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MONITORING THE CONSOLIDATION PROCESS OF MUD FROM DIFFERENT EUROPEAN
PORTS IN A FULL SCALE TEST FACILITY
P. Staelens1, K. Geirnaert2, S. Deprez3
A. Noordijk4, A. Van Hassent5
Abstract: The frequency of maintenance dredging work is determined by the inflow of new sediments and the
consolidation process of the sediment. A test facility was built to evaluate the behaviour of loose sediment
layers over time. The test facility consists out of a tubular pole with a water column of 20m. On the bottom of
the pole removable buckets can be placed. In the buckets different layers of sediments are built up. Two buckets
with a height of three and four meter with sediments from different ports were investigated. The different
sediments were liquefied. The buckets were sample cored and analysed.
Over several months the consolidation process of the different buckets was followed up in situ. When the time
constants of this process are better understood and also external factors like new material inflow, waves, tide,
temperature etc are measured the sediment processes could be better understood and maybe predicted.
Besides follow up of the behaviour of mud over time the test facility is also used to benchmark different
sediment characterisation techniques. Since the depth and layer build up is exactly known an objective
comparison of different in–situ mud characterisation parameters is possible. Over time the relation between
density and rheology (strength) of the mud layers in the different buckets were followed up by an innovative
sediment profiler.
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1

INTRODUCTION

Rapid and sudden changes in sedimentation and erosion triggered by seasonal, tidal and meteorological
conditions are known to be the driving factors behind day to day fluctuations on depth sounding measurements
in ports, harbors and access channels. Therefore ports, harbors and access channels are regularly depth sounded
and dredged to maintain a safe navigational depth (PIANC 2008). Nevertheless ships can and are to certain
extends allowed to interact with the sediment bringing the sediment back into suspension. PIANC 1997
describes a critical level up to which interaction with the sediment will not cause any damage to the ship, that
level is known to be the Nautical Depth. PIANC 1997 suggests that bulk density could be used as a practical
criterion to follow up the Nautical Depth as a direct substitute for strength. Alternative approaches evaluating
directly strength parameters are also available in the literature: Wurpts (2005) makes a strong statement and
claims that bulk density is not the parameter to be used to predict the strength of sediment. PIANC 1997,
appendix D, refers to 100Pa yield stress as a critical limit; this value is also used by Wurpts (2005). Toorman
(1997) states that a mud suspension has a thyxotropic behavior or can be approached and modeled as being
thyxotropic. Following Toorman (1997) one could state that when a substance is thyxotropic there surely will be
no direct relation between bulk density and strength of the sediment, it will be a fuzzy relationship with
minimum and maximum strength values, a hypothesis supported by the findings of Wurpts (2005) in figure 5.
Kerckaert (1985) claims a relation between bulk density and strength of the sediment if the mud content in the
sediment is known (particle sizes below 63μm). Kerkaert (1988) introduced a concept of rheological transition
and Warnier (1998) applied the concept and translated it into a bulk density threshold. Most of the research done
in this field is based on either lab measurements or in-situ measurements. How the findings from different
authors or different approaches coincide is still unclear, that is what triggered this research.
This paper will give an application based description on how to measure and follow up sediment strength
evolution in centimeter resolution. Two types of dredged sediments from different origins were brought into 3.5
and 2 meter suspension layers in order to investigate the bulk density-time and the strength-time evolution of the
sediment. The fuzzy relation between bulk density of the sediment and sediment strength has been investigated
during 2 months of experiments in an unscaled controlled environment in 24 m water depth. Merging and
evaluating over 5000 measured strength values depth related to independent bulk density measurements
demonstrated that there is no direct relation, not even locally, between sediment strength and bulk density. This
case study will be used to demonstrate how a free fall penetrometer can help to visualize the consolidation
processes in terms of strength and bulk density. We will also evaluate the influence of both bulk density and
strength measurement techniques on the Nautical Depth evolution. We will demonstrate that sediment bulk
density variations evolve faster than sediment strength variations, maybe triggering unnecessary peaks in
dredging operations.
2

