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1 Shallow Unconfined Flow With Rainfall

1.1 Problem Description

The problem considered in thisection involveghe infiltration of water downward
through soil. It is characterized by a boundaryfloiv domain also known as a free

surface. Such a problem domain is said to be unconfined.

Water may infiltrate downward through the soil due to wdindr artificial infiltration.

Rainfall can be presented as a uniform disch&@a/s), defined as themount of water
per unit area that enters the aquifer per unit tifigure 1-1 shows the problem of flow
between two long ahstraight paradll rivers, separated by a section of land. The free
surface of the land is subjectedrtnfall. Figure1-2 shows the problem as modeled in

RS2
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Figure 1-2: Shallow unconfined flow under rainfall as constructed inRS2

The model shown ifrigure1-2 uses 225 threaoded triangular finite element3.able
1.1 summarizes other relevant model parameters.



Table 1.1: Model parameters
Parameter | Value

Total head at left bouradly (h1) 3.75m
Total head at right boundari} 3.0m
Width (L) 10.0 m
Infiltration rate P) 2.5e6 m/s
Hydraulic conductivity K) 1.0e5 m/s

1.2 Analytical Solution

The equation for flow can be expressed as

For onedimension&flow, such as that encountered in the present exaraplejon of
equation (1.1) after application of the appropriate boundary conditions yields the
horizontaldistance xa, at which the maximum elevation of the free surfacEigure1-1

is located, as [1]

h-h
L2

a

o=
|-aDO

L
X, =—
2

te] &H&mo

The corresponding maximum height for the free surfagg, can be calculated as

=16~ 22 (- 12)+ P (- 0

1.3 Results

Figure1-3 shows contours of pssure head and thenghticline.



Figure 1-3: Pressure head contour plot as produced bRS2

Table1.2 conpares the cordinates of the maximum height of the free surface predicted
by RS2with those calculated analytically.

Table 1.2: Maximum height of free surface ceordinates
RS2 Analytical

Xa 4.22 3.99
hmax  4.52 4.25

The RS2results are in close agreement with the analytical solutiorecessary, a finer
mesh discretization coulcehused to improvehe results

1.4 References

1. Haar, M. E. (1990roundwater and Seepag® Edition, Dover

1.5 Data Files

The input data filegroundwater #001_01.feZregular mesh), angroundwater
#001 02.fez (uniform meshan be downloaded from the RS2 Online Help page for
Verification Manuals.



2 Flow Around a Cylinder

2.1 Problem Description

This example examines the ptem of uniform fluid flow aound a cylinder of unit
radius as depicted figure2-1. Figure2-2 shows the problem as implementedria2
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Figure 2-1: Fluid flow surrounding impermeable o/linder

&

Owing to the symmetry of the problem around xkexis, onlyone half of the domain is
discretized in theRS2 model. The half domain isepresented with 442 snodel
triangular elements.

Table2.1 summarizes he material and model properties used.



Table 2.1: Model parameters
Parameter Value

Head at left boundaryf) 1.0m
Head at right boundary{) Om
Domain length () 8.0m
Hydraulic conductivity(k) 10°m/s
Cylinder radius 4) 1m

2.2 Analytical Solution

The closed form solution fohis problem is given in [1]. This analytical solution gives
the total hed valuesatanypoint( d) i n the problem domain as

o 2~
f :U% +a78cosq+0.5
(; =

7,

whereU is the unifam undisturbed velocity L L

2.3 Results

Figure2-3 shows contours of total head with the values at a numbekeoifigal locations
in the domain. Thesesults fromRS2are compared with those provien [2]. The RS2
results were within 4% of those provided in [2], as well as analytical values.

Figure 2-3: Total head contour plot produced byRS2
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Table2.2 compares theesults fromRS2with those calculated using the equationg.id
and those msented in [2].

4.5 | 0.866 0.381 0.374997 0.378
5 0 0.263 0.25 0.2765
6 0 0.203 0.1875 0.2132
8 0 0 -0.03125 0

2.4 References

1. Streeter, V.L. (1948Fluid DynamicsMcGraw Hill
2. Desai, C. S., Kundu, T. (20Q1introductoryFinite Element Method3oca Raton, Fla.
CRC Press

2.5 Data Files

The input data filggroundwater #002.fezcan be downloaded from the RS2 Online Help
page for Verification Manuals.
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3 ConfinedFlow UnderDamFoundatian

3.1 Problem Description

The problem considered is a simple examdleanfined flow. It was seicted to help
assess the performanceRfb2on confined flow problems.

Figure3-1 shows a dam that resipon a homgeneous isotropisoil [1]. In the example,

the walls (entity 1) and base (ent2y of the dam are assumedhe impervious. The
water level is 9m upstream of the dam andh® downstreamThe coordinates for @int A

are(0,0).
4m ‘

—

5m
| A B 2)C D
- 1~
: 7 :
- H H <
2 Impermeable surface Isotropic Soil E
, (D
10m 7 g
? Impermeablesurfaces Impermeable surface — E
; 7
4] [
ey ey ey ey ey ey ey ey e e Ty N T A N e ]
. 8m B 12m P 20m R
« >e ah

Figure 3-1:. Model geometry

The model created iIRS2for this problem, with the mesh used, is showfigure 3-2.

10.00|

e 40.00

Figure 3-2: Confined flow under dam foundation as modeled inRS2
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The following boudary conditions were used for the ded:
1 The total head along the line segment, upstream of the dam, that lies between points
A andB (Figure3-1), is equal to Bn
1 The totalhead along the line segment, downstream of the daam lies between
points C and D, igqual toO m
TheRS2model was discretized usir@®8threenoded triangular finite elements

3.2 Analytical Solution

The flow is conglered to be twedimensional wih negligible flow in the lateral direction.
The flow equation for isotropic soil can bepessed as

This equatiorcan be solved either using a numericalgedue or a flow net. Flow net
techniquesre well documented in groundtea references.

The accuracy of numerical solutie for the problem is dependent on hiwe boundary
conditions are applied. For the particular example in this document, two bgundar
corditions are applied:
1 No flow occursaaoss the impermeable basedan
1 The pressure heads at the ground surface upstaea downstream of the dam are
solelydue to water pressure

3.3 Results

Figure 3-3 and Figure 3-4 show contours of pressuhead and total pressure head,
respectively.
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Figure 3-3: Pressure head contour plot produced usingRS2
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Figure 3-4: Total head contour plot producedusing RS2

Figure3-5 andFigure 3-6 compare total head values frdR82with those obtained from
[1]. These head presssrare catulated at points along line-1, which is located 4m
below the dam bases€eFigure 3-1), and along segment2 a vertical cross section
passing through the rightmost base of the dam.

The results fronRS2agree tosely withthose providedn [1].
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Figure 3-5: Total head variation along line 1
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Figure 3-6: Total head variation along line 22

3.4 References

1. Rushton, K. R., Redshaw, S.C. (19)epage and Groundwater Floyohn Wiey &
Sons,U.K.

3.5 Data Files

The input data filgroundwater #003.fezcan be downloadeddmthe RS2 Online Help
page for Verification Manuals.
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4 Shalow UnconfinedFlow Through Earth Dam

4.1 Problem Description

This example considers the problem of seepage through an earth darnaskhef
calculting the shpe and length of the &esurface (he of seepage) is quite complicated.
Some analyticalsolutions based on presenting flow nets as confocal parabolas are
available in [1] and [2].

Line of seepage

| n
N "‘. | K
S&}\ wlr‘m ________
I .
Loxy !
h i !
&\\\\1‘:{\\\1 et it e e )

I

Figure 4-1: Earth dam with trapezoidal toe drain
Figure 4-1 shows a dam that has a trapezoidal toe drain.

