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Abstract. In recent years, the frequent extreme weather has led to the rise of reservoir water level, and
accordingly changed the reservoir water temperature. As for concrete dams, changes in reservoir water
temperature and air temperature may generate temperature stress, and such effect and sudden rise of water
level will inevitably change the dam force and endanger the dam safety. By means of numerical simulation
and theoretical analysis, this paper analyzed the effect of the extreme rainstorm on the reservoir water level
and water temperature, and selected a typical project to simulate the changes of temperature field and stress
field of concrete dams in an extreme rainstorm under different working conditions. Results showed that: (1)
After the storm flood entered the reservoir, the temperature stress changed little due to the change in the
reservoir water temperature; (2) During the rainstorm, the compressive and tensile stresses of concrete dams
increased with the time, but did not exceed the allowable values of the concrete used for the dam body;
therefore, the dam body was safe; (3) By comparing the effects of the reservoir water level rise caused by
heavy rain on the dam stress, the dam temperature stress response varied with the water level rising rate: the
greater the reservoir water level rising rate was, the greater the maximum dam response stress was. After
being affected by the rainstorm, the dam stresses were the same. Therefore, it was necessary to use a
dispatching method to control the rise of the water level. This study can provide theoretical basis and reference
for the operation and dispatching of reservoirs during extreme rainstorms.

1. Introduction

As the global climate is worsening, the extreme weather frequently occurs in various regions, which has
become a new trend [1]. Under this trend, heavy rains that are characterized by high intensity and short
duration may cause floods that exceed the design limit of dams, posing severe challenges to the safe operation
of dams and reservoir dispatching during the heavy rains [2—4].

For large and medium-sized reservoirs, due to the large catchment area and wide convergence area,
the water level in the reservoirs will rise rapidly and the water temperature will change accordingly in case of
a heavy rain. Short-duration, high-intensity heavy rain may cause the sudden rise of water level in reservoirs
[5-8]. Zeng Kang et al. [9] found that the inflow conditions (water temperature, inflow rate) of reservoirs during
the flood season would change significantly, and the rainfall runoff would reduce the vertical water temperature
difference, improve the water turbulence and speed up the natural mixing in reservoirs. The sudden rise and
fall of the water level may reduce the safety of dams. In 2016, the Oroville Dam suffered a sharp rise of water
level due to the drastic climate change, leading to the damage of the main spillway. Therefore, it was necessary
to study the impact of stress response to the operation and management of dams during the rainstorm.

To address the said problems, foreign scholars have conducted relevant researches on the daily change
of water temperature in lake-type reservoirs, and found that solar radiation and wind force may affect the daily
change of water temperature in reservoirs [10-13]. Zhu Bofang [14] concluded that annual changes in air
temperature and water temperature would cause tensile stress in concrete dams, and corresponding
measures should be taken; Wang Liangming [15] calculated the effects of daily temperature changes on the
temperature field and temperature stress of concrete dams. Jia Chao [17] analyzed the interaction between
water temperature and water pressure induced force through finite elements. The above literature all analyzed
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the effects of temperature on the stress of concrete dams; however, few researches involved the dynamic
change of temperature/stress of concrete dams under the combined effect of water level and water
temperature during the heavy rain. Yigit [16] found that the periodic displacement response and linear
displacement response of dams were related to seasonal temperature changes and linear rise of reservoir
water level respectively, indicating that there was a correlation between temperature, water load and dam
deformation. All of the said researchers have not studied the stress of dams under the combined action of
temperature and water level. Based on these, this paper simulated a complete rainstorm by coupling water
load and temperature load, and studied the changes of the dam stress during the rainstorm, which would
provide a reference for the dam's safe operation during the heavy rain.

