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Preface

Document THEORY MANUAL presents the constitutive model and the finite element im-
plementation. The discussion is limited to features which are actually used in the program.
No attempt is made to give a general overview of numerical methods in soil mechanics.

The proposed models include elasticity, various plasticity models, time dependent behavior
resulting from consolidation, and actual creep.

Sign convention are different in continuum and soil mechanics. Both sign conventions are
used in this text; variables which are positive in compression are underlined, in order to avoid
possible confusion.

INTRODUCTION

PROBLEM STATEMENT
MATERIAL MODELS
NUMERICAL IMPLEMENTATION
STRUCTURES

INTERFACE

GEOTECHNICAL ASPECTS
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A Preface

Chapter 1

INTRODUCTION

The following sections present the constitutive model and the finite element implementation.
The discussion is limited to features which are actually used in the program. No attempt is
made to give a general overview of numerical methods in soil mechanics.

The proposed models include elasticity, various plasticity models, time dependent behavior
resulting from consolidation, and creep.

Sign convention are different in continuum and soil mechanics. Both sign conventions are
used in this text; variables which are positive in compression are underlined, in order to avoid
possible confusion.
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A Preface A A Introduction

1.1 NOTATION

General rules

e underlined variables (like stress o, pressure p, etc.) are positive in compression

e overbarred symbols mean the parameters with prescribed (known) value (p, @)

e abbreviations in sub/superscripts

cr creep
e elastic part
e element
eq equilibrium
Ext external
F  fluid
L liquid
m mean
max maximum
min  minimum
n normal direction
p plastic part
tot total
0 reference state
oo infinity
Symbols
Latin symbol Sl units
b;, b N/m3
Cijkl,C N/m2
Dijk‘er N/m2
G N/m?
g  m/s?
E  N/m?
e _
67;]' -
ki, k m/s
K  N/m?
n;, N -
n _
u;, ua m
p N/m?
Q kg/(s m?)
Vi, v m/s
RMC N/m2
S _
S, -
Sij N/m2

ZS0il®-3D-2PHASE v.2023

Meaning

body force vector

compliance constitutive tensor
stiffness

Kirchhoff modulus

earth acceleration

Young modulus

void ratio

strain deviator

permeability tensor

bulk modulus (solid)

normal vector

porosity

displacement vector

pressure

mass source

relative fluid velocity

radius of the Mohr—Coulomb circle
saturation coefficient

residual saturation coefficient
stress deviator

TM-10



A Preface A A Introduction

Greek symbol Sl units Meaning
Eijs € - strain tensor
n  Ns/m?  fluid viscosity
v N/m3  specific weight

' =00 m boundary of the domain €2
r, m boundary with imposed pressure conditions
r, m boundary with imposed flow conditions
Iy m boundary with imposed seepage (i.e. pressure dependent) flow conditions
Iy m boundary with imposed traction conditions
I, m boundary with imposed displacement conditions
A N/m? Lame constant
v - Poisson coefficient
p kg/m® mass density

oij, 0 N/m?  stress tensor
oy, 0’ N/m?  effective stress tensor
Tij, O N/m2 shear stress tensor

ZSoil®-3D-2PHASE v.2023 TM-11



A Preface A A Introduction

1.2 SOME IMPORTANT FORMULAE IN TENSOR ALGEBRA AND
ANALYSIS

In mechanics several tensorial variables of different rank are used. Examples are:

scalar (zeroth rank tensor) — density p, temperature T', energy W, ...

vector (first rank tensor)— displacement vector u, velocity vector v, ...

dyad (second rank tensor) — stress tensor o, deformation tensor € , ...

— fourth, sixth and higher rank tensor — material tensor ...
Some rules of calculations with tensors in the three-dimensional Euclidean space are presented
in this section. The direct (symbolic) and the component notation of tensor quantities are

used. For shorter writing we introduce the Einstein's summation convention (repeated index
in some term in the expression requires summation)

3
—|—azbz+:—i—ZaZbZﬁL:—|—albl+a2b2+a3b3—|—
i=1

¢ is a dummy index.

ZS0il®-3D-2PHASE v.2023 TM-12



A Preface A A Introduction

] Window 1-1: Scalars, vectors and tensors |

SCALAR

Scalars are variables, which are fully independent on the choice of coordinate system (invariant
variables) because they have no orientation.

VECTOR
Vectors can be written as
a:a1e1+a2e2+ageg, a — (Cll,ag,CLg), a — (ai), ] = 1,2,3.

The a; are the coordinates of the vector, which are related to the vector basis e; with respect
to the given coordinate system. This vector basis is assumed to be an orthonormal basis

le;| =1, ei-ej:{ (1) z#i
The scalar product (inner product, dot product) of two vectors a and b is defined as
a-b=ae; - bje; =abje;-e; =abjd;; =ab=a; ;= { L Z:j
6 T e = 00 P00
The dyadic product of two vectors a and b
ab = a;e;bje; = a;b;e;e; = T;e;e; =T.
In some textbooks for this product the following designation is used
a® b = ab.
SECOND RANK TENSOR With the help of the dyadic product the second rank tensor
T can be introduced
T = ab = a,b;e;e; = Tjje;e;.
For the second rank tensors T and S we define the following products:
Scalar product e.g. tensor product with the contraction
T :S =Tjee; : Suere, = TjjSueidner = TijSjeie; = Mye;e,
which leads to a second rank tensor.
Double scalar product e.g. tensor product with the double contraction
T 0 S =T, ee; - Spere, = Ti;Sud;rou = TijSj = «,
resulting in a scalar.
HIGHER RANK TENSOR
In a similar way (by dyadic product) we can define tensors of higher ranks:

the 4th rank tensor (YA = abed = a;b;c dieje e e, = TS =
TijSkleiejekel = Aijkleiejekel

the 6th rank tensor (B = abcdgh = TSP =
Ti; Sy Prneiejereene, = Bijumneiejereeney,.

Also tensor products (from uni- to multi- scalar) can be defined.

| Window 1-1 |

November 6, 2023 QuickHelp DataPrep Benchmarks Tutorials
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A Preface A A Introduction

‘ Window 1-2: Special for second rank tensors |

Unit tensor (identity tensor) I
I= 51'3'81'8]'

Transposed tensor T"

T=ab — T' =ba,
T = Tijeiej — T = T’ijejez‘ = T’jieiej7

Symmetric tensor

If T =T" (Ti; = T};) then tensor T is symmetric
Antisymmetric tensor

If T =—T" (T;; = —T};) then tensor T is antisymmetric
Trace of the tensor

trT:I::T:Ei:T11+T22+T33.

Tensor decomposition

The tensor T may be decomposed into two parts: axiator and deviator defined as follow:
Axiator (spherical tensor); denoted At or TA

1 1
AT = 5(1 o T)I = §Tkk5ijein

Deviator denoted D or TP
1
Dr=T-—-Atr = (Tij — ngk5z’j)eiej

so
T =Ar+ Dy

! Window 1-2 ‘
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A Preface A A Introduction

| Window 1-3: Transformation rules for tensors |

The rules of transformation from one coordinate system to a rotated system (marked with ‘)
for tensors of the rank 2, 4 or 6 are (all indices range from 1 to 3)

/
Qzj = QpiQpnjlmn,
/
ikl = QmiQnj Qs Qi bmnst,
/
Cijklop =  OmiOnjQsk O OyoQypCrmnstun -

The «;; are the elements of the transformation matrix (direction cosines):

a;; = cos(e], e;).

! Window 1-3 ‘

Window 1-4: Eigenvalue problem for a second rank tensorl

The eigenvalues A\ and the eigenvectors (eigendirections) n for a second rank tensor T can
be obtained from the solution of the following equations

The eigenvalues follow from the condition that nontrivial solutions are existing, which leads
to the characteristic equation:

The roots of this equation A), @ = 1,2,3 sort in the ascending order (e.g. Ay > Ay > A3)
are called the principal values. It can be shown that in the case of symmetric second rank
tensors all principle values are real.

For each root we get the eigenvector (eigendirections, principal directions) ng.o‘), a=1,2,3
from the system

(T11 — )\)711 + T12n2 -+ T13n3 =
T217’L1 + (TQQ — )\)ng + T237’L3 =
Tsing + Tang + (Ts3 — AN)ng - =

2 2 2
n1+n2+n3 -

— o o o

| Window 1-4 |
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| Window 1-5: Invariants of a second rank tensor |

Invariant terms are independent on the choice of the coordinate system. Such a system of

invariants can be related to the coefficients of the characteristic equation (1) rewrite in the
form:

det(T — AI) = \* — [;(T)\* + I(T)A — I3(T) = 0. (1)

The I; are called principal invariants, defined as:

Linear principal invariant
L(T)=tT=T:1=T,,

Quadratic principal invariant

1 1
B(T) = 5 [JH(T) = J(T?)] = S(TTy; — Ty Ty0),
Cubic principal invariant

L(T) = %[Jl(T3)+3J1(T)J2(T)—Jf(T)]

1 3 1 2 1 3
= §J1(T ) — §J1(T )J1(T) + 6‘]1 (T)

In the stress space very often we use invariants of the stress deviator D? = s;;:

J =0
1
Jg = §Sij8ji
1
J3 = gsijsjkski

Cylindrical invariants of stress tensor (Haigh and Westergaard):

= —I

é \/g 1
cos3f = ¥J3J2_3/2

p = 2J2

Invariants commonly used in geotechnical material models are:

1
=—-]
p 3 1
q=3J2

| Window 1-5 |
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| Window 1-6: Cayley-Hamilton theorem |

The second rank tensor satisfies characteristic equation
T3 — [,(T)T? + I,(T)T — I3(T)I = 0,
which enables the representation of T™ (n > 3) as a linear function of T2 T, T’ =1, e.g.,

T? = [,(T)T? — IL(T)T + L(T)L

| Window 1-6 |

| Window 1-7: Derivatives of the invariants of a second rank tensor |

A scalar-valued function of a second rank tensor can be represented by

Y= 1/1(T) = 1/1(T117T22, s 7T31).
Then we can calculate the derivative by the following equation

-
T oT N 8Tkl

On the other hand the derivatives of the invariants are

(T = I, J(T)r=2TT, J(T%=3T",
L(T)r = A(TI-TT,
J(T)r = T2 — J(T)TT + Jo(T)I = J5(T)(TT) .

So, we finally get

Y1, Jo, Jsr = (81/} + J; 09 + Jo &b) I- (8_1/} + J18—¢> Tt + a—¢T2T.

05 0Jy 0J3 0J, 0Js3 0J3

These calculations can be helpful for the use of the representation theorem of an isotropic
function
P =F(T) = vl + 11T + v, T%

The coefficients v; itself are functions of the invariants

v; = v; [J1(T), Jo(T), J5(T)] . (1)

| Window 1-7 |
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| Window 1-8: Transition from tensorial to matrix notation |

It is assumed that stress/strain components are ordered in column vectors as follows:
T
o = { Ozz Oyy Tay Ozz Tazz Tyz }

T
e={ €w Eyy Vay Ezx Ver Vy: }
The following table is used to extract vector components from appropriate tensorial objects:

1/7 ik /i
1

ST W N
=Wk N
W W NN

2 3

With the above table we can set:

- I-th component of stress vector o : o1 = Oi)(I)

- I-th component of strain vector € : €1 = €i(nj(r) (shear terms have to doubled)

- I-th, J-th component of stiffness matrix D : Dy = Diuyjnrni)

| Window 1-8 |
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‘ Window 1-9: Example: 2nd rank tensor in 2D spacel

Transformation rule

The (u,v) coordinates system is rotated from (x,y) one by ¢ angle

tmx + tyy + tacm -

2 2
tma:"‘tyy tzz_

2 2
tyw — ¢

% Sin 2 — t,y cOS 2¢

t
tuw = typCOS> © + tyy sin® © + 2ty sinp cos p = Y cos 20 + tyysin2¢

t
tow = tppsin’ ©+tyy cos? © — 2ty Sinp cos p = Y cos 2 — tyysin2p
tuw = —(tze — tyy)sinpcos + t,, (COS2 ¢ — sin? go) =

Principal coordinate system (o — 6)

xy

/Il

e mmmmp e ———

Y S I
1 1
L 1 E(tl +1y) /
P P R e DL
Xy
1 A In
e N
v e t
i ! X 1 » lxx
: -
L_- 1
<-l lyx i \E\& 2(p txy t,vy
¢ g i
iy *t i oo N
W I : 3 \
i 1
L E(t\’«f +tyy) !
i Ly
def 1 2t
tig =t9; = 0 & 6 = — arctan <¢
2 Tr tyy

Diagonal, principal (max/min) components

2
[ tpr — 1
t1,2 = tmax,min = Tyy + \/(Tyy) + t%y

Maximal out—of diagonal component

Position of the coordinate system:
t1o — max & @ = %arctan (%)
e.g. such system is rotated from principal one by 45°
Maximal value of out-of diagonal component
i —t
2

max
tuv

| Window 1-9 |
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Chapter 2

PROBLEM STATEMENT

In following sections formulations of problems available to be solved are given. In particular:

SINGLE PHASE

TWO PHASE
TRANSIENT FLOW
HEAT TRANSFER
HUMIDITY TRANSFER

They contain governing differential equations and boundary conditions (strong formulation).
Despite this, for each problem variational formulations (weak form) are given which are the
basis for numerical solution.

ZSoil®-3D-2PHASE v.2023 TM-21



A Preface A A Problem Statement

2.1 SINGLE PHASE, SOLID MEDIUM

‘ Window 2-1: Strong form of the boundary value probleml

0o
4 op+—2dx,
0

X

v O2»

Equilibrium of the single phase medium

Equilibrium equation:
Oij.5 + bz = 0, in

Boundary conditions (BC):

traction BC: o;n; =t;, on I}
displacement BC: u; = u;, on I,
r=r,ur,

Strain—displacement relation (analysis of the small strain tensor and the linear relation is

assumed):
1

€ =5 (wir i)
Constitutive equation (incremental form e.g. & means a stress increment Ao)
0ij = Cijriéri

where Cjjp; is the 4th rank constitutive tensor

! Window 2-1 ‘

Related Topics

e THEORY MANUAL: TWO-PHASE MEDIA
e THEORY MANUAL: WEAK FORM
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2.2 TWO-PHASE PARTIALLY SATURATED MEDIUM

The simulation of a two—phase medium is necessary in order to account for time-dependent
behaviour resulting from consolidation and/or transient flow. Actual creep will be discussed

later on.

The boundary—value—problem to be solved requires the coupled solution of conservation of
mass and momentum in both the solid and the liquid phases, together with boundary and
initial conditions. The general transient case is considered here.

The Windows in section present:

Two phase medium model — Window 2-2

Equilibrium of two phase medium — Window 2-3

Strong form of BVP for two phase partially saturated medium — Window 2-4

Strong form of BVP for two phase fully saturated medium — Window 2-5

Window 2-2: Two—phase medium modell

air
n
fluid
(1—mn) solid

n(l—.9)

nS

n — porosity
S — saturation ratio

The two-phase medium is in fact an approximation of a three-phase medium where it is
assumed that the air bubbles are trapped in the liquid phase so that the mixture (fluid + air)

forms a compressible fluid obeying Darcy's law.

| Window 2-2
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| Window 2-3: Equilibrium of two—phase medium |

oo’ 0
4G+ on dx, + p+—pdx2
ox, 0x,
621 +&dx2
_— 2
b,
o' +p
c b +@de
12 ox,
X, —t
G
S'ptp
v
X

bi denote body force, p is the fluid pressure (positive in tension). o7; is used here for the
effective stresses (positive in tension) — see problem statement for:

Partially saturated medium — Window 2-4
Fully saturated medium — Window 2-5

Equilibrium equation:
Oij7j+bi:0 on QxT

Strain—displacement relation (analysis of the small strain tensor and the linear relation is

assumed):

5 ()
52’3‘25 Wisj TUjsi

Constitutive equation (incremental form e.g. & means a stress increment Ao)
0ij = Cijricn

where Cjjy; is the 4th rank constitutive tensor

| Window 2-3 |
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‘ Window 2-4: Strong form of BVP for 2—phase partially saturated medium problem

Effective stresses o7;:

, o~
Uij = Uij — OéSp(Sij,

where & is the elastic Biot coefFi~cient, S can be selected as a saturation coefficient S* or as
a corrected effective saturation .S, defined as follows

1 —

S, Srnm if p>0 Sa

S =S(p) = [1—1— (a£> } 1
TF

1 if p<0
~ 1 S—Sf,« 1/nm
S, = S =

(=%) i
Se

~_1_Kt _1_1 0 =ﬂ
a = K, m = - Y

Ve stands for the unit weight of fluid, .S, is the residual saturation ratio, a, n and m are
the soil water retention curve (SWRC) parameters, for van Genuchten's model, while K; and
K are elastic solid and solid grains bulk moduli respectively. The assumed form of the S,
enforces monotonic and asymptotic behavior of the Sp when suction p tends to infinity. For
any n parameter value, Sp — Y/ for p — oo, In this way, the resulting apparent cohesion
can be controlled in order to avoid unrealistic excessive values. Parameters «,, n and .S, can
be optimized for the coarse grained and fine grained soils through the best fit to the Modified
Kovacs model that can easily be identified using basic geotechnical data ie. eg, dgy and dig
for coarse grained soils or ¢y and LL (liquid limit) for undeformed fine grained soils 2 °.

Flow equation (the Darcy law — Window 3-4)

% P
! TF ’

The permeability tensor k; is obtained by scaling the k;; tensor for fully saturated medium
by scalar valued function k, which depends the saturation ratio S.

1_“_kL ——————————— kA
k. = S2 (Irmay) . —X
or 5 |
o= (- (1-s2)") i
r e e |
|
(Mualem) 0 p i ,
0 . ! 0 Yo

1Van Genuchten (1980) A closed form of the equation for predicting the hydraulic conductivity of unsat-
urated soils. Soil Sciences Am. Soc., 44, 892-898.

2M. Aubertin, M. Mbonimpa, B. Bussiere, and R.P. Chapuis. A model to predict the water retention
curve from basic geotechnical properties. Can. Geotech. J. 40: 1104-1122 (2003)

3M. Mbonimpa, M. Aubertin, A. Magsoud and B. Bussiére. Predictive Model for the Water Retention
Curve of Deformable Clayey Soils. Journal of Geotechnical and Geoenvironmental Engineering, Vol. 132,
No. 9, September 1, 2006
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Mass balance:

where n is the porosity defined by the void ratio e

e void volume
n= , e=
1+e

solid volume
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Continuity equation:
aSerk + Qrk = D

with ¢ the specific storage coefficient?

S ds a—n ds
c-c(p)-n(K—w—d—p>+ K S(S—£p>

K, is the water-air mixture bulk modulus defined as

1 S 1-S5

K., K5 K,

K is the fluid bulk modulus and K, is the air bulk modulus at the atmospheric pressure
(K, = 100 kPa).

Boundary conditions:

on solid phase on fluid phase
q;n; = (j on Fq
qnj =qs on I
p=p on I},
r=r,+1I; =L, +T;+T%

oijnj:t_i on Ft
u; =u; on Iy,

The seepage surface requires a special treatment as the applicable boundary condition is
unknown a priori. Boundary condition on T';:
p=0 on I ifS=1
D =pPex on I',if =1 and pg, imposed
g=0 on TI',ifS<1

This boundary condition is satisfied through penalization imposing

7=0 if p>0inthe domain and pg,: = 0
g = —ky,p if p<O0inthe domain and pg =0
7= —ko(p — Pext) Vp in the domain and pg. # 0

with k,, a fictitious permeability (penalty parameter) and pg,. the pressure on the external
face of I'y; pex = 0 corresponds to atmospheric pressure.

Initial conditions

| Window 2-4 |

“R. W. Lewis, B. A. Schrefler (1998). The finite element method in the static and dynamic deformation
and consolidation of porous media. John Wiley & Sons. Second edition.
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S<1
/ £,<0
I,
7y % ==& T — )
= H q_o r
Ll . . SE \ N
saturation line | =0
ol e | sy cfle ) .
£,>0 H = r
s H(1)
v E A A
q=0 I, \seepage element with

penalty permeability «,

Boundary conditions for typical flow problem (damping)

Window 2-5: Strong form of BVP for 2—phase fully saturated medium problemL,

It can be treated as the particular case of partially saturated medium for which S, — 1 e.g.
S=1land S, =1.

Effective stresses o ;:
O';j =04 — &pcsm
Continuity equation:

e + noa-n
a — R
kk T Qk,k Kf K,

)p:o in QxT
Flow equation (the Darcy law — Window 3-4)

¢ = —kij®; = —ki (q) =24 z)
TF J

k;; is the permeability tensor and ¢ stands for proper weight of fluid.

Boundary conditions:

on solid phase on fluid phase
oiyn; =t on Iy gin; =q on T,

u; =u; on Iy, qgin; =qs on I

r=r,+1, '=+4+I,+7T,

Initial conditions

! Window 2-5 ‘
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‘ Window 2-6: Strong form of BVP for 2—phase undrained probleml

Modeling undrained behavior is meaningful for fully saturated low permeable media. How-
ever, formulation shown below is formulated for the general case of fully/partially saturated
medium. As the undrained driver can be run after the initial state analysis (hence the pore
pressure field at steady state is nonzero) we will distinguish between the pore pressure gen-
erated by two-phase drivers (uncoupled or coupled) denoted by p and excess pore pressure
(produced exclusively by the undrained drivers) denoted by Ap

Effective stresses o/;:

0y = 0ij — aS(p)(p + Ap)dy;

Suction pore pressure cut-off condition:

S(p)(p + Ap) S Peut—of f Zf(p + Ap) Z 0
Reduced continuity equation:

1

E - solid elastic Young's modulus
¢ — penalty factor (10° = 108)

Boundary conditions: To be set as for single-phase problems

| Window 2-6 |

Related Topics

e THEORY MANUAL: TRANSIENT FLOW

e THEORY MANUAL: SINGLE PHASE, SOLID MEDIUM

e THEORY MANUAL: TWO-PHASE MEDIA. APPROXIMATION AND MATRIX FORM
e THEORY MANUAL: TWO-PHASE MEDIA. WEAK FORM
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2.3 TRANSIENT FLOW

Transient flow problem formulation may be derived from two—phase media formulation, see
section 2.2. The only primary state variable is pore pressures p. In continuity equation, term
resulting from skeleton volume changes &y should be neglected. Constitutive relation for
the flow (generalized Darcy law will take identical form). Also boundary conditions for fluid
phase are identical as in the case of two—phase media.
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2.4 HEAT TRANSFER

Following section gives steady state/transient heat transfer formulation for the isotropic case
of 2/3D continuum, including differential equation, boundary and initial conditions.

’ Window 2-7: Heat transfer formulation in strong form }

e Fourier equation:
OH LOT

(A T,z‘),ﬁ‘ﬁ =c n

on

e Boundary conditions:

» Temperature BC , with prescribed temperature T':
T=T on I'y
x Heat flow BC , with prescribed heat flux g:
)‘g_?; = —q on I,
x Convective BC , with prescribed ambient temperature 7.:
ML = —n(T—T.,) onT,
Note: (I, Ul )UT7z=T; but (T,Ul',)NIr =2

e Initial condition:

Known temperature field 7 at time ¢ = 0: T(x,0) =Tp(x) on

where :
T temperature, [°K]
t time, [day]
A heat conductivity, [kN/(°K day)]
¢* =cp heat capacity, [kN/(m? °K)]
c specific heat, [kN m/(kg °K)]
p mass density, [kg/m?3]
q external heat flux, [kN/(m day)]
T. ambient temperature, [°K]
h heat convection coefficient, [kN/(m °K day)]
H heat source [kN/m?]

| Window 2-7 |

Note: (I',UT'.)UI'y =T but (I',Ul'.)NI'y = @ which means that setting temperature B.C.
exclude other boundary conditions at given part I'7, while heat flow B.C. and convective
B.C. may coexist on a common part of the boundary i.e. mixed condition may be set on
I,Nr, as: )\g—z +h(T —T.)+q = 0. Leaving a part of the boundary with no B.C. specified
explicitly, corresponds to setting no heat flow, i.e. adiabatic condition g—: =0 on it.

Steady state problem described by Laplace equation

(>\ Tﬂi)ai: 0

November 6, 2023 QuickHelp DataPrep Benchmarks Tutorials
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can be formulated. Physically, it describes continuum at thermal equilibrium state, while
mathematically it corresponds to a limit of the transient problem at time ¢ — oo with all
state variables independent from time.

It is possible to define A(T") and ¢*(T') as explicit functions of temperature.

The source term H adopted in the formulation is related to the phenomena of heat emission
during concrete hydration process and is described by the following set of equations:

Window 2-8: Concrete hydration heat source 1

e heat source as a function of maturity M :

H(t,T) = Hoo%

e maturity M as a function of absolute temperature 7" and time ¢:

t

M(L,T) = /eXp {% <Tif - %)] dt

tq
where:
H,, total value of concrete hydration heat per unit volume [kJ/m?],
a heat source parameter [1/day]
b heat source parameter -]
@)/R activation energy/universal gas constant [°K]
Ty reference temperature, normally 20°C = 293°K [°K]
tq dormant period [day]

! Window 2-8 ‘
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2.5 HUMIDITY TRANSFER

Following section gives steady state/transient humidity transfer formulation for the isotropic
case of 2/3D continuum, including differential equation, boundary and initial conditions.

’ Window 2-9: Humidity transfer formulation in strong form }

e Ficks equation:

oW

(D(W)VV” )n' = W on

e Boundary conditions:

x Humidity BC, with prescribed relative humidity
w :W on FW

» Perfect isolation, with humidity flux g, = 0:

_ o(DW
—Qw = (an):O on I,

x Note: I' UI'wy =17 but ') NI'y =90

e Initial condition:
Known relative humidity field 1V, at time ¢ = 0: W(x,0) =Wy(x) onQ

with :

W moisture potential, i.e. relative humidity ]

t time, [day]
D(W) diffusion coeffcient as a function of W, [m? /day]

1—a
DW)=D,|a+ ——— where:
1+<ﬁ%>

D, diffusion coefficient for a moisture potential of W =1, [m?/day]
|4} moisture potential at which D(W) = 1D;(1 + a) [—]

a factor, to define diffusion at low relative humidity [-

| Window 2-9 |

Note: I'y UT'y =1'; but I'y NT'yw = @ which means that setting humidity B.C. exclude
perfect isolation BC at given part ['y,. Leaving a part of the boundary with no B.C. specified

explicitly (default), corresponds to setting no humidity flux, i.e. perfect isolation condition

a(D—W):00nit.

on
Steady state problem described by Laplace equation

can be formulated. Physically, it describes continuum at diffusion equilibrium state, while
mathematically it corresponds to a limit of the transient problem at time ¢ — oo with all
state variables independent from time.
November 6, 2023 QuickHelp DataPrep Benchmarks Tutorials
ZSoil®-3D-2PHASE v.2023 TM-33



A Preface A A Problem Statement

ZS0il®-3D-2PHASE v.2023 TM-34



A Preface

Chapter 3

MATERIAL MODELS

ELASTICITY
CREEP
CONSOLIDATION
PLASTICITY
SWELLING

AGING CONCRETE
APPENDICES
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3.1 ELASTICITY

Hooke's law is used as the basis of the model. In the subsequent windows a review of formulae
from general to some particular cases is presented:

Hooke’s law
Plane Strain

Axisymmetric Analysis

To simplify the writing, different sets of material constant are introduced. The relations
between Lame’s constant A\ and p, the coefficient of compressibility K, Young's modulus E
and Poisson's ratio v are given in Table 3.1:

Table 3.1: Elastic constants

A G=u E v K
W \ . w(3X + 2u) A 3N+ 2
. - A p 20\ + p) 3
v E
E E 7
A —20) | 20+ v} 3 3(1— 20)
3K —2 K K—2
K p = @ SKp ° a K
3 3K+ | 2BK +p)
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| Window 3-1: Hooke’s law |

Generalized constitutive equation

where D,y is the modulus tensor with 36 independent components

0ij = Dijrien

Orthotropic case — 9 independent material constants

€11 =

€22 =

€33 =

Y2 T

1 - va Va1
— 011 — — 02 — —033
Ey E, Es
Vi 1 - Vs
——=011 — =02 — —033
E FEs FEs
Vs vas 1 -
———011 — — 09 — —033
Ey E, Es
1 1 1
—012, Y13 = — 013, Yoz = —— 023
12 13 Hag

Isotropic case — 2 independent material constants

Isotropy conditions:

<

=

one obtains:

Vig = Vo1 = V31 = V13 = Vo3 = V32

= E,=F, = Ejs
H12 = H13 = Hos

1

€11 = E(Ull—V022—V033)
1

€o9 = E(—V011+022—V033)
1

€33 = E(_VUH_VU22+033)
1 .

Yij = T O0ijs i F

Isotropic case: tensor notation

Strain vs stress

Stress vs strain

Isotropic case:

g = (14 v)oy — voRkdij]

045 = )\Ekkéij + 2/16@'

volumetric—deviatoric split

OLk 3K5kk

Sij = 2Hei

si;, €i; denote the components of stress and strain deviators respectively

(3)

(4)

(5)

(6)

| Window 3-1 |
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| Window 3-2: Plane Strain |

Plane Strain assumptions:

€33 = €13 = €93 = 0

Under the above assumptions from Eqs (4) (Win.(3-1)), one obtains:

o33 = V(011 + 092) (1)
and y
1 ] 0
o —v c
om | =20 T - @)
o (1+v)(1—2v) | LV Y .,
0 0 2(1—-v) ’
or,
011 1 )\ O €11
o | = A A+2u 0 €99
012 0 0 % Y12
| Window 3-2 |
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‘ Window 3-3: Axisymmetric Analysisl

In an axisymmetric analysis, the following notation for coordinates and components of dis-
placements, in the cylindrical coordinates system, are used:

x1 = r — the radial coordinate u; = u, — the radial displacement
To =1y — the axial coordinate up = u, — the axial displacement
r3 = 0 — the circumferential coordinates us = uy — the circumferential displacement

Analysis of axisymmetric body is assumed as well as that all state variables are independent
of 0 i.e. they are dependent on r and y only. Hence three dimensional problems can be
reduced to 2—dimensional ones.

In the axisymmetric torsionless case it is additionally assumed:
Uy — 0
which results in

Erg = Eyo = 0

0',«9:0 and ay(;:O

Rewriting the constitutive equations in vector form, one gets:

- 1 —-v 0 —v o
811 = 1 0 —y 011
22 _ E 22 ) (1)
’712 E 0 O ; O T12
€33 v —v 0 1 033
First inverting the above stress—strain relations, one obtains:
011 A+ 2,u A 0 A €11
g2 | | A A2 0 A €99
Ti2 0 0 o0 Y12
033 A A 0 A + QIM €33

Remark:

Below matrix consists of the equivalent plane—strain matrix plus a fourth row and column.
Hence plane—strain conditions can be obtained from the axisymmetric case by ignoring the
fourth row and column, and setting 033 = (011 + 022).

| Window 3-3 |
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3.2 CONSOLIDATION

Primary consolidation is discussed in this section.

It results from the coupling of load—induced Darcy flow with the motion of a quasi—saturated
medium.

DARCY LAW
FLUID MOTION

Related Topics
e THEORY: TWO PHASE MEDIA

e NUMERICAL IMPLEMENTATION: CONSOLIDATION
e GEOTECHNICAL ASPECTS: TWO PHASE MEDIA
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3.2.1 GENERALIZED DARCY LAW

The generalized Darcy law is summarized in Window 3-4

‘ Window 3-4: Darcy flowl

Darcy's flow velocity®:

where:

q = nur

g=——i,=—ki

n

relative fluid velocity [m/s]

average velocity through holes [m/s]

porosity

permeability [m?] (function of porosity,

independent of fluid properties)
permeability coefficient [m/s]

fluid mass density [kg/m?]
earth acceleration [m/s?]
fluid viscosity [N s/m?]
pressure gradient [N/m?]
specific weight [N/m?]
hydraulic gradient [nondim.]

Three—dimensional extension (with appropriate sign convention),

q=—k:grad® = —k : grad(—pr/7¢ + 2)

and in indicial notation

(1)

(2)

(3)

! Window 3-4

1See K. Terzaghi (1943) Theoretical Soil Mechanics, Wiley.
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3.2.2 FLUID MOTION

Conservation of mass in the liquid phase is expressed by Eq. (1) in the following Window.
The time variation of apparent specific mass splits into two terms as shown in Eq. (2). The
variation of porosity can in turn be related to the volumetric strain, Eq. (3). The fluid density
change is related to the fluid's volumetric strain by Eq. (4). Assuming a slightly compressible
fluid, Eq. (5), replacing then in the mass conservation equation (Eq. (1), using Eq. (1)) and
with @ = 0, Eq. (6) is obtained.

The convective contribution can be neglected for small strain and Darcy flow, (v gradpg) is
small, this leads to equation (7) after division by pg.

If fluid compressibility is negligible, then the term in ¢ can be ignored. If consolidation effects
are negligible then the square brackets in (6) and (7) is ignored.

