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Abstract

[bookmark: _Hlk159762377]Seepage is one of the main causes of dams and some other hydraulic structures' failure. Water movement beneath the dam’s base creates piping and uplift pressure under the structure, potentially leading to improper dam operation. The current review paper focuses on the utilization of a special technique to restrict the transfer of movement water via soil which includes sheet piles under the dam foundation. Sheet pile walls are interlocking pile segments that are embedded in soil to resist horizontal pressure, classified as a flexible retaining system, and capable of tolerating relatively large deformations. Sheet piles are made of various materials, such as wood, concrete, steel, and aluminum, which are suitable for different applications. The role of seepage can be affected by the cutoff utilization.  In this review article, some Iraqi dam issues due to seepage are explained, also the geological stratum beneath the dam is briefly discussed. the potential use of sheet piles with different configurations has been reviewed to detect the optimum situation for seepage parameters reduction based on their numbers, interval distances, inclinations, and places.

Keyword: Seepage, sheet piles, impermeable foundation, Iraqi dams issues and geological stratum

1.0 INTRODUCTION

[bookmark: _Hlk159763183][bookmark: _Hlk159763139][bookmark: _Hlk159763366][bookmark: _Hlk159763233]Seepage is water movement in ground layers. It causes water inflow in old underground structures like parking lots and subway tunnels originally built without proper waterproof lining. Seepage in dam foundations and other structures causes erosion, transportation, and ultimately failure [1]. Previous studies focused on erosion and bank instability resulting from seepage flow, including soil-water pressure, seepage gradient forces, and soil particle movement, and nearly 50% of structural failures are caused by seepage[2]. Poorly controlled seepage and pore pressures in dams lead to more piping and instability issues. At least two-thirds of the piping failures at the dam happened in the first five years of operation [3]. Three negative impacts can be considered due to the result of dam seepage including 1) uplift pressure causing dam failure, deformation, and stress 2) erosion and particle movement under the foundation, which endangers the stability of the dam 3) seeping problem in the dam foundation, the body also seep downward around the bank slopes at both ends of the dam[4]. Porosity and lack of compaction can cause natural dams to fail due to seepage or piping. Steel pipe utilization and their ' location, slope, and size can mitigate seepage that causes internal erosion and soil particle movement. During the seepage case, the caves are produced. Piping failure depends on the strength of dam materials. Piping and undermining caused the collapse of the landslide dam that impounded Lake Yashinkul in 1966 [5]. The report states that up to 26% of pipe failures may be related to inadequate filter design. The seepage issue depends on various elevations and path lengths concerning velocity[6]. 
Seepage failure faces the embankment dams and nearly 80% of United States dams are embankment dams. All dams and weirs are built to provide two conditions including water storage and hydraulic head, these make seepage case. Also, dam construction depends on several factors including water availability, storage or diversion requirements, and availability of local construction materials. Approximately 171,000 people lost their lives and nearly 11 million became homeless as a result of the several dam failures that occurred in China[7]. Many techniques are used to mitigate the seepage problem including compaction, using proper filters, and sheet piles. Sheet pile barriers extend the path of flow and reduce the hydraulic gradient. The flow vector is reduced by the sheet pile's length, which indicates lower water flow for longer pile lengths. Factor safety against the sheet pile depends on the sheet pile length directly. Shifting sheet piles to the upstream side results in an increase in the bending moment[8]. 
Number of the sheet piles, their length, and their distances impact the seepage flow. Minimum uplift pressure and minimum exit gradient exist in the intermediate pile for angles around 135o and 120o counter-clockwise. When the Distance between the upstream and intermediate sheet pile increases the exit gradient and uplift pressure reduce[9]. Inclined sheet piles change both uplift pressure and seepage. Using three sheet piles in upstream, middle point, and downstream one was tested in angles (14o, 26o, and 45o), this technique decreased uplift pressure under the structure[10]. The structure may collapse through a floor rupture if the pressure is not balanced by the weight of the floor. Numerous additional techniques are employed to manage the seepage phenomenon, such as an upstream blanket, sheet pile(cutoff), filter trench for the position downstream, and weep holes Subsurface drain on the downstream side. Each one has a different design, construction, and cost. The downstream cut-off is more effective than the upstream one. The most economical one is the upstream sheet pile[11]. The uplift force decreases when the intermediate pile is positioned to converge from the downstream direction [12].
 Reducing the exit gradient is essential because, if it exceeds the foundation's critical gradient, Piping can occur caused by the gradual washing and removal of the subsurface particles. Position of the sheet piles from upstream, numbers, length change sheet pile role. Spaces among sheet piles also have a great role, when the distance increases, seepage, and uplift pressure increase too [13]. [14]studied suggest that an inclined rock toe and a trapezoidal internal core design perform better than those with a vertical rock toe or other shapes. Bligh's Creep theory estimates creep path by water traveling upstream to downstream. Lan's weighting theory considers the vertical creep three times more than the horizontal creep in over 200 dams. The estimated uplift pressure calculated by Khosla's Darcy equation recommended a correction because it ignored floor thickness, pile mutual interference, and floor slope. Several tools help calculate seepage and uplift pressure beneath barriers, including finite element programs like GEO-SLOPE and SEEP/W, as well as specialized lab equipment. However, soil layers, particle size, and porosity significantly impact these calculations [15]. The main objective of this paper is to review several previous articles related to the seepage problem in the dam and other barriers. Focusing on steel sheet pile utilization to mitigate the seepage problems. Analyzing and comparing data have been explained to achieve the optimum point. Explaining some Iraqi dam problem and their solution due best situation of cutoff utilization.

2.0 FAILURE CASES IN DAMS AND OTHER STRUCTURES

It's crucial to clarify words related to risk and hazard before talking about the failure mechanism. A hazard is a potential source of harm or danger. It's the event or situation that can cause damage or loss. Examples include earthquakes, floods, chemical spills, or system malfunction. Risk is the chance or likelihood of harm occurring due to the combination of a hazard [16]. Several hundred dams have failed, leading to disastrous outcomes and many deaths. Walter Bouldin, Alab dam was the earthen dam with a height of 52 m and a length of 3,407 m, it failed in 1975 due to a seepage problem[17]. The embankment dam is the common one that faces challenges and failure. In Table 1, common potential hazards identified for embankment dams are shown for some Malaysian dams[18]. Several studies have proven that internal erosion as well as external factors can lead to dam failures. Many factors can cause a dam to fail, including seepage, internal erosion, overflow from insufficient drainage, freeboard and settlement from earthquakes, and slope failure on the upstream dam body. There were more than 200 major dam failures in the world between 2000 and 2009[19].
Table 1:List of potential hazards for dam

	Potential Dam Hazard

	Common Causes

	Overtopping
	Not enough freeboard for managing flooding and storms.


	Internal erosion of embankment materials
	Defects or cracks present, core material lacks cohesion or has a Plasticity Index below 7, and inadequate filter protection.

	Internal erosion of foundation materials
	Improper or absent treatment and a Plasticity Index of less than 7 are characteristics of the foundation material.

	Erosion along embankment/structure interfaces
	Because of inadequate design features, insufficient compaction near the structure, and a deficiency in filter and drainage protection, the compaction of the structure is inadequate.

	Loss of freeboard, overtopping, and subsequent erosion
	Earthquakes can cause settlement through seismic activity, the settling of embankment or foundation material, fault displacement, and reservoir landslides.

	Instability of the downstream shoulder
	The foundation's weakness results from shallow seams, inadequate preparation, poor drainage, insufficient shear strength, and the intense shaking experienced during earthquakes

	Internal erosion of embankment materials
	The foundation material shows dispersion, insufficient treatment, and a Plasticity Index below 7.

	Internal erosion of embankment materials into foundation materials
	Insufficient or improper foundation preparation, inadequate filter protection, and open joints at the interface.


Most dam failures begin with a breach, a hole in the dam's body that causes collapse and releases water into downstream areas. The maximum outflow discharge in the breach can be estimated through this equation below.
Qmax= 0.607 (Vw)0.295. (Hw)1.24                                                   eq(1)

Where Qmax is peak flow in (m3/s), Vw = volume of water during failure in the reservoir (m3) and Hw is water depth during failure above the final bottom of the breach(m)[20].
One of the third-world embankment dam failures due to the unsuitable spillway and other major dam failures refers to seepage and erosion particles along the seepage path. Protecting people's lives is the most important point in dam failure. Based on the Classification of the Federal Emergency Management Agency, the dam has been classified into three types depending on hazardous potential which is shown in the table Table 2, and Table 3 some dam failure cases are given(Adamo et al., 2020)  Also, Figure 1 shows the main sources of dam failures in the world.

Table 2:Classification of dams according to their hazard potential

	Classification
	Loss of Human Life
	Economic, Environmental, Lifeline Losses

	Low
	None Expected
	Low and generally limited to the Owner

	Significant
	None Expected
	Yes

	High
	Probable, one or more expected
	Yes



Table 3: Some dam failure cases[17].

