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The middle route project (MRP) of the South to North Water Diversion Project is
a significant infrastructure and alleviating water scarcity in Northern China. MRP
suffered from untraditional siltation problems. Obvious siltation occurred in the
regulating reservoir at the end of the channel and some locations with weak
hydrodynamic conditions in the channel when the mineral siltation
concentration in the flow is very low. To study the characteristics of the
siltation and the siltation time period, an loT based automatic siltation
monitoring system using cloud was installed at the outlet of the inverted
siphon project on Xiao River. Three years of online monitoring data since
2018 and the siltation samples at five sites for particle size analysis were
collected. The monitoring data shows that siltation mainly occurs during
March to October, and almost no siltation occurs in winter. The maximum
siltation speed can reach 390 mm per day. The particle size of the siltation
gradually increases from upstream to downstream, which mainly occurs in the
range above 100 m. The organic matter contained in the siltation shows a
significant increase from 40.3 to 86.4% at upstream and downstream sampling
position, respectively. Monitoring results shows the main body of the siltation in
the MRP is not the traditional siltation but the remnants of the algae that
proliferate in large numbers. During March to October, the temperature is
suitable for the proliferation of algae which attaches to the sediment particles
and gradually grows downstream with the flow.
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Introduction

The South-to-North Water Diversion Project (SNWD) is a
multi-decade infrastructure mega-project in China. The main
purpose of the project is to alleviate the water shortage in the
north area of China. According to the plan, the project is divided
into three canal systems as shown in Figure 1 (Liu and Zheng,
2002): the eastern route through the course of the Grand Canal;
the middle route from the upper reaches of Han River (the
biggest tributary of Yangtze River) via the open channel to
Beijing and Tianjin; the western route which goes from three
tributaries of Yangtze River in Sichuan province to the northwest
China. The east and the middle route have been completed and
started operation, and the west route is still under planning. The
middle route project (MRP) runs from Danjiangkou Reservoir on
the Han River to Tuancheng Lake in the summer Palace in
Beijing along approximately 1,277 km long open channel. The
first phase of the MRP has been completed and started running
from 12 December 2014 (Long et al., 2020). By the end of 2021,
the MRP supplied a total of 4.41 x 10" m* water to the four

10.3389/fenvs.2022.927588

provinces of Henan, Hebei, Beijing and Tianjin along the project
(Agency, 2021a), and it has played a huge role in supporting
residential water and environmental improvement in the areas
along the route (Long et al., 2020). For example, 70% of the water
used by residents in Beijing comes from the water transfer of the
MRP at present (Agency, 2021b).

After the operation of the MRP, unexpected siltation problem
has occurred in areas with weak hydrodynamic conditions. Figure 2
shows the satellite images of Tuancheng Lake in the summer Palace
in different years, which is the regulating reservoir between the end
of the channel of the MRP and municipal water supply system of
Beijing. Before the MRP started running, Tuancheng Lake was clear
and there was basically no obvious siltation in 2010 (see Figure 2A).
Since the MRP started operation in 2014, more and more siltation
has accumulated in the lake as shown in Figures 2B-F.

Various types of siltation have occurred frequently in the
channels, the most common type is in the bends of rivers, where
suspended sediment settles due to reduced flow velocity and
sediment transport capacity (Nguyen, et al., 2013). Causes of
other types of siltation include the influx of tributaries (Pan, et al.,
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FIGURE 1

The eastern, middle and western route of the South-to-North Water Diversion Project.
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FIGURE 2

Satellite images of Tuancheng Lake from Google Earth over the past 10 years. (A) In 2010. (B) In 2015. (C) In 2016. (D) In 2017. (E) In 2018. (F) In

