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Abstract
The coastal zone of Ras al-Bisha, located between the mouth of the Shatt al-Arab River and the eastern breakwater of
the Grand Faw Port, exhibits complex interactions of tidal forces, sediment transport, and anthropogenic modifications.
This study develops an engineering geological framework to assess sediment stability and geohazard potential under
semi-diurnal tidal conditions. Field measurements, including in situ vane shear tests at 41 stations, were used to
determine undrained shear strength and derive critical shear stress for surface sediments. Hydrological data provided
ebb and flood current velocities and water levels. A dual factor of safety (FS) approach was introduced to evaluate
sediment stability separately for ebb and flood tides, producing spatially explicit maps of stable (FS> 1.5), critical
(1.0≤FS≤ 1.5), and unstable (FS< 1.0) zones. The results reveal an inland-to-seaward gradient in sediment strength
and resistance, with very soft to soft sediments dominating the nearshore environment. Flood tides generate higher
applied shear stresses than ebb tides, leading to expanded unstable zones along the shoreline front. Erosion rate
analyses confirm greater sediment displacement during flood conditions, while ebb tides partially mitigate instability.
The dual-FS hazard maps offer a refined way for prioritizing monitoring and mitigation efforts, directly informing
coastal management and infrastructure planning in estuarine settings affected by bidirectional tidal dynamics.
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GFP Grand Faw Port9

GCPI General Company for Ports of Iraq10

MSC Marine Science Centre11

©2026 The Author(s). This is the Open Access article distributed

under the terms of the Creative Commons Attribution Licence.

List of symbols 12

𝛾𝑤 Unit weight of water (kN m−3) 13

𝑑 Water height above midpoint (m) 14

𝑆 Slope of the energy grade line (dimensionless) 15

𝜏𝑎 Applied fluid shear stress (Pa) 16

𝜏𝑎 𝐸𝑏𝑏 Applied fluid shear stress during ebb tide (Pa) 17

𝜏𝑎 𝐹𝑙𝑜𝑜𝑑 Applied fluid shear stress during flood tide (Pa) 18

𝜏𝑐 Critical shear stress of sediment (Pa) 19

𝑆𝑢 Undrained shear strength of sediment (kPa) 20

𝛽 Dimensionless constant (2.6×10−4) 21

https://creativecommons.org/licenses/by/4.0/deed.en
https://doi.org/10.5697/...
mailto:wisam.muttashar@uobasrah.edu.iq 


In
Pr
es
s

Geohazards and coastal dynamic: Geo-engineering assessment of the southern Iraqi shore ... 2/12

