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1 INTRODUCTION

The word “Verification”, when used in connection with computer software can be defined as “the ability of the computer code
to provide a solution consistent with the physics defined by the governing partial differential equation, PDE”. There are also
other factors such as initial conditions, boundary conditions, and control variables that also affect the accuracy of the code to
perform as stated.

“Verification” is generally achieved by solving a series of so-called “benchmark” problems. “Benchmark” problems are
problems for which there is a closed-form solution or for which the solution has become “reasonably certain” as a result of
long-hand calculations that have been performed. Publication of the “benchmark” solutions in research journals or textbooks
also lends 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 one’s software solution to another. Consequently, care must be
taken in performing the “verification” process on a particular software package. It must also be remembered there is never
such a thing as complete software verification for “all” possible problems. Rather, it is an ongoing process that establishes
credibility with time.

Bentley Systems takes the process of “verification” most seriously and has undertaken a wide range of steps to ensure that
the SVFLUX software will perform as intended by the theory of saturated-unsaturated water seepage.

The following models represent comparisons made to textbook solutions, hand calculations, and other software packages. We
at Bentley Systems are dedicated to providing our clients with reliable and tested software. While the following list of example
models is comprehensive, it does not reflect the entirety of models, which may be posed to the SVFLUX software. It is our
recommendation that water balance checking be performed on all model runs prior to presentation of results. It is also our
recommendation that the modeling process move 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 ONE-DIMENSIONAL SEEPAGE

The following examples compare the results of SVFLUX against published 1D solutions presented in textbooks or journal
papers. One-dimensional scenarios were entered in SVFLUX through the use of a thin 1D column.

2.1 TRANSIENT-STATE

Transient or time-dependent models allow the benchmarking of time-stepping aspects of the SVFLUX software.

2.1.1 CeliaInfiltration Example

Celia (1990) presented an infiltration example comparing finite difference and finite element solutions. The example
represents an approximate description of a field site in New Mexico. The model involved unsaturated infiltration into a column
of 100cm in depth. Celia (1990) outlined the solution offered by both finite difference and finite element methods. The time-
steps are varied to illustrate the possible variation in solution profiles. The resulting profiles presented by Celia are shown in
Figure 1.

Project: WaterFlow
Model: celial990_GT
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Figure 1 (a) Finite difference and (b) finite element solutions from Celia (1990). Finite difference solution using Dt = 2.4 min did not
converge in nonlinear iteration.

The model was setup in the SVFLUX GT software package. Unsaturated material property functions presented in the paper
were converted from a functional to a digital representation. The results of SVFLUX GT as compared to the finite element
results presented by Celia are shown in Figure 2. A fixed mesh of 200 nodes was used in the model. Preliminary sensitivity
analysis indicates that differences between the solutions can be attributed to differences in the representation of material
properties.

SVFLUX GT results indicate correct solution of the infiltration model. The results also validate the automatic time-step
selection used by SVFLUX GT in solving transient models. Numerical oscillations commonly encountered by the selection of
large time-steps in finite element solvers can be minimized using SVFLUX GT.
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3 TWO-DIMENSIONAL SEEPAGE

Various models are used to verify the validity of the solutions provided by the SVFLUX software. Comparisons are made either
to textbook solutions, journal-published solutions, or other software packages.

3.1 STEADY-STATE

3.1.1 2D Cutoff

Project: EarthDams
Model: Cutoff _GT

This steady-state model is used to simulate the flow beneath a concrete gravity dam. On the left hand side of the model a
reservoir is simulated by applying a constant head of 60 m while on the right side the water table is placed at the ground
surface by setting a head of 40 m. All other boundaries are set to zero flow. The mesh is refined where the high gradients
may occur as shown in Figure 3.

ConstantHead (B0-m) .~ Constant Head (40 m)

¥ (m) 200

- PR B “Constant Head (40 m)

a w an “ L e nn 140 155

X {m})
Figure 3 Mesh and boundary conditions from SVFLUX GT

Table 1 shows the details of the material used in the model.

Table 1 Details of material properties

Tabs Parameters Soil

New Material Data Type Saturated
Volumetric Water Content Saturated VWC 0.33
Hydraulic Conductivity ksat (m/s) 1077

The model has been verified by using SVFLUX GE. Therefore in the present model, the results from SVFLUX GT are compared
with those from SVFLUX GE. As indicated in Figure 4, Figure 5, Figure 6 and Figure 7, the results of h (total head) and uw
(pore water pressure) are in good agreement between SVFLUX GE and SVFLUX GT. The mesh from the GE solution is also
utilized in the GT solution in this example. A total of 1,039 nodes were used in the solution.

