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Collapsible gypseous The present study involves a coherence steps to re-analyze the scenario of
soils, cutoff diaphragm presence of collapsible gypseous layers in the foundation of Hadithah dam
wall, grout curtain, under extreme operating conditions. The motivation for such analysis was
drawdown rate, rising to explore the problem of construction and operation of large earth dams
rate, seepage analysis, on collapsible soils if similar cases exist in Iraq. This study was carried
slope stability out to evaluate the adequacy of the diaphragm wall and the safety level of

the side slopes during the drawdown and rise period. The results were
verified by the in situ design that confirmed the validity of the analysis.
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1. INTRODUCTION

The possibility of dam failure due to various geological challenges and extreme operation
conditions introduces a serious issue for engineers which requests to be directed through a consistent
approach involving numerous institutions and experts. However, guarantee hydraulic structure safety
remains critical to attribute such a problem. It has been imperative to present an investigation plan
that can potentially assess the impacts of the synchronization between geological and operational
hazards.

Reference [1] conducted a nonlinear finite differences analysis to study the contacts of cut off
walls at weak stratified rocks in surrounding at different operation periods, the impounding at first
and end of construction conditions. They concluded that the strain of cut off wall rather consequent
to the foundation strain or deformations indicates the occurrence of shear failure at the foundation of
cut off wall as expected. Although the higher strength of construction materials of cut off wall
reduces the deformations of the interfaces of wall-foundation. Among many of different problems
that affect the safety of rockfill dams, [2] investigated the arching and hydraulic fracturing in
Chenareh rockfill clay core dam in Iran. Such consequences caused by various stiffness and as a
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result different settlements of the dam core and shells for staged construction condition by finite
elements method. It was found that the seepage through the core and its corresponding effective
stress decreases due to the primary impoundment of the dam, they recommended to model and
analyzing this case to determine the range of effective stress decrease in the core and its influence on
arching. The largest settlement of the dam for end of construction condition drops as the modulus of
elasticity for filter and transition zones increases, as a result increasing the arching ratio.

2. HADITHAH DAM-CASE STUDY

This study has been carried out on the Hadithah Dam, which is one of the largest Iraqi dams. The
objective is therefore to re-analyze the seepage, and stability under extreme hydraulic and geological
conditions. This will be discussing the hypothesis of the presence of collapsible gypseous soil in
foundation layers. The dam materials were adapted based on unsaturated hydraulic functions.
Construction of the Hadithah hydropower development on the Euphrates River in Iraq continued
from 1977 and completed in early 1986 [3]. A general layout of the dam and the final design cross
section of the dam in the river section is shown in Figure 1.

al-Hadithah hydropower on the Euphrates:

1) earth dam;

2) right=-pank side grout cur-
rain, & = 10 km; 3} left-bank side
grout curtain, [ = 3 km; 4} run-of-
river hydroelectric station com=
bined with an overflow spillway;
5) indoor electrical equipment; 6)
town,

max. W 50 29
B e et

1) mealy detrital dolomites; 2) sand—gravel mixture; 3) asphalticconcrete
cutoff wall; 4) grouting gallery; 5) grout curtaim; &) stong revet
ment; 7} reinforced-concrete slab revetment; 8) rock-mass revetment.,

(b) Profile of the dam cross-section

Figure 1: Typical layout and final profile of the dam cross-section [3]

Geological Features of Dam Foundation

Hadithah Dam has been constructed on the Euphrates River in Iraq, the foundation is comprised
of layers of carbonate rocks contains limestones, fractured-porous dolomites, marls, and gypsums
with interlayers and lenses of breccia and clays at different depths. There are rocks of almost all
horizons of the Euphrates formation and they are represented by clastic (detrital) limestone of the
organic origin (8 m) thick, mealy dolomite with marl and clay inter-beds totaling about (20 m) in
thickness, fine detrital dolomite (14 m) thick, mealy dolomite with thin inter-beds of soft plastic clay
totaling (6 m) thick, limestone and dolomite (6 m) thick. The lower horizon of Euphrates formation
represented by organogenic-clastic limestone and dolomite (6m) thick and mealy dolomite (10-14m)
thick serve the formation of the channel portion of the dam [4]. In this study, the material properties
for each material type, as shown in Table I, are collected from various references [5-10]. Some input
parameters required by the analysis not found directly in the adopted references were either arrived at
through appropriate relations to other parameters (e.g. uses the — Mohr-Coulomb[] material model)
or for unavailable data assumed within reasons.
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3. METHODOLOGY

The steady and transient states of seepage for the case study have been analyzed using the 2D-
SEEP/W finite element code (developed by GEOSLOPE International Ltd.), real geological scenario
maybe modeled concerning the various extreme operation scenarios and two geological formations of

dam foundations.