1. Introduction22

The stability of coastal environments is shaped by a com-23

plex interplay of natural forces and human interventions.24

Global studies of sediment stability and geohazards have25

established that shoreline erosion and changes in sedi-26

ment dynamics present substantial threats to infrastruc-27

ture and ecosystems. Researchers have used approaches28

such as numerical and empirical modeling, remote sens-29

ing, and risk assessment frameworks to quantify sediment30

movement, monitor coastal change, and support adapta-31

tion (Liu et al., 2023; Sun et al., 2025). Sophisticated meth-32

ods integrating field measurements, modeling, and remote33

sensing have elucidated mechanisms behind erosion, land34

subsidence, liquefaction, and slope failures, with particu-35

lar attention to environments at risk of flooding and engi-36

neering hazards (van Rijn, 2016). Hashemi et al. (2014)37

implemented a hazard mapping framework integrating ge-38

ological, sedimentological, and geotechnical data, relying39

on boreholes and dynamic cone penetrometer tests across40

a deltaic setting. They identified unstable Holocene sedi-41

ments most prone to liquefaction, erosion, and subsidence,42

enabling zonation for risk management and future urban43

planning. However, a consistent finding among global stud-44

ies is that tailored site-specific investigations remain in-45

dispensable for effective management, given the unique46

geological, hydrodynamic, and socio-economic factors that47

shape coastal sediment stability and hazard profiles (van48

Rijn, 2016).49

In the study region, previous studies have examined 50

shoreline instability, highlighting the large reduction in 51

sediment supply due to upstream water management pro- 52

jects. Remote-sensing analyses have captured significant 53

shoreline change in the northern Arabian/Persian Gulf and 54

have shown both retreat and episodic progradation, espe- 55

cially under tidal and wave influences (Al-Aesawi et al., 56

2020; Aladwani, 2022; Al-Fartusi, 2023). The southern 57

Iraqi coast – specifically the Ras al-Bisha region between 58

the mouth of the Shatt al-Arab River and the eastern break- 59

water of the Grand Faw Port (Figure 1), presents unique 60

sedimentary and hydrodynamic characteristics that war- 61

rant a detailed geotechnical andhazard assessment (Mahdi 62

et al., 2025). This region faces energetic tidal fluctuations, 63

sediment transport dynamics, and anthropogenic modifi- 64

cations, all contributing to significant erosion, deposition 65

rates, and coastal morphology changes (Albadran and Al- 66

badran, 1993; Albadran et al., 2002; Al-Aesawi et al., 2020; 67

Muttashar et al., 2024). Muttashar et al. (2024) tracked 68

coastline changes using historical bathymetric charts and 69

the Digital Shoreline Analysis System (DSAS), reporting 70

an average shoreline retreat of 3.48 m year−1 for the Iraqi 71

side and linking these changes to sediment composition 72

and physical controls identified from a few geotechnical 73

measurements taken from the literature, such as shear 74

strength of the sediment. Mahdi et al. (2025), in their com- 75

prehensive review, emphasized the critical need to focus 76

on the field mechanical properties of sediments, noting 77

that research in this specific aspect remains limited. Such 78

Figure 1. Location map of the study area.



In
Pr
es
s

Geohazards and coastal dynamic: Geo-engineering assessment of the southern Iraqi shore ... 3/12

studies are essential for evaluating sedimentation hazards79

and accurately determining erosion rates. Assessing sed-80

imentation rates typically requires factoring in tidal cur-81

rent dynamics and measurements of the sediment shear82

strength (Muttashar et al., 2025). In their research, the83

measurements of critical shear stress and safety factors84

for both ebb and flood tide conditions were conducted to85

quantify erosion rates occurring during these tidal events.86

Previous research often focuses separately on either87

historical shoreline changes or specific sediment character-88

istics, without integrating these findings into robust hazard89

assessment models for engineering and management pur-90

poses. Connections between coastal engineering activities,91

changing hydrodynamic conditions, and their combined92

influence on erosion are only starting to be explored (Mut-93

tashar et al., 2024; Mahdi et al., 2025). Bridging these gaps94

is essential for improving coastal risk monitoring and en-95

suring the sustainable management of Iraq’s increasingly96

vulnerable shorelines.97

This study seeks to develop engineering geological haz-98

ard maps and to conduct a detailed assessment of erosion99

rates, with a particular emphasis on the factor of safety,100

a critical measure for understanding sediment stability101

under dynamic marine influences. This approach qantifies102

the ratio between the critical shear stress of sediment and103

the critical shear stress of water, providing independent104

evaluations for ebb tide conditions and flood tide condi-105

tions. The significance of this approach is considering the106

varying shear velocity characteristics of seawater at ebb107

and flood tides, where a dual factor of safety will be in-108

troduced. This enhances hazard mapping and supports109

precise coastal risk assessment in dynamic marine situa-110

tions.111

2. Theoretical background112

The fluvial and coastal processes governing sediment sta-113

bility are inherently tied to the interactions between hy-114

draulic forces and geotechnical properties of the sediments115

(Muttashar et al., 2025). The fundamental parameters driv-116

ing erosion, deposition, and sediment transport include ap-117

plied fluid shear stress (𝜏𝑎) and critical shear stress (𝜏𝑐) for118

sediment, which dictate sediment detachment and trans-119

port mechanisms. The semi-diurnal tidal nature of the120

Ras al-Bisha region introduces dual hydraulic behaviors,121

requiring an advanced framework for evaluating sediment122

stability under both ebb and flood tide conditions.123

The hydrodynamic regime in Ras al-Bisha is catego-124

rized as a semi-diurnal tidal system (Lafta, 2023), mean-125

ing that ebb and flood tide currents exert alternating influ-126

ences on sediment stability (Muttashar et al., 2025). Unlike127

traditional coastal stability analyses, where a single factor128

of safety (FS) is used, this study introduces a dual FS ap-129

proach to account for dynamic bidirectional shear stress130

conditions: (FSebb) considers the shear stress exerted by131

ebb tide currents.132

FSflood considers the shear stress exerted by flood tide 133

currents. 134

The fluvial process can be presented using the average 135

applied fluid shear stress, 𝜏𝑎, as a parameter showing the 136

hydraulic river characteristics: 137

𝜏𝑎 = 𝛾𝑤𝑑𝑆 (1)

where 𝛾𝑤 is the unit weight of water (kN m−3), 𝑑 is water 138

height above midpoint (m), and S is slope of the energy 139

grade line, approximated by the channel slope. This fluid 140

shear stress (𝜏𝑎) is a crucial indicator of the erosion pro- 141

cess by comparing the fluid shear stress with the critical 142

shear stress of the riverbank material (𝜏𝑐). The critical 143

shear stress expresses the strength of the sediment con- 144

sisting of the riverbanks or beds. 145

Soil properties seem to be the crucial factor in eval- 146

uating the bank stability against the hydraulic factors of 147

the river. Léonard and Richard (2004) developed a signifi- 148

cant relationship between 𝜏𝑐 and undrained shear strength 149

(𝑆𝑢), with a high coefficient of correlation (R2 = 0.93), as 150

described in Equation (2). 151

𝜏𝑐 = 𝛽(𝑆𝑢) (2)

