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Preface

The main goal of this research was to implementiggdavater flow and fully
coupled flow-deformation analysis in PLAXIS 2D aBi0 to enhance the code to
simulate flow and deformation in saturated andigdytsaturated soils. The ex-
isting undrained analysis of PLAXIS has also beeifted for partially satu-
rated soils. The mechanical behaviour of unsatdratal is described by the
well-known Barcelona Basic Model (developed for P& 3D via user defined
soil model option by Nubia Gonzalez), Gonzalez &n&€008).

It is acknowledged that the scientific part of thy coupled flow-deformation
analysis is mainly based on the report written bgiRSchwab (2008).

The outline of the work presented in this studihes following:
Chapter 1 presents basic equations and definitions.

Chapter 2 presents the governing equations of #ad deformation. Fist of all
Darcy’s law is described and then the continuityagapn and deformation equa-
tions are derived.

The finite element formulation of the flow and theformation equations derived
in Chapter 2 is presented in Chapter 3.

Chapter 4 presents available boundary conditiongfoundwater flow calcula-
tion.

Hydraulic models, implemented in PLAXIS 2D and e discussed in Chapter
5.

Barcelona Basic Model is briefly described in clea. This chapter gives the
basic features of the model which is written by Gaez & Gens (2008).

Chapters 7 to 10 present numerical verificationhef code. Verification of one-
dimensional groundwater flow problems is given ¢ba@, while the two prob-
lems are discussed in Chapter 8. Fully coupled-ftmformation analysis and
unsaturated soil model are verified in Chapter @ Hhrespectively.

In chapter undrained analysis of PLAXIS is revievaedl the bulk modulus of
water used in different types of calculation is suwamised. At the end of this
chapter some examples are given.
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1 Introduction 1

1 Introduction

To analyse mechanical behaviour of saturated otiafigr saturated soils by
means of numerical methods (e.g. finite elemenhowtin proper manner, it is
necessary to take into account both deformationgradndwater flow. For time
dependent behaviour, this leads to mixed equatadndisplacement and pore
pressure, called coupled hydro-mechanical approabich have to be solved
simultaneously. For applications which involve aibental phreatic surface, the
equations can be simplified by decomposing thel tptae pressure into a
constant component (steady state pore pressured aimé dependent component
(excess pore pressure). But in many practical cidmeedistribution of stationary
pore pressure is unknown in the beginning of tHeutation stage (undrained
excavations with dewatering or simulation of waweading in off-shore
conditions). Therefore a more general formulationoading to Biot’'s theory of
consolidation is needed which enables the userirntml®neously calculate
deformation and groundwater flow with time-deperdeoundary conditions in
saturated and partially saturated soils, as predemére. The main challenge in
this case is the need to use the consolidationryhéar unsaturated soil
conditions at least due to the need to simulate gheeatic line. Due to
elastoplastic behaviour of soil skeleton and suctlependency of degree of
saturation and relative permeability, all coeffide of the global stiffness matrix
in the finite element formulations of Biot theoryeanon-linear. This case is
completely different from the equations of satwlatoils where only the
elastoplastic stiffness matrix is non-linear. There efficient numerical
procedures are required, as implemented in PLAXI&uracy, robustness and
efficiency of the calculation depend on the methbdt selects the time
increments. PLAXIS 2D and 3D utilise a fully impticscheme which is
unconditionally stable (Booker & Small, 1975).

Another essential issue for modelling the mecharbehaviour of unsaturated
soils is the constitutive model implemented in auged flow-deformation
analysis. A conceptually similar model to the waibwn Barcelona Basic
Model (BBM) (Alonso et al., 1990), developed by Galez & Gens (2008), has
been implemented in PLAXIS via user defined soildelooption. The main
features of the implemented model is that it wdi8ishop stress and suction as
state variables (Sheng et al., 2003; Gallipolilet2®03) instead of net stress and
suction as utilised in the original BBM. In addiiicto an implicit stress
integration scheme based on backward Euler algorith sub-stepping scheme
proposed by Pérez et al. (2001) is used to intedhat strain-stress relations. The
input variables of the constitutive model are therement of total strain and
increment of suction.
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Two types of calculations, namely steady state tamadsient groundwater flow

calculations for saturated and unsaturated soig leen fully implemented in

PLAXIS kernels. According to the type of elemenedisor deformation analysis,
the new kernel uses the same type of element tarmngiwater flow calculation.

Usually higher order elements do not behave as agelbwer order elements for
groundwater flow calculation. But additional proueek are utilised in the kernel
to overcome the problems related to higher ordemenhts. It is shown that the
model is capable of calculating groundwater flowhva good accuracy.

Five types of hydraulic models have been implengnie PLAXIS kernels,
namely Van Genuchten, Mualem (simplified Van Geneichwhich has been
called Van Genuchten in PlaxFlow kernel developgd@eoDelft), linearized
Van Genuchten, spline and fully saturated.

In the following all features of the new implemdrudas are presented.

1.1 Basic equations

Representation of formulations is based on the ar@chl sign conventions, in
which compressive stresses and strainsnagative. In the same manner, pore
water pressure, and pore air pressung, are considered to beegative in
compression. Water discharge is assumed fm&&ve for inflow.

The porosityn is the ratio of the volume of voids to the totalume, and the
saturatiorSis the ratio of free water volume to void volume:
_dv, o= M

dv dv

v

n (1.1)

The volumetric moisture content is:

V.
6= d %V = Sn (12)

The water content is the ratio of the weight (osg)af the water and the solids:

aw,  1-np,

The density of the multiphase mediymis:
p=({=n)p,+nSp, (1.4)

where p, stands for the density of the solid particles ands the water density.
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The stress state of the groundwater can be expresserms of groundwater
heads as well. The hydraulic headan be decomposed in the elevation head
and the pressure heagl

P _

¢:Z_ _Z+¢p

(1.5)
The equations are presented in a three-dimensspade with a vertical and
upwards oriented z-axis. For two dimensional prols¢he y-axis is vertical and
the range of the vectors and matrices is correspghdreduced.

w

The vector format of the gradient operaiois:

(1.6)

The differential operator corresponding to the migtins of engineering strains
L is defined as:

9 0 & o 9
0Xx ay 0z
L'=| 0 9 9 9 (1.7)
= oy oxX 0z
0o 0o 9 o 9 9
0z dy ox

1.2 Unsaturated soil behaviour

Granular matrix, such as soil, is a mixture of ggarticles in which pore spaces
can be filled with liquids and gas. In geotechn@adiineering the common fluids
are air and water. The mechanical behaviour ofis@implified in classical soil

mechanics, by considering only two states wherkisdully dry, i.e. all pores

are filled with air, or soil is fully saturatedei.all pores are filled with water. In
the dry case, it is often assumed that the poregmpty and the compressibility
of fluid and the degree of saturation are negledtedontrast, in unsaturated soil
mechanics the pores are considered to be filled ath liquid (water) and gas
(air) and the relative proportion of liquid and gaays a significant role in the
mechanical behaviour of unsaturated soils. If degfesaturation of liquid is less
than 1, the soil is called unsaturated or partia@turated which generally
appears above the phreatic level and the pore vpaessure is positive with

respect to the atmospheric pressure. Below theapbréevel, the pore water
pressures are negative and the soil is usuallyaatli The position of phreatic
level and the distribution of pore water pressureegned by climate conditions
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(groundwater flow boundary conditions). In the arednere the upward flux (i.e.
evaporation and evapotranspiration) exists, suclhmve phreatic level increases
(and degree of saturation decreases) and the \eatelr is lowered with time
while in the case of downward flux (i.e. precigiba) suction decreases (and
degree of saturation increases) and the water tesgd with time. In the case of
zero net surface flux, the pore water pressureilprbécome in equilibrium at a
hydrostatic condition (Figure 1.1).

Evaporation =~ Evapotranspiration Precipitation

RN R R R ;

Upward flux
Negative 5
pore-water pressures

Unsaturated
soil

Pore-air
pressures

Total stress

Capillary fringe

Saturated soil —3\

Positive

|
pore-water — | :

pressures

Fig. 1.1: A visualisation of soil mechanics showing the roleéhe surface flux
boundary conditions (Fredlund, 1996)

1.3 Suction

Water potential is the potential work of pure watelative to a reference. This
causes to flow water in porous media from an antfa Righer water potential to
an area with lower water potential. The total waietential can be considered as
the summation of water potential due to matric, astn gas pressures and
gravity. Flow in unsaturated zones relates to tetaition which summation of
matricSand osmotic suctiorr:

S =S+ (1.8)
In most practical applications, osmotic suctionsipnet exist, therefore:
S=S (1.9)

Matric suction is related to soil matrix (adsorptiand capillarity due to soll
matrix) and it is the difference between soil waterssure and gas pressure:

S=p,-p, (1.10)
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where, p, and p, are the pore water pressure and the pore air yeess
respectively. In most cases, the pore air pressurenstant and small enough to
be neglected. Therefore the matric suction is megaf the pore water pressure:

S=-p, (1.11)

1.4 Bishop effective stress

The governing equations of consolidation basedotel pore pressure approach
as used in PLAXIS follow Biot's theory (Biot, 194I)he formulation is based

on small strain theory and Darcy’'s law for fluicowWt is assumed. Bishop’s

effective stress (Bishop & Blight, 1963) is utilisen this formulation defined by

Eq. (1.8). Note that the mechanical sign convent®msed, i.e. compressive
stresses are considered to be negative.

c=c+m(yp,+@1-x)p,) (1.12)
where:

c:(axx g, 0, 0O, O, sz)r (1.13a)

m=1 110 0 O (1.13b)

o is the vector with total stresses, contains the effective stresspg,andp, are
the pore water pressure and the pore air pres®sgectively, andn is a vector
containing unity terms for normal stress componants zero terms for the shear
stress componentsy is an effective stress parameter called matricicuc
coefficient and varies from 0 to 1 covering thegarfrom dry to fully saturated
conditions. Considering these two special casewsltbat for a fully saturated
soil (Y= 1), the classical effective stress equation fongressive pore pressure
Is obtained as:

6=¢ +mp, (1.14)
and for a fully dry soil ¥ = 0) the effective stress is
6=c +mp, (1.15)

This concept can be simplified for practical apgiicn assuming that the pore air
pressure is constant and is small enough to beectegl (i.ep, = 0). Therefore
for a completely dry soil, effective and total sges are essentially equal. The
matric suction coefficienty is generally determined experimentally. This
parameter depends on the degree of saturationsipoemd on the matric suction
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(pa — pw) (e.g. Bolzon et al., 1996; Bishop & Blight, 1963)he experimental
evidences on the matric suction coefficignare quite sparse and therefore this
parameter is often assumed to be equal to thete#esaturation in PLAXIS.
Now the effective stress formulation can be sinmgudifto

6=¢+m(S,p,) 1.16)

in which § is the effective saturation which is a functiontbé suction pore
pressure.
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2 Governing equations

2.1 Darcy’s law

The flow of water in aaturated soil is commonly described using Darcy’s law
(1856). He postulated that the rate of water fldwotagh a soil mass is
proportional to the hydraulic head gradient. Theiaigpns of equilibrium for
groundwater flow are:

Op,+p,9+¢=0 (2.1)

where g= (0, -g, 0)' is the vector of gravitational acceleration ahdhe vector
of the friction force, per unit volume, between tthewing fluid and the soll
skeleton. This force is linearly dependent on thadfvelocity and acts in
opposite direction. The relations are:

g=-m"q (2.2)

whereq is thespecific discharge (fluid velocity), andm™ is:

A

mint = 0 7
Ky
0

0

0
0 (2.3)
3

with 4 the dynamic viscosity of the fluid andk; theintrinsic permeability of the
porous medium. From (2.1) and (2.2) results:

-0 pw—pwg+gim9:9 (2.4)

which can be also written as:

q=k" (@Op, +p,9) (2.5)
where K™ is:
KX
Yy 0 0
K"=| 0 K% 0 (2.6)
KZ
0o 0 "y,
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In soil mechanics theoefficient of permeability k™ (or hydraulic conductivity)
Is used instead of both intrinsic permeability arstosity:

k™ =pwg% i=x,Y,2 (2.7)

In an unsaturated state the coefficient of perniiéabdepends on the soil
saturation. The relative permeabilityy(S) is defined as the ratio of the
permeability at a given saturation to the permdégbih saturated state. The
coefficients of permeability defined in (2.7) repeat the full saturation, for an
unsaturated state the permeability is:

k = k k¥ i=xy,z (2.8)

The basic form of Darcy’s law is:

krel
P9

q=—"_k* (Op,+p,9) (2.9)

wherek™ is the saturated permeability matrix.

kK 0 0
kK= 0 k% 0 (2.10)
0 0 k™

2.2 Compressibility of water

The compression modulusf the air-water mixture is the inverse of the
compressibility:

(K= ¥p) (2.11)

where

5= dVgNW (2.12)
p

where dv,, and V,, are volume of the water and volume variation doehte
variation of the pressure.

For unsaturated groundwater flow the compressybiitwater can be expressed
as follows (Bishop & Eldin, 1950; Fredlund & Rahjaxdl993).
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B :S,BW+1_§—+hS (2.13)

air

where S = degree of saturation§, = compressibility of pure water (4.580"
kPa'); h = volumetric coefficient of air solubility (0.02K, = Bulk modulus of
air (100 kPa at atmospheric pressure). The equatanm be simplified by
neglecting the air solubility (Verruijt 2001):

ﬁ:sﬂwﬂgs (2.14)

ar

2.3 Continuity equation

The mass concentration of water (residual wateegich elemental volume of the
medium is equal t@,nS. The mass continuity equation of the water stttias
the water outflow from the volume is equal to theamges in the mass
concentration. While the water outflow is the diyemce of the mass flux density
of the residual wate(DT,qu). Therefore the continuity equation has the form
(Song 1990): B

K d
O p, —e k™ (O =—— S 2.15
{pwpwr ( pw+pwg)} at(/own ) (2.15)

The right hand side of equation (2.15) can be amits:

-—(p, NS)=-nS—*-p. Nn—-p,S

o> o 2.16
ot ot Yot P ot ( )

These three terms represent the changes in watsitylesaturation and soil
porosity, respectively.

According to the principle of mass conservatior, flifferent corresponding
values of pressure and volume, the mass is const&nt

m, =p,V, =¢ (2.17)
Thus:
dm, =p,dv, +dp,V, =0 (2.18)

or
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10
VW pW
Introducing the definition of water compressibilitye have
d
BB - _pap (2.20)
Pu
The time derivative of the equation is
1 dp, op 1 dp
= Pw - _pPF = PP 2.21
o, ot o ot K, ot ( )

Now, the term containing the derivative pf, with respect to time can be

expressed as:

—n52Pu g% 0Py _ NPy 0P, (2.22)
ot op, ot K, ot
The second term of the right hand side of Eq. (2hb8 the form:
(2.23)

S aS dp,
PuN—-=Np,———*
at op, ot

The term representing the changes in porositynsposed of:
The overall compression of the soil structure dueftective stresses and

pore pressure:
(2.24)

o, _ _10&
_m —
ot ot

The compression of the solid particles due to thanges of the pore

pressure:
_(@-n) cop, (2.25)
K, ot

S

whereKs is the bulk modulus of the solid particles formthg soil skeleton and
The compression of the solid particles due to thanges in effective

stresses:
L m| %o 1 5%y (2.26)
3K ot 3K, at
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Substituting all the factors in Eq. (2.15) and eethg the second order
infinitesimal terms the continuity equation is ab&d as:

k™ (@p, +p,9)|=0

pWSmT%—pWS i+@ a&+n w 68%+DT Pu krel
— ot K K ot Jp,, ot £,9

w S

(2.27)

Equation (2.27) can be reformulated for the flovolpem by neglecting the
deformations of the solid particles and the dengymadients of water
(Boussinesq’s approximation):

sm % '”[KS ) aas ]ag’tw + DT{—k“‘ k™ (Op,+p,9)|=0 (2.28)
m > K g

w w

2.4 Steady state and transient groundwater flow

Steady state is defined as an analysis, in whiehhydraulic head and the
coefficient of permeability at any point in the Ismass remain constant with
respect to time which can be consider as a sitwaifogroundwater flow when
time tends to infinity. In contrast, in transiemadyses, the hydraulic head (and
possibly the coefficient of permeability) changeghmespect to time. Changes
are usually in respect to a change in the bounclamgitions with respect to time.

Equation (2.28) can be simplified for transient lgsia by neglecting the
displacements of solid particles, i.e.:

S 0S \|op 1| Ky | sat
-n| — - Y+ ' k™ (Op, + =0 2.29
(K GpwJ p [pwg= (Op, pwg)} (2.29)

The above equation is a form of the well-known Rrmds equation which
describes saturated-unsaturated groundwater flb.Richards equation has the
following form (e.g. Dogan & Motz (2005)):

{a {Kx(h)ah}r : {Ky(h)ah} : {Kz(h)(@ﬂm:[C(h)J,s[gs]% (2.30)

ox oax] ay dy| oz 0z

where K,, K, and K, are permeability coefficients ix, y and z directions,
respectively.C(h)=(6dah) is the specific moisture capacity) and S, is the
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specific storagel('). The specific storag8, is a material property which can be
expressed as:

1-n n
S. = +— 2.31
X pwg( T j (2.31)

S w

The compressibility of soil particles can be netgdctherefore:

no,9
S, =— 2.32
L= (2.32)

The termC(h) in the Richards equation can be expanded as:

96 _

S
=%0-9 fng)=n (2.33)

C(h

(h) ™
By substituting equations (2.32) and (2.33) in Riehards equation (Eq. 2.30)
and changing from head based equation to pore watssure based equation,
equation (2.29) is obtained.

For steady state groundwater flow, in which vaoiatof pore water pressure with
respect to time is zero, the continuity conditipplées:

DT{%?‘ @p,+ o, g)} =0 (2.34)

This equation expresses that there is no net inowutflow in an elementary
area, as illustrated in Figure (2.1).

aq
_j’_i
‘ ay 3y dy

d

.

Fig. 2.1: lllustration of the continuity condition
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2.5 Deformation equations

For a representative elemental volume of the keilihear momentum balance is
given by:

L7 (g'+S,p,m) +pg=0 (2.35)
where
p=W@-n)p,+nSp, (2.36)

is the density of the multiphase mediugqjs a vector containing the gravity
acceleration = (0, g, 0)' in the 3D space an’ is the transpose of the
differential operatoL (Eq. 1.7).

Assuming infinitesimal strain theory, the relatibips between strain and
displacements can be formulated as:

de=L du (2.37)

Rewriting the effective stress equation (1.12)ncrémental form as:

do = do' +S

e

dp,, m (2.38)

The constitutive relation using effective stregsesritten as:

do' =M de (2.39)

M represents the material stress-strain matrix. Jéverning equation for the
deformation model is obtained:

L' [M (L du) + S, dp, m] + d(pg) =0 (2.40)
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3 Finite dement formulation

3.1 Deformation problem

In finite element method the displacement fieldamelemenu results from the
nodal values of the displacemen¥s using interpolation (shape) functions
assembled in a matriX:

u=Nv (3.1)

Substitution of (3.1) in (2.33) gives:

£=LNv=Bv (3.2)

whereB is a matrix containing the spatial derivativeshsd shape functions. The
virtual work equation is:

[d&"gav = [oubav + [Su'tdr (3.3)
\% \% r

whereb is the body force vector in the volunveandt is the traction on the
boundaryl. The stresses can be computed incrementally:

ti
g'=d"+bg=g"+ [od (3.4)
tifl

If Eq. (3.3) is considered for the actual statde unknowng' can be eliminated
using Eq. (3.4), therefore:

[de’agdv = [oub'dV + [ou't dr - [de" g Pdv (3.5)
\% \% r \%

Equation (3.5) can be reformulated in discretiswdhfas:

[B'agdv =[N"b'dv + [N"t'dr - [B'g "dv (3.6)
\% \% r \%

By writing the body forces and the boundary trattion incremental form the
following equation is obtained:

IQTA_adv :IQTAQdV + jgagdr £, (3.7)
\% \% r

with the residual force vectat™:
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1= [N"b v + [Nt dr - BT v (3.8)
\% r \Y

The residual force vector should be equal zerbafdolution of stepis accurate.
Plaxis uses in the consolidation analyses the saimgpe functions for
displacementsand for pore pressures, i.e.:

P.=Np, (3.9)

The principle of effective stresses Eq. (1.12) banwritten in the following
form:

c”= g7 +5"p, m (3.10)
Ag=Ad' + S Ap,m (3.11)
By substituting Eq. (3.11) in Eq. (3.7) one obtains

jg (Ag’+S, Ap,m)dV = mTApdv + mTA;dr +r, (3.12)
\% \% r

Substitution of the stress-strain relationship (E§5) in Eg. (3.12), we have:

[B"M BAvdv + [s,B" map,dV = [N"AbdV + [NTAtdr +71,'(3.13)
\% \Y r

\Y

or in matrix form:

KAV+QAp, =Af +r' (3.14)

where K, Q and Af, are the stiffness matrix, the coupling matrix ate
increment of the load vector, respectively.

]
M

[[vs]
oo

K= av (3.15)

' For generality, different sets of shape functions may be used to describe the variation of the
displacements and the pore pressure rates. This implies that the nodes in the finite element mesh may
have varying degrees of freedom, with some being associated with displacements, some being associated
with pore pressure, and some being associated with both. In order for the pore pressure rates to be
consistent with the stress rates, one can choose the polynomial describing the pore pressure rates to be
one order lower than the polynomial describing the displacements. This approach leads to less accurate
estimates of the displacements but smaller oscillations in the pore pressures (see Abbo, 1997)
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Q=[S.B'mNav (3.16)

— V i —

Af =ngpdv+mA;ds (3.17)
\ r

The actual changes of the degree of saturatiomaheded in the increments of
the body forces (Eq. 3.17).

3.2 Flow problem

Galerkin approach with the same shape functionspfime pressure and for

displacements is applied to Eq. (2.27). By using ftAreen's theorem the

differential order of the equation is reduced dmeldiscretised mass conservation
equation results in the form of:

IMT ml_-ﬂ—y IN ( jmdedV—j(Dm)Tki’gsatDupwdv
v o v Ky 0p, )~ dt VAR o

w

I(DM)T kfﬁ'k P, gdv - jN §ds=0
v Ve

(3.18)
and in matrix form:

E -S

+C—=G+q (3.19)

whereH, Q, C andS are the permeability matrix, the coupling matrndahe
compressibility matrixg, is the flux on boundarie§ is a vector in which effect
of gravity on flow in vertical direction is considal. This vector is a part of
external flux.

H = [(ON) 5 k= (ON)av (3.20)

=)0 - e O

s=[N' (”—S— nﬁJudv (3.21)

- v Ky dp, )T

C=[NSLNav (3.22)
\%

G =J’(Dﬁ)T k;' k< o, gav (3.23)
\Y w
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q, =[N'g, ds (3.24)
r

For transient calculation displacements of partidan be neglected. Therefore
the coupling matrix is zero. Now Eq. (3.19) candmaplified to the following
form:

d P,
dt

IT

P, ~S—==G+q, (3.25)

For steady state calculation, time derivative aegaressure is zero, therefore:

IT

p,=G+q (3.26)

—p

3.3 Coupled problem

The formulation of Biot's equation presented abowmatains a coupled behaviour
which is represented by both the equilibrium equatand the continuity

equation of the water-soil mixture. The displacetaef the solid skeleton and
the pore water pressure are chosen as basic \ewiabthe problem. The spatial
discretisation yields the following system of egoia$, which is non symmetric:

dv

K Qv o o & | [ f,
{o —ﬂ}{g}{c —Qdﬁ _|:§+9J (3.27)
dt

The symmetry of the system (Eq. 3.27) can be redtby the time differentiation
of the first equation:

dv df
{g -‘2} dp, '{0 ih} o (3:28)
dt - P

3.4 Solving procedure

Equation (3.28) can be integrated in time, usinfirst order finite difference
method. The equations are written in a more corfoisa:
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B==+CX=F (3.29)

C and E are dependent oiX. The

where X" =|v p_|. The matricesB,

discretisation is carried out by the generalisedpwoint rule which approximates

i+a i+1 —_ i . . .
(d_lj - AA = A A XH-G - (1-0’)&' + aLHl (33@
dt At At
Eg. (3.29) at time&'*“ becomes:
LB + a’Atg]ilel — LB _ (1_a)Atg]i+a Ai +AtEi+a (33)1

whereAt is the time step and is a parameter € a < 1. In Plaxis a full implicit
procedure is utilised withr = 1. Application of this procedure to Eq. (3.28)

yields:
K Q["[av] o o[y Af,
[g —§=} {AEJ _{0 Ati} l:EiW}+{At§+At(q_ip+aAq_p) (3.32)
with
S =(S+aAtH) (3.33)
H = [(ON) 5 k= (ON)av (3.34)
VAR o
§:juT(”—S—nEJudv (3.35)
a V_ KW dpw T
G=[(ON) a2 k¥ p, gav (3.36)
A M
q,=[N'g, ds (3.37)
T
K=[B MBav (3.38)
\

Q=[sB' mNav (3.39)
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C=[NSLNav (3.40)
\%
Ab dV + jg At dS (3.41)
r

In the case of consolidation of unsaturated sdlilshatrices and the external flux
(right hand vector) are nonlinear. In this respéet following issues should be
taken into account:

» The stiffness matriX is usually stress-dependent.

* The permeability in the permeability matrkt and in the vectoG is
pressure dependent, due to suction dependencylativee permeability

Krel-

* The coupling matrice® andC as well as the compressibility mat®are
suction dependent. The latter is also depends en dérivative of
saturation

* In addition, the boundary conditions for the seephge and drains are
also nonlinear.

» The right hand side of both equilibrium and massseovation equations
are nonlinear terms for unsaturated soils. The ineatity of the first
equation is due to the weight of the soil whiclaiinction of the degree
of saturation and the nonlinearity of the rightesaf the second equation
Is due to the suction dependency of the relativenpability and the
variable Neumann boundary conditions.

For both equations the Cauchy BC are imposed thracthe equation system.
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4 Boundary conditions

The following boundary conditions are available in PLAXIS:

4.1 Closed

This type of boundary conditions specifies a zero Darcy flux over the boundary
as

qh=q,n, +q,n, +q,n, =0 (4.1)

where n,, n, and ny, are the outward pointing normal vector components on the
boundary.

4.2 Inflow

A non-zero Darcy flux over a boundary is set by a prescribed recharge value H
and reads

gth=gq,n, +0,n, +a,n, =d (4.2)

This indicates that the Darcy flux vector and the normal vector on the boundary
are pointing in opposite directions.

4.3 Outflow

For outflow boundary conditions the direction of the prescribed Darcy flux, H
should equal the direction of the normal on the boundary, i.e.:

gth=q,n, +q,n, +q,n, =|d (4.3)

44 Head
For prescribed head boundaries the value of the head ¢ isimposed as

p=@ (4.4)

Alternatively prescribed pressure conditions can be given. Overtopping
conditions for example can be formulated as prescribed pressure boundaries.

p=0 (4.5)

These conditions directly relate to a prescribed head boundary condition and are
implemented as such.



22 4 Boundary conditions

4.5 Infiltration/evaporation

This type of boundary conditions poses a more complex mixed boundary
condition. An inflow value g may depend on time and as in nature the amount of
inflow is limited by the capacity of the soil. If the precipitation rate exceeds this
capacity, ponding takes place at a depth ¢_ and the boundary condition
switches from inflow to prescribed head. As soon as the soil capacity meets the
infiltration rate the condition switches back.

This boundary condition simulates evaporation for negative values of q. The
outflow boundary condition takes place, when the groundwater head is higher
than the minimum head specified by theuser ¢, .

