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Abstract
We studied the drying behavior of slurries of Markermeer sediments in the Nether-

lands having different solid compositions. Natural processes such as sand–mud segre-

gation and oxidation of organic matter were mimicked to analyze the effect of changes

in sediment composition. Evaporation experiments were performed with soft slurry

samples using the Hyprop setup. Soil water retention curves (SWRCs) and hydraulic

conductivity curves (HCCs) were determined as a function of the water ratio (WR,

defined as volume of water/volume of solids). The sediment remained close to sat-

uration until the end of the experiments. The Atterberg limits reduced significantly

after sediment treatment involving drying at 50 ◦C, rewetting, and chemical oxida-

tion. Furthermore, the oxidized sediment lost capacity to retain water. The SWRCs

of sandy and oxidized clays were steeper, and fine-textured sediments showed large

water ratios. At low matric suctions, the water retention capacity of the upper sediment

samples containing more labile organic matter was larger than that of the sediment

underneath. Clear correlations were found between van Genuchten parameters and

the degree of degradation of the organic matter. The hydraulic conductivity of fine-

textured samples with less labile organics was larger. The results give insight into the

drying behavior of Markermeer sediment, currently used to build wetlands.

Abbreviations: FID, flame ionization detection; HCC, hydraulic

conductivity curve; HI, hydrogen index; LL, liquid limit; NE, northeast; OI,

oxygen index; OM, organic matter; SW, southwest; SWRC, soil water

retention curve; TOC, total organic carbon; WR, water ratio; XRD, X-ray

diffraction.
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1 INTRODUCTION

Sandy sediments are traditionally preferred for reclama-

tion projects to minimize deformation after construction,

as muddy sediments show significant settlement when con-

solidating and drying. However, sandy sediment is becom-

ing more scarce (Vörösmarty et al., 2003). Therefore, fine

sediments are increasingly being used for nature building
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projects (Erwin, Miller, & Reese, 2007; Haliburton, 1978).

The Marker Wadden is one of the first projects in the Nether-

lands to use fresh unconsolidated cohesive sediment for wet-

land construction.

The Marker Wadden is a Building with Nature (BwN; de

Vriend, van Koningsveld, Aarninkhof, de Vries, & Baptist,

2015) project which aims to improve the ecosystem of Lake

Markermeer in the Netherlands by creating a new wetland

with slurries originating from lake bed sediments (Figure 1).

These slurries are deposited in sand compartments.

The Markermeer is a lake with an average water depth of

3.6 m and a surface area of 680 km2 (Rozari, 2009). The

uppermost layer of the lake bed consists of a thin (∼0.1 m)

layer of soft silt (van Duin, 1992). Underneath the soft silt

layer is a thick layer of Holocene deposits (clay, peat, or sand)

(Rijkswaterstaat, 1995).

During dredging of the slurry and filling of the com-

partments, segregation and oxidation of the sediments may

occur (Ganesalingam, Sivakugan, & Ameratunga, 2013; Van

Olphen, 2016). After deposition, the sediment settles while

Core Ideas
• The sample preparation for Hyprop device was

adapted to study drying of slurries.

• The Hyprop device is an efficient way to study the

drying of slurries.

• The stability of organic matter is a greater deter-

mining factor than the total amount.

• Clear correlation was found between degree of

OM degradation and van Genuchten parameters.

losing water through self-weight consolidation. Once the fill

material emerges above the water table, the slurry will dry

because of evaporation and may ultimately desaturate. Fur-

thermore, organic matter (OM) and inorganic minerals will

oxidize when the sediment is exposed to air (Saaltink, Dekker,

Griffioen, & Wassen, 2016). Due to the heterogeneous

F I G U R E 1 Method to build the artificial islands in the Marker Wadden wetland (adapted from Geretsen, 2014). Sand dams create

compartments, of different heights, wherein the slurry is deposited. The new sediment, above and below water, will be used as habitat for flora and

fauna
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composition of the dredged Markermeer material and its spa-

tial variability, the final properties of the sediment may be

highly variable depending on initial composition, degree of

oxidation, and environmental conditions.

The water balance of a drying soil is characterized by its

soil water retention curve (SWRC) and the hydraulic con-

ductivity curve (HCC). Various measurement techniques and

empirically fitted models have been developed to determine

the SWRC over the last decades (Fredlund, Rahardjo, & Fred-

lund, 2012; Lu & Likos, 2004). However, a measuring device

that can determine the SWRC over the entire soil moisture

range is not yet available (Schelle, Heise, Jänicke, & Durner,

2013). Therefore, it is common to construct composite curves

using multiple techniques (ASTM, 2016). Once the water

content–suction data are obtained experimentally, they may

be analyzed with specific analytical functions such as those

by Brooks and Corey (1964) and van Genuchten (1980).