Window 3-5: Stress induced fluid motion in fully saturated porous medium }_

Conservation of mass

o F
P4 div (pPTF) =@ (1)
ot
where:
pF =npg — apparent specific mass
pe — specific mass of fluid phase
g=mnv" - velocity
() — mass source term (zero if no source)
n — porosity
Further, i
dp on Ope
-z ~F 2
ot o™ " 2)
with
on &skk
Z0 = IEhk 3
ot ot (3)
Opr Oy
— 4
op Oek,
£ g Skk 5
ot P ot (5)
results in 5 5
Ekk n op .
— — —=——=| +d =0 6
PF |: ot KF 8t:| + 1V(qu) ( )
Finally
et — ——p + Qe =0 (7)
kk KFP Aksk
with K¢ — the fluid bulk modulus.
! Window 3-5 ‘
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3.3 PLASTICITY

SKETCH OF PLASTICITY APPROACH
MOHR-COULOMB CRITERION
DRUCKER-PRAGER CRITERION

CAP MODEL

CAM-CLAY MODEL
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3.3.1 SKETCH OF THE PLASTICITY APPROACH

Plasticity is a nonlinear constitutive theory and leads to a nonlinear system of equations, which
is solved iteratively for Ad, the displacement increment, using a tangent (local) stiffness.
Once the displacement increment is known the corresponding strain increment results from
the usual strain—displacement relations. From the strain increment a trial stress can be
deduced which, if it lies outside of the yield criterion, must be returned onto the criterion
using a flow rule. This flow rule defines the direction of the stress return. The amplitude of
the return results from the consistency condition, which requires the new state—of—stress to
lie on the yield criterion. The objective, in this section, is to define precisely the new keywords
introduced for plasticity theory. The basic ingredients of the elasto—plasticity theory are as
follows:

Strain decomposition

Assume that the total strain increment (or rate) is the sum of an elastic €° and a plastic &”
contribution:
€=¢e"+¢f

and that the following constitutive equation holds:
o =D°¢E—¢P)
with D¢ the elastic constitutive tensor.

Flow rule

The flow rule defines the direction of the plastic flow by:

e’ =dAr(o,q)

where d)\ is a positive scalar which defines the amplitude of the plastic flow and r (in general
a function of the stress state o and set of a hardening parameters q) defines the direction in
space. The calculation of d\ will be described later on.

For associative plasticity the direction of the flow r coincides with that of the normal a to

the yield surface:
oF

" o
while for non—associative plasticity, we assume the existence of a plastic potential surface )
such that:

_9Q

- do

a=Tr

r

Hardening law

The most general form of hardening law can be expressed in rate form as follows:
q=dA h(o,q)

where h (in general a function of the stress state o and of a set of hardening parameters q)
is called hardening function.

November 6, 2023 QuickHelp DataPrep Benchmarks Tutorials
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The amplitude of the plastic flow

The amplitude of plastic flow can be derived from the consistency condition, which expresses
that the stress point remains on the yield surface during plastic flow:

. oF oF oF
F = —:0+—:gq=a:D°: (¢ —-¢&° —: C
o a+8qq a (€ e)+aqq
F
= a:De:(é—d)\I‘)-l-g—q:d)\h:().

From the above equation, in which the flow rule and the hardening rule have been applied,
the amplitude d\ can be evaluated:

i — (a:D°:¢€)
(a De:r)—g—zzh

Derivation of the elasto—plastic tangent matrix

Applying the amplitude d\ to the general constitutive equation the tangent elasto—plastic
constitutive matrix is defined in the following way:

: D€
6 = D°:(6—&")=D°:(é6—d\r)=D°: |¢é (a ;}
(a Deir)—a—qih
_ Ipe_ D¢:r:a:D : — DPe
(a:De:r) 8F'h
:De: 2q

In case of perfect elasto—plasticity (no hardening is introduced) the definition of the tangent

matrix reduces to:
De:r:a:D°

(a:De:r)

For a nonassociative plastic flow rule the resulting tangent matrix is nonsymmetric.

DeP — D°© —
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3.3.2 MOHR-COULOMB CRITERION

The Mohr—Coulomb (M-C) criterion is more common in soil mechanics. Traditionally, a soil
is described by its cohesion C and its angle of friction ¢. The M—C criterion then states
that the shear stress required for yielding depends on the cohesion, the friction angle and the
pressure normal to the slip surface.

Window 3-6: Mohr-Coulomb yield criterionl

b A/

L 4

G,
2 R
Mohr-Coulomb yield criterion
|7 |=c+o,tang (1)
where n
011 T 022
Py @
and,
RM® = ccos ¢+ psing (3)
is the maximum shear stress equal to radius of the Mohr circle at failure, i.e.:
MC (011 - 022)2 9
R™ = — 1 + 71y (4)

| Window 3-6 |
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3.3.3 DRUCKER-PRAGER CRITERION

The Drucker—Prager (D-P) yield criterion is, mathematically speaking, the most convenient
choice and often numerically the most efficient. The D—P criterion is defined in stress space,
by the following equation:

F(o) =agly +/Jo —k =0
where the invariants I; and J, are defined in Section 1.2 and a4 and k are positive material
properties. For as = 0, Huber—Mises criterion results.

Flow rule

Associative plasticity: the direction of the flow r coincides with that of the normal a to the
yield surface:
a=r= = qglii + ——
oo Y 2\/

Non-associative plasticity: the existence of a plastic potential surface () of Drucker—Prager
type is assumed:
0Q

0ij
80” aw J t o7

rij

2\/72
Notice that the corresponding flow is associative in the deviatoric component and non—
associative in the volumetric components, as a,, = ay.

Cut-off condition

The following tensile cutt—off plasticity condition can be activated in conjunction with the
Drucker—Prager plasticity criterion:

F(o) = —11 + v/ o — I{T = 0.

It has two basic features, first that maximum first stress invariant [; is limited to the value
I1, for zero deviatoric stress s and the second that the maximum stress ratio defined as:

q 3\/ 3J2

p L -
is limited to the value which can be reached in the uniaxial compression test.

The flow rule has been assumed as fully associated so the plastic flow vector r is:
oF 1

1
i':_:_(si"i‘— i

Tij Do /37 2\/723 j
Matching of Drucker—Prager criterion

Drucker—Prager constants could be derived directly from experiments, instead of calculated
from cohesion and friction angle. Assuming that the material is properly identified by a
Mohr—Coulomb criterion, the matching with the Drucker—Prager criterion can be done for
various stress states.

Three dimensional matching
Collapse load matching
Elastic domains matching
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‘ Window 3-7: D—P criterion: Three dimensional matchingl

Both criteria are represented in the deviatoric plane along with three—-dimensional matching
coefficients.

G,

axial compression M-C
D-P

G,

la

axial extension

Deviatoric sections of Mohr—Coulomb (M—C) and Drucker—Prager (D—P) criteria

External apices of the M—C criterion yields (axial compression):

. 2sin ¢ I 6c¢ cos ¢ (1)
* VBB —sing)  V3(3—sing)
Internal apices: 5 5
2sin 6¢ cos
e = V/3(3 + sin @) b= V3(3 + sin ¢) )

| Window 3-7 |
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Window 3-8: Matching of collapse load (plane strain conditions)

Matching collapse load of D-P and M-C criteria under plane strain conditions is the default
adjustment adopted in the program when plane strain is activated.

Assumptions:

perfect plasticity: e* << el =e*=0; e =¢° (1)
plane strain: &, =&, =¢5, =0 (2)
. 1
flow rule : Sfj =d\ Tri; = d\ (a¢5ij + 2—\/7282‘3') s (3)
rii= 0Q
Yo 0@]-
From (3)
533 = —2ay\/ Ja; 513 = 593 = 0
and invariants
3 {[(011 — 092) /2]2 + ‘7%2} (RM)?
11:—(0'114—0'22)—3& \/JQ; JQZ =
2 v (1—3a2) (1—3a2)
From D-P criterion (F(o) =ayl; +v/Jo — k = 0):
3 RMC(1 — 3aga
5011 +02) + ( ‘;’ v o (4)
(1 —3a3,)
one obtains
9.2
MC _ (1 3a1/)) —3a¢(011 + 0'22) n 2 (5)
(1 — 3agay) 2

Identification with Mohr—Coulomb criterion, Eq. 4

/(1 —3d2) /(1 —=3d2)
v ccosp =kr———— ) (6)

b3
Sin¢ = 3as a0 (1 — 3agay)’ (1 —3agay)

Associated flow a,; = a4

0y — tan ¢ b 3c (7)

V9 + 12tan? ¢ V9 + 12tan? ¢

Deviatoric flow a,, =0

a¢:SH31¢, k = ccos¢ (8)
ay, specified:
sin ¢ . -1 ) -1
ay = —3 (alpsm¢>+,/1—3afp) ; k:ccosqﬁ(awsmqﬁ—{—,/l—%i) (9)
| Window 3-8 |

ZSoil®-3D-2PHASE v.2023 TM-49



A Preface A A Material Models A A A Plasticity

‘ Window 3-9: Matching of elastic domainl

Plane strain conditions are assumed.

D—P criterion (square form of F(o) =asl; + v/ Jo — k = 0):
ai[f — 2a¢11k + l{52 = J2 (1)
and invariants:

I = (cuu+oxn)(l+v)

1
Jo = 3 [(011 —02)° (1 — v+ 1) + 011000(1 — 21/)2} + o2,

2
(D-P): <u> oty = k= 2ak(l+v)(on + o)
1
+(o11 + 022)? [ai(l +v)? — E(l —2v)?

2
(M-C) : (M> +0%y, = c?cos’p— 2% sing ¢ cos ¢

2
+ (—JH ; U22> sin? ¢

Matching the constant, linear and quadratic terms (011 + 092) yields:

sin ¢
“ T o1+t

€Cos ¢
v = 0.5

i.e. stress—state—independent matching is possible for arbitrary ¢ and ¢ only when v = 0.5.
Alternatively, when ¢ = 0, matching is possible for arbitrary ¢ for a specified v.

| Window 3-9 |
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3.3.4 CAP MODEL

While the constitutive models described previously could be applied to any kind of material,
the following one is more specific to soils.

Model is describe in the subsequent windows:

Yield surface

It combines the Drucker—Prager criterion with an ellipsoidal cap closure analogous to the
CAM-CLAY ellipse and the tensile cutt—off defined in Section 3.3.3 (if needed). Multisur-
face plasticity algorithms require the cap definition to be extended to the zone which is
covered by the D—P criterion (that is for p < pcs) where it takes the form of a cylinder. p,
denotes the preconsolidation pressure defines the current cap size. B

Flow rule
Associative flow is assumed on the cap; the corresponding flow vector is derived in Win.(3-
10).

Hardening law

The hardening law defines the evolution of the size of the cap yield surface. This requires
the evolution law for p as a function of plastic strain. The corresponding derivation
is given in Window 3-11, where Eqs (2) and (3) define respectively the total and the
elastic contributions in (4); Eq.( 5) results which relates the hardening parameter p_to the
volumetric plastic strain

Remark:

Underlined variables are positive in compression.
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‘ Window 3-10: Cap model: Yield surface and plastic flow vectorsl

q
F
CT F%
3 I f
Fea |
Fei
- p B
—— It Pcs Pe

Yield function criterion

Drucker—Prager criterion:
FDp:a¢Il+\/J2—k‘:0

Cap:

M? .
Fo= ¢+ poplp-p)p e~ ) =0 i p>p,
2
Fc2=q2+m(f’ -p)p,—p ) =0 if p<p_

Tensile cut—off:

B V3
with ]
q = V3J2, Jy = §3ij3ij
I b, + (1 = R)pr
P = —5, P =
= 3 Zcs R
k
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Flow vectors

Defined in reduced stress space ¢ = {q,p} are as follows:

(D-P): generally non—associated flow defined by a,,

v (140)

—3CL1/,

CAP: associated flow rule is used for both segments of CAP surface

2q

re; = M \? if
a (R—_l) (2p—2p_)

I3
v
S

2q | .
rCQ:[Oq it p<p_

Cut—Off: associated flow rule is used

- (45

| Window 3-10 |
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‘ Window 3-11: Cap hardeningl

Recall:

— relation between volumetric strain rate and void ratio rate

de
1-|-60

dEkk =

(1)

— void ratio evolution : derived from the logarithmic (e — In p) approximation of the virgin
consolidation path

A
de = ——d 2
o 92 (2)

—C

— void ratio variation for elastic unloading path

dp

des = (1 4+ eg)degy = —(1 + €p) I_(c (3)
Evolution law for p
— elasto-plastic volumetric strain increment
Ekk = Ehe + Ry (4)

From (1-3) the hardening law for p_is derived

A 1 1
deP — — - )4
Ckk <1+60Bc K) Pe

Evolution law for cap shape R parameter

p.—Dp
R=Rn— (RN — RO)—C——cO (5)
a+ ]—gc - ECO
parameters Ry and a are set automatically by the numerical procedure to preserve approx-
. : 0Q /0 . .
imately the same dilatancy d = Q/op for stress paths with stress ratio a_ 2 These
9Q/0q 2

depend on initial preconsolidation pressure Py and on pr. Ry is given by the user. This
parameter enables proper modelling of the K coefficient for normally consolidated state
(R() > 1)

| Window 3-11 |

ZS0il®-3D-2PHASE v.2023 TM-54



A Preface A A Material Models A A A Plasticity

Window 3-12: Evaluation of Peo> 1, from oedometer test

The initial preconsolidation stress p., and cap shape parameter R, can be set based on
oedometer test once gym (vertical_stress at which transition from secondary to primary
consolidation path occurs) and KN¢ (K, coefficient at state of normal consolidation) values
are given (see Window 3-13).

In the oedometer test the following relation holds (assuming that plastic strains are large

compared to elastic ones):
3
d_l{'/ = §d€pD

2
where: de?, = gdegdefj, dey, = —de;.

This equation can be rewritten in the form (using plastic flow rule and effect of hardening):

1 1 3/1 1
Eni dp + 77" dqg = 5 (Enqnq dq + 777" d]_))
0
where: n, = C;Cl (Qc1 = Foi— elliptic cap surface)
P
IQc1
ng = a4
dq/dp = n> (along K, path)
OFc O
H=--—-9% i—z‘jnp (plastic modulus for constant shape ratio parameter R)
0}_90 Oey,
r, _ 3(1- KN
2 KNC+1

| Window 3-12 |

Window 3-13: Procedure of evaluation of Peo, %, from oedometer test

Given material properties: e,, E, v, A, ¢, DP-size adjustment (ay, a,)

ovm (vertical stress at the transition point from secondary to primary consolidation line),
KNC(K, at state of normal consolidation)

Find: peo, R,
e initialize: NC
i 2 K 1
1 =0 pr = &, M = 3\/§a¢ p((:o_O) RS N avm

3CL¢) 3
e next iteration: 1 =1+1
e find R, (see Window 3-14) (for pr = 0)
e find modified shape ratio parameter Ry for real value of pr and Bz(:f)) (see Window 3-15)
o find corrected p{"*!) value (see Window 3-16)
e iterate until | pi"*Y) —p{ | > 1078

| Window 3-13 |
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| Window 3-14: R, evaluation!

1— K¢
Given: M,p., ne = q/p (at K, path) = 32(K§'C _: 1)

Find: R, (using bisection method)

e Initialize 1 = 0:
RV™=Y —1.01: AR =103

e Stepi=1+1:
RY =RY™ + AR
for given: M, Rl(,i), P n’e compute mean stress p at the intersection point of elliptic
cap surface F1 and K, line
OFc
Op,

¢

compute corresponding deviatoric stress: ¢ = an’]_) and n,, ng,

. . . 3
compute residuum of the governing equation for oedometer test: fr, = n,/n, — o

e if ¢ > 1 then
if fi&5t % fr, <0 then

set: RV = (RY) — AR,/2) and EXIT

else
save: fi25' = fi and go to next iteration
end if
end if

| Window 3-14 |
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\ Window 3-15: Ry evaluation}

Given: Peo
Find: modified shape ratio parameter R,y such that dilatancy parameter d = n,/n, is
the same along trial stress path n* = M /2 (some arbitrary path) both for elliptic cap with

pr = 0 and cap surface with real py value.

e Initialize 1 = 0:

Compute dilatancy parameter d, = n,/n, for given: pe,, pr =0, n™ and shape ratio
parameter R,

set: AR[N =0.01
set: Rl*t = R,

e Stepi=1+1
RV = RV + AR
for given M, peo, pr, n™ and shape ratio parameter R = RIN compute compute mean
stress p at the intersection point of elliptic cap surface Fo; and stress path line q/p = nM
compute corresponding deviatoric stress: ¢ = nK°]_9 and n,, ng

compute dilatancy parameter d = n,/n,

e if ¢>1 then

if d,>d** AND d,<d OR d,>d AND d,<d*" then
dlast d
dla st d

set: R (i+1)

= R + ° AR;y and EXIT
else

set: d'*' = d and go to next iteration
end if

end if

| Window 3-15 |

Window 3-16: Evaluation of corrected Q((fo“) value

Given: M, Ry, pr, V, Oym

Find: pl™
3(1 — K& (1+2K%)o
St:Kel: , KO: 0 , — o—VM, — K,
¢ R =T e T o B 3 1= Ta P
e For p, q, pr, M solve quadratic equation (elliptic cap equation) Fz; = 0 for unknown
p,(ffl value

| Window 3-16 |
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3.3.5 MOHR-COULOMB (M-W)

eYield surface The original M—C criterion (see Window 3-6) which leads to a non—smooth
multisurface plasticity problem, is substituted by its smooth, single—surface approximation,
being a particular case of a general 3—parameter criterion developed recently by Mentrey
(see Menétrey, Willam: A triaxial failure criterion for concrete and its generalization. ACI
Structural Journal 92(3) p.311-318). This criterion takes the form described in Window 3-17.

‘ Window 3-17: Menetrey criterionl

where &, p, 0 are Haigh-Westergaard stress coordinates equal to:
£ = I )
N 1
3
cos3f = 3—\2/?]3(]2 2 (3)
p = \2J (4)

with Iy, Js, J3 being the usual stress invariants (1-5)

Function 7y = 7¢(0,¢e), 0.5 < e < 1, describes the shape of the surface in deviatoric section

4(1—e®)cos® 0 + (2e — 1)
2(1—e?)cosb+ (2¢ — 1) [4(1 — €2) cos? § + (2 — 1 —(1- e?)]

Tf(ea 6) = 1/2 (5)

| Window 3-17 |

The eccentricity parameter e can be calibrated to fit exactly the Mohr—Coulomb surface
on both extension and compression meridians which leads to the smooth Mohr—Coulomb
surface. All other parameters of the generalized criterion are also expressed in terms of the
Mohr—Coulomb friction angle ¢ and cohesion ¢ as shown in Window 3-18.
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‘ Window 3-18: Mohr—Coulomb yield criterion by Menetrey criterion }—

Given:
¢ — friction angle, 0° < ¢ < 90°
¢ — cohesionc >0
3 —sing
S of 1
‘ 3+ sin¢ (1)
A = 0 (2)
3 —sing
By = ——— 3
! V24¢ cos ¢ (3)
1
Cy = —tang (4)
3c
mf = 1 (5)
Dy =1 (6)
a) b)
(‘—)1 Gl
5 T, o T,

smooth Mohr-Coulomb

———————— IWlohr-Coulomb

Deviatoric sections of the smooth Mohr-Coulomb vyield surface: a) ¢ =10°, e=0.89, b) ¢
=50°, e=0.59

| Window 3-18

eFlow rule

The flow rule which defines the direction of the plastic flow is given in a standard form:

.90

p_ 9@
& Aé?a'

The flow potential adopted here takes a form similar to the yield surface, but with assumption
that r is independent of Lode's angle

QE,p) = (qu)2 +my (Byprq + Cgf)

radius r, is taken as the radius r; for the extension meridian.

ZSoil®-3D-2PHASE v.2023 TM-59



A Preface A A Material Models A A A Plasticity

Other parameters of flow potential A,, By, Cy, m, are evaluated in a manner analogous to
yield parameters Ay, By, Cy, my by formulae of Window 3-18, but using the dilatancy angle
1 instead of the friction angle ¢.

The recommended form of the flow potential is identical with the Drucker—Prager flow po-
tential. It leads to non associated plasticity even in case when ¢ = 1 due to the different
forms of r, and r;. Alternative forms proposed here are tabulated below.

Plastic flow parameters

Flow type A B, Cy 1
Drucker—Prager 1
3
0<ay <ay 0 fi \[aw
2ky, ky,

ky and ay are computed from 1, c using tensile meridian adjustment
(putting 9 instead of into formula for k& one gets k,, value)

Axisymmetric Hoek—Brown 9 (\@tan . f, — ft) ) 5
(Hoek—-Brown or 1 1 —B,+——=fi | 4°< ¥, <35.3°
concrete models only) V3 (\[ — tan \Ilc) V2 V3
2

2
W.- dilatancy angle for uniaxial compression (f = —\J;%, p= \/;fc, 0= g)

eMatching the smooth Mohr—Coulomb criterion with Mohr—Coulomb criterion

The proposed smooth Mohr—Coulomb criterion reduces to a von—Misés criterion through
external vertices when the excentricity factor e tends towards 1, i.e when ¢ tends to zero. A
size adjustment must therefore be activated i.o. to achieve the proper stability results. This
consists in replacing the user defined cohesion ¢ and friction angle ¢ by adjusted values which
can be derived following the same reasoning as for the Drucker—Prager criterion; this is done
in Window 3.3.3-3.

Window 3-19: Matching of collapse load (plane—strain conditions)

. 1
EI;j =d\ iy = d\ (a¢5z~j + 2—\/723ij) (1)
(plane strain, €® <<)
ey =&y =¢e53 =0 (2)
November 6, 2023 QuickHelp DataPrep Benchmarks Tutorials
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from (1)
S33 = —2ay \/72; 513 = S3 = 0 (3)
I, = 2(011"1*022)—36%\/72:\/55 (4)
~ Allon —02) /2" + 0%}
S = (1 —3a3) (5)
B RQ B p2
Jy = m =3 (6)

replacing in Eq. (1) one gets, after some transformations

V6 V6
R = ICfCOSQﬁf—ﬂSanﬁf(Ull-f'O'Qz); (7)
index f is added on ¢ and sin ¢, cos ¢ to avoid confusion in Eq. (10) below:
B V2 (3 — sin gbf) r(e,0) — 2\/6(@ sin ¢

2,/1 — 3a, ©)

Identifying with the Mohr—Coulomb criterion of Window 3-17

V6
ccos g = €7 cos oF 9)
sin g = % sin ¢ (10)
and alternatively
< _ tan ¢ . (1)
¢y tangy

Special cases:

— arbitrary flow

r(e,0)(3 —sing;) — 2v/3aysing,
sin

2v/3,/1 — 3d3,

¢ (12)

0 results from

3V3 s
cos 30 = Tawﬁ (13)
2
which for plane strain failure and &° neglected yields:
— deviatoric flow yields
ay = 0  yields 6 = 30° (14)
) r(e,0)(3 —sing;) |
sin = sin 15
if in addition ¢ = 0, then ¢; = 0.866¢
| Window 3-19 |
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3.3.6 HOEK-BROWN CRITERION (SMOOTH)

The empirical strength criterion proposed by Hoek and Brown for rock masses is:

2
f(o1,00) = (‘“;"3) +¢hb% — =0

where 01,03 the material parameters ¢y, and ¢,, are measures of cohesive and frictional
strength, and f. designates for uniaxial compressive strength. This yield surface is generated
with the general yield surface presented in Window 3-20 by identification of the adjustment
parameters as presented next.

| Window 3-20: Smooth Hoek-Brown criterion |

Given f., f; and e , the uniaxial compressive, tensile strength, and the surface eccentricity.
0.5 < e <1 and the following eccentricity value is recommended 0.5 < e < 0.6.

V15 B 1 1 32 1) e

A = T = = C = = my = 9
! fc d \/éfc d \/gfc d fcft 1_'_6

c=1

It has to be emphasized that for given f., fi, f (fy-biaxial compressive strength) one may
compute the eccentricity ratio using the following formula:

AV RS Al )
25 (2= I~ (= 12)

> 4o

~N

o o \o%,
%

'\ 6
® Hubar—-ths\m\ \
@ Parabolic Leon
® Concrete faiure criterion \ &/
@ Drucker - Prager e s/
&
@ @.‘,:-//
=
‘5-/
. é“,/
/
. | 13
1 i | e [;
3 2 1 0 c

Calibration of the generalized criterion to: 1) Huber—Mises, 2) parabolic Leon, 3) smooth
Hoek—Brown

| Window 3-20 |

Remark:: The same flow rules as for the Mohr-Coulomb criterion applies.
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3.3.7 CUT-OFF CONDITION AND TREATMENT OF THE APEX

As an additional feature of most criteria a tensile Cut—off condition of the following form may
be attached if required

T <1

Imax — t

The presence of the Cut—off condition places the problem into the class of multi—surface
plasticity problems as the cut—off may be formally treated as additional stress constraint.

F 3 p>0
/’
Cut-off
/S a) i
Nel
|
| »
Stress return: | ‘b )
a) on the surface | /
b) fo the apex c)
¢) on the cut-off (if activated) -+ J AAPEX
I /' zone
&, | &

Treatment of the apex

The flow potential accompanying the Cut—off surface has an associative form:

Qo) = 1.

If the Cut—off is disregarded the surface possesses an apex located at the stress point

V3 4 f e V3 4
O'A: _57 ’ 07 Tg |7 Oa 0
|, 3D
with
A _ Dy
myCy

If the trial stress state is located inside of the apex cone which means it fulfills condition:

GByr
tr tr A I'q
pr < (£ =¢ )—ch

it would return to the apex.

In the case of an active Cut—off condition, limiting value I;, should be compatible with the
position of the surface apex, i.e.

i
V3
If the above condition is not met, then the maximum possible cut—off position is set auto-
matically as:

§,<(l—e)ét  with & = and =102
L, =V3(1—e)¢t
November 6, 2023 QuickHelp DataPrep Benchmarks Tutorials
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3.3.8 MULTILAMINATE MODEL

In this model the existence of up to M L., = 3 weakness planes characterizing anisotropy
of the material behaviour is assumed. On each plane separately, Mohr—Coulomb plasticity
condition and a tension cut—off condition must be fullfilled.

Window 3-21: Weakness plane plasticity conditionsl

rl11) = const. T
ft
b ®
- F(21) = g(21) = const.
\\\ *—
. \\\\\
elastic .
domain ¢ c N~ On
/ | _—
///
LT |+
—\ LT corner zone
=
Jdy Q
Q(3i) = const. 9

Yield function and flow potential isolines

FU) — 7+ 4 5, tang’ — ¢ O FU) = {tan @', 1}T (1)
QYY) =1 + g, tan ¥’ 9;Q1) = {tan W, 1}T (2)
F® — 7 4o, tang — ¢ 5 F) = {tang', -1} (3)
Q(zi) =—T+ o0, tanwi 3362(%) = {tan @/)i, —1}T (4)
FO) =g _ 1§, 05 FG) = {1,0}" (5)
06 — 5 Q%) = {1,017 (6)
Note:
s =0
| Window 3-21 |

This leads to a multisurface plasticity problem which require that a set of up to 3*ML .
plasticity conditions must be simultaneously fullfiled by any stress state in the multilaminate
material, i.e

Fe (a“‘)) <0, aelJ; J:{l,...,3ML}

T@ T are linear transformation matrices describing transition between (0., 0y, Tays 022),
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global coordinate system stress components and the i-th weakness plane components {0, 7}

(@) o 2 2
T —sc Sc c*— s
Ty
where :
s = sina®
¢ = cosa®,

Window 3-22: Multilaminate model (3D, Generalized Plane Strain analysis type case)

Fori=1,ML (ML < 3)

Weakness plane setting: i—th weakness plane plasticity conditions:

a0 a=0 4 |17l
fy

Y
‘ cut-off
=0 F=g
tggp

X 5<° X 1
a, 1 Elastic domain

Yield function expressed in terms of o, T

Weakness plane unit normal n: if o # 0:

_ [sinacosa cosacosf  sinasinf T £ (o, 7) = ||| + tan ¢o,, —
B a ’ a ’ a ‘
F(h) (0n7 ) =0p — ft
where:
Flow potential expressed in terns of o, 7
a= \/ cos? 3 + sin? asin? B; ,
0 0 QU (9,,7) = Il + tan o, —
if a =0: -
Q(h) (Um 7-) =0n — ft~

n = [0, cos 3, sinﬂ]T

. ’ ’ T
Expressions of F'(¥) () by full stress vector o = [ Ozzy Oyys Ozy, Oszy Ogzy Oy ]
normal stress:

o, =n" (on) =v'o, wherev=|[n2 n2 2ngn, ni 2ngn., 2nn. |,

tangent stress vector:

T:[Tx, Ty, TZ]T:gn—ann:Aa

where
n, (1 — ng) —nxng Ty (1 — 2ng) —nmng N, (1 — 2n§) —annynz
A= —nyni (1 — nz) N, (1 2n2) —nyn2 —2nxn§ N, (1 2n )
—nzn2 —2ngnyn; (1 — n2) ng (1 —2nyn;) ny (1 2n )

Y
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thus:
FY(g) = /oT(ATA)o +tan¢vio —c
F® (o) = vie—f,
QY () = VoT(ATA)o +tanyvio —c
Q¥ (o) = vie—fi
Gradients required by multi—surface plasticity closest point projection algorithm:
. 1
0,F1) = T (ATA) o + tangv
T
0,F?® = vy
. 1
2,Q1") = W (ATA) o + tanyv
T
2,Q% = vy

T
9.0 — L ATA_(ATL) (AT;) ‘
[l [l [l

| Window 3-22 |

This leads to a multi—surface plasticity problem which require that a set of up to 3x M L_Max
plasticity conditions must be simultaneously fulfilled by any stress state in the multilaminate

material, i.e.:
Fo)<0; aeld; J:{1, ..., 3ML }.

Plastic strains emerge due to violation of any of those conditions by the trial elastic stress.
The total plastic strain is the sum of each plane’s contribution.

= 4 05Q°

o=y e
«

NB : A perfectly elasto—plastic behaviour (no hardening) is assumed.

The flow rule is governed by a flow potential @), the form of which is analogous to the form
of corresponding yield function F. As the dilatancy angle 1)* specified for each weakness
plane may in general differ from the corresponding friction angle, the flow rule adopted is
nonassociative (Q # F*).

The model requires the data of M L, the number of assumed weakness planes (ML < 3).
For each i-th plane , (i =1,..,3M L) the following data should be specified:

inclination angle of i—th weakness plane
(£90 degrees, positive counterclockwise)
¢\ — friction angle
»®  —  dilatancy angle
) —  cohesion.

The following constitutive model is derived.

ZS0il®-3D-2PHASE v.2023 TM-66



A Preface A A Material Models A A A Plasticity

‘ Window 3-23: Physical origin of flow potential Ql

During plastic slip (7 = tan ¢o,, + ¢):

v TOn
T

s

I, v (Yn)

R Y Ton e = {en n) = Mtap, 1}

Frictional slide model to explain physical origin of flow potential

1 — dilatancy angle, ¥ # ¢

if 1) = ¢ — associativity is preserved.

| Window 3-23 |

‘ Window 3-24: Constitutive equations of multilaminate modell
o = D:(e—¢€P) (1)
=) 4"0Q° (2)

with yield and loading/unloading conditions for o € {1,2,...3M L}

¥ =0 (3)
Fe) < 0 (4)
9 F (@) = 0 (5)
Y FY (o) = 0 (6)

In expanded form

if Fo(0) <0or F*(o)=0 and F¥o) <0 = 4*=0
if F() =0 and F(o)=0 = 5%=0

(v — — — constraint is active).

| Window 3-24 |
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3.3.9 MODIFIED CAM CLAY MODEL

‘ Window 3-25: Yield and flow potential surfacel

The elliptical yield surface (and flow potential as well) is described by the equation (see Fig.
below)

Flop) =q+MZr*0)p(p—p.) =0

e
50 — :
40 9 ;
30 — Mc |
20 1
10 — | D pC
0 | ] ! |
20 40 | 60 80 100
pC/ 2 ! pc/ 2

Modified-Cam Clay yield surface

The M, parameter is the slope of the critical state line along compression meridian, p. is a
preconsolidation pressure adjusted along p axis and r(6) is a function of Lode parameter 6
describing shape of the yield surface in the deviatoric plane. The () function is taken after
van Ekelen.

r(0) = (1_?—812(‘%)) sin(30) = —?’Qﬁi{i n =-0229 a<0.7925
- 7

The relation between k = Mg /Mg (Mg is the slope of critical state line for the tension
meridian) and parameter « is as follows

_k%—l
Ew 41

«

and the default setting for the parameter k£ can be set as

Remark:

The applied 7(0) function is applicable for friction angles up to 46.55°.

! Window 3-25 ‘
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‘ Window 3-26: Nonlinear elastic behavior within yield surfacel

The reversible part of the deformation is governed via nonlinear elasticity assuming that
K = K(p), G/K =const. and the well-known formula for bulk modulus is applied

1+e¢,
p
K

K =

where e, is an initial void ratio, x is the slope of secondary compression line in e —In(p) axes.

Remarks

Shear modulus G is a linear function of p

Poisson’s coefficient v is a constant

Mean stress may reach a zero value for infinitely large tensile volumetric strains

Any calculation carried out with Cam Clay model requires explicit setting of the initial
stresses

| Window 3-26 |

Window 3-27: Hardening/softening law

The evolution of the hardening parameter is defined through the following equation

_l+e
N —k

dp. pe (—dey)

where \ is a slope of a primary compression line in e—In(p) system (see Fig. given below).

