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Abstract: Hydraulic conductivity k as a function of void ratio e and particle diameter for silty
sediment was experimentally investigated, and an empirical formula for the estimation of hydraulic
conductivity was proposed. Seepage resistance for flow in silty sediment was deliberated. Based
on the findings of the study, it was concluded that hydraulic conductivity k could be expressed as
an exponential function of void ratio e and median particle diameter d50 {3.1 µm < d50 < 87 µm and
0.26 < e < 4}. It was further found that the formula of seepage resistance factor (λ), a form of friction
factor, varies linearly with Reynolds number (Re) for silty sediments. A family of such λ-Re curves
for various particle diameter d50 is presented.

Keywords: seepage; void ratio; grain size; Reynolds number

1. Introduction

Utilization of dredged fine sediments has attracted wide attention in recent years.
In China, the total quantity of dredged fine sediments was 395.5 million m3 in 2017,
and that included 169 million m3 from various construction activities related to coastal
reservoirs, ports and waterways, 10.3 million m3 from the maintenance of reservoirs, ports
and waterways, 142.2 million m3 from land reclamation, and 74 million m3 from various
environmental projects. Naturally, these dredged soils are mainly composed of clay, silt,
mud, and a certain amount of silty sand/sandy particles. Grain size distribution shows
a wide grading range. Soil characteristics are different from those of sandy granular
materials, as dredged materials exhibit certain cohesive characteristics, low permeability,
and weak bearing capacity. In the past, these dredged materials were difficult to use and
were dumped in certain designated sites instead. However, with sandy material in short
supply today, and river/beach sand mining viewed as being not environmentally friendly,
engineers and developers have sought to utilize dredged materials as landfill materials
instead of dumping them as waste [1]. Other uses include creation of certain fish and
wildlife habitats [2,3]. Such use of dredged fine sediments (with appropriate engineering
considerations and treatments) would be the modus operandi of our time and the time to
come. For example, the Leqing port, a major satellite facility of the Wenzhou Port in the
Zhejiang province of China, was recently hydraulically reclaimed using dredged clay slurry
as landfill material. This clay slurry was dredged from the port basin and waterways at the
coastal regions and hydraulically piped to the land reclamation area. The hydraulically
filled area was over 7000 acres and up to 6.5 m in depth. Median particle diameter and
initial water content of the dredged soil were 7.26 µm and 175% or higher by volume,
respectively. Due to the low permeability and strong ability to bind water, the bearing
capacity of the reclaimed land was still very low many weeks later [4].
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Leachate from land filled with dredged material may have serious concerns in terms
of environmental safety, stability of the reclaimed land, and the infrastructure built on said
land. The leachate with hazardous pollutants might affect the quality of the groundwa-
ter [5–7]. Release of water through seepage or consolidation of slurry materials would lead
to settlement and may induce slope failure and cofferdam breaches [8–10]. It has been
reported that silty/muddy materials typically exhibit certain distinct physical character-
istics very much different from those of noncohesive granular sediments. Grain size of
silty/muddy sediment measures in microns, and grain size distribution typically covers
several orders of magnitude and the specific surface area of the particle is large [11]. This
fine soil exhibits strong cohesive and viscous characteristics. As a result, seepage flow
through the tortuous passages of silty sediments is complex due to interactions between
the fluid and fine particles [12].

There are many reported studies on seepage flow through sedimentary beds, but the
details on seepage flow in silty sediments are still controversial [13]. The key parameter
used to describe seepage flow is hydraulic conductivity. Equations (1)–(7) are some of the
reported formulae used to calculate hydraulic conductivity k of sedimentary beds [14–22]:

k = A
(

d2
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)
(1)
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ln k = 7.617 + 3.486(ln e) + 1.235(ln d50) (7)

where e, e0, ε, and k0 are void ratio and initial void ratio, porosity, and initial hydraulic
conductivity of sedimentary beds; CF, S, ρm, and dm are shape coefficient, specific surface
area, density, and size of grains that are x% (by weight) finer than the specified diameter of
the sediment particle; rw is unit weight; µ is coefficient of dynamic viscosity of seepage flow;
A, B, and Ck are coefficients. Among the many factors that affect hydraulic conductivity of
silty soil, particle diameter and void ratio are the two major factors. However, there is no
consensus on how these factors influence hydraulic conductivity of fine silty sediments.
Taylor [17] suggested that an empirical linear relationship exists between the logarithm
of k and void ratio e, while Mesri and Olson [18] proposed that a linear relationship
exists between log k and log e. Others believed that k is proportional to en/(1 + e) [19,20].
Some researchers indicated that hydraulic conductivity is affected by effective particle
diameter d10 [23,24]. Chen et al. [25] found that hydraulic conductivity is strongly related to
median diameter d50. Some researchers even doubt whether these equations are sufficiently
accurate for a silty sediment [26,27].