In dewatering slurries, the majority of deformation takes

place in the low ranges of suction. High-precision tensiome-

ters may therefore be an appropriate tool for measuring pore

water pressure. Using tensiometers, Wind (1968) developed

an evaporation method, standardized by the ISO (2004b).

Schindler and Müller (2006) modified and simplified this

evaporation method by taking only measurements of mass and

tension at two depths in a soil sample. Their method allows the

simultaneous determination of the HCC. An increasingly pop-

ular and semiautomated version of this method is the Hyprop

measurement system, commercialized by METER Group.

This is the instrument used in the present paper because it

replicates at small scale the drying conditions at the Marker

Wadden while providing data to generate the SWRC and the

HCC.

The SWRC and the HCC depend on the composition of

the sediment. Notably, OM, particle size distribution, and soil

texture strongly influence these curves. For instance, Rawls,

Pachepsky, Ritchie, Sobecki, and Bloodworth (2003) found

that the effect of OM on water retention differs between

high and low organic C contents and depends on soil tex-

ture. Santagata, Bobet, Johnston, and Hwang (2008) related

an increase of 8–10% in OM with a three- to fivefold increase

in hydraulic conductivity of a normally consolidated soil. Tis-

dall and Oades (1982) and Chenu (1993) found that the water

stability of soil microaggregates depends on characteristics of

clay–OM interactions. However, most of the effort in linking

OM to SWRC has focused on the amount of OM and not on

the type or reactivity of OM.

In a similar line, other authors studied the effect of sand

content on the behavior of clay–sand mixtures and the exis-

tence of a transitional fines content (TFC) threshold: at fine

contents below the TFC, the behavior of the mixture changes

from fine dominated to sand dominated (Simpson & Evans,

2016; Winterwerp & van Kesteren, 2004). Furthermore, some

authors (Catana, Vanapalli, & Garga, 2006; Marinho, 2006)

tried to find correlations between the rheological properties

of the soils such as Atterberg limits and the SWRC. Although

there is sufficient evidence for the impact of sand content

and OM on hydrologic and rheological soil properties, the

effect of the type of OM has not yet been studied. Further,

the Hyprop approach has not been tested for clayey slurries.

The objective of this paper is to investigate the drying

behavior of slurries with different solid composition with

the Hyprop device. Using the Hyprop, SWRC and HCC

were obtained from two tensiometer measurements and the

continuous measurement of the weight of the sample. van

Genuchten (1980) functions were fitted to the SWRC data.

The sediment studied consisted of slurry samples from Lake

Markermeer with varying sand and OM content. Furthermore,

the effect of OM type and degree of maturity was also stud-

ied. To isolate the effect of different sediment fractions, sev-

eral samples were manipulated prior to testing. For some sam-

ples, fines (<63 μm) were separated from coarse (>63 μm)

grains. Other samples were dried, rewetted, and chemically

oxidized. The goal of drying–rewetting and chemically oxi-

dizing the samples was to accelerate aging of the sediments

to compare this mimicked final behavior with the behavior of

the original sediment of the bed. The study of hysteresis is

beyond the scope of this study. The composition of the solid

fraction of all samples was determined using various stan-

dard and nonstandard procedures prior to the Hyprop drying

experiments.

2 MATERIALS AND METHODS

2.1 Sample collection and preparation

Sediment samples originated from Lake Markermeer, the

Netherlands. Samples were taken from the uppermost soft silt

layer and the underlying Holocene sediment. They were also

collected from the bed of the lake with a Van Veen grab at two

different locations: the southwest (SW) and the northeast (NE)

sites, in the vicinity of the cities of Amsterdam and Lelystad,

respectively (see Figure 2). The Holocene sediment from the

SW site is referred to as clayey silt, and the one from the NE

site is referred to as silty sand (see Table 1). The uppermost

material at both sites was soft sandy silt. The sampled sed-

iments were stored in dark conditions in a climate chamber

at 4 ◦C.

The samples were tested whole and after sieving into

fine (<63 μm) and coarse (>63 μm) fractions to determine

the contribution of these size fractions to the soil properties

of interest. Samples from both sites were pretreated, prior to

the Hyprop test, to mimic the final natural remolded behav-

ior of Markermeer sediment after drying–rewetting cycles

and atmospheric oxidation of the OM. Since natural oxida-

tion is slow, the oxidation process was accelerated in the
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F I G U R E 2 Location of the Markermeer (left) and study area with sampling sites (right). Source image: Publieke Dienstverlening Op de Kaart

(PDOK) 2016

T A B L E 1 Sample description: sampling sites, contents of different grain fractions, the cumulative 50% point of diameter (D50), total organic

matter content (TOM), total organic C content (TOC), degradation oxygen/hydrogen index ratio (OI/HI), particle density (ρs), liquid limit (LL),

plastic limit (PL), and plastic index (PI). Treated refers to chemically oxidized dried rewetted samples

