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A set of newly developed miniature optical fibre sediment concentration measuring instrument is used
for the concentration measurement of natural sediments. Through calibration with natural sediments
of different particle size distributions collected from different beaches in China, we establish two unified
relations between natural sediment concentration and output voltage of optical backscatter intensity to
obtain the natural sediment concentration without calibration. The concept of the compositional
weighted sediment size is proposed to characterize the optical backscatter property of natural sediments,
which is more accurate for non-calibration sediment concentration measurement. On the premise that
particle size distribution of natural sediments is known, it is no longer necessary to calibrate sediment
concentration, and the unified relations can be used to directly measure sediment concentration, which
provides a new highly convenient concentration measurement method of natural sediments.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Many morphological and ecological processes are associated
with the transport of suspended sediments in estuarine and coastal
waters [1–4]. The suspended sediment concentration has a great
influence on the surrounding hydrodynamics and water environ-
ment [5,6]. Therefore, measuring the suspended sediment concen-
tration has always been an important subject in laboratory and
field investigations [7,8].

In recent years, various sediment concentration measurement
methods, such as electrical method [9], acoustic method [10–12],
optical method [13–15] and imaging method [16–18], have
attained great progress [19–22]. Especially in regard to the mea-
surement of the sediment concentration by the optical method
[23], many commercial turbidimeters based on the principles of
optical diffraction, backscatter and transmission have become
standard products, such as the Sequoia Scientific Inc. LISST-100X,
the Campbell Scientific Inc. OBS5+, the Hach 2100Q, etc. These
commercial turbidimeters have been used for a large number of
sediment concentration measurements in the laboratory and field
[24–26].

At present, the probe sizes of most commercial turbidimeters
are relatively large (~10 cm u � 50 cm L). Although the influence
of the probe size on the hydrodynamics in the field is relatively
small, these probes are too large and cannot be regarded as nonin-
trusive in small laboratory flumes, such as when measuring the
sediment concentration in an oscillating grid flume and settling
column [27–29]. Most previous optical detection methods adopted
an actuator-sensor mode to detect the scattered light of sediment
particles [30], in which the actuator emits parallel incident beams
through sediment suspensions, and the sensor receives directional
scattered light from the sediment suspensions [31,32]. To minia-
turize the sensing probe, researchers have used a single probe to
measure the sediment concentration through synchronous light
emission and reception based on the principle of optical transmis-
sion [33,34]. Recently, on the basis of the backscatter principle,
Huang et al. designed a miniaturized measuring probe using opti-
cal fibres [35]. The diameter of the optical fibre probe immersed in
water was only 2.5 mm, and the transmitting and receiving optical
fibres were fixed together to form a 180� backscatter angle. The
final multi-channel single-probe sediment concentration measur-
ing instrument was able to measure the sediment concentration
in a nearly non-intrusive manner.

Influenced by different factors, such as the particle size, colour
and shape, the optical measurement method needs to be calibrated
with each sediment sample to accurately obtain the sediment con-
centration. Considering that the particle size has the largest effect
on the optical scattering characteristics of sediment particles and
the effects of other factors are an order of magnitude smaller than
that of the particle size [36–40], Huang et al. used a miniature fibre
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optic concentration probe to develop a unified relationship for uni-
form silicon carbide particles [41]. With the silicon carbide particle
size as the input parameter, the silicon carbide particle concentra-
tion for different particle sizes within the range of 38–250 lm was
measured directly by using the unified relation, without the need
for calibration. However, this relation is only suitable for uniform
particles. A unified relation for non-uniform natural sediments
remains to be established. Therefore, the objective of the present
paper is to collect non-uniform natural sediments from different
beaches and investigate the possibility of obtaining a unified rela-
tion of natural sediments with the newly developed miniature
optical fibre concentration measurement instrument. Then we
developed a method to measure the natural sediment concentra-
tion without calibration when the particle size distribution is
known.

