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The design of dams requires comprehensive studies to ensure the safety and feasibility of
these important engineering projects, as any possible failure case may lead to
considerable losses in human life and properties. Specifically, analyses should be
performed to evaluate seepage, slope stability, and soil liquefaction of large earth dams.
In this study, numerical modeling, based on finite element methods, was used to analyze
seepage, slope stability, and liquefaction of Makhoul Dam which is a large zoned dam,
currently under construction on Tigris River in the north of Iraq. Earthquake shakings
impose additional hysteric and short-term loads that may lead to dam failure due to high
pore water pressure, piping, and soil liquefaction. Therefore, the dynamic stability of the
dam and soil liquefaction were also evaluated, as a result of applying an earthquake
shaking to the dam. For the static condition, the dam was safe against internal erosion
and slope failure, as the calculated value of the safety factor was greater than the
allowable value. However, the results obtained from the dynamic analysis indicated that
a possible earthquake, with an acceleration of 0.38g and 10 seconds period, led to
upstream slope failure, a relative displacement as high as 2 meters at the dam crest, and
soil liquefaction at the upstream slope. As discussed herein, dam redesign or geotextile

reinforcement may be considered to reduce the effects of earthquakes on the dam.

1. INTRODUCTION

The evaluation of slope stability and the analysis of seepage
are routine practices of designing earth dams, as any failure
case of dams may lead to great human and economic losses.
Static slope stability analysis is focused on the calculation of
the values of the slope factor of safety. The calculated values
are then compared to the correspondent values from the
relevant codes to evaluate the stability of the slope [1-4]. The
evaluation of slope stability by using the static design method
has been widely used to analyze and design unrestrained
slopes. This method was first used by Fellenius, Janbu, and
Bishop at the beginning of the Twentieth Century which was
based on dividing the sliding mass into slices [5, 6].
Furthermore, uncontrolled seepage causes serious problems to
the stability of the earth dams. Seepage through the dam body
may wash out fine soil partials and lead to piping and may also
increase pore water pressure and decrease soil shear strength.
The purpose of the seepage analysis is to determine the
seepage lines, seepage velocity, the quantity of pore water
pressure, and hydraulic gradient [7]. Furthermore, the water
level increases the stability of the dam front face during
steady-state seepage when the storage is maximum. However,
when the drawdown in water level is higher than pore water
dissipation from the dam, the increased access pore water
pressure may cause slope failure or soil liquefaction [8, 9].

The dynamic stability of slopes is also essential for dams'
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safety because seismic loads represent a serious threat to dams'
stability. Statistics have indicated that earthquakes caused
many types of dam failures such as settlement, transfer cracks,
internal erosion and piping, and high pore water pressure
which may cause soil liquefaction [10-12]. Many factors may
affect the possibility of the aforementioned failure types such
as the earthquake intensity, type of the dam, topographic
conditions of the site, dam and foundation materials, and
reservoir water level [13-15]. Therefore, the study of the
specific conditions for the dam site as well as the seismic
conditions is essential for dynamic stability. The purpose of
the dynamic analysis is to determine the dynamic factor of
safety as well as the liquefaction zones during earthquakes.
The dynamic analysis is also dependent on the static analysis
before the occurrence of the earthquake. Furthermore, the slip
surface of the dynamic analysis is similar to that of static
analysis. However, the values of vertical and horizontal forces,
from earthquake acceleration, and the values of excess pore
water pressure should be considered in the calculations of the
dynamic factor of safety [16, 17]. Moreover, cyclic loadings
cause a significant increase in pore water pressure and a sharp
decrease in soil shear strength. These changes may cause soil
liquefaction phenomena that represent a great danger to the
dam stability. The most vulnerable soils are the saturated
layers of sand, gravelly sand, and silty sand. Typically, the
hydraulic conductivity of gravel is high that it will easily
dissipate excess pore water pressure upon shaking unless the
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gravel layer is confined by fine-grained soils that will prevent
water dissipation. Different methods have been previously
employed to evaluate the liquefaction potential of a given soil
layer. These methods have been developed based on many soil
parameters such as grain size distribution, plasticity, and in-
situ moisture content [18-20]. These methods have been
effectively used in standard practice to evaluate liquefaction
potential. However, most of these methods are simi-empirical
methods derived from field measurements. Therefore, their
reliability is highly dependent of the quality of the field data
[18].

With the aid of advanced computers and software,
numerical methods have been introduced to analyze the
aforementioned slope failure and seepage problems that
involve layered soils and complicated boundary conditions.
Specifically, iterative procedures based on finite element
methods have been extensively used and played the most
important role in these types of analyses [1, 2]. Geo-Studio
software has been developed based on the finite element
methods to analyze slope stability, seepage, and dynamic
stability by using the SLOPE/W model, SEEP/W model, and
Quake/W model, respectively. This research consists of an
analysis of the stability and seepage of a zoned earth dam by
using the models of Geo-Studio 2018. Makhoul Dam, which
is currently under construction, was selected as a case study as
it is considered one of the strategic projects to overcome the
deficiencies in water management within the basin of Tigris
River. The dam is located in an area with seismic activity as
many lights and moderate earthquakes events have recently
been recorded within the area. Therefore, the dam stability and
any possible case of failure should be evaluated. The research
evaluates the current design of the dam in terms of static and
dynamic stability and seepage.

