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Abstract

:

In this paper, field hydrological monitoring tests and an analytical solution for the aquifer response (i.e., the groundwater head) to stream-stage fluctuations are presented through a case study of the Yangtze River in Wuhan, China. A sinusoidal equation for the stream water level over time is proposed and is verified by the monitoring results. Based on the classical 1-D solution of ground water flow equations, a new flow model was proposed to analyze the confined aquifer response to stream-stage fluctuations. The groundwater head of the confined aquifer can then be calculated by embedding the proposed sinusoidal equation of the stream-stage fluctuation into the new flow model. Field monitoring data of the three hydrological years from 2017 to 2019 were compiled to evaluate the proposed model. The results show that the predicted groundwater head of the confined aquifer matches well with the monitoring data. The prediction error of the proposed model (about 8%) is much lower than that of the previous model (about 26%). This paper presents an improved analytical model with a satisfying capability to predict the response of the groundwater head of the confined aquifer to stream-stage fluctuation. This model can be applied into groundwater flow models (such as MODFLOW, FEFLOW, etc.). The results of this study provide a valuable hydrological resource for underground practical engineering in the riverside area, especially in the first terrace of the Yangtze River, and for the dewatering design of a foundation pit in a riverside area.
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1. Introduction


Surface water and groundwater do not exist in isolation in the hydrologic cycle; rather, all surface water is often hydraulically connected to groundwater. Over the past few decades, with population growth, human water demand has grown, and the importance of water utilization and conservation has been gradually realized. Simultaneously, many scientists have come to recognize that the effective management of limited water resources cannot be implemented without realistically quantifying the interaction between surface water and groundwater [1,2,3].



Similarly, hydrological units such as rivers, lakes, wetlands, and streams are not isolated. Groundwater is inextricably linked to river development, with the flow of rivers being the result of a complex process that relies on the interaction of hydrological, geological, ecological, and human factors. The river–aquifer interface represents a vital location for the exchange of mass, energy, and chemicals between surface water and groundwater. The reciprocal flow of water and the interaction pattern of water flow depend mainly on rainfall inputs, water head changes, and the permeability of the underlying layer [4]. Most studies focus more on the interaction of adjacent aquifers with rivers in arid and semi-arid regions, where streams are often disconnected from underlying aquifers [5,6]. For high-quality and abundant water, groundwater extraction wells are often located near rivers, and the reduction in groundwater flow to rivers due to extraction has led to river depletion. A recent study has shown that increased groundwater withdrawals across the United States over the past 100 years have had a significant impact on the hydrologic cycle through reductions in flow and evapotranspiration at the watershed scale [7,8].



Analytical [9,10,11,12] and numerical [13,14,15,16,17] methods have been used to model river– aquifer interactions for a long time. Intaraprasong and Zhan [18] grouped current research on river–aquifer interactions into two parts: (1) study on the flow–aquifer flow rate caused by pumping wells [9,10,19,20,21] and (2) study of aquifer response to flow-level fluctuations, not involving any pumping wells [20,22,23,24]. For group one, Sophocleous et al. [15] compared stream–aquifer flow rates induced by fully permeable wells in the vicinity of a fully permeable stream without a streambed. For group two, Moench and Barlow [25] and Barlow et al. [26] proposed several solutions for transient hydraulic interactions occurring between a fully permeable river and a confined, leaky, or subsurface aquifer to calculate the aquifer head, riparian infiltration rate, and riparian storage as a response to river stage fluctuations and basin-wide recharge or evapotranspiration. However, most models perform poorly when dealing with local-scale hydraulic processes at the interface of rivers and aquifers [27].