The outline of this paper is as follows. The measuring principle
of the miniature optical fibre probe and the components of the
multi-channel sediment concentration measurement instrument
are introduced in Section 2. We analyse the particle size character-
istics of nine natural sediment samples collected from coastal bea-
ches in China and calibrate the relationship between the sediment
concentration and voltage output of the optical backscatter inten-
sity for six natural sediments in Section 3. Characteristic grain sizes
are proposed and used as input parameters, and we establish and
verify unified relations between the sediment concentration and
optical backscatter intensity in Section 4. Conclusions are drawn
in Section 5.
Table 1
The performance parameters of the photodetector DET36A(/M) [44].

Performance parameters Specifications

Detector Silicon PIN
Active Area 3.6 � 3.6 mm (13 mm2)
Wavelength Range 350–1100 nm
Peak Wavelength 970 nm
Bias Voltage 10 V
Output Voltage 0–10 V
2. Measuring instrument

The sediment concentration measurement in this paper is based
on the optical backscatter principle. The sediment suspension near
the end face of the optical sensor is illuminated by a light beam
emitted by optical fibres. As shown in Fig. 1, a 180� backscatter
angle is attained by combining the optical fibre receiving scattered
light with the optical fibres emitting light. In this way, the inci-
dence of the emitted light and reception of the scattered light are
integrated into a single probe, and the size of probe is reduced
Fig. 1. Schematic diagram of the m
[42,43]. Among the components, the receiving fibre in the probe
adopts a 1.5 mm plastic fibre in the centre of the probe. A set of
22 0.25 mm thin plastic fibres are arranged encircling the receiving
fibre to transmit light generated by the light source. The structure
of the fibre probe is shown in panel A of Fig. 1. The other end of the
receiving optical fibre is connected to the photodetector
DET36A(/M) (Thorlabs Inc., Newton, New Jersey, United States) to
sense the change in backscatter light intensity, which is a biased,
Silicon (Si) detector designed for detection of light signals ranging
from 350 to 1100 nm. Its output voltage is 0–10 V. The perfor-
mance parameters of the photodetector DET36A(/M) are listed in
Table 1 [44]. The photodetector is connected to the data acquisition
card, through which the analogue signal is converted into a digital
signal to record the voltage level corresponding to the backscat-
tered light in real time. The sketch of sediment concentration mea-
suring principle is shown in Fig. 2. The calibrated relationship
between the voltage signal and sediment concentration can be
used to obtain the sediment concentration. The light source is an
LED white visible cold light source, which is not easily absorbed
by water and suitable for use in plastic fibres. Moreover, the white
visible light source is inexpensive, easy to use, and the intensity of
the light source can be adjusted, as shown by the red arrow in the
instrument container of Fig. 1.

To easily use the instrument, the visible light source, photode-
tectors and data acquisition card are connected within a box,
which can be used to control the operation and intensity of the
light source on the panel. The photo of five-channel miniature
easurement equipment setup.



Fig. 2. Sketch of sediment concentration measuring principle.

Fig. 3. Five-channel miniature optical fibre sediment concentration measuring instrument.
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optical fibre sediment concentration measuring instrument
designed and manufactured based on optical backscatter is shown
in Fig. 3. In practice, the sediment concentration can be directly
measured by immersing the probe in the sediment suspension.
The optical fibre probe is made of plastic fibres and protected by
a metal case. The total diameter of the front end of the optical fibre
probe is only 2.5 mm, which greatly reduces the disturbance of the
probe to the surrounding water. In addition, plastic fibre has the
advantages of light weight and damage resistance, which meet
the requirements of daily convenient and stable use [45].
Fig. 4. Nine natural sediment samples.
3. Concentration relationship calibration for natural sediments