Primary compression

Secondary
compression

In{p.,) In(p)

Isotropic compression test

| Window 3-27 |

ZSoil®-3D-2PHASE v.2023 TM-69




A Preface A A Material Models A A A Plasticity

‘ Window 3-28: Modeling normally consolidated soils with modified C-C model }_

The Modified Cam-Clay model can describe basic macroscopic phenomena observed for nor-
mally consolidated cohesive soils. The model behavior is well represented if we consider a
standard triaxial compression test. In that case (OCR = 1), as shown in Fig. below, the
yield surface follows the current stress state.

350

300

CSL

M
1

imit state

OCR=1

250

200

Stress path

=
150 4

100 - Intermediate state

50

Y Initia[ state) |
0 50 100 150 200 250 300 350

P
Drained triaxial compression test (OCR = 1)

0

During the application of an axial strain to the specimen the compressive volumetric strain
is produced while deviatoric stress grows monotonically up to the value ¢ = M_p (see Fig.
below).

160
140
120
100 -

s 801 OCR=1
60
40
20 1
0 T T T
0 0.02 0.04 0.06 0.08
eps-dev
0 0.02 0.04 0.06 0.08
0
-0.001 ~
R OCR=1
T-0.003
% 0.004 +
' densification
-0.005 A
-0.006
eps-dev

Stress/strain characteristics (OCR = 1)

| Window 3-28 |
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‘ Window 3-29: Modeling overconsolidated soils with modified Cam-Clay model L_

The Modified Cam-Clay model describes also some macroscopic phenomena observed for
overconsolidated cohesive soils. A typical model behavior, analyzed for a drained triaxial
compression test (for OC'R = 5) is shown in figures given below. In that case the effective
stress path passes the critical state line until the current yield surface is met and then goes
down until critical state is achieved. This effect corresponds to strain softening.

600

%007 OCR=5 CSL

= 3007 Intermediate staté

200

/ '/ Limit state

100

Initial state
0 100 200 300 400 500 600

Y

Drained triaxial compression test (OCR = 5)

During the application of the axial strain to the specimen the compressive elastic volumetric
strain is produced first. Once the yield surface is met a dilatant volumetric strain is grow-
ing up tending to an asymptote at the critical state. The deviatoric stress does not grow
monotonically exhibiting peak and residual values.

250
200 | Strain softening
150
=
100 4
OCR=5
50 A
0 T T T
0 0.01 0.02 0.03 0.04
eps-dev
0 0.01 0.02 0.03 0.04
0.0025
0.002

0.0015 - dilation

eps-vol

0.001 -
0.0005 - OCR=5
0
-0.0005
eps-dev

Stress/strain characteristics (OCR = 5)

| Window 3-29 |
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3.3.10 HS-small MODEL

The detailed description of the model is given in the dedicated report.
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3.3.11 Hoek-Brown (true) MODEL

The detailed description of the model is given in the dedicated report.
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3.3.12 Plastic damage MODEL for concrete

A detailed description of the model is given in the dedicated report.
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3.4 CREEP

Creep is a time—dependent deformation under maintained stress. It is assumed that the stress
can be split into volumetric and deviatoric components and the corresponding time—dependent
strain components are the volumetric and the deviatoric creep. The following formulation is
adopted for one—dimensional creep :

e = e f(t) = 0C (1)

Creep is considered to be proportional to the instantaneous elastic deformation. C(¢) is the
creep law corresponding to a unit stress.

The three-dimensional creep law is then:
e = ED 'aC(t) = D,'aC(t)
and C(t) is assumed to be e.g. of the form
C(t) = A(t —to)"

where A and m are material parameters.

In most situations the same creep law will be adopted for both the volumetric and the
deviatoric components. Different parameters can however be chosen for the volumetric and
deviatoric creep components. Great care has to be taken in that case because this may
generate a Poisson coefficient which varies in time.

CREEP UNDER VARIABLE STRESS
CREEP PARAMETER IDENTIFICATION FROM EXPERIMENT
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3.4.1 CREEP UNDER VARIABLE STRESS

Creep under variable stress requires a principle of superposition. The adopted power law does
not lend itself easily to such in principle. It is therefore replaced, in the implementation, by
a series of Kelvin elements. This is described next in Windows 3-31 and 3-30.

The automatic adjustment of the Kelvin element parameters to the prescribed power law is
derived in Window .3-32

| Window 3-30: Kelvin element under constant unit stress |

Constitutive equation
q=Ge+ne

Creep strain increment, due to

where: H — Heauviside unit step function

gcr:é{l_exp {_%(t—to)”:A{l—exp [_é(t_to)”:

=oC(t —1ty) with o =1

N.B.:
e =0 at t= to
e = % at t=o00
y
L= "
G
q

Kelvin mechanical model

| Window 3-30 |
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‘ Window 3-31: Creep under variable stressl

Let the creep strain under variable stress be

t

e”(t)=Dy' q — / [0 (t) = o (70)]

70

oC(t —T)

d
or T

with Dy = E71D.

For unit stress and a single Kelvin element
1
Ct,r)=A {1 — exp [—E(t — 7’)} }
oC A t—r
or — B P\ B
For a chain of N Kelvin elements in series, and introducing the volumetric-deviatoric split

Co(t,r) = é,«; {1 —exp [—B%)(t _ 7)} }
Cu(t, ) = éA? {1 — exp [—Big@ - 7)} }

t

e2t) = (08) 4 = [ low (6) = o (7o)

70
t

oC,

d
8TT

e (1) = (D) 3= [ 50— (7)) 5 Lar

T0

The creep strain increment, required by the general nonlinear incremental scheme, as de-
scribed in section FULL/MODIFIED NEWTON-RAPHSON ALGORITHM (Section 4.6.1)
can be derived by recurrence

N
cr __ _cr cr —1 ~cr
A =gy —¢&) =Dy E AE;
=1

and

A A
(Agy)y = [0+ 0A0, 41 — 0 (T0)] As {1 — exp (—%)} + [exp <—%) — 1} E)
() = Gy + A

In the case of nonlinear creep the above recurrence formula is modifed by an additional term
scaling the amplitude of the creep strain A; in the following manner

(Af‘:z):;_l = [O'n + 9A0'n+1 — 0 (7’0)] (Oln + 9A01 n+1) X

A; [1 — exp (—%)} + {exp (—%) — 1} (&)
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The nonlinear term C (o) is expressed by the equation

Ci(o) =1+a SL*
where a (0 < a < 10) and b (1 < b < 10) are material parameters and SL is a stress level
expressing the relative distance of the stress state from the yield surface.

The recurrence formula apply for volumetric and deviatoric creep components when o, €, Dy,
A;, B; are specialized appropriately.
E

(Dg)_l = 3_K = 1 —2V

and (Dgl)f1 is a (4 x 4) matrix with the following diagonal

-1

dag(Dy) =[(1+v), (1+v), 2(14+v), (1+v) ]

which is valid for axisymmetry and for plane strain.

| Window 3-31 |
Window 3-32: Approximation of the creep Iawl
E
Fit) i)
4 A [1-exp(-/E )]+A.
A [1-exp(-t/B )]
Ar
f >
Creep function identification
Parameter identification procedure
elnitial approximation
1. Select
[ Bi, By, ..., Bj]=[107% 1073, ...]
N.B.: Six components [107%, ..., 10] seem to be appropriate, less may be sufficient
2. Define [tl, ta, ... tj } such that

aA; =A; [1 — exp (;—])}
J
tj = —Bj ln(05)
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3. Define such that for j =1 to J

C(t;) = ]iAk + A {1 — exp (-t—J)}

k=1

<

hence

elterative scheme

‘. -1 Jj—1
AP = [1 ~ exp (—ﬁ)} [C (t) = >_ A
k=1

e;-th approximation

tj = —Bj In (05)
B; =10"" [days] 1< j<6.

Convergence test
(i-1)
40 _ A
J A@

J

max <1072

| Window 3-32 |

ZSoil®-3D-2PHASE v.2023 TM-79



A Preface A A Material Models A A A Creep

3.4.2 I(\:/IRI’EIIE\IE'IPS PARAMETER IDENTIFICATION FROM EXPERI-

The easiest way to adjust creep parameters A and m for C(t,ty) = A(t — to)™ from an
experimental curve f(t,ty) is to pick two points situated at (¢ — o) = 1 for the adjustment
of A and then at a large value of (¢ — ty) for the adjustment of m.

Depending on the available test the procedure differs only slightly. Four typical experiments
are analyzed next; additional situations can easily be extrapoled using D' with

1 —v 0 —v

| v 1 0 4
Dy 0 0 21+v) O
-V -V 0 1

If volumetric and deviatoric creep are different i.e.

Cy(t, to) = Ay(t —to)™ # Cylt, to) = Aa(t —to)™

then B
D) l=—=1-2
( 0) 3K v
and
I+v 0 0 0
a—1 0 1+v 0 0
(Dg) = 0 0 2(1+v) O
0 0 0 1+v
| Window 3-33: Uniaxial test |
e.=DyloC (t —ty)
€5 1 —v 0 —v o1
e || —v 1 0 —v 0 B
o ( | 0 0 21+v) 0 N )
€5 -V —v 0 1 0

hence with

| Window 3-33 |
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| Window 3-34: Triaxial test|

Assuming ¢ is measured in the experiment:

€9 1 —v 0 —v o1
£5 | v 1 0 -V P B
Y (] 0 0 20+4+v) 0 o (Clt—t)
€5 -V -V 0 1 03
hence, with
er =3(1—=2v)o,A(t —to)™.
| Window 3-34 |
| Window 3-35: Triaxial deviatoric test |
Assuming €5 — £§ = ~¢ is measured for a unit ¢ = (01 — 02)
01
g5 =Dyt 002 and o3 =0,
03
then
8; = (0'2 — 21/0'1) O(t, to)
Ei = [0’1 — I/(O’Q + 0’1)] O(t,to)
| Window 3-35 |
| Window 3-36: Oedometer test |
K00'2
c -1 02
Koo
then
65 = (1 — 2I/K0) 0'20 (t, to) .
| Window 3-36 |
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3.5 SWELLING

A nonlinear creep approach has been adopted here to model swelling phenomena. Creep seems
to be the simplest phenomenological approach which can reproduce macroscopic behaviour of
swelling soils/rocks both quantitatively and qualitatively without considering all the microscale
effects.

Oedometric swelling test

Memorizing of in situ stress o

Correction of o, with respect to o, state

Three-dimensional generalization
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‘ Window 3-37: Oedometric swelling test!

An oedometric swelling test is taken as the basis for further three-dimensional generalization
according to the suggestion of Wittke and Kiehl 2.

A typical relation between swelling strain and vertical stress (after Huder and Amberg) ob-
tained from oedometer test is shown in figure below.

Oedometric swelling test (Huder & Amberg)

0.06 -

0.05 -
0.04 -
0.03 -
0.02 -
0.01 -

Swelling strain EPS-Y

SIG-Y Oos

Five basic parameters are needed to calibrate swelling: o_., o, kK, B,, and as.

Os'! —cCs’

Parameter o . defines a minimum vertical stress value which stops swelling evolution while
o bounds the excessive increase of the swelling for small or even tensile stress state.

Parameter r defines the slope of the line €5 — o for stress range o, < o, < g, in semi-
logarithmic system. A parameter B,, the time to reach the steady state for a sudden total
unloading, is introduced, which defines maximum swelling evolution rate while as reduces or

increases swelling evolution rate according to the formula:

B,
PO =5= exp(—ast)
52 MIN (17 ||J_UO||

[oREF — greF])

where the current effective stress is denoted by o, in situ stress is denoted by o( and

appropriate reference stress states oR:F oREFare defined in the following windows.

| Window 3-37 |

2W . Wittke. Stability Analysis of Tunnels.Fundamentals.Verlag Glueckauf Essen, 2000.
J.R.Kiehl.Interpretation der Ergebnisse von Grossquellversuchen in situ durch dreidimensionale numerische
Berechnungen, Proc. 7th.ISRM Congress, Aachen 1991,pp.1534-1538)

November 6, 2023 QuickHelp DataPrep Benchmarks Tutorials
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’ Window 3-38: Memorizing of in situ stress o }

The reference stress o is required for evaluation of swelling rate function B(&) and has to
be memorized during computation. As the computation scenario can be very complex the
following recipe is used to set up o reference state:

If the initial state analysis is run then for all active (at time ¢t = 0) materials o is taken as
the result of the last step of the initial state.

If the initial state is not specified in list of drivers but swelling is activated for some materials
then o is taken as the stress state at first converged step since material activation. NB. In
such case swelling strain increment will not be generated in the first time step (since material
activation).

| Window 3-38 |

’ Window 3-39: Correction of o,s parameter with respect to o state }—

If K, axes do not coincide with global x-y-z system axes

transform o, =T¢L o
else
o, =0y
IF o, <o, modify parameter o, : 0. = g5, -

| Window 3-39 |

Window 3-40: Three-dimensional generalization}

We assume that the generalized reference stress state oRcF and oREF

be defined as follows:

, In xyz system, can

o REF :{ -K,,0, —0, 0 —K,,0, 0 0 }T

0S,XyZ

oREF ={ ~Kpo. —0. 0 —K,.0, 0 0}

CS,XyZ

where K, = K,, = 1L (if not explicitely defined)

It is possible to set up the in situ K, coefficients K., K,. in local coordinate system x/y/z/
rotated with respect to xyz system. In such a case the reference stress states are defined as

oRsEl;yz { Komao —0p 0 _Kon'O 0 0 }T
t}:?sE';yz’_{ —Kopo0o. —0. 0 —K,,0. 0 0 }T

and the following transformation takes place to set them up in xyz system:

REF TL%G REF

os, Yz os 'y’ 2’

REF L—G __REF
ch, TYz =T Ocs, o y'z!

where TL7€ is a transformation matrix from local to global system.
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The increment of creep strain (swelling strain) is computed using following recurrence formula:

At

AegCR(™)
B(¢) ~°°

A&CR —

The following approach is used to compute Ae“R(*) for given effective stress state o

e find eigenvalues o; and eigendirections d; of o
REF REF o I REF(*) _REF(*
e transform o, ., O lsxys 1O Principal directions of o — a’os,xgz), acs,x§,z)
. _ . . . _ *
e transform accumulated creep strain €2“R to principal directions of o — g2 R(*)
e compute predicted swelling strain components in principal directions of o using following
formula: o
i : REF(*) REF(*)
k In REFCY if 0c, ' >0;> 00,
Oj4
, REF(*
5,1:CR = O If g; S O-Oii ( )
REF(*)
Cii - REF(*)
—K IDW if g; 2 Ocy;

04

o compute Ae“R(*) based on R, d; and g2 R()

AeR() = (MAX(ng,g“'CR‘*)) - eaF'CR(*)) d.d’

i )

Remarks:

An explicit integration scheme has been adopted here and thus the maximum time step value
is limited and should satisfy the condition:

2B o
0 < At < ——=MIN
K:Eoed

where oy is the principal normal stress which yields the largest swelling strain.

| Window 3-40 |
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3.6 AGING CONCRETE

3 The aging concrete model represent time dependent mechanical properties as well as rhe-
ological behavior of concrete in early age.

It consists of a set of parallel Maxwell units, as shown in the Window 3-41. Each unit is
described by a maturity dependent Young modulus Ex(M) = Wy (M)E, and retardation

time 7, = % The contribution of each unit depends on maturity measure M (expressed
M
in time units), by the set of weighting factors Wy, (>, W, = 1), given for specified time

instants ¢; .

Window 3-41: Aging concrete modell

E, e
L L L n, L
Y G
l Nunit
c= ch
k=1
Maxwell chain model for aging concrete
| Window 3-41 |

Remarks:
For details of the numerical implementation see:
AGING CONCRETE MODEL - IMPLEMENTATION SCHEME

3concerns versions: ACADEMIC, PROFESSIONAL, EXPERT only
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3.7 AGING AND CREEP DEDICATED TO PLASTIC DAMAGE
MODEL FOR CONCRETE

4

A creep module following the EC2 standard (including aging phenomenon) is fully described
in the report on plastic damage model for concrete. This module can exclusively be used
with the mentioned constitutive model. Please refer to that document for comprehensive
overview.

“concerns versions: ACADEMIC, PROFESSIONAL, EXPERT only
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3.8 APPENDICES

SAFETY FACTORS AND STRESS LEVELS
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3.8.1 SAFETY FACTORS AND STRESS LEVELS

The following definitions are used in ZSoil®; of course these definitions are not unique.

Window 3-42: Stress level (SL)

|. for axisymmetric criteria
SL =

with ¢ = +/3J
Gfailure

[l. for Lode's angle dependent criteria

1
SL = X with O failure — O'm5 —+ S

Remarks:

1. |is a subset of Il

2. obviously A will be different for each material point.

| Window 3-42 |

Window 3-43: Safety factor (SF)

I. Let SF; be the multiplier which can be applied uniformly to each deviatoric stress in the
structure, such that failure occurs when

o' =o0,,0 +SFys

[l. For two—parameter criteria (C, ¢) an alternative definition is available which is

fp 7—failuredF ‘

SF> = fFT dl’

where I is the failure surface and can, as shown elsewhere, be obtained numerically by a
progressive reduction of C' and tan ¢ using:

o
‘TSR,
(tan )’ — tan ¢

SFy

In the general Mentrey—Willam definition this amounts to replace the parameters of the

criterion by

B} = SF, By

| Window 3-43 |
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Chapter 4

NUMERICAL IMPLEMENTATION

WEAK FORMULATION

ELEMENTS

INCOMPRESSIBLE AND DILATANT MEDIA
FAR FIELD

OVERLAID MESHES

ALGORITHMS
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4.1 WEAK FORM AND MATRIX FORMS OF THE PROBLEM

SINGLE PHASE MEDIUM, TIME INDEPENDENT LOADING
TWO-PHASE MEDIUM, RHEOLOGICAL BEHAVIOUR
HEAT TRANSFER

In the subsequent sections the following Hughes notations is used:

1
Wiij) = 5 (wij + wj;)
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4.1.1 ISI{INGGLE PHASE MEDIUM, TIME INDEPENDENT LOAD-

In the finite element solution procedure one does not solve the strong form of the boundary
value problem but an equivalent weak (variational or virtual work) form which is usually
discretized following a Galerkin technique. The equivalence of the strong or differential form
of the problem statement and the weak form is discussed in texts concerning finite element
implementation (see [Hughes, 1987]).

Window 4-1: Weak and matrix form of single phase medium}

Weak form:

Q Q Iy

U; = U; on Fu

where I'; and I', are boundaries with prescribed tractions and displacements, respectively,
and
o=Ir=r,+TI,.

Approximation functions for w and u
w; = N, Wi, (2)
u; = Ny Uiq

Index a identifies the element node number.

Matrix form

The matrix form results from the introduction of the appropriate derivatives of these approx-
imations into the weak form and invoking the arbitrariness of the weighting functions w

Ku=F (3)
Ujq = Ujq ON Iy
where:

K= :/le (K°) , A - the assembly of elemental stiffness contributions

and K¢ is the elemental stiffness contribution
Ke:/BTDB doe (4)
Qe
will be established when elements are discussed.
Internal force: term Ku

It can alternatively be written as

Ku= / B! o dO° (5)
e=1,N
Qe
which will be needed later.
| Window 4-1 |
November 6, 2023 QuickHelp DataPrep Benchmarks Tutorials

ZSoil®-3D-2PHASE v.2023 TM-93



A Preface A A Numerical Implementation A A A Weak Form

4.1.2 TWO-PHASE MEDIUM, RHEOLOGICAL BEHAVIOUR

Two—phase medium. Weak form
Integration in time domain

Choice of shape functions

The strong statement of the two—phase boundary value problem was given in Section 2.2.
The corresponding weak statement and matrix form are shown in Window 4-2.

Window 4-2 describes the weak form of the overall equilibrium equation (expressed in terms
of total stresses according to extended Bishop's effective stress principle) and weak form
of the fluid flow continuity equation with associated boundary conditions. The problem is
formulated in terms of nodal displacements u and pore pressures p© .

The actual implementation of the seepage boundary conditions is done using a two—sided
surface element (see Window 2-4) in which boundary conditions are imposed on the external
face by the user.

Window 4-2: Two—phase medium. Weak form}

Equilibrium equations

/w(i,j)aﬁ}?t dsr = /wibi dQ2 + /wifi dr
Q Q

Iy
(total internal force) (body load) (surface traction)

/wF aSey, dQ — /wfkv’Fk dQ — /ch <pF> IO)F dQ) + /qudF — /kav(pF —pFeXt) dl'=0
Q Q Q Iy s
(skeleton def. rate) (internal flux) (storage) (surface flux) (seepage penalty term)

Solid boundary conditions
Fluid boundary conditions

Initial conditions

| Window 4-2 |
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The matrix form of the problem results from the specific choice of shape functions for inter-
polation of displacements and pore pressure fields within the element. The application of
the implicit integration scheme in time permits an elimination of time derivatives from set of
linearized equations which is finally solved for Au the increment of displacement u and ApF
the increment of pore pressure p©. Iterations are needed if the constitutive law of the solid
skeleton is nonlinear.

Window 4-3: Integration in time domainl

The following predictor-corrector scheme has been adopted for integration of the displace-
ments and pore pressures in time.

uiNH = UiN + (1 — 9) At ’ZliN + 9 At "lliN+1 = UiN + At ’I‘LiN —|—6 At AuiN_H
N————— —

predictor L — U
PN+1 = PN + (1 — 9) At pN + 6 At pN+1 = PN #NAQ% pN +6 At K%+1 N
—_——

N+1

predictor

N+1 pN+1_pN

The integration coefficient 6 has been assumed to satisfy the sufficient condition for stability
1
0> —.
-2

| Window 4-3 |

Window 4-4: Choice of shape functionsl

Let us introduce the following finite element interpolation functions for approximated field(s),
i.e. displacements u” and pore pressure p”, within a finite element

uh — N%u¢ Wh — N¥w* ph — Nppe qh — Npqe
With these definitions the strain-displacement relation is expressed in the standard form

e (u") =Bu*

| Window 4-4
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4.1.3 HEAT TRANSFER

Following section describe the solution algorithm for transient and steady state heat transfer
problem formulated in section 2.4. In particular hints on

Weak and matrix form of heat transfer analysis
Time marching algorithm for transient analysis

Heat source term

are given.

Notation

T  -temperature field t  -time
o

Tg -external (ambient) temperature X  -time derivative of X

H  -heat source A -time increment

qr -heat flux VvV -gradient

c¢* -heat capacity X -matrix/vector representation of X
A -heat conductivity X, —element contribution of X

M -maturity

Weak form and matrix formulation

Window 4-5: Weak and matrix form of heat transfer analysisl

Approximation for temperature field T'(x,t)
T(x,t) = N(x)T (1)

where N are shape functions and T are nodal temperatures.

Matrix form of governing differential equation for transient heat transfer analysis

o

CT + (K + K;)T =H + K,T 2)

As ZSoil® system is generally based on incremental approach, equations have to be linearized
which finally leads to following linearized form:

CAT + (K + K, + H)AT =AQ (3)

where :

AQ = Q‘i‘ISI + Ky Tg — Cr:i:‘ — (K + Kb)T (4)

For each matrix X = lAN (X*®), where symbol A represents the assembly of element

e=1 e=1,N
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contributions X, as listed below.
Ke = A/VNTdeQe
Qe
Ce=c / NTNdQe
ge
K¢ = hp / NTNdre
e
Q= —/NTQT dre
Ze
He — / NTHQ®
Qe
OHOM oH OH oM OH

xe ninthdstind e _ Yy v el T e
H™=—\ayar T or oM OT o7 /NNdQ
Qe

All those matrices are evaluated using Gauss quadratures.

| Window 4-5 |

The general system can be reduced to steady state conditions which is expressed by the set

of equations:
(K+Ky)AT=Q+ K, Tp - (K+K;)T (4.1)

Window 4-6: Time marching algorithm for transient analysisl

Applying finite differences in time domain , with 6 € (0, 1):

Toor = Ty + (1 — O)ALT, + 9AIT, 4, = <Tn n AtTOn) AL AT (1)
predictor
thus: AT
AT _ n+1 2
n+1 QAt ( )

Introducing above into the linearized form 3, the following set of incremental equations is
obtained:
[C+0At- (K+ K, +H")]AT =0At - AQ (3)

| Window 4-6 |
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Handling of concrete hydration heat source term.
In the case of heat source term related to concrete hydration (1), which appear in definition
of matrices H,H, integration of both heat source term H and maturity factor derivative

: oM . . . . o
with respect to temperature T via Eqn. (2), in each integration point in an element are
required. Even with assumption that in given time increment the temperature varies linearly,
the integrals (2) can not be evaluated using elementary functions, so it has to be integrated
numerically as follows:

\ Window 4-7: Heat source term!

heat source:

aM
H=H,—— 1
14+ aM (1)
maturity factor:
t
Q. 1 1
M = —= - = 2
oo (G- ) a @)
tq
numerical integration shema:
Q 1 1 A it
M1 = M, + exp E Tef - ﬁ ) Tht1 it th11 > teeg + g
oM _(OM n
0T ) \OT/, if tu1 > tpeg +1
Q( 1 )2 |:Q< 1 1 >:| A | n+1 BEG d
— — eXp —_— —_—  — . n
R\TY,, R\T.; T, "
My =0 if t,11 <tprctta
oM
= =0 it t, <t t
(8T>n+1 ! +1 S lppg tla
where:
T8 =Ty(1—0)+ 0T,
| Window 4-7 |

The first existence time of an element to which the integration point belongs is denoted by
tpeq - In the above scheme in case when At, .1 < t,,11 —tpeg — tq the value At,, 1 should
be replaced by appropriate value.
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4.2 ELEMENTS

FINITE ELEMENTS FOR 2D/3D CONTINUUM PROBLEMS
NUMERICAL INTEGRATION

STRAINS

STIFFNESS

BODY FORCES

INITIAL STRESSES
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4.2.1 FINITE ELEMENTS FOR 2D/3D CONTINUUM PROBLEMS

A family of 2/3D isoparametric elements with 1-st order interpolation function is implemented
in the program, see Appendix 4.7.1.

In case of single phase analysis the nodal displacements (active for given analysis type) are
the basic unknowns. Derivatives of shape function are necessary for strains analysis and then
for stresses calculation. Basic features are summarized in the following table:

Finite elements for 2/3D continuum problems

Analysis type Plane Strain Axisymmetry, r = x
Ndim 2 2
Elementary de dul oerdr d
volume dV Ty Trar dy
Active B T _ T
displacement u(z,y) = [u,] u(r,y) = [u,v]
DOF / node 2 2
Kinematic 0 )
constraints w =0, 9z 0 wy = 0, 90 0
Strain vector T
e = Bd [6:139:7 Eyy> 7932’!] [61517’ Eyys 7xy7 699]
_ i [ ON, 0 |
Strain—displacement ONg 0 or on
operator Ox ON 0 : a
a
Y
B B?B ] 0 8y aNa 8Na,
= a aNa 8Na 8 W
a = 1, NEN i ay 837 ] @ 0
L r i
3D
3
dz dy dz
u(z,y) = [u,v,w]T
3

[Emca Eyy> ’Ym/v Ezzs Vazs ’Vz/z]

200 0
ox N,
0 0
dy
ON, ON, 0
oy oz
ON,
0 0 5
ON. oN,
80z oN, K.
L O Oxr |
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4.2.2 NUMERICAL INTEGRATION

Numerical integration is required for the evaluation all integrals resulting from the problem
definition. Gaussian quadrature is used and for a one—dimensional integral can be represented
as follows:

[ e =37 1€ S €

where:

f (&;) — function being integrated, value at &,
Jz,e — jacobian determinant

w; — Gaussian weighting factor

The extension of the above for multidimensional case is straightforward : the double (triple)
integration is replaced by a double (triple) summation.

In the case of axisymmetry, all integrands include a factor equal to 27 where r = radius of
the integration point under consideration, and 27 can be devided out.

Standard quadrature types used for stiffness/forces evaluation for different elements are given
in the table below:

Standard quadrature for typical elements

Element: | T3 | Q4 | TH4 | W6 B8
Ngauss | 1 |2x2 1 2x1|2%x2x2

Details on integration point positions, weighting factors, for different quadrature types are
given in Appendix 4.7.2
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4.2.3 STRAINS

Strains at any integration point of a continuum element are evaluated by an unified pro-
cedure given in Window 4-8. Beside the standard approach presented here, in the case of
incompressible or dilatant media another approach is recommended, see Section 4.3.

| Window 4-8: Evaluation of strains |

Reference element
bl

Quadrilateral element (Q4) outlook

An unified procedure for all 2/3D standard continuum elements include:

e isoparametric mapping:
Nen

x(€) = SN, (€) x,

e displacement interpolation:
Nen

w(€) = SN, (€) u

e strain:
Nen

e(€)=B(€) u=> B, (&) u,

where the standard form of matrix B is given in section 4.2.1. In the case of strain
projection technique (necessary to simulate incompressible media) resulting form of the
B—matrix, called B—Bar, will be described in Window 4-9.

e shape function derivatives, present in all concerned B, are evaluated as:

aNa_( _1)T8Na
ox o0&
where Jacobian J = 0x/0€ for 2D and 3D is calculated as follows

[ Or Ox Ox 7

Jr Oz ¢ dn aC

oy |9 on |, g | 9 Oy

2D: J oy ay | 3D: J 9 o o

o6 on 0z 0z 02

L 9§ On O¢ |

| Window 4-8 |
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4.2.4 STIFFNESS MATRIX

The element stiffness matrix can now be evaluated numerically; recalling that:

K® = /BTD B dQ
Q
Fe = / B'o dQ
Q
Numerical integration yields:
Ngauss

K® = Z B” (¢,) DB (&) det I (£,) W,

Ngauss

Fe= > BY(€)o (&) det (&)W

where the integrand is evaluated at the integration point i.

The standard integration rules are used for each element, see Section 4.2.2.
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4.2.5 BODY FORCES AND DISTRIBUTED LOADS

The introduction of the interpolation functions into the weak form yields an elemental body
force term as follows:

F¢ = / N'bdQe
For distributed forces, the equivalent nodal force is seen to be:

F¢ = / NTt dre.

ore
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4.2.6 INITIAL STRESSES, STRAINS

If the initial stress field is in equilibrium the initial stresses can simply be added to the stresses
resulting from deformations. If not, equivalent nodal forces must be calculated. Nodal forces
equivalent to initial stresses and/or strains can be introduced as follows; this calls for a
generalized stress-strain relation.

Let
oc=D(e—¢gy) +0g

where o are the initial stresses and g are the initial strains. By the definition of the internal
force term:

A /BTa dQ = .A/BTD(e—sO) dQ+e.A /BTaon

e=1,N e=1,N =1,N

)

Q Q Q

from which the following expression of the nonlinear equilibrium equation results
F(u)=F - F. +F,,

with

Note that if initial stresses are in equilibrium F, = 0 no deformations will result from the
initial stresses. If not, deformations will result. Similarly if initial strains are compatible with
boundary conditions, no stresses result.
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4.3 INCOMPRESSIBLE AND DILATANT MEDIA

A strain projection technique is necessary in order to simulate incompressible media. The
resulting form of the B—matrix, called B—Bar, will be described later on.

Another finite element technique to simulate incompressible and highly dilatant plastic media
is the Enhanced Assumed Strain method (EAS). The general idea and detailed algorithmic
scheme is described in Section 4.3.2. This option is activated in ZSOIL when dilatant plastic
flow is active.

INCOMPRESSIBLE MEDIA: B-BAR STRAIN PROJECTION METHOD
DILATANT MEDIA: ENHANCED ASSUMED STRAIN METHOD
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4.3.1 INCOMPRESSIBLE MEDIA : B-BAR STRAIN PROJECTION
METHOD

Material data include the elastic constants i.e.Young's modulus and Poisson ratio. In fully
incompressible cases, Poisson’s ratio is 0.5 which within the program is taken as 0.499999.
This leads to mesh locking when a full (2 x 2) integration scheme is used. Underintegration
(i.e. the use of a single integration point) is therefore required in the volumetric part of the
stiffness, while full integration is used for the shear term.

It can be seen from the iterative scheme that the use of seective underintegration would
result in different integration schemes for the left— and right—hand side of the equilibrium
equations. This can, and will, disturb convergence, so strain projection is used to circumvent
this problem.

First, the B-BAR matrix is established for the case of torsionless axisymmetry and then the
plane strain case is derived.

Beginning with the standard B—matrix for node ‘a’ defined previously in this section, we can
split the matrix into dilatational and deviatoric parts as shown in Window 4-9.

In place of using B, the B, is used where the dilatational term has been ‘underintegrated'.
The dilatational B entries are calculated using a reduced 1 x 1 integration rule whereas the
deviatoric B entries are calculated using the ‘normal’ (2 x 2) integration rule.

Window 4-9: Strain projection B-BAR method!

Ba — Bgev 4 Bgil

where
(2n-lm) s
(Bo + B1) By 31 31 23
Biil _ % (BU —5 Bl) B;)2 and Bgev — <_§B() — §Bl) §B2
BO + Bl BQ 2 BQ 1 ?1
O

In place of use B, use B,: B o
Ba — Bgev + Bgll

Bis Bg
= | B DBr
B BB
Bll BG
where
BQ = NE/ZL’l B1 = Nf_LﬂUl B2 = Na’12
By = (B~ B)) /3 By = (By—By) /3 B:=By+ By
Bio = By + (Bo - Bo) /3 Bu =B+ B Bia = B1 + Bio
| Window 4-9 |
November 6, 2023 QuickHelp DataPrep Benchmarks Tutorials
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Remarks:

1. The plane strain case many be obtained from the above formulation by simply setting
By = By = 0 and using Cartesian rather than cylindrical coordinates. The 277 (or r)
factor included in the integrands in the case of axisymmetry must also be ignored.