2021

2015; Lee, et al, 2019), rill/interrill erosion or gully/channel
erosion (Ben Slimane, et al, 2016) and man-made land
reclamation (Obodoefuna, et al., 2020). Siltation in MRP is
found to be an unusual siltation problem different from them
since there is no source of large amounts of mineral sediment
along the channel. Firstly, the MRP introduces the clean water
with extremely low siltation concentration (lower than 0.1 kg/
m?) from the surface water body in Danjiangkou reservoir (see
Figure 1), and the water quality there maintains at an “excellent”
level that can be even directly consumed (Nong et al., 2020).
Secondly, the MRP is a completely independent channel system
of other rivers, thus there is no sediment entering the channel
from the rivers along the way. Finally, the region through which
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the MRP channel passes is not an area where sandstorms
frequently occur, and there is no such problem of a large
amount of dust entering the channel. Therefore, most of
published studies on MRP have focused on the water quality
(Li et al, 2011; Tang et al, 2014; Nong et al., 2020), water
resource scheduling and distribution (Wei et al., 2010; Zhao et al.,
2017; Zhu et al., 2021) and the social and environmental impacts
of the project (Long et al., 2020; Zhang et al., 2020; Zhang, 2009),
with little attention paid to the problem of siltation.

This unconventional siltation problem has affected the
normal operation of the project. The siltation of Tuancheng
Lake weakens its regulating and storage function, and siltation of
some channels has weakened their water carrying capacity, and
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Online automatic monitoring system for the siltation in front of the water release gate on the Xiao River: (A) ultrasonic probe; (B) 4G data
terminal unit module; (C) installation site of the online automatic monitoring system for siltation; (D) mounting bracket for the ultrasonic probe.

the serious siltation before some water release gates brings
hidden dangers to the safe and stable operation of the project.
At present, the operation department of the project has to use a
large number of equipment to continuously dredging in areas
with serious siltation.

In order to solve this siltation problem of the MRP, we first
need to study temporal and spatial characteristics of siltation and
physical properties of siltation. This study developed an Internet
of Things (IoT) based automatic siltation monitoring system
using cloud and arranged it in the middle reaches of the channel
of the MRP to monitor the siltation deposition rate in real time,
and 3 years of observational data were collected. The siltation
samples at five sites with significant siltation in the MRP were
collected for the particle size distribution analysis. The following
Methods Section introduces the equipment and data processing
methods. Results Section presents the analysis of the data and the
results. Finally, a summary is given in Cause of siltation Section.

Methods
Online monitoring system for siltation
In order to automatically monitor the siltation in the MRP, this

study has developed an IoT based automatic siltation monitoring
system using cloud similarly as (Sheng et al., 2020). The whole
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system is divided into three parts, the data collection device, the data
transmission layer, and the data storage terminal on the cloud. The
data collection device includes an ultrasonic probe, solar powered
equipment and mounting bracket (see Figure 3C). The ultrasonic
probe (ultrasonic underwater ranging probe, Anbuleila Ultrasonic
Ltd., Figure 3A) measures the distance using the time it takes for the
ultrasonic wave to arrive at the probe after it is emitted and reflected
on the surface of the siltation. The measurement range of the probe
is 0.3-8 m, and the measurement resolution is 5 mm. The solar
powered equipment provide power to all other devices. The system
can continue working for 5 days under the power of the battery fully
charged when the solar panel cannot work (for example the
continuous rainy days). The mounting bracket (Figure 3D) fixed
the probe in the middle of the channel in front of the water release
gate, and ensured that the probe height is fixed and will not shake
with the flow.

The data transmission layer includes a 4G data terminal unit
module (4G DTU USR-G780 V2, USR IOT Technology Ltd.,
Figure 3B) and the 4G mobile phone signal network. The data
storage terminal is a remote cloud platform (USR IOT cloud,
USR IOT Technology Ltd.). The ultrasonic probe collects data
once per 5min, and the data is transmitted to the 4G DTU
module through a RS485 serial port. Then the 4G DTU module
sends the data to the cloud by the 4G mobile phone signal
network. We can access the cloud through web access or smart
phone client to view and download real-time and historical data.
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Data processing: the blue line is the original measurement data; the black line is the data after removing measurement noise; the red line is the
general trend after removing small-scale fluctuations through Fourier filtering.