3.1. Natural sediment collection and particle size analysis

We collected nine natural sediment samples from coastal bea-
ches along the Bohai Sea, Zhejiang Province, Fujian Province and
Hainan Province in China. The natural sediments were pre-
processed by filtering to remove impurities and drying. Pictures
of the nine natural sediment samples are shown in Fig. 4. A Mal-
vern grain size analyser, the Mastersizer 3000 (Malvern Panalytical
Ltd., Malvern, United Kingdom) was used to analyse the grain size
of the natural sediments. The Mastersizer 3000 uses the technique
of laser diffraction to measure the particle size and particle size
distribution of materials, which delivers measurements from
10 nm to 3.5 mm using a single optical measurement path, making
it suitable for an extremely wide range of applications. The perfor-
mance parameters of the Mastersizer 3000 are listed in Table 2
[46]. The grading curves are shown in Fig. 5. D10, D50, and D90 of
the nine natural sediments are listed in Table 3. Among them,
D10, D50 and D90 represent the 10%, 50% and 90% fractions,
respectively, of the total sediment weight that are smaller than this
particle size. The median grain sizes of the nine natural sediment
samples are generally distributed between 0.05 and 0.5 mm, and
the grain size grading is relatively continuous. We use sediment
samples A1, A2, A3, A4, A7 and A9 for concentration calibration,
and sediment samples A5, 6 and 8 are used for verification.



Fig. 5. Grain size grading curves of the nine natural sediment samples.

Table 2
The performance parameters of the Mastersizer 3000 [46].

Performance parameters Specifications

Materials Suspensions, emulsions, dry powders
Principle Laser light scattering
Analysis Mie and Fraunhofer scattering
Data acquisition rate 10 kHz
Typical measurement time <10 sec
Size range 10 nm–3.5 mm
Accuracy Better than 0.6%

Table 3
Particle size distribution of the nine natural sediments.

Sample number D10 (lm) D50 (lm) D90 (lm) Dw (lm)

A1 215 458 1090 612.75
A2 190 388 854 494.18
A3 214 298 412 325.85
A4 192 281 398 269.16
A5 63 257 589 315.43
A6 51 252 380 230.17
A7 117 164 225 157.17
A8 78 125 197 123.34
A9 27 47 78 52.91

Fig. 6. Concentration-voltage relationship curves of the six natural sediments.
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3.2. Concentration relationship calibration

Uniform suspensions with different standard sediment concen-
trations are prepared in beaker with magnetic stirrer to calibrate
the concentration [47]. The rotation speed of the magnetic stirrer
can be adjusted so that more uniform sediment suspension can
be obtained, as shown by the red arrow in the magnetic stirrer of
Fig. 1. After adjusting the intensity of the LED light source, sedi-
ment samples A1, A2, A3, A4, A7 and A9 were used to calibrate
the relationship between the concentration and output voltage.
The calibration curves are shown in Fig. 6.

It can be clearly seen that the concentrations of the six natural
sediment samples have a linear relation with the voltage at low
concentrations, and the change in concentration has a great influ-
ence on the backscatter intensity. However, at high concentrations,
the relationship between the concentration and backscatter inten-
sity is nonlinear, and the backscatter intensity varies very slightly
with the concentration. This mainly occurs because the number of
sediment particles is small when the sediment concentration is
low, and the degree to which the incident light is backscattered
by sediment particles is mainly proportional to the number of sed-
iment particles. When the sediment concentration is high, more
sediment particles will lead to a slow increase in backscatter light
intensity due to the multiple particles backscattering light, which
results in the relationship between the sediment concentration
and output voltage in the high-concentration section no longer
being linear but nearly curvilinear [48].

In addition, it can be observed that the voltages of sediment
samples A1 and A2 have clear positive correlations with the con-
centration in the range of 0–100 kg/m3, while the voltages of sed-
iment samples A3, A4, A7 and A9 have positive correlations with
the concentration in the range of 0–60 kg/m3. The different mea-
suring ranges for the sediments with different sizes can be
explained as follows. For particles with different sizes at the same
sediment concentration, the smaller the particle size is, the more
particles there are in the suspension, and the higher the backscat-
ter light intensity generated by the particles will be. Therefore,
small-sized sediment particles tend to reach backscattered light
saturation at low concentrations and show a small detectable con-
centration range. Considering that the linear correlation between
the sediment concentration and output voltage can significantly
improve the measurement accuracy, we analysed the approximate
linear range at low concentrations for the six natural sediments.
The approximately linear distribution ranges of sediment samples
A1, A2, A3, A4, A7 and A9 are 0–40, 0–30, 0–30, 0–20, 0–15 and 0–
10 kg/m3, respectively. The linear range increases with increasing
particle size.