2. METHODOLOGY

For an adequate analysis of the stability and seepage of
Makhoul Dam, the analysis should be comprehensive which
includes the different conditions of the storage and operation.
Models were developed to includes the following conditions:
1) the static stability and seepage at the maximum water level;
2) the stability of the dam during the rapid drawdown
condition; 3) the dynamic stability of the dam during
earthquake evens; and 4) flow failure due to soil liquefaction.

2.1 Study area and data collected

Makhoul Dam was used as a case study which is an earthfall
dam with a central clay core that is currently being constructed
on Tigris River. The dam is located 15 kilometers to the north
of Bayji within Salahuddin Province in Iraq. The dam site is
within the coordinates 35.15669 N and 43.43402 E, as shown

in Figure 1. The dam is a multi-purpose dam that it will be
used for flood control within Tigris River basin, irrigation
management, and electricity-generating [21-23]. The details of
the dam geometry and the hydraulic properties are presented
in Table 1 [24]. The dam is a zoned dam that consists of sand-
gravel shells, clay core, and two filter layers, as shown in
Figure 2. The engineering properties of the dam materials are
listed in Table 2. The material for filter F and T are sand and
gravel, respectively.
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Figure 1. The location of Makhoul Dam
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Figure 2. The cross-section of Makhoul Dam (reproduced
from [24])

2.2 Numerical model

Stability and seepage Analysis of different types of dams
can be performed by using numerical models which are based
on the finite element method. For the Makhoul dam, Geo-
Studio software was used to analyze the dam. Specifically,
SEEP/W, SLOPE/W, and QUAKE/W were utilized for
seepage, static stability, and dynamic stability of the dam,
respectively. SEEP/W model was also utilized to study the
effect of rapid drawdown in water level on the dam stability.
To model the dam with the finite element method, a mesh was
represented by quadrilateral and triangular elements and the
number of the developed elements was 25736. The total head
of 150 m acting on the front face was assigned as a boundary
condition of the modal. A steady state condition of water flow
was assumed for the seepage analysis.

Table 1. The geometric and hydraulic properties of Makhoul Dam (After [24])

Dam Specification Quantity Dam Specification Quantity
Crest level, m 160 Storage at the maximum flood, billion m? 2.665
Difference btw the crest and lowest bed level, m 56 Storage at max. operation level, billion m? 2.222
Crest width, m 12 Storage at lowest operation level, billion m? 0.744
Dam length, m 3670 Reservoir surface area at max. operation level, km? 195.6
Maximum flood water level, m? 152.15 Discharge of bottom outlet, m%/s 22200
Maximum operation level, m3 150 Discharge of spillway, m3/s 1338
Lowest operation level, m? 140 Generation capacity of the power plant, Megawatts 260
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Table 2. The properties of Makhoul Dam soils (After [24])

Material zone Modulus of Elasticity Permeability Poisson's Ratio Unit Weight Cohesion  Angle of Internal Friction
MN/m? m/sec kN/m? kN/m? degree

Shell 19 1.69x103 0.2 21 0 38
Clay Core 30 3.5x1010 0.33 17.8 36 17
Filter F 19 1.2x10° 0.3 16 0 35
Filter T 19 1x10 0.3 18.6 0 35
Gravel 20 1.2x10 0.35 20 0 35
Random Fill 19 5.5x108 0.25 17 0 35

3. RESULTS AND DISCUSSION
3.1 Static analysis

The static analysis, before the earthquake shaking, was
performed to determine seepage and slope stability during the
dam operation as well as seepage and stability due to rapid
drawdown. The steps of static analysis are presented and
discussed below.

3.1.1 Slope stability analysis

The static factor of safety against slope failure of the front
face was determined by using the SLOPE/W model. The slope
stability analysis utilized the values of pore water pressure that
were obtained from the SEEP/W analysis. The distribution of
stress inside the dam is as shown in Figure 3. The total values
of total stress were from 700 kPa at the base of the dam to 150
kPa near the dam crest. The calculated value of the factor of
safety for the front face was 2.064, as shown in Figure 4. To
evaluate the stability of the slope, this value was compared
with the allowable values suggested by the design guidelines
of USACE 2003 [25]. Accordingly, the dam is safe against
slope failure, as the calculated value was greater than the
allowable value of the safety factor.
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Figure 3. Stress values inside the dam at the maximum
storage
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Figure 4. Slope stability analysis and factor of safety of the
front face of the dam, as obtained from the static analysis
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3.1.2 Seepage analysis

