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1 INTRODUCTION

The word fAVerificationd, when used i n c drendctfiimre dwiatsh fid cdn
ability of the computer code to provide a solution consistent with the physics defined by the

governing partial differential equation, PDEO0. There are
boundary conditions, and control varia bles that also affect the accuracy of the code to perform as

stated.

AVerificationd is general

y aciiad v ed MHMpexnaclhwanmk oa py e@rbil ean:
r

|
AiBenchmar ko problems are pr obl e msforrh solutionmohforavtichtherer e is a cl
0

solution has become fAreasonabl| yhawealculaionntbathavwe begn r esul t of |
performed. Publ i cati on of the fAbenchmarko solutions in researc
credibility to the solution. There are also example problems that have been solved and published in

User Manual documentation associated with other comparable software packages. While these are

valuables checks to perform, it must be realized that it is possible that errors can be transferred

from oneds s ofrtoanather. sGohsequeintly, care must be taken in performing the
Aiverificationd process on a particular software package.
such a thing as complete software verificatiowongdingr fAall o
process that establishes credibility with time.

Soil Vision Systems takes the process of fAverificationd mo
range of steps to ensure that the software will perform as intended by the theory of saturated -
unsatu rated stress and deformation.

The following models represent comparisons made to textbook solutions, hand calculations, and

other software packages. We at SoilVision Systems Ltd. are dedicated to providing our clients with

reliable and tested software. W hile the following list of example models is comprehensive, it does

not reflect the entirety of models, which may be posed to the software. It is our recommendation

that water balance checking be performed on all model runs prior to presentation of results Ltis
also our recommendation that the modeling process move s from simple to complex models with
simpler models being verified through the use of hand calculations or simple spreadsheet

calculations.
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2 CONSTANT SOIL PROPERTIES (SMALL
STRAIN)

This section w ill compare SVFLUX/SVSOLID GT to published research related to small -strain
consolidation in traditional geotechnical engineering. The main goal of this section to verify the
results of the  SVFLUX/SVSOLID GT finite element solution engine to validated resu Its of an alytical

(closed -form) and numerical solutions. The small -strain settingin ~ SVFLUX/SVSOLID GT will be
utilized. The small -strain solution couples the SVFLUX GT and SVSOLID GT software packages.

2.1 CONSOLIDATION OF HOMOGENEOUS SOIL

Reference: Verruij t (2013)
Project: Consolidation
Model: Homogeneous Soil _GT.svm

Main Factors Considered:
1 Comparisontotheclose d-f orm solution of the Terzaghi 6s conso
1  The solution is address  ed in a dimensionless form.

The Ter zthegrihdf dssolidation is examined and the available close d-form solution of the
theory is compared again ~ stthe SVFLUX/SVSOLID GT finite element solver. The model is in 1D and
it is a single drainage to the surface.

2.1.1 Model Description

The schematic of th e model is shown in ~ Figure 1 in which the base is fixed and impervious. Water
is allowed to drain to the top surface as the soil consolidates due to a surcharge appli ed at the
surface.

Equation [ 1] isthe traditonal consol i dati on theory { Tezaghia(@¥3) §.9hissquati on
type of equation can be used to address many transport phenomena, such as heat conduction and

chemical diffusion  as well as fluid flow in porous media. It is conv enient to express this equation in

a dimensionless form  (equation [ 2 ]).

2u

=

o

[1]
Mt

G,

N ‘

IS

where, u is the excess pore -water pressure due to an applied load (q), tisthetime, zisthe
vertical axis, cv is the coefficient of consolidation.

_ =
Hu_pu [2]
ur - pz?