In addition, seepage resistance in silty sediment still needs to be investigated. Seepage
resistance through a porous medium is generally characterized by the friction factor λ
and Reynolds number Re, where the parameters λ and Re represent the resistance to flow
past the sediment particles and the flow regime, respectively. There are many studies on
seepage resistance, but most are focused on packed beds. Ergun equation [28,29] is one
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of the representative equations that describes the seepage resistance–Reynolds number
relation for fluid flow through packed beds, which can be written as:

λ = 1.75 + 150
1− ε

Re
(8)

where ε is soil porosity. Macdonald et al. [30] and Moutsopoulos et al. [31] suggested that
the gradation of silty sediment might also have important influence on flow resistance.
In the case of dredged cohesive sediments, the soils usually exhibit certain rheological
properties and behave as a viscous fluid [1]. The rheological behaviors of dense cohesive
sediments are typically non-Newtonian and non-time-invariant. The rheological properties
of cohesive sediments subject to shear loads are sensitive to both shear rate and time.
The internal structures of bulk cohesive sediments with the same water content and
sediment grain size may vary due to their different settlement histories [32,33]. Therefore,
one would expect that resistance to seepage in silty sediments would be distinctly different
from that in porous media composed of coarse grain materials. Thus, the reported seepage
resistance models may not be applicable to silty sediments, and a new seepage resistance
model needs to be developed.

The aim of this study is to investigate hydraulic conductivity and seepage resistance
in a silty cohesive soil. For this purpose, extensive seepage tests were planned, designed,
and the experiments carried out using a cylindrical permeameter for seven types of silty
sediments. Grain size distribution, hydraulic conductivity, and Reynolds number were
measured. The variation of hydraulic conductivity with void ratio for various silty sedi-
ments was examined and analyzed, and a formula for calculating seepage resistance in silty
sediment beds was developed. The relationship between seepage resistance and particle
Reynolds number was deliberated in detail.

2. Material and Methods

Thirty-five sets of seepage experiments were conducted at the coastal laboratory in
Shanghai Jiao Tong University. The experimental setup and procedures are described herein.

2.1. Experimental Setup

A standard cylindrical permeameter (TST-55 type, Nanjing Nantu Instrument Equip-
ment Co. LTD., Nanjing, China) was used for the seepage experiments, see Figure 1.
The permeameter was 118 mm in outer diameter, and 155 mm high. The test sample inside
the permeameter was 61.8 mm in diameter and 40 mm high (the shortest seepage path
in the test sample L = 40 mm). Both the upper and lower porous stones were 61.8 mm in
diameter and 10 mm high. The permeability coefficient of the porous stone was greater
than 10−3 cm/s, which was much higher than that of the silty sediment samples.

Figure 1. TST-55 permeameter. The TST-55 permeameter consisted of a cutting ring, two porous
stones, a lantern ring, a top cover, a bottom cover, two rubber rings, and secured with bolts and nuts.
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A constant water head flow condition was set up in these experiments, see Figure 2.
Two piezometers were installed at the inlet and outlet of the permeameter to measure the
respective water head, and the water head difference ∆h between them. The outflow water
was collected in a glass cylinder and weighed using an electronic balance (±0.01 g) to
determine mass flowrate. Bulk seepage velocity was calculated accordingly, and hydraulic
conductivity was calculated based on Darcy’s law.

Figure 2. Schematic diagram of the experimental setup. The outflow water was collected in a glass
cylinder and weighed using an electronic balance under the glass cylinder.