Site Depth Type ID Sand Silt Clay D50 TOM TOC OI/HI 𝛒s LL PL PI
m % mass μm % kg m−3 %

Southwest 0.1–0.5 Bulk clayey silt SW1B 8 63 29 10 8.6 3.3 1.3 2,530 104 46 58

Fines fraction SW1F 0 69 31 8 8.7 3.1 1.4 2,570 129 59 70

Bulk treated SW1T 8
†

63
†

29
†

10
†

6.7 2.0 1.8 2,620 60 31 29

0.0–0.1 Bulk soft sandy silt SW2B 28 54 18 32 6.4 3.0 1.2 2,560 103 46 57

Northeast 0.0–0.1 Bulk soft sandy silt NE1B 42 49 9 69 3.4 1.2 1.4 2,590 72 40 32

Fines fraction NE1F 0 86 14 26 4.8 2.0 1.0 2,540 83 49 34

Bulk treated NE1T 42† 49† 9† 69† 2.1 0.5 1.9 2,700 33 23 10

0.1–0.5 Bulk silty sand NE2B 69 21 10 87 2.1 0.7 1.6 2,640 41 25 16

Sand fraction NE2S 100 0 0 108 0.3 0.1 5.5 2,710 – – –

†Indicates assumed value, not measured for the sample

laboratory. Samples were chemically oxidized with 6% H2O2

solution, following an adapted procedure from the British

Standards (1990b). The procedure included two drying–

rewetting cycles. First, the samples were dried for ∼1 wk in

an oven at a constant temperature of 50 ◦C, until there was

no more mass loss in a scale with accuracy 0.01 g. Then,

subsamples of 100 g were rewetted by adding demineralized

water and oxidized according to British Standards (1990b).

When the oxidation process was complete, the oxidant (6%

H2O2) was removed by centrifugation, also according to the

standard. Afterwards, the material was dried again at 50 ◦C

and finally rewetted with filtered Markermeer water. The fil-

ter had a size of 8–10 μm to remove plankton and other

organics and floating woody debris. The pH was measured

before and after oxidation by immersing a pH electrode in

the samples.
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2.2 Sample characterization

2.2.1 Analytical methods

The basic characterization included particle size distribution,

total OM content, total organic C (TOC) content, particle den-

sity, and Atterberg limits. A gas pycnometer (ISO, 2014a) was

used to measure the particle density, and the Atterberg limits

were determined according to ISO (2004a).

The particle size distribution was determined for all dis-

persed (i.e., after immersion in dispersant solution overnight)

natural samples by hydrometer and dry sieving according to

British Standards (1990a). The particle size distribution of the

treated samples was assumed to be the same as that of the orig-

inal sample.

Total OM was determined according to EN (2012), whereas

the amount and type of TOC was determined with the Rock

Eval device (Behar, Beaumont, & De B. Penteado, 2001). The

Rock Eval is a two-step process, which involves pyrolysis in an

inert atmosphere and subsequent combustion in an oxic atmo-

sphere. With this test, the amount of pyrolizable C and resid-

ual C were determined. The TOC was obtained as the sum of

pyrolizable and residual C.

The pyrolizable C corresponds to the labile OM and com-

prises three major fractions: S1, S2, and S3. The S1 and S2

fractions were measured by flame ionization detection (FID).

The S1 fraction (mg hydrocarbons g−1 sample) is composed

of small volatile molecules. The S2 fraction (mg hydrocar-

bons g−1) comprises larger, thermally cracked molecules of

hydrocarbons. From this fraction, the hydrogen index (HI),

which represents the relative importance of H-rich aliphatic

compounds, is calculated. The S3 fraction is measured in

milligrams of CO2 per gram of dry sediment and comprises

oxygen-containing organic molecules. Therefore, this S3 frac-

tion is used to calculate the oxygen index (OI). The HI

decreases, and the OI increases as the OM undergoes greater

degradation and oxidation (Carrie, Sanei, & Stern, 2012; Dis-

nar, Guillet, Keravis, Di-Giovanni, & Sebag, 2003).

The mineralogy of the bulk and clay fractions of the bulk

natural and treated samples was determined by X-ray diffrac-

tion (XRD; Moore & Reynolds, 1989). Knowing the mineral

composition was necessary prior to the design of the chemi-

cal oxidation to prevent drawbacks of the treatment, such as

big drops in pH (Mikutta, Kleber, Kaiser, & Jahn, 2005). The

composition was also needed to check whether the mineralogy

was the same in both sampling sites, and whether the treat-

ment affected the mineral composition.

