NSET, NSET=NPOR, GENERATE

1,21,2

81,101,2

161,181,2

241,261,2

321,341,2

401,421,2

481,501,2

561,581,2

641,661,2

721,741,2

801,821,2

*INITIAL CONDITIONS, TYPE=PORE PRESSURE

NPOR, -10000.

3/03

Analysis of Geotechnical Problems with ABAQUS

L6.95



(M=)

Partially Saturated Problems

EABAQUS

*INITIAL CONDITIONS, TYPE=RATIO
ALLN, 5.

*RESTART,WRITE, FREQUENCY=10
*STEP, INC=50, AMPLITUDE=STEP
*SOILS, CONSOLIDATION,UTOL=10000.
1.,600.,,100.0

*BOUNDARY

ALLN, PINNED

1,8,,-100.

*CONTROLS , PARAMETERS=FIELD, FIELD=PORE FLUID PRESSURE
.01,1.,,1.E-6
*CONTROLS , ANALYSIS=DISCONTINUOUS
*NODE PRINT, FREQUENCY=10, NSET=NPOR
POR, RVF,RVT

*EL PRINT, FREQUENCY=10
SAT,POR,VOIDR, GELVR

*NODE FILE, FREQUENCY=1, NSET=0OUTN
POR, RVF,RVT

*EL FILE, FREQUENCY=1, ELSET=0UTE
SAT, POR,VOIDR, GELVR

*END STEP

*STEP, INC=20, AMPLITUDE=STEP
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*SOILS, CONSOLIDATION,UTOL=10000.
1.,600.,,100.0

*BOUNDARY

ALLN, PINNED

1,8,,-10000.

*END STEP

*STEP, INC=20, AMPLITUDE=STEP
*SOILS, CONSOLIDATION, UTOL=10000.
1.,800.,,100.0

*BOUNDARY

ALLN, PINNED

1,8,,-100.

*END STEP
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Desaturation of Soil Column (Transient)

This example validates the ABAQUS capability to solve coupled fluid
flow problemsin partially saturated porous media where the effects of
gravity are important (Benchmark Problem 1.8.4).

We compare ABAQUS results with the experimental work of

Liakopoulos (1965). The Liakopoul os experiment consists of the

drainage of water from avertical column of sand. A column isfilled with

ﬁand and instrumented to measure the moisture pressure through its
eight.

Prior to the start of the experiment, water is added continually at the top
and allowed to drain freely at the bottom. The flow is regulated until zero
pore pressure readings are obtained throughout the column.

At this point flow is stopped and the experiment starts: the top of the
column is made impermeable and the water is allowed to drain out of the
column, under gravity. Pore pressures are measured.

We investigate two cases. one in which the column is not allowed to
deform (uncoupled flow problem), and the other in which we consider the
deformation of the sand (coupled problem).
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Theweight is applied by GRAV loading. In the case of the deforming
column, an initial step of *GEOSTATIC analysisis performed to

establish the initial equilibrium state.

Theinitial conditions exactly balance the weight of the fluid and dry
material so that no deformation takes place, while the zero pore pressure
boundary conditions enforce the initial steady state of fluid flow.

Then the fluid is allowed to drain through the bottom of the column, by
prescribing zero pore pressures at these nodes, during a*SOILS,

CONSOLIDATION step. The fluid will drain until the pressure gradient
Is equal to the weight of the fluid, at which time equilibrium is
established.

Thetransient analysisis performed using automatic time incrementation.
UTOL, the pore pressure tolerance that controls the automatic
Incrementation, is set to alarge value since we expect the nonlinearity of
the material to restrict the time increment size.
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The pore pressure results of the coupled analysis are closer to the
experiment than those of the uncoupled analysis; the uncoupled analysis
overestimates the pore pressures in the early stages of the transient. It
suggests that the coupled analysis is a better approximation of reality, as
we would expect.

Asthe transient continues, the material deformation slows (see the
displacement histories of six points along the height of the column) and
therefore the rigid column assumption becomes closer to reality; as
steady state is approached both numerical solutions are in good
agreement with the experiment.

At steady state, the pore pressure gradient equals the fluid weight density
as required by Darcy's law.

3/03 Analysis of Geotechnical Problems with ABAQUS L6.100



Partially Saturated Problems

Finite Element Model
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pore
pressure, Pa
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| | |

0.85 0.90 0.95 1.00

saturation

Absorption/Exsorption Curve
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120 min

-10000

Pore Pressure Profiles (Deformable Column)

60 min 20 min 10 min

Liakopoulos experiment
—e— ABAQUS (coupled)

Height, m

Pore pressure, Pa

0
-4000  -2000 0
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FFFFFF
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TIME (sec) (*10%*4)

Displacement Histories (Deformable Column)
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0 4 T Rigid column
(*10**-3) 1 ///////////

(m*+*3)

Deformable column
-1 —,/////////

FLUID VOLUME

5 ]
0 1 2
TIME (sec) (*10%**4)

Fluid Volume Lost (Deformable and Rigid Columns)
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(*lO**—

SCALE
FACTOR

+1.00E+00
+1.00E+00
+1.00E+00
+1.00E+00
+1.00E+00
+1.00E+00

SATURATION

94

1
TIME (sec)

Saturation Histories

(*10%**4)
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(¥10%*3)

LINE VARIABLE SCALE

FACTOR
1 +1.00E+00
2 +1.00E+00
3 +1.00E+00
4 +1.00E+00
5 +1.00E+00
6 +1.00E+00

(Pa)

PORE PRESSURE

TIME (sec) (*10%*4)

Pore Pressure Histories
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Desaturation Example Input File:

*HEADING

ONE DIMENSIONAL DESATURATION PROBLEM, COUPLED
*** UNITS: M, TON, SEC, KN
*NODE, NSET=ALLN

1,0.,0.