Figure 3. Measured cumulative grain size distribution. The median grain sizes of sediment types 1–7
varied between 7.26 µm and 70.32 µm.
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2.2. Test Materials

Seven types of silty sediments were tested in this study. The sediments were dried
in an oven at a temperature of 105 ◦C for 12 h. The dried sediments were broken up
and sieved through a 1.0 mm mesh to remove impurities such as fibers, small stones,
and shellfish. Then, an ultrasonic vibrator was used to break up the floc structure and
to disperse the sediment particles in order to minimize the effect of flocculation on grain
size analysis [34]. Grain size distribution for the sediment was evaluated using a TZC-4
particle diameter analyzer (Shanghai Tongfang Instrument Company, Shanghai, China),
which is an automated sedimentation balance used for determining grain size distribution
and median grain size of sediment particles. The measurement range of the analyzer was
1–60 µm, and the accuracy of the sedimentation balance was 0.1 mg. The measured grain
size distributions of these soils are plotted in Figure 3.

Median grain size, specific gravity, uniformity coefficient, and standard deviation of
grain size of all seven sediment types are tabulated in Table 1.

Table 1. Physical properties of the tested silty sediments.

Properties Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7

Specific gravity Gs 2.73 2.72 2.70 2.71 2.69 2.65 2.63
Median grain size d50 (µm) 7.26 14.42 19.79 35.57 41.30 60.01 70.32
Uniformity coefficient σg 2.91 3.17 2.93 3.97 3.90 4.20 4.76

Standard deviation of the grain size (µm) 0.9 0.7 1.2 1.9 1.6 2.1 2.6

The uniformity coefficient σg in Table 1 is defined as [35]:

σg =
1
2
(

d84

d50
+

d50

d16
) (9)

where dx is the size of grains that are x% (by weight) finer than the specified diameter.

2.3. Test Procedure

Before each test, the selected sediment was blended with certain predetermined
amount of water using a mechanical mixer and remolded to uniform consistency. Void ratio
was recorded. The test procedures are outlined as follows:

(1) In order to reduce the sidewall effect, i.e., to prevent seepage water from flowing
through the gap between the soil and inner wall, a thin layer of Vaseline was applied
uniformly on the wall of the cutting ring.

(2) The test sample (with known void ratio) was placed in the permeameter.
(3) The permeameter was then sealed hermetically and tightly, and the flow inlet, outlet,

and piezometer tubes were connected.
(4) The inlet valve was turned on to let water flow into the permeameter at a steady rate.

The bubbles inside the permeameter and piezometer tubes were purged carefully,
and the temperature and viscosity of the water were recorded.

(5) When the water flow rate was steady, a certain amount of outflow water was collected,
and the corresponding time interval was recorded. The water levels of the piezometer
tubes were also observed and recorded.

(6) Each test was performed three times to minimize the measurement error.

3. Results

Thirty-five sets of experimental results were obtained. Particle diameter d50 was in the
range of 7.26–70.32 µm (Table 1), and void ratio was in the range of 0.566–3.467 (Table 2).
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Table 2. Void ratio of the 35 test samples.

Soil Types Void Ratio e

Type 1 0.723 1.123 1.544 2.610 3.144 3.467
Type 2 0.599 1.026 1.318 1.606 2.083 2.548
Type 3 0.773 1.148 1.470 1.842 2.081 2.471
Type 4 0.566 0.946 1.363 1.581 1.953 /
Type 5 0.775 1.069 1.374 1.641 / /
Type 6 1.026 1.405 1.544 1.937 / /
Type 7 0.812 1.036 1.217 1.474 / /

Based on the measured flow rate and hydraulic head gradient across the test sample,
hydraulic conductivity k (cm/s) was calculated. The variation of hydraulic conductivity
with void ratio e was analyzed as described below.

3.1. Hydraulic Conductivity of Silty Sediments

Hydraulic conductivity k (cm/s) at various void ratio e for all tested sediment types is
plotted in Figure 4.

Figure 4. Relationship of hydraulic conductivity k as a function of void ratio e. The relationship
between log k and log e is linear.