Table I: The geotechnical properties for the material of Hadithah dam

Properties Yiotal K K
Soil (kN /m3 Vsat. 3 c ) vertical horizontal E
Material ) (KN/m”) (kN/m”) (deg.) (m/sec) (m/sec) (MPa)
(S;rl‘gl‘lgravel mixture 17 203 0 2730 >A'x10® > Ax103 100-300
Mealy detrital 127 6.10x10"7 1.44x10
Dolomites 20.3 21.4 78' 5 30 to to 70-100
(Core) : 1.44x107 6.1x10"7
Limestone and 1.0 x10 1.0 x10"
Dolomite 22 22 100-200 30-35 to to 100-300
(Foundation) 6.0x107 6.0x10°%
Mealy Dolomite with 6.10 x10% 6.10 x10
Marl 22 22 20-40 24-28 to to 50-100
(Foundation) 1.15x10" 1.15%x10™7
* A is An integer between 1 and 10.
* A is An integer between 1 and 10.
All dimensions are in m.
80 v Max. water level = 70.2 m Asphaltic concrete cutoff wall
70
60 — Reinforced-concrete
slab revetment
c L
-g 5 Sand-gravel
g 40 —PSL=32.5m mixture Sand-gravel LPL=29.15m
° mixture
w 30— Stone revetment Mealy fietrital Grouting gallery Rock-mass’
Dolomites core revetment

20

Limestone and Dolomite 1 Limestone and Dolomite

10 |— — - -
Mealy Dolomite with Marl ‘/Groutmg curtain Mealy Dolomite with Marl
o | | | | | | | | | | | | |
0 25 50 75 100 125 150 175 200 225 250 275 300 325 350
Distance

The zones of the dam and its foundation with their materials and finite elements mesh

characteristics are shown in Figure 2.

a) The zones material of the dam

b) Discretization of the Finite elements mesh of the dam cross-section
Figure 2: Characterizations of the dam section in the Present analysis
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In this study, the following initial and boundary conditions are applied for the steady-state and
transient-state conditions under extreme operation circumstances:

(a) The initial condition for steady maximum reservoir water level:
H(x,y) = hnax. (1)

Where, 4,,,,. is the initial pressure head through the zoned dam.
The boundary conditions for steady maximum reservoir water level:

H(x,y,t) =hy—¢ along the upstream side slope 2
Where, A is the maximum upstream water level in the reservoir.
oH oH along upstream side slope beyond the water
—=0,—=0 surface in the reservoir and along downstream side  (3)
dx dy

slope.
oH along the dam crest and the baseline of the dam 4
ay embankment. “)
H(x,y)=0 along the exit face in the upstream side slope. (5)
(b) The initial condition for a transient condition:

Where, l_lj is the pre-calculated pressure head for steady-state resultant from the normal reservoir
water level.

(c) The boundary conditions for a transient condition:

along the wupstream side slope during the

H(xy) =0 drawdown process. )
Z—I; <0 the net out flux across in the upstream side slope (8)
Where, 7 is the normal direction to the upstream side slope.

a_H — 0,H(x,y) < 0 the no flux across the rest of the upstream side ©)

on slope beyond initial water level prior to the

drawdown.

4. RESULTS AND ANALYSIS

1. Analysis of Water Flow Scenarios for Hadithah Dam

As mentioned, the construction began in 1977, whereas the opening date in 1987 and the
impounding probably started in 1988 or further. In this analysis, the impoundment of the reservoir is
assumed to cause a delayed saturation of deeper layers of foundation, these effects on the behavior of
saturated-unsaturated zones could be then according to the author's perspective to divide the entire
depth of foundation into two zones. The upper zone is fully saturated, while the rest is saturated-
unsaturated. These more realistic scenarios to be compared with model computations. Thus, soil-
water characteristics (SWCC) and unsaturated hydraulic permeability function (Kunsat.) were fitted
with the Fredlund and Xing function [11], created by SEEP/W, and presented in this study for
limestone-dolomite and mealy dolomite with marl layers respectively, as shown in Figure 3 (a and b),
respectively.