SEEP/W was used to analyze seepage at the maximum
water level of the reservoir with a study state condition. The
phreatic line, flow lines, and pore water pressure distribution
in the dam are as shown in Figure 5. The quantity of seepage,
as calculated at the specified section, was 2.129x10° cubic
meters per second per meter length of the dam. The phreatic
line was observed to intersect the filter layers and did not reach
the back face of the dam. These observations indicate that the
dam is safe against piping. The calculated values of the pore
water pressure have been used to analyze the stability of the
dam by using SLOPE/W.
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Figure 5. Seepage analysis, as obtained from the SEEP/W
model

3.1.3 Rapid drawdown

During the events of rapid drawdown, the water level is
suddenly decreased in a short time. As a result, the direction
of water flow will be reversed towards the dam front face. This
phenomenon will significantly decrease the factor of safety
against slope failure. Rapid drawdown of the Makhoul Dam
reservoir may occur during the events of earthquakes or to
accommodate a large flood wave upstream the dam.

For the current case study, seepage was analyzed by using
SEEP/W as the water level was dropped by 22 m (from
elevation 150 to 128m) within 10 days period. The variation
of the seepage line, as a result of the rapid drawdown, is shown
in Figure 6. The value of the factor of safety, as obtained from
the rapid drawdown analysis, was 1.606, as shown in Figure 7.
According to the design guidelines of USACE 2003 [25], the
dam is safe against slope failure, as the calculated value was
greater than the allowable value.

3.2 Dynamic analysis

QUAKE/W model was used to analyze the dynamic
stability of the dam. The state of stress determined from the
static analysis was considered as an initial state in order to
evaluate the stresses during the earthquake. Vertical and
horizontal components of motion were applied to the dam with
peak ground acceleration of 0.38g at 30 seconds period (T), as
presented in Figure 8. The parameters of ground motion were



determined from the data of seismic activity that are available
in the study area. The value of the relative vertical
displacement, caused by the earthquake shaking, was as high
as 2 m at the top of the dam, as shown in Figure 9. The
SLOPE/W model was then applied to evaluate the dynamic
factor of safety of the slope. The minimum value of the
dynamic safety factor was 1.122 at T of 10 seconds, as shown
in Figure 10. The calculated value of the safety factor was less
than the allowable value that was given by the USACE 2003
design guidelines [20].
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Figure 6. The variation of the seepage line as a result of the
rapid drawdown
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Figure 7. The factor of safety for the front face as a result of
rapid drawdown
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Figure 8. Peak ground acceleration of the study area

200~
190

Relative Y-Displacement

180 -
O-15-1m
£ 170 O-1--05m
= 160 [ - 0-05-0m
_E 150 Max operation WL 150m -0
S -

i>J 140
w130
120

100 L |
50 100

| | 1
200 250 300

Distance , m

|
150 35C

Figure 9. The relative displacement values after the
earthquake shaking
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Figure 10. The slope factor of safety, as obtained from the
dynamic analysis

3.3 Soil liquefaction

As the ground motion was applied to the dam, liquefaction
was observed within the front face of the dam, as shown in
Figure 11. Specifically, earthquake-triggered liquefaction was
observed in the upstream slope near the surface as well as in
the upstream blanket. The fill soil materials within these zones
are fully saturated and when they lost their shear strength
during the shaking, started to densify and flow. The observed
liquefaction is unacceptable and indicates that the dam is at
risk of flow failure. Therefore, the dam may be redesigned to
sustain the earthquake triggering. The redesign may include
using different fill materials or using geotextile reinforcement
to support the liquefiable soil on the front face of the dam.
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Figure 11. Liquefiable zones within the front face of the dam

4. CONCLUSIONS

A numerical analysis was performed to evaluate the
possible failure cases of the Makhoul zoned earth-fill dam by
using GeoSlope software. The seepage, pore water pressure,
and factor of safety values were determined from the static
analysis. The dynamic stability of the dam was also evaluated
as an earthquake shaking was applied to the dam. The
following conclusions are drawn from the analysis:

—  The observations from the seepage analysis indicated
that the dam is safe against internal erosion and piping.

—  The value of the safety factor for the front face, as
obtained at the static condition, was 2.064 which
indicated that the dam was safe against slope failure,
as this value was greater than the allowable value.

—  Applying an earthquake shaking to the dam produced
a relative displacement as high as 2 m at the top of the
dam and a value of the safety factor of 1.122 at T of 10
seconds. Based on these observed values, the dam is
dynamically unstable.



The liquefaction analysis indicated that the soils of the
front shell were vulnerable to liquefaction.

The aforementioned observations are of great
importance from the engineering design point of view.
Therefore, dam redesign or using geotextile
reinforcement within the front shell soils may be
considered to increase the values of the factor of safety
against slope failure or to increases soil resistance to
liquefaction.
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