METHODS

2.1
Test facility
Figure 1 displays the test facility used throughout this research. The dimensions of the facility are: 24 m deep,
diameter 1.4 m. The test facility is, in this research, used to investigate the evolution in time of the strength and
bulk density of dredged sediment after agitation under static conditions. In this paper two case studies will be
used to show how free fall penetrometer testing can visualize strength evolution in the sediment. The sediment
is deposited in buckets of 3 m³, 4.5 m³ or 6 m³. The sediment has then been agitated using standard agitation
equipment while adding water, if necessary, to manipulate bulk density (Figure 2). The method allowed us to
generate suspension layers of stationary fluid mud up to 4 m high under known pressure and temperature
conditions. The test facility is sealed from the environment, hence allows the simulation of tides by pumping in
and out water. There were no tide simulations implemented during the consolidation process investigated during
this research.
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Figure 1. Schematic view on the test facility used during the experiment

Figure 2. A 4 m high 6m³ bucket used during the consolidation experiments.
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2.2
Bulk density measurements
During this research the sediment was sampled in vertical profiles using a Beeker sampler. Bulk density was
measured using an Anton Paar DMA 35 density meter. Bulk density was measured on a 5 cm interval over the
entire depth of the suspended sediment (Figure 3). Figure 3 is an undisturbed sample, it displays the watersediment interface. Bulk density measurements start at upper nipple visible on the right side of the core in the
figure and continue downward to prevent any influence of the measurement on successive measurements. The
Anton Paar DMA 35 was calibrated using 1 litre samples of different densities, including the raw sediment
material of 1.33 t/m³ bulk density, and an accurate balance. The user influence on the measurement was
calibrated as well by allowing different users to perform measurements on identical samples. An additional
Anton Paar DMA 35 from the Flanders Hydraulics Research, typically used for sediment bulk density
measurements, was introduced to cross check repeatability of the measurements within the same instrument
model range. The Anton Paar DMA 35 has a bulk density measurement range from 0 till 3 t/m³ and operates
correctly within a viscosity range of 0Pa.s till 1 Pa.s. Bulk density measurements with the Anton Paar DMA 35
within the specified range have an accuracy of 0.001 t/m³. The Anton Paar DMA 35 is in the higher viscous
sediments used beyond the optimal measurement range set by the manufacturer, but no deviations larger than
+/-0.01 t/m³ were observed within the agitated sediment zone.

Figure 3: Detail of a Beeker sample, with sampling nipples for the Anton Paar DMA 35 density meter

2.3
Strength measurements
A free fall 7.8 kg heavy, 5 cm diameter and 90 cm long, penetrometer (Graviprobe) was used to determine the
sediment strength. The instrument is equipped with a +/-16 m/s2 and +/- 650 m/s2 accelerometer sampled at 2
kHz and capable of deriving energy losses in one centimetre depth steps. The energy losses after drag correction
are caused by displacement of sediment and friction of the sediment on the sleeve of the instrument. The
instrument is not capable of allocating the source of the energy loss recorded by the instrument. Using different
shape factors can solve the unknown. In this research the balance between the two energy loss factors was not
investigated in order to minimize disturbance of the sediment volume. In order to work with safe values all
energy losses were 100% allocated on the tip of the instrument (dynamic dynamic cone penetration resistance)
and 100% on the sleeve of the instrument (shear resistance) delivering an over estimation of both parameters.
2.4
Measurement sequences and sediment manipulation
After bringing the sediment in suspension the suspension was left 12h to settle. A first measurement sequence of
measuring both strength and bulk density was performed directly after the 12h settling time. The second
sequence of measurements took place approximately one week later. The third sequence took place
approximately one month after bringing the sediment in suspension.
Two sediments were investigated and agitated during the research. A 4 m high bucket was filled with sediment
from the port of Zeebrugge. A 3m high bucket was filled with sediment from the port of Rotterdam. To the port
of Zeebrugge sediment, medium sand was added after 1 day of consolidation in an attempt to get the suspended
sand fraction higher.
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3

