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Abstract: This study investigated the potential influence of operating water levels and loading
conditions on the slope stability of an embankment dam. Four different operating reservoir levels
(normal, reduced, embankment height, and overflow) were considered in the study. Numerical
modeling was used to investigate the problem in the case of the Chardara dam within the Syrdarya
catchment in Kazakhstan. Based on the drawdown rates and operating conditions, minimum
factor of safety values ranging from 0.56 (total failure) to 2.5 were retrieved. Furthermore, a very
high correlation was observed between drawdown days, the minimum factor of safety values, the
maximum factor of safety values, and pore-water pressures, with correlation coefficients ranging
from 0.561 to 0.997 (strong to very strong correlation). On the other hand, the highest negative
correlation of 0.997 was observed between the minimum factor of safety values and pore-water
pressures. Additionally, based on the results from the analysis of variance, three reservoir operating
levels (normal, embankment height, and overflow) resulted in p-values less than 0.05, indicating that
the variations in the factor of safety values from the drawdown rates were statistically significant.
The findings of this study demonstrated that, not only may the drawdown rate be detrimental to the
embankments, but that different operating levels can also affect slope stability in different ways.

Keywords: numerical analysis; embankment dam; slope stability; rapid drawdown; factor of safety

1. Introduction

Preferably, dams are located in areas that are less occupied within a catchment and
are characterized by natural landscapes. However, globally, the trend of land demand
has continuously been increasing, resulting from population growth and development
activities; according to Lanz et al., [1], the world population has been steadily expanding,
and it is estimated that, by 2100, the global population will be around 12.4 billion people.
This phenomenon has been significantly impacting the natural landscape of catchments.
Rapid urbanization is a popular term describing a scenario in which less developed areas
are invaded and subjected to development activities [2,3]. According to Fiscal et al. [4], this
type of urbanization remains one of the crucial environmental challenges in developing
countries. Therefore, with time, dams located within less-developed landscapes are finding
themselves within a highly developed and crowded environment. When the natural
landscape is developed into structures such as parking lots, tarmac roads, rooftops, as well
as compacted grounds, the areas of impervious surfaces also increase [5]. These impervious
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surfaces affect how the runoff is either absorbed or runs on the ground’s surface, where it
becomes difficult for precipitation to infiltrate the ground, leading to more runoff [6]. It
becomes even more challenging when the impervious surfaces are combined with extreme
events, such as extreme precipitation [7]. With more runoff running on the ground’s surface,
more water reaches nearby streams, exceeding the carrying capacity, and eventually causing
flooding [8,9]. This also means that more water reaches nearby dams, which are located
downstream, surpassing the flow rate employed during the design phase of the structure,
putting it at risk of failure [10,11]. There are already many cases where dams have failed
due to an increase in the runoff, including the Bilberry reservoir [12], which failed in 1852
in Holme Valley, West Yorkshire, England; Hauser Dam in the United States, which failed
in 1908 [13]; Lower Otay Dam in the United States, which failed in 1916 [14,15]; as well as
the Banqiao and Shimantan Dams in China failed in 1975 [16]. In such cases, embankment
dams are more prone to failure compared to concrete dams.

In certain cases, however, the failure does not occur immediately and is delayed
by a change in the long-term design maximum water level [17]. Furthermore, it is only
a matter of fact that, during its lifetime, any embankment can be subjected to different
operating water levels due to the changes in flow conditions in the particular catchment as
influenced by factors such as land surface cover and climatic changes. Due to all of these
challenges, the application of modeling for the risk analysis of dam failures has been a
topic of interest in the recent past [18]. Despite the fact that slope stability under rapid
drawdown conditions has been a subject of interest in the recent past [19,20], unfortunately,
to date, the design and analysis of embankment dams have completely ignored the risk
posed by the combination of rapid drawdown and changing operating water levels. The
looming danger becomes more significant when the aspect of the operating water level is
combined with rapid drawdown loading conditions.

It should also be highlighted that, when the long-term maximum water level changes,
the pattern of seepage within the embankment changes, resulting in a new pattern that was
not addressed during the design process [21]. Moreover, when the hydrological pattern
in the catchment changes, the dam receives a new long-term water level that was not
anticipated when the dam was designed. The dam may be subjected to progressive failure
as a result of the new type of loading condition. The worst-case scenario is when the dam
is rapidly drained while the long-term water level has changed [22]. It is also important
to note that, when an earth embankment has kept a reservoir with a relatively consistent
water surface height for a long time, the seepage conditions within the embankment are
likely to have stabilized. If the reservoir must be drained quickly, the pore-water pressures
within the embankment may remain relatively high while the reservoir’s weight along the
upstream side of the embankment acts as a stabilizing force. This is sometimes referred
to as ‘rapid drawdown,’ and it might result in embankment instability on the upstream
face [23]. As a result, investigating all of these variables during the design phase of an
embankment dam is crucial.

