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Abstract
This paper deals with an important coastal engineering problem of defining proper seabed saturation conditions, which
have a significant influence on the pore-fluid compressibility and the wave-induced cyclic response of poro-elastic
seabed sediments. A unique in-situ measuring campaign was conducted in the tidal zone of the northern beach of
Norderney, off the North Sea coast of Germany, where 186 sandy seabed samples were taken underwater. Based on the
laboratory measurements, a set of calculated saturation degrees was statistically analysed. Both the histogram and the
normal Q-Q plot, as well as the Shapiro-Wilk normality test, confirmed the validity of the assumption of the normal
probability distribution for the variability of the degree of saturation. The mean degree of saturation of the top layer of
the seabed, 𝑆𝑟 = 0.973, constitutes the main output of the study, whereas the uncertainty propagation analysis enabled
to define the possible range of variation, which is 0.962 ≤ 𝑆𝑟 ≤ 0.986. It should be clearly emphasised that a proper
assessment of the seabed saturation conditions is very important, mainly due to the correctness of the description of
the wave-induced pore-fluid pressure field used in more detailed analyses of the pore-fluid pressure gradients and the
liquefaction potential of the seabed, which have a direct impact on phenomena such as sand transport on beaches,
seabed erosion, and stability of coastal structures (e.g. breakwaters and submarine buried pipelines).
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1. Introduction1

Many more advanced solutions for the prediction of the2

wave-induced cyclic seabed response (by means of the3

pore-fluid pressure and stresses in the soil matrix) are4

stronglydependent on the compressibility of the two-phase5

(pore-fluid and soil skeleton) seabed medium. The pore-6

fluid is treated as a mixture of seawater and air entrapped7

in pores of seabed sediments in the form of occludedmicro8

air bubbles. The relationship between the amount of free9

air in the pore-fluid, represented by the degree of satura-10

tion, and the compressibility of the pore-fluid can be given11

by a common and very practical formula proposed by Ver-12

ruijt (1969). This relationship has been used for decades13

by many researchers, among others: Madsen (1978), Ya-14

mamoto et al. (1978), Nago and Maeno (1984), Okusa15

(1985), Magda (1994, 1998), Hsu and Jeng (1994), Jeng16

(2013, 2018), indicating a very strong dependence of the17

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

under the terms of the Creative Commons Attribution Licence.

wave-induced pore-fluid cyclic response on seabed satu- 18

ration conditions. The degree of saturation plays a very 19

important role in the process of pore-fluid pressure gener- 20

ation, both cyclic and residual, within seabed sediments. 21

Therefore, this geotechnical parameter has a great bearing 22

on many applications in coastal and offshore engineering. 23

Any changes in the degree of saturation, evenby a relatively 24

small increment, in the range that is supposed to be found 25

under natural conditions, mainly due to a certain inhomo- 26

geneity of seabed sediments, cause significant changes in 27

the pore-fluid compressibility, particularly when the de- 28

gree of saturation is close to unity (almost fully saturated 29

seabed conditions). 30

What is the real value of the degree of saturation char- 31

acterising seabed sediments? It is a difficult question re- 32

maining open. Inhomogeneity of seabed sediments and 33

difficulties with very precise seabed sampling make the 34

problem even worse. Many researchers (Table 1), when 35

conducting analytical and numerical analyses of the wave- 36

induced cyclic seabed response, prefer doing parametric 37
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Table 1. A list (in chronological order) of some selected past research works using particular values of the degree of

saturation, 𝑆𝑟, assumed in different analyses of the wave-induced seabed response.

Author/Authors 𝑆𝑟 [–] Remarks

Madsen (1978) 0.965–1.0 Assumed in the parametric study.

Yamamoto et al. (1978) 0.95–1.0 Assumed in the parametric study.

0.98 Obtained from the experiment by matching

with the equation by Verruijt (1969).

Mei and Foda (1981) 0.92 Assumed as typical for the North Sea condition,

recalculated from 𝐺𝛽 = 104 by Magda (2025).

Nago and Maeno (1984) 0.993 Assumed indirectly by taking the water

and air porosities: 𝜆𝑤 = 0.4 and 𝜆𝑎 = 0.003, respectively.

Okusa (1985) 0.93–1.0 Assumed indirectly for loose sand

by taking Skempton’s pore-water

coefficient 𝐵 = 0.5−1.0.

0.95–1.0 Assumed indirectly for dense sand

by taking Skempton’s pore-water

coefficient 𝐵 = 0.5−1.0.

Hsu and Jeng (1994) 0.966 Obtained by matching with

the boundary-layer approximation

by Mei and Foda (1981).

Ulker and Rahman (2009) 1.0 Assumed in the numerical experiments

on the inertia effects.

Merxhani and Liang (2012) 1.0 Assumed in the analysis of

the seabed response due to solitary waves.

Jeng (2013, 2018) 0.932 Obtained by matching with the boundary-layer

approximation by Mei and Foda (1981).

Sumer (2014) 1.0 Assumed in the assessment of liquefaction potential.

0.985 Assumed in the momentary liquefaction analysis.

studieswith respect to the degree of saturation rather than38

performing demanding research for the degree of satura-39

tion typical for the case under consideration. This leads40

very often to presentations of the main computational re-41

sults achieved for a wide range of possible values of 𝑆𝑟.42

Usually, this way of doing is fully justified and very desir-43

ablewhen presenting abilities of a newly derived analytical44

solution or looking for an optimum/maximum particular45

solution, as it is the case, for example, when the maximum46

uplift force acting on a submarinepipeline buried in seabed47

sediments is sought (Magda, 1992, 1997, 2000). It also48

happens that the researchers assume fully saturated soil49

conditions (𝑆𝑟 = 1) for the purpose of their analyses with-50

out giving any grounds for so doing. It is worth noting that51

only a few of the researchers reported some values of 𝑆𝑟52

measured in seabed sediments under natural conditions53

(Table 2).54

Some other researchers try tomatch the results of their55

own computations with previously published results of56

other authors by selecting a suitable value of the degree 57

of saturation, which is a kind of back analysis. As typi- 58

cal examples thereof, the works by Hsu and Jeng (1994) 59

and Jeng (2013, 2018) can be cited. Unfortunately, in this 60

particular case, such action turned out to be disastrous, 61

leading to questionable results. Hsu and Jeng (1994) and 62

Jeng (2013, 2018) made many efforts in trying to repli- 63

cate the seabed response results, obtained by means of 64

pore-fluid pressure, soil displacements, and stresses, and 65

published by Mei and Foda (1981) for the North Sea wave 66

and seabed conditions, by applying their own analytical 67

solutions. Unfortunately, they failed because multiple re- 68

calculations of one and the same case of the wave-induced 69

seabed response required the usage of different values of 70

the degree of saturation: 𝑆𝑟 = 0.966 (Hsu and Jeng, 1994), 71

𝑆𝑟 = 0.932 (Jeng, 2013, 2018), which, of course, cannot be 72

acceptable. In addition, the author of the present paper 73

made his own computations, using the analytical solution 74

derived personally (Magda, 1994; Richwien and Magda, 75
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Table 2. A short list (in chronological order) of some selected past research works reporting particular values of the

degree of saturation, 𝑆𝑟, based on in-situ measurements.

Author / Authors 𝑆𝑟 [–] Remarks

Sandven et al. (2007) 0.988−1.0 Measured under falling (ebbing) tide

conditions after repeated cycles of strong waves.

Tørum (2007) 0.97 Calculated by matching the field data with

the boundary-layer theory by Mei and Foda (1981).

Michallet et al. (2009) 0.94−1.0 Calculated from the image analysis of the geoendoscopic

video camera recording (minimum at a depth of 0.2–0.3 m).