2.2.2 Sediment characterization

Results of the basic sediment characterization are shown

in Table 1. The Atterberg limits of Markermeer sediments

F I G U R E 3 Particle size distribution of the various samples,

determined by hydrometer and sieving. See Table 1 for definition of

sample IDs

showed a decrease with increasing sand fraction and an

increase with increasing TOC. This increase in Atterberg lim-

its is due to the higher contents of OM and clay minerals

binding water. Consequently, the materials from the SW site

show higher Atterberg limits (Table 1). The H2O2 treatment

decreased the liquid limit (LL) from 104 to 60% for sediment

SW1B and from 72 to 33% for sediment NE1B. The plastic

limit went from 46 to 31% for SW1B and from 40 to 23%

for NE1B. Consequently, the sediment was able to hold less

water. Sediment SW1T has a plasticity index below 30% and

is classified as a medium plastic clay, whereas NE1T is just

slightly plastic with a plasticity index of 10%.

Figure 3 shows that the particle size distributions of the nat-

ural clay samples from the SW (samples SW1B and SW1F)

and the NE (samples NE1B, NE1F and NE2B) differed, with

the curves of the SW clay being less steep. Herein, the SW

clay is less sandy than the NE clay. The upper part of the

bed consisted of soft sandy silt and showed the presence of

more shell fragments (carbonates) compared with deeper sed-

iments. At the SW site, the upper soft sandy silt layer (SW2B)

was coarser than the underlying clay layer, whereas the pattern

for the NE is the opposite. The sand can be classified as fine

for all samples (i.e., 0.063–0.15 mm according to ISO, 2016).

The coarser particles all consisted of fragments of shells and

large OM particles.

Figure 4 shows the Rock Eval results. The measured S1

curves for the soft silt from both sampling sites achieved

larger maximum FID values than the underlying material.

This implies that there are more volatile molecules present

in the uppermost material (samples SW2B and NE1B) of the

lake bed compared with the sediment underneath (samples

SW1B and NE2B). Figure 4 also shows the subsequent S2

curve. Herein, the uppermost soft silt material of both sites

(SW2B and SW1B) exhibited larger FID values at lower tem-

peratures. Therefore, the S2 results also suggest that the OM

in the top layer of the bed is more labile (i.e., reactive) at

both sites. These differences in lability were also shown by
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F I G U R E 4 Rock Eval results for uppermost soft silt and deeper samples of both sites showing the S1 curve (volatile compounds, left) and the

S2 curve (right). Vertical axis: flame ionization detection (FID signal). See Table 1 for definition of sample IDs

the OI/HI ratio (see Table 1). This ratio increased with the

degree of degradation of the samples and thus exhibited the

larger values for the treated samples. Despite the different

lability, Tmax (i.e., the temperature at which the peak in S2

curve occurred) was still the same for both materials. This

indicates that their composition was still very similar.

The XRD analysis of the bulk mineralogical composition

of the samples showed that all sediment types had a similar

mineralogy, and that they mainly consisted of quartz (36.5–

47.7%) and feldspar minerals (8.5–14.3%). The samples had

considerable calcite contents (7–9%), which was the domi-

nant carbonate. The calcite contents of Markermeer sediments

were large enough to buffer pH (Hendriks, 2016). This was

also shown by chemical oxidation of the samples, which low-

ered the pH of the sediment samples by only 0.4 units (from

7.9 to 7.5). From the oxides group, hematite was identified

at relatively low contents (<1%). Pyrite was the dominant

sulfide identified (which indicates in situ anoxic conditions),

albeit at low contents (<1%).

Regarding the clay mineral fraction, the 2:1 phyllosilicates

were the most abundant (13.0–35.6%). Herein, three types of

2:1 phyllosilicates were present: illite, smectite, and mixed

illite–smectite layers. All samples had a similar clay fraction,

including the treated samples. This shows that the applied

treatment did not change the general sediment mineralogy.

2.3 Evaporation experiments

2.3.1 Methods

The Hyprop device (Figure 5) was used to determine the HCC

and the SWRC properties of the slurries listed in Table 2. Slur-

ries of the untreated samples were prepared at a water content

lower than sampled in the field. The different samples were

allowed to settle in storage containers to achieve the desired

F I G U R E 5 Schematic of the experimental Hyprop setup (after

Schindler et al., 2010)

initial gravimetric water contents (w0, Mw/Ms). The w0 of all

samples, listed in Table 2 was determine according to ISO

(2014b) by oven drying. Table 2 also shows the initial bulk

densities (ρb,0) and water ratios (WR0 = Vw/Vs). To analyze

the drying behavior at different initial water contents, repli-

cates (I and II) were prepared at different w0 for some sam-

ples. The treated samples were prepared at a water content

of 1.5 times the LL. This water content was selected as being

representative of the consistency at the end of self-weight con-

solidation for this sediment. After addition of water to attain

the 1.5 LL water content, the samples were allowed to equi-

librate for 48 h prior to testing. The 100% sand samples were

prepared by first adding filtered Markermeer water to the con-

tainer and then pouring in the sand. For each sediment sam-

ple, two evaporation experiments were performed (I and II),

with the exception of the oxidized samples and the soft sandy
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T A B L E 2 Initial parameter values for the Hyprop evaporation experiments: initial water content (w0), ratio w0/liquid limie (LL), initial bulk