RESULTS

3.1
Zeebrugge sediment + sand bucket
5.25 m³ suspension of Zeebrugge mud was agitated (3.5 m deep suspension), density 1.13 t/m³. Particle size
distribution is based on Van Hoestenberghe (2011), d50 is 8μm and d90 is 50 μm, the clay fraction represents
20 vol%, silt fraction 75 vol% and sand fraction 5 vol%. The density was controlled by measuring the weight of
exactly one litre of suspended material and verified with an Anton Paar density meter. The sediment both in the
measuring cup and the bucket were left without further manipulations for 12 hours. Both the sediment in the
bucket and the measuring cup had 1 cm of dewatering after 12 hours. The sediment was agitated and medium
sand was added in an attempt to increase the sand content to the levels of Rotterdam mud. The dewatering of the
sediment in the 4 m high bucket, after 12 h, was 20 cm.
At t0+12h, Figure 4 displays the strength evolution in function of depth as the green line (drop:
2012.09.20_11.18.06_3). The strength increases from -19.7 m till -20.7 m and then reduces again till -23 m. The
density (Figure 5: density 2012.09.20 ) increases from 1.14 T/m³ to 1.15 T/m³ in the zone from -0.2 m to -1 m,
the density from -1 m till -3.5 m fluctuates around 1.13-1.14 T/m³.
At t0 + 6 days, Figure 4 displays the strength evolution in function of depth as the blue line (drop:
2012.09.26_08.53.53_2). The dewatering continued: the top of the mud lowered 45 cm since t0. The strength
increases from -19.95 m till -20.2 m and then slightly increases till -23 m. The density (Figure 5: density
2012.09.26) increases linear from 1.14 t/m³ to 1.25 t/m³ in the zone from -0.5 m to -3.5 m. The 1.2 T/m³ bulk
density point is crossed for a first time at -1.6 m for the bucket (-21.1m for the test facility) and a second time at
-2.5 m for the bucket (-22 m for the test facility).
At t0 + 3 weeks a density profile is shown at Figure 5 (density 2012.10.07), there were no significant changes
observed since t0 + 6 days. The consolidation process continued, the top of the mud is now 1.05cm below the
starting point at t0. Note that the bucket is 4 m deep and part of the mass losses due to consolidation can be
buffered there, also the Anton Paar density meter might not function optimal in high viscous media at the
bottom of the suspended layer. The 1.2t/m³ bulk density point can be observed at -2.2 m for the bucket (-21.7 m
for the test facility)
At t0 + 5 weeks, Figure 4 displays the strength evolution in function of depth as the red line (drop:
2012.09.26_08.53.53_2). Since t0 + 3 weeks no further volume reduction of the suspended sediment was
observed. The strength increase in function of depth is higher than the strength increase measured at t 0 + 6 days.
Overall the trend is that strength increases rapidly at the bottom of the suspended layer. Another important
observation was that a large portion of the sand remained distributed in the suspension.

5 of 14

Dynamic Cone Penetration Resistance vs depth
-19
-19.5
-20

Depth (m)

-20.5
-21
-21.5
-22
-22.5
-23
0

1

2

3

4

5

6

7

8

Dynamic Cone Penetration Resistance (kPa)
Cone penetration resistance, 2012.09.20_11.18.06_3 (kPa)
Cone penetration resistance, 2012.09.26_08.53.53_2 (kPa)
Cone penetration resistance, 2012.10.23_10_08.33_2 (kPa)
Figure 4. Strength time evolution in function of depth of the suspended Zeebrugge mud with sand. The
depth axis is depth below the water level in the test facility, the highest point of the bucket is -19.5 m.
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Figure 5. Density-time evolution in function of depth of the suspended Zeebrugge mud with sand below
the water level in the bucket, the 0 value correlates with -19.5 m water depth in the test facility
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3.2
Rotterdam sediment bucket
3 m³ of suspended sediment was generated at a density 1.2 t/m³ (Particle size distribution: Figure 6). The
density was measured using an Anton Paar density meter. The second phase of suspending the sediment
included an additional 2 hours of mixing in the top 1m layer in the bucket. After bringing the sediment in
suspension, the sediment was left untouched for 12 h. 1 cm of water was observed above the suspension, 12 h
after suspending the sediment.