However, for areas with abundant rainfall, the impact of river flooding on adjacent aquifers cannot be ignored. The Yangtze River, the third-largest river in the world, has the world’s largest amount of hydroelectric energy. Located in a subtropical monsoon climate zone, the Yangtze River flows through three major morphological terraces from the western plateau to the eastern coast, with an altitude difference of over 6000 m [28,29,30]. Influenced by the monsoon climate, the Yangtze River basin produces excessive rainfall and frequent floods every summer, causing huge economic losses [31,32]. Wuhan is located on the first terrace of the Yangtze River, and the surface water–groundwater interaction process in its riverine area is accompanied by material and energy exchange between the external boundary and the aquifer. Due to the strong dynamic changes in the hydraulic gradient, the surface water–groundwater interaction pattern in the riverine region of the first terrace is dominated by a local groundwater flow system, which is driven by the hydraulic gradient, and the characteristics of the water-bearing medium affect the intensity of the interaction [33]. In terms of the river–aquifer interactions for the Yangtze River in the Wuhan area, most related studies focus on the hydraulic properties of sediments; the conditions of groundwater storage; the groundwater seepage path; the trends and dynamics of groundwater level changes; and the stages, periodic patterns, and sudden changes in water level experienced by the Yangtze River in different periods [34,35,36,37,38,39,40,41,42].



From the above analyses, it should be noted that most models perform poorly when dealing with local-scale processes at the interface of rivers and aquifers. Thus, this paper aims to propose a new water-level fluctuation model for the Yangtze River and to modify the common analytical formula used to predict the variation law of confined water levels in the riverside area more accurately. In the following sections, we describe the field hydrological monitoring tests we conducted, including an overview of the site, the monitoring plan, and the results in Section 2. In Section 3, a new equation for stream-stage fluctuations is proposed on the basis of monitoring data from the Yangtze River. We derive a theoretical flow model to predict the confined groundwater head and verify the proposed model in Section 4. Summaries and the main conclusions are drawn in the last part of the paper.




2. Field Hydrological Monitoring Tests


2.1. Hydrological Monitoring Area


The groundwater monitoring system in this study was mainly arranged in the Houhu area of Wuhan, with a work area of about 65 km2, as shown in Figure 1a. The geomorphological unit in the working area is mainly the first and second terrace accumulation plains of the Yangtze River. The first terrace is mainly located along the Yangtze River, with elevations of 18 to 22 m. The second terrace is mainly located around the third annular urban road, with elevations of 22 m to 26 m. The bedrock in the study area is deeply buried, and the upper overburden layer is composed of quaternary sediment. Due to the potential flow heterogeneity, the overburden layer presents a typical “binary structure”, with the stratigraphic characteristics being fine at the top and coarse at the bottom [43]. The stratum of the site from top to bottom is a mixture of backfill (Qml), clay (Q4al), silty sand (Q4al), medium–coarse sand (Q4al), strong weathering mudstone, and medium weathering mudstone (S). Figure 2 showed the typical geological engineering profile of the study area.



The main types of groundwater in the region are perched water, phreatic water, and confined water. Our actual monitoring objects were mainly perched water and confined water.




2.2. Hydrological Monitoring Plan


The groundwater monitoring system in this study was arranged with 60 water-level-monitoring wells, including 30 points for perched groundwater and 30 points for confined water. The total length of hydrogeological drilling was 3734 m. The monitoring points were mainly selected in urban public green areas, parks, residential areas, and other open areas. In the key monitoring area for land subsidence prevention and control, the drilling density was increased and the regional control monitoring wells were arranged. As the secondary key monitoring area, the wells’ density of the comprehensive prevention and control area of land subsidence was relatively small. The distribution of the monitoring points is shown in Figure 1b.



A reasonable well depth is a basic requirement for monitoring well design. It is designed mainly based on hydrogeological conditions and the dynamic changes om the target aquifer. According to the design specification, when the target aquifer for groundwater monitoring is the pore confined water from a quaternary system, the monitoring wells are constructed in accordance with the complete well, drilled through the aquifer and into the bedrock for 3 m; when the target aquifer is the perched groundwater, it should be drilled through the whole fill layer and into the lower water-insulating clay layer for 5 m. Take the monitoring well WH-SW001 in Wangjiadun Park, Jianghan District, Wuhan City, as an example. This well was a confined water level monitoring well. Based on the hydrogeological conditions at the point, the designed hole depth was 50 m, and the structural design of the monitoring well is shown in Figure 3. Borehole protection facilities need to be designed appropriately according to the actual site conditions and the surrounding environment.