density (ρb,0), and initial water ratio (WR0), at the start of the experiment

SW1B SW1F SW1T SW2B NE1B NE1F NE1T NE2B NE2S
ID Test I Test II Test I Test II – Test I Test II – Test I Test II – Test I Test II Test I Test II
w0 (Mw/Ms) 1.4 2.1 5.1 2.6 0.9 1.8 1.9 0.9 3.8 2.0 0.5 0.7 0.7 0.3 0.3

w0/LL, % 1.4 2.0 4.0 2.0 1.5 1.8 1.8 1.3 4.6 2.4 1.5 1.8 1.8 – –

ρb,0, kg m−3 1,318 1,226 1,106 1,170 1,492 1,271 1,260 1,294 1,150 1,222 1,683 1,537 1,527 1,977 1,949

WR0 (Vw/Vs) 3.5 5.3 13.1 6.7 2.3 4.7 4.9 2.3 9.7 5.0 1.4 1.9 1.9 0.7 0.7

silt sample from the NE (NE1B), due to limited sediment

availability.

The Hyprop device is based on the simplified evaporation

method (Schindler & Müller, 2006). Hyprop consists is metal-

lic cylindrical container with an inner diameter of 8 cm and

a height of 5 cm enclosing a volume of 250 cm3 of sediment

sample. Balances with an accuracy of 0.01 g continuously

monitored the mass loss of each sample during the evapo-

ration experiments in a locked climate room at a constant

temperature of 24 ◦C (±1 ◦C) and a relative humidity of 34%

(±6%) while vibrations were prevented. The reproducibility

of the results was tested by performing replicate experiments

with identical samples at identical initial water contents.

Two vertical ceramic tip tensiometers, with a diameter of

5 mm, were used to measure the suction pressures at 12.5 and

37.5 mm from the bottom of the sample. The tensiometers

were previously filled with de-aired, demineralized water

to improve accuracy, delay cavitation, and avoid retarded

tensiometric measurements, as suggested by Durner and

Or (2005).

For each sample, once the setup was installed (i.e., the ring

and the tensiometers), the metallic container was filled gen-

tly with the slurry while avoiding air entrapment. A spoon

was used to avoid trapping air in the sample when filling the

Hyprop ring. The evaporation experiments were continued

until both tensiometers cavitated, at which time the samples

were removed from the container and dried in the oven at

105 ◦C to confirm the average water content. A computed

tomography (CT) scan was performed to check that the sam-

ple filling method did yield homogenous samples.

2.3.2 Suction measurements

Suction is defined as a positive pore water pressure, whereas

hydrostatic pressures (i.e., the water pressure above atmo-

spheric pressure) are negative. The measured pore water pres-

sure is the result of multiple factors, such as the actual suction

pressure, the hydrostatic pressure, the over–under pressure

generated by sample preparation, potential self-weight con-

solidation, and an offset of the equipment (Tollenaar, 2017).

The tensiometer ceramic’s air-entry value of 8,800 hPa was

used as an additional measure of the slurry matric suction,

following the extrapolation method of Schindler, Durner, von

Unold, Müller, and Wieland (2010) and UMS (2015) to extend

the measurement range. This additional value was used under

the assumption that contact between the tensiometer and the

soil is guaranteed until the air entry value is reached. There-

fore, the 8,800-hPa point provides a measure of the water con-

tent corresponding to high suctions.

2.3.3 Hydraulic conductivity curves

According to Schindler et al. (2010), the Hyprop setup can be

used to determine the HCC. The unsaturated hydraulic con-

ductivity, K, has traditionally been calculated according to

Darcy–Buckingham’s law, assuming quasi-steady-state (con-

stant flux and hydraulic gradient) flow and a linearly decreas-

ing water content across the sample height over the measuring

interval (Equation 1; Schindler & Muller, 2006):

𝐾(ℎ) = Δ𝑉
2𝐴Δ𝑡𝑖m

(1)

where ℎ is the mean hydraulic head, ∆V is the evaporated vol-

ume during the interval, A is the cross-sectional area, Δt is the

time interval, and im is the hydraulic gradient. The hydraulic

gradient is calculated according to

𝑖m = 1
2

(
ℎ𝑡1,upper − ℎ𝑡1,lower

Δ𝑧
+

ℎ𝑡2,upper − ℎ𝑡2,lower

Δ𝑧

)
− 1

(2)

where h refers to hydraulic head, t1 and t2 refer to two

consecutive time steps, upper and lower refer to the upper

and the lower tensiometer measurements, and Δz is the

2.5-cm vertical distance between the two tensiometers.