In addition, numerical modeling is useful in determining the slope stability of em-
bankment dams under various loading situations. In geotechnical engineering, numerical
modeling is a popular technique that employs computer simulation to tackle complex prob-
lems [24]. This method has been utilized to analyze difficult embankment dam problems
for many years [25–27]. In general, the investigation of how changes in land surface cover
might pose a serious threat to a dam in an urbanizing catchment will assist future dam
designers in constructing highly sustainable dams. Unfortunately, past studies have not
adequately captured the effects of land-use changes and extreme events on embankment
dam slope stability, making it impossible to consider these elements during the design
process effectively. Dams are often erected in less developed areas of a catchment, as
previously indicated, but, as a result of causes such as population growth, these catchments
are becoming increasingly urbanized, affecting the natural environment. All of these factors
have an impact on a catchment’s hydrological pattern, posing a serious threat to dams.



Infrastructures 2022, 7, 65 3 of 20

Furthermore, combining all of these aspects during the design phase of a dam, particularly
an embankment dam, has always been a challenge.

This study investigates the potential influence of operating water levels and loading
conditions on the slope stability of an embankment dam. Numerical modeling is used to
investigate the problem in the case of the Chardara dam within the Syrdarya catchment in
Kazakhstan. Four different cases were taken into consideration, as follows:

• Modeling based on the current reservoir operating level;
• Modeling with the long-term water level at half of the embankment height;
• Modeling based on the embankment’s maximum height;
• Modeling based on the overflowing reservoir level.

Analysis of variance and correlation matrices are among the methods used to evaluate
the results.

2. Materials and Methods
2.1. Case Study Description

The Chardara dam is located in Kazakhstan’s South-Kazakh area, at the end of the
middle stream of the Syrdariya river, to the north of the Turkestan mountains, and it covers
the Golodniy steppe, the Arnasay depression, and the Syrdariya valley. The dam supplies
agricultural water to the Kyzyl-Kum waterway. The dam’s reservoir has a maximum
storage capacity of 5.7 billion m3 and a 900 km2 surface area. The dam was designed in
1955–1967 by the Central Asia department of “The Hydroproject” Institute in Tashkent.
Construction works were completed in October 1967, and, in 1968, the full reservoir level
was impounded. Chardara dam consists of a hydraulic fill embankment, channel-type
power station combined in one building with two sluices at the left- and right-hand sides
of the power station, and a Kyzylkum regulator on the left bank of the river. The dam
was constructed by placing the hydraulic fill on two sides. The upstream slope of the
embankment is strengthened by reinforced concrete slabs that were placed on a gravel–
sandy bed. At the joints of the concrete facing, a double layer of the inverted filter was
placed. The downstream slope is strengthened by local silty–gravel material. A pipe drain
with a triple-layered inverted filter was constructed at the toe of the downstream slope.
There are relief wells and a drainage water conduit at the downstream toe. There is a
6 m-wide asphalt road at the dam crest.

A silty–sandy layer 1.5 m to 2.5 m deep underpins a layer of fine sands 12 m to 17 m
thick in the flood plain river portion, where the embankment axis is located. The intake
construction is built on siltstones, marly clay, sand, and sandstone with conglomerate as
bedrock. The base of the Chardara embankment is made up of a silty sand layer 8 to 10 m
deep, which is overlain by a clay layer 2 to 5 m thick or a thick layer of fine silty sand.
The groundwater table lies between 0.5 and 2 m below the surface in these places. The
dam is situated in earthquake zone VI. However, the embankment and its buildings, on
the other hand, were designed considering an earthquake intensity of VII [28]. Table 1
lists the physical and mechanical characteristics of the construction materials used in the
embankment foundations. The slope of the embankment is approximately 1:4 (V:H) or
4:1 (H:V).

2.2. Water Level Cases Investigated

Table 2 presents the different cases investigated in this study. In general, four (4) dif-
ferent cases were investigated based on the reservoir operating level. It has to be noted
that one of the significant effects of the land use/land cover and climatic changes in the
catchments is the changes in the reservoir’s operating levels. The streams receive more
surface runoff than the underground flow when the catchment becomes more impervious.
In such a phenomenon, there is a higher chance that the catchment will receive highly
varied flows (high flows and low flows) while increasing the risk of the reservoir being
subjected to long-term reduced operating water levels and long-term increased operating
water levels.
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Table 1. General foundation and construction materials properties.

Material Dry Density t/m3
Strength Parameters

Tan ϕ Cohesive Strength (kg/cm2)

Foundations

Clay 1.5 0.51 0.15
Silt 1.5 0.51 0.03

Sand 1.6 0.56 0.158

Construction material

River Bed 1.39 0.547 0.122
Floodplain area 1.39 0.544 0.124
Lacustrine area 1.50 0.536 0.117

Table 2. Cases used in the investigation process.

