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The Mujib Dam in Jordan experienced high seepage in 2004 in the right

abutment. Initial examination of the cause blamed the rocks there and

excluded the clay core hydro-fracturing. The problem later was resolved by

grouting the right abutment heavily. This work believes that the grouting

quantity was excessive and can be minimized if seepage paths were

identified. For this purpose, the excavation cut photos were revisited during

construction, the piezometric levels of wells drilled after the seepage event

were examined, and the physio-chemical characteristics of seepagewater were

correlated to those in the reservoir. All those methods combined succeeded in

finding the seepage paths and their percentage contribution to the total

seepage volume. They found that three-fourths of the seepage water

occurred through a small area circling the right abutment gallery stair shaft

walls and suggested that the remaining one-fourth can be stopped over time by

sediment deposition on the reservoir floor. Therefore, the previously applied

grouting volume was high. In conclusion, the methods used in this work can

identify the probable seepage paths and confine solutions to them.
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1 Introduction

1.1 Problem statement

Seepage water flows in soils either through its bulk or through its fractures and caverns

(Louis, 1969). If it flows in soil bulk, it obeys the Darcy law of saturated flow, and if it flows

in fractures, it is usually conceptualized as a flow between two parallel plates or a

Poiseuille-type flow. In fractures, Neuzil and Tracy (1981) developed theoretical

relationships between the flow rate and mean fracture aperture. Romanov et al.

(2003) extended the concept to flow in widening fractures by dissolution, and

Murphy et al. (2004) applied it to fracture widening by pressure propagation.
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Dams generally experience seepage in the underneath soil

and through embankments, and abutments. The problem is

manageable if it occurs in the soil bulk, but aggravates if it

occurs in fractures and cavities as in karst formations. Under

such circumstances, the reservoir storage and dam stability

will be at risk of failure. Several researchers such as Mehr and

Raeisi (2019), Bonacci and Rubinić. (2009), and Türkmen

et al. (2002) blamed the karst formations for high dam

seepage. Dashti et al. (2016) warned about the sitting dams

on karst terrains because high seepage requires hefty grouting

costs and threatens the dam’s feasibility. Sissakian et al.

(2020) studied the high seepage problem of the Mosul

Dam in northern Iraq and blamed the underneath karst

formations for the cause. They stressed on the need for

adequate geological investigation during the dam’s

planning stage.

The Mujib dam is located 100 km south of Amman in Jordan

(Figure 1). It is a roller compacted concrete dam and zoned earth-

fill embankments. The dam bed and themaximumwater level are

145 and 194 m above mean sea level (AMSL), respectively. The

design storage is 20 million cubic meters of runoff water and used

for drinking and industrial uses. The dam’s first filling was in

2003 and reached a 174 m level, and the second was on

25 November 2004 and reached a 191.5 m level. During the

second dam filling and when the water level reached 177 m,

seepage at a high rate appeared at the toe of the dam. In 2 weeks

period, it reached the toe highest level near the new road culvert.

Seepage started at a 140 L/s rate and increased to 240 L/s within

2 weeks period. The Jordan Dams Directorate of the Jordan

Valley Authority investigated the causes and proposed

methods to reduce the high seepage rate (Wiesner and Ewert

(2013).

In May 2005, the right abutment was grouted extensively

along a line that extended from under the right gallery stair shaft

to the mountain. The seepage returned to 30 L/s normal rates, but

at a high cost of grouting.

This work believes that the grouting quantity was excessive

and could be reduced if the following methods were all used

together to investigate the seepage causes, which are: the

excavation cut photos at the time of dam construction, the

water levels in the wells drilled in the right abutment in

conjunction with the reservoir water, and the physio-chemical

characteristics of seepage water in comparison with those in the

reservoir.

2 Dam site

2.1 Geology

Abed (2017) and the JordanMinistry of Water and Irrigation

and Federal Republic of Germany (2008) described the geological

formations across the dam axis as shown in Figure 2.

FIGURE 1
Mujib Dam location and its reservoir.