It can be seen from Figure 4 that, for a given soil type, hydraulic conductivity k
increases with void ratio. There exists an obviously positive linear relationship between
log k and log e, which can be represented by a simple linear function [15] as follow:

log k = a + b (log e) (10)

where a and b are the intercept and slope of the fitted straight line. In several empirical
models, the parameters a and b are determined as constant, and the logarithmic value of
hydraulic conductivity is treated as a simple linear function of the logarithmic value of
void ratio [36]. However, the experimental results in Figure 4 show that particle diameter
may have certain important effects on hydraulic conductivity in silty sediments, and the
parameters a and b of different soil types may be identified and distinguished based on
the value of particle diameter d50. Figure 5 shows that a linear relationship exists between
parameters a, b and particle diameter d50.
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Figure 5. Relationship of parameters a, b and d50. Both a and b appear to vary linearly with d50.

It is clear then that hydraulic conductivity of silty sediments is dependent on void ratio
e and particle diameter d50. By performing linear regression analysis, a best fit relationship
was obtained to correlate log k, log e, and log d50, as follow:

log k = −5.66 (log e) + 3.32 (log d50)− 5.38 (log e)(log d50)− 0.02 (11)

and k (cm/s) may be expressed in an exponential form as follow:

k = 10−5.66(log e)+3.32(log d50)−5.38(log e)(log d50)−0.02 (12)

The coefficient of correlation R2 and standard deviation are 0.93 and 0.30, respectively.
Experimental data of Zhang et al. [1] and Chapui and Robert [21] are also used to

verify equation (12), and the reported particle diameters d50 were in the range of 45–87 µm
and 3.1–6.17 µm, and void ratios were in the range of 0.26–0.41 and 1–4, respectively.

In addition, two widely used equations are also included here for comparison. One is
the Kozeny–Carman Equation (6), and the other is Equation (7) proposed by Chen et al. [25].

Figure 6 shows the measured and computed hydraulic conductivity using Equations (6),
(7) and (12).

Figure 6 indicates that the predicted hydraulic conductivity of silty sediment us-
ing Equations (6) and (7) produces a large error. Generally, the computed values using
Equations (6) and (7) are much smaller than the measured values except for several data
points. Therefore, these two equations may be considered weakly applicable to estimating
hydraulic conductivity of a silty sediment. It can be seen that the proposed Equation (12)
provides a good estimate of k, and almost all the computed k values for these soils fit into
the band between the lower bound of one third (y = x/3) and the upper bound of three
(y = 3x) times the value. Therefore, one may conclude that Equation (12) is applicable to
estimating hydraulic conductivity k in silty sediments with particle diameter, d50 (3.1 µm <
d50 < 87 µm) and void ratio, e (0.26 < e < 4).

3.2. Seepage Resistance for Seepage Flow in Silty Sediments

The seepage flow in silty cohesive soils follows the path of a very complex capillary
drainage conduit through the pore spaces of the soil matrix. For the simplicity of analysis,
one may assume that the sediment particles are spherical and the seepage pathway is a
bundle of tortuous capillaries with a uniform circular cross section and diameter. Gener-



Water 2021, 13, 75 8 of 15

ally, for the steady uniform flow in a uniform pipe, the total water head drop h f can be
estimated by:

h f = λ
L
d

v0
2

2g
(13)

where λ is Darcy–Weisbach friction factor, L is length of flow path, d is diameter of the
pipe, v0 is flow velocity, and g is the gravitational constant.

The total water head loss h f can be calculated by:

h f =
∆p
ρg

(14)

where ∆p (Pa) is total pressure difference between the inlet and outlet, and ρ is fluid density.

Figure 6. Computed (Equations (6), (7), and (12)) and measured hydraulic conductivity k for the
data reported by Zhang et al. [1], Chapui and Robert [21], and the present study. It can be seen that
Equation (12) performs better than Equations (6) and (7).

Presumably, for the flow in microscopic drainage conduits, the total pressure drop
can be estimated using Equation (13). The microscopic drainage conduits in porous media
are analogous to a group of circular capillaries parallel to the direction of flow [37]. These
capillaries are tortuous and of complicated shape but may be viewed as tubes with a
constant cross-sectional area, on average. The actual length of the flow path is L = L0τ,
where L0 is straight length or thickness of a test sample in the permeameter, and τ is
tortuosity of the drainage conduits. According to Yu and Li [38], τ is a function of porosity,
ε, which can be given by:

τ =
1
2
(1 +

1
2

√
1− ε +

√
1− ε

√(
1√
1−ε
− 1
)2

+ 1
4

1−
√

1− ε
) (15)

d is defined as the equivalent drainage-conduit diameter. For a tube flow, the diameter
d and hydraulic radius Rh are related as d = 2r = 4Rh, where r is the radius of the drainage
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conduit. According to Ergun [28], Rh is defined by Rh = ε/α with the specific area of solid,
α = 6(1− ε)/ds, where ds is the particle diameter. Thus, the conduit diameter d can be
expressed as:

d =
2εds

3(1− ε)
(16)

The actual velocity of the fluid is given by v0 = v/ε, where v is the average velocity. v
is expressed as:

v =
qt

A
=

∆m
ρA∆t

(17)

where qt is the volume of outlet flow per unit time, A is the cross-sectional seepage area,
and ∆m is the mass of the flow within a seepage time interval ∆t.

Finally, the total pressure drop may be rewritten as:

∆p
ρg

= h f = λ·3L0τ(1− ε)

2εds
· v

2

2g
(18)

and the friction factor is given as:

λ =
4
3

∆p
L0τ

ds

ρv2
ε3

(1− ε)
(19)

The particle Reynolds number is introduced to describe the flow regime, and is
defined as:

Re =
ρv0ds

µ
(20)

where µ is the dynamic viscosity of water and ds is replaced by the median size d50.
Hence, λ and the corresponding Re during the seepage process can be calculated.

Based on the experimental data obtained in this study, the variation of seepage friction
factor or resistance and particle Reynolds number is listed in Figure 7. Detailed data is
shown in Supplementary Materials.
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It is clear from Figure 7 that for flow seepage in each type of silty sediment, the seepage
resistance or friction factor is linear with Reynolds number. The larger the Reynolds
number, the smaller the seepage resistance. In addition, the variation of the resistance
against Reynolds number is distinct for a certain sediment type, regardless of its porosity
(or water content), and the slopes of the λ versus Re curves vary with sediment type.
For the type 1 sediment, where d50 is the smallest (7.26 µm), the λ-Re curve is the steepest.
However, the slope of the λ versus Re curves decreases with the increase of median grain
size. When grain size is larger than 60 µm (e.g., sediment type 6 and type 7), the logarithmic
λ-Re line tends to assume a gentle slope of −1. It may be inferred that when grain size
is larger than 60 µm, the formulae which are used to calculate hydraulic resistance in
coarse-grained porous media may be also applicable.

According to Figure 7, one may deduce that the general relationship between λ and
Re for seepage flow in silty sediments can be expressed in the following form:

λ
1− ε

ε
= f Rm

e , m < −1 (21)

where m is the slope of λ versus Re curve in the log-log plot. Here, m is related to particle
diameter d50 and uniformity coefficient σg. The coefficient f may not be a constant and
depends on d50 and σg as well. Introducing the principle of dimensional analysis, the
dimensionless particle diameter d∗ is introduced to replace the median particle diameter,
which is commonly defined as [39]:

d∗ = d50

[
g(ρs − ρ)/

(
ρν2
)] 1

3 (22)

The values of m and f for the seven types of sediments are listed in Table 3 and
Figures 8 and 9. Only type 1–5 sediments as the corresponding m-values are less than −1.

Table 3. The values of m and f for types 1–5 sediments.

Sediment Type d50 (µm) d* d*/σg m f

Type 1 7.26 0.187 0.064 −1.607 26.75
Type 2 14.42 0.370 0.117 −1.521 123.22
Type 3 19.79 0.505 0.172 −1.490 425.22
Type 4 35.57 0.910 0.230 −1.363 1548.70
Type 5 41.30 1.053 0.270 −1.096 15367

Figure 8. Distribution of m as a function of d∗/σg. The value of m increases with d∗/σg.
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It can be seen in Figures 8 and 9 that both parameters m and f can be expressed as a
function of d∗/σg, and can be respectively expressed as:

m = 16.03(
d∗
σg

)
2
− 3.22

d∗
σg
− 1.58 (23)

And
f = 0.32e

35.75 d∗
σg (24)

Finally, the relationship of λ with Re in fine silty sediments can be rewritten as:

λ = 0.32(
ε

1− ε
)e

35.75 d∗
σg R

16.03( d∗
σg )

2−3.22 d∗
σg −1.58

e (25)

4. Discussions

Seepage resistance versus Reynolds number obtained in the present study (for silty
sediments) and by other researchers [40–48] (for porous media mainly composed of coarse
particles) are plotted together in Figure 10.