1994), and thematching pointwas indicated for the degree76

of saturation to be equal to 𝑆𝑟 = 0.920 (Magda, 2025). All77

together, there are three different values of 𝑆𝑟 describing78

one and the same case! This particular bizarre example79

of extremely different values of the degree of saturation80

describing one and the same case can only emphasise the81

need for further investigations proving the real values of82

the degree of saturation under natural conditions. It seems83

that the authors of some research papers are freely jug-84

gling different values of the degree of saturation, having85

no well-established idea at what level the actual seabed86

saturation conditions may develop.87

1.1 Objectives of the research88

The main motivation of this research paper is to get a bet-89

ter insight into the problem of real saturation conditions90

by means of in-situ seabed sampling. A basic task of the91

research paper is to present the results of a uniquemeasur-92

ing campaign performed on the northern beach of Norder-93

ney in order to gather samples of the upper seabed layer94

undergoing tidal movements. The results of laboratory95

measurements and additional calculations should give im-96

portant statistics of the degree of saturation characterising97

natural environmental conditions that can be found in in-98

tertidal beach regions.99

2. In-situ measuring campaign100

The scientific expedition to Norderney, an island off the101

North Sea coast of Germany, was organised and conducted102

as a part of the scientific programme TP-A13 ‘Cyclic and103

transient wave-induced loading of the seabed’ (in German:104

‘Transiente und zyklischeBeanspruchungvonBödendurch105

Seegang’) within the frame of the Coastal Engineering Re-106

search Programme (in German: Sonderforschungsbereich107

– 205 ‘Küsteningenieurwesen’). The main purpose of the108

expedition was to collect many samples of the upper part109

of the seabed sandy sediments by performing in-situ sam-110

pling followed by laboratory measurements in order to111

evaluate the degree of saturation existing under the natural112

environmental conditions of the tidal region of Norderney.113

Norderney (Figure 1) is one of the seven populated114

East Frisian Islands and part of the Lower Saxony Land115

(state). The island is 13 km long and up to 2 kmwide, with 116

dunes rising to 21 metres. The northern coast is exposed 117

to the sea. During low tide, the beach width can reach 118

550 m. The beach comprises well-sorted quartz fine sand 119

with a median grain size of 𝑑50 = 218 𝜇m (Eichmanns and 120

Schüttrumpf, 2021). Norderney has a mean tidal range 121

of approximately 2.4 m, which stays within the mesotidal 122

range. The annual mean significant wave height varies 123

from 0.7 m to 1.0 m (Niemeyer, 1992). 124

A particular place chosen for the seabed sampling is 125

marked in Figure 1. The sampling site was located on 126

the northern beach of Norderney. The sampling was pre- 127

ceded by geodetic measurements, as a result of which 128

a vertical cross-section of the beach along the sampling 129

line was obtained (Figure 2). The zone of seabed sam- 130

pling was located within the tidal (intertidal) range, i.e., 131

between the High Tide (HT) and the Low Tide (LT) levels 132

of sea water tidal movements. The extreme locations of 133

the sampling points, obtained with respect to the verti- 134

cal datum of the Mean Sea Level (MSL), had the follow- 135

ing abscissas and elevations: 𝑥 = 70 m and 𝑦 = 1.21 m 136

for Point 2 and 𝑥 = 415m and 𝑦 = −1.10m for Point 30 137

(see Figure 2). The total length of the sampling zone was 138

equal to 345 m, which implies that the mean intertidal 139

beach slope was rather mild, with the average inclination 140

𝑚 = [1.21−(−1.10)]/345.0 ≅ 0.0067 ≅ 1 ∶ 150. 141

2.1 Procedure of seabed sampling 142

During the sampling campaign, 186 samples of sandy seabed 143

sediments were taken underwater during different phases 144

of the tidal water motion (see Figure 2): 145

– Day 1, series 1, phase of ebbing, sample nos. 1–38 146

(38 samples). 147

– Day 2, series 2, phase of flooding, sample nos. 39–78 148

(40 samples). 149

– Day 2, series 3, phase of ebbing, sample nos. 79–127 150

(49 samples). 151

– Day 3, series 4, phase of flooding, sample nos. 128– 152

186 (59 samples). 153

The beginning of sampling started approximately at 154

one of the extreme water levels, i.e., either the High Tide 155
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Figure 1. Aerial view of Norderney, indicating the place of seabed sampling (based on Wikipedia.com (2025)).

(HT) or the Low Tide (LT), and was performed stepwise156

during the ebbing or floodingphases of the tidalmovement,157

respectively, when the water level was moving towards an-158

other extreme position. All the samples were taken when159

the seabed surface at the sampling point was below the ac-160

tualwater level. Thewater depth at the sampling pointwas161

always kept equal to approximately 0.1–0.2 m. A smaller162

depth could cause some losses of water within the sand163

sample during its ‘excavation’ from the seabed, and be-164

cause of existing small waves, it could not produce per-165

manent underwater conditions for the surface of the sam-166

pling area. On the other hand, a bigger water depth could167

cause difficulties in the sampling procedure, as it would168

be more difficult to bring the whole undisturbed (i.e., nat-169

urally saturated) sandy sample above the water surface.170

The subsequent sampling points followed the water line’s171

actual positions.172

The sampling device used in the procedure consisted of173

the following three tools made of aluminium: a sampling174

cylinder, a circular plate with a guiding cylinder, and a pis-175

ton. A perforated upper surface of the piston protected176

against the creation of artificial and disturbing filtration of177

seawater through the soil sample when the sampling cylin-178

der was slowly pressed down by the piston into the seabed.179

After pressing the sampling cylinder into the seabed (made180

using the guiding cylinder and the piston) and levelling the181

upper surface of the sand sample, the top of the cylinder182

was slowly capped. Then, digging out the sample was per-183

formed at a slow rate in order to avoid the suction effect184

on the sample. At the end, the sample was lifted above the185

water level and simultaneously turned upside-down to pre-186

serve the natural water content within the sample and to187

allow the levelling of the sand surface from the other side188

of the sample. Just after extracting from the seabed, the189

sampling cylinderwas emptied carefully and precisely, and 190

single soil samples were stored alone in separate, identical 191

plastic and hermetic containers. Afterwards, all the con- 192

tainers, together with the wet sand samples inside, were 193

weighed one by one, and then, they were dried in a dryer 194

(temperature of 105°C applied for 24 hours). At the end 195

of the laboratory procedure, the dry sand samples and the 196

respective dry containers were weighed. 197

2.2 Governing equations 198

Directly, the following parameters were measured 199

(weighed) at the laboratory: total mass of wet sample 200

(sand sample plus container), 𝑚𝑤(𝑠+𝑐) [g], mass of dry 201

container,𝑚𝑑𝑐 [g], and mass of dry sand sample,𝑚𝑑𝑠 [g]. 202

Consequently, it became possible to measure the mass of 203

the wet soil sample,𝑚𝑤𝑠 [g], and the mass of water in the 204

sample,𝑚𝑤 [g]: 205

𝑚𝑤𝑠 =𝑚𝑤(𝑠+𝑐)−𝑚𝑑𝑐 = 𝜌𝑤𝑠𝑉𝑡 (1a)

𝑚𝑤 =𝑚𝑤𝑠−𝑚𝑑𝑠 (1b)

and the rest of the required parameters: 206

𝑉𝑤 =
𝑚𝑤

𝜌𝑠𝑤
(1c)

𝑉𝑠 =
𝑚𝑑𝑠

𝐺𝑠𝜌𝑤
(1d)

𝑉𝑣 = 𝑉𝑡−𝑉𝑠 (1e)
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Figure 2. Vertical profile of Norderney beach in the sampling line within the intertidal range of water surface movement.