	Dam
	Country
	Year of Failure
	Cause of Failure
	Dam Type
	Dam Height (m)
	Volume of Reservoir
(hm3)
	Number of Killed People

	Malpasset

	French
	1954
	Flood
	Arch dam
	66
	47
	420

	Machu

	India
	1979
	Overflow
	Earth fill dam
	26
	101
	2000

	Vajont

	Italy
	1963
	Overflow
	Arch dam
	262
	-
	2400

	Vega de Terra
	Spain
	1987
	overflow
	Buttress dam
	33
	7.3
	140

	Zerbino

	Italy
	1935
	Stability
	Gravity dam
	16
	10
	100

	Nanak Sagar

	India
	1967
	Internal Erosion
	Earth fill dam
	16
	210
	100

	Hell Hole, Calif.
	USA
	1964
	piping
	Rockfill dam
	67
	30
	No Casualties

	Walter Bouldin, Alab
	USA
	1975
	seepage
	Earth fill dam
	52
	291.3
	No Casualties
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                Figure 1:Main sources of dam failure [22]

[23]settlements of the crest and slopes are increased when the dam is situated on sediments. This increase is attributed to the compression of foundation materials resulting from the combined weight of the dam and the impounded water, particularly during subsequent stages. The distributions of pore pressure are primarily controlled by static factors, including the load due to self-weight and the distribution of stiffness. [24] [25]concluded that seepage pressure occurs due to friction between the percolating water and soil particles. Flowing water upward lifts the particles of sand. Sand starts to boil as a hydraulic gradient greater than the critical one. If (I > Ic) the discharge increases but the permeability coefficient remains constant however if (I=Ic) the value of the discharge increases and the coefficient of permeability also increases. The ICOLD Failure Categories are shown in Figure 2.
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[bookmark: _Ref155901639]Figure 2:Hierarchy of failure modes[26]

2.1 Some Iraqi Dam Issues

The Euphrates and Tigris are Iraq's two principal rivers. These rivers have contributed to the development of the economic and social sectors there. The Tigris and Euphrates Rivers' discharges are gradually decreasing, it is expected that they will dry up completely by 2040[27]. More than 30 different dams have been built in Iraq. It has 6 large dams: five are located in the Tigris and one in the Euphrates River. The territory of Iraq is located within the Arabian plate (a stable portion of the earth’s crust surrounded by tectonically active margins) and the Zagros fold and thrust belt [28]. The territory of northern Iraq in geological terms covers the north-eastern part of the Zagros fold and thrust belt of the north-western strike, in the northern and north-western parts of the Taurus, which has a latitudinal strike [29]Tectonically, the Iraqi territory is divided into three different areas Figure 3: Stable Shelf consists of buried anticlines and arches, with no surface anticlines; Unstable shelf with the presence of surface anticlines; Sutur Zagros, consisting of thrust scales of radiolarite, igneous and metamorphic rocks. The three listed areas contain tectonic groups with N-S strikes within the Stable Shelf and NW-SE or E-W in the Unstable Shelf zone and the Zagros Sutura. The N-S strike is associated with Paleozoic tectonic movements; E-W and NE-SW - with the Alpine orogeny from the Cretaceous to the present [30].
The Zagros folded belt (unstable shelf) is subdivided into three tectonic zones (from west to east): the Mesopotamian Zone (Quaternary molasse and buried structures), the Low folded Zone, and the High Folded Zone All of them are of meridional strike and are divided into blocks, which are limited by transverse faults oriented along the ENE-WSW line (with an offset to the NE-SW), with vertical and horizontal displacement[29]. In the Miocene, the territory of northeastern Iraq was an area of predominantly marine sedimentation, which began with the formation of carbonate and evaporite deposits of the Serikagni, Euphrates, Dhiban, and Jeribe formations in shallow epicontinental seas and lagoons in marginal basins. Marine conditions of accumulation were gradually replaced by isolated shallow marines and lagoons, periodically communicating with seas of normal salinity. This led to the formation of evaporite deposits of the regressive cycle of the Fatha Formation (Lower Fars) in the Middle Miocene. Shallow marine sedimentation in the Oligocene and early Miocene, combined with the southwest migration of the basin axis, led to the fact that narrow carbonate shelves were formed downdip relative to the older Paleogene margins. These shallow water carbonate platforms include the Asmari limestone in Iran and the Kirkuk formation in Iraq. Another uplift phase during the Burdigalian resulted in the outcropping and erosion of Paleogene-Lower Miocene carbonate platforms, and the unfilled center of the Paleogene basin was eventually filled with shallow evaporites and rare marine carbonates of the Fatha Formation in the middle Miocene. Tectonic deformation along the Zagros margin gradually became more intense starting from the middle Miocene, which led to the accumulation of fluvial to marine terrigenous deposits and, ultimately, coarser-grained deltaic and alluvial facies of the Injana Formation[31]. The upper boundary of the Transitional Layers of the Fatha and Jeribe formations, as well as the Euphrates/Serikagni formations, is the boundary of the main sequence of Lower Miocene formations in the northern part of the Arabian Plate. The evaporite deposits of the Salt-bearing strata of the Fatha and Dhiban formations are transgressive deposits of a low-standing tract formed during one-and-a-half sequences.

[image: The tectonic divisions of Iraq (after Fouad, 2015) | Download Scientific  Diagram]
[bookmark: _Ref158714058]
Figure 3:The tectonic divisions of Iraq[32]

2.1.1 Mosul Dam

It is an earth-fill dam with a central clay core, the largest dam in Iraq and fourth in the Middle East. Located 60 kilometers northwest of Mosul city and 80 kilometers from the Syrian and Turkish borders, the dam plays a crucial role in irrigation, hydropower generation, and flood control. The dam is susceptible to geological hazards, and without proper maintenance, it will fail[33]. The Fatha Formation, which is composed of multiple layers of marl, limestone, gypsum, and clay, is where the dam is located. There is high karstification in these beds of the formation. A series of sinkholes and springs were produced in downstream areas after the impounding dam in 1986 due to seepage and dissolution of gypsum in the dam ground layers[34]. The Mosul Dam's foundational rocks come from the Late Miocene Fatha Formation, originating from a sabkha and lagoonal environment. Sabkhas form in arid to semiarid conditions with low relief, typically less than 50 cm. Active sabkhas exhibit a complex geological composition, featuring eolian deposits, tidal-flood deposits, carbonates, and evaporite minerals that interact within a single geologic stratum in both horizontal and vertical directions[35]. The geological hazard of karstification has been rated at 5.5 degrees, not only in the dam site but across the entire Mosul Quadrangle at a 1:250,000 scale, encompassing an area of approximately 30,000 square kilometers[36].

[image: ]
Figure 4:Lithological cross sections show the karstification line along the axis of the Mosul dam[37].
2.1.2 Haditha Dam

It is an earth-fill dam on Euphrates River and located the 270 km northwest of Baghdad between latitudes 34° 11' 30'' - 34°13' 30'' north, and longitudes 42°20' 00" - 42°23'30" east, (7) Kilometers away north Haditha city Abu Shabur area[38]. The storage capacity of the dam average is 9800MCM[39]. Seepage and leakage have been investigated as a main issue in the dam refers to the dissolution of the gypsum formations. For another Iraqi dam, using plastic core and clay soil mixed with materials 5% lime and 6% silica-fume as the core of earth dam has been detected, they decreased peaceability cases by more than 70% for the second technique. [40]concluded that computer software (SEEP/ W, 2012) is a successful method for computing seepage and indicated that the results displayed that the asphaltic diaphragm in good condition and efficient on the right and left sides of the dam. Also, the following equation below is used to use for modeling of SEEP/W program:

                                                  eq(2)

Where H is a hydraulic head, kx is hydraulic conductivity at x direction, ky hydraulic conductivity 
at y directions, Q is boundary flux, T is the domain time and  is volumetric water content (%). Using dolomite rock as a low permeable rock[41], an asphaltic concrete diaphragm for the central core and grout curtain reduces the seepage issues. 
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Figure 5:Geological layers formation according to the permeability of dam foundation [42]

The Haditha Dam is situated on the Euphrates geological formation of the characterized by basal conglomerate. This particular layer contributes to the formation of sinkholes and influences water circulation. The conglomerate layers are also covered by hard dolomitic limestone. The karstified rock layer depth is about 50 where the dam is situated [42]. [43]mentioned that in 1986 more than 55 sinkholes in different dimensions and shapes existed around the dam. Karstification is the main issue for Haditha Dam. Karstified and dissolution channels are also present in the dam foundations but using the long grout Curtain was saucerful for the reduction of the seepage problem under the dam.

