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Abstract Upper Gotvand dam is constructed on the Karun River located in the south west of Iran.
In this paper, 2D and 3D models of the dam together with the foundation and abutments were
constructed and several seepage analyses were carried out. Then the gypsum veins scattered
throughout the foundation ground and also the seepage pattern were included in the models, hence the
dissolution law of gypsum, was analyzed. It was disclosed that, the discharge fluxes obtained from 2D
and 3D analyses are not similar and the discharge flux in 3D model is about 4 times the size of 2D
model. Also, the 3D model localizes the phreatic surface some what higher than the 2D model does.
This means that the 2D model estimates lower pore water pressure pattern in comparison with the 3D
model. These may be attributed to the fact that with 2D model the lateral components of vectors of
seepage velocity are ignored. In spite of the fact that the grout curtain is designed to be some 170
meters deep, however, complete dissolving of gypsum will severely increase the discharge flux
through the foundation ground.
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1. INTRODUCTION

It is estimated that gypsum or anhydrite deposits
underlie approximately 25 % of the earth surface.
Only 10 % of these deposits outcrop. At these
outcrops, or where gypsum or anhydrite strata
occur in depths of a few hundred meters, gypsum
karst has formed. Therefore extensive areas of
gypsum karst exist world wide [1,2]. Some of the
problems caused by the dissolution of gypsum and
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anhydrite in a dam construction site would be such
as: gradual increase of seepage rate through dam
abutments and foundation ground, dam breakage
because of intensive leakage through foundations,
reservoir loss due to intensive seepage through
large leakage paths, strength reduction in
foundation because of the gypsum dissolution, and
concrete structures destroy because of the sulfated
water caused by dissolution of gypsum and
anhydrite. Saint Francis and San Fernando in
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California State of the USA are two examples of
the damaged dams due to the gypsum and
anhydrite erosion. One of the countermeasures to
such problems is to perform seepage analysis on a
realistic model of embankment together with the
foundation and abutments. Although the three
dimensional analysis is an appropriate tool for
these cases, its application to earth dams is rather
complicated. Accordingly in engineering practice
in order to estimate the seepage rate usually one or
more critical sections are chosen and analyzed
two-dimensionally. Generally, the two dimensional
analysis, especially in narrow valleys or valleys
with varying profile, is erratic. The main reason is
that the lateral component of seepage velocity that
is ignored in 2D approach may be quite
considerable. As the Massingir dam had a uniform
section in 3 km length, with a simple three-
dimensional seepage analysis, more realistic results
were obtained compared to two dimensional
analyses and importance of three-dimensional
seepage analysis was indicated [3].

If the two-dimensional flow equation is
expanded to include the third direction, the three-
dimensional flow equation is derived which is
called coupled equation of flow. For an unsaturated
soil having heterogeneous, anisotropic conditions,
the coefficient of permeability at a point varies in
the x, y, and z directions. But, the permeability
variations in the three dimensions are assumed to
be governed by the same permeability function.
Continuity for three-dimensional, steady-state flow
can be as follows [4]:

ov ov wy ov
WX + +—NZ 1dx dydz =0 D
O0x oy 0z

Where vy, Vuy and v,,, are water flow rate across a
unit area of the soil in the x, y and z directions,
respectively. Referring to Equation 1, the
governing differential equation for the steady state
seepage analysis in 3D space may be derived as:

0 oH 0 OH 0 OH

Where ky, ky, k, are the coefficients of permeability
in the x, y and z directions, respectively; H is the
total head; and Q is the flux at the model
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boundaries. Using the Galerkin principle of
weighted residuals the finite element formulation
for steady state seepage in three dimensions is
derived as [5]:

I, ((BITICIBY v {H} = [ A(@(N) T (NY) dA 3)

Where [B] and [C] are gradient matrix and element
hydraulic permeability matrix, respectively. {H} is
the vector of nodal heads and A is the area of the
face of the element. q Is the unit flux across the
faces of an element and (N) shows the vector of
interpolating functions.

There are several geotechnical and geo-
environmental problems involve seepage through
soils. However, the coefficient of permeability is
the most important parameter that dominates the
water flow pattern through the soils [6]. It has been
shown that in the steady state seepage problems the
results obtained by using a typical permeability
function may be quite close to those of exact
solution [7].

Figure 1, represents the coefficient of
permeability as a function of pore water pressure.
Assume that for the first iteration all elements are
assigned a  saturated  permeability  (k,)
corresponding to zero pressure.