- u.
where, the dimensionless excess  pore -water pressure , U :uil [01] Uo = ¢ is the initial excess
0
_Z: . . . . _Cct . . ) .
pore -water pressure , Z _EI [01] is the dimensionless coordinate, T= a is the dimensionless time

factor.
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The above dimensionless equation (equation [2])i s a Poissonb6s equddmon and its
solution is readily available as:

— 42 (-1t e L & 2 p?
u=—g-—-—co 2n—1— 2n- 1) =Ty 3
23 on-1 % 2H pg( )4 u L3
The degree of consolidation of the soil layer can be expressed as:
1 e 2 p°
U= 1uZl-— expe (2n- 2215 [4]
f{ o o (2n 1) o 4 4

2.1.2 Results

The dimensionless excess  pore -water pressure profile s at various time factor s, T, are shown in
Figure 2. This figure indicates the =~ SVFLUX/SVSOLID GT solver matches the close  d-form solution.
Figure 3 shows the changes of degree of consolidation at various time factor for both

SVFLUX/SVSOLID GT and the close d-form solution. The results of SVFLUX/SVSOLID GT closely
match to the close d-form solution. Figure 3 also confirms that the consolidation in soil is completed
at a dimensionless time factor, T=2.

Figure 1. Geometry and boundary conditions
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Figure 2. Dimensionlesgore-water pressureprofile at various dimensionlesgime factors, T. The
marker points are the closé-form solution and solid lines are theSVFLUX/SVSOLID GT solution.
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Figure 3. Degree of consolidation changes witdimensionlesgime factors, T.

2.2 CONSOLIDATION OF LAYERED SOILS

Reference: Pyrah (1996)
Project: Consolidation
Model: Layered soils Casel _GT.svm, Layered soils Case2 _GT.svm,

Layered soils Case3_GT.svm , Layered soils Case 4_GT.svm

Main Factors Considered:

M  Comparison to literature one -dimensional consolidation model of layered soils

Validation of the linear elastic consolidation model

T  Two soil layer s with different layouts

The nume rical solution obtained by Pyrah (1996) is used to compare

with the  SVFLUX/SVSOLID GT

consolidation software via four consolidation scenarios for layered soils. In addition, various

boundary conditions are also examined. The simulation is performed in

model is used .
2.2.1 Model Description

Figure 4 shows the four scenarios used in this section.

thick and the pore fluid also has  a unit weight of 1. Cases 1 and 2 have

1D and linear elastic soil

The thickness of layered soils is one unit
an impervious base and

water is allowed to drain at the top surface. Case 2 has an upper layer of higher permeability and is
opposite to Case 1. Cases 3 and 4 are homogeneous with different soil type

boundary conditions are similar to the Cases 1 and 2.

s for each case and the
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Consolidation properties of soils A and B are shown in Table 1. The material properties in Table 1
were taken from Pyrah (1996) and are theoretical rather than physical property values . The linear
elastic model requires aYoungdés modulus and Poissondés ratio as input:

and ha ve constant coefficients of permeability.

Table 1: Parameter Inputs
Parameter Soil A Soil B

Hydraulic conductivityk 1 10

Coefficient of consolidatiorgy 1 1

Coefficient of volume changey 1 10

Young modulusg 1 0.1

Unit weight of water 1 1

Poisson ration (assumed) 0 0
The Youngds niabiul was calcutated via the below equation s, using the Ko loading
formula
For Ko loading E= (L+u)2- 2u) (5]

m (- v)
For Isotropic 1- 2u
loading E= M [ 6]
m,

2.2.2 Results
Figure 5 to Figure 7 show the ex cess pore -water pressure profiles for various times in four cases. It
is noticed that the case 3 and 4 have the same results and are plotted in Figure 7. The results show

a good agreement with the results obtained by Pyrah (1996). The surface settlement rates of these
cases are shown in  Figure 8.

When comparingt he results of cases 1 and 2, it can be clearly observe d that with a higher
permeability layer on top, the consolidation in this case occurs slower than  that of C ase 1, which
has the opposite layout.