𝛽 is a dimensionless constant equal to (2.6×10−4), result- 152

ing from experimental tests. In this study, undrained shear 153

strength measured through the geotechnical tests of the 154

selected sites was used to estimate the critical shear stress 155

of the surficial sediment layer (𝜏𝑐), in which erosion of 156

surficial sediment layer takes place if 𝜏𝑎 exceeds 𝜏𝑐. 157

Both 𝜏𝑎 and 𝜏𝑐 are well correlated to the rate of erosion 158

of the sediments, and the erosion rate (𝜀) can be estimated 159

as a function of 𝜏𝑐. Thus, erosion can be expressed through 160

the factor of safety (FS) (Muttashar et al., 2025): 161

𝜀 = FS=
𝜏𝑐

𝜏𝑎
(3)

The study area has two hydraulic behaviors (flood and 162

ebb tides) daily at approximately 6 hours for each behavior 163

(Lafta, 2021). As a result, the flood and ebb currents act at 164

two hydraulic statuses in terms of velocity direction and 165

magnitude, acting uniformly. In the flood tide status, the 166

direction of the flood currents is opposite to the ebb ones, 167

causing the currents’ direction to change water speed (𝑢). 168

The two cases of the tidal river should be considered when 169

the effect of the fluid shear stress on the grains detaching 170

is analyzed. Specifically, this study evaluates whether the 171

tidal flood and ebb currents, noted as 𝜏𝑎 𝐹𝑙𝑜𝑜𝑑 and 𝜏𝑎 𝐸𝑏𝑏, 172

respectively, exceed or fall below than critical shear stress, 173

𝜏𝑐. Therefore, this research examines this two-fluid shear 174

stresses. 175

Thus, Equation (1) could be expressed as 𝜏𝑎 𝐸𝑏𝑏 = 176

+𝛾𝑤𝑑𝑆 at tidal ebb conditions, and 𝜏𝑎 𝐹𝑙𝑜𝑜𝑑 = −𝛾𝑤𝑑𝑆 at 177

tidal flood conditions. 178
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Figure 2. The measurement sites, accompanied by photographs illustrating the muddy sediment characteristics within

the study area.

After determining 𝜏𝑐 and checking if 𝜏𝑎 ≥ 𝜏𝑐, sediment179

erosion exists. To test the required parameters to evaluate180

the hazard levels of the coastal sediment instability, hydro-181

logical and geotechnical measurements were performed.182

3. Material and methods183

3.1 Site description184

The studied region, specifically the shore area, the Ras al-185

Bisha zone between the Shatt al-Arab River mouth and the186

eastern breakwater of the Grand Faw Port, as shown in187

Figure 1, exhibits distinct sedimentary and dynamic hydro-188

dynamic conditions. It is characterized by complex inter-189

actions of riverine and estuarine processes (Muttashar et190

al., 2021; Alfaris et al., 2024). The study area features fine-191

grained soils with elevated silt and clay content (Alkhafaji192

et al., 2023; Al-Asadi et al., 2023). The land progressively193

declines toward the Gulf in the southern region of the sed-194

imentary plain, beginning with the coastal marshes in the195

north and reaching the lowest elevation of the islands in196

the southernmost area (Albadran, 2004).197

The study region comprises a tidal flat strip that stretch-198

es from the eastern bank of the Shatt al-Arab River to the199

entrance of the Khor al-Zubair channel, approximately 36200

nautical miles in length, as illustrated in Figure 1. The re-201

gion is defined as a shallow zone exhibiting an arid climate202

during the summer and a humid climate in thewinter (Dar-203

moian and Lindqvist, 1988). The sedimentary processes 204

on the Iraqi coast are affected by the sediments provided 205

by the Shatt al-Arab River and Khor Abdullah waterway, as 206

well as tidal and coastal currents (Albadran and Albadran, 207

1993). 208

The region shows instability attributed to the velocity 209

and dynamics of the waves, as well as the climatic condi- 210

tions influencing the tidal currents (Al-Amery and Al-Saad, 211

2002). The tide conditions exhibit a mixed tidal regime 212

that is predominantly semi-diurnal, featuring two unequal 213

high and low tides most days (Lafta, 2022). Tidal ranges 214

vary significantly, from about 1 meter near Basra to as 215

much as 3 meters at Faw and the river mouth, reaching 216

approximately 3.7 meters during spring tides (Al-Fartusi, 217

2022), with strong tidal current velocities up to 1 m s−1 218

recorded near the river mouth. These tidal forces play 219

a dominant role in shaping the hydrodynamic and environ- 220

mental conditions along the Iraqi coast and Shatt al-Arab 221

Estuary. 222

The earlier study by Mahdi et al. (2025) identifies the 223

construction of the Grand Faw Port (GFP) as a pivotal in- 224

tervention that has introduced a new coastal configuration 225

requiring further scientific investigation. This develop- 226

ment has effectively divided the Iraqi shoreline into two 227

morphologically distinct segments: the eastern shoreline, 228

which stretches from thewestern bank of the Shatt al-Arab 229

River to the eastern breakwater of the GFP, and the west- 230
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ern shoreline, which extends over 34 km from the port’s231

