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The pressure distribution law of muddy water with high silt content has great influence on the stress and strain calculation of the
dam body. Currently, there is a few research studies referring to the calculation method of high silt content muddy water pressure,
which leads to no reliable theoretical basis for muddy water pressure calculation in dam design. In this paper, muddy water with
high silt content was prepared and the imitation tests and model tests were carried out to investigate the pressure distribution law.
Based on the test result analysis, it is indicated that the muddy water with high silt content is also in a flowable and viscous state,
which is consistent with the law of fluid behavior; the horizontal pressure is equal to the vertical pressure at the same position, and
this relationship is generally time independent; through the test result analysis, a pressure formula for muddy water with high silt
content is proposed; through comparison between the pressure formula-calculated results and monitoring data, it is indicated that
the proposed pressure formula is applicable in the calculation of muddy water pressure. The formula can be a useful tool in the

dam safety and design calculation.

1. Introduction

The water conservancy project is mainly constructed for pre-
venting water disasters and reasonable use of water resources.
And one of the functions of the dam is to intercept the flow,
which creates conditions for the construction of geothermal
resources in the water section. But high silt content in the
river is a serious problem. According to the monitoring data
before and after the construction of the power station, Yang
etal. [1-3] summarized the basic situation of the silt problem
of the Yellow River. The relevant data [4, 5] shows that the
maximum silt content of the Yellow River in China was as
high as 911kg/m’. High silt content has influence on the
design, operation, and management of a hydropower station
in different extents. The influence of muddy water on the
dam body is mainly caused by lateral pressure. In particular
in the dam design, the pressure distribution form of muddy
water has great influence on the stress and strain calculation
of the dam [6-9].

Xu [10] found that the lateral pressure coefficient is close
to 1.0 when the water content of silt soil is approximately
equal to its liquid limit. Chen and Cui [11, 12] calculated
the stress of a gravity dam with the finite element method.
The result showed that the silt sediment in front of the
dam increased the lateral pressure of the dam body, and
the influence of silt sediment should be taken into account
when designing a gravity dam. Yang [13, 14] and Chen
[15, 16] demonstrated that the height of the sediment on
the upstream side of the dam was one of the main parame-
ters for calculating silt load in the design of hydraulic struc-
tures. Han [17, 18] systematically studied the deposition
process of silt. Yin et al. [19-21] conducted some experi-
mental investigation on the silt on the upstream side dam.
Chen [22-24] calculated the lateral active earth pressure by
taking unit weight of silt as a constant value.

In addition, the distribution and transport of silt in rivers
have been studied by Duc et al. [25, 26], Eriksson and Pers-
son [27], Chalov et al. [28], Chang et al. [29, 30], and Gao
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and Collins [31, 32]. He et al. [33] performed a simulation
analysis of silt deposition with Delft3D. Campisano et al.
[34] performed numerical simulation on the rectangular
open channel bed volume using a uniform deposition semi-
coupled method based on the 1D Saint-Venant-Ekner
equation. Mateusz et al. [35], Angelika and Tamara [36],
and Zuo et al. [37] estimated the accumulation rate of river
deposits with the 210Pb method.

The overloads applied on the dam include self-weight,
water pressure (hydrostatic pressure), silt pressure, etc.
[38]. For the muddy water with low silt content, the silt par-
ticles are dispersed in muddy water, and the characteristics
of the water are unchanged; correspondingly, the muddy
water pressure can be calculated directly according to the
formula of the hydrostatic pressure.

Formula (1) for pressure calculation of muddy water and
formula (2) for horizontal silt pressure acting on the unit
width of the dam surface are recommended in the Design
Specification for Concrete Arch Dams [38].

p:yw.H’ (1)

where p is the hydrostatic pressure (kPa) at the calcula-
tion depth, H is the water head (m) at the calculation depth,
and y,, is the unit weight of water (kN/m?).

P = %YSbhsztgz (450 - %) > (2)

where p, is the horizontal pressure of silt (kPa), y is

the buoyant unit weight of silt (kN/m?), y, =y.4— (1 -n)

Yw> Vsq is the dry unit weight of silt, y, is the unit weight

of water (kN/m”), n is the porosity of silt, h; is the silting

thickness in front of the dam (m), and ¢, is the internal fric-
tion angle of the silt (°).