SVFLUX GE
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Figure 4 The result of head contours from SVFLUX GE
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Figure 5 The result of head contours from SVFLUX GT
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Figure 6 The result of pore water pressure contours from SVFLUX GE
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Figure 7 The result of pore water pressure contours from SVFLUX GT
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3.1.2 Dam Flow

Project: EarthDams
Model: Bowles9la GT

This model is presented to show verification of flow through a dam cross-section using SVFLUX GT. The left side of the dam is
set as Constant Head (18 m), and the right side is viewed as Review Boundary condition, as shown in Figure 8. The other
boundary conditions are viewed as “Zero Flux”. The material used in the model is saturated with the saturated VWC of 0.35
and constant saturated hydraulic conductivity of 6.67x107° m/s.
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Figure 8 Geometry and boundary conditions of the model

This model is documented in Bowles (1984). The result of total head (h) from SVFLUX GT is compared with that from Chapuis
et al. (2001) in Figure 9 and Figure 10. The results are in good agreement. Figure 11 shows the contour of pore water
pressure (uw) in the dam.
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Figure 9 Total head (h) result from Chapuis et al. (2001)
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Figure 10 Total head (h) result from SVFLUX GT
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Figure 11 Pore water pressure (uw) result from SVFLUX GT
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3.1.3 Refraction Flow Example

Project: Waterflow
Model: Crespo_GT

This model provides verification of the “refraction law” (Crespo, 1993) when water passes from one material to another. The
solution can be verified using either the flow lines or equipotentials since these lines are perpendicular in the steady-state
solutions when k is isotropic. A square domain of 10 m x 10 m is set up, and the boundary conditions are shown as in Figure
12.

Constant Head (20 m)

ki

¥ (m) 3

0o o A

Constant Head (10 m)

20 10 oo 10 20 e 40 50 &0 To ao &0 100 10
X {m)

Figure 12 Simulation domain and boundary conditions settings from SVFLUX GT (6,662 nodes)
The outer perimeter is impervious with the exception of the specified head boundary conditions. The layer thicknesses are 4
m, 3 m, and 3 m starting at the bottom. Table 2 shows the material properties for different layers in the model. The result

from SVFLUX GT is compared with that from Chapuis et al. (2001). As indicated in Figure 13 and Figure 14, it can be seen
that the results from SVFLUX GT and from the journal paper are in very good agreement.

Table 2 Details of material properties

Tabs Parameters K1 K2 K3

New Material Data Type Saturated Saturated Saturated
Volumetric Water Content |Saturated VWC 0.35 0.35 0.35
Hydraulic Conductivity [ksat (m/s) 0.01 0.1 0.03
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Figure 13 Results from Chapuis et al. (2001)

Constant Head (20 m)

5

TRV

JEANVAS

Y
=5

s

Py

S
A
#‘

(¥l

YaY)

X
¢

X

s

A=)

W)

riN
2V
Y

7

N
',(

it

2aN

i

50

o

VA

7

o
)

=

-

&

E
e

v

!

LAY
2
S

v

!

gt

e
]
2

A0
‘vé??’ﬂb
; Shiviv

g

7

!
v

A
b
sy,

4
AV
ATLY ST,

AV
g
;au
{0y

o

AN
o
2

oy

VA“

0
YAV

e
AV%;?K%L
st
)

81 Y
A A
;| ;'ﬂ’

v,

PR

A

e
Aﬁﬂk&é

AR P

7 A T

AR

A
I’

S AT/ AT AT EVAV AN VALY

i R e ¥y

AV Vav; Sy STV A |
4{4‘% rgnyé“ﬁ“%4h’f

ey

<

>
Y

i

T e A e N
Ty S iy

AN AN ViV

V'
v

<

s,
Zle

47

75 s

Constant Head (10 m)

a0

50

X (m)

6.0

80 9.0 10.0 11.0

Figure 14 Verification of the refraction law using SVFLUX GT
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3.1.4 Confined Flow Under a Dam

Project: EarthDams
Model: Example7pl7_GT

This model illustrates a steady-state confined flow under a dam. The dam has two 10 m sheet piles driven partially into the
granular soil layer as shown in Figure 15. On the left side of the dam, the boundary condition is set as constant pressure head
(12 m), and on the right side, the boundary condition is assumed as constant pressure head (O m). The material is viewed as
saturated with the saturated volumetric water content of 0.4 and a constant saturated hydraulic conductivity of 10™> m/s.

This example is taken from Holtz and Kovacs (1981). The distribution of pressure heads (hp) at the bottom of the dam (point

A through F) can be analytically calculated, and this distribution is important for the analysis of the stability of concrete
gravity dams.

Scale: I!.‘-_l__l-alm
Figure 15 Description of the example model

Figure 16 represents the geometry and boundary conditions in SVFLUX GT for simulating this example model. The mesh
utilized for this problem had 2,071 nodes.

£

Constant Pressure Head {12 m) 7 [ Constant Pressure Head (0 m)

E
E

¥ {m) 182

X (m)

Figure 16 The geometry and boundary conditions settings in SVFLUX GT

Figure 17 shows the contour of head (h) and several select streamlines under the dam, and the distributions of pressure
heads at the bottom of the dam (from A to F) are compared between the analytical results and SVFLUX GT in Figure 18. From
the comparison, we can see that the results from the analytical calculation and SVFLUX GT are in good agreement.

EYHEEREHENESS

¥ {m) 1o

X im)

Figure 17 The contour of head (h) and select streamlines under the dam
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Figure 18 Comparison of the pressure head (hp) distributions at the bottom of the dam (from A to F) between the analytical
calculation by Holtz and Kovacs (1981) and SVFLUX GT
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3.1.5 Flow Around a Cylinder

Project: WaterFlow
Model: FlowAroundACylinder_GT

Laminar flow around a cylinder is one of the most basic problems in Fluid Mechanics. The analytical solution can be obtained
using the Bernoulli equation. This steady-state model simulates uniform flow around a cylinder to verify the ability of SVFLUX
GT to solve laminar flow models.