Case Number Name Description

1 Normal operating level Modeling is conducted based on the current reservoir operating level

2 Reduced operating level Modeling is conducted with the long-term water level at half of the
embankment height

3 Embankment height operating level Modeling is conducted based on the embankment’s maximum height
4 Overflow operating level Modeling is conducted based on the overflowing reservoir level

Figure 1 further highlights some of the reservoir operating levels investigated in the
study with a meshed embankment.
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2.3. General Modeling Procedures and Embankment Material Properties

The embankment geometry (Table 3 and Figure 2) is divided into five zones, with
zones 2a and 2b having similar material characteristics. Each zone of the embankment was
assigned distinct material properties, with zone 1 primarily consisting of coarse material
mixed with fine materials (silt and clay fraction), with saturated hydraulic conductivity
(ksat) and a liquid limit (wL) of 45%. Cohesive material, fine-grained material, and clay
characterize Zone 3. Zones 2a and 2b are distinguished by non-cohesive soil and filter
material (sand and gravel), whereas Zone 4 is distinguished by coarse material with a low
fine material concentration (Table 3). More parameters of the material properties used in
this study are summarized in Table 3.
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Table 3. Embankment material properties.

Parameter
Zone

Zone 1 Zone 2a, b Zone 3 Zone 4

Saturated hydraulic
conductivity (ksat), m/s 4.6 × 10−5 1.2 × 10−4 1.4 × 10−8 5.2 × 10−5

Diameter at passing 10% (mm) 0.1 0.2 0.002 0.1
Diameter at passing 60% (mm) 40 0.8 0.05 40

Liquid limit (%) 45 50
Unit weight (kN/m3) 20.5 18.5 20 20.5

Saturated water content (%) 29.6 40.1 36.8 29.6
Internal angle of friction

(degree) 40 38 28 40

Cohesion (kPa) - - 15 -
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Figure 2. Embankment geometry.

As previously highlighted, the dam embankment geometry is divided into four main
zones (Figure 2).

The finite element technique investigated the potential influence of the reservoir’s
rapid drawdown on the embankment’s slope stability with different soil parameters. The
steady-state, instantaneous drawdown, 5-day drawdown, 10-day drawdown, and 1 m
per day drawdown rate to half of the maximum water level were investigated. Firstly,
the embankment was subjected to long-term steady-state analysis, followed by the rapid
drawdown rates (instantaneous, 5 days, 10 days, and 1 m per day) for each operating
reservoir level. In the instantaneous drawdown case, it was assumed that the water in the
dam or reservoir was drained instantly. In this case, the extreme situation or worst-case
scenario was represented by the instantaneous drawdown case. The seepage analyses were
conducted concurrently with the slope stability analyses.

In general, the study problems were investigated using the combination of GeoStudio
sub-software SEEP/W [29] and SLOPE/W [30]. SEEP/W, which is based on FEM, was
utilized for the seepage analysis in two-dimensional sections.

2.4. Seepage Analysis Procedures

As previously mentioned, the simulation of a slope’s drawdown behavior began with
the establishment of a long-term steady state utilizing the steady-state analysis method
in GeoStudio. The established long-term steady-state conditions were then employed as
parents to the transient flow analyses, whereby the transient flow analyses utilized seepage-
induced pore pressures generated from the long-term steady-state analysis. Throughout
the transient seepage analyses, the variation in the water level during the drawdown
process was modeled using a linear function that was given as a boundary condition on
the upstream face of the embankment.
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2.5. Slope Stability Analysis Procedures

To be more specific, the slope stability analysis was achieved using the Morgenstern–
Price [31] method under the general limit equilibrium (GLE) [32] to define a distinct analysis
for each of the slope stability analyses.

Figure 3 presents the summary of the volumetric water content and hydraulic conduc-
tivity functions from the first two zones of the study embankment generated based on the
material characteristics assigned to the embankment.
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Figure 3. Volumetric water content and hydraulic conductivity functions: (a) volumetric water
content from the first zone, (b) hydraulic conductivity function from the first zone, (c) volumetric
water content from the second zone, (d) hydraulic conductivity function from the second zone,
(e) volumetric water content for zone 3, (f) hydraulic conductivity function for zone 3, (g) volumetric
water content for zone 4, (h) hydraulic conductivity function for zone 4.

2.6. Statistical Methods

One of the approaches used for assessing the research outcomes was the use of
correlation matrices. These matrices were critical in assessing the strength of the relationship
between the investigated parameters based on the factor of safety values. A high correlation
in the matrices indicated a strong relationship between two or more variables, where the
variables were not closely related if the correlation coefficient was low; the interpretation of
the correlation coefficients was as follows:

• 0 to 0.29: weak correlation;
• 0.3 to 0.4: moderate correlation;
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• 0.5 to 0.69: strong correlation;
• 0.7 to 1: very strong correlation.