These boundary conditions are expressed as

Q= y+q_omax if ponding
am=q,n, +q,n, +q,n, =-q if y+g,, <y+g<y+g., (46
P=Y+ P, if drying

4.6 Seepage

Flow problems with a free water level may involve a seepage surface on the
downstream boundary, as shown in Figure 4.1. A seepage surface will always
occur when the water level touches an open downstream boundary. The seepage
surface is not a streamline (in contrast to the water level) or an equi-potential
line. It is aline on which the groundwater head, h, equals the elevation head y (=
vertical position). This condition arises from the fact that the water pressure is
zero on the seepage surface, which is the same condition as that exists at the
water level.

It is not necessary to know the exact length of the seepage surface before the
calculation begins, since the same boundary conditions (h =y) may be used along
the whole boundary line where seepage is expected to occur. Free boundaries
with h =y may therefore be specified for all boundaries where the hydraulic head
is unknown. Alternatively, for boundaries well above the water level where it is
obvious that a seepage surface does not occur, it may aso be appropriate to
prescribe those boundaries as closed flow boundaries.
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auis of Symmetry
|

Fiy -

e —

! ! seepage suface
/ AT I !

| / £ |

. P ’ (I (R L L

]

| | ;n ,! : I! | | I' J |' | !' |I ' [ ihrl \; fl
Fig. 4.1: Seepage surface

The water line option generates phreatic/seepage conditions by default. An
external head ¢ is prescribed on the part of the boundary beneath the water line,

seepage or free conditions are applied to the rest of the line. The phreatic/seepage
condition reads

=g if below phreaticlevel
z if above phreaticlevel and outflow (4.7)
q,n, +q,n, =0 if above phreaticlevel and suction

The seegpage condition only allows for outflow of groundwater at atmospheric
pressure. For unsaturated conditions at the boundary the boundary is closed. The
external head @ may vary in atime dependent way.

4.7 Infiltration well

Inside the domain wells are modelled as source terms, |Q where specifies the
inflowing flux per meter.

Q=[Q (4.8)

As the source term in the governing equation simulates water flowing in the
system, the source term is positive for arecharge well.

4.8 Extraction well

A discharge rate |Q| simulates an amount of water leaving the domain

Q=-Q (4.9)
The source term in the governing equation is negative for a discharge well.

4.9 Drain

Drains are handled as seepage boundaries. However, drains are located inside the
domain. In reality drains cannot work perfectly and do not permit water leaving



24 4 Boundary conditions

the domain at atmospheric pressure, therefore a prescribed head ¢ should be

considered for the part of the drain below the water level. The condition is
written as
gazq_o if outflow (4.10)
gqh=q,n, +q,n, +q,n, =0 if suction '

The drain itself does not generate a resistance against flow.

4.10 Interfaces

Interface elements are used to simulate impermeable structural elements. In such
an element there is no connection between both sides of the element and
therefore a zero Darcy flux over internal boundary is obtained.

Initial conditions are generated as a steady state solution for a problem with a
given set of boundary conditions.

4.11 Time dependent conditions

PLAXIS provides several features for analysis of transient groundwater flow and
fully coupled flow-deformation problems with varying conditions in time (time-
dependent conditions). Time-dependent conditions can only be applied in a
transient or in afully coupled flow-deformation analysis.

Seasonal or irregular variations in water levels can be modelled using linear,
harmonic or user-defined time distributions. Four different functions can be
assigned for this purpose, namely constant, linear, harmonic and user-defined
functions.

Linear (function 1): This option can be used to describe the increase or decrease
of a condition linearly in time. For a linear variation of groundwater head, the
inputs of the following parameters are required:

At: This parameter represents the time interval for the calculation phase,
expressed in unit of time. Its value is equal to the Time interval parameter
as specified in the Parameters tab sheet of the Phase list window. The
value is fixed and cannot be changed in the Time-dependent head
window.

Ho:  This parameter represents the actual height of the water level, expressed
in unit of length. Its value is automatically calculated in the kernel based
on theinitial pore pressures.

Hue:  This parameter, specified in unit of length, represents the ultimate value
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of head for the current calculation phase. Hence, together with the time
interval this parameter determines the rate of the water level increase or
decrease.

For alinear variation of infiltration, inflow or outflow the inputs of the following
parameters are required:

Qo:  This parameter is the initial specific discharge through the geometry line
under consideration, expressed in unit of length per unit of time.

Qut:  This parameter, specified in unit of length per unit of time, represents the
ultimate specific discharge in the time interval of the current calculation
phase.

Harmonic (function 2): This option can be used when a condition varies
harmonically in time. The harmonic variation of the water level is described as:

y(t) =y, +0.5H sin(et + @) (4.11)
with

wy =2l T

inwhich H, T and ¢, are the wave height in the unit of length, the wave period in
the unit of time and the initial phase angle, respectively.

In case of infiltration, inflow or outflow, the parameter Q, needs to be entered
instead of H. Qa represents the amplitude of the specific discharge and is
specified in unit of length per unit of time.

Table (function 3): In addition to the pre-defined functions for variations with
time, PLAXIS provides the possibility to enter user-defined time series. This
option can be useful for a back-analysis when measurements are available. In the
table, time aways starts from zero which is related to the beginning of the
calculation phase.
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4 Boundary conditions
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5 Hydraulic models

5.1 Van Genuchten model

There are many material models which describe tydraulic behaviour of
unsaturated soils. The most common in the groureiwisérature is the model of
Van Genuchten (1980) relationship, which is useBlaxFlow. This relationship
is a more general case of Mualem (1976) functicem Genuchten function is a
three-parameter equation and relatessiteration to the suction pore pressure
headg:

S(#%) = Siesan *+ (S — Srmu)[ﬂw (g.]a )" ]gc (5.1)

where

=" p%owg

Sesau IS the residual saturation which describes the gavtater that remains in
soil even at high suction heads; is the saturation when the pores are filled with
water. In general, the pores at saturated condititme pores cannot be
completely filled with water and some air bubblemn cbe present in water
therefore in this cas&y will be less than 1g, g, and g. are empirical
parameters. If the following assumption is madeussd in Plaxis, Eq. (5.1)
converts to Mualem (1976) function which is a twargmmeter equation.

1-9
9,

g =——" (5.2)

Figure 5.1 shows the effect of the parameteon the shape of retention curve.
This parameter is related to the air entry value\(Aof the soil.

The effect of the parametgy, which is a function of the rate of water extranti
from the soil once the AEV has been exceededpisgal in Figure 5.2.

The parameteg. is a function of the residual water content (edato the
curvature in the high suction range), Figure 5.3.
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1.2
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Fig. 5.1: Effect of the parametey, on the retention curveg{= 2.0 and
g =-1.0)
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Fig. 5.2: Effect of the parametey, on the retention curveg{= 1.0 and
gc =-1.0)
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---gc=-4.0
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Fig. 5.3 Effect of the parametey. on the retention curveg{= 1.0 andy, = 2.0)
The effective saturation is defined as:

§ = > Swma (5.3)
St ™ S

Therelative permeability according to Mualem - Van Genuchten is:

k4 (S)=(S,)® [1— (1— segf”-lj & } (5.4)

g Is an empirical parametet,, g andg, have to be measured. In Plaxis 2D the
parameters can be directly specified or can beerhosing a database of soll

properties.

The derivative of saturation in respect to porespuee reads:

0S(p,)

ap, 9n 9n [ g
1-g9 g g,-1 P " .
St_ esidu . n =2 Wn 1+ a - f w>0
(Su-S ){ . j[g (ywj p ]{ (g 9—ij ] it (p,>0)
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Figure 5.1 and Figure 5.2 present the Mualem - @anuchten relations for a

sandy material with paramete®s; = 1.0,Se = 0.027,g, = 2.24 n*, g, = 0:0 and
On = 2.286 graphically.

salursGon (-3
-3
1

0.0

T
1.0 -k 0.

pressure {m)

Fig. 5.4: Mualem — Van Genuchten: head — degree of satuaratio

10

0.5 =

el permeabdily {-)

T
1.0 L] .

presawe {mn

Fig. 5.5: Mualem — Van Genuchten: head — relative permewgbili

5.2 Linearized Van Genuchten model

A linearised form of the Van Genuchten’s model Isbaused as alternative in
Plaxis 2D. Thesaturation is defined as:

1 if @ 20 (p, <0)

S(g,) =41+ % [1—|SWJ if 9.<@ <0 (ps>p, >0 (5.6)
ps ws

0 it g<q. (Pw>Pus)

and its derivative in respect to pore pressure is:
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31
0 if ¢ =20 (p,<0)
0S(p) _J_ 1 @< @ <0 (p,>p, >0) (5.7)
op, | Py

0 if g<g, (Pw> Pus)

The variablegs represents the threshold of the unsaturated conditnd can be
derived from Van Genuchten model:

1
s = o (5.8)
P S% =-10m Ssat
Therelative permeability is approximate as:
1 it g 20 (p,<0)
49
k(@) =110% it @,<g <0 (py>p,>0) (5.9)
10° it g<g, (Pu> Puc)

where gy is the pressure head at which the relative periligais reduced to
10*, but is limited to a value between 0.5 and 0.7 m.

Figure 5.3 and Figure 5.4 present the linearized @a&nuchten relations for a
sandy material with parametegg = 1.48 m,gy = 1.15 m graphically.

1o

s lursson (-§
=3
1

S 0.0

|pressare {m)

Fig. 5.6: Linearized Van Genuchten: head — degree of saiarat



32 5 Hydraulic models

1.0

LU

rel jrermeabdity (-

LR

T
«L.0 Ak 0.

pressre {m)

Fig. 5.7: Linearized Van Genuchten: head — relative pernhgabi
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6 Barcelona Basic M odd

6.1 Introduction

The unsaturated soil model implemented to accaumgffects of suction follows
the well-known Barcelona Basic Model (Alonso et, @990) which is an
extension of the Modified Cam Clay model (RoscoeB&rland, 1968) by
introducing suction to its formulation. Bishop sseand suction are used as state
variables in this model. The model switches frortyfgaturated constitutive
model to partially saturated soil model, as sucimuneases.

The main features of the model are:

* To follow the Barcelona Basic Model (BBM) charactécs to account
the behaviour of unsaturated soils (Alonso etlf190)

» To work with Bishop stress (Sheng, et al., 2003|i@di et al., 2003) and
suction as the state variables a difference oBB®& which use the net
stress and suction

« To consider an independent elastic strain compoasstciated to suction
(the elastic strain increment is then split inte #lastic strain increment
due to Bishop stress changes and the elastic sinarement due to
suction changes.

In the following the model is described brieflyr&ds invariants and derivatives
are given in Appendix A.

6.2 Yield function

To define the yield function it assumes that:
* The behaviour of saturated soil is representechbyModified Cam Clay
model (MCC).
* The yield surface of the MCC model is valid for oic s>0.
 The preconsolidation pressuRg is a function of suction like to BBM
model

The yield function is defined as:

F=3J2—(—g?_(3€0)0)j M? (p+p,)(R. - p) (6.1
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Where,p’ is the mean effective stres$,s the square root of the second stress

1/2
invariant of deviatoric stress tensaf,= etrace(o—ij -p'd )) . The function

i
g(0)is defined as:

g(6)=— 0% 6.2)

sin @sin @'
cos@+ sinGsin g

NE

where@is Lode angIePc' is assumed to vary with suction according to

* *
Ao —K

P=P (EJM (6.3)

P

r

where P, is the yield surface location at zero suction &ndlso the hardening
parameter? is a reference mean stresg, is the modified compression index
for saturated soil; is the slope modified of the NCL for unsaturated and

k" is the modified swelling index which is assumedbéoindependent of suction.
The increase in cohesion follows a linear relathgmsvith suction, i.e.:

p, = ks (6.4)

where, k. describe the increase in cohesion with suction. Slbge A_ is assumed

to vary with the suction according to:
A, =A[(1=1)exp(=pBs)+r] (6.5)

Wherer and@are two additional material constants that can léerdiined
experimentally. The first is a constant relatedhi®e maximum stiffness of the
soil (for an infinite suction)r = A (s - «)/A,, and the second controls the rate of

increase of soil stiffness with suction.

6.3 Elastic response

The mechanical elastic behaviour is the same #@iseirCam —clay models with
the tangent moduluKj and shear moduluss] being defined by the following
expressions (a constant Poisson’s raioig assumed):
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k=P (6.6)
K
_3(1-2p)K
G TR (6.7)

In the model a change in suction produces a vdiuerngastic strain given by:

‘ K
de* =——=—ds$, = ! ds §; (6.8)
" 3(S Pam) 'K J

S

K, Is the elastic stiffness for changes in suction.

6.4 Flow rule and hardening parameters

The yield surface location at zero suctipndefines the hardening parameter (as

in the BBM model) and the hardening law is desdtias:

p

dP, = ¢! (6.9)
A, —K
The plastic flow rule is defined as,
9(6) |
G=a3)’-| ——~| M*(p+p,)(P.-p (6.10)
0w ()2 )

where a can be chosen to obtain Jaky’'s formula for one edgisional
consolidation for normally consolidated materiafllowing the procedure used
by Alonso et al., 1990, the expression foris:

a=M ('\g (i)lgﬂ'\; -3 [1/(1-k /)] (6.11)

6.5 Implicit integration of unsaturated soil mode

The implementation is based on Backward Euler é&lgor following the
application to three invariants isotropic hardenmgdels developed by Jeremic
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and Sture (1997) and Pérez et al., (2001). Theatisal is sough by using the
flow direction m; =0G/dg; at the final stress state.

The variables given as input of the mechanical tttise subroutine are the
increment of total strain and increment of suction.

6.6 Constitutiverelationsfor infinitessimal plasticity

The constitutive equations which characterize tasteplastic material can be
briefly stated as follow,

de, = def + dei]? + de‘f’s (6.12)

do, =D,,deg =Dy, (dé‘kl —-deh - dslj’s) (6.13)

ser =02 20L0013) 6.14)
j oo,

dy :aa—égds;’ (6.15)

where, de&.

j.de; and daf are increments of the total elastic and plastiaistr
tensors respectively anttf’sis the contribution of suction to increment of &las

strain tensordyrepresents the increment of hardening parametetki§ case of
P ) anddA is the plastic multiplier to be determined witle thid of the loading-

unloading criterion, which can be expressed in semh the Kuhn Tucker
conditions as,

F(Uij,)(,S)SO
dA=0 (6.16)
FdA=0

During any process of loading, conditions (Eg. rést hold simultaneously.

6.7 Backward Euler algorithm

Fully implicit, Backward Euler schemes are givertha following form:
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o_i(in+l) - o_l(ln) +A0_i(jn+l)

515 (n+1) — 513 (n) +A£li (n+1) (6 17)

/\/(n+l) :/\/(n) +AX(n+1)

F (n+l): O

where,

Ao =D, (Be, ~Del ~De ) (6.18)
G (n+1)

VI [—J (6.19)
G

6)( (n+1)
(n+1) — (n+1)
IN% _[@J Ae? (6.20)
i

Where (n+1) is the actual load step and (n) i<thererged step.

Time-integration of equation (6.17) with backwardldt scheme yields the
following nonlinear local problem (in compact nabad,

o = g™ +D:-Ag MDD () ~D:As

(n+1)
/\/(n+l) :X(n) +(%j m(n+1)A/](n+1) (621)

F(a.(n+l)’X(n+1)’j) -0

In equation (6.21), the state at tim® (i.e., quantiteso®and x®), the
increment of total strains from tim& to timet™™, Ae, and the suctiors, are
known. The unknowns of this local problem are thesseso®"and the

hardening parameters™ at timet™?", and the plastic multipliea/ .
Formulating the residual of the three non-lineauatmpns (6.21), the local
Newton-Raphson solver may be stated as follows:
o™ +AD:m" +D:Ag -0 -D:Ae =0

ox (n+1)
R{g“", x*V, 00} = “*”—(—) m" AN - " =0 6.22
{o™, x b=2x v X (6.22)

F(O-Si)u Sfr)l,s):()
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The non-linear system of eight equations is solwetinearizing the residual and

expanding it into a Taylor series:

5o
R{a+50,)(+5)(,A/1+5/]}:R{a,)(,M}+M & |+o[&]  (6.23)
o(a, x,04) | o

. . OR AN . .
The gradient expressmﬂM renders the Jacobian of the residRral

o(a, x,04)
/ +A/]D:a—m A/]D:a—m D:m
oo ox
Ho,x, 00y =1 -aa QX 0m y py OX 0m Oy (6.24)
0e’ do oe’ dy o0&’
oF o 0
oo ox

Truncation after the first order term@[dﬂ [0, and letting the residual equation

(6.23) go to zero, it obtains a set of linear emquwst for the corresponding
increments o[a, )(,AA] , that simultaneously reduces all three residuai=to:

a0,

0 :R{a-k}/Ykle} +J{ak’Xk’Mk} a)(kﬂ
A,

(6.25)

Indices k and k+1 denote the iteration cycle. Swvihe linearized system of
equations the new iterative update of the eightabées is obtained:

5a-k+l
Ko | =-[H{ow, X, 04} R{0,, 1., 0A) (6.26)

.,

Addition of the iterative corrector to the old vetuof the independent variables

yields the eight updates:

(6.27)
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For starting the iteration, an initial solutionreqquired. This solution is chosen to
be the elastic solution at the contact point whit yield surface given by:

0,=0 =0"+(1-a)D:Ae
— h
Xo =X (6.28)

p—

.f() —-J
A, =0
The trial stress statag' ") =D:a¢ and the elastic strain vector due to suction

Agf are maintained fixed during the iteration process.

6.8 Consistent tangent stiffness matrix

To solve the global problem with quadratic convergeit is necessary to use a
consistent tangent matrix. To compute this mattixe consistent moduli
1"'s/1"*De at each Gauss point are needed. They are obtaydidearizing

equation (6.21), the linearization is representead icompact form as (Pérez et
al., 2001):

ﬂn+ls _ h 1Y 1

7 TDe P" (") "PD (6.29)
wherepr’ = (1,,0,....) IS the projection matrix on stress space (Péret,2001);
note thato,.,..,is a null rectangular matrix withs rows andnc + 1columns,ns

Is the number of stresses amdis the number of hardening parameters.

Additionally, the above process will be combinedwsub-incrementation of the
prescribed strain (substepping) according to tleirstve scheme proposed by
Pérez-Foguetdt al., (2001), this implementation is in progress.

6.9 Description of the subroutine: unsat_model

The subroutinéJnsat_Model has the same structure for input/output variabfes o
the subroutinéJser_Mod of Plaxis to implement user-defined soil modelstha
subroutine are expected as input variables (intiaddito the standard input
variables in User-defined soil models) the folloguin
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SuctionO: Previous or historical suction value of the cutiEness point
Suction: Suction value to be applied in the current stygsint
Sig0: Bishop’s effective stress at start of step

As output variables are expected (in addition ® $kandard input variables in
User-defined soil models):

Sig: Bishop’s effective stress computed in the subnauti

lerror_code: Code assigned to the possible errors during theulzdion
process.

I nput/output variables:

iMod = 1 : Number model
nProps= 18 : Model parameters

ParamName (1): Poisson ratjg (

ParamName (2): Slope of the unload/reload li)eof saturated soil
ParamName (3): Slope of the normal compressian () of saturated
soil

ParamName (4): Elastic stiffness due to suctign (

ParamName (5): Parameter to control the tensi@ngth due to suction
(k)

ParamName (6): Slope of the Critical state |k (

ParamName (7): Friction angle at Cf [degrees])

ParamName (8): Initial void ratio e

ParamName (9): Preconsolidation pressure of datlismil (R [kPa])
ParamName (10): Reference mean stress [kfPa])

ParamName (11): Parameter to control infinite suncfi)

ParamName (12): Parameter to control soil stiffvetis suction  [kPa

ParamName (13): Van Genuchten Parameter (a [kPa])
ParamName (14): Van Genuchten Parameter (b)
ParamName (15): Van Genuchten Parameter (c)
ParamName (16): Parameter of non associated fl@(a)
ParamName (17): Coefficient of earth pressuresit(ko)
ParamName (18): Overconsolidation ratio (OCR)

nStat = 6 : Number of state variables
stVarO (1) = Po (Preconsolidation pressure okttarated soil)

stVar0 (2) = Suction (Actual suction value)
stVar0 (3) = Sr (Acutal degree of saturation)
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stVarO (4) = Pc (Preconsolidation pressure of timased soil)
stVarO (5) = pt (Tensile strength due to suction)
stVarQ (6) = F_result (Value of yield function)

lerror_code (Scalar Integer): Code assigned to the possible errors
Contains the code assigned to the possible erhl@s dan occur during the

calculation process. If ierror_code is greater tharo, this parameter will force
the calculation to stop. The possible errors aed ttodes are

Code Description Subroutine

101 Does not converge during elastic integration SubroutineElastic integration
102 Can not find crossing point with yield surface Functionexit F_1

103 Does not converge during plastic integration SubroutinePlastic integration

Note: Internally the subroutindJnsat Model groups some input data into a
derived data type named Prop_model which has the follow fields:

Prop_model%Imod = Imod
Prop_model%npar = Nprops
Prop_model%n = Nstress
Prop_model%nhv = Nstat
Prop_model%par = Props()

Nstress is the number of stress components (6)tp&usumber of the hardening
parameters in order to build a vector of generdlsteess.

6.10 Proposition for deter mination of the unsaturated
soil parameters

Table 6.1 describes the determination the unsawirsdil model and Table 6.2
gives parameters of Barcelona Basic Model for seailetypes.
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Tab. 6.1. User-defined soil model local property variables

M odel Typical

No Definition Proposition for estimation Reference
parameters values
10 R [F/L] Reference Upscaled from Isotropic When R=PR, Alonso et
mean stress compression tests or eodometric  (saturated al (1990).
at which  tests at different constant suctions. condition) the
one may LC yield curve
reach the v=1+e becomes a
saturated straight line.
virgin state, g = In this case,
starting at a changes irs
partially do not result in
saturated plastic
condition, deformations.
through a
wetting - See Table 1:
path which Fig 1. Relationships between Some- values
involves preconsolidation stress{Hf) and the from literature.
only reference stress P
(elastic)
swelling. - Fit of the Load-Collapse curve
(LC):
Yield curve
° Elastic Y
G @ domain
MEAN NET STRESS, p MEAN NET STRESS, 1
Fig 2. Isotropic stress path at constant
suction to determine the LC curve
Influence of Pon LC:
3
& Pr=0.2*Po
P06+ Po
®Pr=0.8*Po
- Pr =Po
Po Mean net stress, p
Fig 3. Influence of Pin the shape of LC
curve
P, should be significantly lower
than the lowest value of,Rkely to
occur in a given application to
avoid illogical yield curve shapes.
11 r Parameter Upscaled from Isotropic See Table 1:  Alonso, et
defining  compression tests or eodometric Some values  al (1990).
the tests at different constant suctions. from literature. Barrera, et
maximum al (2002)
soil Fit of the Load-Collapse curve
stiffness  (LC).
(for an
infinite

suction)
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M odel — . . . Typical
No Definition Proposition for estimation yp Reference
parameters values
r (cont.) Influence of on LC:
9
n =075
+-r=0.80
4 r=0.85
=090
*r=0.95
“+r=1
Po Mean net stress, p
Fig 4. Influence of* in the shape of LC
curve
Example of the influence of suction
increase on the compressibility:
_ _ ) Geiser et al
Son St (Geiser et al., 2000): (2000)
A=A, [(1—r*)exp(—,b’s)+r*]
¥ 0.05 Calibration with T
g 0.04 =0.65 angd f=0.005kPa™ 1
50.03 o
= FNS® o = .
20.02 - —
§ - -
5001 | .  x —
§ ' NI ST
05 —T00 200 300
Suction [kPa]
Fig 5. Variation of the compressibility index
with the suction
12 B[F/L™ Parameter Upscaled from Isotropic See Table 1:  Alonso, et

controlling compression tests or eodometric Some values al (1990)
the rate of tests at different constant suctions. from literature. Barrera, et

increase of al (2002).
soil Fit of the Load-Collapse curve
stiffness  (LC).
with
suction Influence off3 on LC:

[%2]

a BlMPa’)
®B=25
+p3=5
AB=10
*p=15
*pB=20

P, Mean net stress, p'

Fig 6. Influence of} in the shape of LC
curve
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Tab. 6.2. Parameters for the Barcelona Basic Model for difiie soil types

Soil type H M K Y(0)] r P o i Reference
(MPa) (MPa)
) 0.3 7.0 E- Barrera
BCN Silt 1.155 | 0.005 0.073 0.782 155
3 05 (2002)
0.032:
p:100-
Sion silt 0.4 400 kPa Geiser et al
1.33 0.007 0.65 5 0.02
0 0.047: (2001)
p>400
kPa
G=
Compacted 3.3 Josa
. 0.821 | 0.015 0.14 0.26 16.4 0.043
kaolin, ML MP (1988)
a
Compacted kaolin
Karube
[w=6%, 0.011 0.065 0.75 20 0.01
(1986)
Si=0.627]
Variab
le
. i Thu, et al.
Compacted kaolin 0.027 0.063 0.32 10
(2007)
0.58
0.972
G=
Sandy Clay
7 Maswoswe
(Lower Cromer 1.2 0.0077 0.066 0.25 20 0.01p
, MP (1985)
till)
a
) i Georgiadis
Lower Cromer till| 0.2 1.2 0.007Y 0.066 0.35 16.4 012
(2003)
Lambeth Sand Georgiadis
) 0.2 0.9 0.005 0.06 0.25 20
(London City) (2003)
G .
_ Variab
Metramo silty 4_5 le Rampino
Sand MP 1.54 | 0.0056| 0.022| 0.68 24 0.001 et al
0.91 (2000)
a
0.978
Boom Clay Sanchez
0.015 0.16 0.57 6 0.05
Pellets (2004)
) Lloret et al
FEBEX Bentonite 1.24 0.004 0.08d 0.9p 1 0.50
(2003)
Silty sand from 1.32 | 0.009 0.041 Mun B-J
_ _ 0.11 0.29 18.1
the Riverside (2004)
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i B Pr
Soil type ] M K A(0) r 1 Reference
(MPa) (MPa)
Campus
Bentonite —Sand 8.0E- | Alonso et
) 0.008 0.25 0.85 0.05
mixtures 06 al (2005)
) Collin et al
Lixhe chalk 0.2 0.0084 0.18 0.95 8.0 0.003
(2002)
Compacted silt.
(clayey, slightly
sandy Silt)
Vasallo et
[w=23.1%, 0.004 0.052 0.17 1.8
al (2007)
Va = 15.6 kN/n]
i | i Zhang et al
Serrate bentonite 0.4 15 0.05 0.15 0.75 0.0
(2003)
0.3 0.0026 Zhang et al
Boom Clay 1.0 0.26 0.564 0.544 0.06
33 5 (2003)
Reconstituid Slatter et al
) 0.014 0.37 0.27 10
Kaolin (2006)
Earth fill
compacted with a Cordao
soil with a lower 0.005 0.085 2 5 and Farias
than optimum (2006)
water content
Jossigny's Silt
) 6.55E- | Vaunat et
(silt of low 0.3 1.0 0.015 0.108 0.911 5.75
L 06 al (2000)
plasticity)
G=
Residual granite| 8.9 Mofiz et al
) 0.895 0.14 0.29 0.24 19.69 0.045
soil (CH) MP (2005)
a
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7/ Verification of groundwater flow: One-
Dimensional

In this section verification of the groundwater Wlocodes implemented in
PLAXIS 2D and 3D kernels is given. As it is hardderive an analytical solution
for the examples given in this section, the resaliescompared with the existing
Plaxflow code developed by GeoDelft. The exampleschosen from the first
part of the report provided by GeoDelft, report £8201.101 v1, December
2002.

This chapter presents the results of 13 columrs,tést which a flow problem
has been solved. The column has a height of 2.chdnaawidth of 0.05 m,
vertical boundaries are closed and flow is stricilye-dimensional. The Van
Genuchten and spline models are used. Most of abtailtypes of boundary
conditions are imposed separately including consltead, constant pressure,
inflow, outflow and seepage conditions. Precipmaticonditions automatically
apply the inflow and outflow conditions accordirg the function used for the
prescribed flux. Right now, four functions can bsed for varying prescribed
flux in time, namely constant, linear, harmonic ahé user defined function
(table). The same functions can also be appliedveter level varying. In the
case of steady state calculation, only constantctiom is utilised, i.e. no
variation. To have proper results, fine mesh usdabth 2D and 3D, Figure 7.1.

