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Abstract—Earth and rockfill dams face a variety of loading 
conditions during lifetime. One of the most critical loading 
conditions is the rapid drawdown of water level after steady state 
conditions. Rapid drawdown may cause instability of upstream 
slope of the dam. The present work examines the stability of a 
rockfill dam under different drawdown rates in terms of factor 
of safety for the upstream slope of the dam. For this purpose, a 
computer software named GeoStudio 2012 SEEP/W and SLOPE/W 
has been used for the numerical analysis. The results showed that 
the drawdown rate has a significant effect on stability of rockfill 
dam in which increasing the drawdown rate from 1 m/day to 10 
m/day decreases the stability of the dam by 33%. Based on the 
outcomes, for the studied case the drawdown rate (1 m/day) can 
be recommended.

Index Terms—Drawdown rate, Earth/Rockfill dam, Factor of 
safety, GeoStudio 2012, Pore water pressure

I. Introduction
Many partial or total failures of earth/rockfill dams have been 
recorded around the globe as a result of prompt lowering 
of reservoir level; the most famous case was San Luis 
Dam in California. The dam was among the largest earth 
dams in the world (height = 100 m, length = 5500 m). The 
dam was safe for several years during normal steady state 
operation. Upstream slide happened in 1981 due to fast 
drawdown of water to nearly mid-height of the dam (Sica, 
Pagano and Rotili, 2019; Alonso and Pinyol, 2009). During 
steady state, the water in the reservoir is at normal level, this 
condition helps the stabilization of upstream slope. When, it 
is necessary to drawdown the water quickly for emergency 
case or any operation reason, the upstream slope subjects one 
of the critical conditions that need a comprehensive study on 

stability of the dam (Alonso and Pinyol, 2009; Siacara, Beck 
and Futai, 2020).

Rapid drawdown of water has two impacts; changing the 
pore water pressure of the dam materials and reducing the 
external hydrostatic pressure (Siacara, Beck and Futai, 2020). 
Reduction of water level may cause instability of the dam 
since the water inside the soil cannot escape from the soil 
as the water drawdown from the reservoir (Siacara, Beck 
and Futai, 2020; Pinyol, Alonso and Olivella, 2008). There 
are some factors which affect the stability of upstream slope 
under drawdown conditions such as hydraulic conductivity 
and mechanical properties of soil, side slope ratio, and the 
rate of reducing water level (Siacara, Beck and Futai, 2020; 
Souliyavong, et al., 2012; Fattah, Omran and Hassan, 2015; 
Tatewar and Pawade, 2012). 

Gao, et al. (2013) prepared stability charts to find factor 
of safety more precisely for 3D slopes during four rapid 
drawdown scenarios based on the kinematic approach of 
limit analysis. Sica, Pagano and Rotili (2019) pointed out 
that specifying the maximum drawdown rate which a dam 
can be experienced during its life safely is very important 
particularly for those dams located near to the earthquake 
prone areas.

In this paper, two-dimensional numerical analysis to 
study the behavior of a high rockfill dam in Kurdistan was 
adopted using GeoStudio 2012 software, which has a great 
importance for electricity generation, water supply, irrigation, 
and flood control. The embankment is one of the largest 
dams in Kurdistan named Darbandikhan rockfill dam. One of 
the incentives of adopting this study is that the dam authority 
may be obligated to evacuate the reservoir for inspection 
and maintenance of the dam especially after the earthquake. 
Therefore, this paper presents the safe drawdown rate for 
Darbandikhan dam that the dam’s authority can apply.

II. Methodology and Modeling
The research is carried out to study the stability of the 

upstream dam slope during drawdown and analysis of 
transient seepage condition to determine the pore water 
pressure. 
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A. Seepage Analysis Theory
The fundamental flow laws for steady state and transient 

condition based on Darcy’s law, in this regard, SEEP/W is 
formulated on the basis that the flow of water through both 
saturated and unsaturated soil follows Darcy’s equation 
(SEEP/W, 2012; Rulon and Freeze, 1985). The general 
governing differential equation for two-dimensional seepage 
can be expressed as:
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Where H = total head, kx = hydraulic conductivity in 
the x direction; ky = hydraulic conductivity in y-direction; 
Q = applied boundary flux; θ = volumetric water content; 
and t = time.