Moreover, to determine whether the differences between the groups of data were
statistically significant, a single-factor analysis of variance (ANOVA) was performed. This
statistical analysis approach analyzes the levels of variance within the groups by taking
samples from each of them.

3. Results and Discussion
3.1. Seepage Analysis
3.1.1. Steady State

From Figure 4, it can be observed that the seepage lines were relatively low in zone
4 as a result of the proper arrangement of materials in the embankment. Apart from the
seepage analysis based on the current (normal) operating reservoir level, the embankment
was also subjected to a long-term seepage analysis with the reservoir level operating at
approximately half of the embankment (Figure 4b). From Figure 4b it can also be observed
that the first three zones of the embankment were able to lower the seepage line to the
bottom of zone 4. It is important to note that the importance of investigating the nature
of seepage within an embankment is always exacerbated by the fact that, if not properly
investigated and controlled, seepage can lead to significant stability issues, including piping
failure [33]. This is due to the fact that intergranular pressure in earth fill material and
seepage water below the phreatic line lowers the effective weight of the soil, which in turn
reduces its shear strength [34].
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3.1.2. Rapid Drawdown (1 m Per Day)

In this section of the study, a 1 m per day head function boundary condition was
used to determine the changing water level of the reservoir. This boundary condition
was applied to the embankment’s upstream slope until the reservoir’s maximum level
was attained. To allow flow to leave the upstream side of the embankment, the potential
seepage face review option was also enabled. Figure 5a depicts the seepage results when
the embankment was exposed to a reservoir with a 1 m per day drawdown rate and
the normal operational reservoir level. Furthermore, the figure demonstrates that, when
the reservoir was drained using a 1 m per day drawdown rate, there was a significant
struggle in terms of pore-water pressure dissipation. In this scenario, it is also worth noting
that the first three zones of the embankment were unable to dissipate pore pressures in a
timely manner. Under the 1 m per day drawdown rate, the second case was to subject the
embankment to a reduced operating reservoir level. Figure 5b depicts the seepage results
after the embankment was exposed to a reservoir with a 1 m per day drawdown rate and
reduced operational reservoir level. From the results, it can be seen that the structure of
the embankment and material characteristics were able to lower the seepage lines to the
bottom of zone 4, despite the relatively high pore-water pressures in the first three zones of
the embankment, as indicated by the phreatic lines following the drawdown. Under the
1 m per day drawdown rate, the third case was to subject the embankment to an operating
reservoir level similar to the embankment height (Figure 5c), where a similar scenario in
terms of pore-water pressure dissipation can be observed. This phenomenon can be thought
to be linked to changes in the permeability rates between embankment zones. Under the
1 m per day drawdown rate, the fourth case was to subject the embankment to an overflow
operating reservoir level. Figure 5d shows that the embankment did not have enough time
to dissipate pore-water pressures from the embankment after the drawdown appropriately.
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3.2. Slope Stability
3.2.1. Steady State

In this part of the study, the embankment slope stability analysis was carried out under
long-term steady-state conditions at different operating levels of the reservoir (normal
or current level, reduced level, embankment height level, as well as the overflow level)
(Figure 6). Based on the steady-state-condition slope stability analysis under the normal
operating reservoir level (Figure 6a), it can be observed that a factor of safety value of
3.576 was achieved. The retrieved factor of safety value suggests that, under steady-state
and normal water level operating conditions, the embankment is relatively safe from
potential slope failure. It is worth highlighting that many standards would require a
minimum factor of safety value of 1.5 to ensure that the embankment is safe from probable
failure [35,36]. However, when the reservoir’s long-term water level was reduced to half
of the embankment; it resulted in a 3.259 factor of safety value (Figure 6b). The retrieved
safety factor from the reduced water level was approximately 8.9% less than that achieved
from the normal operating water level. These results further reveal that, when the reservoir
long-term water level reduces, the factor of safety value under long-term steady-state
conditions also reduces.
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Then, the reservoir water level was increased to match the embankment height and
investigate the state of slope stability under the long-term steady-state condition. Figure 6c
shows that a 3.369 factor of safety value was retrieved from the long-term steady-state
conditions. The retrieved factor of safety value was equivalent to 5.8% less than the 3.576
retrieved from the normal operating reservoir level. Again, based on the retrieved factor
of safety values, we understand that, if the operating reservoir level changes, the design
factor of safety value never remains the same, even from long-term steady-state conditions.

The reservoir water level was then adjusted to an overflow level, and the state of slope
stability was investigated under a long-term steady-state condition. Figure 6d shows that
the long-term steady-state conditions yielded a factor of safety value of 3.369. Additionally,
the retrieved factor of safety value was 5.8% lower than the 3.576 obtained from the normal
operational reservoir level.