where, additionally: 𝑉𝑤 is the volumeofwater in the sample207

[cm3], 𝑉𝑠 is the volume of solid soil particles [cm3], 𝑉𝑣 is the208

volume of voids in the soil skeleton [cm3], 𝑉𝑡 is the total209

volume of the soil sample [cm3], 𝐺𝑠 is the specific gravity210

of the soil particles (defined with respect to the density of211

pure water, 𝜌𝑤, at temperature 20°C) [–], 𝜌𝑤𝑠 is the density212

of the wet sample [g/cm3], 𝜌𝑤 is the density of pure water213

[g/cm3], 𝜌𝑠𝑤 is the density of seawater [g/cm3].214

Using the basic definition of the degree of saturation215

(Craig, 2004)216

𝑆𝑟
def
=

𝑉𝑤

𝑉𝑣
(2)

taking Eqs. (1a)–(1e) together with Eq. (2), and perform-217

ing some mathematical operations, it was possible to de-218

rive the following practical form of the equation for the219

degree of saturation220

𝑆𝑟 =
𝑚𝑤(𝑠+𝑐)−𝑚𝑑𝑐−𝑚𝑑𝑠

𝜌𝑤𝑉𝑡−
𝑚𝑑𝑠

𝐺𝑠

×
𝜌𝑤

𝜌𝑤𝑠
(3)

As indicated in Eq. (3), five measured parameters221

(𝑚𝑤(𝑠+𝑐), 𝑚𝑑𝑐, 𝑚𝑑𝑠, 𝐺𝑠, and 𝑉𝑡) must be known to calcu-222

late the degree of saturation, 𝑆𝑟. Each weighing carried out223

with respect to𝑚𝑤(𝑠+𝑐) and𝑚𝑑𝑠 was performed with the224

instrument accuracy (weighing precision or readability)225

of Δ𝑚𝑤(𝑠+𝑐) = Δ𝑚𝑑𝑠 = 0.5 g (a scale ballance – accuracy226

is equal to the smallest increment divided by 2), whereas227

the instrument accuracy for measurements of 𝑚𝑑𝑐 was228

equal to Δ𝑚𝑑𝑐 = 0.1 g (a digital display electronic balance 229

– accuracy is equal to the smallest increment). 230

The specific gravity of soil was measured using the 231

pycnometer technique and calculated according to the fol- 232

lowing relation 233

𝐺𝑠 =
𝑚2−𝑚1

(𝑚4−𝑚1)−(𝑚3−𝑚2)
(4)

where: 𝐺𝑠 is the specific gravity of soil solids [–], 𝑚1 is 234

the mass of the pycnometer [g],𝑚2 is the mass of the py- 235

cnometer plus soil [g],𝑚3 is the mass of the pycnometer 236

plus soil plus pure (distilled) water [g],𝑚4 is the mass of 237

the pycnometer plus pure (distilled) water [g]. The spe- 238

cific gravity of the soil particles at 20°C was found to be 239

𝐺𝑠 = 2.654 (typical for quartz-type sand), calculated as the 240

mean from 8 samples randomly selected (2 samples per 241

each of 4 series) from the whole group of 186 seabed sam- 242

ples. The laboratory measurements of 𝐺𝑠 were performed 243

using the pycnometer bottle technique, and the compo- 244

nent masses were measured with the instrument accuracy 245

equal to Δ𝑚1 = Δ𝑚2 = Δ𝑚3 = Δ𝑚4 = 0.1 g (a digital dis- 246

play electronic balance). According to the geotechnical 247

practice, values of 𝐺𝑠 are usually rounded to the nearest 248

0.01 (rounding to the nearest 0.001 is used in the present 249

study). 250

The total volume of the sample is the same as the vol- 251

ume of the sampling cylinder, which was calculated using 252

the following simple equation 253

𝑉𝑡 ≡ 𝑉𝑐 =
𝜋𝐷2

𝑖

4
ℎ (5)
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where: 𝑉𝑡 is the total volume of the seabed sample [cm3],254

𝑉𝑐 is the volume of the sampling cylinder [cm3], 𝐷𝑖 is the255

inside diameter of the sampling cylinder [cm], ℎ is the256

height of the sampling cylinder [cm]. The geometry of the257

sampling cylinder was measured only once, leading to the258

following dimensions: the outside diameter 𝐷𝑖 = 9.85 cm,259

the inside diameter 𝐷𝑖 = 9.6 cm, and the height ℎ = 12.0260

cm. These parameters imply the total volume of samples261

is equal to 𝑉𝑡 ≡ 𝑉𝑐 = 868.59 cm3. The measurements of the262

cylinder geometry were performed using a digital caliper263

with the instrument accuracy equal to Δ𝐷𝑖 =Δℎ = 0.01 cm.264

The disturbance surface ratio, which is the ratio of the ma-265

terial cross-sectional area to the outer cross-sectional area266

of the sampling cylinder, was equal to 5%, which is fully ac-267

ceptable for that type of test, as far as possible meaningful268

disturbances during the cylinder pressing are taken into269

account.270

The density of water, influenced by temperature, pres-271

sure, and salinity, was computed using very precise formu-272

las presented by Gill (1982) and Kell (1975). The density273

of pure water, at the standard pressure 𝑝𝑎𝑡 = 101.325 kPa274

and the standard temperature 𝑡 = 20°C (applied for pyc-275

nometermeasurements), was equal to 𝜌𝑤 =998.21 kg/m3.276

The seawater temperature during the seabed sampling277

equaled 𝑡 = 6.8°C, whereas the practical salinity of sea-278

water, typical for the northern coastline of Norderney, is279

reported to be 𝑆𝑝 =30with only a very small seasonal vari-280

ability (Quante and Colijn, 2016). Taking it into account,281

the density of seawaterwas calculated to be𝜌𝑠𝑤=1023.51282

kg/m3.283

3. Statistical analysis of the measurements284

3.1 Basic descriptive statistics285

On the basis of the values measured in the laboratory and286

calculated for each seabed sample taken on Norderney,287

further data analysis was performed using a statistical288

approach, by applying the following four commonly ac-289

cepted basic statistical parameters of the random variable290

x defined with respect to a sample taken from the popu-291

lation: the mean (average), 𝑥, the median, 𝑥̃, the standard292

deviation, 𝑠(𝑥), and the standard deviation of the mean,293

𝑠(𝑥) = 𝑠(𝑥)/√𝑛 (𝑛 is the number of repeated measure-294

ments in the set). The descriptive statistics, applied to the295

measured and calculatedparameters, obtained for the total296

group of 186 seabed samples, are presented in Table 3.297

3.2 Histograms298

A histogram is a visual representation of the distribution299

of quantitative data. The total area of a histogram used300

for probability density is usually normalised to 1. A nor-301

malised number of samples can be calculated according to302

the following recipe303

𝑛𝑁 =
𝑛𝐵

𝑛

𝑠(𝑥)

𝐵
(6)

Table 3. Descriptive statistics for the basic parameters.