The RS2 model geometry and boundary conditions used in @ék@mple are showim
Figure4-2.
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Figure 4-2; Earth dam as modeled irRS2
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The total head on the upstream face of the dam was taken tonbedd the toe drain
was locatedat the downstream taef the dam, i.etotal head at locatio(22,0) was aken
to be 0. The boundary condition at the toe was assumbdundefined, meaning that it
initially either had flowQ, or pressure hea®, equal to 0. A total number of threeded
triangular finiteelements weresed to model the problem.

4.2 Analytical Sdution

By defining the free abolafllaweecanewluappthen ey 6 s b«
vertical height of the underdrain, as

y, =vd*+L*-d

Then the minimum horantal length of the mderdrainx;, equals

4.3 Resdts

Figure4-3 andFigure4-4 show contours of pressure head and total head, respectively.

Figure 4-3: Pressurehead contour plot producel by RS2
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Figure 4-4: Total head contour plot produced byRS2

The minimum length and height of the underdrain were measuiie82mand the results
are shown irFigure 4-5.
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Figure 4-5: Length and height of minimum underdrain
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The following table compares the minimum drain dimensions fR82 with theoretical
results.

Table 4.1: Minimum drain dimensions (m)

RS2 Analytical
x1 |0.226| 0.242

yr |0.395| 0.484

As can be seen, theS2results are in good agreement with theory.

4.4 References

1. Haar, M. E. (1990)Groundwater and Seage 2" edition, Dove.
2. Raukivi, A.J., Calinder, R.A(1976), Analysis of Groundwater FloviEdward Arnold

45 Data Files

The input data filggroundwater #004.fezcan be downloaded from the RS2 Online Help
page for Verification Manuals.
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5 UnsaturatedFlow Behind an Embankmén

5.1 Problem Description

The geometnof the problem cosidered in this section is taken frahe FLAC manual

[1]. The exampled modified slightly to handle two different materials. Two materials
with different coeficients of permeabilityare consideredzigure5-1 shavs the geomeyr

of the proposed model.

[10.000]

\

Jo 30.000 -l 10.000 |

Figure 5-1: Embankment model inRS2

The saturated hydraulic conductivities material 1 and material &re 1x10° m/s and
1x1013 m/srespectivelyRS2modelgeanetry is preseted inFigure5-1. The problem is
discretizednto 7466-noded triangular finite elementBotal head boundary conditions of
10 m and 4 m are applied to the left and rightrimtaies of the model, respectivelfero
flow (impermebility) is assumed at the top and at the bottom oéthbankment

5.2 Analytical Solution

For this problemRS2 results are compared with those frohAE presented in [1].
Figure 5-2 andFigure5-3 showthe contours of pressure headd flow lines produced by
FLAC.

Figure 5-2: Pressure head contour plot produced by FLAC

20
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Figure 5-3: Flow lines producedby FLAC

5.3 Results

Figure 5-4 and Figure 5-5 show the pressure head contours and flow lines produced by
RS2 Both are in close agreement withAC.
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Figure 5-4: Pressure head contour plot produced byrRS2
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Figure 5-5: Flow line plot produced by RS2
5.4 References




1. Coetzee, Hart, et al. (1995Flac Basics An introduction to FLAC and a guide its
practical application in geotechnical engineerinijlinneapolis, MA.: ltasca Consuig
Group, Inc.

5.5 Data Files

The input data filgroundwater#005.fezcan be downloaded from the RS2 Online Help
page for Verificion Manuals.
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6 SteadyState SeepgeAnalysisThrough Saturatetdnsaturated
Soils

In this verification example, five earth dams with various propertesdeled using
RS2 Pressure head contours for each example are compared to the flownetsgnesente
Fredand & Rahardjd1].

6.1 Problem Description

This problem concernseepagehrough anunsaturateagarth dam. The geometry of the
problem consideredhithis section, which is shown Figure6-1, istaken from [1].

Pl

i =

(12000

K

|
|
|
10.000 |
|
I

Y

24 000 2 (100 et 24,000 >

Figure 6-1: Isotropic earth dam with horizontal drain
In RS2 theproblem is discretizethto 3363-noded tiangular finite elementsThe mesh
used for this example was created using mapped mesh optieartpreplicatethat ugd
in [1]. Thefive different cases studied are as follows:

6.1.1 Isotropic earth dam with a horizontal drain

The first case considers @otropic earth dam with 12 horizontal drain. The
permeability function used in the analysis iswhin Figurel-2.

Tl = -

Parmisabulity mi's

1e11 & L ] 1 L -
0.00 £t B0 90.00 12000 150,00
Matric Suction kPa

Figure 6-2: Pemeability function for the isotropic earth dam
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6.1.2 Anisotropic earth dam with a horizontal drain

For the second case, thdam s modeled with anisotropic soil. Theater coéicient
permeability in the horizoat direction is assumed to be nine times larg@an in the
vertical direction.

6.1.3 Isotropic earth dam with a core and haizontal drain

The third case considers an isotropic dam hawangpre with a lower coefficient of
permeability Figure6-3 shows the permeability functiarsed for the core material.

0.0000001

0‘00000001__...:...

0‘000000001__...:....:....:.

Permeability m/s

0.0000000001 -+ c= vl

0.00000000001 1
0 20 40 60 80 100 120 140 160
Matric Suction kPa
Figure 6-3: Permeability function for the core material
6.1.4 Isotropic earth dam under steadystate infiltration

The fourth case caidersthe effect of infiltration on the daninewn inFigure6-17.
Infiltration is simulatedby applying a flux boundary of 1xf0n/s along the boundary of
the dam.

6.1.5 Isotropic earth dam with seepage face

The fifth case demonstesthe use olinunknown boundary conditiomvhich is usually
used for the case of developing seepage faces.

6.2 Analytical Solution

The results of finiteelement analysis by Lam (1984) [2] are presented in [1] in time fo
of two-dimensional contour chartsigure6-4 shows he results in [1] for the first case.
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Figure 7.19 Seepage through an isotropic carth dam with a bori drain. (2) Equip
lines and nodal flow rate vectors through the dam; (b) contours of pore-water pressare head (iso-

bars) through the dam.

Figure 6-4: Pressure head contour data for isotropic earth dam [1]

6.3 Results

6.3.1 Isotropic earth dam with a horizontal drain

Figure 6-5, Figure6-6, and Figure6-7 show the flow vectors, pressure head and total
head fields calculated ByS2for the first case.

Phreatic line

I|a =

NIy

Y O

[ A A A

A

— —= — — —a

Horizontal Drain

Figure 6-5: Flow vector plot produced by RS2for first case
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Figure 6-7: Total head contour gdot produced byRS2for first case

Figure6-8 shows a comparison betweR&2 results and resulfsom [1] for the pressure
head distibution along line 11 (seeFigure6-1).