However, the flow characteristics of muddy water with
high silt content are quite different from those of hydrostatic
fluid. Considering the flow characteristic difference between
muddy water and hydrostatic fluid, here the following are
some basic problems: i.e., is the water pressure calculation
method of formula (1) applicable? In formula (1), should
y,, take the unit weight of water or the unit weight of muddy
water? What is the critical silt content between the two
values? Those problems are not specified in detail currently.

Through above analysis, it is indicated that there are a
few research works related to the pressure distribution law
and pressure calculation formula for muddy water with high
silt content and its influence on the dam stress. Therefore, it
is necessary to carry out further relevant research. In this
paper, a water conservancy project in the Yellow River in
China is taken as a research object, with the prepared muddy
water with high silt content, imitation and model tests are
carried out, and the pressure distribution law is investigated.

2. Preparation of Muddy Water with High
Silt Content

Based on the monitoring data of the water conservancy
project in the Yellow River, the muddy water sample with
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the generally same sand gradation was prepared. And the
measured annual average silt content of this hub project is
144 kg/m>, and the maximum is 1428 kg/m”.

Silt used in this paper is taken from undisturbed areas in
the tidal flat of the Yellow River (Henan section). Add cer-
tain amount of silty clay to the silt and evenly stir it, and
then, the particle analysis test was conducted. The particle
size distribution curves are shown in Figure 1.

As shown in Figure 1, the particle composition of the
prepared silt is close to the measured value of the actual silt.
According to the silt content of the designed muddy water
test, the prepared silt is mixed with the water of correspond-
ing amount; then, fully stir evenly to prepare the muddy
water required. The relationship between the silt-water mass
ratio and silt content is shown in Formula (3)

A= oo sia G

1000 — S/G,

where A is the silt-water mass ratio, S is the silt content of
muddy water, and G; is the specific gravity of silt; take 2.65.

The relationship between silt content and unit weight
and silt-water mass ratio of muddy water is shown in
Table 1. The unit weight of muddy water-measured method
is the U-tube method. The liquid and plastic limit of the test
silt is 25.9% and 15.0%, respectively.

3. Details of the Pressure Imitation Test for
Muddy Water with High Silt Content

3.1. Instruments for Test. The instrument used to the mea-
surement of muddy water pressure is BGK4810 high-
precision soil pressure gauge. The main structure is shown
in Figure 2. When the soil pressure gauge is placed in muddy
water, the water pressure will cause corresponding change in
the fluid pressure in the pressure box. According to the read-
ing of the vibrating wire pressure sensor and formula (4), the
muddy water pressure is calculated as

P=G(R, = Ry) +K(T; - Ty), (4)

where P is the pressure (kPa), G is the calibration coefhi-
cient (kPa/digit), K is the temperature coefficient (kPa/"C),
R, and R, are the initial and current reading of the sensor
(digit), respectively, and T, and T, are the initial and
current temperature of the sensor ("C), respectively.

Figure 3 shows the installment of the pressure gauges in
the pressure tank.

3.2. Steps of Imitation Tests. The imitation tests are con-
ducted to simulate different water heads by using a manual
pressure pump attached to the pressure tank to pressure
the muddy water in it.

Then, measure the horizontal pressure P, of the muddy
water in the closed pressure tank under a certain water head,
and the corresponding vertical pressure P, is calculated to
study the pressure distribution law of muddy water with
high silt content under different water heads. The muddy
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FIGURE 1: Particle gradation curves of artificially prepared silt and the measured data.

TaBLE 1: Comparison of silt content and unit weight and silt-water
mass ratio of muddy water.