Parameter Unit Mean Median Standard Standard

𝑥 𝑥̃ deviation deviation

𝑠(𝑥) of the mean

𝑠(𝑥̃)

𝑚𝑤(𝑠+𝑐) [g] 1906.84 1908.0 23.54 1.73

𝑚𝑑𝑐 [g] 124.16 123.45 1.36 0.10

𝑚𝑤𝑠 (Eq. (1a)) [g] 1782.67 1784.0 23.26 1.71

𝑚𝑑𝑠 [g] 1472.09 1472.0 22.78 1.67

𝐺𝑠 [–] 2.654 2.654 0.008 0.003

𝑆𝑟 (Eq. (3)) [–] 0.973 0.974 0.045 0.003

where: 𝑛𝑁 is the normalised number of samples in a his- 304

togram bin, 𝑛𝐵 is the number of samples in a histogram bin, 305

𝑛 is the total number of samples, 𝑠(𝑥) is the standard devi- 306

ation of a real-valued random variable x, 𝐵 is the width of 307

a histogram bin. In constructing histograms, for 𝑛 > 100, it 308

usually works well to use a maximum of about 10× log
10
𝑛 309

bins (Fox, 2016). In the present case of 186 samples, the 310

condition 𝑛 = 186 > 100 indicates that the number of bins 311

should not exceed 10× log
10
186= 22.67 ≅ 22. In the case 312

of the mass of the total wet sample,𝑚𝑤(𝑠+𝑐), the minimum 313

and the maximum were equal to 1825.0 g and 1974.0 g, 314

respectively. Covering the entire range from 1820.0 g to 315

1980.0 g with bins of the width 𝐵 = 10 g, the total num- 316

ber of 𝑛𝐵 = 16 bins is required. In the case of the degree 317

of saturation, 𝑆𝑟, starting the histogram distribution from 318

𝑆𝑟 = 0.84 and ending with 𝑆𝑟 = 1.12, all the data were 319

represented, including both the minimum and maximum 320

values, 𝑆𝑟 = 0.848 and 𝑆𝑟 = 1.112, respectively. The range 321

𝑆𝑟 = 0.84 − 1.12, together with the assumed bin width 322

𝐵 = 0.02, implies 𝑛𝐵 = (1.12−0.84)/0.02 = 14 bins. Both 323

numbers of bins fulfil the above-given condition (𝑛𝐵 ≤ 22). 324

Taking into account the initially measured parameter, 325

which is themass of the total wet sample (wet soil plus con- 326

tainer), 𝑚𝑤(𝑠+𝑐), and the resulting calculated parameter, 327

which is the degree of saturation, 𝑆𝑟, Figures 3 and 4 show 328

the normalised histograms (highlighted by the green bins), 329

of both parameters, respectively. The numbers placed at 330

the bottom of each bin indicate the number of samples 331

counted for a specific bin. As expected, according to visual 332

assessment, the nomogram tends to follow the normal 333

(Gaussian) probability distribution – this will be proved 334

more precisely in the next paragraph, using formal nor- 335

mality tests. Moreover, the histogram of the degree of 336

saturation, presented in Figure 4, seems to exhibit small 337

asymmetries around itsmean. This can be checked by eval- 338

uating skewness, which is the distribution’s tendency to 339

‘lean’ to one side or the other of the mean. In statistics and 340

probability theory, the non-parametric skew is a statistic 341

occasionally used with random variables that take real val- 342

ues – it is ameasure of the skewness of a random variable’s 343

distribution. Taking the histogram of the degree of satu- 344

ration (see Figure 4), and the appropriate values given in 345
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Figure 3. Normalised histogram of the mass of total wet sample (wet soil plus container), 𝑚𝑤(𝑠+𝑐), overlaid by the

normal (Gaussian) distribution of probability.

Figure 4. Normalised histogram of the degree of saturation, 𝑆𝑟, overlaid by the normal (Gaussian) distribution of

probability.

Table 3, the non-parametric skew equals346

𝑆(𝑆𝑟) =
𝑆𝑟− �𝑆𝑟

𝑠(𝑆𝑟)
=
0.973−0.974

0.045
= −0.022 (7)

Therefore, this type of distribution is said to be left-347

skewed and the distribution appears as a right-leaning348

curve, which means that the left tail of the distribution is 349

longer than the right one (the mass of the distribution is 350

concentrated on the right of the figure). 351

3.3 Tests on data normality 352

In statistics, normality tests are used to determine if a data 353

set is well modelled by a normal distribution. In other 354
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words, they check if the shapeof thedistributionunder con-355

sideration is similar to the shape of the normal (Gaussian)356

distribution. One of the most powerful tests for normality357

is the Shapiro-Wilk (S-W) test and the d’Agostino-Pearson358

test. The so-called null hypothesis,𝐻0, of these tests is that359

the population is normally distributed. If the 𝑝-value is360

greater than a certain predefined significance level, then361

the null hypothesis is not rejected. The significance level362

is commonly set a priori to 𝛼 = 0.05.363

The modification of the Shapiro-Wilk test, proposed364

by Royston (1982) for a large number of data (𝑛 = 2000),365

was used in the present work. In order to perform the S-W366

test, the program codes DERF.for and DIERFC.for (written367

in Fortran 77 by Ooura (1996)) were adapted to compute368

the error function and the inverse complementary error369

function, respectively. The main results of the normality370

tests are presented in Table 4.371

For the random variable represented by the degree of372

saturation, 𝑆𝑟, the following test results were obtained:373

the test statistic𝑊 = 0.988 and the probability value 𝑝 =374

0.134. The probability value fulfils the condition 𝑝 > 𝛼;375

therefore, the null hypothesis can be accepted with only376

a 5% risk of a false positive conclusion. It means that there377

is evidence that the degree of saturation data tested can be378

treated as normally distributed. This finding was addition-379

ally proved by using another powerful normality test, that380

is the d’Agostino-Pearson test, from which the following381

test results were obtained: the test statistic 𝜒2 = 3.612382

and the probability value 𝑝 = 0.164.383

Unfortunately, the distribution of the mass of dry con-384

tainer, 𝑚𝑑𝑐, failed the normality test (Shapiro-Wilk test:385

𝑊 = 0.825 and 𝑝 = 1.1 × 10−13≅0 < 0.05; d’Agostino-386

Pearson test: 𝜒2 = 23.56 and 𝑝 = 7.7×10−6 ≅ 0 < 0.05).387

Firstly, this is due to meaningfully different masses of the388

sample containers, although they were believed to be iden-389

tical. Secondly, the independence of the masses was cor-390

rupted entirely by accident and unknowingly, using the391

same set of containers for the wet sand samples nos.392

129–186 as for the samples nos. 1–58. It obviously makes393

no sense to average the significantly different masses𝑚𝑑𝑐394

because they are not different measurements of the same395

quantity. It means that due to these mistakes, a statistical396

analysis cannot be applied to the direct measurements of397

𝑚𝑑𝑐 but can lead to the final answer. Therefore, it seemed398

wise to replace the term𝑚𝑤(𝑠+𝑐)−𝑚𝑑𝑐 in Eq. (3) by the399

term𝑚𝑤𝑠, according to Eq. (1a). This operation was possi-400

ble and fully justified because the mass of the wet soil sam-401

ple,𝑚𝑤𝑠, appeared to be normally distributed, which was402

certified by performing the normality tests (Shapiro-Wilk403

test: 𝑊=0.993 and 𝑝 = 0.513 > 0.05; d’Agostino-Pearson404

test: 𝜒2 = 3.034 and 𝑝 = 0.219 > 0.05.405

The 𝑝-values presented in Table 4 indicate a partial406

degradation (up to a certain acceptable level of 𝑝 > 𝛼 =407

0.05) in normality of the distributions, starting from𝑚𝑤𝑠408

distribution, through𝑚𝑑𝑠 distribution, and ending upwith409

𝑆𝑟 distribution, due to some subsequent steps inmeasuring 410

and calculation procedures. It has to be also mentioned 411

that the above-presented results of the normality tests 412

take into account the existence of outliers in the individual 413

datasets. 414

3.4 Probability density distribution and Q-Q plot 415

In statistics, the standard score or 𝑧-score is the number 416

of standard deviations by which the value of a raw score 417

(i.e., an observed or measured value) is above or below the 418

mean value of what is being observed or measured. When 419

the population mean and the population standard devia- 420

tion are unknown, the standard score may be estimated 421

by using the sample mean and sample standard deviation 422

as estimates of the population values. In these cases, a raw 423

score 𝑥 is converted into the 𝑧-score by 424

𝑧 =
𝑥−𝑥

𝑠(𝑥)
(8)

It is a very common practice that the variability in a cer- 425

tain real-valued soil parameter, presented in the form of 426

a histogram graphic, is compared assuming the validity 427

of the standard normal (Gaussian) distribution, for which 428

the probability density function is defined as (Bendat and 429

Piersol, 1971) 430

𝑓(𝑥) =
1

√2𝜋
exp�

−𝑧2

2
� (9)