Figure 6-8: Pressure headlistribution salong line 1-1 for isotropic earth dam

6.3.2 Anisotropic earth dam with a horizontal drain

Figure 6-9 presents the flowectors and the location of the phtiedine from the RS2
groundvater model.
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Figure 6-9: Flow vector plot and phreatic surface for earth dam with anisotropic permeability

Figure 6-10 and Figure 6-11 show tke contours for pressure lieand toal head
throughout the dam.
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Figure 6-10: Pressure head contour plofor earth dam with anisotropic permeability
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Figure 6-11 Total head contour plot for earth dam with anisotropic permeability

Figure 6-12 comparesRS2 resultsto thosefrom [1] for the pressure head distribution
along line 11.
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Figure 6-12 Pressure head distributbnsfrom RS2and [1] along line 1-1

6.3.3 Isotropic earth dam with a core and horizontal drain

The resultdrom the third aseshow that the hydraulic head change tgiacelargelyin
the zone around the core. The flonci@s show that the water flows upwanto the
unsdurated zone and around ther€@one as shown iRigure 6-13. Pressure heachd
total head contours apresented ikigure6-14 andFigure6-15.
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Figure 6-14: Pressure head cotour plot for isotropic earth dam with core and horizontal drain

Total Head
min (stage): 0.00 m
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Figure 6-15: Total head contour plotfor isotropic earth dam with core and horizontal drain

Figure 6-16 compaes RS2results andhose from[1] for the pressure head distribution
along line 11.
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6.3.4 Isotropic earth dam under steadystate infiltration
Figure6-17 plots theflow vectors and phreatic line calet#d by RS2for the fourth case.

Pressure headnd total head contours are pmeted inFigure 6-18 and Figure 6-19
respectively.

———
o ———

-
S S S S S e S S S e S S S e S e . I "
et e e St S St Sttt a et ES
s 3
Eateteteteetetetettels! ettt ettt ettt * S
S ES
e R e K D e e S R DR R C
S 3
K - o~ P
ettt e ettt Sttt F
e Tt St e Tt Sttt S
e ES
e S R D R R R R e Y ~ — — Fu —
Futetutatetetetetetetely! ytetetetetelatetalotetete! ~ E T
Ny E
NN TaaTa o, * ES
o e 2 ~ . . T —~ I ~ T
e o e D =
pratetetatetetatetettels! ES
e ta ettt ettt - x. . m m B . ~—
atetetetetetetetete! E-
jatetetateletetetetetels! ES
Fatetatetetatetatitatety s - - - m om Rl —
Eateteteteetetetettels! ks
Fatetatet ettt titetete? S
e o =y
o " - - —- —_ —_ F —_ —
ot et tetetetele! E:
Fatelatetetetels!
S
Eetatetetets, - - - — — — —_
Fatetatetetet
Petetelet s
R - - . — .
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Figure 6-18 Pressure head contour plot for isotropic earth dam under steadsgtate infiltration
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Figure 6-19: Total head cntour plot for isotropic earth dam under steadystate infiltration

Figure 6-20 compareRS2resultsto those from[1] for pressure head distribah along
line 1-1.
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Figure 6-20. Comparison of pressure head distributions along line 41 from RS2and [1]
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6.3.5 Isotropic earth dam with seepage face

The boundaryconditions and the phreatic surfafr the fifth caseare presented in
Figure 6-21. Pressure head and totaladecontours are presented kigure 6-22 and
Figure6-23respectivéy.
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Figure 6-21: Flow vectors and phreatic surfce for isotropic earth dam with seepgeface
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Figure 6-22: Pressure head contour plot for isotropic earthdam with seepage face
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Figure 6-23: Total head cortour plot for isotropic earth dam with seepage face

Figure 6-24 compmresRS2 resuls to those fronfl] for the pressure head drgbution
along the slope face.
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Figure 6-24: Pressure head distributions along seepage face froRS2 and [1]

Figure 6-24 comparesRS2 results to those fronil] for the pressure head distribution

alongline 1-1.
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Figure 6-25. Pressure headdistributions along line 1-1 from RS2and [1]

34



6.4 References

1. Fredlund, D.G. and H. Rahgwq1993) Soil Mechanics for Unsatated Soils John
Wiley.

2. L. Lam and D. GFredlund(1984) i S a-Unsatuaated TransieRinite Element
SeepgeModelf or Ge ot ec hni Ada Waté Rasourcesd. 7,ipm §32 0
136.

6.5 Data Files

The input data fileggroundwater#006_01.fezo groundwater#006_05.fexan be
downloaded from the RS2 Onlimelp page for Verification Manuals.
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7 Seepag&Vithin Layered Slope

7.1 Problem Description

This example considers the problem of seepage through a layerss Sulan and
Freeze [1] studied thi problem using a sandbox model. The material of the slope
consisted of madm sand and a fine sandwith relatively lower permeability The
geometryof the problem is shown iRigure7-1 and tre two permeability functions used
to mockl the soilare shownin Figure 7-2. These peneability functions are similar to
those presented by Fredlund and Rajue|2].

Infiltration

Olllll

Medium sandié

1.0E-02
1.0E-03
1.0E-04

1.0E-05
1.0E-06

1.0E-07

Fermebaility im/s)

1.0E-08
1.0E-09

| Fine sand

0 10 20 30 40

Matric suction (kPa)
Figure 7-2: Permeability functions for materials used in model
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TheRS2model gemetry used in this example is showrFigure7-3.

Infilitration = 2.1e-4

b4ty

=
w
=

I 240 |

Figure 7-3: Layered slope model inRS2

A constant iniltration rate of 2.110* m/sis applied to the top of the side of thepe.
The water table is located at 0.3 m frome toeof the slope. Ta boundary condition at
the slope fae was assumetb beundefined, meaning that it initially either had flo@,
or pressure hea®, equal to 0.

7.2 Analytical Solution

Fredlund and Raardjo present their own finite element analysisthis problem in [2
The resultant pressure head dat@shown in the figure below.
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Figure 7-4. Hydraulic head data att = 208 s for unsteadystate flow analysis in [1]

7.3 Results

Figure 7-5 showsthe location of the calculated
the flow vectors.
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Figure 7-5: Flow vectors and phreatic suface as calculated byRS2for isotropic earth dam with
constant infiltr ation

Figure 7-6 and Figure 7-7 show contours of pressureead and total head frolRS2

respectively.
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Figure 7-6: Pressure head contour plot for isotr@ic earth dam with constant surface mfiltration

Figure 7-7: Total head contour plot for isotropic earth dam with constant surface ifiltration

Figure7-8 andFigure7-9 compare the totdieal distributions along sectionslland 22
(se= Figure7-1). RS2results are in good agreement with [2].
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Figure 7-9: Total head variation along line 22

7.4 References

1. Fredlund, D.G. and HRahardjo (1993)Soil Mechanics fotUnsaturaed Soils John
Wiley
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7.5 Data Files

The input data filgroundwater#007.fezcan be downloaded from the RS2 Online Help
page for Verification Manuals.
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8 Flow Through DitchDrained Soils

8.1 Problem Description

In problems related to ditedrained aquifers, numerical solutionse aoften usé to
predict the level of thavater table and the distribution of seihter pressure. The
problem cosidered in this section involves the ibftion of water downward through
two sal layers.

Thedepth of the soil to the impermeable leieeD.5m. The ditch is assumed to be wate
free.Figure8-1 illustrates the problem.

Infiltration

N T O O B

Vi

»
»

<«

Figure 8-1: Drainage through multi-layered soil

The soil properties of the layered system are given inhie following table, simulating a coarse and a
fine soil. The lower layerhas a thickness of 0.In. The rate of incident rainfall (infiltration) is t aken
to be equal to 4.4é6 m/s

Table 8.1 summarzes the soil parameters used.
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Table 81: Soilcoducti vity and Gardnerdéds parameters

Soil A Relative Conductivity 1.11e3 (m/s)

Gar dner 6s pe a=1000,n=4.5

Soil B Relative Conductity 1.11e4 (m/s)

Gardner 6s8s p a=2777.7n=4.2

TheRS2model for the problem is shown kigure8-2.

