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Haditha Dam, The current study is designed to analyze theslope stability of Haditha
GeoStudio, Slope damwhich is an earth-fill dam constructed on the Euphrates River in the
stability, QUAKE/W middle-west of Iraq. Finite element modeling was used in the present study to

analyze the combined seepage and post-earthquake slope stability of Haditha
earth dam. The maximum water level of a steady seepage case was considered
to evaluate seepage. - Three different water levels (maximum, normal, and
minimum) were applied, and nine different equilibrium slope stability limits were
used to analyze the upstream and downstream slopes of the dam with three
horizontal maximum accelerations.The input data given to the software are
the dam geometry and its material properties with the earthquake records
in the year2019.The dam was investigated by considering the water in the
reservoir to be at maximum, minimum and normal water levels in its
actual design. It was concluded that the dam is on the safe side in terms of
stability even though the change in the earthquake's conditions in Iraq.
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1. INTRODUCTION

Any dam failure or accident to dam can cause a potential hazard to property and lives of millions of
people who dwell downstream of the dam and also other live stock. Hence safety of the dams is a very
important aspect of safeguarding national investment. So, several studies have dealt with the issue of
dams’ safety. Irzooqi[l] studied and analyzed the seepage problem in the downstream area of Haditha
dam in Al-Anbar governorate on Euphrates River especially in front of two stations on the right side.
It was concluded that the main source of the seepage at the first site is a leakage of reservoir water
through the foundation. At a second site, the main source is reservoir water, which seeps under the
foundation grout curtain through the channels made by the dissolution of the gypsums formations.
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Salih[2]studied the performance of the right side of Haditha Dam.After the second stage of filling the
dam reservoir to the level of 129 m, the problem of leakage appeared on the right side and with a
drainage ranging from (13 to 15) I/s. This problem has been studied and analyzed in order to evaluate
the efficiency of the asphaltic concrete barrier and the grout curtain, depending on the field
information monitored by the researcher and the information obtained from the maintenance and
operation department ofHaditha dam. The field monitoring process showed that the highest seepage
discharge is 20 /s at the storage level of 145.11 m. In order to evaluate the efficiency of the asphaltic
concrete and the grout curtain, several methods have been adopted for this purpose. These methods are
groundwater and seepage measurements and chemical analysis. The results indicated that the asphaltic
concrete is in good condition and works efficiently. As for the grout curtain, it is in good condition.Al
- Tae’e[3] studied the dynamic response of embankments and dams using the finite element method.
Three constitutive models were used for uncoupled analysis to estimate the dam response under an
earthquake loading. These models are namely, Linear, Equivalent linear and Non-linear models. The
lower San Fernando dam was chosen as a case study. A computer program for predicting and
analyzing the first and third models were established. This program was developed originally from a
computer code-namedDLEARN established at Stanford University. By comparing the failure shape of
the dam with the actual failure, it was found that the bounding surface plasticity model visualized the
realistic behavior of the dam under the dynamic loading rather than the equivalent linear and elastic
linear models.Elgamal et al. [4] investigated the effect of rigid model container size on earth-fill dam
response in the dynamic centrifuge. Numerical simulations were conducted for two centrifuges earth-
fill dam models, one with a non-remediated loose saturated sand foundation and the other with a
remediated case. The computational model was formulated using a solid-fluid fully coupled finite
element code. It was concluded that the dam displacements (both lateral and vertical) are not
significantly different between the original and the wider foundational models for both benchmark and
remediated cases.In a series of twelve independent Geotechnical centrifuge physical modeling tests,
KorhanAdalier and Sharp[5] studied the seismic behavior of a zoned earth dam with saturated sandy
soil foundation under moderate earthquake conditions. Several miniature accelerometers, pore
pressure sensors, and displacement gauges were used in the soil model to monitor soil response during
and after shaking.The effect of various parameters such as the thickness, location, and depth of the
liquefiable layer on the seismic behavior of the dam is studied. Valuable insights are provided into the
dynamic behavior of the embankment-foundation systems employed.A dynamic analysis on zoned
earthdams subjected to earthquake excitation was carried out by Hadi [6] that the pore water pressure,
effective stresses and displacements are determined. The finite element method is used and, via its
sub-programs SEEP / W and QUAKE / W, the computer program Geo-Slope is being used in the
study. Khassa Chai Dam (Iraq), which is located on the Khassa Chai River, is considered a case
study.It was concluded that at the base of the core, the value of the pore water pressure produced is
greater than that of the upper dam sections.Elasaad, et al [7] studied the effect of earthquakes on the
stability of AL-Basel dam on Al-Abrash River in Tartous city in Syria with an analytical study by
Finite Element Method. They have set a numerical model suitable by using Slope/W and Quake/W
software. The results of the simulation are summarized in calculation factors of safety for verification
of the final stability of the dam under the effect of different intensity earthquakes. Comparison
between the two cases static and dynamic models shows the effect of the shear variables of the soil
angle of internal friction and the tendency of slops dam and the different situations of the lake water
levels and the high of the dam in addition to the effect of the construction material of the dam on the
stability of the body of the dam. They also studied the effect of seismic amplification resulting from
the body of the dam on both horizontal and vertical components of seismic acceleration.Al-
Shamary[8] studiedto assess the water seepage during the Haditha dam (Iraq) using the computer
software (SEEP/ W, 2012). The results obtained from the software were compared with the actual
field data on the seepage amount for years (1989 - 2017) and with the water level in the dam reservoir
for different periods. The results of the comparison give an idea of the efficiency of the dam protection
against seepage. The results displayed that the asphaltic diaphragm in good condition and efficient on
the right and left sides of the dam.