Respectively of the normalised histogram, it is also typ- 431

ical for the probability density function, given by Eq. (9), 432

that the area under the normal distribution curve with 433

respect to the horizontal axis equals unity. The applica- 434

tion of Eq. (9) to the degree of saturation data leads to 435

the normal distribution curve overlaid on the formerly 436

established histogram (see Figure 4). A good agreement 437

between the histogram and the theoretical curve of the 438

normal distribution of probability is observed. 439

In statistics, a quantile-quantile plot, or shortly – Q- 440

Q plot, is a graphical method commonly used to help in 441

assessing if a set of data plausibly compares to a certain 442

theoretical model of probability distribution. It works by 443

comparing the quantiles of the observed (measured) data 444

to the quantiles of a theoretical distribution. In the case of 445

the normal (Gaussian) distribution specifically, it is usually 446

referred to as a normal Q-Q plot. Thus, in addition to the 447

histogram presented in Figure 4, Figure 5 illustrates the 448

normal Q-Q plot for the degree of saturation data. The 449

ordinate axis in the Q-Q plot presents the 𝑧-score (sam- 450

ple data quantiles), calculated for each value of the de- 451

gree of saturation according to Eq. (8), and the abscissa 452

presents the 𝑧𝑝-score (normal theoretical quantiles), com- 453

puted from the empirical probability obtained for the rank 454

of the 𝑆𝑟 values sorted in descending order and using the 455
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Table 4. Test statistics and probability values obtained from the statistical tests on normality of the datasets representing

distributions of the parameters appearing in Eq. (3).

Parameter Shapiro-Wilk d’Agostino-Pearson 𝑝 ≥ 𝛼 = 0.005

test test

𝑊 𝑝-value 𝜒2 𝑝-value

𝑚𝑤(𝑠+𝑐) 0.990 0.220 1.758 0.415 Yes

𝑚𝑑𝑐 0.825 1.1× 10−13 23.56 7.7× 10−6 No

𝑚𝑤𝑠 (Eq. (1a)) 0.993 0.513 3.034 0.219 Yes

𝑚𝑑𝑠 0.992 0.373 2.174 0.337 Yes

𝐺𝑠 0.921 0.487 0.993 0.609 Yes

𝑆𝑟 (Eq. (3)) 0.988 0.134 3.612 0.164 Yes

inverse empirical cumulative distribution function (eCDF)456

to find the quantiles of the empirical distribution. The457

computation of the 𝑧𝑝-score requires the use of the probit458

function, which is the quantile function (the inverse of the459

cumulative distribution function (CDF)) associated with460

the standard normal distribution. The probit function can461

be expressed as462

probit(𝑝)
def
= 𝜙−1(𝑝) = 𝑧𝑝 =

= √2 erfc
−1
[1(1−𝑝)]

(10)

where: 𝑝 is the probability (or percentile in case of the em-463

pirical distribution), 𝜙−1(𝑝) is the inverse CDF, and erfc−1464

is the inverse complementary error function. For the pur-465

pose of the present study, the program code DIERFC.for466

(Ooura, 1996) was used again to compute the inverse com-467

plementary error function.468

A linear regression analysis led to the determination469

of the best-fit trend line (red colour in Figure 5) in the Q-Q470

plot. The linear regression function was described by the471

slope 𝑎 = 0.9949 and the 𝑧-intercept 𝑏 = −0.1418×10−5.472

The coefficient of determination was found to be 𝑅2 =473

0.9882, which is very close to unity. Somewhat approxi-474

mate linearity of the points in Figure 5 suggests that the475

degree of saturation data can be described as normally476

distributed. Only a few outliers are evident at the high end477

of the range.478

Figure 5 also presents two different intervals closed be-479

tween their upper and lower bands. The 95% confidence480

interval (bands in blue) relates to a 95% probability that481

the true best-fit (regression) line for the population lies482

within this interval. The 95% prediction interval (bands483

in green) illustrates the area where 95% of the 𝑧 values to484

be found for a certain 𝑧𝑝 value will be within the interval485

range around the linear regression line. In other words, if486

one ever uses another sample from the same population,487

one might find 95% 𝑧 values within the prediction interval.488

The vertical coordinates of the confidence bands, 𝑧𝑐𝑜𝑛𝑓,489

and the prediction bands, 𝑧𝑝𝑟𝑒𝑑, can be calculated for the490

horizontal coordinate, 𝑧𝑝, using the following equations:491

𝑧𝑐𝑜𝑛𝑓 =

= 𝑧𝑟𝑒𝑔±𝑡1−𝛼/2,𝑛−2𝑆𝐸�
1

𝑛
+
(𝑧𝑝−𝑧𝑝)

2

𝑆𝑆

(11a)

𝑧𝑝𝑟𝑒𝑑 =

= 𝑧𝑟𝑒𝑔 ± 𝑡1−𝛼/2,𝑛−2𝑆𝐸�1+
1

𝑛
+
(𝑧𝑝−𝑧𝑝)

2

𝑆𝑆

(11b)

where: 𝑧𝑟𝑒𝑔 is the vertical coordinate of the linear regres- 492

sion line, 𝑡1−𝛼/2,𝑛−2 is the 𝑡-value obtained from the in- 493

verse cumulative two-tailed Student’s 𝑡-distribution func- 494

tion for the assumed significance level 𝛼, 𝑆𝑆 is the sum of 495

squared deviations, and 𝑆𝐸 is the standard error for the 496

sample mean. 497

The significance level 𝛼 = 0.05 is a typical value as- 498

sumed when constructing the confidence and prediction 499

intervals. The 𝑡-value can be found from a 𝑡-distribution 500

table. It can also be calculated using the significance level, 501

𝛼, and the number of degrees of freedom. The significance 502

level,𝛼, is divided by two for a two-tailed test, so the area in 503

each tail is 𝛼/2. In the present statistical analysis of the de- 504

gree of saturation data, the 𝑡-valuewas equal to 𝑡 = 1.9729 505

for the number of degrees of freedom 𝑛𝑑𝑓 = 𝑛−2 = 184 506

and the significance level 𝛼 = 0.05 (𝑡1−𝛼/2 ≡ 𝑡0.975). For 507

a large number of degrees of freedom (e.g., 𝑛𝑑𝑓 > 30), as 508

it is in the present study, the critical 𝑡-value can also be 509

safely approximated by the limiting 𝑧 value obtained from 510

the inverse normal cumulative distribution function (CDF); 511

here 𝑡 ≅ 𝑧 = 1.96. 512

3.5 Identification of outliers 513

Outliers are defined as numeric values in any random data 514

set that have an unusually high deviation from either the 515

statistical mean or the median value. Four different meth- 516

ods of locating outliers were used: a) 𝑧-score method, b) 517

Median Absolute Deviation (MAD) method, c) Tukey’s In- 518

terquartile Range (IQR) method, and d) Chauvenet’s crite- 519

rion. 520
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Figure 5. Normal quantile-quantile (Q-Q) plot for the degree of saturation data together with the best-fitted trend line

and the confidence and prediction intervals.