Rainfalll
4.4e-006 44e-008 4.4e-006 4.4e-000 44e-008 4.4e-005 4.4e-006 4. 4e-00G 4.4e-005 4.4e-000 4.4e-006 4.4e-006 4.4e-000 4.4e-006 4.4e-005
[>]
9
Seepage face 5
Zaro Nodal Flow|
]
>
]
]
Q
Zero head| v
Zero Nodal Flow

Figure 8-2: Multi -layered soil model inRS2
The probém is modeledising459threenoded triangulafinite elements.

8.2 Analytical Solution

An alternative finite element kdion for this problem can be found in feghian (1981)
[1]. A sketch of theoroblem with pressure head contours is showhRigure8-3.
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Figure 8-3: Pressure head contours for Igered soil problem, as developed in [1]

8.3 Results
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Figure 8-4: Pressure head contour plot for multilayered soil in RS2
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Figure 8-5: Total head contour plotfor multi -layered soil inRS2

Figure 8-4 gives thedistribution of the soHwater pressure head for the unsaturated
regime abee the water table. The comiaatotal head contours are presenkeglure8-5.
The RS2results are in close agreenevith the solution provided ift].

8.4 References

1. Gureghian A(1981)i A t wo di me n s ntealutbh scHemenforthee el e me
saturateeuns at ur ated fl ow with application to fI
Hydrology. (50), 333353.

8.5 Data Files

The input data filggroundwater#008.fezcan be downloaded from the RS2 Online Help
page for Verification Manuals.
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9 Seepagdhrouch Dam

9.1 Problem Description

Seepage flowate through earth dams examined in this section. The geometry and
mateial propertes for two eadh dams are taken froBowe | Bhysical and geotechnical
properties of soil$1].

9.1.1 Homogeneousiam

The seepageatethrougha homogeneous dam is verifigd this section This problem is
presented on p. 295 of [Hfigure 9-1 shows detailed geometry the damA total head

of 18.5m s applied on the left side of the dam and the seepagerdte iscalculated on

the right side ofthe dam. A customized permeability function is used to model the
materid conductiviy for the saturatednsaturated zonéFigure 9-2). This hydraulic
conductivity function is similara the one psented in Chapius et al. [2]h@ dam is
discretized using-foded quadrilateral finite elements. A tobé 391 finite elements are
used for the mesh.

50.000 } 10.000 } 40.000 ]

E@l 20.000

100.000 >

Figure 9-1: Homogenous earth dam as maeled in RS2
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Figure 9-2: Permeability function for the isotropic earth dam
9.1.2 Dam with impervious core

The second pitdem in this section considers a dam with an impervious deggi(e9-3).
The hydraulicpermeabilityfor the dam and the drain material are assumddllmw the
functionsshown n Figure9-4.

} 50.000 | 10000 } 50.000 =

IIf=

} 50.000 =

190.000

Figure 9-3: Dam with impervious core gemetry detail
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Figure 9-4: Permeability function for isotropic earth dam and drain

9.2 Analytical Solution

Bowles calculated th leakage flow rate through these dams using flow net techniques
which neglectthe unsaturateflow. Chapuis et. al. [2] solved theame examples using
SEEP/W, a finite element software packag8&2resuls are comparkwith both Bowles

[1] and SEEP/W [2tesults.

9.3 Results

9.3.1 Homogeneous dam

RS2 predictsa flow rate ofQ = 1.37810° m%(min-m) which compareswell with the

flow rate esmated by Bowels [1], which used two approximate methods that neglect the
unsaturated | ow. Bowel sgave® w 010 hd@ danth 5.2810° m¥(min-m).
Chapuis et al. [2] solved the same exéamysing finite elemat software SEEP/W. The
flow rate calalated using SEEP/W was 1:4D° m%(min-m) for a mesh of 295 elements
and a flow ra¢ of 1.3710° m%(min-m) for a mestof 1145 elements.

48



Figure 9-5: Pressure hed contours for homogenous dam irRS2

Figure 9-5 presents the flow vectors and thedbon of thephreatic line fromRS2
ground water radd. Figure 9-6 shows the contours abtal head with flow linesn the
homogenous dam.

Figure 9-6: Total head contours and flowlines for homogenous dam irRS2

9.3.2 Dam with impervious core

RS2predictsa flow rate ofQ = 4.2310° m®(min-m) whichcomparesvell with the flow
rate estimated by Bowels [X]) = 3.8 10° m*/(min.m). Chapuis et al. [2] solved the same
example using fite element sftware SEEP/W. The flow rate calctéd using SEEP/W
was 5.110° m¥(min-m) for a coarse mesind 4.2310° m%/(min-m) for a iner mesh of
2328 elements.
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Figure 9-7: Pressure head contoursdr isotropic dam with impermeable core
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Figure 9-8: Total head contours and flow linedor isotropic dam with impermeable core

9.4 References

1. Bowles J.E. (1984 Physical and geotechnical properties ofls. 2" Ed. McGraw
Hill, New York.

2. Chapuis, R.Chenaf D, Bussiere, B. Aubertin M. and Crespo R. (20801 user 6 s
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conditionso,38ClA3I12&e ot ech J.
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9.5 Data Files

The inputdata filesgroundwater#009_01.fezandgroundwater#009_02.fezcan be
downloaded from the RS2 Online Help page for Verification Manuals.
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10 SteadyState Unconfined FlowJsing Van Genuchten
Permeability Function

10.1 Problem Description

Unconfinedflow in a rectanguladoman was analyzedithis section. Theesmstivity of
seepage face height to the downstrdwadis examinedThe VanGenwchten [1] closed
form equation forhe unsaturated hydraulic conductivity fulctiis used to describe the
soil properties for the soil adel. A DupuitForcheimer model [2]which assumes
equipotential surfaces are vertical and flow is essentially hogakoist also used for
comparison.

A 10 m x 10 m square embankment hasfifmv boundary conditions on the base and at
the top. The watelevel at the lefboundaryis 10 m. Four different water levels (2, 4, 6
and 8 m) at the downstreanboundary are considred. The soil has saturated
conductivity of Ks = 1.157410° m/s. The valuesof the Van Genuchten soil parameters
areU = 0,n86 465 The georetry and the mesh discretization al®wnin Figure
10-1.
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@
o
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Figure 10-1: RS2model and meshing for rectangular embankment

10.2 Analytical Solution

Figure10-2 shows the theoretical phreatic lines for each downstream head developed in
[2] using the DuputForcheimer model.
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Figure 10-2: Phreatic surfaces with variable downstream head 2]

10.3 Results

Figure10-3 showsthe variation of the phreatic surfasth changing downstream water
level predicted byRS2 It can be seen that the absollgegth of the seepage face
decreases siificantly with an increase in éhwater leel at the downstream boundary
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Figure 10-3: Phreatic surfaces for various downstram water levels inRS2
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Table10.1 presents comparison of discharge values and seepage face fromR§and

Table 10.1: Discharge velocities and seepage face dimensions

ode O ea D arge eepage r1act
Dimensio ater Leve c
Clementet. al. [2] | 10m x 10m 2 6.0764x10 4.8
RS2 10m x 10m 2 6.0659x1CP 5.0

10.4 References

1. Genuchten, V.M (1980 A cl osed equation f aductipty edi ct i n
of unsaturated saQ@i4483898 Soils Sci Soc Am

2. Clement, T.P, Wise R., Molz, F.and Wen M. (1996A compar i s@n of mode
approaches for steaggateunonf i ned f | owo0181L1B3200f Hydr ol ogy

10.5 Data Files

The data input filgroundwater#010.fezcan be downloaded from the RS2 Online Help
page for Verification Manuals.
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11 Earth andRock-Fill DamUsing GardnePermeabiliyy Function

11.1 Problem Description

Seepage in a uniform eartmdarockfill dam is examined in this section. Nonlinear
modeing is used to rpresent the seepage flow above and below the frefacsur
Gardner 6s nonlinear equ attionkpand ptebsurd leedadise e n p et

used in ths section and it can be presented as

kS
1+ah"

kW:

where a andn are theGardnemparameters

h = pressure head (sigst)
k, = permeability
k, = saturated permealyi

11.1.1 Uniform earth and rock-fill d am

Figure 11-1 shows detailed geometry of thiest dam studied The upstream elevation
head is 40m ard the downstream elevation head isn0O The geomeyr of the damis
taken from [2];the slopeof the upstream face 1.98 anl the slope of the downstream
face is1:1.171 Figure11-1) . Gar dner 6 sassigred almesftae 0.15anad r e
n=6.