2. Methods
2.1. Prediction of reservoir water temperature under the storm flood

Research on the reservoir water temperature started in the 1950s. To date, the water temperature is
mainly estimated through empirical methods, including Zhang Dafa method of the Northeast Survey and
Design Institute [18] and Zhu Bofang method [19, 20] of China Institute of Water Resources and Hydropower
Research which has been recorded into the Design Specification for Concrete Arch Dams [21]. Zhu Bofang's
reservoir water temperature prediction model is as follows:

Tsur =~ 'mod +Ab (1)

1 12
T = 2T 2
mod 12 1t (2)

where 4b means the temperature increment caused mainly by sunlight, °C; T,y means the revised annual

average temperature, °C. The initial water temperature at the bottom of the reservoir is selected based on the
on-site measured data and corresponding empirical data.

After a reservoir is completed and begins to store water, under the impact of reservoir water level
deepening and climate change, the water temperature layering will occur in the reservoir along the depth of
water. The water temperature prediction is as shown above. The storm flood may disturb the initial water
temperature, and the degree of disturbance can be determined by the runoff-reservoir capacity ratio method

(i.e. parameter a-f method) according to the researches of Tao Mei et al. [22].
Typical parameters in the runoff-reservoir capacity ratio method (i.e. parameter o-3 method) include:

_average annual runoff
reservoir storage capacity

®)

_ Primary flood capacity
reservoir storage capacity

(4)

Among the above parameters, when a < 10, the reservoir water temperature is in a stable layer; when a >
20, the reservoir water temperature is in a mixed layer; otherwise, it is in a transition layer. When the reservoir
water temperature is in a stable layer, f > 1 indicates that the storm flood has an impact on the water
temperature structure in the reservoir; f < 0.5 indicates that the storm flood has no effect on the water
temperature structure in the reservoir; otherwise, the storm flood has a certain effect on the water temperature
structure but doesn't damage the water temperature layering structure.

2.2. Calculation of rainfall-water level relationship

A heavy rain may finally turn into a flow in the reservoir area before the dam after runoff generation and
concentration. With the rapid development of computers and continuous innovation of mathematical methods
in recent years [23], rational formula method, empirical formula method, integrated unit hydrograph method
and hydrological model method are often used to forecast the rainfall-flow relationship.

When calculating rainfall-runoff, the point rainfall is converted into the surface rainfall, and then the loss
is subtracted to finally obtain the net rainfall. According to different conditions in different regions, the runoff
generation is calculated using the principle of water balance, and then the rainfall is converted into runoff after
the rain through the computing method of runoff concentration.
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Tsur =Tmog +AD (1)
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where Qmp is the design flood peak flow, m%s; n is the rainstorm index, 0 < N < 1; Sy is the rain force, mm/h;
7. is the duration of runoff generation, h; 7 is the flow concentration time, h; F is the basin area, km? L is

Qup=02782—p)F  T=0278
{ T
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the flow length of the furthest point in the basin, km; m is the flow concentration parameter; | is the average
vertical slope along the furthest flow; Qm is the flood peak flow, m%/s.

During a heavy rain, if the water level is lower than the crest level, the water level will gradually rise.
The rising rate is positively correlated with the inflow quantity and the inflow duration. Generally, the reservoir
capacity increment is the product of the inflow quantity and the inflow duration. The water level can be obtained
from the capacity hydrograph at the dam site.

2.3. Computing theory of temperature field

The differential equation of heat conduction for a concrete structure is:

a_ avT + ® (6)
ot ot
A
where @ =——, p is the object density, kg/m3. CIO is mass heat capacity at constant pressure, J/Kg*°C.
Cop
p
* " o
A is thermal conductivity, W/(m*°C). o is the thermal diffusivity, m?/s. VZ: st >t , @ is the
oxX< oY* oz
adiabatic temperature rise.
The corresponding initial conditions are:
Tl_o=To(P).[Pe(v.s)] 7)
Boundary conditions are:
T|s=Tb(P,t),(pesl,t>t0) (8)
oT
qn‘S:_ﬂ“% =qb(P,t),(PESZ,t>t0) (9)
S

where (] represents the heat-flow density, J /(m2 *S) ,P= P(x, Y, Z) represents the spatial point or spatial

coordinate variable; N represents the direction of the outer normal. When @,, = 0 on a boundary surface, the
boundary is an adiabatic boundary.