B. Slope Stability Analysis Theory
Limit equilibrium analysis methods have been applied in 

solving geotechnical engineering problems for many years to 
evaluate the stability of embankment slopes. In this regard, 
applying SLOPE/W uses the theory of limit equilibrium of 
forces and moments, stability analysis of embankment dam 
can be accomplished to determine the critical failure surface 
and compute the values of factor of safety against failure 
(SLOPE/W, 2012). 

The slope stability is governed by upward resisting forces 
and downward mobilized forces. The relative stability of 
slope is characterized by the term factor of safety (FOS). 
The factor of safety is expressed as that factor by which the 
shear strength of the soil must be reduced to bring the mass 
of soil into a state of limiting equilibrium along a selected 
slip surface, and defined as:
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Shear strength (resistance):

 S c N u tanresisting = + −( ) ∅' '  (3)

Shear mobilized:
 S Wsinmobilised = � � � � � � � �  (4)

where: c’ = effective cohesion, φ’ = effective angle of 
internal friction, N = W cos α total normal stress, and 
u = pore-water pressure. W = the slice weight, α = base 
inclination.

In this study, various limit equilibrium methods such as the 
methods of Bishop (Bishop, 1955) (Bishop and Morgenstern, 
1960), Morgenstern-Price (Morgenstrern and Price, 1965), 
(Janbu, 1954) (Janbu, 1968), and Swedish Ordinary (or 
Fellenius method) (Fellenius, 1936) have been used to 
analyze the slope of the embankment dam during drawdown 
conditions. Fig. 1 illustrates all the forces acting on a circular 
slip surface. 

Reference can be made to Fig. 1, the factor of safety 
with respect to moment equilibrium and horizontal force 
equilibrium, respectively, is:
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C. Case study: Darbandikhan Rockfill Dam 
Darbandikhan dam is a multi-applications embankment 

dam, located on the Diyala-Sirwan River approximately 65 
km southeast of Sulaimani City in Kurdistan (coordinates at 
35°06′46″N , 45°42′23″E) (Tourism of Kurdistan, 2020). The 
Darbandikhan dam is a rock-fill embankment type with a central 
clay core on a foundation of sedimentary rocks. The dam height 
is 128 m, its crest width is 17 m, and the width of the base is 
513 m, whereas the crest length is 445 m (535 m if the spillway 
section is included) (Davis and ASCE, 1958). The material 
properties of the rockfill dam components are summarized in 
Table I, whereas the dam cross-section shown in Fig. 2. 

D. Numerical Modeling
To investigate the stability of dam upstream slope during 

drawdown and analysis of transient seepage condition to determine 
the pore water pressure, the dam was simulated. Using the 
numerical analysis of SEEP/W and SLOPE/W in GeoStudio 2012 
software and having the geometrical and mechanical characteristics 
of the dam, two-dimensional modeling of Darbandikhan rockfill 
dam was performed. The study was carried out to examine the 
effects of the reservoir water level drawdown in different time 
periods (5 days, 10 days, 25 days, and 51 days) (drawdown rate 
DDR 10.2 m/day, 5.1 m/day, 2 m/day, and 1 m/day), respectively, 

Fig. 1.  Forces acting on a slice through a sliding mass with a circular slip 
surface (SLOPE/W, 2012).

Table I
Material properties of Darbandikhan rockfill dam  

(Davis and ASCE, 1958).

Materials Permeability 
(m/s)

Density 
(KN/m3)

Cohesion 
(Kpa)

Friction angle 
(degrees)

Core 1×10-9 18.7 108 13
Shell 1×10-5 * 20* 10 38
Filter 1×10-4 * 20* 0 38*
*Means data were assumed
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and to determine the factor of safety and pore water pressure on 
the dam upstream slope using various limit equilibrium methods 
such as Bishop’s method, Morgenstern-Price, Janbu, and Swedish 
Ordinary method. It should be mentioned that the maximum 
water level drawdown is almost 51 m, from normal operating 
level (elevation 485m) drawdown to maximum drawdown level 
(elevation 434 m) (Davis and ASCE, 1958).