45.00

89.10 } 17.00 } 76.90

Figure 11-1: Uniform earth and rock-fill dam model geometry
11.1.2 Heterogeneousearth and rock-fill d am

Figure 11-2 shows a dan with a permeable foundation and toe drain [2]. The
permeability oefficient of the foundationf sand layer is 125 timebatof the earth dam
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and blanket. The toe drain has a permeability coeffidi®A00 times larger thahat of
thedam.Tablellls hows t he Gar dner feeentpedel myers.t er s f or

—»| 100 b

Dam and blanket]

Qa'ﬂi S i Toe drain 190280
. ey l

Figure 11-2: Heterogeneous dam with permeable foundation antbe drain

Table 11.1: Material parameters for heterogeneous dam

| Layer | D | a | n |
Dam 1x10’ 0.15 2
Foundation 1.25x10° 0.15 6
Toedrain 1x10° 0.15 6

11.2 Analytical Solution

For this problemRS2results are compared to those obtained using ABAQUS
commecial software, which are presented by Zhang et al. in [2].

11.3 Results

11.3.1 Uniform earth and rock-fill dam

Figure11-3 shows the pressure head contour plot produce®@3# which indicates that
the elevation of the release point or tthownstream face is 19.404 m. This compares
well to ABAQUS results om [2], which predict an eleion of 19.64 m for identical
dam geometry.
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Figure 11-3: Pressure head contour plot inRS2, indicating elevation of release point

11.3.2 Heterogeneousearth and rock-fill dam

Figure11-4 andFigure11-5 showthe distribution of the total head conots from[2] and
RS2respectivelyRS2results were in a goaagreement with those obtained from
ABAQUS.

AW A VIO 0
B

N I ]

Figure 11-4: Total head contours for haerogeneous dam [2]. Units in m-10

Figure 11-5: Total head cantour plot in RS2
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11.4 References

1. Gardner, W. (195651 Mat h e mat i cabwaterfcondustiontinhuesatued
soi |l s. 0 Hi ghadSpeciR KRepertadd lotérnatidoal Symposium o
PhysiceChemical Phenomenon in Soils, Washington D.C. pg87.8

2. Zhang, J, Xu Q. and Chen.Z42001) i Seepage analysi s based
unsd ur at ed s oi | csRdseamh Gommuniddgo28(1d 107-112.

11.5 Data Files

The input data filegroundwater#011_01.feandgroundwater#011_02.fexan be
downloaded from the RS2 Online Help page for Verification Manuals.
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12 Seepage from Trapezoidaitch into Deep Horizontal Drainage
Layer

12.1 Problem Desciption

Seepage from a trapezaldlitch into a deep horizontal drainagedais analyzed in this
section. The geometry of the problem is depicteféigure12-1.

|: B ;l
Z A
Hy N\U
Soil, k ' |
«—>
B1

Figure 12-1: Seepage from a trapezoidal ditch

The RS2model for the problem described in the previous section is shofriguine
12-2. Owing tosymmetry, onlyhalf of the problem was modeled
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Figure 12-2: RS2model oftrapezoidal ditch and deep drainage layer
TheRS2model uses the following inpparameters:

Ditch halfwidth B/2 = 25 m

Ditch dgpthH=10m

Bankangldd = 45A

f  Soil hydraulic conductivitk = 10° m/s

= =4 =

12.2 Analytical Solution

Vedernikov (1934) proposeddirect method to solve for the seepage from such a ditch.

He proposed the followg equation for calculating the flow:

q = k(B + AH)

whereA s a function oB/Handc o t u . I n t hi 8=80maH=TA0ne ,
a n d=4% which will yield a value oA = 3 [1].
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He also proposed the following equation for calculating the width dfdheat an
infinite distance under the bottom ogthlitch:

L=EB+ AH

Using theabove equationshe flow through the system was caldathto be 0.0008 #s.
The widh of the seepage zone was calculated to be.80 m

! | 1
1 '

) 4
Figure 12-3: Theoretical flow net (from Harr, 1990 [1])

The analytical solutiomsed for total head 8 flow net drawn byand using
Veder ni k orydoditidno(widtrdohseepage zone, depth to horizontal
equipotential lines) Figure12-4 shows the flow at used to obtaithe amlytical
solution.
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Figure 12-4: Hand-drawn flo w

12.3 Results

net

4o
33

)
25
a0
(s
o)

o
o

according

So, oo
42. 64
35,85
29,77
22. 44
16,14
.42
5. 49
~0 3l

to Vederni kovods

A discharge sectiowas added to theS2modelto compute the flovat thelower
boundaryand compee it to the Vedernikov solution. Thesults aralepicted inFigure
12-5. RS2is in good agreement with the flow net showrrigure12-3.
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Figure 12-5: Flow net and flow vector plot generated byRS2

The discharge saon shows a flowof 0.0004082 m/s through the moddlhetotal flow
from the trapezoidal ditch hus0.000816m°%/s. Upon analysis ofhe flow vectors, the
seepgezone appears to be apgmately 42 mwide, equivalent to an 84 m seepage
zone when symmat is accountedor. These results are similar to those in [1], which
predict a seepage zone 80 m wide arflbw of 0.008 n¥s.

A material query was added agetbenter of the ditch to dhin the total head distribution
along the vertical crossection mmediately unddying the ditch Figure12-6 plots total
head as a function okeg@th and compard®S2results to those drawn from tHew net in

Figure12-4.
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Figure 12-6: Comparison of RS2and analytical solutions for total head distribution below centre of
ditch

12.4 References

1. Haar, M. E. (1990)Groundwaterand Seepage"® Edition, Dover.

12.5 Data Files

The input da file groundwater#012.zcan be downloaded from the RS2 Online Help
page for Verification Manuals.
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13 Seepage from @riangular Ditch into aDeepHorizontal
Drainagelayer

13.1 Problem Description

Seepage from a triangular ditinto a deep horizontal draige layer is analyzed in this
section. The geometwf the problem is depicted Figure13-1.