This example considers flow around a cylinder in a 2D confined space (8 m x8 m) caused by a difference in head between the
left and right sides of the model. Only half of the geometry is simulated in SVFLUX GT as shown in Figure 19, because of the
symmetry of the problem. This problem was meshed with 2,004 nodes. Constant Head boundary conditions are set as 4 m
and 6 m at the left and right sides, respectively, and this difference of heads causes a flow throughout space in the negative
x-direction. Meanwhile, the top, bottom and cylinder sides are viewed as “Zero Flux” boundary conditions. The radius of the
cylinder is 1 m. The material is viewed as saturated with the saturated VWC of 0.4 and constant saturated hydraulic
conductivity of 10° m/s.

Yiomgar: Constant Head (4 m) R X 1 MAAT st Tk . A Constant Head (6 m)

40 ET] ET] ET] ] [T ET &

ae
X {m)

Figure 19 Geometry and boundary conditions of the model of Flow Around a Cylinder in SVFLUX GT

According to Streeter (1966), the total head (h) at any point (r, 8) in the radial coordinates can be obtained from the
equation [1]:

az
h=U|r+— |[cos@+5 11
r
Where
h1_h2
U=-—1_2 [2]
L

a is the radius of the cylinder (1 m);

hi is the head at the left boundary (4 m);
hz is the head at the right boundary (6 m);
L is the length of the domain (8 m).

Figure 20 shows the contour of total head (h) from SVFLUX GT.
Figure 21 shows the comparison of h along y = 2 m between SVFLUX GT and analytical results from Streeter (1966). It can
be seen that the analytical and SVFLUX GT results are in good agreement.
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3.1.6 The Interaction of Lakes and Ground Water

Project: RegionalFlow
Model: MODFLOW_8 GT; MODFLOW_9 GT; MODFLOW_10_GT; MODFLOW_11_GT; MODFLOW_13_GT; MODFLOW_14 GT;
MODFLOW_15_GT; MODFLOW_16_GT; MODFLOW_17_GT; MODFLOW_18_GT;

The interaction between surface waters and the surrounding groundwater regime has important implications for the effective
protection and management of groundwater resources. Winter (1976) used numerical simulation to examine ground-water
flow systems near lakes and the general principles of the interaction of lakes and ground water. In this verification report,
several select models in the paper by Winter (1976) are simulated using SVFLUX GT. The results are compared with those
from the paper and are proven to be in good agreement. These examples verify the ability of SVFLUX GT in the
hydrogeological field with simulating anisotropic flows.

The original verification report was concerned with a two-dimensional, steady-state, non-homogeneous, anisotropic one-lake
system. This system is composed of a lake (shallow or deep), sediments, different water tables (low or high) at upslope or
downslope sides, extensive or partial aquifers at the base or middle. The approximate dimensions of features in this one-lake
system are shown in Figure 22. The system can be thought of as a ground-water reservoir that has a datum of 100 feet
(bottom of the ground-water reservoir). The values of head are in feet relative to that datum, thus the lake surface has an
altitude of 230 feet, the higher water table at the upslope is 300 feet, and the water table at the downslope end is 170 feet.

WALSAS IV T-IND

AQUIFER

[———0.35T ——={

Figure 22 Dimensions of the one-lake system.

The boundary conditions at where the water table locates are set as zero pressure head. The two vertical boundaries and the
base of the system are viewed as zero normal flux boundary conditions. As suggested by Winter (1976), the hydraulic
conductivities assigned to lake sediments are as low as can be assigned with the software at hand, and the sediments are
purposely not extended to the shore line. Lake water is simulated as a separate region and by assigning very high hydraulic
conductivity.

Besides different geometry settings, two key parameters in the ground-water flow models are examined: the ratio of
horizontal to vertical hydraulic conductivity (Kn/Kv) and the ratio of the hydraulic conductivity of aquifers to that of the
surrounding till (Kag/Kt). Based on different geometries and material properties, ten models are simulated using SVFLUX GT
and can be summarized in Table 3.

Table 3 Summary of model settings

Number cli_:gti Sediments | Upslope | Downslope | kn/kv | Kag/Zkt A(:';Ll;lilfler :g;tl:félr
1 shallow High High 1000
2 shallow Yes High High 1000
3 shallow Yes High Low 1000
4 shallow Yes Low Low 1000
5 shallow Yes High High 1000 1000 Base
6 shallow Yes High High 1000 100 Middle
7 shallow Yes Low Low 1000 | 1000 Bﬁf’
8 shallow Yes Low Low 1000 | 1000 Bgﬁzz’th
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9 shallow Yes Low Low 1000 | 1000 Base,
Down
10 Deep Yes High High 1000 100 Base
Results

One of the most important phenomena in understanding the interaction of lakes and ground water is the stagnation point.
This is a point in the flow field at which vectors of flow are equal in opposite directions and therefore cancel. If a stagnation
point exists that has a head greater than that of the lake level, a continuous ground-water divide exists beneath the lake
making it impossible for water to move against the hydraulic gradient from the lake to the ground-water system. Table 4
summarizes the stagnation point results from SVFLUX GT and from the simulations by Winter (1976). Some differences exist,
but overall, SVFLUX GT successfully predicts the existence of the stagnation points.