3,.1,0.

101,0.,1.

103,.1,1.

*NGEN, NSET=BOT

1,3,1

*NGEN, NSET=TOP

101,103,1

*NFILL,NSET=ALLN

BOT, TOP, 20,5

*NSET,NSET=LHS, GENERATE

1,101,5

*NSET,NSET=RHS, GENERATE

3,103,5

*ELEMENT , TYPE=CPE8RP, ELSET=BLOCK
i1,1,3,13,11,2,8,12,6
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*ELGEN, ELSET=BLOCK
1,10,10,1
*ELSET, ELSET=0UTE
113151719
*SOLID SECTION, ELSET=BLOCK, MATERIAL=CORE
*MATERIAL, NAME=CORE
*ELASTIC
1.3E3,0.
*DENSITY
1.5
*POROUS BULK MODULI
,2.E6
*PERMEABILITY, SPECIFIC WEIGHT=10.
4 .5E-6
*PERMEABILITY, TYPE=SATURATION
.666666, .85
1.,1.
*SORPTION
-100.,.8
-10.,.85
-9.5,.9
-9.,.922
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-8.,.947
-7.,.961
-6.,.973
-4.,.988
-2.,.999
0.,1.

Partially Saturated Problems

*SORPTION, TYPE=EXSORPTION

-100.,.8
-10., .85
-9.5,.9

-9.,.922
-8.,.947
-7.,.961
-6.,.973
-4.,.988
-2.,.999
0.,1.

*INITIAL CONDITIONS, TYPE=SATURATION

ALLN, 1.

*NSET, NSET=NPOR, GENERATE

1,101,10
3,103,10
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*INITIAL CONDITIONS, TYPE=PORE PRESSURE
NPOR, 0.

*INITIAL CONDITIONS, TYPE=RATIO
ALLN, .4235

*INITIAL CONDITIONS, TYPE=STRESS, GEOSTATIC
BLOCK,0.,1.,-17.9750615,0.,0.,0.
*EQUATION

2

3,8,1.,1,8,-1.

*BOUNDARY

ALLN,1

BOT, 2

*RESTART,WRITE, FREQUENCY=10
*STEP, INC=1

*GEOSTATIC

1.E-6,1.E-6

*DLOAD

BLOCK, GRAV,10.,0.,-1.,0.
*BOUNDARY

NPOR, 8, ,0.

*NODE PRINT, FREQUENCY=5,NSET=LHS
U, RF,POR,RVT
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*EL PRINT, FREQUENCY=5, ELSET=0UTE
S,E

SAT, POR, VOIDR

*NODE FILE, FREQUENCY=10,NSET=LHS
U, RF,POR,RVT

*EL FILE, FREQUENCY=10, ELSET=0OUTE
S, E

SAT, POR, VOIDR

*END STEP

*STEP, INC=100

*SOILS, CONSOLIDATION, UTOL=10.
20.,50000.

*BOUNDARY , OP=NEW

1,8,,0.

ALLN,1,,0.

BOT, 2,,0.
*CONTROLS , ANALYSIS=DISCONTINUOUS
*END STEP
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Phreatic Surface Calculation (Steady-State)

This example (Example Problem 8.1.2) illustrates the use of ABAQUSto
solve for the flow through a porous medium in which fluid flow is
occurring in agravity field and only part of the region is fully saturated,
so that the location of the phreatic surface is a part of the solution. Such
problems are common in hydrology. An example is the well draw-down
problem, where the phreatic surface of an aquifer must be located, based
on pumping rates at particular well locations.

The basic approach takes advantage of the ABAQUS capability to
perform partially and fully saturated analysis: the phreatic surface is
located as the boundary of the fully saturated part of the model. This
approach hasthe advantage that the capillary zone, just above the phreatic
surface, is also identified.

We consider fluid flow only: deformation is ignored.
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Permeable
material

Impermeable material

The upstream face of the dam (surface S,) is exposed to water in the

reservoir behind the dam. Since ABAQUS uses atotal pore pressure
formulation, the pore pressure on this face must be prescribed to be

u, = (H;—-2)gp,, - Likewise, on the downstream face of the dam
(surface S;), u,, = (Hy-2)gp,, -
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The bottom of the dam (surface S;) is assumed to rest on an impermeable

foundation. Since the natural boundary condition in the pore fluid flow
formulation provides no flow of fluid across a surface of the model, no
further specification is needed on this surface.

The phreatic surface in the dam, S,, isfound as the locus of points at
which the pore fluid pressure, u,,, IS zero. Above this surface the pore

fluid pressure is negative, representing capillary tension causing the fluid
to rise against the gravitational force and thus creating a capillary zone.
The saturation associated with particular values of capillary pressureis
given by the absorption/exsorption curves.

A special boundary condition is needed if the phreatic surface reaches an
open, freely draining surface, asindicated on surface S;. In such acase

the pore fluid can drain freely down the face of thedam, sothat u,, = O at

all points on this surface below its intersection with the phreatic surface.
Above this point u,, < 0, with its particular value depending on the

solution.
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[=—1.22m —=

- __- Harr (analytical) ‘

- /Phreatic surface
T IR 1.83 m
1.22m .
i Impervious \\\ 45° ‘
\ - : 1
I: 3.85m ;I
|= 4.88m =|

Earth Dam and Analytical Phreatic Surface

This example is specifically chosen to include this effect, to illustrate the
use of the ABAQUS drainage-only flow boundary condition (* FLOW
with the drainage-only flow type label QnD).
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Drainage-only pore fluid flow
boundary condition

/TN
TN

Finite Element Mesh

The finite element model shows the element edges where the
drainage-only boundary condition is applied. On these edges, the pore
fluid pressure, u,,, is constrained by a penalty method to be less than or

egual to zero, thus enforcing the proper drainage-only behavior.