Soil, k
R T R l' R T R l' R T R l' g E T E T,
R

Figure 13-1: Tria ngular ditch with deep underlying drainage layer

TheRS2model for the problem desbed in the previous section is showrHigure
13-2. Only half of the problem as modeled due to symmetry.
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Figure 13-2: Trian gular ditch as constructed inRS2
The RS2model useshe following input parameters:

Ditch halfwidth B/2 = 10 m
Ditch depthH =10 m
Bankslopedd = 45A
Soil conductivityk = 103 m/s

= =4 4 A

13.2 Analytical Solution

Vedernikov (934) proposed a direct method tdve for the seepage from such a ditch.
He proposedhe following equation for calculating the flow:

q = k(B + AH)

whereA is a funct i ople, wewiludeB=20mH=1 hr sa=@5k alh
which will yield a value oA = 2 [1].
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He also proposed thelfowing equation for calculating the width of thewl at an
infinite distance under the bottom of the ditch:

L=EB+ AH

Using theseequatiors, the flow through the system was calculated t0.0d n¥/s. The
width of the seepage zone was calculatede40 m

’4-—- H=2— -
__‘?_. —— 'j—'_—_‘_-—" ' —= X
S
i 7.
I \
11 .
| |
y=@
|
Amasss) s BB
1 LR BB
Yy

Figure 13-3: Theoretical flow net beneath triangular ditch from Harr (1990) [1]

To determine the total head variation with depth immediately beneatit¢cheadflow
netwasdrawn by handssii ng Vederni kovédés boundadezone, condi t i
depth to horizontal equipotential lines). Figu3.5 shows the flow net usedaiotain

this analytical solution.

67



el. 50 ol

) Nd=13

AH= S0 -(-20)
=TOnm
Te) L Ah=T0/13
om 50 =5, 38m
ELEVATION ToTAL HEAD
40 So.co
35 38.84
0 ?2.52
VEY 2727
20 21,80
) 16,74
lo 11,52
) .29
[e] l.o&
el—-20 i

=20
Figure 13-4: Hand-drawn flow net indicating total head along vertical axis of prollem space
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13.3 Results

A discharge section was added te thodel to compute thetal flow andcompare it to
the Vedernikov solution. The output is depicted in FidLBe3.

Total Head
m

0.000
2.500

0.020175 m3/s

Figure 13-5: Flow net and flow vectors produced byRS2

The discharge section shoadlow of 0.020175 s through the modelyhich equates
to atotal flow from the trapezoidal ditobf 0.0404 n¥/s. This is very similar to the
analyical Vedernikov solution.

Upon inspection of thBow vectors, the seepage zone appears to be appreiratm
wide, which equates to a totaleggage zone of 42 m when symmetry is accounted for.
Thisisincloseacor dance with Vederni kovds solution.

A material query was added at the center of thénddabtain the total heagluesalong

the verticalaxis of the model Figure 13compares tb head distributioobtained using
RS2with the analytical solution.
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Figure 13-6: Comparison of RS2and analytical solutions for total head beneath ditch. Note that x =
40 m corresponds to the bottom of the ditch.

13.4 References

1. Haar, M. E. (1990)Groundwaterand Seepage2"® Edition, Dover.

13.5 Data Files

The input data filggroundwater#013.fezcan be downloaded frothe RS2 Onlinddelp
page for Verification Manuals.
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14 Unsaturated Soil Column

14.1 Problem Description

Steadystate capillary hed distribution above the water table inaxrowsal column is
analyzed in this example. The geometry of the problesepscted m Figure 14.1.

vadose zone

water table

Figure 14-1: Narrow soil column above the water table

Table 1 summarizes the modeldamaterial parameters used in this instance.

Table 14.1: Model parameters

Parameter | Value
Column heightl() 1m
Saturated soil conductivityKE) 107 m/s
Infiltration/Exfiltration rate ¢) +8.64-10* m/day
Sorptive numberl) 1m?!

TheRS2model for the problem is shovim Figure 14-2. The model is a very thin soil
column (2 mm wide), 1 meter deep to the water table.
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Figure 14-2: Infiltration and exfiltration in a narrow column as modeled inRS2

14.2 Analytical Solution

Gardner (1958]1] proposed an analytical solution to this problem. He proposed the
following equatiorfor calculating capillary head:

hY
7

y(2)=- gln eKl (n+(Ks -n)eal Z))S

=

es u

wherezis the verticacoordinate (m) and other parameters are aseldkin Table14.1.
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14.3 Results

A material query was added throughout the deptine columrno plotthe pressure head
values. The output is depictedrigure14-3 for the constant infiltration case éRigure
14-4 for the constant exfiltration case. TR&2results are in good agreement with the
analytical solution presented by Gardner.
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Figure 14-3: Plot of pressure head againstlepth comparing the Gardner analytical results to the
results from RS2for the constant infiltration case
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Figure 14-4: Plot of pressure head againstlepth comparing the Gardner analytial results to the
results from RS2for the constantexfiltration case
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14.4 References

1. GardnerW.R.(1959) Some Stead@tate Solutionsf the Unsaturated Moisture Flow
Equation with Application to Evaporation from a Water Tal3eil Science 35 (1958)
4,228232.

14.5 Data Files

The input data filgroundwater#014.fezcan be downloaded from the RS2line Help
page for Verification Manuals.
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15 Radial Flow to a Well irm Confined Aquifer

15.1 Problem Description

The problentoncerns theadial flow tavardsa pumping well through a conid
homogeneous, isotropic aquifer. The problem is axisymmetrie. pfdblem geometry is
shown n Figure15-1.

r' Q Ground surface

1
i
i
i
i v
; 155t .
g
|
i
i
i
—P' — rw
1
; H
g
I
. I
ro Aquifer b
Lo
N | }
< e >

Figure 15-1: Vertical well in confined aquifer

The left sideof the figure above ithe axis of symmetry ahrepresents the centre lioke
the well.

TheRS2model used to simate this problem is shown igurel5-2. To ensure highly
accurate redts, the model mesh was created withdiled triangular elements and the
discretization density and elemt density were increased near thel wilere high pore
pressure gradients were expected.
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TR

Figure 152: RSZmddeI ”
Axisymmetry is turned on. ThHRS2model uses the followingnput parameters:

Well radissrw = 0.15 m

Boundary radiuse = 40m

Aquifer depthb =5m

Water table heightl = 16 m
Volumetric pumping rat€ = 0.125 ni/s
Soil conductiviy k= 0.002 m/s

= =4 =4 -8 -8 -9

The pumping boundary condition was simulated by applying a megadrmal
infiltration of g along the length of the well. The magrde ofqg was calculated by
dividing the volumetric pump rat€j by the surface area of the well:

_ Q _ 0125
2o, 2p(0.15)(5)

q =0.0269n/s

wherel represents the length of the well. In this caselly fpenetrates the reservaol
= h.

15.2 Analytical Solution

According to Davis (1966) [1]ite headh at any radius is given by the analytical
solution [1]

h:H-ilngéEg
b cr=+

whereH is the head at the far boundaryis the radius of the fardundary b is the
thickness bthe aquiferk, is the permeabilityn the aquifer an€) is the volumetric
pumping rate.
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15.3 Results

The steady state solution for total hgadduced byrRS2is shown inFigure15-3.

T T T T T T

Figare £53: zToté\I héad (;ontdnur piZ()t frz)m FESZ m

Figure15-4 compares the total head valuesnpuited byRS2with those derived from the
analytical solution in [1].
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Figure 15-4: Total head distribution with increasing radial distance from well

Clearly,RS2is in good accordance withe analytical solution A maximum error of
4.1% was observed ateredge of the well.

15.4 References

1. Dauvis, S.N. and DeWiest, R.J.M1966), Hydrogeology John Wilgy & Sons, Inc.,
New York.
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15.5 Data Files

The input data filggroundwater#015.fezcan be downloaded from the RS2 Online Help
page for Verification Manuals.
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16 RadialFlow to aWell in anUnconfinedAquifer

16.1 Problem Description

The problentoncerngheradialflow from an aquifetowardsa pumping well in a
homogeneuos, isotropic soil. The aquifeal an impermeable base but is unconfined at
the top. The well penetrates the entire aquifeine problem is axisymmetridzigure

16-1 shows the problem geometry.

r' Q Ground surface

v

1% re
Figure 16-1: Radial flow to a well in an unconfined aquifer
The left side ighe axis of symmetry and represents the centre line of the well.