The monitoring methods were divided into automatic monitoring and manual monitoring. After the construction of monitoring wells was completed, manual monitoring was carried out in the early stage. The monitoring results were obtained every five days. After the installation of automatic monitoring equipment (YLN—Z1301 groundwater level monitor), automatic monitoring was carried out. The monitoring frequency at this time was every four hours, and the monitored data about the water level and water temperature were automatically transferred to the equipment server at 8:00 every morning.




2.3. Hydrological Monitoring Results


In order to analyze the dynamic changes in the Yangtze River water level and the first terrace confined water level, five profiles on the vertical river side were selected for this study (as shown in Figure 3). The hydrological monitoring wells involved in each profile were as shown in Table 1.



Profile 1 and Profile 2 were used as examples to analyze the dynamic changes of the confined water level of the first terrace with the distance and the fluctuation of the Yangtze River water level. The distances between the monitoring wells and the Yangtze River are shown in Table 2. The fluctuation curves of the measured 2016–2020 Yangtze River water level and the confined water level on the two profiles are shown in Figure 4.



As can be seen from Figure 4, the fluctuation of the confined water levels in the riverside area had a clear correlation with the change in the Yangtze River water level. When the river level reached its peak, the confined water level was also roughly at peak. In this study, the data of three hydrological years from 2017 to 2019 in Figure 4a were selected for analysis, and the variation in the river water level and the predicted confined water level at different distances from the river were obtained. The results were used to study the fluctuation pattern and correlation between the Yangtze River water level and the confined water level.





3. Yangtze River Water Level Fluctuation Model


From Figure 4a, it can be observed that the Yangtze River water level was of a periodic fluctuation pattern. To study the fluctuation pattern and the correlation between Yangtze River water levels and the confined water level, the observed data of three hydrological years, 2017, 2018, and 2019, were selected and fitted to the Yangtze River water level to derive the function model of the river water level. After various comparisons, the function form was chosen as follows:


  g  t  = a + bsin    ω t  + c    



(1)




where a is the perennial average water level of the Yangtze River in the Wuhan section (m); b is the increase in the Yangtze River water level during the abundant water period or the decrease during the dry water period, both of which are generally related to the rainfall; c is the advance or lag of the flood season; ω is the period, a hydrological year; g is the calculated water level of Yangtze River (m); and t is the time (d), calculated from 1st January of each year.



The results were shown in Figure 5, where a = 17.62, b = −5.918, c = 1.16, and w = 0.01752. Empirically, the relative error was 8.4%, R2 = 0.889, and T = 2π/ω = 359 days. The period was consistent with the length of a hydrological year in the observation data, which indicated that the fitting result of the function is reliable.



To comprehensively understand the proposed equation, its parameters were selected with different values, as shown in Figure 6. Figure 6a presented different values for the perennial average water level of the Yangtze River in the Wuhan section. The position of the curve shifts upward with increasing values of a, indicating a higher water level of the Yangtze River. According to the change of b value in the Yangtze River model, water levels were illustrated in Figure 6b. The slope of the curve becomes larger with increasing values of b, which were always controlled by external factors (rainfall and dam release, etc.). The results of different values of the advance or lag of the flood season are shown in Figure 6c. The curve becomes denser as the value of ω increases, but it is basically set at nearly one year. Figure 6d presents different values of c. The position of the curve shifted to the right as the value of c increased. It demonstrated that the time of the flood season was a key point in determining the timing of water level changes.




4. Prediction of Confined Water Head


4.1. Analytical Derivation of Stream–Aquifer Interactions: Solution of the Ground Water Flow Equations


The essence of the dynamic relationship between the Yangtze River water level and the confined water level in the first terrace is the fluctuation of the groundwater level in the confined aquifer under the action of variable head, which is also the interaction pattern of surface water and groundwater. According to the seepage characteristics, the surface water–groundwater interaction pattern can generally be divided into unsaturated and saturated flow [44], of which the confined aquifer is always dominated by the saturated flow process. The Boussinesq equation was used to describe the process of groundwater seepage movement and treated the surface water–groundwater interaction process as being continuous. The solution conditions were generally determined by the initial conditions and the Dirichlet or Neumann boundary conditions [45]. The existing studies usually treated river water level as a stochastic process and then used numerical simulations to describe the driving process of groundwater fluctuation using the change in river water level.



