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1. INTRODUCTION

Distribution of moisture in porous media in the
presence of a rapid drawdown in water levels and
steady and unsteady seepages is important in many
issues, such as seepage from the earth dam, and
the interaction of surface water with groundwater,
water seepage and loss in transmission channel,
various environmental issues, and dispersion of
the contaminant Il Many researchers have focused
on the unconfined seepage with an unknown free
surface and many methods have been recently
presented for analyzing such issues. For example,
the unsteady seepage flux affected by rainfall and
surface water fluctuations have been investigated
using an  wnsaturated—semi-saturated seepage model
based on the two-phase flow theory of air-water
in a porous medium [1]. The SUTRA model (finite
element model of saturation-unsaturated flow
dependent on the fluid density) was modified for
groundwater flux affected by cyclical fluctuations of
boundary conditions, such as wet and dry periods
[2-3] solved the seepage problems with free flow
through a solution called the so-called high pressure
problem using the single-axis bridge function (OHS)
0 and 1. In recent years, it has improved significantly
with modifications to the unconstrained condition
[4-5] proposed an optimal analytic model of slope
stability analysis of earth-rockfill dams by employing
modified genetic algorithm (MGA) to search for
the slip surface with respect to shear failure criteria
of the nonlinear Unified Strength Theory without
presupposing the shape of slip surface. Based on
their results, MGA is a highly efficient, simple, and
good performance of fault-tolerance algorithm.
[6] numerically investigated the reliability of slope
stability in an erath dam under rapid drawdown
condition.

Slope stability was conducted by using safety factor
as estimated by the Bishop’s simplified relation.
The results revealed that the factor of safety varied
mainly according to two parameters, namely the
coefficient of friction and the cohesion. Finally, they
recommended one formula to avoid the possibility
of failure related to slope stability. [7] conducted
stochastic seepage and probabilistic analyses of slope
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stability of earth-fill dam. Slope stability calculations
carried out using five different limit equilibrium
methods. Afterwards, the most and least ones of the
methods used were presented in terms of reliability
index. Moreover, the probabilistic analysis was
performed with deterministic seepage flow. Also,
the impact of sampling type of soil parameters in
probabilistic stability analysis was evaluated.

Many of developed models are dependent on pressure
or hydraulic load. As a result, in these models and
numerical methods, due to the appearance of the
capillary, it is not possible to accurately determine
the air-water interface. Also, due to the dramatic
changes in the soil saturation near this surface, it
is difficult to determine the exact position of the
phreatic level [8]. Therefore, to determine the exact
position of the seepage level and the phreatic line, it
is necessary to determine the hydraulic conductivity
of the porous medium in unsaturated state. In fact,
the limitation of the application of the seepage
analysis models is related to the determination of
the hydraulic properties of the porous medium;
especially the changes in moisture and permeability
of the porous medium in non-saturated conditions
[9]. Hydraulic properties of soil materials through
direct experimental methods as well as indirect
methods including regression methods or empirical
models based on some extractable soil characteristics

[10].

Disk diffusion penetrometer is a precise method
for evaluating the soil hydraulic parameters in
situ. The main advantage of this penetrometer is
minimum distribution of the soil surface during
the measurement. Various characteristics of soil
hydraulic parameters can be measured using disk
diffusion penetrometer [11-12].

In this research, the effect of unsaturated hydraulic
properties of soil materials on unconfined seepage
through the earth dam body was investigated.
Accordingly, the position of the seepage line, the
distribution of water pressure, and the amount of
flow through the body of the homogeneous earth
dam were studied.



2. MATERIALS AND METHODS
2.1. Experimental Model

In order to investigate the water drawdown in the
earth dams, an experimental model of homogeneous
earth model with a height of 70 cm was constructed
in a symmetrical shape relative to the dam axis
(Figure 1). To investigate the seepage line and pore
water pressure of the dam body, 80 piezometers in
three rows with a bottom-up numbering of 5, 15 and
30 cm from the impervious bottom and at different

horizontal distances of 5 and 10 cm.

The piezoelectric densities in the downstream body
were higher than the upper part. The reason for this
selection is the more intense changes in the seepage
surface in the lower half of the dam body. Figure
2 shows a schematic view of the model, with the
position of the piezometers mounted on the body
of the model. As can be seen in Fig. 2, the second-
row piezometers (middle piezometers) are located in
the downstream body, and only two piezometers of
this row are located in the upstream body.