3/03 Analysis of Geotechnical Problems with ABAQUS L6.118



——— Partially Saturated Problems
" ABAQUS

The weight of the water is applied by GRAV |loading and the upstream
and downstream pore pressures are prescribed as discussed above. A
steady-state *SOIL S analysis is performed in five increments to allow
ABAQUS to resolve the high degree of nonlinearity.

Examining the steady-state contours of pore pressure we see that the

upper right part of the dam shows negative pore pressures, indicating that
It is partly saturated or dry.
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The phreatic surface is best shown when we draw the contours in the
vicinity of zero pore pressure. This surface compares well with the
analytical phreatic surface calculated by Harr (1962).
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Phreatic Surface
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The contours of saturation show afully saturated region under the
phreatic surface and decreasing saturation in and above the phreatic zone.
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Phreatic Surface Calculation Input File:

*HEADING

EARTH DAM - STEADY STATE FREE SURFACE SEEPAGE
*** UNITS: M, KG, SEC, NEWTON
*NODE, NSET=ALLN

1,0.,0.

39,4.8768,0.
601,1.8288,1.8288
639,3.048,1.8288

*NGEN, NSET=BOT

1,39,1

*NGEN, NSET=TOP

601,639,1

*NFILL,NSET=ALLN

BOT, TOP, 12,50

*NSET, NSET=POR0 , GENERATE
1,39,2

*NSET, NSET=POR1, GENERATE
101,139,2

*NSET, NSET=POR2 , GENERATE
201,239,2
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*NSET, NSET=POR3 , GENERATE
301,339,2

*NSET, NSET=POR4 , GENERATE
401,439,2

*NSET, NSET=POR5, GENERATE
501,539,2

*NSET, NSET=POR6 , GENERATE
601,639,2

*NSET, NSET=POR

PORO, POR1l, POR2, POR3
*NSET, NSET=0UTN, GENERATE
1,601,100

21,621,100

*ELEMENT, TYPE=CPE8S8RP, ELSET=DAM
1,1,3,103,101,2,53,102,51
*ELGEN, ELSET=DAM
1,19,2,1,6,100,20

*ELSET, ELSET=FSIDE, GENERATE
19,119,20

*ELSET, ELSET=FBOT, GENERATE
16,19

*ELSET, ELSET=0UTE, GENERATE
11,111, 20
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*SOLID SECTION, ELSET=DAM, MATERIAL=FILL
*MATERIAL, NAME=FILL

*ELASTIC

1000.,

*DENSITY

2000.,

*PERMEABILITY, SPECIFIC=10000.
2.1167E-4,

*SORPTION

-100000., .04

-10000., .05

0.,1.

*INITIAL CONDITIONS, TYPE=SATURATION
ALLN, 1.

*INITIAL CONDITIONS, TYPE=PORE PRESSURE
POR, 121%92.0, 0.0, 0.0, 1.2192
POR4, 0.

POR5,0.

POR6,0.

*INITIAL CONDITIONS, TYPE=RATIO
ALLN, 1.
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*BOUNDARY

ALLN, 1

ALLN, 2
*RESTART, WRITE, FREQUENCY=10
*STEP, INC=5
*SOILS

.2,1.

*DLOAD

DAM, GRAV, 10.,0.,
*BOUNDARY
1,8,,12192.
101,8,,9144.
201,8,,6096.
301,8,,3048.
401,8,,0.

*FLOW
FSIDE,Q2D,0.1
FBOT,Q1D,0.1

* CONTROLS, ANALYSIS=DISCONTINUOUS
*NODE PRINT, FREQUENCY=10, NSET=OUTN
POR,

-1.,0.
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*EL PRINT, FREQUENCY=10, ELSET=0UTE
SAT, POR

*NODE FILE, FREQUENCY=10,NSET=OUTN
POR,

*EL FILE, FREQUENCY=10, ELSET=0OUTE
SAT, POR

*END STEP
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Excavation and Building Analysis

Many geotechnical applications involve a sequence of steps, in each of
which some material isremoved or added.

Thus, geotechnical problems offer an interesting perspective on the need
for generality in creating and using a finite element model: the model
Itself, and not just its response, changes with time.

The need for close liaison between the analysis and geometric modeling
IS important.

The *MODEL CHANGE option provides a convenient way of modeling
the addition and/or removal of elements.

In this section, we present an example of such a problem.

3/03

Analysis of Geotechnical Problems with ABAQUS

L6.127



Excavation and Building Analysis

Tunneling Problem

This tunneling example was provided by Sauer Corporation. It deals with
the sequential excavation of atunnel designed according to the principles
of the New Austrian Tunneling Method. The excavation is done in steps
and shotcrete is used as the initial liner. The problem geometry given in
the first figure shows the cross-section of atunnel (shaded area) to be
excavated in layered rock. The tunnel isto be lined with shotcrete and
some concrete is to be cast at the bottom of the tunnel after excavation.
The finite element model is quite coarse (164 CPE4 rock and concrete
elements and 15 B21 lining elements) and serves only for illustration
purposes. The rock is modeled with the modified Drucker-Prager model
where the elastic properties are made dependent on a predefined field
variable so that the stiffness can be degraded during the excavation
process as called for in the design procedure. The concrete and the
shotcrete are modeled as linear elastic.
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In the first step of analysis we remove the lining elements (*MODEL
CHANGE, REMOVE) since they have to be included in the original
mesh but are not in place at the start of the operation. In the second step
we apply the gravity loads that equilibrate the virgin stress state in the
rock—this causes no deformation. In Step 3 we degrade the stiffness of
the top heading of the tunnel, which is excavated in Step 4 by removing
the corresponding elements. In Step 4 we also activate (strain free) the
shotcrete lining elements on the excavated surface (*MODEL CHANGE,
ADD=STRAIN FREE). Steps 5-8 are repetitions of the previous
seguence, leading to the excavation of the bench and invert parts of the
tunnel and their respective lining. Finally, in Step 9 concreteis cast in
place at the bottom of the tunnel.
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Finite Element Model
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CO+dp " G+= IPIOVA ~DVN