2.4. Finite element model

According to the engineering data and research needs, a typical project was selected for analysis. The
dam is a C25 RCC gravity dam with the height of 61.6 m and the crest width of 6 m. Its downstream slope
ratio is 1:0.75, the upstream slope ratio is 1:0.1, and the break point is 1/3 away from the dam heel. When
established, the finite element model extended 40 m along the upstream, downstream and foundation
respectively, and had a total of 17,400 nodes. In the calculation of the temperature field, the first boundary
condition was taken on the contact surface between the dam body and the water, the second boundary
condition was taken on the contact surface between the dam body and the air, and the adiabatic boundary
condition was taken around the foundation; in stress calculation, normal constraints were imposed around the
foundation, and full constraints were imposed at the bottom of the foundation.

2.5. Calculation parameters

Laboratory tests were performed according to the actual conditions of the project. The thermal
parameters of the materials were shown in Table 1, and the mechanical parameters were shown in Table 2.
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Table 1. List of thermal parameters of the materials.

) thermal conductivity  thermal diffusivity  specific heat  linear expansion efficient
material types

(KJ/(m*h*°C)) (m2/h) (KJ/(kg*°C)) (10%/°C)
foundation 9.8000 0.0034 1.0900 6.9200
C25 concrete 9.5800 0.0033 1.1000 6.8000

Table 2. List of mechanical parameters of the materials.

) elastic modulus ) . axial compressive strength  axial tensile strength
material types poisson ratio
(Gpa) (N/mm?) (N/mm?)
foundation 22.00 0.20 10.00 1.27
C25 concrete 28.00 0.20 16.70 1.78

The temperature fitting formula is:
To=7+ R0t+A0cos[%(t—6.4)} (10)

where Tois the average temperature, °C. Ag is half of the difference between the maximum temperature and
the minimum temperature; T is the time, month. Rot is the ground temperature which can be ignored.

According to formulas (3) and (4), o was equal to 1.9 and f was equal to 1.2; therefore, the reservoir
had water temperature layered. In case of a flood, the flood would make the water temperature structure mixed
temporarily.

When there was no rain, the measured average annual water temperature on the surface was 13 °C
and the water temperature at the bottom was 10.075 °C. The rainfall was mostly concentrated in July and
August in the form of heavy rain, accounting for 54 % of the annual rainfall. The main stream of the reservoir
contained 50 % sand. According to relevant researches [8, 9, 24, 25], the surface heat exchange did not
directly act on the water layer below 15 m depth. During the flood season, the density currents fell to the
bottom of the reservoir in the transition zone, and went ahead in the form of undercurrent until to the main
reservoir area. The large inflow reduced the range of low-temperature water bodies and the depth of water
temperature layer. Therefore, during calculation, it was considered that after storm water flowed into the
reservoir, the water temperature before the reservoir was redistributed, and suddenly changed to 13 °C overall.

Due to the limited data, this paper was designed to quantitatively study the effect of the water level rising
rate on the stress response of concrete dams when the water level rises from 58 m to 59.8 m under the same
rainfall duration and the same amount of precipitation, and designed two working conditions: the first condition
was the uniform rise of the reservoir water level at a rate of 0.0375 m/h, and the second condition was
the S-shaped rise of the reservoir water level at a rate of 0.0425 m/h first and then at a rate of 0.0305 m/h.

3. Results and Discussion
3.1. Analysis of Calculation Results

3.1.1 Calculated result of temperature field

Through numerical simulation analysis, the results of the temperature field of the concrete dam were
shown in Fig. 1.