The main target of the research is to check the safety of post-earthquake slope stability of Haditha dam
after the change in seismic conditions in Iraq in recent years by using GeoStudio software with its sub-
programs SEEP/W, SLOPE/W,and QUAKE/W.

600



Engineering and Technology Journal Vol. 39, Part A (2021), No. 04, Pages 599-613

2. GOVERNING EQUATIONS

Following partial differential equation (PDE) is the governing equation used for modelingslope
stability analysis in this study and it embedded in the geo-studio software[9]:

wles)tylbg)re=5 O

Where,H = Hydraulic head (L); k,&k, = hydraulic conductivity values in x and y direction,
respectively, (L/T), Q = applied boundary flux (L*/T); t = time domain (T); 0 = volumetric water
content (%).

A safety factor is defined as the factor by which the soil's shear strength must be reduced in order to
bring the mass of the soil along a selected slip surface into a state of limiting equilibrium.

The shear strength for an effective stress analysis is defined as, [10]:
s=c'"+(o,—uwtan@ ............ ()

Where: s = Shear strength ML T2, ¢’ = Effective cohesion ML T2 g,, = Total normal stress ML~
'T2, u =Pore-water pressure ML T @' = Effective angle of internal friction.

In this paperby using the SLOPE/W, seven limit equilibrium methods and theirassumptions used
have been used for slope stability analysis as follows in Table I:

TABLEI: Limit equilibrium methods and their assumptions, [10].

Method Assumptions
Ordinary The forces of Interslice are ignored.
Bishop The resultant interslice forces are horizontal (i.e. there are no interslice shear forces).

The resultant interslice forces are horizontal. To account for interslice shear forces, an

Janbu .. .
empirical correction factor, f,, can be used

Spencer Throughout the sliding mass, resultant interslice forces are of constant slope.

Using an arbitrary function, the direction of the resultant interslice forces is determined.

M - . . . .
orlgifincitern With a rapid solver, the percentage of the function, A, needed to satisfy moment and force
equilibrium is computed.
C ¢ The direction of the interslice forces resulting from this is:
o1ps 0 1) Equal to the average slope from the beginning to the end of the slip surface or
engineers "
ii) Parallel to the surface of the ground.