Linear fitting is carried out for the linear concentration-voltage
sections of the six sediment samples, and the calibration relations
are shown in Fig. 7.

Linear function Eq. (1) is adopted for data fitting, where a and
Vw are fitting coefficients, C is the sediment concentration
(kg/m3), and Vr is the relative value of the voltage VA corresponding
to the backscatter light intensity that eliminates the voltage fluctu-
ation VR of the light source in Eq. (2):

Vr ¼ a� C þ Vw ð1Þ

Vr ¼ VA

VR
ð2Þ

When C is 0, that is, the backscatter light intensity of the pure
water background is consistent. Since the diameter of the receiving
optical fibre in the optical fibre probe is only 1.5 mm and the



Fig. 7. Linear fitting of the concentration-voltage relationships of the six natural sediments.

Table 4
Parameters of linear fitting for the six natural sediments.

Sample number a R2 Regression error

A1 0.0111 0.9999 9.8365E�5
A2 0.0128 0.9999 2.3203E�4
A3 0.0157 0.9998 3.6622E�4
A4 0.0200 0.9994 8.7230E�4
A7 0.0276 0.9997 9.6723E�4
A9 0.0481 0.9999 7.5554E�4
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optical fibre probe basically only receives an optical signal near the
end face of the probe, the change in background light has no effect
on Vw [49]. We obtained the value of Vw as:

Vw ¼ 0:857 ð3Þ
The fitting parameters of the six natural sediments are summa-

rized in Table 4. The fitting correlation coefficients R2 of the six nat-
ural sediments are higher than 0.99 and regression errors are all
less than 1E�3. The linear fitting degree is high.
4. Unified relations for non-calibration measurement of natural
sediments

To measure the sediment concentration using the optical
backscatter method, the particle size has the greatest influence
on the backscattered light [50–53]. From the concentration-
voltage relations of the six natural sediment samples in Section 3.2,
it can be seen that the backscatter light intensity of the sediment
particles increases with decreasing particle size at the same con-
centration, which shows that the slope a of the linear fitting func-
tion is larger. In the following section, we attempt to find the
characteristic grain size of the natural sediments to establish a uni-
fied relation between coefficient a and the characteristic grain size.

4.1. Characteristic grain size of natural sediments

4.1.1. The median size
The median particle size D50 of natural sediments represents

the particle size that accounts for 50% of the total weight of the
particles in natural sediment grading, and it is widely used in sed-
iment transport research. We tried to establish a relation between
natural sediment grading and optical backscatter intensity by
using the median particle size D50. The relationship between the
median particle size D50 of the six natural sediments and slope
am of the linear fitting equation is shown in Fig. 8.

The approximate relationship between the median particle size
D50 and slope am is approximated by the reciprocal function. The
correlation coefficient R2 = 0.989 of fitting equation indicates a
high degree of correlation.

am ¼ 11:330=ðD50 þ 156:205Þ � 0:008 ð4Þ
4.1.2. The compositional weighted size
To characterize the comprehensive backscatter effect of natural

sediments reasonably and accurately, we must reflect the
backscatter effect of all particle sizes in natural sediments.



Fig. 8. Fitting curve for median size D50 and slope am of the natural sediments. Fig. 9. Fitting curve for compositional weighted size Dw and slope aw of the natural
sediments.
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Therefore, the comprehensive optical backscatter effect of all par-
ticle sizes of natural sediments should be characterized by a char-
acteristic particle size of the compositional weight of the sediment
particle size. The compositional weighted particle size of natural
sediments is expressed as:

Dw ¼
X
n

unDn ð5Þ

where Dw represents the characteristic particle size calculated
according to the weight of each particle size in natural sediments,
un is the percentage of component n in natural sediments, and Dn

is the particle size of component n in natural sediments. The exact
calculation formula of compositional weighted particle size is:

Dw ¼
Z Dmax

Dmin

D �uðDÞdD ð6Þ

where u(D) is the volumetric percentage function measured by the
Malvern particle size analyser with the change in particle size, and
Dmin and Dmax are the minimum and maximum particle sizes of the
natural sediment grading, respectively. For convenience, the com-
positional weighted characteristic particle sizes of the nine natural
sediments calculated from the grading curve of Fig. 5 are also listed
in Table 3.