The finite element mesh of the rockfill dam in SEEP/W was 
used to replicate the structure of the dam. The program generates 
a well behaved of unstructured pattern of quadrilateral and 
triangular elements with 4 and 3 nodes, respectively, Fig. 3. The 
reservoir level at the dam 10 m below the crest was defined as 
constant total head boundaries with the values of 118 m. In the 
analysis of transient seepage condition, results from steady-state 
seepage were applied as parent to define the initial pore-water 
pressure distribution in SLOPE/W. The upstream boundary 
condition was defined by a total head function to numerically 
simulate the reservoir drawdown. In this type of boundary, the 
total head is defined as a function of time and was decreased 
linearly from 118 m to 67 m at different rates of the reservoir 

drawdown. Furthermore, to examine the stability of the dam 
upstream slope during drawdown, the general limit equilibrium 
method presented in SLOPE/W was used. In the present 
study, the entry and exit slip surface method was employed to 
define trial failure surfaces for each modeling case. To obtain 
a minimum factor of safety in a critical surface for each 
drawdown scenario, the program analyzed all the trial surfaces.

III. Results and Discussion
In the present study, to examine the effects of the reservoir 

drawdown with different time periods and drawdown rates 
on the stability of the upstream slope of Darbandikhan 
rockfill dam, the factor of safety and pore water pressure 
were calculated by Morgenstern-Price, Bishop, Janbu, and 
Ordinary method. Fig. 4 displays the critical slip surface and 
factor of safety after drawdown (DDR 5.1 m/day).

Overall, the factor of safety of the upstream slope decreased 
under the effect of drawdown over the period given, whereas 
for the last step at the end of the period, there is a little 

Fig. 2.  Cross section of Darbandikhan rockfill dam (Davis, and ASCE, 1958).

Fig. 3.  SEEP/W finite element mesh of Darbandikhan rockfill dam.

Fig. 4.  Critical slip surface and factor of safety after drawdown (DDR 5.1m/day) using Morgenstern-price method.
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increasing almost in all methods, this is due to the dissipation 
of the pore-water pressure in the embankment with time. The 
achieved outcomes considerably show that drawdowning the 51 
m of the reservoir level rapidly in a short period, for example, 5 
days provided a lower factor of safety of the dam slope stability 
compared to the slowly drawdowning the upstream reservoir 

over a long period 51 days for all analysis methods. According 
to the results, the Morgenstern-Price method provides the 
higher factor of safety in comparison with the other methods 
and Janbu method affords the lowest factor of safety, Fig. 5.

As shown in Fig. 6, the results for the Morgenstern-Price 
and Bishop methods are quite similar, the initial factor of 
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safety began at around 1.7 in average and then gradually 
reduced after rapidly drawdowning 51 m of the water level 
in 5 days, reaching nearly 0.98 at the end of the period for 
both methods. Likewise, approximately 1.55 was the initial 
factor of safety for the rest of methods (Janbu and Ordinary), 
and then decreased steadily until reached slightly above 1 for 
Ordinary and somewhat below 1 for Janbu method at the last 
time of the period. In comparison, the slower drawdowning 
of the reservoir level, the higher the factor of safety of the 
dam upstream slope will be observed.
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Fig. 7.  Minimum value factor of safety within the critical slip surface for 
upstream slope with various drawdown rates for all methods.

Table II
Guideline of minimum required factor of safety  

(Novak, et al. 2001)

Design loading condition Minimum factor of safety

Downstream 
slope

Upstream 
slope

1.  During and at end of 
construction 

1.25 1.25

2.  Long-term operational, 
reservoir full 

1.5 1.5

3.  Rapid drawdown - 1.2
4.  Seismic loading with 1, 

2, or 3 above 
1.1 1.1

The minimum value factor of safety within the critical slip 
surface for the embankment upstream slope with various 
drawdown rates shown in Fig. 7. Based on the obtained results, 
the DDR 10.2 m/day gave a factor of safety of upstream slope 
lower than 1 for all analysis methods except Ordinary method 
provided a value of factor of safety slightly above 1. This 
is unacceptable outcome compared to the guide line of the 
minimum required factor of safety for the upstream slope during 
drawdown, Table II. The calculated values of the 1 m/day and 2 
m/day of drawdown rate presented the stability of the upstream 
slope with a factor of safety ranging from 1.2 to 1.3, whereas 
the result for the drawdown rate of 5.1 m/day was questionable 
which was on average 1.1. 