FIGURE 2
Dam site geological formations (faults are plotted in dotted lines).
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On the valley floor, the top 4–8 m is composed of a

material that slides from the valley flanks. It is underlaid by

Fuheis/Hummar/Shueib formations of the Ajloun group (A3/

6), which are basically a sequence of marl, limestone, and shale

of low strength. They are well joined, and their pores are filled

with residues of gypsum deposited from the top through stress

relief joints. On the valley flanks, the Karak formation (A7) of

the Ajloun group appears sitting underneath the sliding

material and on the A3/6 formation. The A7 formation is

35 m deep and divided for simplicity into three layers: the top

layer is massive limestone, marly limestone, and marl, with

moderate strength; the middle layer is micritic limestone of

22 m thickness with intercalations of marly limestone, and it is

moderate to strong in strength; and the bottom is a sequence of

alternating layers of calcareous shale, calcareous mudstone,

and lime with rough to smooth surfaces, slicken sided, and

striated in some places.

The lowest formation bottomed all formations is Na’ur

limestone (A1/2). It consists of two units: the top is thinly

bedded limestone and marly limestone and can be described

as strong along its 23 m depth. The bottom layer is a series of

laminated mudstone and nodular limestone alternating with

marl. It is weak in strength. Both the units extend for a total

of 140 m thickness.

2.2 Hydrogeology

To understand the flow in and around the dam body, the

hydrogeology of the dam surroundings must be described.

According to the Jordan Ministry of Water and Irrigation and

the Federal Republic of Germany report (2008), the Karak

(A7) and Na’ur (A1/2) formations are aquifers, whereas the

Ajloun group (A3/6) is an aquitard sandwiched between them.

In fact, the Karak aquifer is a sub-aquifer of a larger aquifer

system, named (A2/B7), which is basically the most

productive one in Jordan. At the dam site, the groundwater

flow lines diverge away from the dam site (blue arrows in

Figure 3), which means that the aquifer outcrops there and the

reservoir water could be a source.

According to the Jordan Ministry of Water and Irrigation

and the Federal Republic of Germany report (2008), the electrical

conductivity (EC) of aquifers at the dam site varies between

750 and 11,400 μS/cm (Figure 4). The low EC describes the water

that seeped from the reservoir and had constituents

concentration (mean and standard deviation) in mg/L as

reported: bicarbonates (136.3, 10.9), sulfate (138.1 m 10.3),

chloride (59.6, 7.0), and sodium (40.4, 0.7), whereas the high

value describes water rich in bicarbonates (141.27, 7.25), sulfate

(2477, 230), chloride (2514, 717), and sodium (1466, 330) which

describes Na’ur aquifer water.

3 The seepage event

As mentioned previously, the dam’s first fill reached 174 m

level (29 m depth) on 2 December 2003, and the seepage rate was

below the designed rate of 30 L/s in the following year on

24 November 2004, the dam received over a one-night large

quantity of runoff water, and once the level exceeded 177 m

seepage water observed next morning at high rates (>140 L/s)
inside the right gallery stairs shaft top steps and along the

embankment toe line near the water draw-off structure. In

2 weeks, the situation aggravated, and seepage water appeared

FIGURE 3
Groundwater contours and flow direction in the Mujib Dam
aquifer system.

FIGURE 4
Electrical conductivity in the Mujib Dam aquifer system.
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all along the embankment toe line up to the new road culvert

head side and registered 240 L/s (Figure 5). The Jordan Valley

Authority was obliged to drill holes in the training wall to dispose

off safely the seepage water gushing out of the right embankment

toe line and culvert.

4 Field investigation

To investigate the cause of high seepage, three approaches

have been used: the rock content of discontinuities, the

connectivity of groundwater in the right abutment with

the reservoir water level, and the physio-chemical

characteristics of the seepage water collected downstream

of the dam.

4.1 Right abutment rock discontinuities

Initially, a geological mapping of the area near the right

abutment along the new road excavation cut was conducted by

Wiesner in December 2004 (Wiesner and Ewert, 2013). At least

258 discontinuities were documented, including fractures and

cavities, and upon those, the right abutment rocks were described

as karst and seepage was expected.