The flow made with this permeability will be
more than the amount required and will result in a
highly negative pore water pressure (point P¢). For
the next iteration, the permeability will be k¢. This
value does not allow for enough flow and the
computed pressures will be positive. Once again,
the permeability will be set to a value that is too
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Figure 1. The general hydraulic permeability functions of
materials.
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high, resulting in a solution which oscillates
between the extremities permitted by the function
[5]. However, this figure clearly indicates the
importance of application of a pressure dependent
permeability function for both saturated and
unsaturated zones of an earth dam. In this way
such a zoning procedure will result in more
accurate seepage flux than the case in which a
constant hydraulic permeability function is used
[7]. Using a constant permeability value may result
in erratic results. Phreatic surface position may be
unrealistic and flow rate in unsaturated zone may
be extremely high. When using a constant
permeability value, water can flow through
unsaturated zone like that of saturated zone [5].
Hydraulic permeability values of the embankment
can be measured from field and lab tests such as
Lugeon test and there are several methods
introduced in different references.

2. THE UPPER GOTVAND DAM PROJECT

The dam is constructed across the Karun River, in
the Khuzestan province of Iran, north of Shushtar
city. It is a 178 m high earth dam with central clay
core. The dam is underlain by the Bakhtiari
Formation (BK) overlying the Aghajari Formation
(AJ). While the BK formation remains in its
horizontal position, the AJ formation is folded and
faulted, the bedding planes and joints are inclined
with varying dip angles.

Apertures within the Bakhtiari formation are
usually vertical and have relatively large openings
and continuity of the apertures often reaches to
several meters [8]. In Figure 2, geological layers of
Upper Gotvand dam are depicted. The Al-rocks
contain veins of gypsum usually associated with
clay stone beds. The maximum thickness of the
veins is reported to be 2 cm and even wider that
appear as thin films on the beddings and along
joint planes. The latter ones were formed
subsequently and indicate the dissolution of
gypsum and re-sedimentation in the joints. In
general, gypsum is encountered below 25 m deep.
Inspecting foundation borehole logs of the Al
formation at the dam site, 4 different depths were
observed in which gypsum veins exist. These are
summarized in Table 1.

1JE Transactions B: Applications

LEFT | >
4 —#" RIGHT
\ DAM CRESTEL . 244 .0 <

Figure 2. Upper Gotvand dam geological sections; AJ
Aghajari formation, BK = Bakhtiari formation, DBK
dislocated Bakhtiari formation.

TABLE 1. Levels Containing Gypsum Veins in the Upper
Gotvand Dam Foundation.

Gypsum Levels in Aperture

Layers . Average
Foundation (m) .
Spacing (m)

Mass 1 -20~-45 10
Mass 2 -55~-65 25
Mass 3 -70 ~-80 35
Mass 4 -90~-170 45

3. MODELING

The Seep 3D soft ware was employed as an
effective tool for seepage analysis. Seep3D is a
new software product for modeling three-
dimensional seepage problems. Seep3D is
formulated for conditions of constant total stress;
that is, there is no loading or unloading of the soil
mass.

It is assumed that the pore-air pressure remains
constant at atmospheric pressure during transient
processes [5]. This software use finite element
method for seepage analysis and it is able to
consider unsaturated condition. This software
contains three elements hexahedron, prism and
tetrahedron for modeling as shown in Figure 3a.

In order to establish an appropriate model for
seepage analysis, following steps were taken:

3.1. Geometry In order to create the geometry
of the model, topographic maps of the dam site and
also section drawings at the distances of 50 m were
used; also the hexagonal element in Seep3D
software was employed (Figure 3).
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Figure 3. (a) Hex, prism and tetra elements in seep 3D; (b) 2D
model; (¢) 3D model of the upper Gotvand dam.

There are two boundary conditions in steady state
seepage analysis. The maximum water level in the
reservoir was considered as the upstream boundary
surface. For down stream, potential seepage
condition was applied. In other words, all surfaces
that water may seepage through were considered as
potential seepage surfaces.

It is common in finite element method to model
the dam with the adjacent zones including
reservoir, abutments and foundation. Since the
required extend of the boundary in the foundation
ground is not known, it is necessary to carry out
some boundary sensitivity analyses. However, for
3D analysis, an overall mass of 200 m in depth and
300 m in width (abutments) was obtained to be
quite satisfactory.
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3.2. Material Properties The embankment
material and foundation ground engineering
properties were introduced as follows; for the
embankment materials the laboratory permeability
test results at zero pressure were used to establish
the general permeability functions. These functions
are shown in Figure 4.