12.0089 19.0178 26.0267 33.0356 5 12.1578 19.3156 26.4733 3.6311
§.50444 15.5133 22.5222 29.5311 36.54 8.57889 15.73¢7 22.8944 30.0522 37.21

(a) Before the rain (b) After the rain
Figure 1. Distribution of dam temperature field (unit: °C).

Lei, G., Weiping, S., Lixia, G., Lunyan, W.


http://dict.cnki.net/dict_result.aspx?searchword=%e6%9d%90%e6%96%99%e7%b1%bb%e5%9e%8b&tjType=sentence&style=&t=material+types
http://dict.cnki.net/dict_result.aspx?searchword=%e5%af%bc%e7%83%ad%e7%b3%bb%e6%95%b0&tjType=sentence&style=&t=thermal+conductivity
http://dict.cnki.net/dict_result.aspx?searchword=%e5%af%bc%e6%b8%a9%e7%b3%bb%e6%95%b0&tjType=sentence&style=&t=thermal+diffusivity
http://dict.cnki.net/dict_result.aspx?searchword=%e6%af%94%e7%83%ad&tjType=sentence&style=&t=specific+heat
http://dict.cnki.net/dict_result.aspx?searchword=%e7%ba%bf%e8%83%80%e7%b3%bb%e6%95%b0&tjType=sentence&style=&t=linear+expansion+efficient
http://dict.cnki.net/dict_result.aspx?searchword=%e5%9c%b0%e5%9f%ba&tjType=sentence&style=&t=foundation
http://dict.cnki.net/dict_result.aspx?searchword=%e6%b7%b7%e5%87%9d%e5%9c%9f&tjType=sentence&style=&t=concrete
http://dict.cnki.net/dict_result.aspx?searchword=%e6%9d%90%e6%96%99%e7%b1%bb%e5%9e%8b&tjType=sentence&style=&t=material+types
http://dict.cnki.net/dict_result.aspx?searchword=%e5%bc%b9%e6%80%a7%e6%a8%a1%e9%87%8f&tjType=sentence&style=&t=elastic+modulus
http://dict.cnki.net/dict_result.aspx?searchword=%e6%b3%8a%e6%9d%be%e6%af%94&tjType=sentence&style=&t=poisson+ratio
http://dict.cnki.net/dict_result.aspx?searchword=%e8%bd%b4%e5%bf%83%e6%8a%97%e5%8e%8b%e5%bc%ba%e5%ba%a6&tjType=sentence&style=&t=axial+compressive+strength
http://dict.cnki.net/dict_result.aspx?searchword=%e8%bd%b4%e5%bf%83%e6%8a%97%e6%8b%89%e5%bc%ba%e5%ba%a6&tjType=sentence&style=&t=axial+tensile+strength
http://dict.cnki.net/dict_result.aspx?searchword=%e5%9c%b0%e5%9f%ba&tjType=sentence&style=&t=foundation
http://dict.cnki.net/dict_result.aspx?searchword=%e6%b7%b7%e5%87%9d%e5%9c%9f&tjType=sentence&style=&t=concrete

Magazine of Civil Engineering, 99(7), 2020

It could be seen from the figure that under the dual effects of water temperature and air temperature,
the dam body temperature changed. The dam foundation temperature was constant at 5°C. The temperature
change on the surface of the dam body in contact with the air was consistent with the change of the local air
temperature. Both changed in a trigonometric function and had no hysteresis.

3.1.2 Calculated result of stress field

(a) First principal stress (b) Third principal stress (c) First principal stress (t = 0)
(Before the rain) (After the rain)

— — ~222123 S16635.6
SATEsor = 136407 =T = ~367343 21858
J 748420 -360433 245417

(d) Third principal stress (t=0) (e) First principal stress (t = 24) (f) Third principal stress
(t=24)

Figure 2. Distribution of stress field during uniform rise of reservoir water level (Unit: Mpa).

| —
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(a) Comparison of the first principal stresses
"
-
— — —
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(b) Comparison of the third principal stresses

Figure 3. Comparison of stress fields under two working conditions (t = 14h, unit: Mpa).
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(b) Duration change of the third principal stress at the dam toe
Figure 4. Stress changes at feature points.