The following figures show the comparisons of head contours between SVFLUX GT and Winter (1976). The results from
SVFLUX GT are in good agreement with those from Winter (1976). From both quantitative and qualitative comparisons, these
examples further verify the ability of SVFLUX GT in the field of hydrogeological simulations where anisotropic flows are

considered.

Table 4 Summary of stagnation point results from SVFLUX GT and Winter (1976)

Stagnation point Stagnation point
Model Interaction from SVFLUX GT from Winter(1976)
(m) (m)
1 No 1.8 1.8
2 No 2.9 4.2
3 No 0.9 1.4
4 No 0.5 0.9
5 Yes -— —
6 Yes - -
7 No 0.8 1.3
8 No 2.4 1.8
9 Yes - -
10 Yes -— —
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Figure 23 Head contours of model 1 from Winter (1976).
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Figure 24 Head contours of model 1 from SVFLUX GT.
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Figure 9.—Hydrologic section showing distribution of hydmulic head in the ground-water reservoir of a one-lake system that contains lake sediments but does not
contain aquifers.
Figure 25 Head contours of model 2 from Winter (1976).
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Figure 26 Head contours of model 2 from SVFLUX GT.
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Figure 27 Head contours of model 3 from Winter (1976).
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Figure 28 Head contours of model 3 from SVFLUX GT.

EXPLANATION METERS FEET

1550

Water table

230

Line of equal hydraulic po-
tential, in feet above a
standard datum.
Interval is variable. 00 O

Other patterns are
explained in fig. 1

Ky /K, = 1,000

Example of realistic scales that
could be applied to this diagram

3000 FEET
1000 METERS

(%09

General vicinity of stagnation point.
Numbar is head above lake level, in feet

33000

Froure |1.—Hydmologic section showing distribution of hydraulic head in the ground-water reservoir of a one-lake sysiem that has low waser.table mounds on both sides of

the lake and does not contain agquifers.

Figure 29 Head contours of model 4 from Winter (1976).

HALYM ONOOHED ANV STNVT 40 NOLLOVEIINID



BENTLEY SYSTEMS Two-Dimensional Seepage

]
]
243
o
o0
Yty .
100
= @ S000 #0006 15006 20006 000 2006 23060
xim
Figure 30 Head contours of model 4 from SVFLUX GT.
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Figure 32 Head contours of model 5 from SVFLUX GT.
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Figure 33 Head contours of model 6 from Winter (1976).
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Figure 35 Head contours of model 7 from Winter (1976).
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Figure 36 Head contours of model 7 from SVFLUX GT.
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Figure 39 Head contours of model 9 from Winter (1976).
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Figure 40 Head contours of model 9 from SVFLUX GT.
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3.1.7 Dam with Unconfined Groundwater Flow (Muskat)

Project: EarthDams
Model: Muskat_h2_GT; Muskat_h4_GT; Muskat_h6_GT; Muskat_h8 GT; Muskat_h10_GT

This model is used to verify the groundwater flow capabilities of SVFLUX GT. This verification model considers a vertical cross-
section of an unconfined groundwater flow system in a homogeneous earth dam underlain by an impervious base, and a free-
surface and a seepage face appear atop the flow region as shown in Figure 43. The results from the simulation of SVFLUX GT
are compared to the numerical and analytical results from the journal paper by Lee and Leap (1997).

y
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Figure 43 Physical domain of the model.

Figure 44 indicates the mesh and boundary conditions of the model. The meshes for different models vary from 2,000 nodes
to 10,000 nodes. The geometry of the simulation domain is a 20 m X 20 m square, and an initial water table line is set at the
top surface. The boundary condition on the left side is assigned as Head Constant = 20 m. On the right side, the boundary
condition fromy = 0 m to y = Ho is assigned as Head Constant = Ho, and from y = Ho to y = 20 m as Review Boundary
Condition to determine the length of the seepage surface. The mesh is locally refined around the central part of the right side.
Five different values of Ho (2 m, 4 m, 6 m, 8 m and 10 m) are tested.

Review BC

¥ Constant Head (20 m)

Constant Head (HO)
4

T )

" Ko
Figure 44 The mesh and boundary conditions of the model
Table 5 shows the details of the materials properties used in the model.

Table 5 Details of material properties

Tabs Parameters Soil
New Material Data Type Unsaturated
Saturated VWC 0.402
Volumetric Water Content ) .
SWCC Fredlund and Xing Fit
ksat (m/s) 3.5x10™*

Hydraulic Conductivity
Unsaturated Hydraulic Conductivity Modified Campbell Estimation
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The results of the model and the results from Lee and Leap (1997) are summarized in Table 6. From the comparisons it can
be seen that the results from SVFLUX GT are close to the simulation results from Lee and Leap (1997). Some differences exist
because the length of the seepage surface is very sensitive to the mesh density along the boundary near the exit point and in

the area nearby. Overall, the results can be viewed as comparable with those in the paper.