Figure 2. The experimental model of the earth dam and the piezometers mounted in
the body of the model (bottom-up photograph)

In the bottom of the model, a rough surface plate
was used in order to reduce the seepage flux in the
contact area of the soil with the model body. In
addition, in order to reduce the seepage through
the side walls of the model and the soil, a fine-grain
sand layer was glued to the surface of the side walls.
This layer reduces the seepage flux and increases
the friction between the soil and the wall surface,

and also prevents the soil separation phenomenon
and lateral plates [13]. The side walls were made of
Plexciglass and other parts were made of steel. In the
upstream and downstream areas of the earth dam,
water reservoirs with the ability of water level were
considered to study unsteady seepage conditions in
the model.
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2.2 Experimental study

In every seepage phenomenon, in addition to
geometry and governing boundary conditions, the
characteristics of materials play a major role in the
flow pattern. For physical model of the earth dam,
sand materials containing small percentage of silt
was used. Figure 3 shows the grain size distribution
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of the material of the earth dam. The reason for
the use of such materials is the rapid response of
these soils to the changes in the boundary conditions
and, consequently, the saving the time. To construct
the earth dam body, the soil layers were poured into
a thickness of 5 cm and were condensed with a
manual roller.

0.1 1 10

Particle size (mm)

Figure 3. Grain size distribution of the dam body

Water drawdown experiment under various water
heads in the upstream of 10 to 60 cm were conducted
as stable and unstable in the form of reducing the
reservoir water level with 10 cm water level steps.
The time interval of reduction in the water surface
to the desired level was considered about 10 min,
and the equilibrium time and the starting a steady
flow was controlled based on changes in the surface
water of the piezometers. After stabilizing the steady
conditions, the water level in the piezometers was
fixed. In order to investigate the effect of hydraulic
conductivity on unsteady seepage analysis (or
transition), seepage experiments were investigated
with variable boundary conditions. Since in the
stability analysis of the earth dams unstable condition
is generally considered for the rapid drawdown of
the water surface, unstable seepage experiments
were also carried out. A rapid drawdown in reservoir
water level in unstable seepage analysis was done
in intervals of 10 cm in every 10 min. A total of
4 different steps of unstable seepage analysis were
performed. The start time of each step of the
unstable tests was the previous step after reaching
the equilibrium.

In addition, the seepage flux passed through the
body of the earth dam was measured in the output
section of the laboratory model. Considering that
the main objective of this study is to investigate the
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effect of hydraulic parameters of body materials
on the seepage analysis through the dam’s body,
after preparing disturbed samples, the hydraulic
properties of the materials, including the moisture
characteristic curve and the hydraulic conductivity
function, were determined by the laboratory method.
In order to determine the moisture characteristic
curve, the pressure plate test was conducted with
the pressures up to maximum 3 atm suction. The
moisture characteristic curve resulting from the
three replications of this test on the body material
of the model is shown in figure 4. The permeability
of the body materials in the vertical direction was
determined using two methods of constant load
for determining the saturated hydraulic conductivity
and the zension infiltrometer for unsaturated hydraulic
conductivity. The saturated hydraulic conductivity
obtained from three replicates of the constant
load test was 6.41 cm/s. In order to determine the
unsaturated permeability in the vertical direction at
the time of rapid drawdown, an intrusive penetration
device with a disk diameter of 20 cm was used.
Permeability measurement experiments were carried
out after the completion of seepage tests and at a
depth of about 20 cm below the dam crest.

For this purpose, the surface was carefully flattened
after removing a layer with the thickness of 20 cm



from the dam surface and before doing the test.
Then, a thin layer of sand, with a thickness of
2 mm (or less), with a particle size of about 100
um, was poured over the soil surface to ensure
proper hydraulic contact between the permeation
disc and the soil surface. Figure 5 shows an image
of the penetration device used on the crest of
the dam. Disk permeability tests were performed
in the matric potentials of -20, -17, -10, -3 and 0

0.41 -
0.39 .,

0.37 - ~
0.35 -
0.33 -
0.31 -
0.29 A
0.27

Volumetric water content (%)

0,25 T

cm starting from the minimum pressure (-20 cm).
For each experiment, the cumulative penetration
was recorded to obtain stable conditions at 1 min
intervals. Totally, the stable penetration was obtained
for the minimum pressure (-20 cm) about 50 min
after beginning the test. For higher pressures to the
saturation conditions (compressive height of cm),
the time to reach the constant penetration speed was
reduced.