Cases 3 and 4 prove that for a homogeneous soil layer the cons olidation process is not controlled
by the permeability ~ alone, but by the coefficient of consolidation (Figure 8), which is a combination
of permeability and the coefficient of volume change
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Free-draining
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Soail B

Impervious base

CASE (iv)

Figure 4. Geometry and boundary conditions (from Pyrah, 1996)
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Figure 8. Surface settlement ratdor the four cases.

2.3 CONSOLIDATION OF FILL LAYERIN
LAGUNILLAS, VENEZUELA

Reference: Lambe and Whitman (1969)
Project: Consolidation
Model: Consolidation Lagunillas _GT.svm

Main Factors Considered:
1  Comparison to literature one -dimensional consolidation model of multi -layer soils
1  \Validation of the linear elastic consolidation model compared against field results

This example is taken from the example 25.6 infASoi l Mec hani cs 0 Whitpmanl(1868bA and
15 ft (4.5 m) fill material is placed over a large area of a soil profile, including 17.5 ft (5.3 m) silt

and 14 ft (4.3 m) clay. The settlement of the silt layer is considered small compared to those of the

clay layer . Therefore , the final settlement is the settlement of the clay layer . Thiswas afield study

in Lagunillas, Venezuela.

2.3.1 Model Description

Figure 9 shows the soil profile and the model ge ometry is shown in  Figure 10. Only the clay layer is
simulated and it has  athickness of 4.3 m. The applied load at the surface is equal to the weight of

the fill mat erial, whichis q =4.5 x 22 =99 kPa. Water can drain from the clay layer in both

upward and downward directions. This drainage is due to a sand layer at the base and the fact that
the upper silt has a much higher coefficient of consolidation (945 m 2/year versus 1.26 m  2/year of
the clay) .
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linear elastic model of small

shownin Table 2. The

properties of the clay lauer are
mo dul

The geotechnical

sson6s rassinmumsand sat

, Poi

us

Youngos

requir es

strain ¢ onsolidation

ts (Lambe and Whitman, 1969)

inpu

: Material

Table 2

Clay
0.018
1.26

Parameter

Hydraulic conductivityk (m/year)

Coefficient of consolidatiorg, (m?/year)
Coefficient of volume changey, (m?/kN)

Young modulusk (kPa)

0.00153
652

Poisson ration (assumed)

Results

2.3.2

SVFLUX/SVSOLID GT and the results by Lambe and

. The layer is fully consolidated in about 6 years.

Figure 11 shows a good agreement between

of the surface settlement

Whitman (1969)

Figure 12 from a uniform value of

The excess pore -wate r pressure changes with time are shown in

sin

99 kPato aroun d 2 kPa after 6 years with a double drainage boundary condition. This result

degree of consolidation
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Figure 10. Geometry of model inSVFLUX/SVSOLID GT
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Figure 11. Settlement with time: SVFLUX/SVSOLID GT numerical result and data reported by Lambe
and Whitman (1969).
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Figure 12. Excespore-water pressureprofile changes with time.

2.4 CONSOLIDATION OF MULTI-LAYERED SOILS

Reference: Lee etal. (1992)

Project: Consolidation

Model: Multi layered soils_SingleDrainage _GT.svm,
Multi layered soils_DoubleDrainage _GT.svm

Main Factors Considered:

1  Comparison to literature one -dimensional consolidation model of a multi -layered solil
system .

1  Validat ion of the linear elastic consolidation model with a surcharge applied at ground
surface.

1 Complex soil profile  with single and double drainage.

This model is based on the paper by Lee et al. (1992) and it consists of a multi -layered soil system .
The model is assumed to perform under 1D consolidation conditions with a uniform load, g, applied
at the surface. Both single and double -drainage conditions were examined.