Table 6 Results and comparisons

S (m)i S(m S(m
Ha (m) Ho (m) (Lee(, 1)997) (analglti)cal) (SVFLEJ)Z cT) Error?
20 2 5.7 5.3 5.70 0.0%
20 4 4.0 3.7 4.10 2.5%
20 6 2.7 2.4 2.70 0.0%
20 8 17 15 1.60 5.9%
20 10 0.9 0.8 0.80 11.1%

[Hsimulation results from Lee and Leap, 1997.

ZICompare with the simulation results from Lee and Leap, 1997.

wo

o

¥ (m) w00

Figure 45 Pore water pressure result and the final location of the water table line
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3.1.8 Seepage In Layered Hill Slope

Project: USMEP_Textbook
Model: LayeredHillSlopeSeepage_GT

This model considers the problem of the seepage in a layered hill slope. Figure 46 indicates the geometry and boundary
conditions of the model. A constant normal flux (2.1 x 10 m/s) is applied to the top side of the slope, and the initial water
table is located at y = 0.3 m. The boundary condition of the slope face was set as Review Boundary Condition. The physical
description of the model can also be found in the book by Fredlund and Rahardjo (1993).

Constant Nomal Flux (2,16-4 mis)

nem am aa wm e ] T4 3 T £ am 740 78

wim)
Figure 46 The geometry and boundary conditions of the model (1,370 nodes)

Two different kinds of materials, a medium sand and a fine sand with a lower hydraulic conductivity, are used for the model.

The medium sand material is utilized for the bottom and top regions of the slope, and the fine sand material is used for the

thin layer within the slope. Table 7 shows the detailed properties of the materials.

Table 7 Material properties used in the simulation

Tabs Parameters Medium sand Fine sand
New Material Data Type Unsaturated Unsaturated
Volumetric Water Saturated VWC 0.495 0.495
Content SwccC Fredlund and Xing Fit Fredlund and Xing Fit
) ksat (m/s) 1.4x10°° 5.5x10°°
Hydraulic
. Unsaturated Hydraulic Fredlund, Xing and Huang  Fredlund, Xing and
Conductivity
Conductivity Estimation Huang Estimation

Figure 47 and Figure 48 show the total head (h) and pore water pressure (uw) results from SVFLUX GT, and a physical
comparison of the results of the SVFLUX GT contours to those obtained in the Fredlund and Rahardjo (1993) textbook shows
close agreement. The results are quantitatively compared with those from Fredlund and Rahardjo (1993) along the lines of x
= 1.6 mand y = 0.6 m as shown in Figure 49 and Figure 50, and comparisons further verify the correctness of the results
from SVFLUX GT.
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Figure 47 The comparison of total head contours between (a) Fredlund and Rahardjo (1993) and (b) SVFLUX GT
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Figure 48 Pore water pressure contours from SVFLUX GT
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Figure 49 Comparison of total head results along the line of x = 1.6 m between SVFLUX GT and Fredlund and Rahardjo (1993)
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Figure 50 Comparison of total head results along the line of y = 0.6 m between SVFLUX GT and Fredlund and Rahardjo (1993)
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3.2 TRANSIENT STATE

A number of transient models were used to verify the SVFLUX software. The following models demonstrate the successful
ability of the SVFLUX software to provide accurate transient solutions.

3.2.1 Transient Reservoir Filling

Project: EarthDams
Model: EarthDam_RF_steady GT; EarthDam_RF_GT

The model involves the filling of a reservoir. This section begins with a brief description of the model followed by a comparison
of the results between SVFLUX GT and Pentland (2001).

Y (m)

Constant Head (4 m) Constant Head (0 m)

50 00 150 200 250 00 550 400 50 500
X(m)

Figure 51 Geometry and boundary conditions for the steady-state solution in SVFLUX GT

The earth fill dam considered is 12 m high 52 m in length and incorporates a filter on the downstream toe of the dam. The
initial conditions of head were obtained by first solving a steady-state run of the model with the head on the upstream face of
the dam set to 4 m and a head of O m on the lower portion of the filter as shown in Figure 51. All other boundaries were set
to zero flow. The details of the material properties used for the dam are listed in Table 8. The results from the steady-state
analysis were then imported as the initial conditions for the transient analysis as shown in Figure 52 and Figure 53.
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Figure 52 Head contours at the initial condition from Pentland (2001)
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Figure 53 Head contours at the initial condition from SVFLUX GT

Table 8 Details of material properties
Tabs Parameters Dam silt

New Material Data Type Unsaturated
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Saturated VWC 0.368
Volumetric Water Content SWCC Fredlund and Xing Fit
Compressibility, myv (1/kPa) 0.001
ksat (m/s) 10”7
Hydraulic Conductivity = Unsaturated Hydraulic Conductivity Modified Campbell Estimation
Modified Campbell p 2.8

While the material properties remain the same in the transient flow model, the boundary conditions change slightly. A head of
10 m is set on the upstream face of the dam to simulate a full reservoir condition as shown in Figure 54. The model is run for
16,383 hours. Below, Figure 55, Figure 56, Figure 64 and Figure 65 show the head contours computed by SVFLUX GE and
SEEP/W from Pentland (2001) and SVFLUX GT at times of 15 and 16,383 hours. More results of head and pore-water
pressure contours at times of 15, 225, 1,023, 4,095 and 16,383 hours from SVFLUX GT are also provided.

