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ABSTRACT

Several factors affect the stability of earth dam during sudden drawdowns such as
permeability and mechanical properties of soil, upstream side slope, drawdown ratio,
and drawdown rate. This paper investigates the influence of shell permeability on earth
dam upstream slope stability and its role in the change of pore water pressure at different
locations of the embankment during the sudden drawdown, using different limit
equilibrium methods. To accomplish the objective of this study, (Geo Studio 2012
Software) as one of the powerful geotechnical programs was used for the modeling and
numerical analysis. The study shows that decreasing in the shell permeability resulted
in the reduction of pore water pressure dissipation and variation of shell hydraulic
conductivity plays a vital role in the overall stability of the upstream slope under rapid
drawdown conditions.

Keywords: Slope Stability, Rapid Drawdown, Permeability, Safety Factor, Geo Studio
2012.
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INTRODUCTION

Slope stability analysis of an earth dam is always focused on in the construction
stages and design to ensure safe operation during its life. Steady-state condition is
critical for downstream slope. On the other hand, sudden drawdown is the worst case
for upstream slope. The upstream slope may be destabilized as a result of the fast
reduction of water level in the reservoir and slow dissipation of water. Some earth dam
failures due to sudden drawdown such as (Pilarcitos Dam, south of San Francisco), and
(Walter Boudin Dam in Alabama) have been listed in (Duncan, et al., 1990), and
(Berilgen, 2007).

Beiranvand, et al., (2019) examined the effect of internal friction angle and side
slope ratio on the stability of a heterogeneous dam, based on the results, the researchers
concluded that the angle of internal friction and side slope ratio has a considerable effect
on the stability of the dam. Berilgen, (2017) emphasized that the stability of the
submerged slopes during sudden drawdown depends on how fast the water dissipates.
Mishal and Khayyum (2018) derived an empirical equation to find earth dam safety
factors for similar geometries and soil properties without slope stability analysis, they
assumed different soil parameters to derive the formula and then compared the results
of the formula with the results of GeoStudio, there was a good agreement between the
results and the standard error was 0.0714.

Moharrami, et al., (2013) studied rapid drawdown condition under the effect of
horizontal drains on the stability of the upstream slope, the results revealed that the
horizontal drains in the upstream shell of the dam has a positive impact on the stability
of the dam and is cost-effective. Malekpour, et al., (2012) mentioned that using the
horizontal drain with proper lengths and thickness guarantees the safety of the dam
during transient seepage as a result of the fast lowering of reservoir water level. Salim,
(2013) examined the influence of upstream and downstream gradient on the stability of
zoned earth-fill dam during the rapid drawdown, based on the study, upstream slope has
a great role on the stability of the dam during this case, and by contrast, the effect of the
downstream slope is very small and can be neglected.

The selection of suitable materials for earth dam construction has a marked effect
on the stability of the dam, therefore, the parametric study of the material properties is
very important and shell permeability is one of the important parameters. In this study,
a computer software GeoStudio 2012 is utilized to examine the effect of shell hydraulic
conductivity on factors of safety and pore water pressure inside the embankment under
rapid drawdown conditions. Khassa Chai Dam in Kirkuk-Iraq has been modeled as a
case study.

CASE STUDY - KHASSA CHAI EARTH DAM

The Khassa Chai Dam is located upstream of Kirkuk on the Khassa Chai River.
The Khassa Chai River flows into the Al-Adhaim Dam reservoir as a tributary of the
Zaghitun River. The dam lies near the Kuchuk hamlet, which is roughly 10 kilometers
northeast of Kirkuk, as seen in Figure 1.

Khassa Chai is an earth-fill dam with a central (silty-clay) core, this dam was
constructed on a foundation of different formations that consists of stiff silty-clay, coarse
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grain gravel, and organic matter. It is situated near Kuchuk village, on the Khassa River
upstream of Kirkuk city in Iraq (coordinates at 39°33'780"N, 45°22'41"E). The dam
height is about 58m, its crest width is 14m, and the base width is 315m, while the crest
total length is about 2215m. A chimney filter discharge was adopted along the
downstream side of the core and flattened with a horizon at the downstream side of the
dam, with a thickness of (2m). Figure (2) shows a typical cross-section of Khassa Chai
Dam, and the materials properties of components of the dam are shown in Table (1),
(Zedan, et al., 2017), and (Khassaf and Madhloom, 2019), (Alfatlawi, et al., 2020).

Fig. 1: Location of Khassa Chai dam (Center of Engineering Designs and Studies).