Fig. 7.1: finite element meshes used in 2D and 3D calculatibeft: 2D; Right
3D
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7.1 CaseAl: pressure head

Case Al involves an infiltration situation and own in Figure Al.1. The left
picture presents the initial boundary conditiormrfrwhich a steady state flow
situation is calculated. Imposing a head of -1.8trthe bottom of the model and
1.0 m at the top generates unsaturated startinditcmms. The right hand side
picture shows the boundary conditions for the laiere period. Boundary
conditions change to 2.0 m at the top of the matthel,bottom condition is not
changed. Staring series O1 sand model describeaudiymbehaviour of material
for which Van Genuchten relationship is appliede Tiroperties of the soil are
given in Table Al1.1.

The following steps are performed in this case:

1. Seady state: Steady state groundwater flow calculation to gatgemitial
pore pressure, (suction pore pressure of 10 kBeeientire column).

2. Transient: The top boundary head is set. Infiltration takésce and the
model gets more saturated in time. The infiltraticont move downward
in time until a new steady state situation is regachrigure A1.2 and A1.3
show a vertical cross section of the calculatec gwessures and degree
of saturation in time. The infiltration profileseashown for steps given in
Table Al1.2.

3. Seady state: Steady state groundwater flow calculation to geteer
ultimate pore pressure.

H=1.0m H=20m

2m

H=-1.0m H=-1.0m

Fig. A1.1: Geometry of case Al
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Tab. Al.1l: Input data for case Al

Description Symbol Unit Value
Permeability Ke, Ky, Kz [m/day] 0.1521
initial void ratio [-] 0.5625
Elastic storage Ko, e/ [kN/m? | 4.875x16
Saturated saturation [-] 1.0
Residual saturation [-] 0.06203
Van Genuchten [-] 2.286
Van Genuchten [m™] 2.24
Van Genuchten [-] 0
Tab. A1.2: Input data for case Al

Step Time (day)

2 Seady state

20 0.232

32 0.463

44 0.694

56 0.926

68 1.16

80 1.39

126 2.31

156 3.47

194 Seady state
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Cross section
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Summary:

As seen the results from PLAXIS 2D, PLAXIS 3D arddx{*low are similar.
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7.2 CaseA3: Inflow boundary

Case A3 involves an infiltration situation and own in Figure A3.1. In this
example the influx is constant in time and giveraagrescribed boundary flux.
The left picture presents the initial boundary dbods from which a steady state
flow situation is calculated. Imposing a head o0-th at the bottom of the model
and 1.0 m at the top generates unsaturated stamtinditions. The right hand
side picture shows the boundary conditions forléter time period. Boundary
conditions change to 0.152 m/day inflow at the tdpthe model, the bottom
condition is not changed. Staring series O1 sandeindescribes hydraulic
behaviour of material for which Van Genuchten relahip is applied. The
properties of the soil are given in Table A3.1.

The following steps are performed in this case:

1. Seady state: Steady state groundwater flow calculation to gateemitial
pore pressure, (suction pore pressure of 10 kBeeientire column).

2. Transient: The boundary prescribed flux is imposed. Infiiva takes
place and the model gets more saturated in time. ifiltration front
move downward in time until a new steady stateasitun is reached.
Figure A3.2 and A3.3 show a vertical cross sectibthe calculated pore
pressures and degree of saturation in time. Th#ration profiles are
shown for steps given in Table A3.2.

3. Seady dstate: Steady state groundwater flow calculation to gateer
ultimate pore pressure.

Q = 0.152 m/day

LLLLL

2m

H=-10m H=-10m

Fig. A3.1: Geometry of case A3
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Tab. A3.1: Input data for case A3

Description Symbol Unit Value
Permeability Ke, Ky, Kz [m/day] 0.1521
initial void ratio €init [-] 0.5625
Elastic storage Ko, e/ [kN/m? | 4.875x10
Saturated saturation Sai [-] 1.0
Residual saturation Se [-] 0.06203
Van Genuchten On [-] 2.286
Van Genuchten Oa [m™] 2.24
Van Genuchten o] [-] 0

Tab. A3.2: Input data for case A3

Step Time (day)
2 Seady state
39 0.232
76 0.463
113 0.694
150 0.926
187 1.16
224 1.39
372 231
557 3.47
643 Seady state
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Summary:

As seen the results from PLAXIS 2D, PLAXIS 3D arddx{*low are similar.
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7.3 Case B1: Fixed head boundary

Case Bl involves a recharge situation and is shmwhkigure B1.1. In this
example the column is filled from the bottom in opje direction of the
gravitational force. The left picture presents ithigal boundary conditions from
which a steady state hydrostatic situation is dated. Imposing a head of 0 m at
the bottom of the model and seepage boundary ¢ondivr closed) at the top
generates unsaturated starting conditions. The highd side picture shows the
boundary conditions for the later time period. Baoany conditions change to 1.5
m at the bottom of the model, the top conditionas changed. Staring series O1
sand model describes hydraulic behaviour of mdt&rawhich Van Genuchten
relationship is applied. The properties of the acdl given in Table B1.1.

The following steps are performed in this case:

1. Seady state: Steady state groundwater flow calculation to gateemitial
pore pressure, (hydrostatic condition: suction gmessure of 20 kPa at
the top of the column).

2. Transient: The fixed boundary head of 1.5 m at the bottonmposed.
Recharge takes place and the model gets more teatuira time. The
infiltration front move upward in time until a nesteady state situation is
reached. Figure B1.2 and B1.3 show a vertical ceesgtion of the
calculated pore pressures and degree of saturatiome. The infiltration
profiles are shown for steps given in Table B1.2.

3. Seady state: Steady state groundwater flow calculation to gatee
ultimate pore pressure, (hydrostatic condition:itisacpore pressure of 5
kPa at the top of the column).

2m

H=0.0m H=15m

Fig. B1.1: Geometry of case B1
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Tab.B1.1: Input data for case B1

Description Symbol Unit Value
Permeability Ke, Ky, Kz [m/day] 0.1521
initial void ratio Einit [-] 0.5625
Elastic storage Ko, e/ [kN/m? | 4.875x16
Saturated saturation Sat [-] 1.0
Residual saturation Se [-] 0.06203
Van Genuchten On [-] 2.286
Van Genuchten Oa [m™] 2.24
Van Genuchten o] [-] 0

Tab.B1.2: Input data for case B1

Step Time (day)
2 Seady state
3 0.00579

4 0.0116

7 0.0694
10 0.127
34 0.706
53 1.28
147 7.07
244 12.9
246 Seady state
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Summary:

As seen the results from PLAXIS 2D, PLAXIS 3D arddx{*low are similar.
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7.4 Case B3: Fixed head boundary

Case B3 involves a drainage situation and is showfkigure B3.1. In this

example the column is dried from the bottom in opigo direction of the

gravitational force. The left picture presents ithgal boundary conditions from

which a constant suction of 0 kPa is generatedhiimeecolumn. Imposing a head
of 0 m at the bottom of the model and a head ofm2.@t the top of the column
generates the unsaturated starting conditions.righe hand side picture shows
the boundary conditions for the later time peri®dundary conditions change to
seepage (or closed) at the bottom of the modelaeondition is not changed.
Staring series O1 sand model describes hydrautfiaweur of material for which

Van Genuchten relationship is applied. The propsrof the soil are given in
Table B3.1.

The following steps are performed in this case:

1. Seady state: Steady state groundwater flow calculation to gateemitial
pore pressure, (constant suction pore pressurekbfalin whole of the
column).

2. Transient: The seepage boundary condition (or closed boyndar
condition) at the top is imposed. Drainage takeseland the model gets
more unsaturated in time. Figure B3.2 and B3.3 showertical cross
section of the calculated pore pressures and dexjrsaturation in time.
The results are shown for steps given in Table B3.2

3. Seady state: Steady state groundwater flow calculation to gatee
ultimate pore pressure, (hydrostatic conditiontisacpore pressure of 20
kPa at the top of the column).

H=20m

2m

H=0.0m H=0.0m

Fig. B3.1: Geometry of case B3
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Tab. B3.1: Input data for case B3

Description Symbol Unit Value
Permeability Ke, Ky, Kz [m/day] 0.1521
Initial void ratio Einit [-] 0.5625
Elastic storage Ko, e/ [kN/m? | 4.875x10
Saturated saturation Sai [-] 1.0
Residual saturation Ses [-] 0.06203
Van Genuchten On [-] 2.286
Van Genuchten Oa [m™] 2.24
Van Genuchten o] [-] 0

Tab. B3.2: Input data for case B3

Step Time (day)

4 Seady state

58 2

101 4

174 8

311 16

575 32

1096 64

2129 128

2131 Seady state

Cross Section
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\i\\\\
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N~

Distance [m]

Fig. B3.2: Active pore pressure in time vs height in PLAXIS 2
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Summary:

As seen the results from PLAXIS 2D, PLAXIS 3D arddx{*low are similar.
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7.5 Case B4: Outflow boundary

Case B4 involves a drainage situation and is showfkigure B4.1. In this
example the column is dried from the bottom in opigo direction of the
gravitational force by means of prescribed outflosundary conditions. The left
picture presents the initial boundary conditior@rfrwhich a hydrostatic water
pore pressure is generated in column. Imposingshead m at the bottom and at
the top of the column generates the saturatedrgjasonditions. The right hand
side picture shows the boundary conditions forl#ter time period. Boundary
conditions change to constant outflow of 0.152 m/aliesthe bottom of the model,
the top condition is not changed. Staring series <ahd model describes
hydraulic behaviour of material for which Van Gehten relationship is applied.
The properties of the soil are given in Table B4.1.

The following steps are performed in this case:

4. Seady state: Steady state groundwater flow calculation to gateemitial
hydrostatic pore pressure.

5. Transient: The outflow boundary condition at the bottom mspbsed.
Drainage takes place in time. Figure B4.2 and B&@w a vertical cross
section of the calculated pore pressures from th&XPS 2D and
Plaxflow kernels, respectively. The results of PU&SXD are shown for
steps given in Table B4.2.

6. Seady state. Steady state groundwater flow calculation to getee
ultimate pore pressure.

H=20m H=20m

2m

H=20m vYvvvy

Q = 0.152 m/day

Fig. B4.1: Geometry of case B4
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Tab. B4.1: Input data for case B4

Description Symbol Unit Value
Permeability Ke, Ky, Kz [m/day] 0.1521
Initial void ratio Einit [-] 0.5625
Elastic storage Ko, e/ [kN/m?] 10.84
Saturated saturation Sai [-] 1.0
Residual saturation Ses [-] 0.06203
Van Genuchten On [-] 2.286
Van Genuchten Oa [m™] 2.24
Van Genuchten o] [-] 0

Tab. B4.2: Input data for case B4

Step Time (day)
2 Seady state
23 2
41 4
60 8
81 16
105 32
135 64
177 128
187 Seady state
_ Cross Section
] =
~ [ T+ |
— =
_— N i
: e

Distance [m]

Fig. B4.2: Active pore pressure in time vs height in PLAXIS 2
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Cross section

—— — P(S) 1(4)
— P(S) 2(61

\\ o P%S% 3%1123)

— P(s) 4(177)

\ | — P(S) 5(237)

— P(s) 6(299)

— P(s) 7(363)

— P(S) 8(429)
P(S) 9(2067)

P actve With suction [kN/m?]
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Fig. B4.4: Active pore pressure in time vs height (existitgxPlow)

Summary:

As seen the results from PLAXIS 2D, PLAXIS 3D arddx{*low are similar.
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7.6 Case C1l: pressure head (spline model: sand)

Case C1 involves an infiltration situation and ®wn in Figure C1.1. The left
picture presents the initial boundary conditiormrfrwhich a steady state flow
situation is calculated. Imposing a head of -1.8trthe bottom of the model and
1.0 m at the top generates unsaturated startinditcmms. The right hand side
picture shows the boundary conditions for the laiere period. Boundary

conditions change to 2.0 m at the top of the matthel,bottom condition is not
changed. Haverkamp sand model describes hydraehaviour of material for

which cubic Hermit spline interpolation is appliéche properties of the soil are
given in Table C1.1 and Table C1.2.

The following steps are performed in this case:

4. Seady state: Steady state groundwater flow calculation to gateemitial
pore pressure, (suction pore pressure of 10 kBeeientire column).

5. Transient: The top boundary head is set. Infiltration takésce and the
model gets more saturated in time. The infiltraticont move downward
in time until a new steady state situation is reach~igure C1.2 to C1.4
show a vertical cross section of the calculatece gmessures, degree of
saturation and relative permeability in time. Théltration profiles are
shown for steps given in Table C1.3.

6. Seady state: Steady state groundwater flow calculation to gateer
ultimate pore pressure.

H=1.0m H=20m

2m

H=-1.0m H=-1.0m

Fig. C1.1: Geometry of case C1
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Tab. C1.1: Input data for case C1

Description Symbol Unit Value
Permeability Ky, Ky, K, [m/day] 8.156
initial void ratio Einit [-] 0.403
Elastic storage Ko, e/ [kN/m? | 4.875x16
Tab. Cl1l.2: Haverkamp sand data
-H (m) K, S
0.00E+00 1.0 1.0
2.00E-01 0.44448 0.94019
4.00E-01 2.91E-02 0.57286
6.00E-01 4.36E-03 0.35567
8.00E-01 1.12E-03 0.29439
1.00E+00 3.89E-04 0.27536
1.20E+00 1.64E-04 0.26821
1.40E+00 7.90E-05 0.26508
1.60E+00 4.19E-05 0.26354
1.80E+00 2.40E-05 0.26272
2.00E+00 1.46E-05 0.26224
2.20E+00 9.27E-06 0.26195
2.40E+00 6.14E-06 0.26177
2.60E+00 4.20E-06 0.26165
2.80E+00 2.95E-06 0.26157
3.00E+00 2.13E-06 0.26151
3.20E+00 1.57E-06 0.26147
3.40E+00 1.18E-06 0.26144
3.60E+00 8.98E-07 0.26141
3.80E+00 6.95E-07 0.2614
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Tab. C1.3: Input data for case C1

Step Time (day)
2 Seady state
188 0.00463
312 0.00926
436 0.0139
560 0.0185
684 0.0232
808 0.0278
932 0.0324
1259 0.0463
1393 Seady state

Cross Section

— Step 2

— Step 188
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—— Step 436

— Step 560
' — Step 684
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Step 1259

— Step 1393
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/ L
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02 04 06 08 14 16
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Fig. C1.2: Active pore pressure in time vs height in PLAXIS 2

Cross Section

— Step 2
— Step 188

SNISNISNISISISN IS TN |ER
VA | FEE

\ — Step 1393

[%]

[
[

S I B
l

12
Distance [m]

Fig. C1.3: Degree of saturation in time vs height in PLAXIS 2
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Cross section
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Fig. C1.9: Degree of saturation in time vs height (existihaxFlow)

Summary:

As seen the results from PLAXIS 2D, PLAXIS 3D andxFlow are similar. The
maximum suction pore pressure is 10 kPa (H=-1.0th&efore the minimum
degree of saturation for all curves plotted in FggC1.3 must be 27.5 % (Table
C1.2). As seen the degrees of saturation for sg§® Jand 1393 show lower

values at distance 2 m which is a visualizationbfgm due to extrapolation
method used in the output program and this is rsetri@us problem.
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7.7 Case C2: pressure head (spline model: clay)

Case C2 involves an infiltration situation and ®wn in Figure C2.1. The left
picture presents the initial boundary conditiormrfrwhich a steady state flow
situation is calculated. Imposing a head of -1.8trthe bottom of the model and
1.0 m at the top generates unsaturated startinditcmms. The right hand side
picture shows the boundary conditions for the laiere period. Boundary

conditions change to 2.0 m at the top of the matthel,bottom condition is not
changed. Haverkamp clay model describes hydra@i@biour of material for

which cubic Hermit spline interpolation is appliéche properties of the soil are
given in Table C2.1 and Table C2.2.

The following steps are performed in this case:

7. Seady state: Steady state groundwater flow calculation to gateemitial
pore pressure, (suction pore pressure of 10 kBeeientire column).

8. Transient: The top boundary head is set. Infiltration takésce and the
model gets more saturated in time. The infiltraticont move downward
in time until a new steady state situation is reach~igure C2.2 to C2.4
show a vertical cross section of the calculatece gmessures, degree of
saturation and relative permeability in time. Théltration profiles are
shown for steps given in Table C2.3.

9. Seady state: Steady state groundwater flow calculation to gateer
ultimate pore pressure.

H=1.0m H=20m

2m

=-10m =-10m

Fig. C2.1: Geometry of case C2
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Tab. C2.1: Input data for case C2

Description Symbol Unit Value
Permeability Ky, Ky, K, [m/day] 0.0106
Initial void ratio Einit [-] 0.98
Elastic storage Ko, e/ [kN/m? | 4.875x16
Tab. C2.2: Haverkamp clay data
-H (m) Kr S
0.00E+00 1.0 1.0
2.00E-01 0.3829 0.9263
4.00E-01 0.1539 0.8498
6.00E-01 8.15E-02 0.7935
8.00E-01 0.05064 0.7505
1.00E+00 0.03469 0.7164
1.20E+00 0.02536 0.6886
1.40E+00 0.01942 0.6653
1.60E+00 0.0154 0.6454
1.80E+00 0.01254 0.6283
2.00E+00 0.01043 0.6132
2.20E+00 0.008822 0.5999
2.40E+00 0.004573 0.588
2.60E+00 0.006579 0.5773
2.80E+00 0.005775 0.5675
3.00E+00 0.005114 0.5587
3.20E+00 0.004565 0.5505
3.40E+00 0.004102 0.543
3.60E+00 0.003709 0.5361
3.80E+00 0.003372 0.5297
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Tab. C2.3: Input data for case C2

Step Time (day)
2 Seady state
107 2.32
150 4.63
193 6.95
236 9.26
279 11.58
322 13.89
365 16.21
623 3241
655 Seady state
Cross Section
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Fig. C2.2: Active pore pressure in time vs height in PLAXIS 2
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Fig. C2.3: Degree of saturation in time vs height in PLAXIS 2
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Summary:

As seen the results from PLAXIS 2D, PLAXIS 3D arddx{*low are similar.
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7.8 Case C3: material contrast high-low per meability

Case C3 involves an infiltration problem throughadumn composed of a sand
layer on top of a clay layer as shown in FigurelC3he left picture presents the
initial boundary conditions from which a steadytstihow situation is calculated.
Imposing a head of -1.0 m at the bottom of the rha@ael 1.0 m at the top
generates unsaturated starting conditions. The hghd side picture shows the
boundary conditions for the later time period. Badany conditions change to 2.0
m at the top of the model, the bottom conditiona$ changed. Haverkamp clay
and Haverkamp sand models describe hydraulic betawf clay and sand
materials for which cubic Hermit spline interpotatiare applied. The properties
of the layers are given in Table C1.1, Table CTdhle C2.1 and Table C2.2.

The following steps are performed in this case:

10.Seady state: Steady state groundwater flow calculation to gateemitial
pore pressure.

11.Transient: The top boundary head is set. Infiltration takésce and the
model gets more saturated in time. The infiltratioont move downward
in time until a new steady state situation is reach~igure C3.2 to C3.4
show a vertical cross section of the calculatece gmessures, degree of
saturation and relative permeability in time. Théltration profiles are
shown for steps given in Table C3.1.

12.Seady state: Steady state groundwater flow calculation to gateer
ultimate pore pressure.

H=1.0m H=20m

2m

=-10m

Fig. C4.1: Geometry of case C3
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Tab. C3.1: Input data for case C3

Step Time (day)
14 Seady state
40 0.00463
58 0.00926
76 0.0139
94 0.0185
107 0.0232
141 1.07
177 2.22
240 4.54
261 Seady state

Cross section
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— P(s) 9(426)

P active With suction [kN/m?]

|

|

-
AN

/

/

NV

02
Distance [m]

03 04

Fig. C3.2: Active pore pressure in time vs height in PLAXIS 2
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Summary:

As seen the results from PLAXIS 2D, PLAXIS 3D arddx{¥*low are similar.



88 7 Verification of groundwater flow: 1D

7.9 Case C4: material contrast low- high per meability

Case C4 involves an infiltration problem througbhadumn composed of a clay
layer on top of a sand layer as shown in Figurd Chhe left picture presents the
initial boundary conditions from which a steadytstihow situation is calculated.

Imposing a head of -1.0 m at the bottom of the rha@ael 1.0 m at the top

generates unsaturated starting conditions. The hghd side picture shows the
boundary conditions for the later time period. Badany conditions change to 2.0
m at the top of the model, the bottom conditiona$ changed. Haverkamp clay
and Haverkamp sand models describe hydraulic betawf clay and sand

materials for which cubic Hermit spline interpotatiare applied. The properties
of the layers are given in Table C1.1, Table CTdhle C2.1 and Table C2.2.

The following steps are performed in this case:

13.Seady state: Steady state groundwater flow calculation to gateemitial
pore pressure.

14.Transient: The top boundary head is set. Infiltration takésce and the
model gets more saturated in time. The infiltratimont move downward
in time until a new steady state situation is reachrigure C4.2 to C4.4
show a vertical cross section of the calculatece gmessures, degree of
saturation and relative permeability in time. Théltration profiles are
shown for steps given in Table C4.1.

15.Seady state: Steady state groundwater flow calculation to gateer
ultimate pore pressure.

2m

=-10m =-10m

Fig. C4.1: Geometry of case C4
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Tab. C4.1: Input data for case C4

Step Time (day)
9 Seady state
174 1.157
207 2.314
240 3471
273 4.628
306 5.785
339 6.942
372 8.099
439 11.571
476 Seady state
Cross Section
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Fig. C4.2: Active pore pressure in time vs height in PLAXIS 2

ross Section

===
AR
AN

Distance [m]

Fig. C4.3: Degree of saturation in time vs height in PLAXIS 2
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Summary:

As seen the results from PLAXIS 2D, PLAXIS 3D arddx{*low are similar.
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7.10 Case D1: Seepage face boundary

Case D1 involves a seepage problem and is showiigare D1.1. In this
example the column is wetted from the bottom in agoe direction of the
gravitational force. The left picture presents ithgal boundary conditions from
which suction pore pressure of 0 kPa at the bothmeh 20 kPa at the top are
generated. This is performed by imposing a hea@ of at the bottom of the
model and a seepage boundary condition at the ftaéppeocolumn. The middle
and the right hand side pictures show the boundandition used for later
stages. For t=0 to 4.053 day the middle model @iegh, in which a head of 3.0
m is imposed for the head of the bottom boundarg,taen the head boundary at
the bottom is changed to 0 m. The seepage bounmarglition prescribes a
closed boundary condition as long as the conditemains unsaturated, the
condition changes to a pressure 0 Pa condition whenboundary starts to
become saturated. For this condition, outflow meguo. Staring series O1 sand
model describes hydraulic behaviour of material ¥anich Van Genuchten
relationship is applied. The properties of the aod given in Table D1.1.

The following steps are performed in this case:

1. Seady state: Steady state groundwater flow calculation to gatgemitial
pore pressure.

2. Transient: The bottom head boundary is changed to 3.0 foe tuntil
4.053 day and then is changed to 0. Wetting anihgltpkes place. Figure
D1.2 and D1.3 show a vertical cross section of théulated pore
pressures and degree of saturation in time. Thétsesre shown for steps
given in Table D1.2.

A
2m
i A

H=0.0m H=3.0m H=0.0m

Fig. D1.1: Geometry of case D1
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Tab. D1.1: Input data for case D1
Description Symbol Unit Value
Permeability Ke, Ky, Kz [m/day] 0.1521
initial void ratio Einit [-] 0.5625
Elastic storage Ko, e/ [kN/m?] 98.39
Saturated saturation Sai [-] 1.0
Residual saturation Ses [-] 0.06203
Van Genuchten On [-] 2.286
Van Genuchten Oa [m™] 2.24
Van Genuchten o] [-] 0
Tab. D1.2: Input data for case D1
Step Time (day)
1 Seady state
271 0.579
360 1.158
425 1.737
477 2.316
523 2.895
555 3.474
592 4.053
670 4.632
698 5211
726 5.790
T
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Fig. D1.2: Active pore pressure in time vs height in PLAXIS 2
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Summary:

As seen the results from PLAXIS 2D, PLAXIS 3D arddx{*low are similar.
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7.11 Case D2: Generalised seepage face boundary

Case D2 involves a generalised seepage problensamdwn in Figure D2.1. In
this example the column is wetted from the bottonopposite direction of the
gravitational force. When the column is fully sai@d, the top boundary is
imposed to a harmonic head variation and simultasigdhe column is imposed
drainage from the bottom boundary. The left picforesents the initial boundary
conditions from which suction pore pressure of @ kPthe bottom and 20 kPa at
the top are generated. This is performed by imgpaihead of 0 m at the bottom
of the model and a seepage boundary conditioneatdp of the column. The
middle and the right hand side pictures show thentdary condition used for
later stages. For t=0 to 4.053 day the middle madepplied, in which a head of
3.0 m is imposed for the head of the bottom boundaid a seepage boundary
condition with constant head is applied to the tmpundary. The seepage
boundary condition prescribes a closed boundaryditon as long as the
condition remains unsaturated, the condition changea pressure 0 Pa condition
when the boundary starts to become saturated.htoicondition, outflow may
occur. After this stage (t>4.053 day) the right haary conditions are plied, i.e.
the bottom head is set to 0 and a seepage bouodadytion with harmonic head
is applied to the top boundary. As long as theliopndary is wet, the harmonic
head is applied and when suction occurs the boyrigleromes closed. For the
harmonic functionH=0.4 m,apy = 4.52 rad/dayT=1.39 day) andp,=0. Staring
series O1 sand model describes hydraulic behawbunaterial for which Van
Genuchten relationship is applied. The propertiethe soil are given in Table
D2.1.

The following steps are performed in this case:

1. Seady state: Steady state groundwater flow calculation to gateemitial
pore pressure.

2. Transient: The bottom head boundary is changed to 3.0 foe tuntil
4.053 day and a seepage boundary condition iseapfaithe top.

3. Transient: The bottom head boundary is changed to 0.0 foe tgreater
than 4.053 day and a seepage boundary conditidn haitmonic head is
applied to the top.
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H = f(t)
A
2m |

H=0.0m H=3.0m H=0.0m

Fig. D2.1: Geometry of case D2

Tab. D2.1: Input data for case D2

Description Symbol Unit Value
Permeability Ke, Ky, Kz [m/day] 0.1521
initial void ratio Einit [-] 0.5625
Elastic storage Ko, e/ [kN/m?] 98.39
Saturated saturation Sai [-] 1.0
Residual saturation Se [-] 0.06203
Van Genuchten On [-] 2.286
Van Genuchten Oa [m™] 2.24
Van Genuchten o] [-] 0

Tab. D2.2: Input data for case D2

Step Time (day)
1 Seady state
163 0.579
279 1.158
291 1.737
331 2.316
354 2.895
357 3.474
360 4.053
432 4.632
451 5211
470 5.790
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Summary:

For this case, the existing PlaxFlow does not gereproper results and its
results are different from the results of PlaxFhsvification report. However, it
seems that PLAXIS 2D and PLAXIS 3D are capableimiutating this example
and provide similar results to the above-mentiomgubrt. In the case of PLAXIS
3D results at 4.632 day and 5.211 day are not shmmegause the harmonic phase
is simulated in one phase.
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7.12 Case D3: Infiltration boundary, ponding condition

Case D3 involves an infiltration problem drivendgonstant influx restricted by
a ponding condition as is shown in Figure D3.1.1é%g as the soil is able to
handle the inflowing water the boundary flux witjueal to the prescribed flux.
As the column becomes more saturated the columacdgpwill decrease and
depressions in the terrain get filled with watemder these conditions the
ponding depth gives the driving force. The lefttpie presents the initial
boundary conditions from which a steady state ftwation is calculated. This
condition generates suction pore pressure of 10ikRatire column. The right
hand side picture shows the boundary condition deethter stages. Boundary
conditions change to a time dependent influx giredable D3.1 (and Figure
D3.2) and restricted by a ponding depth of 0.1 nthattop of the model. The
bottom condition is not altered during the simwati Staring series O1 sand
model describes hydraulic behaviour of material ¥anich Van Genuchten
relationship is applied. The properties of the acd given in Table D3.2.