Figure 6: Particle size distribution provided for the sediment of the Port of Rotterdam (Wensveen 2011).

At t0+12h, Figure 7 displays 4 strength profiles taken 12 hours after bringing the sediment into suspension
(green lines). From -17.75m till -18.75m water depth the strength increases linearly, while the strength between
-18.75 m and -19.75 m appears to decrease or remain stable linearly. The density profile displayed in Figure 8
shows a slight increase in density between -0.1m and -0.75 m (this corresponds with -17.85 m and -18.5 m water
depth), but overall the density fluctuates around 1.2 t/m³.
At t0+10 days, Figure 7 displays 2 strength profiles taken 10 days after bringing the sediment into suspension
(purple lines). There is a linear increase of strength observed between -17.9 m till -19.1m water depth. In the
region between -19.1 m till -19.75 m water depth an increase of strength is observed since the previous
measurement.
At t0+3 weeks, Figure 7 displays 3 strength profiles taken 3 weeks after bringing the sediment into suspension
(blue lines). The entire strength profile from -18 m till -19.75 shows a linear increase of strength. The density
profile displayed in Figure 8 shows a slight increase in density: 1.2 t/m³ to 1.23 t/m³ starting at -0.3 m till -1.85
m. This corresponds with -18.05 m and -19.6 m water depth.
At t0+5 weeks, Figure 7 displays 1 strength profile taken 5 weeks after bringing the sediment into suspension
(red line). The strength increases linearly with depth, from -18.3 m till -19.6 m, but the increase is stronger than
the previous measurement. The density profile displayed in Figure 8 shows a density of 1.24 over the profile
from -0.4 m till -1.6 m (corresponding with -18.15 m till -19.35 m water depth).
Overall the trend is that strength increases rapidly at the bottom of the suspended layer. The density at the
bottom 30 cm increases faster compared to the upper rest of the suspended sediment.
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Figure 7. Strength time evolution in function of depth of the suspended Rotterdam mud. The depth axis is
depth below the water level in the test facility, the highest point of the bucket is -17.75 m.
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Figure 8. Density-time evolution in function of depth of the suspended Rotterdam mud below the water
level in the bucket, the 0 value correlates with -17.75 m water depth in the test facility.
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4