Displacement After Top Heading Excavation/Lining
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20+dp " S+= YPLOVA "OVW

Displacement After Bench Excavation/Lining
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ZO+HP " G+= YPLOVA DOV

Displacement After Invert Excavation/Lining
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C0+H(Q " S+= JYPLOVA "OUW

Final Displacement After Concrete Casting
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Tunneling Problem Input File:

*HEADING
COARSE MESH OF TEST TUNNEL, CPE4,
*NODE
1,0.,32.4
3,4.,32.4
9,25.,32.4
31,0.,24.1
33,4.,24.1
39,25.,24.1
101,0.,13.
103,4.,13.
109,25.,13.
141,0.,0.
143,4.,0.
149,25.,0.
53,4.,20.3
59,25.,20.3
63,4.,18.9
69,25.,18.9

COMPLETE SIMULATION
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*NGEN, NSET=LTOP
1,31,10

*NGEN, NSET=MTOP
3,33,10

*NGEN, NSET=LBOT
101,141,10
*NGEN, NSET=MBOT
103,143,10
*NGEN, NSET=MCEN
33,53,10
63,103,10
*NGEN, NSET=RTOP
9,39,10

*NGEN, NSET=RCEN
39,59,10
69,109,10
*NGEN, NSET=RBOT
109,149,10
*NFILL,NSET=TOP
LTOP, MTOP, 2
MTOP, RTOP, 6
*NFILL, NSET=CEN
MCEN, RCEN, 6
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*NFILL, NSET=BOT
LBOT, MBOT, 2

MBOT, RBOT, 6
*ELEMENT , TYPE=CPE4
1,11,12,2,1
33,43,44,34,33
101,111,112,102,101
*ELGEN, ELSET=OUTERE
1,8,1,1,3,10,10
33,6,1,1,7,10,10
101,8,1,1,4,10,10

* % %

*NODE
205,0.,24.
225,4.,24.
245,4.,20.
255,4.,18.
315,0.,13.
295,4.,13.
201,0.,21.8

OWwR R
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221,1.2,21.8
291,1.2,15.8
311,0.,15.8

203,0.,23.4
243,2.816,20.4
283,2.816,15.8
313,0.,14.2

*NGEN, NSET=MIDOUT
205,225,10

225,245,10

255,295,10

295,315,10

*NGEN, NSET=MIDIN
201,221,10

221,291,10

291,311,10

*NGEN, NSET=MIDMID, LINE=P
203,243,10,,2.1,22.4,0.
243,283,10,,2.9,18.1,0.
283,313,10,,1.408,14.6,0.
*NFILL, NSET=TUNBOU
MIDIN, MIDMID, 2

MIDMID, MIDOUT, 2
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*ELEMENT , TYPE=CPE4
201,211,212,202,201
*ELGEN, ELSET=MIDE
201,4,1,1,11,10,10
* % %

*NODE

401,0.,21.8
403,1.2,21.8
471,0.,15.8
473,1.2,15.8

*NGEN

401,471,10
403,473,10
401,403,1

471,473,1
402,472,10
*ELEMENT , TYPE=CPE4
401,411,412,402,401
*ELGEN, ELSET=CENE
401,2,1,1,7,10,10

* %
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*ELEMENT, TYPE=B21
1001,203,213
1002,213,223
1003,223,233
1004,233,243
1005,243,253
1006,253,263
2001,263,273
2002,273,283
3001,283,293
3002,293,303
3003,303,313

* %

* %

*ELSET, ELSET=MT11, GENERATE

101,138,1

*ELSET, ELSET=MT12, GENERATE

63,98,1

*ELSET, ELSET=MT13
253,254,263,264,273,274,283,284,293,294,303,304
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*ELSET, ELSET=MAT1
MT11,MT12,MT13

* %

*ELSET, ELSET=MT21, GENERATE
53,58,1

*ELSET, ELSET=MT22

243,244

*ELSET, ELSET=MAT2
MT21,MT22

* %

*ELSET, ELSET=MT31, GENERATE
33,38,1

*ELSET, ELSET=MT32, GENERATE
43,48,1

*ELSET, ELSET=MT33
203,204,213,214,223,224,233,234
*ELSET, ELSET=MAT3
MT31,MT32,MT33

* %

*ELSET, ELSET=MAT4 , GENERATE
1,28,1

* %
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*ELSET, ELSET=TOPH1
202,212,222,232,201,211,221,231,401,402,411,412
* %

*ELSET, ELSET=TOPH2
421,422,241,242

* %

*ELSET, ELSET=TOPH3
431,432,251,252

* %

*ELSET, ELSET=BENCH
441,442,451,452,261,262,271,272
* %

*ELSET, ELSET=INVER
461,462,281,282,291,292,301,302
* %

*ELCOPY, OLDSET=INVER, NEWSET=CINV, ELEMENT SHIFT=10000, SHIFT
NODES=0

* %

*ELSET, ELSET=M3TH1

MAT3, TOPH1

*ELSET, ELSET=M2TH2

MAT2, TOPH2
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*ELSET, ELSET=M1TBI