The following steps are performed in this case:

1. Seady state: Steady state groundwater flow calculation to gateemitial
pore pressure.

2. Transient: The top boundary is changed to prescribed flugufe D3.3
and D3.4 show a vertical cross section of the ¢aed pore pressures and
degree of saturation in time. The results are shimwateps given in Table
D3.3.

Q =A1(t)
H=1.0m

2m

H=-10m H=-10m

Fig. D3.1: Geometry of case D3
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Tab. D3.1: Prescribed flux
Time (day) Q (m/day)
0 0.0432
0.2315 0.0432
0.2315 0.0864
0.463 0.0864
0.463 0.1296
0.6944 0.1296
0.6944 0.1728
0.9259 0.1728
0.9259 0.216
1.1574 0.216
1.1574 0.1728
2.3148 0.1728
2.3148 0.1296
3.4722 0.1296
0.25
0.2 rmmrememeemeefimeeereeeee e
e T R e T e e T RS
O 0.1 rmrrremreeme e
005 oo
0 T T T T T
0 0.5 1 15 2 2.5 35
Time (day)
Fig. D3.2: Prescribed flux
Tab. D3.2: Input data for case D3
Description Symbol Unit Value
Permeability K, Ky, K, [m/day] 0.1521
initial void ratio it [-] 0.5625
Elastic storage K res/N [kN/m?] 487.5e3
Saturated saturation Sat [-] 1.0
Residual saturation Ses [-] 0.06203
Van Genuchten On [-] 2.286
Van Genuchten Oa [m™ 2.24
Van Genuchten o] [-] 0
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Tab. D3.3: Input data for case D3

Step Time (day)

2 Seady state

48 0.23

95 0.465

141 0.695

187 0.925

234 1.16

280 1.39

464 2.31

692 3.45

701 3.494
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Fig. D3.3: Active pore pressure in time vs height in PLAXIS 2
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Chart 3
—— z =2m (at node)
—— 2 = 2m (at Gauss point)

Pacye K/ 1]

Time [day]

Fig. D3.8: Pore pressure at node and Gauss point at thd thp oolumn in time
in PLAXIS 3D
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Summary:

As seen the results from PLAXIS 2D, PLAXIS 3D arddx{Flow are similar.
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7.13 Case D4. (evapo)transpiration boundary, ultimate
condition

Case D4 involves a drying problem driven by a tohe@endent outflux restricted
by a ponding condition as is shown in Figure DA4.long as the soil is able to
handle the outflowing water the boundary flux v@tjual to the prescribed flux.
As the column becomes more unsaturated the coluapactty will decrease.
Under these conditions the evapotranspiration dgptbs the driving force. The
left picture presents the initial boundary condiiofrom which a steady state
flow situation is calculated. This condition gertegasuction pore pressure of 10
kPa in entire column. The right hand side picturevss the boundary condition
used for later stages. Boundary conditions chaagettme dependent outfluxes
given in Table D4.1 (and Figure D4.2) and restdchy an evapotranspiration
depth of -10. m at the top of the model. The bottwondition is not altered
during the simulation. Staring series Ol sand modescribes hydraulic
behaviour of material for which Van Genuchten ielahip is applied. The
properties of the soil are given in Table D4.2.

The following steps are performed in this case:

1. Seady state: Steady state groundwater flow calculation to gatgemitial
pore pressure.

2. Transient: The top boundary is changed to prescribed flugufe D4.3
and D4.4 show a vertical cross section of the ¢alled pore pressures and
degree of saturation in time. The results are shimwateps given in Table
D3.3.

Q =A1(t)
H=1.0m

2m

H=-1.0m H=-1.0m

Fig. D4.1: Geometry of case D4
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Tab. D4.1: Prescribed flux

Time (day) Q (m/day)
0 -0.0432
0.6944 -0.0432
0.6944 -0.00043
1.1574 -0.00043
-0.05
YLV E— I
S 0.03 e -------------------------------------------------------------------------
© -0.02 -erereeeeees i s S e
FYTR — .........................................................................
0 T T ; t ; ;
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Time (day)
Fig. D4.2: Prescribed flux
Tab. D4.2: Input data for case D4
Description Symbol Unit Value
Permeability K, Ky, K, [m/day] 0.1521
initial void ratio Enit [-] 0.5625
Elastic storage Kuwre/ N [kN/m?] 487.5e3
Saturated saturation Sat [-] 1.0
Residual saturation Se [-] 0.06203
Van Genuchten On [-] 2.286
Van Genuchten Oa [m™] 2.24
Van Genuchten o] [-] 0
Tab. D4.3: Input data for case D4
Step Time (day)
2 Seady state
48 0.23
95 0.465
141 0.695
187 0.925
234 1.16




112 7 Verification of groundwater flow: 1D

Cross Section

— Step 2
— Step 48

— Step 95

— Step 141
— Step 187
— Step 234
— Step 404

Pacte [kN/m]

02 04 06 08 12 14 16 18
Distance [m]

Fig. D4.3: Active pore pressure in time vs height in PLAXIS 2
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Summary:

The example given in this section is not a pratpeablem. In this example, it is
intended to extract water from a very dry zoneifBgosing a prescribed outflow
boundary conditions, soil in the near of the boupdgets more unsaturated and
the relative permeability becomes smaller and aqunsetly extracting water
becomes more difficult.
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7.14 Conclusions

Results of 13 one dimensional flow problems, solbgdthe new PLAXIS 2D
and 3D kernels, are shown in this chapter and mib#tem are compared with
PlaxFlow results. As seen, results are in agreemembst cases with the results
from PlaxFlow kernel.

For all examples very fine meshes with 15 nodedhetds in 2D and 10-noded
tetrahedral elements in 3D are used.

The following features have been tested:

1.

Hydraulic models. Van Genuchten and spline models have been tested.
It has been found that the predefined parameterneérised Van
Genuchten relationship do not produce similar tesub Van
Genuchten relationship. Therefore, it is suggesteduse Van
Genuchten model and not the approximated one.

Different material set. The capability of the code to simulate hydraulic
behaviour of soils has been shown for two typesnaterial, namely
sands and clay. It has been found that the modelally need finer
mesh for sands compared to clays, as variatioelafive permeability

is higher for sands.

Boundary conditions. Almost all boundary conditions have been tested
in this chapter, namely prescribed boundary headpage boundary
condition, varying head (in PLAXIS 2D and 3D cod#ss is a part of
seepage boundary condition), inflow, outflow, ppéation and
evaporation. The rest boundary conditions, namedjisnand drains
are tested in chapter 10 where groundwater flowyaea are verified
against two and three dimensional problems.

Automatic time stepping. PLAXIS 2D and 3D kernels use an automatic
time stepping. The kernel calculates the firstti@l) time, maximum
and minimum time steps in the beginning of cal¢catatbased on
elements size and material parameters.

Seady state and transient calculation. Both steady state and transient
types of calculations have been tested.

Permeability contrasts. Results of two cases, namely low-high and
high-low permeability contrasts have been shown.
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8 Verification of groundwater flow: Two
and three dimensional problems

This chapter presents the results of 10 groundwimtercalculations for which a
specific feature of flow problem has been solved. é&xamples have been
analysed by both two and three dimensional codesRLAXIS 2D and PLAXIS
3D). It is intended here to present the most ingrteatures of the code and to
verify them against analytical solutions. In sonase for which an analytical
solution does not exist the results are comparei the results from the old 2D
groundwater flow code developed by GeoDelft (Plaxfl In all cases the Van
Genuchten model is used.
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8.1 Case G1: Potato field moisture

This lesson demonstrates the applicability of PL8Xd agricultural problems.
The potato field lesson involves a loam layer gm ¢ a sandy base. Regional
conditions prescribe a water level at the positibrine material interface. The
water level in the ditches remains unchanged. Teeipitation may vary on a
daily basis due to weather conditions. The caleutataims to predict the
variation of the water content in the loam layertime as a result of time-

dependent boundary conditions.
15 15

precipitation

precipitation

0.75
0.50

0.75

sand

Fig. G1.1: Potato field geometry

Staring series B9 and O2 represent the top anddtiem layers. The parameters
are given in Table G1.1 and G1.2, respectively.

Tab. G1.1: Input data for loam layer (B9)

Description Symbol Unit Value
Permeability Ke, Ky, Kz [m/day] 0.0154
initial void ratio Einit [-] 0.754
Elastic storage Ko, e/ [kN/m? | 4.875%x16
Van Genuchten On [-] 1.325
Van Genuchten Oa [m™] 0.650
Van Genuchten o] [-] -2.161




8 Verification of groundwater flow: 2D & 3D 119

Tab. G1.1: Input data for sand layer (02)

Description Symbol Unit Value
Permeability Ke, Ky, Kz [m/day] 0.1270
initial void ratio Einit [-] 0.62
Elastic storage Ko, e/ [kN/m? | 4.875x16
Van Genuchten On [-] 1.951
Van Genuchten Oa [m™] 2.13
Van Genuchten o] [-] 0.168

The precipitation fluxes are given in Table Gl.heTthreshold values for
ponding and precipitation (evapotranspiration)@resen as 1 m and 0 at the top
of the boundary, respectively.

Tab. G1.3: Prescribed flux@m, = 0 and@na= 1 m)

Time (day) Q (m/day)
0 0
0
0.01
0.01
0.03
0.03

0.03
0.03

0.01
0.01

© |© [0 |0 (&0 O (O O |B [ W (W IN N [P |

0.01
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Fig. G1.2: Prescribed flux

Due to the symmetry of the problem, it is suffitciea simulate a strip with a
width of 15.0 m, as indicated in Figure G1.3. Thigkness of the loam layer is
2.0 m and the sand layer is 3.0 m deep.

The finite element mesh used for the calculatiodepicted in Figure G1.3. The
2D and 3D meshes consists of 1032 15-noded elensents20648 10 noded
tetrahedral elements, respectively.

The following steps are performed in this case:
1. Seady state: Steady state groundwater flow calculation to gatgemitial
pore pressure, (the bottom head is imposed to 3 m).
2. Transient: The top boundary head is set to influx.

Active pore pressure and degree of saturationfaers in Figures G1.4 to G1.9
for steady state, after 4.5 and after 9 days.

6.00 10.00
| 1 1 Ll Loy 1 |
0 |
0|
0]
0 |
= v
0]
L

Fig. G1.3.2D: Finite element mesh (PLAXIS 2D - 15 noded elements)
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b :

Active pore pressures p, .. With suction (Pressure = negative)
Maximum Value = 19.99 kN/m? (Element 918 at Node 8434)
Minimum Value = -30.00 kN/m? (Element 3 at Node 155)

Fig. G1.4.2D: Active pore pressure after steady state calculdBRAXIS 2D)

1=

Saturation
Maximum Value = 100.0 % (Element 1 at Node 26)

Minimum Value = 81.88 % (Element 942 at Node 8398)

Fig. G1.5.2D: Degree of saturation after steady state calculdBaAXIS 2D)
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Active pore pressures p, ;.. With suction (Pressure = negative)
Maximum Value = 10.61 kN/mZ (Element 656 at Node 8391)
Minimum Value = -30.00 KN/mz (Element 3 at Node 155)

Fig. G1.6.2D: Active pore pressure after 4.5 days (PLAXIS 2D)

101.00

100.00
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101.00

100.00

99.00

Saturation
Maximum Value = 100.0 % (Element 1 at Node 26)
Minimum Value = 89.64 % (Element 656 at Node 8390)

Fig. G1.7.2D: Degree of saturation after 4.5 days (PLAXIS 2D)

g g 888

Active pore pressures p, ;... With suction (Pressure = negative)
Maximum Value = 4.992 kN/m? (Element 858 at Node 3756)
Minimum Value = -30.00 kN/m? (Element 3 at Node 155)

Fig. G1.8.2D: Active pore pressure after 9 days (PLAXIS 2D)

Saturation
Maximum Value = 100.0 % (Element 1 at Node 26)
Minimum Value = 95.47 % (Element 864 at Node 3524)

Fig. G1.9.2D: Degree of saturation after 9 days (PLAXIS 2D)
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X

Fig. G1.3.3D: Finite element mesh (PLAXIS 3D - 10 noded elements)

[v/m?]
24.00

-20.00
Z
-24.00
Y
-28.00
X
-3200

Fig. G1.4.3D: Active pore pressure after steady state calculgdBhAXIS 3D)

[%]
100.00

Active pore pressures p, .. With suction (Pressure = negative)
Maximum value = 20.00 kN/m2 (Element 31 at Node 30336)
Minimum value = -30.00 kN/m2 (Element 12477 at Node 11085)

Y
8200
81.00

Saturation
Maximum value = 100.0 % (Element 745 at Node 3871)
Minimum value = 80.89 % (Element 31 at Node 30065)

Fig. G1.5.3D: Degree of saturation after steady state calculdiBaAXIS 3D)
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Active pore pressures p,, ;. With suction (Pressure = negative)
Maximum value = 8.687 kN/mZ (Element 1299 at Node 27781)
Minimum value = -30.00 kN/m2 (Element 12477 at Node 11085)

Fig. G1.6.3D: Active pore pressure after 4.5 days (PLAXIS 3D)
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9200

91.50

91.00
X 90.50

90.00

Saturation
Maximum value = 100.0 % (Element 1 at Node 12)
Minimum value = 90.43 % (Element 1299 at Node 27618)

Fig. G1.7.3D: Degree of saturation after 4.5 days (PLAXIS 3D)
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Active pore pressures p, . With suction (Pressure = negative)
Maximum value = 4.410 kN/m2 (Element 787 at Node 13)
Minimum value = -30.00 kN/mZ (Element 12477 at Node 11085)

Fig. G1.8.3D: Active pore pressure after 9 days (PLAXIS 3D)
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g 8 2288 8
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Saturation
Maximum value = 100.0 % (Element 745 at Node 3871)
Minimum value = 96.21 % (Element 787 at Node 13)

Fig. G1.9.3D: Degree of saturation after 9 days (PLAXIS 3D)

Summary:

This example has been chosen from the PlaxFlow alaly comparing the
results, it can be observed that the results fravAXPS 2D, PLAXIS 3D and
PlaxFlow (see the PlaxFlow manual) are similar.
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8.2 Case G2: Triangular Earth dam

This exercise illustrates groundwater flow in angular earth dam underlain by

an impervious base. On the left side of the damwvihter table is at the crest

level and on the right side the water table idhatdurface level. The base angles
are 48 and the top angle is 90Figure G2.1.

Y
N s

Fig. G2.1: Triangular earth dam with a constant head ondfteside and seepage
on the right side

In this case the entire slope CB is a seepagecgudad no free surface exist,
leading to a confined groundwater flow. Such a getoyn and boundary
conditions allow for solving the problem analytigal The solution of the
problem was first introduced by Davison (see Hd962). Here, the total
discharge calculated by the analytical solutionl ok compared with that
computed by PLAXIS. The total flow through the daean be calculated as
follows:
Boundary conditions:

Side AC : Constant pressure hehd:(constant)

Side AB : No normal flow, specific discharge=0
Side CB : Seepade=y

A(xy) =(0,0), Bky) = (2L,0), Cky) = (L.L)

In ns-system:
h=L —E
2L
dh S
=—-k—=k—
% dn 2L
6o =k M=

ds 2L
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n=(x—y)/x/§
s:(x+y)/\/§

In xy-system:

dqx + dqy — dqn + dqs -
dx dy dn ds

Line AB: n=s andq, =q,, g, =0

Line CD: q, =¥

total discharge Q, = g L

Line AC: q, = k=
2L

total discharge Q, = ; K2 LV2== L

Line BC: q, = kL
2L

total discharge Q, -%M LV2== L

To compare results obtained from the analyticaltsmh with that obtained from
PLAXIS, a triangular dam, 2 m wide and 1 m higlcasisidered. The head at the
left side is assumed to be 1 m and the coeffia¢piermeability is 1 m/day. The
geometry of the problem and the finite element mash presented in Figure

G2.2. The width of the model is 1 m in the 3D cédtons.

Following the analytical solution, the total disoy@ through the dam at sides CD

and BC is:
Q = 0.50 ni/day/m
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Groundwater head
Maximum Value = 1.000 m (Element 42 at Node 201)
Minimum Value = 0.000 m (Element 20 at Node 2321)

Fig. G2.3.2D: Groundwater head (PLAXIS 2D)
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Groundwater flow | q| (scaled up 0.0500 times)
Maximum Value = 0.9946 m/s (Element 20 at Node 231)
Minimum Value = 5.858*1073 m/s (Element 1 at Node 2)

Fig. G2.4.2D: Groundwater flow field (PLAXIS 2D)

N\
N\
L’ \

Groundwater flow |q| (scaled up 00500 times)

Maximum Value = 0.7264 m/s
Minimum Value = 0.5000 m/s
Total Discharge is 0.5000 m®/s/m

Fig. G2.5.2D: Total discharge at cross section A-A: Q=0.5000dag/m
(PLAXIS 2D)

/

Groundwater flow |q| (scaled up 0.0500 times)
Maximum Value = 0.9950 mfs
Minimurm Value = 0.5160 m/s
Total Discharge is 0.5010 m*/sfm

Fig. G2.6.2D: Total discharge at cross section B-B: Q=0.5010da3m
(PLAXIS 2D)
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Groundwater head
Maximum value = 1.000 m (Element 3 at Node 58)
Minimum value = 0.000 m (Element 24 at Node 8908)

Fig. G2.3.3D: Groundwater head (PLAXIS 3D)

Groundwater flow | q| (scaled up 0.0500 times)
Maximum value = 0.9904 m/day (Element 1 at Node 194)

Minimum value = 0.01034 m/day (Element 49 at Node 2)

Fig. G2.4.3D: Groundwater flow field (PLAXIS 3D)

¥10°2 m/day]
720.00

680.00
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1 48000
1 44000
——— 40000
—— 36000
—— 32000

—— 28000

240.00
200.00
160.00

z 12000

Groundwater flow |q|
Maximum value = 0.7145 m/day
Minimum value = 0.4830 m/day

Total discharge is -0.5001 m3/daylm

Fig. G2.5.3D: Total discharge at cross section A-A: Q=0.5001da®/m
(PLAXIS 3D)
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Maximum value = 0.9950 m/day
Minimum value = 0.5028 m/day
Total discharge is 0.4982 m°/day/m

Fig. G2.6.3D: Total discharge at cross section B-B: Q=0.4982dany3Mm
(PLAXIS 3D)

Groundwater flow [q|

To determine the total discharge in PLAXIS, twoss@ections have been made
(see Figure G2.1). The cross sections A-A and Br® aong CD and BC
respectively. The total discharges in the cross@ec A-A and B-B are given in
Table G2.1 (see Figures G2.5 and G2.6):

Tab. G2.1: Total discharge

PLAXIS | PLAXIS | PLAXIS | PLAXIS
Analytical 2D 2D 3D 3D
(A-A) (B-B) (A-A) (B-B)
discharge | 0.5000 0.5000 | 0.5010 | 0.5001 | 0.4982
error 0 0 % 0.2% | 0.02% | 0.36%

Summary:

Apparently the results of both analytical and PLA&XhIculations are similar. It
should be noted that some error may occur durimgemical integration in output
program.
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8.3 Case G3: Confined Flow around a cutoff wall

The following example illustrates the problem ofnfined flow around an
impermeable wall

Figure G3.1 shows the geometry and boundary camditof the problem. As
indicated in the figure there is a 10 m wide impeable dam founded on a soil
layer of 10m thick. The bottom of the soil layec@ansidered to be impermeable.
A 5.0 m wall is placed under the dam. At the ledesof the dam (as shown in
figure) the water level is 15.0 m while at the tigide the water level is 13.0 m.
The wall is simulated by means of an impermealtieriace. The element mesh
is locally refined around the wall particularly the tip of the wall. 6 noded and
15 noded elements are alternately used. The prodeaiso simulated with
PlaxFlow to compare outputs. Permeability of s©ili0 m/day.

Fig. G3.1: Geometry of the problem

e

Fig. G3.2.2D: Finite element mesh (PLAXIS 2D)
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Fig. G3.2.3D: Finite element mesh (PLAXIS 3D)

Analytical solution: A closed form solution has been given for thehizgge of
the problem of confined flow around a wall for éifént geometrical ratios by
Harr (1962). Figure G3.1 shows the closed form tgmiu In this situation (s/T
=0.5 and b/T=0.5) the solution is:

Q.
=04

h

which gives a total discharge of roughly 0.8amy/m.
15 \ i
» T
NA NN

1.1

o] —h
0.9 T \

...lfg 0.8

a.7

0.6

0.5

0.4 - Y . -
03 : . T

7 : \‘\
0.2 = - b, =
o1

i AR

0 0.1 02 03 04 05 06 07 08 09 10

Fig. G3.3: Closed form solution
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Groundwater Head
Maximum Value = 15.00 m (Element 31 at Node 4413)
Minimum Value = 13.00 m (Element 497 at Node 47)

Fig. G3.4.2D: Groundwater head (PLAXIS 2D)

Groundwater Flow |q| (scaled up 5.00 times)

Maximum Value = 0.9226 m/day (Element 264 at Node 3159)
Minimum Value = 0.3465*1073 m/day (Element 498 at Node 5966)

Fig. G3.5.2D: Flow filed (PLAXIS 2D)
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Groundwater head
Maximum value = 5.000 m (Element 4311 at Node 31627)
Minimum value = 3.000 m (Element 6812 at Node 4435)

Fig. G3.4.3D: Groundwater head (PLAXIS 3D)

Groundwater flow | q| (scaled up 5.00 times)
Maximum value = 0.7220 m/day (Element 2200 at Node 35414)
Minimum value = 0.8310*1073 m/day (Element 8854 at Node 8799)

Fig. G3.5.3D: Flow filed (PLAXIS 3D)
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Tab. G3.1: Total discharge

Analytical | PlaxFlow | PLAXIS PLAXIS | PLAXIS
2D 2D 3D
15 noded 6 noded | 10 noded
discharge | 0.800 0.818 0.815 0.822 0.819
error 0 2.25% 1.87 % 2.75% 2.32 %
Summary:

PLAXIS 2D with 15 noded elements produces the most accueatlt. However,

the accuracy can be improved by refining the mesh.
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8.4 Case G4: Flow through a sand layer

This example illustrates leakage from a canal anteearby river through a sand
structure.

Figure G4.1 shows the geometry and finite elemessimTor the problem. The
thickness of the layer is 3.0 m and the lengtt0i In. The bottom of the layer is
impermeable. On the left hand side the groundwegad is prescribed 2.0 m and
at the right hand side 1.0 m. The permeability.Gsrt/day.
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Fig. G4.2.2D: Finite element mesh (PLAXIS 2D)
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Fig. G4.2.3D: Finite element mesh (PLAXIS 3D)

Analytical solution: Under the assumption of a hydrostatic pore pressu
distribution for each vertical cross-section thé&alalischarge, Q, through the
layer can be approximated with Dupuit’s formula éimconfined flow:

L8
Q=k 2L

wherek is the permeabilitylL is the length of the layer angi and ¢, are the
ground water head at the left and right boundaggpectively. For the current
situation this results in a theoretical solutiorddf50 ni/day/m.
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Fig. G4.3.2D: Groundwater head (PLAXIS 2D)
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Fig. G4.4.2D: Flow field (PLAXIS 2D - 15 noded elements)

L =]

Groundwater Flow |q| (scaled up 5.00 times)
Maximum Value = 0.1661 m/day
Minimum Value = 0.03097%10° m/day
Total Discharge is 0.1497 m3/day/m

Fig. G4.5.2D: Total discharge Q=0.1497%day/m (PLAXIS 2D - 15 noded
elements)
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210

Groundwater head
Maximum value = 2.000 m (Element 19 at Node 43)
Minimum value = 0.9956 m (Element 113 at Node 3238)

Fig. G4.3.3D: Groundwater head (PLAXIS 3D)

Groundwater flow | q| (scaled up 5.00 times)
Maximum value = 0.2085 m/day (Element 685 at Node 1696)
Minimum value = 4.387%10® m/day (Element 424 at Node 2737)

Fig. G4.4.3D: Flow field (PLAXIS 3D - 10 noded tetrahedral elens)

S
\\

Groundwater flow |q| (scaled up 5.00 times)
Maximum value = 0.2060 m/day
Minimum value = 0.000 m/day
Total discharge is -0.1531 m*/day/m

Fig. G4.5.3D: Total discharge Q=0.1531%day/m (PLAXIS 3D - 10 noded
tetrahedral elements)
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Tab. G4.1: Total discharge
Analytical | PlaxFlow | PLAXIS2D | PLAXIS2D | PLAXIS3D
15 noded 6 noded 10 noded
discharge 0.150 0.152 0.1497 0.1546 0.1531
error 0 1.3% 0.2% 3.0% 2.06 %
Summary:

Since the total discharge is calculated in the wugvogram which uses linear
interpolation, the accuracy strongly depends onsike of elements. Therefore
the results can be improved by refining the mesh.
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8.5 Case G5: Seepage length

The purpose of this example is to determine thgtleof the seepage fade,n
an inclined river bank, knowing the location of @i P on the phreatic surface.
The slope of the river bank is at an anglerhe location of poinP is defined by
the distancek andH, Fig G5.1.

P
e

0 gurte® =

)

Pee

Water table /\

|\‘4
e
>
le
|

Fig. G5.1: Geometry of the problem

Analytical solution: A closed form solution of this problem is given Btrack
and Asgain (1978) with the following assumptions:

1. The river bank is presented as an infinite slopeneanglex

2. Unconfined ground water flows from far away towatts river
bank.

3. The flow is two dimensional, i.e., no flow occursthe direction
parallel to the river.

4. The permeability is homogeneous and isotropic.

5. Flow is steady

6. The soil is saturated bellow the phreatic surfawia dry above it.

The solution is presented in the form of a chanisThart plotd/L as a function
of H/L for different values ofo. For this particular problentl/L = 0.5 anda
=45°, Thereford/L = 0.255.