14 —
12 —
10 ——=<
81— Q=0
6 — - -
. :¢ﬁf Q0=0, H=10
2
0 H=0
2 Q=0] T T ]
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56
Figure 54 Reservoir filling description (Pentland, 2001)
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Figure 55 Computed head contours at time 15 hours from Pentland (2001) (Seep/W results in black, SVFLUX GE in color)
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Figure 56 Computed head contours at time 15 hours from SVFLUX GT
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Figure 57 Computed pore water pressure contours at time 15 hours from SVFLUX GT
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Figure 58 Computed head contours at time 225 hours from SVFLUX GT
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Figure 59 Computed pore water pressure contours at time 225 hours from SVFLUX GT
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Figure 60 Computed head contours at time 1,023 hours from SVFLUX GT
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Figure 61 Computed pore water pressure contours at time 1,023 hours from SVFLUX GT
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Figure 62 Computed head contours at time 4,095 hours from SVFLUX GT
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Figure 63 Computed pore water pressure contours at time 4,095 hours from SVFLUX GT
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Figure 64 Computed head contours at time 16,383 hours from Pentland (2001) (Seep/W results in black, SVFLUX GE in color)
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Figure 66 Computed pore water pressure contours at time 16,383 hours from SVFLUX GT

It can be seen from the above figures that the results computed by SVFLUX GT are in good agreement with those from
Pentland (2001). Small differences appear and are likely due to differences in temporal and spatial discretization between
different programs. This model further verifies the ability of SVFLUX GT for simulating the seepage flow in transient problems.
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3.2.2 Groundwater Seepage Below a Lagoon

Project: USMEP_Textbook
Model: LagoonWithLiner_GT

This verification model illustrates unsteady-state groundwater seepage below a lagoon. The lagoon is placed on top of a 1 m
thick soil linear, and the total height of the model is 10 m as shown in Figure 67. The geometry of the problem is
symmetrical, and the liner and the surrounding soil are assumed to be isotropic with respect to their hydraulic conductivity.

An initial condition with a water table located 5 m below the ground surface is assumed. On the right boundary, a constant
head (5 m) boundary condition is set below the water table, and the other surfaces are assumed as “Zero Flux”. The lagoon is
set as a constant pressure head (1 m) boundary condition to assume that the lagoon is filled with water to 1 m height at the

time being equal to 0. More detailed descriptions about this example can be found in the book by Fredlund and Rahardjo
(1993).

Constant Prassure Head (1 m)

= Coastant Hend (6 m)

Xim]

Figure 67 Geometry and boundary conditions of the groundwater seepage below a lagoon model (1,812 nodes)

Table 9 shows the details of material properties used in the example. The hydraulic conductivity function for the soil and soil
liner are shown in Figure 68.

Table 9 Material properties used in the model

Tabs Parameters Soil Soil liner
New Material Data Type Unsaturated Unsaturated
Volumetric Water Saturated VWC 0.495 0.495
Content Compressibility, my (1/kPa) 2x1073 2x1073
ksat (m/hr) 3.6x1072 1.8x1072
Hydraulic Conductivity Unsaturated Hydraulic
. Data Data
Conductivity
g
E
3 10t
z
g 10° [ :s il
@ ol
g i ST;\"“‘--_'-\“\_
oil liner
S 107 hﬁ\:\hﬂ
g T
£ 10°
g
S 10-9 L 1 L 1 L
] 0 20 40 60 80 100
2 Matric suction, (us - U (kPa)
L 1 L 1 1 1 L 1 L L |
0 -2 -4 -6 -8 -10
Pore-water pressure head, hy (m)
(u;=0)

Figure 68 Hydraulic conductivity functions for the materials from Fredlund and Rahardjo (1993).

In this transient model, the solution is run for 200 hours, and it can be seen to reach the steady state at 189 hours according
to Fredlund and Rahardjo (1993). Figure 69, Figure 70 and Figure 71 show the comparisons of pressure head contours from
Fredlund and Rahardjo (1993) and SVFLUX GT at the times of 7 hours, 13 hours and steady state. The results from SVFLUX

GT are in good agreement with those from Fredlund and Rahardjo (1993). This example further verifies the capability of
SVFLUX GT for seepage simulations in transient state.
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Figure 69 The comparison of pressure head contours from (a) Fredlund and Rahardjo (1993) and (b) SVFLUX GT at 7 hours.
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Figure 70 The comparison of pressure head contours from (a) Fredlund and Rahardjo (1993) and (b) SVFLUX GT at 13 hours.
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Figure 71 The comparison of pressure head contours from (a) Fredlund and Rahardjo (1993) and (b) SVFLUX GT at the steady

state.
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3.2.3 Transient Phreatic Flow Subjected to Horizontal Seepage

Project: WaterFlow
Model: HorizontalPhreaticFlow_GT

This verification model considers transient seepage through a fully confined aquifer. The aquifer is 100 m long and 5 m thick.
The aquifer has 10 m Constant Head on the left side and 5 m Constant Head on the right side, and the bottom and top sides
are viewed as Zero Flux. The initial condition is viewed as a Constant Head of 5 m in the aquifer. Seepage is then examined in
the x-direction with time. The geometry and boundary conditions of the model are shown in Figure 72. A mesh of 2,150 nodes
is created for this model.

i

e
R

W m E

X fom)
Figure 72 Geometry and boundary conditions of the model

The material is assumed to be saturated with a hydraulic conductivity of 1 m/hr and the compressibility of the system due to
a change in pore-water pressure (my) of 0.1 1/kPa. Table 10 indicates the details of the material properties.