western breakwater to Khor Shatanah at point 107 (see232

Figure 1). The present study concentrates on the east-233

ern segment, particularly the Ras al-Bisha zone, due to its234

pronounced geomorphological dynamics and evident in-235

stability resulting from ongoing erosional and depositional236

processes.237

Figure 2 illustrates the spatial extent of the study area238

and the distribution of measurement sites (S1 to S41) lo-239

cated between the Shatt al-Arab River estuary and eastern240

breakwater of GFP. The study area, as presented in field241

photographs b, c, and d, brings about the natural surfi-242

cial conditions of the tidal flat sedimentary environment243

investigated.244

Figure 3. Key steps of the research methodology.

The flowchart (Figure 3) illustrates the key steps in the245

methodology of this research, providing a clear overview246

of the evaluation of sediment stability for the development247

of geo-engineering hazard maps for the southern part of248

the Iraqi coast, specifically the Ras al-Bisha zone.249

The flow chart presents a systematic approach for eval-250

uating and delineating geohazards, consisting of five con-251

secutive steps. The process commences with Data Col-252

lection and Preprocessing, involving the acquisition and253

preparation of critical geotechnical and hydrological data254

for subsequent analysis. The subsequent phase, Geohazard255

Factors, emphasizes the assessment of critical parameters256

including sediment shear strength and tidal current ve-257

locities under ebb and flood conditions. The next step258

involves determining the factor of safety, which includes259

calculating the critical shear stress of sediments alongside 260

the corresponding water-induced shear stress to evaluate 261

stability. The Geohazard Assessment phase employs these 262

calculations to assess potential risks and pinpoint vulner- 263

able areas. The Mapping Geohazard Levels step converts 264

assessment results into spatially explicit maps, facilitating 265

the visualization of hazard-prone areas. 266

3.2 Geotechnical measurements 267

The main purpose of the geotechnical data is to detect the 268

critical shear stress (𝜏𝑐) dependent on the shear strength 269

parameter of the sediment layer. To do so, in situ shear 270

strength measurements were implemented. 271

3.2.1 Field shear strength measurements: 272

Forty-one sampling stations, designated S1 to S41 (see 273

Figures 2 and 3 were established for the study. Thirteen 274

of these stations were estimated by extrapolation from 275

measurements from nearby sites and validated through 276

satellite imagery color patterns, as certain areas were dif- 277

ficult to access. The field vane shear equipment was used, 278

following the ASTM Standard (D 2573). It is an instrument 279

consisting of a rod connected to an iron feather at one end 280

and a torque arm at the other end. The feather is pene- 281

trated to the required depth, then the torque arm is rotated 282

and the torque is calculated. The aim is to calculate the 283

shear strength (𝑆𝑢) of the soil on-site. This method, known 284

as the vane shear test, was selected because it is particu- 285

larly well-suited for soft, cohesive sediments, which are 286

dominant in the study area. Such sediments often pose 287

challenges for other geotechnical testing tools due to their 288

low strength and high-water content, making the vane 289

shear test a reliable and practical choice for obtaining ac- 290

curate in-situ measurements in these conditions. 291

3.2.2 Classification tests 292

The particle-size and plasticity analysis of the eight soil 293

samples were performed using the ASTM standard (D422 294

and D4318) to identify the soil types. taken from a depth 295

of 10 cm to 1 meter, focusing on the first 20 cm represent- 296

ing the surface sediments of the area affected by marine 297

processes. Table 1 shows typical sediment sample analysis 298

of the study area. 299

Table 1. Typical sediment characteristics of the study area.

