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Abstract

Mosul Dam is located on the River Tigris about 60 km north of Mosul city in
Iraq. The dam is a multipurpose earth fill dam with a storage capacity of
11.11 million cubic meters, which was in operation since 1986. During the
first impounding of its reservoir, seepage of water underneath the foundation
of dam was noticed due to the desolation of gypsum beds. This raised con-
cern about the stability of the dam and since then grouting operation were
carried out. ISIS occupied the dam 8 - 16 August 2014. Grouting operations
stopped and number of equipment and buildings were destroyed during that
short period. After the defeat of ISIS, the Iraqi Ministry of Water Resources
rebuilt and constructed the destroyed parts within the site and a new main-
tenance operations program was adopted. New training courses for the staff
of Mosul Dam were conducted with Trevi Company and US Army Corps of
Engineers. In this paper, the dye test is highlighted to monitor the seepage of
groundwater within the dam site. It seems that the dam is stable in its present
conditions and water level height.
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1. Introduction

Mosul Dam is the biggest dam in Iraq and it is located on the River Tigris about
60 km northwest Mosul City (Figure 1). This dam is a multipurpose dam for
flood prevention, electricity generation and irrigation purposes. Its storage ca-
pacity is 11.11 BCM at normal operation level 330 meters above sea level (m.s.l.)
(Figure 2) [1]-[11]. The construction of the dam took 5 years where it started on
25 January 1981 and it started operating on 7 July 1986.

The rocks at the dam site are mainly composed of alternating beds of limes-

tone, gypsum and marls of the Euphrates and Fatha Formations ([12]-[23]).
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Figure 1. Location of Mosul Dam with main facilities.
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Figure 2. Schematic diagram of Mosul Dam cross section.
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These beds are of cyclic sediments starting with green soft marl, hard limestone
and hard gypsum (Figure 3 and Figure 4). Due to their inhomogeneity, their
mechanical behavior will certainly behave differently when loaded. The rocks
within the dam site are highly karistified and soluble [22]. The karst extends to
depths that are about 100 meters below the foundation of the dam (Figure 5)
[22]. The nature of these rocks developed number of sinkholes in gypsum and/or
limestone [23]-[32]. There are sinkholes downstream of the dam, which devel-
oped due to the fluctuations in the tail water level of the main dam during
operation of the dam and the down-stream regulating reservoir (Figure 6) [32].
During the construction of the dam, substantial flows were noticed from a gyp-
sum layer found during excavation of the tailrace tunnel for the pumped storage
scheme. The seepage water had a high sulphate content, which was different
from the reservoir water. The sinkholes are believed to be connected to the aqui-
fer on the right bank of the reservoir. After impounding of the reservoir, new
sinkholes developed downstream, the dam and seepages were observed with
high sulphide water, which indicates dissolution of the gypsum [22].

After impounding the reservoir in 1986, the impounded water created a new
groundwater dynamic that accelerated the dissolution of gypsum under the foun-
dation of the dam and within the reservoir area [22]. This raised concern about the
stability of the dam [33] [34] [35] [36] [37]. In view of the conditions, grouting
operations were carried out since the start of building the dam to overcome the
problem of karstification and jointing of the rocks. The water level was kept not
higher than 319 m.a.s.l. International Board of Experts for Mosul Dam [24] [25].

ISIS occupied the dam site 8 - 16 August 2014. They destroyed plenty of the
equipment and facilities [22]. All the above events grouting operations were
halted which were taking place for more than 30 years. This gave number of re-
searchers that the dam is in critical conditions [38] [39] [40]. After the defeat of
ISIS, the Iraqi Ministry of Water Resources rebuilt and constructed the de-
stroyed parts within the site and a new maintenance operations program was
adopted [22]. New training courses for the staff of Mosul Dam were conducted
with Trevi Company and US Army Corps of Engineers. Now, grouting opera-
tions follow very highly upgraded system where new drilling machines and
equipment are used now. All the operations are computerized and give accurate

information.
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Figure 3. Geologic map of Mosul Dam site area (After [22]).
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Figure 4. Geologic cross sections along the axis of the dam ([22]).
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Figure 5. Location of the Karst line.
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Figure 6. An example of sinkhole that appeared in 2003. The left bank sinkhole after full
development.