2.4.1 Model Description

The geometry for the model is shown in Figure 13 and includes 4 soils layers. The water table is at
the surface and there are two si mulation scenarios: Case 1: Single drainage in which water only
drains to the surface; Case 2: Dou ble drainage in which water is allowed to drain at both the top

and bottom surfaces.
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Table 3 shows the material inputs for different layers and the Young modulus was calculated via
the coefficient of consolidation, c, and permeability. The Young modul us an
determined as the ~ SVFLUX/SVSOLID GT solves f or consolidation via Biotés cons

Table 3; Parameter Inputs (Lee et al., 1992)
Coefficient of

Soil name Young Poisson consolidation Permeability  Thickness
modulus ratio 5 (mlyear) (m)
(m?/year)
Layer 1 15913.24 0 1.394 8763104 0.93
Layer 2 24984.62 0 6.496 2603103 1.86
Layer 3 5000000 0 1.845 3.6 104 2.79
Layer 4 25005.39 0 2.318 928104 1.86
1+m@Q- 2n
£ @+m@- ) -
@-mm,
m = L 8
CVgW [ ]
where, n= 0 (assumed) i s t he Poi s s/osnhé soefficiant af ansolidation, av is the unit
weight of water,  k is the permeability , my is the coefficient of volume change
The results of consoli  dation analysis are presented using the dimensionless time factor, T, which is
defined as the follow
1
t
T (o]
where, ¢! is the coefficient of consolidation of the Layer 1, tisthetimeinyear s, H= 7.44 m,

which is the total thickness of the geometry.
2.4.2 Results

Figure 14 and Figure 15 show the results of excess pore -water pressure  and settlement  for the
single drainage case. The results from SVFLUX/SVSOLID GT match closely to the results from Lee
et al. (1992).

The result s of excess pore -water pressure  and settlement are shown in Figure 16 and Figure 17 in
the case of double drainage simulation, . The excess pore -water pressure results from
SVFLUX/SVSOLID GT are in excellent agreement with Lee et al. (1992) although there are small
discrepancies in settlement ( Figure 17).

With double drainage, the excess pore -water pressure  drains much faster than for the single
drainage case. Inthe  case of single drainage, the time required to achieve full consolidation isT=
1 (dimensionless time) . In contrast , the dimensionless time required for full consolidation is T=

0.2 for double drainage.
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Figure 13. Geometry and boundary conditions
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Figure 14. Excespore-water pressureprofile with depth in the single drainage cas€marker points are
from Lee et al.,1992).
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Figure 15. Settlement versus time factoin the single drainage casémarker points are from Lee et al.,

1992).
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Figure 16. Excesore-water pressureprofile with depth in the double drainage casémarker points are
from Lee et al., 1992).
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Figure 17. Settlement versus time factor in the double drainage cagmarker points are from Lee et al.,

1992).
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2.5 2D PLANE STRAIN CONSOLIDATION
BENEATH A STRIP FOOTING

Reference: Hwang et al. (197 1)
Project: Consolidation
Model: Hwang_SmallStrainConsolidation ~ _GT.svm

Main Factors Considered:
1  Comparisonto literature results of 2D plane strain consolidation
1  Examin ing the Mandel -Cryer effect in the early stage of consolidation

A 2D plane strain consolidation of excess pore -water pressure induced by a distributed load is
examined in this section. The Mandel -Cryer effect is also stu  died as the excess pore -water pressure
increases in the early consolidation stages (Mandel, 1953; Cryer, 1963) . The Mandel -Cryer effect is

only captured via the Biotds conS¥ELUX/SVEALID&GH solMestler y ( Bi ot ,
Bi ot 6 s c on s o ationd \aatthe finite elergent method.

2.5.1 Model Description

The geometry and boundary conditions used in the model are shown in Figure 18. The water
drained due tothe d  ecreases in excess pore -water pressure is allowed to escape to the top surface.
The base of the model is fixed and impervious. Due to the symmetry of the problem, only one half

is modeled and the strip footing width is 2a. A finite element mesh is shown in Figure 19 with
dense mesh beneath the apply load (strip footing) of 1 kPa.
The parameters used in the model are shownin Table 4 (Hwangetal. , 1971).The Youngds

modulus show n in Table 4 correspond to anassumed Poi ssono6s usiagtequatior= [® ].