As shown in Figure 7, in order to facilitate theoretical derivation and calculation, the hydrogeological model of the Hankou first terrace riverine area could be simplified to a subsurface aquifer system consisting of a confined aquifer, an unconfined aquifer, and an impermeable layer. That is, the clay layer is an impermeable layer, the sand layer is a confined aquifer, and the mudstone is an impermeable bottom [43]. They also extend indefinitely inland from the river shoreline. The thickness of the underwater aquifer is much greater than the magnitude of external water variability. The specific yield degree in underwater aquifers is much larger than the elastic storage coefficient in confined aquifers, which can effectively suppress the propagation of external water level fluctuations in submerged aquifers. Groundwater fluctuations in the underwater aquifer can be neglected compared with those in the confined aquifer. Therefore, we assumed that the head in the submerged aquifer was a constant.



The X-axis coincided with the midline of the impermeable layer and was oriented inland; the Z-axis was the plumb direction of the shoreline and was oriented upward, as shown in Figure 7. The water level of the external water body was a variable head condition and was expressed as a function of water level with time. The groundwater head, boundary conditions, and initial conditions in the confined aquifer were presented as follows:


    S   ∂ h   ∂ t   = T    ∂ 2  h   ∂ x   ,   x > 0 ,   t > 0    



(2)






    h   0 , t   = g  t  ,   t > 0    



(3)






    h   + ∞ , t   = 0 ,   t > 0    



(4)






    h   x , 0   = 0 ,   x > 0    



(5)




where h(x, t) is the groundwater head in the confined aquifer at time t and location x; g(t) is the water level of the external water body as a function of time; T is the transmissivity of the confined aquifer (m2/h); S is a dimensionless coefficient representing water storage.



If the groundwater head in the pressurized aquifer was assumed to be constant at 0 at infinity inland, it could be expressed as follows:


    ∂ h   ∂ t     + ∞ , t   = 0  



(6)







After performing the Fourier sine transform on the variable x and substituting Equations (3), (4) and (6) into Equations (2) and (5), Equations (2) and (5) could be transformed into the following:


    ∂  U s    ∂ t   =   1    D  ( −  ω 2   U s  +  ω g  )  



(7)






   U s    ω , 0   = 0    



(8)




where ω is the frequency variable;    U s  =   ∫  0  + ∞   h     x ,   t   sin   ε x   d x ;  and    D = T / S  , where D is the diffusion coefficient of the confined aquifer (m2/h).



Solving for Equations (7) and (8), the expression for    U s    ω , t     could be derived as


   U s    ω , t   =  1 D    ∫  0 t  ω g  γ  exp   −    ω 2   D    t − γ     d γ  



(9)







The Fourier inversion of    U s    ω , t     led to the following analytical solution:


  h   x , t   =    D  − 1 / 2   x   2  π      ∫  0 t  g  γ      t − γ     − 3 / 2   · exp   −    x 2    4 D   t − γ       d γ  



(10)




where exp is an exponential function with a natural constant base.



The above Equation (10) is a common 1-D solution for the confined aquifer response to stream-stage fluctuations [46]. With the use of Equation (10), the confined water head at x from the river could be calculated when the river level change function was known for a given time t. However, there are still some defects in Equation (10) when it is used to predict the “real” groundwater head instead of the variation of groundwater head. For example, when t approaches 0, the confined water level calculated by Equation (10) approaches 0, which is much smaller than the monitoring value, as shown in the Figure 8. The farther away from the river (i.e., the greater the x), the larger the error. The reason is that Equation (10) does not consider the damping effect of pressure conduction caused by the increase in distance. This is why, as can be seen from Figure 4, the farther away from the river, the lower the confined water level and the smaller the change range.