MAT1, TOPH3, BENCH, INVER

* *

*ELSET, ELSET=SHHEA , GENERATE
1001,1006,1

*ELSET, ELSET=SHBEN
2001,2002

*ELSET, ELSET=SHINV
3001,3002,3003

*ELSET, ELSET=ALLSH

SHHEA , SHBEN, SHINV

* *

*ELCOPY, OLDSET=SHHEA, NEWSET=CLIN1l, ELEMENT SHIFT=1000,SHIFT
NODES=0

*ELCOPY, OLDSET=SHBEN, NEWSET=CLIN2, ELEMENT SHIFT=1000,SHIFT
NODES=0

*ELSET, ELSET=CLIN
CLIN1l,CLIN2

*ELSET, ELSET=CLIN36, GEN
2003,2006,1

* *

*ELSET, ELSET=ALGEO

MAT4 ,M3TH1,M2TH2,M1TBI

3/03 Analysis of Geotechnical Problems with ABAQUS L6.143



(M=)

I

:ABAQUS

Excavation and Building Analysis

*ELSET, ELSET=ALLEL, GENERATE
1,500,1

* %

*%__ - -DEFINITION OF NODESETS FOR TEMP AND BOUND----
* %

*NSET , NSET=SYMM1
1,11,21,111,121,131,141,205,204,203,202,401,411
*NSET , NSET=SYMM2
421,431,441,451,461,471,312,313,314,315

*NSET, NSET=SYMM

SYMM1, SYMM2

*NSET, NSET=BOTT, GENERATE

141,149,1

*NSET, NSET=EDGE, GENERATE

9,149,10

*NSET, NSET=ALNOD, GENERATE

1,1000,1

* %

*k_ DEFINITIONS MATERIAL PROPERTIES----------
* %

1 J MATERIAL 1-----------

* %
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*SOLID SECTION, ELSET=MAT1,MATERIAL=M1
*MATERIAL, NAME=M1

*ELASTIC, TYPE=ISOTROPIC

2414.,.27

*DRUCKER PRAGER

54.82, 1, 54.82

*DRUCKER PRAGER HARDENING

2.15

*DENSITY

.0247

* %

* %

*SOLID SECTION, ELSET=MAT2,MATERIAL=M2
*MATERIAL, NAME=M2

*ELASTIC, TYPE=ISOTROPIC

690., .30

*DRUCKER PRAGER

50.19, 1, 50.19

*DRUCKER PRAGER HARDENING

1.
*DENSITY
.021
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* %

*SOLID SECTION, ELSET=MAT3,MATERIAL=M3
*MATERIAL, NAME=M3

*ELASTIC, TYPE=ISOTROPIC

60.,.325

*DRUCKER PRAGER

44 .53, 1, 44.53

*DRUCKER PRAGER HARDENING

.146

*DENSITY

.019

* %

* %

*SOLID SECTION, ELSET=MAT4,MATERIAL=M4
*MATERIAL, NAME=M4

*ELASTIC, TYPE=ISOTROPIC

60.,.375

*DRUCKER PRAGER

43.26, 1, 43.26

*DRUCKER PRAGER HARDENING

.205

*DENSITY

.019
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* %

*SOLID SECTION, ELSET=TOPH1l, MATERIAL=MTOPH1
*MATERIAL, NAME=MTOPH1
*ELASTIC, TYPE=ISOTROPIC
60.,.325,0.

24.,.325,1.

24.,.325,8.

*DRUCKER PRAGER

44 .53, 1, 44.53

*DRUCKER PRAGER HARDENING
.146

*DENSITY

.019

* %

* %

*SOLID SECTION, ELSET=TOPH2, MATERIAL=MTOPH2
*MATERIAL, NAME=MTOPH2

*ELASTIC, TYPE=ISOTROPIC

690.,.3,0.

276.,.3,1.

276.,.3,8.
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*DRUCKER PRAGER

50.19, 1, 50.19

*DRUCKER PRAGER HARDENING
1.
*DENSITY
.021

* %

* %

*SOLID SECTION, ELSET=TOPH3,MATERIAL=MTOPH3
*MATERIAL, NAME=MTOPH3
*ELASTIC, TYPE=ISOTROPIC
2414.,.27,0.

965.6,.27,1.

965.6,.27,8.

*DRUCKER PRAGER

54.82, 1, 54.82

*DRUCKER PRAGER HARDENING
.464

*DENSITY

.0247
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* %

*SOLID SECTION, ELSET=BENCH, MATERIAL=MBENCH
*MATERIAL, NAME=MBENCH
*ELASTIC, TYPE=ISOTROPIC
2414.,.27,0.

2414.,.27,1.

965.6, .27,2.

965.6,.27,8.

*DRUCKER PRAGER

54.82, 1, 54.82

*DRUCKER PRAGER HARDENING
.464

*DENSITY

.0247
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* %

*SOLID SECTION, ELSET=INVER, MATERIAL=MINVER
*MATERIAL, NAME=MINVER
*ELASTIC, TYPE=ISOTROPIC
2414.,.27,0.

2414.,.27,2.

965.6, .27,3.

965.6,.27,8.