In this research, one of the ongoing test is discussed. This is the dye test to de-
termine the movement direction of ground water from the area in the left side
(east) downstream of the dam. This test gives more accurate and reliable results
than other methods using piezometers monitoring. The information using this

method gives accurate details of the movement of water through the site.

2. Methodology

The dye test was performed to determine the movement direction of ground
water from the area in the left side (east) downstream of the dam. In this test, the
original ground surface contour lines and subsurface geologic data were used to
estimate possible pathway and flow direction. Several points were used to deter-
mine potential data collection points (Ze. open hole piezometers, weirs and sur-
face flow points) (Figure 7). For this purpose dye water green colored was in-
jected through the piezometers and/or bore holes that been determined in inter-

val stage or one stage.

3. Dye Test
3.1. Piezometer 18 - 24

The first dye test at 18 - 24 was conducted on 8 April 2019 in the F-Fed Limes-
tone Aquifer, with the hole open from depth 28.5 m to 38.0 m. The test was de-
signed to see if a groundwater connection could be confirmed from the east hills
to the large water seeps that flow near the spillway (Figure 8). The F-bed Li-
mestone is highly fractured and is known as a good aquifer. Flows from the
F-Bed seeps increase with rises in the reservoir pool level, showing that there is
some hydrologic connection from the pool. The dye test from 18 - 24 was de-
signed to show that the directional flow path of the groundwater in the F-Bed
might be in an east-to-west direction in addition to a more direct upstream to
downstream direction. After preparing two large water tanks with green dye
(Figure 9), the green water was pumped into the F-Bed at 18 - 24 from 11:07 in
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Figure 9. 18 - 24 dye test water tanks being prepared with green dye.

the morning to 15:17 in the afternoon, for a total pumping time of 4 hours and
10 minutes. A total of 13,109 liters of dyed water was pumped in the F-Bed
Aquifer. The drill team with USACE scientists continuously visually monitored
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the seeps near the spillway from the time pumping started until about 17:00 in
the afternoon, but no dye was visually observed (Figure 10).

On 9 April coring continued in 18 - 24 to the base of the LST-2 Limestone in
the Lower Marl Series. After collecting flowmeter impeller measurements, the
casing was set to leave the hole open from depth 44 m to 57.5 m in preparation
for the dye test of the Lower Marl Series Aquifer.

Because of the difficulty of seeing the green dye diluted in the larger aquifer, it
was suggested that this second dye test use red dye in addition to the green dye.
On 10 April a 1 cubic meter container was filled with water, and then mixed
with a cement based red dye mix (Figure 11). At 14:17 in the afternoon the 1000
liters of red dyed water was quickly pumped into the Lower Marl Series Aquifer
within a few minutes. The red dye was never observed at the seeps.

Another solution to solve the difficulty of visually observing the diluted dye in
the seep water was to collect water samples that could later be tested in the water
lab for the presence of the dye. On April 10, after the red dye had been pumped
into the groundwater, the large tanks of green dye were pumped into the Lower
Marl Series Aquifer. Pumping continued for 2 hours from 15:18 to 17:18 in the
afternoon. A total of 6359 liters of green water was pumped, but no green dye
was visually observed in the seep water. Water samples were collected from the
collection points shown in Figure. Control samples were also collected from the

dyed water at the injection point.

Uppermost F-Bed
Seep Exit

Figure 11. 18 - 24 dye test 1 m’-water tank being prepared with red dye.

DOI: 10.4236/eng.2021.136020

273 Engineering


https://doi.org/10.4236/eng.2021.136020

M. S. Safi, N. Al-Ansari

On 11 April, coring continued in exploration hole 18 - 24. Because the dyed
green water was still in the water tanks, it was used as a drilling fluid. The tanks
were refilled with clean water, so as drilling continued, the drill water became
gradually less green. Trevi personnel visited the seep area in the morning and
observed no dye in the seep water.

On 12 April in the morning, MoWR personnel visited the seep area and ob-
served green dye in Weir 4 (Figure 12). Additional samples were collected from
all the previous collection points. Samples were also collected from one seep
from which the dye could visually be seen. It was a large seep above Weir 4 exit-
ing near the top of the LST-2 Limestone in the Lower Marl Series (Figure 13).