The first method is rather simple. When the 𝑧-score of521

an observation point has a probability under 5% (confi-522

dence lever 95%, or 5% error chance), one could consider523

that observation an outlier. The second method is a more524

robust statistical technique based on the Median Absolute525

Deviation (MAD). Any number in a data set exceeding 3.5526

times MAD is considered an outlier. In the third method,527

Tukey called any observation value an outlier if it is smaller528

than the first quartile (25%) minus 1.5 times the IQR, or529

larger than the third quartile (75%) plus 1.5 times the IQR.530

The Interquartile Range (IQR) is the width of the interval531

that contains the middle half of the data. Tukey’s method532

is probably the best one in assessing outliers. The fourth533

method, based on Chauvenet’s criterion, detects outliers534

by computing the absolute value of the difference between535

the suspected outliers and themean divided by the sample536

standard deviation and comparing it with the maximum 537

allowable deviation, which is obtained from the quantile 538

function for the probability 𝑝 = 1−1/(4𝑛). 539

Deletion of outlier data, although possible to be per- 540

formed, is rather a controversial practice frowned upon by 541

many scientists. Table 5 presents the number of outliers 542

identified by the above-given methods together with the 543

associated mean values of the degree of saturation, 𝑆𝑟, cal- 544

culated after exclusion of the outliers from the initial set of 545

the calculated 𝑆𝑟 values. The corrected 𝑆𝑟 values show very 546

insignificant differences in relation to the mean calculated 547

for the entire set of data (𝑆𝑟 = 0.973). The differences 548

vary from−0.31% for the 𝑧-score method to−0.10% for 549

Chauvenet’s criterion. 550

Removing the identified outliers from a dataset obvi- 551

ously improves the normality of the distribution. For exam- 552
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Table 5. Number of potential outliers detected by different

methods.

Method of identification Number Percentage Corrected

of outliers of outliers of outliers mean of 𝑆𝑟

𝑛𝑜𝑢𝑡 𝑛𝑜𝑢𝑡/𝑛 [%] (𝑆𝑟)𝑐𝑜𝑟

𝑧-score 11 5.91 0.970

Median Absolute Deviation 10 5.38 0.970

Tukey’s Interquartile Range 7 3.76 0.971

Chauvenet’s criterion 1 0.54 0.972

ple, eliminating 7 outliers from the dataset of the degree of553

saturation (as indicated byTukey’smethod), the𝑝-value in-554

creases from 𝑝 = 0.134 (7 outliers included in the dataset)555

to 𝑝 = 0.338 (7 outliers excluded from the dataset).556

3.6 Propagation of uncertainties557

Computing uncertainty in parameters, which are based on558

more complicated functions, can be done using the Law559

of Propagation of Uncertainty (Root Sum of Squares (RSS)560

method) for independent random uncertainties. After as-561

suming independence and randomness of the variables in562

Eq. (3), together with the above-introduced replacement563

of the masses, one can use the first two terms of the Taylor564

series to obtain a first-order approximation of the variabil-565

ity in the degree of saturation. Assuming that the specific566

densities of purewater, 𝜌𝑤, and seawater, 𝜌𝑠𝑤, are constant,567

and using the RSS method for uncertainty in a function of568

several variables, the following gives the differential equa-569

tion for the total (complete) standard uncertainty in the570

degree of saturation571

𝑢𝑡(𝑆𝑟) ≅

≅��
𝜕𝑆𝑟
𝜕𝑚𝑤𝑠

𝑢𝑐(𝑚𝑤𝑠)�
2

+�
𝜕𝑆𝑟
𝜕𝑚𝑑𝑠

𝑢𝑐(𝑚𝑑𝑠)�
2

+�
𝜕𝑆𝑟
𝜕𝑉𝑡

𝑢𝑐(𝑉𝑡)�
2

+�
𝜕𝑆𝑟
𝜕𝐺𝑠

𝑢𝑐(𝐺𝑠)�
2

572

(12)

where the symbol 𝑢𝑐 (…), together with a certain parame-573

ter symbol enclosed in round brackets, denotes the com-574

bined standard uncertainty in this parameter and can be575

calculated as a combination of the random (statistical)576

standard uncertainty (from repeated measurements), 𝑢𝑟,577

and the instrument-based (systematic) standard uncer-578

tainty (e.g., from instrument calibration, resolution, etc.),579

𝑢𝑖, according to the following combination in quadrature580

𝑢𝑐(…) = �𝑢2𝑟(…)+𝑢2𝑖 (…) (13)

Using the corrected Eq. (3), i.e. with 𝑚𝑤𝑠 instead of581

𝑚𝑤(𝑠+𝑐)−𝑚𝑑𝑐, and applying the quotient rule of differen-582

tiation, it becomes possible to derive individual parts of583

Eq. (12). The final forms of the derivatives, appearing in 584

Eq. (12), are presented in the Appendix section (see Eqs. 585

(A-1)–(A-4)). 586

When reporting the average value of 𝑛measurements, 587

the uncertainty associated with this average value is the 588

standard deviation of the mean, often called the standard 589

error (𝑆𝐸). In order to convert an instrument’s maximum 590

uncertainty range into standard uncertainty, one has to 591

divide the half-range by √3, assuming that a rectangular 592

distribution of the instrument’s uncertainty is valid. There- 593

fore, for the present study, one obtains (see Table 3): 594

𝑢𝑐(𝑚𝑤𝑠) =

= �𝑢2𝑟(𝑚𝑤𝑠)+𝑢2𝑖 (𝑚𝑤(𝑠+𝑐))+𝑢2𝑖 (𝑚𝑤𝑠) =

= �𝑠2(𝑚𝑤𝑠)+�
Δ𝑚𝑤(𝑠+𝑐)

2√3
�

2

+�
Δ𝑚𝑤𝑠

2√3
�

2

=

=�1.712+�
0.5

√3
�

2

+�
0.5

√3
�

2

= 1.76g≅ 2g

(14a)

𝑢𝑐(𝑚𝑑𝑠) = �𝑢2𝑟(𝑚𝑑𝑠)+𝑢2𝑖 (𝑚𝑑𝑠) =

= �𝑠2( 𝑚𝑑𝑠 )+�
Δ𝑚𝑑𝑠

2√3
�

2

=

=�1.672+�
0.5

√3
�

2

= 1.69g≅ 2g

(14b)

Please note that the above-given uncertainties were 595

rounded to one significant digit, according to the rule for 596

stating uncertainties. 597

Propagation of uncertainty for several variables can 598

be simplified considerably for the special case where the 599

function is a simple multiplicative function of secondary 600

variables and uncertainty is evaluated as a percentage (the 601

so-called fractional uncertainty). Thus, taking the case of 602

the total volume of the sample, 𝑉𝑡 (see Eq. (5)), and using 603

the rules for uncertainty in a measured quantity times an 604

exact number and in a power, the instrument’s uncertainty 605

in 𝑉𝑡 can be calculated from the following equation 606

Δ𝑉𝑡

𝑉𝑡
=��2

Δ𝐷𝑖

𝐷𝑖
�

2

+�
Δℎ

ℎ
�

2

(15)

Taking into account the formerly mentioned compo- 607

nent instrument uncertainties (Δ𝐷𝑖 = Δℎ = 0.01 cm), the 608

singlemeasureddimensions of the sampling cylinder (𝐷𝑖= 609

9.6 cm and ℎ = 12 cm), and the calculated volume 𝑉𝑡 = 610
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868.59 cm3, one has Δ𝑉𝑡/𝑉𝑡 = 0.0022, and finally the in-611

strument’s uncertainty 𝑢𝑖(𝑉𝑡) = Δ𝑉𝑡 = 1.95 ≅ 2 cm3 was612

obtained from Eq. (15). The random uncertainty in this613

single-measured parameter does not apply. Therefore, it614

implies that615

𝑢𝑐(𝑉𝑡) = 𝑢𝑖(𝑉𝑡) = Δ𝑉𝑡 = 2 cm3 (16)