Table 4:Simple differences between Mosul Dam and Haditha Dam geological formation [42]
	Aspect
	Mosul Dam
	Haditha Dam

	Stratigraphy and Type of the rocks
	The dam rests on the Fatha Formation, which is recognized for its cyclic sedimentation. Each cycle consists of layers of marl, limestone, and gypsum.
	The dam site is situated within the Euphrates Formation, which consists of basal conglomerate, resilient dolomite, chalky limestone, and undulating limestone

	Karstification
	The karstified rocks extend to a depth of approximately 300 meters, and sinkholes form in the gypsum beds. These sinkholes are of the solution type
	The karstified rocks extend to a depth of around 50 meters, with sinkholes forming on the limestone bed. These sinkholes are of the collapse type.
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Figure 6: Geological map of layers formation around the dam [42]

2.1.3 Hemrin Dam

 It is an earth masonry dam with a length of 3500m on the Diyala River and 100km away from north Baghdad. This dam is used for multipurpose including irrigation, flood control, and hydropower. The seepage issue has been discovered under the foundation zone in (1E-05 m/s). The lowest value of seepage flux can be considered at the maximum water level (107.5 meters) is (2.90E-09 m3/s/m2)[44]. The horizontal and vertical filters were constructed to reduce the seepage and piping through the dam body.  These filters are made of loose sand the vertical one is 35.9 meters long and 2.5 meters wide and the other is 64 meters long and 2.5 meters wide. The permeability ratio of the foundation is about 1.46e-10 m/s and cohesion 40kPa[45], it can be assessed as low permeable soil[46]. It has been investigated that when the water level in the reservoir reaches the maximum level during the flood event, the downstream part gets some problems due to seepage and leakage. 
[47]concluded that the annual sediment deposition is a great problem for dam reservoirs and it is about 3.25×106ton in 3.45×106ton. The dam is situated on the Mesopotamia Foredeep Tectonic and it extends to the Arabian Gulf. It is characterized by a flat terrane covered by Miocene to Holocene deposits, including restricted marine and continental (molasse) sediment(Fouad, 2015).mainly, the sediment of this layer consists of pebbly sand, sandy gravel, and silty clay and it has been considered as flood plain sediments[49] and groundwater table in this zone is between 10 to 30m[50].

3.1.4 Badush Dam

It is an earthfill concrete dam on the Tigris River and is located 40 km south of the Mosul dam. The main purpose of constructing this dam is to protect the living community after the Mosul dam failure. The dam crest level is 312 masl for an annual average discharge of 667 m3/s. The dam power capacity production is about 170Mw[51]. The geological situation of this dam is similar to the Mosul dam referred to as the karstification of the gypsum layer under the dam foundation with a seepage problem Fatha layer, a grouting method is used to protect the dam foundation. Sinkholes also are developed in various sizes and shapes due to activate the karstification process. Limestone bedrock is also observed. The depth of the Fatha layer varies, measuring 117m on the left side and 300m on the right side of the river. The floodplain that exists along the riverbank is composed of sand, silt, and clay. The grouting works on the dam are typically 100 meters deep, with the deepest gypsum beds reaching 150–200 meters, particularly on the left side where the thickness of the Fatha Formation is 300 meters[52]. The Fatha layer is also divided to the Fatha lower member and upper member. Each member is composed of recurring sediments, encompassing green marl, limestone, and gypsum, while the Upper Member contains reddish-brown claystone. The gypsum and limestone layers exhibit pronounced karstification[53].
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Figure 7:Geological formation under the Badush Dam [53]

3.0 SHEET PILE 

It is an anti-seepage technique, used under the barrier foundation, easy to install, economical method, simple and fast. [54] showed the enclosed wall of steel sheet piles is created through the process of interlocking and sealing. The steel sheet pile is high-strength and generally U-shaped shape and exhibits strong strength, particularly at the joint, high bending strength, and resistance to leaking.  The number of sheet piles, interval distance, and difference between upstream and downstream sheet piles have a great influence on seepage and water contamination[55]. [56] concluded that the sheet piles are produced in steel, concrete, plastic, aluminum, and low-permeable material. Sheet pile walls are resilient retaining structures composed of interconnected pile segments embedded in soils, designed to endure significant deformations and withstand horizontal pressures. Metal sheet piles are driven into the soil and interlocked together, but the concrete sheet pile is constructed due to jetting fresh concrete into a special excavated hole. Steel sheet piles are the easiest ones for initialization and have long life service with high resistance to high stress. Traditional sheet pile shapes are “Z” type and “U” type. The Hat-Type sheet pile 900 significantly contributes to lowering both construction costs and durations. [57] concluded that the interlocks of the sheet-pile sections are shaped like a thumb-and-finger or ball-and-socket joint for watertight connections. The designated permissible flexural stress for the steel sheet piles is as stated below:

Table 5: Standard allowable stress for different types of steel sheet pile
	Type of Steel
	Allowable Stress

	ASTM A-328
	170 MN/m2    (25000Ib/in2)

	ASTM A-572
	210 MN/m2   (30 000Ib/in2)

	ASTM A-690
	210 MN/m2   (30 000Ib/in2)
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[bookmark: _Hlk159681150]Figure 8: Sheet Pile Connection a) Thumb and Finger Type b) Ball and Socket Type [57].
To design sheet pile walls, we need to determine the necessary depth of penetration and maximum bending moment. water quality, depth of the sheet piles, service year and supporting load with soil minerals affect the steel sheet pile quality and design. During the design phase, one can consider various options such as zinc coatings, paint layers, "duplex" coating, and the use of corrosion-resistant steel. It is also possible to incorporate appropriate measures to account for potential corrosion[58]. The maximum thickness reduction for the steel sheet pile is shown in Table 6.
[bookmark: _Ref158456371]Table 6: Thickness reduction in steel profiles, in mm acc.
	Design Time of Structure Usage (year)
	5
	25
	70
	50
	100

	
	Thickness reduction in steel profiles(mm)

	Undisturbed natural soils (sands, clays)
	0
	0.3
	0.6
	0.9
	1.2

	Normal fresh water: water table line
	0.15
	0.55
	0.9
	1.15
	1.4

	Sea water: full submersion & rippling zone
	0.25
	0.9
	1.75
	2.6
	3.5

	Sea water: splashing and low water level zone
	0.55
	1.9
	3.75
	5.6
	7.5



[59] studied that leakage in sheet pile walls below the hydraulic structure's floor has minimal impact on seepage losses, exit hydraulic gradients, and uplift force. The area and position of the leakage have a significant impact. The sheet pile with an area hole is used when the hole areas are about 2.5% and 10% of the wall area for a single sheet pile at 4m length. The worst case involved leakage in the upper central area of the barrier wall, as the flow path beneath the structure was less and the seepage was larger. The flow efficiency in the barrier can be shown below.

EQ =                                                             eq(3)
Where EQ is flowing efficiency, Q is flow through the barrier and Q0 is flow without sheet pile.
[60]discovered that the existence of the slot has a great effect on the water contamination under the ground. Flow through the slot depends on the sheet pile depth and slot position. slot increases the contamination discharge.Also, seepage discharge and its characteristics depend on the slot exitance in sheet piles. He investigated the steady-state seepage and contamination problem in the numerical model (Geo-Studio) to solve groundwater movement, and with the help of the results of (SEEP/W), the module (CTRAN/W) solves contamination time of traveling and concentration distribution. The space diameter was 0.1 m, depth of the sheet pile varied from 8m,10m,12m,14m, and 16 m, where the space depth from the ground was 2m,3m,4m, and so on and coefficient of hydraulic conductivity was 1x10-7 m/s.  Soil porosity and distance from the contaminated source are 0.5m and 10m respectively. both discharge under the sheet pile and discharge in the slot were computed.

[image: ]

Figure 9: Dimensions of the model with slot in the sheet pile and model of the boundary condition
The result indicated the present slot causes to increase in seepage discharge and contamination flux compared to no slot. Relative depth (h*=h/d) and relative discharge (qtot*=qtot /q) in which qtot = qin+qund where (qin is the discharge through the slot, qund is the discharge under the sheet pile and q is the discharge under the sheet pile without slot). When the slot is close to the ground surface, seepage increases by around 80%. As the slot depth approaches 0.8m from the ground surface, seepage rises by approximately 10%. This equation below was derived based on the relative depth and relative discharge with a correlation of 0.980. on the other hand, When the slot approaches the bottom of the sheet pile, the discharge through the slot decreases, leading to the maximum discharge under the sheet piles.
qtot*= -0.336ln(h*) +1.0415                                                    eq(4)
[61]investigated the effect of sheet piles to control saltwater intrusion. The relative depth db/d (depth of the barrier to aquifer depth) was considered for the saltwater concentration reduction purpose. The work was conducted in a sandbox model in which the specific gravity Gs = 2.64, bulk density = 1.93g/cm3, and dry density =1.5 g/cm3, fresh and saltwater were used for different trials. The barrier wall was penetrated 15cm away from the saltwater. The findings indicate that raising the ratio of embedment of the barrier wall (db/d) from 0.44 to 0.67 resulted in a rise in the repulsion ratio (R), ranging from 20.8% to 46.87%.
[62] discovered the effect of the sheet pile to mitigate the soil lead contamination problem. The analysis of lead contaminant transport involves the utilization of two software products, including SEEP/W and CTRAN/W. lab model consisted of two soil layers with the same thickness (8m) and their hydraulic conductivity and water content for the first layer (0.01 m/s and 0.3) and the second layer (0.10 m/s and 0.5). A sheet pile was driven to varying depths (2.0, 4.0, 4.75, 6.0, and 8.0) meters at a distance of (1.0m) from the source side over (10 years). Different lead (Pb) contamination concentration was used including (0.013g/m3, 0.022 g/m3, 0.031 g/m3, 0.088 g/m3). The project result showed us the application of the steel sheet pile method, with a decline depth of (4.75m) at a distance of (1.0m) from the source contaminant, resulting in the same concentration of lead (Pb) that can be introduced on the source side. An isolation method to mitigate the same issue was used. The construction of a trapezoidal protected area using a non-permeable concrete slab (1:1.5:3) and compacted boulder layer costs $300 per meter along the 5.0m slope side. [63] studied the influence of the sheet pile to mitigate the groundwater contamination phenomenon. Five simulation models were designed, incorporating varied cases, to examine the impact of cut-off wall width, penetration depth, and arrangement on contamination transit and diffusion. The study area was modeled as an unconfined aquifer with dimensions of 1000 meters in length and 400 meters in width. the soil hydraulic conductivity was 5x10-3 m/s, the horizontal hydraulic conductivity ratio to vertical is 10:1 and the aquifer layer effective porosity was 0.3 for the coarse sand layer. The landfill area was simulated as 40 m x 40 m and located on the ground surface with a depth of 4 m. The sheet pile was located 50m away from the source and the observation well point was located 100 away from the source. The following results below were given.



