II. Maximum Reservoir Level

In this extreme operation condition, the water level in the upstream side is (150.20 m a.s.l.) as
shown in Figure 1-b [3]. For the purposes of simplify the handling with the dimensions of the
Hadithah dam cross-section, it was considered that the lower elevation of the bed layer for the
foundation of the dam to be 0.0 (a.s.l.) as a geometric convenience. Accordingly, the maximum
storage head is (50.20 m), the location of the free surface is shown in Figure 4.
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Figure 3: Hydraulic functions for foundation layers of the Hadithah dam

H
E
1
3
2
&

Figure 4: Location of the free surface corresponding to maximum water level

Results of Figure 4 reveals that the free surface is nearly horizontal and to be predominant in the
shells due to it is high permeability, which was ranged between 1x10-5 to 1x10-4 m/sec, this is
reliable with [12] as cited in [13]. For the dolomite core with low permeability ranged between
1.44x10-6to 6.10x10-7 m/sec, [8], an abrupt recession in free surface occurs intensely near the
interface of the cutoff wall-core, and core- downstream shell.

All the above results are obtained for real geological formations. Collapsible gypseous soil
samples were collected from three various locations of Bahr-Al-Najaf depression border, from Baher
Al-Najaf in Iraq. Physical properties tests and chemical composition tests are conducted to determine
the most collapsible soil in accordance with their gypsum content and collapsibility potential. The
location characteristics of soil samples taken from site #1 is given in Table II.

Table II: Location characteristics of site #1

Depth Elevation®

Site Location Symbol (m) (m) Coordinates
I SL, 0.50 . ,

#1 I slI 0.90 546 44110658 E
111 SIII#1 1.25 320952.13N

* Ground surface as per GPS data.

The physical properties and results of chemical tests for the samples of higher gypsum content of
site #1 are given in Tables III and IV, respectively [14]. The soil-water characteristic curves and the
unsaturated hydraulic conductivity functions established by Fredlund and Xing model which are
relevant to this study for site #1 are shown in Figures 5 (a and b), respectively. To investigate the
problem of hydraulic properties of the presence of gypseous soils in the foundation layers of the dam,
several computations are carried out to locate the positions of the free surface as shown in Figure 6.
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Table I11: Physical properties and chemical results for soil samples taken from site#1

) 2 & Eo
Natural Field unit Initial TE oo Do R~
moisture weight void 5 0 (Z% < g 22 g S ¥ é USsCS
Content (%)  (kN/m’) ratio O 4 2= Ev= 8 =
A = n =
1.25 13.896 0.79 20.50 78.90 0.58 1.80 Sp?

SP = Poorly graded sand with gravel.

Table IV: Results of chemical tests for soil samples taken from site#1

Vol Water Content (m3/m?)

iz)llrl)tsel:?t] SO; Ccr TDS pH
(%) %) (%) (%) (%)
35.98 16.72 0.117 15.2 2.0
1060
1Aoe03£
1.0e-048
1.0&05-W¢ayer 1
1.0e-06% '}
i
L

Matric Suction (kPa)

(a): SWCC for site #1
Figure 5: Hydraulic functions for gypseous soil samples taken from site #1

X-Conductivity (m/sec)

Layer 21{::%.

I i
0.1 1 10

Matric Suction (kPa)

(b): Kunsat. for site #1

8.7304e-006 m*sec

Figure 6: Location of the free surface corresponding to maximum water level for the case of presence of
the collapsible gypseous layers in the dam foundation

In order to assess the effect of the severe geological challenges, the author’s mainly study the
hypothesis of the presence of gypseous soil in the foundation layers. The impacts on the water flow
through the dam body and foundation are predicted, the calculated value of seepage discharge
through the dam core was compared with those values from the in situ foundation layers (i.e.
6.1989x10-06 and 8.7304x10-06 m3/sec/m), respectively. The percentage of relative absolute
difference (RAD %) between these values is about (40.8 %). The adequacy and functions of seepage
control devices (central diaphragm wall and grout curtain) were evaluated based on the relative drop
of free surface throughout the dolomite core (_core) by comparing the Figures 4 and 6. For both the

1776



Engineering and Technology Journal Vol. 38, Part A (2020), No. 12, Pages 1771-1782

in situ and gypseous foundation layers are (40.525 m and 40.13 m), respectively. The drop in the free
surface elevations around the diaphragm wall (LIdiaphragm) for each of the material scenarios are
(16.875 m and 8.225 m), respectively. These values can be interpreted by the mean of (RAD %) as
given in Table V.

RADY = |2

| x 100 (10)
i

In which; xi and xj are respectively the measured and predicted values of the variable (x). The
role of collapsible formations on the provision of seepage control devices is assessed based on the
results obtained above; the location of the free surface was directly affected by such challenging
geological conditions.