3.2.2. Transient Flow Conditions

From Figure 7 and Table 4, it can be observed that a minimum factor of safety value
of 0.979 was retrieved from the combination of instantaneous drawdown and normal
operating reservoir level. From the minimum factor of safety value, it is definite that
the embankment would totally fail after drawdown. However, the combination of an
instantaneous drawdown rate and reduced operational water level resulted in a minimal
factor of safety value of 2.318, which was roughly 28.9% lower than the 3.259 factor of
safety value obtained from the combination of the steady-state condition and reduced
reservoir water operating level. Moreover, the combination of instantaneous drawdown
and embankment height operating reservoir level yielded a minimum factor of safety value
of 0.612 (potential failure). Nevertheless, the combination of instantaneous drawdown and
reservoir operation under overflow conditions generated a minimal factor of safety value
of 0.56 (potential failure). Additionally, the retrieved factor of safety is 8.5% less than the
minimum factor of safety obtained from the reservoir operating at the embankment height.
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Figure 7. Instantaneous drawdown under the normal operating reservoir level.
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Table 4. Summary of the factor of safety values retrieved from different cases.

Operating Level Drawdown Rate Min Max Median Mean STD

Normal

Instantaneous 0.979 3.576 2.020 2.017 0.345
5 days 1.876 3.576 2.029 2.074 0.289

10 days 1.980 3.576 2.043 2.168 0.342
1 m per day 2.221 4.016 2.301 2.543 0.470

Maximum
embankment height

Instantaneous 0.612 3.370 1.997 1.958 0.373
5 days 0.984 3.631 2.478 2.400 0.389

10 days 1.881 3.369 1.975 2.077 0.313
1 m per day 2.133 3.638 2.276 2.474 0.425

Overflow

Instantaneous 0.560 3.370 1.996 1.954 0.380
5 days 1.602 3.370 2.002 2.005 0.279

10 days 1.878 3.369 1.974 2.077 0.316
1 m per day 2.090 3.636 2.220 2.440 0.444

Reduced water level

Instantaneous 2.318 3.348 2.562 2.576 0.149
5 days 2.530 3.261 2.543 2.609 0.167

10 days 2.497 3.271 2.507 2.584 0.181
1 m per day 2.500 3.271 2.510 2.622 0.202

Additionally, the five (5)-day drawdown rate was subjected to different water levels.
From Figure 8a and Table 4, it can be observed that a minimum factor of safety value of 1.876
was achieved from the combination of the five (5)-day drawdown rate and normal operating
reservoir level. The factor of safety value recovered from the 5-day rapid drawdown rate
under the normal operating reservoir level was approximately 47.54% less than the factor
of safety value retrieved from the long-term steady-state condition under the normal
operating reservoir level. However, on the other hand, the minimum factor of safety value
obtained from the combination of the five (5)-day drawdown rate and reduced reservoir
water operating level was 2.519 (Figure 8b and Table 4). The factor of safety value was
roughly 22.7% lower than the 3.259 factor of safety value obtained from the combination of
steady-state conditions and reduced reservoir water operating level.
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Figure 8. Drawdown over 5 days: (a) normal operating reservoir level, (b) reduced operating
reservoir level, (c) overflow operating reservoir level.

The combination of the five (5)-day drawdown rate and embankment height operating
reservoir level generated a minimum factor of safety value of 0.521 (Figure 8c and Table 4).
Additionally, based on the minimum factor of safety value, it is a sign of a potential failure
after the drawdown. Meanwhile, the minimum factor of safety value obtained from the
combination of the five (5)-day drawdown rate and overflow water operating level was
1.536 (Figure 8b and Table 4). The factor of safety value was 54.4% less than the 3.369 factor
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of safety value obtained from the combination of steady-state conditions and overflow
reservoir water operating level.

Furthermore, the embankment was subjected to a 10-day drawdown rate under
different operating reservoir levels, a modest drawdown rate compared to the instantaneous
and 5-day drawdown rates. Therefore, the combination of the ten (10)-day drawdown rate
and the normal operational reservoir level resulted in a minimal factor of safety value of
1.986, as shown in Figure 9a. Therefore, the factor of safety value recovered from the 10-day
rapid drawdown at the normal operational reservoir level was around 44.5% less than the
factor of safety value recovered from the long-term steady-state condition at the normal
operating reservoir level. In contrast, the minimum factor of safety value obtained from
the combination of the 10-day drawdown rate and reduced reservoir water operating level
was 2.497 (Figure 9b). Consequently, the retrieved safety factor was approximately 23.4%
lower than the 3.259 factor of safety value obtained under steady-state conditions and a
reduced operating reservoir water level.
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Figure 9. Drawdown over 10 days: (a) normal operating reservoir level, (b) reduced operating reser-
voir level, (c) embankment height operating reservoir level, (d) overflow operating reservoir level.