*DRUCKER PRAGER

54.82, 1, 54.82

*DRUCKER PRAGER HARDENING
.464

*DENSITY

.0247

* %
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* %

*BEAM SECTION, SECTION=RECT, ELSET=ALLSH, MATERIAL=SHOCR
1.,.2

*MATERIAL, NAME=SHOCR

*ELASTIC, TYPE=ISOTROPIC

15000., .17

*DENSITY

.025

* %

* %

*BEAM SECTION, SECTION=RECT, ELSET=CLIN, MATERIAL=CONCR
1.,.2

*SOLID SECTION, ELSET=CINV, MATERIAL=CONCR

*MATERIAL, NAME=CONCR

*ELASTIC, TYPE=ISOTROPIC

27000., .17

*DENSITY

.025

*SOLID SECTION, ELSET=CINV, MATERIAL=CONCR
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*MPC

TIE, 201,401
TIE, 211,402
TIE, 221,403
TIE, 231,413
TIE, 241,423
TIE, 251,433
TIE, 261,443
TIE, 271,453
TIE, 281,463
TIE, 291,473
TIE, 301,472
TIE, 311,471
* % %
TIE,31,205
TIE, 32,215
TIE, 33,225
TIE, 43,235
TIE, 53,245
TIE, 63,255
TIE,73,265
TIE, 83,275

Excavation and Building Analysis
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TIE, 93,285
TIE, 103,295
TIE, 102,305
TIE, 101,315
* %
*BOUNDARY
SYMM, 1
BOTT, 2
EDGE, 1
202,6

313,6

* %

* %

*RESTART, WRITE, FREQUENCY=5

*INITIAL CONDITIONS, TYPE=STRESS, GEOSTATIC
MAT4,0.,32.4,-.1589,24.1, .8
M3TH1l,-.1589,24.1,-.2313,20.3, .45
M2TH2,-.2313,20.3,-.26,18.9, .45
M1TBI,-.26,18.9,-.727,0.0, .4

* *

*INITIAL CONDITIONS, TYPE=TEMPERATURE

ALNOD, O.
* %
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*k__ REMOVE ALL LINING ELEMENTS --------------
* %

*STEP, AMPLITUDE=RAMP

*STATIC
*MODEL CHANGE, REMOVE

ALLSH, CLIN, CINV

*END STEP

* %

*H oo GRAVITY LOADING -------=------

* %

*STEP, AMPLITUDE=RAMP
*STATIC

*DLOAD
ALLEL,GRAV,1.,,-1.

*EL PRINT, FREQUENCY=10
S,MISES,PRESS

E

PE

*NODE PRINT, FREQUENCY=10
U

RF

*END STEP
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* %

*STEP, AMPLITUDE=RAMP

*STATIC

*TEMPERATURE

ALNOD, 1.

*END STEP

*k____ SHOTCRETE TOP HEADING -------------=---
* %

*STEP, AMPLITUDE=RAMP

*STATIC

*TEMPERATURE

ALNOD, 1.

*MODEL CHANGE,ADD=STRAIN FREE
SHHEA

*EL, PRINT, FREQUENCY=10
S,MISES, PRESS

E

PE

SF

*END STEP
* *
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Excavation and Building Analysis

*STEP, AMPLITUDE=RAMP
*STATIC

*TEMPERATURE

ALNOD, 1.

*MODEL CHANGE, REMOVE
TOPH1, TOPH2, TOPH3
*END STEP

* %

*STEP, AMPLITUDE=RAMP

*STATIC

*TEMPERATURE

ALNOD, 2.

*END STEP

- - SHOTCRETE BENCH ------------------
*STEP, AMPLITUDE=RAMP

*STATIC

*TEMPERATURE

ALNOD, 2.

*MODEL CHANGE,ADD=STRAIN FREE
SHBEN

*END STEP
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*STEP, AMPLITUDE=RAMP
*STATIC

*TEMPERATURE

ALNOD, 2.

*MODEL CHANGE, REMOVE
BENCH

*END STEP

* %

*STEP, AMPLITUDE=RAMP

*STATIC

*TEMPERATURE

ALNOD, 3.

*END STEP

e e e - - SHOTCRETE INVERT ----------------
*STEP, AMPLITUDE=RAMP

*STATIC

*TEMPERATURE

ALNOD, 3.

*MODEL CHANGE,ADD=STRAIN FREE
SHINV

*END STEP
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*STEP, AMPLITUDE=RAMP
*STATIC

*TEMPERATURE

ALNOD, 3.

*MODEL CHANGE, REMOVE
INVER

*END STEP

* %

*koo oo CAST IN PLACE CONCRETE ------------
* %

*STEP, AMPLITUDE=RAMP

*STATIC

*TEMPERATURE

ALNOD, 3.

*MODEL CHANGE,ADD=STRAIN FREE

CLIN36,CINV

*END STEP

Note that the last step does not change the results from the previous step;
Its presence, however, would impact subsequent steps.

3/03

Analysis of Geotechnical Problems with ABAQUS

L6.158



I ABAQUS

Appendix A

Stress Equilibrium and Fluid Continuity
Equations

To study the different couplings and nonlinearities of the coupled problem,

we can write the resulting Newton equations at a node as

Kdu dc |:r

|
|
|
_—_ —d - - . - - — _ -
|

Kud ! Kuu Uc AV,

where d. represents the vector of di spl acement corrections, F, arethe
force residual s conjugate to the displacements, u, isthe pore pressure
correction, and AV, isthe residual changein fl uid volume over the time
Increment conjugate to the pore pressure.