2. Notice that the D matrix remains 4 x 4 for plane strain, when B the formulation is used.
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4.3.2 DILATANT MEDIA: ENHANCED ASSUMED STRAIN METHOD

INTRODUCTION TO ENHANCED ASSSUMED STRAIN (EAS) APPROACH
EXTENSION OF EAS TO NONLINEAR ELASTO-PLASTIC ANALYSIS
REMARKS AND ASSESSMENT OF EAS ELEMENTS
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4.3.2.1 INTRODUCTION TO ENHANCED ASSSUMED STRAIN
(EAS) APPROACH

In EAS methods' the strain is approximated by two fields, i.e. the compatible and the
enhanced one via equation :
e = Bu+ Ma«a

where B is the standard strain operator, M is the interpolation operator for the additional
strain field which may be discontinuous across element edges.

The variational basis of the method is the Hu—Washizu functional in the form:

1
U= / (ﬁsTDs —o'e+o0"Bu-— dTNTF> d.

Substitution of the modified strain field into functional yields:

1
U= / b (Bu+Ma)" D (Bu+ Ma) — o' (Bu+ Ma) + ¢"Bu — uTNTF} dQ.
Q

In order to eliminate the statically admissible stress field from functional the following condi-
tion has to be satisfied:

/UTMa dQ = 0.
Q
The system of equations obtained by taking the variation of functional with respect to u and

o takes the form:
K. K. u| | Fe
K.. K. o | 0

K, = / B'DB dQ; K,. = / BTDM dQ

Q Q

where:

Ko, = /MTDB dQ; Kua = /MTDM dQ2
Q Q

Assuming discontinuous approximation for a« these extra degrees of freedom can be eliminated
at the element level through standard condensation procedure. The interpolation functions
assumed for M¢ matrix, defined in isoparametric space, for plane strain case and axisymmetry
are given in Windows (4-10) and (4-11).

The forms of M matrix for 3D is given in Win. (4-12).

These interpolation functions assumed for M, (here index ¢ is used to distinguish between
isoparametric and physical spaces) have to satisfy the orthogonality condition introduced
already in 4-th equation in this section. The transformation of M, matrix from isoparametric
space to physical one, summarized in Window (4-13), is performed with aid of Jacobian of
the isoparametric mapping.

1Simo J.C., Rifai M.S., A class of mixed assumed strain methods and method of incompatible modes.
International Journal for Numerical Methods in Engineering. Vol.29, pp.1595-1638, 1990

Groen A.E., Improvement of low order elements using assumed strain concepts. TU-Delft report Nr
25.2.94.203, 1994.
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‘ Window 4-10: M matrices for Q4 element in plane strainl

Number of M, matrix for plane strain
EAS—element -
extra modes (U:[o‘z’ Ty Tay O ] )
&0
EAS2 2 M, = 8 g
00
E 0 00
0n 0O
EAS4 4 M, =
¢ 00 ¢ 7
0 00O
E0 00 & 0 O
0n 00 0 & O
o T M looen 0 0 g
0000 0O 0 O

| Window 4-10

Window 4-11: M matrices for Q4 element in axisymmetric casel

Number of M, matrix for axisymmetry
EAS—element T
extra modes (0' =[ o, 0y Ty 09 ] )
E—¢ 0 0
0 n—7m 0
EAS3 3 M, = 0 0 0
J(&n)
0 0 ¢
r (67 T]) JO
E—-¢ 0 0 0 0
0O n—-m 0 0 0
EAS5 5 M; = 0 0 ¢—-¢& n—n 0
J(&n)
0 0 0 0 &n
r (57 77) JO
where:
- 1 rTa1 _ 1 rTa2
5 =3 T n=s3 T
3rtag 3rtag
rTaozz(T1+T2+T3+T4) rTalzzl(—T1+T2+T3—T4)
T 1
ra, = Z<_r1 —ro+1r3+74)
ri1,79,73,74 — radial coordinates of element nodes.
| Window 4-11 |
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| Window 4-12: M matrices for B8 element in 3D case |

EAS-element | Nr of extra modes M, matrix for 3D case .
(c={0s 0y Tuy 05 Tux Ty })
£ 00 & & 0
0n 0 & n¢ 0
000 0 0 0
EAS6 6 M., —
€100 ¢ 0 &
000 0 O 0
000 0 O 0
€000000O0O0DO
0n 000O0O0O0O0
10 00¢&En 0000
e ’ Me=100c¢co000000
00000CE¢ZCO00
0000000TDNC
|

Window 4-12 |
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‘ Window 4-13: Mapping from isoparametric to physical spacel

The operator M, is mapped onto physical space through the Jacobian of the isoparametric
transformation at the element centroid (which is the origin of the isoparametric space). For
second order tensors the following transformation from the isoparametric to physical space
holds (J is evaluated in current integration point while .J; is evaluated at the center):

isoparametric __ det J

hysical
ij det J, Jkio‘SZZ e ‘]ﬂo‘
. . . . . . . hysical det JO —1_i tri
With matrix notation this mapping can be rewritten in form : gP™si<@ = ety Yo Isoparametric,
e
. .o . det Jo 1
From the above equation one gets the definition of M matrix: M = otJ T, M
e
For plane strain and axisymmetry the transformation matrix Ty takes the form:
JZ JZ J11Ja1 0
J? JZ J1aJ. 0
Ty = 12 22 1222 at (€=0,7=0
0 2J11J12 2Jndey Jindes + Jiador 0 (€ 1 )
0 0 0 1

For 3D case the transformation matrix T takes the form:

Jh J3 JiJa J5 Ji1J31 Jo1J31
Ity J3 J12J2 I3 J12J32 o232
T, — 2Jui2 2Jo1da0 Jude + Jndiz 2J31ds0 Judsa + JsiJiz JorJse + Jzi 2
’ Ty I3 Ji3Tas T3 T3 3 o3 T3
2J11i3 2Jo1das Jidag + JorJis 2J31d33 Jindsz + Jaidiz Jardss + Jzidas
| 2J12J03 2J29 a3 Jiodos + Jaod1z 23033 Jiadsz + Jzadiz Jaadsz + Jzadoas |

| Window 4-13 |
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4.3.2.2 EXTENSION OF THE EAS METHOD TO NONLINEAR
ELASTO-PLASTIC ANALYSIS

With the EAS method the resulting nonlinear system of equations to be solved is as follows:

A [Fext - Fint (ue, ae)} =0

e=1,N

he(ue,ae):—/MTa dQ2=0 (e=1,2,...,Nele)
Q

Linearization of the above yields:

K,. K. Au | FeXt—fQBTa dQ2
K.. K.. Aa | | 0— [, Mo dQ

where:

/BTDePB dQ2 Ku. = /BTDePM dQ

Kuu
Q Q

K., = /MTDepB dQ?  Kue = /MTDGPM dQ2
Q Q
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4.3.2.3 REMARKS AND ASSESSMENT OF EAS ELEMENTS

1. the EAS2 element in plane strain, EAS3 in axisymmetry and EAS6 in 3D are strongly
recommended for stability and ultimate state analysis when using isotropic plastic models
with dilatant plastic (for ex. Drucker-Prager if ¢ > 0)

2. the EAS4 element in plane strain, EAS5 in axisymmetry and EAS9 in 3D are strongly
recommended for stability and ultimate state analysis when using anisotropic plastic models
with any type of plastic flow (only multilaminate model)

3. if one wants to get highly accurate results for beams/shells modeled with aid of continuum
elements (retaining walls, etc... ) the Q4-EAS7 (for plane strain case exclusively) and
B8-EAS15 (3D) elements give superior results even for coarse distorted meshes, but their
application is limited to elastic type of materials only (these elements are activated once
Continuum for structures instead of Continuum is used for Material formulation
to be defined at the material level).
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4.4 FAR FIELD

Standard finite elements can be used only to discretize a bounded domain. In the case of
a problem given in an unbounded domain, infinite elements, attached to the boundary of
a bounded domain, can be used to describe interaction between bounded domain and its
infinite surroundings. The formulation is based on the concept of infinite mapped elements
(see ?). The infinite mapped elements concept is summarized in the following windows.

Formulation of the mapped infinite element
Mapping for 2D infinite element

Mapping for 3D brick type of infinite element
Mapping for 3D wedge type of infinite element

Evaluation of element matrices for infinite mapped elements

20.C. Zienkiewicz, C. Emson, P. Bettes, A Novel Boundary Infinite Element, International Journal for
Numerical Methods in Engineering, vol. 19, p.393-404, 1983
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‘ Window 4-14: Formulation of the mapped infinite element!

+ v »
x1
1—ﬁ Node 3
Pl .;If' r . at infinity
——_———— e D)
O.. 1 2 3
a a
mapping
1 2 3
——6——=0

=1 E=0 =
To summarize the concept of infinite mapped elements let us cosider the following one-
dimensional situation given in the Fig. The element which extends from node 1 through node
2 up to node 3, placed at infinity, is mapped onto parent element in the local coordinate
system. Once the arbitrary position of the pole of expansion x, is choosen one can define the
position of node 2 using the expression

32'2:233'1—1'0

The mapping from local coordinate system to the global one can be done in standard way
using the following rule

2(§) = D_NF(©) w

where node 3 is disregarded from the summation.

The infinite mapping functions are defined as follows

NE(€) = —26/(1 =€)
No®(€) =1 = N°(8)

It can be easily seen that £ = —1,0, +1 corresponds respectively to positions of node 1, node
2 and node 3 in global coordinate system.

The basic field variable is interpolated using standard shape functions and written in the
polynomial form takes the form

w(€) = ag + a1€ + axé® 4+ ...

in which coefficients a; depend on element shape functions. Solving the mapping expression
for & we get

E=1-=
r
where the distance from the pole O to any point within the element is denoted by r and
a = x9 — x1. Substituting the expression for & into expression for basic field variable we can
get it in the form expressed in terms of global coordinate r

by by
— b+ L+ 2
u(§) = by + S+t

where by = 0 is implied since the variable u vanishes at infinity. From the above one can
show that suitable decay functions 1/r" for basic variable one can get by choosing proper
shape functions for it.

| Window 4-14 |
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‘ Window 4-15: Mapping for 2D infinite elementl

POLES OF N

EXPANSION N
2D-MAPPING . s 6
Yl
INFINITY

04 >
. y 2 TC:
01

4 1 2 5

X

The mapping functions for the 2D element can be easily obtained as a product of one-
dimensional Lagrangian shape functions along local direction 7 and infinite shape functions
along direction &. If we assume that the poles positions are defined then we can define
positions of nodes 2 and 3 as

Xy = 2X1 — X01

X3 = 2X4 — X04

altough the definition of the infinite element geometry is usually done by introduction of
nodes 1, 2, 3 and 4 rather then by poles positions O1 and O2.

The set of the infinite shape functions for quadrilateral infinite 4-node element INFQ4 is as
follows

The coordinate element mapping is defined as

4

X(fﬂ?) = Z MZ(£7 77) X

i=1

The interpolation of the displacement field within the element is assumed in the form

u(§ﬂ7) = N1(£7 77) u; + N4(€777) Uy

| Window 4-15 |
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‘ Window 4-16: Mapping for 3D brick type of infinite elementl

The scheme of mapping for 3D brick type of infinite element is shown in the following figure

10 11 3D MAPPING A

n
6 7
POLES OF
EXPANSION 4 3
2 8
v 3 9 2| 11
02 oy 12 i N
./ 5. -~ i é.
+ Y03 7] 8 ¢ .
01 /4 5 6
04 C./s 10

Mi(&,n) = N7°(€) Ni(&.m)
Ms(&,m) = N7°(€) N2(€,n)
M;5(&,m) = N7°(€) N3(€,n)
My(&,n) = N7°(C) Na(&.m)
Mg(&,n) = NEO(C) Nl(ﬁ,n)
Mz(&,m) = N3°(¢) N2(&,n)
Ms(&,m) = N3°(¢) N3(&,n)
Ms(fﬂ?) = NSO(C) N4(§»77)

in which the shape functions N;(&, ) are the standard shape functions as for standard 4-node
quadrilateral element.

The coordinate element mapping is defined as

8
x(&,m,¢) = Y Mi(€,,¢) x;
=1

The interpolation of the displacement field within the element is assumed in the form

4

11(6, 77) = Z Nz(§7 77) u;

i=1

| Window 4-16 |
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‘ Window 4-17: Mapping for 3D wedge type of infinite elementl

The scheme of mapping for 3D wedge type of infinite element is shown in the following figure

8 3D MAPPING R

POLES OF
EXPANSION

The appropriate set of the shape functions is as follows

=

My(€,m) = N3*(¢) N1(&,n)
in which the shape functions N;(,n) are the standard shape functions as for standard 3-node
triangular element.

The coordinate element mapping is defined as

6

x(£,n,¢) = > Mi(&,n.€) %

i=1

The interpolation of the displacement field within the element is assumed in the form

3

U(f, 77) - Z NZ(§7 ’)’]) u;

i=1

! Window 4-17 ‘
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‘ Window 4-18: Evaluation of element matrices for infinite mapped elements }_

The numerical integration of required infinite element matrices is performed with aid of
standard Gauss integration scheme. The Jacobian, Cartesian derivatives of standard shape
functions N; and domain differential d€, for general 3D case, are computed as follows

[ OM; oM;  OM; 7

x; Yi Zi
. 0 0 0
NEX az\i az\i az\i
Z on

Yi Z
, 0 0
S oM on oM.
i ac 7 ac Yi ac Zj |
8NZ ( aNz )
0)
A ) oN,
0 B 0
ox, ON,
0z \ 8( /

dQ = dx dydz = det(J) d€ dn d¢

! Window 4-18 ‘
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4.5 OVERLAID MESHES

To explain the idea of overlaid meshes let us consider a 2D domain 30m wide and 30m high,
with a square excavation zone of size 6m by 6m placed at the center of the domain. During
the excavation a tunnel lining is installed (see Fig. below).

g =1 kN/m/m

| Tunnel
lining

I Kinematic
constraints

In the context of the overlaid meshes approach we can create a relatively coarse mesh, labeled
as layer number 0, which will represent soil behavior far from the excavation zone. In the
neighborhood of the excavation zone, to enhance the quality of the results, we need a denser
mesh and thus we superpose a second mesh labeled as layer number 1. In the 2D case
we could easily generate a mesh in layer 1 in such a way that its external boundary nodes
positions coincide with the nodes of the coarse mesh. However, in 3D applications this is
usually not that easy and it is simpler, from the user’'s point of view, to superpose layer 1
with layer 0 without additional restrictions. This corresponds to overlaid meshes for which
we have to handle the problem of overlapping of few meshes plus the continuity of primary
variables (displacements, pressures etc..) handled via Lagrange multipliers.

In the considered example a mesh consisting of 10 x 10 elements is generated in layer 0 and 20
x 20 elements in layer 1 (layer 1 is 14m wide and 14m high) (see Fig. above). As it is shown in
Fig. below some of the elements in layer 0 are fully overlapped (identified with circles) while
some others are overlapped only partially (identified with triangles). All these elements which
are fully overlapped, and nodes which exclusively belong to these elements, are neglected
during computations. Problems arise in the case of partially overlapped elements as part
of their domain must be deleted from the resulting stiffness and right-hand-side vector. To
handle this case an exact geometrical intersection of a given element in layer 0 and elements
in layer 1 must be computed to estimate the overlapped volume. For further application, this
intersection is computed for each integration point subdomain of a given element in layer 0
and set of elements in layer 1.
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@ Element fully overlapped A Element partially overlapped
\ \

B> B> B | > >
> @ @ o o>
> @ & e o >
> @ & o o>
> @ @ o o>
Ll didi di dl <

If we analyse the situation shown in Fig. below we can notice that for the integration point
number 2 the ratio between nonoverlapped and total volume becomes zero (as the integration
area associated with point 2 is entirely overlapped) while for other integration points it is
smaller than 1 but greater than zero. Hence a simple computation scheme, in which each
integration point volume is weighted by the aforementioned ratio, can be used.

Elementin layer O

.4 3 Elements in layer 1
=
Non overlapped
area associated
with point 1
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4.6 ALGORITHMS

Several solution algorithms can be activated either individually or in a sequence: initial state,
stability, time dependent (driven load/consolidation/creep).

All refer in some way to a Newton—Raphson iterative scheme which is therefore described in
Window 4-19. The specific algorithms are described next.

The simulation of excavation/construction stages is managed through existence functions
associated with elements at the level of the data preparation.

MODIFIED NEWTON-RAPHSON ALGORITHM
CONVERGENCE NORMS

INITIAL STATE ANALYSIS

STABILITY ANALYSIS

ULTIMATE LOAD ANALYSIS

CONSOLIDATION

CREEP

LOAD TIME FUNCTIONS AND TIME STEPPING
EXCAVATION AND CONSTRUCTION STAGES
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4.6.1 FULL/MODIFIED NEWTON-RAPHSON ALGORITHM

Window 4-19: Full/Modified Newton-Raphson algorithm

1. Step initialization : n=n+1

e set iteration counter i = 0
e set Aquf) =0

e Accumulate total external force vector Fg,
2. At the element level, at each integration point

e if creep is active then compute the creep strain increment Agf , according to the
Section 3.4 (MATERIAL MODELS/CREEP)

e set the initial stress/strain increments Acg,11, A&ont1
3.1=1+1

4. Assemble internal force vector and stiffness matrix using computed at the element level

and at each integration point current total stress 0'5:_7__11 " and current tangent stiffness

. . . . +1
matrix D}’ ; ( an elastic stress state is computed via formula a,(fil = o, + Ao o1 +

De(Aellf)) — Aesy — Aguia) )

int (i+1) __ T _(i+1)tot
Fo —e:ilN/B Opr1 - dQ
Qe
(i+1) _ Tyyep(i+1)
K, —ele/B D,y 'B dQ
Qe

5. Solve system of equations

N

(for modified N-R technique assume KSL” =K,

(for full N-R use curent KSIIU matrix)
6. Update accumulated increment of displacements: Au'7 = Au') | + Aul+D)

7. If convergence of the iteration process has not been achieved go to step 1

! Window 4-19 ‘
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4.6.2 CONVERGENCE NORMS

RHS OUT OF BALANCE EUCLIDEAN NORM

ENERGY INCREMENT NORM

TOTAL ENERGY NORM
CONVERGENCE/DIVERGENCE/CONTINUATION STRATEGY

The right-hand side (RHS) out of balance Euclidean norm, total energy and incremental
energy norms are used in the code to detect convergence or divergence of the Newton-
Raphson iterations. These norms are evaluated separtely for solid and for fluid phases in
case of two—phase computations. The RHS out of balance norm, incremental energy norm,
and total energy norm are defined in Windows 4-20, 4-21, 4-22 respectively. Detection of
convergence/divergence state and possible continuation strategy is setup inWindow 4-23.

| Window 4-20: RHS-out of balance Euclidean norm |

The RHS-out of balance Euclidean norm is defined as follows:
[Fes, — FniY)

[F55 — Fe ]

< TOL

This norm is evaluated selectively for different degree of freedom ( translations u, rotations
¢, pore pressures p©, temperatures 7' and humidities 1W). The following table shows active
RHS norms for different analysis types and different degrees of freedom (+ means active and
- nonactive).

Analysis Type/DOF type | u [pF | ¢ [T | W
Deformation I I IR O I
Deformation+Flow |+ 1+ -1 -
Flow -+ - - -
Heat transfer - | - - [+ -
Humidity transfer -] - - -+

The two following tollerances for RHS norm are used i.e. FTOL (set to 0.01 by default)
and QTOL (set to 0.001 by default) related to solid phase DOF's and fluid phase DOF's
respectively. The following table shows corresponding tollerances for selected DOF's.

DOF | Active tollerance TOL
u FTOL

p" QTOL
1) FTOL

T FTOL

|74 FTOL

™) The reference value, |F&¢, — Fi"t ||, related to rotational DOF's is set to 0.1||F&¢, —

Fint||“ L where L is some averaged finite element size, factor 0.1 has been assumed by rule

of thumb and ||[F&%, —Fi"™||“ is an Euclidean norm of the RHS corresponding to translational
DOF's.

| Window 4-20 |
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‘ Window 4-21: Energy increment norml

Th increment of energy and then the energy increment norm (valid for iteration i > 2) are
evaluated as follows (for solid and fluid phase separately):

AE.S(i-|-1) _ _lFintu(z‘Jrl)Au(i_;_l)

n+1 2 n+1
AE’;_(:;‘U _ _%Fi:-ti-(li+1)ApF (i+1)

AESEHD _ A S
"Z P ntl < ESTOL  ( by default ESTOL = 10~%)
n+1

AEF(H—l) _ AEF(i)
ntl "l <EFTOL (by default EFTOL = 107%)

F(i=2
AEnEH )

! Window 4-21 ‘

‘ Window 4-22: Total energy norml

The total energy and then the total energy norm (valid for step n > 1) are evaluated as
follows (separately for solid and fluid phase):

S(i+1 S(i+1
BTV = BS + AE Y

n+1
Fi+1 F(i+1
En$1 ) = Er'j + AEnS:I )

AES(Z’—H) _AES®
et "L <ESTOL ( by default ESTOL = 10~%)

E3
AEF(i+1) _ AEF(@')
" SEFTOL by default EFTOL =1077)

! Window 4-22 ‘
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Window 4-23: Convergence / divergence / continuation

Convergence strategy

The step is converged if all active RHS out of unbalance norms are satsfied simutaneously
(see Window 4-20)

[Fet, — Fimlh)

IF55 — Fe ]

< TOL (FTOL/QTOL)

or if the following set of conditions is satisfied:

i 41
[Fet, — Fim Gy

IFE — Fe

AEs<¢+1) _ AES(i)
il ntl < ESTOL/10

<10 TOL (for all active RHS norms)

E3
AEF(H—l) i AEF(z’)
lad = "+l < EFTOL/10 (if active)

Detection of divergence

The divergence of the iteration process is detected if the following set of conditions is satisfied:

HFeXt . Fint (7,+1) H

n+1 n+1 .
-~ . > ¢ (for all active RHS norms)
[FRE — Ft
AESEHD _ A 5S0) AEFGHD _ A EFO)
ntl ES ntl > ¢ and ntl %5 ntl > ¢ (if active)
AESEHD _ A S0 AEFGHD _ A FO)
n+1 (.72)5 n+1 Z g and n+1 (‘72)': n+1 Z 5 (|f aCtiVe)
AEnZi AEnZi

For stability driver & = 5.0 and for all others & = 10.0.
Continuation strategy

In case when the maximum number of iterations is reached the following action is performed
depending on the status of the check box ‘Auto’ in calculation window called ‘Increase max.
nr of iterations’. If it is ON (default setting) and all RHS out of balance norms are below value
1.0 (100%) then the maximum number of iterations is updated automaticaly (increased by 5)
and the process continues unless the new updated maximum number of iterations overreaches
the absolute maximum number of iterations (set in the menu under item Control). If this
check box is OFF, when reaching current maximum number of iterations a dialog box will be
displayed on a screen waiting for new maximum number of iterations to be defined by the
user.

| Window 4-23 |
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4.6.3 INITIAL STATE ANALYSIS

The initial state in soil mechanics results essentially (but not exclusively) from gravity. The
correct implementation of gravity requires simultaneous application (or superposition) of the
gravity itself and the corresponding initial stresses, which may undergo additional constraints
set by the user (initial state K effect ). The corresponding multistep algorithm is described
in Window 4-24:

Window 4-24: Initial state multistep algorithm!

Initialize:

—set time t =0

— assume first gravity increment and increment size A\ for further steps
—set A= X\g

— set step counter n =0

— for each element and for each integration point set Aoy =0

1. Continue

2. Set counter of initial stress reevaluations (for superposition) [ = 0
3. Set iteration counter i = 0

4. Continue

5. Evaluate equivalent partial gravity nodal load: F, = :/le er NTAbdS2, where b is the
gravity load ’

6. Accumulate total external force vector Fy¢, adding to F, additional external forces if
needed (also weighted by the factor \)

7. Evaluate corresponding stress state afﬁrl and constitutive tangent matrix szﬁ) for given

Au,(fil, AESJ)FI =B Augrl and given Aoy, using the following expression:

US—)H =0, + Aog+ De(AfESL - AETPL(-",L;)1>

where the increment of plastic strain Asz(j)l and Dﬂ? are obtained from return mapping
algorithm

8. Assemble internal forces (adding the effect of initial pore pressures if needed, here pore
pressures are also weighted by the current gravity multiplier \)

P = A BT (ol 6™ (1) ag

e=1,N

9. Assemble stiffness matrix: K = A Joe BTDZZ(?B dQ2

e=1,N
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10. Solve system of equations: K Au™) = Fext, — F'T?Jtr(f)

11. Update accumulated increment of displacements and strains: Au'"/) = Aul’) | + Au(+D),
A~ B Au

n+1

12. If convergence of the iteration process has not been achieved set i = ¢ + 1 and go to step
3

13. Increase [ =1+1
14. IF | <MAX_REPEAT (by default MAX_REPEAT=2) then

— Update the initial stress increment Ao (via procedure given in Window 4-25 Initial
stress increment correction

— Repeat last step introducing corrected initial stresses, GO TO step 2

15. Set: Au,,, =Auf) =0, Ae,,, = A =0

16. f n<mnpx set n=n+1, A=A+ AXand GO TO step 1

| Window 4-24

’ Window 4-25: Initial stress increment correctionl

Correction of the assumed initial stresses is done based on the previous stress state o,
current stress state o,,1 and additional set of constraints which include the effect of K|
(the ratio between selected normal stress components can be defined in a local coordinate
system defined by the user). We assume that the y component of the stress state is computed
accurately and we want to fulfil the conditions : agc*)/aé*) = K,, and ag*)/aé*) = K,,. The
following steps lead to the evaluation of corrected initial stress increment Ao.

1. Transform o, — 0'5;21, o, — o)

Ky has been set up)

(upper index (x) means local system, one in which

2. Compute stress increment between n and n + 1 steps: Ao, = o), — o\
3. Assume : Aol = Ac'),

4. IF Ky, is specified by the user then correct Ac'”3: Aol = Ko, Aa((f;)

5. IF Ky, is specified by the user then correct AUOZ AUOZ Ky, Aag;)

6. Transform Aa(()*)from local K system to global one: Aa(()*) — Aoy

| Window 4-25

3Specification of K can be done exclusively in confined directions
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4.6.4 STABILITY ANALYSIS
The available definitions of safety factors were introduced in Appendix 3.8.1, i.e.

1. x, such that global instability corresponds to

O global failure = O-m(s + Xxs

where y is a uniform deviatoric stress multiplier in the domain. From the implementation
point of view the approach amounts to a progressive modification of the yield criteria
parameters until failure occurs.

2. Alternatively for two-parameter (C' — ¢) criteria, can be used

fl“s Ty dls

F pr—
SF> st Tdl'

where 7, = C' 4 ¢/, tan ¢’ is the yield stress according to the Mohr—Coulomb criterion, C'
the cohesion, g/, the effective normal stress, ¢ the friction angle, SF; the safety factor and
I'y defines the sliding surface. An algorithm which fits the plasticity based approach can
be deduced from the above equation; rewriting the equation as

fF 7y dlg fr (C + o tan @) dT,
/TdFS = = ==
SF, SF,

I

it is observed that SF, can be viewed as the dividing factor of C' and tan¢’ for which
instability is reached.

The stability algorithm is summarized in Window 4-26

Window 4-26: Stability algorithm for SF=SF2}

1. Initialization

Set SF,, = SF, (start with the prescribed lower bound of the safety factor SF)

2. For each step
SF,.+1 = SF,, + ASF (increment the safety factor)
Cn-l—l =

SF. L, (scale the cohesion)

tan ¢’

——— (scale the tangens of friction angle)
SFn+1

tan ¢, =

3. Solve the boundary-value problem, iterate as needed
4. Go to 2 until divergence occurs

5. At divergence SF,, <SF<SF, ,; ; estimate of the safety factor

| Window 4-26 |
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Remarks:
1. Notice that the material characteristics are modified by the algorithm, which is, strictly
speaking, only valid ‘close’ to SF= 1.

2. Divergence is normally accompanied by a localized strain field on a slip surface, in which
SF corresponds to the given definition.

3. Let SF; be the default definition of the safety factor for two-parameter (C' — ¢) criteria.
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4.6.5 ULTIMATE LOAD ANALYSIS

An ultimate load analysis follows the classical Newton—Raphson scheme. Computation are
pursued until divergence is reached. Refer to Section 4.6.1. The simulation of drained
behaviour should be done using drivers as for 1-phase or 2—phase medium but using large
time step. The undrained behavior can be done only with 2—phase algorithm (Section 4.6.6).

ZSoil®-3D-2PHASE v.2023 TM-133



A Preface A A Numerical Impl. A A A Algorithms

4.6.6 CONSOLIDATION ANALYSIS

The consolidation algorithm simulates the transient behavior of the two—phase medium. The
time step can vary starting from small values at the beginning up to large steps at the end
of the process. The only limitation is that minimum time step should be greater than the
critical one estimated via following relation:

FRZ2 1 1
At > Atgie = m |:Z + aned C:| (42)
where:
c — compressibility of fluid = n/8g; n — porosity, B¢ — fluid bulk modulus
k — Darcy coefficient
vF — fluid specific weight
6 — integration coefficient (in Z_SOIL 0 = 1)
E(1l—-v) o

Foedw = — oedometric stiffness modulus

(1+v)(1-2v)
h — element size.

The one-dimensional test is taken as the basis for the estimation. t'ol'the condition for nonoscil-

latory pore pressure distribution can be formulated as pf > ————— (with a positive sign
1+ Eoedc

for tensile stresses). In the incompressibility limit (¢ = 0) this condition means that the
stress transferred by the fluid cannot be higher then the total stress value. The estimate
will be derived for linear two-node element with an equal interpolation for displacements and
pressures. Let us take a mesh which consists of a single finite element, as shown in following
figure, and assume that the initial pressure is zero. Solving the resulting system of equations

lq

X

P=0 2 h/2

U=0 1 -h/z

One-dimensional test

with the set of the boundary conditions (u; = 0 and p, = 0) we obtain the following value
for the pressure increment in the first time step:

qh
2Eﬁoed
h h 6 k:Atl

4E’oed * C§ * /YF h

From the consistency condition, which in a general case can be expressed in the form,(see *):

4q

Apy > — ——————
b= 1—i_EoedC

(4.4)

*Vermeer P., Verruijt A An accuracy condition for consolidation by finite elements”.
Int.J.Numer.Anal.Meth.Geomech.5, p.1-14, 1981
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the condition given in eq. 4.2 for the time step At is derived.

Remark:To avoid this restrictive condition the two-phase stabilization method is available in
Z Soil program.
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4.6.7 CREEP ANALYSIS

Creep introduces a time dependent deformation at constant or variable stress. The imple-
mentation scheme is summarized in Sect. 4.6.1. An important aspect is that the current
formulation does not produce creeping effect due to initial stresses. The phenomenon starts
due to stress variation starting at time at which the creep is activated. This means that for
example the effect of secondary consolidation understood as a result of creeping should be
modelled running the consolidation and creep simultaneously. Since creep is a time dependent
process it requires therefore a time stepping procedure, which is shown in Window 4-27.
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4.6.8 LOAD FUNCTION AND TIME STEPPING PROCEDURE

For time dependent processes like creep, consolidation, transient flow, each item consisting
load or prescribed boundary condition may have attached a function describing its variability
in time (physical or pseudo) during the process. This is called a Load Time Function and is
defined as a list of pairs (1, vx), as shown in Window 4-27 assuming linear interpolation for in-
termediate points. Different loads acting on the model may have attached different load time
functions, but its argument must be common for all time function in a job. It must have the
meaning of a physical time (consistently with constitutive data ) for such a Time Dependent
problems as: Transient Fluid, Heat, Humidity Flow, Creep, Consolidation, while for
the remaining (i.e. Driven Load, Deformation, all Steady State) ones, may be treated
as the non-physical one.

‘ Window 4-27: Time stepping procedure!

eLoad time history

Applied loads are characterized by a prescribed load amplitude and a load multiplier (load
factor). At time ¢, 11 the applied load is then

FnJrl = FOLFn+1-

The load factor LE is defined as a function of time. Each load can be associated with a
different load factor.

Load factor
20
15 - AN

10

10 13 25 40 50 T (days)

Load time-history

eTime step

The time dependent processes start always with the initial time step increment defined by the
user At; = Atggg. Each next time step is predicted through relation At,, 1 = At,, X Atpurt
with time multiplier Atyyir defined by the user. This next time step increment can be
corrected automatically by the system if in between t,, < ¢, + Atf{f_‘i'ded at least one of the
existence functions changes its value (from OFF to ON or vice versa) or some characteristic
point on one of the load time functions is detected. Once such situation is detected the time

step increment is reset to the initial value Atggg.

! Window 4-27 ‘
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4.6.9 SIMULATION OF EXCAVATION AND CONSTRUCTION STAGES

The simulation of excavation/construction stages is normally embedded in every time depen-
dent driver (driven load / consolidation etc..). This type of simulation requires a stiffness
update at each excavation stage. The corresponding appropriate algorithmic choice is done
automatically by the system.

On the other hand, the input mesh must correspond to the maximal mesh. This may corre-
spond to the final stage in a construction simulation or to the initial state for an excavation
simulation.