Characteristics Value

Fine% 94%

Sand% 6%

Silt% 70%

Clay% 24%

PI 7%

LL 39%

3.3 Hydrological measurement 300

The hydrological parameters are essential to estimate the 301

fluid shear stress (𝜏𝑎) at the selected sites and subsequently 302
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estimate the erosion rate at both (ebb and flood) tide condi-303

tions. Hydrological data were collected from hydro-304

graphic station near the breakwater at 29°50′2.24′′N,305

48°28′45.27′′E, which was constructed by Daewoo Engi-306

neering & Construction Co., Ltd. at the western breakwa-307

ter of Al-Faw port in the entrance of the Khor Abdullah308

waterway. An hourly record of the water level, currents309

directions and magnitudes for the entire month was used.310

4. Results311

4.1 Geotechnical consideration312

4.1.1 Sediment shear strength313

Across 41 sampling stations labeled S1 through S41 (Fig-314

ures 2 and 3) the dataset exhibits notable spatial variabil-315

ity of sediment shear strength (𝑆𝑢), measured in kilopas-316

cals (kPa). As illustrated in Table 2, the maximum shear317

strength was recorded at Station S10, reaching approxi-318

mately 45 kPa, whereas the minimum value of about 5 kPa319

occurred near Station S16. Based on the trend, the aver-320

age shear strength typically falls within the range of 20 to321

25 kPa.322

Table 2. Trend of sediment shear strength parameter.

Shear strength parameter Value/Station

Minimum value 5 kPa at Station S16

Maximum value 45 kPa at Station S10

Average range 20–25 kPa (estimated)

Based on the Terzaghi et al. (1996) classification, the323

measured undrained shear strength (𝑆𝑢) values across the324

stations can be categorized into distinct clay consistency325

classes. Stations exhibiting 𝑆𝑢 values below 12 kPa fall into326

the ‘very soft’ clay category, indicating extremely weak327

and compressible sediments; this includes sites like S16.328

Values ranging from 12 to 25 kPa would be considered329

‘soft’, while those between 25 and 50 kPa are classified330

as ‘medium’ consistency. The majority of the 𝑆𝑢 values in331

the dataset lie within the very soft to medium range. This332

classification suggests that the sediment across the study333

area is generally weak to moderate level of shear strength.334

Figure 4 shows typical profiles of field undrained shear335

strength measured to a depth of approximately 100 to 110336

cm. This illustrates the behavior of 𝑆𝑢within the initial one337

meter indicating a low to very low shear strength of the soil.338

The 𝑆𝑢 values typically decline with increasing depth, be-339

ginning at 20–30 kPa at 10 cm and decreasing to 8–10 kPa340

at 120 cm. The overall trend (dashed line) demonstrates a341

consistent and gradual decline in undrained shear strength342

as depth increases. The observed decline may indicate a343

weak layer or the impact of saturation lowering effective344

stress as a result of groundwater influence, implying uni-345

form soil conditions.346

Geographically, the general trend of undrained shear347

strength decreases from the land toward the sea. Figure 5348

Figure 4. Typical undrained Van shear strength profiles

showing ideal trend of 𝑆𝑢 in the study area.

Figure 5. General undrained shear strength profiles at four

sites indicating decrease in 𝑆𝑢 from the land S10 toward

the sea S19.

reveals this 𝑆𝑢 trend at four sites indicating a decrease in 349

𝑆𝑢 from the land (site# S10) toward the sea (site# S19), 350

suggesting sediment becomes less resistant toward the 351

sea. 352

It is important to note that while a general decline 353

in undrained shear strength (𝑆𝑢) with depth is observed 354

across many sites (Figure 4), this trend is not consistently 355

evident at all locations, particularly at sites S19 and S10, 356

as illustrated in Figure 5, which presents the horizontal 357

(geographical) variation in 𝑆𝑢. At the seaward site S19, 𝑆𝑢 358

values are extremely low (less than 10 kPa), making it diffi- 359

cult to discern a clear vertical trend within the first meter. 360

This may be due to high saturation levels with insufficient 361

effective stress of the surficial sediment layer. In contrast, 362

site S10, situated further inland, shows no distinct 𝑆𝑢 trend 363
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Figure 6. Distrubtion of shear strength (𝑆𝑢) for sediment.

Figure 7. Spacial distrubtion of critical shear stress (𝜏𝑐)

for sediment.