Special cases of the fully and partly saturated problems are presented in
the following sections.
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Fully Saturated Fluid Flow

Kaa Kaw Kug Ky have the following components:

Kgg = KB, d)+L(d, u) +Kyq(d)

o)
n
I

JB:D:BdV

L=—]B:1ul:pdv
V

Kgd:—JN:gfll:BdV
V

Kgy = B(d) +K(5, d)

B:—_V[B:ldv
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K., = §|1<_B Dl dV

S9
\Y

Ky = B'(d) +Kefd, d) + AtL (d, €)+ Atk (5, d, e)

= —j| B dV
V
1
Ksg = 3K D : B dV
V
B dou ou .
L= -] 22w (ax pr)I.BdV
V
_r 9du dk* (ou 1 I'D 1-n,7 |
kec_v oX | de .(aX_pr) (1—n)2[3Kg B JKg I} . de
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K,, = Atk(d, e) + Kf5) + Kg(d) + Kn(d)+ At k (5, d, €)

_ dou |, * Jdu
K= K @V
V
Ksg :j L_1:D: 1 dv
v 9Kg
0
 _ [ 1=-n
Kg = JKg dVv
V
* 1-n° 1
Ko -j K 4
Vv
_ ¢ odu dk (au 1 |:D:l 1-n
ke_v ox de (aX_pr)(l_n)z{ QKS ) Kg}dv

where B is the strain-displacement matrix, D is the constitutive matrix, N
Is the interpolator, K, and K, are the solid grains and fluid bulk moduli.
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Special Cases

To facilitate the understanding of the coupled equations, let us consider
some special cases of the transient problem without fluid gravity effects:

 Linear material, small strain, incompressible grains and fluid, constant
permeability:

o
_|
>
—~
~

where K . isthe usual stress stiffness; B, B' arethe stress/pore pressure
coupling terms; and At k isthe porous medium permeability term. The
resulting system of equationsis linear and symmetric.
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* Nonlinear material, large strain, incompressible grains and fluid,
nonlinear permeability:

Ks(6,d)+L (d,u)

B'(d) + At L. (d,e)

——————1———————

where K (G, d) Isthe stress stiffnessterm with material and geometrlc
nonlinearities, L (d, u) isalarge volume changeterm; B(d), B (d)
are the stress/pore pressure coupling terms with geometric
nonlinearity; At L.(d, e) isalarge-strain coupling term with
nonlinear permeability; and At k(d, e) isthe permeability term with
geometric and permeability nonlinearities. The problem now becomes
nonlinear and unsymmetric. The loss of symmetry is due to the
Inclusion of finite strains.
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* Linear material, small strain, compressible grains and fluid, constant
permeability:

At k +Kgy + Kg + Ky,

where K . isthe usual stress stiffness; B, B' arethe stress/pore pressure
coupllng terms; K K s sg ng : Kg aregrain compressi ibility terms;
Kw isafluid compr ibility term; and At k isthe porous medium
permeability term. The resulting system of equationsis linear and
Symmetric.

2/03 Analysis of Geotechnical Problems with ABAQUS

A7



_ 11

I ABAQUS

* Nonlinear material, large strain, compressible grains and fluid,
nonlinear permeability:

Ks (5,d) + L (d,u)

B'(d) +K < (6,d)+At Lc (d, e)lAt k(d.e)+ ng(c) + Ky*(d)
+At Ko (G,d,€) | + K¥ (d) + At ke (G,d, e)

where At k..(G, d, e), At k. (G, d, e) are additional nonlinear grain
compressibility terms with large-strain effects. This most general
problem is nonlinear and unsymmetric. The loss of symmetry is now
due to two reasons. finite strains and nonlinear permeability.
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Consider now the steady-state problem without fluid gravity effects. In
Its simplest case (linear material, small strain, incompressible grains and
fluid, constant permeability), it isonly one way coupled:

The equations are clearly unsymmetric.

The steady-state problem becomes fully coupled if large strains and/or
nonlinear permeability are considered. However, the equations retain
their unsymmetric characteristic for these cases.

In ABAQUS the steady-state equations are always solved directly in the
coupled form for all cases.
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The porous media coupled analysis capability can provide solutions
either in terms of total or of excess pore pressure. The excess pore
pressure at apoint is the pore pressure in excess of the hydrostatic
pressure required to support the weight of pore fluid above the elevation
of the material point.

[ Total pore pressure solutions are provided when the GRAV distributed
load type is used to define the gravity load on the model. Excess pore
pressure solutions are provided in all other cases (for example, when
gravity loading is defined with distributed load types BX, BY, or BZ)].

One important aspect arising from the inclusion of pore fluid gravity (in
total pore pressure analyses) isthat it generates a Newton method
Jacobian term that i1s always unsymmetric:

Kgd:—j N:gf,l:BdV.(Ky)
\
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S

L =

gd

Kdu

Partially Saturated Fluid Flow

Kaa Kgw Kug Kyy  have the following components:

Kgg = KB, d)+L(d, u) +Kyq(d)

JB ‘D : B dV

V
—|B:lsul:Bdv

V
:—j N :g sf, | :BdV

\%
B(d) +By(d, u) + K (5, d) + K o(G, d, u)+ K g (d)

B:—jsﬁ:ldv

Vv
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ds
~Uaj | dV
V

Sa.n .
| 3—KgB.D.|dv
V

u ds, =
jS—Kg—uB.D | dV
V

ds

—jN g f, - dv

B'(d) +Kedd, d) + AtL (d, e)+ Atk (5, d, €)

—J sl :B dVv

Vv
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T - | = D
Keg = 3K9|.D.de
V

_ ddu |+ (U _ -
LC——JSBX k (ax pr)I.BdV

= 88u.dk*.(8u_ ) S [I:[_) 1-n’
ec v oX de oX PwY (1_n)2

K, = Atk(d, )+ Ksf8)+ Kgd)+ Kuw(d)+ K«(d)
+At k (G, d, e) + At k((d, €)