Table V: Percentage of relative absolute difference of drops in free surface elevation due to two
geological formation in the dam foundation.

Foundation RAD%
Material 6c:ore 6diaphmgm
In situ 58.10 24.20
Gypseous 58.20 11.93

The seepage discharge through the core and foundation was increased significantly and rapidly
by about 41% than of the in situ state. This reflects the damaging role of the presence of the gypsum
in the foundation layers of the dam. On the other hand, from the results of Table IV, the relative drop
of free surface elevation throughout the dolomite core is approximately the same, but the drop around
the central cutoff wall decreased by almost a half when the gypseous layers were presence in the
foundation. This is attributed to the inefficiency or inadequacy of the seepage control device.

III. Transient State of Flow

The water levels in the reservoir fluctuate usually because of operational purposes. Drawdown
rates of (1.0 m/day) and greater are relatively practical. However, schemes of reverse pumping
storage or discharges from the dam through low-level of the reservoir could imply to these rapid
variations in water levels in the reservoir [15]. Otherwise, a high flood inflow causes the reservoir
water level to rise (particularly during the recent years). These two extreme operation conditions
were analyzed for the states of in situ and the presence of gypseous layers in the dam foundation.
Figure 7 shows the elevations of water levels corresponding to all operating conditions in a manner
consistent with present analysis dimensions.

Figure 7: Operation water levels of Hadithah dam

Hence, the water level in the reservoir drops from the normal operation elevation +63.00 m to
+29.50 m measured from the bottom of mealy dolomite with the marl layer. Whereas in the flood
condition, the water level will rise from normal operation elevation to the crest elevation of +77.00
m. Figure 8 shows the hypothetical variation rate of water level for both extreme operation
conditions. The locations of free surface consequents for different periods during the drawdown
process for both in situ and gypseous layers in the dam foundation are shown in Figures 9 and 10,
respectively. Likewise, Figures 11 and 12 display the locations of free surface results during the
rising process for both in situ and gypseous layers in the dam foundation.

1777



Engineering and Technology Journal Vol. 38, Part A (2020), No. 12, Pages 1771-1782

Drawdown rate Rise rate I

100
90
80
70
60
S0
40
30
20

Water Level (m)

15 20 25 30 35 40
Time (days)

=
b
=
=}

Figure 8: Hypothetical drawdown and rise rates of water level in the dam reservoir

- A

Figure 9: Locations of the free surface in the Hadithah dam during the reservoir drawdown for in situ
foundation layers

Yy

Figure 10: Locations of the free surface in the Hadithah dam during the reservoir drawdown for
gypseous foundation layers

The results of Figures 9 and 10 indicate that the drop in the free surface due to drawdown in
reservoir water level was highly affected by the presence of the gypseous layer in the dam foundation
as compared with the in situ foundation layers. This behavior is attributed to the volume change of
the gypseous layer structure especially in the downstream portion of the dam beyond the cut off the
diaphragm. Figures 11 and 12 show the effect of the rising in reservoir water level on the upward
movement of the free surface.

g
L
:
g
8
=

Figure 11: Locations of the free surface in the Hadithah dam during the rise in reservoir water level for
in situ foundation layers
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4.4407e-006 m’fsec

Figure 12: Locations of the free surface in the Hadithah dam during the rise in reservoir water level for
the gypseous foundation layers

It is evidently noticed from results of Figures 11 and 12 that the trend of upward movement for
the free surface location was approximately the same. However, an advanced rate of seepage for in
situ soils due to higher permeability of dam embankment zone. The quick settlement that occurs in
gypseous layers after several hours of rising process began that cause a semi-porous barrier in
gypseous layers induced by the vertical stresses of dam embankment.

5. SLOPE STABILITY SCENARIOS FOR HADITHAH DAM

In this study, the results of the slope stability analysis by limit equilibrium approach using
Bishop’s method is carried out under SLOPE/W software. Figures 13 and 14 show the slope stability
analysis for the upstream and downstream side slopes for the in situ foundation layers, respectively.

Figure 13: Critical slip surface position for the upstream slope for the in situ layers

The predicted values from this study indicate an underestimation for the upstream slope if
compared with the designer obtains (2.40 according to the ordinary method of slices), while for the
downstream slope was a rather overestimation if compared with a value of (1.40 based on the
designer slip plane method). In general, the results indicate the safety of the dam side slopes as it was
greater than 1.50 for the investigated cases. The results of analysis performed accounting for the
presence for gypseous foundation layers are displayed in Figures 15 and 16, respectively.