Silt content S Silt-water ~ The unit weight of muddy water
(kg/ma) mass ratio P (kN/m?)
100 1:9.62 10.41
200 1:4.62 11.02
300 1:2.96 11.63
400 1:2.12 12.24
500 1:1.62 12.85
600 1:1.29 13.46
700 1:1.05 14.07
800 1:0.87 14.68
900 1:0.73 15.29
1000 1:0.62 15.90

Pressure cell

Instrument
Sensor cable

The vertical view

e [

The lateral view

FIGURE 2: Structure diagram of soil pressure gauge.

water head at the midpoint of the soil pressure gauge in the
pressure tank is approximately 0.515 m.
The imitation test steps are as follows:

(1) According to the needed silt content, the corre-

sponding masses of silt and water are calculated by

formula (3) and weighed. The water and the pre-
pared silt are mixed to prepare the different required
muddy water (our set silt content: 110.7kg/m’,
284.6kg/m’>,  3953kg/m>, 727.3kg/m’, and
1059.3 kg/m”)

(2) Put the soil pressure gauge vertically into the pres-
sure tank

(3) Inject the prepared high silt content muddy water
into the pressure tank (see Figure 4)

(4) After sealing the pressure tank, a manual pressure
pump was used to apply different water heads into
the tank (see Figure 5). The pressure range is from
OkPa to 400kPa, and the pressure gradient is
50 kPa

(5) Read out the pressure gauge data, and calculate the
horizontal pressure P, of each group of muddy water
according to corresponding reading and formula (4).

(6) The properties of each group of muddy water are
assumed to be consistent with the hypothesis of fluid
characteristics. Referring to Table 1, the unit weight
of each group of muddy water is calculated by the
interpolation method. Then, the vertical pressure
P,, at the same position under each water head, is
calculated, and P, is equal to the sum of the external
pressure value and the pressure calculated according
to the depth of the test point

(7) After the experiment, the muddy water was taken
out and observed to determine whether the calcula-
tion assumption in step 6 is applicable

(8) If the assumption is appropriate, then the difference
and ratio between horizontal pressure P, and vertical
pressure P, of each group of muddy water are calcu-
lated, and the relationship curves with external pres-
sure are drawn
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FIGURE 5: Sealing the pressure tank and pressurizing it.

4. Details of the Pressure Model Test for Muddy
Water with High Silt Content

To further investigate the vertical and horizontal pressure
distribution law of muddy water with high silt content on
the upstream side of the dam, a cylinder model with dimen-
sion of the 10 m in length and about 0.28 m in inner diame-
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ter is developed. The top of the model is opened while the
bottom is sealed. As shown in Figure 6, the cylinder model
is placed upright, with two soil pressure gauges placed hori-
zontally and vertically at the bottom of the cylinder. The
horizontal pressure gauge is used to measure the vertical
pressure of muddy water, while the vertical pressure gauge
is used to directly measure the horizontal pressure at the
same position. A valve for discharge silt sediment is also
welded at the bottom of the model to drain the muddy water
and sediment.

The physical model is shown in Figure 7. The vertical
pressure gauge in model is 20cm away from the bottom,
and the horizontal pressure gauge is 35 cm. The water head
of vertical pressure gauge is 9.80 m.

As shown in Figure 8, the soil pressure gauge is fixed on
a self-made base before placing it in the cylinder model to
prevent the pressure gauge from being affected by buoyancy.

Model tests of muddy water with different silt contents
are conducted, and then, the vertical and horizontal pres-
sures of the muddy water measured by the test are analyzed
and studied. The silt content of muddy water is 96.8 kg/m’,
253.0kg/m’, 379.4kg/m>, 600.8kg/m’, 790.5kg/m>, and
1075.1kg/m’, respectively.

The model test steps are as follows:

(1) According to the needed silt content, the required
masses of silt and water are calculated by formula
(3) and weighed

(2) As shown in Figure 9, the water and silt are mixed
and stirred evenly to prepare muddy water with
different silt contents

(3) The prepared muddy water is injected slowly from
the top of the cylinder model into a cylinder where
pressure gauge is installed at the bottom (see
Figure 10)

(4) After the muddy water is injected, the data of two
pressure gauges are read, as shown in Figure 11.
They are read again at intervals of 2-10h until the
measured data are basically unchanged

(5) The horizontal pressure P, and vertical pressure P,
are calculated according to the read data and
formula (4)

5. Experiment Results and Analysis

5.1. Results and Analysis of Imitation Tests. After the imita-
tion tests, the observed muddy water is viscous and flowable,
which meets the basic assumption of fluid mechanics. The
calculation assumption of the vertical pressure P, is appro-
priate. And the water pressure calculation method of
formula (1) can be used to calculate the pressure of muddy
water with high silt content. The difference between the hor-
izontal pressure P, and vertical pressure P, and their ratios
are calculated from the calculated P, and P,, respectively.
The calculation results are summarized in Table 2.
According to fluid mechanics theory, the pressure of
liquid is equal in all directions. Table 2 shows that the
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horizontal pressure P, is smaller than the vertical pressure
P, in the imitation test results of each group of muddy water.
The curve of P,-P, and P, /P, with external pressure value is
plotted, as shown in Figures 12 and 13.