In finite element formulation, the governing motion equation for dynamic response of a
system can be expressed as,[10]:

[M]a+[C]la+[K]a=F ... 3)

Where:[M] = mass matrix,a = vector of nodal accelerations,[C] = damping matrix,a = vector
of nodal velocities,[K] = stiffness matrix,,a = vector of nodal displacements, andF = vector of
loads.

Different forces may made the vector of loads:

F=Fb+Fs+Fn+Fg ... 4)

Where: Fb = body force,Fs = force due to surface boundary pressures,Fn = concentrated nodal
force, andFg = force due to earthquake load.

3. CASE STUDY

Haditha dam is a multi-purpose hydro development constructed to control the Euphrates River flow in
interests of irrigation, electric power generation and the partial accumulation of extreme Euphrates
River inflows into Haditha reservoir. The dam was constructed on the Euphrates River in the Middle
West of Iraq 7 km upstream from Haditha city in Al Anbar governorate, Figurel.
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Figure 1: Location of Haditha dam on Euphrates River.

The length of the dam barrier is 9064 m (8875 m dam and 189 m hydroelectric station), the dam layout
is shown in Figure 2, and more specifications are shown in Table Il.Figure 3 shows the main

materialsof the dam[11].

TABLEII: Technical specifications for Haditha dam|8].

Total length of the dam and hydroelectric station 9064 m
Length of the right-bank stretch 3310 m
The channel stretches of the dam 580 m
The stretch of the left bank, shown in Figure 2 4985 m
The dam height 57 m
Length of the dam at top 8923 m
Width of dam base 325m
Top width 20 m
Elevation at top 154 m.a.s.l.
Operational level 147 m.a.s.l.
Storage size of operational level 8.28 Billion m3
Surface area of storage at operational level 500 km?
Flood level 150.2 m.a.s.1.
Storage size at flood level 9.8 Billion m3
Surface area of storage at flood level 567 km?
Min. operational level 129.5 m.a.s.l.
Min. water level 112 m.a.s.l.
Dead storage 0.23 Billion m3

The most seismically dangerous zone for Haditha Dam is the northwest link of the lower Euphrates
line which is capable of generating earthquakes with the following seismic standards [12]:

e Richter magnitude Mmax =5.5

e Intensity of earthquake at dam site I ~ on MSK scale.

e (.25 g maximum horizontal acceleration.
Richter magnitude is a measure of the strength of earthquakes, developed by Charles F. Richter and

presented in his landmark 1935 paper, which is called the "magnitude scale" [13].
Medvedev—Sponheuer—Karnik scale, also known as the MSK or MSK-64, is a macroseismic intensity
scale used to evaluate the severity of ground shaking on the basis of observed effects in an area of the

earthquake occurrence [13].
TABLEIII lists the material properties of the various zones in the dam body and the foundation

thereof. [12].
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Figure 2: Haditha dam layout [11].
TABLEIII: Material properties of Haditha dam, [12].
Unit Cohesion Coefficient of Saturated
Material weight (kPa) @’ Permeabilityk;, water content
(kKN/m?®) (m/s) %
mealy dolomite 22 30 26 1.15%107 0.29
clay 18.7 40 15 2.31*%10°% 0.47
dolomite-limestone 22 150 32.5 1.15*%10°% 0.29
rock muck sandy 17 0 285 231%10°6 0.39
gravel
dolomite 20.3 0 31.5 1.15*%10°% 0.35
Width of dam base 325 m
Asphaltic conerete 1 0 30.97 1¥10° 0.16
diaphragm

Materials

B Mealy dolomite

| Clay

H dolomite-Limestone

O Rock muck sandy gravel

[ Dolomite

M Asphaltic concrete diaphragm
@ grout curtain

O rock muck

@ coarse stone

B Marl-Clay

Figure 3: The main materials of Haditha dam by the author with GeoStudio according to Dams and
Reservoirs Authority (as built) [12].
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4. HADITHA DAM SEEPAGE ANALYSIS