Because some samples showed vertical shrinkage (for details,

see Barciela-Rial, 2019), the above assumptions and equa-

tions were tested for the slurries studied. For this, the

suction pressure difference between the upper and lower
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tensiometer was determined. When the assumptions were

valid, the two tensiometer measurements were used to calcu-

late the hydraulic conductivity.

2.3.4 Soil water retention curves

The SWRCs of the sediment are presented as a function of

WR (Vw/Vs), as defined by Tollenaar, van Paassen, and Jommi

(2018), instead of the traditional volumetric water content

(Vw/Vt). Water ratio is preferred because of the large water

content of the slurries studied.

Only the measured pressure of the lower tensiometer was

used for the calculation of the SWRC, because the upper ten-

siometer emerged above the surface of the slurry in most tests,

particularly for the clay samples because of their high ini-

tial water content. Further measurements with the upper ten-

siometer were then meaningless. The consistency between the

two Hyprop tensiometers was investigated by Breitmeyer and

Fissel (2017), who concluded that the Hyprop results obtained

with either one (top or bottom) or two tensiometers were not

statistically different. Therefore only the bottom tensiometer

was used in this study.

3 RESULTS AND DISCUSSION

3.1 Suction measurements

The evaporation experiments with Hyprop provided ten-

siometer and mass loss data as output parameters. Figure 6

shows a typical example of the measured raw data. The suc-

tion pressure increased until cavitation started. The effect of

self-weight consolidation on the measured suction pressure

was very small (for details, see Barciela-Rial, 2019) and was

neglected.

F I G U R E 6 Raw upper and bottom tensiometer and weight change

measurements for the bulk clayey silt SW1B-II sample

F I G U R E 7 Suction pressure difference between the upper and

lower tensiometer for the samples showing linear increase in the

difference between suction at the upper and the lower tensiometer.

Sample NE2B-I did not exhibit differences in suction during the first

4 d. See Table 1 for definition of sample IDs

3.2 Hydraulic conductivity curves

For some samples with large initial water contents (samples

SW1F and NE1F), the difference in suction between the upper

and lower tensiometer remained constant during the first few

days. The same was observed for the silty sand (NE2S) and

for the treated sample with significant sand content (NE1T).

After the few days, large suction gradients developed for all

these samples (SW1F, NE1F, NE2S, and NE1T). Therefore,

the assumptions of having linear gradients in the suction and

water content were not met. These assumptions are necessary

to calculate the hydraulic conductivity. This suggests that this

method cannot be used to determine the hydraulic conduc-

tivity with the Hyprop for these samples. Furthermore, for

samples SW1F and NE1F, the tensiometer protruded from the

sample and could not be used.

Figure 7 shows the suction difference (an indication of the

gradient) for the samples SW1B, SW1T, SW2B, NE1B, and

NE2B for which the assumptions of quasi-steady-state and

linear pressure gradient are considered valid. Figure 8 shows

the results of the hydraulic conductivity (Equation 1) as a

function WR for these samples. As expected, the hydraulic

conductivity decreases with decreasing WR (increasing

matric suction). The results suggest that samples with a larger

OI/HI ratio (Table 1) have a larger hydraulic conductivity.

This applies only to the samples whose behavior is not domi-

nated by the sand fraction (Simpson & Evans, 2016): SW1B,

SW2B, and SW1T. This highlights the importance of the type

of OM determining the material properties for fine-textured

sediment.
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F I G U R E 8 Hydraulic conductivity as a function of the water ratio of the samples meeting the requirements for the application of

Darcy–Buckingham’s law. See Table 1 for definition of sample IDs

F I G U R E 9 Water retention curves for replicates started at same initial water content for the NE2B sediment sample (i.e., silty sand with 69%

sand). See Table 1 for definition of sample IDs

T A B L E 3 Final gravimetric water contents (wf) and water ratios (WRf) at the end of the Hyprop tests

ID SW1B SW1F SW1T SW2B NE1B NE1F NE1T NE2B NE2S
Test I Test II Test I Test II – Test I Test II – Test I Test II – Test I Test II Test I Test II

wf (Mw/Ms) 0.36 0.43 4.47 0.40 0.23 0.30 0.73 0.13 0.27 0.47 0.07 0.07 0.08 0.01 0.01

WRf (Vw/Vs) 0.91 1.08 1.21 1.02 0.60 0.78 1.86 0.77 0.69 1.20 0.18 0.19 0.22 0.02 0.02

3.3 Soil water retention

Soil water retention curves were generated for all samples

from the suction pressures and mass data. The SWRCs pre-

sented include an additional extrapolated point computed

from the ceramic’s air entry value. Figure 9 shows that the

results presented in the current section are reproducible: two

tests of identical samples show perfect overlap. Table 3 shows

the gravimetric water content and WR at the end of the Hyprop

experiments.