The photos of observed discontinuities, as shown in

Figure 6B,C, were taken by them. By comparison with those

taken during the dam construction, one concludes that the

fracture’s aperture was so small (Figure 6A), and a zoom-out

photo was needed to identify them. Even the construction

workers were unable to identify them, and thus, no

documentation was made of their presence.

Additionally, a visit to the site was made in early December

2019, when the reservoir water level was low. It showed that the

right abutment rocks, where dam cuts went through, contain

shear cracks. Those cracks are a result of nodular limestone

sliding on a harder micritic limestone, and the sliding process left

behind cracks filled with pebbles in the space between the two

rocks (Figure 7). It should be noted that the crack’s aperture is

wide and can allow water to flow.

4.2 Connectivity of groundwater in the
right abutment with the reservoir water
level

To understand the groundwater connectivity with the reservoir

water in the right abutment, 11 wells, as shown in Figure 8A tapping

various rock formations, were drilled and the water level since then

has beenmeasured. In this study, the water level in nine of themwas

FIGURE 5
Location of various dam appurtenances.

FIGURE 6
(A)Dam excavation cut in the right abutment. (B), (C)Wiesner
pictures of discontinuities.

FIGURE 7
Shear cracks in the right abutment rock formations.
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plotted against the reservoir water level for correlation (Figures

8B–D). The correlation plots were preferred over calculating the

coefficient of correlation because the correlation and its variation

with the levels in the reservoir can be seen. Based on those plots, the

following can be inferred: 1) the wells SP14 and SP13, which tap the

upper Karak formation but are located far away from the dam site,

have a weak level correlation with the reservoir level, implying that

the groundwater there did not originate from the reservoir

(Figure 8B). On the contrary, the wells SP12, SP7, and

M1 which tap the Karak formation and are located at a shorter

distance from the reservoir in the right abutment, have a strong level

correlation with the reservoir level (Figure 8B). Contrary to SP7 well

levels, M1 and SP12 levels match the reservoir level fully, which

means that their connectivity with the reservoir water is high, and

this behavior cannot be explained without assuming the highly

cracked Karak formation; 2) the wells SP6 and SP11, which tap the

upper Na’ur, have a strong correlation with the reservoir level, and

this means that the upper Na’ur formation is cracked like Karak. 3)

The well SP5 tapping the lower Na’ur and is located within the M1,

SP6, and SP7 wells field, and has a weak level correlation with the

reservoir, but SP10, which is located within the wells SP9, SP11, and

SP12 area, has a strong level correlation with the reservoir at

reservoir’s levels below 187 m, above it, its level jumps to match

the reservoir level. Such behavior is strange and cannot be explained

without assuming that the well plastic tube was broken at levels

above 187 m, which consequently made the upper Na’ur

groundwater enter the well’s tube wall.

From the abovementioned details, one can conclude that

both the Karak and upper Na’ur formations are highly cracked,

and the lower Na’ur is not and has low permeability.

4.3 Physio-chemical characteristics of
water samples

Seepage water samples collected on December 1 through

15, 2005, were analyzed for EC and temperature (T). The

sampling sites were the dam toe near the draw-off structure,

training wall weep holes, the new road culvert headwater side,

and dam gallery drains. The analysis results are presented in

Figures 9A,B and can be grouped based on the T and EC

values into four groups. Group 1 is seepage water with T and

EC like the reservoir water. The samples collected from the

gallery stairs shaft belong to this group (blue circles, T =

15–15.5°C, and EC = 1,131–1,346 μS/cm). Group 2 are water

samples collected from the right gallery ceiling and side walls’

drains (orange circles, T = 21–22°C, and EC = 1,425–1,969 μS/

cm). Group 3 are water samples collected at the dam toe near

the draw-off structure, training wall weep holes, ditch, or

manhole (green circles, T = 18.5–21°C, and EC =

FIGURE 8
Correlation plots of right abutment wells level with the reservoir level. (A) Wells location, (B) The wells tapping Karak formation, (C) The wells
tapping upper Na’ur formation, and (D) The wells tapping the lower Na’ur formation.
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3,475–5,747 μS/cm). Finally, group 4 is water collected at the

culvert headwater and right gallery bottom drains (red

circles, T = 24°C, and EC = 9,150–13,848 μS/cm).