Table 7:Investigation on the influence of cut-off wall to groundwater contamination
	Cases
	Model
	Variable
	Evaluation criteria
	Result

	Cases 1
	Model 1
	No cut-off wall
	Presence of cut-off wall 
	The cut-off wall successfully retained the contaminant, preventing it from further downstream transport beyond the contaminated site. The presence of a cut-off wall along the contaminated transport pathway has slowed the movement of the pollutant plume, effectively limiting its migration within the groundwater aquifer. the relative concentration for 3 years of observation is 0.43 for without sheet pile cases and 0.41 for using it.

	
	Model 2
	100-m width cut-off wall
	
	

	Cases 2
	Model 2
	100-m width cut-off wall
	Width of the cut-off wall 
	The increased width of the wall has led to an extended travel distance, resulting in a longer duration for the contaminant plume to migrate downgradient from the contaminated site. The relative concentration for the special observation points after three years has reached 21% for Model 2 and 7% for Model 3.



	
	Model 3
	200-m width cut-off wall
	
	

	Cases 3
	Model 2
	12-m depth cut-off wall (keyed-in)
	Depth of cut-off wall 
	Reducing the depth of the cut-off wall from 12 m (keyed-in) to 8 m (hanging) has diminished the effectiveness of the cut-off wall in constraining the movement of contaminants. In Model 4, the concentration at observation point OW1 reached 44%, which was higher than the concentration of 21% observed in Model 2.



	
	Model 4
	8-m depth cut-off wall (hanging)
	
	

	Cases 4
	Model 2
	Downgradient wall
	Position of the cut-off wall 
	The transport of the contaminant plume was identified to be confined between the two cut-off walls positioned upgradient and downgradient of the contaminated site. The results indicate that installing an upgradient cut-off wall successfully impedes groundwater flow, leading to a reduction in both the concentration and spread of the contaminant plume originating from the contaminated site. The upgradient cut-off wall redirected groundwater discharge, creating a buffer zone and reducing the contaminant plume's movement towards the second cut-off wall compared to Model 2. The relative concentration at observation point OW1 was 21% for Model 2, whereas it decreased to 16% in Model 5

	
	Model 5
	Upgradient and Downgradient walls
	
	



3.1 Position of the cut-off wall on seepage characteristics
[64] studied in the core earth dam and detected the best position for installing the cut-off based on some Iranian dams Inclined the core layer, also finite element GeoStudio SEEP/W software was used. The position of the cutoff depends on the connection with lower permeable layers. The height and top crest width of the dam are 40m and 5m also the side slope is 1V:3H. The dam foundation layer thickness is 40m as shown in Figure 9. The cutoff was penetrated to the dam body and extended to the dam foundation. Distance of the sheet pile from the endpoint from the crest was denoted by (x) and it was 0, 5, 15, 25, and 45 m. Embedded depth in the dam has been denoted as (d) and varied by 20, 30, 50, and 60 m. The following results have been collected: The best point to embed the cut-off is 5m away from the dam crest toward the upstream. Seepage from the dam was equal to (0.0000090 m3/s) for all different penetrations of d (20, 30, 50, and 60m). Also, the flux through the dam foundation for the same distance of (x) was about (0.00085 m3/s/m) for d (20, 30, and 50m). cutoff wall locations of x = 5 m can be assessed as an optimum point and the cutoff length and its position in the dam body to detect their influences on seepage, uplift pressure, and exit gradient. SEEP/W program has been used too.
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[bookmark: _Ref156389501]Figure 10:The phreatic line and flow path for analysis cases with partially embedded cutoff wall of d = 20 m and various locations for cutoff wall; (a) x = 0, (b) x = 15 m, and (c) x = 45 m.
[65]investigated the optimum location to install the inclined sheet pile for reduction of the exit gradient and uplift pressure under the barrier. Different inclined angles were used, including 00, 300, 600, 900, 1200, 1350, and 1500. The cutoff was penetrated at the upstream, midpoint, and downstream points. The foundation was homogenous, and an anisotropic soil, (ANSYS V.11.0) program was used to get the following results:
i. Hydraulic Structure with Inclined Downstream Cutoff
If the cutoff is positioned at the toe, elevated exit gradient values occur when the cutoff is inclined toward the upstream side and (Ө < 90°) also uplift pressure is higher than the vertical cut-off there. The exit gradient increases when (Ө > 90°) and the maximum exit gradient reduction was for Ө = 120° and started increasing for Ө = 1350. Employing a downstream cutoff inclined toward the downstream side, with an angle (Ө) of less than 120°, proves advantageous in enhancing the safety factor against the piping phenomenon.


ii. Hydraulic Structure with Inclined Upstream Cutoff
It is observable that elevated values for both exit gradient and velocity are generated when the cutoff is inclined towards the upstream side (Ө is less than 90°). The cutoff inclination angle does not affect the uplift pressure head. The best angle for there is (90°).
iii. Hydraulic Structure with Mid-Distance Cutoff
The cut-off at the hydraulic structure base results in high exit gradient and velocity values when inclined towards the upstream or downstream side. The uplift head is more than the vertical cutoff and becomes smaller as the inclination angle increases. The cut-off should be placed near the hydraulic structure's toe, at a 120° inclination angle and it is the optimum situation.
[66] studied the sheet pile position (at the dam heel, at the mid floor of the dam, and at the dam toe) influence on the seepage phenomenon in sandy soil with cavity soil (Al-Najaf soil city). He used a simple model to do this research as shown in Figure 10. Najaf soil contains limestone rock and gypsum in sedimentary deposits, dissolved by groundwater movement, forming cavities at various locations and shapes. It has been determined that the best location for penetrating the sheet piles for seepage reduction purposes depends on the (Xc/B) ratio, where Xc is the distance from the cavity center to upstream and B is the base width or creep length for water flow. The optimum position for cutoff initialization is at the dam toe according to cavity location (Xc/ B = 0 and 0.5). When (Xc/ B ≥1) the best location is at the dam heel. Finite elements and suitable computer programs have been used. It was clear when dealing with a negative cavity position towards the upstream side, that the optimal location for initiating sheet pile installation is in the middle of the base.

[image: ]
[bookmark: _Ref156391662]Figure 11: Model of the dam, soil with a cavity system
[67] investigated the sheet pile wall influence on the seepage cases under the low concrete gravity dam isotropic soil layers with different permeability and thickness. The study examined 54 hypothetical dam models with varying depths, angles, and positions of sheet piles obtaining numerical solutions for seepage flow conditions using the finite element technique and Geo-Studio - SEEP/W model software. The following result below was obtained.
Table 8: The influence of the sheet pile positions on seepage discharge and pore water pressure.
	
	Seepage (m3/s)
	PWP (k.p.a)

	
	L1&L2 (Distance from the upstream and downstream ends in unit meter)
	L1&L2 (Distance from the upstream and downstream ends in unit meter)

	Distance from the upstream end of the dam base
	0
	2
	3
	4
	0
	2
	3
	4

	0
	0.0005
	0.0004
	0.0004
	0.0004
	150
	150
	150
	150

	10
	0.0005
	0.00065
	0.0005
	0.0005
	100
	100
	100
	100

	20
	0.00063
	0.00063
	0.00063
	0.00063
	80
	80
	80
	80

	30
	0.0007
	0.0007
	0.0007
	0.0007
	60
	60
	60
	60

	40
	0.00062
	0.0006        (0.0004 for L2)
	0.00062
	0.0006
	0
	0
	0
	0



Table 9:The influence of the sheet pile position on X, Y exit gradient
	
	X, Y Exit Gradient
	X, Y Exit Gradient

	
	L1 (Distance from the upstream ends in unit meters)
	L2 (Distance from the downstream ends in unit meters)

	Distance from the upstream end of the dam base
	0
	2
	3
	4
	0
	2
	3
	4

	0
	0.2
	0.24
	0.3
	0.3
	0.2
	0.2
	0.2
	0.2

	10
	0.16
	0.15
	0.12
	0.12
	0.16
	0.16
	0.16
	0.16

	20
	0.18
	0.18
	0.17
	0.17
	0.17
	0.17
	0.17
	0.17

	30
	0.18
	0.16
	0.16
	0.16
	0.16
	0.14
	0.12
	0.12

	40
	0.2
	0.2
	0.2
	0.2
	0.2
	0.18
	0.10
	0.08



The conclusion drawn is that using a sheet pile at the upstream location results in a significant reduction in uplift pressure forces compared to the scenario where no sheet pile is used. According to the information provided, the upstream sheet pile causes a decrease of 75% in uplift pressure forces.[68] Investigated the cutoff of various placements with different angles on the uplift pressure in the diversion dam foundation using the Seep/w model. Poisson’s Equation for water movement in a porous medium was used as shown below. The underlying soil was isotropic with a permeability of (10-5 m/s), while the cutoff wall was constructed using a low-permeability material (10-9 m/s). There were 10 different cases detected based on ratio (b1/b) including 0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9 in which (b1) is the distance from sheet pile to upstream end and (b) is the dam base length. Therefore, it can be concluded that the optimal location for the cutoff aimed at reducing uplift force, is at the upstream (heel) of the dam. The intensity factor at the heel of the dam was 0.35 and this equation below was obtained.