__jsax K oX av
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o 1-n
Kg ——j S IK, dv
V
0

* 1-n 1

Kw = — — | dVv
" J JK, KW)

x ds 1-n°

Ks = Ja (1— : )dv

* ‘M - 0
(= [ U dk_(au_ Wg) s {I.D.I_l—n}dv

ox de (ox (1_n)2 9K§ J Kg

_ s ds dou , * (du
kes__\.[k_ du ox K (ax pwg)d

where B is the strain-displacement matrix, D is the constitutive matrix,

N istheinterpolator, K, and K, are the solid grains and fluid bulk

moduli.
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Special Cases

To facilitate the understanding of the coupled equations, let us consider
some special cases of the transient problem without fluid gravity effects:

* Linear material, small strain, incompressible grains and fluid, constant
permeability:

B" ! At k+At k, +K?

where K . isthe usual stress stiffness; B, B' are stress/pore pressure
coupling terms; B isapartialy saturated coupling term; At k isthe
permeability term; and At k., Ks are partially saturated permeability
terms.

The resulting system of equations is unsymmetric.
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* Nonlinear material, large strain, incompressible grains and fluid,
nonlinear permeability:

K. (G,d)+L (d,u) | B(d)+Bdd,u)

_______________________________________________

B'(d) +AtL.(d,e)! At k(d.e)
i + AL ko(de) + Kx(d) |

where K (G, d) isthe stress stiffnessterm with material and geometrlc
nonlinearities; L (d, u) isalarge volume change term; B(d) B (d)
are coupling terms with geometric nonlinearity; B(d, u) isapartialy
saturated coupling term with geometric nonlinearity; At L (d, e) isa
large-strain coupling term with nonlinear permeability; At k(d, e) is
the permeability term with geometric and permeability nonlinearities;
and At k.(d,e), Ks (d) are partially saturated permeability terms
with geometric and permeability nonlinearities.

The problem remains unsymmetric.
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* Linear material, small strain, compressible grains and fluid, constant

permeability:

At K + At Kes + K&+ Kgg + K + Ky

where K, isthe usual stress stiffness; B, B are stress/pore pressure
coupllng terms, B Isa partlal ly saturated coupling term;

Ky K sg , K sy K'sg, K'g aregrain compressibility terms; Ky isa
fluid compressibility term; At k isthe porous medium permeability

term; and At k.., Ks are partially saturated permeability terms.

es?

The resulting system of equations is unsymmetric.
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* Nonlinear material, large strain, compressible grains and fluid,
nonlinear permeability:

Ks (6,d) + L (d,u)

B(d) +B,(d,u) + K, (5,0)

(6,d,u)

B'(d) +K< (6,d)+At L (d,e) At k (d.€) + Atk (d,e)

+At ke (G,d,€) -+ Ks(d) + Ksg(G) + Kg*(d)
.+ K% (d)+At ke (5,d,€)

where At k..(G, d, e), At k. (G, d, e) are additional nonlinear grain
compressibility terms with large-strain effects.

This most general problem is unsymmetric.

In conclusion, the transient partially saturated flow problem is aways
unsymmetric.
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Consider now the steady-state problem without fluid gravity effects. In
Its simplest case (linear material, small strain, incompressible grains and
fluid, constant permeability), it isonly one way coupled:

|
|
|
|
|
_____ e e e e e - - -
|
|
|
|
|

The equations are unsymmetric.

The steady-state problem becomes fully coupled if large strains and/or
nonlinear permeability are considered. The equations retain their
unsymmetric characteristic for these cases.

In ABAQUS the steady-state equations are always solved directly in the
coupled form for all cases.
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The porous media coupled analysis capability can provide solutions
either in terms of total or of excess pore pressure.

[Total pore pressure solutions are provided when the GRAV distributed
load type is used to define the gravity load on the model. Excess pore
pressure solutions are provided in all other cases (for example, when
gravity loading is defined with distributed load types BX, BY, or BZ)].

One important aspect arising from the inclusion of pore fluid gravity (in
total pore pressure analyses) isthat it generates Newton method Jacobian
terms that are always unsymmetric:

Kgd:—J N:g sf, 1 :BdV  in Ky
V
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Appendix B

Bibliography of Geotechnical Example

Problems

Thefollowing isalist of ABAQUS Example and Benchmark Problems
that show the use of capabilities for geotechnical modeling:

Example problems:

1.1.6:
1.1.10:

8.1.1;
8.1.2:
8.1.3:

8.1.4

Jointed rock slope stability
Stress-free el ement reactivation

Plane strain consolidation

Calculation of phreatic surface in an earth dam
Axisymmetric simulation of an oil well
Analysis of apipeline buried in soil
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Benchmark problems:

1.1.10:

1.8.1:
1.8.2:
1.8.3:
1.8.4.

1.14.1:
1.14.2:
1.14.3:
1.14.4:
1.14.5:

Concrete Slump test

Partially saturated flow in porous media

Demand wettability of a porous medium: coupled analysis
Wicking in a partially saturated porous medium
Desaturation in a column of porous material

The Terzaghi consolidation problem

Consolidation of triaxial test specimen

Finite-strain consolidation of atwo-dimensional solid
Limit load calculations with granular materials

Finite deformation of an elastic-plastic granular material
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2.2.1.
2.2.2:
2.2.3.
2.2.4.

3.2.4:
3.2.5:
3.2.6:

Wave propagation in an infinite medium

Infinite elements: the Boussinesg and Flamant problems
Infinite elements: circular load on half-space

Spherical cavity in an infinite medium

Triaxial tests on a saturated clay
Uniaxial tests on jointed material
Verification of creep integration
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