The Finite element mesh and geometry of the prolideshown in Fig. G5.2. It is
assumed that =100 m. Therefore the analytical length of seeptaye is
[=25.5m.
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Fig. G5.2.2D: Finite element mesh (PLAXIS 2D - 15 noded elements

2

R
RavavrsAve

Fig. G5.2.3D: Finite element mesh (PLAXIS 3D - 10 noded tetrabkd
elements)



144 8 Verification of groundwater flow: 2D & 3D

000 2000 40.00 60.00 80.00 10000 12000 140.00 160.00 180.00 [kv/m?]
el b b b bt bt b b b b b b b b b e b 1y
— A: -1100.00
7 B : -1000.00
10000 ]
] C: -900.00
. D : -800.00
B E: -700.00
8000 F: -600.00
7 G: -500.00
. H: -400.00
. I: -30000
60.00 |
— 3: -200.00
. K: -100.00
| L: 000
1000 ] M : 100.00
2000
000 7
] — X
Active Pore Pressures p, ;.. (Pressure = negative)
Maximum Value = 129.9 kN/m2 (Element 96 at Node 1797)
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Gr d Flow | q| (scaled up 5.00%10° times)

Maximum Value = 1.472%1073 m/day (Element 97 at Node 1154)
Minimum Value = 7.972*10™° m/day (Element 225 at Node 2691)

Fig. G5.4.2D: Flow field (PLAXIS 2D)
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Active pore pressures p,;ive With suction (Pressure = negative)
Maximum value = 137.7 kN/m2 (Element 21 at Node 30983)
Minimum value = -1000 kN/m? (Element 20292 at Node 10148)

Fig. G5.3.3D: Active pore pressure (PLAXIS 3D)

Groundwater flow | q| (scaled up 0.0500 times)
Maximum value = 161.1 m/day (Element 19463 at Node 80529)
Minimum value = 2.387%1073 m/day (Element 20133 at Node 77849)

Fig. G5.4.3D: Flow field (PLAXIS 3D)
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Tab. G5.1: Seepage length

Analytical | PLAXIS2D PLAXIS3D
15 noded 10 noded
Seepage lengtl 25.5m 25.73 m 25.74 m
error 0 0.9 % 0.94 %
Summary:

PLAXIS 2D with 15 noded elements produces the masturate result.
However, the accuracy can be improved by refiniregrhesh.
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8.6 Case G6: Muskat problem (Dam with vertical
faces)

In this example a vertical cross section of an uafioed groundwater flow
system in a homogeneous earth dam underlain byngervious base is
considered (Fig. G6.1). Such a problem is commdmgwn as the Muskat
problem where the free phreatic surface and th@agge face are unknown,
leading thus to a set of nonlinear equations. Pabifity of soil is 1.00 m/day.
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Fig. G6.1: Geometry of the problem

In this section the solution of the Muskat equationthe seepage facse) (has
been compared with the non-linear solution of PL8XI

Analytical solution: For Muskat equations, monographs which descritee t
relationship between the geometry of the structtire,heads and the length of
the seepage face have been presented by manyctesmsaHere, the monograph
presented by Kang-Kun Lee and Darrell I. Leap, 1@8dure G6.2) has been
used.

The geometry and boundary conditions of the prohlkrstrated in Figure G6.1
are simulated by PLAXI&s shown in Figure G6.3. The Finite element mesh
consists of 699 15 noded elements with a fourtheorof integration. The
groundwater flow field and the active pore pressumad seepage surface are
shown in Figure G6.4 and Figure G6.5, respectively.
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Fig. G6.2: Monograph for Muskat problem (Kang—Kun Lee andrBlat. Leap,
1997)
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Fig. G6.3.2D: Finite element mesh (PLAXIS 2D - 15 noded elements



149

\ @NMWN»”!».}V’!:’!Y’

8 Verification of groundwater flow: 2D & 3D

Fig. G6.3.3D: Finite element mesh (PLAXIS 3D - 10 noded tetrabkd
elements)

Groundwater flow | q| (scaled up 0.0500 times)

= 1.793 m/s (Element 6 at Node 70)

Maximum Value

m/s (Element 34 at Node 398)

2.901*10°

Minimum Value

Fig. G6.4.2D: Flow field (PLAXIS 2D)
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4.00

3.20

Phreatic line 250

240

1.60

080

0.00

-27.50
L -30.00

Active pore pressures p,;ive With suction (Pressure = negative)

Maximum Value = 11.16 kN/m? (Element 34 at Node 8911)
Minimum Value = -32.20 kN/m? (Element 196 at Node 1899)

Fig. G5.3.2D: Active pore pressure (PLAXIS 2D)

Groundwater flow | q| (scaled up 0.0500 times)
Maximum value = 2.554 m/day (Element 825 at Node 1441)
Minimum value = 1.056*107 m/day (Element 361 at Node 3298)

Fig. G6.4.3D: Flow field and phreatic surface (PLAXIS 3D)
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[kn/m?]
12.50

Active pore pressures p,;ive With suction (Pressure = negative)
Maximum value = 11.89 kN/m? (Element 380 at Node 9593)
Minimum value = -32.20 kN/m? (Element 456 at Node 839)

Fig. G5.3.3D: Active pore pressure (PLAXIS 3D)

Tab. G5.1: Seepage length

Analytical PlaxFlow PLAXIS2D | PLAXIS3D
15 noded 10 noded
Seepage length  1.54 m 1.68 m 1.63 m 1.69m
error 0 9.1 % 4.6 % 9.7 %

Summary:

As seen the deviation from the analytical solutisrpretty high in all cases.
Calculation of seepage face is usually affectedhayelement size of seepage
boundaries. In this example, where the seepagedaoyis vertical, the effect of
the element size is higher.
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8.7 Case G7: Wdll

In this example a column of soil with a well insidesimulated. Geometry of the
problem and the finite element mesh is shown iufedgs7.1. Phreatic line is at
the top boundary to generate fully saturated sbile side and the bottom
boundaries are closed for flow, therefore inflow autflow can only occur
through the top boundary. The total discharge df iseonsider 1 fiday. This
example is calculated in PLAXIS 2D (plane straird axi-symmetric) and in
PLAXIS 3D.

Pt 2 e 2 P S
8 g g E g 8
‘\H\‘\\H‘H\\‘\\H‘HH‘H\\‘\H\‘\\H‘HH‘\H\‘H\\‘\H\‘\\H‘HH‘HH‘HH‘HH‘HI |

Fig. G7.1.2D: Geometry and FE mesh (PLAXIS 2D)

N 1/ 3

Fig. G7.1.3D: Geometry and FE mesh (PLAXIS 3D)
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Groundwater flow | q| (scaled up 0.200 times)
Maximum value = 2.483 m/s (Element 92 at Node 1094)
Minimum value = 0.4788*1073 m/s (Element 11 at Node 122)

Fig. G7.2.2D.1: Flow field (PLAXIS 2D — plane strain)

VAV AN
AT\
/ /

0V
LN E
QAN -~
RN

. 4
NN
N -
N SN N

Groundwater flow | q| (scaled up 0.500 times)
Maximum Value = 0.8467 m/s (Element 92 at Node 1094)
Minimum Value = 0.1115%1073 m/s (Element 44 at Node 519)

Fig. G7.2.2D.2: Flow field (PLAXIS 2D — axi-symmetric)
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[ERRREENEREEAREREEEEE

Groundwater flow |q| (scaled up 5.00 times)
Maximum Value = 0.1052 m/s
Minimum Value = 0.09452 m/s
Total Discharge is 1.000 m®/s/m

Fig. G7.3.2D.1: Total discharge leaving the domain; Q=1.3day/m (PLAXIS
2D — plane strain)

yyyyyyyyyyyy
\\\\\\\\\\\

Groundwater flow |q| (scaled up 20.0 times)
Maximum Value = 0.02189 m/s
Minimum Value = 0.01923 m/s
Total Discharge is 1.000 m3/s/rad

Fig. G7.3.2D.2: Total discharge leaving the domain; Q=13day/rad (PLAXIS
2D — axi-symmetric)
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Groundwater flow | q| (scaled up 5.00%10°3 times)
Maximum value = 40.11 m/day (Element 7 at Node 13)

Minimum value = 0.01995*1073 m/day (Element 4 at Node 26)

Fig. G7.2.3D: Flow field (PLAXIS 3D)

Groundwater flow |q| (scaled up 5.00 times)
Maximum value = 0.2500 m/day
Minimum value = 0.2500 m/day

Total discharge is 1.000 m3/day/m

Fig. G7.3.3D: Total discharge leaving the domain; Q=18day (PLAXIS 3D)
Summary:

Figure G7.2 and Figure G7.3 show flow filed anakalischarge after activation
of the well. As seen the total discharge is exattiy same as total discharge
imposed in the well.
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8.8 Case G8: Drain

In this example a block of soil with a drain insidesimulated with PLAXIS 2D
and PLAXIS 3D. Geometry of the problem and th&dielement mesh is shown
in Figure G8.1. The block is 50 m long, 20 m highd 10 m wide in case of 3D)
and the drain is exactly in the middle. The initmbter level is at 18 m.
Permeability of soil is 1 m/day and coarse matdffidm standard data set) is
used for retention curve. Steady state type ofutation is used. The minimum
head of drain is 10 m.
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30.00

E AVAVAVAVAVAVAVAVAVAVAVAYAYANANAVAN AN ZAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAN I
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Fig. G8.1.2D: Geometry and FE mesh (PLAXIS 2D)

Fig. G8.1.3D: Geometry and FE mesh (PLAXIS 3D)
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Active pore pressures p, ;e With suction (Pressure = negative)
Maximum value = 61.97 kN/m2 (Element 4 at Node 3805)
Minimum value = -180.0 kN/m2 (Element 412 at Node 578)

Fig. G8.2.2D: Active pore pressure (PLAXIZD)

Saturation
Maximum value = 100.0 % (Element 1 at Node 3015)
Minimum value = 34.49 % (Element 4 at Node 3805)

Fig. G8.3.2D: Degree of saturation (PLAXIZD)
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Groundwater flow | q| (scaled up 5.00 times)
Maximum value = 0.9323 m/day (Element 31 at Node 369)
Minimum value = 0.5022*10°® m/day (Element 438 at Node 5247)

Fig. G8.4.2D: Flow field (PLAXIS2D)

Groundwater flow |q| (scaled up 5.00 times)
Maximum value = 0.3137 m/day
Minimum value = 0.000 m/day
Total discharge is 4.473 m3/day/m

Fig. G8.5.2D: Total discharge in soil; Q=4.473*day/m (PLAXIS2D)
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Active pore pressures p,;ive With suction (Pressure = negative)
Maximum value = 73.61 kN/m2 (Element 5 at Node 6757)
Minimum value = -180.0 kN/m2 (Element 460 at Node 12176)

Fig. G8.2.3D: Active pore pressure (PLAXISD)

Saturation

Maximum value = 100.0 % (Element 179 at Node 7022)

Minimum value = 29.67 % (Element 1 at Node 6776)

Fig. G8.3.3D: Degree of saturation (PLAXISD)
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Groundwater flow | q| (scaled up 5.00 times)
Maximum value = 0.8666 m/day (Element 48 at Node 1186)
Minimum value = 0.9254*10°® m/day (Element 297 at Node 189)

Fig. G8.4.3D: Flow field (PLAXIS3D)

Groundwater flow |q| (scaled up 5.00 times)
Maximum value = 0.3284 m/day
Minimum value = 0.000 m/day
Total discharge is 44.76 m3lday/m

Fig. G8.5.3D: Total discharge in soil; Q=4.476fday/m (PLAXIS3D)

Analytical solution: Under the assumption of a hydrostatic pore pressu
distribution for each vertical cross-section théalalischarge, Q, through the
layer can be approximated with Dupuit’s formula éimconfined flow:

LB
Q=k 2L

wherek is the permeabilityl. is the distance between the left boundary (or the
right boundary) and the drain agd and ¢, are the ground water head at the left
(or right) and at the drain boundary, respectivélgr the current situation this
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results in a theoretical solution of 4.48/day/m. Therefore the total amount of
water leaving from the drain is 8.96/almy/m. The comparison between the total
discharges simulated with PLAXIS 2D and 3D and démalytical solution are
given in Table G8.1.

Tab. G8.1: Total discharge

Analytical PLAXIS2D PLAXIS3D

15 noded 10 noded
In soil |4.48 4.473 (0.16 % error) 4.476 (0.09 % error)
drain 8.96 8.975 (0.17 % error) 8.966 (0.07 % error)

Summary:

It can be seen that both PLAXIS 2D and PLAXIS 3B eapable of simulating
drains with a given head. The errors in the toisdttarge leaving the domain are
quite low in both 2D and 3D simulations.
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8.9 Case G9: Flow through an earth dam

The following problem illustrates water seepagetigh an earth dam with a toe
drain. Due to the unknown phreatic level and thknomwn size of the seepage
surface the flow is an unconfined flow. The flowt tnechnique can be used to
solve this problem.

The water level on the upstream side is at a lef/dl2.2 m while on the down
stream side the water level is at the surface Ié\ed coefficient of permeability
of the soil is 1.52x10 m/sec. Figure G9.8hows the geometry of the problem.
The material for drainage at the toe is simulatgd velatively high coefficient
of permeability, 0.3048 m/sec. The saturated maselised to describe the
hydraulic behavior of the soil.

Rock Toe

Fig. G9.1: Geometry of the problem

Analytical solution: The total discharge as calculated by the flow iset
Q = 4.708 ni¥day/m.

The geometry and finite element mesh used for #dleutation in PLAXISis
shown in Figure G9.2. The model is 10 m wide in & simulations. In 2D
calculations both 6 noded and 15 noded elementssa@. Figures G9.3 to G9.4
show the active pore pressures and the total digerat the middle of the dam
for 2D (6-noded and 15 noded elements) and 3D sitionis.
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Fig. G9.2.3D: Geometry and FE mesh (PLAXIS 3D)
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Active Pore Pressures p, ;.. (Pressure = negative)
Maximum Value = 45.00 kN/m2 (Element 1 at Node 1961)
Minimum Value = -122.0 kN/m2 (Element 693 at Node 2)
Fig. G9.3.2D6: Active pore pressures (6-noded elements)
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Groundwater Flow |q| (scaled up 5.00 times)
Maximum Value = 0.5709 m/day
Minimum Value = 1.625%10 mjfday
Total Discharge is 4.787 mjlday/m

Fig. G9.4.2D6: Total discharge at the middle of the earth dan6fanded
elements mesh (Q = 4.787/day/m)
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Active Pore Pressures p, ;.. (Pressure = negative)
Maximum Value = 45.00 kN/m2 (Element 868 at Node 7657)
Minimum Value = -122.0 kN/m2 (Element 693 at Node 4)

Fig. G9.3.2D15: Active pore pressures (15-noded elements)
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Maximum Value = 0.5263 m/day
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Total Discharge is 4.749 mjlday/m

Fig. G9.4.2D15: Total discharge at the middle of the earth danifenoded

elements mesh (Q = 4.74F/aay/m)
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[kny/m?]
50.00

40.00
30.00
20.00

10.00

Active pore pressures p, ;e With suction (Pressure = negative)
Maximum value = 43.17 kN/m2 (Element 368 at Node 2360)
Minimum value = -122.0 kN/m2 (Element 250 at Node 8872)

Fig. G9.3.3D: Active pore pressures (15-noded elements)

Groundwater flow |q| (scaled up 5.00 times)
Maximum value = 0.6007 m/day
Minimum value = 0.000 m/day

Total discharge is 47.73 m3/day/m

Fig. G9.4.3D: Total discharge at the middle of the earth dam; Q773
m>/day/m (PLAXIS 3D)
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Groundwater flow | q| (scaled up 0.0200 times)
Maximum value = 50.62 m/day (Element 251 at Node 16902)
Minimum value = 0.8894*107 m/day (Element 4226 at Node 1001)

Fig. G9.5.3D: Flow field and calculated phreatic surface (PLAXBIS)

Tab. G9.1: Total discharge

PLAXIS PLAXIS PLAXIS
Analytical 2D 2D 3D
6 noded 15 noded 10 noded
Total discharge ;1.708 ;1.787 34.749 ;1.773
m°/day/m m°/day/m m°/day/m m°/day/m
error 0 1.68 % 0.87 % 1.38 %
Summary:

Apparently the results of both analytical and PLA&XA&lculations are similar.
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8.10 Case G10: Non-homogeneous rectangular dam

This is an example used by different researcheshtw the capability of the
groundwater flow codes to solve unconfined problémg. Oden and Kikuchi
(1980); Lacy and Prevost (1987); Borja and Kishr(@8@1); Bardet and Tobita
(2002)). Figure G10.1 shows the geometry of thdlera which is 5 m wide and
10 m high (and 2.5 m thick in 3D). This dam corssief two blocks with
different saturated permeability. Permeability ofl s 1.0 m/day for the left
block and 10.0 m/day for the right block. The lefip and the right boundaries
are considered as seepage boundary and the batosed for flow.

To investigate the effect of retention curve on tbsults, four cases have been
considered, namely fully saturated, staring satq€al), Hypres coarse top soil
and USDA sand, see the PlaxFlow manual. The VaruGgan parameters are
given in Table G10.1.
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Fig. G10.1.2D: Geometry, boundary conditions and FE mesh (6 netladents)
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Fig. G10.1.3D: FE mesh (PLAXIS 3D 10 noded elements)

Tab. G10.1: Van Genuchten parameters

Data set Ssat Sres gjal 0] On

[-] [-] [m7] [-] [-]
Staring (O1) 1.0 0.02 | 2.240 | 0.000 | 2.286
Hypres (coarse-top soil) 1.0 0.02 3.830 | 1.250 | 1.3774
USDA (sand) 1.0 0.02 | 14.500| 0.500 | 2.680

Figure G10.2 shows a comparison of the calculatedegiic levels for the
problem from different codes (Bardet & Tobita, 202

The location of phreatic level calculated with PLISX2D is shown in Figure
G10.3 and G10.4 for different types of material.s&en the shape of the phreatic
line (or surface) is affected by the type of matemsed for the soils. The phreatic
levels in Figure G10.3b and G10.3d are similahi® riesults of Bradet & Tobita
(2002) and Oden and Kikuchi (1980) while by usirtgritag sand (O1) material,
PLAXIS 2D provides results similar to the resultBorja & Kishnani (1991).
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Fig. G10.2: Comparison of phreatic level for non-nomogeneegasangular
dam made by Bardet & Tobita (2002)
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Fig. G10.3.2D: Active pore pressures calculated with PLAXIS 2Dalihcases
line L is the phreatic line; (a) fully saturatetd) Hypres coarse top
soil; (c) Staring sand (O1); (d) USDA sand
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Fig. G10.3.3D: Active pore pressures calculated with PLAXIS 3D;f(dly
saturated; (b) Hypres coarse top soil; (c) Stasengd (O1); (d) USDA
sand
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(@) (b)

(c) (d)

Fig. G10.4.3D: Phreatic surface calculated with PLAXIS 3D; (a)ydaturated;
(b) Hypres coarse top soil; (c) Staring sand (Qd))USDA sand
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8.11 Conclusions

Results of 10 two and three dimensional flow proide solved by the new
PLAXIS 2D and 3D kernels, are shown in this chapter andtmb them are
compared with analytical solutions or PlaxFlow tesu

The following features have been tested:

1.

Boundary conditions. Almost all boundary conditions have been tested
in the chapter of one dimensional groundwater fladowever,
seepage boundary condition, inflow, precipitatiow avell are tested
here.

Seady state and transient calculation. Both steady state and transient
types of calculations have been tested.

Confined and unconfined groundwater flow calculations. Confined
groundwater flow calculations are linear and unswd groundwater
flow calculations are usually nonlinear. It has rbeghown that
PLAXIS is capable of calculating both types of calculation

Seepage face calculation. Calculation of seepage face is highly
nonlinear and needs additional procedures. In #se of higher order
elements, as used in PLAXIS, the problem is mofécdit due to
irregular distribution of discharge at nodes. Awh in several
problems, PLAXISis capable of calculating seepage face with a
reasonable accuracy.

Drain. The kind of boundary condition has been testedi \alidated
with PLAXIS 2D and 3D.

Element types. Both types of elements, namely 15 noded withuatfo
order of integration for pore pressure and 6-nogild a second order
of integration for pore pressure can be used faumggwater flow
calculation.



174 8 Verification of groundwater flow: 2D & 3D




9 Verification of coupled analysis 17575

9 Verification of coupled flow —
deformation analysis

This chapter presents the results of 5 two dimerwrdiand three dimensional
coupled flow - deformation calculations and onecgktion of gravity loading
based on Bishop stress. In the case of one dimeistonsolidation, the results
are compared with analytical solutions but for thst the results are compared
with other codes like combination of PLAXIS withaRFlow (semi-coupled) and
PLAXIS 3D Foundation (recently developed for fubaturated consolidation
based on total pore pressure approach by John Welm fEom Deltares). As the
same flow boundary conditions are used for the mplaater flow and coupled
calculations, here it is not necessary to tesv@lindary conditions for flow. It is
intended to demonstrate that the coupled flow-ae&tion analysis is stable and
accurate.
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9.1 Case CAL: Bishop effective stress

As Bishop effective stress is used in PLAXIS whesaturated behaviour of soll
is simulated, this example shows the capabilityhef code to calculate Bishop
effective stress. Figure CAl1.1 shows the geomeitith® problem. This picture
presents the initial boundary conditions from wh&kteady state flow situation
is calculated. Imposing a head of -1.0 m at théolbotof the model and 1.0 m at
the top generates unsaturated starting conditibims. condition leads to have a
constant suction of 10 kPa in entire the domaine Thrresponding degree of
saturation is 0.3398.

Table CAL.1 gives the input parameters used foc#heulation.

The following steps are performed in this case:
1. Seady state: Steady state groundwater flow calculation to gateemitial
pore pressure, (suction pore pressure of 10 kBeeientire column).
2. Gravity loading: To generate initial stress

H=10m
x
2m
v
H=-10m
Fig. CA1.1: Geometry of case CAl
Verfication:
Bishop stress reads:
6 =¢'+m(Sp,) 1.12)

The vertical total stress at the bottom is:

6 =hly=-2x20=-40kPa

As the degree of saturation is constant in enlieerhodel and is equal to 0.3398,
Bishop effective stresses at the top and bottom are
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Ol = 0, — S, =0-0.3398x10= —3.398kPa

op —
Ototom = Oborom — SLP,, = —40—0.3398x10 = —43.398kPa

Figure CA1.2 shows the effective stresses calatllayePLAXIS 2D and 3D. As
seen the maximum and minimum effective stresses3aB98 kPa and -43.40
kPa which are very close to the analytical solution

Tab. CAl.1:Input data (Linear elastic model)

Description Symbol Unit Value
Elastic modulus e [kN/m?] 10000
Poisson’s ratio vV [-] 0.2
initial void ratio Enit [-] 0.5625
Saturated saturation Sat [-] 1.0
Residual saturation Ses [-] 0.02
Van Genuchten On [-] 2.286
Van Genuchten Oa [m™] 2.24
Van Genuchten o] [-] 0
Water weight K [kN/m?] 10.0
Soil weight (sat) Vet [kN/m?] 20.0
Soil weight (dry) Winsat [kN/m?] 20.0

»

Cartesian effective stress c'" (scaled up 4.00%10°% times)

Maximum Value = -3.398 kN/m?

Minimum Value = -43.40 kN/m?

Fig. CA1.2.2D: Vertical effective stresses (PLAXIS 2D)
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Cartesian effective stress ¢",, (scaled up 1.00%10°% times)
Maximum value = -3.398 kN/m2

Minimum value = -43.40 kN/m2

Fig. CA1.2.3D: Vertical effective stresses (PLAXIS 3D)

The horizontal effective stresses are shown in feigDA1.3. As linear elastic
model is used, the lateral stresses can be obt&ioed

= v o
“ \1-v') Y

which provides -0.8495 kPa for the top and -10@35lie bottom.

1n

Cartesian effective stress o', (scaled up 4.00%10 times)

Maximum Value = -0.8496 kN/m2
Minimum Value = -10.85 kN/m?

Fig. CA1.3.2D:Horizontal effective stresses (PLAXIS 2D)
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Cartesian effective stress ¢’,, (scaled up 5.00%10"% times)
Maximum value = -0.8496 kN/mz

Minimum value = -10.85 kN/m?

Fig. CA1.3.3D:Horizontal effective stresses (PLAXIS 3D)

Figure CAl1.4 shows the vertical total stressesutailed by the output program
of PLAXIS. The minimum and maximum vertical totélesses should be 0 kPa
and -40 kPa. As seen the results are very clogbet@nalytical solution. The

horizontal total stresses are plotted in Figure GAl

»

Cartesian total stress Syy (scaled up 2.00%10°> times)
Maximum Value = -0.1042%10° kNfm?
Minimum Value = -40.00 kN/m2

Fig. CA1.4.2D: Vertical total stresses (PLAXIS 2D)
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Cartesian total stress ¢, (scaled up 2.00* 1072 times)
Maximum value = 0.07049*107 kN/m2
Minimum value = -40.00 kN/m?

Fig. CA1.4.3D: Vertical total stresses (PLAXIS 3D)

1

Cartesian total stress ¢, (scaled up 4.00* 102 times)

Maximum Value = 2.549 kN/mz
Minimum Value = -7.451 kN/m?

Fig. CA1.4.2D:Horizontal total stresses (PLAXIS 2D)
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Cartesian total stress ¢, (scaled up 5.00%10"% times)

Maximum value = 2.549 kN/m2

Minimum value = -7.451 kN/m2

Fig. CA1.4.3D:Horizontal total stresses (PLAXIS 3D)

Summary:

As seen the results from PLAXIS 2D and 3D kernaid #he output (total
stresses) are correct.
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9.2 Case CA2: One dimensional consolidation in
saturated soill

Input: Figure CA2.1 shows PLAXIS finite element mesh &ore dimensional
consolidation problem. The side and the bottomka undrained by applying
closed boundary condition while the top surfacealiswed to drain. Initial
effective stresses and initial pore pressures ateganerated. To generate an
excess pore pressung, an external load Po is applied on the upper sarfa
the first phase (plastic calculation) followed ®ven consolidation analyses of
ultimate times 0.1, 0.5, 1.0, 2.0, 5.0, 10.0 andd&9s respectively which were
performed with the coupled flow deformation forntida in PLAXIS 2D and 3D
(based on Total Pore Pressure). Note: Phreatiadioe the top of the model to
generate fully saturated soil.

The following steps are performed in this case:
1. Gravity loading: To generate initial active pore pressure and BRisho
effective stresses.
2. Plastic calculation: 10 kPa is applied on the top of the model to gateer
additional pore pressure in the model.
3. Consolidation: Consolidation phases with different time intesvare
performed (ultimate times 0.1, 0.5, 1.0, 2.0, 3@P and 50 days).

LLLLAL L L L™

A

E = 1000 kN/m*
v=0.0
k=0.001 m/day
%,.=10 KN/m’
H=10m

Fig. CA2.1: Geometry and finite element mesh of case CA2
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Verification: The problem of one dimensional consolidation banformulated
by a differential equation (Terzaghi, 1923):

op 9°p
M 2F 9.1
ot & ot? (0-1)
_ kEed . _ (1_V)E . o
=—d - Foped=—— /- :z7=h- 9.2
YTy Ty Y (9:2)

FRGRRE 2(2' )_]_100{(21 1 jexé— (2~ ﬂinj (93)

T=30 (9.4)

The consolidation phenomenon will be practicaliydhed when the argument of
the exponential function is about 4 or 5 (Verruij©93). This will be the case
whenT = 2.

This analytical solution is indicated along withetiPLAXIS finite element
calculation results in Figures CA2.3. As seen, ttbsults from consolidation
based on total pore pressure are more accurateatethfo the EPP results. For
saturated soils, the formulations of both typesaltulations are the same. The
reason is only due to selecting smaller time stepise TPP analysis which leads
to calculate pore pressure more accurate.

0 =

-10 1

-15 1 | — EPP analysis

active pore pressure (kPa)

— TPP analysis
o Analytical

20 . . : 0
0 0.25 0.5 0.75 1

distance (m)

Fig. Al1.2: Active pore pressure vs height
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9.3 Case CA3: One dimensional varying mechanical
loading

This example involves two cases, in which on thp td a column, the
mechanical loads are varying. Different situatiblase been considered. Figure
CA3.1 shows the geometry and boundary conditionstie problem. The
column is 1 m high. In case 1a, the top boundappen for flow and in case 1b
the top boundary is closed for flow. In both cagesside boundaries are closed
for flow. The material data are given in Table CAS.