On 13 April the dye continued to exit from the main seep above Weir 4, but
also was visibly exiting from a seep a couple meters downstream (Figure 14).
The second seep was also located near the top of the LST-2 Limestone (Figure

15). No additional samples were collected on 13 April.

Figure 12. 18 - 24 dye test with green dye observed in Weir 4 on April 12, two days after
injection.

Figure 13. 18 - 24 dye test collecting samples of dyed water from seep above Weir 4 at top
of LST-2.
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Primary dye exit

\Primary dye exit, top of LST-2
E Lower Marl Series

Figure 15. 18 - 24 dye test green dye exiting the LST-2 from two separate seeps.

All of the water samples collected were labeled with the lactation and time of
collection, and sent to the water lab to analyze them for the presence of green or
red dye (Figure 16). No red dye was detected, but several samples tested positve
for the presence of green dye. The machine used to test for the presence of the
dye is a 1995 Kontron Instruments SEM 25 Spektrafluorometer (Figure 17). The
machine analyzes the wavelength of light passing through the samples with
green dye from the injection point, and then compares that wavelength to the
collected water samples. The results are shown in Figure 16 and Figure 17 and
Table 1.

The results show that both the F-Bed Limestone and Lower Marl Series Aqui-
fers have a component of flow from the east hills to the large seeps near the
Spillway. Flowrates through the bedrock were longer than orignally estimated,
with the dye taking well over a day to cover the 400 m distance from 18 - 24 to
the seeps. The F-Bed Aquifer has a smaller and slower flow, and potentially took
several days to be detected. However, we cannot be certain about F-Bed flo-
wrates since no water samples were collected during the first days of the dye
testing. The Upper Seep that flows towards Weir 3 never had any signs of dye,
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Table 1. Dye test results for point 18 - 24.

Collection Point Collect.ion Sample Dye Present
Date/Time ID (Y/N)

F-Bed Seep 10.4.2019 14:50 FB-1 Y
F-Bed Seep 10.4.2019 15:45 FM-2 Y
F-Bed Seep 10.4.2019 16:35 FB-3 Y
F-Bed Seep 12.4.2019 11:46 FB-4 Y
Injection point 10.4.2019 14:13 1P-1 Y
Injection point 10.4.2019 16:38 1P-2 Y
Injection point 10.4.2019 16:43 1p-3 Y
Lower seep 12.4.2019 11:22 LS-1 Y
Lower seep 12.4.2019 11:25 LS-2 Y
Lower seep 12.4.2019 11:25 LS-3 Y
Lower seep 12.4.2019 11:28 LS-4 Y
Lower seep 12.4.2019 11:34 LS-5 Y
Lower seep 10.4.2019 14:42 LW-1 N
Lower seep 12.4.2019 11:36 LW-10 Y
Lower seep 10.4.2019 15:01 LW-2 N
Lower seep 10.4.2019 15:24 LW-3 N
Lower seep 10.4.2019 15:36 LW-4 N
Lower seep 10.4.2019 15:49 LW-5 N
Lower seep 10.4.2019 16:35 LW-6 N
Lower seep 10.4.2019 17:00 LW-7 N
Lower seep 10.4.2019 17:32 LW-8 N
Lower seep 12.4.2019 11:18 LW-9 Y
Mid seep 10.4.2019 14:30 MS-1 N
Mid seep 10.4.2019 14:36 MS-2 N
Mid seep 10.4.2019 14:48 MS-3 N
Mid seep 10.4.2019 16:29 MS-4 N
Mid seep 10.4.2019 17:00 MS-5 Y
Mid seep 10.4.2019 17:31 MS-6 Y
Mid seep 12.4.2019 11:41 MS-7 N
Surface Runoff 10.4.2019 17.35 SR-1 Y
Upper seep 10.4.2019 14.30 US-1 N
Upper seep 10.4.2019 15.36 US-10 N
Upper seep 10.4.2019 15:48 US-11 N
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Continued
Upper seep 10.4.2019 16.32 US-12 N
Upper seep 10.4.2019 17.03 US-13 N
Upper seep 10.4.2019 17.33 US-14 N
Upper seep 12.4.2019 11.43 US-15 N
Upper seep 10.4.2019 14.32 UsS-2 N
Upper seep 10.4.2019 14.44 UsS-3 N
Upper seep 10.4.2019 14.47 US-4 N
Upper seep 10.4.2019 14.53 US-5 N
Upper seep 10.4.2019 15.00 Us-6 N
Upper seep 10.4.2019 15.10 Us-7 N
Upper seep 10.4.2019 15.20 US-8 N
Upper seep 10.4.2019 15.30 US-9 N
Upper seep 10.4.2019 14.25 UW-1 N
Upper seep 10.4.2019 17.30 UW-10 Y
Upper seep 12.4.2019 11.15 UW-11 N
Upper seep 10.4.2019 14.36 UW-2 N
Upper seep 10.4.2019 15.04 UW-3 N
Upper seep 10.4.2019 15.05 Uw-4 N
Upper seep 10.4.2019 15.22 UW-5 N
Upper seep 10.4.2019 15.33 UW-6 N
Upper seep 10.4.2019 15:46 Uw-7 N
Upper seep 10.4.2019 16.30 UW-8 N