Suction (bar)

Figure 4. Moisture characteristic curve of the body materials of the experimental

model homogeneous dam

Figure 5. Suction system for disk installed on the body of the dam to measure
unsaturated hydraulic conductivity

Using the Logsdon and Jayness [14] method, the
unsaturated hydraulic conductivity values of the
body of the physical model were calculated from

the values of three-dimensional stable permeability
in different matrix potentials. This method is based
on the approximate solution of the Wooding’s [15]
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equation to create a rapid drawdown in water level
and the infinite stable permeability of Q(h) from
a shallow circular water source and Gardner’s [10]
hydraulic conductivity exponential function, as

follows:
Qh) _ [4Ks exp([Ih)]
200 — Ky exp(ah) + Hs O Q0

Where Q(h) is the stable permeability [L’T"] under
the matrix potential of h, R is the disk diffuser
[L], a Gardner index for size distribution of the
soil porosity [L'], and K_is the saturated hydraulic
conductivity [LT"].

According to Logsdon and Jaynes [14] method, the
fitting parameters of a and K_were obtained by
nonlinear regression of permeability rates versus
matrix potentials values; then, the values of K were
determined for other matric potentials using the
exponential function [16]. This function can be
represented as follows:

K = Ksexp(ah) (2)

Where K is the saturated hydraulic conductivity
and K is the hydraulic conductivity at the matrix
potential of h. In this study, the estimated hydraulic
conductivity function is shown in Eq. 3:

K = 5.676 exp(0.199h) 3)

Where K is the hydraulic conductivity (cm/hr) and
h is in cm. However, the maximum suction capacity
with this device is less than 1 atm. According to
the type of materials, the applied suction range is
sufficient and the trend of the changes in resulting
curve confirms this point. Figure 6 shows the
hydraulic function curve of the body materials of
the physical model.

2.3. Governing equations
The relationship between the water flow in the porous

medium and the seepage in a two-dimensional (4)
state is as follows:
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In which H is the total energy, k_is the permeability
in direction x, ky is the permeability in direction y, Q
is the flux introduced from the boundaries of the
volumetric moisture content, © is the volumetric
water content, and t is the time.

Hydraulic conductivity (cm/hr)

L] 1 F 3 4 = Li]
i}

,.Iﬁ.---l-l--l-f,--l-—-r--——n.-——-., -
gﬂ
% g

20
40
60
g0
oo :
z0

Suction (cmH20)

=140
=160

Figure 6. Variation of the permeability of the
materials in different suctions

Volumetric moistures depend on changes in the state
of tension and physical properties of the soil. The
state of tension variables are expressed as two terms
of (o-uw) and (ua-uw), in which o is the total stress
and u_and u_ are air and pore pressure, respectively.
Since in the saturated or unsaturated part of the dam
body the total stress and pore pressure are constant,
the changes volumetric moisture is proportional
to changes in the pore or suction pressures. This
pressure is, in turn, a part of the total energy (H) in
Eq. 4. This equation is usually solved by the numerical
methods of finite element or finite difference.

In this study, the seep/w-2007 software was used for
solving the Eq. 4 in the geometry of the laboratory
model. The numerical basis of this software is the
finite element method. In this study, triangular and
quad elements were used with 3 and 4 Goss integral
points and non-systematic, as shown in Figure 7.
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Figure 7. A view of mesh used based on triangular and quad elements.

3. RESULTS AND DISCUSSION

Since the purpose of this study was to investigate
the effect of transfer functions including hydraulic
conductivity and moisture characteristic curve in
numerical modeling of the rapid water drawdown
and seepage in the earth dams in steady and unsteady
states, the results were investigated according to
different scenarios and based on the combination of
different conditions and functions.

3.1. Validation of the Model

Given that the earth dam body was made as
5-cm layers, the heterogeneity in the hydraulic
conductivity parameter of the body was obvious.
In order to determine the ratio of horizontal to the
vertical hydraulic conductivities, according to the
experimental data, the rapid drawdown of the dam
body with maximum water level in the upstream (60
cm) and in steady and unsteady states, the model was
calibrated based on the uniformity of the hydraulic

conductivity of the earth dam body.