                                                            eq (5)

y = 1.3475x + 0.3599                                                            eq (6)

Where x is the relative position of cutoff, y is the intensity factor, R2 = 0.9999, h = total head, and q = discharge flow rate. Installing the cutoff either upstream or downstream leads to the lowest seepage discharge value, while placing it in the middle of the dam resulted in the highest discharge. When the cutoff wall was placed at the upstream heel of the dam, it resulted in the minimum total uplift force and maximum exit gradient. It is recommended to position the cutoff wall within a relative range of 0.5 downstream of the dams when the project faces hazards due to hydraulic gradient. [69] investigated the cutoff position on seepage characterized in the Sabalan rockfill dam. It is located 55 km from the northwest of Ardebil-Iran, the dam storage capacity is 105x106m3, crest height is 77 m, and base width is about 330m. The following dam parameters are given below. In this research, the SEEP/W software was employed due to its proficiency in simulating seepage phenomena. The dam's core on both the upstream and downstream sides consists of three filter layers. This study was examined based on the cutoff depth (d), and position of the cutoff wall in the clay core base (X) based on the relative distance(X/L) for 0,0.25,0.5,0.75 and 1.

	Table 10: Dam parameters and permeability 
for different layers.

		Dam Parameters
	Value

	Dam height from the riverbed
	77m

	Height from foundation
	87m

	Length of crest
	304m

	Width of crest
	12m

	The thickness of the cutoff wall
	1m

	The depth of the cutoff wall
	50m

	The thickness of the core in the crest
	6m

	The thickness of the core on the foundation
	40m

	Permeability
	Layer
	Value (m/s)

	
	Clay core
	1×10–7

	
	Filter 1
	1×10–5

	
	Filter 2
	5×10–5

	
	Filter 3
	1×10–4

	
	Rock fill shell
	1×10–3

	
	Cutoff wall
	1×10–9

	
	Alluvium
	1×10–5


[image: ]
Figure 12:Cross section and finite elements meshing for Sabalan rockfill dam with variable parameter

	



The hydraulic gradient reaches the minimum amount at the shell. In addition, the hydraulic gradient decreases by transferring the position of the cut-off wall from the heel to the toe of the clay core, and the difference percentage between the two hydraulic gradients of the place of the cut-off wall in the heel and toe of the dam is about 34%. Therefore, the optimal position of the cut walls to reduce the hydraulic gradient is at the toe of the dam core. By further shifting the position of the cutoff wall from the heel to the toe of the dam core, there is an increase in seepage. The percentage difference in seepage values between the left (heel) and right (toe) positions of the cutoff wall is approximately 0.2%. The best case for mitigation of the seepage and uplift pressure is to penetrate the sheet pile in the midpoint with an increase in its length to meet the impermeable layer. It is evident that a deeper cutoff is preferable for minimizing seepage and reducing uplift pressure, but opting for a deeper cutoff requires a greater financial investment. The variance in seepage percentages between the shortest cutoff (12.75m) wall and the deepest cutoff wall (75m) in both the dam body and its foundation is 4.33% and 49.31%, respectively. So, the best position for penetration of the short sheet pile for uplift pressure and seepage discharge mitigation is the heel point. [70]studied the effect of the cut-off position on seepage flow, within a homogenous isotropic soil, under a concrete dam along the floor length in the ratio (0, 0.25, 0.50,0.75 1). The quadrature element method (DQEM) as a numerical technique is investigated. Penetration of the exit gradient at the end of the floor has an obvious effect on the exit gradient and caused a reduction of 10% to correspond to it at the beginning of the floor. 
[8]discovered the influence of the cutoff position on seepage characterized below the earth dam that was made of homogenous soil. The dam's base width is specified at 17 meters, with a side slope ratio of 2 H:1 V. Soil properties were tested and included k =1.45x10-8 m/s, Ɵ =50, ʋ=0.3, γ=17.40Kn/m3 and c = 18.7 Kn/m2, the has been analyzed by FLAC 2D. Indeed, there were a total of 12 trials, organized into four distinct cases. Each trial involved the variation of both sheet pile depth and its position. The four cases investigated different sheet pile depths (5m, 10m, 15m, and 20m). For every case, the sheet pile position was modified from the downstream end, specifically at intervals of B/8, 2B/8, and 3B/8, with B representing the base width of the dam. The bending moment in the sheet pile raised as the sheet pile was shifted towards the upstream side. The properties of the sheet pile are shown below.

Table 11: Properties of the sheet piles
	properties
	Value

	Area of cross-section per meter
	0.03 (m2)

	Young’s Modulus Esteel
	2 × 1011 (N/m2)

	Moment of inertia per meter
	0.00225 (m4)

	Poisson’s ratio
	0.22



The result indicated if the sheet pile position shifts away from the downstream end, the exit gradient increases. When the sheet pile remains in a fixed position, the exit gradient decreases as the length of the sheet pile increases. The best case was a sheet pile depth of 20m and fixed at the dam toe or at least at B/8. At the mentioned point the value of the exit gradient was 0.5 while was equal to 1.8 for 3B/8. The factory safety decreased when the sheet pile moved away from the downstream end. The sheet pile position shifts towards the downstream end, increasing average flow length and decreasing exit gradient, enhancing safety against piping. As the exit gradient decreases, the safety factor against piping increases, reducing the likelihood of piping failure. Increased sheet pile length also extends the seepage path and reduces the exit gradient. As the sheet pile position shifts from B/8 to 3B/8 away from the downstream end, there is an increase in the bending moment on both the positive and negative sides [71]concluded that factor safety against the piping is a ratio must be greater than 1 to ensure this structure is in a safe situation and can be shown below:
 F.s =                                                           eq(7)

Ic                                                                eq(8)
Where F.s = factor of safety, Ic = critical exit gradient, Ie = exit gradient, Gs = specific gravity of the soil, and e = void ratio.  Exit gradient is the ratio of the total difference head per flow path length. It depends on the flow length depth, inclination, number, and position of sheet piles under the floor. The type of filter trench also impacts the exit gradient. It has been indicated that the downstream (D/S) cutoff is more efficient than the U/S one for the case of exit gradient reduction, although utilizing the upstream (U/S) cutoff is more cost-effective.
 [72]studied the detection optimum design of the sheet pile position and inclination under the barrage by using a genetic algorithm (GA) model coupled with finite element modeling. More than 3500 different cases were analyzed to detect the optimum exit gradient and minimum uplift pressure with minimum concrete floor thickness. The investigation focused on different scenarios involving the differential head (H) across a range of values (1 to 10 meters). Additionally, six distinct depth-to-floor length ratios (d/b) of the cutoff were examined, spanning from 0.1 to 0.6. For each depth-to-floor length ratio (d/b), the study explored six different cutoff locations (b1/b) with location ratios of 0.0, 0.2, 0.4, 0.6, 0.8, and 1. Within each location ratio, the analysis considered 10 inclined angles (θ) at intervals of 15°, covering a range from 15° to 165°. These investigations were carried out in the context of isotropic homogeneous soil, where the coefficient of permeability was 30 m/year. The extensive set of runs aimed to capture a thorough understanding of the system under various conditions The model of the boundary and foundation properties is shown below. Indeed, the cutoff's impact is distinct depending on its location. Upstream positions experience a significant reduction in uplift pressure with only a minor influence on the exit gradient. Conversely, downstream placements effectively decrease the exit gradient but concurrently elevate uplift pressure beneath hydraulic structures. This equation below used to detection:
Min (                                               eq (9)

                               eq (10)
H*(under the gate) =+ +
                                    eq(11)
Where  is the speciﬁc exit gradient function that should be minimized; Ig is the exit gradient; d is the depth of cutoﬀ; and H is diﬀerential head h1- h2; h1, h2 are respectively piezometric head on upstream and downstream of the structure (L). There are two decision variables: b1/b is the relative location of the cutoﬀ and θ is the angle of incline in degree. (C0 toC9) and (a0 to a9) are the regression variables for each (d/b). b1 is the distance between upstream to sheet pile location.
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Figure 13: Sketch of boundary conditions and the foundation properties