Although there was a difference in initial WR between

(SW) replicate samples, the SWRCs converged at higher ten-

sion (Figure 10, left). Similar behavior is seen for the fines

(Figure 10, right).

The samples exhibited different SWRCs, with the more

coarse-textured samples (NE) showing lower initial WR and

steeper SWRCs (Figure 11) in agreement with published data

(Fredlund et al., 2012; Lu & Likos, 2004). For both sites,

the upper samples (SW2B and NE1B) have higher WR than

the lower samples (SW1B and NE2B). The different WR

occurred only at the low suction range, as expected from the

literature (Hillel, 2004), because of the different particle size

distribution of the upper and lower samples. It is notable that

the higher WR of the upper sediment is not just because it

is coarser; in the NE site, the lower sample NE2B is coarser

than the upper sample NE1B while having the same clay con-

tent. This suggests that the more labile OM present in the

upper sandy silt layer (see Figure 4) has a larger influence on
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F I G U R E 10 Water retention curves for replicates starting at different initial water content. Left panel, southwest (SW) bulk clayey silt. Right

panel, SW fine fraction. Note the different horizontal scale. See Table 1 for definition of sample IDs

F I G U R E 11 Comparison between experimental and model data for samples with a different sand content. Left panel, southwest (SW) samples.

Right panel, northeast (NE) samples. Sand contents are 0% (SW1F-I and NE1F-I), 8% (SW1B-I), 28% (SW2B-I), 42% (NE1B-I), 69% (NE2B-I), and

100% (NE2S-I). See Table 1 for definition of sample IDs

F I G U R E 12 Water retention curves for natural and treated bulk clayey silt southwest (left) and sandy silt northeast (right) samples. See Table 1

for definition of sample IDs

increasing the WR than the coarser texture of the lower silty

sand. Larger differences in WR between upper and lower sam-

ples are observed in the SW site because the upper sample

SW2B does not only contain more labile OM but also has a

coarser texture than the lower sediment.

The samples from both sites showed steeper SWRCs and

lower initial WRs after treatment (Figure 12) because of the

change in the aggregate structure and porosity caused by clay–

OM bindings that disappear due to oxidation. Furthermore,

the Atterberg limits showed a decrease in LL with decreasing

OM, which shows an associated decrease in the ability to bind

water (see also Zentar, Abriak, & Dubois, 2009). The results

are in line with those of previous studies, such as Skemp-

ton (1969) and Burland (1990), who showed that the slope
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F I G U R E 13 Correlation between the van Genuchten parameter m and different solid composition parameters (the oxygen/hydrogen index ratio

[OI/HI], total organic C [TOC], plasticity index [PI], and clay percentage). The OI/HI value of sample SW1F was not accounted in the correlation

shown (?). See Table 1 for definition of sample IDs

F I G U R E 14 Correlation between the van Genuchten parameter n and the oxygen/hydrogen index ratio (OI/HI) for the southwest (SW, left) and

northeast (NE, right) samples. The OI/HI value of sample SW1F was not accounted in the correlation shown (?). See Table 1 for definition of sample

IDs

T A B L E 4 Fitting parameters (α, n, and m), and correlation index (r2) of the modeled soil water retention curve and standard deviation (σ) of

the computed water ratio (WR) with respect to the experimental data

SW1B SW1F SW1T SW2B NE1B NE1F NE1T NE2B NE2S
ID Test I Test I – Test I – Test I – Test I Test I
α,hPa−1 0.90 2.30 0.50 0.19 0.15 1.70 1.30 0.25 0.01

n 1.15 1.00 1.18 1.15 1.00 1.00 1.20 1.10 30.00

m 0.18 0.24 0.11 0.20 0.17 0.27 0.08 0.14 0.20

r2 1.00 0.99 1.00 0.99 0.99 1.00 0.96 0.99 0.99

σ 0.14 0.44 0.04 0.14 0.05 0.18 0.15 0.14 0.04
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of the compression curves, defining the compression index,

experienced a similar dependency on sediment composition

as observed in Figure 12. Santagata et al. (2008) also found a

decrease in compressibility with a decrease in OM. The effect

of OM on water retention properties has also been studied in

other disciplines. Pons and Zonneveld (1965) described soils

as a mixture of colloidal (fine OM and clay) and noncolloidal

materials (silt, sand, and coarse OM). They interpreted ripen-

ing (as they defined the soil pedogenical processes) as a pro-

cess involving a change in the microstructure of the clay min-

erals and the fine colloidal OM, together with a loss of water.