Injection Surface West Sp|||wav
Point 18-24  Rynoff Drain  Seep & b
= aaade E_"N v&.‘

i

US-1, US-2, US-3, US-4, US-5, US-6, US-7, US-8,
Us-11, US-12, US-13, U US-15

- i

MS-1, MS-2, MS-3, MS-4,|
MS-5, MS-6, MS-7

Figure 16. 18 - 24 dye test samples sent to the water lab for analysis of dye.

though the Middle Seep that also flows towards Weir 3 did test positive for dye.
The Lower Seep by Weir 4 of course tested positive for dye since it was already
visible. Most all the dye exited from seeps near the top of the LST-2 Limestone in
the Lower Marl Series. This shows a complex subsurface flow pattern where the
dye moved to some select seep exit points, but not others.
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Figure 17. 1995 Kontron instruments SEM 25 Spektrafluorometer in the water lab.

3.2. Piezometer 19-1

The second dye test at 19 - 1 was conducted on 5 May 2019 in the F-Fed Limes-
tone and Lower Marl Series Aquifer, it’s done on 3 steps (stages). With the hole
open from depth 40 m to 60.5 m this is stage 1. The test was designed to see if a
groundwater connection could be confirmed from, the east hills to the large wa-
ter seeps that flow near the spillway the area of the saddle dam on the left (east)
crest (Figures 18-20).

Stage 2 dye test at 19 - 1 was conducted on 11 May 2019 in the Lower Marl Se-
ries Aquifer, with the hole open from depth 60.5 m to 77 m. The test was de-
signed to see if a groundwater connection could be confirmed from the east hills
to the large water seeps that flow near the spillway and the piezometers in the
area of the saddle dam on the east crest. The green water was pumped into the
Lower Marl series at 19 - 1 from 9:15 in the morning to 11:15 in the morning, for
a total pumping time of 2 hours (Figure 21). A total of 6000 liters of dyed water
was pumped in the F-Bed Aquifer. The results are shown in Table 2.

At stage 3 dye test at 19 - 1 was conducted on 16 May 2019 in both F-Bed and
Lower Marl Series Aquifer, with the hole open from depth 40 m to 77 m. The
test was designed to see if the groundwater connection could be confirmed from
the east hills to the large water seeps that flow near the spillway and the piezo-
meters in the area of the saddle dam on the east crest.

3.3. Piezometer 161S-U-P03 Dye Tests

The dye test at Borehole 161S-U-P03 was conducted on 18 June 2019 in the
F-Fed Limestone Aquifer, with the borehole open from depth 31 m to 40 m. The
test was designed to see if the groundwater connection could be confirmed from
the east hills of the grout curtain extension to the large water seeps that flow near
the spillway, the area of the saddle dam on the left (east) crest. And it’s been
agreed to do this test after hearing a very high flow of water during the activity
of the drilling and grouting in this hole (Figure 22 and Figure 23).
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Figure 19. Points where dye was noticed after injection in Pz 19.
Table 2. Dye test results during stage 2.
Sample ID Date Dye Appear (Y/N)
F-Bed 12/May/19 15:56 N
SP7 12/May/19 15:50 N
A27 12/May/19 10:00 Y
A50 12/May/19 10:09 Y
A53 12/May/19 10:17 Y
A55 12/May/19 10:52 N

The green water was pumped into the F-Bed at 165-U-P03 from 9:45 in the

morning to 1:00 in the afternoon, for a total pumping time of 3 hours and 15

min. A total of 10,000 liters of dyed water was pumped in the F-Bed Aquifer.