The curves indicate that the P,-P, value fluctuates with
the increase in external pressure value, but the fluctuation
range is small with a maximum of 2.9kPa, which is only
1.4%, and the P, values are all slightly less than the P, values.
Analysis shows that this is due to the external pressure of the
pressure tank pressured from the top of the muddy water,
and some energy is lost when the pressure passes to the bot-
tom. Thus, the measured P, is smaller than the calculated P,.
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TaBLE 2: Imitation test results of each group.

Silt content  External pressure value (kPa) The horizontal pressure P, (kPa) The vertical pressure P, (kPa) P,-P, (kPa) P,/P,
50 54.3 55.4 -1.1 0.980
100 104.3 105.4 -1.1 0.990
150 154.8 155.4 -0.6 0.996
110.7 kg/m3 200 203.6 205.4 -1.8 0.991
250 254.1 255.4 -1.3 0.995
300 304.9 305.4 -0.5 0.998
350 355.3 355.4 -0.1 1.000
400 404.8 405.4 -0.6 0.999
50 54.7 55.9 -1.2 0.979
100 103.6 105.9 -2.3 0.978
150 154.8 155.9 -1.1 0.993
2846 kg/m3 200 203.7 205.9 -2.2 0.989
250 253.6 2559 -2.3 0.991
300 303.6 305.9 -2.3 0.992
350 353.1 355.9 -2.8 0.992
400 403.8 405.9 -2.1 0.995
50 55.9 56.3 -0.4 0.993
100 105.2 106.3 -1.1 0.990
150 154.2 156.3 -2.1 0.987
3953 kg/m3 200 203.4 206.3 -2.9 0.986
250 253.5 256.3 -2.8 0.989
300 303.4 306.3 -2.9 0.991
350 354.1 356.3 -2.2 0.994
400 404 406.3 -2.3 0.994
50 56.8 57.3 -0.5 0.991
100 105.7 107.3 -1.6 0.985
150 156.8 157.3 -0.5 0.997
723.7kg/m3 200 206.4 207.3 -0.9 0.996
250 255.1 257.3 -2.2 0.991
300 306.6 307.3 -0.7 0.998
350 356.7 357.3 -0.6 0.998
400 405.7 407.3 -1.6 0.996
50 57.6 58.4 -0.8 0.986
100 107.2 108.4 -1.2 0.989
150 158 158.4 -0.4 0.997
1059.3 kg/m3 200 206.9 208.4 -1.5 0.993
250 258.2 258.4 -0.2 0.999
300 308.2 308.4 -0.2 0.999
350 357.9 358.4 -0.5 0.999
400 408.1 408.4 -0.3 0.999

The P, /P, value also fluctuates slightly with the increase
in imitated water head, but the fluctuation is not more than
2%. When the water head is greater than 300kPa, the P,
/P, tends to be stable. The ratio is closer to 1.0 when
the silt content is higher. That is, the horizontal pressure
of muddy water with high silt content is equal to the
vertical pressure as well.

The variation in the muddy water pressure with silt con-
tent of 1059.3kg/m” over standing time is further tested in

the imitation test to analyze the variation law of pressure dis-
tribution of muddy water with high silt content over time.
The initiated water head is constant at 300 kPa, and the test
duration is 240 h. The results are shown in Table 3.

For the water head is imitated using external equipment
to pressure, it will cause a small oscillation of the muddy
water in the tank, resulting in small fluctuations in the data
measured by the high-precision soil pressure gauge. There-
fore, Table 3 shows that, when the imitated water head is
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FIGURE 12: The curve of P,-P, with external pressure.
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F1GUre 13: The curve of P, /P, with external pressure.

300kPa, the measured P, fluctuates with time and decreases
slightly, but the variation is less than 1%. Moreover, the P,
values are always slightly less than the P, values, but the P,
/P, values are greater than 0.99. Therefore, P, = P,. That is,
the characteristics of equal pressure in all directions of
muddy water are time independent.