The collected data of distance d from the probe to the siltation
surface needs to be converted to the thickness H of the siltation:

H=h,~d (1)

where 1, is the distance from the probe to the channel bed, which was
measured when the probe was mounted. The online monitoring
system for siltation was installed in front of the water release gate of
the inverted siphon project on Xiao River of the MRP (see Figure 5A),
located in Shijiazhuang City in Hebei Province on 31 October 2018.

Data processing

The original data of the siltation thickness H needs to be post-
processed to remove the fluctuations caused by the influence of
equipment and the environment noise. There are many fishes in the
channel and the ultrasonic probe will report the distance of the fish
from the probe rather than the distance between the siltation surface
and the probe when the fish swims across the ultrasound transmission
route. Hence, there are many sudden values of extreme large siltation
thickness as the blue line in Figure 4, and these violent fluctuations
should be removed before further analysis. The local standard
deviation is used as a threshold to eliminate these noises:

2

(3)
in which N = 25 thus a total of 50 min of data before and after

instantaneous i participated in the calculation; o; is the standard
deviation of the 50 min data before and after instantaneous i, and y;
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is the average siltation thickness of the 50 min data. When H; > y; +
0;, the H; will replace by ;. This process was executed twice, and the
violent fluctuations are basically eliminated as shown by the black
line in Figure 4. Then, the Fourier transform is performed on the
data to filter out high-frequency noise and to obtain the main trend
of the siltation. In spectral space, signals with a period less than
7 days are all set to 0, thus in the results the fluctuations with a period
less than 7 days are all smoothed as the red line in Figure 4.

Siltation sampling

In September 2019, the siltation samples were collected at five
different sites in the MRP, which are the inverted siphon at Qi River
in Hebi city (Henan Province), the inverted siphon at Liyang River
in Xingtai city (Hebei Province), the inverted siphon at Xiao River in
Shijiazhuang city (Hebei Province), the water division at Xihei
mountain in Baoding city (Hebei Province), and the outlet sluice
at Waihuan River in Tianjin city from upstream to downstream, as
shown in Figure 5A. A barrel with a diameter of 8 cm and a height of
20 cm is used for sampling (see Figure 5B and Figure 5C) The
collected samples are dried and then the particle size distribution was
obtained by the laser diffraction particle size analyzer (Mastersizer
3,000). Then the samples were burned to remove organic matter,
and the particle size distribution was obtained again to compare the
difference before and after burning,

Results
Siltation online monitoring

Figure 6 shows the siltation thickness of continuous
observation from 31 October 2018. The meaning of the black
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The siltation sampling. (A) the position: 1. the inverted siphon at Qi River in Hebi city, Henan Province; 2. the inverted siphon at Liyang River in
Xingtai city, Hebei Province; 3. the inverted siphon at Xiao River in Shijiazhuang city, Hebei Province; 4. the water division at Xihei mountain in Baoding
city, Hebei Province; 5. the outlet sluice at Waihuan River in Tianjin. (B) Sampling site photo at the outlet sluice at Waihuan River in Tianjin and (C) the

photo of the sample in the sampling barrel.

and red solid lines in the figure are the same as in the Figure 4. It
can be seen from Figure 6 that there was a rapid siltation from
October 31 to the early morning of November 6 and the average
siltation speed reached 80 mm/day at the measuring point. The
siltation at the measuring point has basically stopped from
November 6, which may be affected by the dredging
operations in front of the gate in the area between the
measuring point and the main channel. The dredging
operation time is marked by the green color in Figure 6. As a
result of the dredging operation at the measuring point, the
thickness of the siltation was reduced by approximately 300 mm
in a short time starting around 2 p.m. on November 12. Then, the
thickness of the siltation at the measuring point showed a slow
decreasing trend throughout the winter. The thickness of the
siltation changed from approximately 2.54-2.27 m until
6 January 2019, and the decreasing speed of the thickness of
the siltation was about 4.3 mm/day. There may be two possible
reasons for this reduction. The first one is that the incoming
siltation from upstream was reduced during the winter and the
siltation in front of the gate was gradually carried downstream by
the mainstream. The second possible reason is the siltation was
gradually compacted by itself.