NWL.51m
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2.5

Materials

[0 Shell(sand and gravel)

B Core(silty clay)
B foundation
@ filter

Fig. 2: Typical cross-section of Khassa Chai Dam (Alfatlawi, et al., 2020).

Table 1: Material properties of Khassa Chai Earth Dam (Zedan, et al., 2017), and (Khassaf
and Madhloom, 2019), (Alfatlawi, et al., 2020).

Materials Unit weight Permeability K Water Cohesion F;'r::gtllgn
(KN/m?3) (m/s) Content % (Kpa) (degrees)
Core 17.52 2.25x101° 25 85 9.28
Shell 21.9 1.25x10° 15 0 38
Filter 18 1.25x10° 15 0 35
Drain 23 1x107? 10 0 35
Foundation 21.8 1x10°%0 30 173 21.76
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METHODOLOGY

To examine the stability of dam upstream slope during drawdown under the effect
of different shell permeability and analysis of transient seepage conditions to determine
the pore water pressure, the dam was simulated. Having the geometrical and
geotechnical properties of the dam, and using the numerical program of SEEP/W and
SLOPE/W in Geostudio 2012 software, two-dimensional modeling of Khassa Chai earth
dam is performed.

The case is investigated to see how different shell permeability values
(K=1.25*10-4 m/s, 1.25*10-5 m/s, 1.25*10-6 m/s, 1.25*10-7 m/s) affect the stability of
the upstream slope for a drawdown rate of 2 m/day, as well as computing the factor of
safety and pore water pressure on the dam upstream slope using several limit equilibrium
methods like Morgenstern-Price, Bishop, Janbu, and ordinary method.

From the typical reservoir level of 51m, the maximum water level to drawdown is
almost 51m (Alfatlawi, et al., 2020). SEEP/W solves the governing equations of flow
via earth dams using a finite element mesh for a two-dimensional flow model in
saturated and unsaturated soils. The dam was simulated by sketching a cross-section of
the Khassa Chai case study, which was then used in a grid of finite elements with 3
nodes and 4 nodes of triangular and quadrilateral elements, respectively, as shown in
Figure (3).

glevation
I

Fig. 3: Mesh generation of Khassa Chai earth dam.

Constant total head limits with a value of 51m were defined as the water level at
the reservoir 7m below the dam's crest. The initial pore-water pressure distribution in
SLOPE/W was defined using steady-state seepage results as a parent in the study of
transient seepage situations. To establish trial failure surfaces for each modeling
instance, the entrance and exit slip surface approach is applied in this work. For each
drawdown scenario, the package analyzes all trial surfaces to identify a minimal factor
of safety that is a key surface under the influence of varied shell permeability.
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THEORY OF ANALYSIS

ANALYSIS OF SEEPAGE

The rule of Darcy governs water flow in both unsaturated and saturated soil, and
SEEP/W Is based on this formula (Noori, et al., 2018) and (SEEP/W 2012).

Where q denotes flow rate, k represents hydraulic conductivity, and i mean
hydraulic gradient.

Modeling two-dimensional seepage in steady-state and transient conditions in the
dam before and during drawdown is done using finite element water flow equations to
governing differential equations implemented in SEEP/W (SEEP/W, 2012). (Rulon, J.J.,
and Freeze, R.A., 1985). For two-dimensional seepage, the typical governing
differential equation is:

6( 6H)+6< 6H>+ _ 06 )
ax & 35 ) T oy By 55 Q= G e e e e e e e e (2)
Where H indicates total head, kx represents hydraulic conductivity in the x-

direction, ky denotes hydraulic conductivity in the y-direction, Q indicates applied
boundary flux, vw Means volumetric water content, and t represents time.

THEORY OF SLOPE STABILITY ANALYSIS

Limit equilibrium analysis methods have been used to compute embankment slope
stability for many years to solve geotechnical engineering challenges. SLOPE/W
calculates the factor of safety against failure using the theory of limit equilibrium for
moments and forces. The factor of safety (FoS) is defined as the amount by which the
soil shear strength should be reduced to put the soil mass into a limited equilibrium
condition alongside a chosen slip surface (SLOPE/W, 2012).