The comprehensive analysis of the imitation test results
shows that, in the closed pressure tank, muddy water with
silt content of 110.7-1059.3kg/m” is viscous and flowable
when the imitated pressure is 50-400kPa, which is consis-
tent with the basic assumption of fluid mechanics. Formula
(1) can be used to calculate the pressure of muddy water
with high silt content of this range. The horizontal pressure
of each group muddy water is equal to the vertical pressure,
and this equivalent relationship does not change with the
standing time of muddy water. It is considered that the pres-
sure of muddy water with high silt content is also equal in all
directions, that is, P, = P,.

5.2. Results and Discussion of Model Tests. The above
mentioned imitation tests show that the pressure of muddy
water can be measured with soil pressure gauge and calcu-
lated according to formula (1). A cylinder model is made
to conduct the model test, and the pressure calculation
method of muddy water with high silt content is further

studied. The prepared muddy water is injected into the
cylinder model, and the reading of the pressure gauge placed
in the model is read until the reading is stable. The test time
ranges from 50h to 200 h.

After the test, the silt sediment of each group muddy
water is collected, and its unit weight and water content
are tested. The results are shown in Table 4.

The water content of the silt deposit is measured to use a
density bottle method and is greater than the liquid limit of
the test silt (25.9%), and the lateral pressure coefficient of silt
sediment can be considered equal to 1.0 [5]. As shown in
Figures 14 and 15, the change rules of horizontal P, and ver-
tical pressure P, with test time in each group of muddy
water are drawn.

From Figures 14 and 15, it can be seen that during the
tests, the P, and P, of each group muddy water first decrease
sharply with the test time, then slowly decreased, and finally
tend to be stable. The P, and P, of muddy water with a silt
content of 1075.1kg/m> in group 6 are higher than those
in other groups.

The analysis shows that silt particles in muddy water will
settle due to self-weight, and the particles rub with the inner
wall of the cylinder during the sedimentation. Meanwhile,
the inner wall generates an upward force on the muddy
water. Thus, the tested P, and P, all gradually decrease over
time first. After the silt deposition is completed, the friction
tends to be 0, and the measured pressure also reaches a
relatively stable value accordingly.

Further analysis shows that the position height differ-
ence between two pressure gauges placed at the bottom of
the cylinder for measuring the horizontal and vertical pres-
sures of muddy water is 15 cm. Accordingly, the theoretical
calculation value should be P, > P,. Therefore, we correct
the test data of model tests by depth according to the
formula Pj;=P;+y,x0.15. The relationship ~curves

between P,;'/P,, of each group of muddy water and test
time are shown in Figure 16.

Figure 16 shows that the ratio P,;'/P,; fluctuates slightly
with test time after the correction of depth difference for Py;
in each group, but the magnitude does not exceed 0.5%.
Therefore, we can consider that Pli' =P,;. The model tests
prove again that the pressure distribution law of muddy
water with high silt content is equal in all directions.

The pressure at a certain depth of the muddy water is
calculated according to the formula of liquid pressure in
the fluid mechanics theory P =y _h. Then, we calculate the
difference between the theoretical calculated P, and P,
and measured P, and P, of each group through formulas
(5) to (8), respectively. The changes in AP,; and AP,; with
test time are drawn as shown in Figures 17 and 18.

Pic=y,%9.65, (5)
APy =P\ — Py, (6)
Pyc=y;%9.8, (7)
AP,; =Py — Py, (8)
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TaBLE 3: Data of muddy water pressure varying with time with silt content of 1059.3 kg/m”.

Test time (hours) External pressure value (kPa) The horizontal pressure P, (kPa) The vertical pressure P, (kPa) P,-P, (kPa) P,/P,

0 300 308.2 308.4 -0.2 0.999
1.4 300 307.6 308.4 -0.8 0.997
3.5 300 307.2 308.4 -1.2 0.996
7 300 307.4 308.4 -1 0.997
23 300 306.8 308.4 -1.6 0.995
29.6 300 306.7 308.4 -1.7 0.994
47.3 300 307 308.4 -14 0.995
72.2 300 306 308.4 -2.4 0.992
76.2 300 305.7 308.4 -2.7 0.991
144.7 300 306.4 308.4 -2 0.994
240.0 300 307.4 308.4 -1 0.997

TAaBLE 4: Basic physical parameters of silt deposit.