According to the above analysis, both the confined water head and the Yangtze water level have their own stable water level, and the main influence on the variation of the confined water level   Δ h   is the fluctuation of the Yangtze water level   Δ g  . It is assumed that the variation of the confined water level   Δ h   is inversely proportional to the distance x. When x approaches infinity,   Δ h   is close to zero. Therefore, the confined water level can be divided into the stable water level and the variable water level as the following equation:


  h   x , t   =  h 0  + Δ h  



(11)




where    h 0    is the stable value of the confined water level far from the river side x, which reflects the damping effect of pressure conduction with distance. It is difficult to obtain this value theoretically at present, but it can be obtained from monitoring data.



Based on Equation (10), the variation of confined water level   Δ h   can be expressed as the following equation:


  Δ h =    D  − 1 / 2   x   2  π      ∫  0 t  Δ g  γ      t − γ     − 3 / 2   · exp   −    x 2    4 D   t − γ       d γ  



(12)




where the variation of stream-stage fluctuation is   Δ g = bsin    ω t  + c    .



By substituting Equation (13) into Equation (12), the confined water level for a given time t and location can be obtained.


  h   x , t   =  h 0  +    D  − 1 / 2   x   2  π      ∫  0 t  Δ g  γ      t − γ     − 3 / 2   · exp   −    x 2    4 D   t − γ       d γ  



(13)








4.2. Calculation and Validation


The time function of the Yangtze water level’s change g(t) (Equation (1)) was employed into the analytical solution (Equation (13)) to calculate the fluctuation of the confined water level at different distances to the river. Due to the limited number and location of confined water monitoring wells in the study area and the missing data due to damage to the equipment during monitoring, after comparing the integrity of the observed data, the SW063, SW016, and SW025 monitoring wells on Profile 1 were finally selected, which were 600 m, 800 m, and 1700 m away from the river, respectively. The parameters assigned for calculation are shown in Table 3.



The calculated results are shown in Figure 9, where (a), (b), and (c) present the results of comparison between the calculated results and observed data at 600 m, 800 m, and 1700 m, respectively. The values of h0 for   x = 600   m ,   800   m ,    and    1700   m   are 15 m, 14.5 m, and 13 m, respectively. The blue line represents the results calculated by the classical Equation (10), and the red line represents the results calculated by the proposed Equation (14). As can be seen in Figure 9, the results computed by Equation (14) match better with the monitoring data than those computed by Equation (10). The relative errors (calculated value minus monitored value, the result is taken as absolute value and divided by monitored value) of Equation (14) for   x = 600   m ,   800   m ,    and    1700   m   are 8.88%, 8.71%, and 6.14%, which are much smaller than those of Equation (10), which are 19.15%, 17.67%, and 41.33%, respectively. The prediction error has been greatly reduced (by about 18%) from 26% to 8%. This indicates that the proposed Equation (14) is valid for predicting the response of the groundwater head of the confined aquifer to stream-stage fluctuation.





5. Summary and Conclusions


In combination with field hydrological monitoring tests and theoretical analysis, the response of the confined groundwater head to stream-stage fluctuations was studied at the Yangtze River in Wuhan, China. The data for stream-stage fluctuation of the Yangtze River and the confined groundwater head measured by 60 hydrological monitoring wells for three years were compiled. Based on the analysis of measured data, the stream-stage fluctuation of the Yangtze River can be expressed by a sinusoidal equation with four parameters (a, b, ω, and c). These four parameters are physically sound and easily determined.



Since the common 1-D ground water flow equation failed to predict the confined groundwater head, we derived a new flow model to improve prediction accuracy. This model can be used to predict the confined groundwater head in combination with the proposed sinusoidal equation for stream-stage fluctuation. The model was evaluated by field monitoring data of three hydrological years from 2017 to 2019. The evaluation results showed that the predicted groundwater head of the confined aquifer matched well with the monitoring data. The prediction error of the proposed model (about 8%) is much lower than that of the previous model (by about 26%).