The T and EC values of each group reflected the path seepage

water took during the event. Group 1 water represents the

reservoir water which circled the contact area between the

right abutment rocks and gallery stairs shaft wall. It is a short

path as it did not seep into rocks. Group 2 water reflects the

seepage water which seeped from the reservoir into the

embankment soil, it was higher than the reservoir water in EC

and T. Group 4 reflects the longest path that water took from the

reservoir into the right abutment rocks till it emerged at the

culvert headwater. Certainly, it was mixed with groundwater rich

in residues of dissolved minerals as shown in Figure 4. Finally,

group 3 water is a mixture of the three groups of water, all mixed

together as they went downstream.

By inserting the average EC of each group (groups 1 + 2 together

has 1,500 μS/cm, group 3 has 4,206 μS/cm, and group 4 has

1,1500 μS/cm) into the mass balance equation of seepage around

the right abutment assuming the total seepage flow is 1 m3/s, and

one can find that the seepage water through the gallery stairs shaft

and ceiling and sidewalls drains represents 0.75 m3/s of the total

seepage. Assuming that the ceiling and sidewall drains flow is small,

seepage from water circling the stairs shaft is nearly 0.75 m3/s, and

this might be the cause of the 2004 seepage event.

4.4 The seepage paths

Based on the field investigation presented in Section 4.3, seepage

might take place in two areas: the area in the right abutment

surrounding the stairs shaft, and another through the rocks of the

right abutment far away from the stair shaft. A contour plot of the

wells’water level at times of seepage, excluding wells SP13 and SP14,

is presented in Figure 10. The plot confirms what was found in

Section 4.3. The contour gradient is much steeper in the area

surrounding the stairs shaft than in those areas further away

(Figure 10). On such a basis, one can delineate two areas

through which reservoir water seeped: areas A and B

(Figure 10). In area A, the reservoir water seeped through it and

then diverged into two paths: the first went into the embankment

soils and appeared in the gallery ceiling drains (blue arrows in

FIGURE 9
(A) Seepagewater T (oC) and (B) EC (µS/cm) at various exit points. Samples of similar characteristics were grouped together and coloredwith the
same color.

FIGURE 10
Probable seepage paths from areas (A), (B) colors indicate the
different paths.
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Figure 10), and the second flooded the area around the gallery stairs

shaft walls and emerged inside the gallery at the top stair steps

(green arrows in Figure 10), and it seems a small portion of this

water went further down to appear at the culvert headwater side. In

area B, the reservoir water seeped through it and continued its way

downstream to emerge in the culvert headwater side too. The

analysis in Section 4.3, last paragraph, found that the seepage

volume through areas B and A represented 25 and 75%,

respectively, of the total seepage water.

4.5 Ability of fractures in the right
abutment to produce high seepage

The theory of laminar flow between two plates or Poiseuille type

in the area surrounding the stairs’ shaft was applied to evaluate the

observed crack production of 240 L/s of seepage rate. For simplicity,

the following assumptions were made: 1) the reservoir was at its

highest level of 194 m, the seepage water exit points were on average

at 155 m level, and the rocks surrounding the stairs’ shaft have

fractures of 1.5 mm aperture, on average (Figure 11). According to

Louis theory of flow in fractures (1969), the water velocity v can be

calculated for a fracture of, w, aperture as

v � (−w2

12 μ
)(zP

zx
), (1)

where zP/zx is the pressure gradient along the flow path and μ is

the dynamic viscosity.

Also, the flow rate Q for a fracture width H, will be

Q � v (wH) � (−w3

12 μ
)(zP

zx
)(H). (2)

Now, let the fracture exists on average at 39 m depth (=194–155);

then, the hydrostatic pressure difference zP will be equaled to

382.6 kPa (39 m*9.81 kN/m3). When the seepage travel length (zx)

equals 240m (Figure 11A), average fracture width (H) is 35m, and

fracture aperture (w) equals 1.5 mm (Figure 11B); then, the discharge

(Q) in the fracture will be15.7 L/s. Let 16 fractures, like this one, exist;

then, the calculated discharge will be 244 L/s (>240 L/s). A total of

16 fractures to exist in the right abutment is not a big number.