Table 10 Material properties used in the simulation

Tabs Parameters Soil

New Material Data Type Saturated
Volumetric Water Content Saturated VWC 0.4
Hydraulic Conductivity ksat (m/hr) 1.0
Compressibility of the system mv (1/kPa) 0.1

According to Tao and Xi (2006), in a semi-infinite aquifer bounded by a linear channel, during the period of that vertical
seepage is equal to zero (or can be neglected) and that the channel-water stage is raised rapidly to an altitude, the transient
phreatic flow-process is only affected by the horizontal seepage from the channel. The J. G. Ferris Formula can be obtained
as:

h(x,t)=h(x,0)+AH -erfc (31

where
h(x,t) — the total head at position x at time t,
h(x,0) — the total head at position x at the initial condition (5 m),
AH — the head difference between the initial head distribution and the introduced head (5 m),
erfc — the complimentary error function.

Figure 73 shows the contour of total head at 600 hours. It can be seen that the values of head only change in the x-direction,
so the vertical seepage can be neglected.

 (m) i

Figure 73 The contour of total head at 600 hours

A comparison of SVFLUX GT results and the analytical calculations at different time (100 hours, 200 hours, 400 hours and 600 hours) is shown
in Figure 74. The agreement between SVFLUX GT and analytical results is good.
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4 THREE-DIMENSIONAL SEEPAGE

Three-dimensional seepage models are presented in this chapter to provide a forum to compare the results of the SVFLUX
solver to the results of other seepage software and other documented examples. Both steady-state and transient models are
considered.

4.1 STEADY-STATE

The following models are presented as steady-state verification when time is assumed to be infinite.

4.1.1 3D Reservoir

Project: Ponds
Model: Reservoir3D_DenseVerification_GT; Reservoir3D

This 3D steady-state example simulates the flow from a reservoir to a nearby river channel. The detailed geometry data,
material properties and boundary conditions can be found in the SVFLUX GE tutorial manual. This model is re-created and
solved using SVFLUX GT with the same settings of the SVFLUX GE model, and the results from SVFLUX GT are compared with
those from SVFLUX GE. Figure 75 and Figure 76 shows the comparison of 3D contours of the total head between SVFLUX GE
and SVFLUX GT. The model results are in good agreement.

Head
()

Figure 75 3D contours of total head from SVFLUX GE
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Figure 76 3D contours of total head from SVFLUX GT
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Figure 77 contours of total head at the slice surface (y = 13.5 m) from SVFLUX GT
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4.1.2 3D Pond

Project: Ponds
Model: PstrO1_DenseVerification_GT; PstrO1

The following example demonstrates a three dimensional seepage example that models the steady-state water flow from a
pond to a body of water at the bottom of a slope. This is a tutorial model from SVFLUX GE tutorial manual.

The model geometry contains 3 regions and two surfaces. The regions consist of a pond, lake, and slope. The top surface is a
grid of elevations that define the slope. The bottom surface has a constant elevation. A saturated soil is used to model the
slope. The pond and lake are assigned constant head boundary conditions equal to their respective elevations. Figure 78 and
Figure 79 show the contours of pore water pressure from SVFLUX GE and SVFLUX GT, respectively, and they are in good
agreement. This example verifies the ability of SVFLUX GT in simulating fully three dimensional seepage problems.

uw

Pore-Water Pressure
(kPa}

4g -

Figure 79 contours of pore water pressure from SVFLUX GT
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4.2 TRANSIENT STATE

A number of transient models were used to verify the SVFLUX software. The following models demonstrate the successful
ability of the SVFLUX software to provide accurate transient solutions.

4.2.1 Transient Reservoir Filling 3D

Project: EarthDams
Model: EarthDat RF_Steady 3D_GT; EarthDam_RF_3D_GT

This three-dimensional seepage verification model considers the transient seepage through an earth dam. The basic problem
is similar to what has been considered in the 2D problem. The material properties are the same as those used in the 2D
model as shown in Table 11. The 3D geometry of the earth fill dam is still 12 m high, 52 m in length and extruded from the
2D model with a width of 20 m. The initial conditions of head were obtained by first solving a steady-state run of the model
with the head on the upstream face of the dam set to 4 m and a head of O m on the lower portion of the filter. The results
from the steady-state analysis were then imported as the initial conditions for the transient analysis as shown in Figure 80
and Figure 81. This benchmark tests the ability of the software to solve a 3D model extruded from a 2D model and obtain the
same results as that of the 2D model.