Management of stiffness

The simulation of construction stages leads to a variable size of the stiffness matrix and
therefore to a variable number of nodes and elements. This requires additional data manage-
ment. The input mesh must correspond to the maximal mesh. The corresponding node and
element numbering will be kept throughout the analysis.

At each excavation stage an optimization of the nodal numbering will be performed, and
a correspondence table with the input-output node numbering will be established. The
optimized mesh node numbering is used for analysis purposes.

Progressive unloading after excavation

If no LTF (unloading function) is specified for excavated elements, interaction forces from
excavated media will vanish immediately at the moment of excavation. In the case of elasto-
plastic media this may cause difficulties in obtaining converged solution. To prevent this,
progressive unloading after excavation can be used which helps the system to redistribute
stresses in the surroundings of the excavated domain, and in consequence to obtain convergent
solution concerning new equilibrium state.

Unloading after excavation can be controlled. The interaction force between the excavated
and the remaining medium will be computed by performing

FintEXC — BTo,tot d- LTF(t)
0 if no unloading function is given

Qexc

over the excavated medium. The association of a load time—history with this set of forces
provides the means for the control of unloading. For more details see section 7.6.2.

Related Topics

e GEOTECHNICAL ASPECT. EXCAVATION, CONSTRUCTION ALGORITHM
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4.7 APPENDICES

SHAPE FUNCTIONS AND REFERENCE ELEMENTS FOR 2D/3D
NUMERICAL INTEGRATION DATA

MULTISURFACE PLASTICITY CLOSEST POINT PROJECT ALGORITHM
SINGLE SURFACE PLASTICITY CLOSEST POINT PROJECTION ALGORITHM
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4.7.1 SHAPE FUNCTION DEFINITION AND REFERENCE ELE-
MENTS FOR 2/3 D

Reference element Shape functions
'm:%u—sm—n)
Noy=-(14&)(1—
v tareyaem = { TV
N3=%(1+§)(1+77)
| M= (-9 +)
Ny=1-8—n
Ny =¢
Ng_’)’].
(1+€§)(1+m)(1+66)

—O0-m-Q). N5=%(1—£)(1—'rz)(1+é)
1+8) 1 =n)1-0), N6=§(1—§)(1—n)(1+6)
1+8) A +n)(1-0), N7=§(1—€)(1—n)(1+4)

O+ (1-0), Ne=2(1-1-n 1+
C)Nl;ré)(fan)
i—1)mod3+1

Ni=1-¢§—-n—-¢
Ny =¢
N3 =n
Ny=¢
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4.7.2 NUMERICAL INTEGRATION DATA FOR DIFFERENT EL-
EMENTS IN 1/2/3D

3
&= g = 0.5773502691896

Integration points

Element shape number Positions Weigthing
Ngauss i 51 n; factors Wz
1 1 0.0 2.0
1: —& 1.0
[ 2 2 ¢ 1.0
_’__’_‘_
-1 & 1
©,1) 1 1 0.33333 0.33333 0.5
< (19

(0.1)
1: 0.16666 0.16666 0.16666

in 2 2:  0.16666  0.66666 | 0.16666
3: 066666 0.16666 | 0.16666
& (1,0)
(1,1)
Q 1 1: 0.0 0.0 4.0
1 &
(_1>_1)
. (L.1) 1. = —¢ 1.0
40 ’3 o 2 . f* —f* 10
2x2=4 | 4. ¢ ¢ 1.0
o e % 4: —& ¢ 1.0

(_1>_1)
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Integration points
Element shape number Positions Weigthing
Ngauss i: é-z n; Cz factors W,
1 1 0.25 0.25 0.25 0.16666
1: 0.13819 0.13819 0.13819 0.04166
4 2: 0.58541 0.13819 0.13819 0.04166
3: 0.13819 0.58541 0.13819 0.04166
4: 0.13819 0.13819 0.58541 0.04166
1 1 0.33333 0.33333 0.0 1.0
1: 0.166666 0.166666 =& 0.166666
2: 0.666666 0.166666 =4 0.166666
9% 36 3 0.166666 0.666666 =& 0.166666
4 : 0.166666 0.166666 & 0.166666
D 0.666666 0.166666 & 0.166666
6 : 0.166666 0.666666 & 0.166666
1 1 0.0 0.0 0.0 1.0
1: =& —£* =& 1.0
2: & =& —£* 1.0
3: & £ =& 1.0
2X2X2 0y, e £ e 1.0
3 5: =4 =4 & 1.0
6 : & —£* & 1.0
7: & & & 1.0
8: =& £ & 1.0
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4.7.3 MULTISURFACE PLASTICITY CLOSEST POINT PROJEC-
TION ALGORITHM

A generalized, unconditionally stable, algorithm designed for the integration of constitutive
equations for class of multisurface elasto—plastic models is presented here. This subject has
been worked out first by Simo & Hughes but procedures described therein were not as general
as needed. Three crucial problems e.a.: selection of the reduced set of active mechanisms
solving the plastic corrector problem in case when the number of active mechanisms is greater
than the stress space dimension , activation of initially nonactive plastic mechanisms due to
effects of hardening/softening and finally definition of the general form of a consistent tangent
matrix for multimechanism models with generally nonassociated flow rule, and including hard-
ening/softening, were introduced later by Szarlinski and Truty. Slightly modified algorithm
including an additional substeping scheme is described here. The complete set of information
on Multisurface Closest Point Projection Stress Return Algorithm ( MCPPSS) can be found
in the following Windows:

Notation
Basic set of equations

Consistent tangent operator D

| Window 4-28: Notation |

M — number of all plastic mechanisms,

Jact — actual set of active plastic mechanisms,

«Q — mechanism index,

vy =+4At — plastic multiplier value,

“r(o,q) — flow vector,

“h(o,q) — column matrix of hardening/softening functions,

N column matrix of plastic (hardening/softening)
4 ~ parameters

eP — column matrix of total plastic strains,

the value of plasticity condition for given stress

*F — :
state and plastic parameters
D — elastic stiffness matrix
C — elastic compliance matrix
k — index of previous closest point projection algorithm iteration
E+1 — index of actual iteration
n — index of last configuration of equilibrium
n+1 — index of actual configuration of equilibrium

! Window 4-28 ‘

’ Window 4-29: Set of basic equations}

The integration of constitutive equations for any elasto—plastic model consists of two stages
e.g. elastic predictor and plastic corrector one. Assuming the fully implicit integration scheme
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for plastic strains and hardening/softening parameters this second stage is expressed by the
following set of equations which is the basis of the closest point projection algorithm (in the
following windows this will be called the basic set of equations):

k+1 (k4+1) o (k+1 3\
82(—&-1 ) = €P + Z f}/n—&—l n—i—l)
a=1,M
k+1 (k+1) qy. (k+1
q7(1+1 )= qn + Z 'Yn+1 hn+1 :
a 1,M
a p(k+1 « «
FTEJrl ) - F A F +1 N 0 aEYact
Aa’fzk—ill) = _DA€n+1 Y,

In most cases this system is nonlinear and Newton—Raphson procedure is needed for its
solution. To apply this procedure the consistent linerization of the above set of equations
has to be done. Denoting by R. and R, the residuals of the first two equations which are
defined by the following expressions:

k) . (k)
R. =€} - Z(H + Z 1 £z+1
a=1,M
o k (03
R, = qn+1 + Z 7(1+1 h
a=1,M

the linearized system of first two equations of the basic set using expressions for R. and R,

and 4th equation from basic set is as follows (summation for Y
aclact

R+ n n
()= [2 5 ]{ 2% - 2 et

k a k)«
0 I Aqu—i)-l R, + Z %(1+1 h
a=1,M
where: .
aar(k) aar(k) B
pre ¥ Hl 3
A(k) _ a=1,M - a=1,M g
n+l = o ah(k) o ah(k)
" 2. Taq
Jo oq
a=1,M a=1,M

In order to find increments of plastic multipliers the third equation from basic set written for
each mechanism “F': « €Jact has to be solved. After linearization it takes the form:

gort oerk
“FAD = FED + AR = Y + 8;% o+ aJ“A (@

It can be written in matrix form using 4-th equation from basic set which leads finally to the
following:

aF(k) — a aF?EIj-)l D _a ozFéﬁ_)l (2)
ot oo dq

In the above equation vector of unknowns which consists of plastic strain and plastic variables
~1
increments can be eliminated via expression derived for (AS’QO and finally after some
matrix manipulations this expression can be rewritten in the form:
(k) p(k) _ ¢lk) (k)
Un-i—lAn—i—an—i-lA’Y fn+1 - Un+1An+1Rn+1
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where:

k Ra
RO {0 )

(k) __I‘O‘1 L..oreN
P”H__ho‘1 ha”}

~ 8fa1T 8f0‘1T_
) (%)
af‘;“NT afOIéNT
(%) (%)

k
Uﬁll -

| Window 4-29 |

Window 4-30: Consistent tangent operator De"}

The general definition of the tangent matrix is as follows:

pe = 97,
de
This definition after introducing of the applied integration scheme leads to the so called
consistent tangent matrix. The starting point for its derivation is the basic set of equations
given in Window 4-29 which expresses the fully implicit scheme applied for the integration
of plastic strains and plastic variables. All next steps will lead to derivation of the relation
between do— de and encapsulating from it the algorithmic constitutive operator. To do that
let's differentiate this basic set of equations which yields:

. 0°r . 0°r o1
a=1,M a oL a=1,M a ol a=1,M
dqg = > oy o Ao+ > aya—q dg+ Y “dy°h
Cézclx,% 5aF a=1,M a=1,M
o — — 0
d (90' d0'+ Gq dq 07 aEYact

do = D/(de — deP)

Considering only first two equations from the above set and eliminating the increment of
plastic strains using fourth equation we can write the following matrix equation:

d“r 0 °r -
C+ > oy— Y > dyor
a=1,M 80' a=1,M aq do _ de a=1,M
a 8 %h a “h dq - 0 - a

Let us evaluate the stress increment considering once again the fourth equation from linearized
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basic set

o 0°r o 0°r o o
da:D(ds—de"):D<alM Y5 do— > e dg— »  d*y r)

a=1,M a=1,M

9 e 9o
_D ds—[ > 8; > oy aqr
a=1,M a=1,M

- /
~~
a

|[ia]- s ame]|

a=1,M

By elimination of the plastic strain differential from the above equation we can rewrite as:

Z d“y “r
do =D ds—aA{de}—l—aA a=1,M
0 Zd"‘fyah

a=1,M

Let us introduce some auxiliary matrices to simplify further derivations:

— matrix T which consists of column stored flow vectors for each active mechanism T =
[r1,...,ryN]

dv,
— vector of plastic multiplier increments: dvy = j

d%\r

: I
— matrix K [(NsTRE+NHARD)xNSTRE] : K = [ 0 } .

With these defnitions one can reform the equation for do:

do = D{de—aA [ %8 } + (aAP-T) d’y}

but still it is necessary to define vector d+. It can be done writing appropriate consistency
condition for each active mechanism. Thus for all (NJACT) active mechanisms one gets the
following system

0°*F 0°F

0
010' (9:q { da} ]
ONF ONF 0
oo 0q

Eliminating vector of unknowns the expression for increments of plastic multipliers will take
finally the form:

dy = (UAP)"' UA { %6 } .
Introducing the above formula into the equation for dor, after some matrix manipulations,
we get the most general form of the multimechanism consistent elasto-plastic matrix:
do = D[I — aAK + (aAP-T) (UAP) ' UAK] de.

. /
-~

P ep—consistent
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4.7.4 SINGLE SURFACE PLASTICITY CLOSEST POINT PRO-
JECTION ALGORITHM

The case of a single surface plasticity with/without hardening is handled via multisurface
plasticity theory and algorithms assuming M=1 (nr of plastic surfaces), see Appendix 4.7.3
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Chapter 5

STRUCTURES

TRUSSES
BEAMS
SHELLS
MEMBRANES
APPENDICES
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5.1 TRUSSES

TRUSS ELEMENT

RING ELEMENT

ANCHORING OF TRUSS AND RING ELEMENTS
PRE-STRESSING OF TRUSS AND RING ELEMENTS
UNI-AXIAL ELASTO-PLASTIC MODEL
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5.1.1 TRUSS ELEMENT

GENERAL IDEA OF TRUSS ELEMENT

GEOMETRY AND DOF OF TRUSS ELEMENTS
INTERPOLATION OF THE DISPLACEMENTS AND STRAINS
WEAK FORMULATION OF THE EQUILIBRIUM

STIFFNESS MATRIX AND ELEMENT FORCE VECTOR
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5.1.1.1 GENERAL IDEA OF TRUSS ELEMENT

Elements are designed to model the presence of different kind of anchors, reinforcements ,
or separate bar (3D case). Note the difference between truss/anchor and 2D membrane
elements , see Section 5.4 .

| Window 5-1: Truss elements in Plane Strain |

{A’- area of single bar

Z A =A’/a- area per unit slice

Plane Strain case

| Window 5-1 |
Window 5-2: Truss elements in axisymmetryl
A’-areaof a
single bar
n total nr of bars
A=nA’ - total area
Axisymmetric case
| Window 5-2 |
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| Window 5-3: Truss elements in 3D analysis type!

Nen=2

3D case: single bar

| Window 5-3
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5.1.1.2 GEOMETRY AND DOF OF TRUSS ELEMENTS

‘ Window 5-4: Truss element geometryl

u={uv(w)} Nen =2 T ]
f i d

real elements T

shape functions A NNE=0.5(1+E)
1 é 2
reference elements |

-1.0 1.0

N(E)05(1-3)

The reference element, shape functions, construction of isoparametric mapping, DOF
setting for 2/3 node truss element

| Window 5-4 |

Geometry of the truss element is identified by the geometry of the centroid line:

°x(€) = > Ni(©)x;

i=1,2
Local cross-sectional coordinate system {xz|, ., 2} directions are set as:

o]
ez:&; ezL:{O, 0, 1}T; e,

E T x| — O X O

L

which for 2D cases correspond to the following rules:
1. x| — axis is tangent to element with the direction pointing from 1-st to 2—nd node of the
element,

2. 2z —is perpendicular to global XY plane (meridian plane for Axisymmetric) and equal to
global Z axis,

3. y_ —is set from x, 2. by right—hand screwdriver rule .

For an arbitrary point of an element identified by its reference co—ordinate £ and local cross
sectional positions r{y, (z.)}, the mapping to the global co—ordinate may be put as:

x(&y, 2) = x(&) +yLey + zes
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The Jacobi matrix of the above mapping may be put as:

J= [°X,5; ey € }

The local-global {z } <+ {xg} transformation matrix may be put as:

. . T _
T = [ Cas Cyi €y } , T = <eyL>
For for any vector:
veg=Tv,, v, = T g

Evaluation of strains requires the derivatives of displacement components versus local x, axis

_f = V,gD with D = <J_1>1eIL
L

For 2D cases a relation between local and global DOF as well as forces may be established
in a form :

. c —s
vg =Tv,, vi = TTvg, with T:[s c ],

where:

e, =1{ ¢ S}T, e, ={ —s, c}T

ZSoil®-3D-2PHASE v.2023 TM-155



A Preface A A Structures A A A Trusses

5.1.1.3 INTERPOLATION OF THE DISPLACEMENTS AND STRAINS

For the point with given reference coordinate ¢ translation displacement components ug
(referred to global coordinate system {x¢}) are interpolated from its values at nodal points

ug(€) = > Ni(§)ue,

The only strain component taken into account while evaluating element stress is strain along
the element, and, as no bending is taken into account, this strain is assumed to remain
constant in the whole cross-section of the element:

_Ou.  glug
EmzL(fI;L; yL) - 8xL - ea:L 89&17

The formulae relating the only strains component ¢,,, any point within the element, with its
DOF vector u may put in general for:

Nen

ExaL (&) = B€z|_ (g)u :ZBiszL (£>ui7
=1

For each analysis type in takes form:

e Plane Strain, Axisymmetry:
u; = |: U; U; ]T
Bisxl_ = [ ea:LzDN’i>£ exLyDNi7§ ]
e 3D:
u; = [Uz’, Vi, wz‘}Ty

Bz‘azl_ = [ ezLa;DNi7£ emLyDNi7§ e:szDNi7§ ] .
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5.1.1.4 WEAK FORMULATION OF THE EQUILIBRIUM

The virtual work principle expressing equilibrium of a system may be put in the general form:

find o such that:

for any de, du
/(55T0dV — /6qud8V =0
oV

\%

The contribution of the truss elements in the above may be easily derived, with integrals taken
along the element length. A is an area attributed to the assumed computational domain i.e.
to the unit slice for the Plane strain, Generalized Plane Strain , to the whole circumference

(independently from current radius) for the Axisymmetric case or to one distinct bar for the
3D case.

for any e, ou

/&mamAdL — /5qudL =0
L L

For the description of 1D uni—axial elasto—plastic material model used for truss elements see
the Window 5-29.
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5.1.1.5 STIFFNESS MATRIX AND ELEMENT FORCE VECTOR

Stiffness matrix K¢ and force vector f¢ of the truss element are derived in a standard way
from the weak formulation of a problem. It would require constitutive module D, as well
as 0,4, Stress evaluation for given strain increment. This will be performed by 1D uni-axial
elasto—plastic model.

Numerical integration technique is used to evaluate integrals over the length of the element.
In the case of a 2—node linear element, 1 integration point is used (Ngaus = 1, W; = 2.0,
&, = 0.0). Integration over the cross section of the element is hidden in given values of
integral characteristics of the cross section area A.

1

K* = [B., () Durec B, (Px()]d¢ =

-1
Ngaus

Z BEzL * (gigaus)DmﬁﬂmBEzL (figaus) Hox(f) “ Wigaus

igaus=1

1

= [B. " (O I°x(e) € =

-1
Ngaus

Z BazL 5 (gigaus)o-xﬂc (gigaus) ||°X(§igaus) || VVigaus

igaus=1

The element p load is assumed to act along the centroid line leading to load induced forces
evaluated as:

£, = / N (€)p|[°x(€) [ d =

Ngaus

Z NT (5igaus)p | | 0X(§igaus> | | Wigaus

tgaus=1

where:
N(¢) = [Ni(f)l(dim)] , 1=1,Nen
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5.1.2 RING ELEMENT

GEOMETRY AND KINEMATICS OF A RING ELEMENT
WEAK FORMULATION OF THE EQUILIBRIUM
STIFFNESS MATRIX AND ELEMENT FORCES
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5.1.2.1 GEOMETRY AND KINEMATICS OF A RING ELEMENT

The geometry of the ring element (available exclusively for Axisymmetric analysis type) is
represented by the coordinates of its 1st node and attached area.

Window 5-5: Geometry and DOF of a ring elementsl

Ring element. Geometry and DOF

| Window 5-5 |

Although only u contribute to element strain both {u, v} displacement components are kept
as element DOF, to allow force resulting from vertical load to be transmitted to the system
via ring element.

The only strain component taken into account while evaluating element stress is strain in
circumferential direction, constant in the whole cross—section of the element, related only to
the radial component of the displacement and current radius:

u
€22 = —
r

The formulae relating ¢, , with elements DOF vector u:

€., = B.__u, u:[u, U}T

Ezz
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5.1.2.2 WEAK FORMULATION OF THE EQUILIBRIUM

From the general form of the V.W.P it may be stated as:

for any d¢,du :
6e..0..(2mrA) — Sulp(27r) =0

For the description of 1D uni—axial elasto—plastic material model used for ring element see
the Window 5-29
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5.1.2.3 STIFFNESS MATRIX AND ELEMENT FORCES

Stiffness matrix K¢ and force vector f¢ of the truss element is derived in a standard way
from the weak formulation of a problem. It would require constitutive module D.... as well
as o, stress evaluation for given strain increment. This will be performed by 1D uni—axial
elasto—plastic model, see the Window 5-29

K*=B! D....B. 27mrA

Ezz

fe = B;I;ZO'ZZQT('TA
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5.1.3 ANCHORING OF TRUSS AND RING ELEMENTS

For the sake of generality the nodal points of truss elements may be placed in arbitrary
position within the domain occupied by continuum or structural element. Despite modeling
convenience, the option also possesses some physical meaning as then the truss element
force are distributed over surrounding nodes of continuum element and the effect of force
concentration is diminished.

Window 5-6: Anchoring of truss and ring elementsl

Conditions to be fulfilled:

e displacement compatibility:
U7russ = WCont

e force equivalence (weak form):

for any ou :
Nen

5u7T“russz7’USS = Z 5u(Ci'2)thg()mt
i=1

Anchoring of a truss/ring node within continuum element

! Window 5-6 ‘
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5.1.3.1 NUMERICAL REALIZATION OF ANCHORING

Let N; are shape functions of the element in which k—th node of a truss is anchored, and &*
are local coordinates of the anchorage point within its reference element. Displacement of a
truss node ur,,ss are to be evaluated from displacement of surrounding element uc,,; via
compatibility condition :

NenCont

UTryss = uCont(g*) = Z Ni(g*)uic’ont = NTuCont
=1

where:
N = [N;(E)Inam] » i =1, NenCont

In the case of anchoring within structural (i.e. beam or shell element), shape function matrix
N must be understood in more general sense i.e. as a matrix relating translation displacement
at arbitrary point within the element with all its DOF and takes the form given in point 1.2,
1.3.

In turn, forces evaluated at the node of a truss fr,,.s are transferred to the nodes of the
surrounding element as f¢,,; basing on (weakly formulated) equivalency

for any ou :
Nen
T _ § : @OT (@) _
6uT7«u53fTTuss - 6uConth’ont - 5uC’onthont =
=1
T T
5uTru55fT7"uss = 5uconthC’ont = 5uConthont = fCont = NfTruss

Finally, the stiffness of the truss element is assembled on the DOF of surrounding element,
and takes a form as bellow, where Kj;, are j—th and k-th nodal sub—matrix of the truss
stiffness:
ij KjkNT
K = s s s
NK;, : NK;NT

In the case of the ring element, its stiffness assembled on the DOF of surrounding elements
takes form: R
K = NK;;N".
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5.1.4 PRE-STRESSING OF TRUSS AND RING ELEMENTS

Pre-stress can be applied only to anchor/truss or ring elements. Pre—stress differs from a
standard initial stress situation by the fact, that the internal force is assumed to be known a
priori. According to the definition of current tangent stiffness matrix it follows that:

Of (u)

K= ou

=0

since internal force f(u) is constant. As a consequence, if pre-stress is being applied then
the stiffness of the anchor is always set to zero while it is evaluated via standard procedures
if pre- stress is non—active.

Strains in the anchor / ring element are monitored during the pre-stress as:

et = Ez—l 4 A&’
O.prestres (tz) _ 0.1'71

E

ZSoil®-3D-2PHASE v.2023 TM-165



A Preface A A Structures

5.2 BEAMS

GEOMETRY OF BEAM ELEMENT

KINEMATICS OF BEAM THEORY

WEAK FORMULATION OF THE EQUILIBRIUM
INTERPOLATION OF THE DISPLACEMENT FIELD
STRAIN REPRESENTATION

STIFFNESS MATRIX AND ELEMENT FORCES
MASTER-CENTROID (OFFSET) TRANSFORMATION
RELAXATION OF INTERNAL DOF

BEAM ELEMENT RESULTS
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5.2.1 GEOMETRY OF BEAM ELEMENT

e Beams in 2D analysis types (Plane Strain , Generalized Plane Strain, Axisym-
metry, Plane Stress)

Window 5-7: Beams in 2D analysis type modeling situations}

In the case of Plane Strain

analysis, beam elements can be used for two - modeling situations:

» Plane strain
Plane strain discrete ribh
contirum shell system

e

Beam
elements

Modeling situations for beam elements in Plane Strain and 2.5D analysis

In the case of Axisymmetric analysis, only continuum shell option can be used:

2D domain

Axisymmetric shell

Beam
elements

Beam elements in axisymmetric analysis

| Window 57 |

System {xg,yg, 2} is the global one. Local element system {x,y., 2 } is created in the
element in a following way:

1. xL - axis is tangent to the element’s centroid axis at a given point, with the direction
pointing from 1-st to 2-nd centroid node of the element

November 6, 2023 QuickHelp DataPrep Benchmarks Tutorials
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2. z_ - is perpendicular to global XY plane (meridian plane for Axisymmetric case) and
corresponds to global Z axis

3. y_ -is set from x|, z by right-hand screw driver rule

F 3
YG &
Local DOF:
{UxL,UyL Rz}
vB
Global DOF:
A . e
A ¥ _ - B xB {UxG,UyG,Rz}
-
XA
B master
o )
centroid
XG

2D beam element: nodal DOF and coordinates systems

°X ¢

T
e, = ||°X,§H’ e, ={ 0, 0, 1 } ;o €y =€y X e
Relation between local and global DOF (degrees of freedom) as well as forces may be estab-

lished in a form :

Vg = TVL, VL = TTVG, T =

SO »w O
[evBN o)
_ O O

are local coordinate unit vectors.
e Beams in 3D analysis type

The geometry of a 2 node beam element allowing for moderate (when 3 nodes are used) and
data, shown on the plot for the most general situation.
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’ Window 5-8: Beams in 3D analysis type}

Reference element: -1.0 g 1o
D2 @ 9
® 1 2

Mi -master nodes
Ci -centroidal points
Di -directional points
o, -offsetvectors

d. -directional vectors

1=1,2

{xG.yG.2G}

Beam element in 3D analysis

{ Window 5-8 ‘

The versors of local cross sectional axis are evaluated from the above data at any point of
the element with reference coordinates ¢ as:
oxvg eXL X d(g)

€ = —"=, € = ——— o e

S llexell” Tt ey x A

L — €y X €y

Note, that iso-parametric mapping is used to interpolate both centroid position vector °x(§)
and directional vector d(&) from their nodal representatives.

°x(€) = Y Ni(€)xi, d(§) =D Ni(é)d;

i=1,2 i=1,2

Centroids may coincide with corresponding masters. Directional nodes may be different for
each node enabling for moderate twist of cross-sectional axis or only 1 common point for all
nodes in the element may be given. The directional planes may be different then the element
curvature plane. The only obligation for the positions of the directional nodes is to omit the
situation when cross product is indeterminable, i.e. when tangent vector e,, is parallel to the
directional vector d.

Local cross sectional axis are these to which the geometry of the cross—section is referred.
In the case of elastic beam model they must strictly correspond to centroidal and principal
cross—sectional inertia axis . In the case of layered, non—linear beam model this demand may
be satisfied only approximately, as most meaningful effects, related to axial strain and stresses
resulting from axial force and bi—directional bending action are taken into account by cross—
sectional numerical integration. Then cross sectional axis setting will be used to input layer
centers positions. Moreover, cross sectional axis setting will be used to refer bi—directional
shear and torsion elastic characteristics.
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For local cross sectional positions r{y, (z.)}, the mapping to the global co—ordinate may be
put as:
X(éa ZJL, ZL) = Ox(g) + yLeyL + ZLeZL

The Jacobi matrix of the above mapping may be put as:
J(& oy, 2) = | °Xet+yLey e T2€s.e; €y €y |
The local-global {x } <> {zg} transformation matrix may be put as:

(ex) G — L
T— [ e € e } G (ey,) thus for any vector : { ‘:,L :_T"I;\Lé.

(€x)

Evaluation of strains requires the derivatives of any displacement components versus local xL
axis :

v =veD with D= (J"")e,

=Ve—r
sTL 75 axL
In 3D analysis case —derivatives of base vectors e appear, evaluated as:

1 X ®° X
€= o (1= o | “Xee
[[ox ]| Xg ©Xg

o — 1 <_(exLxd)®(exLxd)
T e, x dl] (e, xd) - (es x d)

€y =€ X €y +e€; Xey ¢

> (exL,g x d + €y X d’g)
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5.2.2 KINEMATICS OF BEAM THEORY

The adopted kinematics of a beam is based on Timoshenko's hypothesis, i.e. that originally
plane cross- section perpendicular to beam centroid line remains plane but not necessarily
perpendicular to deformed beam axis . Moreover small displacements & strains are assumed

Window 5-9: Kinematic assumption of beam theory}

Kinematic assumption of beam theory

{ Window 5-9 ‘

Displacements at any point r with given local coordinate {x,y.,2.} are then given by
displacement °u of centroid line and independent rotation ¢ of a cross section plane (fiber)
as :

u(x) = °u(zy) +o(z) Xr

For 2D case this leads to:

uL = °u (L) — d(zL)y

VL = OUL<IL)

Two formulations of beam element are used:

e layered approach (Nonlinear Beam option, analysis type Plane Strain, Axisymmetry,
3D analysis )

composite sections allowed, nonlinear or elastic material models, setting of the centroid of
the cross—section may be done in approximate manner as M — N coupling is taken into
account in the model);

e integral approach (Elastic Beam option, Plane strain, Axisymmetry, 3D analysis),
uniform section described by its integral characteristics, elastic material model only, setting
of the centroid of the cross—section must be done in rigorously exact way, as M — N coupling
is disregarded by the model)
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For the layered approach strains are evaluated at each layer. These (related to local coordinate
system) are:

(2D case)

normal strain

OuL 1 0°ug(7L) 9¢., (1)

Exay (Z‘L, yL) -

8ZL'|_ on 6xL e 8£L‘L
shear strain 3 3 Doug(n)
UL uL Ug(TL
szL = 3 = = eg;_— - quL(xL)
61'|_ 8y|_ &vL

additionally, for Axisymmetry , circumferential strain is set as:

ug
8zzL(xL»yL) - 7 -

( Cug(xL) — cyLp,, (xl-)>

S| =

In 3D analysis case and layered beam model strains related to the cross sectional axis are:

normal strain:

Exxy (ZL‘L, yL) -

ou _ <8°ug(x|_) PRUCENE: r))

8_33|_ on al’L afL'L

average strains due to shear:

. 8U|_ 6U|_ . <%L T 8°uG(x|_) T
’waL(xL) - aIIJL + 8yL - al’L - ¢zL - eyLa—xL - ezL (CL’L)

. 8wL 8uL . 3w|_ T 8°uG($|_) T
P)/sz(xL) - aLUL aZL - axL + (byL - ezL 81]_ eyL¢(x|—)

torsion angle:

agbflCL T 6¢($L)

,(/}(xL) = . =€, axL

For the integral approach strains (in generalized sense) are (for Plane Strain ):

extension of {x,0,0} line:

o 0°u 0°ug(zL)
Ex:rL(xL) = 8x|_L = e;rl_ aSL’L -
curvature:
8¢Z|_(:L‘L>
/iz(ﬂ) = _8—117
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average shear strain:

_ Ouw  Oup g 0%ug(wy)
meL(xL) - al'L ayL - eyL 811 ¢2L(xL)‘

In 3D case (integral approach) generalized strains are:

extension of {x,0,0} line:

8°’LL|_ _ T 6’°uG(a:|_)
81]_ e 895._

c)5965& (xL) =

curvatures:

Oy (x) 1 0¢(x)

/‘iy(l'L) - (9.7J|_ N eyl‘ 8x|_

a¢zL (Q’)L) T 8¢(IL'|_)

w) = e T %

Also average strains due to shear and torsion angle taking the form identical as for layered
beam are taken into account.
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5.2.3 WEAK FORMULATION OF THE EQUILIBRIUM

In both layered and integral approach, the treatment of a transversal shear (and torsion
for the 3D case) is de—coupled from bending and extension state analysis and limited to
linear stress- strain relation. This kind of procedure is exact in linear cases, while for the
nonlinear one, consists a commonly accepted simplification. Coupled treatment of both,
shear & bending / extension state would require additional significant numerical effort and
much more complex formulation. In both formulations, the shear behavior is treated in
"integral” way, with usage of averaged shear angle, stress-resultant tangent force and a shear
correction factor.

The virtual work principle expressing the equilibrium of a beam may be put in the general
form:

find o such that:

for any de, du
/56Ta dVv — /5qu doV =0

|4 ov

From the above, taking into account kinematic assumptions both layered and integral
approach, detailed formulation for each analysis type may be derived, i.e.:

layered formulation:

(2D, Plane Strain case)

for any de, 0, 0u :

Z / 0eW) 0y AV 4 / Y ay, (kyGA) vy, dL — / sulpdov =0

Ly L v

(2D, Axisymmetric case, dV is conical volume element)

for any de, o, 0u :

Z / (0eY) Oy + 028 0D ) AV + 27 / Y gy, (kyGA)Y gy m AL — / su'pdoV =0
L ov

VIO

(2D analysis case — anti—plane shear included optionally ({)),in each layer separately

for any de,dv,0u :

Z / (66%) 04 + (074 0 )) AV 4 / Y ay, (kyGA) Yy, AL — / Su'pddV =0

)

V(@) L ov
(3D case)
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for any e, 07,01, ou :

/ 0e) 04y AV + Z / Yo, (kG A)Y,, dL+ / SYpGIp dL— / su'pdov =0

) Vv

integral formulation for elastic beam model

(2D, Plane Strain case )

for any de, 07, 0kK,,0u :

/ [6°€4u N + 0k, M + 6v(k,GA)y] dL — / su'pdoV =0
L ov
(3D case)

for any de, 07y, 0k, ou

/(5 o&wLN + Z [5%(>M(> + 57x<>(k<)GA)’)/x<>> + 5¢Glz@/}} dL — /(5qu doV =0

L <>:yvz

In the above—shear correction factor k is introduced to account for non—uniform shear stress
— strain distribution over the cross section. On the basis of energetic equivalency this may

be put as:
1 A S?
—=—= [ —=dA.
ko b?
A
Moreover, shear module G must be specified by the user. For material model description

see the Appendix, Window 5-29.
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5.2.4 INTERPOLATION OF THE DISPLACEMENT FIELD

For the point lying on the element centroid line with given reference coordinate &, both
translations u and rotational ¢, displacement components (referred to global coordinate
system ) are interpolated from its values at the centroid nodes C'i. Note, that these may
be obtained from element DOF by "master” to "centroid” offset transformation ,see the
Appendix, Window 5-26.