A dolomite core controlsSeepage via Haditha dam and inside the core extends an asphaltic-concrete
diaphragm that starts from the base of the dam to almost its top to cutoff the seepage lines. This core
consists of dolomite rocks with hydraulic conductivity ranges from (0.1-1) m/day. Ninety cross
sections are stated along the axis of the dam body on the right and left sides each of ninety meters
length as shown in Figure 4.The cross section of station 32 was chosen to calculate the seepage
because it is the most exposed to the pressure of the reservoir water due to its proximity to the river
bed and the high depth of the water in it in addition to the availability of the piezometer reading and
the seepage value of this station.

42°20007E 4Z*210°E 42°2130°E 42 220°E 42° 22 30°E 42°2Z30°E 42°23°30°E

L ar

N EEN g

¢ R ) il e B LA ) _;&o 0.5
42°200°E 42°20°30°E 42°21'0°E 42°2130°E 42" 220°E 4222307 4Z°230°E 42°23°30°E

Figure 4: Locations of the stations on the body of the Haditha dam, [8].

The software SEEP / W2012 is used to analyze seepage through and under the dam. In Figure 5, the
finite element mesh used for the analysis of the maximum water level is shown. The mesh contains,
with (3204 elements) and (1695 nodes), higher-order six-nodded triangular elements. The nodes of
the upstream boundary are designated as head boundaries, with a total head equal to the reservoir
water level. A zero discharge (no flow) is designated as the bottom line at the toe.Figures 6 and 7
present the water head variation and pore water pressure through the dam body, respectively. It is
clear from Figure 6 that the central dolomite core, asphaltic-concrete diaphragm, and grout curtain
causes significant lowering of the phreatic line and exit at the dam toe, which is safe for stability
because the phreatic line not intersects with a downstream face; thus, the sloughing phenomenon of
the downstream not happen.Figure 7 confirms that the pore water pressure on the internal surface of
downstream side slope is far away from downstreamand the seepage through the dam is within the
historical cases of seepage failure in (Rice)[14]which ensures the stability of the downstream against
seepage failure.

604



Engineering and Technology Journal Vol. 39, Part A (2021), No. 04, Pages 599-613

Figure 5: Typical finite element mesh for seepage analysis by GeoStudio.
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Figure 6: Water head variation and flow line through the dam body.
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Figure 7: Pore water pressure through the dam body with flux section.
5. HADITHA DAM INITIAL STATIC STRESS ANALYSIS

It is necessary to establish initial static stress conditions before the dynamic analysis is
performed. A separate step within the QUAKE / W software computed the initial static stress of
Haditha dam subjected to the force of gravity. The initial static stress outcomes measured were very
rational. Then, in the dynamic analysis part of the QUAKE / W software, the determined results of the
initial static stress and initial pore water pressure were imported.
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6. DYNAMIC ANALYSIS

The dam is analyzed by the software QUAKE / W after the seepage analysis is completed,
based on results obtained from the SEEP / W program. The finite element mesh used for the analysis
is shown in Figure 5. Higher-order six-nodded triangular elements are used in the mesh. The left and
right vertical limit conditions on nodes are considered to be free to move in the horizontal direction in
dynamic analysis, but they are fixed in the vertical direction.It is assumed that the boundary conditions
are fixed in vertical and horizontal directions along the horizontal base of the foundation.Allowing
horizontal motion at the end of the issue, but the not vertical motion, is considered acceptable. The
justification is that there would be the same horizontal motion beyond the ends of the problem as at the
ends of the mesh. Another way of viewing this is that there is no resistance to lateral motion beyond
the ends of the mesh. However, shearing in the soil will prevent or keep the vertical displacement at
the end of the issue to a minimum. Consequently, as stated in GeoSlope International Ltd, only
vertical displacements are defined at the end of the issue.[10].