Initial state of muddy water

Physical parameters of silt deposit
Group number Silt content (kg/m3 ) Unit weight (kN/m>) Unit weight (kKN/m>) Water content (%) Test time (hours)

1 96.8 10.39 17.84 39.1 51.5
2 253 11.34 18.62 30.7 89
3 379.4 12.12 18.23 35.1 67.7
4 600.8 13.47 18.82 30.5 95.2
5 790.5 14.62 18.82 29.9 74
6 1075.1 16.36 19.21 27.3 192
160 160 -
140 140
120
7 100 3
2 80 =
260 & 60
40 40 -
20 20 -
o—m——m———r——r———r—r—1— 0 —
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

Test time (hours) Test time (hours)

The group number The group number

—a— 1 —— 4 —a— 1 —— 2
——2 ——5 —A— 3 —— 4
a3 —e— 6 —— 5 —o— 6

FIGURE 14: The change rule of P; with test time. FiGure 15: The change rule of P, with test time.

Figures 17 and 18 show that the difference between the

where P, and P, are theoretical calculation values of
the muddy water pressure at the depth where the pressure
gauge is located, y, is the unit weight of each group of
muddy water, P,; and P,; are measured values of horizontal
and vertical pressure, respectively, and AP,; and AP,; are the
differences between the calculated values of horizontal pres-
sure and vertical pressure at some moment and the theoret-
ical calculation value.

measured horizontal and vertical pressure values of each
group and the theoretical calculation values is not equal to
0, and the AP,; and AP,; all increase with the rise in muddy
water density. When the silt content is less than 600 kg/cm”,
the difference between the measured value of muddy water
pressure and the theoretical calculation value is small. AP;;
and AP,; greatly increase as the silt content continuously
increases, and the maximum is nearly 60 kPa.
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FIGURE 16: The relationship between P,;'/P,; and test time.
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FIGURE 17: AP,; change with test time.

The slope of AP,; and AP,; of muddy water in groups
1, 2, and 3 changes with time and is small, and the max-
imum value is nearly 20 kPa. However, when the silt con-
tent of muddy water is greater than 600kg/cm’, AP,; and
AP,; suddenly change over time first. The change in the
slope is greater when the silt content is greater, and then,
it tends to be a stable value. The reason is that the silt in
the muddy water has not started to settle in the early stage
of the prepared muddy water poured into the model test
cylinder. At this time, the unit weight of muddy water
along the depth direction is equal to its design value.
Then, the silt particles in the muddy water begin to settle,
and the unit weight of muddy water is no longer uniform
along the depth direction. Lager silt content causes faster
particle precipitation and larger difference between the
unit weight of the muddy water after the silt particle
precipitation is stable and that at the beginning.

AP,; (kPa)

0 20 40 60 80 100120 140 160 180 20
Test time (hours)

The group number

—a— 1 —— 2
—— 3 —— 4
—>—5 —— 6

FIGURE 18: AP,; change with test time.
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70 y = 0.0499x + 3.2601
R2=0.999

(AP+Ay) 2 (kPa)
g

0 100 200 300 400 500 600 700 800 900 1000 1100

The unit weight of prepared muddy water yi (kg/cm?)

FIGURE 19: The relation curve between (AP;; + AP,;)/2 and y, of
prepared muddy water.

6. Derivation and Verification of the Pressure
Calculation Formula for Muddy Water with
High Silt Content

On the basis of the imitation and model tests, it can be
verified that the pressure distribution law of the muddy
water with high silt content is consistent with fluid
mechanics theory, and the muddy water pressure can be
calculated by the specification formula, that is, formula
(1). However, we have no clear provision and relevant
suggestions on how to determine the y, of muddy water
with high silt content in the formula.

The horizontal and vertical pressures of the muddy
water with high silt content are equal. Thus, we further ana-
lyze the AP,; and AP,; of each group of model test. The (A
P, + AP,;)/2 of each group is calculated, and the relation
curve with the unit weight y, of prepared muddy water is
drawn, as shown in Figure 19.