During the spring, the thickness of the siltation experienced a
rapid increase. From March 10 to 17 March 2019, the increasing
speed of the thickness of the siltation reached about 133 mm/day.
From March 17 to April 29, the thickness of the siltation still
increased rapidly, but the increasing speed gradually decreased,
with an average acceleration of the siltation thickness is 2.7 mm/
day, and the thickness of the siltation reached 4.66 m on April 29.
The decay of siltation velocity may be due to the gradual decrease
of the upstream incoming siltation during this period, or may be
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caused by the movement of the severely silted locations to the
main channel after the thickness of the siltation at the measuring
point is significantly higher than that of the main channel. The
dredging operation at the measuring point on April 29 caused the
thickness of the siltation to decrease to 2.9 m. After the dredging,
the measuring point immediately entered a state of rapid
siltation. The average siltation speed in the early stage reached
70 mm/day. As the siltation thickness gradually increased, the
siltation speed gradually decreased again. The thickness of the
siltation was up to the maximum value of 5.6m in the
monitoring data on August 15th, and the surface of the
siltation is only 0.6 m away from the water surface. After that,
due to continuous dredging operations, the thickness of the
siltation dropped to 2.5m on September 10. Throughout
spring, summer and autumn, we can see that after dredging
operations the thickness of the siltation reduced significantly,
followed by a rapid siltation process until the siltation reaches a
relatively high height. For example, the siltation speed reached
220 mm/day from September 6 to September 15.

Monitoring data for 2020 and 2021 are similar to 2019. Long-
term monitoring results show that the siltation presents obvious
seasonality. During the whole winter, there was no obvious
and the thickness of the
decreasing. The period of rapid siltation is from March to

siltation, siltation is slowly
October. During the 3-year monitoring period, the maximum
and second largest siltation speed occurred during March 16-19,
2020 (Figure 6C) and September 7-15, 2019 (Figure 6B),
respectively. The maximum siltation speed reached an
astonishing 390 mm per day. This implies that there is a high
density of siltation concentration in the mainstream of the MRP

channel at the monitoring point in spring, summer and autumn.
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Changes in the thickness of the siltation. (A) Changes in the thickness of siltation from 31 October 2018 to 16 May 2019. (B) Changes in the
thickness of siltation from 27 July 2019 to 25 September 2019; (C) Changes in the thickness of siltation from 15 March 2020 to 14 May 2019.

The siltation speed is related to the thickness of the siltation. If
the thickness of the siltation is small, rapid siltation is prone to
occur. In contrast, the siltation speed decreases. For example, the
siltation speed gradually reduced to 12.9 mm per day after the
serious siltation from March 16 to 19 March 2020 (Figure 6C). In
addition, hydrodynamic condition can also affect the siltation
speed. In order to reduce the flood control pressure of the water
source Danjiangkou Reservoir and increase the water supply, the
flow discharge at the head of the MRP has gradually increased by
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50 m*/s from 12 September 2019 and the total flow discharge at
last reached 350 m*/s for the first time. In Figure 6B, it can be seen
that with the increase of hydrodynamic conditions, the siltation
thickness decreased significantly after September 15, and the
average siltation speed decreased after that.

Based on these test results, we can infer that throughout the
spring, summer and winter, the flow in the main channel
transports a large amount of siltation from upstream to
downstream, and rapid siltation will occur in areas where
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TABLE 1 Analysis of siltation particle size.