According to the Technical report on Haditha Dam in 2020; for the damage of all 11 seismic stations
located on the dam for technical reasons [15], It is assumed that the dam is exposed to earthquakes
with acceleration-time history is shown in Figure 8 [16], that recorded by Al-Rutba station with
maximum acceleration 0.134g in 30 seconds and Baghdad station with maximum acceleration 0.161g
in 36 seconds in Al-Anbar and Baghdad governorates, respectively, which are recorded in 2019.
Figure 9 shows the positions of seismic monitoring stations in Iraq.

For calibration purposes, themaximum horizontal acceleration of 0.375 g is taken as earthquakes.
This value is recommended [6] that resultesfrom multiplying the safety factor of 1.5 by the value of
the design acceleration of the dam 0.25 to know the conditions of dam failure.

BHD RTB
0.2+ 0.2+
0.15+ 0.15+
o 0.1 © 0.1
& 0.051 & 0.05
T T
g -0.05- g -0.05
-0.1+ -0.1+
-0.15+ -0.15—
-0.2 f f f f f i -0.2 f f |
0 6 12 18 24 30 36 0 10 20 30
Time (sec) Time (sec)

Figure 8: The Acceleration-time history records for Al-Rutba (RTB) and Baghdad (BHD) stations, [16].
Figure 9: Seismic monitoring stations Map in Iraq [16].

7. POST-EARTHQUAKE STABILITY

The results of the Dynamic analysis are used as input for limit equilibrium analysis .

Upstream and downstream slopes were checked at three different levels of water, as follows:

I. Maximum levelof water.
II. Normal levelof water.
1. Minimum operational level.

Figure 10 show the factor of safety (F.S) for upstream slope stability after the earthquake of 0.161
ghorizontal accelerationfor maximum, normal and minimum water level, respectively. Figure 11
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shows the F.S for upstream slope stability after an earthquake of 0.375 g horizontal acceleration for
maximum, normal and minimum water level, respectively.Figure 12 show the F.S for downstream
slope stability after the earthquake of 0.161 g horizontal acceleration for maximum, normal and
minimum water level, respectively. Figure 13 shows the F.S for downstream slope stability after the
earthquake of 0.375 g horizontal acceleration for maximum, normal and minimum water level,
respectively.

Tables IV, V, and V1 show the results of the post-earthquake Haditha dam stability analysis for
maximum horizontal accelerations of 0.161 g, 0.134 g and 0.375 g with various methods such as
Morgenstern-Price,Spencer, Corps of Engineers #1, #2, Bishop, Janbu, Ordinary and QUAKE/W
Stress method and comparisonwith limitations of (USACE)[17] and (BDS)[18].

Post-earthquake safety factor (F.S) of upstream and downstream slope stability values for the
maximum horizontal acceleration of 0.161 g and 0.134 g fulfill minimum limits for all water levels. It
can be concluded that Haditha dam is safe against seepage failure and slope failure after the
earthquake for maximum horizontal accelerations 0.161 g and 0.134 g under the different levels of
water presented.
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Figure 10: Factor of Safety for upstream slope stability after the earthquake of 0.161 g horizontal
acceleration
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Figure 11: Factor of Safety for upstream slope stability after the earthquake of 0.375 g horizontal
acceleration
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Figure 12: Factor of Safety for downstream slope stability after the earthquake of 0.161 g horizontal
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Figure 13: Factor of Safety for downstream slope stability after the earthquake of 0.375 g horizontal

acceleration

TABLEIV: Results of Haditha dam stability analysis after the earthquake for maximum horizontal
acceleration 0.161 g with limitations of (USACE 2003) and (BDS 1994).