in the upper 80 cm, but an increase in strength is observed364

below that depth. This pattern aligns with typical inland365

sediment behavior, where increasing effective stress due366

to compaction enhances shear strength with depth.367

4.1.2 Shear strength and critical shear stress of the coastal368

sediments369

Figure 6 reveals the spatial variation in the undrained370

shear strength of sediment (𝑆𝑢) across the study area. In371

Figure 6, the sediment is grouped into three consistency372

categories: very soft, soft, and medium stiff. The inland373

regions, particularly those closer to the upper boundary374

of the map, are dominated by medium-stiff sediments, in-375

dicating areas with consolidated, compacted clays. Mov-376

ing seaward, a clear spatial gradient emerges: sediment377

shear strength gradually decreases toward the seaside,378

where soft and very soft sediments becomemoreprevalent,379

which implies recent accumulation, higher water content,380

and lower stability. These nearshore zones are character-381

ized by fine-grained, water-saturated, and loosely packed382

sediments, traits commonly associated with active deposi- 383

tion zones and tidal influence. 384

Figure 7 presents the spatial variation of the critical 385

shear stress (𝜏𝑐) of surface sediments across the study area, 386

with values expressed in pascals (Pa). Critical shear stress 387

represents the minimum force required to initiate sedi- 388

ment movement, making it a key parameter in evaluating 389

sediment stability and erosion potential. The legend classi- 390

fies 𝜏𝑐 into three categories: very low resistance (<3.0 Pa), 391

low resistance (3.0–6.0 Pa), and intermediate resistance 392

(6.0–10.5 Pa), allowing for a clear visual distinction of sed- 393

iment strength across the region. 394

A distinct spatial trend is evident in the distribution of 395

𝜏𝑐 values. Toward the inland areas, particularly near the 396

river’s creeks and away from direct marine influence, sed- 397

iments generally exhibit the highest critical shear stress 398

values that suggests greater resistance to erosive forces. In 399

contrast, areas closer to the shoreline and seaward zones 400

reveal lower 𝜏𝑐 values, indicatingweaker, less consolidated 401

sediments that are more vulnerable to resuspension and 402

transport by tidal currents or wave action. This inland- 403

to-seaward gradient in 𝜏𝑐 reflects the natural depositional 404

and hydrodynamic conditions of the estuary, where sea- 405

ward sediments are more frequently reworked by marine 406

forces, resulting in finer textures and reduced cohesion. 407

Understanding this spatial variability is crucial for assess- 408

ing erosion risks. 409

4.2 Hydrological properties and tidal currents behavior 410

Water level changes in the northwestern end of the Gulf are 411

predominantly influenced by astronomical tides, account- 412

ing for approximately 90% to 96% of variations (Lafta, 413

2021). Theobservedpattern suggests a tidal current regime 414

characterized by semidiurnal tides, occurring twice daily. 415

Figure 8. Speed and dircetions of tidal currents in the

studty area.
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Figure 9. Erosion rates at two (a) flood (high) and (b) ebb tide conditions.