TheRS2model used to simulate this problem is showRigurel16-2. To ensure highly
accurate results, the model mesh was created wittdéd triangular efeents and the
discretization density and element density were increasedheeaetl where high pore
pressure gradients were expected.
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Figljre 16‘;2: Pdmpiﬁg fro;n a Well |n an lj;hcon}fined-équif‘ér as:ymodyeledﬁ“RSi
Axisymmetry is turned on. THeS2model uses the following input panaters:

rw=0.15m
re=40m
H=16m
Q=0.125 ni/s
k=0.002 m/s

= =4 -4 -4 A

The pumping boundg condition was simulated by applying a negative normal
infiltration of g along tte length of the well. The magnitudegivas calculated by
dividing the volumetric pmp rate Q) by the surface area of the well:

_ Q _ 0125
2o, 2p(0.15)16)

q = 0.00829n/s

Wherel represets the length of the well. In this case the well fully penetrates the aquifer

sol =16 m.

16.2 Analytical Solution

The height of the water tableat any radius can ke obtained from the analytical
solution [1]

Or ~
h=H2- L nged
cr=+

WhereH is the hed at the far boundarye is the radius of the far boundaky,is the
permeabilityin the aquifer an@ is the volumetric pumping rate.
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16.3 Results

The steady state salon for pressure head is showrFigure16-3.

175

125

75

25

) s 5 175 Y

5 Figu”re 16-3: Pressure head cotn)urnss fron’i‘ theT?SZ r;odexis

The height of the water table compared to the analyticalisolis shown irFigure16-4.
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Figure 16-4: Total head n RS2model compared with analytical results
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Clearly,RS2matches the ahdical solution well. The maximum error 3% at the
edge of the well.

16.4 References

1. Davis, S.Nand DeWiest, R.J.M(1966. Hydrogeology Jom Wiley & Sons, Inc.,
New York.

16.5 Data Files

The input data filggroundwater#016.fezcan be downloaded from the RS2 Online Help
page for Verification Manuals.
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17 1-D Consolidation with Uniform Initial Excess BoPressure

17.1 Problem Description

In this problema 1-D soil columnwith a height of aemetreis consideredTwo
boundary condition cas@se considered. The first caaows flow along the top and
bottom edges, while the second case only allows flangthe top edgén initial
pressure head df =100 m is appliediniformly throughout the columnThis geometry
is shown in Figurel7.1.

Case 1 Case 2
Freedraining Freedraining
'\
|
v
Freedraining Impermeable
Figure 17-1: Model Geometry
Terzaghi 6s consolidation equation can be wri
Hu, _ (17.1)
uz? T
usingthe dimensionless variables
z
= 17.2a
v (17.22)
and
Ct
T= HVZ (17.2b)
where
z = depth from the top of the column
H = maximum drainage path
C. = coefficient of consolidation
t = time
u

()
I

EXCEeSS pore pressure
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An initial condition is imposed d=0:
ue =u0 for O¢Z ¢1

where

Yo = initial excess pore pressure

Along edges where flow is allowed to occur, adary condition is imposed for 4l
u, =0

The solution to the consolidation equation is given in Ref [1] as:

u, = a_ %(sin MZ)e M (17.3)
m=0 M

where

M = %(2m+1)

17.2 RS2Model and Results

Case 1

TheRS2model for Casd is shown in Figure ¥.2. A uniform initial excess pore
pressure of 100 ns set.

The following properties ar@assumed fothe soil:

1 "™ = 0.01/kPa
7 &= 1.024mys
q k=C0uMy = 165 m/s

The maximum drainage path taken as L/2 = 0.5 nihe problem is modeled RS2
with threenodedtriangular finite elements. The total number of elements usEsBig
elements.
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Figure 17-2: RS2 Model for Case 1

Figure17-3 shows excesgorepressure along the soil columndifferent timesThe
single data points represent fR82interpretations, whilehe solid lines repesent values
calculated using Equatiory B. The RS2curves take the same form as psitkd graphs
such as in Ref [1]JAs seen, th&®S2results are in close aggment with valuesalculated
using Equation 1.3.
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Figure 17-3: Comparison of Pore Presare Dissipation for Case 1
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TheRS2model for Gse 2, shown ikigurel7-4, uses properties similar to Casel'he
maximum drainage path is takenas L =1 m.
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Figure 17-4: RS2 Model for Case 2
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TheRS2resultsfor Ca® 2 shown irFigure17-5 are again in close agreement with the
Terzaghi consolidation equatiealues.
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Figure 17-5: Comparison of Pore Pressure Dissipation for Case 2
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18 Pore Pressure Dissipation of Stratified Soil

18.1 Problem Description

The problendeals with 1D consolidation of stratified soils. Three cases are considered,
which areshownin Figure18-1. The properties for Soil A and Soil B are showT able

18.1. Both the pore fluigspecific weight €W) and the heigt of the solil profiles are
assumed to be one unitn initial pressure head d? =1000m is applied uniformly
throughout the column

Casel: Uniform Soil Case2: A/B Case3: B/A

Freedraining Freedraining Freedraining

Soil B

Soil B

Impermeable layer Impermeable layer Impermeable layer

Figure 18-1: Model Geometry
Table 18.1: Soil Properties

Soil A Soil B
k 1 10
m, 1 10
C, 1 1

18.2 RS2Model Results

Figurel18-2, Figurel18-3, andFigure18-4 show comparisons between excess pore
pressures in thRS2model and values from ttenalytical solution presented in Ref.[1]
The single data points represent Rfe2interpretations, whilehe solid lines represent
analytical values from Ref [1As stown, theRS2results are in close agreement with the
analytical solutions.
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Figure 18-4: Comparison of Exess Pore Pressure for Case 3
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19 Transient Seepagihrough an Earth Fill Dam with Toe Drain

19.1 Problem Description
In this problem, an earth fill dam with a reservoir on one side is modetedreservoir
level is quicklyraised,and transient seepage is investigated.

The base of the earth fill dam is B2wide and theres a12 m wide toe drain instaliieat
the downstream sid&he initial steadystate reservoilevel is 4 m. For transient analysis,
the reservoir level is quickly raised to a height of 10Isntropic ©nditions and am,
value of 0.003 /kPa are assumEdjure19-1 showsthe coefficient of permeabilities used
for dam material.
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1.00E-09

1.00E-10

1.00E-11

1.00E-12
0 50 100 150 200
Matric Suction (kPa)

Figure 19-1: Coefficient of Permeabilty Function

19.2 RS2 Model

The RS2modesk for initial steady state and transient analysmis shown inFigure 19-2
and Figure 19-3, respectivelyThe boundary conditions simuldtiee rise in the reservoir
water leveland thanstalledtoe drain.

91



FAstnsasan-~ e S e aaasananr nann s e e PRMMMMRAR- e i~ e nana s = ranns annr sesns one - pen T T T T T T

Figure 19-2: RS2 Modeli Initial Steady State
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Figure 19-3: RS2 Model - Transient
19.3 Results

The RS2model results are shown a@nes 15 hr and 16383 hr Figure 19-4 andFigure
195, respectively.The solid lines represenbdtal head contouresults fromRS2 The
blacklines aresolutions taken fronFlexPDE results iRef [1], while the pink lines are
SEEP/W results from Ref [1].
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Figure 19-5: Comparison of Total Head Contours forTime 16383 hr
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Figure 19-6 and Figure 19-7 show pressure head contours at times 15 hr and 16383 hr
respectively.
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Figure 19-6: Pressure Head Contours for Time 1%r
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Figure 19-7: Pressure Head Contouws for Time 16383 hr

19.4 References

[1] Pentland, et. 2001, iUse of a Gener&tartial Differential Equation Solver for
Solution of Mass and Heat Transfer Problems in Géwiieal Engineeringy 4"
Brazilian Symposium on Unsaturated Spjp. 2945.
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20 Transiet Seepage Through an Earth Fill Dam

20.1 Problem Description

This problem is similar to Verification Exampl®.1

The base of the earth fill dam is B2widebut there is ndoe drain. The reservoir level is
raised from 4 m to 10 m at tis¢art of analysis timdsotropic conditions and &, value

of 0.003 /kPa are assumddr the earth fill Figure 20.1 showsthe coefficient of
permeabilities used fahe dam material.