Critical Maximum water level Normal water level Minimum water level
Condition for
Stability Upstream Downstream Upstream Downstream Upstream Downstream
USACE (2003) 1.5 1.5 1.5
BDS (1994) (1.3-1.5) (1.3-1.5) (1.3-1.5)
Morgenstern- 3.099 1.563 2.672 1.731 2.029 1.731
Price
Spencer 3.107 1.567 2.672 1.731 2.029 1.731
Corps of 1.581 1.559 1.693 1.733 1.568 1.733
Engineers #1
Corps of 1.555 1.559 1.781 1.733 1.626 1.733
Engineers #2
Bishop 3.126 1.548 2.678 1.733 2.028 1.733
Janbu 2.791 1.511 2.599 1.712 1.938 1.730
Ordinary 2.459 1.501 2.566 1.692 1.898 1.730
QUAKE/W 2,632 1519 2388 1.640 1.919 1.648
Stress

TABLEYV: Results from the post-earthquake Haditha dam stability analysis of the maximum horizontal
acceleration of 0.134 g with limitations (USACE 2003) and (BDS 1994).

Critical Maximum water level Normal water level Minimum water level
Condition for
Stability Upstream Downstream Upstream Downstream Upstream Downstream
USACE (2003) 1.5 1.5 1.5
BDS (1994) (1.3-1.5) (1.3-1.5) (1.3-1.5)
Morgenstern- 3.099 1.524 2.672 1.731 2.029 1.731
Price
Spencer 3.107 1.534 2.672 1.731 2.029 1.731
Corps of 1.553 1.559 1.693 1.733 1.568 1.733
Engineers #1
Corps of 1.536 1.559 1.781 1.733 1.626 1.733
Engineers #2
Bishop 3.100 1.548 2.676 1.733 2.028 1.733
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Janbu 2787 1511 2.599 1712 1.938 1.730

Ordinary 2512 1.501 2.566 1.692 1.898 1.730

QUAKE/W 2.659 1519 2388 1.640 1919 1.648
Stress

TABLEVI: Results of Haditha dam stability analysis after the earthquake for maximum horizontal
acceleration 0.375 g with limitations of (USACE 2003) and (BDS 1994).

Critical Maximum water level Normal water level Minimum water level
Condition for
Stability Upstream Downstream Upstream Downstream Upstream Downstream
USACE (2003) 1.5 1.5 1.5
BDS (1994) (1.3-1.5) (1.3-1.5) (1.3-1.5)
Morgenstern- 3.028 1.498 2.623 1.672 1.924 1.654
Price
Spencer 3.029 1.508 2.623 1.672 1.924 1.654
Corps of 1.435 1.548 1.670 1.673 1.543 1.655
Engineers #1
Corps of 1.436 1.558 1.638 1.673 1.007 1.656
Engineers #2
Bishop 2.901 1.534 2.394 1.673 1.942 1.656
Janbu 2.791 1.404 2.386 1.661 1.885 1.653
Ordinary 2.456 1.371 2.471 1.647 1.854 1.653
QUAKE/W 2209 1505 2.150 1.577 1.740 1.497
Stress

8.CONCLUSION

The safety check of the dam was based on the minimum required safety factor(F.S) as indicated in (USACE)
and (BDS). The results indicate that F.S of post-earthquake stability values for upstream and downstream
slopes fulfill the minimum standard limits for all water levels for 0.134 g and 0.161 g maximum horizontal
acceleration., while it is noted that the F.S values of upstream and downstream slopes stability under
earthquakes with maximum horizontal acceleration 0.375 g caused a significant decrease in F.S of upstream
and downstream slope stability values and their decline less than the minimum limits, especially using
(Morgenstern-Price, Corps of Engineers #1 & #2, Janbu, Ordinary and QUAKE/W Stress methods, which
means the failure of the dam in terms of the slope stability according to these methods, but the supposed
earthquakeis of high maximum horizontal acceleration (0.375g) compared to what has been recorded in recent
years, this gives an indication that the dam is safe even with the changes of the seismic condition in Iraq.
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