The reason for choosing this level was the maximum
contribution of the dam materials to the flow
through them. Because in the steady state conditions
of the right side of the Eq. 4 is equal, the moisture
characteristic curve does not affect the results, and
only the hydraulic conductivity value is the effective
parameter. Calibration of the model was performed
by comparing the different values of the piezometric
pressure recorded in the experimental and numerical
model with the amount of seepage passing through
the dam body. The final result of this study showed
that the best conformance of the results of the
model and observational data was obtained when
the horizontal hydraulic conductivity was 5.7
cm/h and the ratio of vertical to the horizontal
hydraulic conductivities of the dam body was
equal to 0.7. Figure 8 shows a comparison of the
piezometric pressures obtained from model analysis
with observational data in three different levels for
maximum treservoir water level.
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Figure 8. Comparison of measured piezometric data and modeled results. Note: Prior to calibration, using a
saturated hydraulic conductivity of Penetration experiments on the soil sample are also considered (a) and
after calibration based on three rows of piezometers installed in the laboratory model and non-hydraulic
conductivity Saturation (b) and saturation (c) in a non-coercive state.

3.2. Steady State Seepage

In order to investigate the effect of hydraulic
conductivity function on the rapid drawdown in
water level, the seepage through the dam body of
homogeneous earth dam was constructed. The
variations of pressure in three different levels were
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selected according to the position of the piezometers
in three rows as the representative of the study. In
the experiment with higher phreatic level than the
position of the second or third rows of the piegometers
(positive pressure head), the data of each row were
separately used.
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Figure 9. Comparison of pressure load in first (a) and second (b) row piezoelectric sensors with experimental
data with saturated and unsaturated hydraulic conductivity in the szafe reservoir water level of 50 cm.

Figure 9 shows the results of a comparison of the
phreatic surface obtained from experimental data
and the numerical results of two different states of
applying fixed and variable hydraulic conductivity
in a 50 cm water level in the reservoir. Figure 9a is
related to first row piezometers located at the depth
5 cm from the impervious bottom of the model.
Comparison of the results of Figure 9 shows that
there is a difference between the downstream and

seepage areas of the experimental and numerical
data. This difference for
conductivity is high. For this state (the water level of
50 cm reservoir), the comparison of the data of the
second row piezometers (water level of 15 cm from
the bottom) in Figure 9b shows that the difference
between the results of the model in both the variable
saturated and non-saturated hydraulic conductivities
is increased to downstream.

saturated hydraulic

Innovaciencia
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Figure 10. Comparison of the pressure load in the piezoelectric cells of the first (a) and second (b) row.
Laboratory data with saturated and unsaturated hydraulic conductivity in the szae reservoir water level of 40

cm.

The experimental data is directly related to the reser-
voir water level and the distance between the phre-
atic surface and the position of the piezometers,
so that as the water level in the reservoir decreases,
the difference between the results of the numerical
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analysis and the measured data also increases. In ad-
dition, by decreasing distance between the phreatic
surface and piezometer level this difference becomes
more pronounced.
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Figure 11. Comparison of the pressure load in the piezoelectric cells of the first row (a) and second row
(b). Laboratory data with saturated and unsaturated hydraulic conductivity in the state reservoir water level
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Figure 12. Comparison of pressure load in third row piezoelectric sensors with laboratory data with saturated

and unsaturated hydraulic conductivity in the state reservoir water level of 20 cm.
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Another remarkable point of this study is that the
results of numerical analysis based on unsaturated
hydraulic conductivity are more logical. Also, the
difference between the results of the model and the
observational data is increased with approaching
the seepage surface and downstream of the dam
body. The results of this study showed that for
constant hydraulic conductivity (saturation) the
piezometric pressure changes after crossing a
turning point is significantly different from the
observational data. However, in the upstream parts
close to the reservoir, due to the proximity to the
defined boundary conditions (Dirichlet or first-type
boundary condition), the consistency of the model
results with observational data is appropriate. In
addition, in both states the application of variable
unsaturated hydraulic conductivity and constant
saturated hydraulic conductivity, the model is over-
estimated the pore water pressures and this difference
is increased to the downstream. This is due to the
uncertainty of the boundary geometry inside and
downstream of the dam body before numerical
solution. Another reason is related to the method of
model calibration, because the calibration is based on
the maximum water level in the reservoir. As a result,
this situation deviates from the calibrated condition

by reducing the water level in the reservoir.