Position Median diameter (um)
Original

Qi River 31.0

Liyang River 40.7

Xiao River 334

Xihei mountain 46.3

Waihuan River 38.6

local hydrodynamic conditions are weakened. It should be noted
that due to the needs of equipment maintenance, dredging
operations and the power outages caused by the continuous
rain, the monitoring from May 16 to July 27 and August 17 to
August 27 was interrupted, but from the monitoring data in the
following years, the basic conclusions are consistent.

Siltation sampling analysis

The median and average particle size analysis results of the
siltation samples collected from different locations are shown in
Table 1. From Table 1, it can be seen that the original median and
average diameters roughly increase from upstream to
downstream. The median and average diameters after burning
are significantly smaller than the original ones and there is no
significant change in the diameters of the burning samples from
upstream to downstream. Since the burning of the sample
removes the organic components and only the inorganic
material remains, Table 2 analyzed the organic matter in
siltation particles based on the median diameters before and
after burning. From Table 2 the content of organic matter shows
a significant increase from upstream to downstream. For the
sample at Qi River which is the most upstream sampling point in
this study, the organic ratio of the siltation particles is 40.3%, and
the organic ratios at two points, Liyang River and Xiao River in
the middle section are close to 70%, and the downstream point
Xihei mountain reaches 86.4%. The results shown in Table 1 and
Table 2 indicate that the siltation of MRP are composed by the
tiny inorganic sand particles and a large amount of organic
matter surrounding it. The volume of organic matter accounts for
most of the particles, the organic matter content increases
significantly from upstream to downstream. At the same time,
there is no significant difference among the diameters of
inorganic sand particles from upstream to downstream.

The median and average radius can only show the overall
characteristics of the siltation particles. In order to further
analyze the particle size composition of siltation particles,
Figure 7 shows the particle size distributions from the laser
diffraction particle 7A  plots the

size analyzer. Figure
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Average diameter (um)

Burned Original Burned
26.1 46.0 39.2

274 60.7 106.6

23.1 51.3 34.7

238 66.3 37.7

24.6 61.9 36.6

08

cumulative probability density curves of the diameter of the
original samples from different locations. It can be seen that the
curves generally move towards the direction of the larger particle
size as the locations move from upstream to downstream, which
is consistent with the median and average particle size results in
Table 1. Figure 7B compares probability density curves of the
diameter of the original samples from different locations. The
probability density in the small diameter area gathered in 19 and
39 um two positions, which are around the average particle size
after burning as seen in Table 1. On the contrary, the probability
density increases in the large diameter area from upstream to
downstream. To further determine the cause of the change in
particle size, Figure 7C plots the probability density curves of the
diameter of the burned samples from different locations. It can be
seen that all curves show a much better similarity than the curves
in Figure 7B, which means there is no essential change in the size
distribution of inorganic siltation particles from upstream to
downstream. This indicates that the inorganic siltation in the
water body from upstream to downstream should have the same
source. Figure 7D compares the particle size distribution of the
original and burned samples. Since the results at different
locations are similar, only the result at the inverted siphon at
Xiao River is plotted in Figure 7D. Unsurprisingly, the original
sample curve shifted to the large particle size. It is worth noting
that there are also more small particles of about 1 pm in the
original sample than that in the burned sample. This may be

organic matter shed from intact organic matter.

Cause of siltation

To investigate the cause of siltation, in the previous studies,
(Pan, et al., 2015), analysed samples, but did not monitor the
changes in siltation in real time. Lee et al. (2019) deployed two
ADCPs to monitor the siltation flux at the entrance of a harbour
over a month but ADCP is expensive, which is not suitable for
long-term monitoring. Whereas, this study combines 3 years of
monitoring data and analysis of multiple samples. The results of
monitoring and sampling analysis strongly suggest that the main
cause of siltation in the MRP is not the traditional siltation but
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TABLE 2 Analysis of organic matter in siltation particles.