DISCUSSION

4.1
Sediment consolidation process
Both sediment agitation and consolidation tests presented display a decrease of the volume. The Zeebrugge mud
without sand initially behaved similar to the Rotterdam mud in terms of consolidation speed. Adding sand
increased consolidation speed from the initial 0.015 m³ volume reduction on 12 h to 0.3 m³, a factor 20. What
the exact origin of the fast consolidation, due to adding sand, is still unclear, but it either puts extra focalized
weight on the sediment structure squeezing out pore fluids, or opens up drainage channels in the suspension by
sinking through the suspension facilitating pore fluids to escape. The presence of sand in the suspension column
over the entire column was observed till the last measurement, this may indicate that at least the first hypothesis
may be driving the consolidation, while the second hypothesis may also have contributed to the fast
consolidation.
Both suspended sediments show, during the first test cycle 12 h after suspending the sediment, strength and
slight density increase at the top of the suspended sediment. At the bottom of the suspended layer a strength
reduction was clearly visible. Taking into account the observation of the 1 cm reduction of the volume in the 1
litre measuring cup and relate it to the 1 cm reduction in the 3m high and 4 m high buckets, this may indicate
that the drainage of water starts at the top of the suspension while the suspension underneath has not yet started
to drain at that specific moment. After one week a strength and density evolution is observed in both buckets. It
is clear from Figure 5 and Figure 8 that the trend of density evolution in function of time is not similar in both
suspensions. The Zeebrugge mud with sand has a density evolution increasing with depth, while the Rotterdam
mud displays an overall increase but not or not yet in function of depth. The strength evolutions in both
suspensions show similarities: both suspensions have a clear strength evolution at the bottom of the suspended
sediment layer. The strength evolution at the bottom of the sediment in any case is related to an increase of
density, indicating that also that bottom region in the suspended sediment started to drain. The strength
evolution at a certain depth appears to be triggered by the availability of drain channels on one side and on the
other side by the weight of the sediment imposed above that specific depth point. Wichman (2000) describes
how pore pressure excess at the bottom of a sedimentation column drops faster through time under self weight
consolidation than at the top of the sediment layer, a similar phenomenon was also observed by Sills (2001).
The forces exerted by the weight of the sediment have to be distributed over pore fluids, translated as pore
pressure excess, and sediment grains or flocks. A reduction of pore pressure excess at a certain point, while the
weight above that point does not change, indicates that the sediment structure, at that point, absorbs the forces.
Since the sediment structure defines the strength and forces are absorbed by both pore water and sediment, pore
pressure reductions may be an indicative value to predict strength evolutions. Whether pore pressure
measurements are an indicative parameter to predict strength evolution is subject to further research. What has
been demonstrated in this research is that the density evolution in the suspension does not correlate to the
strength evolution and that the higher the weight of the sediment above a certain depth point the faster that
strength evolution will take place on the premise that that specific depth point can drain pore water.
4.2
Sediment bulk density- sediment strength relation
Bulk density of sediment is the sum of individual weights of sediment components in a certain volume divided
by the respective sediment volume. Measuring density by dividing weight per volume unit is a correct bulk
density measurement; this technique however is not applicable during the experiment due to insufficient vertical
resolution. The term component, in bulk density measurement equipment not measuring directly the weight and
volume, is approached at different levels: the atomic level and the mineralogy level. Claeys (2012) summarizes
the available field equipment for bulk density measurements. For a radioactive gauge calibration is necessary
since the bulk density is the sum of the weight of individual atoms and each type of atom and their binding
reacts differently to radiation. In the used sediments the dominant atoms ignoring their binding are: H, C, O, Na,
Mg, Al, Si, Cl, K and Ca. Some non-radioactive devices use a calibration curve to derive bulk density from
strength measurements, in that case the mineralogy is an important influencing factor. Figure 9 displays a
subdivision of sediment components based on strength contributions, where small amounts of inert particles will
not contribute to sediment strength and matrix particles will, even in small amounts, contribute to sediment
strength. Pantet (2010) investigated the effects of coarse particles in muddy sediment and suggests a relation
between strength and bulk density in muddy sediments if the mineralogy and grain size distribution is known.
Pantet (2010) proposes to use the Krieger-Dougherty equation to predict yield stress from a know sediment
composition.
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Figure 9. Bulk density of sediment is the sum of the weight of the individual components within a volume.
The dominant component behind strength of sediment is the amount of matrix particles available within
the volume.
Fine and cohesive particles have a significant influence on the sediment strength, they will be referred to as
matrix particles. How matrix particles behave in suspension and in sediment is summarized by Manning (2011).
Manning (2011) describes the process of sediment flocculation and formation of soil. Manning (2011) also
describes the importance of and interaction of flocks with organic material and further relates flock strength to
flock size and flock bulk density. Important to note is that organic material unlike clay particles have a density
equivalent to water but organic material can contribute to sediment strength, depending on the type of organic
material. Bulk density measurements used to bypass or substitute rheology or strength measurements ignore the
presence and influence of organic material in the sediment. Wurpts (2005) correlates the presence of organic
material in the sediment to the thyxotropy of the sediment.
In order to evaluate what correlation sediment strength and bulk density have, the dynamic cone penetration
resistance was plotted in function of the bulk density. Figure 10 shows the data from the Zeebrugge mud + sand
and the relation appears to be fuzzy. At bulk density 1.15 t/m³ the sediment can generate a dynamic cone
penetration resistance between 0 and 3kPa (shear resistance 0 and 37 Pa). At bulk density 1.2 t/m³ the sediment
can generate a dynamic cone penetration resistance between 0 and 8kPa (shear resistance 0 and 100 Pa). At bulk
density 1.23 t/m³, the lowest value measured is 2.5 kPa (shear resistance 30Pa) but what the maximum value is,
is unclear.
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Figure 10. The density - strength relation and evolution of a mud during approximately one month of
consolidation of the Zeebrugge mud + medium sand
The Rotterdam sediment measurements were plotted in the same graph (Figure 11). Similar trends are visible.
Bulk density 1.2 t/m³ varies between 0 and 4 kPa dynamic cone penetration resistance (shear resistance 0-50
Pa). Bulk density 1.23t/m³ varies between 0 and 7 kPa dynamic cone penetration resistance (shear resistance 087Pa). Bulk density 1.24 t/m³ varies between 0 and 8 kPa dynamic cone penetration resistance (shear resistance
0-100 Pa). The data from 17/10 (triangles) shows the two phases where the top phase has a bulk density ranging
between 1.21 t/m³ and 1.225 t/m³ at a dynamic cone penetration resistance of 0-3.5 kPa, while the phase
between -1 m and -2 m has a bulk density of 1.225 till 1.235 at a dynamic cone penetration resistance of 3-6.5
kPa.
Both sediments appear to generate different dynamic cone penetration resistances at one specific bulk density.
Comparing the trends of both sediments displayed in Figure 10 and Figure 11 reveals that the minimum and
maximum values at a certain bulk density are different. The Rotterdam mud appears to have equivalent
strengths to the Zeebrugge mud +sand at higher densities. The Zeebrugge mud + sand bulk density of 1.18 t/m³
appears to be equivalent in dynamic cone penetration resistance to the 1.2 t/m³ of the Rotterdam mud. The
Zeebrugge mud + sand bulk density 1.20 t/m³ appears to be equivalent in dynamic cone penetration resistance to
the 1.24 t/m³ of the Rotterdam mud. So both sediments show not only a shift but also a stretch on the presumed
relation.
An important side remark is that Sills (2001) and Wichman (2000) demonstrate how bulk density can be
reduced by the presence of gas in the sediment. Gas was not observed during the experiment, but gas may not
affect the strength while it does affect a bulk density measurement. This effect will project higher bulk density
mud into the region of lower bulk density mud and as a direct result the presumed relation between bulk density
and strength will not be valid anymore.
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Figure 11. The bulk density - strength relation and evolution of a suspended sediment during 5 weeks of
consolidation of the Rotterdam mud.