It is worth considering that in the calibration graphs
(Figure 8), the difference between the data of upper
piezometers and the results of the model is high, and
this is due to various factors, such as the hydraulic
gradient near the phreatic surface. In any way, the
comparison of the obtained results confirms that the
unsaturated hydraulic conductivity provides more
accurate and realistic results than the application
of saturated hydraulic conductivity. In order to
investigate the effect of saturated and unsaturated
hydraulic conductivities on the numerical analysis
of the seepage through the dam body, the seepage
values obtained from the numerical analysis of each
of the studied states and observational data were
compared. Figure 13 shows the results of these
comparisons. As can be seen in Figure 13, in the
case of using the unsaturated hydraulic conductivity,
a fairly well agreement between observed data and
modeled results are obtained. When using constant
hydraulic conductivity equal to the saturated hydraulic
conductivity, the model results provide larger values
than the observational data. As shown in Figure 13,
the data corresponding to head of 60 cm related to
both modes of hydraulic conductivity is consistent,
which this is the calibration point of the model.
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)
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Figure 13. Comparison of leakage values from numerical analysis in two different conditions._Application of

constant saturated hydraulic conductivity and hydraulic conductivity variable with_leakage values observed.
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3.3. Unsteady Seepage

Results of numerical analysis of unsteady state
seepage flow with rapid drawdown in the reservoir
water level from 60 to 15 cm showed that the drainage
rate through the dam body for the application of
saturated and unsaturated hydraulic conductivity

0.67

Pressure Head (m)

is different. Investigations have shown that for
unsaturated hydraulic conductivity, drainage rate is
high and the decrease in pore water pressure is fast
in this state (Figure 14). As can be seen, at the same
times after the rapid drawdown, the water drainage
of the body and the phreatic drawdown occur faster
when applying the pore pressure.

= Dsec

= 600 sec
+ 1800 sec
+ 3600 sec
+ 5400 sec
« 7200 sec

X (m)

Pressure Head (m)

» Osec

= 600 sec
+ 1800 sec
» 3600 sec
+ 5400 sec
- 7200 sec

X (m)

Figure 14. Changes in pore water pressure inside the dam body based on conductivity Constant saturated
hydrocarbon (a) and unsaturated hydraulic conductivity (b).

Comparing the measured data after 30 minutes from
the start of the water drawdown in the reservoir the
same results have been obtained with what happened
in the steady seepage flow. In these conditions,
numerical results based on unsaturated hydraulic

conductivity are more accurate and are consistent
fairly well with measured data.

Figure 15 shows piezometric pressure variations
based on the first row piezometers, which have
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more accurate results than upper row piezometers.
In these situations (unsteady seepage flow) the
difference between the measured data and the
model results in the downstream of the dam body
is increased. However, because of the slope of the
phreatic surface in upstream and return flows due

e
w
|

Piezometric pressure (m)
e £
= w
1 1

to the water drawdown, the difference between
the measured data and the numerical results at the
upstream sections is also significant. Although, the
accuracy of the results of numerical analysis are high
based on unsaturated hydraulic conductivity.

e Mode | Unsaturated K
————— ———-Model Saturated K
e O  Experimental Data

[=]

0 0.5 1

1.5 2 2.5 3

Distance from the toe of the dam (m)

Figure 15. Piezometric pressure in non-permanent leak analysis 30 minutes after_the drop in the reservoir’s
water level from a level of 60 to 15 cm in a piezometer: First row (lowest row(.

4. CONCLUSION

The results of the experiments and analysis showed
that the use of unsaturated hydraulic properties
of the material forming the body of the dam is
essential in the rapid drawdown of the water level,
so that if a constant amount is used for the hydraulic
conductivity of the material, the results of the rapid
drawdown of water level will be far away the reality.
In numerical modeling of this study, based on the
finite element method, according to the number
and type of selected elements, for both states of
the application of fixed hydraulic conductivity and
hydraulic conductivity as a function of the estimated
saturation degree of the pore pressure, the results of
numerical analysis were more than the observational
data. Analysis of the difference between model and
experimental data showed that with approaching the
range of the phreatic line, the difference between
experimental data and numerical analysis is increased.
In addition, due to the slope of the phreatic line, the
difference between numerical and observational data
increases. This point was observed in both steady
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and unsteady seepage analysis, so that the maximum
difference was observed for steady state seepage in
downstream, which is associated with an increase
in the slope of phreatic water level. In the unsteady
seepage flow and the rapid drawdown of the water
surface due to the seepage flow through the body
in the downstream, the phreatic line slope was
simultaneously directed towards the downstream of
reservoir body face, causing a difference between the
measured data and model results in both sides of the
dam. This difference is significantly higher than the
difference observed in the rapid drawdown in water
level and steady seepage analysis.

Determining drainage rate of the dam body during
unsteady state seepage analysis showed that the
rate of drawdown in water surface in the dam body
for applying the steady hydraulic conductivity is
much slower than that of the unsaturated hydraulic
conductivity. This is an important step in the
stability analysis, in order to increase the confidence
coefficient. However, it may increase the dimensions
of the dam body.
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