Figure 14: Critical slip surface position for the downstream slope for the in situ layers
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Figure 15: Critical slip surface position for the upstream slope for the gypseous layers

Figure 16: Critical slip surface position for the downstream slope for the gypseous layers

The findings of Figures 15 and 16 reveal deep penetration through foundation layering for the
upstream slip surface. The value of the factor of safety for this case leads to a higher estimation for
upstream slopes of gypseous soil in comparison with in situ layers. The failure arises through the
region of the weakest material of gypseous soils extended to include a long slip surface that passes
adjacent to the downstream shell interface. For the extreme operation scenarios as drawdown and rise
in water levels, the results of slope stability analysis for both side slopes and geological conditions

are carried out as follows. Figure 17 (a and b) show the factors of safety versus the time of drawdown
and time of rising, respectively.

| —&—Original Layers - M- Gypseous Layers —8— Original Layers - ¢ - Gypseous Layers
3.0 2.80
28 2.78
> = 2.76
% 2.5 5 274 b
< 23 4 g wnt
L 20 L T 270 f
3 5
r_-_: L8 | € 2.68
= st = 266 ¢
2.64
1.3 f 1 |
1.0 1 1 1 1 1 1 1 ' 1 1 1 1 1 1 ' 2.60
0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 01 2 3 4 5 6 7 8 9 10 11 12 13 14

Time of drawdown, (days)

Time of rise, (days)

(a) Factor of safety vs. the drawdown (b) Factor of safety vs. the rise
Figure 17: Variation of the factor of safety versus the time of water level drawdown and rise for the
upstream side slope of Hadithah dam

From Figure 17(a), it is clear that the factor of safety decreases in the initial of drawdown process
and progressed to the end of the drawdown period, the rapid reduction occurred for the case of
presence of gypseous layers. After 1 day of the drawdown period, the factor of safety raised slightly.
The dissipation delay in the excess pore water pressure, which exerted because of the slow rate of
drawdown and the relatively short time, associated it provided high energy to the water in the
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dolomite core and sand-clay shell zones. This will enormous shear stresses on the soil particles where
they will cause a loss in shear strength to resist slipping. A comparison between the present work
factor of safety and the designer values (i.e. 2.765 and 1.89 respectively) reflected higher estimation
obtained by the author, this may be attributed to the Bishop’s method which produced higher
accuracy than Fellenius or Ordinary method that adopted by the designer. Figure 17(b) shows a
comparison between in situ and gypseous layers in the dam foundation in terms of the factor of safety
for the upstream side slope under the rise in water level conditions. The findings reveal the reduction
in the factor of safety for both cases with a higher rate for gypseous layers. However, in general, the
upstream side slope was sustained safe over the water rise period of 13.5 days, although the factor of
safety decreased by (4.27% and 5.03%) for each in situ and gypseous layers respectively. It is worth
mentioning that the Australian National Committee on Large Dams standard [16] specified the safe
factor of safety for upstream side slope under drawdown condition by (1.25-1.3) as cited by [17].

6. CONCLUSIONS

Based on the analysis of the results and discussion, the following conclusions can be written:

1. It is probable to reveal that most challenges related to geological formations and operation
conditions were adopted in this study. It can be argued that the dam response to these severe
conditions was satisfactory implicitly because of the role of the control seepage devices.

2. Slope stability was further provided by the diaphragm cut off wall in addition to the grouting
process prior to the construction of the dam, these measures were contributed to reduce the impact
of the presence of collapsible gypseous layers in the foundation layers.

3. Safety factors for the upstream slope under the rise in water level condition are decreased for two
geological formation, in particular, with a high rate for gypseous layers. However, the upstream
side slope was sustained safe during the water rise period of 13.5 days, although the factor of
safety decreased by (4.27% and 5.03%) for each in situ and gypseous layers, respectively. It is
necessary to point out that [16] identified the safe slope stability criterion under drawdown
condition by (1.25-1.3) for the upstream slope of the dam.

4. From the obtained results, a combined case of drawdown operation scenario with gypseous layers
produces a noticeable increase in seepage discharge through embankment and foundations of the
dam and a less factor of safety against sliding in the upstream side slope. Such geological
formations and operation circumstances are concluded as” Extreme Challenges”.

5. A considerable viewpoint revealed for the danger of failure potentials and risks that conjugated to
extreme operating conditions in case of the presence of collapsible gypseous soil in the
foundation of earth dams. Finally, an extension to investigate the impacts of the earthquakes may
be recommended as further work.
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