During rapid drawdown, the influence of the steady water 
on the upstream side disappeared, whereas the pore water 
pressure within the dam may stay high, Fig. 8. Accordingly, 
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the stability of the upstream slope of the embankment can 
be greatly declined, because the hydrodynamic pressure 
generates the tensile downward forces, resulting in a 
reduction of the shear strength (resistance) of the upstream 
face. In addition, shear mobilizing of the upstream face 

increased because there is not enough resisting force against 
it. Therefore, based on Eq. (3), the dissipation of pore water 
pressure increases the shear resistance of the dam materials. 
The pore water pressure within the materials can reduce 
to a negative value and creates suction force during the 
dissipation process, and thus the slope stability increases. 
Figs. 9 and 10 display difference between shear mobilized 
and shear resistance of the critical slip surface of upstream 
slope after drawdown for initial condition, DDR 10.2 m/day, 
and DDR 1 m/day, respectively (Souliyavong, et al., 2012; 
Fattah, Omran and Hassan, 2015; Duncan, Wright and Wong, 
1990; Abbas, Aljanabi and Mutiny, 2017).

Consequently, to increase the safety and stability of the 
upstream slope of the dam, the dissipation of pore water 
pressure from the saturated zone within the materials should 
have adequate time, hence, the low drawdown rate tolerates 
more time because the shear resistance of the dam materials 
subjected to a lower drawdown rate is more than that of the 
dam at a higher drawdown rate. 

So that to determine the effect of drawdown rate on the 
pore water pressure in different locations, three critical 
points in the upstream slope of the dam have been set 
almost on the critical slip surface, Fig. 11. The Morgenstern-
Price method was used to model and analyze the problem. 
The variation of pore water pressure with time throughout 
drawdown in the reservoir at points 1, 2, and 3 is shown 
in Fig. 12. It can be seen that the pore water pressure at all 
points decreases almost linearly with time. The dissipation 
of pore water pressure in the embankment is thus crucial 
and approximately affected by the permeability of the 
embankment materials. 

IV. Conclusion
In this study, the geometrical and geotechnical properties of 
Darbandikhan rockfill dam as a case study, using GeoStudio 
2012 software, SEEP/W, and SLOPE/W, were investigated. 
To examine the stability of the dam upstream slope, the 
effects of different drawdown rates (DDR 10.2 m/day, 
5.1 m/day, 2 m/day, and 1 m/day), using various analysis 
methods, were studied. 

In conclusion, the factor of safety of the upstream slope 
decreased under the effect of drawdown over the periods 
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given. Respect to the Morgenstern-Price method, higher 
factor of safety in comparison with the other methods were 
observed, whereas the lowest factor of safety was based on 
Janbu method. The stability of the upstream slope increases 
with decreasing the rate of drawdowning water level in the 
reservoir. Whereas the rapid drawdown gave a lower factor 
of safety of the dam slope stability, and this is due to that the 
pore water pressure remaining high in the soil and taking time 
to dissipate which leads to in increasing in shear mobilizing 
and decreasing the soil shear resistance. Consequently, the 
low drawdown rate allows more time to squeeze water and 
then increases the stability of the slope. 

The results of this study reveal that the rapid drop of water 
in the reservoir is most dangerous case for upstream slope 
because the pore water pressure cannot dissipate quickly and 
leads to instability of the dam upstream face. Therefore, for 
the examined case, the drawdown rate 1 m/day would be 
suggested.
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Fig. 12.  Pore water pressure variation with time during drawdown in the reservoir at (a) point 1, (b) point 2, and (c) point 3, Morgenstern-Price method.
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