Te =0,7y =7(t), p=c Te =0,7y =7(t), g =0
......... A
SIS S N EL
ooa R, I v
Uy =0, uy =0, p=-¢c uz; =0, uy =0, p=c
case la case 1b
undrained loading staged construction

Fig. CA3.1: Geometry boundary conditions for problem CA3

Tab. CA3.1: Input data

Description Symbol Unit Value
Young’s modulus E [kN/m?] 10000
Poisson’s ratio vV [-] 0
Soil weight (sat) Vet [kN/m?] 10
Soil weight (dry) Winsat [kN/m?] 0
Permeability Ke, Ky, Kz [m/day] 0.001
initial void ratio Einit [-] 0.5
Elastic storage Ko, e/ [kN/m?] 4.95x106

The mechanical loading is applied according to fiilewing function (Figure
CA3.F):
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7. =

c

0+t -ropt it t<t?
rt if t>t

o)
o

o
o

load (kPa)
%) A
o o

[N
o

KN
o

o

time (day)

Fig. CA3.F: Applied load vs time in problem CA3

Case la;

t* =1day
r’ =0kPa
r* = 50kPa
top boundary open

Case 1b:

t' =1day
r’ =0kPa
r* = 50kPa
top boundary closed

(9.5)

This example has also been calculated with PLAX)S-8undation by John Van

Esch. Here the results of all calculations aremgive
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Results of case l1a:

0

T

o

4

B’ ——0 day

5 -=-0.49 day
a ——1.00 day
Q 1.30 day
o

) —-1.52 day
8_ —*-1.91 day
) —e—2.60 day
= ——3.10 day
@ — 3.76 day

——5.00 day
'16 T T T T
0 0.2 0.4 0.6 0.8 1
elevation height (m)
Fig. CA3.2: Active pore pressure for case la (PLAXIS 2D)
0 * * - - - * * - -
£ 0.001 1 ——0 day
‘qc:‘J -=-0.49 day
IS —+—1.00 day
§ 0.002 1 1.30 day
roy ——1.52 day
2 —~-1.91 da
S 0.003 A S ey
© —e—2.60 day
= —+—3.10 day
2 0004 | —3.76 day
' —-5.00 day
0.005 T T T T
0 0.2 0.4 0.6 0.8 1

Height (m)

Fig. CA3.3: Vertical displacement for case 1a (PLAXIS 2D)
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0.0

pressure (kn/m2)

0.0d
0.5d
1.0d
1.5d
2.0d
2.5d
3.0d
4.0d
5.0d

'20.0 T ‘ | T ‘ ‘ T
0.0 0.2 0.4 0.6 0.8 1.0

distance (m)

Fig. CA3.4: Active pore pressure for case la (PLAXIS 3D Fouioddt

0.0E+0

__-1.0E3

-2.0E-3

-3.0E-3

vertical displacement (m

0.0d
0.5d
1.0d
1.5d
2.0d
25d
3.0d
4.0d
50d

-4.0E-3

'5.0E‘3 T ‘ T | | T ‘ T
0.0 0.2 0.4 0.6 0.8 1.0

elevation height (m)

Fig. CA3.5: Vertical displacement for case 1a (PLAXIS 3D Fouiaig
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——1=0.0 day
-={=0.5 day

t=1.0 day
——1=1.5 day
—+—1=2.0 day
——1=2.5 day
—+—1=3.0 day
—1=4.0 day
—t=5.0 day

active pore pressure (kPa)

-16 T T T T
0 0.2 0.4 0.6 0.8 1

elevation height (m)

Fig. CA3.6: Active pore pressure for case la (PLAXIS 3D)

-0.001 A

——t=0.0 day
-={=0.5 day

t=1.0 day
—-t=1.5 day
—+—1=2.0 day
——1=2.5 day
—+—1t=3.0 day
—1=4.0 day
—1=5.0 day

Uy (m)

-0.003 A

-0.004 -

'0.005 T T T T
0 0.2 0.4 0.6 0.8 1

elevation height (m)

Fig. CA3.7: Vertical displacement for case 1a (PLAXIS 3D)
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Results of case 1b:

——0 day

-=- (.66 day
——1.00 day
—<1.27 day
—*—1.42 day
—e—1.99 day
——2.75 day
—-5.00 day

/:
-5 4 /=
/:

< . — =
n- — o
< ¢
(O] -10 1 /‘/
I =
(%]
Q
Q.15 A
o
[e]
o

-20 1

'25 T T T T

0 0.2 0.4 0.6 0.8

Fig. CA3.8: Active pore pressure for case 1b (PLAXIS 2D)

elevation height (m)

0.001 4

0.002 4

0.003 A

- vertical displacement (m)

0.004 4

0.005

0 0.2

Fig. CA3.9: Vertical displacement for case 1b (PLAXIS 2D)

0.4 0.6

elevation height (m)

0.8

——0 day
-=- (.66 day
—+—1.0 day
——1.27 day
—»—1.99 day
—o—2.75 day
——5.00 day
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0.0
5.0
—  0.0d
@ -10.0 — 0.5d
E ~— 1.0d
Z ~— 15d
o -15.0 — 20d
2 v 2.5d
@ ~— 30d
s -20.0 ~— 40d
5.0d
-25.0 +
-30.0 ' | \ | \
0.0 0.2 0.4 0.6 0.8 1.0

elevation height (m)

Fig. CA3.10:Active pore pressure for case 1b (PLAXIS 3D Fouinaat

0.0E+0 —=
_ -1.0E-3 —
£ | —  0.0d
£ — 05d
£ 2.0E-3 — 1.0d
5 —~ 15d
8 1 —  20d
2 ~——~ 25d
B -3.0E-3 - 30d
3 | ~ 40d
E 50d

_4.0E-3

50E-3

0.0 0.2 0.5

elevation height (m)

Fig. CA3.11: Vertical displacement for case 1b (PLAXIS 3D Fourug
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active pore pressure (kPa)

-25 4

——1=0.0 day
-=1=0.5 day

t=1.0 day
—t=1.5 day
—»-1=2.0 day
——t=2.5 day
——1=3.0 day
—1=4.0 day
—1=5.0 day

Fig.

0.2 0.4 0.6
elevation height (m)

CA3.12: Active pore pressure for case 1b (PLAXIS 3D)

0.8 1

-0.001 A

-0.002 A

Uy (m)

-0.003

-0.004 A

-0.005

A0 A0 004400408 0 el e ad Al n anaa 44 an a4 44 o an a4l un aan a4 o o aan g .4

0.2 0.4 0.6 0.8
elevation height (m)

Fig. CA3.13: Vertical displacement for case 1b (PLAXIS 3D)

Summary:

——t=0.0 day
-+ 1=0.5 day

t=1.0 day
——t=1.5 day
—-1=2.0 day
—e—t=2.5 day
—+—t=3.0 day
—1=4.0 day
—1=5.0 day

As seen the results from PLAXIS 2D kernel and PL8X3D are similar. The
differences are due to the different time stepsl usging the calculations.
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9.4 Case CA4: One dimensional varying hydraulic
loading

This example involves two cases, in which on theedba column, the hydraulic
loads are varying. Different situations have beemsaered. Figure CA4.1
shows the geometry and boundary conditions foptbelem. The columnis 1 m
high. In case la, the top boundary is open for flawd in case 1b the top
boundary is closed. In both cases the side bourslanie closed for flow. The
material data are given in Table CA4.1.

IR ol | am

v

uy =0, uy, =0, p=p(t) u, =0, uy, =0, p=c

case 2a case 2b
submerged loading top loading

Fig. CA4.1: Geometry boundary conditions for problem CA4

Tab. G1.1: Input data

Description Symbol Unit Value
Young’s modulus E [kN/m?] 10000
Poisson’s ratio vV [-] 0
Soil weight (sat) Vet [kN/m?] 10
Soil weight (dry) Winsat [kN/m?] 0
Permeability Ke, Ky, Kz [m/day] 0.001
initial void ratio Enit [-] 0.5
Elastic storage Kuwre/ N [kN/m? | 4.95x10

The hydraulic loading is applied according to tbkofwing function. It should be
noted that the following loading is applied aftet @ay (see Figure CA4.F):
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_ p°+(p1—p°)t/t1 if t<t!
p°_{ pt if t>t (9:6)

increase of water head (m)

0 l : é é é é é é é
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time (day)

Fig. CA4.F: Increase of water head as a function of time iblenm CA4

Case 2a: Increase of water head on the top and bottom dhemyn

t' = 0.2 day

Pep = —20kPa
Poom = —12.0 kPa
Py = ~52.0 kPa

Proiom = —62.0 kPa

Case 2b: Increase of water head on the top boundary.

t' = 0.2 day
p2, =-20kPa

Poom = —12.0 kPa
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P = ~52.0kPa

This example has also been calculated with PLAXIS$ John Van Esch. Here
the results of both calculations are given.

Results of case 2a:

0

-10 _M
<
Q 00 ——1t=0.000 day
o ~=-1=0.100 day
S t=0.105 day
§ -30 1 t=0.110 day
s —-1=0.150 day
L -40 ——1=0.200 day
S ——1=0.300 day
® 50 — t=0.500 day
= [Seeeesnne o o =
Q ' S P t=1.000 day
CU o o — - -

-60 - - A SOV

'70 T T T T

0 0.2 0.4 0.6 0.8 1

elevation height (m)

Fig. CA4.2: Active pore pressure for case 2a (PLAXIS 2D)

-0.00001
-0.00002 -+ -=-1=0.100 day
t=0.105 day
B t=0.110 day
~— -0.00003 —»1=0.150 day
>
> e e t=0.200 day
——1=0.300 day
0.00004 — t=0.500 day
t=1.000 day
-0.00005
| ooos”
-0.00006 : . , ,
0 0.2 0.4 0.6 0.8 1

elevation height (m)

Fig. CA4.3: Vertical displacement for case 2a (PLAXIS 2D)
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0.0 E—

AOD e e

P ~—  0.000d
& | ~— 0.100d
E . |~ o.05d
Z -30.0 - —  0.110d
5 — 0.150d
- ~—  0.200d
& ] ~— 0.300d
= ~— 0.500d

-50.0 — o e 1.000 d

-60.0 - _7)_ﬂ‘_:__i:_,,:;-;_v::;!-*::1*: = e G

-70.0 L I |

0.0 0.2 0.4 0.6 0.8 1.0

elevation (m)

Fig. CA4.4: Active pore pressure for case 2a (PLAXIS 3D Fouioddt

6.8E-21
_ -1.6E-5 —
E | — 0.000d
o — 0.100d
£ 32E-5 ~— 0.105d
o — 0.110d
ks Y —— 0.150d
& ~ 0.200d
= <48F 5 — ~— 0.300d
-§ Y —  0.500d
= 1.000 d
>

-6.4E-5 |

'80E'5 | T ‘ T ‘ T ‘

0.0 0.2 0.4 0.6 0.8 1.0

elevation height (m)

Fig. CA4.5: Vertical displacement for case 2a (PLAXIS 3D Fouiaig
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0
T
& ——1=0.000 day
> -20 -=-1=0.100 day
= t=0.105 day
» -30 - —1=0.110 day
o —»-1=0.150 day
o —
© 40 - ——1=0.200 day
5 ——1=0.300 day
3 —1=0.500 day
> -50 1 —1=1.000 day
3]
©
- _M
-70 T T T T
0 0.2 0.4 0.6 0.8 1
elevation height (m)
Fig. CA4.6: Active pore pressure for case 2a (PLAXIS 3D)
0 [ T e
; € R
-0.00001 -
-0.00002 1 ——=0.000 day
-0.00003 - -={=0.100 day
t=0.105 day
‘e -0.00004 - - t=0.110 day
: —»-1=0.150 day
= -0.00005 1 - t=0.200 day
——1=0.300 day
-0.00006 1 — t=0.500 day
-0.00007 - —t=1.000 day
-0.00008 -
-0.00009 T T T T
0 0.2 0.4 0.6 0.8 1

elevation height (m)

Fig. CA4.7: Vertical displacement for case 2a (PLAXIS 3D Fouruig
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Results of case 2b:
0
__-10 1
©
% ——1t=0.000 day
v 20 - -=-1=0.100 day
S t=0.105 day
é t=0.110 day
S -30 - - 1t=0.150 day
o ——1t=0.200 day
S 40 ——1=0.300 day
<I>J —1=0.500 day
'a(—:)s —t=1.000 day
_50 4
'60 T T T T
0 0.2 0.4 0.6 0.8
elevation height (m)
Fig. CA4.8: Active pore pressure for case 2b (PLAXIS 2D)
0 “0‘0“000‘,‘000‘0"00“‘000000000000000‘0000
-0.0005 1 v 4
i ~t=0.000 day
-0.001 1 -=-1=0.100 day
’ t=0.105 day
= g A % 1=0.110 day
2 -0.0015 - e - 1=0.150 day
) —o—1=0.200 day
——1=0.300 day
-0.002 7 —t=0.500 day
—t=1.000 day
-0.0025 -
-0.003 . . . .
0 0.2 0.4 0.6 0.8

Fig. CA3.9: Vertical displacement for case 2b (PLAXIS 2D)

elevation height (m)
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-10.0

pressure (kN/m2)

-50.0

-20.0

-30.0

-40.0

0.0

-60.0 —

0.0

0.2

0.4

elevation (m)

0.6

1.0

0.000d
0.100d
0.105d
0.110d
0.150d
0.200d
0.300d
0.500d
1.000d

Fig. CA4.10:Active pore pressure for case 2b (PLAXIS 3D Fouinaat

vertical displacement (m)

Fig.

DB e %
\\\ _7 B
&\ % “\“-‘
-1.0E-3 + %
\\\ -\L -
‘ A\B 5 5 4
w®, ~ " ‘1-‘61“ -V"d-ﬁr
-2.0E-3 N
-SOE-S T [ I T [ [ T
0.0 0.2 0.4 0.6 0.8

elevation (m)

1.0

0.000d
0.100d
0.105d
0.110d
0.150d
0.200d
0.300d
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CA4.11:Vertical displacement for case 2b (PLAXIS 3D Fouiutg
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-10 A

-20 1

-30 A

-40 -

active pore pressure (kPa)

-50 ]

-60 T

——1=0.000 day
-=—{=0.100 day

t=0.105 day
—<1=0.110 day
—»-1=0.150 day
——t=0.200 day
——1=0.300 day
—t=0.500 day
—1=1.000 day

0.4 0.6
elevation height (m)

0.8

——t=0.000 day
-+ 1=0.100 day

t=0.105 day
—-1=0.110 day
—»-1=0.150 day
——1=0.200 day
—+—1=0.300 day
—1=0.500 day
—1=1.000 day

Fig. CA4.12: Active pore pressure for case 2b (PLAXIS 3D)
0 191419, o 4, D DR
» o
-0.0005 §—*——mxx—x X d
-0.001 A
E /
; -0.0015 - p
) /
-0.002 +
-0.0025 -
-0.003 ; ; ; ;
0 0.2 0.4 0.6 0.8

Fig. CA4.13: Vertical displacement for case 2b (PLAXIS 3D)

Summary:

elevation height (m)

As seen the results from PLAXIS 2D and 3D kernedssimilar. The differences
are due to different time steps used during theutations.
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9.5 Case CA5: Potato field moisture

The example of Potato filed which is calculated tbgnsient calculation, is
chosen for fully coupled flow-deformation analygexample G1). This lesson
demonstrates the applicability ofAXis to agricultural problems. The potato
field lesson involves a loam layer on top of a gabdse. Regional conditions
prescribe a water level at the position of the matenterface. The water level in
the ditches remains unchanged. The precipitatioyp vaay on a daily basis due
to weather conditions. The calculation aims to tethe variation of the water
content in the loam layer in time as a result ohetidependent boundary

conditions.
15 15

precipitation I } | precipitation

0.75
0.50

0.75

sand

Fig. CA5.1: Potato field geometry

Staring series B9 and O2 represent the top anddtiem layers. The parameters
are given in Table CA5.1 and CA5.2, respectively.

Tab. CA5.1: Input data for loam layer (B9)

Description Symbol Unit Value
Permeability Ke, Ky, Kz [m/day] 0.0154
initial void ratio Einit [-] 0.754
Elastic storage Ko, e/ [kN/m? | 4.875%x10
Saturation (saturated) Sat [-] 1.0
Saturation (residual) Ses [-] 0.06831
Van Genuchten On [-] 1.325
Van Genuchten Oa [m™] 0.650
Van Genuchten o] [-] -2.161
Young’s modulus E [kN/m?] 20000
Poisson’s ratio vV [-] 0.2
Soil weight (sat) Vet [kN/m?] 19
Soil weight (dry) Winsat [kN/m?] 17




9 Verification of coupled analysis 201

Tab. CA5.1: Input data for sand layer (02)

Description Symbol Unit Value
Permeability Ke, Ky, Kz [m/day] 0.1270
initial void ratio Einit [-] 0.62
Elastic storage Ko, e/ [kN/m? | 4.875%x10
Saturation (saturated) Sat [-] 1.0
Saturation (residual) Ses [-] 0.06203
Van Genuchten On [-] 1.951
Van Genuchten Oa [m™] 2.13
Van Genuchten o] [-] 0.168
Young’s modulus E [kN/m?] 13000
Poisson’s ratio vV [-] 0.2
Soil weight (sat) Vet [kN/m?] 19
Soil weight (dry) Winsat [kN/m?] 17

The precipitation fluxes are given in Table CA5The threshold values for
ponding and precipitation (evapotranspiration)@resen as 1 m and 0 at the top
of the boundary, respectively.

Tab. CA5.3: Prescribed flux @i, = 0 and@n., = 1 m)

Time (day) Q (m/day)
0 0
0
0.01
0.01
0.03
0.03

0.03
0.03

0.01
0.01

© |00 |00 OO [O |Oom (O |DB [ W W INIIN [P |
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Fig. CA5.2: Prescribed flux

Due to the symmetry of the problem, it is suffi¢iéo simulate a strip with a
width of 15.0 m, as indicated in Figure CA5.3. Thigkness of the loam layer is

2.0 m and the sand layer is 3.0 m deep.

The finite element mesh used for the calculatiaseigicted in Figure CA5.3. The
mesh consists of 735 15-noded elements in caseDoarkli 20648 10 noded

tetrahedral elements in case of 3D.

The following steps are performed in this case:
1. Gravity loading: Gravity loading is performed to generate initimésses.
2. Seady state + Plastic drained: a Steady sate calculation followed by a
plastic drained to obtain equilibrium (the bottoeaH is imposed to 3 m).
The initial displacement is set to zero.
3. Coupled analysis. The top boundary head is set to influx. The ahiti
displacement is set to zero.

Active pore pressure, degree of saturation and flilds are shown in the
following for steady state, after 5 and after 9gday
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Fig. CA5.3.2D:Finite element mesh (15 noded elements)

1

Active pore pressures p, ;.. With suction (Pressure = negative)
Maximum Value = 19.99 kN/m? (Element 438 at Node 6094)
Minimum Value = -30.00 kN/m2 (Element 152 at Node 3093)

Fig. CA5.4.2D:Active pore pressure after steady state phase §mgdead)
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Saturation
Maximum Value = 100.0 % (Element 1 at Node 5731)
Minimum Value = 81.88 % (Element 441 at Node 6066)

Fig. CA5.5.2D: Degree of saturation after steady state phase §mgdead)

Groundwater flow | q| (scaled up 20.0 times)
Maximum Value = 0.02907 m/s (Element 275 at Node 3290)
Minimum Value = 1.467*10™° m/s (Element 438 at Node 5247)

Fig. CA5.6.2D:Flow field after steady state phase (imposing head)
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[knN/m?]

Active pore pressures p, ;. With suction (Pressure = negative)
Maximum Value = 7.256 kN/m2 (Element 236 at Node 5845)
Minimum Value = -30.00 kN/m2 (Element 152 at Node 3093)

Fig. CA5.7.2D:Active pore pressure and external water load &fidays

Saturation
Maximum Value = 100.0 % (Element 1 at Node 5731)
Minimum Value = 92.89 % (Element 236 at Node 5846)

Fig. CA5.8.2D:Degree of saturation after 5 days
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Maximum Value = 2.095%10 m (Element 197 at Node 3222)

Deformed mesh (scaled up 200 times)
Minimum Value = 0.000 m (Element 137 at Node 5113)

Fig. CA5.9.2D: Deformed mesh after 5 days
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Groundwater flow | q| (scaled up 5.00 times)
Maximum Value = 0.06582 m/s (Element 524 at Node 6278)
Minimum Value = 0.2958*10°5 m/s (Element 234 at Node 2808)

Fig. CA5.10.2D:Flow field after 5 days



9 Verification of coupled analysis

207

Active pore pressures p, ;. With suction (Pressure = negative)

Maximum Value = 4.406 kN/m2 (Element 458 at Node 4725)

Minimum Value = -30.00 kN/m2 (Element 152 at Node 3093)

Fig. CA5.11.2D:Active pore pressure after 9 days

Saturation
Maximum Value = 100.0 % (Element 1 at Node 5731)
Minimum Value = 96.10 % (Element 438 at Node 6096)

Fig. CA5.12.2D:Degree of saturation after 9 days
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Deformed mesh (scaled up 500 times)
Maximum Value = 1.041%¥10 m (Element 523 at Node 69)

Minimum Value = 0.000 m (Element 137 at Node 5113)

Fig. CA5.13.2D:Deformed mesh after 9 days

Groundwater flow | q| (scaled up 10.0 times)
Maximum Value = 0.03542 m/s (Element 524 at Node 6285)
Minimum Value = 0.04915%107 m/s (Element 438 at Node 5255)

Fig. CA5.14.2D:Flow field after 9 days
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Fig. CA5.3.3D:Finite element mesh (10 noded elements)

[kv/m?]
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16.00
12.00

8.00

—— o000
—— 400
—— 800

— -12.00

-20.00

-32.00

Active pore pressures p,;ive With suction (Pressure = negative)
Maximum value = 20.00 kN/m2 (Element 31 at Node 30336)

Minimum value = -30.00 kN/m2 (Element 12477 at Node 11085)

Fig. CA5.4.3D:Active pore pressure after steady state phase Gmgdead)
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[%]
100.00

Saturation
Maximum value = 100.0 % (Element 745 at Node 3871)
Minimum value = 81.83 % (Element 31 at Node 30065)

Fig. CA5.5.3D:Degree of saturation after steady state phase §mgdead)

Groundwater flow | q| (scaled up 20.0 times)
Maximum value = 0.02709 m/day (Element 32 at Node 17614)
Minimum value = 2.708*10™° m/day (Element 4404 at Node 127)

Fig. CA5.6.3D:Flow field after steady state phase (imposing head)
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z -26.00
K -28.00
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-32.00

Active pore pressures p,;ive With suction (Pressure = negative)
Maximum value = 3.661 kN/m2 (Element 1083 at Node 29499)
Minimum value = -30.00 kN/m2 (Element 12477 at Node 11085)

Fig. CA5.7.3D:Active pore pressure and external water load &fidays

Saturation
Maximum value = 100.0 % (Element 1 at Node 12)
Minimum value = 97.62 % (Element 1188 at Node 29501)

Fig. CA5.8.3D:Degree of saturation after 5 days



212 9 Verification of coupled analysis

Deformed mesh |u| (scaled up 200 times)
Maximum value = 2.858*107> m (Element 31 at Node 30335)

Fig. CA5.9.3D: Deformed mesh after 5 days

Groundwater flow | q| (scaled up 10.0 times)
Maximum value = 0.04521 m/day (Element 12043 at Node 4974)
Minimum value = 0.02597*1073 m/day (Element 1244 at Node 48172)

Fig. CA5.10.3D:Flow field after 5 days
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[kny/m?]
6.00

4.00
200
0.00

-2.00

-4.00

-6.00

X -30.00

Active pore pressures p, ;v With suction (Pressure = negative)
Maximum value = 4.918 kN/m2 (Element 1 at Node 12)
Minimum value = -30.00 kN/m2 (Element 12477 at Node 11085)

Fig. CA5.11.3D:Active pore pressure after 9 days

Saturation

Maximum value = 100.0 % (Element 745 at Node 3871)

Minimum value = 95.69 % (Element 82 at Node 27)

Fig. CA5.12.3D:Degree of saturation after 9 days
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Deformed mesh |u| (scaled up 500 times)
Maximum value = 1.136*10°> m (Element 73 at Node 1575)

Fig. CA5.13.3D:Deformed mesh after 9 days

Groundwater flow | q| (scaled up 20.0 times)
Maximum value = 0.02559 m/day (Element 549 at Node 17614)
Minimum value = 0.3054*107 m/day (Element 4404 at Node 2195)

Fig. CA5.14.3D:Flow field after 9 days

Summary:

This example cannot be verified. However by compathe flow results, it can
be seen that the flow response is similar to whatutated with transient
calculation. As displacements are set to zero enbiginning of each phase, the
deformation is only due to change in water poresguee in the phase. In the
third phase, heave can be seen which is becausénofg that leads to decrease
suction and consequently to decrease Bishop eftectiress. Results from
PLAXIS 2D and 3D are similar.
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9.6 Case CAG6: Rapid draw down

This example concerns the stability of a resergam under conditions of drawn
down. Fast reduction of the reservoir level mayllgainstability of the dam due
to high pore water pressures that remain insidedds®. To analyse such a
situation using the finite element method, a codipfeow — deformation

calculation is required. This example demonstrabesv coupled flow —

deformation analysis and stability analysis carerattively be performed in
PLAXIS.

Input:

The dam to be considered is 30 m high and the wgdils7.5 m at the base and 5
m at the top. The dam consists of a clay core aitvell graded fill to both sides.

The geometry of the dam is depicted in Fig. CA6e Tibrmal water level behind

the dam is 25 m high. A situation is considered ightbe water level drops to

only 5 m. The normal phreatic level at the righhdhaside of the dam is 10 m

below ground surface.

77.5m 5m 90 m

255 | fium [30

A B A s
e i i i it PP S
LA L7
L L T PP PP PP PP PP P PP PP PP PP P PP PP PP PP PPl

///////////.o"////////////////'////////////46{.W/////////////////////////////.-’/////////////
A i i d i r A ey
P S R

Fig. CA6.1: Geometry of the dam

The sub-soil consists of overconsolidated siltydsamhe data of the dam
materials and the sub-soil are given in Table CA6.1

Geometry Model:

The situation can be modelled with a geometry madethich the sub-soil is
modelled to a depth of 30 m. The left hand boundary be taken 50 m left of
the dam toe and the right hand boundary can bentdké m right of the other
dam toe. The proposed geometry model is presentedjure CA6.2 for both 2D
and 3D calculations. For 3D calculations the widtithe geometry is taken 50
m.
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. CA6.2.2D:Geometry and finite element mesh of the dam anessiib
(PLAXIS 2D — 6 noded elements)
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Fig. CA6.2.3D: Geometry and finite element mesh of the dam anessilb
(PLAXIS 3D)

The calculation consists of nine phases. In thst fihase the dam is constructed.
In the second phase the reservoir is filled upnding the water level to the
standard level of 25m. For this situation the wapeessure distribution is
calculated using a steady-state groundwater floWutation. The third and
fourth phase both start from this standard sitmatice. a dam with a reservoir
level at 25 m) and the water level is lowered tm.5A distinction is made in the
time interval at which this is done (i.e. differeapeeds of water level reduction;
rapid drawdown and slow drawdown). In both cases wWmater pressure
distribution is calculated using a coupled flow efatmation calculation. The
fifth calculation phase also starts from the secphdse and considers the long-
term behaviour of the dam at the low reservoir ll@fe5 m, which involves a
steady-state groundwater flow calculation to caltlthe water pressure
distribution.
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Finally, for all four water pressure situations thafety factor of the dam is
calculated by means of phi-c reduction. This letadthe following cases being
considered:

« water level remains at 25m.

« water level drops quickly from 25 to 5m.

« water level drops slowly from 25 to 5m.

« water level drops extremely slowly to 5m and remsdirere.

Material properties:

The material data sets of the clay core, the filitenial and the sub-soil are
shown in table CA6.1.