Z Smobilised

Different limit equilibrium methods have been used in this study to analyze the
slope of the embankment dam during drawdown conditions, such as Bishop (Bishop,
1955) (Bishop, A. W., and Morgenstern, N., 1960), Morgenstern-Price (Morgenstrern,
N.R., and Price, V.E., 1965), Janbu (Janbu, 1954) (Janbu, 1968), and Swedish Ordinary
or Fellenius method (Fellenius, 1936). Figure (4) depicts all of the forces operating on
a circular slope.
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Fig. 4: Forces acting on a slice through a sliding mass with a circular slip surface (SLOPE/W,
2012).

Swedish Ordinary or Fellenius Method:

This is the first developed method of slices presented in the literature. It considers
moment equilibrium, which means inter-slice normal and shear forces are ignored. The
method is simple in solving the (FoS), due to not considering the iteration process in the
equation (Alfatlawi, et al., 2020) (SLOPE/W, 2012). Therefore, the (FoS) is expressed
as:

FoS. — 2(c'B+ (Wcosa —up) tand’)
oS, = S Wsina

e)

Where ¢' = cohesion, ¢' = internal friction angle, B = slice base length, (m),
W=weight of each slice (kN), u = pore water pressure (KkN/m?), o. = inclination of slip
surface at the middle of slice.

Bishop Method:

Bishop promoted this approach in the 1950s by including inter-slice normal
forces while ignoring inter-slice shear forces. Because the FoS is present on both sides
of the equation, the trial value for the factor of safety is assumed, and the amount, m, is
calculated from the equation (SLOPE/W, 2012).

1 c'B+ Wtan( — ;—[; sina tana
FoS = z 0 . (5)
YW sina m,
Sin tan@’
m, = COSa T . (6)

Morgenstern-Price Method:

In (1965) Morgenstern and Price proposed a method considering normal and shear
inter-slice forces together, and moment equilibrium, which permits for a variety of user-
selected inter-slice force functions such as ¢ Constant ¢ Half-sine ¢ Clipped-sine °
Trapezoidal « Data-point specified (Alfatlawi, et al., 2020) (SLOPE/W, 2012).
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_ X(c'B+ (N—up)tand’)Seca
= SW (T, ST tama F (B, By

FoS (7)

Where u = pressure of pore water; W= slic’s weight; a = bottom slice inclination;
E=inter slice normal force (kN); N =effective normal force on the slice base (kN); S=the
shear force on the slice base (kN); and T= the vertical interslice shear force (kN).

Janbu Method:
This method satisfies only overall horizontal force equilibrium, but not overall
moment equilibrium (Abbas, et al., 2017), and (SLOPE/W, 2012).

_ Y(cB + (N —up)tand’)Seca

FoS
YW tana + ) AE

- (8)

Y. AE = E2 — E1=net interslice normal forces (zero if there is no horizontal force).

RESULTS AND DISCUSSION

This study deals with the effect of shell permeability on the stability of the
upstream slope during sudden drawdown (drawdown rate, DDR 2m/day). Numerical
analysis is implemented for some values of shell permeability such as (K= 1.25*10-4
m/s, 1.25*%10-5 m/s, 1.25*10-6 m/s, 1.25*10-7 m/s), the other parameters are kept
constant. The results of the analysis using (Morgenstern-Price, Bishop, Janbu, and
Ordinary method), are shown in Figures (5).

Regarding the stability of the dam, there is a considerable change in the factor of
safety concerning the change of shell permeability. According to the outcomes, the low
permeability of the shell gave a lower factor of safety of the upstream slope. For
instance, the factor of safety using (Morgenstern-Price method) for the shell
permeability (1.25*10-4 m/s) is (1.15), while for shell permeability (1.25*10-7 m/s) is
(0.25), the value of safety factor decreased substantially to almost twenty percent of its
value. This is because that the stability of upstream slope during drawdown is mainly
based on how quickly the pore water pressure dissipates, and the dissipation of water
depends on two major principles which are a time to squeeze of water from the upstream
face, and the permeability of the soil porous media in which water remained in, after
draw-downing the reservoir level (SEEP/W, 2012).
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Fig. 5: Variation of the factor of safety with various shell permeability using (a) Morgenstern-
Price, (b) Bishop, (c) Janbu, and (d) Ordinary Method.

From the figures, the results of (K=1.25*10-4 m/s and K=1.25*10-5 m/s) are quite
similar, and a slight difference in the factor of safety can be noticed for (K=1.25*10-6
m/s), while for (K=1.25*10-7 m/s) the safety factor declined speedily during the early
days of the drawdown and the dam would be unstable for the rest of the period. In
addition, the minimum factor of safety for (K=1.25*10-4 m/s and K=1.25*10-5 m/s) is
at the end of the time, whereas for (K=1.25*10-6 m/s and K=1.25*10-6 m/s), it reached
minimum value before the end of the duration and then slightly increased at the last time
of the period. This is due to higher permeability allows for the dissipation of pore water
pressure, resulting in increased shear resistance of the material and eventually improving
the stability of the dam upstream slope. The minimum safety factor for all cases can be
summarized and presented in Table (2).