Overall, the most important contributions of this study are (1) to present a large number of measured hydrological data that provides a solid base to evaluate the theoretical models or numerical simulations for stream–aquifer interaction problems and (2) to provide a new expression to describe stream-stage fluctuation and an improved analytical model of stream–aquifer interactions, which can be applied into groundwater flow models (such as MODFLOW, FEFLOW, etc.). The results of this study provide valuable hydrological reference for underground practical engineering in the riverside area, especially in the first terrace of the Yangtze River.
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Figure 1. Diagram of the working groundwater monitoring area (a) and a distribution map of the groundwater monitoring wells (b). 
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Figure 2. Typical engineering geological profile (Profile 1 in Figure 1). 
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Figure 3. Structural design of a monitoring well. 
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Figure 4. Diagram of the Profile 1 (a) and Profile 2 (b) river level and confined water level fluctuations. 
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Figure 5. Comparison of calculation results and observed data of the water level of the Yangtze River. 
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Figure 6. Different values of the parameters in Equation (1): (a) a = 1, a = 5, and a = 10; (b) b = 1, b = 5, and b = 10; (c) ω = 1, ω = 5, and ω = 10; and (d) c = 1, c = 5, and c = 10. 
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Figure 7. Generalized hydrogeological model of the riverine area on the Hankou first terrace: (a) actual situation; (b) idealized assumption. 
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Figure 8. Comparison of calculated values and observed data (x = 1700 m). 
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Figure 9. The comparison of calculation results and observed data (monitoring data in (a–c) are respectively obtained from SW063, SW016, and SW025). 
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Table 1. Distribution of monitoring wells on each profile.
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	Profile
	Monitoring Well





	Profile 1
	SW023- SW029- SW027- SW025- SW017- SW016- SW063- Yangtze River



	Profile 2
	SW005- SW003- SW002- SW008- SW006- Yangtze River



	Profile 3
	SW013- SW046- SW015- SW014- Yangtze River



	Profile 4
	SW022- SW031- SW026- SW024- Yangtze River



	Profile 5
	SW021- SW020- SW053- SW018- Yangtze River
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Table 2. Distance of monitoring wells from the Yangtze River.
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Monitoring Wells






	
Profile 1

	
SW063

	
SW016

	
SW017

	
SW025

	
SW027

	
SW029

	
SW023




	
Distance/km

	
0.6

	
0.8

	
0.9

	
1.7

	
2.2

	
3.8

	
4.8




	
Profile 2

	
SW06

	
SW08

	
SW02

	
SW03

	
SW05

	

	




	
Distance/km

	
2.6

	
4.1

	
5.5

	
7.2

	
8.0
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Table 3. Calculation parameters of water level fluctuation of confined water.
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	Parameter
	Value
	Unit





	T
	30
	m2/d



	S
	0.005
	Dimensionless



	D
	6000
	m2/d



	K
	1
	m/d
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
- Pt poms o resterza omd
Non contad st e Noncontadsqster
e e e s mer
oo, o)
prm—— prr———
@ Imperious botiom ® impeiousbotiom






media/file4.png
|§|§3|.=!
2 8 |8

=
&

EEfEE]

5 s |

=
=

[
=2

s
=

g
=

!

e
&=

&
=

(1) backfill

Aquifer
(3) silty sand
33.80(-14.38)

55|
Y \ 38.00(-18.51)
s _|30.80(20.39) %&U&ﬁ)—/_‘r 3002018 la6.20(-20.31)

00(-22.25) (4) medium-coarse sand

L L
49.10(-29.68) (6) mediun weathering mudstone 30.03) L 56.20(-30.31)

56.50(-31.38)

56.80(-37.05) 55.00(-35.51)





nav.xhtml


  water-13-02388


  
    		
      water-13-02388
    


  




  





media/file18.png
—
-~

Water level (m)
I=IN]

©

— — = =
) IS =N 53]

Water level (m)

-
o

-
N

Water level (m)
=

o N A~ O ®

o Observed data

—Equation(14)
©) —Equation(10)
100 200 300
Time (d)

400

© Observed data

—Equation(14)
(b) —Equation(10)
200 400 600 800
Time (d)
© Observed data
—Equation(14)
(©) —Equation(10)
200 400 800 1000 1200

600
Time (d)





media/file16.png
»—\(E\l)r—k = e
o N OB O @

Water level

S N B~ O

v e

o Observed data
—Equation(10)