In the caseof the specific gravity of soil particles,𝐺𝑠 (see616

Eq. (4)), the instrument’s uncertainty can also be calcu-617

lated according to the RSS differential equation. Using Eq.618

(4), deriving appropriate derivatives, and taking the lab-619

oratory measurement results into account, the combined620

standard uncertainty was found to be 𝑢𝑐(𝐺𝑠) = 0.004.621

Finally, the total standard uncertainty in the degree622

of saturation can be calculated from Eq. (12). Taking the623

mean (best-estimated) values (see Table 3) and the respec-624

tive combined standard uncertainties: 𝑚𝑤𝑠 = 1782.67 g625

and 𝑢𝑐(𝑚𝑤𝑠) = 2 g, 𝑚𝑑𝑠 = 1472.09 g and 𝑢𝑐(𝑚𝑑𝑠) = 2 g,626

𝐺𝑠 = 2.654 and 𝑢𝑐(𝐺𝑠) = 0.004, together with 𝑉𝑡 = 868.59627

cm3 and 𝑢𝑐(𝑉𝑡) = 2.0 cm3, the total standard uncertainty628

in 𝑆𝑟 was found to be 𝑢𝑡(𝑆𝑟) = 0.01. It implies that one can629

reasonably expect (with about 68% confidence; the cover-630

age factor is equal to 1) that the mean value of the degree631

of saturation will be within the range 𝑆𝑟 = 0.973 ± 0.01,632

which can also be written as633

0.963 ≤ 𝑆𝑟 ≤ 0.983 (17)

3.7 Influence of the annual variability of seawater con-634

ditions635

The above analysis was performed, assuming the envi-636

ronmental seawater conditions typical for the northern637

coastline of Norderney during the seabed measuring cam-638

paign. These conditions were characterised by the seawa-639

ter temperature 𝑡 = 6.8°C and the practical salinity 𝑆𝑝=30.640

The resultant density of seawater was calculated to be641

𝜌𝑠𝑤 = 1023.51 kg/m3. However, if one wants to spread642

the results of the degree of saturation over the entire an-643

nual period, it is necessary to take into account the annual644

mean and the seasonal variability of the sea surface tem-645

perature and salinity on the northern coast of Norderney.646

Based on the data from the period 1900–1996, the follow-647

ing values were found: 𝑡 = 10.5°C with Δ𝑡 = 7.5°C, and648

𝑆𝑝 = 30with Δ𝑆𝑝 = 1 (Quante and Colijn, 2016).649

Using the practical formulas by Gill (1982) and Kell650

(1975) again, the extreme values of the density of water,651

influenced by temperature, pressure (the standard pres-652

sure 𝑝𝑎𝑡 = 101.325 kPa was assumed), and salinity, were653

calculated, and they are as follows:654

(𝜌𝑠𝑤)min = 1020.68 kg/m
3
at 𝑡 = 18°C

and 𝑆𝑝 = 29
(18a)

655
(𝜌𝑠𝑤)max = 1024.69 kg/m

3
at 𝑡 = 3°C

and 𝑆𝑝 = 31
(18b)

Accordingly, the following correction factors can be 656

calculated: 657

(𝑐𝜌)min =
𝜌𝑠𝑤

(𝜌𝑠𝑤)max

=
1023.51

1024.69
= 0.999 (19a)

(𝑐𝜌)max =
𝜌𝑠𝑤

(𝜌𝑠𝑤)min

=
1023.51

1020.68
= 1.003 (19b)

and used by multiplying Eq. (3). 658

It means that the range of possible variations in 𝑆𝑟, 659

given in Eq. (17), must be slightly extended (bymultiplying 660

by the correction factors) due to the annual variability of 661

the seawater temperature and salinity. Consequently, the 662

lower range is reduced by 0.001 and the upper range is 663

increased by 0.003, leading finally to the main result of 664

the possible variability of the degree of saturation of the 665

northern coastline of Norderney within the intertidal zone 666

of water level movements 667

0.962 ≤ 𝑆𝑟 ≤ 0.986 (20)

3.8 Tidal cycle difference in the degree of saturation 668

Statistical calculations for the degree of saturation, dis- 669

tinguishing between the ‘ebbing’ and ‘flooding’ groups 670

of seabed samples taken during the ebbing and flooding 671

phases of the tidal water movement, respectively, were ex- 672

ecuted. It can be emphasised that ebbing (dewatering) and 673

flooding the beach sediments during the low tide and high 674

tide water movements, respectively, make the degree of 675

saturation oscillate around the mean value calculated for 676

all 186 samples. The mean for the ebbing phase (series 1 677

and 3) was equal to 𝑆𝑟 = 0.974, and for the flooding phase 678

𝑆𝑟 = 0.972; the difference is practically negligible. 679

An evenmore interesting observation is that the spatial 680

distribution of 𝑆𝑟 along the sampling line has an increas- 681

ing tendency when moving from the high tide (HT) line 682

towards the low tide (LT) line, irrespective of the series of 683

sampling (ebbing or flooding). The maximum and mini- 684

mum differences in 𝑆𝑟 were found to be+0.041 (series 1) 685

and +0.021 (series 3), respectively. This particular find- 686

ing is confirmed in Figure 6, presenting the results of the 687

additional spatial analysis obtained in terms of the best-fit 688

trend lines for the variation of the degree of saturation 689

along the sampling line. Qualitatively, these results were 690

expected and they can have a twofold explanation. Firstly, 691

during the flooding period, the wet seabed sediments en- 692

trap small amounts of air within the soil voids and, conse- 693

quently, the degree of saturation is slightly lower than that 694

obtained during the ebbing phase. Althoughwater filtrates 695
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Figure 6. Trend lines for the variation of the degree of saturation, 𝑆𝑟, along the sampling line, calculated for four different

measuring series.

faster in wet sands than in dry sandy sediments, it seems696

that the horizontal velocity of flooding (345m/6 h≅ 0.016697

m/s) evidently dominates the vertical groundwater veloc-698

ity (2.31 m/6 h≅10−4 m/s, which is quite comparable699

with the coefficient of permeability of fine sand 𝑘≅10−4700

m/s). Secondly, the lower areas of the beach within the701

intertidal zone remain below the water surface longer and702

are subjected towave action longer than the upper parts of703

the beach. This strongly affects the bottom and causes sig-704

nificant oscillatory movements of the bottom sediments,705

leading to some release of the air entrapped in the soil706

in the form of microscopic occluded bubbles during the707

flooding phases of the tidal water movement.708

In addition to the graphical presentation, statistical709

testing by using an unpaired 𝑡-test (or independent sam-710

ples 𝑡-test) seems to be appropriate as a statistical tool711

used to compare the means of two separate, unrelated712

groups to check if there is a statistically significant dif-713

ference between them. In other words, the testing should714

determinewhether observed differences are due to chance715

(random) or a real effect, with results assessed by a cal-716

culated statistic 𝑡-value and a probability 𝑝-value. In the717

case of unequal variances,Welch’s 𝑡-test is widely used and718

more reliable than Student’s 𝑡-test, which is better when719

variances are assumed equal. The main assumptions for720

the 𝑡-test performance are: observations within and be-721

tween groups are independent, data in each group should722

be approximately normally distributed, and the variances 723

of the two groups should be roughly equal. The input data 724

required for the 𝑡-test are collected in Table 6, and the 725

results of Welch’s 𝑡-test are presented in Table 7. 726

Assuming the significant level 𝛼 = 0.05, it can be con- 727

cluded that the condition 𝑝 ≥ 𝛼 = 0.05 is fulfilled in all the 728

considered cases. It means that the differences between 729

the means of the degree of saturation, found for the com- 730

plementary phases (ebbing and flooding) of one full tidal 731

cycle of the water movement, are not big enough to be sta- 732

tistically significant. The existing small differences could 733

happen by chance and, therefore, have a random character. 734

3.9 Comments on the degree of saturation above unity 735

When reviewing the calculated saturation degrees, it was 736

found that some of them (44 of 186 tests, or 23.7% of all 737

tests) exceed unity. From a physical point of view, it is 738

impossible to have a degree of saturation 𝑆𝑟 > 1. How- 739

ever, from an engineering point of view, this result is not 740

so much surprising because of the nature of the sampling 741

procedure, the undoubted random variability of measure- 742

ments, and a certain inhomogeneity of seabed sediments. 743

It has to be noted that even after introducing the most in- 744

convenient combination of the instrument’s uncertainties 745

into Eq. (3), lowering thereby the 𝑆𝑟 values as much as 746

possible, there are still 25 tests (15.0% of all tests) remain- 747

ing with 𝑆𝑟 > 1. It certifies that both types of uncertainties 748
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Table 6. Statistical values related to the degree of satura-

tion, 𝑆𝑟, and calculated exclusively for the seabed samples

taken during the ebbing or flooding phases of the tidal wa-

ter movement.