In this sense, Figure 12 would give an indication of the dif-

ferences in water retention behavior before and after ripening.

Haynes (2005) pointed out that labile OM can be an indica-

tor of soil quality that influences soil function. Consequently,

for the case of the Marker Wadden wetland, the presence (and

type) of OM also plays an ecological role on the development

of the ecosystem at later stages.

3.4 Modeling the soil water retention curve

The SWRCs were fitted with a van Genuchten model (van

Genuchten, 1980) following Equation 3:

WR = 𝑒0
[
1 + (αℎ)𝑛

]−𝑚
(3)

where α (hPa−1), n (–), and m (–) are fitting parameters, e0 is

the initial void ratio, h (hPa) is the suction head, and WR is

the water ratio, which is equal to the void ratio at full satura-

tion. Parameter α correlates to the inverse of the apparent air

entry value of each curve, n correlates to the average slope of

the water retention curve, and m correlates to the data for high

suction. These free parameters were determined by best least

squares fitting of Equation 3 to the complete range of experi-

mental water content–suction data of each sample. Instead of

linking the two parameters m and n to each other, following

the original van Genuchten’s proposal, they were kept inde-

pendent (i.e., m is also a free parameter) to allow more flexi-

bility in the calibration. This choice is justified by the assump-

tion that parameter n is mainly dominated by capillarity and is

therefore strongly dependent on soil structure (Hillel, 2004),

whereas parameter m is dominated by the adsorption potential

of the clay and the organic fractions (Lu & Khorshidi, 2015),

reflecting a different retention mechanism.

The fitted parameters α, n, and m are shown in Table 4, and

the comparison between the experimental data and the fitted

curves is shown in Figure 11. Possible correlation between

the parameter m and some index properties of the samples,

namely the OI/HI, the TOC, the plasticity index, and the clay

fraction (% clay), were evaluated after fitting the parameter

onto the experimental data. The result is shown in Figure 13,

which shows a very good correlation with the OI/HI ratio. The

worse correlation being found with the total amount of organic

content emphasizes the importance of the type of OM on the

retention properties of the soil, in addition to the effect of the

amount of OM and clay fraction.

Parameter n also showed a more clear correlation with the

OI/HI ratio (Figure 14). Figure 14 shows this correlation for

each sampling site. Analyzing each site separately was neces-

sary because the parameter n describes the shape of the SWRC

in the intermediate range of suctions, where capillarity dom-

inates the response. Thus, the different particle size distribu-

tions found at the different sites (Figure 3) are expected to

influence the results. Good correlation was found with the

OI/HI ratio for each site independently, suggesting that the

type of organic content also influences the fabric, and there-

fore the water retention dominated by capillarity.

4 CONCLUSIONS

The effects of the type of OM and its oxidation, as well as

sand content, on the hydrological properties of Markermeer

sediment were evaluated. Samples were characterized, includ-

ing determination of the OI/HI ratio with Rock Eval analysis

to measure the lability of the OM. The soil water retention

behavior was studied with an evaporation method using the

Hyprop setup. This device proved to be a rapid and efficient

method to evaluate the SWRC behavior of slurries. However,

it showed limitations for obtaining the HCCs, especially for

high initial WR. The results of samples meeting the require-

ments for HCC determination showed that fine-textured sam-

ples with a larger OI/HI ratio (i.e., lower lability) have a larger

hydraulic conductivity.

The SWRC of sandy samples were steeper, and fine-

textured sediments showed large WRs at all suctions. As

expected, the differences in the water retention behavior were

particularly large between the sample with 100% sand and

those with 100% fines. In practice, this suggests that defor-

mations or residual settlement may increase after deposition

of the slurry layer if segregation occurs during the construc-

tion of the Marker Wadden. This may lead to large variabil-

ity in the final sediment volumes. The WR capacity of the

upper soft sandy silt layer was larger than that of the sediment

layer underneath, particularly under conditions of low matric

suction. This increase in WR is attributed to the difference in

lability of the OM and is larger for the case of coarser textures.

The effect of lability was also supported by the modeling of

the SWRCs, where the van Genuchten parameters m and n
were found to be more related to the type than the amount of

OM.

The results show the importance of organic geochem-

ical controls in the bulk physical properties of a clayey

slurry. The present research showed the important physi-

cal implications of the lability of OM. Treating samples by
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mimicking the exposure to oxidation and to drying and rewet-

ting had a significant effect on water retention and a large

reduction of the Atterberg limits. The water retention capac-

ity and compressibility decreased, whereas the hydraulic con-

ductivity increased after treatment. Therefore, the effect of

oxidation and drying–rewetting should be considered when

building new land with slurries, because the properties of the

sediment may change significantly. However, future research

on the effect of pretreatment may still be necessary, since the

effects of drying and oxidation should be studied separately

to gain further understanding.
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