Reorganizing Figure 4 to a common depth point (Figure 12) shows how agitated sediment evolves under a depth
sounding, in terms of sediment strength. The arrows on Figure 12 are the first 1.2 t/m³ measurements
encountered. Although the overall strength profile between t 0 and t1 is similar, the 1.2 t/m³ appeared to have
shifted 2 m up in 1 week time, from -22.7 m to -20.6 m. Applying the 100 Pa proposed by Wurpts (2005)
indicates that the 1.2T/m³ in that specific case is more than 2 m above the 100 Pa. In terms of sediment strength,
the 100 Pa threshold starts to move up between t1 and t2 but remains under the 1.2 m³ measurement.
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Figure 12. Shear resistance evolution in function of time and depth with their respective 1.2 T/m³ depth
points (arrows), t0 = initial condition + 12h, t1 = t0 + 1 week, t2 = t0 + 1month.
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CONCLUSIONS

Bulk density is related to the weight of the components in the sediment. Bulk density does not translate to
composition of the sediment and ignores the presence of organic material, since organic material contributes to
strength, bulk density cannot have a direct link with sediment strength. When sediment composition is known
and no gas is present in the sediment, bulk density can indicate how many individual components are available
in a volume but does not give indications on how components are organized in the sediment. Knowing the
amount and type of components in a gas free sediment-water mixture delivers a potential of minimum and
maximum strength or structure. That structure can be weak or strong depending on how the individual
components interact. The formation of structure in the sediment accelerates when external factors such as
sediment load are added and requires drainage in order to reorganize the structure to a stronger structure. This
research indicates that drainage of the sediment and increasing bulk density do not instantaneously result in
higher strength of the sediment. Bulk density appears to evolve significantly faster than the strength of the
sediment, making it a less suitable parameter to follow up a Nautical Bottom criterion when agitation dredging
is applied.
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