10.3389/fenvs.2022.927588

Position Median diameter (um) Average volume (mm?) Organic
volume ratio (%)
Original Burned Organic Inorganic
Qi River 31.0 26.1 6289.2 9309.4 403
Liyang River 40.7 274 24529.7 10770.9 69.5
Xiao River 334 23.1 13055.1 6454.1 66.9
Xihei mountain 463 2338 44909.9 7058.8 86.4
Waihuan River 386 246 22318.7 7794.8 74.1
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FIGURE 7

Particle size distribution of siltation samples in the MRP. (A) cumulative probability density curves of the diameter of the original samples; (B)
probability density curves of the diameter of the original samples; (C) probability density curves of the diameter of the burned samples (D) cumulative
probability density curves of the original and burned samples at Xiao river.

the massively multiplying organisms. Since 2016, the proj
operators observed that rapid algae growth has occurred in ar
of the main canal of MRP in the spring and autumn (Zhu et

Frontiers in Environmental Science

ect
eas

al.,

2019). Then researchers started to focus on risk of water quality
deterioration from algae growth (Jing et al., 2021; Nong et al,
2021; Wang et al., 2022). A model prediction results based on the
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principal component analysis shows that algal density along the
canal differs to the greatest extent in summer, followed by spring
and autumn, and is the weakest in winter (Jing et al.,, 2021).
Changes in hydrodynamic conditions also affect algal density
(Zhu et al,, 2019). In addition, (Xu, et al., 2021; Long, et al., 2022),
have also mentioned the algae problems in Middle Route of
South-to-North Water Diversion Project.

Combined with previous algae study results and current
research, the conclusion can be given that the siltation in the
MRP is most likely the aquatic algae. In winter, the temperature is
too low thus the algae reproduce slowly. Since the concentration
of algae in the water body is low, there is basically no siltation.
When the ambient temperature raises to a temperature suitable
for algae growth during March, algae attach to the inorganic
sediment particles in the water and begin to grow rapidly, then
the concentration of algae in the water body increases sharply.
The maximum siltation speed can reach 390 mm/day at the
monitoring points. March to October is the period of vigorous
algae blooming, and the concentration of algae residue in the
water body maintained at a high level. The algae gradually grow
in the process of migrating downstream with the flow. Therefore,
the particle size of the original sample of the siltation increases
from upstream to downstream.

Conclusion

The water quality from the Danjiangkou reservoir at the
channel entrance of the MRP is pretty good and contains almost
no siltation. However, during the operation of the MRP, a large
amount of obvious siltation occurred in locations with weak
hydrodynamic conditions in front of the outlet or the outlet gate.
In order to study the time and particle size distribution
characteristics of the siltation, an IoT based automatic
siltation monitoring system using cloud was developed and
installed in the water release gate of the inverted siphon
project on Xiao River. Three years’ data are collected since
31 October 2018. The siltation at five sites was also collected
for particle size analysis. The main findings are as follows:

1) The siltation mainly occurs from March to October, and
almost no siltation occurs in winter. The maximum siltation
speed can reach 390 mm per day at the monitoring points.
The huge siltation speed indicates there is a high density of
siltation concentration in the mainstream of the MRP channel
at the monitoring point in spring, summer and autumn. The
monitoring data also showed that hydrodynamic condition in
the MRP channel can also affects the siltation speed.

2) The particle size of the siltation gradually increases from
upstream to downstream, and this growth mainly occurs in
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the range above 100 um. The particle size distribution after
burning remains basically unchanged from upstream to
downstream. The organic matter shows a significant
increase from 40.3% at the inverted siphon at Qi River to
86.4% at Xihei mountain downstream.

Combining previous research and the results of this study, the
main body of the siltation in the MRP is not the traditional
siltation but the remnants of the algae that proliferate in large

W
~

numbers.
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