Phases of tidal Number Mean Standard

water movement of data deviation

𝑛 𝑆𝑟 𝑠(𝑆𝑟)

Series 1 (ebbing) 38 0.989 0.057

Series 2 (flooding) 40 0.974 0.028

Series 3 (ebbing) 49 0.963 0.043

Series 4 (flooding) 59 0.970 0.034

Table 7. Results of Welch’s 𝑡-test for all possible combi-

nations of the seabed sampling series, reflecting one tidal

ebbing-flooding cycle of the water movement.

Merged phases of tidal Statistic Probability 𝑝 ≥ 𝛼 = 0.005

water movement 𝑡-value 𝑝-value ?

Series 1 + 2 1.426 0.160 Yes

Series 1 + 4 1.859 0.069 Yes

Series 2 + 3 1.489 0.140 Yes

Series 3 + 4 0.915 0.363 Yes

(random and instrumental), related to sampling distur-749

bances and measurement errors, influence the degree of750

saturation in exceeding unity. It is also believed that a natu-751

ral variability (inhomogeneity) of 𝑆𝑟 influences the results,752

but this cannot be clarified quantitatively at the present753

stage of the research.754

According to Schmertmann (1989), rejecting tests with755

𝑆𝑟 > 1would distort statistical findings from the field sam-756

pling and may have important engineering and economic757

consequences. He performed an excessive statistical anal-758

ysis of the data gained from the density check conducted759

at three fills. In his 31 tests (17% from the total number of760

187 tests), the degree of saturation was reported to have761

values above unity (𝑆𝑟 > 1), although the mean was equal762

to 𝑆𝑟 = 0.877. Applying the so-called Zero Air Voids Line763

(ZAVL) approach, Schmertmann (1989) demonstrated that764

one should expect a certain percentage of all random tests765

to compute with 𝑆𝑟 > 1, that this percentage increases766

with the mean degree of saturation, 𝑆𝑟, and that any such767

tests have as much validity as the tests with 𝑆𝑟 ≤ 1. After768

all, it should be clear to everyone that any approximately769

symmetrical distribution of variability around the mean770

𝑆𝑟 = 1would produce approximately one half of the com-771

puted 𝑆𝑟 values higher than the mean (𝑆𝑟 > 𝑆𝑟 = 1), and if772

one eliminates the tests with 𝑆𝑟 > 1 from the dataset sta-773

tistical processing, the mean will be artificially corrupted774

and lower than unity. In the present study, the elimina-775

tion of 44 values of 𝑆𝑟 > 1 from the entire dataset would776

lead to the mean equal to 𝑆𝑟 = 0.955. This action, however,777

destroys the normality of 𝑆𝑟 distribution, which is certi-778

fied by the statistic𝑊 = 0.922 and the probability value 779

𝑝 = 10−7 < 𝛼 = 0.05 obtained from the Shapiro-Wilk nor- 780

mality test. 781

From the formerly proven assumption of the normally 782

distributed values of the degree of saturation, it becomes 783

possible to calculate the expected percentage of tests with 784

𝑆𝑟 > 1 using the following formula 785

𝑃(Sr > 1.0) =

=
1

𝑠(𝑆𝑟)√2𝜋
�
∞

1.0

exp�−
(1.0−𝑆𝑟)

2

2[𝑠(𝑆𝑟)]
2
� d𝑆𝑟

(21)

In the present study, this calculation was performed 786

numerically where the procedure of numerical integration, 787

using the extended midpoint rule programmed in subrou- 788

tine MIDINF (Press et al., 1992), had to be implemented 789

because the integral to be calculated is an improper in- 790

tegral, the upper limit of which approaches infinity (see 791

Eq. (21)). Using Eq. (21), taking the standard deviation 792

𝑠(𝑆𝑟) = 0.045 and the mean 𝑆𝑟 = 0.973 (see Table 3), the 793

analytically evaluated percentage of tests with the degree 794

of saturation exceeding unity was calculated to be 27.4%, 795

compared to 23.7% of values calculated from the field sam- 796

pling, laboratory measurements, and the use of Eq. (3). 797

This rather small discrepancy can be explained by small 798

differences between the theoretical normal distribution of 799

probability and the experimental normalised distribution 800

of the degree of saturation illustrated in the histogram (see 801

Figure 4). 802

4. Conclusion 803

Any information on real saturation conditions of seabed 804

sediments is hard to find in the professional literature. 805

Therefore, a measuring campaign performed on the inter- 806

tidal region of the northern coast of Norderney created 807

a very unique possibility to obtain realistic characteristics 808

of the degree of saturation. After the in-situ sampling of the 809

seabed on Norderney, followed by appropriate laboratory 810

measurements of 186 sand samples, a thorough statistical 811

analysis of the measured data was performed. Treating 812

the measured soil parameters as real-valued random vari- 813

ables, and using two different normality tests (Shapiro- 814

Wilk test and d’Agostino-Pearson test) together with the 815

histogram and the Q-Q plot, the assumption of the normal 816

(Gaussian) distribution of probability in application to the 817

variability in the degree of saturation, calculated from the 818

measured masses of the seabed samples, was proved. The 819

mean value of the degree of saturation was found to be 820

𝑆𝑟 = 0.973, whereas a possible range of variation in 𝑆𝑟, 821

equal to 0.962–0.986, was calculated based on the analysis 822

of propagation of uncertainties (both random and instru- 823

mental), and taking into account the annual variabilities 824

of the seawater temperature and salinity, influencing the 825

seawater density. 826
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This outcome obviously has important consequences827

for coastal engineering practice. The values of the degree828

of saturation, obtained from the intertidal range of the829

seabed, are believed to create the lower limit for 𝑆𝑟 val-830

ues typical for seabeds, which are totally and continuously831

submerged. On the other hand, it must be strongly em-832

phasised that the obtainedmean value 𝑆𝑟 = 0.973 is larger,833

sometimes much larger, than the values used to this day by834

many coastal engineers and researchers, thereby putting835

into question their theoretical results of different analytical836

and numerical analyses of the wave-induced cyclic seabed837

response.838

Another interesting finding is related to the spatial dis-839

tribution of the degree of saturation along the sampling840

line set perpendicular to the coastline. The present re-841

search indicated an increasing tendency of 𝑆𝑟 distribution842

when moving from the high tide line towards the low tide843

line, regardless of the direction of sampling, i.e., during the844

ebbing or flooding phases of the tidal water movement. By845

performing Welch’s 𝑡-test, it was proved that there is no846

significant difference between the means of the degree of847

saturation, calculated for the ebbing and flooding phases of848

the tidal cycle of water movements. The reported changes849

in 𝑆𝑟 within the intertidal zone could be of some engineer-850

ing interest as far as the design of submarine pipelines851

buried in seabed sediments is concerned. This is due to852

a strong influence of the seabed saturation conditions on853

the pore-fluid pressure field around a buried coastal struc-854

ture.855

Of course, one has to remember that seabed sediments856

can be characterised by much lower values of 𝑆𝑟 than the857

values obtained from the present study. However, this can858

happen only due to methane deposits existing along the859

seabed in deep-water regions, and this exceptional case860

was of no interest in the present paper.861
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Appendix1065

Partial derivatives of Eq. (3), obtained with respect to the1066

component parameters (𝜌𝑤 and 𝜌𝑤𝑠 are assumed to be1067

constant), are as follows:1068
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