The compositional weighted particle size of natural sediments
is the weighted particle size representing the proportion of each
particle size in natural sediment grading. The relationship between
the weighted particle size Dw of the six natural sediments and
slope aw of the linear fitting equation is shown in Fig. 9.

The approximate relationship between the compositional
weighted particle size Dw and slope aw is approximated by the
reciprocal function of Eq. (7). The correlation coefficient
R2 = 0.996 indicates a high degree of correlation.

aw ¼ 5:764=ðDw þ 73:345Þ þ 0:002 ð7Þ
It can be seen from Figs. 8 and 9 that the fitting degree between

the compositional weighted particle size and slope aw is higher
than that between the median particle size and slope am. In addi-
tion, slope am and aw shows a higher dependence on the median
size and compositional weighted particle size smaller than
100 lm. This means that a small change in particle size within
the range below 100 lm would lead to a large change in slope
am and aw, while a change in particle size above 100 lm would
have a small effect on slope am and aw, which is consistent with
previous conclusions [54,55]. We use sediment concentration
20 kg/m3 of sample A3 as an example. The error is 3.2% and 7.9%
respectively using unified relation (8) of the median particle size
D50 when ignoring the particle size larger than 400 lm and
350 lm. The error is 0.5% and 4.5% respectively using unified rela-
tion (9) of the compositional weighted particle size Dw when ignor-
ing the particle size larger than 500 lm and 400 lm. It can be seen
that ignoring the larger particle size has little influence on the
accuracy of concentration measurement. This phenomenon has
great implications for the measurement of the natural sediment
concentration by the optical backscatter method. When D50 is lar-
ger than 400 lm, as shown in Fig. 8, and Dw is larger than 500 lm,
as shown in Fig. 9, the change in sediment particle size has little
effect on slope am and aw. When the measurement accuracy does
not have to be high, the effect of the particle size can be ignored
for coarse particles larger than 500 lm.

4.2. Unified concentration measurement relations of natural sediments

The fitting relationship of the median size (Eq. (4)), the fitting
relationship of the compositional weighted size (Eq. (7)), and the
relationship of the sediment concentration and voltage (Eqs. (1)
and (3)) form the following unified relations, Eqs. (8) and (9):

Vrm ¼ ð11:330=ðD50 þ 156:205Þ � 0:008ÞC þ 0:857 ð8Þ

Vrw ¼ ð5:764=ðDw þ 73:345Þ þ 0:002ÞC þ 0:857 ð9Þ
The applicable range of the unified relations in Eqs. (8) and (9) is

the linear range of the relation between the natural sediment con-
centration and voltage with different characteristic particle sizes.
By fitting the concentration measurement range corresponding to
the different characteristic particle sizes of the natural sediments
in Fig. 7, the fitting concentration measurement ranges corre-
sponding to the median sediment size and compositional weighted
sediment size are shown in Fig. 10. The corresponding fitting equa-
tions are Eqs. (10) and (11), respectively:

Cm ¼ 3:859� expðD50=209:889Þ þ 5:662 ð10Þ

Cw ¼ 21:858� expðDw=702:586Þ � 12:890 ð11Þ
4.3. Verification of the non-calibration concentration measurement
of natural sediments

Natural sediment samples A5, A6 and A8 are used to verify
the accuracy of the unified relations. The non-calibration



Fig. 11. Non-calibration concentration measurement errors of the three natural sediments.