The following result were obtained. The most effective way to improve the factor of safety against piping is to implement a cutoff at positions around 0.8 times the base distance. This cutoff should be inclined towards the downstream side at inclination angles (θ) of 30°, 123°, and 145° to achieve optimal results. This approach reduces the exit gradient for relative depths of 0.1, 0.2, and 0.3, respectively. Moreover, the necessary floor thickness is lower compared to similar structures without a cutoff. The optimum exit gradient was identified at an angle ranging from approximately 59° to 68° when utilizing an upstream cutoff for relative cutoff depths of 0.4, 0.5, and 0.6. There was a indirect relative relationship between the cutoff length and exit gradient value for whole cases.
[image: ]
Figure 14:Flow net of the optimum model within (d/b = 0.2) in relative cutoﬀ location of (0.839) from the upstream
3.2 Inclination of The Cut-Off Wall on Seepage Characteristics
[73]Proved the cutoff angle has a great role in the seepage flow, exit gradient reduction, and minimizing the uplift pressure, a simple technique with high effectiveness. Different inclination angles have been detected from 00 to 1800 in a clockwise direction using the GeoStudio 2007 SEEP/W computer program. The cutoff was installed in the upstream position and coefficient permeability of about 2.5x10-5 m/s, and the difference head between upstream and downstream was 4m. pore water pressure at the beginning of the dam after the cut-off wall to the dam toe varied between 43Kpa to 22 Kpa respectively. Mnium values for seepage flow were obtained for angles about 600 because it elongates the water path, requiring water molecules to traverse a longer distance from higher to lower potential energy points. While the study revealed that the minimum pore water pressure occurred at an angle approximately ranging from 120° to 135° additionally the minimum value for exit gradient was determined for cutoff angles between 450 to 750. [74]conducted research to investigate how the inclination and placement of sheet piles impact the exit gradient, seepage, and uplift pressure beneath the barrier in both single and multi-layer soil foundations. The study involved employing sheet piles both upstream and downstream, as well as using them in both positions. The research utilized SLIDE v.5.0 along with piezometric tubes, and the outcomes of the various scenarios were summarized based on the cutoff inclination and position with reduction cases.

Table 12:Influence of the sheet pile inclination and position on seepage, exit gradient, and uplift pressure reduction.
	Upstream Cutoff
	Downstream Cutoff
	Double Cutoff at U/s and D/S

	
	Ɵ =450
	Ɵ =900
	Ɵ =1200
	Ɵ =900
	Ɵ =1200
	U/S, D/s Ө=900
	U/S Ө =450, 
D/s Ө=1200

	Uplift pressure
	40.31%
	31.25%
	24.68%
	3.75%
	10%
	50%
	42.01%

	Exit Gradient
	1.25%
	1.78%
	3.21%
	3.57%
	5.35%
	5.35%
	8.03%

	Seepage
	28.50%
	23%
	6.34%
	12.60%
	28.75%
	30.15%
	30.30%

	Figures
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The conclusion drawn is that using a sheet pile at the upstream location results in a significant reduction in uplift pressure forces compared to the scenario where no sheet pile is used. According to the information provided, the upstream sheet pile causes a decrease of 75% in uplift pressure force. [75]discovered the upstream cutoff inclination efficiency under the concrete foundation dam to mitigate the seepage characterizes risk. The angles will vary from 0° to 180°, progressively increasing at an interval of 30°, the model of the study was analyzed due to finite element geotechnical software – PLAXIS 2D. All angles were measured in the counter-clockwise direction. The seepage discharge beneath the toe points at angles (0°, 30°, 60°, 90°, 120°, 150°, and 180°) amounted to (1.164x10-3, 1.087x10-3, 1.045x10-3, 1.003x10-3, 1.098x10-3, 1.334x10-3, 1.509x10-3) m³/s, respectively. The lowest discharge rates were observed at angles 60° and 90°, with the minimum discharge occurring beneath the cutoff wall point at 600 this is because, in this arrangement, the water path is maximally extended. This essentially results in an increased duration for water molecules to traverse from areas of higher potential energy to points of lower potential energy. Uplift pressure and seepage are closely related to each other because as water flows through the soil profile, it generates upward pressure on the horizontal base of the dam the test results were (20.89, 21.16, 21.12, 20.82, 20.73, 21.31 and 21.06KN/m2) respectively. The minimum uplift pressure was for angle 1200 and this upward force has a great role in foundation dam stability, if the dam weight is unsuitable to resist this force, it may cause a reduction in the shear stress between the dam and soil causing the structure's floor to rupture, ultimately resulting in a collapse. [65]discovered when the cut-off is located at the toe, increased exit gradient values are observed if the cut-off is inclined towards the upstream side (Ө is less than 90°), the maximum exit gradient decreases when Ө equals 1200 and begins to increase when Ө equals 1350 while the safety factor against the piping started to increasing if Ө less than 1200. The uplift head indirectly changed with increasing the angles. Installing the cutoff in the dam upstream heel does not affect the exit gradient.
[76]studied the downstream cutoff inclination on the exit gradient for anisotropic soils. The solution was formulated utilizing the Schwarz-Christoffel transformation. The test result indicated the downstream exit gradient of an inclined sheet pile typically decreased as its inclination angle increased measured in the clockwise direction. As the inclination angle exceeds 90°, the protective length diminishes with a further increase in the angle of inclination. Beyond an inclination angle of 2π/6, the necessary protective length to attain a factor of safety against piping typically decreases as the angle of inclination increases.[77] investigated the sheet pile inclination and their space with length on uplift pressure and exit gradient. The safety against the uplift pressure and the piping was introduced. Flowing water under the structure creates an uplift force on the structure floor. If this problem cannot be fixed by the weight of the structure, it causes failure, it needs safety against uplift pressure technique. Water seepage beneath the structure, induced by variations in the head, carries foundation particles downstream. If the exit gradient exceeds the critical gradient for the foundation and remains unresolved, it leads to settlement this needs safety against piping phenomenon technique. The test was done in homogenous isotropic soil while the base width of the concrete gravity dam was about 40m. The role of the U/S and D/S cutoff inclination was tested separately for angles 10o, 20o, 30o, 40o…150o in the counterclockwise direction and total difference head was 30m. The most effective angle for an upstream (U/S) cutoff to minimize uplift pressure was found to be 90o, but as inclination angles increased, uplift pressure began to rise. However, the presence of a cutoff at the downstream (D/S) toe resulted in increased uplift pressure compared to cases with no cutoff walls. Downstream cutoff inclination angles significantly influenced the maximum exit gradient, with the optimal angle being 135 degrees and the minimum exit gradient was obtained there. In contrast, upstream angles did not play a significant role in reducing the exit gradient, and it increased after reaching a 90o inclination.
[78]studied the influence of the intermediate sheet pile inclination angles on the seepage properties under the hydraulic structure for homogenous soil using the computer program SEEP/W software. During the software testing phase, various situations were analyzed. The best separation distance for three sheet piles and determining the optimal depth for these three sheet piles were detected. Also, the incline angles for the second one was (30°, 45°, 60°, 90°, 120°, 135°, 150°) degree. In three cases for first and third sheet piles angles included (Ө =30,60,90) degree, the total difference head was 4.5m and the permeability of soil (k=10-4 m/s) and overall run included 1136 runs. The lowest exit gradient occurred when the intermediate sheet pile was inclined at a counterclockwise angle of 135 degrees and the other following results were obtained below however the minimum value of seepage discharge related to Ɵ2=1200 counterclockwise and the minimum value for uplift pressure occurred as the second angle around 150o, this indicated that the best angle for minimizing the exit gradient is 135o.

Table 13: The whole test results for uplift pressure and exit gradient
	Ɵ2
	30o
	45o
	60o
	90o
	120o
	135o
	150o

	Exit Gradient
	for Ɵ1,Ɵ3=30o
	0.28
	0.26
	0.258
	0.24
	0.238
	0.225
	0.23

	
	for Ɵ1,Ɵ3=60o
	0.282
	0.28
	0.26
	0.258
	0.243
	0.23
	0.238

	
	for Ɵ1,Ɵ3=90o
	0.24
	0.238
	0.23
	0.228
	0.23
	0.218
	0.23

	Uplift
Pressure, (p)
	for Ɵ1,Ɵ3=30o
	13.46
	13.47
	13.5
	13.46
	13.45
	13.447
	13.445