The results from the present experiments and other studies all show the same trend,
i.e., the friction factor increases consistently with a decreasing Reynolds number, and the
relationship of flow resistance and Reynolds number is linear in the log-log plot. It is
also clear from Figure 10 that for flow through coarse sediment, the slope of λ-Re curve
on the log-log plot is −1, so that λ as a function of Re is usually expressed as λ = A/Re.
The value of the coefficient A could range from 150 to 200, and is known to be mainly
influenced by particle shapes, grain sizes, porosities of the porous medium, and fluid
properties [42]. Generally, A = 150 is accepted for flow which may be described by the
power law, and A = 180 is commonly used in the case of a Newtonian fluid. Seepage
flow in coarse sediments is mainly due to free-flowing fluid such that the flow resistance
is strongly affected by an individual soil particle, and each type of coarse particle has a
different “roughness”. In contrast to seepage flow through coarse sediments, seepage flow
through silty sediments is affected by the surface roughness of the particles, and the effects
of fluid viscosity for flow through very small interconnected pores. In some cases, the
effect of viscosity dominates the behavior of the seepage flow. As the grain size is finer,
the corresponding specific surface area is larger, and the effects of viscosity much greater.
This enhances the ability of sediment particles to “bind” with water, which results in larger
flow resistance in silty sediments. As described in Section 3.2, for flow in silty sediments,
the slope of λ-Re curve is variable, and is dependent on the sediment properties, including
grain size and uniformity coefficient. Generally, the slope of the λ-Re curve is smaller
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for the case of finer grain size. For the two types of sediments (type 6 and type 7), grain
sizes are relatively large (60.01 and 70.32 µm, respectively), and the slopes of both λ-Re
curves (log-log) are nearly −1. The relationships between λ and Re of these two sediment
types agree well with the results obtained by Fancher and Lewis [41], and can be expressed
as λ = A/Re. However, for the other sediments (types 1–5), the values of the slopes of
λ-Re curves (log-log) are less than −1, and the λ-Re curves are steeper than those of the
coarse-grain sediments. The sediment with the least grain size (d50 = 7.26 µm) had the
steepest slope (−1.63).
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those reported by other researchers. The values of λ in silty sediments are greater than those in coarse
porous media at the same Reynolds number. The slope of λ-Re curve (log-log) for coarse sediments
is −1, while it is variable for silty sediments.

In addition, the salinity of the dredged silty sediments may also play an important
role on hydraulic conductivity and seepage resistance, as salinity may alter the chemical
bonds, surface charge characteristics and rheological properties of the sediments. However,
the effect of salinity may be complex and is not considered in the present study. Such issue
needs further investigation.

5. Conclusions

In this study, hydraulic conductivity as well as seepage resistance in silty sediments
have been investigated extensively. Thirty-five sets of seepage tests were conducted
using seven types of silt sediment samples and at various void ratios. The variation
of hydraulic conductivity as a function of void ratio was analyzed. The equation for
estimating hydraulic conductivity was proposed and verified with data reported by others.
The following conclusions are drawn from the findings of this study:

(1) Hydraulic conductivity k is closely related to void ratio e and particle diameter d50 in
silty sediments, and it was found that log k is a linear function of log e.
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(2) An empirical equation for the estimation of hydraulic conductivity was proposed, and
was found applicable for particle grain size, d50 (3.1 µm < d50 < 87 µm) and sediment
void ratio e (0.26 < e < 4).

(3) The friction resistance to seepage flow in silty sediments exhibits distinct characteris-
tics similar to seepage flow in coarse-grained sediments. The slopes of λ versus Re
curves for seepage in silty sediments are variable and the value of the slope (log-log
plot) decreases with increasing grain size, while the slope remains constant (−1) for
flow in coarse-grained sediments.

(4) The formulae for calculating the seepage friction factor in coarse-grained sediments
are not applicable for silty sediments. A formula for calculating λ in silty sediments
has been proposed. The value of λ in silty sediments is larger than that in coarse-
grained sediments for the same Reynolds number Re.
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