Table 3. Dam displacement table (unit: mm).

Time (h) 1 10 20 25
The first condition 1.01123  1.15733 1.31966 1.40091
The second condition 1.0116 1.17718 1.33519 1.42382

From the literature [16], the periodic displacement response and linear displacement response of dams
were related to seasonal temperature changes and linear rise of reservoir water level respectively. A 58 m rise
in the dam water level caused a dam displacement of 10 mm. As shown in Table 3, a 1.8 m rise in the water
level caused a dam displacement of 0.4 mm. The dam displacement had a linear correlation with the rise of
the water level. This result was consistent with the conclusions obtained by Yigit [16] through analysis of the
measured data. This model was considered reasonable.

As we all know, the temperature stress is caused by the temperature difference. As shown in Fig. 2,
before the storm flood flowed into the reservoir, the temperature was high at the dam crest and after the dam,
and was low before the reservoir, the temperature difference, the temperature deformation and the
temperature stress were all large; after the storm flood flowed into the reservoir, the water temperature in front
of the reservoir was evenly distributed, the temperature difference between the upstream and downstream
reduced, the temperature deformation of the dam body was small, and the temperature stress decreased.
Therefore, the stress values in Fig. 2-(c) were greater than those in Fig. 2-(a). Since the temperature difference
between the said stress values decreased 2.925 °C, the first principal stresses at the dam heel differed by
about 2 KPa.

The water level rise after the storm flood entered the reservoir was shown in Fig. 2. As the flood
continued to flow into the reservoir, the dam deformation increased, and the tensile stress and compressive
stress were positively correlated with time. The maximum compressive stress occurred at the downstream
dam toe, and lasted for two days with the value of 1.9 Mpa; the maximum tensile stress occurred at the
upstream dam heel, and lasted for two days with the value of 0.7 Mpa, both of which did not exceed the
allowable strength of concrete (allowable compressive stress: 16.7 Mpa, allowable tensile stress: 1.78 Mpa),
and met the requirements for strength specified in the Design Specification for Concrete Gravity Dams.
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As shown in Fig. 3, the stress of the dam body changed accordingly through comparison of two different
reservoir water level rising rates. The faster the water level rose, the greater the response stress of the dam
body was. When the water level rose for 14 h, the difference between the first principal stresses under the two
working conditions was 0.0067 Mpa, and the difference between the third principal stresses was 0.01 Mpa.
After the rainstorm entered the reservoir for 24 h, the water level and temperature became stable, so their
stresses were the same.

4. Conclusion

To analyze the response of dams during the heavy rain, this study took a typical project in summer
storm as an example, and adopted numerical simulations to analyze the changes of the temperature field and
stress field of the dam body before and after the storm flood entered the reservoir. The results showed that:

1. Before and after the storm flood entered the reservoir, the temperature stress changed due to the
change in the reservoir water temperature. For mixed reservoirs, the stress was reduced because the
temperature difference between the upstream and downstream of the reservoir got smaller;

2. As the flood continued to enter the reservoir, the dam deformation increased, the changes in water
temperature and air temperature had less effect, the water load had a significant effect, and the dam stress
increased with the inflow of storm floods;

3. In the case of the same rainfall duration, the same rainfall amount, and the different rainstorm
intensities, the water level rising rate had a significant effect on the stress response of the concrete dam body;
that was, the faster the water level rose, the greater the dam stress was, which would damage the stability of
the dam body and the bank slope in the reservoir area.

4. According to the literature [26], the heavy rain had a great impact on the stability of the bank slope
in reservoir area; however, it needs further research in the later period.

Such results can provide a reference for the dispatching and operation of reservoirs in the rainy season,
and can also provide a theoretical basis for the safe operation of cascade hydropower stations and the control
of the water level rising rate.
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