OUG('f) = Z Ni(€>ugi

i=1,2

%) = > Ni(§)e

i=1,2
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5.2.5 STRAIN REPRESENTATION

The formulae relating strains any point within the element with its DOF vector q, based on
kinematic assumptions is given in general form:

Nen C
ey a) =BGy, 2)a= ) BilSy,a)a, o= { ;% ]
i=1 '

The displacement vector q consist of:

2D—-Plane Strain, Axisymmetry:

qi:[ua v, ¢z ]T

3D analysis:
T
qi:[u7 v, w, ¢x7 ¢y7 ¢z}

i-th node submatrix of B-matrix relating shear strain with nodal DOF has a form in the case
of:

2D—-Plane Strain, Axisymmetry:

B, = [ eyaDNie; €yyDNie; —N; ]

3D analysis:
= |: DNl,é“ eT' —Nie;i :|

’Y:vyi YL’

Yoz

In that case also torsion angle matrix By, should be set as :
By, = [ 01x3; DNjcel |

Remaining strain component one-node sub—matrix B; takes form (for straight geometry
element):

e layered approach:

2D—-Plane Strain:

axial strain

Bz—:zLi = [ exL;L‘DNiv&; exLyDNiaf; _DNi7§ YL }

2D-Axisymmetry:

axial strain:
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Bawu = [ eszDNiyf; exLyDNiaf; _DNi7§ YL }

circumferential strain:

3D analysis:

B.,. = [ DN; ¢ egL; D(Nir X €5 4 Njer,e X e, )’ }

where:

r=yLe, + 2Le;
e integral approach:

2D-Plane Strain:

axial strain at centroid line:

B€~ = |: ewaDNiaf; emLyDNi7§; 0 ]

7

curvature:

7

B,,=[0; 0; —DN;; |

3D analysis:

axial strain at centroid line:

B.,=[ DNj¢el; O |,

curvature in x z. plane:

B,y = [ 01x3; D(Nip e;,IL + NieEL,g) ] ;

curvature in x y_ plane:

ani = [ 01><3; _D(Niaﬁ e;I'L + Niez_aﬁ) } .
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5.2.6 STIFFNESS MATRIX AND ELEMENT FORCES

Stiffness matrix K¢ and force vector ¢ of a beam element are derived in a standard way from
the weak formulation of a problem. It would require constitutive module matrix D for each
stress—strain component. Numerical integration technique is used to evaluate integrals over
the length of the element. In the case of a 2—node linear element selected reduced integration
technique (SRI) with 1 integration point is used ( Ngaus = 1, W; = 2.0, £, = 0.0).

Integration over the cross section of the element is performed numerically in the case of
layered approach, or it is hidden in given values of integral characteristics of the cross section
( shear area for uncoupled treatment of shear, area and rotational inertia for elastic beam).

Integrals in layered approach case use longitudinal jacobians 'J = det(J(&, ., z.1)) eval-
uated at each layer [ separately, in order to enhance accuracy in case of curved elements.,
while other integrals over the element length use jacobians referred to centroid line °J =
det(J(£,0,0)). For all 2D cases, contribution of shear part is evaluated in a common way
as:

1

K., = / BT () (kGA)B, (£) °J d

-1
Ngaus

= Z Bg(gigaus)(kGA)B’Y(éigauS) oJigausVVigaus

igaus=1

1

f— [BIE kG T de

-1
Ngaus

= Z B$(§igaus)(kGA’7(€igaus)) OJigausWigaus

1gaus=1

2D—-Plane Strain, layered approach (Nonlinear beam):

/Z BezL g yLl a:x:mBExL (57 yLl) lef + K’y'y

Ngaus

Z ZBszL zgaus? yLZ)szsz&EL (gigauw yLl) lJigaUSWigauS + K"/’Y

igaus=1 1

/ZBECEL 5 Y O-xz(f yu) Jdg _'_f’Y’Y

Ngaus
Z ZBEwL igaus’ yLZ)O_ﬂWTL (gigausa yLl) l‘]igausVVigaus + f'y
igaus=1 1
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Plane Strain , integral approach (Elastic beam model):
1
. EA 0 B.(¢) | o
k- [ e Bro ]| 5 || Bl ] ek

= Y [ B ) Bl () | [EOA EOLJ {EZEZZZZZ”

- [tere mo [ Eig ] e
-1
el EAc(¢,
zg; 1 [ BaT(figCWS); Bz(éigaus) ] [ EIZZ((élZ]zZZ) :| OJigauswigaus + f"/

2D-Axisymmetry, layered approach (Nonlinear beam):

= / > [BL () B (6o ] 0] | 568 Jrig e,

_ Ry T ) . T ) B (gzgausv yLl)
2m Z Z [ BezL (gzgaum yLl)’ BszL (gzgauw yLl) ] [D :| B (f Y l)
igaus=1 [ igaus’ JL

T(ﬁigaus) l']igausWigaus + 271'7’:[{,W

1
e T wa(f,yLl) l _
fe =2 _[zl:[ BT (&yu); BL (& y) ] [%Z(&yu) ]r(&) JdE+rf, | =

Ngaus
E E Oza\Sigaus>
27 ( |: BeTazL (gigaumyLl); BeTzL (gigaus’yLl) :| |: o ggg zng :|>
2 \Sigaus) JL

igaus=1 [

T(gigaus) lJigausWigaus + 271'7“f,y

L. ) D D
where constitutive module matrix: D! = G

3D analysis:

For both layered and integral approaches, treatment of transversal shear and torsion is de—
coupled from treatment of bending and extension states. Thus element stiffness and forces

are split according to:
Ke =K + > K, +K§

1=,y
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fo=15 o+ ) £ 415

1=x,y
The contributions common for layered and integral approaches are:
shear :
1
K5, — [BL (OhGAB,..(€) e

-1
Ngaus

= Z B"fxl (éigaus ) ki GAB’Y% (é-igaus ) ° Jigfws Wigaus

igaus=1

1

.= [BLOKGA (€ ) dg
-1
Ngaus

= Z Biﬂcz (gzgaus)k’LGAszl (gigaus) ° Jigaus I/Vigaus

igaus=1

torsion:
1

K, = / BI(6)GLBuy(€) °J de

-1
Ngaus

= Z B$ (gigaus)GlfB‘I’(gigaus) o‘]igausVVigaus

igaus=1

1

£ = / BI(6)GLW(¢) °J d¢
_;gaus

= Z BE(&igaus)GI \Il(gzgaus) Jlgauswigaus

igaus=1

Bending and extension states are treated in different ways:

layered approach (Nonlinear beam model):

K?V—M = /ZBst é- Yt ZLZ DmxwaEﬂcL(é-ayLlﬂle)lef

Ngaus

_ E § l
- Be:cL igaus? Y, ZLI)wawaEwL (é-igaum Yt Zl_l) JigausWigaus

igaus=1 1
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1
f]e\T—M = /ZBExL<€7yLl7le>UwI(§7yLl7ZLl)l']d£
!
Ngaus

T l
= Z ZBaxL (gigausv Yty ZLZ)UMU (gigausﬂ Yt Zl_l) JigausWigaus

igaus=1 1

integral approach (Elastic beam model):

p EA 0 0 B.(¢)
K= [ [BIO: BL@: BLOT| 0 EL 0 || By | i
%1 0 0 EL || B.©
Ngaus EA 0 0
= Z [Bg‘(gigaus); BEy(gigaus); Bg‘z(figaus)} 0 EIy O
igaus=1 0 0 EIZ
Bf:'(gigaus)
Bﬂy(gigaus) OJigausWigaus
Bﬁz(gigaus)
/ EAe(6)
5 = [ [BIO) BLE© BLO ]| ELw(Q) |
—1 E]zlﬁiz(g)
Ngaus
- Z [BET(gigaus); BEy(gigaus); BEZ(figaus)}
igaus=1
EAg(gigaus)
E[y"{y (gigaus) oJigaus Wigaus
EIZ’%Z (éigaus

The element load p is assumed to act along the centroid line leading to load induced forces
evaluated as:

1 Ngaus
fp = /NT(é)p OJdg = Z NT(gigaus)p OJi!]m”Wigaus
e} igaus=1

N(¢) = [Nz‘(f)I(dim)] ; 1=1,Nen

All element forces and stiffness, as given above, are referred to centroidal nodes of the
element. Prior to the agregation to global ones, they are submitted to Master—centroid
(offset) transformation, see Appendix 5.6.1 .

ZS0il®-3D-2PHASE v.2023 TM-182



A Preface A A Structures A A A Beams

5.2.7 MASTER-CENTROID (OFFSET) TRANSFORMATION

In order to deal with the frequently encountered situation where beam elements are connected
to other elements of the model by nodes, which are not the centroids of a beam cross section,
offset transformation of element displacement, forces and stiffness is introduced. The DOF
of the element are placed on its "master” nodes defining connectivity. Based on rigid body
movement of the "master”, translation and rotation displacements of the "centroid” are
evaluated.

For the details of " master-slave” offset transformation see the Appendix 5.6.1 .
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5.2.8 RELAXATION OF INTERNAL DOF

Stiffness matrix and force vector derived above concerns element with all DOF active. Situa-
tion when user demanded group of DOF is relaxed (what means that no forces are transmitted
by the element in selected directions). The directions of relaxed DOF might be related to local
element directions at both ends of the element.

If given directions at beam node are relaxed, the node is implicitly duplicated and DSC
(Node-to-node interface ) elements are introduced to the model. The stiffness of that in-
terface remains 0 at relaxed direction, while it is assumed to take penalty values, estimated
automaticaly from beam stiffness on fixed DOF.
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5.2.9 BEAM ELEMENT RESULTS

Element stress resultants are referred to cross section local coordinate system at the integra-
tion point. The sign convention is as follows:

N normal force — positive in tension
M; bending moment positive, are such which leads to positive (tensile) stresses in the
points with positive local coordinate on the complementary axis

(Q; shear forces — positive is such that produce positive shear stresses acting in the
1—th local direction
M, torsion moment — positive moment is represented by the vector directed towards

outer normal

Note, that in case of all analysis types, signs of some stress resultants are related to node
order C'1 — (2

Window 5-10: 2D beam element result settingl

2D Beam element results sign convention, case of:

-Plane strain,

-Generalized PS

O, (for GPS)

2D beam element results sign convention

| Window 5-10 |

Note, that for Plane Strain and case of discrete beam system in Z direction stress resultants
are referred to single beam but not a unit slice of a model.
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‘ Window 5-11: Axisymetric shell element result settingl

2D Beam element results sign convention, case of:

-Axisymmelry

Axisymmetric shell element results sign convention

! Window 5-11 ‘

Note, that in the case of Axisymmetry, evaluated stress resultants are referred to the unit
length of the axi—symmetric shell both in circumference and meridian direction.

Window 5-12: 3D beam element result settingl

3D Beam element results sign convention

-3D analvsis oL
% _

Cc2

Cl

vG

xG
zG

3D beam element results sign convention

| Window 5-12 |
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5.3 SHELLS

Following paragraphs present most important aspects of applied shell elements

BASIC ASSUMPTIONS OF SHELL ANALYSIS

SETTING OF THE ELEMENT GEOMETRY

ELEMENT MAPPING AND COORDINATE SYSTEMS
CROSS-SECTION MODELS

DISPLACEMENT AND STRAIN FIELD WITHIN THE ELEMENT
TREATMENT OF TRANSVERSAL SHEAR

WEAK FORMULATION OF EQUILIBRIUM

STIFFNESS MATRIX AND ELEMENT FORCES

LOADS

SHELL ELEMENT RESULTS
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5.3.1 BASIC ASSUMPTIONS OF SHELL ANALYSIS

Shell elements are 2D elements in 3D space, which are of course compatible with the contin-
uum, beam, truss and, contact elements. The degenerated continuum approach is used, in
which deformation field within the element is described by translations and independent fiber
rotations field (Mindlin-Reissner hypothesis) of the "reference surface”. The fiber is assumed
to be in-extensive. The principles of the shell kinematics are shown in the following Figure.

reference surface

Shell kinematics principle

The displacement field u within the element is split into two parts. First is related to reference
surface translation %u, and second U is related to fiber rotation:

ué,¢) = u(€) +U(£Q)
UE,0) = 2(0)(0:() &1 —6:(€) &)

where:
£=1, 77]T — point coordinates at the reference element,
{éi (&),1=1,2, 3} — fiber coordinate system,
0,(€),i=1,2 — fiber rotation vector components referred to fiber

coordinate system,
2(Q) — lamina coordiante.

In each lamina plane stress hypothesis is adopted. Moreover transversal shear strains and
stresses are accounted for. Each node of the reference surface posses 6 DOF, i.e.:

a = {ur,uz, 61, 6, 65}
Nodal rotations ¢ are transformed to nodal fiber coordinate systems
{ém (€),i=1,2,3; a = 1,Nen} .

Bending rotation components 6;(£),7 = 1,2 are used to evaluate element strains and then
stresses, while only stabilization e—stiffness is attached to so called "drilling rotation” 6.

November 6, 2023 QuickHelp DataPrep Benchmarks Tutorials
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5.3.2 SETTING OF THE ELEMENT GEOMETRY

Four (8) and eight (16) nodes shell elements are available. Two modeling options and related
classes of shell elements are:

A. Shell elements with 2 layers of nodes (Window 5-13)

B. Shell elements with 1 layer of nodes (Window 5-14)

Window 5-13: Shell elements — 2 Iayers}

] Master nodes

@ Slave nodes

Reference surface

Shell elements with 2 layers of nodes

| Window 5-13 |

Elements are designed to be fully compatible in all kind of connections with surrounding
volume elements, without overlapping. They have DOF attached only to one (master) layer
of nodes creating "reference surface”, slave nodes are used to define the geometry. Master
nodes 1 to 4 characterize the SHQ4 element with bilinear interpolation are slave nodes which
help constructing meshes and manage variable thickness. Shell elements are connected (or
not) to the other elements through either master or slave elements. As the only degrees-
of-freedom retained for analysis correspond to master nodes all loads applied to slave nodes
will be transferred to master nodes assuming a rigid link, with possibly resulting moments.
Similarly results (displacements) obtained at master nodes are transferred to slave nodes
assuming a rigid link, so that a master node rotation may result in an additional slave node
translation. Moreover, offset transformation, see Appendix 5.6.1 , is performed on force
vectors and stiffness matrices of all other elements adjacent to the slave node layer. Described
modeling option posses however following limitations:

1. mechanical boundary conditions can not be applied to slave nodes,

2. while connecting beam to shell elements Master-to-Master and slave-to-slave condition
must be respected.

November 6, 2023 QuickHelp DataPrep Benchmarks Tutorials
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| Window 5-14: Shell elements — 1 layer |

m Master nodes

Reference surface

Shell elements with 1 layer of nodes

{ Window 5-14 ‘

Elements are designed to be used in thin shell-structural systems. Element thickness (variable
allowed) must be set as an additional data. It is of course taken into account during element
stiffness/forces evaluation, but in the sense of geometrical modeling O thickness is in fact
assumed. This means that the volume occupied by a shell may be over-lapped in the case
when a volume element is adjacent to the shell element (i.e. when shell nodes consist a face
of a volume element). Fiber is assumed to be strictly orthogonal to the reference surface.

Window 5-15: Setting of the variable thickness data}

Variable thickness of the shell elements is set using the following algorithm:

e A family of fictitious (and temporary) thickness interpolation macro-elements is introduced.
It consist of linear L1, surface triangular T3,T6 and surface quadrilateral Q4, elements.
User has to define the thickness values {h;,i = 1, Nen} at the nodes of these macro-
elements.

e Current point x at the shell element is projected ortogonally onto the surface of fictitious
element x — x’, and then local coordinates &' of a point X’ at the macro-element are set.

e The thickness at the current point h(x) is equal to the value at the projection point h(x’)
and, as such, is interpolated from the nodal values of the thickness using macro-element
shape functions N;.

| Window 5-15 |

Despite above difference in element geometry description all others mechanical features of
the element (kinematics, constitutive modeling) are common for both classes A. and B.

November 6, 2023 QuickHelp DataPrep Benchmarks Tutorials
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thickness at
current point x

hix)

Different possibilities of variable thickness setting

fictiti thick interpolation el t L2 : . .
CHHOUS , THCkness misipotation eremen variable thickness shell ceiling

in dir. X bi- linear , I

in dir Y linear variability el

shell elements

linearly
varying
thickness

hyperboloidal shell

2 fictitious , thickness interpolation element Q4

Practical examples of the variable thickness setting

ZSoil®-3D-2PHASE v.2023 TM-191



A Preface A A Structures A A A Shells

5.3.3 ELEMENT MAPPING AND COORDINATE SYSTEMS

Given construction of the shell element is common for each type of shell element SXQ4,
SHQ4.

‘ Window 5-16: Shell elements coordinate systems and mappingl

e Nodal basis, after !

for each node a = 1, Nen

{/e\aia L= 17273} =

- -
1
nZ+1+nZn§ —1+nznxny Ny
1 1 .
— ngny n,+ n? n, Jifn, # —1
1+n, 1+n,
—Ny -n n,
[€a1,8u2,8as] = 4 T - ’ .
1 0 0
0 —1 0 Jifn, =—1
0 0 -1
k e -

T .
where: n, = [n,,n,,n.| is element reference surface normal at node a.

e Mapping from the reference element is constructed as follows, after’: x(¢,7,¢) = °x(&,n)+

X(&,m,¢)

with:

reference surface:

x(&m) = Y Nal&n) °X;

a=1,Nen

position on the director:

Xm0 = Y. Nal€n) 2a(¢)Cas:

a=1,Nen

where:

lQ) = 50+ + 30— 0z

1JL. Batoz, G. Dhatt, Modelisation des structures par element finis, Ed.Hermes, Paris 1992.
2TJR. Hughes, The Finite Element method, Ed.Prentice—Hall Inc.1988.
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St

oz =0; for SHQ4

a

hq
ha/2; z; = —ha/2; for SXQ4

=4

z
z
Jacobi matrix of the mapping:

0] +

J = [Xaga Xan; XJC] = [OX’E;O qu;

= Za = ha/2.

+ ) 2a(Q) [CusNave ; €asNawy ; 0]+ > (0505843 Na ¢ |

a=1,Nen a=1,Nen

Shape function global derivatives:

N, N,
ON, “¢ | 9N, e
P =J " Nam ) g =J" |z Nam + N,
* 0 * 0

Derivatives versus local directions {x;1},7 = 1,2, 3 are evaluated as:

Reference
element

Shell element coordinate systems and mapping

0
0

Z?C

Gauss-
point
base

Global
base

| Window 5-16

3T.JR. Hughes, The Finite Element method, Ed.Prentice—Hall Inc.1988.
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5.3.4 CROSS-SECTION MODELS

Independently from the element geometry description, two approaches to modeling of the
cross sectional behavior of a shell are available. They are:

(i) homogeneous section, elastic model.

The cross section is fully described by elastic material data, i.e. Young module E and Poisson
ratio .Note, that element thickness is set as geometric data, independent from cross section
model. Numerical integration along the depth of an element is performed using 2-point Gauss
rule.

(ii) layered model (non—homogenous section or/and material non—linearity).

The cross section is understood as a set of layers with possible different material models in
each. In the case of homogenous section but non-linear material model introduction of layers
may be understood as the specification of integration rule, different than 2-point Gauss rule
used in the case of homogenous elastic section.

The following data must be specified for the whole section:

— number of layers Nlayer < NLAYER MAX = 20

— elastic properties E, v

— averaged volume unit weight ( for evaluation of gravity load )

while for each layer required are:

— z;, the position of the layer center (relative or the distance from top/bottom)
—w; = % the relative depth of the layer or, for the fiber model, the area of fiber
per unit length.

— indication of a material model attached to the layer.

The models to be used in that context are : elastic , elasto-plastic Menetrey—
Willam, 1D elasto-plastic fiber model, In the latter case, for each elasto—

plastic fiber model

— F, the elastic modulus,

— fy, the tensile yield stress,

— fey. the compressive yield stress,

— N, Ny, n, direction cosines of a unit vector; the projection of n on the element

surface will define the fiber orientation, see Appendix 5.6.2 and example in the following
figure.
November 6, 2023 QuickHelp DataPrep Benchmarks Tutorials
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h
r hi

2 options of fiber layer position

variable thickness, constant h./h ratio preserved . . .
! getting, i.e. preserved is

relative distance Ce (-1.0,1.0)

or:

{ //1: —{0,0,1)7 distance from top/bottom
1~ e

n,={0,1,0}7 fiber 1
fiber 2 f

Shell cross—section and fiber orientation models

Example:
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5.3.5 IIi)/IIE'IG_Ii_ACEMENT AND STRAIN FIELD WITHIN THE ELE-

Assumed kinematic hypothesis together with interpolating (shape) functions built upon ref-
erence element with node number Nen = 4 (SHQ4, SXQ4) lead to the following expressions
for the displacement field within the element. The displacement field may be expressed :

e in terms of nodal translations u, and rotations 6,;,0, in the directions of nodal base
vectors 61,62 tangent to the element reference surface, as:

uE. )= > Nl®uit Y Na(&)2(Q)(@urflaz — Sarbln)

a=1,Nen a=1,Nen
Above will be used to evaluate element strains.

e in terms of element DOF vector q, including global components of rotations ¢ using
generalized shape function matrix N, as:

u(§,¢) =N(£ (g

T
q= [ualau(ﬂaua37¢a17¢a27¢a3] y  a= ]-7Nen

N(& Q) = [Na(&)Lsxz;  2(ONa(€)(@ar€gy — €n28,1)], a=1,Nen

Above, will be used for evaluation of element equivalent forces, and for numerical realization
of anchoring, see p. 5.1.3.1  Strain approximation is built upon nodal translations u,
and rotations 6,1, 0, in the directions of nodal base vectors €;, €, tangent to the element
reference surface, consisting 5 components of DOF' vector qs)

", a=1,Nen

qe) = [uab U2, Ua3, eala 9(12 )

Ousr, Ouar, Ouqr, Ousr,
e =
mn al'lL’ 8ZE2L7 ang al'lL

} = B,.q)

ousr, Ousr, Ouar, Ousy,
E. =
s 8953L 8x1L’ ang 8x2L

:| = Bsq(5)

Membrane strains are evaluated in unified way for all options considered, with B,,, matrix
taking form:

u On, a0 =1,2

r ON, 0zN,
1 Wala

or1y, Oy,

B,, = eTaNa : Was 92N, ., a=1 Nen
! Oxq, e Oy,
oT ON, 4ol ON, 0zN, 0zN,
Wala (7 Wa2a
B ! 0o, 2 0z, ! 0o, ? 0z, i
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where:
T~ _ T~
Wakl = —€; €425 Wak2 = —€1€41.

For transversal shear strains (i.e. mean shear angles), evaluated at the mid-surface standard
and enhanced options are provided. While standard option is used, shear strains are evaluated

with use of:

u O, = 1,2
g e | aONo 02Ny 02N,
! O3y, s Oy, ate O3y, ase 01,
°B; = , a=1 Nen.
oT ON, 4ol ON, N 0zN, oy 0zN,
B 2 O3, s 0o, aa O3y, ase Oxar, |

For enhanced option, in order to omit shear-locking problem in low order Q4 elements Mixed
Interpolation of Tensorial Components (MITC) approach is optionally introduced, after Ba-
toz*. In that case appropriate form of the °B, matrix may be derived from following consid-

. . T . .
eration. Covariant components of mean shear angle v, = [fyg, fyn} are interpolated from its
mid—side representatives as:

Bl

Mean shear angle components

L=n a1, 1410 a9 1—¢ g1 148 po
”Yg:T’Yg +T”Yg ; ’Yn:T’Yn +T%7 ;
where
7?1 = (a1T,3 +n? Oll,g)|§:0,n:—1; 7?2 = (alTﬁ +n" 011,5)|5:0,n:1
%]731 = (a;8+n" ‘u,,)|e=—1,9=0; 752 = (a;8+n" “u,,)|e=1,9=0
a; = oxaﬁ; a; = Oxm; ﬁ = Z Na(é)(/éalefﬂ - 6{1290,1)-
a=1,Nen

4J.L.Batoz, G.Dhatt, Modelisation des structures par element finis, Ed.Hermes, Paris 1992.
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After transformation components of mean shear angle eg = [fylL,%L]T in local Gauss point
base {Q} are obtained as:

-1
T T T T

es = Cv,; with: C =
symm aja, ale, ale,
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5.3.6  TREATMENT OF TRANSVERSAL SHEAR

Standard and enhanced options of treatment of the transversal shear are available. This
concern interpolation of the shear strain, constitutive modeling and shear strain decomposition
along the cross-section depth as summarized in widow below.

Window 5-17: Options of transversal shear treatmentl

Context:

Treatment: Shear interpolation and Constitutive treatment | Assumed shear strain
numerical integration rule of shear in case of lay- | decomposition along
for elements of type: ered model the cross—section

depth in case of lay-
ered model
Q3
(SHQ4,
SXQ4)
Standard SRI Linear, shear behav- Uniform shear correc-
ior decoupled from in— tion factor k = 5/6 is
plane nonlinear model- used
ing
Enhanced | MITC/URI Shear included to non- Non—uniform, result-
linear model, ing from elastic stiff-
ness (*)

URI — Uniform Reduced Integration (2x2).
SRI — Selective Reduced Integration 1x1 (for shear), 2x2 (for membrane & bending part).

MITC — Mixed Interpolation of Tensorial Components approach.

G(z o o
(6 )= — 2 = 86 = [ B)sds
PG ~h/2
—h/2

! Window 5-17
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5.3.7 WEAK FORMULATION OF EQUILIBRIUM

Formulation of the equilibrium equations are derived from virtual work principle (VWP), which in takes
general form:

find o such that:

for any de, du
/(56TcrdV - /5udeV =0
1% Vv

In each detailed case, the particular form of VWP is as follows, using the notation:

Em = [ €xxl EyyL Vayr ]T — membrane strains

Om =] Ocal OyyL Owyr | — membrane stresses
€= [ Vasr Vyor ]T — shear strains

os=[ 0wzr 0yaL ]T — shear stresses

€ =lem e — full strains and stresses
\%4 — volume of the element

Q — reference surface area

b — body forces

G 0 . . .
Dii = [ 0 } — shear part of linear constituive matrix

with
k  — shear correction factor (=5/6 for homogeneous section)
G - Kirchhoff moduli
h  — element thickness.

e homogenous section, elastic model
find o such that:
for any de, é~, du

/ oel o, dV + / 6y TkhD Ay, dQ — / sutbdV =0
14 Q Vv

e layered section, possible nonlinear model, standard treatment of shear (shear de-coupled from membrane
part in constitutive model)
find o such that:
for any dg, v, du

/ > (6el,) ol Ay dQ + / oy TkhD Ay, dQ — / sutbdV =0
Q Q v

e layered section, possible nonlinear model, enhanced treatment of shear (shear included in constitutive
model)
find o such that:
for any dg, v, du

/ S (6el,)Tat, Ak A0 — / suThdV = 0
Q ¢ v

Moreover, in the case of enhanced shear treatment for SHQ4,5XQ4 elements MITC ( Mixed Interpolation of
Tensorial Components ) approach is applied.

ZS0il®-3D-2PHASE v.2023 TM-200



A Preface A A Structures A A A Shells

5.3.8 STIFFNESS MATRIX AND ELEMENT FORCES

The formulas for element stiffness matrix K55y and force vectors concern 5DOF component vectors
q(s) f(5) with rotations /moments related to nodal tangent directions.

e layered model with standard treatment of shear or homogenous section , elastic model:

Nlayer

Ky = [ Y, BrDummBumihiayer A6 dn + / °B; #hDg, °B,jdEdy
Q ilayer=1 a
Nlayer
f(5) = Z B%Umjhilaye'r d§ d77 + / OB;Flithé OESj dg d’l7
Q ilayer=1 a

where °() concerns mean shear strains.

e layered model with enhanced treatment of shear:

Nlayer
Diyim D B, .
Kisxs) = [ > [BuBl] [ D.n  Di, HBS ]] fitayer 451
Q ilayer=1
Nlayer
f5) = = BB [ T | huaye ded
(B5) — Z [ ms 5] o JNilayer 6 n

Q ilayer=1
B = qzj(zilayer) °B;

In all above integrals Gauss type integration is performed over the surface of the element as specified in
Window 5-17. Integration in the direction of element depth is based on user defined layer setting (/ayered
model) or on 2 point Gauss rule in case of homogenous section, elastic model.

5 — DOF vectors and matrix are put into full 6 — DOF ones and stabilizing terms are added to stiffness
matrix on the positions of 6th DOF (drilling rotations), in order to avoid singularity in case of co-planarity
of elements adjacent to a node.

K 0
K= |: 0 ab(5x5) kgg” :| , a,’b: 17Nen
f= [ fuisy, 0, a= 1,Nen]

kA — o / N.N,GhdQ, a=10"°
Q

Subsequently, rotational part is transformed to global coordinate system :
f¢ = Tf
K% = TKT"

where

_ I3><3 0 _
T“—[o [Bu1,8uz Bus) |7 @7 LNVem
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5.3.9 LOADS

Gravity, nodal and surface loads can be applied. Gravity corresponds to body forces. In a case of shell 2
node layer elements (option A) nodal forces can be applied to either master or slave nodes. Also surface
loads are specified on fictitious surface elements S_Q4 which may be set on slave or master layer of nodes.
Equivalent nodal force vector consist of forces as well as moments, evaluated with use of generalized shape
function matrix N as:

£, = / NTpav
Ve

Thermal loads can also be accounted for; thermal analysis is always performed on a continuum element and
then € thermal is projected into shell material data at each layer.
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5.3.10 SHELL ELEMENT RESULTS

Nodal results include 3 translations and 3 rotations. Element results include (at each numerical integration
point) membrane forces , moments and shear forces .

‘ Window 5-18: Shell element stress resultants and sign convention 1

T
~y/
-

Mll

membrane forces bending moments shear forces

Shell element stress resultants and sign convention

| Window 5-18

Window 5-18 indicates the sign convention. These results are evaluated, stored and printed into text file at
integration point and are referred to integration point fiber coordinate system and to the mid—surface (not
to the reference surface). During the visualization phase users reference system must be defined. This is
documented in the reference manual, under post—processing.
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54 MEMBRANES

ELEMENT GEOMETRY MAPPING AND COORDINATE SYSTEM
DISPLACEMENTS AND STRAINS FIELD

CONSTITUTIVE MODELS

WEAK FORMULATION OF THE EQUILIBRIUM

STIFFNESS MATRIX AND ELEMENT FORCES

Elements are designed to model different kind of soil reinforcement (solid phase) such as geo-textiles, geo-
grids. In modern geo-technical practice there is a variety of different types of such a means. Membrane
elements are available in all 2D and 3D analysis types. Although membrane and truss elements use the same
DOF (at least for statics), note the difference between membrane and truss elements for all 2D analysis.
The difference concerns the possibility of using a wider list of constitutive models in the case of membrane
elements.

‘ Window 5-19: Membrane elements!