	
	for Ɵ1,Ɵ3=60o
	13.540
	13.545
	13.580
	13.580
	13.552
	13.550
	13.548

	
	for Ɵ1,Ɵ3=90o
	13.65
	13.65
	13.66
	13.67
	13.7
	13.652
	13.65



[79]investigated the different positions of the cutoff inclination on the steady-state two-dimensional water seepage through the foundation of a dam structure using FORTRAN 90. The inclination cutoff was embedded in U/S, mid-base, and D/S places. Inclination angles were measured as the counterclockwise direction for (0, 30°, 45°, 60°, 90°, 105o,120°, 150°). The maximum ranges for uplift ratios were obtained when (Ɵ < 90o) counterclockwise for the upstream sheet pile, then it decreased when the angle ratio was between 90o to 120o and started to increase again. Uplift heads for various points on the dam base were identified using the parameter (Xm/Ld = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0), where Xm represents the target point and Ld is the length of the dam base. For midpoint sheet pile installation, the minimum uplift head was observed at 150 degrees for different points. The optimal condition for minimizing uplift pressure was associated with angles (Ɵ ≥ 90 degrees), and a rapid decrease in the uplift head was noted for (Xm/Ld ≥ 0.5) towards the downstream direction. The maximum value for exit gradient was noted when the inclination angle was almost equal to 150o for both U/S and mid-base cutoff positions. The downstream (D/S) exit gradient of the dam structure for D/S cutoff penetration diminished as the angle (Ɵ) increased towards the downstream side (Ɵ ≥90°). This trend continued until the cutoff inclination angle reached approximately 120°, beyond that the exit gradient developed with further increases in (Ɵ). The optimum angles for U/S, Mid base, and D/S sheet pile for minimum seepage achievement were around 60o, 105o and 120o respectively. 
[80]studied the effect of two inclination sheet piles under the small hydraulic structures on the seepage problem and analyzed different cases by using Geo studio software. The test was investigated in the lab through the small model of the tank 2 m long, 0.5m wide, and 1m high the tank bottom was filled by sandy soil in K= 42.3 m/day fine sand. U/S and D/S were installed to detect their length and angles. Their angles were measured in the clockwise direction and included (60o, 70o, 80o, 90o, 100o, 110o, 115o, 120o and 130o). The examination results showed that the acceptable minimum uplift pressure along the base of the dam was confirmed when the downstream cutoff angle (Ɵ2) was approximately 130 degrees clockwise for the upstream cutoff angle (Ɵ1 = 90 degrees). However, there was no significant change in the exit gradient when varying the upstream cutoff angle (Ɵ1) within the range of 60 to 130 degrees, with the downstream cutoff angle fixed at 90 degrees, however, the existence of the U/S could reduce the exist gradient from 0.48m to 0.15 from 10m away at U/S source. Uplift pressure also decreased slightly along the floor when Ɵ1 was greater than 90o and Ɵ2 was fixed at 90o. The optimum angle to get the minimum pressure head along the floor was 120o, pressure head decreased from zero distance at upstream 6.3m to 4m at 10m away from source. When the inclination angles for both cutoffs were changed the following results below were approved:

Table 14: Different cases of uplift pressure and exit gradient for different U/S and D/S cutoff inclination angles.
	Cases
	Ɵ1
	Ɵ2
	Exit Gradient
	Uplift Pressure

	1
	>90o 
	<90o
	The maximum exit gradient value decreased; however, the exit gradient values for the remaining downstream distances were observed to be higher than those linked to vertical cutoffs. As a result, extra protection is necessary for the downstream side of the structure to address the heightened exit values
	No dramatic change with compared to vertical sheet piles

	2
	<90o
	>90o 
	The exit gradient achieved was greater than that of vertical cutoffs.
	A significant reduction was observed when compared to   vertical cutoffs

	3
	>90o  
	>90o
	The maximum exit gradient value increased, while the exit gradient values for the remaining downstream distances showed no change compared to those associated with vertical cutoffs 

	A notable decrease in the uplift head is achieved in this scenario. 

	4
	<90o 
	 <90o
	Compared to the vertical cutoffs case, there was an observation of both a high exit gradient and a substantial increase in uplift head. 

	High with compared to vertical cutoff 







3.3 Depth of The Cut-Off Wall on Seepage Characteristics

Sheet pile depth has a great role in seepage mitigation due to increasing flow path. [81]investigated the sheet pile length and its role in seepage characteristics. SEEP/W, a component of GeoStudio, was employed to carry out numerical analyses. The dam face had a slope inclination of 30.96° relative to the horizontal axis, with a ratio of 10:6 for horizontal to vertical components, for both the upstream and downstream faces. This same slope was applied consistently across all models. Soil types for foundation layers included clay and silty clay with permeability values of 1x10-9 m/s and 5x10-7 m/s respectively. Concrete impermeable wall material was used to construct the cut-off wall in dimensions (2m length x 1m width) and (3m length x 1m width) in two different cases. The result indicated the length of the sheet pile has the role on seepage characterizes modifications. Pore water pressure is reduced by increasing the sheet pile length. Changing the cutoff depth for silty clay is better than clay only. length cutoff was enlarged the flow line. as the cutoff length extends, it intersects with an increased number of flow lines, resulting in a decline in velocity with the growing length of the cutoff wall. The value for total head along the foundation decreased with increasing the cutoff length also sheet pile length changed indirectly with seepage discharge and the best position to penetrate the cutoff with a suitable length was the downstream s the length of sheet piles has a great effect on the seepage and reduced seepage also decreases the exit gradient and uplift pressure under the dam. The chosen permeability for the materials at the cutoff in both horizontal and vertical orientations was 1 x 10-9 m/sec, and the thickness was set at 1 meter. Sattarkhan Earth Fill Dam was selected to examine this research in Northwest Iran. cutoff length was 5,10 and 15m and penetrated in different positions in the dam core. the cutoff was installed in 7 different places in the dam foundation from the dam upstream heel as7, 26.7, 46.5, 53, 59.5, 80 and 100 m as shown in the figure below.

[image: ]

Figure 15:Sattarkhan Dam section with installing the cut-off

The seepage discharge has been calculated by SEEO/W software based on the Darcy Law that is shown below.
Q =
The variations in seepage discharge from both the body and foundation of the earth dam are detected according to the cutoff wall length and its position. The cut-off point near the dam foundation reduces seepage discharge from the dam body and its foundation, it was the optimal position for seepage and piping reduction. Consequently, the most effective location for the cutoff to mitigate uplift pressure is at a distance of 46.5 meters from the dam's upstream side. The minimum uplift pressure values have occurred at the cut off point at the central core's beginning from the dam upstream and minimum uplift pressure and seepage discharge were obtained with longest sheet pile there. The result shown in the figure below.

[image: ]

Figure 16:Effect of the cutoff position and length on the seepage and uplift pressure

[82]Studied in the same Hele-Shaw Model to detect the influence on sheet pile position and its penetration on seepage and flux internal the dam body on in the foundation. He recommended the formula below to detect the permeability based on Darcy's Law.

Q = K.i.A
Q = K .. (y*1)
Q 
Q (Dw - 
Q =
K=                                              eq(12)

The following results below have been achieved as shown in Figure 16 . The relative depth between the penetration depth of cutoff(d) to depth of the permeable foundation (D). Where the foundation depth varied at (15, 22.5, 30, 45 and 60 cm) and the relative depth has been assessed as (0.2, 0.4, 0.6, 0.7 and 1). The minimum total discharge for seepage occurred in the minimum foundation. However, the foundation depth increases the seepage and coefficient increase directly.
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[bookmark: _Ref157506962]Figure 17: Graph between relative depth and total discharge

[83] researched to examine how the uplift force and exit hydraulic gradient in gravity dams are affected by varying the location, quantity, and depth of cutoff walls. The goal was to identify the optimal configuration that minimizes the values of these parameters. focused on assessing the effects of employing multiple cutoff walls at six distinct depths and intervals. The considered dam was (Pine Flat Dam), the dam height, base width, and alluvial foundation depth were 150m, 96m and 29m respectively. The foundation soil was a homogeneous and isotropic porous medium, characterized by a saturated hydraulic conductivity value (ksat) for the soil material was 2x10-4m/s and zero permeability for the cutoff wall. Single cutoffs in length range 3m to 28m and double or three cutoffs in the range 5m to 28m were tested. The test result indicated the uplift pressure and exit gradient reduction was brained for resulting in a 51.58% reduction in uplift pressure and a 49.33% reduction in the exit hydraulic gradient for cutoff wall depth 28m compared to the non-cutoff wall state. The test result showed the role of the sheet pile length in seepage prevention and indicated as the cutoff depth increases, pressure head and exit gradient values reduce based on the sheet pile positions. The best place for minimizing the exit gradient is 96m away from the heel but for uplift pressure is at the heel directly.

Table 15: Test result for different cutoff depths related to uplift pressure and exit gradient

	Different Cutoff Depth (m)
	3
	6
	9
	12
	15
	18
	21
	24
	27
	28

	Uplift Pressure (m)
	Cases for one cutoff penetration for different position at upstream heel
	at heel point
	5338.7
	5090.7
	4943.3
	4724.2
	4544.3
	4223.7
	3922.1
	3551.3
	3006.8
	2705.1

	
	
	48m from U/S
	5517.8
	5517.7
	5517.5
	5517.2
	5516.8
	5516.4
	5515.8
	5515
	5514.3
	5513.2

	
	
	96m from U/s
	5707.9
	5974.6
	6184.7
	6408.8
	6650.4
	6916.2
	7219.6
	7653.6
	8136.3
	8437.8

	Exit Gradient
	
	at heel point
	3.0164
	2.9244
	2.823
	2.7096
	2.6515
	2.44
	2.271
	2.0599
	1.7458
	1.5708

	
	
	48m from U/S
	3.0965
	3.0574
	2.9943
	2.9027
	2.7856
	2.6381
	2.4537
	2.2152
	2.0013
	1.6609

	
	
	96m from U/s
	2.4066
	1.6682
	1.3394
	1.1408
	1.0015
	0.8927
	0.7965
	0.7065
	0.5911
	0.5311



[84]used the software program to detect the seepage phenomenon with different locations, different lengths, and double soil layers on the seepage case. Using ANN networking with the SEEP/W program showed that the differences are 5%, 2%, and 6% for the exit gradient, discharge, and uplift pressure, respectively, at the base of the hydraulic structure. The length of the cutoff can control the flow properties as concluded by[85]. The whole test results included following different cases with 729runs bases on the space distance different soil layers and sheet pile depth, both cutoffs were penetrated at U/S and D/S heel and toes points and second layer has lower permeability than first one, the whole test parameters and values shown below.
Table 16: Test parameters and values
	Parameters
	Values