The periodic velocity peaks correspond to the flood tide,416

bringing water in, while the troughs correspond to ebb417

flows, moving water out. Figure 8 illustrates a typical pat-418

tern of the tidal currents in a study area over a 24-hour419

period, showing both velocity and direction of the currents.420

For the current velocity dynamics, it oscillates between ap-421

proximately 0.05 m s−1 and 1.1 m s−1. At the beginning,422

velocity starts at about 0.6 (ebb), then drops to its low-423

est (0.05 m s−1) around hour 3. It rises sharply to a peak424

about (1.1 m s−1) at hour 6 during the flood phase. After425

the peak, velocity decreases again, hitting another mini-426

mum (0.2 m s−1) at hour 12 (ebb). This cycle repeats, with427

the second velocity peak around (0.9 m s−1) at hour 15428

(flood) and a smaller peak (0.6 m s−1) at hour 20.429

For the tidal phase, ebb is outflowingwater, lower veloc-430

ities, and a direction near 50°, whereas flood is inflowing431

water, higher velocities, and a direction near 350°.432

4.3 Erosion rate analysis433

The erosion rate conditions depicted in the Figure 9 il-434

lustrate the spatial variations in sediment erosion under435

different tidal phases, flood tide (Figure 9a) and ebb tide436

(Figure 9b). The study area exhibits noticeable differences437

in erosion intensity based on tidal influences.438

The figure reveals distinct zones where high erosion439

rates (dark zones) dominate near the coastal front experi-440

encing significant sediment displacement due to wave ac-441

tion, tidal currents, and possible anthropogenic influences442

such as port activity. The low erosion rates (light zones)443

extend further inland with less hydrodynamic process.444

However, as the tide recedes, Figure 8b, sediment trans-445

port mechanisms shift, resulting in lower erosion rates446

compared to high tide conditions (Figure 9a).447

Figure 9b indicates that while high erosion areas remain448

near the seawater side, they are less extensive than in449

Figure 9a. Instead, zones of moderate erosion are more450

widespread, suggesting gradual sediment redistribution451

rather than abrupt displacement. The study area experi-452

ences a general reduction in erosion intensity at ebb tide,453

with low erosion zones appearing along the inland por- 454

tions, where water velocities weaken. 455

4.4 Factor of safety (FS) 456

Figure 10 illustrates the spatial distribution of the factor 457

of safety (FS) under the two tidal conditions; flood tide 458

(FSflood) in Figure 10a and ebb tide (FSebb) in Figure 10b 459

in the region. The FS values are categorized into three sta- 460

bility classes: stable, critical, and unstable, each indicating 461

varying levels of geotechnical risk. In Figure 10a, the stable 462

zones (FS> 1.5) are shown in dark zones, indicating areas 463

of relative low hazard where sediments are more resistant. 464

These regions are mostly found further inland. 465

In contrast, critical zones (1.0≤ FS≤1.5) appear in, 466

marking areas with medium hazard where sediment sta- 467

bility is reduced. 468

The unstable zones (FS<1.0) are highlighted in light 469

areas, representing high hazard areas prone to sediment 470

instability and potential erosion or seabed failure. These 471

areas are more heavily influenced by estuarine and tidal 472

processes, where wave activity and tidal currents exert 473

significant stress on the sediments. 474

These regions arenotably concentrated in thenearshore 475

zones adjacent to the eastern breakwater and river 476

mouth, where dynamic tidal forces weaken sediment co- 477

hesion. 478

Figure 10b illustrates the FS distribution during ebb 479

tide as tidal water levels recede. While unstable (light) 480

zones remain, they expand slightly in area, leading to a cor- 481

responding reduction in the stable zones compared to 482

flood tide conditions (Figure 10a). This indicates that sedi- 483

ment stability improves as seawater shear stress decreases. 484

Consequently, sediment along shoreline margins experi- 485

ences reduced risk during ebb tide compared to high tide. 486

However, unstable zones remain prominent, particu- 487

larly along tidal channels and estuarine boundaries, indi- 488

cating that certain regions remain geotechnically vulner- 489

able even at ebb tide. These areas are prone to localized 490

erosion, possibly due to residual tidal currents or sediment 491
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Figure 10. Hazard maps at (a) flood tide (high) and (b) ebb tide conditions according to Hadmoko et al. (2010)

classification.

softening from prior tidal inundation.492

5. Discussion493

The integration of geotechnical and hydrological data has494

enabled the development of a dual-factor safety framework495

that captures the dynamic nature of sediment stability un-496

der alternating tidal conditions. This discussion synthe-497

sizes the key findings and interprets their implications for498

coastal hazard management, sediment dynamics in this499

vulnerable estuarine environment.500

5.1 Spatial variability of sediment strength and critical501

shear stress502

The undrained shear strength (𝑆𝑢) of sediments exhibits503

significant spatial variability, ranging from as low as 5 kPa504

near the seaward edge (e.g., Station S16) to approximately505

45 kPa inland (e.g., Station S10). This gradient reflects506

the natural depositional environment, where nearshore507

sediments are characterized by high water content, finer508

grain sizes, and lower effective stress, resulting in weaker509

mechanical behavior. Conversely, inland-side sediments510

are more compacted and cohesive due to reduced hydro-511

dynamic disturbance and prolonged compression. The512

classification of 𝑆𝑢 values into very soft, soft, and medium513

stiff categories based on Terzaghi et al. (1996) further sup-514

ports this interpretation. The prevalence of very soft to515

soft sediments in the coastal front underscores the suscep-516

tibility of these zones to erosion and deformation under517

tidal forces.518

This spatial pattern is mirrored in the distribution of519

critical shear stress (𝜏𝑐), which is directly derived from520

𝑆𝑢 using the empirical relationship proposed by Léonard521

and Richard (2004). The inland areas exhibit higher 𝜏𝑐522

values (up to 10.5 Pa), indicating greater resistance to523

sediment entrainment, while the seaward zones show 𝜏𝑐524

values below 3.0 Pa, highlighting their vulnerability to hy-525

drodynamic forces. This inland-to-seaward gradient in 𝜏𝑐526

is consistent with the natural sedimentological transition 527

from consolidated clays to loosely packed, water-saturated 528

muds. 529

5.2 Tidal hydrodynamics and shear stress behavior 530

The Ras al-Bisha region is governed by a semi-diurnal tidal 531

regime, with two flood and two ebb tides occurring daily. 532

The hydrological data collected from the hydrographic 533

station near the Grand Faw Port (GFP) reveal that tidal 534

current velocities fluctuate between 0.05 m s−1 and 1.1 535

m s−1, with flood tides generally exhibiting higher veloc- 536

ities and more pronounced directional shifts. These al- 537

ternating tidal phases exert bidirectional shear stresses 538

on the sediment surface, necessitating a dual-factor safety 539

approach. The applied fluid shear stress (𝜏𝑎), calculated 540

using the equation 𝜏𝑎 = 𝛾𝑤𝑑𝑆, varies between flood and 541

ebb conditions due to changes in water depth and slope. 542

During flood tides, the inflowing water generates higher 543

𝜏𝑎 values, which, in many nearshore locations, exceed the 544

critical shear stress of the sediment, leading to active ero- 545

sion. Conversely, during ebb tides, the outflowing water 546

produces lower 𝜏𝑎 values, resulting in reduced erosion po- 547

tential. This dynamic is clearly illustrated in the erosion 548

rate maps (Figure 9), where flood tide conditions corre- 549

spond to more extensive high-erosion zones compared to 550

ebb tide conditions. 551

5.3 Factor of safety and geohazard mapping 552

The introduction of a dual-factor safety framework, FSflood 553

and FSebb, represents a significant advancement in coastal 554

hazard assessment. By evaluating sediment stability under 555

both tidal conditions, the study provides a more nuanced 556

understanding of temporal variations in geo-engineering 557

risk. The spatial distribution of FS values reveals three 558

distinct zones: 559

• Stable zones (FS>1.5), primarily located in inland 560

side, where sediments are more resistant to tidal 561
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forces.562