Membrane elements in 3D analysis:

M T3 M Q4

Membrane elements in 2D analysis: M 1.2 ./
2D model:

unit slice I

Plane strain, Gen. P.S => -

Axisymmetry =>

Note: elementary
volume:

dV=2mr- dl

The family of membrane elements

| Window 5-19

Note the significant difference between membrane and truss elements for the Axisymmetry analysis. For
the membrane elementary volume dV' changes with the current point radius r, while for the truss elements
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it remains constant, see the Window 5-1. The geometry of the element is set as iso-parametric surface
element (all T3/Q4) in 3D space or as 2 node linear element in 2D space. It posses one layer of nodes -
as it is required in statics. As element has only 1 layer of nodes it can not be used to model a flow in the
normal direction - (2 node layer necessary) -thus membrane elements can not be used to model impermeable
surface. When necessary to simulate the drainage or impermeable surface in the normal direction, one node
layer membrane element should be placed together with 2-node layer flow interface:

Window 5-20: Flow trough membrane elementsl

2-node layer

INTERFACE element -to control the
flow in the normal direction and to
simulate drainage -flow in the surface
direction

)
e
\ 1-node lﬂyer (.) MEMBRANE

Modelling of flow trough membrane elements

| Window 5-20
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54.1 _IIE_II_EIIEv'MENT GEOMETRY MAPPING AND COORDINATE SYS-

3D case

Window 5-21: 3D membrane elements co-ordinate systems and mappingl

o Mapping from the reference element is constructed as:
x@En =Y Nal&m)Xa;
a=1,Nen

e Gauss point local base, by unified procedure see Appendix 5.6.3

e Derivatives of any function f versus local directions x,,y;, are evaluated as:

or o
oxr, _ (J—l)T . |: f’g ] ’ with: J = |: e_lr-X,g e_lr.xm
of m € " Xi¢ €] Xy
oyL

| Window 5-21 |

In all 2D cases geometry setting for membrane element is identical with these for truss element, see Window
5-4.
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5.4.2 DISPLACEMENTS AND STRAINS FIELD

The displacements within the element are interpolated from nodal values as:

u@) = Y Na&u,

a=1,Nen

The strains within the element (only in-plane are taken into account)

e 3D case:

Ougr, r Ou
—_ e L P —
anl ory, T Qxr
e 0uyL T ou
E=| &ywL | = = = Cyr 5 —
dyr Y¥ oyr
0
zyL Ouzr,  Ouyr T ou LT ou
oyr Oxr, vl Oxp, oL Oy,
e 2D analysis types:
x Plane Strain:
8uxL T ou
— emL - —
Exzl al‘L (9.%‘1,
€= | EyyL | = 0 = 0
’YzyL
0 0
* Axisymmetry:
i 8uIL ! i T ou |
exL . a_
€xzL 81’]; Iy,
e = EyyL — Uz G — Uz G
’nyL r r
0 0

The formulae relating strains € any point within the element, with its DOF vector u may be put in the general
form:

Nen
e=Bu= E B.u,,

a=1

e Plane Strain:
Uy = [uaa Ua]
Ba(g) = [GXLX'DNa’§7 eXLy.DNa'E]

o Axisymmetry:

exLx'DNa’E exLx’DNa’f

B, (¢) = Na 0 :
T
0 0
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e 3D:
T
u, = [uaa Va,s wa]
elea’;L‘L elyNa’zL elzNa’zL

Ba(&?”) = eQzNa’yL e2yNa’yL e2zNa/yL

elzNa’yL + eZzNa’zL elyNa’yL + 62yNa’mL elzNa’yL + eQzNa’mL
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5.4.3 CONSTITUTIVE MODELS

Constitutive models used in membrane elements (solid phase) for all analysis types relate in- Plane Strains
€= [smL,sny,%yL,]T with membrane stress components & = [0441., OyyL, TxyL, || in local directions of
membrane element. For some models, constitutive data concerning stiffness and strength must be given in
reference to the whole thickness of the element, in units [force/length]. The models are:

e Elasto-plastic membrane (isotropic)

Data: stiffness K [force/length], Poisson ratio v, tensile
and compressive strength f;, f. [force/length]
Applications: geo—textile
Stress criterion: o1 < fi, o2>—fe
where: 1,09 principal stresses
K vK 0
Elasticity matrix: D. = vE K IO{
0 0 2(1+v)
e Elasto-plastic membrane (an—isotropic)
Data: stifness K11, Kag, K12 [force/length]  tensile

strength  fi1, fio  [force/length]  compressive
strength f.1, fea [force/length] o — angle between
local element axis x;, and an-isotropy I-st axis X1,
evaluated from projection of a direction vector onto
element surface (see Appendix 5.6.2 )

Applications: geo-grids
Stress criterion: SRR -
022
K11 Ko
Elasticity matrix: D.=T7. -T
Ky Koo
2 2
c* s sc
h T =
where [32 2 _SC],
s=sina, c¢=cosa
e Elasto-plastic fibre
Data: elasticity module—F, area per unit length—A, ten-

sile and compressive strength—f;, f., a— angle be-
tween local element axis x;, and fibre direction x1,
evaluated from projection of a direction vector onto
element surface , see Appendix 5.6.2

Applications: reinforcement layer

Note: In case of Axisymmetry, the model is suitable for modelling circumferential reinforcement (« = 90°),
while for longitudinal one, usage of truss elements is recommended.

Stress criterion o< fy, o>—f
o— uni—axial stress in the fibre direction
Elasticity matrix: D.=FEt-tT

where: t =[ 2 2

sc ]’
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e Elasto plastic-plane stress member

Data: elasticity module—FE, Poisson ratio v, area per unit
length—A, Menetrey—Willam criterion data

Applications: thin lining (steel, concrete, etc.)

Stress criterion Menetrey—Willam (plane stress)

Elasticity matrix: standard plane stress
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5.4.4 WEAK FORMULATION OF EQUILIBRIUM

The contribution of the membrane elements to the virtual work principle expressing equilibrium of a system
may be put as:

find o such that:

for any de, du
/ de'o AdS — / su'pdS=0
S S

with

’

T
g = [EmmL,Enya’yzyL7]

T
g = [ozzLaony, U:vyLv] )

" [w o]’ for Plane Strain, Axisymmetry
") [v v w]" for Gen. plane strain, 3D

A~ thickness of the element (= 1 for models using membrane forces instead of stresses).

Integrals are taken over the surface of the element. S is an area attributed to the assumed computational
domain i.e. to the unit slice for the Plane Strain or to the whole circumference for the Axisymmetric case.
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5.4.5 STIFFNESS MATRIX AND ELEMENT FORCES

Stiffness matrix K€ and force vector f© of the membrane element are derived in a standard way from weak
formulation of a problem. It would require constitutive module matrix D as well as stress evaluation for
given strain increment. Numerical integration technique is used to evaluate integrals over the element with
inegration point number as shown in the table.

Element | M L2 | M T3 | M Q4

Ngaus 1 1 2x2
e 3D case:
11 Ngaus
Ke://BTDB|J| Adpd¢ = Y B'DBII|-A - Wigaus
15 igaus=1
11 Ngaus
fe = BT. - T, AW
= o|J| Adpd¢ = > BT-o|J|-A- Wiggus
15 igaus=1
e 2D cases:
x Plane Strain:
11 Ngaus
Ke:/ B'DB || x| Ad¢= > B'DB:| x| ‘A Wigaus
10 igaus=1
11 Ngaus
2= [ [BT o lxell Admdc= Y B0 |xel A Wignue
15 igaus=1
* Axisymmetry
11 Ngaus
K= [ [BTDB | x| 2mr-Ade = > BIDB- | x| 24 Wi
10 igaus=1
11 Ngaus
fe = //BT -0 || x,¢ || -2mr-Adnd€ = Z B o || x¢| 2mmA Wigaus.
15 igaus=1
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5.5 NONLINEAR HINGES

NONLINEAR BEAM HINGES

NONLINEAR SHELL HINGES

Nonlinear hinge elements can be used to model complex behavior of a beam-beam or shell-shell connections.
These hinge elements may be used in the uncoupled form for each specific degree of freedom (defined in
local coordinate system) (to model no tension condition for instance)or in the coupled one (using Janssen
formula) where the current bending moment may strongly depend on the axial(for beams) or membrane (for
shells) force. Uncoupled/coupled hinge models (different for each degree of freedom) can be mixed within
one hinge element.
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5.5.1 NONLINEAR BEAM HINGES

‘ Window 5-22: Nonlinear beam hingesl

Hinge element may be defined at the beam or axisymmetric shell element vertex. This element is of node-node
interface type. The local base of the element is inherited from the adjacent beam/axisymmetric shell element
as shown in the figure. Nonlinear hinge behavior can be defined as a user given generalized force-relative
generalized displacement relation for each distinct degree of freedom without couplings among them, or it
may undergo so-called Janssen formula that couples bending moment and axial force. User given generalized
force-relative generalized displacement relation can be sensitive to the sign of the relative displacement but
exclusively for axial force and two bending moments (unsymmetric relations). Relations for torsion and shear
in two directions can only be symmetric.

yL

H1 H2

zL

Beam hinge element

| Window 5-22
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‘ Window 5-23: Modeling joint using Janssen’s formula 1

Y

/]

Modeling joint in segmental lining require complex nonlinear hinge model to be used in beam-beam connection
(see figure). One of the simplest formula that quite well approximates the aforementioned joint behavior is
the one proposed by Janssen. In Janssen’s formula for joint that is in full stick mode along whole interface
depth (h) (joint must transfer compressive axial force (N < 0)) bending moment and elastic joint stiffness
are described by the following expressions

M = kyA¢ (1)
h2
ka = Ebyg (2)

h
When the joint opens (bending moment |M| > |N| 5 and N < 0), a nonlinear relation between M and A¢

is observed in the experiments and numerical FE models as well. The corresponding bending moment M
and tangent joint stiffness for bending k; are as follows (for N > 0 (tension in joint) M=0)

(3 |AG| Ebh — 2/2\/[Ag| Ebh |N\) IN| sign (Ag)

M o= 1/6 S (3)

_ N2\/2h
b= g TR BN ®
5)

NB. To model no tension condition one may set an uncoupled hinge model for the axial behavior and coupled
one (Janssen) for bending.

| Window 5-23
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5.5.2 NONLINEAR SHELL HINGES

| Window 5-24: Nonlinear shell hinges |

Hinge element may be defined at the shell element edge. This element is of segment-segment interface type.
The local base of the element for each shell edge is shown in the figure. Nonlinear hinge behavior can be
defined as a user given generalized force-relative generalized displacement relation for each distinct degree of
freedom without couplings among them, or it may undergo so-called Janssen formula that couples bending
moment and membrane force. User given generalized force-relative generalized displacement relation can be
sensitive to the sign of the relative displacement but exclusively for axial force and two bending moments
(unsymmetric relations). Relations for shear in two directions can only be symmetric.

xL

\3 zL

xL

xL

Local bases for shell hinge element

! Window 5-24
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‘ Window 5-25: Modeling joint using Janssen’s formula 1

h 1 ]

Modeling joints in segmental lining require complex nonlinear hinge model to be used in shell-shell connection
(see figure). One of the simplest formula that quite well approximates the aforementioned joint behavior is
the one proposed by Janssen. In Janssen's formula for joint that is in full stick mode along whole interface
depth (h) (joint must transfer compressive membrane force (N < 0)) bending moment and elastic joint
stiffness are described by the following expressions (same as for the beam hinge but b = 1m)

M = kqAd (1)
h2
ke[ = EE (2)

h
When the joint opens (bending moment [M| > |N| 5 and N < 0), a nonlinear relation between M and A¢

is observed in the experiments and numerical FE models as well. The corresponding bending moment M
and tangent joint stiffness for bending k; are as follows (for N > 0 (tension in joint) M=0)

e (314¢] Eh — 2 V2 /[AJ ERINT ) |N| sign (Ao)

Mos 29IE ©)

B N2V2h
b= g BT BRI “
(5)

NB. To model no tension condition one may set an uncoupled hinge model for the axial behavior and coupled
one (Janssen) for bending.

| Window 5-25
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5.6 APPENDICES

MASTER-SLAVE (OFFSET) TRANSFORMATION

SETTING THE DIRECTION ON SURFACE ELEMENTS
SETTING OF THE LOCAL BASE ON A SURFACE ELEMENT
UNI-AXIAL ELASTO-PLASTIC MODEL

UNI-AXIAL USER DEFINED MODEL
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5.6.1 MASTER-SLAVE (OFFSET) TRANSFORMATION

In order to deal with the frequently encountered situation where elements are connected to other elements
of the model by nodes, which are not the centroids of a cross section, offset transformation of element
displacement, forces and stiffness is introduced. The DOF of the element are placed on its " master” nodes
defining connectivity. Based on rigid body movement of the " master”, translation and rotation displacements
of the centroid being the "slave” node are evaluated. The above concerns beams as well as shell elements.

Window 5-26: Master-slave (offset) transformationl

Displacements at the "slave”:

u® uM—|—¢)M><0

¢S — d)M

where offset vector is used:

O = XSlave — XMaster

o = {wi,yi, (zi)}".

In turn, forces and moments evaluated initially at "slave” are moved to "masters” in a way preserving static
equivalency:

M= ¢S
m" = m’4oxt®
Expressing the above in a matrix form one can get:
displacement transformation :
qS _ OqM
force transformation:
M = OTfS
stiffness transformation:
as M = 0Tf% = 0"K>q®° = OTK°0OgM = KMgM
KY = 0'K°0
Offset transformation matrix takes the form:
(all 2D cases)
1 0 —yi
O=|10 1 a2
0 0 1

(3D case)
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1 0 0 O zi =yl
01 0 —z2 O Tl
1001 yo —x¢ O
0= 00 0 1 0 0
00 0 O 1 0
00 0 O 0 1

| Window 5-26
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5.6.2 SETTING THE DIRECTION ON SURFACE ELEMENTS

A unified procedure of setting the direction on the surface element (shell, membrane, surface load, interface)
is proposed. The direction setting is independent from node order, orientation of the element, what is not
the case of local element base {el, €2, €3} Moreover the same method of setting user defined coordinate
system to present the stress resultants in shell and membrane element is used in post-processor

Window 5-27: Direction on the surface elements}

v- given direction vector

(i.e.arbifrary vector in space)

v’-itg projection on element tangent plane
determine the direction on the element
surface

{e,, &5, e5}- element local base

\Z] {x,.x,}- distinct directions on
element surface

Distinction of the direction on the surface elements

Evaluation of the angle a:

v = v—(eiv)es
elv/ , elv/
cosa = ; sina =
vl vl

Note:

1. An error will be reported in the case when v is orthogonal to element surface, leading to || v/ || =0 .
2. x; is the direction closest to given v among all directions tangent to the element surface.

3. In a case when v is tangent to element surface, x; coincide with v, i.e. x; 1 v.

| Window 5-27

November 6, 2023 QuickHelp DataPrep Benchmarks Tutorials
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5.6.3 E/IEI;I-I\-II:II'NG OF THE LOCAL BASE ON A SURFACE ELE-

The following construction of the local base in the integration point, after T.J.R.Hughes®, is used in all kind
of surface elements (i.e. shell, membrane, contact, fictitious for surface load elements). Moreover for these
elements, stress-type results which are stored in *.str ASCII file, are referred to defined bellow coordinate
system.

Note, that element local base depends on node numbering order and its orientation.

Window 5-28: Local base on a surface elementl

‘ Element orientation
Surface Gauss-point
element local base
1
Reference
element Global
base
Setting of the local base on a surface element
{Q}& ) = [e1, 2, €3]
es X e \/5 \/5
= 7 . =" (a—Db): _Vv“ b):
€3 I e X e, ”’ €1 D) (a ); e 2 (a+b);
where
X
e5:7x’E ;e = X i a= ©¢ T ey ; _ _Ssxa :
Ixe |l (R I ec+ey | les xa|
| Window 5-28

5T.J.R.Hughes, Finite Element Method, Ed.Prentice-Hall 1988

November 6, 2023 QuickHelp DataPrep Benchmarks Tutorials
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5.6.4 UNI-AXIAL ELASTO-PLASTIC MATERIAL MODEL

The uni-axial stress-strain relationship to be used commonly for truss, ring, beam, fibers is given as follows:

| Window 5-29: Uni—axial elasto—plastic material model!

Uni—axial elasto-plastic material model

| Window 5-29
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5.6.5 UNI-AXIAL USER DEFINED MODEL

The uniaxial user defined o — ¢ laws can be used to model beam fibers. To set up such a model both tensile
and compresive branches must be defined with a minimum 2 points {¢; — o;(¢;)} on each curve. The linear
interpolation is used to compute stress for a given strain value. These branches describe primary loading
paths while the unloading ones tend towards the origin of o — ¢ axes (like in damage models). All values
in set {&; — 0i(e;)} must be positive no matter whether tensile or compressive branch is defined. In this
model softening can be assumed but it may require a certain regularization to handle strain localization
effects and resulting mesh dependency of results. To handle that one may activate regularization through
softening scaling in which a characteristic length L. must be declared (to reproduce properly fracture energy
in pure tension). As the assumed law generates variable elastic stiffness an extra assumption must be made
with respect to the value of the equivalent E modulus to be used in dynamics, pushover, creep, but also to
compute shear stiffness of the whole beam cross section. Three possibilities can be used

1. E =max(do™ /det)
2. E=max(do~ /de™)
3. E=1/2(max (do"/de™) + max (do~ /de™))

As far as softening scaling is concerned user supplied curves are traced to identify whether softening effects
occur. If the softening effect is detected then in the descending branch strains are scaled by factor L./h¢
where h® is an element length. Usually element size is larger than L. hence descending branch is usually
shortened along strain axis. For reinforced concrete beams when percentage of reinforcement in the cross
section is high this regularization may not be needed as the resulting stiffness of composite material will
always be positive definite.

Window 5-30: Uniaxial user defined model |

v

—

Uniaxial user defined material model

| Window 5-30
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Chapter 6

INTERFACE

CONTACT
PILE INTERFACE
PILE TIP INTERFACE
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6.1 CONTACT OF SOLIDS AND FLUID INTERFACE

GENERAL OUTLOOK

DISPLACEMENT & STRAINS

CONSTITUTIVE MODEL

STIFFNESS MATRIX AND FORCE VECTOR
AUGMENTED LAGRANGIAN APPROACH
CONTRIBUTION TO CONTINUITY EQUATION
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6.1.1 GENERAL OUTLOOK

\ Window 6-1: Interface elements: General remarks!

Mechanical contact as well as flux (of fluid, heat, humidity) through the surface between two bodies is
modelled by finite element discretization of the interface between them. The interface elements use nodes
belonging to the FE-mesh of both adjacent solids with assumed invariable topology (small displacement

theory). Moreover the compatibility of the initial positions of nodes is required (this is assured by pre—
processing tools, see Interface option).

Interface (contact) elements between 2 adjacent bodies

Interface element geometry is based on the iso-parametric mapping from the reference element. As nodes of
both layers of element are assumed to occupy the same position :

Interface elements in 3D analysis:

C T3 C Q4

Intertace elements in 2D analysis:

C L2

Family of interface elements

Window 6-1
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‘ Window 6-2: Interface: Mechanical contact!

As an additional feature, for mechanical contact, the displacements continuity option is introduced. This is
related to interface element status.

Status CONTACT: The interface elements reproduce the force action between the two bodies based on the
relative displacements of the interface nodes. The elasto—plastic friction model is used, allowing for sliding
and separation, while the elastic properties of the interface impose penalty constraints multipliers excluding
penetration, see Window 6-4 for the details.

Status CONTINUITY (u,p,T) or CONTINUITY (u,T): Displacements continuity across the interface is
enforced. Nodes on both sides of the interface share the same kinematical DOFs.
Window 6-2

Window 6-3: Fluid Phase |

In case of Flow or Deformation+Flow analysis mode, interface elements may posses pressure DOF at nodes
of both layers. Interface elements can be used to model following situations:

Fully permeable interface

Pressures continuity across the interface is enforced. Nodes on both sides of the interface share the same
pressure DOFs.

Impermeable interface

No flow takes place in the direction normal to the interface ("no flux" ¢, = 0 condition on both faces is
imposed). Resulting pressures on both interface faces will be (in general) discontinuos. In this case the
interface element does not contribute to the equation system.

Permeable interface

Both isotropic and anisotropic flow conditions can be handled.

Window 6-3
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6.1.2 DISPLACEMENTS AND STRAINS

Displacements at each layer of the interface L1 and L2 are interpolated using standard approach, from given
nodal displacements u:

ug (= Y. N©w
i=1,..,Nen
i=Nen+1,..,2Nen

. The generalized strains at the integration point of the interface element are mutual displacements of both
layers transformed to the local basis {t,n} of the element. In 3D case local base on the element surface is
created according to unified procedure given in Appendix, Window 5-28.

Generalized strains in contact element

The relation between the above generalized strain and nodal displacements may be put in unified form,

2Nen

() =B(¢u = _Z B;(Hw;

with B — matrix given as:
B(6)= T(€) [-Ni(&)Inpor, Ni(©)Inpor] , i=1Nen

where:

T (&)-transormation matrix such that Ury = T(£)u
Inpor—unit matrix, NDOF is displacement component number per node
2D cases
Plane Strain, Axisymmetry:
u; = [W,%’]T

5(6) = [Autv Aun]T = [U'th = Uty Unp — unu]T

(o~ |

) C= —F7——

¢, S Lhe s = Y
-5, cC 2+ 2’ .2 4y 2
ag y7§ aE y7§

T
u; = [uiawiavi]

3D case:

5(fa77) = [Autlv Auygg, Aun]T = [Utlu T Ul W2, — Ut2)q, Un, — UnLl]T

T(¢,n) = [elfegieg] :

Moreover, initial gap may be accounted for while evaluating element strains.
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6.1.3 CONSTITUTIVE MODEL

Constitutive behavior of the interface is described in the terms of:

e generalized strains €, evaluated from nodal displacements of the interface

o effective stresses o/, submitted to appropriate stress criterions resulting from

1. cohesive Mohr - Coulomb condition

2. no-tension condition.

For Plane Strain and Axisymmetry number of stress components N stre = 2, while for 3D analysis Nstre =
3. In the case of analysis mode Deformation+-Flow, the concept of effective stress is used taking into account
pressures p and saturation ratio S or the effective saturation S, (in the formula given below S can be equal

to S or to Sé/("m) depending on the user's choice) and enforced Biot coefficient value &

Nstre =2 Nstre =3
~To |0
azo"—I—dS[ } o=0 +aS| 0
b p

e flow rule with a flow potential in the form analogous to Mohr-Coulomb vyield function allowing for non-
associative flow rule in the case when ¢ # 1,

e constitutive matrix D.

Both ¢’ and D are evaluated within the frame of perfect multi—surface elasto—plasticity theory, with com-
ponents related to the plane of the interface and its normal.

Formulation of both cases of contact constitutive law is given in the Window 6-4.
The trial stresses o* are evaluated as:
o*=0"+D.,Ae
using the previous stress o™, strain increment Ag, the elastic (penalty) interface stiffness D;.

The elastic stiffness K,, should be large enough to prevent significant penetration in the case of compression,
but can not undertake arbitrarily large values as it might spoil conditioning of the resulting FE equation
system and lead to difficulties in obtaining convergence of the solution. Estimation of penalty stiffness is
done as follows in the Window 6-5.
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| Window 6-4: Constitutive law of frictional contact!

Analysis type:

separation

c [~~~

sticking

>

Plane Strain, Axisymmetry 3D
Nstre 2 3
¢ — cohesion
Data: o — friction angle
1 — dilatancy angle (0 <1 < ¢)
T
o=|r1,72,0
o= [T,O’n]T Wlth[ 1,72, n]
with: ) T1,To the shear interface stresses
Stresses: 7  the shear interface stress . . .
in local directions eq, ea
0, the stress normal to the
. On the stress normal to the
interface .
interface
Stress conditions Slip activated when:
Fi(o') =7 +tan(¢)ol, —c>0 if 7>0 Fi(o') = /72 + 13+
Fy(o') =71+ tan(p)ol, —c>0 if 7<0 tan(qb)a —c>0
No tension (" cut-off”) activated when:
Fs(o')=0,>0 | Fy(o')=0,>0
Graphic presentation:
A
|| T,
tg (|> separation sliding

sticking

K @i~
. Qi(0') =71+ tan(y)o,, —c>0 if 7>0 Qi(a") = /72 + 72+
Flow potential Q2(0’) = -7+ tan(y)ol, —c >0 if 7<0 tan(ih)o’, — ¢ > 0

T1 T2 T
a]. = e — tan(P
T

_ OF — T T
Grtiens 27 0 wa=l e | S LN
b=755: by =[ +1, tant ] 1= Pl
T =/T]+ T3
K, 0 0
Elasticity matrix: De|:[lgt 1(() ] Da=| 0 K, 0
" 0 0 K,

Window 6-4
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‘ Window 6-5: Estimation of the penalty stiffness and permeability 1

This is done automatically (default) based on the following algorithm:

1. Find neighbouring elements ( active at the current time ¢,, + 1)

2. For neighbouring elements find the maximum size in the direction normal to the interface
7

Penalty stiffness estimation

1. Estimate normal stiffness as:

I . (E1 Es A
n =min | —, —
hi" ha ) /Nege
2. Set tangent stiffness K of the interface as:
K; =0.01K,

3. In the case of Flow or Deformation+Flow analysis mode estimate penalty permeability:

B . (k1 k2>
hy = ——min (-2, 22)  where k= | S K2k.(S
! YwV Nege (hl ha i—1.N dim ( (p))

taking into account permeability multiplier k, dependent on current saturation S = S(p)

In the above:

A,B — arbitrary factors(default A = 10=*, B = 10°)set by numerical experience
Neq — total equation number in the system
€ — precision (machine dependent small number)

Parameters adopted under points 3,4,5 may be multiplied by user-defined factors.

Window 6-5
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| Window 6-6: Stress point algorithm!

Depending on the trial stress o*, 3 different types of the behavior will be modelled:

e sticking,
e sliding,

e separation.

The algorithm of stress and constitutive matrix evaluation is as follows:

Stress-point algorithm

if oy >0 then

separation:
o"tl =0
D=0

else
if Nstre=2
—_—N—
if Fl(O'*) < 0/\F2(0'*) < Othen
sticking
O.n+1 — 0.*
D =D,
else
sliding (Fy(c*) > 0) :
o™t =¢" 4+ D (Ae — Ayb)

SRF
D.b) : (Dga)T
b=, - (Dab): D)
F; i
where: a= %g, b= %Qa
end if
end if

Note that stress return for the 'sliding’ case is performed with a one step 'cutting-plane’ procedure. This is
due to the linear form of the yield function and flow potential in 2D case (Nstre = 2) as well as possible

radial return for the 3D case (Nstre = 3).
Window 6-6
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6.1.4 STIFFNESS MATRIX AND ELEMENT FORCE VECTOR

These are evaluated as: 3D case:

11 Ngaus
Ke://ETDE|J|dnd§: Y B'DB|J [Wigaus

15 igaus=1

Ngaus

1 1
fez//ETau\dndg: Y Blo | I |Wigaus
14

1gaus=1

2D cases:

Plane Strain
Ngaus

1
=T _ = — T —
K° = / B'DB | x¢|d= > B'DB | x¢ | Wigaus
21

igaus=1

Ngaus

1
e =l Bt
£ :/B olxeldi= > B o|xel Wigaus
-1

igaus=1

Axisymmetry

1 Ngaus
K° = / B DB | x| 2rrdé = Y B DB | x| 20 Wigaus
-1

igaus=1

1 Ngaus
fe:/ETa Ixell2mrde = Y Blo || x|l 20 Wigaus
-1

igaus=1

with constitutive matrix D and stresses o being the result of the point level algorithm, see Window 6.5.4 .
Note that in the case of Analysis mode Deformation +Flow, the total stresses o including pressure is used
to evaluate element forces. In order to avoid oscillatory patterns of normal stress, integration is performed at
nodes and not standard Gauss points. In addition normal vectors at each node are averaged from all adjacent
elements. The B matrix is evaluated as follows:

o B, (gigaus)
B (gigaus) = s
Bn (Eigaus)
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6.1.5 AUGMENTED LAGRANGIAN APPROACH

1 A common problem of the standard penalty approach used for problems of contacting elasto-plastic media
is that the resulting overpenetration is too large and contact stresses may be underestimated. Usage of high
values of penalty stifnesses usually results in loss of convergence and oscillatory contact stress distribution.
In the case of soil-structure contact interaction the stress resultants may be underestimated as well. To
handle this deficiency an Augmented Lagrangian Approach can be used. In the current contact formulation
(segment to segment approach) each time the state of the global static equlibrium is achieved the contact
resulting normal stresses are memorized, penalty stiffness is increased (by default through factor of 2). The
Augmented Lagrangian Approach is summarized in window given below.

‘ Window 6-7: Augmented Lagrangian Approachl

1. initialize: « =0, (=0 f =1

(a=0)

2. at each integration point at contact element set: Onniti = Ony

w

solve: F — Fint(un41) = 0 assuming that that the trial normal stress at each integration point of

extn 41
contact element is computed as: ot =() Tnpis +(@) £k, JANCHININ

nN 41
at each integration point of contact element check overpenetration: |Ag,, ., | >TOL (?)
if overpenetration is too large (at any integration point) perform augmentation procedure:
set: a=a+1

increase penalty parameter: (®) f =(@=1) f x g (g = 2 by default)

if (O f > fnax sett (O f = fra

if &« <MAX-AUGMENTATIONS go to step (2)

© ©® N o g~

Window 6-7

concerns versions: ACADEMIC, PROFESSIONAL, EXPERT only
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6.1.6 CONTRIBUTION TO CONTINUITY EQUATION

In the case of active fluid phase interface elements contribute to matrix H and flux vector Q (see Section
4.1.2) with the following:

N
Hinterface = _/ |: N :| kf[ NT, ~NT ]dF
r

anterface = _Hlnterfacetw
where:
NT =[ Ni(&) ... Nnen(§) | - shape function vector
tD =] twr, ... twnen | — nodal pressure vector.

The integration technique analogous to the one used for Stiffness matrix and element force vector evaluation
is used.
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6.2 PILE CONTACT INTERFACE

GENERAL OUTLOOK
DISPLACEMENT & STRAINS
CONSTITUTIVE MODEL
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6.2.1 GENERAL OUTLOOK

’ Window 6-8: Pile interface element: General remarksl

Pile interface element is used to model frictional contact between pile (beam elements) and continuum in
which pile is embedded. This element consists of the two linear segments called master and slave respectively.
Nodal points of the master segment are linked to the continuum via Nodal link option while slave segment
coincides with beam element. This element allows to model relative movement of the pile and continuum
while the interface behavior is controlled by the standard Coulomb’s friction law. This element assumes full
displacement continuity, enforced by the penalty method, in the plane perpendicular to the pile axis. Two
formulations can be adopted ie. local or non-local. A comprehensive analysis and explanation of these two
formulations is given in dedicated report.

X
/ 7/ /
S S S / master slave
7 Za 7 %
= d
n /1 Z
W
m \
| |
[ \ y
= d
><></
a4 >\
// Pile as set of beam elements
Window 6-8
November 6, 2023 QuickHelp DataPrep Benchmarks Tutorials
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6.2.2 DISPLACEMENTS AND STRAINS

\ Window 6-9: Pile interface: Generalized strains!

Displacements at slave and master segments are interpolated by using standard approach, from given nodal
displacements at master segment u™**" and slave segment uf'a"e:
umaster(g) — ZZZlN&n Nz (é-)u;naster
| |
U (€) = D im Nent1.2enen NVi(§)ui™e

The generalized strains at any integration point of the interface element are understood as relative displace-
ments of both segments transformed to the local element basis {¢,n1,n2}. The local ny and ny axes are
created in a random way due to axial symmetry. If ¢ axis is parallel to the global y axis (standard situation)
then local nqy and ny axes are parallel to the global x and z axes.

The relation between generalized strains and nodal global displacements:

2xNen
e€)=B(u= Y Bi(du
=1
where B is defined as: -
B(§) = [-Ni(§)T(£), Ni(§)T(§)]” fori=1.Nen
T(&)-transformation matrix such that u’*°® = T(&)u?'*

T

u; = [u;, w;, v
E(f) _ [Aut, AunlaAung]T _ [uilave o u?aster’ uilz;ve o ugfster, uﬂ;ve _ uTrTL'nQaster]T

Transformation matrix is composed of unit vectors e, e,,, €,, expressed in global coordinate system

T(&) = [et, en,, en2]T

Window 6-9
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6.2.3 CONSTITUTIVE MODEL

‘ Window 6-10: Pile interface: Constitutive aspects and stress return algorithm 1

Constitutive behavior of the pile interface is described in terms of:

Generalized strain &, evaluated from nodal tangential displacements of the interface

Effective stress o], estimated in an explicit manner from the continuum in which pile is embedded; note
that displacement continuity along n; and ng directions is always preserved

Frictional Colulomb’s law: F(o!,,7) = |7| 4+ o}, tan(¢) — ¢

Constitutive elastic matrix

0
Ky
0

D =

OOB

500

Stress evaluation consists of the following steps:

e Compute trial averaged shear stress Tﬁ(}‘_ﬂl =75+ K; Ay

e If o/, > 0set Ty =0 and

D =

o O o
OBO
3NC)C)

e If o/, <0 check plasticity condition: F(o),,T)
x If F(o},,7) <0 (sticking) then set Ty 41 = 7%, and D*» = D®
* If F(o},,7) > 0 (sliding) then set 7y 11 = (—0), tan(¢) + ¢) sign(r%2,) and
0 0 0
D*=|0 K, ©0
0 0 K,
o Compute the two remaining stress vector components o,,, 0,, which are concerned with the enforced
displacement continuity in n; and no directions

0n1N+1 =0niN + K" Aunl
Un2N+1 =0Onyn + Kn Aunz

e Compose stress vector 0 = {TN11,0n,,0n, I
Remarks:
1. The elastic stiffness K; should be large enough to prevent significant loss of displacement continuity in

the tangential direction for case of full sticking

2. The normal elastic stiffness K, should also be large enough to prevent loss of continuity of the displacement
fields in the plane perpendicular to the pile axis; however, too large values for K,, and K; may lead to the
lack of convergence, oscillations.

3. Dilatancy angle v is not meaningful for this type of the interface

4. Estimation of K,, and K; factors follows the procedure described in Win.(6-5)

| Window 6-10
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6.2.4 STIFFNESS MATRIX AND ELEMENT FORCE VECTOR

1

Ngaus
K¢ = 27 rPle / B'DB |J [d¢ =27 " > BTDB|J [Wigaus
-1 igaus=1
1 Ngaus
fe =2 rP"e/BTa' | T [d¢ =2mrP" > BT | T [Wiggus
—1 igaus=1

Remarks:

1. 7P is a radius of pile (reinforcement)
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6.3 PILE TIP CONTACT INTERFACE

GENERAL OUTLOOK
DISPLACEMENT & STRAINS
CONSTITUTIVE MODEL
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6.3.1 GENERAL OUTLOOK

‘ Window 6-11: Pile tip interface element: General remarksl

Pile tip interface element is a simple node to node interface element which is used to put limits on the tensile
and compressive stresses in the contact zone of tip of the pile and underlying subsoil. This element consists
of the two nodes called master (it is linked to the continuum via Nodal link option) and slave ((pile) beam
element endpoint). This element allows to model separation of the tip of the pile and soil during pull out
and limited compressive strength. The latter effect is important as due to coarseness of the continuum finite
element mesh in the zone of the tip of the pile bearing capacity of the pile could be overestimated. This
interface controls relative movement of the pile and continuum only in the axial pile direction (zr); in the
two remaining directions (yr, zr) full continuity is enforced. Two formulations can be adopted ie. local or
non-local. A comprehensive analysis and explanation of these two formulations is given in dedicated report.