In Figure (6), the results of factors of safety concerning different methods for
variant shell permeability are shown. Generally, the factor of safety for the
Morgenstern-Price method has a greater value compared to the other methods, whereas
the minimum value was obtained from the Janbu method. Moreover, the initial safety
factor of Morgenstern-Price and Bishop is nearly the same around (2.3), and it is roughly
(2.1) for Janbu and Ordinary method.
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Table 2: Variant minimum factor of safety with respect to change of shell permeability for
different methods.

Methods K m/s K m/s K m/s K m/s
1.25*10* 1.25* 10" 1.25*10% | 1.25* 107

Morgenstern-Price 1.156 1.146 0.997 0.25

Bishop 1.128 1.113 0.997 0.18

Janbu 1.022 1.008 0.996 0.1

Ordinary 1.128 1.120 1.116 0.18
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Fig. 6: Comparison of factor of safety with respect to different methods for (a) K=1.25*10
m/s (b) K=1.25*10" m/s (c) K=1.25*10° m/s, and (d) K=1.25*10"" m/s.

To explain the behavior of the studied case for its shell permeability (K = 1.25
*10-5 m/s) during the rapid drawdown, Figure (7) illustrates the slip shear resistance
and shear mobilized under the slices of the critical slip surfaces for initial conditions and
during various drawdown times. At the initial condition, shear resistance is much greater
than the shear mobilized; the factor of safety was 2.335. From the beginning of the
drawdown process until the end, the difference between shear mobilized and shear
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resistance becomes smaller, but never the value of shear mobilized larger than shear

resistance, this indicated that the structure is safe during sudden drawdown.
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Fig. 7: Slip shear resistance and slip shear mobilized under slices of critical slip surface at (a)
initial condition, (b) 5.4 days, (c) 10.4 days, (d) 15.4 days, (e) 19.8 days, and (f) 25.5 days.
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An investigation of transient seepage circumstances is used to determine the effect
of the permeability of the shell material on the pore water pressure at various places.
Figure (8) shows five sites in the dam's upstream shell and core. Figure (9) depicts the
fluctuation in pore water pressure over time for various shell permeability in the
reservoir under drawdown conditions at locations 1, 2, 3, 4, and 5. (9). According to the
findings, the permeability of shell material has a considerable impact on pore water
pressure, with increased permeability resulting in a large reduction in pore water
pressure over time. Furthermore, as compared to soil with high permeability, pore water
pressure in low permeability soil remains high.
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Fig. 8: Showing points on the dam body
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Fig. 9: Pore water pressure variation with time during the drawdown in the reservoir at (a)
point 1, (b) point 2, (c) point 3, (d) point 4, (e), and point 5.

Regarding the variation of pore water pressure in points 2 and 3 located in the core
component due to the low permeability of core material, dissipating the water takes more
time, therefore, pore water pressure in the soil remains high. As a result, the shear
resistance was reduced and large shear stress developed. In contrast, pore water pressure
placed at points 1, 4, and 5, in the shell upstream side falls linearly with time. Based on
the figures, the permeability value of (K=1.25 * 10" m/s) results in a slight reduction in
pore water pressure, however for (K=1.25 * 10 m/s), there is a remarkable drop of it.
Thus, for drawdown conditions, high permeable soils can be suggested for the shell of
the dam.
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CONCLUSION

High soil permeability raises the factor of safety for the upstream slope because,
in the case of drawdown, higher permeability allows for the dissipation of water,
resulting in increased shear resistance of the material and, as a consequence, increased
strength of the dam upstream slope material. The findings of this study show that the
most problematic condition for the upstream side with poor permeability material is a
rapid drop in water in the reservoir since the water inside the soil cannot drain rapidly,
causing the dam upstream face to become unstable. In this investigation, it was
discovered that the Morgenstern-Price approach has a higher value for the safety factor,
whereas the Janbu method is the most cautious. Furthermore, pore water pressure
remained high when soil permeability was poor, depending on the results. Excess pore
water pressure can reduce soil shear strength, and it is a reason for the failure of the dam.
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