Tab. CA6.1: Dam and soil properties (Mohr-Coulomb model)

Parameter Symbol Core Fill Sub-soll Unit
Material model Model Mohr-Coulomb  Mohr-Coulomb  Me@ipulomb
Type of behaviour Type Undrained Undrained Undrdine
Unsaturated weight Hinsat 16.0 16.0 17.0 kN/fh
Saturated weight Vet 20.0 20.0 21.0 kN/f
Permeability Ke, Ky, Kz 1.010° 0.25 0.02 m/d
Young's modulus E 8000 20000 50000 kN/m
Poisson's ratio v 0.35 0.33 0.3 -
Cohesion c’ 5.0 5.0 10.0 kN/rh
Friction angle @ 25.0 30.0 32.0 °
Dilatancy angle Y 0.0 0.0 0.0 °
Void ratio €nit 0.5 0.5 0.5
Flow data. set Stanqard Standard Stan-dard

(very fine) (coarse) (Medium)
Lateral earth pressure oK n/a n/a 0.47

Calculation phases:

Phase 1. Steady state groundwater flow calculation.
» Create a closed flow boundary at the bottom ohtioelel
» Generate groundwater head conditions at the otlmelehboundaries by
creating a general water level. The left head nmesat a level of 25 m
above the ground surface and the right boundaayletel of 10 m below
the ground surface.

Phase 2: Gravity loading
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[knv/m?]
200.00

160.00

——1 -160.00
v ——1 -200.00
A —— 24000

Active pore pressures p, . . With suction (Pressure = negative)
Maximum value = 199.2 kN/m2 (Element 529 at Node 2116)
Minimum value = -550.0 kN/m2 (Element 51 at Node 671)

Fig. CA6.3.2D: Steady-state pore pressure for high reservoir i@IeAXIS 2D)

[%]
100.00

Saturation
Maximum value = 100.0 % (Element 1 at Node 746)
Minimum value = 24.45 % (Element 810 at Node 2116)

Fig. CA6.4.2D:Degree of saturation for high reservoir level (PUSXD)
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Groundwater flow | q| (scaled up 200 times)
Maximum value = 0.04923 m/day (Element 979 at Node 2937)
Minimum value = 0.05216*10° m/day (Element 588 at Node 1763)

Fig. CA6.5.2D:Flow field for high reservoir level (PLAXIS 2D)

Active pore pressures p, ;v With suction (Pressure = negative)
Maximum value = 215.2 kN/m2 (Element 6030 at Node 14947)
Minimum value = -550.0 kN/m2 (Element 966 at Node 1017)

Fig. CA6.3.3D: Steady-state pore pressure for high reservoir RieAXIS 3D)
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Saturation

Maximum value = 100.0 % (Element 1 at Node 15773)

Minimum value = 17.23 % (Element 6571 at Node 15416)

Fig. CA6.4.3D:Degree of saturation for high reservoir level (PUSX3D)

Groundwater flow | q| (logarithmically scaled up 160 times)
Maximum value = 0.1351 m/day (Element 7806 at Node 25269)
Minimum value = 4.665*10° m/day (Element 6318 at Node 31222)

Fig. CA6.5.3D:Flow field for high reservoir level (PLAXIS 2D)

Phase 3: Rapid drawdown:

In this phase rapid drawdown of the reservoir leseonsidered.

« In theParameterstab, selecReset displacements to zero and set th&.oading
input to Stage construction. Enter a value of 5 days for thane interval.

Figure CA6.4 shows active pore pressures. It carsden that, although the
reservoir level has dropped down to 5 m, therestilehigh pore pressures in the
dam, especially in the clay core. Other outputaimay be used to view the
groundwater head, the degree of saturation anfldhefield. The development
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of various quantities in time may be viewed usihg Animation option or the
Curves option in the view menu.
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= -280.00

-320.00

-360.00

-400.00

-440.00

-480.00

Active pore pressures p,;ive With suction (Pressure = negative)
Maximum value = 196.0 kN/m? (Element 810 at Node 2083)
Minimum value = -441.6 kN/m? (Element 322 at Node 556)

Fig. CA6.6.2D:Active pore pressure after rapid drawdown (PLAX) 2

Saturation
Maximum value = 100.0 % (Element 1 at Node 746)
Minimum value = 24.49 % (Element 810 at Node 2116)

Fig. CA6.7.2D:Degree of saturation after rapid drawdown (PLAX) 2
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Groundwater flow | q| (scaled up 50.0 times)
Maximum value = 0.1058 m/day (Element 515 at Node 1543)
Minimum value = 0.07596*10°® m/day (Element 620 at Node 1859)

Fig. CA6.8.2D:Flow field after rapid drawdown (PLAXIS 2D)
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z E -320.00
K -360.00
-400.00

-440.00

Active pore pressures p, ;v With suction (Pressure = negative)
Maximum value = 217.1 kN/m2 (Element 6028 at Node 13751)
Minimum value = -437.5 kN/m? (Element 1010 at Node 4410)

Fig. CA6.6.3D:Active pore pressure after rapid drawdown (PLAX 3
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Maximum value = 100.0 % (Element 1 at Node 15773)

Saturation
Minimum value = 17.15 % (Element 6571 at Node 15416)

Fig. CA6.7.3D:Degree of saturation after rapid drawdown (PLAXE) 3

Groundwater flow | q| (scaled up 50.0 times)
Maximum value = 0.1422 m/day (Element 7806 at Node 40341)
Minimum value = 3.434*10™° m/day (Element 10086 at Node 31222)

Fig. CA6.8.3D:Flow field after rapid drawdown (PLAXIS 3D)

Phase 3. Slow drawdown:

In this phase slow draw down of the reservoir les&onsidered.

» Set theSart from phase parameter to Phase 1.

« In theParameterstab, selecReset displacements to zero and set thé.oading
input to Stage construction. Enter a value of 50 days for theme interval.

Figure CA6.5 shows active pore pressures.
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Active pore pressures p,;ive With suction (Pressure = negative)
Maximum value = 197.9 kN/m2 (Element 529 at Node 2116)
Minimum value = -401.9 kN/m2 (Element 360 at Node 558)

Fig. CA6.9.2D:Active pore pressure after slow drawdown (PLAXIS)2D

[%]
100.00

—— 4000
—— 3500
* 30.00

Saturation
Maximum value = 100.0 % (Element 1 at Node 746)
Minimum value = 24.49 % (Element 810 at Node 2116)

Fig. CA6.10.2D:Degree of saturation after slow drawdown (PLAXIS)2D
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Groundwater flow | q| (scaled up 50.0 times)
Maximum value = 0.09537 m/day (Element 515 at Node 1543)
Minimum value = 0.05141*10° m/day (Element 588 at Node 1763)

Fig. CA6.11.2D:Flow field after slow drawdown (PLAXIS 2D)
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K -360.00
-400.00
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-440.00

Fig. CA6.9.3D:Active pore pressure after slow drawdown (PLAXIS)3D

Active pore pressures p, ;v With suction (Pressure = negative)
Maximum value = 217.6 kN/m2 (Element 7685 at Node 13708)
Minimum value = -404.2 kN/m2 (Element 1266 at Node 4540)
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[%]
100.00

Saturation
Maximum value = 100.0 % (Element 1 at Node 15773)
Minimum value = 16.80 % (Element 6571 at Node 15416)

Fig. CA6.10.3D:Degree of saturation after slow drawdown (PLAXIS)3D

Groundwater flow | q| (scaled up 50.0 times)
Maximum value = 0.1381 m/day (Element 7736 at Node 40341)
Minimum value = 4.208*107° m/day (Element 10086 at Node 30942)

Fig. CA6.11.3D:Flow field after slow drawdown (PLAXIS 3D)

Phase 4. Steady state calculation:
This phase considers the steady-state situatiala# reservoir level.

» Set theSart from phase parameter to Phase 1.

* In the staged construction mode, switch to the mwatnditions mode.
Generate proper boundary conditions for a steaamtg-sgroundwater flow
calculation in the following way:

» Make sure that the bottom of the model is stilselo.
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 Generate groundwater head conditions at the othmiemboundaries by
creating a new general water level. The very lelt sit a level of 5 m above
the ground surface and the right boundary at d &v&0 m below the ground
surface.

[k/m?]
320.00

280.00
240.00
200.00
160.00

120.00

v
S — —— -s0.00
—— -120.00

x

=1 -160.00

-200.00

~240.00

-280.00

-320.00

-360.00

Active pore pressures p, ;v With suction (Pressure = negative)
Maximum value = 305.6 kN/m2 (Element 529 at Node 2116)
Minimum value = -350.0 kN/m2 (Element 51 at Node 671)

Fig. CA6.12.2D:Steady-state pore pressure for low reservoir IREAXIS 2D)

[%]
100.00

Y
—— 40.00

= 35.00

X 30.00

Saturation
Maximum value = 100.0 % (Element 1 at Node 746)
Minimum value = 21.74 % (Element 810 at Node 2116)

Fig. CA6.13.2D:Degree of saturation for low reservoir level (PLAX2D)
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Groundwater flow | q| (scaled up 500 times)
Maximum value = 9.682%107 m/day (Element 520 at Node 1559)

Minimum value = 0.5267*10° m/day (Element 582 at Node 1746)

Fig. CA6.14.2D:Flow field for low reservoir level (PLAXIS 2D)
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Fig. CA6.12.3D:Steady-state pore pressure for low reservoir I6REAXIS 3D)

Active pore pressures p, ;v With suction (Pressure = negative)
Maximum value = 306.4 kN/m2 (Element 6030 at Node 14947)
Minimum value = -350.0 kN/m2 (Element 966 at Node 507)
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Saturation

Maximum value = 100.0 % (Element 2 at Node 16539)

Minimum value = 21.71 % (Element 6021 at Node 14344)

Fig. CA6.13.3D:Degree of saturation for low reservoir level (PLAXBD)

Maximum value = 0.01184 m/day (Element 8883 at Node 40339)

Groundwater flow | q| (scaled up 500 times)
Minimum value = 0.08550*107° m/day (Element 10085 at Node 35530)

Fig. CA6.14.3D:Flow field for low reservoir level (PLAXIS 3D)

Phase 5 to 8: Stability calculations:

In Phases 5 to 8 stability calculations are defirfled the phases 1 to 4
respectively. Therefore, select the correspondimgse in thetart from phase
parameter and set the Calculation typd ho-c reduction. In the Parameter tab
set the number of additional steps to 50 and sB¥eset displacement to zero.
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Output:

The results of the four groundwater flow calculaan terms of pore pressure

distribution have been shown in previous figuresurHdifferent situations were
considered:

1. The steady-state situation with a high (standaesgnvoir level.

2. The coupled analysis after rapid drawdown of tlsemeoir level.
3. The coupled analysis after slow drawdown of themesr level.
4. The steady-state situation with a low reservoielev

When the change of pore pressure is taken intouatcm a deformation
analysis, some additional deformation of the dathaecur. These deformations
and the effective stress distribution can be viewedhe basis of the results of
phases 1 to 4. Here, attention is focused on thatian of the safety factor of
the dam for the different situations. Thereforeg thevelopment okMsf is
plotted for the phases 5 to 8 as a function ofdisplacement of the dam crest
point (see Fig. CA6.15.2D and CA6.15.3D).

7
77
NI — -
7
/]

IMsf[]
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—— Slow drawdown

—+—— At low reservior (With suction)
—&— At low reservior (Without suction)
—=e— At high reservior

1 1:| PLAXIS 2D ||

| |
’ ! !
01 02 0.3 04 0L

lu] [m]

Fig. CA6.15.2D:Safety factors for different situations (PLAXIS 2D)
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Fig. CA6.15.3D:Safety factors for different situations (PLAXIS 3D)

ummary:

Rapid drawdown of a reservoir level can reduce s¢&bility of a dam
significantly. It follows from Figure CA6.6 that g suction and Bishop stress
may increase factor of safety significantly. It Haeen shown that if Terzaghi
stress without suction is used, factor of safetgase of reservoir at low level is
around 1.6 while this factor is 2.0 if Bishop strés utilised. It should be noted
that the difference between these two factors f@tgas mainly dependent on the
soil water characteristic curve used for the sojelrs. As seen in Figures CA6.12
and CA6.13 (both 2D and 3D) the minimum degreeabfirsition in the core is
around 60% and the maximum suction is around 3Q0WRich means that in
case of Bishop stress, the effective stress in Bwy®r is about 180 kPa
(300kPax0.60) more than the corresponding Terzagkiss. This additional
stress makes the embankment more stable. It followra the formulation of
Bishop stress (degree of saturation is used irfdiraulation) that the factor of
safety might be significantly dependent on the SW(i{sed for the unsaturated
soil layers.

In the following groundwater flow results of Plarkl are given:
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9.7 Conclusions

Results of 5 coupled flow — deformation analysed ane gravity loading with
Bishop stress, solved by the new PLAXIS 2D and &inkls, are shown in this
chapter. Some of them have been verified agairady@cal solution.

The following features have been tested:

1. Boundary conditions. All boundary conditions have been tested in the
chapters of groundwater flow. However, seepage tayncondition,
inflow, precipitation are tested here.

2. Bishop stress. Bishop effective stress has been tested in thipteha
and it has been shown that PLAXIS is capable ofutating Bishop
effective stress.

3. One dimensional consolidation. Results of one-dimensional
consolidation are very close to the analytical ones

4. Safety factor with suction. It has been shown that if Bishop stress is
used, the factor of safety might be higher thanfédwotor of safety if
Terzaghi stress without suction is usé&ar practical application,
this should be changed and suction should not be msidered in
phi/c reduction! For transient from Bishop to Terzaghi, a nil phase
may be needed because of the out of balance force.
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10 Verification of unsatur ated soil model

In this chapter two examples are presented to shewapability of the proposed
formulations, which consists of the fully couplddvw-deformation analysis and
the unsaturated soil model. At first some uncoupiednerical element tests
using the Barcelona Basic Model are performed &eth the capability of the
coupled analysis and its algorithm is shown by miraésimulation of a footing

problem.



236 10 Verification of unsaturated soil model

10.1 Case USM 1: Drained compression triaxial tests at
different suctions

An example presented by Sheng et al. (2003) is tessldow the capability of the
constitutive soil model to simulate mechanical véhiar of unsaturated soils. As
the unsaturated model used in the calculation igh@same as the model used
by Sheng et al. (2003), the material data are redéld. The material data are
given in Table USML1.

To perform the test, the initially saturated seiisotropically compressed to -24
kPa and unloaded to -20 kPa to produce an overtdasal soil with OCR of
1.2, (point A in Figure USM1.1). Then suction Isvely increased such that the
total axial and radial stresses are kept at 20 kiant B in Figure USM1.1).
Three different values are applied for suction, elgn®, 100 and 200 kPa. After
applying the suction, the axial stress is increageder undrained conditions
(point C in Figure USM1.1). At this stage, the totanfining stress and the
suction are kept constant.

Results:

Figures USM1.2 to USML1.5 show the predicted cufeesdifferent amount of
suction calculated with Plaxis 2D. The correspogdmesults provided by
Gonzalez & Gens (2008) and Sheng et al. (2003) shokigures USM1.6 To
USM1.11.

Tab. USM1.1: Material properties used for triaxial tests @fSheng et al.,

2003)
Parameter Unit Value
Vv [-] 0.3
K [-] 0.05
Ao [-] 0.25
Ks ['] 0
ks [’] 0
M [ 0.772
€ [] 1.21
P, [kPa] 1.0
P [kPa] 24
r [kPa] 0.75
B [kPa’] 0.012
Oa [m™] 1.0
On ['] 0.5
9c ['] -1.0
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Fig. USM 1.1: Stress path in triaxial compression test (Afterrhet al, 2003)
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Fig. USM 1.2: Shear stress versus axial strain for differentisagPlaxis)
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Fig. USM 1.10: Shear stress versus axial strain for differentisn¢Sheng et al.,
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Fig. USM 1.11: a) Suction versus mean effective stig'sd) suction versus
deviatoric stress; c) stress path ip -q space; d) specific volume
versus mean effective strggs(Sheng et al., 2003)

It follows from the figures that by increasing thection, the deviatoric stress
increases. The corresponding stress paths in #dmepp-q are shown in Figure
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USML1.2b. It follows from the figure that the strgssths reach the critical state
line at the axial strain 50%.

Summary:

As seen, results from Plaxis are in agreement whth results provided by
Gonzalez & Gens (2008) and Sheng et al. (2003).
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10.2 Case USM 2: Footing problem

In this section numerical simulation of a flexilfteting on a partially saturated
soil which collapses on wetting is presented. Ty toupled flow-deformation
analysis is applied. Figure 3 shows the FE meshthe boundary conditions
used for the analysis. The mesh consists of 57hcted triangular elements
with a fourth order interpolation for displacemeatsl for pore pressures and 12
Gauss points (stress points) for each elementwididn and height of the model
are 10 m and a distributed load with width of 1svapplied on top of the model.
The initial position of phreatic line is at 5 m higThis level will be changed
during drying and wetting processes.

In this example, soil is dried so that the suctieaches 100 kPa at the surface
nodes and then the footing is vertically loadedl®® kPa. After this loading
phase, the soil is imposed to wetting. The top,datl right boundaries are closed
for flow, and drying and wetting are only applidddugh the bottom boundary
by linearly changing the water head in time (inidgyphase, the head reduces
from 5 m to 0 and in wetting phase the head ine®ds 5 m). All phases are
performed slowly in order to maintain drained caiodis (in 1000 days).

The material data of the soil is given in TableF2r initialisation 100 kPa is
assumed for preoverburden pressure (POP).
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Fig. USM 2.1: Geometry and FE mesh used for footing problem



10 Verification of unsaturated soil model 243

The results of the fully coupled flow-deformatiomadysis are shown in Figure 4.
The predicted settlements of the ground surfaceplatted in Figure 4a. Figure
4b shows the amount of suction at the centre ofdabeng. During drying phase
the ground surface settles roughly 9 cm. Applyihg flexible footing (the

distributed load) causes the centre of the foosieigles 13.6 cm. Wetting of the
soil leads to significantly increase the displacetseof the nodes below the
footing while the ground surface at x=10 m settéasl rises a little. The
maximum displacement occurs at the centre of tlwirfg, 17 cm. Figure 5
shows the deformed mesh after the loading andvgepinases.

Tab. USM2.: Material properties used for triaxial tests @fSheng et al.,

2003)
Parameter Unit Value
Yeat [KN/m?] 18.0
Very [kN/m?] 16.0
ke & K, [m/day] 0.086
% [] 0.3
K [-] 0.02
Ao [-] 0.20
Ks [-] 0
ks [-] 0
M [] 0.984
€ [-] 1.17
P, [kPa] 1.0
P [kPa] 1.0
r [kPa] 0.70
B [kPa'] 0.012
Oa [m™] 1.0
On [-] 0.5
o8 [-] -1.0
g [-] 0.0
time (day) time (day)
0 1000 2000 3000 0 1000 2000 3000
0 : ] 120 ; :
drying loading wetting 100 | [ i loading wetting
_. 0054 --------------------------- --------------------------- _ 5 :
E 5 : g 80
045 e B e TN ; ;
oo s T S—
a) x¥0 (centre) b) : i
-0.2 : : 0

Fig. USM 2.2: Footing problem: a) Settlement of the ground swfacime; b)
Variation of suction at the centre of the footing
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10.3 Conclusions

Results of one plastic calculation and one coufiled — deformation analysis
using unsaturated soil model (Barcelona Basic Modelved by the new Plaxis
2D kernel are shown in this chapter. The former bags been verified against
numerical results provided by Gonzalez & Gens (2@0®8 Sheng et al. (2003).

The following features have been tested:

1. Effect of suction The effect of suction has been investigated by
numerical modelling of drained triaxial tests. Asown, results are
very similar to the results of Gonzalez & Gens @08nd Sheng et al.
(2003).

2. Drying and wetting:Drying and wetting have been tested in the
footing problem. It can be seen that the mode&asable of simulating
collapse upon wetting.

3. Different calculation typesThe model has been tested with both
plastic and fully coupled flow-deformation analyses
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11Undrained analysisin PLAXIS

Numerical modelling of undrained response of saits used in PLAXIS is
described here. New features have been added toXFLAhat may affect
“undrained analysis” of solil, such as the new featonsidered for unsaturated
soil modelling. The main difference between the reaw the previous versions
of PLAXIS is using Bishop stress in tlaglvanced mode (to describe partially
saturated behaviour of soils) and changing wateditions (as groundwater flow
calculation has been integrated in the calculatkennel the resulting pore
pressures might be input pore pressures for theptase).

Before describing the numerical modelling of undeai behaviour, the
calculation modes in the new version of PLAXIS dddue defined.

11.1 Calculation modes

Three modes have been implemented in PLAXIS whichbkes the user to
perform particular types of calculations. The cltians modes are as follows:

1. Classical mode: This mode uses Terzaghi’'s stress and is verylairno
the old PLAXIS. The idea is to offer a mode in whild projects can be
modelled. Pore pressures are divided into steaalg €tnd excess pore
pressures. Steady state pore pressures are injati.éa generated based
on phreatic levels or groundwater flow. Excess ppressures are
generated during plastic or consolidation calcategi The weight of soil
is calculated according to the position of the phicelevel. Saturated
weight of soil K is utilised for below the phreatic level and unsated
weight of soily,.s: for above the phreatic level.

The types of calculations which can be done inrnisle are:
» Plastic undrained
» Plastic drained
» Consolidation based on Excess Pore Pressure (EPP)
* Dynamics
* Free vibration
* Phi/C reduction

2. Advanced mode: This mode uses Bishop’s stress and is suitabte fo
calculating unsaturated response of soils and édiopming fully coupled
hydro-mechanical behaviour of soils. Bishop’s striesdefined by:

o=¢+m(xp,) 1)

X is an effective stress parameter called matricicuaoefficient and
varies from 0 to 1 covering the range from dry tdlyf saturated
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conditions. The matric suction coefficient is generally determined
experimentally. This parameter depends on the degfesaturation,
porosity and on the matric suctiop, (~ pw). In the current version of
PLAXIS, this parameter is assumed to be equaldcetfective saturation,
ie.:

=0+ m(Se pw)

(2)

in which S, is the effective saturation which is a functiontloeé suction
pore pressure. This relationship (i.e. relatiowleein degree of saturation
and suction) is known as Soil Water Characteri§iierve (SWCC).
PLAXIS uses, Van Genuchten, simplified Van Genuchtnd user
defined relationships. It follows from the abovatements that in the
partially saturated zone, effective stresses magngé by changing
SWCC parameters. This causes that the results thheradvanced mode
are different from theclassical mode, if the user calculates the same
example in the above mentioned modes.

To calculate the weight of soil, the following fauta is utilised to
calculate the weight of soil:

y = (1_ Se)yunmt + Seywet (3)

The types of calculations which can be done inrnisle are as follows:
* Plastic undrained
» Plastic drained
» Consolidation based on Total Pore Pressure (TPP)
* Dynamics
» Free vibration
* Phi/C reduction

3. Flow mode: This mode is for calculating pure groundwaterwflo
calculations.

The types of calculations in this mode are:
» Steady state groundwater flow
» Transient groundwater flow

11.2 Undrained and drained behaviour

To generate proper excess pore water pressure gdéanced mode of PLAXIS,
different bulk moduli of water are used dependinglee type of material and on
the type of calculation. In the following those essire discussed.

During the undrained analysis, the changes in poater pressuredp, is
calculated based on the equivalent bulk modulysoé fluid according to:



11 Undrained analysis in PLAXIS 249

de = Ke mgvol (4)

K is the equivalent bulk modulus of pore fluid asdierived from:

K :&:KU—K':Z[G(

e = 3 ()

1+v, 1+
1-2v, 1-2'

where K, and K" denote the undrained and drained bulk moduli of $bé
respectivelyG is the elastic shear modulus, is the drained Poisson’s ratio and
V, is the undrained Poissontsis porosity of the soil.

In PLAXIS, it is possible to use effective parametir undrained calculations.
The undrained elastic moduli of soil can be reladhe effective parameters
according to

E, =2G(1+v,) (6.1)
—_ EU
Ky - (6.2)
(l_VU)EU

(6.3)

E =
-, )ty

in which

_ V' +u(i+y)

Yo T Teoultev) (7)

with
p=t 8)

) (9

Eq. (7) shows the relationship between the unddaiReisson’s ratio, the
effective Poisson’s ratio, the bulk modulus of wathe bulk modulus of soil

skeleton and porosity of the soil. It follows foleq. (7) that if water is assumed
to be incompressibleK(—»), then {,—0.5) which leads to singularity of
stiffness matrix. Therefore it is assumegdto be 0.495 for fully saturated. In
reality, the bulk modulus of water is very largeyt mot infinite. The bulk

modulus of pure water (without bubbles of airkfs, =2x10 kPa).

The generation of excess pore water pressure catuldéed by means of the
SkemptonB-parameter which is defined as the ratio of exqes® water pore
pressure increment to the mean total stress inecreme
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dp

By substituting (4) into (10), we have

— KWd‘gvol

B 1j1
n [dp
and the mean total stress is
dp =K,dg,, 12}
wherekK, is the undrained bulk modulus of soil which carob&ined from
- 2G(1+v,) (13)
31-2v,)

By substituting (13) and (5) in (11) the Skemptparameter as a function of
the undrained Poisson’s ratio (or the undrainedggeni’s ratio as a function of
the SkemptomB-parameter) can be obtained:

_ Ky, (+v)i-2v)
5= K, -1 (1+v,)1-2v) (14)
or
W' +B@-2v)
" 3-Bl-2v) (13)

As seenpB varies between 1 (for fully saturated conditioasyl O (for fully dry
condition) whernv=0.5 andv,=Vv’, respectively. Experimental data show that the
parameteB decreases by decreasing the degree of satur&iiguré 1).

In the advanced mode of PLAXIS, the value of Skemist B-parameter is
unknown but the degree of saturation is known. &twee the bulk modulus of
water is estimated from:

unsat Kv?tKajr

W = (16)
S<ajr + (1_ S)Kvsv"jlt

in which K, is the bulk modulus of air which is about 100 kBader

atmospheric pressure. In PLAXIS, it is assumed fhafair pore pressure) is
equal to O for practical application and therefareartificial and small value (1
kPa) is used for the bulk modulus of &, andK,"™" are bulk moduli of
water in saturated and unsaturated conditions eotisely. K, is calculated
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based orv, which is equal to 0.495 when the standard setsngeing used.
PLAXIS always checks the value K™ to ensure that,™ is less than the bulk
modulus of pure wateK(,’=2x10).

1.0

1 T T T L] T
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Fig. 1. Skempton'B-parameter versus degree of saturation

In the following the above mentioned relationshgre reviewed in different
modes.

11.3 Classical mode

In the classical mode of PLAXIS, it is assumed that degree of saturation is 1
when solil is undrained and is 0 when soil is drdiimeall types of calculation
excepting in the consolidation type of calculatithereforeK, is eitherk,/n or 0.
Thus when the material is undrainéd,is K,,/n for plastic undrained an, is O
for plastic drained. In consolidation type of cd&tion, all materials are assumed
to be fully saturated and the bulk modulus of wéaeralculated according to Eq.
(5) for drained and undrained types of materiatsthis case, the mechanical
behaviour of soil is mainly governed by the pernil@giof layers. Therefore, if
the user needs to reduce the bulk modulus of watarlayer, which is the case
for considering partially saturated soils (degrésaturation less than 1), the user
needs to lower Skempton&-parameter (Eq 15) in the respective layer. This is
one of the main differences between the new kexnelthe previous one (version
9.0). Because in the old kernel, the bulk modulusater for drained materials is
assumed to be 10% of the bulk modulus of watehefundrained material.

For the newly activated cluster, due to the faat the solil is not fully saturated,
the bulk modulus of water is neglected to avoidegation of excess water pore
pressure.
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Tables 1 shows the summary of the bulk moduli ofewaised in the classical
mode of PLAXIS. As seen, in this mode, the safpas utilised for below and
above the phreatic level. This means that, in tasle, it is possible to generate
high excess pore water pressure in the area wbees mount of water exists.

11.4 Advanced mode

In the advanced modk,, is reduced in partially saturated zones accortbrigg.
(16). This reduction is done for undrained materialthe undrained calculations.
However, it is possible to reduce the bulk modubfswater by reducing
SkemptonB-parameter in the material database according tqXE). Therefore
K, is not always based an=0.495.

Since the degree of saturation depends on the d@mbagtive pore pressures, all
undrained calculations are suction dependent aekfitre the global stiffness
matrix has to be updated in the beginning of eaal ktep.