4 xL

@sSlave node

>
Master node zL

! Window 6-11
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6.3.2 DISPLACEMENTS AND STRAINS

‘ Window 6-12: Pile tip interface: Generalized strainsl

The generalized strains in the interface are understood as relative displacements of both nodes transformed
to the local element basis {z1,yr, 2r}. The local y;, and zy, axes are created in a random way due to axial
symmetry. If 27, axis is parallel to the global y axis (standard situation) then local y;, and zj, axes are parallel
to the global x and z axes.

P
® Au
y/

The relation between generalized strains and nodal global displacements:
2
e=Bu= Z B,;u;
i=1

where B is defined as:
T
B = [—1 T, 1 T]
T—-transformation matrix such that u'°¢® = Tu9'ob
- T
u; = [Uz', Wi, Ui]
slave master , slave master , slave master

T T
EZ[AU’EL?AU?JL?AUZL] :[umL —UzL ,UyL _uyL 7uzL _uzL ]

Transformation matrix is composed of unit vectors e, , e,,, e,, expressed in global coordinate system

T= [etaenwenz]T

| Window 6-12 |
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6.3.3 CONSTITUTIVE MODEL

‘ Window 6-13: Pile tip interface: Constitutive aspects and stress return algorithm }—

Constitutive behavior of the pile tip interface is described in terms of:

Generalized strain g,, evaluated from nodal displacements of the interface

e Stick-separation law: —¢g. < 0, < q:; ¢ is a tensile bearing capacity (default ¢; = 0 kPa) and g is the
compressive bearing capacity (can be found in standard codes for pile design) (default ¢. = 103® kPa)

e Constitutive elastic matrix
K, 0 0
D¢ = 0 K, 0
0 0 K,
Stress evaluation consists of the following steps:
e Compute trial normal stress 0,5, = o, n + Ky, Au,
o If 5,2, > q; set o, n 41 = q; and
0 o0 0
D=0 K, 0
0 0 K,
o If 5,2, < —qc set o,y 1 = —¢c and
0 o 0
D=0 K, 0
0 0 K,
o If —qc < 0,53, < @ set opn i = 0,53, and D = D¢

Compute the two remaining stress vector components 7., T4, which are concerned with the enforced

displacement continuity in yz, and zp, directions
Toyny1 = Tayy + Kn Au,
TrzN+1 = Tezn + Ky Au,

T
Compose stress vector o = {04, Toy, Taz }

Remarks:

The elastic stiffness K,, should be large enough to prevent significant over-penetration in case of full

sticking
Too large values for K,, may lead to the lack of convergence (oscillations)

Estimation of K, follows the procedure described in Win.(6-5)

| Window 6-13 |
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6.3.4 STIFFNESS MATRIX AND ELEMENT FORCE VECTOR

K¢ = 7 **’BTDB

0e2
f¢ =7 P BTy
Remarks:

1. 7P is a radius of pile
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6.4 NAIL INTERFACE

This interface is fully compatible with the interface designed for 3D piles. However, there exist the three
major differences among them. The first is such that the nail interface can be used both for 2D and 3D
problems, the radius appearing in the integration of the internal force vector and interface stiffness matrix is
equal to the radius of the injection zone, and contact constitutive model is purely adhesive. Hence, firictional
terms in the formulation are cancelled. The detailed explanations are given in sections devoted to piles
treated as beam elements embedded in the continuum 6.2.
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6.5 FIXED ANCHOR INTERFACE

This interface is fully compatible with the interface designed for 3D piles. However, there exist the three
major differences among them. The first is such that the fixed anchor interface can be used both for 2D
and 3D problems, the radius appearing in the integration of the internal force vector and interface stiffness
matrix is equal to the radius of the injection zone and contact constitutive model is purely adhesive. Hence,
firictional terms in the formulation are canceled. The detailed explanations are given in sections devoted to
piles treated as beam elements embedded in the continuum 6.2.
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Chapter 7

GEOTECHNICAL ASPECTS

TWOPHASE MEDIUM
EFFECTIVE STRESSES

SOIL PLASTICITY

INITIAL STATE

SOIL RHEOLOGY
ALGORITHMIC STRATEGIES
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7.1 TWO-PHASE MEDIUM

In this section, an attempt is made to relate modelling parameters to geotechnical aspects. The soil is modeled
as a two-phase medium, this means that equilibrium of the medium requires the solution of a coupled system
of differential equations where one set of equations represents the equilibrium of the solid and the second
set of equations represents the continuity of the fluid flow. Both sets include coupling terms. Drained and

undrained conditions are limiting cases of particular interest. The corresponding boundary conditions are
shown in Window 7-1

e Drained conditions
Boundary conditions are such that, in the long term, the local stress is carried by the skeleton (o = o).
e Undrained conditions

When boundary conditions and material properties are such that no fluid motion relative to the solid is
possible, the condition is undrained and the medium behaves in an essentially incompressible manner.

‘ Window 7-1: Drained and undrained condition!

——————
————— e

Drained condition: pF = pF on T, (left); Undrained condition ¢ = 0 on T, (right)

Window 7-1
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7.2 EFFECTIVE STRESSES

Effective stresses allow a unified approach to the analysis of the drained and undrained conditions, this
concept is extended here to account for partially saturated media. Let:

o=0c'+aSdp

where o’ is the effective (grain to grain stress), & is the Biot coefficient, p the interstitial pressure, and
S = S (saturation ratio) or S = G/ tnm) (corrected effective saturation) depending on the user’s choice.
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7.3 SOIL PLASTICITY

DRUCKER-PRAGER VERSUS MOHR-COULOMB CRITERION
CAP MODEL
DILATANCY
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7.3.1 EI%UNCKER-PRAGER VERSUS MOHR-COULOMB CRITE-

It is common to describe soils as elastic—perfectly plastic Mohr—Coulomb materials. A smooth Mohr—Coulomb
criterion described earlier is available in this program. If a Drucker—Prager criterion with cap closure is
preferred, the size of the Drucker—Prager criterion can be adjusted to match the Mohr—Coulomb criterion.
This is illustrated in Window 7-2. The various matching options are derived in the theoretical section; for
plane strain, the most meaningful matching for an ultimate load analysis is the matching of collapse loads.
The most important size—adjustments are summarized in Window 7-2.

Window 7-2: Matching Mohr-Coulomb and Drucker-Prager criteria 1

£
axial compression 4 M-C
D-p

axial extension

g, g

Deviatoric sections of Mohr—Coulomb (M-C) and Drucker-Prager

Matching ag k
R
External apices qu ﬂ
V3(3 — sin ¢) V3(3 — sin ¢)
o i
Internal apices qu M
V/3(3 + sin ¢) V/3(3 + sin ¢)
Plane—strain collapse %5; D= (aw sing 4+ /1 — 3afb> ccos D1
Elastic domain SH31¢ cCcos ¢
(plane strain v, = 0.5)!

ag, k parameters of the Drucker—Prager criterion
10) friction angle
C cohesion
P angle of non—associativity (in doubt, use default value)

Window 7-2

Related Topics

e THEORY: M-C VERSUS D-P
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7.3.2 CAP MODEL

The cap model accounts for nonlinear behavior of soil under dominant volumetric (pressure) stress. The
initial size of the cap is derived from the oedometric test, it is determined by the preconsolidation pressure.
Once the yield point (i.e. the cap) is reached by the stress, hardening takes place.

Hardening results from the reduction of the void ratio under increasing pressure, it is again controlled by the
oedometric test.

Related Topics

o CAP MODEL
e CAP MODEL - STRESS POINT ALGORITHM
o OEDOMETRIC TEST
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7.3.3 DILATANCY

Two alternative dilatancy parameters can be accommodated by the material models proposed earlier. The
first parameter, d, relies on the availability of experimental results. The second one, 1, assumes the empirical
knowledge of v, by analogy with the friction angle ¢.

e Dilatancy parameter d
Volumes changes in soils, in the plastic regime, are conveniently described as follows; let d be the dilatancy
_dey,  0Q/9p 1y
de?,  0Q/oq 1y
where de}, is the volumetric plastic strain increment and de?), is the plastic deviatoric strain increment.
Q is the plastic potential, r;, is the norm of the volumetric plastic flow component and 74, the deviatoric
one. def,, de', will usually be retrieved from a tri-axial test and r,/r, will be derived from the plastic
model.
e Dilatancy extraction from triaxial test
Experimental results from a triaxial test can be plotted as follows:

A

Sy

ey =¢€1 + 2¢e3
ep = (2/3)(e1 — €3)

. . de
In the plastic regime dey = dell and de = de? hence:—~ =

€D
e Dilatancy with Drucker-Prager plasticity
The plastic potential is in this case:
Q=ayli +/]
then,
p 2 9@ _0Q0hL _ 4.
PT9p oL ap Y
rqza—Qz oQ 8\/7221/\/§
dq O J3 Op
and finally,

d = 3\/§a¢
Given d from the experiment, a, can be found for the material model.

e Dilatancy with Mohr-Coulomb plasticity

Plastic flow is again governed by a Drucker-Prager type surface in the program, even when yield is governed
by a Mohr-Coulomb criterion. The rate of non-associativity generated by a given (experimental) d is
therefore dependent on the size adjustment.

In 2D, for size adjustment option "matching plane strain collapse load” , given ¢, c and d, one gets:
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ap =d/3V/3

ap = %sinqﬁ- [aysing + /1 —3a7] "
k = Ccosplaysing + /1 —3a7] "

For a 3D situation in which £ defines the size adjustment with respect to external and internal matching,
we get

ap =d/3V/3
ag = (1 - €)[2sin¢/(v/3(3 — sin ))] + £[25in ¢/ (V3(3 +sin ¢))]
k= (1= ©)[6C cos &/ (v/3(3 — sin )] + £[6C cos ¢/ (v/3(3 + sin §))]
NB: ay should be such that (0 < ay < ag).

Alternative experimental results can also be used in order to define d, as illustrated next.

e Alternative experimental representations

A A
A 3d N A a" .
1 1
3 /1+42d d’
d_§<1—d’> d_l_d”
3
Dilatancy angle 1
Assuming a plastic potential given by @ = || — o, tant. The value of 1 can result from empirical

knowledge or be retrieved from experiments as before, using the following formula,
&P

tant) = ——5
13

where P and &7 are normal and tangential plastic strain increments or alternatively:

. &b el + &b
siny =——F—=-35—3
Ymax €1 — €3

Application with Drucker-Prager plasticity

If 9 is specified, then the same size adjustment as for ¢ will be assumed in order to retrieve a,. For
example, assuming a 2D situation for which ¢, C, 1 and size adjustment "plane strain collapse” are
specified, then v introduced into the associated flow option yields:

ay = tanp/4/9 + 12 tan? 1

can then in turn be introduced into formulas in order to retrieve k and a4.

In a 3D situation with f, k, ¢ and & specified, a, can be retrieved from formula, 7 replacing ¢; a4 and
k are, in this case independent of o,;. These operations are, of course, done automatically and hidden to
the user.

Dilatancy with smooth Hoek-Brown criterion

Flow options available on Hoek-Brown criterion include:
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*x Deviatoric, corresponding to incompressible flow.

* Tensile meridian. The flow will be radial in the deviatoric plane and follow the normal to the tensile
meridian in the meridian plane.

* 1., prescribed (Hoek-Brown flow).
1, is defined as the angle of dilatancy at failure under uniaxial compression 1, = arctan(d¢/dp) and

fi

1
arctan( ) <, < arctan(—=)| .
V2fe V2
) 1 dhL . . . . . o
Alternatively ¢, = arctan[— ——=; the resulting dilatancy will vary with loading paths: from coinci-

V6 dyV Ty

dence with the loading path under uniaxial tension to 1. under uniaxial compression.
Following table contains indicative values of dilatancy characteristics

0/ 1 d] vl
Clay 0 0 -
Sand - - -
Gravel - - -
Rock 0.67—1 1| - -
Concrete - - | 4° —35°
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7.4 INITIAL STATE

COEFFICIENT OF EARTH PRESSURE AT REST, KO
STATES OF PLASTIC EQUILIBRIUM

INFLUENCE OF POISSON’S RATIO
COMPUTATION OF THE INITIAL STATE
INFLUENCE OF WATER
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7.4.1 COEFFICIENT OF EARTH PRESSURE AT REST, KO

K is by definition the ratio of horizontal effective stresses to vertical effective stresses

Ky =

ol
-1
02

The coefficient can be determined from triaxial experiments, measured with a pressuremeter or evaluated

using approximate formula. Commonly used formula are given in Window 7-3.

Window 7-3: Coefficient of earth pressure at rest, K 1

Normally consolidated soil (NC)

(Ko)ye =1 —sing

[JAK4g]

Overconsolidated soil (OC)

(KO)oc = (KO)NCOCRa
a =sing

Confined elastic medium

Ko =

1—v

e Overconsolidation ratio (OCR)

The overconsolidation ratio OCR is obtained from an oedometric test. It is maximum close to soil surface

and tends to 1 a depth. The identification of OCR is illustrated in

Window 7-4.

Window 7-3

Given the void ratio, the water content, a preconsolidation pressure can be associated with each vertical
stress and the corresponding overconsolidation ratio can be computed as illustrated in Figs 7-4, 7-4.
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| Window 7-4: Overconsolidation ratio OCR!

e Effective stress at depth z :

e initial void ratio:

where:
Y, : unit weight of solid particles
w : water content ratio
A
€0

Oedometric test

Vertical stresse and preconsolidation pressure as a function of depth
(right).Overconsolidation ratio as a function of stress (left)

Window 7-4
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7.4.2 STATES OF PLASTIC EQUILIBRIUM

The section deals with the case of semi-infinite soil mass with horizontal or inclined surface subjected to
gravity load. Coefficients of horizontal pressure K fulfilling different stress criterion are investigated.

MOHR-COULOMB CRITERION
DRUCKER-PRAGER CRITERION
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7.42.1 MOHR-COULOMB MATERIAL

The plastic equilibrium at depth h of a semi-infinite soil mass with horizontal surface, considered as a
Mohr—Coulomb material, subjected to gravity loading is characterized by two circles in a Mohr diagram
(Window 7-5).

The two Mohr circles correspond to Rankine states. The small circle corresponds to the active Rankine state,
the large circle to the passive state.

A cohesionless material is considered first. Note that the principal stress orientation coincides with axes 1
(horizontal) and 2 (vertical). The plastic stress state at depth A is

gy =7h (vertical)

g, =03 (assumption)
o, =04 =Kavyh (horizontal, active state)
o, =0, =Kayh (horizontal, passive state)

Stress states such that,
glzKo’}/h with K4 < Ko < Kp

are elastic. Ky is the earth pressure coefficient at rest.

From geometrical considerations equations 1 and 2 (Window 7-5) can be derived for K4 and Kp are plotted
and provide a useful way to define possible horizontal stress states, given the friction angle. For an elastic
perfectly plastic material, no stress state outside of these limits is tolerable.
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| Window 7-5: Rankine state!

(

Mohr diagram of the plastic state of a semi-infinite medium: Cohesionless material (left),

90.C0 T

Cohesive material (right)

I~
4
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Earth pressure coefficient at rest K, for a cohesionless semi-infinite soil mass with

e Active state:

o Passive state:

horizontal surface

1—sing 9

= =t 45° —
Ttsing 0 (5
14sing 9

= =t 45°
1—sing (5 +

(@)

Window 7-5

Similar expressions for the horizontal stress are derived in Window 7-5 for a cohesive material, from
Window 7-6 and geometrical considerations.
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’ Window 7-6: Rankine states for a Cohesive Mohr—Coulomb materiall

e Active state

tan ¢ tan ¢
or c
g, = KAg2 — (1 —KA) tanqb

e Passive state

c
=K
= r (02 * tan(b) tan ¢
or o
O’l—KpQQ—(l— P)tanqﬁ'

Window 7-6

Given the friction angle, K4 and Kp can be read from Window 7-5. Introducing the cohesion C, f and K4
or Kp into the expressions for g, yields limiting values of the horizontal stress g;. These values define the
elastic range. The same discussion holds when the semi—finite soil mass is loaded on its surface by a uniform
load g. In this case g, = yh is replaced by g, = (vh + ¢).

The presence of a water table can be accounted for similarly. Plastic states are defined in terms of effective
stresses. The limiting values K 4 and Kp of K are therefore the same for a saturated medium as for a dry
medium.

If the water table is located at a depth d, the upper layer can be viewed as a surface load on a saturated
medium, and K 4 and Kp are again the same.

Particular situations

If the semi—infinite soil mass is limited by an upper surface inclined at an angle 8 < ¢ the Mohr diagram is
given in Window 7-7.

The stress state at depth h on a plane inclined at angle 8 can be calculated as:
o = ~vhcos® 3
7 = vhsin 3 cos .
The corresponding point in the Mohr diagram is Z and the Mohr circles corresponding to active and passive

states can be constructed. The values obtained for K and K} (K* = g,,/7vh) are reported in Window 7-7
as functions of the friction angle ¢ and the angle of the slope 3.

The case of a semi—infinite soil mass limited by an upper surface inclined at an angle 5 < ¢, submerged by
water can be solved similarly and the same values of , K%, K} apply, associated with +’.

The case of an infinite slope under conditions of seepage flow leads to the following stress state on a plane
inclined at angle 3:

ag=n~h cos? 153

T = Yeathsin B cos B.

A Mohr circle can be drawn as in the previous case and the corresponding limiting states can be calculated.
The values of K7 and K} can again be read from Window 7-5 , with tan g replaced by

tan 8% = Jsat tan 3.

b

Similar derivations can be performed for the case of a cohesive material leading to the same expressions for
K% and K} if 3 is replaced by 8% such that:

tanﬂo = tanﬂ <OW> .

For seepage flow 3* replaces $3.
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| Window 7-7: Rankine states, inclined surface!

ELASTIC RANGE

S
30.00 o
0.00 - EREEI a1l Ry G SR A RLL S B R R UL SRR B R AL
0.001 0.01 0.1 1 10 100 1000

Earth pressure coefficient at rest K, for a cohesionless semi-infinite soil mass with surface
inclined at angle

K = (0082 B — cos B+/cos? 3 — cos? (b) ((3052 ¢)_1 (1 —sin g cosa) (1)
K} = (cos2 B — cos 31/ cos? 3 — cos? d)) (cos2 (i))_l (1 —sin ¢ cos o) (2)

with

sin 3

a:arcsin<_ )—ﬁ; B < ¢
sin ¢

« = arcsin (sinﬁ) + 4

sin ¢
The horizontal stresses corresponding to active and passive states are expressed as:

e active state:

o
tan ¢
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e passive state:

— Kiyh—
(c11)p = Kpv tand

where K and K7}, are read from Window 7-7.

Window 7-7
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7.4.2.2 DRUCKER-PRAGER MATERIAL

Rankine states can be derived similarly for a Drucker—Prager cohesionless material, with the stress state
defined previously. With the assumption o3 = g, , equations (DP1) Window 7-8 are derived. With the
assumption g3 = 0.5 (g; + g,), relations (DP2) result.

The results obtained for K4 and Kp as function of ¢ are reported in Window 7-8. It is observed that

the elastic ranges of Mohr—Coulomb and Drucker—Prager materials coincide, for the assumption that g, =
0.5 (0 + 03)-

As before, the presence of a surface load or of a water table can be accounted for, as for the Mohr—Coulomb
case.

‘ Window 7-8: Rankine states for Drucker-Prager material 1

.
3 ELASTIC RANGE s ®
60.00 L
] - 0
S 3
+30.00
1
J»eees: MC/DP2
1 aaaea 0 DP1
0.00 AT
0.001 0.01 0.1 1 10 100 1000

Earth pressure coefficient at rest K for cohesionless material, Mohr—Coulomb (M-C),
Drucker—Prager 0, = o, (DP1) and Drucker-Prager with o5 = 0.5 (¢; + g,) (DP2)

_ V3-sing . —(V3—sing) O
A_2sin¢+\/§’ r 2sin¢ — /3
_ 1—sing _ 1+sing
K=o = T=sme )

Window 7-8
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If the semi—infinite soil mass, always considered as a cohesionless material, is limited by an upper surface
inclined at an angle 8 < ¢, values of K7 and K} can again be derived for both case, i.e.:

1—Dtanp 1+ Dtanp

K* = 2p- AP K% — 2 ot T tanp

A= Co8 ’Bl—i—Dtanﬁ’ p = €08 ﬂl—DtanB

with
D = tan |arccos sinﬁw if g3=0
3v/3sin ¢
sin 8 i
D = tan |arccos o if g3=05(a;+0,).

The obtained values of K% and K5 (K* = g,,/~vh) are plotted in Window 7-9 as functions of the friction
angle ¢ and the angle of slope /3, the same assumptions for g4 as before are made.

It is noted again that the elastic ranges of Mohr—Coulomb and Drucker—Prager materials, with the assumption
of o3 = 0.5 (g, + g,), coincide (see Window 7-8 and Window 7-9).

Similar derivation can be performed for the case of a cohesive material. The case of a horizontal surface can
be treated using K4 and Kp from Window 7-7. The horizontal stresses corresponding to active and passive
states are obtained from:

e Active state:

(¢11)4 = Kayh - \/g(i;;ziqb if o3=0,
(011) 4 = Kavh — % if 03=05(c; +05)
e Passive state: 3C cos .
(211)13 = Kpvyh — m if o3=04
2C' cos ¢

(011)p = Kpyh — if 03=05(c; +0,).

1—sing
Under condition of seepage flow the value of K% and K} cannot be read directly from Window 7-9, they

need to be derived explicitly. The same remark holds for the case of a cohesive material with surface inclined
at angle 5.
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| Window 7-9: Rankine states. Inclined surface!
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Earth pressure coefficient at rest K* for a cohesionless semi—infinite soil mass with surface
inclined at angle 5. Drucker—Prager with o1 = o3.
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Earth pressure coefficient at rest K* for a cohesionless semi—infinite soil mass with surface
inclined at angle 5. Drucker—Prager with 55 =0.5(c1 + 032).

Window 7-9
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7.4.3 INFLUENCE OF POISSON'’S RATIO

Let II;2 be the plane containing axes 1 and 2 in which the plane strain problem is defined. If failure is to
occur in the II1 plane, g3 must be the intermediate stress; hence the following condition must apply:

0q < O3 < O9.
Simultaneously, plane strain holds, i.e. for the elastic case:
oy =v(0,+05) and v <0.5.

The following limiting conditions results:

v
03 =01 = E O9

o3 =05(g, +a5).
The second one result from the limits of Poisson’s ratio. If no tectonic stresses are present, all elastic states
lies within these limits.

These conditions are sometimes met a priori by the boundary—value problem (e.g. for the box shaped
medium) or by the adopted matching of Drucker—Prager/Mohr—Coulomb criteria, as e.g. for the elastic
matching proposed earlier. Violating these conditions can have a significant effect on the solution.

In addition, some choices of material data lead to plastic behavior already under gravity loading. Since this is
the most common loading in soil mechanics, it is interesting to investigate the corresponding limits of elastic
behavior. Some situations of special interest are analyzed next for a cohesionless material.

Case 1: Box-shaped medium under gravity load, dry, matching collapse load.

The box-shaped medium is the default configuration adopted in the program. Combining plane strain and
the boundary conditions associated with the box—shaped medium leads for the isotropic medium to:

124
‘71203:<1 )Uzé gy =7h

-V

Notice that this coincides with a limiting condition established previously for failure to occur in the plane 115
and to the active Rankine state. This condition is therefore satisfied a priori. The invariants corresponding

to this stress state are: )
1+v o 1/1-2v
112(1_1/)02:30 J2:3<1_V>02.

In stress space, the corresponding stress point is located on a cone with its vertex at the origin, characterized

by:
acli —/Jo =0

3%:\/72:\/3(1_2”).

a 1+v

For a cohesionless soil, a, characterizes the position of the stress point with respect to the yield surface.
Elastic and plastic stress states can be identified as follows:

from which,

a, < ay : elastic state
a, = ag : plastic limit
a, > ag : out—of-balance state

Using the matching rules discussed earlier with a, replacing a4 , relations are established which define the
elastic limit as a function of ¢ and v.

Matching the collapse loads corresponding to Mohr—Coulomb and Drucker—Prager criteria, under plane strain
conditions and deviatoric flow, yields the following result:

November 6, 2023 QuickHelp DataPrep Benchmarks Tutorials
ZSoil®-3D-2PHASE v.2023 TM-270



A Preface A A Geotechnical aspects A A A Initial state

a, = 282 or sin ¢, = V3472

The lower index y denotes yielding. This curve is shown in Window 7-10.

Note that a similar curve can be derived using directly the Mohr—Coulomb criterion without any consideration
of matching with the Drucker—Prager criterion, leading to:

sing, =1—2v.
Material data corresponding to a point located below the curve will automatically generate a plastic state,

and a point located above will generate elastic behavior. Different situations can be analyzed in a similar
way.

Window 7-10: Influence of Poisson’s ratio!

sk - Collogae logd matching
ssssa ; (Oriho. elastic matching
wawaa 1 Mohr=Cou'omb

Elastic zone

Influence of Poisson’s ratio (box-shaped medium, cohesionless soil) (left); Influence of
Poisson’s ratio (infinite slope, cohesionless soil, dry medium) (right)

| Window 7-10

Case 2: Box-shaped medium under gravity load, dry, matching elastic domains.

Matching of orthotropic elastic domains of Drucker—Prager and Mohr—Coulomb criteria yields:

4 +1
g = 3 T9; ay =7h

a3 =05(a; +03).

The corresponding invariants were computed earlier and (see matching of elastic domains) ratio a, is such
that yielding occurs if:
vV JQ 1—2v

3 :—:—>'
Ao Z e > sing

This curve is plotted in Window 7-10. Material data corresponding to a point located below the curve will
generate a plastic state.

Case 3: Saturated medium.

The same results as before apply to effective stresses.
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Case 4: Infinite slope at angle 3, dry, matching collapse loads.

Principal stresses are:
oy =7h(1 —sinj3)
oy = vh(1 + sin )
a3 =7(ay +a3) = 2v7h

Corresponding invariants are:
ILi=2(1+v)vh

1
=g (yh)? (3sin? B+ 1 — 4v + 40?)
then
75 /3 (3sin® B+ (1—207))
3a, = = .

fed 2(1+v)
Note that, for failure to occur in plane Il 3, g5 must be the intermediate stress. This yields:

S 1—sing

v> 5 (see Window 7-10 ).

Similarly, the adjustment of yield criteria for place strain collapse load yields:

\/3 (3 sin? 4 (1 — 202))
2(1+v)

3a, = > sin ¢.

For each given slope 3 in a cohesionless soil, a curve ¢ = f(v) can be drawn, which characterizes the limit
of elastic behavior and, for the given boundary-value-problem, the limit of stability (Window 7-5).

Case 5: Infinite slope at angle 3, dry medium, matching elastic domains (Window 7-10).

Adjustment of yield criteria for coincidence of elastic domains, with vy = 0.5. The state of principal stresses
is:

oy =7h(1 —sin 3)
gy = 7h(1+sin )
o3 =0.5(a; +a5) =7h

The corresponding invariants are:
Il = 3’)/h

Jo = ~v2h%sin’ 8
with elastic matching of failure criteria, this corresponds to yield if:
sin 8 > sin ¢.

The stress state in a cohesionless soil, for the adopted adjustment with the Mohr—Coulomb criterion, will be
elastic if 8 < ¢ and plastic if 5 > ¢. Poisson’s ratio has no influence in this particular case.

Case 6: Infinite slope at angle 3, saturated.

The same results as before apply, corresponding to effective stresses.
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7.4.4 COMPUTATION OF THE INITIAL STATE

Box-shaped medium in plane strain

For most static plane strain problems the soil half-plane can be conveniently approximated by a box—shaped
medium with smooth lateral boundaries (Window 5.4.9). The particular stress-strain state which results
can easily be derived.

From plane strain and lateral boundary conditions :
g3 =003 =v(0; +0,)

e1=0—0, =v(g, +03)

therefore:
v

o, = e
=1 1—v 2

The stress-strain fields which result for some typical loading cases are summarized in Window 7-11.

Gravity field

As can be seen in Window 7-11 the correct implementation of gravity requires simultaneous application of
~ and corresponding initial stresses. This combination is characterized by the capital " in this text.

An initial state corresponding to an urban environment can be established using the same procedure.
Axisymmetric medium

The default boundary conditions for the axisymmetric case are the same as for plane—strain.
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| Window 7-11: Box-shaped medium with smooth lateral boundaries!

Xg‘

W

VIl »XI
Box-shaped medium (g1 = e3 = 0)
No | APPLICATION OF: YIELDS: WHERE:
. o2 = —7vh h—depth
1 Deda:vme\:\ihr:is o1 =03=—757h y—unit weight
2
v gg=—(1- 2 (BOXD1)
.. 09 = 0
5 :Tnltlal stress o1 =03 = 00 (BOXD2)
2
” e = (1- 7))
Initial stress 09 =0, 01 =001
3 o -0 _ (BOXD3)
01 g3 ) €2
I'—gravity field
0
= —+h
oo — —~h 02 Y
4 0'2? _ KZO'OQ g1 = K00'02 (BOXD4)
003 = Kooo2 73 =0K0002
NB: Ky = % by default | 27

! Window 7-11
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7.4.5 INFLUENCE OF WATER

A steady state Darcy flow model only is included, although the pressure b.c. can vary in time and for each
step steady state solution can be obtained.

ZSoil®-3D-2PHASE v.2023 TM-275



A Preface A A Geotechnical aspects

7.5 SOIL RHEOLOGY

Soil is subjected to long term deformations which cannot be avoided. This phenomenon is called consolidation.

Modern consolidation theories split the deformations into several mechanisms and two time periods associated
with primary and secondary consolidation.

Primary consolidation is dominated by a mechanism of stress—induced seepage flow which transfers progres-
sively the part of load carried by the interstitial water to the soil skeleton. During secondary consolidation,
after stabilization of primary consolidation, the deformation is dominated by creep mechanisms.

Creep can be split into volumetric and deviatoric components.

A carreful choice of boundary to avoid meaningless results.
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7.6 ALGORITHMIC STRATEGIES

SEQUENCES OF ANALYSES
EXCAVATION, CONSTRUCTION ALGORITHM
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7.6.1 SEQUENCES OF ANALYSES

Most combinations of drivers are possible provided they are meaningful: initial state, stability, ultimate load,
prestress, consolidation, creep, flow. Obviously, an initial state analysis should come first; a stability analysis
should not be followed by any other type of analysis unless provisions are taken to restart before the stability
analysis; recall that the stability analysis goes through the change of the material properties.
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7.6.2 EXCAVATION, CONSTRUCTION ALGORITHM

The excavation—construction process shows an analogy with loads and associated load—time histories. Each
element is associated with an existence time—history which takes values (0 or 1) depending if the element
exists at a given time.

It is possible to simulate excavation and construction processes; corresponding restrictions are specified in
the following remarks.

Remarks

1. The initial mesh numbering will be referred to throughout the analysis, for display of results. It must
therefore include all elements appearing during analysis; some may however, be inactive at the beginning
of the analysis.

2. When performing an excavation—construction analysis, stiffness update must obviously be required at the
beginning of each step. The corresponding algorithmic choice must be done in the input definition.

3. Excavation stages can not be associated with some types of stability e.g. algorithms; this options would
not be meaningful.

4. If an excavation is followed by a time dependent analysis, progressive unloading will occur.

5. Unloading can be controlled using load time functions attached to the elements, named as unloading
functions. The interaction forces of the excavated medium on the surrounding medium can be computed

as follows: (t)
. LTF(t
intEXC __ T _tot .
F - /B o d { 0, if no unloading function is given }

Qexc

where the integration is carried out over the excavated domain. Each excavated element is associated with
a load function which can be used to control progressive unloading.

1) before the excavation:

FintEXC _ j BT - dQEXV

i A2 :J‘ BerQREM

2.a) after the excavation, no progressive unloading:

int REAS

2.b) after the excavation, with progressive unloading:

LTF(I) . Fil‘ltEXC

Simulation of excavation. Events sequence

If no LTF (unloading function) is specified for excavated elements, interaction forces from excavated
media will vanish immediately at the moment of excavation (situation 2a in the above figure). Forces
FREM Wil act as a load in a first step after the excavation. If compressive stresses dominated in the
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area before the excavation then Fi"*REM || generate tensile load around newly created boundary. In
the case of elasto-plastic media this may cause difficulties in obtaining converged solution. In that case
progressive unloading after excavation (situation 2b in the above figure) will deminish destabilizing
effect of F™REM and helps to redistribute stresses in the surroundings of the excavated domain, and in
consequence to obtain convergent solution of the new equilibrium state, (situation 3 in the above figure).
The excavation data should include existence function and, if needed, unloading function. Both are shown
in the below figure

)

>

existence function for excavated elements
MLTE (1)

S

shape of unloading function for excavated
elements

1.0]]

.

Functions controlling excavation process

Above numerical procedure, despite being useful in obtaining solution, corresponds to technical measures
normally undertaken at the construction site in order to prevent failure of a soil mass during the excavation,
like temporary supports or spacers.
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