Figure 19 shows that the (AP;; + AP,;)/2 nearly linearly
increases with the rise in unit weight of muddy water. The
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TaBLE 5: Comparison of dam stress at a water conservancy dam in China.
Silt Unit weight of the Water head of the Monitoring value of horizontal Qalculatlpn value of Relative
content 3 . . . horizontal internal force .
3 muddy water (kN/m’) monitoring points (m) internal force (average) (kPa) differences
(kg/m”) (kPa)
50 547.2 558.2 1.97%
236.5 11.24 100 1233.6 1120.2 10.12%
150 1833.8 1688.7 8.60%

relationship between (AP); + AP,;)/2 and the unit weight is
obtained by fitting six groups of data, as shown in

AP, + AP,;
ST - 0.0499 X p, + 3.2601. (9)
2

By combining formula (5) to (8), the actual value of
muddy water pressure at a certain depth can be calculated,
and the formula for calculating the pressure of muddy water
with high silt content is derived as

Py, =y, x (h—0.0499) - 3.2601, (10)

where P, is the pressure at a certain depth of the
muddy water (kPa), y, is the unit weight of the muddy
water before the silt particle began to settle (kg/cm’, which
can be calculated by the method in the imitation tests),
and h is the water head.

To verify the reliability of the derived pressure calcula-
tion formula for muddy water with high silt content, the
stress of a conservancy project dam in China is calculated
based on formulas (10) and (2), and it is compared with
the stress monitoring value of the dam. The project is a
water conservancy project with the largest storage capacity
and the highest dam height in its province, including the
concrete arch dam with 230 m height and water discharge,
sediment drainage, and seepage prevention projects. The
method used to measure dam stress is to embed the strain
gauge in advance at the needed depth and calculate the
corresponding stress value according to Poisson ‘s ratio of
the strain gauge and the measured strains.

After multiple imitation calculations, the results are
compared with the actual monitoring data of the project
(see Table 5). The results show that, if the muddy water
pressure is calculated by formula (10), then the maximum
difference between the calculated and actual monitoring
values is around 10%. This finding shows that the calculated
value of this method is consistent with the actual monitoring
value of the project, and the calculation of muddy water
pressure proposed with formula (10) is reliable.

The calculation formula of muddy water pressure with
high silt content derived in this study provides a strong
theoretical basis and guidance for the design and calculation
of dam engineering, which can avoid the waste of engineer-
ing investment. The comparison between the monitoring
and calculated values also well verifies the applicability of
the formula P, =y, x (h-0.0499) —3.2601 for calculating
the pressure of muddy water with high silt content. It will

provide a reliable reference and guidance for similar projects
domestically and internationally.

7. Conclusions

In this study, artificial muddy water with high silt content is
used to imitate the muddy water of the Yellow River with high
silt content. The horizontal and vertical pressures of the muddy
water are measured and calculated using high-precision soil
pressure gauge, and relevant imitation and model tests are con-
ducted. The pressure distribution law of muddy water with
high silt content is tested and analyzed, and the pressure calcu-
lation formula of muddy water with high silt content is derived.
The research results have certain guiding significance for simi-
lar projects and the later work of the project:

(1) In the imitation tests, the calculated value of vertical
pressure of muddy water at the test depth is equal to
the sum of the external pressure and the pressure
calculated according to the depth of the test point.
The calculated value of vertical pressure is nearly
equal to the measured value of horizontal pressure

(2) The model tests verify that muddy water with high silt
content is also flowable and viscous, which is consis-
tent with the assumption of fluid mechanics theory.
The fluid mechanics formula can be used to calculate
the pressure of muddy water with high silt content

(3) The unit weight of muddy water can be directly
substituted into formula (1) to calculate the pressure
of muddy water with high silt content only before
the silt particle begins to settle. However, during
the process of silt particle starting to stabilize, the
measured pressure and calculated values differ. The
water content of the mud body settled by the silt par-
ticle of muddy water is greater than its liquid limit

(4) The pressure calculation formula of muddy water
with high silt content is derived. It has been applied
to a dam project. Little difference between the calcu-
lated and monitoring values is observed. These
results can provide a corresponding reference and
basis for the calculation of similar projects domesti-
cally and internationally

Data Availability

The data used to support the findings of this study are
included within the article.
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