Moreover, the combination of the ten (10)-day drawdown rate and the operating
reservoir level at embankment height resulted in a minimal factor of safety value of
1.881 (Figure 9c). The safety factor was 44.2% less than the 3.369 factor of safety value
obtained from the combination of steady-state conditions and a reservoir operating at
embankment height.

The minimum factor of safety value obtained from the combination of the ten (10)-day
drawdown rate and overflow water operating level was 1.878 (Figure 9d). The safety factor
was 44.3% less than the 3.369 factor of safety value obtained from steady-state conditions
and the overflow reservoir water operating level.

The embankment was also subjected to a 1 m per day drawdown rate, slightly reducing
the instantaneous, 5-day, and 10-day drawdown rates. A minimum factor of safety value
of 2.221 was obtained from the combination of the 1 m per day drawdown rate and the
normal operational reservoir level, as shown in Figure 10a and Table 4. The factor of safety
value recovered from the 1 m per day rapid drawdown at the normal operational reservoir
level was approximately 37.9% lower than the factor of safety value recovered from the
long-term steady-state condition at the normal operational reservoir level. The minimum
factor of safety value obtained from the combination of the 1 m per day drawdown rate
and reduced reservoir water operating level was 2.5 (Figure 10b and Table 4). The factor of
safety value was about 23.3% less than the 3.259 factor of safety value obtained from the
combination of steady-state conditions and reduced reservoir water operating level.
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Figure 10. Drawdown of 1 m per day: (a) normal operating reservoir level, (b) reduced operat-
ing reservoir level, (c) embankment height operating reservoir level, (d) overflow operating reser-
voir level.

The combination of 1 m per day drawdown rate and operational reservoir level at
embankment height resulted in a minimal factor of safety value of 2.133 (Figure 10c and
Table 4). The minimum factor of safety value obtained was approximately 36.7% less than
the 3.369 factor of safety value obtained from the combination of the steady-state condition
and reservoir operating at embankment height. Moreover, the minimum factor of safety
value obtained from the combination of the 1 m per day drawdown rate and overflow
water operating level was 2.09 (Figure 10d and Table 4), approximately 38% lower than the
3.369 factor of safety value obtained from the combination of the steady-state condition
and reduced reservoir water operating level.

Table 4 provides a summary of the factor of safety values in terms of the minimum
(min), maximum (max), median, mean, as well as standard deviation (STD). It has to be
noted that, when the reservoir level drops rapidly, it leads to no discernible change in the
water level inside the dam body, especially when the embankment is characterized by soil
material with low permeability. Moreover, as the water pressure working on the slope as a
balance has been abruptly withdrawn from the reservoir, the weight of water still present
in the soil slope tends to cause the wedge to slide. Additionally, the soil’s shear strength is
greatly reduced due to pore pressure created in the soil, while the destabilizing force due
to the saturated weight of the soil stays the same [37,38].

3.3. Correlation Analysis

Correlation analysis was conducted based on four slope stability factors (drawdown
days, minimum factor of safety values, maximum factor of safety values, and pore-water
pressures). From Table 5, it can be seen that there was a very high correlation among
the investigated factors, with correlation coefficients ranging from 0.561 to 0.997. The
combination of drawdown days and minimum factor of safety values yielded a correlation
coefficient of 0.943, falling under the “very strong correlation” category. Additionally, the
combination of the minimum factor of safety values and maximum factor of safety values
resulted in a 0.561 correlation coefficient, falling under the “strong correlation” category.
However, the correlation coefficient between the minimum factor of safety values and the
maximum factor of safety values was slightly less than the combination of drawdown days
and the minimum factor of safety values. This phenomenon can be linked to the fact that
the maximum factor of safety values are highly determined by the long-term steady-state
conditions. In contrast, the drawdown days determine the minimum factor of safety values.
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Table 5. Correlation coefficients among different slope stability factors.

Drawdown Days Minimum FOS Maximum FOS Pore-Water Pressures

Drawdown days 1
Minimum FOS 0.943 1
Maximum FOS 0.794 0.561 1

Pore-water pressures −0.807 −0.997 −0.570 1

FOS = factor of safety.

The highest correlation of −0.997 was observed between the minimum factor of safety
values and pore-water pressures; this phenomenon could be linked to the fact that the
extent of pore-water pressure dissipation within the embankment plays a great role in
the embankment stability. The phenomenon is reinforced by some results observed in
the literature, whereby, according to the study conducted by Mukhlisin and Naam [39], it
was observed that the slope becomes less stable when the pore-water pressure rises. The
negative correlation is an indication that, when the other factors increase, the pore-water
pressures in the embankment decrease and vice versa.