Compacted soil behaves transversally isotropic
in which, ky, = ky # k,. Generally with earth dams
it may be accepted that [5,9]: ky/ky, = 1 and ky/k, =
10.

For foundation ground, some considerable
numbers of Lugeon permeability test results are
available. These results were averaged and used to
categorize the foundation ground layers in terms of
permeability. However, it should be noted that the
foundation ground was considered hydraulically
isotropic, 1.e.: ky =k, = k,.

In Table 2 results of Lugeon test results at
Aghajari formation in foundation ground are
presented. These results are from exploratory
boreholes in dam foundation ground. Regarding
this table the weighed average Lugeon value is
estimated to be 6 Lu, which is equal to about 9 x
107 my/s.

Trial grouting in Aghajari formation showed
that cement grout could not satisfactorily penetrate
into the gypsum veins [8].

3.3. Sensitivity Analyses of 2D and 3D
Models for the Number of Elements In
order to select the appropriate finite element mesh,
sensitivity analyses for the number of elements
were carried out for both 2D and 3D models. The
results are shown in the Figures 5, 6.

It can be seen that increasing the number of
elements in the 2D model, decreases the discharge
flux; hence the appropriate number of elements for
2D analysis is some 17000 elements. For 3D
model results converge at about 25000 elements,
however. Therefore, in seepage analysis with 3D
model convincing results can be achieved by
increasing the mesh to 32000 elements and finer.

3.4. Modeling of Gypsum Veins in
Foundation Ground Gypsum is hardly soluble
in water, but with water temperature and pressure
raise its solubility increases [10]. Water flowing
through narrow fissures and fractures in soluble
rock, such as limestone and gypsum, widens these

1JE Transactions B: Applications



0
10

® core |
m filter
A shell

2|
10

Permeability (m/sec)
=

=70 -60 -50 -40 -30 =20 -10 0
Pressure (kPa)

Figure 4. Permeability functions of the upper Gotvand dam.

TABLE 2. Lugeon Test Results Abundance Distribution.

Lugeon Total Test Length (m)
0~1 290
5~17.5 86
7.5~15 5
15~25 10
25~35 5
100 29

by chemical dissolution.

Recent modeling approaches on two-
dimensional domains of dam sites have shown that
under unfavorable conditions leakage below dam
sites can increase to an unbearable extent within
the lifetime of the structure [11].

In case of flowing water, dissolution
phenomenon continues until the gypsum has been
washed away completely leaving wider apertures
and open fractures. In order to model mode of
formation and performance of these apertures, the
following hypothesis was used. According to
Figure 7 and Equation 4, equivalent permeability
for the supposed rock mass can be computed as
bellow [12]:

3

a
k=P 0 4)
12n s
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model.
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Figure 6. Number of elements-discharge flux relation in 2D
model.

Where p = density of water; | = viscosity of water
and equals 0.0065 at 25°C; g = acceleration due to
gravity; a, = aperture width; and s = fractures
average spacing.

In Table 1, Gypsum veins are classified into 4
general depths. Generally water flow through
fractures is either laminar or turbulent flow. In the
early stage, there is laminar flow through apertures
and dissolution is faster at the aperture entrance. As
the calcium concentration in pore water increases,
the rate of dissolution of gypsum reduces and a
funnel-like conduit evolves there. This opening at
the exit enhances the flow rate through the fracture,
and therefore, the funnel-like opening at the
entrance propagates further downstream, and also
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the dissolution rates at the exit increase further. By
this time the water flow becomes turbulent and now
the flow rate is so high that the concentration of
calcium becomes close to zero and dissolution rate
tends to be even along the fracture. Therefore as
time proceeds, the funnel-like shape becomes
smoothened out [12]. Figure 8 shows the variations
of the Aghajari formation mass permeability against
aperture width. This figure reveals that dissolution
of gypsum veins increase the mass equivalent
permeability up to 75 ~ 300 times depending on
aperture width and spacing.

4. RESULTS AND DISCUSSION

4.1. Aghajari Formation Permeability As
mentioned formerly, the weighed average Lugeon
value of Aghajari formation is estimated to be 6
Lu, which is equivalent to about 9 x 107 m/s.
Figure 8 shows the variations of this formation
permeability against aperture width. Referring to
this figure it is revealed that the dissolution of
gypsum veins increase the mass equivalent
permeability up to 75 ~ 300 times depending on
aperture width and spacing. This much increase in
permeability advocates the potential hazards of
gypsum veins.