Eq. (17) shows the finite element formulation oé ttonsolidation used in the
advanced mode.

K Q 1™ av o o 1 [y Af,

- = = ot T (17)

c -S AEW 0 AtH EIW At§+At(q_p+aAq_p)

with
S =(S+aAtH) (17.1)
H=[(@ON)T Kt = (o) av (17.2)
DA o
s=[N' (”—S—nﬁjudv (17.3)
B V_ KW dpw o
G=-[(ON) Ko k= p, gav 7()
\% o yw o -
q,=[N'g, ds (17.5)
T
K=[B'MBav (17.6)
\%
)

Q=SB mNdv (17.7)
p—t V - —

(17.8)
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Af,=[N'Abav + [N'AtdS (17.9)
\Y r

The bulk modulus of water appears in Eq (17.3).eHtgre bulk modulus of water
is not reduced because the saturation is involaetthe matrixS. Therefore, for
partially saturated zones, the storage is reduamdrding to the degree of
saturation.

Similar to the classical mode, the bulk modulusvafer is decreased in all types
of calculations for materials which are just swédlon to decrease the generation
of excess water pore pressure.

Tables 2 shows the summary of the bulk moduli ofewased in the advanced
mode of PLAXIS.

11.5 Flow mode

In the flow modeK,, is only reduced in the transient type of calcolatfor the

materials just switched on to prevent flow in thatemial which is almost dry.
Similar to the other modes the bulk modulus of waten be modified by
changing SkemptoB-parameter in the material database according toHxj.

ThereforeK,,™ is not always based a=0.495.

Tables 3 shows the summary of the bulk moduli ofewased in the flow mode
of PLAXIS.
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Tab. 1: Bulk modulus of water in the classical mode

Classical mode

Plastic
(drained)

Plastic (undrained) Consolidation

Type of
material

Safety of
dynamics
(drained)

Safety or dynamics (undraine

Undrained

(below and

+ I
“bove K, =0 KW:ZBB 1+v, _1+|/’
phreatic 3 1- 2Vu 1-2v

level)

K _2[G( 1+y, 1+V'
o3 \1~w, 1-

K _2[G( 1+y, 1+V'
Yoo 3 1w, 1-2v

Drained

(below and 1+ '
bove K, =0 K, =0 KW:ZEB( V, _1+V'j
phreatic 3 1- 2|/u 1-2v

level)

Material
just
switched
on K =0 K =0 K :285[1+vu_1+v

1-2v, 1-2

(below and W W w 3
above

phreatic
level)

j Mx107®

Not relevant.

Not relevant.

Non-
porousor | K, =0 K,=0 K,=0
dry cluster
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Tab. 2: Bulk modulus of water in the advanced mode

Advanced mode

Plastic Plastic (undrained) Consolidation Safety prSafety or dynamics (undraineg
Type of (drained) dynamics
material (drained)
Undrained | . _ ket = 206 14y, 1+ ke = 206 14y, 1+ K =0 | k= =281y, 1+V
(Pw<=0) " 3 -, 1- 3 -, 1- " o3 -, 1-v
Undrained K =0 unsat _ K\A?IKajr Kt = 2[G 1+Vu _ 1+V' K =0 unsat _ KvsvatKajr
(Pv>0) " YK, +A-S)KE " 3 \1-2v, 1-2 " " K, tA-9)K
Drained | '-g K, =0 e = 26 1y, 1+v K, =0 K, =0
(Pw<=0) " " " 3 \1-2v, 1-2 " "
Drained | ¢ "~ K, =0 Ko =26 11V, 1+V K, =0 K, =0
(Pv>0) " " " 3 \1-2v, 1-2 " "
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Material
just
switched
on
(below
and
above
phreatic
level)

K, =(K2)1x107®

Not
relevant.

Not relevant.

Non-
porous or
dry
cluster
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Tab. 3: Bulk modulus of water in flow mode
Flow mode
, Steady state Transient
Type of material
Undrained K = 2[G( 1+y, 1+V' Kt = 2[G( 1+v, 1+V'
(Pw<=0) o3 1-w, 1-2 "3 -, 1-
Undrained K = 2[G( 1+y, 1+V' Kt = 2[G( 1+v, 1+
(Pw>0) "3 -, 1- 3 1-w, 1-v
Drained K = 2[G( 1+y,  1+V' Kt = 2[G( 1+v, 1+V'
(Pw<=0) o3 1-w, 1-2 Y3 1-w, 1-
Drained K = 2[G( 1+y, 1+V' Kt = 2[G( 1+v, 1+V'
(Pv>0) o3 1-w, 1-2 "3 1, 1-
Material just switched on 2[G( 1+v, 1+ v st 5
(below and above phreatic level) Ku = 3 1-2v, 1-2 K= (KW )ELX10
Non-porous or dry cluster K, =0 K, =0
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11.6 Examples

In this section one example has been chosen to s#ftects of the new
formulation in generating excess water pore pressur the advanced mode. It is
attempted to show how the Soil Water CharacterGtiove affects the undrained
behaviour of soil.

Figure 2 shows the geometry of the problem which m wide and 2 m high.
The initial phreatic level is at 1 m high. This exale is performed in two phases
as follows:

1. Phase 0: Gravity loading
2. Phase 1. Activating a distributed load of 10 kPa on toptle¢ model and
doing plastic analysis

T
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Fig. 2. Geometry and finite element model of the problem

Three cases are studied here, namely fully sathitsbaviour, partially saturated
behaviour by usingoarse material and partially saturated behaviour by gisin
fine material. The termsoarse and fine are defined according to the similar
names used in the upper soildyjpres series, Table 3.1, PlaxFlow manual.

The mechanical and hydraulic properties of the rmageare given in Tables 4 to
6. As the Van Genuchten paramegers not used in these calculations, because
this parameter is related to the relative permagtk} which is not the case in
this example, it is not reported in the tables.

Tab.4: Input data (fully saturated behaviour)
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Description Symbol Unit Value
Elastic modulus e [KN/m?] 1000
Poisson’s ratio vV [-] 0

initial void ratio Enit [-] 0.50
Water weight K [KN/m®] 10.0
Soil weight (sat) Vet [kN/m?] 20.0
Soil weight (dry) Winsat [kN/m?] 20.0

Tab.5: Input data (partially saturated behaviour-coarsgenmal)
Description Symbol Unit Value
Elastic modulus e [KN/m?] 1000
Poisson’s ratio vV [-] 0
initial void ratio Einit [-] 0.50
Van Genuchten On [-] 1.3774
Van Genuchten Oa [m™] 3.830
Water weight K [KN/m?] 10.0
Soil weight (sat) Vet [KN/m?] 20.0
Soil weight (dry) Winsat [KN/m?] 20.0

Tab. 6:

Input data (partially saturated behaviour-fine eniai)
Description Symbol Unit Value
Elastic modulus e [KN/m?] 1000
Poisson’s ratio vV [-] 0
initial void ratio Einit [-] 0.50
Van Genuchten On [-] 1.1012
Van Genuchten Oa [m 3.670
Water weight K [kN/m?] 10.0
Soil weight (sat) Vet [kN/m?] 20.0
Soil weight (dry) Winsat [KN/m®] 20.0

11.7 Case 1: Fully saturated behaviour

Figure 3 shows the results of the initial phase.tilis example is done in the
advanced mode, Bishop’s stress is used (Eq. 2antbe seen, the results are in
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agreement with Eq. (2). It should be noted thathis example, everywhere is
fully saturated $=1.0).

Iy

= =

Cartesian total stress . (scaled up 0.0160 times) ~ Cartesian effective stress ', (scaled up 0.0160 times)  * Pactive with suction (scaled up 0.0400 times)

i - 2

Maximum Value = -0.1247*10% kN/m? Maximum Value = -10.00 kN/m? Maximum Value = 10.00 kN/m
. _ 2

Minimum Value = -40.00 kN/m? Minimum Value = -30.00 kN/m? Minimum Value = -10.00 kN/m

Fig. 3: Results after the initial phase for fully saturatail: left) vertical total
stress; middle) vertical effective stress; rigltfivee pore pressure

The external load is applied in phase 1 which dis&ributed load of 10 kPa on
top of the model. As the material is defined asraimed, this causes to generate
excess pore pressure. Eg. 16 is used for calcgldim bulk modulus of water. It
follows from this equation wheB=1 theK,”® = K, 2. Therefore, there is no
distinction between below and above the phreatrelleThe bulk modulus of
water in this example K=K, /n = 49.5e3 kPa (Eq. 5).

Figure 4 shows the results of phase 1. By appl{i@ddPa on top of the model,
the vertical total stress increases by 10 kPa geated. From the undrained
elastic moduli (Egs. 6), it can be found that Byg ,=50499.99 kPa and therefore
Aey:A‘s‘\,:O.198><1O3 andPes=9.802 kPa (Figure 5). The difference between the
total stress and the excess pore pressure is aoldeel effective stress (10 -9.802
= 0.2 kPa). As seen, the results are the sameaddiaal solution.
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‘ L= L=

L

Cartesian total stress Cyy (scaled up 5.00*10™" times) Cartesian effective stress n"w (scaled up 5.00*10™ times) Pactive With suction (scaled up 0.0100 times)
Maximurn Value = -10.00 kN/m? Maximum Value = -10.20 kN/m? M Value - 01980 i
) Minimum Value = -19.80 kN/m
Minimum Value = -50.00 kN/m? Minimum Value = -30.20 kN/m?

Fig. 4: Results after the phase 1 for fully saturated $eit) vertical total stress;
middle) vertical effective stress; right) activer@@ressure
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Excess pore pressures p,, ..., (Pressure = negative)
Maximum Value = -9.802 kN/m? (Element 352 at Node 966)
Minimum Value = -9.802 kN/m?2 (Element 267 at Node 903)

Fig. 5: Excess water pore pressure after the phase llfpisaturated soil
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11.8 Case 2 and 3: Unsaturated behaviour - coar se and
fine materials

In case of unsaturated behaviour, as the behawsogoverned by the SWCC
parameters, here two different types of materialaralysed, namely coarse and
fine materials. The mechanical and hydraulic propgican be found in Tables 5
and 6. Usually, the degree of saturation is degrdaster with increasing suction
in coarse material and therefore less excess pogssyre is expected in
unsaturated area.

First of all, results of each case are provided theeh the results are compared
with each other. Figure 6 shows the stresses atidkagater pore pressures at
the end of the initial phase (gravity loading). Bishop stress is used, to explain
how the effective stresses are calculated, degrsataration is needed (Eq. 2)
which is plotted in Figure 7.

= = 1

Cartesian total stress o, (scaled up 0.0120 times) ~Cartesian effective stress o', (scaled up 0.0160 times)  p, . With suction (scaled up 0.0400 times)

Maximum Value = -0.2824*10°3 kN/m? Maximum Value = -6.049 kN/m? Maximum Value = 10.00 kN/m?
Minimum Value = -40.00 kN/m? Minimum Value = -30.00 kN/m? Minimum Value = -10.00 kN/m?

Fig. 6: Results after the initial phase for coarse matele#t) vertical total stress;
middle) vertical effective stress; right) activer@@ressure

Verification:
Bishop stress reads:

6=¢'+m(Sp,) 2)(
As the same weight for dry and saturated soil edughe vertical total stress at
the bottom can be simply calculated by:

6 =hly=-2x20=-40kPa
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The degree of saturation is 1 at the bottom an@®4®.6at the top. Therefore
Bishop’s effective stresses at the top and bottan a

0l = 0y, — S, =0-06049x10= -6.049kPa

op

a—l,)ottom = Opotiom ~ S Epw =-40-1x10=-30.0kPa

It can be seen that the calculated results from XdBAare the same as the
analytical solution.

It should be noted that the degree of saturatiomoislinear in the unsaturated
area and consequently the resulting effective stresnot linear in this area
(Figure 6).

L5

Saturation (scaled up 5.00*1 07 times)

Maximum Value = 100.0 %
Minimum Value = 60.49 %

Fig. 7. Results after the initial phase for coarse mateDabree of saturation

Figure 8 and 9 show the results of the fine mataftar the initial phase. In the
same manner done for the coarse material, thetsesan be verified. As seen in
this case, higher degree of saturation and higfiecteve stresses are generated
in the unsaturated area.
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4 'y I
L —

Cartesian total stress Syy (scaled up 0.0120 times)  Cartesian effective stress q'w (scaled up 0.0160 times)  p,ye With suction (scaled up 0.0400 times)

Maximum Value = -0.2645*10 kN/m? Maximum Value = -8.623 kN/m? Maximum Value = 10.00 kN/m?
Minimum Value = -40.00 kN/m? Minimum Value = -30.00 kN/m? Minimum Value = -10.00 kN/m?

Fig. 8. Results after the initial phase for fine materiaft) vertical total stress;
middle) vertical effective stress; right) activer@@ressure

L5

Saturation (scaled up 5.00110° times)

Maximum Value = 100.0 %

Minimum Value = 86.23 %

Fig. 9: Results after the initial phase for fine materizdigree of saturation

In phase 1, undrained behaviour is assumed ancgoastly excess water pore
pressure is generated. As the bulk modulus of waterght of soil, degree of
saturation and the effective stress are suctionem#gnt, the undrained
calculations are always non-linear in the advanoede even for linear elastic
materials as used in this example.

The total and effective stresses as well as theeapbre pressures of phase 1 in
coarse material are plotted in Figure 10.
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v v v
L, A T
x — > x

Cartesian total stress ¢, (scaled up 0.0100 times) = Cartesian effective stress ¢",, (scaled up 0.0100 times) p, ;.. with suction (scaled up 0.0100 times)

Maximum Value = -10.00 kN/m? Maximum Value = -16.02 kN/m? Maximum Value = 9.924 kN/m?
Minimum Value = -50.00 kN/m2 Minimum Value = -30.20 kN/m? Minimum Value = -19.80 kN/m?2

Fig. 10: Results after the phase 1 for coarse materialy \efttical total stress;
middle) vertical effective stress; right) activer@@ressure

=

EXcess pore pressures p,,..cs (scaled up 0.0100 times) (Pressure = negative)

Maximum Value = -0.07580 kN/m?
Minimum Value = -9.878 kN/m?

Fig. 11: Excess water pore pressure in coarse materia¢ artth of phase 1.

In the same way done in for phase 0, the stressede verified in this phase.
Due to the highly non-linearity behaviour, it idfatiult to verify water excess
pore pressure analytically as done for the satdredse.

In Figure 10, it can be observed that the vertiotl stress on top of the model is
9.968 kPa which slightly less than the analyticdlison, 10 kPa (error = 0.32%).
This difference is due to the non-linearity menéidrabove.
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v
4
\—> x

Saturation (scaled up 4.00107 times)

Maximum Value = 100.0 %

Minimum Value = 60.62 %

Fig. 12: Results after phase 1 for coarse material: Degdrsataration

Results of the fine material at the end of phaaeelplotted in Figures 13-15. By
comparing the results from the coarse and fine madgeit can be seen that more
excess pore pressure (and consequently less effesttess) is developed in the
fine material which is in agreement with reality.

1= e

Cartesian total stress Oyy (scaled up 0.0100 times) Cartesian effective stress s‘w (scaled up 0.0100 times)  p,;ye With suction (scaled up 0.0100 times)

Maximum Value = -10.00 kN/m? Maximum Value = -18.45 kN/m? Maximum Value = 9.785 kN/m?
Minimum Value = -50.00 kN/m? Minimum Value = -30.20 kN/m? Minimum Value = -19.80 kN/m?

Fig. 13: Results after the phase 1 for fine material: |e#)tical total stress;
middle) vertical effective stress; right) activer@@ressure
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=

EXcess pore pressures p,, .. (scaled up 0.0100 times) (Pressure = negative)

Maximum Value = -0.2152 kN/m?
Minimum Value = -9.814 kN/m?

Fig. 14: Excess water pore pressure in fine material agtiteof phase 1.

1

Saturation (scaled up 4.00107 times)

Maximum Value = 100.0 %
Minimum Value = 86.38 %

Fig. 15: Results after phase 1 for fine material: Degregadfiration

The results of the coarse material (effective sirdstal stress, degree of
saturation, active and excess pore pressures veaefil) are plotted in Figures
16-20 and the results of the fine material in FeguR1-25. It can be seen that,
according to the SWCC used in the calculation,eddht effective stresses are
developed in the model. As the degradation of #greke of saturation increases
with increasing suction, effective stress in theatarated zone are increases and
the problem becomes more non-linear (because tpepres of the soil changes
more by changing the suction).
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Cross section

— P(s)0(1)
— P(S) 1(104)

o' [kN/m ]

Wb

02 04 06 08 12

Distance [m]

Fig. 16: Effective stresses at the end of phase 0 (stepdlphase 1 (step 104) in
coarse material

Cross section
— P(S) 0(1)
0 — P(s) 1(104)
-10
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AN
N

s, [kiifm’]
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-40

-50

N
™

14 1

Distance [m]

Fig. 17: Vertical total stress at the end of phase O (sjeandl phase 1 (step 104)
in coarse material
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Cross section

— P(S)0(1)
100 — P(S) 1(104)

Saturation [%]
@
2

e

Distance [m]

Fig. 18: Degree of saturation at the end of phase O (stepd phase 1 (step 104)
in coarse material

Cross section

— P(8)0(1)
10 — P(S) 1(104)

Pactive With suction [kN/m2]
o

=

. T~

0.2 04 0.6 0.8 1.2 14 16
Distance [m]

Fig. 19: Active pore pressure at the end of phase O (stepd phase 1 (step 104)
in coarse material
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Cross section

— P(S)0(1)
\\ — F(S) 1(104)

ercess [KN/mM?]

P,
g
[
o
Lt
L —

0 02 0.4 0.6 058 1 1.2 14 1.6 18 2
Distance [m]

Fig. 20: Excess pore pressure at the end of phase O (stepdlphase 1 (step
104) in coarse material

Cross section

— P(5) 0(1)
— P(S) 1(113)

-20

7}
24 /

o, [kN/m’]

-30

Distance [m]

Fig. 21: Effective stresses at the end of phase 0 (stepdlphase 1 (step 113) in
fine material
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Cross section
— P(S) 0(1)
o — P(S) 1(113)

-20

/]

o, [kNjm ]

30 \
\

-40

-50

Distance [m]

Fig. 22: Vertical total stress at the end of phase 0 (sjeggndl phase 1 (step 113)
in fine material

Cross section

100 /, — Egg %?13)
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. /
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Distance [m]

Fig. 23. Degree of saturation at the end of phase O (stepd phase 1 (step 113)
in fine material
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Cross section

— P(S) 0(1)
10 — P(S) 1(113)

/
/

L/

P 4ctive With suction [kN/mZ]

=3
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02 04 0.6 08 1.2 14 1
Distance [m]

Fig. 24. Active pore pressure at the end of phase O (stepd phase 1 (step 113)
in fine material

Cross section

— P(S) 0(1)
\\\ — P(s) 1(113)

oxcess [N/

2
e
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Distance [m]

Fig. 25: Excess pore pressure at the end of phase O (stapdlphase 1 (step
113) in fine material
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Appendix A

In the following definitions of invariants and first and second derivatives of yield
function and plastic potential used in Barcelona Basic Model are given.

Definitions of invariants
Stress tensor:
Ji] = pdi] +Sij

Volumetric stress tensor:

o. o
=g —L ="k
p=0; 3 3
Deviatoric stress tensor:
Slj =0, — pd'

Second invariant of deviatoric stress tensor:

1 1
‘Jz :ESIjSij :g[(an _022)2 +(U11 _033)2 +(Uzz _033)2}+0122 +U123 +U§3

1=<[(0,-0.) +(0,-0.) +(0,-0.) ]

Square root of second invariant of deviatoric stresstensor:  J=./J,

Third invariant of deviatoric stress tensor:

1 Si Sz S
Ja =gsijslksﬂ<i =Sy S» Sy
Sy Sy Sy

1
Js =§(Sf +S§ +S;) =S5,5

Lode angle:

Derivatives of invariants

First derivatives of invariants:
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a_J:(i s 8 S s z)
0 \2J 23 23 J J
_ 393 33, 03
9, (36?)(l 0J; l‘”j_ I(aﬁa J 507]
o0 300 120) iz
%(5121_ 23)_%(3222_3123)_%(3;_3122)
H(sh-s1) (s -s) -5 (s -s)
d
a_\;j_ %(553_ 22)_%(8121_5223)_%(5222_3123)

2[s, (s, +5,)+55S; |
2[s5(s, +5;) +5,55 |
2[s,,(s, +5;) +5,8; |

Derivatives of gradientsto the plastic potential: om, jog,

a) Derivatives of gradients to the plastic potential 0Q with respect to stress

Vector g,

‘Q ‘Q 0°Q 0°Q 0°Q ‘Q
06,00, 00,00, 0000, 0000, 0000. 0000,
0°Q ‘Q Q ‘Q 0°Q ‘Q




Appendix A 279

where;
aDQf"_ 0°Q aQaZp ap 0°Q aQaJ JDaQ aQae aeDaZQ

J ]

00, 00,00, apaa 60 apaa aJ 60 60 0307, 6960 60 06803,
0o

1 s 1 ss, 1 _ss, _SS, _SS; _SS;
3 437 6J 47’ 6J 4J° 2J° 2J° 2J°

- SZ _L_SZS3 _SZSIZ _SZS13 _SZSZB

3] 4J° 6J 4J° 2J° 2J° 2J°

i_ S‘f _53812 _53813 _53523

0’ _ 3 430 2 23 2)’
aaiaa l _31_22 _ Si,S;3 _ S5y
J J 2J° 2J°

SYM 1.8, _SsSs

J J 2J°

1_5223

RN

36 _ 00 l:sinze 93, 0, 1+cos’8 03 9]
= =tan @ ‘ >+

0g’ do,00, Jjcos’8 00, 00,  cos’ 6 do, 00,
1 0J 03, (03, 93 |, 1 03, 1 0%
cos’8JJ,| 00, d0,, 00, d0,, | I, aaaakf J oo,
a[ 183, 1 GJ}
2 3J,00, JJd
6#92 =tan36 3 L j + 1 a\]:) _l ag 0 atal’i?)e
00, 00, 33,00, J 00, 00,
\ / —
'%X() B()X1 C(>><1
where:
02, 23, ° : 73 o 9
g o L9900, 0753, 109 a0 %

33,000 00~ 00, 100" 000 00
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2 2 T
551 553 gsz 5512 S5 Sy
2 2
553 552 551 5512 _5313 Sy
2 4
02J3_ gsz 551 553 _5512 5513 Sy
9> | 2 2
] 5312 5512 _gslz —2s, 2s), 28,
2 4 2
5313 _531% 531% 25y, —2s, 2s),
4 2
_g Sy Sy g Sy 2s;, 2s), —2s,
1 0J, 0J,
0—— -1 ~ Py
33, _0(3J,) _ 00, _ 0¢
0 05 () oF
91838 _ 3 (1+1an” 36) 22
00 00

b) Derivatives of gradients to the plastic potential JQwith respect to

hardening parameters y.
C 0
00,0),
0°Q
00,0,
9°Q
00Q’ _ 9’°Q _| 000y,
oy, 000y, ’Q
00,0),
0°Q
00,0,
9°Q
| 00,0y, |

where,

0°Q _9Q &’p , 9p ,0°Q ,0Q 0°J  4J  9°Q 0Q 3¢ 96 9°Q
000y, Op0doyx, 00, O0pdy, 0J 0G0y, 00, 0Jdy;, 00000x, 00, 00y,
0o 70 7o
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First and second derivatives of yield function and
plastic potential

First derivatives:

op dp [ g(-30°) ¢
F_s3; LCpa

0J 0J

oF _ oG __29(6)M*(p+p,)(R.-p)
dg(6) ag(6) g(-30°)’

. . cos@sin @

ag(e):_sm(o{ sin @+ 7 }

06 inBOsin @)

(cos g+ 3%111 wj

OF _0G a9(9) 2
= = M
aR: aR: (g(_?)OO)ZJ (p+ ps)
/IO—K*
FZ Ao-k" -
or " (Pj A =«)
oP, (1 -«)P,
op P4 -«)A (l—r)ﬂexp(—ﬂs)ln(P?j
0s (/]S —/(*)2
anaG_ ( 9(9) jZI\/IZ(P—p)
ap, 0p, g(-30°) ¢
,_,
os °

Second derivatives:

_ 0°F g(6) ]2 ,
a) p: =2 M
) p op° (g(—30°)
0°F ~0
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b) J

c) 6

Appendix A
. Osin @
M2(P -2p-p,)| —sin@+ 220 F
ve _(_alg) | M (2P p)nor
0po o g(-30°) (Cose+sm6sinqoj
NE
o°F =— g(H) ZMZE
dpaP, g(-30°) oP,
0°F 0
0Jap
2 2
9 Ij =0; 0 ? =6a
0J aJ
9°F —0
0Jo&
°F _
0JoP,
9°F _ 0°F
0p 0pod
0°F 0
060J
. Osin @
M2( b+ p— —ing+ 508 j
aZF:_{ g(H) Jz (p pS)( c p)( sin \/3 .
06° -30° inGsin@)
9( ) (c059+ sin 3%1n (oj
in @sin @
Mz + P - _ 8_511’1 j
2( 0(0) j (p+p)(R Pl 005
g(-30°) (cos g+ 50 353111 ¢j

2 . cosB@sin @
azF . g(g) > M (p+ps)( sin 6+ \/5 j@
0P, g(-30°) (cose"' sin @sin (0] 0P,
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Appendix B

Here it is shown how Skempton B-parameter, the aindd Poisson’s ratioy,
and the equivalent bulk modulus of pore fligin can be derived if one of them
Is known.

Note: In all cases, the effective Poisson’s ratioand shear stiffnes& are
known.

e Casel:
Known Unknown
Parameters B Vi, Ky/N
Conditions < B<0.995 V <1,<0.4988

Stepl: Calculate the undrained Poisson’s ratjo

) = ' +B(Ll-2v) (15)
3-B(1-2v)

Step2: the equivalent bulk modulus of pore fltdg/n

(5)

Ky _2G( 1+v, 1+V
n 3 \1-2v, 1-2

e Case2
Known Unknown
Parameters V, B, K./n
Conditions V <1,<0.4988 B <0.995

Stepl: Calculate Skempton B-parameter

1+v')1-2v,
B=1- §1+ vu))((l— ZV’; (14)

Step2: the equivalent bulk modulus of pore flddg/n

K, _ 2[@(1+vu B 1+V'J

, (5)
n 3 \1-2v, 1-2%w
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e Case3d:
Known Unknown
Parameters Ku/N B, v,
. K, 2[G 1+v' 0<B<0.995
0<s—%<—|6245- -~
Conditions N 3 ( 1_2V,J V < 1,< 0.4988

a-1

Vv, =
2a +1

where

_26 K, , 1+V
3 n 1-2v'

Step2: Calculate Skempton B-parameter

. rvii-2v)
8=1- 1+v,)1-2v) (1)
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Here it is shown how to convert old PlaxFlow matkedata set to the new one. In
the new material data sél,,; is removed because it can simply be derived from
the equivalent bulk modulus of wate€f/n and water weighj,:

_ "V
Csat_ KW (l)
and
K, 2G( 1+v, 1+V'
Ku _ J v )
n 3 \1-2v, 1-2%
or
K, E' 1+v, 1+’
—= , - , (3)
n 3a+v)l1-2v, 1-2v
Therefore:
E':AE]]; (4)
CS&I a
in which
= 1 1+v, 1+v (5)
i+v)\1-2v, 1-2

How to convert:
Stepl: Choose “linear elastic” material.
Step2: Choose “Undrained (A)” as type of drainage.
Step3: Setr=0.3 andy,=0.495 (standard setting of undrained behaviour).
Step4: Calculater:

1 1+v, 1+’
a= -
31+ v’)(l— v, 1—2V’j
Step5: CalculateE’:

E':ﬁg:l;

C a

sat