3.4. Analysis of Variance (ANOVA)

In order to further justify whether differences in the retrieved factor of safety values
from the investigated operating levels and drawdown rates were significant, ANOVA was
conducted. A total of 31 factors of safety values from day 0 (determined by the long-term
steady-state condition) to day 30 of rapid drawdown were considered.

A single-factor ANOVA with an alpha value of 0.05 was performed on the investi-
gated operational water levels under an instantaneous drawdown rate; the findings of the
ANOVA are summarized in Table 6. From Table 6, it can be seen that the factor of safety
values based on the investigated operational water levels yielded a p-value of 6.81 × 10−13.
The obtained p-value (alpha value) under the instantaneous drawdown case was less
than 0.05, indicating that the differences in the list of the factor of safety values from the
investigated operating water levels were statistically significant. This was an important
component of the research, since it allowed assessing if the differences in factor of safety
values throughout the operational water levels studied were significant [40].

Table 6. Summary of ANOVA results from instantaneous drawdown.

ANOVA: Single Factor

Summary

Groups Count Sum Average Variance

NORL 31 62.513 2.017 0.123
MORL-EH 31 60.708 1.958 0.144
MORL-OF 31 60.576 1.954 0.149

RORL 31 79.869 2.576 0.023

ANOVA

Source of
Variation SS df MS F p-value F crit

Between Groups 8.448 3 2.816 25.654 6.81 × 10−13 2.680
Within Groups 13.173 120 0.110

Total 21.621 123
NORL = normal operating reservoir level; MORL-EH = maximum operating reservoir level at embankment height;
MORL-OF = maximum operating reservoir level at overflow level; RORL = reduced operating reservoir level.

Additionally, apart from the instantaneous drawdown, a single-factor ANOVA was
performed on the investigated operating water levels under a 5-day drawdown rate; the
findings of the ANOVA are summarized in Table 7. From Table 7, it can be seen that the
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factor of safety values based on the investigated operational water levels yielded a p-value
of 6.56 × 10−14. The obtained p-value (alpha value) was less than 0.05, indicating that the
differences in the list of the factor of safety values from the investigated operating water
levels under a 5-day drawdown rate were statistically significant. The differences could
also be observed based on the ANOVA summary (sum, average, and variance). These
results suggest that, when the embankment is subjected to a five (5)-day drawdown rate,
there will be a significant difference in terms of the slope stability response under different
reservoir operating levels.

Table 7. Summary of ANOVA results from the 5-day drawdown rate.

ANOVA: Single Factor

Summary

Groups Count Sum Average Variance

NORL 31 64.305 2.074 0.086
MORL-EH 31 74.388 2.4 0.156
MORL-OF 31 62.149 2.005 0.080

RORL 31 80.894 2.609 0.029

ANOVA

Source of
Variation SS df MS F p-value F crit

Between Groups 7.460 3 2.487 28.298 6.56 × 10−14 2.680
Within Groups 10.545 120 0.088

Total 18.005 123
NORL = normal operating reservoir level; MORL-EH = maximum operating reservoir level at embankment height;
MORL-OF = maximum operating reservoir level at overflow level; RORL = reduced operating reservoir level.

In addition, the analyzed operating water levels were subjected to a single-factor
ANOVA with an alpha value of 0.05 and a 10-day drawdown rate; the results of the ANOVA
are described in Table 8. The factor of safety values based on the investigated operational
water levels generated a p-value of 1.06 × 10−10, as shown in the table. Moreover, the
retrieved p-value (alpha value) was also less than 0.05, as observed from the instantaneous
and 5-day drawdown rates, showing the statistical significance of the differences in terms
of the factor of safety values. Therefore, it is significantly important to investigate the
potential responses of the embankment slope stability under a combination of different
operating levels and drawdown rates.

Furthermore, a single-factor ANOVA was also performed for the 1 m per day draw-
down rate; the results are summarized in Table 9. As indicated in the table, the factor of
safety values from the investigated operational water levels gave a p-value of 0.309. The
resulting p-value (alpha value) was higher than 0.05, indicating that the differences were
not statistically significant. It can also be stated that the same embankment might respond
differently depending on the operational levels and drawdown rates used. To be more
specific, from the results in Table 9, when the embankment was subjected to the 1 m per
day drawdown rate, the influence of the operating water levels on the retrieved factor of
safety values with time decreased significantly. This means that the factor of safety values
with time from the normal operating level, embankment height, overflow, and reduced
levels were relatively close from one operating level to another.
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Table 8. Summary of ANOVA results from the 10-day drawdown rate.