14—
12—
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N
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Figure 80 Head contours at the initial condition from Pentland (2001)

Figure 81 Head contours at the initial condition from SVFLUX GT 3D

Table 11 Details of material properties

Tabs Parameters Dam silt
New Material Data Type Unsaturated
Saturated VWC 0.368
Volumetric Water Content SWCC Fredlund and Xing Fit
Compressibility, myv (1/kPa) 0.001
ksat (m/s) le-7

Hydraulic Conductivity = Unsaturated Hydraulic Conductivity Modified Campbell Estimation
Modified Campbell p 5

While the material properties remain the same in the transient flow model, the boundary conditions change slightly. A head of
10 m is set on the upstream face of the dam to simulate a full reservoir condition as shown in Figure 82. The model is run for
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16,383 hours. Below, Figure 83, Figure 84, Figure 92 and Figure 93 show the head contours from Pentland (2001) and
SVFLUX GT at times of 15 and 16,383 hours, and more results of 3D head and pore-water pressure contours at times of 15,
225, 1,023, 4,095 and 16,383 hours from SVFLUX GT are also provided.
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Figure 82 Reservoir filling description (Pentland, 2001)
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Figure 83 Computed head contours at time 15 hours from Pentland (2001) (Seep/W results in black, SVFLUX GE in color)

25.0¢ {m)

Figure 85 3D pore-water pressure contours at time 15 hours from SVFLUX GT
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Figure 86 3D head contours at time 225 hours from SVFLUX GT

Figure 89 3D pore-water pressure contours at time 1,023 hours SVFLUX GT



BENTLEY SYSTEMS Three-Dimensional Seepage 48 of 50

14—
12—

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56
Figure 92 Computed head contours at time 16,383 hours from Pentland (2001) (Seep/W results in black, SVFLUX GE in color)
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Figure 93 3D head contours at time 16,383 hours from SVFLUX GT
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Figure 94 2D head contours at time 16,383 hours at the slice surface (y = 10 m) from SVFLUX GT
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Figure 95 3D pore-water pressure contours at time 16383 hours from SVFLUX GT

It can be seen from the above figures that the results computed by SVFLUX GT are in good agreement with those from
Pentland (2001). This model further verifies the ability of SVFLUX GT for simulating the transient seepage flow in three-
dimensional problems.



BENTLEY SYSTEMS References 50 of 50

5 REFERENCES

Bowles, J.E., (1984). Physical and geotechnical properties of soils. 2"d ed. McGraw-Hill, New York.

Celia, M.A. and E.T. Bouloutas, (1990). A General Mass-Conservative Numerical Solution for the Unsaturated Flow Equation.
Water Resources Research, Vol. 26, No. 7, pp. 1483-1496, July.

Chapuis, R. P., Chenaf, D., Bussiére, B., Aubertin, M., & Crespo, R. (2001). A user's approach to assess numerical codes for
saturated and unsaturated seepage conditions. Canadian Geotechnical Journal, 38(5), 1113-1126.

Crespo, R., (1993). Modelisation par elements finis des ecoulements a travers les ouvrages de retenue et de confinement des
residus miniers. M.Sc.A. thesis, Ecole Polytechnique de Montreal, Montreal.

FlexPDE 6 (2007). Reference Manual, PDE Solutions Inc., Spokane Valley, WA 99206.

FlexPDE 7 (2017). Reference Manual, PDE Solutions Inc., Spokane Valley, WA 99206.

Fredlund, D. G., & Rahardjo, H. (1993). Soil mechanics for unsaturated soils. John Wiley & Sons.

Gitirana Jr, G., & Fredlund, D. G. (2005). Infiltration-runoff boundary conditions in seepage analysis. sat, 1, 3.
Holtz, R. D., & Kovacs, W. D. (1981). An introduction to geotechnical engineering.

Lee, K. K., & Leap, D. I. (1997). Simulation of a free-surface and seepage face using boundary-fitted coordinate system
method. Journal of Hydrology, 196(1-4), 297-309.

Pentland, Jason S. "Use of a general partial differential equation solver for solution of mass and heat transfer problems in
geotechnical engineering." (2001).

Streeter, V. L. (1966). Fluid mechanics. International student edition.

Tao, Y. Z., & Xi, D. Y. (2006). Rule of transient phreatic flow subjected to vertical and horizontal seepage. Applied
Mathematics and Mechanics, 27, 59-65.

Wilson, W., (1990). Soil Evaporative Fluxes for Geotechnical Engineering Problems. PhD Thesis, Department of Civil
Engineering, University of Saskatchewan, Saskatoon, SK, Canada.

Winter, T. C. (1976). Numerical simulation analysis of the interaction of lakes and ground water. US Government Printing
Office.



	1 Introduction
	2 One-Dimensional Seepage
	2.1 Transient-State
	2.1.1 Celia Infiltration Example


	3 Two-Dimensional Seepage
	3.1 Steady-State
	3.1.1 2D Cutoff
	3.1.2  Dam Flow
	3.1.3  Refraction Flow Example
	3.1.4  Confined Flow Under a Dam
	3.1.5  Flow Around a Cylinder
	3.1.6  The Interaction of Lakes and Ground Water
	3.1.7  Dam with Unconfined Groundwater Flow (Muskat)
	3.1.8  Seepage In Layered Hill Slope

	3.2  Transient State
	3.2.1 Transient Reservoir Filling
	3.2.2  Groundwater Seepage Below a Lagoon
	3.2.3 Transient Phreatic Flow Subjected to Horizontal Seepage


	4 Three-Dimensional Seepage
	4.1 Steady-State
	4.1.1 3D Reservoir
	4.1.2  3D Pond

	4.2 Transient State
	4.2.1 Transient Reservoir Filling 3D


	5 References
	5 References