4.2. Discharge Flux Inspection In Figures 6,
9, the results of 3D analyses of discharge flux
through the dam foundation are shown. In Figure 6
the dissolution of gypsum is ignored and the
discharge flux is estimated to be 0.075 m*/s. in 1 m
of dam length. However, in Figure 9 it is supposed
that the gypsum veins finally are washed away and
a passage for seepage flow is evolved. According
to this figure the rate of increase of discharge flux
due to dissolution of gypsum veins was obtained to
be a third order function of the aperture width.
Comparing these figures the dominant effect of
dissolution of gypsum on discharge flux is
disclosed. It is seen that as the aperture width
reaches to 2 cm due to gypsum dissolution the
discharge flux increases about 240 times. Results
of the same analyses with 2D model are shown in
Figures 5, 11. Referring to Figure 5 and
considering dam length the initial discharge flux is
estimated to be 0.025 m’/s.
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Figure 7. Gypsum veins modeling; (1) Embankment; (2)
Reservoir; (3) Abutments; (4) Fracture network.

s=10(m)
§=125
§=35
s=45

> & = 4

0 0.002 0.004 0,006 0.008 0.010 0.012 0.014 0.016 0.018 0.020
Aperture Width (m)

Figure 8. Variations of equivalent rock mass permeability
against aperture width for different aperture spacing.

Comparing Figures 5 and 11, reveals that with 2D
modeling the discharge flux increase due to
gypsum dissolution is estimated to be some 360
times.

Figure 10 shows the results of variations of
discharge flux against the changes of aperture
width from 0.04 to 2 cm for 3D model. Similar
analysis was carried out for the 2D model (typical
section) and the results are depicted in Figure 11.
Although the grout curtain is designed to be some
170 meters deep, however, complete dissolve of
gypsum will severely increase the discharge flux
through the foundation ground. As is shown in
Figure 10, with 3D model as the aperture width
increases up to 2 cm, the discharge flux rises to 18
m’/s., while with 2D model discharge flux rises to
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Figure 10. Discharge flux changes against aperture width in
3D model.

about 0.018 m’/s./m. For whole dam length this
will be 9.0 m’/s. These figures indicate that the
discharge flux with 3D model is about 2.0 folds
that of 2D model. However, referring to Figures 5
and 6 this ratio would be about 4 if the gypsum
dissolution effect is ignored.

These differences between the results of 2D and
3D approaches may be attributed to the fact that,
with 2D seepage analysis the flow net is planer
indeed and lateral components of seepage velocity
are ignored, so the flow necessarily passes through
the successive sections with different permeability.
Thus discharge flux is dominated by the sections
with lower permeability. With 3D seepage
analysis, however, flow is 3D and water follows
routs with lower energy dissipation producing
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Figure 12. Phreatic surface location with 2D and 3D models.

higher discharge flux which is realistic.

4.3. Pore Pressure Inspection In order to
study the pore water pressure pattern in the
embankment and foundation ground, the phreatic
water surface through the dam was located using
both 2D and 3D models. The results are plotted in
Figure 12. It is seen that the 3D model locates the
phreatic surface some what higher than the 2D
model does. This means that the 2D model
estimates lower pore water pressure pattern in
comparison with the 3D model. This may be
attributed to the fact that with the 2D model the
lateral components of the seepage velocity vectors
are ignored. It is noted that in this part of work the
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effects of dissolution of gypsum is not taken into
account.

5. CONCLUSIONS

In this paper the seepage behavior of Gotvand dam
considering effects of dissolution of gypsum is
evaluated with both 2D and 3D models. Some
eminent concluding points are as follows:

The 3D analysis estimates the discharge flux
about 2.0 ~ 4 times that of 2D analysis.

The 3D model locates the phreatic surface
some what upper than the 2D model does.
This means that the 2D model estimates
lower pore water pressure pattern in
comparison with the 3D model.

Dissolution of gypsum veins of Aghajari
formation increase the mass equivalent
permeability up to 75 ~ 300 times depending
on aperture width and spacing (Figure 8);
and the rate of increase of discharge flux in
Gotvand dam, due to dissolution of gypsum
veins, is a third order function of the
aperture width.

According to 3D and 2D approaches, the
initial discharge fluxes are 0.075 m’/s. and
0.025 m’/s. respectively. However, it is
estimated that the gypsum dissolution will
increase these figures to about 18 m’/s., 240
times, and 9 m’/s., 360 times, respectively.
Considering potential hazards of Gypsum
veins in foundation ground either deep
plastic concrete cut-off wall or a
longitudinal gallery for casual grouting in
future is recommended.
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