1.00E-05

1.00E-06
1.00E-07 \
1.00E-08

1.00E-09

k (m/s)

1.00E-10

1.00E-11

1.00E-12
0 50 100 150 200

Matric Suction (kPa)

Figure 20.17 Coefficient of Permeability Function for Dam Material

20.2 RS2 Model

The Phase 2modek for initial steady state and transient analgsisshown inFigure
20.2 and 203, respectively The boundary conditions simulatee rise n the reservoir
water level.
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Figure 20.37 RS2Model i Transient
20.3 Results

Total head values are sampled aldimgitoe slope ashown inFigure20.4. These values
are compared with values taken from RHfin Figure20.5. As can be seerthe values
are in agreement.

_~|Toe Slope

Figure 20471 Toe Slope
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Figure 20.51 Total Head Comparison
Figures 20.6 and 20.7 show total head contours for times of 0.6 h and 19656 h,
respectively. Figure20.8 and20.9 slow pressure head contours for tlare times.
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Figure 20.61 Total Head Contours at0.6 h
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Figure 20.71 Total Head Contours at 19656 h
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Figure 20.81 PressureHead Contours at 0.6 h
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Figure 20.91 PressureHead Contours at 19656 h
20.4 References

[1] Fredlund, D.G. and RahadjjH. (1993) Soil Mechanics for Unsaturated Sqidew
York: John Wiley &Sons.
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21 Seepage Below a Lagoon

21.1 Problem Descrigtion

This example deals with transient seepage below a lagoon. One half of the model
geometry is consideregince it is symmetricallhe section of the lagoon considered is 2

m wide. A 1 m deepal liner is directly under the lagoon and the solil is assumed to
extend 9 m below the solil liner before an impeable boundary is encountereth

initial steadystatewater talte at a depthfo5 m from the ground surface is assumed. At
analysis time zerahe water level in the lagoon is instantargpuaised to a height of 1

m. The model geometrfpr transient analysiat time zeras shown in Figur1.1.

2m Freedraining

A
v

19m
Figure 21.17 Model Geometry

An m, value of 0002 /kPawas assumed for both the soil and the liner. The permeability
functions for thesands are shown in Figu?4.2
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Figure 21271 Coefficient of Permeability Functions

21.2 RS2 Model

The RS2modes for initial steady state and transient analysis amvshin Figures21.3
and 21.4, respectively.The boundary conditions model the rise in water level in the
lagoon. No flow is assumextrosghe lagoon centerline.
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Figure 21.37 RS2Model i Initial Steady State

Figure 21.37 RS2Model i Transient

21.3 Resallts

Figures21.4 t021.7 show pressure head contours for different transient analysis times.
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Figure 21.471 PressureHead Contours at 73 mirutes

Figure 21.57 PressureHead Contours at 416 minutes
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Figure 21.67 PressureHead Contours at 792minutes
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Figure 21.77 PressureHead Contours at 11340 minutes

Pressure head values are sampled afb@dop boundaras shown in Figur21.8. These
values fromRS2areplotted in comparisoto values fron Ref [1] in Figure21.9.
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Top Boundary

Figure 21.87 Query Line
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Figure 21.97 Comparison of Pressure Head Values alongop Boundary

21.4 References

[1] Fredlund, D.G. and Rahardjo, H. (1993il Mechanics for Unsaturated Soqildew
York: John Wiley & Sons.
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22 Seepage in a Layered Slope

22.1 Problem Description

This prdolem deals with transient seepage in a layesiege. The slope consists of
medium sand with a horizontal fine sand layer. At iniseadystate conditions, the
watertable is located at a height of 0.1 m from the toe of the slopenstant infiltratio

of 2.1310*m/sis applied at the top of the slope at time zekn. m, value 0f0.002 /kPa

is assumed for both materials, and the paimigy functions for the sands are shown in
Figure 2.1.
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Figure 22.171 Coefficient of Permeability Functions

22.2 RS2 Model

Figure 22.2 shows theRS2 model used to perform transient aysadé with constant
infiltration.
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Figure 22.27 RS2Model

22.3 Results

Figures 2.3 to 2.5 show the total head contour results frR¥82

T e e W e W e T w0 Ty R+ W [ A SR R

Figure 22.37 Total Head Contours for 4.6 seconds
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Figure 22.471 Total Head Contours for 31 seconds
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Figure 22.57 Total Head Contours for 208 seconds

Values of total head areken along theuery line showrin Figure 2.6. Figure 2.7
comparefRS2results withthose taken from Ref [1].

106



|Query Linej,

Figure 22.61 Query Line
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Figure 22.717 Comparison of Total Head Values

22.4 References

[1] Fredlund, D.G. and Rahardjo, H. (1993il Mecharts for Unsaturated SoilNew
York: John Wiley & Sons.
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23 Transient Seepage Through dl¥Confined Aquifer

23.1 Problem Description

This problem deals with transient seepage through a fully confined aquifer. Two head
conditions are examined. In both cases,atugifer has an initial porevater distribution

that is changed through the introdudtiof five feet of hydraulic head to the left side of

the aquifer. Seepage is then examined in Hagection with time. The aquifer is 100

feet long and five feet thkc An illustration of the prblem is presented in Figur&.2.

< 100 ft

v

Initial PWP (t<0) 5 ft

Figure 23.1 Model geometry

The soil has a hydraulic conductivity of 4 ft/hr and anah0.1. The hydraulic propert
is assumed to be fullyaturated.

The equation fotransient seepage through a fully confined aquifer can be expressed
through the J.G. Fas Formula [1] as,

h(xt) = h{x.0) + DH Cerfce 3
X, 1) = NiX, 0
2/a(T/s)2

T/s=—%

gworll

Where h(x,t) is the hydraulic head atopition x at timet; Hgs the head difference
between the initial porevater distribution and the introduced hydraulic head; enficlis
the complimentary error function.

23.2 RS2Model

1. No initial porewater distribution

Figure 8.2 shows th&S2 model used to perform a traest analysis with @eetof
initial pore-waterpressure
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Figure 23.2 RS2Model i 0 feetof Initial PWP

2. Initial pore-water distribution of Jeet

Figure 8.3 shows théhase 2nodel used to pesfm a transient analysis withféetof

initial head assigned by setting the steady state boundary condition of the problem to 5
feetof head). Note that the boundary condition on the left face is setfeet(® feetof

initial PWP plus Feetof introduced hydraulic head).

Figure 23.3RS2Model i 5feetof Initial PWP

23.3 Results

Figures 3.4 and 3.5 shav the total head contour results fréd$2at 600 hours.
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Figure 23.471 Total Head Contours, 600 hours, no initial PWP
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A comparison of thdRS2results and the analytical solution for Case 1 is presented in
Figure 3.6.

Figure 23.61 Comparison of RS Results and Analytical Solution- Case 1
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