ANOVA: Single Factor

Summary

Groups Count Sum Average Variance

NORL 31 67.217 2.168 0.121
MORL-EH 31 64.373 2.077 0.101
MORL-OF 31 64.376 2.077 0.103

RORL 31 80.117 2.584 0.034

ANOVA

Source of
Variation SS df MS F p-value F crit

Between Groups 5.469 3 1.823 20.285 1.06 × 10−10 2.680
Within Groups 10.785 120 0.090

Total 16.255 123
NORL = normal operating reservoir level; MORL-EH = maximum operating reservoir level at embankment height;
MORL-OF = maximum operating reservoir level at overflow level; RORL = reduced operating reservoir level.

Table 9. Summary of the ANOVA results from the 1 m per day drawdown rate.

ANOVA: Single Factor

Summary

Groups Count Sum Average Variance

NORL 31 78.839 2.543 0.228
MORL-EH 31 76.693 2.474 0.187
MORL-OF 31 75.654 2.440 0.204

RORL 31 81.278 2.622 0.042

ANOVA

Source of
Variation SS df MS F p-value F crit

Between Groups 0.600 3 0.200 1.210 0.309 2.680
Within Groups 19.837 120 0.165

Total 20.437 123
NORL = normal operating reservoir level; MORL-EH = maximum operating reservoir level at embankment height;
MORL-OF = maximum operating reservoir level at overflow level; RORL = reduced operating reservoir level.

Table 9 shows that, despite the p-value being larger than the stated alpha value, there
were some changes in the sum, average, and variance. The results, on the whole, highlight
the need to monitor the drawdown rates during planned reservoir draining. However, it is
important to note that controlling the drawdown rate during disasters is also a feat that
cannot be easily accomplished [41].

The factor of safety values from the drawdown rates, on the other hand, were subjected
to a single factor (Table 10). In this part of the study, the factor of safety values from each
drawdown rate were grouped according to the operating reservoir levels. For instance,
the normal operating reservoir level factor of safety values from all of the investigated
drawdown rates were grouped together and then analyzed using ANOVA. The recovered
p-values were then assessed against the alpha value of 0.05 to determine if they were
smaller than the alpha value. The normal operating reservoir level, maximum operating
reservoir level at embankment height, and maximum operating reservoir level at overflow
level all showed p-values less than 0.05. This phenomenon indicates that the variations in
the factor of safety values from the drawdown rates were statistically significant. However,
the p-value obtained from the reduced operating reservoir level was higher than the alpha
value, indicating that the differences were not statistically significant. It is clear from the
results that, as the reservoir drawdown rate slows, the impact of the operating reservoir
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level on slope stability decreases. In this case, it may be stated that both the reservoir
drawdown rate and operating reservoir level have a crucial impact on the slope stability of
an embankment dam.

Table 10. Summary of the ANOVA results from the investigated operating water levels (instantaneous,
5 days, 10 days, and 1 m per day).

Operating Level Source of
Variation SS MS F p-Value F Crit Status (Is p-Value < 0.05)

NORL Between Groups 5.215 1.738 12.444 3.84 × 10−7 2.680 TRUE
MORL-EH Between Groups 5.754 1.918 13.050 1.96 × 10−7 2.680 TRUE
MORL-OF Between Groups 4.506 1.502 11.192 1.58 × 10−6 2.680 TRUE

RORL Between Groups 0.042 0.014 0.437 0.727 2.680 FALSE

NORL = normal operating reservoir level; MORL-EH = maximum operating reservoir level at embankment height;
MORL-OF = maximum operating reservoir level at overflow level; RORL = reduced operating reservoir level.

4. Conclusions

The impact of land-use changes, extreme events, and loading conditions on the slope
stability of an embankment dam was explored in this study. The problem was investigated
using numerical modeling in the case of the Chardara dam in Kazakhstan’s Syrdarya
basin. Numerical modeling was performed to explore the impact of flow conditions on
embankment slope stability. The results revealed that the operating reservoir levels could
substantially affect even the long-term steady-state conditions. For instance, the steady-
state factor of safety from the reduced water level was approximately 8.9% less than that
achieved from the normal operating water level. The transient flow analyses retrieved
correlation coefficients ranging from 0.561 to 0.997 from drawdown days, the minimum
factor of safety values, the maximum factor of safety values, and pore-water pressures.
The highest correlation was found between the minimum factor of safety values and pore-
water pressures, which was −0.997. Based on the p-values retrieved from ANOVA, it was
observed that the differences in the factor of safety values from the normal, embankment
height, and overflow operating water levels were statistically significant. The p-value
for the reduced operating reservoir level, on the other hand, was higher than the alpha
value, indicating that the differences in the factor of safety values were not statistically
significant. In view of the results, it is reasonable to conclude that, despite the fact that
both the reservoir rapid drawdown and reservoir operating water levels have a significant
impact on the embankment slope stability, the operating reservoir level becomes an issue of
significant concern when the drawdown rate is higher. From this study, we understand that
it is of critical importance to investigate an embankment under different potential operating
levels during the design phase toward achieving more sustainable embankment dams.
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