Table 4: Material inputs

Parameter Soil
Hydraulic conductivityk (m/s) 0.01
Coefficient of consolidatiorgy (m?/s) 1

Coefficient of volume changey, (m?/kN) 0.1

Poisson ration (assumed) 0

Young modulusk (kPa) 10

Shear modulus; = E/(2(1+n)) (kPa) 5

There are two dimensionless parameters used in this model that are calculated as a linear elastic

variable and the coefficient of permeability of the soil

The coefficient of consolidation is expressed as:

:ZGk [10]
& Gu

where, G is the shear modulus, k is the soil permeability, g is the unit weight of water
The dimensionless time is expressed as:
TGt [11]

a2

where, tisthe actual simulationtime, and a isthe half -width of the footing.

2.5.2 Results
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The variation of excess  pore -water pressure  at two specific points is shown in Figure 20. The
Mandel - Cryer effect is clearly captured by the SVFLUX/SVSOLID GT solver . The excess pore -water
pressure initially increase s before it reduces . The excess pore -water pressure results agree well
with the results of Hwang at el. (1971). This figure also clearly indicates that the increasing in

excess pore -water pressure is small at locations far away from the apply load location. The excess

pore -water pressure reachesits peakat T =2 x 1072,

The excess pore -water pressure  profile at the centre line of the model is shown in Figure 21 at

T = 0.1. The excess pore -water pressure  profile of this study match es well against the results of
Hwang at el. (1971) within the depth z/la = 2. Below this depth, the two results shows some small
discrepancies . Excess pore -water pressure contours at a dimensionless time factor, T=

0.1, beneath the strip footing are shown in Figure 22 and it shows the largest excess pore -water
pressure is within 1 m directly beneath the footing.

Free drainage boundary

Fixed/Impervious boundary

6a

Figure 18. Geometry and boundary conditions
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Figure 20. Variation of excesspore-water pressurewith time (marker points are from Hwang et al.,

1971)
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Figure 22. Excesgpore-water pressurecontours ata dimensionless time factol = 0.1.

2.6 MANDEL -CRYER EFFECT IN 2D AND 3D
CONSOLIDATION PROBLEMS

Reference: Verruijt (2013)
Project: Consolidation
Model: MandelCryer_Problem1_Poisson000 _GT,

MandelCryer_Problem1_Poisson025 _GT MandelCryer_Probleml_Poisson049 _GT,
MandelCryer_Problem2_Poisson000 _GT MandelCryer_Problem2_Poisson025 _GT,
MandelCryer_Problem2_Poisson049 _GT MandelCryer_Problem3_Poisson000 _GT,
MandelCryer_Problem3_Poisson025 _GT MandelCryer_Problem3_Poisson049 _GT

Main Factors Considered:
1  Comparison the consolidation results in 2D and 3D geometries.
1  Examin ing the Mandel -Cryerfor 2D and 3D problems

T h e Bitheary®f consolidation has unique feature s when compared to the consolidation theory

of Terzaghi (1943) . The Mandel -Cryder effect (Mandel, 1953; Cryer, 1963) shows that  the excess
pore -water pressure  induced by an applied  load initially increases  to a v alue larger than an initial
excess pore -water pressure and then decreases to the final zero value. This phenomenon is
explained wusing t & eondlidationd ¢Biot; 1d4lp r y

2.6.1 Model Description

Three problems are considered in this section : Problem 1 is similar to the problem by Mandel
(1953) and Problem 2 has a similar concept as suggested by Cryer (1963). Problem 3 in this
section is an extension of the problem 1to a 3D domain.

2.6.1.1 Problem 1

In this section, the 2D geometry is used to examine the Ma  ndel - Cryder effect. A rectangular soil
sample is subjected to a constant distributed load g, and the width of the soil sample is 2 a (Figure
36). The soil sample is allowed to drain to both sides in a lateral manner . This problemis referred
to asa 2D plane strain problem.