400 600 800 1000 1200
Time (d)





media/file2.png
Ple\ ention
d control

“Thicmess of il and soft clay of
the first terrace is mare than m.

s o il nd sotclay of
e e 1 e han
T o il oty o
gh terace s mere
——
) 20 40 6.0(km)

Profi
22
g Profile 4
0 31

62
o)

o
Hankou ra ilway statio
Evergreen Pa

o) (o]
6‘\(\9\\‘\ S-Profile 2 Hankou Riy
e(,o‘\ & Lingjiao Lake Park
Wuhan Museum * <7>
1

(b) Wuhan Mup

0 05 1.0 1.5%km)

Ny






media/file5.jpg
Data acquisition instrument

Wallpipe:
o coms Clay ball seal
Py —
L] e |~
%%
00| v (/788 %
Filing gravel
e Fiter tube
e =
Sy Preciptation tube
|2
oz,
"






media/file3.jpg
]

Aquifer

@ syt






media/file1.jpg





media/file7.jpg
Wt v}

Waee o)

@

o Ao o T A 5 [ T T e R T

®






media/file10.png
Water level (m)

h=17.62-5.918-Sin(0.01752t + 1.16)

R?=0.889

o Observed data
—.Equation(l)

400

600
Time (d)

800

1000 1200





media/file12.png
(d)
2

E4

3

g

3

W\/ ;
]

s
<-4

E

8

Z
)

| \_/\/\/ 8

(b) —b —b=5 —b
() —a=1 —a=5 —a=10 12
-2
0 4 8 12 16 20
Time( ~ .~ Tme (d)

E

3

B

g

—c=1—c=5—0c=10

8 12
Time (d)






media/file9.jpg
30

25

Water level (m)

10

© Observed data

200 400 600 800

1000 1200





media/file0.png





media/file14.png
First t d
irs errafe groun Yangtze River

z
. I First terrace ground
Yangtze River i

\v4
Non-confined aquifer Ny Non-confined aquifer
X X
h(x, t) . h(x, t) .
Impervious layer Impervious layer
h(o,t)=g(t)| | ' h(o, t) = g(t) J
Confined aquifer Confined aquifer
@) — Impervious bottom (b) — Impervious bottom






media/file8.png
Water level(m)

Water level(m)

5
31Jan2016 18 Aug2016 6Mar2017 22Sep2017 10Apr2018 27O0ct2018 15May2019 1Dec2019 18]Jun 2020 4 Jan 2021 23 Jul2021
Date

30

@)

——Yangtze River|
- 025

Swi
~ -~ swo27
~ swo31
- - swo029
vl T ri = = SW023
.
") T 7 Swore
w
Y s L, . __
" —:__:L S },—l:.,;,—‘:‘__"i’i &- o :::_:__-_j, S SW017
- SR i Nl P
\ No -
S

(b)

——Yangtze River
- - SW008
~ - SW006
- = SW005
SW003
— -5W002
iy, » W~ = = SW001
P s R e 3;,"3;:: A Sy “n -\Vu‘-" o _:—:— -~ - swoo7
~ - - aL N .‘.,-
Voaant e T eEElun "y S - = SW004
\\,'-/\ RS

5
10 May 2016 26 Nov 2016 14 Jun2017 31 Dec2017 19 Jul 2018 4 Feb 2019 23 Aug 2019 10 Mar2020 26 Sep 2020 14 Apr 2021
Date





media/file11.jpg
““““““





media/file6.png
Data acquisition instrument

Wall pipe
Clay ball seal
A /, 7]
///// 1 //’ 7,
Filling gravel

Filter tube

Precipitation tube
| e






media/file15.jpg
Water level

(m)

3

&

<

o N & o ® 5 R

w wﬁ M./\
© Observed data
—Equation(10)
0 200 400 800 1000 1200

600
Time (d)





media/file17.jpg
Water level (m) ‘Water level (m)

Water level (m)

. « Observedtaa
auaton14)
- @ —Equation(10)
" m Time ()

; i
s
z © e

Time ()