And the result is also positive in this test. Figure 24 shows the results of the test

in the borehole.
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Trevi - Mosul Dam Project BH: 19 -1 Run Set 1
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Figure 20. Flow speed of water within the piezometer during stage 1.
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Figure 21. Flow within the lower marl series during stage 2.
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Figure 23. Photos taken by CCTV from the borehole.

4. Discussion

The dye test indicates that there is movement of ground water from left to right
(east to west) on the downstream side, parallel to the dam body and along of the
left (east) side wall of the spillway. The movement of water in left (east) side of
the Dam is faster than predicted. From second dye test result the movement of
the water under the spillway very slow, since the result of the Pz A55 from stage
2 show no green water, but when we get from the first hour of stage 3 it’s shown
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Trevi - Mosul Dam Project  BH: 161S-U-P03 Run Set 1
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Figure 24. Flow within the lower marl series during stage 2.

green water. The lithology under the spillway is tight enough to slowdown the
movement of the water, it takes about 4 days to travel from left (east) side to
right (west) side, and about 1 month to reach cover dam No.6. Dye test with
green dye observed in Weir 4 on April 12 from first dye test, two days after in-
jection, but in the second and third test no dye was found in weir 3, weir 4, f-bed
seep or LST1 & LST2 seeps. This is opposite from what we expected from the
geology layer and variation of the contour line in that area. The results show that
both the F-Bed Limestone and Lower Marl Series Aquifers have a component of
flow from the east hills to the large seeps near the Spillway. Almost all the water
on the downstream piezometers is coming from the left (east). It appears that
most of the downstream groundwater is not flowing across the grout curtain at
the dam axis.

The results of the test for Pz 19 - 1 indicate that there is movement of ground
water from left to right (east to west) on the downstream side, parallel to the
dam body and along of the left (east) side wall of the spillway. The movement of
water in left (east) side of the spillway very fast related to the geology of left
(east) side of the spillway. From the dye result, the movement of the water under
the spillway is very slow. The lithology under the spillway is tight enough to slow
down the movement of the water. It takes about 4 days to travel from left (east)
side to right (west) side. No dye was found in weir 3, weir 4, f-bed or LS down,
this is opposite what we expected from the geology layer and variation of the

contour line in that area.
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Furthermore, the test on Pz 161 indicates that there is movement of ground
water from left to right (east to west) on the downstream side, parallel to the
dam body and along of the left (east) side wall of the spillway. The movement of
water in left (east) side of the dam is faster than predicted. No dye was found in
weir 3, weir 4, f-bed seep or LST1 and LST2 seeps. This is opposite from what
was expected from the geology and variation of the contour line in that area.
Almost all the water on the downstream piezometers is coming from the left
(east). It appears that most of the downstream groundwater is not flowing across

the grout curtain at the dam axis.

5. Conclusion

Mosul Dam experienced plenty of problems since its operation in 1986. Due to
the nature of the geological layers, which are mainly Kkaristified and highly
jointed limestone, gypsum and marls, there was seepage of water under the
foundation of the dam due to the dissolution of 4 main gypsum beds. The Iraqi
Ministry of Water Resources in cooperation with Trevi Company and US Army
Corps of Engineers executed maintenance program. Within that program,
grouting operations were done and highly advanced control program was set. In
addition, local engineers were trained to carry out the operation and mainten-
ance of the dam. One of the tests to monitor the seepage within the dam area is
using the dye test. It seems that the situation is acceptable according to the dye
test and the dam is safe in its present conditions. It is believed that this test
should be performed on regular bases particularly when the water level is raised

within the reservoir.
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