2.6.1.2 Problem 2

Figure 24 shows the geometry of the problem 2, in which left and bottom boundaries are fixed and

are impermeable . Meanwhile the right and top boundaries are allowed to drain. The width and

height of the geometry are referredtoas a0 and this problem is also a plane strain  analysis
similar to problem 1.

2.6.1.3 Problem 3

Problem 3is a 3D model thatis made by extending the out -of -plane to have a width of fiao (Figure
25). The initial excess PORE-WATER PRESSURE p, = 0.47 ¢, and this result was obtained using
numerical results  since there is no analytical solution. Same as in problem 1, water is allowed to

drai n laterally and the sample is compressed from a top rigid plate of load g. Only lateral
displacement is allowed  on two drainage boundaries.

2.6.2 Results
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The results of the problems are shown in the below sub -sections and the Mandel-Cr yer 6s ef fect
illustrated by plotting the increase of excess pore -water pressure above the initial excess  pore -
water pressure  with time  prior to dissipation

2.6.2.1 Problem 1

At the initial time  t =0, the uniform  -distributed load applied on the surface and the resulting initi al
excess pore -water pressure is po =% q (Verruijt, 2013) . In following results, a dimensionless time
Tisused as shownin Eq. [ 12 ] in which cv is the consolidation coefficient.

_Gt
T=2

[12]

Figure 26 shows the distribution of excess pore -water pressure  at the base of the sample with a
Poi ssonds rati o df 001,thebrmdlizee fparemwater pressure is larger than 1
(1.06 to be exact) and at T = 0.1 this normalized pore -water pressure increases furtherto 1.  16.
The normalized excess pore -water pressure is then reduced below 1 and finally becomes zero.

At hi gher Poi=s(26,1hé iacreasa in hoomalized excess pore -water pressure is less

pronounced thanint he case of Poi sskguré 27)r.atWiot ho fP o0i stsOdd,thes r at i o
Mandel - Cryer effect is not obvious as the normalized excess pore -water pressure is aroun d 1.0

(Figure 28).

2.6.2.2 Problem 2

For the problem 2, the initial excess pore -water pressure induced by the applied load if po = . The
results are also expressed in term of the dimensionless time ,T, as shown in the previous section.

Figure 29, Figure 30 and Figure 31 show the changes excess  pore -water pressure at the base of

the model. The results are similar to those calculated in P roblem 1, where the ~ Mandel - Cryer effect
is clearly captured. At  a Poisson ratio of 0, the increase in excess pore -water press ure is the largest
and decreases with the increase in Poisson ratio.

As the Poisson ratio approaches 0.5 (< 0.5), the increases in excess pore -water pressure  above the

initial excess pore -water pressure , po is insignificant.  Figure 32 shows the changes in excess pore -
waterpressure at point AAo0 for various Poisson ratios between
excess pore -water pressure reachesits peakabout T =0.landat T =1the excess pore -water

pressure is about 0.1 po or less.

2.6.2.3 Problem 3

The Mandel -Cryer effectinthe 3D sample is shownin  Figure 33, Figure 34 and Figure 35. These
figures clearly show that the Mandel -Cryerdos effect heepPeondsomds ratios of
similar to what was observed in Problems 1and2.

The results of Problem 3 indicate that the excess pore -water pressure reachesitspeakat T = 0.1
and its value is about 1.17 po and this value is slightly larger than the resultin  Problem 1 with a

Poi ssonds rFigue 26) of AOs{ mil ar observation can be drawn fron

ratios of 0.25 and 0.49.

0
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Figure 23. Geometry and boundary conditiongProblem 1)
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Figure 24. Geametry and boundary conditions (Roblem 2)
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Figure 25. Geometry and boundary conditions Problem 3)

Figure 26. Normalized excesgore-water pressurealongthe base with Poisson ratio = 0.0(Problem 1)
(points arefrom Verruijt , 2013).



















































































































