Fig. 10. The concentration measurement range of natural sediment with different characteristic particle sizes.
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concentration measurement errors of sediment samples A5, A6 and
A8 using Eqs. (8) and (9) are shown in Fig. 11. The relative errors at
high concentrations above 5 kg/m3 for the three natural sediment
samples using the two unified relations are mostly within 10%.
However, the measurement errors in the low-concentration range,
below 5 kg/m3, is slightly larger, and the relative errors are within
30%. This mainly occurs because the number of sediment particles
in the low-concentration range is smaller, the backscatter light
intensity of the sediment particles is low, and the measurement
accuracy is relatively low. The results of Fig. 11 indicate that using
the median particle size and compositional weighted particle size
of natural sediments as input parameters, the unified calibrated
relations in this paper can be used to directly obtain the concentra-
tion of natural sediments, and no calibration is required. This
method greatly improves the convenience of measuring the natu-
ral sediment concentration.
Table 5
Comparison of the non-calibration measurement errors of three kinds of natural
sediments (kg/m3).

Verification Concentration A5 A6 A8

D50 Dw D50 Dw D50 Dw

1.0 0.2 0.3 0.3 0.25 0.15 0.12
5.0 0.8 1.4 1.5 1.3 0.1 0.06
8.0 0.4 1.2 1.0 0.8 0.7 0.5
10.0 0.1 0.8 1.2 0.8 0.5 0.25
15.0 1.5 0.6 1.3 0.4 \ \
20.0 2.0 0.6 1.0 0.3 \ \
In addition, a comparison of the non-calibration measurement
errors of the three natural sediments is provided in Table 5. It
can be seen from the non-calibration measurement results of sed-
iment samples A5, A6 and A8 in Table 3, apart from the low-
concentration range of sediment sample A5, the unified relation
of the compositional weighted size has a higher accuracy than that
of the median particle size. This occurs mainly because the compo-
sitional weighted particle size of sediments represents the compre-
hensive effect of all particle sizes. Therefore, in the non-calibration
concentration measurements of sediments A5, A6 and A8, the
results of the compositional weighted particle size are superior
to the results of the median particle size. However, for the low-
concentration range of sediment A5, because the particle size of
sediment A5 is relatively larger, the number of particles is much
smaller, the backscatter light is lower, and the measurement preci-
sion is relatively low. The unified relation of the median particle
size is slightly better than that of the compositional weighted size
at low concentrations of relatively coarse sediments.

The non-calibration measurement of the compositional
weighted size is significantly better than that of the median size
for natural sediments consisting of fine particles, and the unified
relation of the compositional weighted size improves the non-
calibration measurement precision.
5. Conclusions

The recently developed miniature optical fibre sediment
concentration measuring instrument based on the optical
backscatter method is used to establish a non-calibration method



8 R. Huang, Q. Zhang /Measurement 167 (2021) 108256
for measuring the natural sediment concentration. Six natural sed-
iment samples collected from coastal beaches in China are used for
concentration calibration. To improve the measurement accuracy,
we analysed the approximate linear range at low concentrations
for the six natural sediments. The high fitting correlation coeffi-
cients R2 and minor regression errors indicate that the linear fitting
degree is high. Adopting the characteristic particle size based on
the median particle size D50 and compositional weighted particle
size Dw as input parameter, two unified relations between the con-
centration and optical backscatter intensity are established. Based
on the unified relations, the concentration of any natural sediment
can be directly obtained without calibration on the premise that
the natural sediment particle size distribution is known. This
method is a highly convenient and accurate practical measurement
approach.

The non-calibration sediment concentration measurement
method is suitable for known median particle size D50 and compo-
sitional weighted particle size Dw of the measured sediment. The
method is particularly applicable for sediment concentration mea-
surement in the laboratory, in which situation we can measure the
sediment size distribution in advance. In practical applications, the
suspended sediment particle size distribution is often measured
through hydrologic observation during tidal cycles at fixed stations
in field [56,57]. Therefore, the two unified relations based on the
the median particle size D50 and compositional weighted particle
size Dw are also appropriate in practical applications. In order to
further improve the measurement convenience and accuracy, the
synchronous measurement of sediment particle size distribution
and sediment concentration is the aim of our future research.
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