	Depth of first sheet pile (d1)
	2.5, 4.5 and 5.5m

	Depth of second sheet pile (d2)
	2, 2.5 and 4.5m

	Depth of first soil layer(S1)
	3, 3.5and 4m

	Depth of second soil layer(S2)
	3.5, 4.5 and 5.5

	Permeability of first soil layer (K1)
	10-2,10-3 and 10-4 m/s

	Permeability of second soil layer (K2)
	10-5 , 10-6 and 10-7 m/s

	Upstream head (H)
	6m



The test result indicated the discharge variation decreased where both sheet pile extended to second layer. And it decreased by about 60.5% where the downstream one depth increased from 2.m to 4.5m for most cases. Changing layer thickness also changed the uplift pressure and discharge where the higher permeable layer thickness increased the uplift pressure increased and discharge increased proportionally. The discharge decreased of about (5.6%) with an increase in (d2) from (2m) to (2.5m). there was an approximately (60.5%) reduction in discharge when (d2) increased from (2.5m) to (4.5m). Uplift pressure depended on soil discharge proportionally. It decreased related to (d1/d2) ratio, it had an indirect relationship with downstream cutoff depth. It increased at 31% to 90% where d2 increased from 2m to 4.5m respectively. The best situation for decreasing the uplift pressure is to extend the first cutoff to penetrate the low permeable layer, decreasing the soil permeability help to reduce discharge and uplift pressure as concluded by [86]. The exit gradient is influenced by the permeability of the soil; if the second layer with lower permeability is increased relative to the first layer, the exit gradient also increases. This is because water, unable to infiltrate the deeper layer, moves laterally and reaches the surface more easily. it can be concluded the sheet pile length has a great role in reducing the uplift pressure and seepage. The optimum situation is to extend the sheet piles to meet the impermeable layer with consideration of its position and inclination. [87] examined the impact of varying sheet pile depths at upstream(d1), downstream(d2), and intermediate(d3) locations on water seepage through a uniform and isotropic soil foundation. Utilized the SEEP/W code within the GeoStudio software (2018) to analyze steady-state flow. The finding indicated as the sheet pile depth increases; the seepage ratio decreases. dam foundation hydraulic conductivity was 1x10-11 m/s, upstream water depth, impermeable layer depth, and dam base width were 25m, 25m, and 23m respectively, and space between sheet pile was computed as (X = 0.0, 11.5, and 23 m, respectively). The following cases below were obtained. 
iv. Case I: when the only downstream sheet pile was penetrated. The flow line was near the upstream base of the dam. d2 = 15m, flow line passed near the heel. The maximum pressure head near the dam heel was 48m compared to the toe was 35 to 42m. This proves that the pressure head changes directly with the flow line location. Extending sheet pile depth helps to take the flow line away from the foundation. Dropping uplift head depending on the sheet pile length for D/S one, for depths (5, 10, and 15m) were equal (55.58m, 40.96m, and 30.82m), but the best position is to install the cutoff at the heel point. seepage rate decreased with increasing the sheet pile length for example, the rate of seepage (q/kh) for relative distance(X/B) and d=5,10 and 15m is shown below respectively. Where X is the distance between the sheet pile center to heel.



          Figure 18: Seepage rate variation (q/kh) with different sheet pile length

The rate of exit gradient reduction is reduced by extending sheet pile depth gradually. A notable decrease in the relative exit gradient was achieved at its highest point when the sheet pile was driven into the toe for example (95.07%, 93.20%, and 89.38%) for cutoff length (5,10 and 15m respectively), as previously noted, the exit gradient is influenced by the flow pattern and uplift pressure. The extension of sheet piles near the toe results in diverting the flow line away from the toe, leading to the removal of the flow line at the toe and the occurrence of soil boiling further downstream, as previously discussed[88]. The most optimum cases related to reduction the pressure head is to penetrating sheet pile near the heel.


v. Case II: when Upstream and downstream sheet pile used, their depth changed (d1= 5, 10 and 15m), (d2 =6.5,11.5, and 16.5m) at heel and toe points. The flow pattern varied and lines was farther at upstream and downstream base with compared to previous case. The following result below was obtained.

Table 17: Seepage Parameters reduction related to utilization both U/S and D/S sheet pile with different length with compared to single sheet pile utilization.
	d1
(m)
	d2
(m)
	Exit Gradient Reduction
	Uplift Pressure Reduction
	Seepage Rate Reduction

	5
	6.5
	92.02%
	56.97%
	48%

	10
	11.5
	95.04%
	51.60%
	

	15
	16.5
	96.63%
	49.19%
	

	5
	95.07%
	89.65%
	35.65%

	10
	93.20%
	91.45%
	

	15
	89.38%
	93.36%
	



The research findings indicated that employing a double sheet pile was more effective than using a single one. There was an improvement in exit gradient and a reduction in seepage. Alterations in flow pattern lines were observed, impacting the result values. The adoption of a double sheet pile led to a displacement of lines by 15m at the dam base. The total water head beneath the dam base was approximately 38m, in contrast to 48m for a single sheet pile. The ultimate conclusion of the study affirmed that utilizing intermediate sheet piles with diverse locations and lengths provides the most optimal conditions for maintaining the dam's health. The flow pattern shapes is shown below.

[image: ]

         Figure 19: flow line pattern for single sheet pile and double sheet pile utilization



5.0 CONCLUSION
Seepage is the movement of water beneath a structure's foundation, flowing from a higher water level upstream to a lower level downstream. This phenomenon creates uplift pressure, displaces soil particles beneath the foundation, and leads to the development of gaps between the dam base and the soil. Seepage is one of the prevalent causes of dam failures, also in Iraqi dams this issue is widespread. Weak geological layers in Iraq and the presence of gypsum leading to karstification, contribute significantly to the prevalence of seepage in such situations. After brief reviewing of previous scientific work for utilization sheet pile to mitigate seepage purpose the flowing optimum outcome achievements have been collected.  
i. Approximately 30% of dam failures are referred to seepage issues. Karstification represents a primary hazard associated with seepage, it threatens to some Iraqi dams, particularly the Mosul Dam, leading to potential failure if is not adequately treated. Tectonically, all dams located within the low folded zone and the intense karstification appears of lineaments (Such as faults, folds, joints and fractures), which formed as a result of the two main normal faults of E-W trend. Dissolution of gypsum beds of Fatha formation has a high risk and hazards on the dam’s foundation, because the dissolution of gypsum increase the mass equivalent permeability.
ii. Seepage rate, uplift pressure and exit gradient depend on different head water, soil characteristics and flow pattern. Flow pattern net depends on flow path and affected by initialization sheet piles in categorizes. Using sheet pile is easiest way and most economical method to mitigate seepage issue. Cutoff material and its size have a great role, presence hole (slot) reduce the cut off effective in water treatment and seepage reduction, it increases waste water discharge. Slot places near the end of sheet pile body better than near the head or center. There is a direct relationship between slot size and waste water discharge. Steel sheet piles are the easiest ones for initialization and have long life service with high resistance to high stress with considering its quality and corrosion process. The Hat-Type sheet pile 900 significantly contributes to lowering both construction costs and durations.
iii. Sheet pile numbers, depth, interval distances and their position can play the role of cutoff application on parameters. The best situation is installing three sheet piles in heel, toe and base midpoint the following cases below were obtained:
· When the sheet pile used inside the dam body for rock fill and earth dam, the optimum situation is to penetrate it near the core center or 5m away in core center and extending its length to meet the impermeable layer beneath the foundation for mitigation seepage and uplift pressure. the maximum drop in the phreatic line is produced at the same point. The optimal position of the cut walls to reduce the hydraulic gradient is at the toe of the dam core. 
· Using double sheet pile is better than single one and triple sheet pile utilization is given the optimum situation. Elevated exit gradient values occur when the downstream toe cutoff is inclined toward the upstream side and (Ө < 90°) also uplift pressure is higher than the vertical cut-off there. The exit gradient increases when (Ө > 90°) and the maximum exit gradient reduction and uplift pressure reduction can be obtained where Ө = 120° for single sheet pile utilization in this position. When the single upstream cutoff is used the best clock wise angle is 45o to 120o for uplift pressure reduction and gives the most optimum case. The optimum case respect to seepage reduction for single sheet pile utilization scenario is to install the upstream heel sheet pile at angle 45o to 90o clockwise.
· The optimal location for sheet pile installation is at the midpoint of the dam's base. Seepage reduction, exit gradient, and efficiency are notably higher compared to the heel and toe positions. As the length of the sheet pile increases, the parameters gradually reduce. An angle ranging from 90 to 130 degrees is recommended for installation for single sheet pile case.
· Using double sheet pile is better than single one. The best position is to penetrate them at heel and toe points directly with considering their angles and length. U/S sheet pile angles as 45o to 60o and D/S at 90o to 130o clock wise if upstream is in right side have been confirmed respect to uplift pressure and exit gradient reduction. The minimum seepage can be obtained if the U/S sheet pile is inclined at 45o to 60o in clockwise direction toward the upstream.
· To optimize the use of mid sheet piles, it's recommended to insert the intermediate sheet pile at an angle ranging from 120 degrees to 150 degrees counterclockwise, aligning with the rotation of upstream and downstream sheet pile angle.
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