• Critical zones (1.0≤ FS≤1.5), representing transi-563

tional areas with moderate hazard potential.564

• Unstable zones (FS<1.0), concentrated near the565

shoreline andestuarineboundaries, where sediments566

are prone to erosion and failure.567

The comparison between FSflood and FSebb maps indi-568

cates that flood tides pose a greater threat to sediment569

stability, as evidenced by the expansion of unstable zones570

during high tide. However, certain areas remain geotech-571

nically vulnerable even during ebb tides, suggesting per-572

sistent instability due to residual tidal currents, sediment573

softening, or anthropogenic disturbances.574

The applied dual safety factor methodology transcends575

the traditional single-safety-factor approach by demon-576

strating, that the two independent safety factors, corre-577

sponding to flood (FS_flood) and ebb (FS_ebb) tidal hy-578

drodynamic conditions, govern sediment stability and ero-579

sion hazard. This methodological advance aligns with find-580

ings from recent global studies (e.g., van Rijn, 2016; Liu et581

al., 2023), which encourage frameworks that account for582

context-specific (local) hydrodynamic variations.583

5.4 Implications for coastal management and infras-584

tructure585

The findings of this studyhavedirect implications for coastal586

zone management, particularly in the context of ongoing587

development projects such as the Grand Faw Port. The588

construction of the GFP has altered the coastal configura-589

tion, dividing the shoreline into morphologically distinct590

segments and modifying local hydrodynamics. The east-591

ern segment, including the Ras al-Bisha zone, now experi-592

ences intensified tidal action and sediment redistribution,593

which may exacerbate erosion and compromise the stabil-594

ity of adjacent infrastructure. The identification of unsta-595

ble zones near the eastern breakwater and river mouth596

highlights the need for targeted mitigation measures, such597

as sediment reinforcement, shoreline armoring, or strate-598

gic dredging. Moreover, the dual-factor safety maps can599

serve as decision-support tools for planners and engineers,600

enabling the prioritization of high-risk areas for monitor-601

ing and intervention.602

5.5 Broader context and future directions603

TheRas al-Bisha zone represents amicrocosmof the broad-604

er challenges facing deltaic and estuarine environments605

worldwide. The dual-factor safety approach developed in606

this study offers a practicalmodel, particularly for those ex-607

periencing rapid environmental change. Future research608

should explore the long-term evolution of sediment sta-609

bility by developing this approach through integration of610

remote sensing, real-time monitoring, and machine learn-611

ing to enhance predictive capabilities and support adaptive612

management strategies.613

6. Conclusion 614

The engineering geological assessment of the Ras al-Bisha 615

coastal zone demonstrates the efficacy of a dual factor of 616

safety framework for capturing temporal variations in sed- 617

iment stability under alternating tidal phases. Key findings 618

and implications include: 619

• Spatial Variability of Sediment Strength: An inland- 620

to-seaward decline in undrained shear strength (𝑆𝑢: 621

5–45 kPa) and critical shear stress (tc: < 3–10.5 Pa) 622

highlights the transition from consolidated clays in 623

upland areas to soft muds nearshore towards the 624

seaside. 625

• Tidal Phase Influence on Stability: Flood tides im- 626

pose higher hydrodynamic stresses, expanding un- 627

stable zones (FSflood< 1.0) close to the eastern break- 628

water and rivermouth. Ebb tides reduce shear stress 629

and marginally increase stable areas (FSebb >1.5), 630

though certain areas remain vulnerable. 631

• Geohazard Mapping as Decision Support: The dual- 632

FS maps delineate high-risk zones for targeted in- 633

terventions, such as localized armoring, sediment 634

reinforcement, or strategic dredging, and guide port 635

and shoreline infrastructure planning to enhance 636

resilience against tidal erosion. 637

• Broader Coastal Management Considerations: The 638

methodology offers a blueprint for other deltaic and 639

estuarine regions where bidirectional tidal forces 640

and human developments interact. Incorporating 641

these findings into policy can improve sustainable 642

shoreline management and support adaptive re- 643

sponses to ongoing port expansion and upstream 644

water regulation. 645

• To further refine hazard predictions, future work 646

should integrate remote sensing and real-time mon- 647

itoring to track sediment dynamics under seasonal 648

and climatic variations. 649
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