FIGURE 11
(A) The seepage assumed length from area A to draw off structure, and (B) the observed fracture dimensions as shotted by Wiesner.

FIGURE 12
Grouting curtain length the one proposed by Wiesner and
Ewer in 2005 (red line) and by this work (blue line).
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5 Discussion of results

To resolve whether the grouting quantity which was applied to

reduce the Mujib Dam seepage was excessive or not, this work used

three methods. The first one investigated the rocks’ discontinuities

and their permeabilities to seepage. It utilized the previous work of

Wiesner and Ewert. (2013) and a recent December 2019 site visit.

Both works showed that the rocks of the right abutment are deeply

fractured in the Karak and upper Na’ur formations, and the cracks

are seemingly in the vertical and horizontal directions (see Figure 2,

Figure 6B,C, Figure 7). The documented discontinuities, as proved in

the calculations made in Section 4.3, were capable to produce the

observed seepage (only 16 cracks, 1.5 mm apertures can produce

240 L/s or more seepage rate). Though this method clearly provides

evidence of the existence of cracks in the right abutment, their extent

and location remained unknown.

The second method used the water level of nine wells in the

right abutment to display the interconnectivity of groundwater in

the right abutment to levels in the reservoir. The wells tapped the

three formations existing in the dam site: Karak, upper Na’ur,

and lower Nau’r. The correlation plots of water levels in these

wells and the reservoir were presented in Figure 8 and showed

that all wells tapping the Karak and upper Na’ur formations and

situated along the seepage paths in the right abutment have water

levels correlated well with the reservoir water levels. The

correlation seemed weak for the wells tapping lower Na’ur

(Figure 8D, well SP 5), though well SP10 showed a good but

strange behavior due to seemingly well plastic tube break up at

levels higher than 187 m (Figure 8D, well SP10).

The abovementioned results proved again that the right

abutment has discontinuities confined to two formations

Karak and upper Na’ur, and seepage had occurred through

them from the water in the reservoir. The problem remained

on most probable paths of seepage water. To resolve it, the third

method was used, which uses a physio-chemical analysis of

seepage and reservoir waters, and a plot of water levels in

wells to identify where most seepages occurred. The results

presented in Figures 9, 10 proved that the seepages

concentrated in the area surrounding the right abutment stair

shaft walls. It seeped through area A and appeared in the stair

shaft top steps. A small portion of it, which seeped through area

B, went further down to appear in the culvert headwater area. The

analysis made in Section 4.4 proved that the seepage water seeped

from area A represents 75% of the total seepage rate or 180 of the

240 L/s measured in 2004, and the remaining could be resolved

over time because it was through area B where sediment

deposition on the reservoir side and bed can impede it.

6 The proposed solution

By rock analysis and site visits, it was proved that the right

abutment in the Karak and upper Na’ur formations was highly

cracked, and the 2004 seepage event was expected. It was also

found that by analyzing the groundwater flow around the dam’s

right abutment and the physio-chemical analysis of seepage

water that 75% of seepage water was confined to a small area

surrounding the right gallery stair shaft walls. On such a basis, the

2005 grout curtain (shown in red line in Figure 12) could be

shortened to blue line length shown in Figure 12, and the cost

would be much lower.

7 Conclusion

This work has concluded the following:

1) The dam’s right abutment in the Karak and Na’ur formations

is highly cracked, and the 2004 seepage was expected. It seems

that the construction company’s grouting campaign was short

to recognize them.

2) On various analyses made in this work, most of

2004 seepage volume (75%) went through the area close

to the stair shaft walls and it seeped in rocks located at

higher elevations.

3) The remaining 25% of the 2004 seepage volume seeped

through an area further away from the dam body.

However, sediment deposition on the reservoir floor can

stop such seepage over time, and grouting was not necessary.

4) The length proposed by Wiesner and Ewert in 2005 for the

grout curtain was too long and could be reduced appreciably.

5) Future dam construction in Jordanmust avoid locations where

highly cracked formations are expected. The upper formations

are generally cracked which may result in nonfeasible dams.
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